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PREFACE 

It has been a privilege to act as Editors of this volume on behalf of the 
U.S. National Committee for the International Commission for Optics 
(I CO) of the National Academy of Sciences. This volume is a record of 
the proceedings of ICO IX, held in Santa Monica, California, October 
9-13, 1972. The material has been reorganized slightly to provide for 
better groupings of the papers and to aid the reader. 

This volume is a record of the subject of space optics as of late 1 972 
and provides, under a single cover, a state-of-the-art review of this im
portant field. 

On behalf of the participants we would like to express our thanks to 
the following for their efforts to ensure a successful meeting : the ICO 

Bureau (Appendix A), the U S NC for IC O and their organizing subcom
mittees (Appendix B) ,  the National Aeronautics and Space Administra
tion for their support under contract NSR 09...() 1 2- 1 05 and other organi
zations (Appendix C) for their contributions, especially the Jet Propul
sion Laboratory for arranging the live reception and presentation of 
Mars data from Mariner 9 and both the National Academy of Sciences 
and the University of California at Los Angeles for their help in organiz
ing the meeting. 

B. J. THOMPSON 
R. R. SHANNON 
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K A RL G .  H ENIZ E  

SKYLAB ASTRONOMY 
INSTRUMENTATION 

Introduction 

On April 30, 1 973, the United States will launch its first manned orbit
ing space laboratory-Skylab . The spacecraft is designed for a total 
mission duration of 8 months, including 5 months of manned operation 
and 3 months of unmanned operation. Manned operation will be con
ducted by three separate crews of three men each, who will visit the 
laboratory on successive missions. The first mission is planned for a dura
tion of 28 days, the second and third missions for 5 6  days each. The 
general configuration of Skylab is illustrated in Figure 1 .  

The Skylab program will carry out more than 5 0  individual scientific 
experiments, which may be grouped into four major categories: ( 1 )  
medical experiments, (2) solar-physics observations with the Apollo Tele
scope Mount (A T M ) instruments, (3) earth observations with the Earth 
Resources Experiment Package (E R E P ) , and (4) corollary experiments 
of which a major subgroup is astronomically oriented and operates 
through the scientific air locks in the Orbiting Workshop area . The aim 
of this paper is to describe the objectives and the instrumentation of the 
A TM experiments and of the astronomy-oriented corollary experiments. 

Tht author is at the NASA Manned Spacecraft Center, Houston, Texas 77058. 

3 
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4 SPA C E  SYSTE M S  

FIGURE I The Sky lab orbital configuration. To the left is a command module docked to 

the Multiple Docking Adapter (MDA), which leads to the Orbiting Workshop on the right. The 

structure above the MDA, from which four panels of solar cells radiate, is the ATM . 

Apollo Telescope Mount 

The general configuration of A T M  is illustrated in Figure 2 . The instru
ment package consists of eight major instruments mounted on a spar 
within a pointable canister. The canister, which is 7 ft in diame ter and 
II ft long, is attached to the Multiple Docking Adapter (M D A )  by a 
larger support structure . The overall weight including the support struc
ture is 22,000 lb , while the weight of the instruments is 2200 lb . Four 
large panels of solar cells provide power for the A T M . The canister has 
a thermal control system maintaining it at 50± 3 °F, while the individual 
instruments have heaters giving thermal stability to ± 1 °F. The AT M 
contains three Control Moment Gyros, which are a part of the primary 
Skylab attitude-control system . The canister has a secondary stabiliza
tion system and may be moved independently of the spacecraft through 
±2° in pitch and yaw and through ± 1 20° in roll .  F ine pointing on the 
sun accurate to ±2 .5 sec of arc is achieved through use of sun sensors, 
and a star tracker is used to provide reference for canister roll. 
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Karl G. Henize 5 

FIGURE 2 A view of the A TM during a film-retrieval EVA. The astronaut seen at the solar 
end of the canister is retrieving film from the xuv spectroheliograph and uv spectrograph. Film 
from the other experiments is retrieved through the door visible in the upper side of the ATM. 

All but one of the instruments use photographic mm as the primary 
detector. As is i llustrated in Figure 2, it is necessary for astronauts to 
undertake extravehicular activity (EVA) in order to retrieve and replace 
ftlm magazines. Six EV As are planned for this purpose-one during the 
first mission, three during the second, and two during the final mission. 

The AT M instruments are operated at a control and display panel 
located in the MD A. This is illustrated in Figure 3 .  This panel has both 
video and numerical displays that depict solar activity at several wave
lengths. These aid the astronaut in monitoring solar activity, in detecting 
flares, and in selecting features worthy of detailed study . The video dis
plays include images of the solar disk in H-a, in the extreme ultraviolet 
(170 to 5 50 A), and in x rays (2 to 10 A), as well as an image of the 
corona in white light. A white-light image of a 3 X 3 min of arc portion 
of the solar disk reflected from the slit jaws of the ultraviolet spectro
graph may also be displayed . Numerical displays include x-ray fluxes in 
three wavelength ranges (0 to 2 A, 2 to 8 A, and 8 to 20 A), as well as 
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6 S PA C E  S Y STEM S  

FIGURE 3 The ATM control and display panel mounted in the MDA.  (NASA photo.) 

the 6-cm radio flux . The 2 to 8 A and 8 to 20 A x-ray bands and the 6-cm 
radio data may be displayed on a plotter. 

The A TM Experiments 

Figure 4 gives a summary of the A T M  experiments. There are eight major 
instruments mounted on the spar. Six are primary research instruments 
designated as "experiments," while two-the H-a telescopes-are support 
instruments to aid the astronaut in pointing the other instruments. 

As the wavelength ranges indicate,  these instruments, as a group, cover 
almost the entire wavelength range from 0.2 A to visible light. One small 
gap from 60 to I SO A is covered by experiment S-020,  which, strictly 
speaking, is not an A TM experiment , since it is operated through the 
scientific air lock in the Orbiting Workshop area. It  is logical that space-
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FIGURE 4 ATM experiments integrated summary . (NASA photo.) 

7 

based solar physics should concentrate on the x-ray and ultraviolet solar 
radiation, which is not transmitted by the earth's atmosphere and which is 
so fundamental in the study of the highly energetic processes that take 
place in solar flares and in the solar corona . However, one experiment, 
the white-light coronagraph, operates at normal visible wavelengths. In 
this instance, the instrument takes advantage of the lack of atmospheric 
scattering to observe the very faint outer regions of the solar corona that 
cannot be detected even with the best earth-based coronagraphs due to 
the brightness of t he sunlit sky . 

Descriptions of the individual experiments follow. 

H-a Telescopes 
The A TM contains two H-a telescopes whose primary purpose is to pro

vide the astronaut with a real-time T V  display of chromospheric activity . 
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8 SPAC E S Y ST EMS 

This display is especially useful in allowing the astronaut to align the 
S-0828 slit and the S-05 5  field on fine details such as flare ribbons, fila
ments, or elements of the chromospheric network. The primary H-a 
telescope (H-a 1 )  also obtains H-a photographs of the sun ,  which provide 
a record of the pointing of the S-0828 and S-05 5  experiments, as well as 
synoptic data on solar activity throughout the flight. 

Both telescopes have a zoom capability . In  H-a I ,  the field diameter 
may be varied from 1 6  to 4.4 min of arc, while the H-a 2 field may be 
varied from 35  to 7 min of arc. At highest magnification , the T V  display 
provides a 1 .5 sec of arc angular resolution. The H-a photographs cover 
the entire solar disk and have a resolution of 1 sec of arc. An H-a filter
gram taken with the prototype instrument is shown in Figure 5 .  Except 
for the photographic system and the differing TV magnifications, the 
two telescopes are identical. The optical schematic for H-a 1 is shown in 
Figure 6.  The optical system is an f/28 telecentric Cassegrain system. H-a 
wavelength discrimination is provided by a solid etalon Fabry-Perot filter 
with 0. 7 A half-width . 

FIGURE S H-o flltergram taken with the H-o telescope. (Courtesy of The Perkin-Elmer 
Corporation.) 
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FIGUR E  6 Optical schematic for the H-<t 1 telescope. (NASA photo.) 

The telescopes were constructed by The Perkin-Elmer Corporation 
under contract from Marshall Space Flight Center. E .  M. Reeves of Harvard 
College Observatory serves as acting Principal Investigator (PI) for the 
H-a I instrument and as a scientific consultant for the H-a 2 instrument. 

White-Light Coronagraph, Skylab Experiment S-052 

The white-light coronagraph will obtain photographs of the solar corona 
in the region between 1 .5 and 6 .0 solar radii .  The purpose is to study 
both long-term and rapidly varying changes in the polarization , shape, 
and intensity of  the solar corona and their correlation to photospheric, 
chromospheric, and interplanetary phenomena. 

The optics layout of the coronagraph is shown in Figure 7. The instru
ment utilizes three external occulting disks and one internal occulting 
disk. The internal occulting disk is adjustable, and its position is normally 
controlled automatically by infrared sensors on the disk , which are stimu
lated by an image of the sun transmitted through the rod supporting 
the external occulting disks. A manual override permits the astronaut to 
position the internal occulting disk if necessary . The focal plane of the 
primary objective lens lies near the position of the internal occulting disk .  
This image is then reimaged on the  film by the  secondary objective lens. 

The effective focal ratio of the system is 1 3 .7. 
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Karl G. Henize 1 1  

The diameter of the solar image is 3.95 mm. At this plate scale the 
angular resolution of the system is limited to 8 sec of arc by the resolu
tion of the film (Kodak 02tH>2).  The instrument is designed to detect 
light levels on the order of 1 0-•o X the mean solar radiance. Because of 
vignetting, caused by the external disk assembly, the effective coronal 
radiance is "flattened" over the field of view so that the radiance in the 
fUm plane varies by a factor of only 5 from 1 .5 to 6 solar radii even 
though the actual radiance varies by a factor of I 03 • 

Photometric calibration is provided on each frame by a I S-step calibra
tion wedge illuminated by the sun. An image of this wedge is projected 
by an auxiliary lens onto the film, where it is superposed on the image 
of the occulting disks. The appearance of a typical photo is shown in 
Figure 8 .  

FIGURE 8 Schematic repretentation of a white-light coronagraph photo. The dark area to 

the left is the shadow of the pylon, which supports the inner occulting disk. The inner light 

area represents the image of the caltbration wedge. The dashed white circle represents the oc

culted solar ddlt. (NASA photo.) 
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1 2  SPA C E  SY STEM S 

A four-position fllter wheel contains a clear aperture plus three linear 
polaroids that allow determination of line-of-sight electron densities 
in the corona. The polaroids are normally used during synoptic observa
tions of the corona. However, when transient events are being observed, 
the requirement for high time resolution may dictate the use of a sequence 
utilizing the clear aperture. 

An auxiliary mirror may be used to divert the light beam into a TV 
camera, which transmits a TV image of the corona to the A TM control 
and display panel. The TV image has a resolution of 30 sec of arc and a 
field diameter of 4.5 solar diameters . 

This instrument was constructed by Ball Brothers Research Corpora
tion. The PI is Robert M. MacQueen of the High Altitude Observatory of 
the National Center for Atmospheric Research. 

X-Ray Spectroheliograph, Skylab Experiment s-QS4 
This instrument utilizes grazing-incidence mirrors to form high-resolution 
images of the sun in x-ray wavelengths from 3.5 to 60 A. Filtergrams ob
tained using five selectable filters will allow studies of the spatial, spectral, 
and temporal distribution of x-ray emission from solar flares and the 
solar corona. A typical x-ray filtergram obtained with a similar instru
ment in a sounding rocket is shown in Figure 9 .  The basic optical con
figuration of the grazing-incidence mirror system is shown in Figure 1 0. 
Two reflections from confocal paraboloidal and hyperboloidal surfaces 
give an image at F2 corrected for coma. In the S-054 telescope, two 
nested sets of mirrors are used to give a total light gathering area of 42 
cm2• The solar image diameter is 1 .92 em, and the field of view is 48 min 
of arc. The on-axis resolution is limited to a value of about 2 . 5  sec of arc. 
The emulsion used is Kodak S0-212. 

A functional diagram of the x-ray spectroheliograph is given in Figure 
11. Spectral resolution within the 3.5 to 60 A band is achieved primarily 
by five filters mounted in a wheel just forward of the focal plane. These 
consist of Teflon, parylene, and beryllium in three thicknesses. The nar
rowest band [3 A full width at half-maximum {FW H M )] is produced by 
a 5 1 -�.tm thickness of beryllium. A sixth slot in the wheel is blank and 
allows the imaging of the entire 3.5 to 60 A band. The 3.5 A limit is set 
by the incidence angles of the light on the Kanigen-coated beryllium 
mirrors, and the 60 A limit is set by an aluminum-polypropylene filter 
located elsewhere in the optical system. A 1440 lines/rom transmission 
grating may also be placed in the light beam and produces x-ray spectro
heliograms with a wavelength resolution of 0 . 1 5 A at 7 A.  
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FIGURE 9 X-ray mtergram of the sun similar to those to be obtained by the x-ray spectro

hdiograph. (Courtesy of American Science and Engineering. Inc.) 

Three auxiliary optical systems are also illustrated in Figure 1 1 . These 
include : a visible l ight lens, which provides a white-light image of the 
sun to record the centering and the orientation of each x-ray frame ; a 
small x-ray mirror, which provides the image for the astronaut's x-ray 
.. fmder.,; and an uncollimated scintillation detector, which serves several 
purposes. 

The x-ray .. finder" forms an image on a scintillation crystal optically 
coupled to an image dissector, the output of which is displayed on a 
cathode-ray tube on the control and display panel . This display has a 
resolution of I min of arc and allows the astronaut to observe and point 
at bright x-ray features, such as a flare in its early stages, which might not 
be correlated with H-a phenomena. 

The x-ray scintillation detector utilizes a photomultiplier tube coupled 
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INCIDENT 
RADIATION 

DOUBLE REFLECTION FOCUS 

SINGLE REFLECTION FOCUS 

FIGURE 10 Optical conf�guration of the x-ray grazing-incidence mirror. (NASA photo.) 

to a Na I scintillation crystal to monitor the 0 to 8 A solar x-ray flux. The 
output from the photomultiplier is used : (a) to trigger an alarm designed 
to alert the astronauts to the occurrence of a flare, (b) to provide exposure 
control to the main instrument, and (c) to provide eight-channel pulse
height spectra of hard x rays in the range from approximately 0.2 to 2 A.  
These spectra are recorded and telemetered to  the ground. 

The x-ray spectroheliograph was manufactured by American Science 
and Engineering, Incorporated . The PI is R. Giacconi of the same company. 

Ultraviolet Spectrometer-Spectroheliometer, Skylab Experiment S-{)55 

This instrument is designed to obtain both spectra and spectroheliograms 
in the ultraviolet wavelength range from 280 to 1 350 A with an angular 
resolution of 5 sec of arc. It utilizes seven independent , open-channel , 
electron-multiplier detection systems and is the only A T M  instrument 
with completely electronic detectors. 

The optical configuration of the uv spectrometer-spectroheliometer 
is shown in Figure 1 2 . The iridium-coated primary mirror is an off-axis 
paraboloid that may be rotated in two directions to scan the solar image 
across the square spectrometer entrance slit .  This mirror has a focal ratio 
of II 1 2  and a focal length of 2.3 m, producing a solar image 2 1 .4 mm in 
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FIGURE 1 1  Functional diagram of the American Science and Engineerin& x-ray spectroheliograph. (NASA photo.) 
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FIGURE 1 2  Optical configuration of the Harvard College Observatory uv spectrometer-spectroheliometer. 

(NASA photo.) 
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Karl G. Henize 1 7  

diameter in the plane of the entrance slit. An 1 800 lines/mm gold-coated 
concave grating disperses the light and focuses images of the entrance slit 
on the seven detectors. Heat produced by the unused portion of the solar 
image is reflected out of the instrument by means of heat-rejection mirrors. 

In the spectrometer mode,  a 5 X 5 sec of arc portion of the solar image 
enters the spectrometer, where it is dispersed and scanned across detector 
number one by rotation of the grating. A complete spectrum with 1 .6 A 
resolution (FW H M )  is obtain ed in 3 .8 min. 

In the spectroheliometer mode,  the grating is positioned at a predeter
mined angle at which important wavelengths fall on each of the seven 
detectors. Then the primary mirror is rotated so that a 5 min of arc 
square section of the solar image is scanned over the entrance slit .  The 
output from the detectors can then be reconstructed into spectrohelio
grams at each of seven wavelengths. Each spectroheliogram covers a 
5 X 5 min of arc section of the sun with 5 sec of arc resolution.  A com
plete scan requires 5 min of time. It is also possible to scan a single line 
5 min of arc in length once every 5 sec in order to obtain better time 
resolution for rapidly evolving phenomena. A 40-msec time resolution 
can be a chieved for one 5 sec of arc square region of the solar disk by 
stopping a ll scanning motions. 

The detectors are positioned so that they coincide with seven impor
tant chromospheric and coronal emission lines in the solar spectrum when 
the grating is set at a predetermined angle. These lines are listed in Table 
I and are also indicated on the spectrum shown in Figure 1 3 . These lines 
span a temperature range from 1 04 to 2 X I 06 K and thus yield infor
mation at various levels in the solar atmosphere from the chromosphere, 
through the transition region, into the corona. 

TABLE I Wavelengths Measured in the Primary and Secondary Grating Positions 
of the UV Spectrometer-Spectroheliometer 

Position t Position 2 

Det«tor Line Tmax (K)a Line 

I Cll Xt335 5 X tO" 
2 Ly-a Xt2 1 6  to• Ly-a Xt2 1 6  
3 OVI X1032 3 X tO' Ly·tl X 1 025 
4 em X977 1 0' Ly·-y A972 
s Ly-Cont A896 to• Ly-Cont X890 
6 MgX A625 1 .5  x to• 

OIV A554 2 X 1 01 

1 T 1118 is the temperature at which the line ia of maximum intensity. 
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1 8  SPAC E SYSTEMS 

Several other positions of the grating give chance coincidences of inter
esting groups of lines. One of these is indicated as "Position 2" in Table 
I. The grating can also be positioned to select any desired single wave
length in the 280 to 1 350  A region . 

Figure 1 3  shows a spectral scan from a similar Harvard College Obser
vatory spectrometer aboard O S0 -4 ,  which i llustrates the character of 
the solar spectrum in the wavelength region of interest to S-05 5. 

The instrument was.constructed by Ball Brothers Research Corpora
tion. The PI is Leo Goldberg, currently on leave from Harvard College 
Observatory. The acting PI is E. M .  Reeves of Harvard College Observa
tory. 

X-Ray Telescope, Skylab Experiment S-{)56 

This instrument will produce x-ray filtergrams in the 5 to 40 A wave
length region for the purpose of studying solar x-ray radiation from 
flares and from the corona. The basic optical system is a paraboloidal
hyperboloidal pair of grazing incidence mirrors such as is used in the 
S-054 x-ray spectroheliograph. In this case, only one set of mirrors is 
used and the effective light collecting area is 14.8 em 2• The reflecting 
surfaces are highly polished quartz and are designed to minimize scattered 
radiation. The solar image diameter is 1 .92 em . The on-axis angular resolu
tion of 2 .5  sec of arc is limited by the emulsion ,  Kodak S0-2 1 2. The 
field diameter is 38 min of arc. 

A system diagram for the x-ray telescope is shown in Figure 1 4. Spec
tral resolution within the 5 to 40 A band is achieved by means of five 
filters mounted in a filter wheel just forward of the focal plane. These 
consist of titanium , two thicknesses of beryllium, and two thicknesses 
of aluminum. The narrowest bandpass produced by these filters is about 
3 A (FW H M ). 

Two additional detectors shown in Figure 14 are proportional counters. 
One, with a beryllium window, is sensitive from 2 to 8 A ;  the other, 
with an aluminum window, is sensitive from 8 to 20 A. Pulses from these 
counters are analyzed into a ten-channel pulse-height spectrum , which 
is recorded and telemetered to the ground. The integrated output of 
each counter may also be displayed to the astronaut either as a number 
or as a graph on the x-ray /radio-frequency history plotter. 

This instrument was constructed at Marshall Space Flight Center. The 
PI is James Milligan of that organization . Operational and data-analysis 
support are provided by Aerospace Corporation. 
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FIGURE 1 3  Uluaviolet solar spectrum and solar spectroheliograms observed on OS04. Titis 
instrument was similar, in principle, to the Skylab uv spectrometer-spectroheliometer, but the 
Stylab instrument will have greater resolution. For example, the OS0-4 spectroheliograms give 
1 min of arc resolution over the entire solar disk, whereas the Skylab instrument will give 5 sec 
of arc resolution over a S min of arc square section of the solar disk.  The seven wavelengths 
noted below the spectrum are those to be observed in the Skylab instrument when the grating 
is in its primary reference position. (Courtesy of Harvard CoUege Obsematory .) 

Extreme Ultraviolet (xuv) Spectroheliograph, 
Skylab Experiment S-082A 

The xuv spectroheliograph is a slitless objective-grating spectrograph 
operating over the I S O  to 630 A wavelength range. Spectroheliograms 
(sometimes overlapping) are thus formed at the wavelengths of the 
stronger em ission lines in this range. The angular resolution is 2 to 1 0  
sec of arc d epending on the wavelength and is best in the central portion 
of the wavelength range. For a sharp feature 10 sec of arc in diameter 
the spectral resolution is 0. 1 3  A. These data will be used to study temper
ature, density, and composition at various heights in the solar chromo

sphere and lower corona. 

The optical schematic shown in Figure 1 5 illustrates the optical sys-
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FIGURE 14 System diagram for the MarshaU Space Flight Center x-ray telescope. (NASA 
photo.) 
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FIGURE IS Optical schematic for the Naval Research Laboratory xuv spectroheliograph. 
(Courtesy of BaU Brothers Research Corporation.) 
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Karl G. Henize 2 1 

tern. A 3600 lines/mm concave grating collects, disperses, and focuses the 

solar radiation on a curved focal plane. The images are recorded on Kodak 

104 (formerly sw R) emulsion, which is shielded from stray light of wave

lengths longer than 835 A by a 0. 1-�tm thickness of aluminum directly 
in front of the focal plane. The field of view is 56  min of arc in diameter. 
Only half of the wavelength range may be recorded on a given frame. 
Rotation of the grating allows the astronaut to select either the short 

( ISO to 335 A) or the long (32 1 to 630 A) wavelength range. 

Exposure times may be varied from 2.5 sec to prolonged manual ex

posures, the longest of which is not planned to exceed 48 min. The 

large frame format allows only 200 exposures per film canister, and thus 
this experiment is the most film-critical of the A T M  experiments. 

The diode matrix flasher is used to imprint the vital data for each ex
posure on the film. Most of the other experiments use similar systems 

for recording such data. 
Figure 1 6  shows a portion of a frame taken with a prototype instru-

FLARE t 

• 

, .. Fo284A Ho' 304A 16+fo336A 

FIGURE 16 Objective-grating spectroheliogram of the sun in the light of He II� 304 obtained 

with a prototype of the S-082A instrument flown on a rocket on November 4, 1969. The helium 
iJna«e at the center comes from the sun's chromosphere; the highly ionized iron images at either 
side come from the corona. Note the tiny dots that are the spectrum of the flare and the but

terfly-like fe1ion of intense solar activity in the corona. (Courtesy of the Naval Research 

Laboratory.) 
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22 SPACE  SYSTEMS  

ment flown on a rocket. The dominant image is that of He I I  �304. The 

spectrum of a Class I B flare appears as a string of dots in the upper part 
of the frame. 

This instrument was constructed by Ball Brothers Research Corpora

tion. The P I  is Richard Tousey of the Naval Research Laboratory. 

Ultraviolet Spectrograph, Skylab Experiment S-082B 

The ultraviolet spectrograph is designed to give high-resolution spectra 

of the solar atmosphere, primarily the chromosphere, in the 970 to 
3970 A wavelength range. The optical system (see Figure 17) uses a pre

disperser grating to attenuate stray light, to correct for astigmatism, and 

to select either the short (970 to 1970 A) or the long ( 1940 to 3940 A) 
wavelength range by interchange of  the predisperser. Partial correction 

for astigmatism is achieved by ruling the predisperser gratings in ten 
strips of differing dispersion to approximate a continuously changing 

dispersion. This reduces the residual astigmatism to I min of arc thus 
producing a significant increase in instrument speed. However, the re

maining astigmatism is sufficient to eliminate any spatial resolution 
along the slit. 

The resolution is 0.08 A in the short-wavelength range and 0.16 A 

DIODE MATRIX 
FLASHER 

FIGURE 17 Optical schematic of the Naval Research Laboratory uv spectrograph. (Courtesy 
of Ball Brothers Research Corporation.) 
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in the long-wavelength range. This is due to a change in dispersion caused 

by the predisperser gratings. Eight spectra are recorded on each fllm 
strip. The emulsion is Kodak 104. 

The entrance slit defmes the angular resolution of 2 X 60 sec of arc. 

The astronaut can monitor the position of the slit on the solar disk by 
means of a video system using an image dissector tube that views the 
white-light image reflected from the slit jaws. This display makes possi
ble the accurate coalignment of this spectrograph with the uv spectrom
eter-spectroheliometer and with the H-a video display. The video sys
tem is also used to operate a servo system controUing the primary mirror, 
so that spectra taken with the slit parallel to the solar limb can be made 

at automatically selected positions relative to the limb accurate to ±I 
sec of arc. 

This instrument also incorporates an xuv monitor, which presents an 

image of the sun in the wavelength range from 170 to 550 A on the 

monitor screens of the control and display panel. The optical system 

consists of a platinum-coated off-axis paraboloid that images the solar 

disk on an S E C  vidicon detector. Thin aluminum filters are used to filter 
out the longer wavelengths. Images from this instrument may also be 

telemetered to the ground. 
The ultraviolet spectrograph was constructed by Ball Brothers Re

search Corporation. The PI is Richard Tousey of the Naval Research 

Laboratory. 

The A TM Observing Program 

In most cases exposure sequences and observing modes were not discussed 
in the above description of the A T M  instruments. However, in each case 
a number of operating modes are possible, each with its particular ex

posure sequence. Let us consider for example one of the simpler instru
ments in this respect-the xuv spectroheliograph. This instrument has 

three automatic modes and one manual mode of operation. In automatic 
mode "AUTO I" three frames are taken with different exposure times 

the lengths of which depend on whether the short- or the long-wavelength 

range is being observed. For the short-wavelength range the exposures 

will be J 0, 40, and 160 sec each; and for the long, the exposures will be 

20, 80, and 320 sec each. An additional control switch makes it possible 

to multiply or divide these exposures by a factor of 4. 
In automatic mode "AUTO 2" six frames are taken automatically: 

three in the short-wavelength region and three in the long-wavelength 

region with exposures as noted above. In the "FLARE" mode, 15 ex-
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24 SPACE  S Y ST E M S 

posures will be taken in the short-wavelength range and 9 in the long. In 
the manual or "TIME" mode, one exposure at a time is taken and its 

length is controlled by the astronaut. 
It becomes obvious that interweaving the operation of six such instru

ments in a way that will give the maximum scientific data return is a 

complex task requiring considerable preplanning. However, such inter

weaving is highly desirable, since simultaneous observations at several 
wavelengths will give a more complete description of any particular 

phenomenon. In other cases, the observing requirements of the experi

ments may conflict with one another, and it is necessary to foresee and 
avoid such conflicts. 

As a consequence, the A T M  experimenters have developed 23 basic 

observing sequences called "building blocks." Each provides for a specific 
type of observation such as high-angular-resolution observations of faint 
or bright areas or high-time-resolution observations. Each block consists 
of prescribed switch settings for the various instruments plus a few addi
tional settings to be specified by the A T M  experimenters or by the astro

naut just before execution (for example, whether the xuv spectrohelio
graph should operate at long or short wavelengths). Since the building 
blocks represent standard observing patterns that may be thoroughly 
rehearsed before the mission, astronaut operations in orbit are simplified 

and the astronauts may concentrate on telescope pointing or other sci

entific decisions. 

These building blocks are, in tum, combined into Joint Observing 
Programs (JO P's) of which 1 3  have been defined. These are listed in 
Table 2. One of the more obvious advantages of the building blocks and 

TABLE 2 A TM Joint Observing Programs 

Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
1 1  
1 2  
1 3  

Title 

S tudy of the Chromospheric Network and Its Coronal Extension 
Active Regions 
Flares 
Prominances and Filaments 
Constant Latitude S tudies 
Synoptic Observations of the Sun 
Atmospheric Extinction 
Coronal Transients 
Solar Wind 
Lunar Libration Points, Lunar Calibration 
Chromospheric Oscillations and Heating 
Program Calibration 
Nightside Observations 
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JOP 's is the way in which they simplify communications between the 
astronauts and the group of supporting scientists on the ground. In 
general, the supporting scientists work out the observing "strategy" for 
one or two days at a time, while the astronauts decide the "tactics" by 
which the strategy should be executed . Strategy can be communicated 
to the astronauts in a relatively simple way by specifying the J O P's that 
should be carried out. 

It is also evident that the value of the Sky lab observations can be 
greatly enhanced if they can be coordinated with ground observations 
made at the many solar observatories around the world. An organization 
has been formed to plan such coordinated observations. Scientists inter
ested in participating are requested to contact Robert 0. Doyle at 
Harvard College Observatory ,  Cambridge, Massachusetts. 

The Astronomy Corollary Experiments 

A number of the "corollary" experiments are of interest to astronomers. 
These include Nuclear Emulsion, Experiment S-009 , which measures 
cosmic-ray fluxes; UV Airglow Horizon Photography, Experiment S-063 ,  
which obtains visual and ultraviolet photographs of night airglow and of 
the daytime ozone layer; Gegenschein/Zodiacal Light, Experiment S-073 ,  
which uses a photometer to  measure the brightness and polarization of  
the  visible background of  the sky ; Particle Collection, Experiment S- 1 49 ,  
which collects interplanetary dust particles; and Galactic X-Ray Mapping, 
Experiment S- 1 50, which will conduct a survey for faint x-ray sources 
in the 0.2- to 1 2-keV range. However, in the interest of keeping this 
paper within manageable bounds, I have elected to describe only those 
that pertain to solar observations (X-Ray/UV Solar Photography , Experi
ment S-020) or to stellar observations (UV Stellar Astronomy, Experi
ment S-0 1 9, and UV Panorama, Experiment S- 1 83) .  

X-Ray /UV Solar Photography, Sky lab Experiment S-020 

This instrument uses a grazing-incidence concave grating to obtain high
resolution spectra of the integrated solar disk in the wavelength range 
from I 0 to 200 A .  By making exposures as long as 60 min it will be pos
SIOie to record solar x-ray and extreme uv emission lines that are too faint 
to be detected from sounding rockets. 

The optics are illustrated in Figure 1 8 . The primary element is a con
cave grazing-incidence grating that images the solar spectrum on a strip 
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2 6  SPAC E SYSTEM S  

FIGURE 1 8  Optical schematic for the Naval Research Laboratory 
x-ray /uv solar spectrograph. 

of Kodak 1 0  l -0  l film .  The grating has a double ruling, one ruling lying 
above the other, so that it produces two spectra simultaneously. One 
spectrum covers the l 0 to l 00 A spectral range with a resolution of 0.05 
A ,  the other covers the 20 to 200 A range with a resolution of 0.08 A .  A 
two-part metallic filter is positioned before the slit to reject stray light 
in the longer wavelengths and to suppress unwanted spectral orders. 

The spectrograph views the sun through the solar-oriented scientific 
airlock in the Orbiting Workshop. All functions are manually controlled 
by the astronaut. 

This instrument was constructed at the Naval Research Laboratory. 
The P I  is Richard Tousey of the same organization .  

Ultraviolet SteUar Astronomy, Skylab Experiment S-0 1 9  

This instrument i s  an objective-prism spectrograph designed t o  obtain 
stellar spectra in the 1 300 to 5000 A wavelength range. Each field covers 
a 4 ° X 5 ° region of the sky, and the basic purpose is to conduct a survey 
of ultraviolet stellar spectra over as large an area of the sky as possible . 
The basic telescope (see Figure 1 9) is an f/3 Ritchey-chretien system of 
1 5-cm aperture. The field flattener-astigmatism corrector consists of 
both CaF2 and LiF elements in order to reduce chromatic aberration. 
The on-axis angular image diameter is 1 5  sec of arc. 

All functions of the spectrograph are manually controlled . The astro
naut points the line of sight ;  verifies the star field in a small finder tele
scope ; advances film; and starts, stops, and times exposures all in a manual 
mode. The film magazine contains 1 64 slides of Kodak I 0 l -06 fllm of 
which about 14 will be used for preflight and postflight calibration. 

The 4 ° CaF2 objective prism produces spectra with a resolution of 
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FIGURE 19 Cutaway view of the Northwestern University-UniYenity 
of Texas uv stellar spectrograph. 

27 

1 .5 A at 1 400 A and 3 1 A at 2800 A. The limiting visual magnitudes for 

DO stars at the se wavelengths are e xpected to be 6.0 and 8.0, respectively. 
Figure 20 illustrates a ground-based photograph taken with the prototype 
ins trument . 

This instrument operates t hrough the anti solar scientific airlock in 

the Orbiting Workshop. Since the sp acecraft is not read ily maneuverable, 

an articulated mirror system is fi rst extended through the airlock (see 

Figure 2 1 )  to allow quick pointing to any area within a 30° ban d around 

the sky. This system also incorporates a spectral widen ing mechanism 

that produces a spectrum width of 0.6 mm . 

Exposures of 30, 90, and 270 sec (each with its appropriate widening 

rate) may be taken on each field.  The lim iting magnitudes are based on 
270-sec exposures widened at the rate of 1 sec of arc per sec. Sin ce 

spacecraft gyro drift rates on the nightside of the earth are e xpected to 
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FIGURE 20 Ground-based spectra of a field of stars in Cygnus obtained with the uv stellar 
spectrograph prototype instrument. These spectra extend from 5000 A at the right to 3000 A 
at the left, where they are cut off by atmospheric absorption. The extent of the potential uv 
spectrum is indicated for one star. Note the sharp emission lines in the Wolf-Rayet stars and 
the Balmer absorption continuum in the stars of type 88 and later. (Courtesy of Northwestern 
University.) 

be about one tenth of this rate, it is planned to take occasional exposures 
widened only by the spacecraft drift .  In this case , we may extend the 
limiting magnitude by up to 2 .5  magnitudes. 

The spectrograph was designed and constructed by Cook Electric 
Company, with later modifications by the Boller & Chivens Division of 
The Perkin-Elmer Corporation. The articulated mirror system was designed 
at Northwestern University and constructed by Boller & Chivens. The P I  
is Karl G .  Henize, formerly o f  Northwestern University but now affiliated 
with the University of Texas at Austin . 

Ultraviolet Panorama, Skylab Experiment S-1 83 

This experiment, which might be more appropriately titled "Ultraviolet 
Stellar Photometer," will conduct a survey of stellar colors at uv wave-
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FIGURE 21  The uv stellar spectrograph mounted on the articulated mirror system. The 
cylinder between the rotation and tilt counters is the spectrum-widening mechanism. (Courtesy 
of Northwestern University.) 

lengths. The primary instrument (see Figure 22)  is a wide-field grating 
spectrograph system producing Fabry-type images in two bands with 
600 A full width at half-intensity centered on 1 800 and 3000 A. An 
auxiliary camera records direct photographs in  a third band centered on 
2500 A .  

In basic concept the primary instrument is a Fabry system i n  which 
an array of small lenses near the photographic plate forms an array of 
images of" the rectangular entrance aperture .  However, the entrance 
aperture is m asked to form two apertures, and a grating is used to feed 
different wavelength ranges into each aperture . Thus each Fabry image is 
broken into two images, each covering a given wavelength range. 

The spheri cal mirror at the bottom of the photometer (see Figure 22)  
is ,  in  effect , the entrance aperture a t  which the mask i s  located . The true 
entrance aperture at the top of the photometer is imaged onto the spheri
cal mirror by an auxiliary elliptical mirror midway up the tube. However, 
the elliptical mirror also images the sky onto a 6 1 0  lines/mm grating 
blazed at 1 750  A . Thus the spectrally dispersed star images on the grating 
become the .. object" for the spherical mirror. Therefore,  each of the two 
masked apertures at the spherical m irror sees the sky in only a restricted 
wavelength range , and the Fabry images thus represent the same re
stricted wavelength ranges. 

The angular resolution of the system is set by the size of the Fabry 
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� I I 

FIGURE 22 Optical configUration of the French Space Astronomy 
Laboratory uv stellar photometer. (Courtesy of the French Space 
Astronomy Laboratory.) 
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lenses. Both cylindrical and spherical Fabry lenses are used. The cylindri
cal lenses are 0.9 mm wide and give a 7 min of arc resolution ( in one 
dimension only). The spherical lenses are 2.0 mm in diameter and give a 
resolution of 1 5  min of arc. As long as the beam from a particular star 
is passing through the same Fabry lens, the shape and photometric 
quality o f  its image are unaffected by instrument or spacecraft pointing. 
Thus pointing excursions of a few minutes of arc are of little concern. 
In general, only those lenses on which a beam of star light falls will pro
duce a Fabry image. However, on long exposures the sky background 
wiD also produce Fabry images at each lens. 

SA L POWE R  & I NSTRUI.lENTATION /PAN E L  

SA L VACUUM HOSE 

FIGURE 23 The uv stellar photometer mounted on the articulated mirror system at the 
antiJolar scientific airlock. {NASA photo.) 
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3 2  SPACE SYSTEM S 

The field of view of the system is 7 ° X 9 ° , and the limiting magnitude 
for BO stars is about 7.0. An automatic exposure system will take expcr 
sures ranging from 0.3 to 2 1  min on Kodak Pathe SC5 film . 

The auxiliary camera is a 1 6-mm movie camera with a special !I 1 .5 
catadioptric objective of 60-mm focal length. The mirrors are reflection 
filters that isolate a 600 A wide passband centered at 2500 A. These 
data are useful not only for their astrophysical significance but also for 
documenting instrument pointing and image motion. 

The ultraviolet stellar photometer operates through the antisolar air
lock in the Orbiting Workshop and makes use of the S-0 1 9  articulated 
mirror system in order to point the line of sight about the sky . Figure 
23 shows the uv stellar photometer and the articulated mirror system 
mounted on the airlock. 

This instrument has the distinction of being the only Sky lab instru
ment constructed outside the United States. The prototype instrument 
was designed and constructed at the Space Astronomy Laboratory, and 
the flight units were constructed by the S A G  E M  and C R O U Z E T  French 
industries. The P I  is George Courtes of the Space Astronomy Laboratory 
of the National Center for Scientific Research (C N R S )  in Marseille, 
France. The project is supported by the National Center of Space Re
search (CN E S ), the French national space agency . 

In reviewing the work of other scientists, I have relied heavily on both verbal and documentary 
information from the PI's, their staffs, and their support contractors. I extend my gratitude to 
these persona for their continuing courteous assistance. Information has been taken from NASA 
documents to which it is difficult to give proper reference. Particular credit should be given to 
the Skylab A TM Clanroom Training Manuals and to the Experiment Operations Handbooks. I 
have also borrowed heavily from "Observing Programs in Solar Physics during the 1 973 A TM 
Skylab Program" by E. M.  Reeves, R. W. Noyes, and G.  L. Withbroe, which is to be published 
in Sohlr Physics. and from "Instruments, Systems, and Manned Operations of the Apollo Telo
scope Mount" by 0. K. Garriott, D. L. Forsythe, and E. H. Cagle, which appeared in the June 
1971  iuue of Astronautics and Aeronautics. 
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M .  C .  E .  H U B E R ,  E .  M .  R E E V E S ,  

a n d  J .  G .  T I M O T H Y  

PHOTOMETRIC 

CALIBRATION OF AN 
EXTREME-ULTRAVIOLET 

SPECI'ROHELIOMETER 

FOR THE 

SKYLAB MISSION 

Introduction 

The absolute photometric calibration of the Harvard extreme ultraviolet 
(euv) spectroheliometer (S..QS S A) to be flown on Sky lab in 1 973 pre
sents some unique problems, owing not only to the lack of standard euv 
sources available for use in space but also to the complexity of the over
all mission,  which required completion of final laboratory measurements 
2¥1 years before launch. This paper briefly describes the construction 
and modes of operation of the flight instrument and details the proce
dures adopted for laboratory calibration, functional testing during the 
prolonged integration period prior to launch, and final calibration while 
the experiment is operating in orbit. 

Right Instrument 

The flight instrument is a spectrometer-spectroheliometer designed to 
obtain up to seven simultaneous spectroheliograms in the wavelength 

All authors were at the Center for Astrophysics-Harvard College Observatory and 
Smithsonian Astrophysical Observatory, Cambridge, Massachusetts 02 1 3 8  when 
this work was performed. M .  C.  E. Huber's pennanent address is Atomic Physics 
and Astrophysics Group, Federal Institute of Technology (ETH-Z), CH-8006, 
Zurich, Switzerland. 
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34 SPA C E  SYSTE M S  

range 280- 1 340 A with a spatial resolution o f  5 X 5 (sec o f  arc)2 • The 
instrument also obtains spectral scans with a resolution of 1 .6 A from 
any selected 5 X 5 ( sec of arc)2 area on the sun over the same wave
length range. I t  will be flown on the Apollo Telescope Mount (A T M )  
of the orbiting Sky lab space station scheduled for launch in May 1 973 ; 
owing to its large size it is expected to provide data of a quality far 
superior to that of any photoelectric euv spectroheliometer flown to 
date. 

A schematic of the instrument is shown in Figure 1 .  An irid ium-coated 
Cer-Vit telescope mirror forms an image of the sun on the entrance slit 
plate, a small portion of this image being admitted through the entrance 
slit  into the spectrometer. A gold concave reflection grating then diffracts 
this radiation and focuses the euv spectrum onto seven exit slits, each 
equipped with an open-structure channel electron multiplier as the de
tector. In addition, a photocell that is sensitive to visible light and 
monitors the zeroth-order image of the grating is used to define a refer
ence position in the spectral scan (optical reference). The spectrometer 
is mounted in a Johnson-Onaka arrangement in which the grating is 
rotated about an axis lying outside its surface, in a way such that the 
first of the seven exit slits is in exact focus for two different grating 
angles and hence for two different wavelengths. The exit slits are chosen 
and set so that the radiation of seven strong emission features, originating 

H E AT R E JECTION M I RROR 

FIGURE 1 Optical schematic of the S..()SSA euv spectroheliometer. 
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at widely varying heights in the outer solar atmosphere, falls o n  the 
detectors when the zeroth-order image falls on the photocell at the optical 
reference position.  The wavelengths monitored in this frrst polychro
matic position are listed in Table 1. The exit slit widths are narrow 
enough to separate the m�ority of the solar euv emission lines but wide 
enough to admit the wavelengths of the most prominent features in the 

spectrum of neutral hydrogen ( namely the L-a, L-/3, and L"'Y lines, as 
well as part of the Lym an  continuum) through four of the seven exit 
slits in a second polychromatic position at a slightly different grating 
angle. Additional polychromatic positions are available in which two or 
more solar emission features happen to be coincident with exit slits. At 
this time over 50 such positions have been identified. All the exit slits 
are wider than the entrance slit and also significantly wider than the 
spectral lines generated by laboratory light sources or the solar plasma. 
The exit slits are also wider than the blurred spectral image of the 
entrance slit produced at wavelengths where the Johnson-Onaka mount
ing results in some defocus. The instrument line profiles, therefore, have 
a trapezoidal shape with a flat top, so that a detector receives the full 
intensity of a given spectral line for several steps of the grating scan. 
Wavelength scans are always taken from long to short wavelengths; at 
the short wavelength end of the scan the grating retraces rapidly to the 
long wavelength end and also actuates a microswitch that provides a 
mechanical reference of the grating position. The grating is driven by a 
stepping motor, moving through an angle equivalent to 0.2 A per step 

TABLE I Bandpass and Nominal Wavelength of euv Detectors and Solar Lines To 
Be Observed in the Two Polychromatic Modes 

Nominal Location 
Nominal of Slit Center in Solar Line in Solar Line in 

Detector Bandpus Fint Polychromatic Fint Polychromatic Second Polychromatic 
Number (A) Position, MA) Position, MA) Position, MA) 

I 1 . 6  1 335.7 e n  1 335.7 
2" 8.3 1 2 1 9.0 H I  (L�) 1 215 .7  H I  (w) 1 21 5 . 7  
3 4.0 1 03 1 .9 O VI 1 03 1 .9 H l (L-11) 1 025. 7  
4 4.0 977.8 e m  977.0 H l (l--y) 972.5 
s 8.3 896.0 H L-cont. 896 H L-cont. 890 
6 4.0 625.3  Mg X 625.3 

{"'·' 4.0 554.6 0 IV 554 . 1  
554.5 
555 .3  

' Aa  artenuator moun ted in front of  exit aUt 2 reduces the flux seen b y  this detector by a factor o/ 25. 
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36 SPAC E SYSTEM S 

at a rate of 24 steps per sec. A complete wavelength scan thus requires a 
time of 3.8 min . The grating drive can also be commanded to move in 
single steps or to return to either mechanical or optical reference 
position. 

The photoelectric detectors employed in the spectrometer are two
stage channel electron multipliers developed by Bendix Research Labora
tories specifically for this experiment. The channel electron multiplier 
(see Figure 2)  together with its associated charge-sensitive amplifier is 
potted in a module, the front face of which carries an exit slit of the spec
trometer. These multipliers differ in an important respect from conven
tional units in that a low-resistance ( - 1 08-0) channel section has been 
added in series with the standard channel, which has a nominal resistance 
of the order of 1 09 n. This has the effect of increasing the wall current 
at the output end of the multiplier, thereby increasing the overall gain 
and providing a linear response to signal levels in excess of 5 X l 05 
counts/sec. To accommodate the astigmatic exit image of the spectrom
eter, a slot 8 mm long and l mm wide has been cut in the channel wall 

at the input end of the multiplier. Radiation entering this slot strikes the 
opposite wall of the channel at normal incidence , the photocathode 
being simply the semiconducting inner surface of the channel. The 
multiplier is operated in a pulse counting mode and has a life expectancy 

of greater than l 0 1 1  accumulated counts. 
The telescope mirror, which is mounted in gimbals (see Figure 3) ,  is 

an off-axis paraboloid with a focal length of 2.3 m and a collection area 
of 340 cm2 • Coarse pointing is achieved by orienting the com plete 
Apollo Telescope Mount (A T M ) [Garriott et al. , 1 97 1 ) ,  and fine point
ing is achieved by offsetting the optical axis of the telescope within a 
5 X 5 (min of arc)2 field of view. A telescope for H-a, which is coaligned 
with the optical axis of the euv instrument provides a photographic 
record of the pointing. When the mirror is driven around the two-gimbal 
axes, the slit of the spectrometer can be made to scan part of the solar 
image in a raster pattern. This pattern covers the 5 X 5 (min of arc)2 

field of view and consists of an array of 60 lines that are scanned at a 
continuous speed of 1 min of arc per sec (see Figure 4 ) . The mirror
drive system can be comm anded to perform complete rasters, scan one 
line continuously , or fix the mirror at any position in the field of view .  

The three alternative modes o f  operation o f  the instrument are as 
follows : 

l .  Spatial scans, i.e . ,  line scan or raster, at fixed wavelengths with 
any grating position;  

2. Wavelength scans with fixed pointing; 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


w '.J 

DE Tf:c roR A SSEMBL Y 

AMPL IFIER 

CHANNEL MULTI PL IER Tt tSE ASSEMBt y 

CABL E A SSEMBLY 

POWER SUPPLy A SSEMBL y 

FIGURE 2 c .__ -Oll.f .. uctJon or the channel electron m "'tipli- d t ... .. e ector Unit_ 

POWER SUPply B04Ro 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


38 SPACE S Y ST E M S  

FIGURE 3 Assembly of the euv spectroheliometer. 
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LINE 60 
59 ,-�----�-------------J 
58 _ __,;) _________________ _ 

* 57 r-��-----------5 ARC SEC 
f 5 ARC M I N  

START OF RASTER 5 ARC SEC E N T RANCE SLI T S CAN RAT E I ARC M I N  PER SEC 
FIGURE 4 Raster pattern executed by telescope mirror. 

3. Monitoring of line intensities as a function of time with both 
grating and telescope mirror in fixed positions. 

Photometric Calibration 

39 

The aim of the experiment is to obtain measurements of the absolute 
intensity emitted by a given area of the solar disk , at a given wavelength 
in the case of a strong emission line or over a narrow wavelength inter
val in the case of continuum emission. The goal of the calibration pro
gram is to attain a photometric accuracy of ± I  0% over the range 280 to 
1340 A and to maintain this accuracy throughout the orbital lifetime. 

The output count rate of the photoelectric spectroheliometer set to 
monitor radiation from a given area of the solar disk with a given wave
length bandpass can be expressed as 

where 

N("A.) = output count rate from the spectroheliometer monitoring 
radiation in the wavelength range X1 to X2 (counts sec- 1 A - I ), 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


40 
A = collection area of telescope mirror (cm2 ) ,  
a =  area of spectrometer entrance slit (cm2 ) ,  
[ = focal length of  telescope mirror (em),  

S PA C E  SYSTE M S  

R� = reflectance o f  telescope mirror at wavelength A (photons/ 
photon) ,  

E� = overall spectrometer efficiency at  wavelength A (counts/ 
photon) ,  

<I>� = solar intensity in wavelength range A 1 to  A2 (photons cm-2 
sec- • sr 1 A- • ). 

The overall spectrometer efficiency can be further expressed as 

where 

A� = diffraction efficiency of the grating at wavelength A (photons/ 
photon) ,  

e� = detection efficiency of the photomultiplier at  wavelength 
A (counts/photon) .  

Finally , the photomultiplier detection efficiency can be expressed as 

E� = ')'x P, 

where 

"(� = photoelectric yield of the cathode material at wavelength A 
(photoelectrons/photon) ,  

P = probability of producing an output pulse greater than the set 
amplifier threshold : for the wavelength range 280 A to 1 340 A 
this function may reasonably be expected to be independent of 
wavelength (counts/photoelectron).  

The two most critical parts of the laboratory calibration are the deter
mination of the telescope mirror reflectance and the absolute efficiency 
of the spectrometer. Because of the lack of high-focal-ratio standard 
light sources for the euv wavelength region, these measurements must 
be carried out independently , the spectrometer efficiency and the 
mirror reflectance being determined in separate experiments. The mea
surement of the mirror reflectance is, in principle, a relatively simple task 
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in that any linear detector, o r  correlated pair o f  linear detectors, may be 

used without any knowledge of their absolute response at a given wave

length. Great care must be taken, however, to minimize errors arising 
both from the use of a geometry of illumination in the laboratory differ
ent from that to be expected during fligh t and from the effects of non
uniform illumination . The measurement of the spectrometer efficiency 
is the most d ifficult task since its response must be determined in absolute 
units of energy.  Two approaches to the problem are available, namely , 
the use of an absolute radiation source or comparison with the response 
of an absolute detector. In the laboratory calibration of the A T M  spec
trometer, the output count rates of the seven detectors were compared 
with the signal from a standard photodiode or photomultiplier mounted 
behind the entrance slit when the spectrometer was illuminated with 
monochromatic radiation . The absolute efficiencies of these standards 
were determined before and after spectrometer calibration in a separate 
series of experiments. 

The aim at Harvard is to develop a series of photometric standards 
having pedigrees directly traceable to the National Bureau of Standards 
(N B S ). The calibration paths from the N B S to the A T M  spectrometer 
are outlined in F igure 5 .  The standard light sources used in the laboratory 

are Eppley total-irradiance tungsten-filament lamps emitting in the 
visible and Penray mercury lamps used in conjunction with interference 
filters at 2 5 3 7  A. A rare-gas double-ionization chamber [ Samson , 1 964 ) 
is used as the absolute standard detector at euv wavelengths, and a 
Reeder gold black thermopile (Johnston and Madden, 1 965 ) is used as 
a primary standard detector to transfer the calibration from the visible 

standard sources to the euv detectors. The principal transfer standard 
used in the spectrometer calibration was an open tungsten diode. This 

was independently calibrated against a rare-gas ionization chamber by 

Samson at G C A  Corporation and against both the thermopile and a rare
gas ionization chamber at Harvard prior to the spectrometer calibration. 

After the spectrometer calibration , the design of the Harvard ionization 
chamber was improved and a calibrated, sealed, Spicer CsTe diode having 
a MgF2 window was acquired from N B S  with a calibration over the wave
length range 1 1 64-2537 A. Open A1-Al2 03 diodes that have a high 
stability were also obtained from N B s  with calibrations over the wave

length range 584- 1 2 1 6  A.  The values of the efficiency of the A T M  

tungsten diode obtained by comparison with all these standards are sum
marized in Figure 6. The estimated error is ± 1 0%  below I 020 A and 
± 1 5% at longer wavelengths. A Bendix cone-channel electron multiplier 
was also calibrated against the tungsten diode for use as a transfer stan-
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-- CURRE NTLY AVAILABLE 
CALIB RATION PAT H S  

- - - FUTURE CALIBRAT I O N  PATH$ 

SPA C E  S Y S T E M S  

FIGURE S Calibration paths to the flight spectrometer. 

dard for weak lines in the range 304- 1 2 1 6  A. However, the cathode 
nonuniformity of this detector was high, and it cannot be considered to 
be as reliable a standard as the tungsten diode. 

The layout of the laboratory system used for the calibration of the 
spectrometer is shown in Figure 7 .  A concave grating monochromator 
dispersed the radiation from a windowless de hollow-cathode discharge 
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tube [ Newburgh et al. , 1 962 ; Newburgh, 1 963 ] to provide a beam of 
monochromatic radiation that just filled the spectrometer of the flight 
instrumen t. The planes of dispersion of the laboratory monochromator 
and the flight spectrometer were set at right angles to reduce effects due 
to the nonuniform beams diffracted by the concave gratings. The light 
source was operated with helium, neon, argon, krypton, xenon, or 
carbon dioxide to produce intense line spectra in the wavelength range 
460-1 33 5  A. The reference tungsten diode was connected to a calibrated 
electrometer amplifier and was mounted on a movable arm behind the 
entrance slit so that it could be inserted into the beam for determining 
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the photon flux entering the spectrometer. The saturation current was 
measured before and after the output count rates from the detectors 
were recorded on magnetic tape by the minicomputer in the calibration 
system ; this allowed the elimination of errors induced by drifts in the 
light-source intensity . Calibration errors resulting from a nonuniform ef
ficiency of the predispersing grating were estimated by using the labora

tory monochromator in second order at selected strong emission lines. 
The resulting efficiency curve for the flight spectrometer, together with 
the associated calibration errors, is shown in Figure 8 ( top). No measure
ments were made of polarization in the calibration beam . However, earlier 
measurements made on the similar O S 0 -6  spectrometer ( Huber, 1 97 2 ]  
indicated n o  measurable effect, as expected for normal-incidence optical 
systems. Errors arising from these effects can thus be assumed to be 
negligible. 

The re flectance of the telescope mirror was measured in a similar 
laboratory monochromator. The detector used was an R c A  I P2 1 visible 
photomultiplier coupled to a sodium salicylate conversion phosphor. 
This was mounted on a movable arm so that the intensity of the mono
chromatic exit beam could be measured before and after reflection 
from the mirror. Because of the large size of the telescope mirror, the 
reflectance was measured for about 40% of the surface at one time. The 
average reflectance was calculated from the data for several measure
ments covering different areas of the surface. The measured re flectivity , 
together with the associated measurement errors, for the fligh t mirror is 
shown in Figure 8 (bottom).  Monitor mirrors, coated and calibrated at 
the same time as the flight mirror, accompany the flight instrument 

through the integration period and provide a means of easily detecting 
any contamination arising from these tests. 

Extreme Ultraviolet Functional Tests 

The laboratory calibrations were completed in December 1 970, i .e . ,  
about 2� years before launch. in order to monitor changes in the sensi
tivity of the assembled instrument during the prolonged integration 
period of the A T M  , it was necessary periodically to conduct functional 
tests with extreme ultraviolet (euv) rttdiation up to a time as late as 
possible before launch. The last opportunity to conduct such a test oc
curred after the thermal vacuum test of the A T M  in September 1 972 .  
The light source for these tests consisted of a de hollow-cathode dis
charge tube coupled to a Cassegrain collimator and mounted on a cart 
inside the thennal vacuum chamber (see Figure 9).  The circular light-
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FIGURE 8 Top: Efficiency of fli&ht spectrometer (detector #I) in fust order (upper curve) 
and second order (lower curve). Bottom: Reflectance of flight mirror. 
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source aperture was placed a t  the focus o f  the Cassegrain system .  With 
an effective focal length of 3.3 m, the 1 -mm-diam aperture produced a 
light beam from the primary having an angular divergence of I min of 
arc. For the thennal vacuum test of the complete A T M , the light source 
was mounted beneath the A TM inside the 24-m vacuum chamber at the 
Manned Spacecraft Center in Houston, as shown in Figure 1 0. Co-align
ment between the optical axes of the l ight source and flight instrument 
was effected by means of jacking motors on the l ight-source cart. The 
data from the euv functional tests supplemented that obtained during 
the laboratory photometric calibration, and the specific aims of the func
tional tests were 

I .  To verify that the first polychromatic position coincided with 
optical reference, 

A T M (sun end down)  
T H E R M A L  CAGE 
( infrared radiat ion) 

T H E R M A L  C U RTA I N  

CA L I B R AT I O N  
L I GHT S O U R C E  

FIGURE l 0 A TM and calibration light source installed in  the thermal vacuum chamber at  
Houston. 
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2. To determine the high-voltage characteristics of each detector 

both before and after the tests, 

49 

3 .  To determine the noise level in the detection system by counting 
the noise ( or dark ) pulses that are present in the absence of euv illumina
tion ,  

4 .  T o  determine instrument line profiles and verify detector separa
tions from wavelength scans of different rare-gas spectra, 

5 .  To check the absolute photometric response of the optical system 
for at least one wavelength. 

The coincidence of optical reference and first polychromatic position 
was set and checked in the following way. First, the grating was set at 
op tical reference, while the instrument was at atmosphere pressure , using 
either the solar image from a coelostat or a sun simulator. Then, with the 

instrument under vacuum and illuminated with radiation at the C II 1 3 3 6  
A wavelength ,  the grating was stepped off the peak o f  the line profile. At 
the end of the vacuum test,  the grating was set to polychromatic posi

tion and the operation of optical reference verified after repressurization. 
The channel electron multipliers exhibit high-voltage characteristics 

as shown in Figure I I  when illuminated with a constant euv flux. The 

1 . 0  

� 0. 8 
z 
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FIGURE 1 1  High-voltage characteristic for channel electron multiplier. 
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voltage at which the count rate is 50% of that obtained with the nominal 
operating voltage (- 4 kV)  is a sensi tive monitor of the overall gain of  
the m ultiplier. Any increase in the voltage at  which the 50% count level 
is attained will, therefore ,  be indicative of gain fatigue in the m ultipli er; 
furthennore ,  any change in the overall shape of the characteristic will 
indicate contamination or physical damage to the channel . Thus, monitor
ing this characteristic in conjunction with measurements of the dark 
count rate (typically I count per 200 sec) provides the data necessary 
to verify the correct perfonnance of the mul tiplier. 

Spectral scans taken wi th polychromatic radiation allowed the exit
sli t  separations to be detennined accurately when two emission lines are 
monitored in near coincidence on the relevant detectors. The separations 
detennined for the flight instrument are shown in  Figure 1 2 . The same 
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FIGURE 1 2  Exit slit positions i n  !light instrument. Solar lines are indicated with their esti
mated widths. 
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scans were also used to define the instrumental line proftles ; a sample 
profile for detector # l is shown in Figure 1 3 .  The proftles are narrower 
than predicted by ray traces of the Johnson-Onaka mounting, implying 
that the effective focal ratio is smaller than expected . This probably 
results from effects of nonuniform sensitivity in the diffraction grating 
at euv wavelengths. 

Finally , the absolute efficiency of the instrument was measured by 
use of a sealed krypton discharge tube with a MgF2 window mounted 
on the calibration light source (see Figure 9). The efficiency cannot be 

determined with the hollow-cathode source since this lamp emits radia

tion over a wide wavelength range. The sealed lamp, however, emits 
solely at the wavelengths of the krypton resonance lines, namely , 1 1 64.9 
and 1 23 5 .8 A, LiF ,  MgF2 , and CaF2 ftlters mounted on the optical sys
tem were used to define the relative intensities of the two lines, and the 
intensity was measured both on a calibrated tungsten diode and a cali
brated channel electron multiplier, which was also employed to map the 
beam. The calibration carried out at the wavelengths in Septem her 1 972 
indicated no detectable loss of efficiency outside the ±20% measurement 
error. 
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FIGURE 1 3  Instrument line profile at 584 A for detector #1 .  
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Calibration Rocket Program 

Since the final check with euv radiation took place at least 9 months 
before launch , and past experience with satellite instruments of this type 
indicates that dramatic changes in sensitivity occur in orbit [ Reeves and 
Parkinson, 1 970) , recalibration after launch is vital if the desired photo
metric accuracy is to be maintained . At this time,  no standard euv sources 
are available for use in satellites, and the development of such sources 
cannot be expected in the near future. Accordingly , the only currently 
feasible means of calibrating in orbit is to compare the A T M  instrument 
with a calibrated spectrometer flown on a sounding rocket using a quiet 
region on the sun i tself as the transfer standard . 

The layout of the calibration rocket instrument is virtually identical 
to that of the A T M  flight instrument, except that the telescope section 
employs a mirror having a collection area of 5 2  cm2 and a focal length 
of 90 em. The entrance sli t  of the spectrometer collects radiation from 
an area of the solar disk 20 sec of arc by 4 min of arc, a total field of 
4 X 4 (min of arc)2 being mapped in 1 2  steps by means of a single axis 
scan of the telescope mirror. Two-channel electron mul tipliers are used 
to cover the wavelength ranges 290-850 A and 790- 1 340 A. The resolu
tion of the spectrometer is 1 .6 A, identical to that of the A T M  instru
ment, and the complete instrument is calibrated both before and after 
flight .  This calibration is transferred to the satellite instrument when 
both spectrometers simultaneously map the emission from a 1 6  (min of 
arc)2 area on the solar disk (see Figure 14) .  The area observed must be 
free of active regions, filamentary structure , and coronal holes and also 
be near the disk center. Data obtained with previous flights of euv 
spectroheliometers suggest that the average emission from a quiet region 
a few minutes of arc in area on the disk was sufficiently constant with 
time over a 6- to 9-month period at solar maximum to serve as an inte r
mediate standard ; thus, i t  should be possible , even at a different  part of 
the solar cycle, to monitor short-term changes in the relative efficiency 
of the satelli te instrumen t  by observing such regions on a day-to-day 
basis, the absolute efficiency being remeasured at regular intervals by 
means of the calibration rocket instrument.  

Conclusions 

The data of Figure 8 show that after extensive effort the calibration 
accuracy attained in  the laboratory for the A TM spectroheliometer  is 
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FIGURE 1 4  Areas of solar disk monitored by the ATM and the calibration rocket spectro
heliometers. 
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of the order of ±20% over the wavelength range 460- 1 340 A. Further

more , this calibration is directly traceable to the N B S .  These data were 
recorded some 2� years before launch , and while infonnation on the 

performance of the instrument has been obtained to within 9 months of 
launch and reflectance data will continue to be obtained from the 
moni tor mirrors to within a few days of launch, recalibration in orbit 
will be essen tial to establish the photometric accuracy of the solar data. 
The quali ty of these data, thus, depends cri tically on the success of the 
calibration rocke t program . The goal of a ± I  0% photometric calibration 
at euv wavelengths has thus still  to be realized in satellite or sounding

rocket instruments. 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


54 SPACE  S Y ST E M S  

The tests described in this paper were performed using facilities a t  the Harvard College Observa
tory (HCO) in Cambridge, Massachusetts, at Ball Brothers Research Corporation (BBRC) in 
Boulder, Colorado, and at the Manned Spacecraft Center (MSC) in Houston, Texas. Since over 
50 people were directly involved in these tests, a complete list of acknowledgments is impractical 
However, we wish to thank the staff of the HCO program at BBRC (prime contractor for this 
experiment) for their resourceful , courteous, and efficient support. Furthermore, the out
standing contribution of the Marshall Space Flight Center (MSFC) program office and of the 
MSC and MSFC personnel to the faultless operation of the functional tests in the Houston 
vacuum chamber is gratefully acknowledged. Finally,  of the many people at HCO who 
contributed to the calibration effort with unfailing enthusiasm, we wish to thank especially 
M. L. Alford, E. S. Allen, R. M. Chambers, A. M. d'Entremont, J. C. Flagg, H. B. Freeman, 
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W I L L I A M  B .  W E T H E R E L L  

I MAGE QUALITY 

CRITERIA FOR THE 

LARGE SPACE 

TELESCOPE 

I. Introduction 

The 3-m-aperture Large Space Telescope ( L S T) will offer the astronomical 
community a tool for examining the universe that has unprecedented 
levels of performance. The absence of an atmosphere makes it possible 
to utilize fully the resolution capabilities of the 3-m aperture , within 
limits set only by the data sensors and by the optics of the telescope it
sel f. In large ground-based telescopes, atmospheric seeing reduces image 
resolution to a level corresponding to that of a diffraction-limited, 20.. 
to 25-crn-aperture telescope. A 3-m L S T  must therefore have substan
tially higher image quality than its ground-based counterpart. As a 
resul t ,  more sophisticated image-quality criteria are needed during the 
design definition stages, when design parameters are being chosen to 
achieve a balance between desired performance goals, available production 
technology , and costs. 

In evaluating a telescope, the astronomer wishes to know system 
performance characteristics, such as the minimum brightness star or 
galaxy that can be detected, or the finest detail that can be recorded in 
a planetary image. The design engineer wishes to know what optical de-

The author is at ltek Corporation, Lexington , Massachusetts 02 1 73 . 
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sign parameters he  must choose , how accurately he  must maintain point
ing during an exposure interval , and what error budgets he must establish 
for fabrication , alignment ,  and environmental effects. Traditional image
quality criteria such as two-point  resolution or the Rayleigh quarter-wave 
criterion are not adequate for either the astronomer or the design engi
neer. What is needed is a criterion that will predict performance in terms 
meaningful to the astronomer, starting from telescope design characteris
tics that can be controlled by the design engineer. Given such a cri terion ,  
it is possible to show what any change i n  the choice of design parameters 
will cost in terms of loss in astronomical performance . 

Three image quali ty criteria applicable to the L S T  are discussed in this 
paper. Two are based on signal-to-noise ratio and are concerned with 
point-source detection and continuous-tone imagery. The third is 
Marechal's criterion for diffraction-limited image quali ty and is based 
on S trehl  definition . The two criteria based on signal-to-noise ratio 
allow analysis of performance for the comple te system, including both 
op tics and image sensor, in terms relating astronomical performance 
directly to optical design parameters and the optical error budgets. 
Marechal's criterion is included primarily for historical reasons, since i t  
gives a basis for comparing the other criteria to  a rigorous definition of 
the term "diffraction-limited performance."  S trehl definition, the basis 
of Marechal's criterion , also gives a convenient example to show how a 
general image-quality criterion can be calculated from basic design char
acteristics such as wavefront error. 

The purposes of this paper are threefold : first, to define the image
quality criteria in a usable form ; second, to show how these criteria 
relate performance in astronomical terms to optical image qual i ty in 
terms useful  to the design engineer; third, to develop elementary calcula
tion techniques and to provide sufficient background data for the reader 
to use in his own pre liminary design analysis. To this end, the following 
sections will develop the optical image-quality criteria, starting with a 
description of the factors affecting image quality in large, nearly diffrac
tion-limited optics, and carrying it through to a description of their 
application to the point-source detection and continuous-tone imagery 
problems in astronomy . 

II. Image Quality and the Factors Affecting It 

Image quality measures the degree to which the optical system and image 
sensor degrade the geometrical distribution of irradiance in collecting 
light from an object and forming its recorded image. The most complete 
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measures of image quality for an optical system are its point-spread 
function and its optical transfer function. Image quality for the image 
sensor can also be measured in terms of a point-spread function and 
transfer function, but an additional factor relating to signal-to-noise 
ratio is also required. 

The point-spread function measures the distribution of light in the 
image of a point source. The distribution of light in the image of ob
jects other than a point source can be determined by convolving the 
object distribution of ligh t  with the point-spread function. The optical 
transfer function is the complex Fourier transform of the point-spread 
function. It measures the alteration in amplitude (modulation) and 
phase (lateral position) of the sine-wave spatial frequency components 
of the object in transferring light from object to image. The image dis
tribu tion is computed from the object distribution and optical-transfer 
function by simple multiplication. This simple multiplicative relationship 
makes the optical transfer function particularly convenient. The image
quality criteria discussed here are all computed from the optical transfer 
function . 

The optical transfer function 0(11,1/>) can be divided into two separate 
functions, the modulation transfer function T(ll,l/>) and the phase transfer 
function 1'(11,1/>).  The image-quality criteria we deal with here are con
cerned only with the modulation transfer function ( M T F ) .  In this paper, 
the M T F  symbol T(ll,l/>) should always be assumed to be 

T(v,!P) = I O(v,!P) I 
= [ 0(11 ,!P )O*(v .!P)] Ya ,  

where the star (*) indicates the complex conjugate. The M T F  will be 
given in cylindrical coordinates, with the modulation transfer T being 
expressed as a function of the sine-wave spatial frequency 11 and the 
orientation angle 1/>. 

Six factors affect the optical system M T F : 

I .  Entrance pupil diameter, Dp 
2. System focal ratio or [/number, F 
3. Wavelength, A 
4. Root-mean-square wavefront error, w 
5. Central obstruction diameter ratio, E 
6. Root-mean-square image motion, o 

( I ) 

The fust three determine the performance limit for a perfect lens and 
how performance scales in object and image coordinates. The last three 
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determine how much the image quality is degraded below that of a 
perfect lens. In  addition to these six factors, the image sensor degrades 
the system M T F ,  and scattered light  can raise the background image 
irradiance . Scattering does affect the M T F ,  but its effect is negligible 
when compared to those of w, e,  and o. These latter three fac tors will 
be termed the image-quali ty parameters, and models will be developed 
for estimating their effect on image quality. 

In large , well-corrected reflecting optics, such as the Ritchey-Chretien 
design expected to be used for the L S T ,  surface irregularities in the 
primary and secondary mirrors are expected to be the principal sources 
of wavefront error. These irregularities are a result of manufacturing 
errors, for the most part. Environmentally introduced thermal gradi-
ents will be a significant cause of surface deformations as wel l .  Other 
sources of wavefront error will include defocus and misalignment of the 
secondary mirror. These can be caused by assembly errors, environmental 
effects, and,  if servo control systems are used for focus and alignment 
con trol , servo loop dither. Any limitation on the maximum permissible 
value of w will go primarily into defining error budgets for fabrication, 
thermal gradients, and secondary-mirror alignments .  The telescope design 
parameter most likely to be restricted by these error budgets is the pri
mary-mirror focal ratio Fp . principally through its influence on sensi tivity 
to secondary mirror misalignment [ see Wetherell ,  1 972  or Wetherell and 
Rimmer, 1 97 2 ] . The restriction will be to place a minimum value 
boundary on Fp . 

The central obstruction consists of the secondary mirror and any 
baffle cones attached to it. Techniques for computing the central o� 
struction diameter ratio are described in the literature [ Young, 1 967 ; 
Prescott ,  1 968 ; Wetherell , 1 97 2 ] . e is a function solely of the choice of 
telescope design parameters, of which the most significant are Fp and 
the angular field-of-view diameter. The secondary mirror magnification 
m also is a factor. The principal effect of placing an upper limit on e 
would be to p lace an upper limit on Fp , since the field-of-view diame ter 
will be defined by external considerations. 

Image motion wil l  come primarily from servo dither in the pointing 
stabilization servo system and from vibration of the secondary-mirror 
support structure . I f  offset tracking is accomplished on a star imaged 
through the telescope,  magnification changes in the telescope image 
can cause image movement. Setting a maximum tolerable limit on o 
will affect the design of the image stabilization servo system , will 
establish stiffness requirements for the m ain structure holding the pri
mary and secondary mirrors in alignment, and will be an input to the 
thermal error budget.  
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The relationship of the image-quality parameters to the telescope 
design parameters is discussed in more detail in Wetherell [ 1 97 2 ]  and 
Wetherell and Rimmer [ 1 972 ] . For now, it is sufficient to know that 
they can be related. It is more important to establish their relationship 
to the three image-quality criteria mentioned above. 

Strehl defmition is computed from the volume integral under the M T F .  
The criterion related to point-source detection, the reciprocal equivalent 
sampling area, is computed from the volume integral under the square of 
the M T F .  The criterion for continuous-tone imagery, change in the 
signal-t�noise ratio at different spatial frequencies, is directly propor
tional to the M T F .  The first step in relating w, e, and o to these criteria, 
then , is to show how they can be used in computing the M T F .  

m .  Computing MTF from the Three Image-Quality Parameters 
In any lens, the M T F  falls to zero at a cutoff spatial frequency v0 , and 
is zero for v > v0 . The cutoff spatial frequency is given by 

v0 = Dp/'A (cycles per radian) (2) 

for object space and by 

v0 = 1 />..F (cycles per unit length) (3 )  

for image space . For most cases discussed in  this paper, it  i s  convenient 
to use the normalized spatial frequency 

(4) 

so that results can be discussed in terms independent of either aperture 
diameter or focal ratio. 

For an ideal lens with a circular aperture, the M T F ,  TJ(Vn ) , is given by 

TJ(Vn) = (2/1r) [arc cos Vn - Vn sin (arc cos Vn )] 

and is invariant with orientation tf>. For analytical purposes, it is con
venient to define the effects of w, e, and o on the M T F  in terms of 
three M T F  degradation functions, T w (v,t/)), Te (v) , and Ta (v,t/)). The 
real lens M T F  T(11,t/)) is then given by 

(5) 

(6) 
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T w and T� are not completely independent when the wavefront error 
involved is a systematic one, such as spherical aberration. However, if 
aberration is small and is expressed by its nns deviation measured over 
the clear aperture of the telescope, Eq. (6) is approximately correct. 
O'Neill [ 1 963 ] has shown this to be valid for random wavefront errors 
taken as a statistical mean . 

In particular cases, the M T F  varies with both v and tP and must be 
shown as a three-dimensional plot. Figure I shows the M T F  of a lens 
having a central obstruction e = 0.3 5 and a "fixed" random wavefront 
for which w ::!!! 0. 1 wavelength nns. Such fixed random wavefronts are 
characteristic of mirrors having surface figure errors. The lumps in the 

M T F  of Figure I are due to individual irregularities in the fixed random 
wavefront and have no general significance. It is convenient to eliminate 
such irregularities from consideration by using statistical models for the 
wavefront error and image motion. These models are rotationally sym
metric (invariant in IP) and can be represented by sections T{v). This also 
sets P(v,tP) = 0 for all spatial frequencies. 

FIGURE I MTF for lens with random wavefront error and a central obstruction. 
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All of our calculations will involve the M T F .  The point-spread function 
is useful in comparing the differences in how wavefront error, the 
central obstruction diameter ratio, and image motion affect image 
quality. Figure 2 shows the point-spread and encircled energy functions 
for a perfect lens and will be used as a standard for comparison to simi
lar curves for lenses degraded by the three-image quality parameters. 

A . R OOT.M EAN ..SQU A R E  W A V E FRONT  E R RO R  (w ) 

Wavefront error is measured in terms of the optical path difference w 
between the real wavefront and a reference sphere. The center of the 
reference sphere is placed at best focus, so that w, averaged over the 
entire wavefront passing through the exit pupil, is zero. The mean
square deviation between the real wavefront and the reference sphere is 
E0 • The rms wavefront error w, as used here,  is 

(7) 

O'Neill [ 1 963 ) has shown that the M TF degradation function T w (v) 
for random wavefront error is 

(8) 

where 4» 1 1 (v) is the autocorrelation function for the wavefront. It is 
generally assumed that the autocorrelation function for random wave
fronts is Gaussian, based on studies of atmospheric turbulence and 
ionospheric disturbance [ Hufnagel and Stanley, 1 964 ; Hufnagel, 1 96 5 ;  
Ratcliffe, 1 956 ; Barakat, 1 97 1 ) .  The form used here is attributed to 
Hufnagel, al though no specific reference has been found :  

(9) 

The H ufnagel constant Nn is the reciprocal of the spatial frequency at 
which 4» 1 1 = 0. 1 35 .  Above this frequency , <ll 1 1  rapidly decreases to 
zero, and T w (v) = exp [ -(27rw )2 ] • 

Figure 3 shows T w (v) for three values of Nn , 3 ,  7, and 1 2, and the 
same value for wavefront error w = 0. 1 0. The larger the value of Nn , 
the more rapidly the M T F will drop at low spatial frequencies. Nn also 
affects the point-spread function, as can be seen by comparing Figures 
4 and 5 .  These represent the two extremes of Figure 3 ,  Nn = 3 and 1 2. 
As can be seen, substantially more energy has been projected out into 
the ring structure when NH = 1 2 . 
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AGURE 3 MTF decradation function for Hufnagel random wavefront error, w = 0. 1 0  wavc
leolth rms. 

Figures 4 and 5 are examples of a general rule : reductions in the M T F  
at low spatial frequencies are associated with energy transfer well out 
into the ring structure of the point-spread function. Both are caused by 
small-scale (i.e . ,  small fraction of the pupil diameter) irregularities in 
the wavefront. In finishing mirrors for the L S T ,  it is necessary to be con
cerned with reducing Nn as much as with reducing w. Rough measure

ments o f  the autocorrelation function of a high-quality 48-in.-aperture 
parabola suggests that Nn = 7 to 9 may be typical for the L S T  mirrors. 

A comparison of Figures 2, 4, and 5 shows how random wavefront 
error affects the point-spread function. The positions of the rings re
main about the same. The minima (dark rings) are ftlled in , and maxima 
(bright rings) near the center of the pattern are increased. Beyond a 
certain radius, about I S  Airy radii in these cases, the maxima are about 
the same as for a perfect lens. The general impression is that a Gaussian 
point spread has been added to the normal diffraction pattern at the 
cost of removing energy from the center of the pattern. [ Note that the 
relative intensity has been normalized to that for the perfect lens, so 
that the relative intensity at r = 0 represents the Strehl definition (see 

Section IV). 1 

8. CENT R A L  O BS T R U C TION D I A M ETE R R ATIO (e) 

Analytical equations for the M T F  of a perfect lens with a central ob
struction have been given by O'Neill [ 1 956] and Levi [ 1 968] . The 
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M T F  degradation function T� (v) can be computed from these by divid
ing them by the perfect lens M T F .  This has been done, and T� (Vn ) has 
been plotted for e = 0. 1 0  to e = 0. 70 in Figure 6. A more complete set 
of values for T� (Vn ) has been listed in Table I ,  at e and Vn increments 
of 0.05 from 0.05 to 0.95. Te is given rather than Te X T1 , which is the 
more common practice, because T� will be used as a separate function in 
discussing continuous-tone imagery. 

In general, the analytical equation for Te (v) is too complex to be 
worth repeating here. If  Vn ;.. (I + e)/2 ,  however, 

( 1 0) 

Since Eq. (I 0) produces values of Tt! greater than 1 .0, it signifies that 
a central obstruction increases the M T F  at high spatial frequencies. 
This is sometimes considered to be an artifact of the convention of 
normalizing the M T F  to 1 .0 at v = 0. It will be shown, however, that it 
has a real significance in signal-to-noise calculations. 

0 0 . 2  0 .4  0. 6 0 8 1 . 0 
lin 

FIGURE 6 MTF degradation function 

Te<11n>· 
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TABLE I T,(11,.) u a Function of "" and t 

... ,. 0.05 0. 1 0  0. 1 5  0.20 G.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 O.S5 0.90 0.95 

0.05 0.9972 0.9927 0.9882 0.9832 0.9775 0.9710 0.9635 0.9548 0.9445 0.932 1  0.9170 0.8981 0.8738 0.84 1 5  0.7962 0.7282 0.6 149 0.3884 0. 1 740 

0.1 0  0.9968 0.9870 0.9761 0.9649 0.9525 0.9384 0.9223 0.9035 0.8814 0.8549 O.S225 0.7820 0.7299 0.6606 0.5635 0.4 1 78 0. 2906 0. 1 874 0.0921 

0. 15 0.9963 0.9852 0.9662 0.9462 0.9255 0.9024 0.876 1 0.8456 0.8098 0.7668 0.7144 0.6490 0.5650 0.4530 0.3565 0.2767 0.2035 0. 1 339 0.0665 G.lO 0.9958 0.983 1 0.96 14 0.9301 0.8975 0.8631 0.8246 0.7802 0.7282 0.6661 0.5904 0.4960 0.4145 0.3459 0.2827 0-2230 0. 1655 0. 1095 0.0545 

0.25 0.9952 0.9806 0.9558 0.9200 0.8720 0.821 7 0.7677 0.7066 0.6353 0.5504 0.4767 0.4 1 35 0.3552 0.3000 0.2471 0. 1958 0. 1458 0.0966 0.0481 

0.30 0.9945 0.9777 0.9492 0.9081 0.8529 0.7818 0.7062 0.6239 0.5523 0.4903 0.4331 0.3791 0.3274 0.2775 0.229 1 0. 1 8 1 8  0. 1354 0.0898 0.0447 

0\ 0.35 0.9936 0.9743 0.94 1 3  0.8938 0.8301 0.7480 0.6632 0.5918 0.5296 0.4723 0.4 182 0.3665 0.3 168 0.2687 0.2218 0. 1 76 1  0. 13 1 1  0.0869 0.0432 

-.J 0.40 0.9926 0.9701 0.93 1 8  0.8765 0.8 1 80 0.7560 0.6867 0.6078 0.5387 0.4785 0.4226 0.3698 0.3 1 92 0.2703 0.2229 0. 1 767 0. 1314 0.0870 0.0432 

0.45 0.99 13 0.9649 0.9321 0.8945 0.8503 0.7983 0.7374 0.6658 0.5812 0.5080 0.4454 0.3878 0.3335 0.2816 0.23 1 7  0. 1832 0. 1 36 1  0.0899 0.0446 

0.50 0.9962 0.9848 0.9660 0.9396 0.9052 0.8621 0.8092 0.7449 0.6669 0.5719 0.49 10 0.4233 0.3616 0.3039 0.2490 0. 1963 0. 1453 0.0958 0.0474 

0.55 1.0025 1.0101 1 .0089 0.9965 0.9743 0.9422 0.8991 0.8438 0.7740 0.6865 0.5764 0.484 1 0.4086 0.3406 0.2774 0.2 1 76 0. 1605 0. 1054 0.0520 

0.60 1 .0025 1.0101 1 .0230 1 .04 1 7  1 .0446 1 .0308 1.003 1  0.96 1 1  0.9032 0.8263 0.7258 0.5946 o.4859 0.399 1 0.3219 0.2508 0. 1839 0. 1 202 0.059 1 

0.65 1 .0025 1.0101 1.0230 1 .04 1 7  1 .0667 1.0989 1 . 1 069 1 .0899 1 .0523 0.9929 0.9077 0.7899 0.6283 0.4961 0.393 1 0.3027 0. 2201 0. 1429 0.0699 

0.70 1.0025 1.0101 1.0230 1 .04 1 7  1.0667 1.0989 1 . 1 396 1 .1905 1.2045 1. 1 804 1 . 1 236 1.0298 0.8896 0.6824 0.5 149 0.388 1 0. 2784 0. 1 790 0.0868 

0.75 1 .0025 1.0101 1.0230 1 .04 1 7  1.0667 1.0989 1 . 1 396 1 . 1 905 1 .2539 1 .3333 1.3548 1.3138 1.2150 1.0436 0.7666 0.5432 0.3796 0.2401 0. 1 1 5 1  

0.80 1.0025 1.0101 1 .0230 1 .04 1 7  1 .0667 1 .0989 1. 1396 1 .1905 1.2539 1.3333 1 .4337 1 .5625 1 .5922 1.5065 1 .2973 0.9015 0.58 1 3  0.356 1 0. 1673 

0.85 1.0025 1 .0101 1.0230 1 .04 1 7  1 .0667 1.0989 1 . 1 396 1 . 1905 1 .2539 1.3333 1 .4337 1 .5625 1.7316 1 .9608 1.9924 1 .7553 1 . 1 354 0.6232 0.2810 

0.90 1.0025 1 .0101 1 .0230 1 .04 1 7  1.0667 1.0989 1 . 1 396 1 . 1 905 1 .2539 1.3333 1.4337 1 .5625 1.7316 1 .9608 2.2857 2.7778 2.7304 1.6146 0.6 1 86  

0.95 1 .0025 1.0101 1 .0230 1 .04 1 7  1 .0667 1.0989 1 . 1 396 1 . 1 905 1 .2539 1 .3333 1 .4337 1.5625 1.7316 1 .9608 2.2857 2.7778 3.6036 5.2632 3.07 1 2  
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A central obstruction affects the distribution of energy in the point
spread function differently than wavefront error. Figure 7 shows point
spread function for e =  0.50. The point-spread function for a lens with a 
central obstruction is formed by the "beating" of two Bessel functions, 
one representing the diffraction pattern for the aperture Dp and the 
other the diffraction pattern for the obstruction . Energy is shifted from 
bright ring to bright ring, and the positions of the minima and maxima 
are shifted.  The minima always go to zero, however. A central obstruc
tion will transfer energy further out into the ring structure than wave
front  error, if NH is small . 

C .  ROOT-M E A N -SQ U A R E  IM A G E  M OT I O N  (o ) 
A Gaussian model for image motion will be used. That is to say, image 
motion is presumed to make the nominal delta-function object look 
like a Gaussian intensity distribution /(r) . 

I(r) = /(0) exp [ -(r2 /2omg 2 )] , 

where Om g is the rms deviation in angular or linear units and r is the 
radius. Taking the Fourier transform gives the M T F  

( I I )  

( 1 2) 

To combine this function wi th the lens M T F ,  it is necessary to nor
malize Omg . A convenient form for normalization is 

o = Omgllo 

= Omg/'AF (omg in linear units) 
= OmgDp/X (omg in angular units). ( 1 3) 

In these normalized units, the MTF degradation function T17 (Vn ) i s  given 
by 

( 14) 

Figures 8 and 9 are point-spread functions for o =  0. 1 0  and 0.50.  
Image motion degrades the point-spread function by spreading energy 
from the center core and the bright rings into the adjacent dark rings. 
For o ;a. 0.50,  the ring structure completely vanishes. A comparison of 
Figures 9 and 2 shows the average value of the smeared point-spread 
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FIGURE 7 Point-spread function, E = 0.50. 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


70 

a:: 

� ..... 
(i) z w ..... z 

w > .... ..... 
a: .J w a:: 

SPACE S Y ST E M S 

� 
--------------� � 

lU'BER Of POINTS USED :1500 . liRE HOT I� OfUIS S:: 0 . 100001 RIIS l 

10-3 

10-4 

8 10�-+------------�------------�--------------+ ' o.o s.o to.o ts.tr 
RADI US C UN I TS- 1 .22 LAMBDA/OPC ANOULAR l 1 .22 LAMBDA F/NO . C L I NEAR l 

FIGURE 8 Point-spread function, o = 0.10. 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


William B. Wetherell 7 1  

a:: 

>-...... .... 
(I) z IU ...... z 

IU > .... ...... 
a: � It:! 

� �-------------! " 

IUIE.R Of POINTS USED :1500 . IIRlE lilT I� GfliSS 8: 0 .500001 RriS l 

10-!1 

10-4 

10-6 

8 10�,��-----------+------------�-------------+ · o.o s.o 10 .0 1s .6' 
RAD I US  ! UN I TS- 1 .22 LAMBOA/OP l ANGULAR l 1 .22 LAMBDA F/NO . L L I NEAR l 

FIGURE 9 Point-spread function, o = O.SO. 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


72 SPACE SYSTE M S  

function to be one half o f  the maxima i n  the ring structure .  There i s  n o  
significant transfer of energy beyond the first bright ring unless o >> 
0.50. 

IV. Strehl Definition (!})) 

The Strehl defini tion !/) is the ratio of the peak intensity of the point
spread function of a lens to the peak intensity of the point-spread func
tion for a perfect lens of the same aperture diameter and focal ratio. I n  
its classic form, th e  intensi ty ratio i s  defined for a point-source object 
on a black background. Marechal's equation for Strehl definition as a 
function of rms wavefront error [ Born and Wolf, 1 959 )  is 

( 1 5 ) 

A common variation of Eq. ( I S) is 

( 1 6) 

In more general terms, Strehl definition is the normalized volume integral 
under the M T F ,  

[}) = [" t• 'll..v,rf>) vdvdrf>/ {" [• T1(v)vdvdrf>. ( 1 7) 

Equation ( 1 7) can be used as the basis for ex tending Strehl definition 
to include the effects of image motion and the central obstruction di
ameter ratio. The latter raises some questions concerning the forms of 
normalization used for Strehl definition and the M T F , however. A central 
obstruction lowers the peak intensi ty by redistributing ligh t  in the poin t
spread function and by reducing the total light flux reaching the image 
plane. I f  both effects are considered, then the peak intensity is reduced 
by ( 1 - e2 )2• Substituting a conventionally normalized M T F  into Eq. 
( 1 7) ,  however, will lead to the conclusion that !/) � = ( 1  - e2 ) . 

The practical astronomical point source is a point object against a 
background continuum , as in Figure 1 0. In  imaging this point source 
with a lens having a central obstruction diameter ratio e, the background 
irradiance i s  suppressed by a factor of  ( 1 - e2 ) , in  comparison with the 
background irradiance with an ideal lens, because of the reduction in 
transmittance. In an astronomical experiment, the critical factor is expo
sure per unit area accumulated during an exposure interval, not irradi
ance . A loss in transmittance is frequently interchangeable with exposure 
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FIGURE 10 Astronomical point-source object and its image. 

time, and in the situation shown in Figure I 0, the common practice 
would be to bring the background exposure up to the same level in both 
cases. Under these conditions, it  is more realistic to say 

g) = [£,(0)/E;(O)] [£ ;(B)/E, (B)] . ( 1 8) 

Normalizing T(v,¢) to 1 .0 at v = 0 means that the point-spread func
tion contains unit energy . This is consistent with the practice of com
pensating for loss in transmittance by increasing exposure time. Equations 
( 1 7) and ( 1 8) will therefore give the same answer. In effect, this form of 
normalizing T(v,¢) distinguishes between factors affecting the distribu
tion of energy reaching the image plane and factors affecting the rate at 
which energy reaches the image plane . This distinction will be found to 
be important in calculating signal-to-noise ratio, even when exposure 
times are not adjusted to compensate for the loss in transmittance. 

Equation ( 1 7) and the M T F  degradation factors of Section III have 
been used to derive simplified equations for Strehl definition . In the 
case of Gaussian random wavefront error, 

( 1 9) 

where CDH is a function of NH whose value can be taken from Figure 
I I . For extremely large NH , 

g)w -+ exp [-(27rw)2 ] , NH -+ oo. (20) 

Expanding ( 20) in a power series will lead to Eqs. ( 1 5) and ( 1 6). For 
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FIGURE 1 1  Cvn as a function of Nn (see Eq . ( 1 9) ) .  

our purposes, expression ( 20) produces adequate accuracy , as long as 
Nn > 6, w < O. I 2 . 

For the central obstruction diameter ratio, 

(2 1 )  

For image motion o, 

(22) 

if 0 � 0.30. 
Equations ( 20) , ( 2 1 ) , and ( 2 2) can be considered to be independent 

functions, as long as w,  e ,  and o are reasonably small. A general equation 
for S trehl definition can therefore be written 

!J) "'"  ( 1  - £2 ) exp { - [(21rw)2 + 4.3o2 ]  } , (23 ) 

w ...;; 0. 1 2 ,  0 .,;  0.30. 

M arechal's criterion for diffraction-limited performance is that !Jl ;;;;.. 
0.80. If this value is substituted into expression (20) , a graph can be 
produced that will show the combinations of w, e, and o just meet ing 
Marechal's criterion . Such an w�-a chart for !J) = 0.80 is shown in 
Figure 1 2. Curves of w versus E are plotted for constant values of o. 
When E = o = 0, w = 0.075 wavelength nns. This corresponds to Ray-
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leigh's quarter-wavelength limit for spherical aberration. I f  !fJ � 0.80 
is taken as a rigorous definition for diffraction-limited performance,  it  
will be seen that the optical path difference must be considerably less 
than one-quarter wavelength for a telescope having a typical central ob
struction (e ""' 0 .30 to 0.40) and image motion (o ""' 0. 1 0). 

V. Normalized Reciprocal Equivalent Sampling Area (Q) 

The concept of reciprocal equivalent sampling area derives from work by 
Schade [ 1 95 1 ,  1 95 2 ,  1 95 3 ,  1 954 ,  1 95 5 ]  in defining image-quality criteria 
for television cameras and other image sensors. Schade was looking for a 
criterion that would agree with the visual concept of image sharpness but 
that could be calculated from objectively measured data. Schade defined 
a quantity he termed "equivalent passband," N� * , which measures the 
amount of white noise passed by the optical system and image sensor. 
The concept of normalized reciprocal equivalent sampling area (Q), or 
normalized equivalent passband, is a direct descendant of N� * . 

Schade pictured image sharpness as a measure of the total harmonic 
content of a scene. The eye is viewed as scanning the scene repeatedly 
and measuring its harmonic content in the same way as an ac watt
meter measures the mean-square deviation in a modulated current. 
Given two recorded images of the same scene, which are identical in all 
respects except that each was made with a system having a different 
spatial frequency passband,  the one having the greatest harmonic con
tent (largest mean-square deviation) will appear the sharpest. 

Quantitatively speaking, scanning an image with a detector (sampling 
area) will produce a complex waveform .P .  If passed through a spectrum 
analyzer, it  will be found to consist of a series of sine-wave components 
tPN , where N is the associated spatial frequency in line numbers (half
cycles). In normalized form, 

(24) 

where .Po is the sine-wave component for N -+  0. (Schade's original nota
tion is used here . )  

Consider a uniformly illuminated plane . The modulation of  this image 
is due to photon noise, the randomness in the position of arriving ph� 
tons. If scanned with an infinitely small sampling area, i t  will produce a 
spectrum r 1/1 N = 1 .0, to very high spatial frequencies. If the scanning 
aperture has a finite size, the spectrum will fall off as in Figure 1 3 .  I(_ the 
output  of this detector is measure with a de meter, an average value .P = 
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1/Jo will be produced. Measured with a broadband ac meter, output wave
form 1/1 will be found to have an nns deviation [ 1/1 1  , where 

[ llt 1 2 = llto 2J.. (ri/I )N2 dN. (25)  

Suppose the original detector is  replaced by one for which r 1/J N  = 1 .0 
for N <:. N� * , and '"'N = 0 for N > Ne * . The mean-square deviation 
would then be 

(26) 

for a white-noise source. We can then define 

N� * = �o·(rl/i )N2 dN (27) 

as the equivalent passband,  or, more accurately , the white-noise-equivalent 
passband for a system with the response function ri/IN · [The asterisk ( * )  
is used here and in subsequent equations t o  indicate that this equivalency 
is for white noise only . 1 Since [ 1/11 2 is directly proportional to N � •, the 
latter is a good measure of an imaging system's effect on image sharpness, 
by Schade's analogy. 
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I n  defining the signal-to-noise ratio for detection of a point source 
against a background continuum, we must measvre the noise resulting 
from the background. This noise is photon noise, which is white and is, 
in fact, [ 1/1 )  from the above derivation of Ne *. Bradley [ 1 97 2 )  has con
sidered the point-source detection problem in detail and has extended 
Schade's equivalent passband to two dimensions : 

1 111'100 Nn • = 0 0 tl (v,�) vdvd� (28) 

using the current notation for M T F .  

Ne 2 * has the dimensions of reciprocal area. The reciprocal of Ne 2 * is 
an equivalent sampling area 

A,* = l /Ne2 * .  (29) 

For a uniform background, then, the number of photons used to cal
culate background noise is simply 

(30) 

where Nb is the flux in detected photons (or photoelectrons) per unit 
area per second, and t is the exposure time. The procedures for calculat
ing signal-to-noise ratio will be discussed in more detail in Section VIII . 

. 
The design engineer is interested in comparing the performance of a 

real system to that of one with a perfect lens. The important quantity , 
then, is the normalized value of Ne 2 * , or the normalized reciprocal 
equivalent sampling area Q :  

Q = {"£ .. 'tl (v,�)vdvd1J.""[" Tr2 (v)vdvd�. (3 1 ) 

If we substitute the perfect lens M T F ,  Eq. ( 5) ,  into the denominator, 

(32) 

For rotationally symmetric M T F 's ,  

- 24n2 1110 
Q - (3n2 - 16)ro 2 o 'tl (v,�)vdv . (33) 

Q is our fundamental measure of image quality for optical systems 
used for point-source detection , and A , *  is used in the actual signal-to
noise ratio calculations. For a perfect lens 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


William B. Wetherell 

A1* (perf) = 2 .7T>..2J1l .  

For a real lens, then, the equivalent sampling area is 

and the diameter d1 * of an equivalent circular aperture is 

For a perfect lens, this is 77% of the diameter of the first dark ring. 

79 

(34) 

(35) 

(36) 

Equation (32) or (33) can be used to calculate Q for a real system, 
where the actual M T F  is known. For general analysis of near-diffraction
limited  systems, approximations for calculating Q directly from w, e, 
and o are desired. Approximate figures have been derived numerically ,  
using the M T F  degradation functions of  Section I I I  with Eq .  (33) .  

For random wavefront error, if Nn = oo, 

(37) 

For lesser values of N H , 

(38) 

where Co n is taken from Figure 1 4. For Nn = 8, Co n = 74, the value 
most commonly used in this paper. Figure 1 4  was derived for a series of 
calculations in which w = 0. 1 0  and N H was varied from I to 1 0. The form 
of Eq. (38) was derived from a series in which Nn = 8, and w was varied 
from 0.0 I to 0. 1 2  wavelength rms. In these series, Eq. (38) and the 
numerical integration agreed within 3 in the third place. This level of 
precision should hold well for large Nn but may deteriorate for low 
.V8 . Calculations were not made for w > 0. 1 2 . 

The comparable equation for the central obstruction diameter ratio 
f is  

(39) 

For rms image motion o, it is 

(40) 

In both cases, the fit to numerical analysis is comparable to that for 
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wavefront error, over the ranges 

e .;; 0.60 and a .;; 0.60. 

If o "'  0.30, a Gaussian fit may be used.  

Q0 "" exp (-(5 .50a2 )] ,  

but it is of somewhat lesser accuracy . 
For the combination of w ,  e, and o, we can say 

S P A C E  S Y S T E M S 

(4 1 ) 

(42) 

(43) 

when w "' 0. 1 2 , e,  o "' 0.60. If  o "'  0.30, this can be reduced to 

(44) 

These equations have been spot checked against numerical analysis and 
found to produce differences that are generally less than 5%. 
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For Marechal's criterion, !}) = 0.80, the wavefront error in a lens free 
of a central obstruction and image motion should not exceed w = 0.075 
wavelength nns. The corresponding reciprocal equivalent sampling area 
is Qw = 0.66 . Figure I 5 is an w�-o chart for this case. A comparison 
to Figure 1 2  indicates that Q is less sensitive to image motion (curves 
for different values of o are more closely spaced) and more sensitive to 
the size of the central obstruction diameter ratio. Any practical system 
for which Q ;;;;. 0.66 would have to have an obstruction smaller than 
€ � 0.25 .  By this criterion as well ,  diffraction-limited performance would 
be difficult to achieve in an L S T .  

NORM . REC J P .  EQUJ V .  SAMPL I NG AREA Q = 0 . 66000 

l!l 
(!) .. 
+ 
X 
• 
• 

I MAGE MOT I ON 

o .ooo o.oso 0.100 o . uo 0 .200 0.250 0 .300 

FIGURE 15 w-€-o chart for Q = 0.66. 
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VI. Image-Sensor Models 

At the present  time, the L S T  is expected to use only TV -type image 
sensors. The leading candidates are advanced versions of the S E C  

vidicon and silicon target vidicon ( S I T  vidicon) now being developed 
under the guidance of J. Lowrance of Princeton University.  Both of these 
image sensors are expected to operate in a photon-noise-limited mode,  
although this may be only marginally true of the SEC vidicon, when 
operating near i ts minimum illumination level . Both have rather similar 
M T F 's. For the purposes of this paper, only one needs to be considered,  
and the S I T  has been selected. The infonnation used in modeling its 
perfonnance characteristics was supplied by W. Bradley of l tek,  after 
consultation with J. Lowrance. 

The S I T  vidicon consists of a photocathode, an electron optics image 
relay , a silicon storage target ,  and an electron-beam readout mechanism. 
The most significant characteristics of the S IT vidicon for this analysis 
are the photocathode sensitivity and thennionic emission rate and the 
M T F  and saturation level of the silicon target .  Other sources of image 
degradation do exist within the tube, but it is 8$sumed that they are 
negligible or can be compensated for. There will be fixed pattern noise 
from variations in sensitivity across the photocathode and variations in 
gain across the storage target .  These can be removed in data processing. 
The M T F  of the electron optics should be high enough to be ignorable, 
in comparison with that of the silicon target.  Similarly, noise introduced 
by the scanning electron beam and by the output preamplifiers should be 
negligible in comparison with photon noise . 

Photocathode sensitivity S is selectable at will , within the limits of 
presently available photocathode materials. The highest sensitivity avail
able with trialkali photocathodes is S :::.: 2 X 1 0"""" A/lm. This will be 
adequate for the present analysis , where detailed radiometric calculations 
are not critical . An appropriate spectral sensitivity curve in amperes per 
watt per wavelength increment can be substituted for more detailed 
analyses. 

Thennionic dark current for the above photocathode typically 
ranges from 1 00 electrons cm-2 sec - 1 at room temperature down to 3 
electrons cm-2 sec- 1 at temperatures below - 1 0  °C .  The latter figure 
will be used here since it allows thennionic emission to be discounted.  
Methods for inclusion of thennionic emission will be discussed briefly 
in Section VILA for the interested reader. 

The M T F  of the silicon target is given by the approximation 

TsiT(v) = exp ( -(2m1v)] , (45) 
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where 11 is the characteristic target thickness. For this case, it  is assumed 
that t1 = 0.007 mm (see Figure 1 6). To match this equation to the 
normalized spatial frequency scale for the lens, the constant C, = 11(AF 
must be introduced and Eq. (45)  rewritten 

(46) 

Equations (46) and (33)  can be used to define an approximation for 
Qs n . For completeness, two equations are needed : 

and 

QsiT = 0.0924C,-2 , c, > 2. 

(47) 

(48) 

For X =  633 nm, C, < 2 if F >  5 . 5 .  Therefore, Eq. (47) is adequate for 
all cases here. Equation ( 48) should define the system Q (including 
optics) adequately enough for readers interested in fast systems, where 
F< 5 . 5 .  

The silicon target has a hard saturation limit corresponding to an 
exposure of 1 .25  X 1 012 photoelectrons/m2 • Details in continuous-tone 
images producing a greater exposure will be clipped at about this level. 
The maximum pennissible average exposure level should be below this 
cutoff. Continuous-tone astronomical objects are generally low-contrast 
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FIGURE 16 MTF of model SIT vidicon. 
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objects. Setting the maximum permissible exposure K1 to 

K1 = 2.5 X 101 1  photoelectrons/m2 , (49) 
one fifth of the saturation l imit,  should give an adequate safe ty margin.  

VII. Point-Source Detection 

In astronomy , stars always appear against a background continuum. Un
less the star is so much brighter than the background that the latter is 
below the detection threshold of the image sensor, detection is a matter 
of sorting out the signal photoelectrons from variations in the background 
due to photon statistics. Detection will occur when the peak signal ex
ceeds the rms noise by some threshold ratio. For simple detection, the 
signal-to-noise ratio SNRp must exceed a threshold of about 3 .  For a 
photometric accuracy of 1 0%, SNRp = 1 0 . The latter figure is commonly 
used in astronomy and will be used here .  

Three aspects of  point-source detection are examined here . First, a 
model will be developed to compute SNRp for photon-noise-limited 
image sensors and to determine the exposure time needed to reach the 
detection threshold . Second,  the loss in detection threshold limit  caused 
by image degradation in the optical system and image sensor will be 
computed. Third, the point-source case will be extended to include 
small finite sources, such as distant galaxies. 

A. S IG N A L -TO-N O ISE  R AT IO M O D E L  

Th e  principal noise sources ahead o f  the storage target are photon statis
tics and thermionic emission statistics. Both are white noise , whose rrn s  
noise can be determined by taking the square root o f  the average num her 
of (photo) electrons involved. In the general case, where there are 
enough thermionic electrons to count, 

(50) 

where n, is the number of signal photoelectrons, nb the number of back
ground photoelectrons, and nd the number of dark-current ( thermionic) 
electrons. When the photocathode is cooled ,  or a low dark-current 
photocathode is used (e.g. , blue sensitive only) ,  

(5 1 )  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

S p a c e  O p t i c s :   P r o c e e d i n g s  o f  t h e  N i n t h  I n t e r n a t i o n a l  C o n g r e s s  o f  t h e  I n t e r n a t i o n a l  C o m m i s s i o n  f o r  O p t i c s  ( I c o  I X )
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 7 7 9
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The latter equation is assumed to apply here, so that dark current can be 
ignored. The limitations on this assumption will be discussed below. 

The signal consists of all light from the star that reaches the image 
sensor and iS converted to photoelectrons. In the most rigorous radio
metric tenns, 

(52) 

where 

e = electron charge = 1 .6 X 1 0- 19 coulomb/electron, 
Eu(X) = spectral irradiance of the aperture due to the star (W/m2 in 

wavelength interval dX) , 
Se(X) = spectral sensitivity of photocathode (A/W at wavelength X), 

1 = exposure time (sec), 
T(X) = effective transmittance. 

For an all-reflecting optical system, 

where p,._ is the spectral reflectivity (assumed to be the same for all 
mirrors) and n is the number of mirrors. 

(53) 

The background photoelectrons can be computed by Eq. (30) .  If  the 
image irradiation Nb (photoelectrons m-2 sec- • ) is expanded in rigorous 
radiometric terms, using standard lens equations, 

(54) 

where L0 (X) is the object spectral radiance in W m-2 sr- 1  in wavelength 
increment dX. 

The above equations are necessary for exact radiometric analysis, 
where photocathode type and spectral classification of the star may both 
vary. A simplified set of photometric equations may be used if we are 
interested only in the relative effects of image degradation, as is the case 
in this paper. The luminous sensitivity , S, in amperes per lumen can be 
substituted for Se (X), and average values can be used for T, Q,  and X. 

If  m., is the apparent visual magnitude of the star, the aperture illu
mination £3 v ,  in lumens per square meter, is 

Eav = 2.65 X w- <6 + 0 .4 m.,).  (55) 
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Similarly, if .':l/ v i s  the brightness of  the background (or any continuous 
source) in apparent visual magnitude per square second of arc,  the ob
ject luminance, Lo v in lm m-2 sr- 1 , is 

Lov ::  1 . 1 3  X to< s - 0.4 , .,>, (56) 

Using these values, Eqs. ( 5 2) and ( 54) become, respectively , 

n1 = l 30TStD/ X 10< 1 3 - 0•4m ., )  (57) 

and 

(58) 

The thermionic contribution nd is given by 

(59) 

where Nd is the thermionic emission rate in electrons per square meter. 
Since A,*  is proportional to F2 , the number of thermionic electrons pe r  

resolution element will be proportional t o  F2 • The error introduced by 
using Eq. (5 1 )  instead of Eq. ( 50) will be 1 0% or less when 

(60) 

neglecting n1 • 
If we consider the minimum brightness background likely to be en

countered, /II v <=>< 23 , and a typical trialkali photocathode sensitivity 
S = 2 X l 0-4 A/lm , we can determine at what focal ratio the error can 
reach 1 0%. For room-temperature operation, where Nd <=>< 1 06 electrons 
m-2 sec-1 , the error is greater than 1 0%, if F �  7 7 .  For - l 0°C or cooler 
operation, where Nd <=>< 30,000 electrons m-2 sec- 1 , the error is greater 
than 1 0% when F � 443. The L S T  is expected to operate at F <=>< 1 00  
(F = 200 at most) , with a cooled photocathode. Therefore, Eq. ( 5 1 )  
can be used for SNRp here. 

The signal-to-noise ratio can be determined by substituting Eqs. ( 5 7) 
and (58)  into Eq. (5 1 ). In general , we are more interested in knowing the 

exposure time t required to achieve a fixed SNRp : 
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In  principle, the threshold SNRp can be achieved for any combination 

of m� and . c:u ., , given enough time.  In practice, there is a maximum per
missible exposure time set by the saturation limit of the image sensor 
storage target. If the maximum allowable average exposure is K, photo
electrons/m2 , 

(62) 

Consider a specific example : Set K, = 2 .5  X 1 0 1 1 photoelectrons/m2 , 
S = 2 X 1 0""" A/lm , and ,<;Jf v = 23 . From Eq. (62) , 

t(max) = 3 .59F2 /T (sec). 

If we further stipulate that Dp = 3 .0 m, X =  6.33 X I o-7 m ,  and 
SNRp = 1 0 , Eq. (6 1 )  leads to 

m11(max) = 25 .36 + 2.5 log F + 1 .25 log Q, 

for exposure to one fifth of target saturation. 

(63) 

(64) 

The LST is expected to operate at about F = I 00. If we take a typical 
case in which w = 0.05 wavelength rms, e = 0.3 5 , and o = 0 . 1 0  and 
compute Q for the lens and S IT vidicon from Eqs. (44) and (48), 
m. (max) = 29.8. The mirror reflectivity will be about 0.88, and there 
will be six mirrors in the F = I 00 optics. The transmittance,  T = 0.408, 
from Eq. ( 53) .  The exposure time will therefore be 88,000 sec,  or 24.4 h. 

B. TH R ESH O L D  LOSS FO R F IX E D  E X POSU R E  T I M E 

If the exposure time is fixed, both T and Q affect SNRp .  To investigate 
the loss in threshold magnitude due to T and Q, it is worthwhile to 
identify two special cases. If we are looking for bright stars with very 
short exposure times, n, >> nb , and nb can be neglected.  Thus 

(65) 

If, on the other hand,  we are looking for the dimmest possible stars with 
a very long exposure time, nb >> n, , and only nb need be considered a 
noise source. Thus 

SNRp = n,/Vnb = 1 .05 (D/ (>..) (TStQ)y, X to<o .u., - 0 ·4m v> .  (66) 
If a perfect optical system and image sensor are used ( r = Q = 1 .0) , 
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let the threshold detectable magnitude be mv . I f  an imperfect lens and 
sensor are used in its place (T < 1 .0 ;  Q < 1 .0), the threshold magni tude 
will drop to mv - tl.m , assuming Dp , S, X, T, .CMv ,  and SNRp are the same.  
From Eqs. (65) and (66) ,  it can be shown that 

and 

T = 1 0- 0 •4 6 m (bright star) 

rQ = t o- 0 ·86 m (dim star). 

The dim-star case is the more significant since it corresponds to the 

(67) 

(68) 

limit astronomers wish to improve upon by using space borne telescopes .  
Equations (67) and (68) form a very simple and useful image criterion 

relating performance loss in astronomical terms to the choice of design 
parameters and error budgets. They allow inclusion of both image sensor 
and optics. Exact calculations can be made using M T F  integration to 
calculate Q .  Preliminary analysis can be carried out using the approxim a
tions for Q from Sections V and VI.  A specific performance criterion 
can be set by defining a maximum permissible value for tl.m. 

I f  we expand Eq. (67) ,  we get a bright-star detection threshold loss 

!lm = -2.50 (n log p + log ( l - e2 )) .  (69)  

I f  we set tl.m � 1 .0, n = 6,  and p = 0.88 ,  then e � 0.38 .  Thus we cannot 
meet our performance criterion for bright stars unless the central obstruc
tion diameter ratio is within an upper bound set by n and p .  

The dim-star case expands into a series of  equations 

llmw = 0.543Con w2 ""' 40w2 , 

llm0 = 1 .25 log ( l + 6a2 ), 

!lm " = l .6e2 - 1 .25 log ( l - e2 ), 

llmp = - 1 .25 n log p, 

llms n = 3 .4 log [ I + ( l .63tr/>J')] .  

(70) 

(7 1 ) 

(72)  

(73) 

(74) 

Equations ( 70), ( 7 1 ) ,  and ( 7 2) have been plotted in Figure 1 7 , and Eq. 
( 74) has been plotted in Figure 1 8 . For the reflectivity p, tl.mp = 0.07 
per surface for p = 0.88 .  For six mirrors, tl.mp = 0.42 .  This i s  the largest 
single loss in fixed exposure time threshold.  For e = 0.35 and F = l 00, 
the central obstruction and image tube tie for second largest perfor
mance degradation source. 
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FIGURE 1 7  Tlueshold loss for point-source detection, A m, as a 
fiDiction of w, £, and o, for fixed exposure time. 
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FIGURE 1 8  Threshold loss for point-source detection with an SIT 

vidicon, as a fiDiction of focal ratio F, for fixed exposure time. 
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Equations (67) and (68) have one more interesting feature. I f  T = Q ,  
Eq. (68) reduces t o  Eq. (67) .  The threshold loss i s  therefore the same for 
both extremes, bright and dim star, and one surmises that the threshold 
loss remains constant  for intermediate cases. To check this, Eq . (6 1 )  was 
used to plot exposure time versus mv for an ideal 3-m-aperture telescope 
(T = Q = 1 .0) and for a telescope for which T = Q = 0.398.  The latter 
corresponds to lim = 1 .0 magnitude at each extreme. The results are 
plotted in Figure 1 9 .  These curves confirm the surmised constancy of 
lim through the intermediate range, where ns ""' nb . They also give some 
idea of the performance to be expected from the L S T , if it can be de
signed to meet the criterion lim = 1 .0 .  

Equation (68 )  can be used as the basis for generating an w-e-a chart 
for use in trading off image-quality parameters, once a value for lim has 
been chosen. Such a chart has been generated for lim = 1 .0 due to the 

j .. ... 

1 0, 000 

SNRp = 1 0  Dp = 3 .0 meters 
.\ = 633 nm 
S = 2 "  to-• ampere/lumen --+-1-++---1 
• .I( v = 1 - 23 rd magnitude 

per (arc-eecond)2 

1 , 000 
k:---t-_ l_l_j -+--#----t--1 

l �L-�������L-��-L��� 
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FIGURE 19 Variation in the detection threshold for point sources 
as a function of exposure time. 
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optical system alone ( the S IT vidicon is not included) and is shown in 
Figure 20. The criterion tJ.m = 1 .0 for the optics is substantial ly looser 
than Marechal's criterion. For e = 0.35 and o = 0. 1 0, the criterion tJ.m = 
1 .0 leads to w "" 0.084, which allows more wavefront error than is 
presently expected for the L ST .  Inclusion of the S I T  vidicon within the 
Am = 1 .0 would tighten this limit considerably , at least at F = I 00. 

C. DETECT ION  O F  SM A L L  F IN ITE O BJ ECTS  

The concept of  Q can be extended to include small finite objects, such as 
distant galaxies. A stronomers customarily define the brightness of such 
sources in apparent magnitude,  in the same manner as for stars. That is, 

... q 0 

POI NT SOURCE DETECT I ON  DEL M :  1 .00000 RHO : 0 . 88000 
N : 6 . 00000 1!1 

C) • 
+ 
1( 
• 
+ 

I MAGE MOT I ON 
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FIGURE 20 w-f!-<1 chart for a point-source detection threshold loss 
of t:.m = 1 .0 due to optical system. 
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92 S PAC E S Y ST E M S  

a galaxy o f  apparent visual magnitude mv will provide the same aperture 
illumination Ea v as a star of the same magnitude. Its signal can therefore 
be computed by Eq . (57) .  The intensity distribution in the galaxy can 
be treated as if  it were a point-spread function and convolved with that 
for the telescope . If the relative intensity distribution of the object is 
Fourier transformable, it can be converted into a spatial frequency dis
tribution, and multiplied by the system M T F , for use with Eqs. (67 ) and 
(68) in computing Q. The equations of Section VILA can then be used 
to calculate SNRp or the exposure time required to achieve the detec
tion threshold . Equation (68) can be used to calculate llm, which in 
this case compares the detection threshold for the galaxy with the per
fect lens threshold for a star of the same magnitude. 

If  the characteristic d iameter of the galaxy is substantially larger than 
the Airy disk diameter, it can be assumed that the effective spread-func
tion approximates the relative intensity distribution of the galaxy i tsel f. 
In this case, Parseval's theorem can be used to compute A s *  directly from 
the relative intensity distribution. 

Parseval 's theorem states that , i f  f(r,l/>) and T(v ,l/>) are a Fourier trans
form pair, then 

J"' J .. l f(v,rfJ) I 2 vdvdrp = I T(v,rp) i 2 vdvdrp. 
0 0 

(75 ) 

Thus Ne 2  * can be computed directly from the point-spread function 
[(r,l/>) ,  if it has been normalized so that it is a transform of the M T F .  
Since T(O,O) = 1 .0,  the volume integral under [(r ,1/>) must equal unity . If  
[(r,l/>) is  the relative intensity , the normalization can be accomplished 
in calculating N e 2 * : 

J .  Greenstein (personal conversation with the author) has provided a 
model for the cross section of a galaxy :  

(77) 

when dg is the characteristic diameter of the galaxy . [ When r = dg /2, 
l(r) = 0.5 724/0 . ]  For rotationally symmetric galaxies, Eq . (76) gives 

A,* = 1 6rrd/ /9 . (78) 

The equivalent sampling aperture diameter d, * ,  

ds* = 2.667dg .  (79) 
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Dividing A , *  for a perfect lens [ Eq.  (34) ] by A , *  from Eq. (78) gives Q, 

(80) 

In terms of the Airy disk diameter dA = 2 .44XF, 

Q = 0.0833dA 2 /dg 2 • {8 1 )  

If  d1 is converted to  the equivalent sample area d, * ,  

(82) 

If the small finite source were a uniform radiance disk of diameter 
d1c , then d1c <:>: d, * for dgc  >> dA .  To examine the range of values for 
dgc over which the spread function of the lens will cause significant 
reduction in Q, the circular disk was Fourier transformed and multiplied 
by the lens M T F .  Q was then computed by numerical analysis using Eq. 
(33)  for varying-size disks wi th a perfect lens and with a lens for which 
w = 0.050  wavelength rms, e = 0.35 , and o = 0. 1 0 .  The results are plotted 
in Figure 2 1 .  The solid curve is from Eq. (82) .  The dashed line is for the 
disk with a perfect lens, and the singly broken line is for the disk with 
the degraded lens. The doubly broken line is for the Greenstein model 
galaxy, based on Eq . (8 1 ) . 

Figure 2 1  indicates that for d, * > l OdA , the effects of the lens can 
be ignored , and Q can be computed directly from Eq . (82) ,  for circular 
disks. The same should be true for the Greenstein model, so that Eq . 
(8 1 ) is valid for d1 > 4dA . Equations (68) ,  (8 1 ) , and (82) can then be 
combined to indicate the loss in detection threshold magnitude for gal
axies. Assuming an all-reflecting lens system of n mirrors, we see that 
for the Greenstein model, 

1»n = 1 35 - 1 .25 n log p - 1 .25 log ( I - e2 ) - 2.5 log dA + 2.5d1 , {83) 

where dA and d1 must be in the same units. For a uniform circular ob
ject, or for any object expressed by its equivalent circular sampling aper
ture diameter, 

&n = 0.28 - 1 .25 n log p - 1 .25 log {I - e2 ) - 2.5 log dA + 2.5 1og d1* .  (84) 

Equations (83) and {84) are for fixed exposure times. If the exposure 
can be adjusted to compensate for transmission losses, the terms in p 
and e can be omitted. 

For the 3-m-aperture L ST ,  n = 6, p = 0.88, e = 0.35 , and dA = 0. 1 062 
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FIGURE 21 Q as a function of diameter for disk-shape and Green· 
stein-model objects. 

sec of arc at X =  633 nm. I f  dg = 1 .0 sec of arc, tlm = 4.27 .  I f  d1 = 1 0  
sec of arc, 6m = 6 .  7 7 .  Thus, for any exposure time 1 ,  the detection thresh
old for galaxies of these sizes will be the point-source detection threshold 
for T = Q = 1 .0, minus the above figures. 

For the L ST ,  the limiting threshold for detecting point sources with 
the S I T  target exposed to one fifth of its saturation limit is given by 
Eq. (64), for the example cited . For Greenstein-madel galaxies, 

mv (max) "" 24.0 1 + 2.5 log F + 2.S log dA - 2.5 log d1 . (85} 
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For any source with an equivalent circular sampling aperture d, * >> lOdA, 

m11 (max) "" 25 .08 + 2.5 log F +  2.5 log dA - 2.5 log d, •. (86) 

[ See discussion related to Eq . (64) for assumptions concerning sensor 
characteristics. ] I f F =  1 00 and dA = 0. 1 062 min of arc, then m11 (max) = · 

26.6 for dg = 1 sec of arc, and 24. 1 for dg = 1 0  sec of arc. 

VIII. Continuous-Tone Imagery 

The conventional means for specifying image quality for continuous
tone imagery is by stating the threshold resolution, which is the maxi
mum spatial frequency in a test target whose lines can be resolved. 
Resolution occurs when the signal-to-noise ratio SNRc (v) at spatial 
frequency v exceeds some threshold value. The exact threshold value 
depends on the type of target. For three-bar targets, SNRc = 1 . 2 is con
sidered adequate. For astronomical purposes, the signal-to-noise ratios 
quoted earlier may be appropriate. Thus we may say SNRc = 3 for the 
detection of small detail, and SNRc = 1 0 for radiometric measurements 
to 1 0% accuracy. 

No specific threshold will be used here . Rather, signal-to-noise ratio 
will be discussed as a function of spatial frequency and how it is affected 
by image degradation factors. A model for SNRc will be described, based 
on Rosell [ 1 97 1  ] . Based on this model, curves will be developed showing 
the maximum signal-to-noise ratio that can be achieved with the S I T  

vidicon exposed t o  one-fifth saturation and how these curves are affected 
by w, e, o, and the choice of focal ratio F in typical cases relevant to 
the L S T .  Finally , the effects of using loss in signal-to-noise ratio at a 
given spatial frequency on the choice of w,  e ,  and o will be discussed. 

A.  S IG N A L -TO-NO ISE R A T IO M O D E L  

The model used here for signal-to-noise ratio differs from that o f  Rosell 
only in the definition of contrast and in the use of cycles (line pairs or 
optical lines) rather than T V  lines in defining spatial frequency. Here, 
the object contrast C0 is a modulation, 

C0 = (max - min)/(max + min) (87) 

rather than Rosell's (max - min)/max. 
Consider two adjacent resolution elements (Yl cycle each), one receiv

ing nmax detected photons on average in an exposure interval and the 
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other receiving nmin detected photons. The peak-to-peak signal seen in 
examining the image is nmax - nmin· The nns noise will be the square 
root of the mean-square noises in each element, (n max + nmin )>n . Assum
ing the sensor to be photon noise limited , 

From this basic model the full equation for SNRc can be derived : 

SNRc(a) = ('rrrStL0 'n /8e) DpaC0(a)T{a), 

where T, S, t, e, and Dp are as defined before, and 

a =  angle subtended by one cycle at spatial frequency 11, 
C0 (a) = object modulation at given spatial frequency, 

T{a) = system M T F  at given spatial frequency, 
L0 = object radiance in units appropriate to S. 

(88) 

{89) 

The quantities T, S, L0 , C0 (a) , and T(a) vary with wavelength. This 
variance must be considered when analyzing spectroscopic or narrow
band images. For our purposes, it is convenient to use photometric units, 
with the object radiance specified by .:At v in apparent visual magnitudes 
per square second of arc. Rewriting Eq . (89) in tenns of .5Ji v and the 
nonnalized spatial frequency (lin ) ,  and substituting for the numerical 
ci>nstants, 

B. SNR c V E RS U S  SPAT IAL  F R E Q U E N C Y  F O R  A SATU R ATED  T A R G ET 

The exposure time required to reach one fifth of the saturation limit 
was defined in Eq. (62).  Since continuous-tone astronomical objects 
tend to be low in contrast, this should be a good safe limit for the maxi
mum exposure time. If Eq. (62) is substituted into Eq. (90), 

(91 ) 

where Ks is, as before, the average exposure at one fifth of saturation for 
the target, in electrons per square meter. (X must also be in meters.) 

The optical system characteristics enter this equation in two tenns, 
F and T(lln ). Changing F will change the signal-to-noise ratio in two 
respects. First, the M T F  degradation function Ts IT (lin ) ,  due to the 
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image sensor, is a function of F. Second , the size of the basic resolution 
element scales with F, increasing the number of photoelectrons that can 
be stored in a resolution element at the normalized spatial frequency 
Vn . (The exposure time must increase as F2 , however.) 

The effects of focal ratio scaling and image sensor M T F  are shown in 
Figure 22 ,  in which SNRc curves for a perfect lens with and without an 
SIT vidicon are plotted for the cases F = 1 2 , 1 00, and 200. In all cases 
K, = 2.5 X 1 0 1 1  electrons/m2 , corresponding to one-fifth saturation for 
the SIT  target. The differences in position of the three solid lines, for 
the perfect lens alone, represent the effects of focal ratio and exposure
time scaling. The differences between solid and dashed lines at each focal 
ratio represent the loss due to image sensor M T F .  The losses due to 
image sensor M T F  reduce with the larger focal ratio but may be signifi
cant (20% at high spatial frequencies) even at F = 200. 

If it were necessary to hold the exposure time fixed at , say , the time 

5 10 1 5  20 

---- Perfect lens alone 

co - 0.333 

0 0.2 0.4 0.6 0. 8 1 .0  

FIGURE 2 2  SNRc for a perfect lens alone and for a perfect lens with an S I T  vidicon, 
when target is exposed to one fifth of saturation limit (Tt/F' rtxed). 
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corresponding t o  saturation for the F = 1 2  case,  each pair o f  curves 
would shift downward (on this logarithmic scale) until the three solid 
lines coincided. There would still be a gain in SNRc due to the M T F  

change i n  going to the largest focal ratio possible, provided the exposure 
level on the target is not so low that readout noise will add a significant 
contribution to the total noise. 

The change in SNRc due to wavefront error w, central obstruction 
diameter ratio e, and image motion a is illustrated in Figure 2 3 ,  for the 
F = 1 00 and F = 200 cases. Typical values have been chosen for the image
quality parameters. Curves have been plotted with and without the 
central obstruction diameter ratio, to emphasize its unique effects. The 
circles represent the S IT vidicon with a perfect lens. 
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FIGURE 23 Effect of  w, e ,  and a on SNRc when SIT target i s  exposed to one fifth of  
saturation limit (Tt/F' fiXed). 
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The loss in performance due to w and o is on the order of 20% at 
higher spatial frequencies and corresponds to that due to the S I T  vidicon 
alone at F = 200. Below F = 200, the S IT vidicon is the chief source of 
M T F -induced loss in signal-to-noise ratio. 

The central obstruction boosts SNRc at high spatial frequencies, 
somewhat. This is offset by a larger suppression of SNRc at low spatial 
frequencies. Whether the central obstruction is useful or objectionable 
will depend on the threshold value for SNRc required for a particular 
experiment. The major limitation on SNRc is the exposure-time limita
tion set by target saturation, however. This can be overcome by increas
ing F or by taking multiple exposures and integrating them in data pro
cessing. 

C. L IM ITAT IO N S  O N  C H O IC E  O F  IM A G E ·Q U A L IT Y  PA R AM E T E R S  

Since the signal-to-noise ratio a t  a given spatial frequency determines 
whether it can be resolved , the degradation of SNRc at that spatial 
frequency is one measure of optical image quality .  We can define a 
degradation constant D.C. ,  which is the ratio of the actual and perfect 
lens signal-to-noise ratios at a given spatial frequency, 

D.C. (v11 ) = SNRc (reaJ)/SNRc (perf). (92) 

For a fixed exposure time, Eq. (90) leads to 

For the saturated target case, there is some ambiguity in how to handle 
the exposure-time scaling effect due to scaling F. If we resolve this by 
saying that the exposure time can only be scaled by a factor of 1 /T, to 
offset transmission loss, then 

This will hold regardless of the value of F. 
The only difference between Eqs. (93) and (94) is in the presence or 

absence of T = p" ( I  - e2 ) . In the fixed-exposure-time case, the high 
spatial frequency boost due to TE (v,. ) will be offset by a factor 
( I  - e2 )� due to transmission loss. It is interesting to note that if 
v,. ;;. ( I  + E )/2, where T� (v,. ) = ( I  - e2 r I , there is a net boost 

(95) 
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even when the loss in  transmittance due to e i s  not compensated for. 
This boost is not great , being about 6. 7% for e = 0.3 5 ,  but its presence 
is one reason why it is important to distinguish between factors affecting 
transmission and factors affecting energy distribution in the image when 
normalizing the M T F .  

I f  we confine our attention to the lens system itself, either Eq . (93) or 
(94) can be made the basis of an image�uality criterion for use in trad
ing w ,  e, and o against each other. D .C.(vn ) is set to a constant,  and an 
w-e-o chart generated . The form taken by the resultant chart will be 
strongly dependent on the chosen spatial frequency Vn . Figure 24 illus
trates this. w-e-o charts are presented for the fixed-exposure-time case, 
for Vn = 0.30, 0 .55 , and 0.70. D .C.  was set to 0.63 1 ,  which corresponds 
to the difference in SNRc between two objects differing by � ,� = 1 .0, 
and it was assumed that the optical system has two mirrors of reflectivity 
p = 0.88. 

Neither the particular value of D.C. nor the number of mirrors used 
in generating the figures is important,  however. What is important to 
note here is the relative weighting of e and o at different spatial frequen
cies. The relative weighting of these two image-quality parameters is 
reversed at spatial frequencies well below and well above Vn = 0.5 5 .  In 
general, the object in continuous-tone imagery is to obtain threshold 
performance at the highest spatial frequency possible. Any criterion 
based on continuous-tone imagery must therefore stress reducing image 
motion. 

IX. Conclusions 

Two of the three image�uality criteria discussed here relate performance 
in astronomical terms directly to quantities useful to the design engineer. 
One of these , the normalized reciprocal equivalent sampling area Q, is 
particularly convenient from an analytical point of view. It can be cal
culated exactly by numerical integration from the system modulation 
transfer function, or it can be approximated by elementary equations 
based on the three image�uality parameters. It represents the complete 
system performance with a single number, which is useful for tradeoff 
analysis. It relates directly to the loss in performance for point-source 
detection due to imperfections in the optical system. Image sensor char
acteristics can be included in the calculations in a very simple manner. 

Examination of the image-quality criteria described here has pointed 
out a number of factors affecting the choice of telescope design parameters 
and error budget allocations, which are worth summarizing. 
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1 .  A rigorous interpretation of Man!chal's criterion for diffraction
limited performance , !J> $ilo 0.80, leads to very tight tolerances on wave
front error if the effects of image motion and the central obstruction 
diameter ratio are included . For o =  0. 1 0  and € = 0.30 to 0.38 , the 
wavefront error must be in the range w = 0.047 to 0.038 wavelength 
rms. 

2. Use of an image-quality criterion based on a loss in the point
source detection threshold for fixed exposure times may allow a sub
stantial relaxation of the wavefront error tolerance. In a six-mirror 
system , a criterion of 11m = 1 .0 for the optics alone leads to wavefront 
error limits in the range w = 0 .095 to 0.078 wavelength rms, when 
o = 0. 1 0  and € = 0.30 to 0.38 . 

3 .  The largest single factor affecting the point-source detection 
threshold for fixed exposure times is transmittance , including the trans
mission loss due to the central obstruction. In the bright star case, if  
there are six mirrors in the optics train, an image quality criterion of  
11m = 1 .0 can be  met  only if  e � 0.38 .  

4 .  During early design stages for the L ST , a system focal ratio 
F ::::: I 00 was chosen in hopes of minimizing performance loss due to the 
image sensor M T F . The present analysis indicates that losses d ue to the 
tube are still very high at F = 1 00. For point-source detection , 11ms l T  = 
0.24 at F = I 00. For continuous-tone imagery , the loss in SNRc at Pn = 
0.75 is about 40%. Both find ings indicate that it would be desirable to 
operate at substantially larger focal ratios than F = I 00, for optics
limited performance. 

5. To maintain SNRc at high values for large spatial frequencies 
(0.6 < Pn < 1 .0), it is essential to reduce the image motion as much as 
possible. At Pn = 0.75 , o = 0. 1 0  prod uces an 1 1 % reduction in SNRc , 

and o = 0.20 produces a 36% reduction. Restrictions on wavefront error 
are not so strict, e,g. , w = 0.075 produces a 20% reduction in SNRc . A 
central obstruction actually increases SNRc at high spatial frequencies. 
At Pn = 0. 75 , a central obstruction of diameter ratio € = 0.35 will boost 
SNRc by 1 4% if the loss in transmittance is compensated for by an 
increase in exposure time, or by 7% if the exposure time is fixed. 

As a general summary, it appears that point-source detection considera
tions restrict the central obstruction to a diameter ratio € � 0.38,  con
tinuous-tone imagery restricts the image motion to o � 0. 1 0, while the 
wavefront error should be in the range w = 0.07 to 0.08. In both cases 
it would be desirable to use the S I T  vidicon at a system focal ratio 
nearer to F = 200 than F = 1 00. 
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R. H .  M E I E R  

CALIBRATION AND 

PERFORMANCE 

EVALUATION OF 

SYSTEMS AND 

DEVICES FOR SPACE 

ASTRONOMY: 

DISCUSSION OF 

A TEST FACILITY 

Introduction 

For any optical system intended to be operated from a space platform , a 
comprehensive prelaunch calibration and performance evaluation is a 
prerequisite for its ultimate usefulness. This is particularly true for astro
nomical instruments designed to sense and measure radiant energy from 
sources emitting in the infrared and submillimeter region of the electro
magnetic spectrum. A meaningful calibration and evaluation of such 
sensors is quite difficult, and aside from the present lack of generally 
accepted primary calibration standards, the necessary realistic simulation 
of their operational environment requires great care and expense . 

An existing large-scale facility, which appears to be well suited for the 
testing and calibration of a variety of infrared astronomical sensors and 
telescopes, is described in the following. It was developed by the 
McDonnell Douglas Astronautics Company in Huntington Beach, 
California, as part of its Space Simulation Laboratory . 

The author is at McDonnell Douglas Astronautics Company, Huntington Beach, 
California 92647. 
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Description of Test Facility 

G E N E R A L  

The facility , a s  shown photographically i n  Figure I and schematically in 
Figure 2 ,  consists basically of a vacuum chamber with an inner cryoshroud 
housing an on-axis parabolic col limator, a radiant-energy-source assembly, 
a calibration monitor that occupies one portion of the collimated beam , 
a pair of scanning mirrors directing radiant energy from another portion 
of the collimated beam into the sensor under test , and an optional star 
background generator. Sensors to be tested can be mounted either inside 
the chamber or downward-looking on top of their saddle portion , as 
shown in Figure 2 .  All optical elements consist of Kanigen-coated alumi
num and have their active surfaces gold coated . The vacuum chamber is 

a stainless steel horizontal cylinder, 2.4 m in diameter and 4.3 m long, 
with a vertical penetration 2 m in diameter. The latter can be extended 
on demand by stacking spools to the required length. Vacuum levels of 
w -s Torr or better can be achieved with a multistage contamination-free 

FIGURE 1 View of test facility.  
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FIGURE 2 Layout of test facility. 

SPAC E SYSTE M S  

END V I EW  

pumping system . A gaseous helium , closed-cycle cooling system cools the 
cryoshroud and all other interior structures, components, and optical 
elements to a temperature of about 20 K, thereby providing an extremely 
low radiation background . 

CO L L IM ATOR 

The collimator assembly, shown in  Figure 2 ,  consists of  a 0.8 1 -m-diameter 
parabola having a focal length of 3 .02 m and two 0.8 1 m X 1 .06 m plano 
folding mirrors. Its performance was found to be diffraction-limited for 
wavelengths longer than 8 1-lm . The spatial distribution of the collimated 
beam 's flux density was assessed by measuring the distribution of the 
radiant flux in a plane across the diverging beam about 1 5  em from the 
source , where it could be measured with a bare detector. Tests have 
shown no measurable performance degradation of the collimator at 
cryogenic temperatures. 

SO U RC E  ASSEM B L IES 

Located behind the second folding mirror of the collimator is a three
axis source table with the source assemblies mounted on it .  The sources 
radiate through a 0 .2-m-diameter central circular aperture in this mirror. 

The standard source assembly is shown in Figure 3. It consists of a 
blackbody with a chopper and a set of stepped limiting apertures in 

Copyright © National Academy of Sciences. All rights reserved.
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INT£GRAT I NG CAVITY 

FIGURE 3 Standard source assembly. 

front of its cavity, a set of transfer optics, a variable attenuator, an 
integrating cavity with a second set of stepped variable apertures located 
at its exit hole, a special dual-surface reflector mounted inside the inte
grating cavity , and a source projector. One side of the dual-surface reflec
tor is highly polished for specular reflection. I ts other side is selectively 
glass-ball peened for diffuse reflection , as is the interior wall of the inte
grating cavity . The selected aperture in front of the blackbody cavity is 
imaged onto the selected exit aperture of the integrating cavity with 
unity magnification by a toric mirror via four folding reflectors, which 
include the dual-surface reflector inside the integrating cavity . This aper
ture is located at the back focus of the source projector, which projects 
its 2.4 times reduced image into the focal plane of the parabolic collima
tor. 

The source assembly can be operated in three different modes, de
pending on the angular position of the dual-surface reflector inside the 
cavity. The specular reflection mode is used when high irradiance levels 
are desired . In the diffuse reflection mode, the mirror is rotated 1 80° so 
that its diffuse surface deflects the radiant energy onto the integrating 
cavity's exit aperture. The lowest irradiance levels are achieved by rotat
ing it into a position where it does not intercept the beam entering the 

cavity and where the diffuse side is facing the cavity's exit aperture. In 

Copyright © National Academy of Sciences. Al l  r ights reserved.
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this test mode, called the integrating cavity mode of operation , the beam 
strikes the strongly convex and diffuse reflecting surface of a button
type insert at the opposite wall of the integrating cavity . The insert re
flects and diverges the radiant flux toward the front half of the integrat
ing cavity, from where it is again diffusely reflected , mainly toward the 
diffuse surface of the dual-surface reflector. This surface now provides a 
uniform Lambertian radiant background within the field of view of the 
source projector. 

In the specular mode of operation , the 8-mm blackbody aperture is 
used exclusively ; only the exit apertures of the integrating cavity are 
varied. In the two other modes, all combinations of the two sets of varia
ble apertures-five in the blackbody set and seven in the integrating 
cavity set-can be used to control the collimator irradiance . Furthermore , 
in the integrating cavity mode, the attenuator, which is a simple metal 
plate that can be rotated into the exit beam of the blackbody to block 
any desired portion of it with a measurement accuracy of about 1 per
cent ,  can be utilized . In total, at any given blackbody temperature ,  this 
source assembly can provide a range of irradiance values within the col
limated beam of the facility that spans more than nine orders of magni
tude.  This is achieved without filters or impractical aperture sizes. 

Another available source assembly that can be mounted on the three
axis source table is an all-reflective grating monochromator, shown in 
Figure 4 .  I ts circular exit aperture is located at the focal point of the 
collimator. At present,  three gratings are available with rulings of 20, 
40, and 80 lines/mm ,  respectively . The spectrum is scanned across the 
exit aperture by rotating the grating from its specular (zero-order) 
position (� = 0) through angles cp,  yielding the wavelength according to 

m>.. = 2d sin tP cos 6 ,  

with 6 being the angle of incidence at cp = 0 ,  d the grating constant,  and 
m the spectral order. The gratings are blazed for X =  4 .3 ,  8 .6 ,  and 1 7 .2  
pm , respectively . Using the first-order spectrum of  each grating only, the 
linear dispersion of the monochromator at its exit aperture amounts to 
0.05 pm/mm for the 80 lines/mm grating and to 0 .22  pm/mm for the 
20 lines/mm grating. At any wavelength setting, the calibration monitor 
is subjected to the same spectral irradiance as the sensor under test . 
Since the spectral response of the monitor's bolometer-type detector is 
essentially flat ,  the absolute spectral response of the sensor under test is 
obtained by simply dividing its normalized output signal by the calibra
tion monitor's normalized output signal. A set of typical system response 
curves of the monochromator is plotted in Figure 5 .  The curves were 
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obtained with a 900 K source during two test cycles;  one with the 80 
lines/mm grating, the other with the 20 lines/mm grating. The filters 
used were commercial products from Optical Coating Laboratory, Inc. ,  
Santa Rosa, California . 

Since a changeover from one source assembly to the other or a change 
of gratings during a monochromator test requires very costly and time
consuming warm-up periods of the facility , a new universal source assem
bly has been designed that combines all the characteristics and capabili
ties of both sources. 

Figure 6 is a schematic drawing of this universal source . With the 
mirror side of the rotatable cube in the position shown in the drawing, 
the assembly functions exactly like the described standard source with its 
wide dynamic range of irradiance levels. With any one of the three 
grating sides rotated into the collimated portion of the beam , the assem
bly is changed into a monochromator. The exit aperture of the integrat
ing cavity now acts as the monochromator exit aperture . Again ,  the 
spectrum is scanned across the exit aperture by rotating the selected 
grating about its normal (zero-order) position . 
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SCA N N IN G  M IR RO RS 

r--

r--

35 

As illustrated in Figure 2 ,  a pair of scanning mirrors deflect a 0.3-m
diameter portion of the collimated beam into the aperture of the sensor 

under test . A magnetically driven positional servo system can rotate 
each mirror out of its rest position by at least ±5° , one in elevation, the 
other in azimuth, with a positional precision of about 20 sec of arc. In 
addition , the mirrors can perform periodic scanning motions at varying 
angular velocities ranging from 0. 1 mrad/sec to 0.3 rad/sec. 

STA R BAC KG RO U N D  S IM U LA T O R  

Another capability that can easily be  added to  the facility i s  the simula
tion of a superimposed star background within the instantaneous field of 
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FIGURE 6 Universal source assembly. 

view of the sensor. A schematic drawing that illustrates how this or any 

other background can be generated is presented in Figure 7. An extended 
source , typically a large blackbody cavity , irradiates uniformly a templet 
with numerous small pinholes. The pinholes may have different sizes and 
may , if desired , be covered by selected filters. A simple Newtonian optical 
system projects the punctured temp let toward infinity , parallel to the 
axis of the collimated beam and within the clear aperture of the sensor 
under test . The sensor then forms an image of the punctured templet in 
its focal plane . 

Calibration of Test Facility 

GEN E R A L  

An attempt to predict the prevailing irradiance i n  the collimated beam 
from such data as blackbody temperature and geometry , source assembly 
geometry , and reflectance values of all utilized surfaces including the 
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FIGURE 7 Concept of star background generator. 

glass-ball-peened diffuse interior of the integrating cavity , is, to say the 
least , hazardous. For this reason, the irradiance is continuously measured 
with the permanently installed calibration monitor, which occupies a 
generally unused portion of the collimated beam . The detector of the 
calibration monitor, a gallium-doped germanium bolometer, supplied by 
Infrared Laboratories, Inc. , of Tucson , Arizona, has exhibited remark
ably stable , repeatable characteristics ever since its selection as a working 
transfer standard. Its calibration is repeated whenever convenient and 
consists of the determination of its responsivity to radiant energy from a 
blackbody source at selected temperatures and chopping frequencies. 
The responsivity is defined by 

Rss  = Vs .s .NI<I>ss (Volts (rms)/Watt) , 

where Vs ,B  ,N is the signal resulting from the blackbody and background 
irradiance and from bolometer noise ; <f>s B is the total radiant power im

pinging on the bolometer, according to 
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(Watt] , 

with e being the emissivity of the blackbody cavity, o the Stefan-Boltz
mann constant, T8 8 the measured temperature of the blackbody cavity, 
A 8 8 the area of the blackbody cavity , A 0 the area of the bolometer. and 
r the distance between blackbody and detector. 

At an operating bolometer temperature of 2 .03 K, a blackbody tem
perature of 300 K, and a chopping frequency of 25 . 5  Hz, the bolometer 
responsivity was measured to be 

RB B  ( l u) = ( 1 .54 ± 0.03) X 105 (Volts (rms)/Watt) . 

The utilized blackbody cavity was fabricated from ultra-pure alumi
num by Electro�ptical Industries, Inc . ,  Santa Barbara , California. Its 
temperature is monitored by three copper-constantan thermocouples 
embedded in its wall .  Although the precision to which the temperature 
can be set and maintained is better than 0.2 K, an uncertainty of ±5 K 
has been assigned to its accuracy . This estimate is primarily based on ob
served departures of the measured values from those expected according 
to the T" law of blackbody radiation. 

C A L I B R A T ION M O N ITO R 

The calibration monitor is essentially a calibrated radiometer, perma
nently installed inside the facility ,  where it intercepts a 0.2-m-diameter 
portion of the collimated beam . I ts optical layout is shown in Figure 8 .  
It has an effective focal length of  0 .8  m .  The area of  its clear aperture is 
2 1 2  cm2 • The bolometer assembly is mounted on a three-axis table . The 
selected bolometer operating temperature of 2 .03 K is carefully con
trolled by maintaining the pressure in the helium Dewar constant to 
within ± l o-3 Torr. 

C A L I B R A T ION  R ES U LTS 

Since the calibration monitor and the scanning mirror assembly, which 
directs radiant flux into the sensor under test , occupy areas of the col
limated beam that are about equally spaced from its centerline,  it can be 
assumed that the irradiance in both locations will not differ significantly. 
Therefore , the irradiance values measured with the calibration monitor 
in its location can be applied to the portion of the beam that is occupied 
by the sensor under test . For sensors whose entrance aperture exceeds 
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FIGURE 8 Calibration monitor. 

0.3 m, a careful mapping of the amount of blockage caused by the col
limated beam's central obscuration must be performed . Sensors approach
ing the diameter of the collimated beam , 0.8 1 m ,  are mounted centrally . 
In this case , the calibration monitor must be either removed after cali
bration or mounted outside the beam with a retractable mirror system . 

Figure 9 is a typical plot of beam irradiance versus aperture settings, 
measured with the calibration monitor at a blackbody temperature of 
300 K.  It shows sizable overlaps in the dynamic ranges of the three 
modes of source operation . In the specular mode, only the exit aperture 
of the integrating cavity was varied .  The blackbody aperture was kept 
constant at 8 mm. In both the diffuse mode and the integrating cavity 

mode, the normalized effective aperture area values are obtained by 
multiplying every normalized blackbody aperture area with every nor
malized integrating cavity aperture area. Values below the bolometer's 
noise-equivalent irradiance are extrapolated . This is considered permissi
ble since the data obtained at higher irradiance levels strongly indicate 
the validity of the linear relationship between aperture settings and ir
radiance levels. 

The error bars at the measured data points indicate the existing uncer-
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tainty in the total systems calibration . From a simple error analysis it can 

be shown that this uncertainty is roughly ± [ 2 .2  X 1 <T3 + ( 4�n2 T2 ) � 
percent. The frrst term of this expression represents the sum of all uncer
tainties and measurement errors that are independent of the blackbody 
temperature. Some are by necessity derived from only a limited number 
of measurements. They also include the somewhat arbitrary assumption 
of a 2 percent uncertainty in the blackbody's effective emissivity. The 
second term represents the uncertainty caused by the assumed ±5 K un
certainty in the blackbody temperature determination . At 300 K-the 
temperature at which the responsivity of the bolometer was determined
this tenn amounts to about 4 .5 X I <T3 . Thus, the existing uncertainty in 
the total systems calibration is about 8 .2  percent. With an essentially 
wavelength-independent bolometer response , this uncertainty should hold 
for aU blackbody temperatures. Under the present circumstances, the 
quality of this calibration can be considered good . Prospects for refining 
it depend to some extent on the future availability of more accurate 
methods for determining blackbody temperatures. 

The author wishes to acknowledge the efforts and contributions made by R .  P. Day and C. J. C. 
Thompson during the design and development phase and by A. B.  Dauger, W. A. Fraser, 
H. Popick. and J . D .  Shoore during the cahbration phase. Also, the support given by J. R. 
Averett ,  F. A. Eckhardt .  J. T. Morrow, and E. H. Schwiebert to the solution of several unusual 
eopneering problema in mechanics, cryogenics, and vacuum technology has greatly contributed 
to the successful completion of this unique facility. Finally, the author would like to express 
his appreciation for many fruitful discussions with R. H. McFee and S.  Zwerdling. 
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H .  K O H L E R  an d  F .  ST R A H L E  

DESIGN OF ATHERMAL 

LENS SYSTEMS 

I. Introduction 

The temperature behavior of optical lens systems is governed primarily 
by the following two thermal glass constants: 

l .  The linear coefficient of expansion 

l dl  
a• = - -

1 T 

2. The temperature coefficient of the refractive index 

p• = dn/dT 

[ I t  should be mentioned that the numerical values of (j* are quite differ

ent if the optical element is in air ({j* rei)  or in a vacuum (13* ab s) . I 
In the practical application of optical systems that are affected by 

temperature changes, the following two cases must be distinguished :  
(a) External influence of  temperature causes-after a certain transient 
time-a locally stationary homogeneous temperature change of all parts 

The authors are at Carl Zeiss, 7082 Oberkochen/West Germany. 
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of the optical system. (b) Instead of a homogeneous temperature dis
tribution in the stationary temperature equilibrium there are tempera
ture gradients. We would like to concentrate here on the specific case 
that all optical elements of a system have the same radial temperature 
gradient. This is the most important case for practical work. 

In case of homogeneous temperature changes, the temperature ef
fects, such as changes in focal length and Gaussian image scale , are re
duced by a factor of about 1 0  compared with the corresponding changes 
in the case of radial temperature gradients. There is a difference in the 
relationship between the changes in the optical image-forming param
eters as a function of the temperature of the thermal glass constants a• 
and fj* , depending on whether homogeneous or inhomogeneous tem
perature changes are concerned.  

Changes in the image-forming properties are governed by a thermal 
glass constant 

-y* = [/3*/ (n - l )] - Ck*, 

in case of homogeneous temperature changes, and by a glass constant 

r* = [/3*/(n - l ] + Ck * , 

different from the above in case of inhomogeneous temperature changes. 

II. Homogeneous Temperature Changes 

Although the influence of radial temperature gradients on the image 
quality of optical lens systems and the design of lens systems that are in
sensitive to such radial temperature gradients are more important for' 
practical work than the influence of homogeneous changes, we would 
like to deal first with the latter. 

Perry [ 1 943 ] , Volosov [ 1 958 ] , and Strahle [ 1 969)  have contributed 
to the theory of the influence of homogeneous temperature changes on 
the image quality of optical lens systems.  Figure 1 shows part of the re
sults that have been obtained-the change of the refractive power or of 
the focal length is proportional to the thermal glass constant 'Y * .  

I n  a system with thin-lens elements with finite air spaces, the change 
of the back focal length for the individual lens elements of the system 
is also determined with good approximation by the values of the 
thermal glass constant "(* .  As shown by the last equation in Figure I ,  
the change of the refractive power of a thick lens may be assumed to be 
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proportional to 'Y* . The additional parameter C in this equation is in 
most cases negligible , especially for telescope lenses . 

As shown by Strahle (see Figure 2) ,  the constant 'Y * determines 
changes not only in the optical parameters in the paraxial region but 
also in the direction of a wavefront element at a finite distance from the 
axis, which are proportional to the constant 'Y* in the case of tempera
ture changes. 

For a number of optical glasses produced by Jenaer Glaswerk Schott & 
Gen. ,  Mainz, the values of our glass constant 'Y * , valid for lenses in air, 
are given as a function of the Abbe number v, as shown in Figure 3 .  
Similar values were obtained for lenses i n  a vacuum. The values used for 
the temperature variation of the refractive index correspond to the mea
surements carried out by Schott in Mainz . In this connection , we would 

like to emphasize that the 'Y* values vary considerably with the wave
lengths . This is demonstrated in Figure 4. Strictly speaking, athermaliza
tion can be achieved for only one wavelength. However, according to 
our computations the gain in temperature constancy for an achromat 
made from athermal glasses is still considerable in the entire visual wave
length range . 

As illustrated on Figure 3 ,  there are only a few glass pairs that, at con
siderable differences in the Abbe number v, have values of 'Y * near zero. 
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Such a glass pair is, for instance, the SK 5/SF 5 .  From this glass pair, an 
achromat with an [-number 1 3  and a focal length of 4 .5  m has been 
computed. Figure 5 shows the optical setup and the chromatic aberra
tion in the axis. With regard to its temperature behavior, this achromat 
should be compared with an achromat made from nonathermal lenses. 
Figure 6 shows the optical setup and the chromatic correction of this 
reference objective. As can be seen, the correction state of the two ob
jectives is comparable. 

Figure 7 illustrates the temperature dependency of the Gaussian 
focus for these two systems, namely , for a temperature range from 0 to 
80 °C. The superiority of the athermal achromat is clearly noticeable. 

For a normal achromat the relative change in the focal length is 
3.3 X w -s;oc within a medium temperature range, and 1 0-7; oC for the 
atherrnal achromat. These examples were computed for a focal length 
of 4500 mm, for which the absolute focus change of a normal achro
mat amounts to 0. 1 5  mm/°C ,  and that of the athermal achromat to 
4.9 X 1 0-4 mm;oc.  Compared with the normal achromat , the focus 
change of the athermal achromat is smaller by a factor of 330. 

A homogeneous temperature change of 1 .25° will cause defocusing 
by one Rayleigh criterion (0. 1 87 mm) for a normal achromat with a 
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focal ratio of 1 2 .85 .  With an a thermal achromat of the same focal ratio, 
a homogeneous temperature change of 5 0° would only cause defocus
ing by I /8 Rayleigh criterion. 

As a supplement to the above , Figure 8 shows the wavefront aberra
tion computed with the aid of the formulas given by Herzberger [ 1 95 7 ]  
for the normal and the athermal achromats a s  a function o f  the lens 
temperature .  An analysis of the curves proves that the wavefront aberra· 
tion generally corresponds to a pure defocusing, which is numerically 
identical to the values given in Figure 7 .  Here,  too, a factor of 330 exists 
between the thermal defocusing of the normal achromat and the ather
mal achromat. 

The change in the spherical aberration in comparison with the change 
in focus is negligibly small : trigonometric computation of the normal 
achromat yields for a temperature difference of 60° a change in the 
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spherical aberration of less than 1 / 1 0  Rayleigh criterion ( 1  /40X).  The 
change is smaller by a factor of 1 0  for the a thermal achromat. 

Ketterer [ 1 969 ] has examined the influence of homogeneous tem
perature changes on the aberration coefficients. The relationships are 
very complex and did not clearly establish a relationship between the 
aberration coefficients and -y* .  This study confirms, however, the state
ment that the influence of temperature on the changes of all geometrical 
optical image aberrations and/or corresponding wave aberrations is 
smaller than the influence of focus changes by some tenth powers. 

As shown in Figure 4, the thermal glass constant -y* varies consider
ably as a function of the wavelength. F igure 9 shows this relationship 
for the glass type SF 5 .  (SK 5 and SF 5 are used in our athermal achro
mat.) According to the numerical computation, this wavelength depen
dency of -y* causes only a very small achromatic error. For the a thermal 
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2 

achromat ,  the chromatic longitudinal aberration between C and F is 
6 X I <r3 mm per degree temperature change. In other words, to achieve 
the tolerance limit given by the X/4 criterion , the achromat ought to 
be heated up homogeneously by 60° . 

As early as 1 958 ,  Volosov discussed the question of what extent an 
athennal achromat can be made from glasses whose -y *  values differ 
from zero. In order to enter into further particulars, Figure I 0 illus
trates a somewhat more general theory of athermal achromats in the 
range of the Gaussian dioptrics. The equations are valid for a system of 
two thin lenses. 
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If  the system should be achromatic for two colors, Eqs. ( 1 )  and (2)  
for the partial refractive powers t/>1 and t/>2 must be satisfied . The third 
eq uation then gives the change of the Gaussian paraxial image plane. In 
general,  the right side of this equation will not be made equal to zero ; 
but it can be specified that the thermal change of the Gaussian paraxial 
image plane is, for instance , to correspond to the thermal expansion of 
the tube or part thereof. If this mechanical component is of a length a, 
and if its thermal expansion coefficient is og ,  the equation in the fourth 
line will result. If for t/>1 and t/>2 the values from Eqs. ( I ) and ( 2 )  are in
troduced . the relationship obtained will correspond to the sixth and 
seventh line in which the nondimensional quantity (a/!')og = K. If the 
thermal expansion of the housing should be disregarded , i .e. , if K = 0, 
the athermalization condition achieved will be as follows: 

To give an idea of the consequences, the values of v-y* for some optical 

glasses are given in Figure 1 1  as a function of v. The relationship de-
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rived for K =  0 thus means that the Gaussian paraxial image plane of 
the achromat is independent of temperature if the glasses l ie parallel to 
the abscissa in the graph. When taking into account the thermal expan
sion of the housing, the equations in the sixth and seventh line of Figure 
1 0  apply . The right side of the equation in the sixth line means nothing 
but the gradient of the straight line connecting two glass pairs in 
Figure 1 1 . I f  the tube length in particular is identical to the focal 
length , the auxiliary quantity K is equal to the expansion coefficient 
ag of the housing, and the inclination of this straight line is identical 
to the thermal expansion coefficient of the housing. 

Since the quantity 'Y* is a function of the wavelength (as shown 
before) and therefore an exact athermalization can in general only be 
achieved for one single wavelength (as mentioned above) an approximate 
athermalization in a large spectral range can only be obtained if the 
glass pair is situated in the neighborhood of the abscissa of the graph in 
Figure 1 0 . 

In the following, we would l ike to deal with the focus changes caused 
by inhomogeneous temperature changes, especially in the event of radial 
temperature gradients, which are essentially larger than the effects men
tioned before. These effects are of relevant importance for practical 
work. We have therefore abandoned the manufacture and experimental 
study of the achromat described here , which is insensitive to homoge
neous temperature changes, and have carried out practical and experi
mental examinations of an achromat that is said to be insensitive to 
radial temperature gradients. It  is with this achromat that we now deal. 

Ill. Temperature Function of Optical Elements with Temporarily 
Stationary Radial Temperature Gradients 

In the following, we show that an optical lens system with a radial tem
perature gradient is a preferred model , which, no doubt, describes a 
whole array of practical applications. 

As shown by Strahle , a radial temperature gradient occurs in a rota
tion-symmetrical optical element when the optical element is assumed 
to be in a mount of infmite extension and in finite thermal conductivity 
with a temperature deviating from the ambient temperature Tu . 

In the stationary temperature equilibrium , the heat flow , which passes 
into the environmental medium through the lens surface by convection,  
equals the heat flow due to the thermal conductivity glass mount. This 
temperature balance results in an ordinary differential equation of the 
Bessel type, which is shown as Eq . ( I )  in Figure 1 2 . This equation can-
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FIGURE 1 2  Temperature function of an optical element with radial temperature gradient. 

not be integrated as a whole. For several specific cases, Strahle has in
tegrated it numerically according to the Runge-Kutta method . 

The differential equation is considerably simplified when the lens is 
replaced by a plane-parallel plate. The differential quotients dp 1 (R )/dR, 
dp2(R )/dR, dd(R )/dR become zero, and the result is Eq . (2) in Figure 
1 2 . This equation can be integrated as a whole. The result is shown in 
Eq . (3)  of Figure 1 2 . T0 is the temperature of the optical axis in sta
tionary equilibrium , which is generally different from the ambient tem
perature Tu . 10 is the Bessel function of zero order. Equation (4) is ob
tained by expansion into a series of the Bessel function . Because of the 
good convergence of the series, it is possible to restrict with good ap
proximation to the first term of the series. That means that under the 
given boundary conditions the temperature between axis and edge in
creases with the square for a plane-parallel plate, as shown in Eq. (5) .  

Coefficient a2 results formally from the difference between axis  and 
ambient temperatures, the heat-transfer coefficient Otr , the thermal con
ductivity X, , and the center thickness d0 • As a rule, these parameters 
cannot be determined so that practical considerations are based on a 
given temperature difference between axis and lens edge � T(R 0 ) , and 
a2 is assumed to be given according to Eq. (6) : 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


H Kt:Jhler and F. Strahle 1 3 1  

To fmd out whether this relationship,  which is approximately true for 
plane-parallel plates, is also applicable to higher values of R and a2 of 
the plane-parallel plates and to lenses as well, Strahle has integrated in 
some cases the differential Eq. ( I )  numerically according to the Runge
Kutta method and compared the result with approach (5) .  

The result i s  shown in  Figure 1 3 . Curves No. 3 refer to  the plane
parallel plate, curves No. 4 to the positive lens of 1 00-mm focal length, 
and curves No. 2 to a negative lens of - 1  000-mm focal length. Curves 
No. I are the parabolas that osculate with the curve vertices. The curves 
are drawn for three different values of T0 - Tu . Up to values of R of 
about SO mm the numerically computed curves have a good correspon
dence with the parabolas of the approach, whereas in the ranges above 
this value the correspondence is less good . The deviations are, however, 
not so marked that for the following considerations it could not be as
sumed that the temperature between axis and edge follows a square 
function of the radius. 
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FIGURE 1 3  Theoretical temperature function of optical elements made o f  BK 7 .  
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With thermoelements, the temperature distribution was measured on  
two plane-parallel plates with heating coils on  the edges producing after 

about 60 min stationary temperature equilibrium , a constant tempera
ture difference between axis and edge. The results are shown in Figures 
14 and 1 5 . The parabola osculating with the vertex of the measuring 

curve is also shown.  Coincidence between this touching parabola and 
measured curve is even better than that of the preceding theoretical 

curves. Following these results, it may well be assumed for all follow
ing considerations that the temperature between axis and edge follows 
a square function. 

IV. Influence of Radial Temperature Gradients on the Image-Forming 
Properties of Lens Systems 

For a j udgment of the influence of radial temperature gradients on op
tical image-forming parameters, we have based our considerations on 
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the iconal function of a lens set up with negligence of changes in the ray 
direction.  Equation ( I ) of Figure 1 6  shows this iconal function . Differ
entiation is made with respect to the radius in the pupil R [ see Eq. (2 ) ) . 
The refractive index n, thickness d, and the lens radii r 1  and r2 depend 
on temperature T and thus on pupil radius R. 

The first term in Eq. (2)  of Figure 1 6  is of special importance, since 
it includes the changes of the iconal zero-order term £0 as a function of 

the temperature. This important differential quotient d£0/dT is shown 
again separately in line 3 of the figure, and differentiation was made. 
r• was introduced for the form [{3*/(n - I ) ] + a• [ see Eq . (4) ] . The dif
ferential quotient d£0 /dT thus obtains the form , d£0 /dT = d0 (n - I )  r• 
[ see Eq. (3 ) ) , this being the same term that is obtained for the change 
in the optical path of a plane-parallel glass plate of thickness d0 • The 
abbreviation r • refers to the important glass constant mentioned above, 
which also governs changes in the optical path of a plane-parallel plate 
as a function of temperature. 
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FIGURE 16 

Formally the coefficient of the second term in Eq . (2)  is identical 

with the refractive power cp0 of a thin single lens in air. All other terms 

of Eq . (2) are of third and higher orders. In the integration to be made 
later they characterize spherical aberrations and their changes. The 
amount of the coefficients A ,  B. C . . .  is of no interest. With the abbre
viations mentioned before , Eq. ( 5 )  results from Eq. (2) .  Introduction o f  
the temperature function T = T0a2 R 2 derived i n  the previous section 
results in the expression of Eq. (6) for Eq. ( 5 ) .  

Integration with respect to R results i n  iconal E a s  a function o f  R 
and the parabolic temperature coefficient a2 [ see Eq. (7) ) . 

The first term of this equation corresponds to the iconal of an undis
turbed spherical wave belonging to the Gaussian refractive power cp0 • It  
is  temperature-independent and characterizes the Gaussian image point 
at the initial temperature. The second term also corresponds to the 
iconal of an undisturbed spherical wave, which is, however, tempera
ture-dependent due to the coefficient a2 • I t  characterizes the wave ab
erration W20 , which is the result of defocusing due to a radial tempera
ture gradient.  This term is shown in Eq. (8) ,  and we shall deal with it in 
the following. 

The terms of the third and higher orders in R characterize the spher-
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ical wave aberration of the fourth and higher orders. We purposely 
abandon the exact reproduction of these terms, since the neglect with 
which the iconal function according to Eq . ( 1 )  was set up does not per
mit any reliable statements about these terms. Sliusarev [ 1 959 ) and 
Strahle [ 1 97 1  ) have estimated these terms. According to their estimates, 
the wave aberration of telescope lenses corresponding to these terms is 
at least smaller by a factor of I 0 than the focus shift corresponding to 
the wave aberration W20 according to Eq. (8) .  We shall prove this state
ment by numerical computations. 

Within the range of wave aberrations of the second and fourth orders, 
the wave-aberration coefficients are additive. Assuming that for a system 
of thin lenses with small air spaces the temperature difference between 
axis and edge is the same for all lens elements, the wave aberrations of 
the individual lens elements according to Eq. (8) can be added up, since 
in a system of thin lenses all lens elements have the same axial radius of 
the pupil. 

Figure 1 7  shows as Eqs. ( I a) and ( l b) the maximum aberration 
W20 max , that applies to a system of thin lenses. The known relationship 
between focal-point shift A/' and appertaining wave aberration accord
ing to Eq. (2) yields the amounts of defocusing given in Eq. (3 ) ,  which 
apply to a system of thin lenses with equal radial temperature gradients 
of all lens elements, characterized either by the constant a2 or by the 
real temperature difference Ar between axis and edge. 

Figure 1 6  explains also why another glass constant causes more de
focusing in the event of radial temperature gradients than in the event 
of homogeneous temperature changes. When the temperature changes 
are homogeneous, all terms multiplied by dT/dR disappear in Eq. (5 ) ,  

which means there remains only the first term i n  Eq . (5 ) ,  which is in
dependent or r * . 

To determine the temperature influence of homogeneous tempera
ture changes, the first term in Eq . (7)  of Figure 1 6  or the second term 
in Eq. ( 1 )  of Figure 1 6  must be differentiated with respect to tempera
ture, which yields dEddT = (R2 /2) lf>o'Y* (see Figure 1 8) ,  showing the 
dependence of defocusing with homogeneous temperature changes on 
the constant -y* . The coefficient A in Eqs. (2), ( 5 ) ,  and (6) in Figure 1 6  
is obtained as A =t lf>o'Y* . 

Figures 1 9  and 20 show the glass constant r* as a function of the 
Abbe number v for a number of optical glass types taken from the cata
log of Jenaer Glaswerk Schott & Gen. ,  Mainz (r* and v are for the mean 
wavelength e. In Figure 1 9 ,  r* applies to optical elements in air charac
terized by r*e rei · 

In Figure 20, r* is given for elements in a vacuum , characterized by 
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FIGURE 17 Defocusing as a consequence of radial temperature gradients. 

r •
e. abs · The latter values are of special interest for space optics. The 

glass types listed so far in the Schott catalog are marked by solid dots. 
Only the glass types FK SO,  FK 5 1 ,  and FK 6 fulfill the requirement 
r • � 0, whereas for all other known optical glass types r • differs con

siderably from zero. Considering the increasing importance of athermal 

optical systems, Schott & Gen .  have developed new glass melts in order 
to achieve the smallest possible or even a negative value of r •

. These 
glass types are not yet commercially available but will soon be included 

in the official catalog. They are indicated by a circled dot in Figures 1 9  
and 20. Their preliminary designations are PK 5 I ,  303 6 ,  3038 , and 

3 1 36 .  Note that even negative values of r •
rel have been obtained (for 
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the glass melts PK 5 1  and 3038) .  With regard to the above statements, 

this should have a favorable effect on the athennal behavior of a lens 
produced of these glass types, because the thermal wave aberration of 
the collective lens element could be compensated by that of the dispers

ing lens element .  
Considering the present state of the glass technology , there are, ac

cording to our above statements, six possible optical glass types for the 

design of a thermal achromats with radial temperature gradients. Their 
characteristic constants are listed in Figure 2 1 ,  which shows that the 
most favorable results with regard to aberration correction and athermal 
behavior are to be expected of the combination FK 5 1  and 3038. 

As you may gather from column 6 of this table, these six athermal 
glass types have a comparatively high linear expansion coefficient ,  be
tween I 00 X I o-7 and I SO X I o-7 • Such high values are required for 
the compensation of the term {3* /(n - I )  in the expression for r* . Be

cause of the high expansion coefficient , thermal strains occur in the case 
of inhomogeneous heating up. These strains cause additional wave aber
ration and strain birefringence with a disturbing influence in the case of 
high-temperature gradients. These phenomena become noticeable only 
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FIGURE 19  r:e.-v diagram. 
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FIGURE 2 1  Characteristics of  some athennal glasses for inhomogeneous temperature varia
tion 11. 

when the temperature gradients achieve values that are not to be ex
pected of optical image-forming systems. The high values of thermal ex
pansion of the a thermal glasses are nearly the same as those of steel. 
This is advantageous to avoid strains by the expansion of the mount. 

Like a thermal glass constant 'Y* , which is decisive for homogeneous 
temperature changes, glass constant r * for radial temperature gradients 
discussed here, depends on the wavelength and on the temperature range 
concerned . Figure 22 proves this for glass type FK 50 .  We will see later 
that the thermochromatic aberration caused hereby will lie within ac
ceptable limits. 

V. Numerical Results 

To prove our theoretical statements and for a quantitative analysis of 

the changes of geometrical optical image aberrations to be expected with 
radial temperature gradients, we have computed an athermal achromat 
of 4500-mm focal length and 350-mm free aperture to be made of the 
glass types FK 5 1  and 3038 ,  which are assumed to be the best for the 
purpose . By a ray-tracing program developed by Strahle , it was checked 
for its thermal behavior and compared with the achromat made of the 
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1 4 1  

glass types S K  5 and S F  5 .  The latter achromat was so designed as to be 
almost insensitive to homogeneous temperature changes. 

We now discuss the ray-tracing program briefly . The change of the 
geometrical shape of the lens caused by thermal expansion is computed 
for a temperature distribution given by an even polynomial . Due to the 

thermal expansion , the spherical boundary surfaces of the lens are con
verted into aspheric surfaces, which can again be represented by an even 
polynomial with the distance of the axis as variable . The program deter
mines the constants of the polynomial . The intersection point of a ray 

with the aspheric surface P* 0 and the ray direction o0 ' are then deter
mined according to a method �iven by Herzberger (see Figure 23) .  

The stepwise ray tracing through the inhomogeneous medium is  
made according to a proposal of Montagnino [ 1 968 ) . A step width A, 
is given (here A, = I mm) and is used to compute the new ray coordi

nates according to Eq . ( I )  of Figure 23 , where �so is the ray curvature 
vector. The new ray direction is then given by Eq . (3 ) .  This results in the 
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FIGURE 23 Ray tracing through a nonhomogeneous lens system. 

new orbital point 1l (s0 + �s ) and the new ray direction o(s0 + �s ). Ac
cording to Herzberger, it can be used to compute the intersection point 
of the tangent with the orbital curve through the next aspheric surface , 
which is a control as to whether the ray tracing through the inhomoge
neous medium is terminated or not . 

The final result is the ray intersection point P*01 and the ray direc
tion o01 ,  which can be used to determine the direction of the refracted 

ray and to start the same procedure once again for the next inhomoge
neous medium . Figure 24 shows the flow diagram . 

Now the results : First for the achromat made of the glass types SK 5 
and SF 5 ,  which is insensitive to homogeneous temperature changes as 
was shown in Figure 5 .  Let us remind you that in the case of homoge

neous temperature changes the focus change amounted to about 0.0 1 
mm for a temperature difference of 20° , which was lower by a factor 

of 300 than that of an achromat of nonl\thermal glass types for homo

geneous temperature changes. 
Figure 25 shows the ray-tracing result for a radial temperature gra

dient of 1 .53° between axis and edge , which corresponds to a value of 

a2 = 5 X 1 0-s °C/mm2 • I t  is seen that with fixed image plane (shown 
by curve 3) ,  the result is a wave aberration of about 2X . Refocusing by 
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FIGURE 24 Flow diagram of ray tracing. 

1 43 

A,' = 1 .63 mm (curve 2)  reduces this wave aberration to +0.5X, which 

almost corresponds to the curve for normal temperature (curve 2) .  The 

difference between curves 1 and 2 is virtually the change in spherical 
aberration, corresponding to a value of about 0.023X. This proves that 
defocusing caused by radial temperature gradients is higher than that 
caused by homogeneous temperature changes. Furthermore, the change 
in spherical aberration is smaller by a factor of about 1 0  than the change 
in thermal focus with radial temperature gradients. 

Figure 26 shows the optical design and the state of correction of the 

athermal achromat made of glass types FK 5 1  and 3038 .  The table in 
the figure shows the glass properties that are of special interest in this 
instance. 

Figure 27 shows the wave aberrations determined by the above
mentioned special ray-tracing program. For the ray tracing of this ex
am ple, the value of the parabolic temperature constant a2 was selected 

twice as large as that of the achromat SK 5 and SF 5 .  It is 1 o-4 °C/ 
mm2 , which corresponds to a temperature difference of 3 .05 °C be

tween axis and edge. You may gather that the wave aberration repre

sented by curve 3 ,  which is true for a fixed image plane, is the same as 
that represented by curve 2 valid for the best image plane, namely, 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


1 44 

3 

3 2 

y {min/ 

10 

0 

, 2 

50 

S P A C E S Y ST EM S  

1 az • O  
2 a2 • 5  · ur5 "elm� 

4<1 • 1.63 mm 
3 a2 • 5 • ur5 • clmtrl 

t..' • 0  

2 6W 
P·.J 

FIGURE 25 Achromat 350/4500 SK 5-SF 5 wave aberration in axis. 

O. I OX.  The wave aberration at nonnal tem perature (curve I )  is 0.23X. 
The difference between the two curves of 0. 1 3X corresponds to the 
variation of the spherical aberration caused by a tem perature gradient .  

The defocusing between the fixed-image plane and the best focus 
has a calculated value of 0 .003 mm. That value corresponds to the 

thennal defocusing, which in this exam ple is better by a factor of 5 00 

than that of the achromat making use of SK 5 and SF 5 ,  which was 
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FIGURE 26 Achromat 350/4500 insensitive to radial temperature gradients. 

optimized for homogeneous temperature changes (.::ls• = 1 .63 mm). The 

difference of the maximum wave aberration between normal tempera
ture and the influence of the temperature gradient of 0. 1 3X,  which is 
likely to correspond to the thermal change of the spherical aberration , 
is sufficiently small for practical purposes. 

We would like to mention that the computation of the thermal focus 
change according to the analytical form ulas mentioned above yielded 
the following results : 

for the lens made of SK 5-SF 5 ,  1 .66 mm ; 
for the athermal achromat , 0.033 mm ; 

values that e xactly correspond to the n umerically computed ones. 
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FIGURE 27 Wave aberration of the achromat insensitive to radial temperature gradients. 

VI. Studies Regarding Practical Application 

After tennination of our theoretical studies, Jenaer Glaswerk Schott & 
Gen. ,  Mainz, can now make available a number of glass types guarantee

ing small values of the thennal glass constant r* , which were listed in 
Figure 2 1 .  This has enabled us to compute several telescope lenses and 

start their manufacture . All prototypes have diameters of I SO mm and 

focal lengths of 2250 mm,  which means a focal ratio of I : 1 5 . Figure 
28 shows the lenses that we have computed . The list also includes several 
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FIGURE 28 Some characteristics of athermal and nona thermal objectives (D = ISO mm, a2 = 
to-• .  T = 0.563 •c.{' = 2250 mm). 

conventional telescope lenses that have been manufactured by Carl 
Zeiss for years. We intend to compare them with some of the prototypes 
made of athermal glass with regard to their temperature behavior. Be
sides the characteristic glass constants, the table lists the thermal focus 
change to be expected for a constant a2 of 1 04 (°C/mm2 ) (correspond
ing to a temperature difference of 0.563° between center and edge). 

The newly designed athermal objectives are characterized as AL 
1 . . . AL 6 .  Together with a rough scheme, they are listed in the first 
column of Figure 28. The objectives E, AS , and F are well-known con
ventional objective types of Carl Zeiss. 

�::t.f ( theor.) corresponds to the values that were determined analyti
cally according to our paraxial approximation formula, whereas the 
value !:t./ (num .) corresponds to the results of ray tracing according to 
the ray-tracing program that we have explained in an earlier section. 

The n-value is a measure for the quality of the correction of  the 
secondary spectrum. That value is defined by the relation 
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where 6 is given by 

6 = (n8 - nc•)/(nF' - nc•). 

The zone error Z is defined here as Z = il.s'(h t f...{T) - 411a'(h 1 ) .  
AL 6 is the most favorable combination; that is ,  a combination of the 
new glass melt 3036 and a collective lens made of FK 5 1 .  The thermal 
focal-length change lies well within the Rayleigh tolerance criterion. 
With regard to thermal focal-length change, the lens AL 4 is much 
better still .  However, due to the small 11 difference, the zonal error is 
considerable and can only be compensated by deformation of one of 
the outer lens surfaces. 

The comparison with the conventional lenses proves that the most 
favorable combination (e.g. , AL 4) is better by a factor of I 00 with re

gard to the heavy-flint apochromat F with its excellent chromatic cor
rection . Even with regard to the well-known AS lens, it is better by a 

factor of 60. The AL 1 ,  which is available as a prototype and which 
regarding its thermal behavior is not yet optimal , is still better by a fac
tor of 1 0 with regard to the apochromat F and by a factor of 5 with 
regard to the AS lens. 

We intend to produce prototypes of the most important new combi
nations and to compare them experimentally with conventional lenses. 
So far we have only realized the AL 1 and the AL 2 achromat. Further 

combinations can be expected in the coming years. 
Figure 29 shows the corrections of the athermal lenses compared 

with conventional lenses at normal temperature. 

For the athermal lenses AL 1 and AL 2 and the conventional objec
tives AS , E, and F ,  the thermal defocusing was calculated numerically 
as a function of the temperature gradient .  The results are shown in 
Figure 30,  in which it is seen that the thermal defocusing is quite pro
portional to the thermal constant a2 and , respectively , to the tempera
ture difference between axis and edge . The graphs also show the great 
differences in the thermal behavior of the four objectives and the superi
ority of the AL 2 type. The thermal defocusing of the AL 6 type is so 
small that it could not be reproduced on the scale of Figure 30. The 
values marked as o o o correspond to the analytical calculated values. 
They do not deviate considerably from the numerical values. 

The wavelength dependency of some lenses is shown in Figure 3 1 .  
That dependency is small enough for practical purposes. 

Prototypes of an AL I type and an AL 2 type with a diameter of 1 50 
mm and a focal length of 2250 mm were manufactured at Carl Zeiss. We 
have measured their thermal behavior in comparison with conventional 

J 
i 
"' 
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FIGURE 29 State of correction of some athennal and nonathennal objectives (D = I SO mm, f ' = 2250 mm). 
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FIGURE 30 The thermal defocusing as a function of the temperature gradient for some ob
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objectives of the same aperture and the same focal length, namely, an 
AS type and an F type. Figure 32 shows the measuring device. The tem

perature difference between axis and edge was measured by thermo
couples. The results are shown in Figure 33 .  The tendency of the mea
sured curves corresponds to the predictions made by theory. The 
superiority of the AL I and AL 2 type to the other lenses is especially 
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FIGURE 33 Measurements of the thermal defocusing of some objectives as a function of the 
temperature difference between axis and edge. 
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evident. The differences between measured and calculated values are 
probably caused by the fact that the temperature distribution has no 
exact rotational symmetry and that a longitudinal temperature gra

dient exists. 

VU. Conclusion 

It could be shown that it is possible to design telescope objectives quite 
insensitive to inhomogeneous temperature variation . With new melted 
optical glasses, such objectives were produced and their thermal behavior 
was measured , and it was found that the thermal defocusing of the ob
jective was much smaller than that of conventional objectives in accor

dance with the theory . 

Our thanks are due to our colleagues Messrs. Kantor and Walter for their assistance with the 
calculations and for makinc the drawqs. The theoretical work and the manufacturing of the 
prototype have been sponsored by the Bundesminister flir Bildung und Wiuenschaft within the 
TechnolocY Program . 
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JO H N  D .  M A N G U S  

SPACE OPTICS-A REVIEW 
OF TELESCOPE DESIGNS 
AND TECHNOLOGY FOR 
THE SPACE-SCIENCE 
DISCIPLINES 

Introduction 

The telescope designs to be discussed are those that have been designed 
for flight on earth-orbital spacecraft . There is an enonnous variety of 
optical systems that could be reviewed , but the author has chosen to 
select a series of designs that span the largest spectral and observational 
range possible. Another purpose of this selection of designs, as well as 

the brief overview of criteria and fonnulas used in evaluating these tele
scope designs,  is to acquaint the reader with one approach in the field of 
space-optics design that has worked quite well .  

Flight Designs 

Space-science optical  instrumental designs have relied primarily on the use 

of single- and two-mirror telescopes for optical systems to collect high
frequency spatial-resolution infonnation over a broad spectral region. To 

The author is at Goddard Space Flight Center, Greenbelt ,  Maryland 2077 1 . 
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demonstrate this fact , a series of telescope designs developed for space
flight applications are listed in Table 1 .  Note that the Cassegrain type of 
geometry is common to all of these designs, which cover the spectral 
region from 0 .6 to 1 2600 run. Specific surface geometry combinations 
range from the true Cassegrain (PE P )  to a two-mirror general aspheric 
design (G E P ) . The large aperture combined with the optical imaging and 
folding properties of the concave primary mirror followed by a convex 
(concave for x-ray telescopes) confocal secondary mirror make this design 
particularly attractive . The versatility in application of this design ap
proach is evident from Tables I and 2 by comparing the variety of ob
servational applications and spacecraft to which they have been applied . 
Spacecraft orbital characteristics (Table 3 )  range from near-earth polar 
and equatorial orbits to synchronous orbits. Spacecraft platforms vary 
from spin-stabilized at synchronous orbit to three-axis stabilization in a 
near-earth equatorial orbit . Tolerances are listed (tilt , decentering, and 

axial displacement), which specify the accuracy to which the secondary 
mirror focus m ust be maintained relative to the primary-mirror principal 
focus. A variety of approaches have been taken to maintain the secon
dary position tolerances, which range from optically contacting to 

thermal-compensating structures. 
Field-stop data have also been included for each of the telescope de

signs listed in Table I .  The field-stop size , except for the Goddard x-ray 
telescope [Mangus and Underwood , 1 969 ] and the Large Space Tele
scope, limits the spatial resolution of the instruments. In some cases, 
the field stop is actually the entrance slit to a spectrometer (Goddard 
spectroheliograph , Princeton Experimental Package , Goddard Experi
mental Package) and as such also limits the spectral resolving power. The 
resolution for these instruments is listed in terms of the highest spectral 
resolution (smallest entrance slit)  and the angle subtended by the en

trance slit .  Mechanisms were incorporated in these instruments to vary 
the size of the field stop so that there is flexibility in selecting spatial ,  
spectral , and throughput properties depending on the nature of the ob
ject to be observed . The field-stop size listed for the multispectral scanner 
and visible infrared spectral scanner radiometer is actually the end size 
of one optical fiber pipe in an array of fibers located at the telescope 

focus. This instantaneous geometric field of view (IG FO v )  of the tele
scope as determined by the fiber size is extended to a large full-field 

coverage by including a flat scanning mirror forward of the telescope. 
The motion of this mirror varies from a rapid oscillating rotation move

ment (20 rad/sec) in the case of the multispectral scanner to a step
function rotation (one 0 .2 mrad step per 1 .67 sec) in the case of the 

visible infrared spectral scanner radiometer. 
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0\ 

TABLE 1 Spaceflight Telescope Designs 

GEOMETRY 

INSTRUMENT 

SPACECRAFT 

TELE SCOPE 
TYPE 

APPLICATION 

WAVELENGTH 
RANGE 

FIELD STOP 

FULL FIELD 

APERTURE 

DIAMETER 

AREA 

TELESCOPE 
FOCAL RATIO 

PRI MARY 

FOCAL RATIO 

SECONDARY 
MAGNIFICATION 

RESOLUTION 

M I RROR 
MATERIALS 

PRI MARY 

SECONDARY 

FLAT 

INTERVERTEX 

CONTROL 

T I LT 

DE CENTER 

AXIAL 

� )  � \ I I I  , ,  ,, V I 

GXRT 

AT M 

W l  

SOLAR 

PHYSICS &A 

G S H  

OS0 - 7  

w n  

I I I I : f.t, : I I ' ' \  I • ' ' ' •  u 
P E P  

OAO·C 
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I I ! lft\ ! 6Vd 
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G E P  

OAO · B  
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--� . ,.. , 1 , 1 1 , 1  b:d 
M S S  
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-� --�� ' ' " ' •  ,, , ,  , ,  b�d I 
V I S S R  
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PHYSICS 
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OPT ICAL 

CONTACT 
t 1 0 Q  
t0.01 2 mm 
t0.07Smm 

30 fiiiil 
4 . 75 cm 
1 1 cm1 

1 8 

1. 025 

8 fftiil 

82 2cm 

3 , 1 16cm1 

19 8 

3 4  

17 6 I 5 B2 

I A . 8 Q  01 A • 3 Q  
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96 5cm 
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� 1 6� 
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2 A . n Q  
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3 6  
I .BO 
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U L E  

U L E  

FUSED SILICA I BERYLLIUM I FUSE D SILICA 
(EGG CRATE ) + E - N o  1 

FUSED SILICA FUSED SILICA FUSED SILICA 

BERYLLIUM FUSED SILICA 
SPACER RODS 

t4 Q J: 7 5 �  
t0.004mm t O  9mm 
10.008mm tO 004 mm 

ALUMINUM 

BERYLLIUM 
• E - N• 

6 T ITAN IUM I NVAR RODS 
STRUCTURE 

.t 5 rn.n  t 5 Q  
t O  03mm .t O  015mm 
tO 064 mm tO 006mm 
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4 0 6cm 

1 ,090cm1 

7 17 
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TABLE 2 Defmitions of Instruments, Spacecraft, Telescopes, and Materials 

INSTRUMENTS 

GXRT - GODDARD X-RAY TELESCOPE 

GSH - GODDARD SPECTROHELIOGRAPH 

PEP - PRINCETON EXPERIMENTAL PACKAGE 
GEP - GODDARD EXPERIMENTAL PACKAGE 

TELESCOPES 
W I  - WOLTER TYPE I TELESCOPE 
W :O:  - WOLTER TYPE :0: TELESCOPE 

C - CASSEGRAIN 
MRC - A QUASI HYPERBOLIC PRIMARY 

1 57 

MSS - MULTISPECTRAL SCANNER AND TRUE HYPERBOLIC SECONOARY 

VISSR - VISIBLE, INFRARED SPECTRAL 
SCANNER RADIOMETER 

RC - RITCHEY- CRETIEN 

LST - LARGE SPACE TELESCOPE MATERIALS 

£-Nickel - ELECTROLYSIS NICKEL DEPOSIT ON 
SPACECRAFT THE OROER OF 0.15mm TO 0.25mm 
ATM - APOLLO TELESCOPE MOUNT-5KYLAB THICK 
OSO - ORBITING SOLAR OBSERVATORY Cer-Vrt - AN ULTRA LOW EXPANSION POLY-
OAO - ORBITING ASTRONOMICAL OBSERVATORY CRYSTALLINE CERAMIC GLASS 

ERTS - EARTH RESOURCE TECHNOLOGY COMPOSED OF LITHIUM ALUMI NA 
SATELLITE SILICATE MANUFACTURED BY 

OAO-C - IS NOW CALLED COPERNICUS OWENS - ILLI NOIS CORP. 

ULE - AN ULTRA LOW EXPANSION TITANIUM 
SILICATE GLASS MATERIAL MANU
FACTURED BY CORNING GLASS. 

Glancing Incidence versus Near-Normal Incidence 

The most significant configuration difference between the designs listed 
in Table I is that of the transition from near-normal to grazing-incidence 

geometries. This geometry change is caused by the reflectance properties 
[Cox et a/. , 1 97 2 ;  Bradford et a/ . . 1 969 ; Osantowski,  1 974 I of materials 

as illustrated in Figures I and 2. Figure I shows that the reflectance of 
state-of-the-art thin-film vacuum-deposition coatings drops rapidly below 
1 00 nm . Single reflection near normal-incidence designs (such as an off
axis parabola combined with a grazing-incidence spectrometer) can be 
efficiently used down to 20 nm . In Figure 2 ,  near-normal incidence sys
tems still have an adequate effective reflectance down to I 00 nm if the 

TABLE 3 Spacecraft Orbital Parameters and Stabilization Modes 

SPACECRAFT ORBIT STABI L I ZAT I O N  ---

AT M 378 km e 50° 2 AX IS + COARSE ROLL 

0 5 0  483 km e 33° 2 AXIS RASTER ON SPI N 
STA B I LIZED PLATFORM 

OAO 628 km e 35° 3 A X I S  STABI LI ZATION 

E RTS 805 km e POLAR 3 AXIS STA B I L I ZATION 

S M S  36,210 km e SYNC-ORB IT SPI N STAB I L IZ E D  
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FIGURE I Percent  reflec tance of thin ftlms at I So angle of incidence 
versus wavelength for one reflection off of (a) AI + 2S-nm MgF 2 ;  (b) AI + 
14-nm LiF; (c) aged aluminum ; (d) 1 6-nm rhenium. 

lithium fluoride-aluminum coating is used . There has been some hesi
tance to use this particular coating because of degradation in reflectance 
due to the hydroscopic properties of lithium fluoride .  However, if care 
is exercised on humidity control in prelaunch operations, some very 
encouraging results have been realized , such as on the Princeton E xperi
mental Package , which used this coating. 

100 �--.----.---,----.---,----.---,----.---. 
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80 , .... ,,, 70 1  I 60 

20 40 60 
>.(M>) 
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FIGURE 2 Percent  reflectance versus wavelength for two reflections 
off of (a) AI + 2S-run MgF, at I S0 angle of incidence ; (b) AI + 14-nm 
LiF at  I S0 angle of incidence ; (c) aged aluminum thin film at I S0 angle 
of incidence ; (d) 16-run rhenium film; (e) ULE-grade fused silica at 80° 
angle of incidence ; <O aged alum inum thin film on glass at 8S0 angle of 
incidence; (g) quartz at 89. 1 °  angle of incidence. 
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Below 1 00 nm , the gain in reflectance at glancing angles for two
mirror systems begins to emerge . For very short wavelengths of 0 .2  to 1 5  
nm, the use of glancing incidence is mandatory unless alternate imaging 
techniques are used , such as Fresnel zone plates or single and multiple 

pinhole arrays. The reflectance of quartz [ Underwood and Muney, 1 967 ] 
is shown in Figure 2 ,  for this spectral region ; however, beryllium over

coated with an optically polished electrolysis-deposited nickel has also 
been used very effectively [ Giaconni, 1 97 1  ) . The transition from near

normal incidence to glancing incidence is not straightforward but a mat

ter of tradeoffs between effective throughput , spatial resolution, and 
alignment sensitivity .  Of particular interest in glancing-incidence optical 

designs is the problem of matching the spatial resolution and throughput 
to the instrumentation located behind the field stop.  Generally the obscu

ration ratio , e ,  associated with glancing-incidence telescopes is quite large . 
For x-ray and extreme-ultraviolet telescopes, e is usually greater than 

0.95 and 0 .8 ,  respectively , while near-normal-incidence designs have ob
scuration ratios of less than 0.3 . The significance of the obscuration 
effect can be evaluated by considering the data in Figure 3 .  Note that 
for a fixed-aperture diameter the integrated energy in the diffraction 
pattern increases the field-stop size quite rapidly when e > 0.8 . When 
compared to an unobscured aperture, the size of the field stop (spec

trometer entrance slit ,  for example) must be increased by a factor of 6 

(e = 0 .8 )  to capture 80% of the energy in a diffraction-limited image or 
by a factor of 1 2  to capture 90% of the energy. 

Another interesting property of glancing telescopes is the relationship 

1 0�---r----�--�----,-----r----r----� 
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F IG URE 3 Percent energy E contained in the diffraction pattern as a 
function obscuration ratio E versus spot radius for E =  90%, 80%, and 
SO%. 
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between the glancing angle and secondary mirror magnification (Fig-
ure 4) .  It is well known that an important factor in attempting to main
tain the alignment of optical systems is the magnification of the second
ary mirror. Typically , secondary-mirror magnifications for near-normal
incidence systems are constrained to be less than 3 or 4. In the design of 
extreme ultraviolet , Wolter Type I I ,  telescopes [Wolter, 1 95 2 ;  Mangus, 
1 970 ) this is not practicable, and secondary mirror magnifications are 
generally quite large (M > 1 0) .  This effect of alignment sensitivity is offse t  
somewhat by  imaging properties due  to  the large obscuration ratio dis
cussed above . In Figure 5 ,  for example , the depth of focus of an F, /9 
glancing telescope with e = 0.85 is the same as an unobscured system 
used at F,! 1 8 .  This particular alignment sensitivity is equivalent for both 
telescopes, since the tolerance on intervex separation is directly propor
tional to the depth of the diffraction focus. 

The effect of obscuration on the modulation transfer function of 
these telescopes m ust also be considered . The degradation in the modula
tion transfer function of an x-ray telescope (Figure 6) clearly indicates 

30 
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FIGURE 4 Type II telescope primary-mirror focal ratio Np versus 
maximum glancing angle and telescope focal ratio N r as a function of 
secondary-mirror magnification Ms versus maximum glancing angle 
llmax for telescope focal ratios N1 = 30, 24 , and 1 8. Np a dashed line. 
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FIGURE S Type II telescope focal ratios N, 
as a function of depth of focus-to-wavelength 
ratio 4£/A. venus obscuration ratio for N1 = 
24, 1 8 , and 9 . 1  

1 6 1  

one reason why this telescope is not used at longer wavelengths. The 
problem of the obscured aperture in telescope design is also of concern 
in near-normal-incidence systems,  even though e < 0.8 , especially as 
space-optical-systems design performance must approach perfection . 

The point to remember is that the transition from near-normal inci
dence telescopes to glancing-incidence geometries requires careful con
sideration of alignment tolerances ; limits on field-stop size ; instrumental 
requirements that follow the field stop, such as the focal ratio ; spatial 
resolution requirements at the longer wavelengths ;  material selection ; 
and , of course, the maxim um glancing angle that is selected . 

Wave-Aberration Evaluation 

As fore optical-system designs approach diffraction-limited performance ,  
con siderable emphasis has been placed on developing techniques to 
determine optical-system sensitivity to fabrication and alignment toler
ances based on wave-aberration error budgets. The key to this analysis 
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FIGURE 6 Modulation transfer function of a perfect im aging system 
with a highly obscured annular pupil .  Inset :  m odulation transfer  
functions for other annular pupils. tlto is the normal ized spatial fre
quency. The curve for e =  0.984 is marked with arrows labeled with 
wavelengths at the poin ts corresponding to 5 sec of arc spatial period 
for each particular wavelength. 

has been the relationship of the peak intensity , i(p ), at the diffraction 
focus to the root-mean-square wave-aberration value , �<1>. of the aberra
tion function <I> .  

This relationship [ Born and Wolf, 1 959 ] between the peak intensity 
and aberration function is given by 

I(P) = (�:�!.'/."' expi [k4>(Y,p,8) - vp cos (8 - l/l) - i up2 ] pdpd8 r . ( I ) 

where /(P) is the intensity at the Gaussian image .  Since we are concerned 
about the effect of aberrations on a telescope performance as compared 
with what the performance would be in the absence of aberrations, it is 
more convenient to use the normalized intensity at the diffraction focus 
as a figure of merit . In this case , the maximum or peak intensity , cal led 
the Strehl intensity , is given by 

f1!1 1 1 ! ' 1•" I 1 2 i(P) = 10 = 
1T2 • 0 ex pi (k4>(Y ,p ,8 ) - vp cos (8 - 1/1) - 2 up2 ) pdpdO . (2) 

A much simpler version of this relationship may be derived , which is 

(3) 
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where �cz, is the root-mean-square departure of the system wavefront as 
compared to a reference sphere . This relationship ,  known as the Marechal 
criterion , is regarded to define a well-corrected optical system when the 
intensity at the diffraction focus is greater than or equal to 0.8 
(ACZ, = 'A/ 14 ) .  This approach provides a very powerful technique to con
trol the final performance of an optical system if a method is devised 
whereby the error budget (�'A = 'A./ 1 4 , for instance) can be apportioned 
between the designer, fabricator, and systems engineer . 

Design 
The optical  designer must continue to use the conventional geometrical 
design programs to arrive at optimum physical boundary conditions on 
the telescope geometry . Wave optica l  evaluation programs [ Innes, 1 97 1  I 
may be used to determine sensitivity of the wave aberration , �cz,, to 
field angle and alignment (Figure 7). However, before proceeding with 
this conventional first step,  the designer must be careful to consider that 
any obscuration placed in the system contributes to the aberrations 

0.9 
o.a 
0.7 
0.6 

iiPI 0.5 

• 
• 

.. .. . . 

%�----�0�.��----�0�.��----�01�5------��----��----� 
At 

FIGURE 7 Peak intensity i(P) in the diffraction focus versus the rms wave aberration 44> ; 
IOiid line is plot of Eq. (3) ; data points computed using wave-optical-analysis computer pro
pun for Ritchey-<:retien telescope •. Type I telescopes +. Type II telescopes x, Cassegrain • 
telescopes o.  
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and , as we have seen above , affects the sensitivity to misalignments. The 
importance of this fact is illustrated by the example shown in Figure 8 ,  
where the Strehl intensity is plotted as a function o f  the obscuration 
ratio versus tolerable peak-to-peak wave aberrations, AA,  to maintain the 
Strehl ratio at 0 .8 .  In one case , the curves accompanied by an adjacent 
circle denote that the Strehl ratio is nonnalized to an unobscured aper
ture . For the other case , denoted by curves accompanied by a circle with 
a black dot in the center, the Strehl ratio is nonnalized to an obscured 
aperture . In this latter case , the obscuration is not treated as an aberra
tion . In the first case , the peak waves of tolerable aberration rapidly 
decreases once € exceeds 0 .3 .  For the second case , this is obviously not 
true . As a matter of fact , the tolerance on third-order spherical aberra
tion and coma actually increases. This behavior may be understood by 
considering that the wave aberration is a measure of the deviation of 
annular wavefront from a reference sphere . As € approaches unity , any 
reference sphere can be fitted to a symmetrical "distortion" of the now 
zero-width annular wavefront .  

Fabrication 

A common practice today is to check fabrication progress by calculating 
optical-path-difference maps over a mirror surface by means of inter
ferometric measurements. The wavefront error contributions to degrada
tion of the peak intensity at the diffraction focus is then computed and 
related back to mirror imperfections.  I t  is important to know the nature , 
symmetry , and spatial frequency of these errors. For example, a low
frequency imperfection , which may in effect contribute to spherical aber
ration , has a different (lesser) impact on the overall error budget than a 
low-frequency nonsymmetrical error, of the same ampli tude,  that may 
for example contribute to astigmatism . A technique for evaluation of 
the location and contribution of imperfections in a mirror surface to 
loss of energy at the diffraction focus can be accomplished by relating 
the root-mean-square wave aberration to i(p) to ell in Eq.  ( I )  by a poly
nomial expansion such as that given by Born and Wolf [ 1 95 9 ]  : 

i(P) = 1 
- 21Tl A 2 nm . 

�? n + 1 

This approach requires that the interferometric wavefront d isplay be 
digitized and fit to the polynomial expansion , which may be carried out 
as far as 25 tenns. The critical  figure errors may then be detennined and 
corrected by recycling these data back into the fabrication process.  
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FIGURE 8 Obscuration ratio e versus peak-to
peak tolerable wave aberration for Strehl ratio 
of 0.8. A '  40 = third-order spherical aberration, 
A ' ,  = coma, and A '  12 = astigmatism. 

Systems Integration 

1 65 

The problems of systems design can become very complex when dealing 
with systems such as a 3-m-<iiameter aperture telescope. Dynamic as well 

as static errors must also be considered [Wetherell , 1 973 ) but are beyond 
the scope of this paper. However, it is important to have some familiarity 
with those parameters that affect the sensitivity of two-mirror telescope 
systems to alignment errors. 

Table 4 lists a series of equations that serve this purpose . Note that 
equations are also included to calculate the image quality of a system 
with no alignment errors. These equations have been derived from third
order theory and/or empirically . The equations for calculating the wave 
aberration of near-normal incidence Cassegrain type of geometries as a 
function of field angle and alignment errors (tilt , decenter and axial dis
placement of the secondary mirror) give excellent agreement with wave
optical computer analysis . These same equations indicate the correct 
trend of errors in the wave aberration for Wolter telescopes. However, 
computer wave-optical analyses show that the expression for Acl> as a 
function of o yields values for Type I and I I  telescopes that are low by a 

factor of 2 to 3 .  Also the equations for tilt and decenter sensitivity yield 
values for the rms wave aberration of Type II telescopes that are a factor 
of 1 0  to 20 less than those actually realized in practice . Equations have 
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TABLE 4 Imaging Sensitivity of Telescopes to Design and Alignment Parameters 
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been given [Van Speybroeck and Chase , 1 97 2 ;  Mangus, 1 970 ;  Wolter, 

1 97 1 ;  Bowen , 1 967 I in Table 4 that are based on the sensitivity of the 
comatic image size , llC, to field angle as a function of telescope design 
properties . These latter equations are of importance especially in Type I 
telescope design, since the problems of surface-scattering as well as fabri

cation precision override the considerations of diffraction-limited imaging. 

Large-Telescope Technology 

The development of a 3-m-diameter aperture telescope , the performance 
of which is to be limited by diffraction effects, is a key technology effort 
to advance space astronomy observational capabilities above 1 00 nm . 
Likewise , the development of up to 1 -m-diameter aperture x-ray tele
scopes is key in advancing high-spatial resolution ,  high-energy astronomy 
capabilities. 

The results of a design study for a Large Space Telescope (L S T )  that 
was undertaken by Goddard Space Flight Center (G S F C )  are listed in 
Table I .  Construction of a 3-m-diameter lightweight Cer-Vit material 
technology mirror blank to conform to the geometry in Figure 9 was 

initiated by G S F C  in June 1 97 2 .  The final optical figure goal [ Tschunko, 
1 97 1 I on this blank is >../50 rms. It is emphasized that the above LS T 

data and mirror blank configuration reflect only preliminary study. Also , 
the m irror technology effort has recently been transferred from G S F C  

t o  Marshall Space Flight Center, a s  has the L S T  project responsibility, 

and therefore one may expect to see mirror blank configuration and 
telescope design parameter changes as the project progresses. For exam

ple , a 3-m flight blank may be made miniscus and have a focal ratio of 
2 .2 rather than concave-plano and Np /3 . 1 2  for the purpose of weight 

savings and minimization of e. In addition to the LST , large-aperture 
infrared and solar (photoheliograph) telescopes are also of importance in 

advancing progress in infrared astronomy and solar physics . Arrays of 

nested Baez and concentric x-ray telescopes [Van Speybroeck et a/. , 
1 97 1  I have also been proposed for the purpose of increasing the effec
tive throughput of Type I telescopes . 

It is interesting to note that the only addition to the design of large
aperture telescopes from those listed in Table I is a Gregorian geometry 
selected for the solar photoheliograph. This is a minor departure and 
further emphasizes the versatility of two-mirror fore optical designs. Per

haps the most significant change from the geometries that have been 
proposed is that of the Baez type of telescopes for x-ray astronomy. 
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FIGURE 9 Lightweight design confJgUration for a 3-m-diameter large telescope 
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W .  P .  B A R N E S ,  J R .  

TERRESTRIAL 

ENGINEERING OF 

SPACE-OPTICAL 

ELEMENTS 

This discussion will review some recent efforts at l tek Corporation 
with particular emphasis on the mechanical and structural engi-

neering problems associated with the design, fabrication ,  and testing of 
optical elements to be used in space . Let us note first that the use of 
extraterrestrial optical systems not only makes available some spectral 

bands that cannot be observed from the earth's surface but also makes it 
worthwhile to consider exploitation of the full resolving capability of 
very-large-aperture systems. The efforts described thus revolve around 
large , lightweight mirror elements. 

We are presently conducting under the National Aeronautics and 
Space Administration's sponsorship a broad range of study tasks to sup
port our progress toward a national space observatory. Much of this 
effort is focused on the Large Space Telescope, a 3-m-aperture orbiting 
astronomical telescope with a goal of diffraction-limited performance 
from the near infrared to a short wavelength in the neighborhood of 

1 800 A. Our artist's concept of this telescope is shown in Figure 1 .  Here 
it is apparent that the 3-m-diam . ,  0 .5-m-thick , lightweight,  low-expansion 
primary mirror is a major element of the system . 

The author is at Itek Corporation, Lexington, Massachusetts 02 1 73 . 
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FIGURE I Artist's concept of a 3-m space telescope. 

l tek's interest in the design and fabrication of lightweight mirrors 
dates very nearly from the organization of the corporation in 1 95 7 .  Some 
early examples are shown in Figure 2. Here we see two types of con
struction in aluminum : a machined Pyrex blank , a bonded structure of 
plates and tubes made of low�xpansion ceramic material , a solid beryl
lium mirror, and one of the earlier fused silica eggcrate constructions 
made by Coming Glass Works. More recent efforts have focused on 
lightweight construction in low-thermal�xpansion materials such as 
fully welded structures of ultra-low�xpansion titanium silicate as fabri
cated by Coming Glass Works and machined lightweight elements of Cer
Vit glass-ceramic fabricated by Owens-Illinois Corporation.  More de
tailed discussion on these materials is beyond the scope of this paper. 

In retrospect , if not in actuality , our progress to our present status of 
knowledge has followed a logical pattern. The first , and perhaps the 
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FIGURE 2 Lightweight mirror design concepts. 

most important , breakthrough in the technology of making large mirror 
elements was the application of the laser to interferometric optical 
testing. The coherence properties of the laser allow the design of inter
ferometers with optical pathlength differences between test and refer
ence beams of many meters. It became possible to design an interfer
ometer for testing a 3-m e lement using a reference optical element no 
more than 5 em in diameter, and thus one could package all elements of 
the interferometer, except the element to be tested , in a single assembly.  
An example is the l tek laser unequal-path interferometer shown in 
Figure 3 .  

The use of this instrument accentuated the need for controlling the 
ambient environment throughout the full length of the optical path 
being used . We undertook to build a variety of testing facilities, such as 
the vertical tank shown in Figure 4. An elevating mechanism in the tank 
is integrated with the fabrication mount of, for example , the Cer-Vit 
mirror shown here . The tank is 2 .4 m in diameter and approximately 
1 2  m long and is fitted with a laser interferometer at the upper end . In 
quick tum-around testing, the tank acts as an effective heat sink and 
shroud to minimize atmospheric effects . For the ultimate in testing 
accuracy , it can be evacuated to the moderately low pressures needed to 
eliminate all refractive effects of the atmosphere . A somewhat larger 
vertical tank shown in Figure 5 has been designed for ready access in the 
testing of complete camera systems. The lower end of this tank , which 
extends some 6 m below the floor level indicated here , is fitted with a 
1 .25-m ( 5 0-in . )-diameter Cassegrain-type collimating lens system. Of 
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FIGURE 3 The l tek laser unequal-path interferometer. 

FIGURE 4 Downward view in a vertical test tank. 
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FIGURE 5 Side access vertical test tank. 

somewhat older vintage , and indicative of our concern for better under
standing of the effects of our gravitational environment on optical e le
ments, is the tank shown in Figure 6. This 1 .8-m-diameter, 1 0.6-m
long tank was fitted with an adsorption pumping system to provide 
rapid pump-down with little vibration . I t  may be tilted during vacuum 
operation from the horizontal to the vertical position or held at any 
position in between. 

FIGURE 6 Tilting test tank. 
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Concurrent with these test methods and test facility developments, 

we applied and are continuing to apply m uch effort to improving the 
technology of grinding and polishing of the elements themselves. A 
major accomplishment here has been the development of Itek 's Computer 
Assisted Optical Surfacing (C A O S )  technology. The use of laser inter

ferometry,  modem optical scanning techniques, digital computation, and 

the latest in digital-control machine elements provides a considerable 
extension of an optician's skill in the working of surfaces, particularly 
large surfaces. The path traced out by a light attached to a working lap 
on our small C A O S  machine as it is driven by computer-derived magnetic
tape instructions is shown in Figure 7 .  Here we see that the machine is 
being directed to produce some concentration of work toward the edge 
of the piece being worked . The degree of success achieved in this develop
ment spurred the construction of the machine shown in Figure 8 .  This 
machine will accommodate a 3-m mirror as presently assembled . Mirror 

diameters of 5 m or more would not require major modifications or 
redesign of this machine. 

With all of these new and powerful tools available , it would seem 
that we are now well prepared to make mirrors of almost any size and 
configuration . We should first , however, conduct a mental experiment . 
First assume that there exists a perfectly surfaced mirror floating in a 
zero-g environment. We then transport this mirror to a horizontal posi
tion resting on three support points in our normal gravitational environ-

FIGURE 7 l ·m CAOS machine. 
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FIGURE 8 3-m CAOS machine. 

ment .  With appropriate optics we can then measure any departures of 
the surface from its former optica l  perfection .  A contour map of these 
changes would closely resemble the interference pattern shown in Fig-
ure 9 .  This illustrates the need for careful design of both the mirror 
structure and the supporting system used during testing operations at 1 g 
so that we may confidently predict the surface quality that will exist in 
a zero-g environment.  The first step in providing a solution will normally 
be to design the mirror structure for maximum stiffness using the mate
rials and manufacturing processes that are most compatible with the 
totality of operational requirements that may be placed on the system . 
We may then turn attention to the supporting system and determine the 
extent to which it is necessary to approach zero-g sim ulation by using a 
large number of support reactions. The closer we can approach the condi
tion in w hich each differential element of the mirror mass is individually 
supported , the closer we will come to eliminating any effects produced 
by the gravitational acceleration environment, and the more nearly our 
support arrangement will sim ulate the true zero-g condition . 

At ltek ,  we have designed , constructed , and evaluated several ap
proaches to mounts intended to minimize gravitational deflections. 
The first example here is the mirror mount for a 1 .2-m aperture 
ground-based tracking telescope required to operate at elevation angles 
ranging from -5° to +95° and moderate tracking rates. The telescope it
self is shown in Figure 1 0 . The primary mirror is an f/2 .5 paraboloid 
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FIGURE 9 Mirror deflection contours, 
three-point support. 

S P A C E S Y S T E M S  

fabricated o n  a 1 .25-m-diameter 0.2-m thick Cer-Vit blank . A front 
view of the mount is shown in Figure 1 1  . The mirror is supported 
axially on 27 servo-controlled pneumatic actuators, providing 
equal force at each reaction point ,  while axial positioning and tilt are 
corrected using signals from the three displacement transducers shown . 
Radial support was provided by a pair of mercury-fil led e lastomer tubes. 
The pneumatic actuators are of a rol ling diaphragm type. To provide 

FIGURE 10 1 .2-m tracking telescope. 
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FIGURE 1 1  1 .2-m mirror mount,  front view. 

stable operation of the servo valves, it is necessary to continuously bleed 
gas through each of the actuators . Some appreciation of the complexity 
of this design may be obtained from Figure 1 2 , which shows the aft end 
of the mount assembly. This mount was not used for fabricat ion and 
testing operations but was primarily intended to compensate for the 
operational variations in the gravitational vector. 

A second example of our efforts is a mechanical 1 8-point support 
system shown in Figure 1 3 .  At each of the 1 8  support points , a loading 
pad was bonded to the mirror surface through a 3-mm-thick layer of 
silicone elastomer. All the mechanical connections were designed to take 
loads in any direction while maintaining a reasonable approximation to a 
statically determinate reaction system for distributing the reaction load 
equally. This mount was intended to support the mirror through all 
manufacturing, testing, and coating operations. The design proved ade
quate for supporting the m irror in all attitudes as i l lustrated in Figures 
14 and 1 5 .  Again , these photographs are indicative of the complexity of 
construction and assembly using this design approach. 

Our c A o s technology uses laps that are smaller than 40% of the diam
eter of the w ork piece, and finishing operations with c A o s are markedly 
less sensitive to blank deflections than are conventional optical finishing 
operations. Additionally , the requirement for launch survival generally 
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FIGURE 1 2  1 .2-m mirror mount, rear view. 

FIGURE 1 3  1 . 1 -m mechanical, self-equilibrating support. 
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FIGURE I 4  Mechanical support, horizontal attitude. 

FIGURE IS Mechanical support, inverted attitude. 
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ensures that the mirror blanks we design have sufficient mechanical in teg
rity to withstand any sequence of reasonably well-engineered handling 
operations. 

Our final example is the mount of Figure 1 6 , for use in both fabri
cation and testing operations. The dual funct ion contributes to mini
mizing deflections during fabric�tion operations, but the principal reason 
for its choice is to reduce the turn-around time during the normal itera
tive cycles of polishing, testing, polishing, testing,  etc. Twenty-seven sup
port points were used for a 1 .8-m mirror. We have again chosen fluid 
actuators, but this time we are using a liquid and have no need for servo 
control of axial or tilt positioning. The actuators are of a rolling dia
phragm type , all interconnected by tubing, with shutoff valves located to 
permit small groups of actuators to be isolated from their neighbors. In 
the design stages for this mount,  it was felt that some departure from t he 
self-leveling, self-balancing mount provided by fully open connections 
would be necessary during the varying load cycles of fabrication opera
tions. In actual operation, however, it has been found that all valves may 
be left open. The piping restrictions are sufficient to prevent any signifi
cant undesirable motion of the mirror b lank as the polishing lap moves.  

As one of the initial steps toward the realization of our space observa
tory , we are presently undertaking fabrication studies of a 1 .8-m-diam, 
lightweight mirror using this mount design . 

FIGURE 1 6  Liquid piston support, 1 .8-m mirror. 
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These efforts and concurrent progress in other areas have led us to the 
conclusion that , for space applications, a critical requirement for good 
zero-g simulation exists only for testing operations. It remains necessary , 
but less critical , to use a fabrication support arrangement that will re
d uce the blank deflections during grinding and polishing. 
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ELASTIC ANALYSIS OF 
LARGE SPACEBOUND 
MIRRORS 

Introduction 

The current effort to produce a 3-m orbiting telescope with diffraction
limited performance at visual wavelengths has imposed considerable 
demands on existing mechanical analysis and design capabilities for pri
mary mirrors. Such reflectors experience a variety of environments from 
the time that they are fabricated until the time they are put in operation.  
Consequently , their design for structural integrity and ultimate optical 
performance requires an ability to analyze their behavior with considera
ble accuracy through all such environments. 

A number of separate loading conditions may be isolated . The mirror 
is first polished , under the pressure of a polishing tool , on a given support 
configuration in a 1 -g  environment . It will subsequently be tested , possibl 
on a different set of supports, for general optical performance . It is then 
launched , experiencing accelerations up to 1 0  g and thermal changes, on 
a launch support structure differing from the one on which it was pol
ished and tested . Finally , it must be operational in zero-g environment 
and subject to additional thermal fluctuations. These environmental con· 

K. R. Maser is at Foster-Miller Associates, Inc., Waltham, Massachusetts; K. Soosaar 
is at the C.S. Draper Lab., Inc., Cambridge, Massachusetts. 

1 84 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


K. R. Maser and K. Soosaar 1 85 

ditions define several analysis and design problems. One must be able to 
design the support configuration for polishing such that the zero-g mirror 
figure will be diffraction-limited . This implies, then , an analysis technique 
whose accuracy and reliability is commensurate with the ability to make 
such a prediction . Such a technique must also be able to analyze the 
performance of the mirror under thermal fluctuations expected in opera
tion . In addition , one must assure that the mirror will survive the dynamic 
and thermal effects of launch. 

Unti l  recently ,  the theory of plates, shells, and finite-difference apRrox
imations to the eq uations of elasticity provided the only analytical tools 
for mirror analyses. These methods have severe limitations both within 
themselves and when applied to current concepts of primary mirrors 
for Large Space Telescopes. The finite-element method , developed ex
tensively over the past ten years, has provided a numerical technique 
that can meet these requirements for mirror analysis and design. 

This paper briefly describes the finite-element method and its appli
cation to mirrors and presents some numerical results that have been 
obtained from the authors' experiences in the analysis and design of 
primary mirrors for space applications. Particular emphasis is given to 
deep-slab mirrors with both honeycombed and solid cores. 

While the development and application of the analysis techniques 
has been primarily aimed toward space im plementation , the application 
to earthbound telescopes follows quite directly . 

The Finite-Element Method 

The finite-element method is an analysis technique through which a 
continuum with an infinite number of degrees of freedom can be ap
proximated by an assemblage of subregions (elements) , each with a 
specified , but now finite, number of unknown degrees of freedom. 
The problem is solved by a variational principle that minimizes the 
potential energy functional within a class of functions defined over 
each subregion . While the primary application has been to e lasticity 
problems, the approach is generally valid for all continua. 

Under static loadings, the following systems matrix equations can be 
obtained to relate the forces and deformations in the elastic continuum : 

kU = R ,  ( 1 ) 
where 

R = P + Q + S + B  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

S p a c e  O p t i c s :   P r o c e e d i n g s  o f  t h e  N i n t h  I n t e r n a t i o n a l  C o n g r e s s  o f  t h e  I n t e r n a t i o n a l  C o m m i s s i o n  f o r  O p t i c s  ( I c o  I X )
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 7 7 9
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and 

k = stiffness matrix for the structural system , 
U = deformation field of structure, 
P = concentrated forces, 
Q = thermal loadings, 
S = surface forces, 
B = body forces. 

SPA C E  S Y S T EM S 

If R is time-dependent, then the problem is dynamic and must include 
inertial and damping forces as  well. 

MU + cu + kU = R(t), (2) 

where 

M = mass matrix ,  
C = damping matrix . 

Equation ( I )  is usually solved by inverting the stiffness matrix (k ) and 
thus obtaining the deformation field (U) for any arbitrary imposed 
loading vector R .  Equation (2)  is general ly solved indirectly through 
eigenvalue or propagation means. In either case, the analyst can specify 
completely arbitrary structure geometries, material properties, boundary 
conditions, and loads. 

Those interested in further study of this field are referred to the con
siderable literature in finite-element theory that has been generated over 
the past decade. These include a number of texts [ Zienkiewicz, 1 97 1 ;  
Desai and Abel ,  1 97 2 ;  Przemieniecki,  1 968 ) and untold quantities of 
scientific papers. 

Finite-element methods have been incorporated into many highly 
sophisticated structural analysis systems such as N A ST R A N , S T R U D L  

I I , S A M IS , and S T A R , and one of those can be usually found at a large 
computing center. The mirror studies performed by the authors presented 
in this paper and elsewhere [ Soosaar, 1 97 1 ;  Maser and Soosaar, 1 972a, 
1 972b ) have been computed primarily on the S T R U D L  I I  system . The 
application of one of these systems to the analyses of problems is quite 
straightforward . Consider the circular mirror in Figure I .  The mirror can 
be subdivided into as many of the triangular elements as the analyst 
considers desirable . With fewer elements, the accuracy is lower, while 
with larger numbers, the computer running costs become significant .  
The analysis system deals with the problem in the following m anner: 
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FIGURE 1 Finite-element subdivision of mirror. 

1 .  The element subdivision is specified by the analyst. 
2. The system computes the response of each element to applied 

loadings. 

1 8 7 

3 .  The system assembles the response of the total structure from the 
behavior of the individual elements. 

4. The system solves for the displacement field using Eq. ( 1 )  or (2) .  

To make the displacement data meaningful to the optical designer, a 
best-fit reference surface can be generated from the obtained data and 

rms optical path differences and fringe patterns obtained therefrom. 

The unit element in Figure 1 can represent m any types of structural 
behavior, and it is the analyst's task to defme the proper one for the 
physical case at hand . Figure 2 gives an overview of the various elements 
encountered in m irror studies. These range from simple plate bending 
and plane stress to full three-dimensional capability. A particularly use
ful element of the last category is the isoparametric solid element devel
oped initially by Irons and Zienkiewicz [ see Zienkiewicz, 1 97 1  1 and is 
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I I  BENDING lOADS AlONG OPTICAl AX I S  

2 1  STRETCH I NG lOADS NORMAl TO OPT I C Al AX I S  

3 1  BEN D I NG AND STRETCHING I I  AND 21 GENERAl lOAD S. " l i GHTWE I GHT " M I R RORS 

TH IN SHAllOW SHEU M I RRORS 

., SHAllOW SHEll c:J 
51 SHEll c:; 
61 SOL I D  ElEMENTS t)) 

l i GHTlY CURVED THIN M I RRORS 

STRONGlY CURVED THIN M I R RORS 

SOl i D  THICK M I RRORS W I TH MAJOR SHEAR 

AND TRACTION EFFECTS 

FIGURE 2 Finite-element  types for optical-mirror applications. 

implemented in most systems today. It consists of bricklike elements 
with arbitrarily curved sides and surfaces that are highly suitable for 
representing the optical surfaces of solid mirrors. 

The following sections of this paper will consider various applications 
of the finite-element method to different types of primary mirror con
figuration and related support problems. 

Lightweight Mirrors 

The stiffness-to-weight characteristics of mirror structures are often im
proved by a "lightweighting" technique. This approach generally acts to 
minimize the material at the neutral surface of the mirror, where it con
tributes relatively little to the bending stiffness. The total m irror weight 
then decreases more rapidly than the bending stiffness, and flexural dis
placements are reduced . The shear deflections, however, will increase 
and sometimes even offset the improved bending behavior. As the mirror 
weight has been reduced , however, the net stiffness-to-weight ratio 
generally improves. 

Until recently , the lightweight structure type has been quite difficult 
to solve analytically . Some approaches can be made through orthotropic 
plate theory,  but these can become very complex with nonorthogonal 

grids, circular mirror structures, and arbitrary support configurations. 
Finite-element techniques make the deformational analysis of lightweight 
mirrors relatively straightforward . As most of the components are plates, 
or can be idealized as plates, the generalized plate element can be used 
for both the ribs and the cover plates. I f  only a part of the mirror blank 

has been lightweighted, then the solid three�imensional elements can 
be used wherever necessary in conj unction with the plate elem ents. 
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A number of candidate lightweight structures are analyzed here to 
study the sensitivity of the mirror behavior to parameter changes in the 
mirror lightweighting properties. The initial configurations are based on 
those given by Simmons [ 1 969 ] for 64-in .-diameter lightweighted mir
rors. To simplify the analysis, the fillets and the backplate holes are 
ignored , although for a detailed study they should be included . As the 
supports are continuous along the edge and the loading comes from 
gravity along the optical axis, symmetry assumptions can be used , and 
30° sectors are analyzed for the triangular and hexagonal configurations 
and a 45° sector for the square-cavity case (Figure 3) .  A single element 
is used for the top and bottom plates for each triangle and rectangle, 
while each of the hexagons must be subdivided into two quadrilaterals. 
Single rectangle elements are used for the ribs between the intersection 
nodes. If concentrated loadings and stress effects are desired , it is advis
able to subdivide these elements further. 

Table I shows a comparison of the relative maximum deflections of 
the various configurations, assuming the material properties of Cer-Vit. 
The triangular configuration deflects a shade less than the hexagonal, al
though its weight is considerably higher. The weights, too, have been 
calculated assuming no fillets, backplate holes, or the additional light
weighting holes found in the junctions of triangular-core mirrors. 

These results can now be compared with a mirror 1 2  in . thick and 
solid. It is evident here that lightweighting does not necessarily reduce 
the total mirror deflections in comparison to a sol id of the same outside 
dimensions. The total weight of the mirror is, however, substantially 
reduced , and improved dynamic behavior should be expected . 

Table 2 shows maximum deflection results for a triangular core mirror 
for a number of parameter tests. Keeping all other properties constant, the 
web and/or flange thicknesses were doubled or halved ; then the total 
depth of the mirror was changed , keeping the webs and flange thicknesses 
constant, and finally the 1 .5-in. backplate was removed from the mirror. 

It is recognized here that definite constraints must be imposed on the 
sizes of the flange and plate members. Making the web or flange plates 
too thin can affect strength and handling problems. If the flange plate 
becomes too thin relative to the web stiffness and cell size , then the 
likelihood of the cell imprinting on the mirror figure during the polish
ing process becomes higher. 

Additional later studies have shown that there is much less sensitivity 
to cell configuration than the results of Table I would indicate .  The cell 
size in the cases presented is a fairly large fraction of the total mirror 
diameter, and inhomogeneities of cell shape occur near the boundaries 
with certain impact on the total deformational performance. With a 
cell size small relative to the mirror diameter, these localized effects are 
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FIGURE 3 Lightweight-mirror core configurations. 
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TABLE l lightweight and Solid Mirrors" 

Deflection Weight 
Mirror Type (X 1 0-• in.) (I b) 

Solid 44 3450 
Lightweight, triangular 49 1040 
Lightweight, square 60 915 
Lightweight, hexagonal 50 945 

a Mirror diameter :  64 in. ; thickness: 1 2  in. ;  loading : l g; material: 
Cer-Vit. 

smoothed out, and all cell configurations perfonn approximately in a 
similar manner. 

Thick Solid Mirrors 

The solid glass mirror is more traditional an approach than the light

weighted mirror, but its exact analysis is considerably more complex. 
Closed-fonn solutions are few and usually with somewhat restrictive 
boundary conditions, and thus nearly always, a numerical approach must 
be sought. Even then, a completely general three-dimensional approach 

is necessary , as the methods utilizing a bending with a shear-correction 

approach fall apart with discrete support cases. The approach taken by 

the authors involves the use of the 3-D isoparametric solids d iscussed 
earlier. 

An example of the influence of solid elements on the results of an 

TABLE 2 Variations on Ughtweight , Triangular 
Dimensions and Loads as in Table l 

Deflection 
Variation (X t o-•  in.) 

Original 49 
0.5 X web 65 
2.0 X web 44 
0.5 X flanges 44 
2.0 X flanges 48 
0.5 X (web, flanges) 50 
2.0 X (web, flanges) 48 
0.5 X total depth 1 25 
2.0 X total depth 28 
1 .5-in. backplate removed 78 

Weight 
(lb) 

1 040 
865 

1 295 
650 

1 7 30 
505 

2020 
830 

1 370 
515 
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analysis can be seen in Figures 4 and 5 .  A 1 20-in. telescope mirror, 20 
in. thick and supported on three points at the circumference , was ana
lyzed both by isoparametric quadratic solid , as well as by bending ele
ments. The surface transverse deformation contours are plotted on the 
element layout in both cases. While the distribution of contours is ap
proximately similar in both cases, the net central deflection of the 
solid model is more than twice that in the bending model. The explana
tion for this can be seen in Figure 6. In the solid�lement model, a large 
part of the deformation occurs in the neighborhood of the support where 
the three-dimensional stress state is high. This can be seen in the exag
gerated deformation sketch shown by the dotted lines. The bottom 
graphs compare the top and bottom surface deflections of the solid 
model with the neutral-plane deflections of the bending model. The m ir
ror center deflection is considered here as the datum for comparisons. 
The bottom surface distorts quite strongly ,  although the top surface of 
the solid and the bending model appear to be close. By geometrical
optics criteria they are not, however, as the changes in slope differ 
significantly. 

When the mirror is uniformly supported at the circumference, there 
is relatively good agreement (within 1 5%) between the solid and bending 
approaches, as can be seen in Figure 7 .  

FIGURE 4 Top-surface transverse deflectors-bending mirror. 
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FIGURE S Top-surface transverse deflections-3-D mirror. 

The implication is, of course , that discrete supports on a thick solid 
mirror cause local deformational effects, which are significant for the 
optical behavior and can only be detected via solid-element modeling. 

Solid Mirror on Real Supports 

While the previous studies considered the mirror structures on idealized 
edge supports, the actual supports to be used for testing a large mirror 
for its manufactured figure will be quite different. A similar type of 
support may be used for launch purposes. Such a "real" support is de
picted in Figure 8 .  It is a "wheel" supported at the rim to a solid founda
tion or to the spacecraft structure and is attached to the mirror by 
movable pads located on the spokes of that wheel .  One objective of the 
study was to determine the location of the pads relative to the mirror 
such that there is a minimum impact on the optical figure. An element 
model was made of the solid mirror and the support structure . The sup
port pads were then moved back and forth and deformations computed 
under a unit gravity load (Figure 9).  

Two sets  of pads were available , at different separations- 1 6 .2  and 
1 8 .7  in. The results are shown in Figure 1 0  in terms of the maximum 
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FIGURE 8 Primary-mirror support structure. 

optical-path difference and the nns of the optical path difference. 
Figure 1 1  shows typical contours of the deviations from the best-fit 
sphere to the defonned mirror surface. 

Sandwich Mirror 

An alternate approach toward minimizing the mirror weight is to use a 
sandwich of glass plates separated by a core of low-density foamed glass .  
The finite�lement modeling uses plane-stress elements for the top and 
bottom plates, and three-dimensional solid elements are used for the 
core. Figure 1 2  shows a typical section and element layout for such a 
mirror. 

In this case, the shear defonnations dominate, and with a continuous 
rim support, the solid�lement approach gives 2 .5  times the bending 
deflections of an equivalent plate ; with three-point supports, there is a 
factor of 5 .5 between the solid and the bending. Although an equivalent 
plate bending element with transverse shear defonnation would red uce 
the discrepancy somewhat, the three-dimensional effects in the neigh
borhood of the supports require the use of solid elements. 
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FIGURE 9 Positions of support pads. 

CeO Model Study 

In the earlier section on honeycombed lightweighted mirrors, the overall 
deflections of the m irror were of primary concern. It has become ap
parent, however, that the local deflections within the individual cells 
may also have serious effects on the optical quality of the mirror. These 
local effects may be residual effects due to lightweighting and surface 
polishing, or they may be simply due to nonuniform deformations under 
gravity loading. 

In order to study this problem in great detail , a cell model study was 
carried out . This was an attempt to trace , both analytically and experi
mentally , the stre�eformation history of the basic unit of a honey
combed mirror. The objective was to evaluate whether the grinding, 
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40 

polishing, and l ightweighting processes, when perfonned in a 1 -g  field . 
could result  in substantial mirror optical-surface d istortions when the 
mirror was placed in a zero-g orbital environment .  

The mirror slab (Figure 1 3 )  would first be studied in a solid configura
tion and the optical surface defonnations detennined for a number of 
support conditions under gravity and concentrated loads ( the latter 
representing grinding and polishing tools) . Once measurements had been 
made, and the analytic model adj usted if necessary , the mirror would 
be machined into the seven-hexagonal-cel l  configuration (Figure 1 4) .  
The optical surface would be tested again for defonnations, and by 
means of combining analytical and experimental data, i t  would be deter
mined how much of the differences observed could be attributable to 
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� , 

FIGURE 1 1  Contours of deviations from best-fit sphere. 

1 99 

changes in mass and stiffness and how much to the release of internal 
stress by machining. From these data, extrapolations might be made to 
the orbital performance of a ful l-size honeycombed mirror. 

Figure 1 5  shows a typical layout of finite elements required to per
form the cell-model analyses. Since the minimum number of supports 
is three at 1 20° , a 60° segment was required for the analyses. The ele
ments are shaped as shown , so that the analyses of the ligh tweighted 
mirror blank can be performed by simply removing typical elements 1 2 , 
1 3 ,  22 , 23 , 3 2 , and 33 .  Figure 1 6  shows typical optical-surface deflec
tion results. 

Experimental results required for the above study are forthcoming. 
The irnite-element results have been checked with closed-form results 
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FIGURE 1 2  Sandwich-mirror analysis. 

for some highly simplified cases, and the deflection accuracy is within 
5% at the "A./200 range. It is felt  that , should the experimental procedure 
be able to measure deflections in this range accurately , the finite-element 
results are sufficiently accurate to complete the desired study.  

The use of finite elements in this study led to some significant in
sights. One in particular was the sensitivity of the solid-element model 
to support conditions. Unlike the full mirror, where discrete supports 
can be modeled as mathematical points, the stubby cylinder cell model 
is extremely sensi tive to the geometry and flexibility of discrete support 
pads. This fact, plus consideration of high strain gradients in the neigh
borhood of such supports, had to be considered in the analyses that 
were conducted . 
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FIGURE 1 3  CeU model -prelightweighted. 

Mirror Clamping Study 

20 1 

While the majority of structural problems associated with the design of 
mirrors are those of deflection and stiffness, occasionally questions of 
strength are also encountered . A space-bound mirror must be held very 
tightly during the launch and docking procedures, yet the design of 
these attachments must not induce high stresses in the mirror itself. 

A hexagonally lightweighted mirror, 1 20 in . in diameter, is supported 
on the wheel, hub ,  and pads type of structure described in Figure 8.  
A clamping device that will hold this mirror is  depicted on Figure 1 7  
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FIGURE 14 Cell model -lightweighted. 

and applies tensile , compressive , and moment loads to the mirror. In 
order to determine the stresses in the mirror,  a finite-element model 
of the clamping device and the mirror in the neighborhood of the 
clamp was assembled . This used solid elements throughout and modeled 
all the interacting elastic com ponents. 

Some of the results of this study are shown on Figure 1 8 . After a 
number of design iterations, the fillet radius at the clam ping area was 
increased from 0.25 to 0.50 in. to bring the tensile stresses in the mirror 
below 1 500 psi under the maximum likely launch and docking loads. 
This form of information could not have been readily obtained by 
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FIGURE 1 5  Cell model-element layout. 
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FIGURE 1 7  Mirror clamping mechanism. 
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FIGURE 1 8  Mirror stresses under docking loads. 
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analytic means unless finite element methods were used and the costs of 
analysis were considerably less than an experimental study using strain 
gauge or photoelastic means. 

Conclusions 

The techniques and results presented in this paper have demonstrated 
the application of the fmite-element method of structural analysis to 
the analysis and design of primary mirrors and supporting structures for 
large telescopes, both orbital and earthbound . It has proved to be an 
effective tool for this problem, where the optical requirements demand 
an abnormally high degree of accuracy. The examples presented have 
illustrated the extreme versatility of this method , showing its application 
to honeycombed , sandwich, and solid slab mirrors, as well as to optimiza
tion of support structures. It  is hoped that this analytical tool, which is 
available in its various forms at most large computing centers, will be 
used by many others for the design of our next generation of telescopes. 

The authors wish to acknowledae the technical guidance and rmancial support provided by 
John Manps of NASA Goddud Space Flight Center through Contract NAS-5-2 15<42.  
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A A R O N  O S T R O F F  

VIBRATIONAL MODES 

I .  Introduction 

OF THE PRIMARY 
MIRROR STRUCTURE 
IN THE LARGE SPACE 
TELESCOPE SYSTEM 

I n  the field of astronomy and deep-space communications, the Large 
Space Telescope orb iting outside the earth's atmosphere provides a man i
fold improvement in the resolution of scientific data because it is mini
mally affected by the turbulence of the atmosphere , the scatter of sun
light ,  and the d isturbances on the earth's surfaces that are both man-made 
and natural tremors.  

For the Large Space Telescope, mirrors with diameters on the order of 
3 m or larger are frequently considered for use as primary mirrors ; how
ever, the thickness of these mirrors should not be so excessive as to 
increase the overall payload weight .  (A thinner mirror plate thickness is 
also desirable in situations where a feedback control system can be used 
to obtain the desired mirror surface contour. ) 

The primary and secondary mirror assemblies will form the space tele
scope structure ; in general ,  the primary mirror will be an aspherical sur-

C. Chi and P. Mehta are at The Perkin-Elmer Corporation , Wilton, Connecticut ;  
A .  Ostroff i s  a t  the N A S A Langley Research Center, Hampton Station, Virginia 
23365 . 
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face whose [-number is on the order of I 0. The primary mirror with a 
large diameter results in increased image resolution and increased 
optical power  of the received signal , thus increasing the signal-to-noise 
ratio. The higher signal-to-noise ratio, in turn , results in the improved 
telescope pointing accuracy.  

In  a primary mirror with such a large diameter, the resonant vibration 
of the mirror plate can become a significant factor in the design process 
and can no longer be neglected . The significance of the effect of the 
resonant vibration becomes apparent as we consider the req ui rement 
that rms error of the mirror surface be on the order of X/50, where X 

is the wavelength of signal light .  The telescope with a large primary mirror 
requires a correspondingly higher surface accuracy (or smaller rms sur
face error) in order to take advantage of its inherent ability to obtain 
higher image resolution. 

The primary mirror of a space telescope is often mounted in a con
figuration where the primary m irror plate is supported at three points 
around the circum ference , usually 1 20° apart and kinematically mounted. 
Such a three-point support configuration is capable of producing the 
small tilting movement in an arbitrary d irection necessary to align the 
mirror. I t  is to be noted that the resonant vibrational mode shapes and 
the resonant frequencies depend on the manner in which the mirror 
plate is mounted. 

The recently developed technology that controls the mirror surface 
by the feedback control req uires the information of the resonant mode 
shapes and frequencies. In the simple proportionality feedback control 
system ,  information on the distribution of the resonant frequencies is 
needed when the stability , bandwidth, and control compensators of  the 
closed-loop control system are to be optimized . 

The m odal control system [Creedon and Lindgren, 1 970;  Howell , 
1 974 } is another approach and requires both the resonant mode shapes 
and freq uencies. This techniq ue controls and corrects the mirror surface 
error by reducing the error components in a set of predetermined 
(usually dominant) modes to zero ; it  is especially effective in situations 
where a small number of actuators are used. The need to investigate the 
vibrational modes and resonant frequencies thus arises. 

In order to simplify the analysis, the behavior of a flat circular mirror 
plate will  be analytically investigated instead of the mirror with small 
curvature, which is  simply supported at three points around the circum
ference. This paper presents the highlights of the analytical solution for 
the flat-plate system and summarizes the characteristics of the resulting 
mode shapes and frequencies. 

Subsequently , results will be presented that have been obtained by 
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running the digital computer program (N A S T R A N )  t o  compute the 
resonant modes and frequencies of the flat-plate system and the curved
mirror surface systems. 

It is to be noted that the mirror plate supported at three points along 
the circular boundary is a mixed boundary-value problem , which is 
usually complicated to solve and has an inherently high order of discon
tinuity due to the presence of the point loading at the support points 
(i .e . ,  the pressure at the support points is an impulse function).  In the 
presence of the high-order discontinuity , an effort was made to improve 
the accuracy and efficiency of the numerical computation. From this 
effort, the polar grid pattern and grid point numbering scheme have been 
devised, which are considered to be optimum in terms of computational 
accuracy and computational efficiency and most natural for the circular 
mirror geometry. Some of the representative results of the computer cal
culations for the flat plate and the plate with a curvature are presented 
and compared. Very often,  the output of the computer calculation needs 
to be interpolated to find the values at the locations between the grid 
points, and a reliable interpolation scheme is therefore required. 

A scheme, called the curvilinear bicubic spline fit interpolation,  has 
been developed and is believed to be particularly suitable for interpolating 
the functions representing physical quantities in the circular geometry. 
A brief discussion of this interpolation scheme is presented in the latter 
portion of this paper. 

II. Analysis 

A flat circular plate that is simply supported at three points on the cir
cumference is shown in Figure 1 .  The vibrational behavior of this sys
tem has been considered previously [Chi, 1 972 ) . We begin by present
ing a brief summary of the mathematical derivation for the sake of 
completeness. The equation describing the vibration of a thin plate, 
with eiw t time dependence, is 

where 

w = the vertical deflection of the plate in z�irection, 
V4 ::: V 2 V 2 (V 2 is Laplacian operator), 

P = the pressure in space coordinate 

( I )  

(2) 
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where 

y 

FIGURE 1 Thin flat circular plate with three simple support points 
S 1 •  S, . S, on the circumference. 

w = angular frequency in radians per second , 
D = Eh 3 / 1 2( 1 - v2 ) ,  
E = the modulus of elasticity , 
h = the thickness of the plate, 
v = Poisson's ratio, 
Jl = mass per unit area of the plate. 

The system possesses the following boundary conditions : 
1 .  The radial moment (Mp ) along the circumference is zero : 

[ a2 w ( 1  aw m2 )] I 
Mp = -D ap2 + " P ap -{J w 

P = a = 
0, 

where p is  the radial coordinate and .p is the angular coordinate (see 
Figure I ) . 

2 1 1 

(3) 
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2 .  The shear force ( V) along the  circumference i s  

V = (QP _ .!_ Mp.p )  I = O except at points S 1 , S2 , S3 (4a) 
p acp p = a  

(see Figure I ) .  
3 .  The displacement (w )  i s  

w = 0 at the support points s, . sl . s3  (4b ) 

(see Figure 1 ) .  
4.  The displacement at the center of the plate i s  finite and continuous. 

where (4c) 

_ D 
� (a1w + .!.. aw + a1 w ) Qp - - ap ap2 P ap p1 acp2 • 

( 1 a 1 w  1 aw ) Mp.p= ( I  - v) D 'P apacp - ;; acp . 

(5 )  

In the cylindrical coordinate system, the homogeneous solu tions of  
Eq . ( I ) are .. 

w = L Am [Jm (kp) + Bm lm (kp)) cos mcp m = O 
(6) .. 

+ L Cm (Jm (kp) + Dm lm (kp) )  sin mcp, m = O  
where lm (x ) and lm (x ) are the ordinary and the modified Bessel func
tions of the first kind , and Am , Bm , Cm . and Dm are constants. 

Substituting Eq. (6) into Eq . (3 ) ,  one obtains 

Bm ·= Dm = 

{ (( 1 -m)/a]  lm (lea) + ((2m+ l +v)/a ) lm (lea) - (m+ l ) Jm + 2  (lea) }  
{ 

. (7 ) 
[(m - l )/a2 )  Im (lea) + (2m+ l +v)/a ) /m + l  (lea) + (m+ l ) /m + 2  (lea) } 

On the circumference of the plate , the shear force is zero except at 
the support points, and the shear forces exert the pressure at the three 
support points so as to make the displacement at the points zero. Thus, 
the shear force distribution is 

P = { P1 6(cp) + P1 6 (cp - (27r/3)] + P3 6 (cp + (21T/3)J} (8) p =a 
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where 

6{tp) is the impulse function located at V' = 0, 
P 1 ,  P 2 ,  P 3 are constants yet to be determined . 

Equation ( 8) can be expressed in terms of its Fourier series com
ponents , and one obtains 

P = ta ( 2�) [P. + (P2 +P3 ) cos e; k)] cos k� 

2 1 3  

(9) 

Substituting Eq. (6) ,  (7 ) ,  and ( 5 )  into Eq . (4a) and (4b) one obtains 

where 

.. 
V = L Fm (ka) (Am cos m� + Cm sin m�), 

m = o 

Fm (ka) = (D/a2 > { m [(ka)2 + ( I - v)n(m - I )] fJm (ka)/a]  

+ m ((ka)2 - ( I  - v)m(m - I )) (Bm /a) lm (ka) 

- k ((ka)2 + ( l - v)m2 )Jm + 1 (ka) 

- k ((ka)2 - ( 1 - v)m2 ) Bm Im + I (ka) } . 

Equating Eq. (9) to Eq. ( I  0) one obtains 

where 

A = { P1 + 2P, cos [(21T/3)mJ} , m (21T) Fm (ka) 

C = 2P0sin [(21T/3)n )  m (21T)Fm (ka) ' 

l 
P, =2(P2 + P3 ) , even-mode component ;  

l Po = 2 (P2 - P3 ), odd-mode component .  

( 1 0) 

{ I I ) 

( 1 2) 

Substituting Eq. ( 7) and ( 1 2 ) into Eq . (6) .  one obtains the deflection 
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of the plate for a given set of forces at the support points. In  particular, 
the deflections at the support points are expressed in the matrix form , 

w<e) (p = a. <1J = 0) 

w<e> (p =a. <1J = ±�) 

where 

-
I: Om(ka) m = O  

� am (ka) cos(�m) 
m = O  3 

� am(ka) cosC" m) 
m c O  3 

� am(/ca) cos •(�m) 
m = 0  3 

P, 

' ( 1 3 ) 

2Pe 

( 14) 

( 1 5) 

In Eq. ( 1 3 ) and ( 1 4), the deflection and force distribution are decom
posed into the symmetrical and asymmetrical componen ts wi th respect 
to the X axis, and they are called the even ( w(e ) ) and odd ( w<o ) ) modes, 
respectively . 

In order to satisfy the boundaty condition of Eq . (4b) , the determinant  
of Eq . ( 1 3 ) and the coefficient of Eq .  ( 1 4) are made zero ; the resulting 
expressions are 

and 

-

Lam(ka) = 0 
m = 0,3,6,9 . . . 

.. 

Lam(ka) = 0. 
m = 1 ,2,4 ,5 ,1 ,8 . . .  

m ,;,. 3,6.9 . . .  

( 1 6a) 

( 1 6b) 

The two sets of values of k that are obtained from Eq . ( 1 6a) and ( 1 6b) 
are the e igenvalues of the plate system . I t  is to be noted that there is 
another set of values of k tha t are obtained by letting 

Fm (ka) = 0 lFm (ka) is defined in Eq. I I ] . ( 1 6c) 

I t  is physically meaningful  and convenient to group the resonant 
modes into four types. The type I modes are those whose eigenvalues 
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are obtainable from Eq. ( 1 6a) ; their mode shapes are even and given by 

(e ) _  � { I + G; cos [{2tr/3)m] } 
Wr; - i..J F, (k· ) (lm (k;p) + Bmlm (k;p)) cos mop, ( 1 7) 

m = 0 m jll 

and it is a useful quantity in the investigation of the modal control tech
nique for the space telescope mirror-control system . 

The type II modes are those from Eq. ( 1 6b ) ;  their mode shapes are 
even and given by 

w<e ) = � 1 1 + G; cos [{2tr/3)n ] � [Jm(ktP) + B,.lm(ktP)] cos mop, {1 8) l l i  I..J Fm (kta) m = O  

where 

.. 
( 

I: o:1 (k1a) 2P. j  1 = 0  G; = p: J = -.. 
--------

1 � 0 {o:1 (k1a) cos [{2tr/3)1]}  

( 1 9) 

The type I I I  modes are those from Eq . ( 1 6b ) ;  their mode shapes are 
odd and given by ,  

The type I V  modes are those from Eq . ( 1 6c) ;  their mode shapes are 
odd and given by 

{2 1 )  

where 

m = 3 ,  6 , 9, 1 2  . . . .  

One fmds that types I ,  I I , and I I I  exert force on the support points, 
while type IV does not. Consequently , types I, I I ,  and I I I  require the 
support points in order for them to exist. Type IV is comprised of the 
group of m odes that are also members of vibrational modes of the free 
plate without support points ; consequently , type IV does not require the 
support points in order for it to exist. As mentioned earlier, types I and 
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I I  are even with respect to the x axis, while type III  is odd .  Type I ,  
furthermore, possesses 1 20° rotational symmetry. ( 1 20° rotational sym
metry means that, when the mode pattern is rotated ± 1 20° , the pattern 
is unchanged . )  

The mode shapes are shown i n  Figures 2 and 3 with Poisson's ratio 
(v) equal to 0.25 .  I t  is apparent that the low-order modes are those of 
types I, I I ,  and I l l ,  which are characteristic to the plate with the particu
lar support arrangement ,  while the modes of type IV appear as high-order 
modes. The ftgure that shows the lines and points of zero deflection for 
each vibrational mode is useful in identifying the particular mode in  
actual mirror vibration. The pattern of the reaction forces by the support 
points can be deduced from the mode shape near the support points. The 
important properties of each type of mode are listed in Table 1 .  

The chart in Figure 3 shows the inverse of the eigenvalues, (k 'r4 , of 
each mode, which is calculated from the analysis, where k ' = ka. The 
values are normalized so that the value for the first mode is 1 .  The chart 
shows how fast (k 'r4 decreases as the order of the mode increases. 
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FIGURE 2 Vibrational mode shapes and eigenvalues normalized for unit 
radius of a flat plate simply supported at three points. 
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TABLE 1 Properties of Mode Types I ,  I I ,  I I I ,  and IV 

Type / Mode 
Mode shape has 1 20• symmetry and is symmetrical with respect to x axis 
All three support points exert the same force simultaneously 
Three support points are required in order to excite this type of mode 

Type // Mode 
Mode shape is symmetrical with respect to x axis 
The support points exert force symmetrically with respect to x axis 
This is one of the degenerate modes (the frequency is the same as that of type Ill)  
Three support points are required in order to excite this type of mode 

Type Ill Mode 
Mode shape is antisymmetrical with respect to x axis 
The support points exert force antisymmetrically with respect to x axis 
This is one of the degenerate modes (the frequency is the same as that of type I I )  
Only two support points (S2 , S, ) are required in order to excite this type of mode 

Type IV Mode 
Mode shape is antisymmetrical with respect to x axis 
The support points exert no force 
This is a group of modes that are also free-plate vibrational modes 
No support points are required in order to excite this type of mode 

It is to be noted that (k ' f4 is a measure of how much each mode is ex
cited for a unit disturbance in the particular mode, and it is a useful 
quantity in the investigation of the modal control technique for the space 
telescope mirror-control system. 

Using the formula of Eq. ( 1 6c) , we have calculated the eigenvalues of 
a free plate ; they are shown in Table 2 .  Note that the eigenvalues of 
Leissa and our calculations agree quite well when the eigenvalues are 
large so that the condition A >> m is satisfied . *  

The asymptotic value given b y  Leissa i n  E q .  ( 2 . 1 7) on p .  1 0  [ Leissa, 
1 969 )  is 

k' �· rr /2(m + 2S). 

For instance , the eigenvalues of m = I , S = I 0, I I , 1 2 , and m = 3 ,  S = I 0, 
I I , 1 2  are very close to the values given by the asymptotic equation 
above. 

* The eigenvalues of the free plate tabulated in Leissa's monograph (Leissa, 1 969 ) , 
p. 1 1 ,  Table 2 .6 , are not exact but approximate values . These approximations 
are good when A >> K but not very accurate when the eigenvalue is small [see Eq. 
(2 . 1 5 )  and (2 . 1 6) on p. 10 of Leissa's monograph) . 
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TABLE 2 Comparison of Eigenvalues (k' = ka),  Values of Leissa's Table, and 
Values of Equation ( 1 6c) 

Values of k'  

m = I  m = 3 

Order Leissa's Values of Leissa's Values of 
s Values Eq. ( 1 6c) Values Eq. ( 1 6c) 

0 1 .9 1 7  3 .57 1 4. 1 79 
I 4.5 1 8  5 .048 7 . 29 1  7 .9 1 8  
2 7 .729 8.256 1 0.600 1 1 . 2 1 6  
3 1 0.903 1 1 .435 1 3.82 1 14.452 
4 14 .024 14.600 1 7. 0 1 5  1 7 .656 
5 1 7 . 2 1 8  1 7 .757 20.203 20.844 
6 20.368 20.907 23.363 24. 0 1 5  
7 23 .5 1 6  24.059  26.526 27. 1 1!3 
8 26.663 27.207 29.685 30. 346 
9 29.809 30.354 32 .84 1 33 .504 

1 0  3 3.498 36.659 
I I  36.645 39.8 1 3  
1 2  39.789 4 2.965 

III. Computer Solutions 

A. G R I D P A T T E R N  D E S I G N  A N D  G R I D -PO I N T  N U M B E R I N G  S Y ST E M  

The presence of the strong discontinuity in the  boundary condition on 
the circumference of the circular plate and its effect on the accuracy of 
the final results of the eigenvalues and eigenfunctions require that care-
ful consideration be given to the selection of the grid pattern. The trian
gular grid pattern, which is frequently used and is shown in Figure 4, 
does not provide the regular pattern along the circumference. The design 
effort to produce the appropriate grid pattern resulted in the polar grid 
pattern shown in Figure 5 .  The polar grid pattern is most natural and com
patible to the circular geometry of the mirror structure . 

Radial spacing between two adjacent grid circles has been so chosen 
as to make the aspect ratio of the quadrilateral elements small , resulting 
in a nearly square element.  This is desirable for maintaining accuracy of 
analysis. 

Let '" be the radius of the n th grid circle as shown in Figure 6 .  In  
terms of the outer diameter (D 1 ) and inner diameter (D2 ) of  the mirror 
plate , Tn is given by 

(22) 
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FIGURE 4 Triangular grid pat tern. 

S P A C E  S Y S T E M S 

Intimal ot A..-qu� 
Grid Point No. mi 

FIG URE 5 Proposed grid pattern and grid-point  numbering system. 
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FIGURE 6 Mirror grid circles and grid annuli (7, = 0 for the center, 
considered as grid circle No. 8). 

227 

where c1 and c2 are constants defined in Table 3. These constants have 
been so chosen that the resulting radial spacing between two successive 
grid circles keeps the aspect ratio of the plate elements in the neighbor
hood of unity .  In other words, the deviations of the quadrilateral and 
triangular p late elements from the respective square and equilateral 
shapes are smal l ,  as mentioned earlier. 

In the central region of the m irror, the plate elements are approxi
mately equilateral triangles. If the radial rays were extended to the center 
of the mirror, the plate elements in  this region would be quadrilaterals of 
high aspect ratio and nearly wedge-shaped triangles, and it is desirable 
to avoid such shapes. 

The grid point numbering system of Figure 5 creates a stiffness matrix 
with a narrow band and no active columns as used in N A ST R A N . I n  
general ,  the computation time is less when the  chosen grid-point  sequence 
results in  a narrow bandwidth and a small number of active columns. As 
a rule of thumb,  the sem ibandwidth of a stiffness matrix is proportional 
to the maximum difference between any two connected grid-point se
quence numbers. (The semiband is defined as the maximum number of 
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TABLE 3 Constants C1 and C2 of Equation (22) 

Pattern I Pattern 2 Pattern 3 
When D,  = 0 O < D, <: 0. 1 5D , O. l 5 D ,  < D, <: 0. 2D , 
(No Cen tral Hole) (Central Hole Present) (Central Hole Present) 
(7 Annuli) (6 Annuli) (5 Annuli) 

n Tn c, c, c, c, c, c, 
I r, 1 . 00 0 1 . 000 0 1 . 00 0 
2 '· 0.80 0 0.7 8 1  0. 2 1 9  0. 76 0. 24 
3 '· 0.62 0 0.586 0.4 1 4  0.54 0.46 
4 '· 0.46 0 0.4 1 2  0.588 0. 34 0.66 
5 r, 0. 32  0 0.257 0.74 3 0. 1 6  0.84 
6 '· 0.20 0 0. 1 20 0.880 0 1 . 00 
7 r, 0. 1 0  0 0 1 . 000 
8 '· 0 0 

columns included from the diagonal term in any row to the most remote 
term inside the band.  Columns of a matrix containing nonzero terms 
outside the band are referred to as "active columns. ") For our sequence , 
this maximum difference is 1 8 . 

The comparison of the normalized eigenvalues (k ' )  obtained from the 
analysis and N A ST R A  N computation is shown in Table 4 .  (It is to be 
noted that the eigenvalues of the same mode shapes should be com
pared.)  By normalized e igenvalues, we mean the eigenvalues of the plate 
having the radius equal to I (k' = ka). Due to the relationship of Eq . ( 2 ) ,  
the percentage difference be tween k't h e o ry and k'N A S T R A  N in Table 
4 is smaller than the percentage difference between the corresponding 
frequencies. The values of k '  are indeed the appropriate quantity to com
pare because the solutions of the resonance equations produce k' values, 
and the frequencies are the secondary quantity obtained from k'. The 
comparison of N A S T R A  N computation results for a flat plate having a 
30-in .  diameter and a 0 .5-in .  thickness, where v = 0 . 2 , and that for a 
spherical plate having the similar dimensions with a 1 78-in . radius of cur
vature is shown in Table 5 .  We note that the eigenvalues of the spherical 
plate are larger than those of the flat plate in the lower modes ; the differ
ences between the two cases diminish as the order of modes increases. 
This trend is expected when one notes that as the order of the mode 
increases, the corresponding spatial period decreases ; within the region of 
the spatial period of the higher order modes, the  spherical plate is  nearly 
flat.  

The comparison of the mode shapes between the flat plate and the 
spherical plate described above shows that the nodal lines and the mode 
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TABLE 4 Nonnalized Eigenvalues of the Flat Circular Plate Simply Supported at Three Points on the Circumference (v = 0.25) 

Type I Mode Type II Mode Type Ill Mode Type IV Mode 
0 20• Rotational (Conjugate (Conjugate (Member of 
Symmetry Mode) Mode-Even) Mode-Odd) Free-Plate Modes) 

Mode 
N Number k'theory k'NASTRAN k'theory k'NASTRAN k'theory k'NASTRAN k'theory k'NASTRAN N 
\0 

2.385 1 .86 2.453 1 .87 2.453 1 . 875 4. 179 3 .54 

2 3 .289 3. 1 1  3.962 3.6 1 3.962 3.6 1 3  7.9 1 8  

3 5 .664 5 . 1 23 4.48 5. 1 23 4.485 
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TABLE 5 Comparison of the Computer-Calculated Values of the Eigenvalues for the Flat Plate and the Shallow Spherical Plate 
with Three Simple Supports along the Circumference 

Type I Mode Type II Mode Type Ill Mode Type IV Mode 
( 1 20° Rotational (Conjugate (Conjugate (Member of Free-
Symmetry Mode) Mode -Even) Mode-Odd) Plate Modes) 

N Flat Spherical Flat Spherical Flat Spherical Flat Spherical w Plate Shell Plate Shell Plate Shell Plate Shell 0 Mode 
Number k'NASTRAN k'NASTRAN k'NASTRAN k'NASTRAN k'NASTRAN k'NASTRAN k'NASTRAN k'NASTRAN 

1 . 86 1 .97 1 .87 1 .875 1 .875 1 .876 3.54 3.55 

2 3 . 1 1  3.49 3.6 1 3.665 3.6 1 3  3 .665 

3 4.48 4.62 4.485 4.62 
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shapes are the same for all practical purposes. Sometimes, though not 
often, some mode shapes, especially the nodal lines, of the conjugate 
modes ( types II and I l l )  appear a little distorted . This occurs mostly 
because the computer outputs the mode shapes that are linear com
binations of the two conjugate modes having the same eigenvalue. Experi
ence with various mode shapes indicates that the mode shapes are not 
strongly dependent on the exactness of the eigenvalues. 

B. C U R V I L I N E A R  B IC U BIC S P L I N E FIT IN T E R PO L A T IO N  S C H E M E 

This section gives a brief sum mary of the curvilinear bicubic spline fit 
interpolation scheme and some typical examples that illustrate the per
formance of the new scheme . The detailed analytical development will 
be presented in another paper [Chi, 1 973 ] . 

The computer solution produces the amplitude of the mode shapes 
at the grid points. A reliable interpolation technique is then required to 
find the values between the grid points, and the bicubic spline fit inter
polation technique is used for this purpose . When the system geometry 
is circular, as the primary mirror is, the currently available bicubic 
spline fit in a rectangular coordinate system [ DeBoor, 1 962 ;  Vogl, 
1 97 1  ] is not conveniently adaptable for the circular boundary region. 
This fact is especially critical when the system has highly discontinuous 
boundary conditions such as the support point around the rim of the 
circular mirror. Furthermore , the choice of the polar grid pattern of 
Figure 5 over the pattern of Figure 4 requires that a new interpolation 
scheme be developed .  

The bicubic spline fit interpolation technique , which i s  becoming 
increasingly popular, is adequate in many instances of engineering design ; 
it precisely interpolates functions up to the third degree in each coordi
nate axis and is sufficient to accommodate the physical surface ( t/1 )  that 
is expressible by the double Laplacian equation 

(23) 

provided that the region is  subdivided into sufficiently small patch areas. 
We have extended the currently available bicubic spline fit scheme in 

the rectangular coordinate system to the scheme suitable for the polar 
coordinate system. In doing so, we have added a feature that has 
physical significance. It is to be noted that physical laws are based on 
the length as the basic unit (all the differential equations describing 
the physical phenomena are differentiated in terms of the length) .  
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232 S P A C E S Y ST E M S 

Therefore, we have taken the radial length (r) and the arc length (FU') 
as the basis of the interpolation . 

There are two approaches to take when developing the interpolation 
function in the polar coordinate system : one is to express the interpola
tion function in terms of (r) and (8) ,  as shown in Figure 7(a) , and the 
other is in terms of (i') and (rif) , as shown in Figure 7(b) . In the first 
approach, the formulation essentially requires the replacement of x. y 
variables in the rectangular coordinate system by r, () variables, respec
tively, in the polar coordinate system . In most applications involving the 
physical system, however, the latter formulation is more meaningful and 
implicitly takes the patch shape to be that shown in Figure 7( b) instead 
of that in Figure 7(a) .  The latter approach is used in the present scheme . 

The region of the polar patch is defined by 

R;; :r; <. r < r; + 1 and 8; <. 8 < 8; + 1 , 

where ( from Figure 8) ,  

r; = a ,  r; + 1 = (3 ,  

- - - t----!----1� 

(a) (b) 

FIGURE 7 (a) Shape of the patch when rectilinear coordinate (r8) is  
used. (b) Shape of the patch when rectilinear coordinate (r, r8) is used. 

(24) 
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and within each patch is defined the curvilinear bicubic polynomial, 

3 3 
T(r, 8) = E L Cmn (r - aY" (r8 - ariY' ,  m = O n = O  

where a, 11 are constants. 

(25) 

The 1 6  members of Cmn of Eq. (25 ) are to be found in each patch 
by imposing the requirements that 3 2 T/3r2 and (3/r38 ) ( 3 T/r38 ) are con
tinuous at the four grid poin ts of the patch , R;j (or three grid points of 
the wedge-shaped patch, Q;j) ,  shown in Figure 8. 

Imposition of the above conditions results in three sets of recursion 
formulas: 

bi _ 1 P;,J _ 1 + a/'ti + b/'1.1 + 1 = Xt,J• i = 0,1 ,2, . . . N 

ft - 1 qi - l , i + e�i. / + ftqt + 1 ,1 = Yt, J• i = 0,1 ,2, . . .  M , (26) 

bi - 1 S;, j - 1 + ap ;,j + bjsi,j + I = Z;,j, j = 0,1  ,2 , . . .  N 

where (see Figure 9) 
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aT(r;,Oj) 
P;; = a(rO) 

aT(r1,0;) 
q;- = I ar 

L 
k; - 1 + k;] a, = 2 --'----'-

(k; _ J ) (k;) 

1 
b; = ;: 

I [ h; _ 1 + h;] e1 = 2 
(h; - d (h ;) 

X;,; = (�) [(k:)2 (T;,; + 1 - T;.;) + 
(k; � 1 )2 ( T;,; - T;,; - 1)] 

Y;,; = (:;)2 (T; + 1 ,; - T;,;) + 
(h ; � J )2 (T;,; - T; - 1 ,/) 

Zt,j =(� )[(k:)2 (Q;, ;  + I - Q;, ;) + 
(k; � d (Q;, j - Q;, ; - �)] 

- (�)2 [��;)2 f:;. ;  + 1 - T;, ;] + 
(k; � d (T;, ; - T;, ; - �] 

• (27) 

The matrix of coefficients in each set of the simultaneous equations 
is a symmetrical matrix ; p;J . Q;,i , and s;,; . obtained from Eq. ( 26) ,  are 
used to find the coefficients Cmn in Eq . (25 ) .  

In general , the recursion fonnulas of  Eq .  ( 26) require the boundary 
conditions at both ends of the lin!! over which the interpolation is per
fonned. These boundary condi tions are either the derivative at the end 
grid points or the ampli tude at an extra grid point outside the l ine over  
which the interpolation is performed. Usually , these boundary condi tions 
are not known, and arbitrary (or some reasonable) boundary conditions 
are then imposed in order to proceed with the interpolation. Conse
quently ,  these arbi trarily imposed boundary conditions are the most 
important source of error in the interpolated values, and this e rror is 
most pronounced in the region close to the boundaries. 
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• 

In the polar coordinate system, the boundary conditions are needed 
in 0 direction because, as shown in Figure 1 0  ( top) ,  the boundary con
dition for the endpoint N is the amplitude at the grid point 0, and the 
boundary condition for the endpoint 0 is the amplitude at the grid point 
N. The fact that arbitrary boundary conditions need not be made is an 
advantage when performing the interpolation in the polar coordinate 
system. 

When the interpolation is performed in r direction,  boundary condi
tions must be specified at the endpoints N and M, as shown in Figure 
1 0  (bottom) .  The performance of the curvilinear bicubic spline is illus
trated by performing interpolations for two test functions:  one is a 
hemisphere (radially symmetrical function) , and the other is a displaced 
hemisphere (asymmetrical function) .  

The isometric drawings of Figures 1 1  and 1 2  show a hemisphere and 
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FIGURE 10 (Top) Boundary conditions for the recurrence formula 
in r8 direction. (Bottom) Boundary conditions for the recurrence for· 
mula in r direction. 

a displaced hemisphere ,  respectively , which are based on the interpolated 
values between the polar grid points. The functions representing the hemi
spheres were sampled at the grid points of the polar grid pattern shown 
in Figure 5 .  Specifically , 5 equally spaced rings (and the center point) 
and 1 2  equally spaced diameter lines were used. The isometric plotter 
scans the functions of the hemispheres in the rectangular coordinate 
system and requires the interpolated values along the straight lines in the 
x-y coordinate system. These drawings serve to illustrate the working of 
the interpolation on the qualitative basis. 

This work was supported by the National Aeronautics and Space Administration under contracts 
NAS l -9759 and NAS l -1 1 205. 
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FIG U RE 1 1  Isometric drawing of  a hemisphere based on the curvilinear bicubic spline fit inter
polated values. 

FIGURE 1 2  Isometric drawing of a hemisphere that is displaced 40% of the radius on the 
x direc tion. 

y 
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W .  E .  H O W E L L  

RECENT ADVANCES IN 
OPTICAL CONTROL 
FOR LARGE SPACE 
TELESCOPES 

Introduction 

I f  a large space telescope is to be as effective as possible and is to yield 
as much scientific information as possible it m ust have optics that per
form at their theoretical maxim um throughout their lifetime .  We may 
take two approaches to this requirement . F irst , we may fabricate a 
mirror and anticipate variations in the figure caused by a change from 
I g to zero g and from thermal loading caused by changes in equipment 
and usage and changing orientation relative to the sun . As a second ap
proach, we may recognize these as somewhat random , unpredictable 
effects and attempt to regulate the surface of the mirror to the desired 
diffraction-limited quality . It is this second approach that has been pur
sued at Langley Research Center and through various contractual efforts 
with industry and that is discussed here . 

To implement this technique requires that the deviation of the mirror 
figure from the desired shape be measured , control signals generated , 
and forces applied to the mirror to align it physically to the desired 
sh�pe . This is depicted in Figure I for one concept. A laser interferom-

The author is at the N A S A  Langley Research Center, Hampton, Virginia 23365 .  
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- - - _ l�<>ming l ight 
- -

..-

...,...- _... � F igure sensor 
_..... _..... beam 

- - -

FIGURE I Schematic representation of a system for control of the optical surface of a telescope 
primary mirror. 

eter is placed at the center of curvature of the primary mirror. From 
this vantage point it  can measure the deviation of the mirror from the 
desired shape and relay these signals to the control electronics, which 
processes these raw data . The control electronics generates and relays the 
proper commands to a set of actuators on the rear of the mirror to bring 
it to the desired shape. The m irror itself may take one of two forms. I t  
may b e  a segmented mirror, a s  depicted i n  F igure l ,  i n  which each seg
ment must be properly aligned with the others to effectively produce 
one large m irror, or, under an alternate arrangement, the mirror would 
be a single piece and the actuators would stress the mirror to the desired 
shape. Both techniques have been implemented and evaluated . 

The four major areas of the system are , therefore , the mirror and its  
support , the control laws,  the figure sensor, and , final ly,  the actuators. 
Each of these areas will be discussed starting with the alternate mirror 
concepts. 

Experimental Results 

S E G M E N T E D  M I R R O R  

The experimental segmented mirror i s  shown in  F igure 2 .  I t  began as a 
5 6-cm (22-in . )-diameter blank , 1 0 .2  em (4 in . )  thick . It was ground and 
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FIGUR E 2 The 56-em-diameter segmented mirror wi th actuators and white-light inter
ferometers. 

24 1 

polished to an f/3 . 5  sphere , which was then cut into three pie-shaped 
segments as shown in the photograph. Each segment is controlled in  
two axes  of tilt and one of focus by three actuators ,  one of which is  
visible in the upper left-hand comer. The devices on the edge of the 
front  surface are white-light interferometers to resolve the integral wave
length ambiguity inherent in the laser interferometer. For a detailed 
d escription of its operation , see Robertson et al. [ 1 966 ] and Robertson 
[ 1 967 ] . 

Several techniques were used to evaluate the performance of this ac
tively controlled system ; however, the photographs of F igure 3 give a 
good indication of its performance . For this test, an i l luminated 0.0005-
cm (0.0002-in . )  pinhole was placed just off the optical axis of the m ir
ror and the return image examined . During the first part of the test, the 
segments were intentionally misaligned , which resulted in the three 
images shown on the left-hand side of the figure. Note the elliptical 
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FIGURE 3 Images of poin t source located a t  center of curvature of segmented mirror. Left 
segments misaligned, right segments aligned. 

shape of the images that result from the diffraction characteristics of 
the pie-shaped elements. During the second part of the test , the seg
ments were aligned , which resulted in the characteristic Airy disk on 
the right .  Note that some anomalies can still be seen in the first bright 
ring. Both of these photographs are reproduced at the same plate scale.  
From this and other data in Robertson [ 1 966,  1 967 ) i t  has been con
cluded that the rms error on this mirror was less than ""A./S O (}.. = 0.63 28  
J,tm ) during the  closed-loop operation of the active control system. 

F L E X I B L E  M IR R O R  

The mirror used to investigate the second o r  flexible mirror approach is 
shown in Figure 4. This is a 76-cm (30-in .) diameter //3 ,  spherical mirror, 
which has had its thickness reduced (after figuring) to 1 .27 em ( I  /2 in . ) .  
There are three support points for this mirror located symmetrically 
around the edge and so arranged that they do not overconstrain the mir
ror. Fifty-eight actuators are evenly spaced over the rear of mirror on 
9 .46-cm (3 .75-in . )  centers. Each of these actuators is capable of exerting 
±400 g ( I  lb) of force on the mirror. The actuators are supported by the 
backing plate , which also provides the reaction force. 

The results of this approach are summarized in Figure 5 .  In the upper 
left-hand side of the figure is an interferogram of the mirror taken 
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FIGURE 4 Flexible activ&-optics mirror. 

shortly after the system was set up with no constraints applied by the 
actuators. Just below it is an image of a point source located , as before,  
at the center of curvature of the mirror. The interferogram indicates an 
rms error of approximately ""A./2 ("'A. = 0.63 28 pm) .  On the right-hand side 
of the figure are the corresponding photographs taken after the mirror 
was stressed into shape. Some dark areas can be d istinguished in the in ter
ferogram , especially on the right side ,  indicating remaining errors; how
ever, the image of the pinhole is of very high quality and greatly superior 
to the original image . The fine-line structure that may be visible in both 
interferograms is  due to optics internal to the interferometer and is not 
a part of  the error of the mirror. The final mirror error was less than 
""A./50 .  A complete description of this system and its characteri stics is 
contained in Robertson [ 1 970] . 
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FIGURE 5 Flexible mirror interferograms an d  images. Left, as originally installed ;  right, 
after alignment by the control system. 

Theoretical Considerations for Flexible Mirror 

M J R R O R -C O N T R O L -S Y S T E M  C O N C E P T  

At this point the basic feasibility of either approach has been shown ; 
however, there are some rather obvious questions that need answering. 
First is the question of tradeoff between the segmented-mirror approach 
and the single-piece concept. The segmented approach has the advantage 
that very large mirrors can potentially be orbited , since the segments 
could be stacked for launch and the telescope assembled in orbit . A dis
advantage is that all segments are off-axis aspherics, which m ust be 
matched very precisely . The single-piece concept, however, need not be 
a radical departure from present m irror design and can probably attenu
ate errors to an even greater extent than the segmented concept .  For 
these reasons, the major emphasis at Langley Research Center has been 
toward analyzing and developing the latter approach. The most critical 
questions concerning this latter approach are listed below : 
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I .  What are the minimum number of actuators required to reach a 

given level of figure accuracy? 

2 .  Where should these actuators be placed for maximum effect? 

3 .  Under what conditions can we guarantee dynamic stability for 
the highly coupled , interacting system? 

To answer these questions, a mathematical representation of the mir

ror and control system was needed .  The development of this model is 
covered in detail in Creedon and Lindgren [ 1 970 ] ; however, the idea 

that was followed can be understood most easily by considering the 

two-dimensional example for a beam . First , the need to analyze and ac

count for the dynamics of the problem led naturally to the representa

tion of the beam in terms of its vibrational modes. For the simply 

supported beam in Figure 6 these are of the form 

where 

Yn = qn sin (mr/2)x;  n = I ,  2 ,  3 , . . .  , 

y, = deflection at point x on the beam due to the n th mode, 

q, = mode coefficient for the n th mode, 

n = mode number, 

L = beam length . 

( I ) 

If it is assumed that this beam is disturbed by a uniformly distributed 

load , it will deflect as indicated in Figure 6 ( top) . This deflection may be 

y 

De f le e t  ion of a Beaaa Under a D i s turbance Load of p kg/• 

y 

t 
fl i i f ' CL. l i *1- X 

"" 2 JL
2 

L 
y • Yt • liEi (X • 4) ; 0 _:: x _:: z 

De f lec t ioa of a Unifor..ly Loaded Bea• \li th Concentrated Corre c t ive Load " 

FIGURE 6 Effect of correcting a beam disturbance by a concentrated load. 
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expressed in tenns o f  the mode shapes o f  Eq . ( I ) , and the first six coef
ficients of this series are listed in Table I under the heading qN.  To 
counter this disturbance, an actuator, which pushes up with a force a, 
is placed at the center of the beam. The result of this operation is shown 
in Figure 6 ( bottom) ,  and the modal coefficients for the point load are 
tabulated in Table I under the heading AN . 

Now comes a critical point in the design : the selection of a control 
law , or how hard should you push with the force a? At least three cases 
present themselves as reas�nable alternatives : 

Case 1: Push until the center of the beam has zero deflection . This 
requires a force a =  0.625 pl and results in 97% of the nn s  error being 
removed . 

Case II: Push until mode one is zero . (This is referred to as modal 
control . )  This requires a force a =  0.637 pl and results in 98 .5% of the 
nns error being removed . 

Case Ill: Apply sufficient force to the beam to minimize the nns de
flection . This is referred to as an optimal control law and requires a 
force a = 0.636 pl approximately . The nns error is again reduced by 
98.5%.  

For this example the second case (modal control) comes within 1% 

of the optimal and , as wi l l  be shown later, provides considerable insight 
into problems of actuator placement and the number of actuators 
required . 

Since it is not generally possible to describe the modes of a given mir
ror by elementary functions, it is necessary to use numerical procedures 
to obtain estimates of the mode shapes and eigenvalues. This results in 
a finite number of modes being used to represent the mirror. These can 
be obtained through computer programs such as S A M  IS or N A S T R A N  

TABLE 1 Modal Coefficients for Beam 

qN aN 
Modal Coefficients Modal Coefficients 

Mode for Disturbance for Corrective 
Number (Uniform) Load (Point) Load 

I 0.6535 X 1 0·•  pL -0. 1 026 X 1 0· •  a 
2 
3 0.2689 X 1 0·• pL 0. 1 267  x t o·•  a 
4 
5 0.209 1 X 1 0- s  pL -0. 1643 X 1 0·• a 
6 
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[ see Melosh and Christiansen , 1 966 ; MacNeal , 1 970) . They may also be 
obtained experimentally [ Robertson , 1 97 2 ) . The numerical results 
presented in this paper are based on data from S A M  I S . When obtaining 
these estimates it is necessary to discretize the structural model of the 
mirror. The model used for this analysis is shown in Figure 7 and dis
cussed at length in Creedon and Robertson [ 1 969 ) . From this structural 
model,  numerical estimates of the eigenvectors and eigenvalues were ob
tained for use in the control-system evaluation. The principal restriction 
of the d iscrete model is that it restricts the designer's freedom to the 
extent that actuator effects can only be evaluated at the node points of 
this model .  For this model,  therefore , there are 58  possible locations at 
which actuators can be placed . 

M IR R O R -C O N T R O L -S Y S T EM D ESC R IPT ION 

Figure 8 shows a b lock diagram of the mirror, figure error sensor, and 
actuators as they appear in a finite modal representation . The mirror i t
self is represented by the five blocks (matrices) labeled HN and HR , >..N 

and ).R , and UM. The superscripts N, R ,  and M have the relationship 

N + R = M, (2) 

where 

N = number of controlled modes (numerically equal to the number 
of actuators) , 

M = total num ber of modes used to model the mirror, 
R = remaining modes, 

lJM = matrix of eigenvectors. 

In the physical world , the actuator forces (aN ) are translated directly 
into mirror figure displacements (W) ;  in the mathematical model , the N 
forces are transformed by the HN and HR matrices into a set of force 
coefficients (aN and aR ), respectively, in the modal domain. These force 
coefficients are then transformed by the >.. matrices into the modal co
efficients of d isplacement .  These coefficients, generated by the control 
system , are summed with the coefficients representing the error that 
previously existed on the mirror, and the result,  denoted by eN and CR 
is transformed by UM into the final displacement, W, according to the 
relationship 

(3) 
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FIGURE 7 (a) Grid breakup used to analyze the structural response of the 76-cm thin mirror. Point A is constrained in y, z; B in z; C in x, y, z, (b) Grid 
arrangement and numbering used for control-system analysis. 
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To combine this model into a control system requires a sensor to mea
sure W. The output of this sensor is then transformed into the modal 
coordinate system by the proper transformation , which is to operate on 
its output by [ UM r • . Since N actuators can control only N modes, the 
subset of the N selected modes to be controlled is usually all that is gen
erated . In general , one would normally control only the first, or lowest , 
N modes. The lowest mode is that eigenvector associated with the low
est eigenvalue, or, in general, the eigenvectors are ordered according to 
a hierarchy established by the eigenvalues. 

The N modes to be controlled are then fed through the dynamic com
pensation DN in which the proper gains and dynamic compensation are 
applied to each mode independently. If a type-one control system is 
used , as will be specified later, then each diagonal element of DN corre
sponding to one channel of the decoupled controller will contain an in
tegration. By making the control system a type-one system , the error in 
the first N modes is driven to zero . That is 

CN = 0;  i = I , 2,  3 ,  . . . N. (4) 

This means that the final error in the mirror is made up of the algebraic 
sum of the externally induced error in the higher-order (uncontrolled) 
modes, and the error generated in these modes by the control system.  

The output of DN , denoted aN , i s  in  the modal domain. In  fact, this 
output is a set of modal coefficients that describe the desired force 
patterns to be distributed on the mirror. To change these to discrete 
forces, which is the way they must be applied to the mirror, the values 
of aN must be transformed by multiplying by [HNr • ,  which also ac
counts for the effect of the physical mechanism through which the 
actuator applies a load to the mirror. This completes the description of 
the control system. For a more complete and rigorous discussion see 
Creedon and Lindgren [ 1 970] . 

A C T U A T O R  P L AC E M E N T  C R IT E R IO N  

In the example of the beam , it was fairly obvious that i f  you could use 
on ly one actuator then it should be placed at the center of the beam. It 
is also fairly obvious that if you have a complicated structure and asso
ciated mounting system , such as an astronomical mirror, and you are 
given several actuators that their placement for best results is anything 
but obvious; however, it is critical. 

To fully optimize the actuator locations would require a priori knowl
edge of the mirror error; however, changes in this error can cause sig-
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nificant changes in the performance of the mirror. Since changes in the 
mirror error are expected during operation of the telescope, this deter
ministic approach is not suitable. An alternate approach is to place the 
actuators in such a manner that they can counter the error in the first 
N modes but require that they generate minimum error in the higher
order, uncontrolled , modes. This is referred to as an uncorrelated treat
ment of the errors as opposed to the previous deterministic approach. 

As shown in Creedon and Lindgren [ 1 970) , equations (40b ) through 
(43b) ,  the expected performance , J, may be determined by evaluating 
the expression 

N 
J = 'E �l aql + JR. , (5) 

i = I 

where 

J = final mean-square expected error, m 
JR . = mean-square error in the uncontrolled modes = L oq/ , I = N  + I  

oq;2 = variance of the error in the ith mode, 

�;2 = the diagonal elements of the matrix 1/1 transpose 1/1 

Here, of course , a fmite number of modes, M,  is assumed as opposed to 
an infmite number in Creedon and Lindgren [ 1 970 ) . One would select 
that  set of actuator locations that minimizes /;  however, this semiem
pirical approach should be checked as many ways as possible to ensure 
that none of the assumptions leading to it have been violated . The two 
major assumptions are that the structural model is sufficiently fine and 
that the errors are truly uncorrelated . 

Based on numerous examples, it has been found that locating the 
actuators near the node lines of higher-order modes tends to minimize 
the control-system-generated error. That is, if four actuators are to be 
used, they should be located on or near the node lines of modes S ,  6, 7 ,  
and so forth. For instance , in  the example of the beam, placing the 
actuator in the center of the beam precludes generating any error in the 

even-numbered modes. 
The technique of modal control was applied to the mirror of Figure 

4. The results of this application are fully discussed in Robertson 
[ 1 972 ) . 
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N U M B E R  O F A C T U A T O R S  R E Q U I R E D  

Under the assumption that i t  i s  desirable to place actuators o n  the mir
ror in a pattern that generates m inimum error in the uncontrolled 
modes, an estimate of the number of actuators required for a given final 
error can be obtained by answering the following question. If all the 
error in the first N modes is removed by the control system and no addi
tional error is generated , (f/>;2 = 0 ;  i = I ,  . . .  N) how good will the per
formance be? This estimate can be obtained by examining a plot of the 
rms error remaining in the higher-order modes versus N. Since they'T, 
Eq . ( 5 ) ,  is the expected rms error, we get 

where 

M 

L oq? ;  N = 0,  1 , 2 ,  . . . M, 

J1 = expected rms error of the mirror under the assumption of un
correlated errors. 

(6) 

This plot for the error of the mirror in Figure 4 is shown in Figure 9.  
For instance , if four actuators were used (N = 4), an error of 0.433X 
would be estimated as compared with the original error of 0.64X rms. 
Of course, it remains to demonstrate that there exist actuator locations 
that meet these requirements. 

E X A M P L E S  O F AC T U A T O R  P L AC E M E N TS 

For the mirror of Figure 4 and its structural model of Figure 7 ,  numer
ous actuator arrangements were evaluated based on the previous theo
retical considerations. For 1 ,  2 ,  3 ,  and 4 actuators, all possible combi
nations of actuator patterns were tried . Those patterns that minimize 
Eq . ( 5 )  for each set of actuators are shown in Figure 1 0. The oq;

2 used 
in Eq . ( 5 )  were the q; 2 of the mirror in Figure 4. An actuator arrange
ment for seven actuators is also shown ; however, the search pattern was 
restricted to only 1 8  possible locations. These locations were chosen to 
be near the nodes of modes 8 ,  9, and I 0. 

Using the original error on the mirror, as seen in the left-hand side of 
Figure 5 ,  the final errors were calculated . These errors are shown beside 
each actuator pattern. The top number of the trio represents the error 
predicted by Figure 9, the center number represents the calculated fmal 
error under the modal control law for the particular initial error of 
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FIGURE 9 Estimated nns figure error (wavelengths) after N actuators, 
assuming uncorrelated errors. 
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Figure 5 ,  and the last number represents the error under the optimal 
control law . The units are rms wavelengths at 0.6328 J.im and the orig
inal error was 0.64 wavelength rms. 

These examples indicate that Figure 1 0  provides a good engineering 
estimate of the reduction in error a given number of actuators will 
achieve for a given error distribution . The seven-actuator case also shows 
that it is possible to find suitable locations without resorting to exhaus
tive searches as was done for 1 ,  2 ,  3 ,  and 4 actuators. 
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0 l nd ic .t h· •  Ac tuator  Loca t i on 
b. J nd i c a t,•s Support Point  

S P A C E S Y S T E M S 

FIGURE 1 0  Actuator locations that  generate m inimum expected error in h igh-order modes. 
Top numbe r  indicates error p redic ted by F igure I 0 ( rm s  wavelengths). cen ter  number indicated 
calculated error under modal con trol law, last number  indicates e rror under optimal control 
law. 

Another point that F igure 9 shows is that it is desirable to concen
trate most of the mirror errors in the lower-order modes so that the con
trol system can have maximum effect. The most probable way for errors 
to get into the higher-order modes is during the figuring process when 
the m irror is worked with small laps. 

S U M M A R Y  O F  D E S I G N P R OC E D U R E  

The suggested design proced ure for an actively controlled mirror can be 
outlined as follows: 

I .  Select a candidate mirror and its mounting arrangement. 
2. Structurally model the mirror and its mount for one of the avail

able numerical programs and determine its eigenvectors and eigenvalues. 
3. Estimate the variance of the expected errors in each mode 

(oq? ) and plot 
M 

L oql versus N to use in estimating the number 
i =  N + I  

of actuators required (similar to Figure 9) .  
4.  Select sets  of appropriate trial actuator locations and evaluate Eq . 

(5 ) ,  retaining for further analysis those sets of actuator patterns that 
yield minimal expected error. 
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Figure Sensor Concepts 

The figure error sensor, which determines the deviation of the mirror 
f.�gure from the desired shape, was originaUy an automatic laser inter
ferometer located at the center of curvature of the primary mirror. 
This device is described in Robertson et a/. [ 1 966] ; a later version to 
work with aspheric primaries is discussed in Crane [ 1 969 ] . A second 
concept, which allows the laser interferometer to be placed behind the 
primary mirror, is being developed and is described in Erickson [ 1 970, 
1 972 ] . These two concepts are shown in Figure I I . The upper sche
matic shows the center-of-curvature sensor in which a collimated laser 
beam is split into a reference path that is modulated and an alternate 
path that is directed toward the primary mirror through a confocal lens. 
This latter beam is reflected by the primary mirror and returned to the 
confocal lens, which now recollimates the beam . The beam splitter re
combines the two beams to form an oscillating interference pattern on 
the sensor (image dissector) . 

Re fe rence � � 
Mod u la tor ._0 

I 
I 

La s e r  -c::::J:7--).!'-_ 

Bum Sp U t te r  �rS "C
onf::::! Sensor u-

Cente r - o f - Curva t u re F i gure E rror Sensor 

Weak Zone Pa t t e rn  

99 . 997. 

Zone P l a te F igure Sen sor 

FIGURE I I  Conceptual diagrams of laser interferometer figure error sensors. 
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In the second method , a slightly different optical arrangement i s  used 
to direct the beam out of the central hole of the primary mirror. Almost 
all of this light is reflected out the telescope ; however, a very light zone 
plate is impressed on the primary mirror and some of the energy is dif
fracted back to the optics behind the primary mirror, where it can be 
used to again form an interference pattern depicting the mirror errors. 
A third technique, which is presently receiving attention, is the use of 
the star image itself as a measurement source .  Various tests of stellar
image quality are being considered as potential replacements for the pre
vious techniques. Table 2 summarizes the above three methods as to 
type , basic measurement ,  their advantages and disadvantages. 

Actuators 

The final part of the active control system is the actuator that positions 
the mirror-in the segmented case-or stresses it-in the flexible case. 
These two concepts require two d ifferent types of actuator. With seg
ments, it is desirable to position the elements to within X/5 0, while the 
flexible mirror concept requires a force. Two separate approaches to a 
space qualifiable position actuator were tried [ LaFiandra, 1 969 ;  Fair-

TABLE 2 Figure Error Sensor Comparisons 

Laser Interferometer Laser Interferometer S tellar 
Type at Center of Curvature at Focal Plane Source 

Basic Primary mirror only Primary + twice Primary + 
measurement secondary secondary 

Major Well developed Can probably test Tests complete 
advantages secondary directly system 

Easily interpreted 

Tests complete Probably best long-
system term solution 

Major Requires long structure Requires primary to Undeveloped 
problems be engraved 

Secondary obscures primary Only partially Interacts with 
developed cont. system 

Must test aspheric 
wavefront Usable only on 

bright stars 
Cannot see final error 
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child Hiller, 1 968 ,  1 969 ) ; however, they met with only limited success. 
In both approaches, the actuators had the characteristic that when com
manded to move in one direction they moved in the opposite direction 
frrst , then in the desired direction . While not intolerable, this is unde
sirable. There has been no attempt to develop a space-qualifiable force 
actuator. The differential spring actuators used in the laboratory experi
ment are covered in Robertson et a/. [ 1 966 ) and Robertson ( 1 970 )  and 
are significantly different from the piezoelectric stepping concepts cited 
in LaFiandra ( 1 969 ) and Fairchild Hiller [ 1 968 , 1 969 1 ; however, they 
are bulky, use considerable power, and are not ideal candidates for space 
use. This author feels that the lack of a good , sound concept for a space
qualifiable actuator is presently the weak point in an extremely sound 
and desirable system . 

Conclusions 

The basic components and technology needed to analyze and actively 
control telescope mirrors has been developed and demonstrated . Refine
ment of components and techniques is required to realize the full po
tential of a working system ; however, it is possible today to build large 
telescope mirrors of diffraction-limited quality and guarantee that qual
ity throughout the operating environment by using active control. 
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F R E D  S T E P U T I S  and H A L  N Y L A N D E R  

LARGE SPACE TELESCOPE 
SUPPORT SYSTEMS 
MODULE AND ORBITAL 
OPERATIONS 

Introduction 

Orbital support and operation of the Large Space Telescope (L S T )  is an 
appropriate subject for development in the next phase of the U.S.  space 
program , which will be dominated by the use of the Space Shuttle. The 
L S T  will be one of the Space Shuttle's prime payloads and will take ad
vantage of Shuttle capabilities for launch, on-orbit checkout, and peri
odic maintenance . Design studies have been conducted for a Support 
Systems Module (S S M ) for the L S T . Such a module will have applica
tion to a variety of future astronomy programs;  however, the concept 
discussed herein is specifically for support of the LST . 

The LST is a 3-m diffraction�limited Ritchey-Chretien Cassegrain op
tical system with a primary focal ratio of f/2 .2  and a system focal ratio 
of fl 1 2 . Instrumentation consists of imagers and spectrometers; spectral 
coverage is from 900 to 20000 A. Observations will be made of stellar 
objects, planets, and possibly comets or other targets of opportunity. 
Operational life of the L ST will be 1 5  years,  with a launch by the Space 

The authors are at the Martin Marietta Corporation, Denver Division , Denver, 
Colorado 8020 1 . 
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Shuttle . It will be maintained by the Space Shuttle crew, on scheduled 
and nonscheduled flights. Compared with previous orbiting astronomy 
vehicles, the L S T  is larger ; has more critical requirements for pointing, 
stability , thermal control,  and data management ; and has a longer oper
ational life .  To support these requirements, more complex systems are 
required than for any previous instrument. The operational goal of the 
L S T  is to provide maximum observations, using existing technology to 
a large degree. 

Support Systems Module Technology 

Several N A S A  agencies and many contractors (representing a variety of 
technologies) are currently involved in L S T  programs. Because concept 
development and feasibility assessment are the major areas of progress 
to date , there are many different concepts of the L S T  and its required 
support systems. The concepts presented herein are for a module to sup
port the Itek Corporation's 3-m diffraction-limited telescope, with an 
instrument package designed by Kollsman Instrument Corporation. The 
support functions are mostly automated, because ground contact is 
intermittent.  Astronomers will be able to transmit operational programs 
to the module and receive some return data in near-real time. These 
data will permit updating of instrument adj ustment and observational 
programs, thereby satisfying the prime requirement of controlling and 
managing the data on a continuous basis. 

Orbit Selection 

A number of important orbital parameters were considered . A 330-
naut mile altitude with a 28.5° inclination was selected based on Shuttle 
maintenance convenience , orbit lifetime,  and viewing considerations. 

Configuration Selection 

Configurations were studied based on various types of maintenance op
eration . Two configurations for on-orbit maintenance (pressurized ac
cess for the astronaut and unpressurized access using manipulators and 
teleoperators) and a configuration for ground maintenance only were 
considered . The estimated weights for the different  configurations var
ied only slightly. The pressurized maintenance configuration was 
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selected ; additional studies will be required to determine the optimum 
conf.guration. 

M A I NT E N A N C E  

The selected configuration permits maintenance by  the Space Shuttle 
crew. The pressure shell provides meteoroid protection without weight 
or cost penalty, compared with alternative schemes. This concept pro
vides efficient on-orbit maintenance, conducted at the subassembly re
placement level in a shirtsleeve environment . 

PO I NT I N G  A N D  STA B I L I TY 

Target acquisition, pointing, and stability of the L S T  are critical con
siderations. The requirement for fine control at low frequency may be 
accomplished by articulating the secondary mirror of the telescope, if 
the basic vehicle does not achieve sufficient pointing performance. The 
attitude fine-error signal for both module and mirror would be fur
nished by the telescope focal-field fine-star trackers. The S S M  uses a 
coarse sun-sensing system for initial orientation and the star trackers 
within the S S M , which permit acquisition of the telescope guide stars. 
Attitude control is accomplished by a momentum exchange system in
volving control-moment gyros. 

TH E R M A L  C O N T R O L  

Two o f  the requirements almost dictate that thermal control be passive : 
the dynamics of pumps and fluid flow appear to be intolerable to tele
scope stability, and , for a 5-year lifetime, reliability of active systems is 
not good . A passive system offers options that will result in overall sys
tem compatibility and performance goals. Heat sources will have radia
tion paths to the outside.  Auxiliary temperature control will be 
provided by louvers and heaters located in the module's surface, to 
satisfy temperature stability. A requirement for random orientation of 
the S S M  means that heat rejection m ust occur, even on the module's 
sun side. This will be accomplished by optical solar reflector (OS R )  
coatings. 

D A T A  M AN AG E M ENT A N D  C O M M U N I C A T I O N S  

Because o f  the long on-orbit life ,  photographic film could not b e  re
trieved in a timely fashion or safely stored for the operational time 
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period . Therefore ,  the entire output of the scientific instruments will be 
digitized . Direct readout of the data stored on the image tube is con
sidered possible when ground stations are within range . Commands and 
observation programs will be stored in an airborne computer. 

Scientific Objectives and Design Considerations 

The L S T  will bring a versatile complement of state-of-the-art spacebome 
instruments to bear on the study of astronomical and astrophysical 
problems. 

Scientific objectives will req uire full use of L S T  capabilities and ad· 
vantages, such as high spatial resolution due to elimination of atmo- . 
spheric disturbance ; broad unimpeded , high and low spectral resolution 
coverage free from atmospheric constraints :  high temporal resolution : 
extended observing t imes and full sky coverage ; and extended ( 1 5-yr) 
operational lifetime. 

The mission elements that must be optimized to accomplish LST ob
jectives successfully include the Optical Telescope Assembly (O T A ), Sci
entific Instruments ( S I ) ,  S S M , and mission design and operations. 

Some L ST design characteristics that must be established, consistent 
with the scientific objectives, are data handling, processing, storage, trans· 
mission , and management requirements; slewing rates, pointing and 
guiding accuracies, and offset search and guiding needs;  optical, thermal . 
and mechanical stability ; power and thermal considerations for space
craft attitude constraints; and type and freq uency of optical tests, cali
brations, and observational controls. 

Other considerations for L S T  operation include assessing orbital en
vironmental effects, evaluating possible L S T -limited performance, spec
ifying reliability requirements, and assessing thermal effects on L S T  
optical performance. 

Optical Telescope Assembly Objectives 

The burden of the L S T  design effort centers on considerations of the 
Optical Telescope Assembly (O T A )  subsystem .  Primary scientific objec
tives require optimum O T  A performance. 

Optical design of a large-aperture, high-throughput system m ust pro
vide diffraction-limited performance for a broad wavelength range , with 
a field of view sufficiently large to include adequate guide stars. Mirrors 
and mirror surfaces must be precisely figured and monitored and pro
visions made for thermal control. Alignment of the system must be cri t -
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ically maintained under the difficult thermal and mechanical environ
ment. Mirror coatings must have high reflective efficiency from far uv 
to near ir. The projected I 5-yr lifetime imposes extremely severe re
quirements on optical degradation of mirror surfaces. 

Stability of the OT A subsystem must be ensured under normal L S T  
operations. Protective elements m ust b e  adequate t o  ensure proper 
mechanical, thermal, and radiative conditions for O T  A components. Ad
equate sensors m ust be integral parts of the O T A subsystem to test and 
monitor mirror figure and alignment to provide control of the optical 
surfaces and mirror alignments. 

Scientific Instruments 

The Scientific Instruments ( S I )  package is an assembly of the instru
mentation required to acquire data. The broad scope of the L S T  objec
tives and the diverse radiative characteristics of the astronomical 
sources impose severe requirements on SI capabilities. 

The nature , extent, and types of observational requirements include 
high-resolution and wide-field multispectral imaging, broadband spec
troscopy at high or low spectral resolution depending on source bright
ness, high temporal resolution imagery and spectroscopy on bright 
sources, and extended exposures for imagery and spectroscopy of very 
faint sources. 

These requirements dictate the use of cameras with several image 
tubes of various cathode sensiNvities. Spectral resolution and wave
length ranges are provided by high-resolution echelle and faint-object 
spectrographs using gratings, image tubes, and a Fourier spectrometer. 

Auxiliary equipment necessary to ensure design performance of the 
L S T  subsystems includes guide star trackers to provide pointing and 
guiding accuracies that do not degrade performance of the O T A ,  test 
sensors to detect and m aintain focus and figure tolerances within speci
fied limits, calibration instruments to test achieved spatial and spectral 
resolution, and artificial calibration sources to control intensity and 
wavelength measurements. 

Performance of Scientific Instruments 

The performance of the instruments in the Scientific Instruments assem
bly is given in Tables I and 2. Other instruments in the package include 
guide star trackers, focus sensor, and figure sensor. 

The compactness of the L S T  design is obtained by using a reflector 
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TABLE I Perfonnance of Camera Systems 

Instrumen t 
Cameras 

f/ 1 2  
f/30-slit jaw 
f/96 -Range I 
f/96 -Range II 
f/96 -Range Ill 

Spectral Range 
(nm) 
1 15-550 
1 1 5-550 
1 1 5-340 
1 60-550 
450- 1 1 00 

Field of View 

4 . 7  X 4 . 7  min of arc 
1 3  X 1 3  sec of arc/slit 
35 '< 35 sec of arc 
35 X 35 sec of arc 
35 X 35 sec of arc 

Resolu lion, 
Angular 
(X Airy Disk Diam) 

5.6 
2.5 
1 . 5  
1 . 5  
1 . 5  

and six fold-mirrors to divert energy from the main or A beam radially 
to instruments of the S I .  Five fold-mirrors are located ahead of the 
reflector; one fold-mirror is located aft of the reflector and receives 
energy through an off-center opening in the reflector. Energy for the uv 
spectrograph passes to the principal focus plane through a slit in the re
flector. Location of the data beams is given in Table 3 .  Figure 1 shows 
the fold-mirror location in the fl 1 2  image plane.  

Instrument Locations in Scientific Instruments Radial Compartment 

Instruments must be accessible for replacement or minor repair. This is 
accomplished by d ividing the instruments, electronics, and associated 
drive mechanisms into self-contained modules with a method of dis
mounting for servicing and replacement .  The instruments in the S l  

radial compartment (see Figure 2 )  are serviced through a primary me
chanical interface with the central tube. Each camera is benchmarked 
for location to a flat reference surface, and a quick lock/disconnect 
feature is used to secure replaced instruments in proper alignment with
out need to refocus. 

TABLE 2 Perfonnance of Spectrograph and Interferometer 

Spectral Range Entrance Slot Spectral 
Spectrographs (nm) (sec of arc) >./A>.. 

High-resolution (echelle) I t t 5-180 0. 05-0. 2 X 2 4.6 x t o• 
High-resolution (echelle) II t 80-350 0.05-0. 2 X 2 3 . 0  x t o• 
Faint object 1 t 1 5- t 60-220 0.05-0. t X tO t X 1 0' 
Faint object 11 220-3 5 2-660 0.05-0. t X 10 1 X t O' 
Faint object Ill 660- 1 000 0.05-0. t X t O  1 X 10'  
Mid-ir interferometer 1-3 .5  ,.m 2.S-S.O diam TBD 
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TABLE 3 Positions of Instruments 

To I nstrument 

Spectrograph, 0.22--o.66 I'm 
Spectrograph, 0.66- 1 . 0  I'm 
Mid-ir spectrometer 
Focus sensor 
Figure sensor 
f/ 1 2  camera assembly 
f/96 camera assembly 

Axial Position (in.) 
aft of Primary Mirror 

S ta-56.4 
S ta-56.4 
S ta-56.4 
S ta-56.4 
S ta-56.4 
S ta-7 1 .5 
S ta-66.6 

265 

Radial 
Position (deg) 

225 
1 3 5  
3 1 5  

0 
45 

1 80 
0 

To F. O. 
Spectrographs 
(Rotated) 
To f/12 
Camera 

To f/96 Camera 
Assembly 

To Focus and 
Figure Sensors 
(Rotated) 

FIGURE l Schematic diagram of the fold-mirror location of the 
f/ 1 2  image plane. 
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OTA 
Prl1111ry 
Ring 

FIGURE 2 Instrument locations in SIP radial compartment. 

All instruments in the illustration are shown mounted in their respec
tive angular positions to receive radial data beams from fold-mirrors at 
Sta-5 6 .4 in. The II 1 2  camera assembly is positioned aft of the reflector 
to receive energy from the fold-mirror at Sta-7 1 .5 in. The guide star 
tracker assembly and the 1196 camera assembly receive radial beams di
rectly from the reflector; energy for the 1196 camera assembly passes 
through a central opening in the guide star tracker. 

Because several instruments, such as the 1196 camera assembly , will 
protrude from the envelope of the truss, protection is needed to pre
vent accidental disturbance of these instruments. 

Fold-Mirrors in the Image Plane-Radial 

The optics deliver an image at the focal plane, which is 24 min of arc in 
diameter. A I 0 min of arc diameter central portion of the focal plane is 
near-diffraction-limited and contains the fold-mirrors to receive light for 
the high-resolution scientific instruments (see Figure 3 ) .  The fold-mir
rors are in fixed positions; the entire telescope is pointed to bring the 
target onto the image plane at the desired sensor. The I 0 min of arc 
area is reserved for the 1196 camera, which receives the highest resolu
tion data. The II 1 2  camera receives lower-resolution data within the 1 6  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

S p a c e  O p t i c s :   P r o c e e d i n g s  o f  t h e  N i n t h  I n t e r n a t i o n a l  C o n g r e s s  o f  t h e  I n t e r n a t i o n a l  C o m m i s s i o n  f o r  O p t i c s  ( I c o  I X )
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 7 7 9
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To 1112 
camera 

To f/96 
cameras 

To 
Spectrograph 0. 66 - l O .u  

'-f-.:,.......-+--S i it for 

Five Fold Mi rrors 

Aft 
spectrographs 

on 7 arc-min Diameter 

FIGURE 3 Fold-mirror locations in the f/ 1 2  imqe plane -radial. 
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min of arc field , which is the total field reserved for the scientific in
strumentation. The outer field ( 1 6-24 min of arc diameter) contains 
the guide star sensors. 

Performance Considerations 

Orbit altitude has a dominant influence on launch-vehicle payload ca
pability, orbital decay rate , and trapped-particle radiation environment. 
Lower orbits improve payload capability and red uce undesirable radia
tion environment effects; higher orbits reduce orbit decay rates. 

Ground-station contact time for a set of stations with given geo
graphic locations is a function of orbit inclination, orbit precession, and 
orbit altitude. Increasing orbit altitude increases station view times. 
L S T  data and comm unication subsystem storage capacity and data rates 
must be compatible with orbit-constrained station contact time. 

Target visibility refers to an object that can be seen without violating 
viewing constraints such as occultation by the sun , earth, or moon. 
Viewing too close to these bodies provides an additional constraint be
cause of stray light entering the telescope. Uncertainties in the earth's 
atmosphere,  airglow extent, and earth shine effects resulted in some 
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268 SPAC E S Y S T E M S 

initial arbitrary constraints, later revised as a result of stray-light sup
pression studies and sun-shade modification. 

Viewing time (see Figure 4) is determined by how long an object can 
be viewed without interruption by earth, moon, or sun. For faint ob
jects, viewing time is limited to observations conducted while the L ST 

is in the earth's shadow. Additional limitations are imposed on viewing 
time by spacecraft maneuver rates, settling times, and the requirement 
that data from one observation be transmitted before proceeding to the 
next. 

Viewing Considerations 

V E H I C L E  

Looking close to the sun, moon, o r  earth allows unwanted stray light to 
enter the telescope. A truncated sun shade, with its 45° apex oriented 
toward the dominant stray-light source is designed to limit stray light .  
Target viewing is thus constrained to a sector between line of sight 
(LO S ) , 45° above L O S ,  and 1 3 5° below LO S . This sector places the· sun 
behind and either above or below the L S T . 

With an orbital period of 97 min ,  efficient telescope use requires ma
neuvering to a new object in a relatively short portion of orbit time if 
more than one target is to be viewed . Momentum and torque available 
from control moment gyros (C M G  's)  determine maneuvering rates. Cur
rent design concepts permit two 90° maneuvers in 23 percent of orbit 
time without undue weight and power needs. 

S Y S T E M  

Specific spectrograph slit orientation may be needed to obtain polariza
tion effects. Design options are the following : rotate the instrument, 
rotate the vehicle and decrease solar panel power output ,  schedule tar
gets when vehicle can be rotated without excessive power loss, or add 
another degree of freedom to solar panel or sun-shield orientation. A 
combination of the second and third options appears operationally 
feasible . 

Faint objects may be visible only from earth's shadow with little 
stray light.  Viewing may be within ±5° of earth's limb,  constrained by 
sensible atmosphere and airglow. Bright objects might be viewed from 
the light side, but earth shine may require sun-shade orientation for 
L O S  between +50° and -95° to avoid internal sun-shade reflections. 
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270 S P A C E S Y S T E M S 

Ability for light side viewing adds the operational flex ibility of view
ing multiple targets in a single orbit if object locations permit t ime  for 
L S T  maneuvering, settling, and viewing a secondary light-side target be
fore reorienting for dark-side viewing. 

Constrained Viewing Time 

Target viewing t ime ,  measured in degrees of orbit travel in each direc
tion from the target longitude ,  is a function of the viewing constraint 
relative to the earth's limb and the target declination measured from 
the orbit plane . Considering stray light , the viewing constraints vary 
with L S T  sun-shade orientation and brightness of the earth lim b closest 
to the L O S . The viewing constrain t near the terminator is uncertain.  
The effect of such constraints on viewing time is illustrated for the con
dition where the 45° truncated sun shade is used with an earth-limb 
viewing constraint of ±5° . Both the stellar object and sun lie in the orbit 
plane ( see Figure 5 ) . 

Stellar Viewing Time (Unconstrained ) 

Viewing-time contours on a stellar background are shown in Figure 6 .  
The contours are based on the base-line L ST orbit (330 naut mile circu
lar; 28 .5° inclination) .  To prevent viewing through the earth's atmo
sphere , the L S T  m ust not look within 5° of the earth . No l ighting con
straints are considered . Note that for targets near the orbit poles, 
continuous viewing is possible during the 97-min orbit period . Also , 
viewing time does not change appreciably with target declination until 
the target approaches the orbit pole . These contours are for one revolu-
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FIGURE 5 Constrained viewing time. 
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Fred Steputis and Hal Nylander 273 

tion with the ascending node at 0° right ascension ; the ascending node 
moves at about 6 .3 6° per day . Thus, about 5 6 .6 days will be required 
for one complete cycle . During this period the time contours will move 
around the celestial sphere. Note that targets lying above 30° declina
tion and below -30° declination will at some time lie in the visible re
gion for the full 97-min orbit . Objects near the equator wil l  never be 
visible for more than about 60 min during one orbit. 

Typical Viewing Opportunities at T + 0 (December 2 1 ) 

Target visibility limits for shadow viewing are illustrated in Figure 7 for 
the L S T  orbit. Stellar viewing while in the earth's shadow is currently 
considered to be the prime viewing time because of the absence of stray 
light and the fact that there are no viewing constraints that depend on 
sun for power generation . These data were generated for a constraint of 
not viewing within 1 5° of the limb of the earth , the sun's position on 
December 2 1 ,  and the orbit ascending node at 0° right ascension .  The 
contours shown differ from the previous chart because the earth-view
ing constraint has been increased from 5° of limb to 1 5° . The solar 
hemisphere is shown, along with areas of the celestial sphere visible 
during dark time .  Viewing of faint targets must be scheduled when they 
are in the shadow viewing region .  

Two sets  of contours are shown.  One  set shows the total t ime, dur
ing one orbit, that an object is not occulted by the earth. The times 
range from 96 min (at the orbital poles) to 53  min (at the equator). The 
other set shows objects that are visible while the spacecraft is in earth 
shadow. The objects in the shaded area are visible I 00 percent of the 
time (35 m in )  that the spacecraft is in earth shadow. An additional con
tour is shown for 75 percent (26 min) of shadow viewing time.  

Typical Viewing Opportunities at T + 2 Weeks 

Constrained target viewing opportunities are shown in Figure 8 for 2 
weeks after T + 0. The orbit ascending node is now at about 90° right 
ascension, and the sun has moved . Different portions of the celestial 
sphere are now available for I 00 percent shadow viewing. Targets near 
the celestial equator fall into the I 00 percent  shadow viewing region 
once a year for about 3 months at a time .  Targets near the celestial 
poles fall into this region approximately once every 9 weeks for a few 
days at a time. These conditions illustrate the need for careful target 
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selection, and long-range scheduling, to optimize use of prime-time 
viewing (especially for faint targets) . 

Two-Object Viewing Example 

275 

Time available for secondary viewing is determined by maneuvering 
rates and settling times and light-side earth viewing constraints between 
L O S ,  earth , and sun . 

Dark-side viewing of faint sources requires long exposure , which in
volves reacquisition on several successive orbits. To accomplish reacqui
sition , the fine star sensors must remain fixed on the target. It would 
be advantageous also to take data from bright sources while on the sun 
side of the orbit, which would require an additional set of fine star 
sensors. 

Figure 9 shows that only 7 .5  min of dark-time viewing is available be
fore excessive earth shine enters the telescope (using the 95° angle 
between earth tangent and telescope L O S  as the restriction) .  The ex
ample shown is only one of many that are possible ; however, it is typi
cal because of the difficulty encountered in positioning orbital plane, 
sun, earth, and object so that earth shine does not severely restrict op
eration of the telescope. 

Program Illustration for Two Targets per Orbit 

Programming of two-target-per-orbit viewing is shown in Figure I 0. The 
complexity of mission planning is illustrated . Maneuvers necessary to 

FIGURE 9 Two-object viewing 
example. 
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Eight Ortllts Opel'ltlon 
Eight Stellar ObseMtlons ol Same Soun:e from Dart Side Dumped to Ground 
Eight Different Stel lar Images from Sun Side Dumped to Ground 
Ground lntegl'ltlon ol Eight Dart Side Images Into One Composite I mage 

FIGURE 10 Sequence of two-tarJet-per-orbit viewing technique. 

acquire additional targets are constrained by S S M  slewing rates. The use 
of two different instruments (one for dark side and one for light side) 
and the need to reacquire a dark-side target add to programming com
plexity . Scientific data dumps must be coordinated with image data 
buildup and irregular station contact intervals. These constraints do not 
include restrictions relative to sun-shade orientations with respect to 
earth, sun, and object. 

T R A P P E D -PA R T IC L E  R A D IA T IO N  

This radiation may cause real-time loss of some data stored on the 
image tube. Accumulated dosage may permanently damage electronic 
components. Extrapolation of Skylab data indicates that these effects will 
not influence the concepts selected for instrument operation .  

M A G N E T I C  F I E L D S  

Magnetic-field variations i n  the S l  can cause unwanted electron-beam 
deflection during image tube readout. Internal L S T  fields are small com
pared with the earth's field . The worst variation in the earth's field is 
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TABLE 4 Orbital Environment 

277 

Trapped radiation (inside spacecraft) 
Proton (max fluence) Dote 2000 protons/cm' /w; 
Orbit dosage (average) 

Mqnetic f'lelda 
Earth f�eld 
Spacecraft 

External disturbances 
Gravity gradient 
Aerodynamic (drag) 

Micrometeoroid flux 
Mass (particles) 

Con lamination 
Clearing period 

1-,.m particles 
S O..,.m particles 

1 rad/day 

0.23 to 0.35 G 
Less than earth f�eld 

Cyclic and secular components 
Small 

to- •  • to to-• g 

6 min 
S h  

the change in flux vector if maneuvering during readout. Magnetic 
shielding to avoid maneuvering limits needs to be further examined . 

E X T E R N A L  D ISTU R B A N C E S  

Gravity gradient torques produce components of momentum . The cy
clic component is a factor in determining the size of c M G 's ; the secu
lar component determines the size of the magnetic desaturation system. 
Aerodynamic disturbances are negligible at the selected orbital altitude 
(330 naut miles) . 

M I C R O M E T EO R O I D F L U X  

Using the N A S A  meteoroid model and analysis indicates that i f  all ex
pected hits were of largest size and produced a pit I 0 times bigger than 
the meteoroid's cross-sectional area, only 0.03 percent of the telescope's 
reflecting area would be damaged . 

CO N T A M I N A T I O N 

Orbit insertion and orbital maintenance create the possibility of sensi
tive surfaces being contaminated by outgassing and other contaminants. 
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Skylab studies, scaled to L S T  orbit ,  show clearing in 6 min for 1 -J.Lm 
particles and 5 h for 50-J,.Lm particles. Orbital regression and atmospheric 
rotation prevent buildup on later orbits .  The orbital environmental 
parameters are given in Table 4. 

Spacecraft Maneuvers-Design Considerations 

A R R A Y  O R I E N T A T I O N  

The solar panel configurat ion uses active control t o  point the solar 
panels toward the sun . The attitude-control subsystem causes the space
craft to roll about the L O S  to the target so that the solar array axis is 
perpend icular to the sun l ine. The single axis drive then completes orien
tation of the array for ful l  exposure to the sun . The left side of  F igure 
I I  shows that  the power-generating efficiency is a function of the tele
scope observed object displacement from the sun line for any roll angle 
away from the optim um position. Thus, i t  is possible to rol l  the space
craft about targets that are close (w ithin 60° ) to the sun for short 
periods (one or two orbi ts) and not seriously degrade the power status. 
Such roll maneuvers are required for positioning spectrometer slits or 
polarimeters. 

A rr.y Orienlltion 

l!XrOIIIIIIII:�::r:---r 

Power 
Generating 
Efficiency, 
" 

0 30 60 

' 
' 

' 

Roll Angle Rellliw to Optimum t • •. deg 

Spacecraft Maneuwr Rate Considerations 

Constant 
Torque, 8��,..-+-\r'-\---c>f'--
"-lb 

Qk---�4-----8�---+.12�--� 
Maneuwr Time, min 

Constant Torque Maneuw� 
! I nertia to5 slugtH21 

FIGURE I I  Design factors. 
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The requirements for maneuver rates represent an  effort to  achieve a 
high utilization of the L S T . The Manned Space Flight Center has estab
lished a minimum rate of 60°/40 min and a design goal of 90° /5 min, 
depending on actuator selection . In general, C M G 's are more applicable 
to the relatively high rate requirements than are reaction wheels. To 
achieve a time-optim um maneuver with a constant torque-producing 
actuator, the vehicle is allowed to accelerate for one half of the desired 
displacement, then the process is reversed to remove the acquired rate 
at the time the desired displacement is achieved . The right side of Fig
ure I I  shows the constant torque maneuvers for various displacements. 
Also shown is the momentum exchange required to achieve the mini

m um time maneuvers. As an exam ple, to maneuver the stated inertia 

through an angle of 30° in 5 min would require about 2.0 ft-lb of con
stant torque and a momentum exchange of 300 ft-lb-sec.  To achieve a 

90° maneuver in the same time would require a momentum exchange 

of approximately 1 200 ft-lb-sec.  This increase in momentum exchange 

represents a weight and power penalty that must be assessed before final 
design selection is made.  

Electrical Power System 

The electrical power system consists of solar array power sources; 
nickel-cadmium batteries for energy storage ; and charging, condition
ing, and distribution equipment ( see Figure 1 2) .  The system is designed 
to be completely self-dependent during operation , although a man inter
face capability is provided for either earth command or maintenance 
purposes. Redundant energy storage and conditioning assemblies, feed
ers, and load centers provide for extended periods of continuous per

formance, even if some portions of the system become inactive during 
the course of the mission. 

Power is collected on redundant buses from regulators that maintain 
a voltage range between 28 and 30 V. Redundant feeders carry the 

power to load centers, from which the loads of the scientific instru
ments and the supporting subsystems are supplied . A real-time com
mand decoder or a stored command programmer performs switching. A 
command circuit provides signals to a decoder and driver acting on each 
load switch. 

The two extendable foldout solar arrays, totaling 5 00 sq ft in area, 
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FIGURE 12 Electrical power system. 
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are located on the cylindrical structure of the spacecraft ,  diametrically 
opposite each other. The array extension drives, single-axis orientation 
drives, and slip-ring assemblies are located within the pressurizable por
tion of the spacecraft to allow shirtsleeve access for maintenance.  The 
solar arrays require replacement at 5 years; no pressurized access is 
provided . Each array is made up of 44 panels with an active solar-cell 
area of 250  sq ft . This total cell area provides the average power require
ment of 1 335  W, including a 20 percent growth factor. To account for 
ultraviolet ,  charged particle , and thermal cycling damage , a degradation 
allowance of 30 percent has been made for solar-cell output during the 
5 years. For the reference altitude of 330 naut miles the orbit period is 
97 min .  During the course of the mission , the sun eclipse time will vary 
from 25 to 36 .6 min ;  the system is sized for the maximum eclipse time.  

When in operation, the solar panels are oriented normal to the sun 
line. This is accomplished by rolling the spacecraft so that the solar 
array axis is perpendicular to the sun line . The single-axis drive then 
completes orientation of the array for full exposure to the sun . 

The electrical load values (see Table 5 )  were determined by using data 
developed for other subsystems on power needs and duty cycles of each 
piece of equipment. The values in the table are based on an analysis of 
individual loads and their duty cycles, with the telescope and scientific 
instrumentation in use . The average electrical load for design purposes 
is 1 33 5  W, after a growth factor of 20 percent is applied . 

The solar arrays supply the raw electrical power for load requirements 
and recharging of the batteries during the illuminated portion of each 
orbit. During the eclipsed portion , loads are supplied by the nickel-cad-
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TABLE 5 Electrical Power System 

I tem 

Telescope and instruments 
Communications and data management 
Pointing, navigation, and control 
Thennal control (SSM)  

TOTAL 

Electrical loads 

Avg Watts 

750 
90 

250 
20 

1 1 1 0 

28 1 

Peak Watts 

950 
2 1 0  
350 
ISO 

1660 

mium batteries. Batteries are packaged (with a charger and a regulator) 
in a modular arrangement .  Eight modules are connected to the bus at 
one time ; four modules are maintained on standby.  In the event of fail
ure , a module is removed from the bus and disconnected from its solar
cell group by a solar group selector through command . A standby 
module is then connected into the circuit and controlled by command 
until it is operating normally.  

The battery consists of 24 , four-electrode, hermetically sealed cells 
connected in series. It has a rated capacity of 20 A-h. In addition to the 
positive and negative power electrodes, the battery has a third electrode 
used for charge control and a fourth electrode used for oxygen combi
nation. The third electrode control concept was selected to avoid the 
conventional 5 to 25 percent overcharge (and the associated heat) ap
plied to cycled batteries. In the selected spacecraft ,  the battery is 
passively cooled . Moderate tem perature operation is essential to achieve 
the 3-yr life goal . When operating in the nominal orbit ,  1 6 ,3 20 cycles 
of operation will be accumulated on the battery in 3 years. The battery 
temperature will vary from 40 to 70 °F ( 4.4 to 2 1  °C) depending on 
spacecraft attitude.  Current test data show that for a l ife of the antici
pated number of cycles the permitted depth of discharge can range from 
1 8 .5 to 23 percent .  For the expected spacecraft load , including the 20 

percent growth factor, battery discharge will range from 1 4.7  to 2 1 .6 

percent , which is compatible for the 3-yr life goal . 

Spacecraft Pointing Requirements 

The telescope has a resolving power of 0.04 sec of arc, and its optical 
axis m ust be pointed to the target star to within ±0. 1 sec of arc. It is 
essential not to degrade telescope performance by an inadequate space-
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TABLE 6 Pointing Perfonnance 

Spacecraft 
Pitch/yaw (min perf)a 

(best perf)a 
Roll 
Target acquisition FOV 

Optics 
Pitch/yaw 
Roll 

Low-Frequency 
Stability (sec of arc) 
((}...2 Hz) 

0. 1 
0.005 
1 . 0  

0.005 
1 . 0  

S P A C E S Y S T E M S 

High-Frequency 
Stability (sec of arc) 
(> 2 Hz) 

0.005 
0.005 
0. 1 

0.005 
0. 1 

Aiming 
Accuracy 
(sec of arc) 

0. 1 
0. 1 
1 .0 
30.0 (3a) 

0. 1 
1 . 0  

a Minimum performance depends on articulation o f  secondary mirror for fine stabilization, 
while best performance does not. 

craft pointing and stabilizing system . To realize the full benefits of the 
L S T ,  the optical axis of the telescope m ust be aimed to within ±0. 1 sec 
of arc of the target L O S  (Table 6) .  Furthermore ,  to realize the full reso
lution capability of the L S T , it is necessary to maintain image position 
constant within ±0.005 sec of arc . Ultimately,  i t  is desirable to achieve 
pointing and stability by the spacecraft control system alone,  without 
recourse to control of the secondary mirror. 

Factors such as disturbance torques , fine stabilization errors, vibra
tion, and thermal effects combine to make up the total performance 
objective of the spacecraft pointing system . The pointing system ob
jective is ±0.005 sec of arc poin ting stabi lity . I ncreasingly stringent re
quirements for pointing accuracies and L O S  stability have resulted as 
the size of telescopes has increased . The objectives of other programs in 
the 1 972 to 1 977 period range from 0. 1 to 0.05 sec of arc in 1 977 .  By 
taking ful l  advantage of these related technological developments, and 
by extreme care in the design of the L S T  spacecraft,  the L S T  pointing 
objectives appear possible. 

Pointing System Description 

Key hardware characteristics needed to meet the L S T  accuracy and 
reliability goals include high-precision sensors with high signal-to-noise 
ratio and precision actuators .  These actuators must provide the neces
sary torques for pointing stability against all external disturbances, with-
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out contaminating the telescope optics and without resonating with 
structural frequencies. 

283 

The control system attenuates the solar panel and spacecraft elastic 
modes and , at the same time, m aintains a rigid body frequency in the 
vicinity of 1 to 2 Hz. The operational logic permits the spacecraft frrst 
to acquire reference stars with relatively coarse accuracy, then to pro
gress sequentially to finer accuracy. Redundancy in the sensing and ac
quisition hardware permits continued operation after failures. 

The compatibility of the above configuration with such character
istics as body bending, solar panel bending, sensor and actuator noise,  
and sensor dynamics is  essential . 

To date , analytical and laboratory hardware tests have indicated that 
the L S T  minimum performance goals can be achieved . Additional hard
ware development and analytical studies are being performed by N A S A  
and industry t o  establish the performance for the L S T  fine-pointing 
system . 

Figure 1 3  shows the relation between the sensors,  computer, actua
tors, actuator desaturation system , and main telescope.  The sun sensor 
and Canopus tracker establish a reference set of  coordi nates as soon 
after injection as possible. Angular errors from these two reference 
points are sent to the computer, which converts the angular errors to 

FIGURE 1 3  Overall pointing system. 
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signals t o  b e  sent t o  the torquers of the precision gyro system . These 
signals torque the gyro reference axes until they coincide with the axes 
established by the sun/Canopus trackers. The computer processes atti
tude and attitude rate signals in accordance with the C M G  control laws 
that are designed to avoid C M G  saturation and singularity areas. Power 
amplifiers then transmit the signals to the C M G 's .  Six S G -C M G 's are 
used at each momentum level for actuators. However, performance can 
be maintained with up to two failures at either level. The high-momen
tum actuators are used to provide continuous desaturation to the low
momentum actuators and to provide maneuvering capability for the 
vehicle. The low-momentum actuators are for primary short-term con
trol and provide the response necessary to meet the stability require
ments. 

Data Management 

Science instrument commands are initiated by the Ground Control Cen
ter, transmitted to the L S T , received and demodulated by the S S M , 

and either transmitted directly to the remote decoder unit (real-time 
commands) or stored in the command programmer memory for delayed 
execution (stored program commands) (see Figure 1 4) . The remote de
coder unit decodes the command word and transfers the proper logic 
control signals to the instrument over one of several separate interface 
lines. Additional synchronization, timing, and S S M  operating mode 
signals are also similarly provided to allow all instruments and S S M  ser
vice subsystems to operate in a compatible manner. 

All science , instrument diagnostic , and S S M  subsystem engineering 
data are transmitted to ground over a single R F link,  modulated by a 
single time-multiplexed P C M  encoded data channel . P C M  format control 
originates within the S S M , and telemetry gate signals in time-multiplexed 
binary form are transferred to the applicable remote acquisition unit 
(R A u )  over a single multiplex data-control bus. The R A  u demultiplexes 
and decodes the control words and sends the appropriate telemetry gate
control signal ( together with a data transfer clock signal) over one of 
several interface lines to the instruments' data-conditioning circuits. The 
addressed science or instrument diagnostic data have already been con
ditioned , converted to an eight-bit binary word , and stored in an appro
priate buffer register. The input gate control and transfer clock allow 
the selected binary word to be transferred back to the R A U .  

The R A U  combines these data with other data from nearby sources 
and sends the time-shared data back to central S S M  data storage and/ 
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FIGURE 14 Data management. 
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or to the telemetry downlink modulation circuits. The presently pre
ferred downlink mode requires data storage by the high-resolution image 
tubes; these data are then time-multiplex interleaved with real-time engi
neering data and stored data ( readout of combined instrument and S S M  

data sampled during the time between ground stations) . 

Data Management Parameters 

The quantity of data generated by each of the science instruments varies 
between 2 million and 1 00 million bits per image (Table 7) .  The pres
ently preferred technique is to use the storage inherent in the image 
tubes. However. the practicality of incorporating reliable mass-data
storage devices remains a consideration . 

The transmission times listed are based on a present Manned Space 
Flight Network (M S F N )  ground-station-receiver limit of 0.5 megabit per 
second . A normal mode of operation for high-resolution investigations 
will allocate the optical system to a single instrument, such as the f/96- 1 
camera, at any given time . The 4-min readout will be accommodated by 
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TABLE 7 Data Management Parameters 

Camera, f/96- 1 
Camera, f/96-2 
Camera, f/96-3 
Camera, [/ 1 2  
Camera, slit jaw 
Spectrograph, 0. 1 1 -0. 2 2  I'm 
Spectrograph, 0.22-0.66 "m 
Spectr<>graph, 0.66- 1 . 0  I'm 
Echelle, 0. 1 1-0. 1 8  I'm 
Echclle, 0. 1 8-0. 35 I'm 

Bits 
Generated 
per Image 

1 2 0  X 1 06 
59 X 1 06 

9 X 1 06 
1 2 0  X 1 06 

6 X 1 06 
1 . 8  X 1 06 
3.6 X 1 06 
1 . 8  X 1 06 

1 8  X 1 06 
1 8  X 1 06 

a single ground-station pass (maximum time of 8 min above the 5°  ele
vation l imit ) .  Relatively inexpensive modifications could be made for a 
hlgher data transfer rate if such rates are found to be necessary . 

Thermal System 

The thermal system design incorporates passive thermal control 
methods, where possible, for improved reliability and long l ife and to 
m inimize dynam ic disturbances. Supplemental control , accom plished by 
heaters and louvers, is  used only where required to provide temperature 
control for components with narrow tem perature tolerances. 

The passive system accomplishes thermal control by using O S R  sur
faces externally on the meteoroid shield . The high emittance of O S  R 
provides the basic capability for d issipating internally generated heat to 
space . The extremely low solar absorptance , and flight-proven stabil ity,  
of O S R  's results in low sensitivity to variations in the external environ
ment.  

Subsystem components are designed to conduct and radiate heat 
directly to the pressure shell , which acts as a heat-sink surface . The pres
sure shel l  has sufficient radiating area to dissipate the heat to the O S R  

(meteoroid shield) ,  which subsequently radiates the heat to space. Non
metallic standoffs isolate the meteoroid shield from the pressure shelL 
Bimetallic controlled louvers between the pressure shell and meteoroid 
shleld are used to control the amount of heat exchange between the two 
surfaces. Positioning of the louver blades controls the radiation inter
change between the two surfaces. Through this control ,  the component 
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temperature limits can be maintained in the cold external environment 
without supplemental electrical heating (except during inoperative 
periods) . 

The subsystem components are grouped in six thermally isolated 
compartments around the periphery of the pressure shell ,  which permits 
individual temperature control of each component group. Two com
partments around the pressure shell periphery contain no equipment. 
The telescope scientific instruments that are contained within the S S M  

use variable-conductance heat pipes to control temperature and t o  trans
port their thermal energy to the two nonequipment sectors. 

The exteriors of the OT A meteoroid shield and sun shield use low afe 
coatings to minimize the influence of the orbital thermal environment. 
Multilayer insulation blankets isolate the OT A truss from temperature 
transients. 

During pressurized manned maintenance , electrical wall heaters 
( powered by the Shuttle) are used to m aintain touch-temperature limits 
and prevent wall-moisture condensation by compensating for wall heat 
leaks. 

Steady-state analyses of the thermal design show that it is able to 
meet the objectives of controlling the equipment within the design tem
perature limits and of providing for growth in the system heat load . Table 

8 illustrates the effectiveness of the 0 s R surface in rejecting system 
thermal energy in the hot extreme environment. In general , the mini
mum heat-rejection capability exceeds the design-assumed heat load by 
a factor of 2 .  The effectiveness of louvers in conserving the system 
thermal energy in the cold extreme environments has been analyzed . At 

TABLE 8 Thermal System Considerations 

Location Platfonn Minimum Heat 
Relative to Temperature Rejection Capability 

Equipment  Solar Arrays (o F) (W) 
Batteries Two Bays 

at 45 deg 70 540 

} Two Bays 
Communications at 0 deg 90 830 
Data Management 
GN&:C Two Bays 

at 90 deg 90 600 

Scientific Two Bays 
Instruments at 45 deg 70 95 0 
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FIGURE 1 5  Thermal system considerations. 
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the 40 °F minimum subsystem design limit temperature , the heat dissi
pation from the six subsystem bays may be regulated down to 5 20 W, 
which is below the total subsystem heat load . The design is thus rela
tively insensitive to spacecraft orientation and orbital altitude and 
inclination . 

The hot-case orientation was that the spacecraft be in sunlight for 
1 00 percent of the orbit time,  broadside to the sun , with the solar array 
axis perpendicular to the solar vector. The heat rejection capability 
values for the 70 and 90 °F heat sink temperatures are obtainable by 

SSM Sl -

,.,_ 

FIGURE 16 Detail of thermal system. 
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keeping the louvers fully open and by coating the inboard surfaces of 
the meteoroid shield with a high-emittance coating. Since the capability 
exceeds the requirements, this radiative coupling is then selected to bal
ance actual internal power and to balance absorbed external energy 
against energy emitted for individual equipment bays. Thus, the coating 
on the inboard surface of the meteoroid bumper is tailored at relatively 
low cost to the upper temperature limit and power dissipation require
ments of the equipment for specific bay locations. This enables the pack
aging arrangement to be optimized for maintenance and mass distribu
tion requirements rather than for thermal requirements. 

Therrnal System Considerations 

The thermal interface of the L S T  with the S S M  is designed with the fol
lowing major considerations (see Figures 1 5  and 1 6  and Table 8 ) :  

l .  Transfer heat from S l  instruments t o  the S S M  for dissipation to 
space . The approach is to use heat pipes, as illustrated . This concept is 
based on a possible requirement to operate the camera tubes at -50 °C, 
with up to ten cameras in the instrument compartment.  Another ap
proach to achieve the -50 °C operating temperature is to use Peltier 
coolers. This is a req uirement only for the target of the S IT tube and is 
practical if the tube design permits cooling of the target only . If the en
tire tube m ust be cooled , then the heat pipe method will be used . 

2. Minimize transfer of heat from S S M walls and equipment to S l  

and O T  A equipment and structure .  The approach is to use low-emis
sivity surfaces supplemented with insulation . 

3 .  Use electrical power from the S S M  t o  maintain L S T  structure and 
mirrors at desired temperatures and to make up heat loss to space. Pres
ent  estimates are for an average power need of 350 to 450 W .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

S p a c e  O p t i c s :   P r o c e e d i n g s  o f  t h e  N i n t h  I n t e r n a t i o n a l  C o n g r e s s  o f  t h e  I n t e r n a t i o n a l  C o m m i s s i o n  f o r  O p t i c s  ( I c o  I X )
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R .  J .  S P E E R  

{JLTRAVIOLET SOLAR 
ECLIPSE 
SPECTROSCOPY 
FROM SPACE 

I. Introduction 

The solar atmosphere may be defined as that fraction of the sun's mass 
(::=::: w - •o ) that lies at greater heights than the optical edge ( limb) of the 
visible disk. We recognize that most of our knowledge of the sun's 
outer layers, and i ts deeper interior, stem from observation of the electrcr 
magnetic spectrum accessible to us from this region . The corona forms 
the greater part of this atmosphere and is characterized by a low particle 
density (:::::: 1 08 cm-3 ) and an extremely high temperature ( T� :::::: 2 X 1 06 K). 

Despi te major advances in recent  years, theories of the origin and 
energy balance of the corona remain hampered by the lack of uv and xuv 
data that combine very high spatial resolution with spectral resolution. 
An additional factor arises from the considerable experimental difficul
tie s  associated wi th measurements on the in trinsic coronal line-emission 
spec trum at visible and uv wavelengths. Ideally , such measurements are 
performed at times of total solar eclipse ,  and even on these rare occasions 

The author was at the Institute for Astronomy, University of Hawaii, when this 
work was done , while on leave of absence from the Department of Physics, 
Imperial College, London S.W. 7 .  
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the coronal continuum flux  masks the weaker lines in the visible and 
near uv. 

Visible data are obtained either at ground-based expedi tions to eclipse 
sites or by the use of coronagraphs outside of eclipse at a limited number 
of high-al titude observing stations. A third, and relatively recen t innova
tion, is the externally occulted white-light coronagraph, successf' llly 
flown,  for example, on Skylab . 

We note that the total solar eclipse situation improves on i ts ground
based optical counterpart- the coronagraph-by a factor lying between 
1 02 and I 04 , depending on the actual observing conditions. Thus highly 
prized data are obtained during eclipse totali ty , and it  is under these 
circumstances that new spectra and structure have recen tly been ob
served in the visible down to a level of w- JO disk brightness. 

Considerably greater experimental risks are involved before com
plementary data can be obtained in the uv. We list these difficul ties 
briefly as ( I ) the requirement that the uv spectrographic system be 
above the effective absorbing fraction of the earth's atmosphere (say 
1 00 km) ;  ( 2) movement of the payload in to or ou t of an eclipse shadow 
(um bra) ; (3 )  alignment of the optical axis to the eclipsed sun ; and (4) 
recovery of photographic spectra. 

Although several attempts have been made using rockets launched 
from temporary eclipse sites [ 1 958  eclipse : Chubb et a/. , 1 96 1 ;  Friedman, 
1 963 ; 1 966 eclipse : Blamont and Malique , 1 969 ) , the North American 
eclipse of March 7, 1 970, provided a major opportunity for such experi
ments, because of the passage of an eclipse shadow over the established 
N A s A  launch-range facility at Wallops I sland, Virginia. Two Aero bee 
rockets were launched into the approaching um bra. The payloads con
sisted of intensity-calibrated uv grating spectrographs. Inertial pointing 
in three axes provided the necessary optical alignment to the eclipsed 
sun . These experiments recorded stigmatic spectra of the solar chromo
sphere and corona. Near second contact, these spectra are analogous to 
the visible eclipse "flash spectrum ." 

I I .  Summary Perspective 

The availabil i ty and sophistication of modem rocket and satell ite plat
forms has led to a steady advance in our knowledge of the solar spec
trum below the short-wavelength transmission limit of the terrestrial 
atmosphere at X �  3000 A. Even though this region accounts for only 
about 5% of the total solar photon flux, the spectrum exhibits a remark
able range of phenomena, and their study and interpretation have con
tributed greatly to our understanding of the structure of the sun's 
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atmosphere. Probably the most significant observation is that a funda
mental change occurs in the spectrum at A �  1 600 A. At this wavelength,  
the spectrum is observed to change from absorption to emission. This 
changeover is due to a reversal in temperature gradient in the outer 
atmosphere of the sun .  Satellite data accumulated in the last few years 
show that the temperature increases monotonically outward from 
T� � 4300 K to T� � 2 X 1 06 K over a very narrow region. Thus an 
orbiting uv spectrograph,  capable of observing say from 1 600 A to the 
strong Fe X v I  emission line* at A = 36 1 A ( T� � 3 X 1 06 K) is effec
tively p robing the entire three-dimensional structure of the solar atmo
sphere from the temperature minimum to the coronal temperature 
maximum. Interpretation of uv data of this type, together with visible 
and infrared observations, appears to be leading to a common descrip
tion of the average physical conditions in the solar atmosphere for the 
first time [ Noyes, 1 97 1 ] .  

Figure 1 shows the general run of temperature T� and total density 
nH as a function of height  in the solar atmosphere , reproduced from the 
recent review by Noyes [ 1 97 1 ] . The transition-zone chromosphere/ 
corona is characterized by an extremely steep temperature gradient and 
illustrates the importance of uv observations. The approximate locations 
are marked for the emission from several abundant ions mentioned in 
the text .  

The solar disk has a mean apparent angular diameter of I 927 sec of 
arc with I sec of arc equivalent to 720 km at the sun. Inspection of 
Figure 1 shows that the upward change in temperature to the corona 
occurs over a region well below the instrumental resolution of current 
uv experiments. Figure I ,  however, has been derived from data obtained 
by Orbiting Solar Observatories 4 and 6 having uv spectroheliographic 
element resolutions of about 1 min of arc and 0.5 min of arc, respec
tively [Goldberg et a/. , 1 968 ; Reeves and Parkinson, 1 970] . 

Observations with the highest uv resolution have been conducted by 
the Naval Research Laboratory [Tousey, 1 97 1 ] ,  and spatial resolutions 
of 3 to 5 sec of arc have been achieved.  

The total solar eclipse has two important and well-known optical 
properties that complement and extend these instrumental techniques 
for the study of the solar chromosphere and corona. 

A. O BS E R V A T I O N S  E M P H A S I Z I N G  T H E  I N T R I N S I C  C O R O N A L  S P E C T R U M  

The first advantage arises from the highly efficient suppression o f  the 
photospheric continuum from the disk , which masks the intrinsic 

• Fifteen times ionized iron. We refer to the spectrum of the sixteenth electron. 
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FIGURE I Top: The variation of temperature with height for quiet and active regions of the 
solar atmosphere. Bottom: Contiguous variation of total hydrogen density [Noyes, 1 97 1 ) . 

coronal flux level by a factor of a million or more outside of eclipse . 
This suppression is so effective that if the eclipse combines with condi
tions of low sky radiance and good technique, detailed coronal structure 
may be observed from just above the limb out to five solar radii at 

3 X w- to disk intensity . Figure 2 shows the corona recorded by 
Newkirk and Lacey [ 1 970] under such ideal conditions at the total 
eclipse of March 7 , 1 970. The visible radiation recorded here has three 
components : a Thomson-scattered photospheric continuum flux from 
the electron population ( the K corona) ; a characteristic emission-line 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


R. J. Speer 297 

FIGURE 2 Coronal photograph in unpolarized white l ight obtained by the 1 970 H igh Alti-
tude ObseJVatory eclipse expedition to San Carlos Yautepec, Mexico [ Newkirk and Lacey, 1 970) . 
The effective wavelength is 6400 A. A radially symmetric neutral-density filter has been used, 
permitting coronal structure to be traced out to 4.SR 8  (3  X t o• km) .  

spectrum , consisting of forbidden (magnetic dipole) transitions in con
figurations of p electrons in highly stripped ions ;  and a second scattered 
continuum component from the dust in the outer corona ( the F corona) . 

The advantages offered by suppression of the disk flux at total eclipse 
extend to all wavelengths, showing significant continuum emission, i .e . ,  
approximately O. l pm to 1 00 pm ; however, it  i s  only very recently tha t 
the technical possibil ity has existed to recover coronal eclipse spectra 
outside of the visible . The infrared has been investigated with Fourier 
transform spectrometers in high-flying aircraft in eclipse totality [ Olsen 
et a/. , 1 97 1 ) .  In the uv, use has been made of developments in three
axis inertial rocke t payload stabilization. 

8. O B S E R V A T I O N S  E M P H A S I Z I N G  S P A T I A L R E SO L U T I O N  

Reference to  Figure I indicates the intriguingly narrow heigh t range for 
the transition zone chromosphere/corona, wi th theore tically deduced 
gradients reaching values as high as 5000 K/ km . Observational evidence 
remains to be obtained for the precise location and structure of this 
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region. In principle, observations a t  eclipse c an  tie down the heights of 
emission to a second of arc or less as a consequence of this exceptionally 
small angular range over which the transition region ions exist. A sta
tionary ground-based spectrograph will record an apparent angular rate 
of the moon's limb across the sun's limb of ::::::0.4 7 sec of arc per sec of 
time, an impressively small rate that is exploited routinely in visible 
eclipse data. In the uv, however, a rocket platform will observe an ap
parent angular rate ranging somewhere between 0.2 and 5 sec of arc per 
sec depending on the detailed relationship between the ballistic motion 
of the vehicle and the moving eclipse shadow. Al though there is good 
evidence that the transition zone contours the rough spicular structure 
of the chromosphere , uv stigmatic eclipse spectra can yield the rela-
tive volume of transition-zone material at each height and locate with 
precision the height at which emission commences. (Typically I sec of 
arc in movement of the lunar l imb is equivalent to I .  7 km of translational 
movement of the rocket spectrograph in the rest frame of the umbra. A 
rocket can be located with a considerably greater precision than this. ) 
Two experiments have been performed recently to exploit this situation 
at eclipse [ Brueckner et al . •  1 970 ; Speer et al. , 1 970 ] and each obtained 
new uv data. 

III. The 1 970 Eclipse 

The event on March 7, 1 970, was remarkable for the level of e ffort and 
quality of results that were recorded, and four extensive collections of 
data are now available : the National Science Foundation 1 9 70 Eclipse 
Bulletin; Nature, Eclipse Issue , Vol . 226, No. 5 242 ( 1 970) ; Solar Physics, 
Vol . 2 1 ,  Proceedings of IAU Symposium on the 1 970 Solar Eclipse ; 
and the Journal of A tmospheric and Terrestrial Physics, Vol . 34, 1 970 
Eclipse Issue . 

The prime ground-based observing site was Mexico, where Newkirk and 
Lacey recorded the data shown in Figure 2.  The eclipse track then passed 
along the eastern seaboard of the United States, reaching Virginia and 
the Wallops Island launch facility by 1 8 .40 U T .  The situation of this 
time was recorded from space by Applications Technology Satellite I I I ,  
and the corresponding data frame from the spin-scan cloud camera is 
shown in Figure 3. The North American coastline is clearly seen, with 
the umbra/penum bra in the upper center of the picture .  By coincidence, 
this frame recording the lunar shadow transit was obtained only minutes 
prior to the corresponding uv data described in the following paragraphs 
when a three-axis stabilized package entered into the umbra at a height 
of 1 43 km . 
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FIGURE 3 March 7, 1 970, eclipse shadow transi t relayed from 35,770 km and 85 . 1 rw. 
0.50" S by the multicolor spin-scan cloud camera on Applications Technology Satellite Ill 
[Suomi �� a/. , 1968) . This picture was obtained 14 min prior to the uv eclipse data described 
in Section IV when a three-axis stabilized package en tered the umbra at a height of 143  km. 

This is shown schematical ly in Figure 4.  The view is from an elevated 
point in the U.S .  mainland.  The umbra, seen passing from right to left , 
is approximately 1 20 km in diameter and is to be intersected at  the pay
load apogee. In the eclipse frame of reference , shown in Figure 5, the 
experimental package descends through the shadow almost radially as 
a consequence of their relative motions. The ballistic flight  of this 
package was exceptional in that an over-performance of the rocket 
caused the flight plan (b, the most probable path) to be exceeded. 
The actual flight  path (c)  came very close to the optically ideal path (a) .  

The principal resul ts from the two uv eclipse attempts on this day are 
to be found in Brueckner et a/. [ 1 970) , Speer et a/. [ 1 970 ) , Gabriel et a/. 
[ 1 97 1 ) .  Jones et a/. [ 1 97 1 ] , Jordan [ 1 97 1 ) .  and Gabriel [ 1 97 1 ] .  

IV. The 1 970 Eclipse Data 

Aerobee 4-3 1 2  US successfully carried two intensity-cal ibrated uv 
Wadsworth spectrographs through the March 7 eclipse shadow. The 
payload was prepared as a joint international effort between the Astro
physics Research Unit, Culham Laboratory ; the Centre for Research in 
Experimental Space Science , Universi ty of York, Toronto ; Harvard 
College Observatory ; and Imperial College,  London University . 

Table I should be used in conjunction with Figure 5 to visualize the 
relationship be tween the recorded data and the flight path . A geometri-
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FIGURE 4 Conceptual view o f  the passage o f  the uv payload launched by N ASA Aerobee 
4.3 1 7  US through the eclipse umbra In this view, the eclipse shadow is seen moving from right 
to left off the eastern seaboard of the United States at a surface speed of I 500 mph, resulting 
in a rocket launch window of approximately 30 sec. 

cal reduction relates the position of a payload in the umbra to the ap
parent instantaneous height of the moon's l imb projected onto the sun 
along their common line of centers. The most important quan tities are 
the absolute values of this heigh t and its first rate of change . Fifty 
frames of uv data were recorded,  and only the most important of these 
are tabulated . A cross-section schematic of the one-element optical 
system is shown in Figure 6 ,  and light from the eclipsed sun enters from 
the top left .  The short-wavelength spectrograph characteristics only are 
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F IGURE 5 The passage of the uv spectrographic payload through the 
eclipse umbra. The plane shown is orthogonal to the line of central 
eclipse (0, 0), and a geometrical reduction shows that 1-km translation 
in this plane results in l. 7 sec of arc of lunar motion, when projected 
onto the sun's limb. Due to vehicle over-perfonnance the payload 
trajectory (c) exceeded the flight plan (b) and approached radially to 
within 1 . 8  km of the line of central eclipse (equal mid totality). 

30 1 

listed in Table 2, as a system failure in the second spectrograph pre
ven ted the acquisition of data in the 2000-3000 A range . Continuum
dominated spectra begin to appear above the scattered light  level by the 
twelfth frame in the exposure sequence (Table I ) . At  this point, I I  sec 
of arc of the photospheric disk remain to be occulted by the m oon at 
an apparent rate of 0.2 sec of arc per sec of flight time . Four key 
frames in the sequence are reproduced and discussed at length in Gabriel 
et a/. [ 1 97 1 ]  . They show the characteristic rapid change in the spectrum 
as the payload crosses the eclipse shadow (second contact). By exposure 
30,  the spectrum is dominated by many circular coronal images showing 
spatially resolved variation in surface brightness according to solar limb 
position angle. We limit ourselves here to a brief description of this 
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TABLE 1 Summary of Data 

Flight Time Height of Moon's 
Exposure at Mid· Exposure Limb above Sun's 
Sequence exposure Time at Line of Centers 

No. (sec) (sec) (H0 ) (km) 

1 0  1 54 .3 1 .0 - 8,8 1 0  
1 1  1 5 7 .8 0.2 - 8,3 1 0  
1 2  1 6 1 .5 1 .0 - 7 ,740 
1 3  165 .0 0.2 - 7 , 1 70 
14 168.6 1 .0 - 6 ,540 
15 1 72 .2  0 .2  - 5 ,870 
16 1 7 5 .8 1 .0 - 5 , 160 
17 1 79 .4 0.2 - 4 ,4 1 0  
1 8  1 83 .0 1 .0 - 3 ,620 
19 1 86 .5 0.2 - 2 ,820 
20 1 90.0 1 .0 - 1 ,990 
2 1  193 .7 0.2 - 1 ,090 
22 197 .3  1 .0 1 80 
23 200.8 0.2 + 750 
24 204.4 1 .0 + 1 ,750 
25 207.9 0.2 + 2 ,760 
26 2 1 1 .5 1 .0 + 3 ,830 
27 2 1 5 . 1  0.2 + 4 ,930 
28 2 1 9 .0 0.4 + 6 , 160 
29 222.3 0.2 + 7 .230 
30 225 .9 1 .0 + 8,440 
3 1  229.4 0.2 + 9 ,650 
32 233 .0 1 .0 + 1 0,940 
33  236.6 0.2 + 1 2,260 
34 240. 1 1 .0 + 1 3 ,580 
35 (Missed) 
36 247 .3 1 .0 + 1 6 ,4 1 0  
3 7  250.8 0.2 + 1 7,820 
38 254.5 1 .0 + 1 9 ,350 
39 258.0 0 .2  + 20,81 0  
40 26 1 .6 1 .0 + 22,340 
4 1  (Missed) 
42 268.8 1 .0 + 25 , 1 20 
43  (Missed) 
44 275.9 1 .0 + 23 ,680" 
45 279.5 0.2 + 22.020" 
46 283 .0 1 .0 + 20,320" 
47 286.6 0.2 + 1 8,50()11 
48  290.3 1 .0 + 16,5 80" 
49 293 .8  0 .2  + 14 ,730" 

a Refers to third-contact limb. 
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FIGURE 6 Schematic of uv payload instrumentation. The short
wavelength camera cycled and stored SO frames of data during the 
period indicated on flight  path (c) in Figure 5. Frame 22 of the sequence 
was close to uv eclipse second contact (photospheric extinction , H • = 0, 
Table I )  at the payload apogee height of 143 km. 
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TABLE 2 Spectrograph Characteristics, Wadsworth I 
Wavelength range 
Focal distance 
Spectroheliogram dispersion 
Image diameter 
Film resolution 

Grating 
Area 
Efficiency; blaze 

8S0-2220 A 
SO em 
16.6 A mm· • 
4.8 mm 
10 l&ffi on film 
0.1  7 A in plane of dispersion 
3000-lan radial projection at sun 
B&L 3S-S 2-2S-700 (AI + MgF2 )  
I S  em •  
3 2 %  at ISOO A (n = + 1 )  

coronal data and to some related aspects of the solar activity observed 
in both the uv and visible data for March 7, 1 970. 

A .  C O R O N A L  L IN E S 

Twenty-eight coronal images are observed, of which 1 7  have been identi
fied by Jordan [ 1 97 1  ] . Each line,  of excitation potential x e V,  is char
acteristic of the electron temperature T� at which the calculable excita

tion function g (T� )  = T� -'la e-x/kTe X (fractional ion abundance) has 
its maximum value [ Pottasch, 1 963 ] . The coronal lines may thus be 
ordered in temperature sequence and are reproduced from Jordan's 
paper in this form in Table 3. The isoelectronic sequence is also indi
cated. 

In the case of collisionally excited optically thin lines the eclipse plate 

intensities for stigmatic images reflect the variation of fN�2 dz along the 
line of sight. This is a sufficiently good approximation in many cases to 
permit a structural analysis of coronal limb activity , provided some 
assumption is made about this structure in the z, or line-of-sight, direc
tion. Figure 7 (lower) shows a small section of one uv limb spectro
heliogram (exposure 26, 1 8 : 39 :47  U T )  in the spectral range 1 330-
14 70 A and conveniently illustrates both the data format and the 
varying excitation conditions for three western equatorial active regions. 
Reference to Table 4 shows that these images are associated with a range 
of excitation temperatures from 2 X I Q4 K to l .  7 X 1 06 K. 

It is apparent from Table 3 that these newly observed coronal radia
tions are again from configurations 2pn and 3pn . The lines are forbidden 
transitions within the ground term and in this respect complement and 
extend the visible and infrared spectra of the corona. At shorter wave
lengths (xuv) ,  the coronal spectrum is dominated by allowed transitions 
in coronal ions and has been extensively reviewed (see , for example, 
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TABLE 3 Newly Observed Coronal Lines, 1 1 90-2 1 85 A 

Te(X 1 0' K) I on Sequence Transition Obs. A 

0.7 Mg VII c 2p' 'P , -' s. 1 1 90.2 

0.7 Si V II 0 2p4 ' P, - 'D,  2 14 7 .4 

0 .8  Si VIII  N 2p' • S, 1 2 -' D,1 , 1446 .0 

1 .2 S i IX c 2p' ' P, - 'D,  1 7 1 5 .3 

1 .2 Si IX c 2p' 'P , -' D, 1985 .0 

1 .2 Si IX c 2p' ' P, -' D, 2 149.5 

1 .3 Fe XI  s 3p4 'P , -' s. 1 46 7 .0 

1 .6 Fe XII p 3p' • s, 1 2 -' P,1 , 1 24 2.2 

1 .6 Fe XI I  p 3p' • s, , , -' P, 1 2  1 349.6 

1 .6 Fe XII  p 3p' • s,, , -' D, 1 2  2 1 69.7 

2.0 0 VII He 1r 'S , -' P, 1 6 24 .0 

2.0 S X I c 2p' 'P, -' D, 1 6 1 4 .6 

2.0 S XI c 2p' 'P, -' D, 1 826 .0 

2.0 Ni XIII  s 3p• ' P, -' D, 2 1 26 .0 

2.0 Ni XIV p 3p' • s, 1 2  -' D, 1 2 1 866.9 

2 .2  Ni X IV p 3p' • S,1 , -• D,1 , 2 1 85 . 1  

2 .5 Ni XV Si 3p' ' P, - ' D, 2085.7 

Tousey [ 1 967 ] ) . At wavelengths longer than 2 200 A,  the coronal spec
trum remains unknown until we reach the first line observed with ground
based instruments at �302 1 A.  Recovery of this missing spectrum re
mains one of the main objectives of future space experiments at eclipse. 

B. L Y M AN -a 

Radiation at � 1 2 1 6  A is observed to dominate the coronal emission 
throughout all the uv eclipse data ( Figure 7, top) .  This hydrogen Lyman
a radiation appears in the corona due to the resonance scattering of 
chromospheric Lyman-a, which is occulted by the moon in these data. 
The number of neutral hydrogen atoms ("'>:: 1 in 1 07 ) remaining at coronal 
temperatures ( T "'>;; 2 X 1 06 K) is sufficient to produce the observed 
intensity. This problem has been considered in detail by Gabriel [ 1 97 1 ] .  

C.  T H E  P R O M I N E N C E S  

Figure 8 i s  a schematic drawn from original 65 63 A H-a data recorded 
on eclipse day with the 1 0-cm coronagraph operated by the Institute 
for Astronomy, University of Hawaii .  The heliocentric rotational co
ordinates and the corresponding direction of wavelength dispersion on 
the uv eclipse plates are shown . A loop structure , forming part of a 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


w 
� 

2 6 

FIG URE 7 Eclipte spectroheliograms of the active limb regions A, B, and C. Upper section: Lyman-a 1 2 1 6  A ;  lower section : 1 33�1470 A. Features can 

be identified using the central key and Table 4. 
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TABLE 4 Key to Limb Spectroheliograms, Figure 7 

Prominence Image 

Temperature S pectra- Wavelength 

(K) Jon heliogram (A) Transition A 8 c 
2 X 1 04 C ll 8. 9 

1 3 35 .8  ' P-' D A s,t Bt,• Off 
1 3 34 .6 
1402.8 

figure 

6 .5 X 1 0' Si iV 4 , 6 
1 393.8 

' S-1 P A.,, s ... c .. ,. w 0 1 .2 X 1 05 O IV 3 , 5 
1404.8 > p_• p A J,S Weak Weak -.J 140 1 . 1  

9.3 X 1 05 Si VIII 2 1446.0 • s-' D Absent Loop Absent 
structure 

1 .5 X 1 0' Fe X I  I 1467.0 ' P-' S Absent Diffuse Absent 
coronal 
activity 

1 .7 X 1 0' Fe XII  7 1 349.6 • s-' P Absent Intense Absent 

coronal 
activity 
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FIGURE 8 Solar l imb schematic drawn 
from H-<1< coronagraph frame recorded 
at the Mees Solar Observatory, Haleakala, 
Maui. This data frame, timed at 1 8 :40: 24 
UT on eclipse day, can be placed as 23 
sec after the uv eclipse frame listed as 
exposure sequence No. 30 in Table I .  
This schematic should be used in identi
fying the features shown in Figures 7, 
9, 1 0, 1 3 ,  and 14 .  

U L T R A V IO L E T I N ST R U M E N T S  

s 

large coronal condensation , is present  in the uv data alone , and we in
clude it also in Figure 8 ,  overlying the small H-a prominence J. 

The structure that  can be derived from the surface brightness of 
these objects in the uv is best visualized by arranging corresponding 
sections of different  limb images in their  temperature sequence with 
identical vertical registration . 

Emission lines at the upper l imit of the transi tion zone (Figure I )  
are particularly sensi tive in this respect, and Figure 9 chooses S i  I V ,  

0 V I ,  and S i  V I I I  to emphasize the rapidi ty o f  these changes with tem
perature (exposure 30, I sec 1 8 : 40 : 0 1  U T ) .  

A systematic variation with temperature i s  observed for the loop sys
tem above J and is shown in Figure I 0. Thi_s loop extends for 1 50,000 
km into the corona (Si V I I I )  and surrounds the hotter core (Fe X I I ,  
S X I ) . The low-lying chromospheric emission a t  the limb within this loop 
(see ,  for example , in Si IV , Figure 9,  and H-a, Figure 1 2 , column J) pro� 
ably represen ts quite different  material along the line of sight .  

Figures I I  and 1 2  are arranged to show the structural development 
with temperature for s ix  of the nine active regions recorded in the uv 
data. Figure I I  shows principally chromospheric l ines. F igure 1 2  con
tinues the sequence through transi tion zone and coronal temperatures. 

These arrays clearly show the very pronounced relative differences 
in the physical conditions of the transition zone prominence/corona. 
A comparison between A.H.K. and B .G.J . for Si V I I I  and Fe X I  in 
Figure 1 2  shows three examples of an association between low emis
sion at upper transition-zone temperatures and the quiescent type of 
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Si llr 
1394 1 

O lll 

1o3a ! 

S i JZIII 
1446 1 

309 

7o,ooo •K 

280,000 •K 

830,000 °K 

FIGURE 9 Eclipse spectroheliograms of the active limb regions J and K in  Figure 8, recorded 
in Si IV, 0 VI, and Si VII I  radiation with identical vertical registration. Unwanted images arising 
from partially overlapping spectra have been suppressed, and the position of the lunar limb has 
also been emphasized. The upper and lower images have been selected to show the rapid changes 
in emission that occur for .0. log , 0  T "' ± O.S  about the upper limit of the steep temperature 
gradient shown in Figure I. This region is characterized by the radiation of the lithiumlike ion 
0 V I  at log 1 0 Te = 5.4, where emission arises partly from the transition zone and partly from 
the corona. 

prominence where horizontal magnetic fields are known to predom
inate. 

An important question concerns the evolutionary stage for these fea
tures observed in the uv. The uv data sequence is too transient in nature 
to have recorded physical changes in the solar atmosphere. However, by 
examining H-a records we m ay place these objects in some form of evolu
tionary sequence. One result of such analyses is that the feature A formed 
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31 71 70 

, 
- - -- -

-7m 4 1 s  

- 5 m  0 0 s  

- 2 m  I S s  

U L T R A V I O L E T  I N ST R U M E N T S  

"' - -

+ 3 m  58 s 

+ 1 0 m  2 1 s 

+ 1 6 m  21 s 

+ 6 4 m  1 5 s  

FIGURE 1 3  Time development of the H-<r condensation A (F igures 7 and 8). This time 
sequence is referred to 1 8 :4 0 : 0 1  UT for uv eclipse exposure sequence No. 30 (Table 1 ) ,  at which 
point t = 0 in the sequence shown above. The data in Figures 1 3  and 14 were recorded by the 
1 0-cm coronagraph at the Mees Solar Observatory, Haleakala. Filter .O.X = ±3 .5  A at H-<�< 
6563 A. 
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3 / 7/ 70 - 70 m  05 s 

- 1 2 m  OSs 

- 7 m  41 s 

) 
- -

3 1 3  

- 2 m I S s  

23 s 

- -

+ 1 0 m  2 1 s 

+ 3 4 m  I S s  

FIG URE 14  Time development of the prominence feature B i n  H ..:t ;  see Figures 7 and 8 and 
text. 
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TABLE 5 Four-Body Eclipse Possibilities 

Location of Rocket or 
Satellite Site Object Eclipse or Transit 

In earth shadow, Earth Moon Lunar eclipse 
between earth and moon, 
during a lunar eclipse 

Satellite Earth Solar eclipse 
Satellite Moon Lunar eclipse 

In earth shadow, Earth Moon Solar eclipse 

between earth and moon's 
distance, during a solar 
eclipse Moon Earth Lunar shadow 

transit of earth 
Satellite Moon Lunar eclipse by 

earth 
Satellite Earth Solar eclipse 

In moon's shadow, Rocket Lunar shadow 
between earth and or Earth transit of earth 
moon, during solar satellite (Figure 3 )  
eclipse 

Rocket Solar eclipse 
or Moon (Figure 2) 
satellite 

the earth-moon-sun system and a fourth body , namely , a rocket pay
load or satelli te . The list is restricted to those situations favoring new 
solar or terrestrial data ; however, we exclude the important case of ob

servations of the gegenshein , zodiacal light, and corona from a lunar
based observatory as beyond the scope of this article .  Moore and Schilling 

[ 1 966 1 list the complete range of configurations. 
Inspection of Figures 1 5  and 1 6  [ Meeus et al. ,  1 966 1 shows that 

forthcoming opportunities of the 1 970 type are limited to those l isted 
in Table 6 .  Experiments are currently in preparation for the great eclipse 
event of June 30, 1 973. 

Figure 17 shows estimates for electron-scattered continuum levels 
(K corona) to be expected at uv wavelengths down to 2000 A , using 
disk continuum intensities published by Bonnet [ 1 968 1 . Slitless eclipse 
spectra recorded with sufficient sensitivity will show these background 
levels unless they are masked by some unavoidable instrumental bright
ness. The units are those of photon brightness normalized to a central 
disk value of 1 0 1 8  hv cm-2 sec- 1 sr- 1 A- 1 at 5 000 A. Typical sky
brightness values are also shown and refer to ground-based observations 
in the visible ( 1 ,  2 ). The advantage of the externally occulted white-light 
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FIGURE IS Northern hemisphere chart of future eclipse tracks up to 1 984.  Latitudes are 
marked in I o• intervals [ Meeus �, a/ . .  1 966 I .  

3 1 5  
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FIGURE 1 6  Southern hem isphere chart o f  fu tu re total ecl ipse tracks u p  t o  1984. Open cir
cles mark the beginning of the eclipse track at dawn; closed circles mark the termination of the 
eclipse at sunset [ Meeus n a/. , 1 966 ) . 

TABLE 6 Forthcoming Total Eclipses 

Totality,  
Year Date Max. Duration Occurrence 

min sec 
1974 June 20 5 08 S .W. Australia 
1 976 October 23 4 46 S .E .  Australia 
1 97 7  October 1 2  2 37 Pacific 
1 979 February 26 2 48 Canada 
1980 February 16 4 08 A frica, India 
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FIGURE 1 7  Estimates of electron
scattered continuum levels (K corona) 
observable at eclipse for four uv wave
lengths. The units are relative to a cen
tral disk photon brightness I 0 of I 01 1  

h11 cm· •  sec· • sr· • A" ' . Short exposure 
and photographic background level 
limited the effective low signal of the 
1 970 rocket eclipse data on this scale to 
between log,0/ (relative) = -7 and - 8. 
Legends: ( 1 )  Van der Hulst 1 1 953 )  sky 
brightness at midtotality . ( 2) Blackwell 
and Petford 1 1954 ) , eclipse 30,000 ft, 
6 300 A. (3) Newkirk and Lacey 1 1 970) , 
eclipse sky brightness 6400 A. (4) Bohlin 
et a/. I 197 1 ) ,  instrumental brightness, 
white-light rocket coronagraph. 

3 1 7  

rocket or satellite borne coronagraph is also evident ( 4 ) . Short exposure 
and photographic background limited the effective low signal limit of 
the March 7 ,  1 970, uv data to between log 10/ (relative) = -7 and -8 on 
this scale, permitting the observation of a weak coronal continuum be
tween 2000 and 2200 A [ Orrall and Speer, 1973 ] . 

The writer wishes to thank the following people for the use of material reproduced here : 
Marie McCabe (H-a coronagraph data, Haleakala Observatory) ; G. Newkirk (HAO white· 
Iicht corona); Jean Meeus (eclipse charts) ; H. L. Galloway (NASA ATS-111). 

The helpful advice and stimulus of Frank Orrall have been greatly appreciated. 
Travel grants from the Royal Society and the International Astronomical Union are 

gratefully acknowledged . 
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B .  B A T E S ,  C .  D .  M cK E IT H , G .  R .  C O U R T S ,  
a n d  J .  K .  C O N W A Y  

ASTRONOMICAL 
OBSERVATIONS IN 
THE MIDDLE 
ULTRAVIOLET WITH 
HIGH SPECTRAL 
RESOLUTION 

Introduction 

In many of the spectroscopic astronomical observations to date the 
spectral resolving power employed has of necessity been less than desir
able, particularly in the ultraviolet region of the spectrum . The reasons 
for this are straightforward : the radiant flux from astronomical sources 
is intrinsically very weak , and the resolving power of a given spectroscopic 
instrument can in general only be increased at the expense of its luminos
ity or light-gathering power. The situation is less severe in the visible 
region of the spectrum , where spectrometers can be combined with large 
ground-based telescopes. The difficulty in fulfilling the necessary require
ments for astronomical observations with high spectral resolution in
creases progressively toward the shorter wavelengths, where the majority 
of the astrophysically important spectral lines of neutral and ionized 
atoms are to be found . For example , of considerable importance in the 
study of the chromospheres of the sun and of late-type stars are the 
resonance lines of Mg I I  at X279 .S  and 280.2 nm. In the solar spectrum 

The authors are in the Department of Pure and Applied Physics, The Queen's Univer
sity of Belfast, Belfast BT7 I NN ,  Northern Ireland . 

3 1 9  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

S p a c e  O p t i c s :   P r o c e e d i n g s  o f  t h e  N i n t h  I n t e r n a t i o n a l  C o n g r e s s  o f  t h e  I n t e r n a t i o n a l  C o m m i s s i o n  f o r  O p t i c s  ( I c o  I X )
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 7 7 9

http://www.nap.edu/catalog.php?record_id=18779


3 20 U L T R A V I O L E T I N S T R U M E N T S  

these lines are evident a s  broad absorption features i n  the photospheric 
continuum with self-reversed emission components in their center (Fig
ure I ) . The shape and strength of the emission components are highly 
sensitive to large- and small-scale chromospheric activity , while the 
broader absorption contours yield information on the more general 
conditions in the atmosphere [ Bates et al . .  1 969 ,  1 97 1  a: Lemaire 1 969 ,  
1 970,  1 97 1 ) . As such, the Mg I I  lines are analogous to the  H and K lines 
of Ca II in the visible region of the spectrum but are much more promi
nent in emission and absorption and can thus be studied in greater detail 
and to fainter stellar magnitudes [ Bates and McKeith, 1 972 ) .  

Resolving powers of the order of I 05 are req uired to fully resolve the 
detail of the emission features, although somewhat lower values are 
adequate to study the wider absorption profiles. The best reported Mg I I  

satel l ite observations o f  stellar sources are those o f  the Utrecht e x  peri-

K 

> 
..... 
in z � 
� u t= & 

277.0 278.0 

0 X 

279.0 280.0 281.0 

H 

5 R = 1 .8  X 1 0  

282.0 A. nm 
FIGURE I Microdensitometer traces of a solar Mg I I  Fabry-Perot interferogram (see Figure 
1 0).  The lower trace is obtained from the echelle dispersion alone, and the upper trace from 
the combined Fabry-Perot and echelle dispersion. (X and 0 are wavelength and position markers. 
respectively.) 
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ment on the E S R O  T D - 1  A (Hoekstra et a/. , 1 97 2 ]  (Figure 2) .  With a 
resolution of 0. 1 8  nm (R = 1 .45 X I 03 ) the Mg I I  absorption features 
are well resolved , although the instrumental width is evidently of the 
order of the stellar line widths. Recently , stellar spectra in the same 
wavelength region have been obtained with a balloonborne spectrometer 
( Kondo et a/. , 1 97 2 ]  in which the resolution was between 0.025 and 
0.05 nm . Here the resolving power was sufficient to detect the emission 
components in the spectra of several stars and to resolve the self-reversal 
in the exceptionally strong and broad features of the supergiant a Ori. 
The need for more general higher resolution (R > I 05 ) observations is 
still outstanding. 

Again , in theoretical model stellar atmosphere calculations that en-

200 

100 

-

I I I I Mi ll Mi ll Mi ll Mi ll Fe l l  Cr il l 
2710.1 27111.11 2711.0 2102.7 2101.3 2112.0 

2101.1 

0��--�--_.----�--���--�--�� 
2710 2100 2110 21120 __.., tAl 

FIGURE 2 Mg II absorption line spectrum of p Aurigae (A2V) obtained 
by the ESRO TD 1 A satellite [ Hoekstra n a/. , 1 972) . The horizontal 
bars indicate the half-width of the instrumental profile. 
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322 U L T R A V IO L ET I N ST R U M EN T S  

deavor to  predict the absolute spectral energy distribution of the radia
tion emitted by stars, the number and strength of the many absorption 
lines included in the computation strongly influence the form of the 
emergent intensity . It is necessary to obtain high-resolution spectra of 
each stellar type in the ultraviolet ,  where this heavy line blanketing 
occurs, for comparison with the computed spectra. Progress in this 
direction is again demonstrated by the T D · l  A data (Figure 3 ) ,  where 
the decrease in flux observed at 253 nm in the earlier Orbiting Astro
nomical Observatory spectra (11X = 2.5  nm) is clearly seen with the higher 
resolution to be due to the strong influence of the many Fe I I  lines. 
The theoretical spectral distribution is also shown for comparison [Maran 
et a/. , 1 968 ] . Additional observations with much higher spectral resolu
tion are required in order to establish the collective importance of fine
scale absorption features in the spectra. 

A pressing need for ultraviolet astronomical observations with spectral 
resolving powers in excess of I 05 is in the study of the interstellar 
medium. Here the individual clouds of intervening interstellar gas produce 

• 

tOO 

\ 
0 

• 

J -

-

0 
21110 2120 2140 21110 21110 

-- ·"' 
FIGURE 3 Spectrum of � Aurigle (A2V) in the region 249 to 259 
nm: (a) u observed by TO l A; (b) as observed by OAo-2; (c) as pre
dicted by L TE theory. ( Hoelcstra et al . •  1972) . 
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B. Bates et a/. 323 
separate narrow absorption lines in the continuum spectra of hot early
type stars of class 0 and B .  In many cases, as seen in the ground-based 
data, these lines may be as narrow as 0.006 nm (3 km/sec) [Hobbs, 1 969 ;  
Marschall and Hobbs, 1 97 2 ] . With several interstellar clouds in the line 
of sight to a background star and with moderate spectral resolution , the 
principal asset in the spectrum is the equivalent width of the combined 
absorption features. M uch of the information on the motion of the indi
vidual clouds is masked by instrumental broadening, while also the 
analysis of the number density of the absorbing species involves certain 
assumptions about the prevailing velocity distribution . With high
resolution observations (R > 1 05 )  the form of the d istribution becomes 
d irectly available, and information on the physical conditions within the 
clouds can be obtained from the detailed individual profiles. Observa
tions of elements in more than one state of ionization are particularly 
informative , and the near ultraviolet lines of Mg, Fe, and Si will contrib
ute significantly in this respect. Resolving powers of the order of 
6 X I 05 have been demonstrated to be warranted in such studies of the 
interstellar medium by Hobbs using an elaborate triple interferometer 
system (P E PS lO S )  in the visible lines of Na and Ca. 

As already indicated , space vehicles are required for astronomical ob
servations in the ultraviolet because of the attenuation of the earth's 
atmosphere .  To examine the complete ultraviolet spectrum longward of 
9 1 .2 nm requires observational altitudes in excess of I 00 km , accessible 
only by rockets and satellites, each having its separate merits. A useful 
part of the middle-ultraviolet astronomical spectrum between 200 and 
300 nm , however, including the important Mg I and II lines, is open to 
observation from balloons of 5 X I 05 m3 or larger, at altitudes of 
around 40 km . Scientific ballooning is particularly attractive for uv 
astronomy,  as it offers the possibility of long flight periods, instrument 
operation by ground command , large payload capacities, short prepara
tion and tum-around times for flights, and relatively low costs. 

In ground-based astronomy using large optical telescopes, the flux in 
a spectral resolution element of a given spectroscopic instrument is 
ultimately limited by the atmospheric seeing conditions. In  observations 
from space vehicles, however, the determining aspect is the accuracy and 
stab ility with which a telescope can be pointed at the object under inves
tigation. The degree to which the pointing capability of the stabilized 
platform is effective in determining the spectral resolution of the observa
tion is dependent almost entirely on the angular dispersion of the spec
trometer or spectrograph. Two types of disperser well suited to space 
astronomy are the high blaze-angle grating, in particular the echelle 
grating, and the Fabry-Perot interferometer [Bradley, 1 968 ] . 
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Grating Instruments 

Astronomical spectrometers or spectrographs employing plane diffraction 
gratings may be either slit or slitless systems [Wilson , 1 965 ; Rense, 1 966 ) . 
The former are used in combination with flux-collecting telescopes. So 
too are the latter on occasions, as well as in the objective grating config
uration . In those systems incorporating entrance slits, the spectral resolu
tion is determined solely by the slit width for a given ruled grating, while 
the flux in a spectral resolution element is critically dependent on the 
absolute stellar acquisition (second of arc pointing is required) .  In slit-
less systems, the absolute pointing of the platform becomes only of 
secondary importance ( typically of minute of arc accuracy) , but the 
spectral resolution is ultimately dependent on the pointing noise for a 
given instrument. 

For a plane grating used in autocollimation , the input angular dis
persion is 

da/d;\. = 2 tan 8 f;\., 

and the angular width of a resolution element is 

da = 2 tan 8/R 

(0 = the autocollimation blaze angle) ,  demonstrating that the higher the 
blaze angle the greater the angular width of the spectral resolution element 
for a given resolving power. 

When used in combination with the telescope, the pointing performance 
(d�t) required to match the angular width (da) of the spectral element 
becomes 

dp = (Dc/Dr) (2 tan 8/R), 

where De and Dr are the spectrometer collimator and telescope aperture, 
respectively. For a 2 1 60 lines/mm grating, used at a blaze angle of ap
proximately 32° in the second order at wavelength 250 nm , then with 
De = I 00 mm and Dr = 400 mm , the pointing required to match the 
resolution element for R = I 05 is of the order of ±0.3 sec of arc. It is 
emphasized that this is only a telescope of moderate aperture , that the 
resolving power is only moderately high, and that the blaze angle is ap
proaching the maximum for this type of grating. Thus, even if such 
exacting pointing is achieved , this system is already substantially stretched, 
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and while the size of the grating could probably be trebled , allowing a 
corresponding increase in the telescope size , the cost and weight of the 
systems are increased considerably . 

One method of easing the requirements on the platform pointing sys
tem is that of using an echelle grating with a blaze angle of the order of 
63° ( tan- • 2) .  The pointing for the above example is now relaxed to a 
slightly less demanding value of the order of ± I sec of arc. The smaller 
free spectral range of the echelle, however (e.g. ,  � t o  nm at X250 nm for 
a 300 l ines/mm grating), requires a cross-dispersion system for order 
sorting, as also does the plane grating used in the second or third order. 
While in the latter case a simple small-angle prism will suffice, the echelle 
system generally requires a second grating to provide adequate separation 
of the echelle cycles. This adds complexity to the optical system , as well 
as becoming expensive for the larger-aperture systems. Nevertheless, it 
offers the overriding advantage of accommodating a w ide spectral range 
in the form of many spectral cycles in a small two-dimensional array. 
The spectrum may then be photographed directly or in combination with 
an image intensifier, or integrated on an S E C  target and read out by a 
television camera tube. 

An example of current astronomical crossed-dispersion systems is the 
uv stellar echelle payload of the Astrophysics Re!>earch Unit, Culham 
Laboratory (Figure 4) [ Burton et a/ . • 1 97 1  ] . A stellar image is produced 
by a 350-mm aperture [/ 1 2  Cassegrain telescope at the spectrograph 
entrance aperture , which is located at the vertex of an inclined conical 
mirror. Reflected light from the periphery of the entrance aperture is 
used to generate an error signal , and the fmal acquisition and rms noise 
is expected to be of the order of 2 .5  sec of arc. The crossed-dispersion 
system enables the entire wavelength range from 1 20 to 300 nm to be 
recorded simultaneously with' a spectral resolution between 0.007 and 
0.027 nm ,  respectively. The compact nature of the array is easily accom
modated on the salicylate-coated window of the image tube and sub
sequently photographed on 35-mm film with an estimated gain in speed 
of I 0 over direct photography (Figure 5 ) .  A similar system is under con
sideration for the proposed International Ultraviolet Explorer satellite, 
whose projected launch data is in 1 976 .  Here the image tube is supple
mented by an S E C  vidicon camera and the spectral information teleme
tered to ground receiving stations.  

One disadvantage of such simultaneous wide spectral coverage is that 
the near-ultraviolet end of the spectrum is often recorded with insuffi
cient resolution . Thus for some studies the 200- to 300-nm region must 
be given separate consideration ; and , being intermediate between the 
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Telescope 
aupport tube 

Primory 

FIGURE 4 Ultraviolet stellar echelle payload (Astrophysics Research 
Unit, Culham Laboratory, U.K.) .  

llliNOr 

atmospheric extinction and the quartz cutoff, it occupies a special posi
tion in that advantage can be taken of established ground-based spectro
scopic techniques applied to space-vehicle observations. 

Plane gratings may also be used with some advantage in the objective 
grating configuration . Here the relative aperture ratio of the telescope to 
the disperser or collimating m irror, Del Dr , disappears so that for a given 
resolving power the demands on the pointing requirements of the sta-
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Grating dispersion 80 A/mm 

Echelle dispersion 1 .6 A/mm It 1 200 A 4.0 Almm at 3000 A 

_ 1 200 A  

2800 

- 3000 

FIGURE S Echellogram of a microwave air discharge of the spectral range 1 200-
3000 A (Culham Laboratory) . 

327 

Copyr igh t  © Nat iona l  Academy o f  Sc iences .  A l l  r igh ts  reserved.

Space Opt ics :   Proceed ings  o f  the  N in th  In te rna t iona l  Congress  o f  the  In te rna t iona l  Commiss ion  fo r  Opt ics  ( Ico  IX)
h t tp : / /www.nap.edu/ca ta log .php?record_ id=18779

http://www.nap.edu/catalog.php?record_id=18779


3 28 U LT R A V IO L E T  I N ST R U M E N T S  

FIGURE 6 Balloonborne objective grating spectrograph (Queen's 
University of Belfast/University College of London). 

bilized platfonn are relaxed by the same factor, but only at the expense 
of collector area, which is now the nonnal area of the grating. A lthough 
the maximum size of this is currently 208 X 208 mm2 , these are excep
tional gratings and a more nonnal flight system would be typically 
1 28 X 1 28 mm 2 • 

One disadvantage of large-objective-grating systems is that in general a 
large inertial mass is involved in the stabilization,  which is therefore more 
difficult than in the case of fine stabilization of a telescope secondary 
mirror. For the smaller gratings, secondary stabilization becomes prac
tical as in the balloon borne objective instrument prepared by the Queen's 
University of Belfast and University College , London, for an initial pre
liminary sky survey in the Mg I and I I  stellar and interstellar program. *  
The optical configuration o f  the spectrograph i s  shown in F igure 6 .  The 
2 1 60 lines/mm ( I  02 X 1 28 mm2 ) grating is used in the second order, 
close to the blaze angle of 3 2° 4 1  ' , and the output angular dispersion is 
�6 X I o-3 rad/nm . To achieve a desired minimum spectral resolution 
of 0.0 I nm for the first flight,  image stabilization to better than ±6 sec 
of arc is required in the direction of the grating dispersion .  This is 

*This experiment was successfully flown on October 4, 1 972 .  

Copyr igh t  ©  Na t iona l  Academy o f  Sc iences .  A l l  r i gh ts  rese rved .

Space  Opt i cs :   P roceed ings  o f  the  N in th  In te rna t iona l  Congress  o f  the  In te rna t iona l  Commiss ion  fo r  Op t i cs  ( I co  IX )
h t tp : / /www.nap .edu /ca ta log .php?record_ id=18779

http://www.nap.edu/catalog.php?record_id=18779


B. Bates et al. 329 

achieved by servo-control of a plane beam-folding mirror illwninating 
the grating. The whole payload is pointed in azimuth and elevation to 
approximately ± I min of arc. The first , second , and third orders of the 
grating are separated by a quartz prism . The optical configuration finally 
adopted is particularly attractive for its relative simplicity and for its 
excellent image-forming properties. Laboratory tests on the spectrograph 
alone indicate a spectral resolution of the order 0.005 nm (R � 6 X 1 04 ) .  

In summary , plane diffraction gratings offer the possibility of record
ing high-resolution spectra over a wide spectral range. It is, however, not 
practical to do so while maintaining sufficient spectral resolution at the 
longer wavelengths for line-profile studies. Furthermore,  even with echelle 
gratings, for only moderate-size telescopes and average resolving powers, 
the demands on the platform pointing systems are in the region of ± 1 sec 
of arc. In order to relieve the situation , very large gratings are required. 
These are expensive , particularly if associated with an additional order
sorting grating. Also the increasing weight and difficulty of maintaining 
the figure of such large gratings in support become critical with respect 
to the restricted capacities of space vehicles. 

Some Developments in Fabry-Perot Instruments for Ultraviolet Astronomy 

It was first pointed out by Jacquinot [ 1 954 ] that the lum inosity of 
Fabry-Perot spectrometers could be many times greater than those using 
conventional high and low blaze gratings for equal d ispersing areas and 
for the same resolving power. The considerable advantages to be gained 
in their application to ground-based astronomy have been discussed in 
detail [e .g. , Vaughan, 1 967 ; Meaburn, 1 97 0 ] . Their greater luminosity 
arises d irectly from the higher angular dispersion of the interferometer, 
but of special relevance to space application is the simultaneous relaxa
tion in the demands on the platform stabilization . The immed iate dis
advantage of the single-etalon system is its small free spectral range, 
thereby requiring some form of predispersing system. 

As is well known, for an extended source a circular fringe pattern is 
produced in which the angular dispersion is simply 

d�/d"A = I /"A tan �. 

where 4> is the angular d istance from the center of the pattern .  If a dia
phragm in the form of a circular hole is located on axis (4> -+ 0) of angular 
radius equal to the half intensity width of the central fringe of zero in
ternal radius, those wavelengths corresponding to the spectral resolution 
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of the interferometer will be transmitted and others rejected . This angular 
diameter is  

For a given resolving power, this corresponds to the angular width of the 
spectral resolution element and , hence , to the pointing requirement of 
the space platform . 

The immediate advantage is seen in the example of R = 1 05 , where 
At/> equals the large value of 9 X 1 0-3 rad (i .e . , �t0) .  In combination 
with a telescope, the requirement is correspondingly greater, e .g. , for 
Dr = 0.5 m and DFP = 25 mm the pointing necessary to maintain the 
stellar image within the analyzing diaphragm is of the order of ±45 sec o f  
arc. Thus for telescopes o f  moderate size and moderate resolving powers, 
only coarse pointing is required . Alternatively, if a stabilization accuracy 
of ± I 0 sec of arc was available , then a small-diameter interferometer 
(-25 mm) could accept all the flux from a 2 .25-m telescope for a re
solving power of 1 05 • Thus unlike the grating instruments, even small 
interferometers are well beyond being platform pointing limited . More
over, the large angular width of the analyzing d iaphragm considerably 
relaxes the tolerances on the quality of the stellar image, permitting the 
use of large-aperture telescopes with only moderately figured optics. 

To carry out a program of Fabry-Perot astronomical spectroscopy 
in the ultraviolet from space vehicles requires the following : 

1 .  Good optical quality interferometer plates and high-reflectance , low
absorption coatings for high etalon finesses with good transmission 
characteristics ; 

2. A suitable predispersing system for isolating a single-interferometer 
free spectral range ; 

3 .  A means of scanning the interferometer in wavelength for photo
metric spectrometers ; 

4. A method of synchronously scanning the predisperser and inter
ferometer for examination of a large spectral range ; 

5 .  A measure of instrument reliability and robustness and the capacity 
to be operated by remote control . 

With recent advances in optical polishing techniques and thin-film 
deposition technology, interferometers with a finesse between 20 and 40 
over the wavelength region 200-300 nm are now feasible [Bradley et a/ . •  

1 967 ] . 
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For a series of experiments (Queen's University/Culham Laboratory) 
to measure the point-to-point variation of the Mg I I  profiles on the solar 
disk with high spatial resolution and with a resolving power of 2 X 1 05 , 
permanently adjusted air-gap interferometers were developed to be used 
classically with photographic detection in rocketborne and balloonborne 
spectrographs [Bates et al. , 1 966 ] . The robustness and stability of align
ment of the optically contacted , high-finesse (approximately 30 at X280 
nm) interferometers is demonstrated by the fact that all interferometerS 
flown in the two rocket and two balloon flights were recovered intact 
with their preflight performance [Bates et al. , 1 969 , 1 97 1  a ] . 

The layout of the solar balloon instrument is shown in Figure 7 .  The 
interferometer spectrograph and control electronics were enclosed in a 
thermally insulated cylindrical envelope. The payload was mounted on a 
Ball Bros. Solar Pointer platform , which orientated the package to within 
a few minutes of arc of the solar center. Fine stabil ization of the solar 
image to ±5 sec of arc on the spectrograph slit was achieved through 

SUNLIGHT 

TELESCOPE 

ERROR LJ..-,h;;tflll--t'f DETECTOR 

E NTRANCE SLIT 

I N S U LATION 

PREOISPERSER 

SERVO 

M A I N  SPEC TROGRAPH 

ELECTRONIC BOARDS 

FIGURE 7 Solar interferometer spectrograph (Queen's Univenity of Belfast/Astrophysics 
Research Unit, Culham). 
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servo-controlling the main telescope mirror. The high-dispersion unit 
comprised an echelle grating spectrograph ,  whose dispersion was crossed 
with that of a Fabry-Perot interferometer located in the parallel beam. 
In effect, the echelle grating separated adjacent free spectral ranges of 
the interferometer so that for a continuum spectrum a series of hetero
chromatic channels were fonned in the film plane (F igure 8) .  For an 8° 
angle of incidence onto the interferometer, the dispersion along the 
channels was essentially linear, and the spectral resolution obtained was 
approximately 1 .6 pm . 

There are ,  however, difficul ties associated with this classical photo
graphic arrangement,  since for the extended source there is a spatial or 
position variation as well as a spectral variation along any heterochro
matic channel .  In the static interferometer configuration , as in the 
rocket flights, it was not possible to separate the spatial and spectral 
variation , i .e . , to derive the Mg 1 1  profiles for areas of the order of the 
spatial resolution of the instrument.  With the longer time available dur
ing the balloon flights, the spectrum was scanned by til ting the inter
ferometer in angular steps corresponding to the spectral resolution 
element and making an exposure at each step. By doing so some 1 5  
times, 30 intensity points could be obtained for the construction of 
profiles at each spatial point.  

While this method of angle scanning was successful ,  a more direct 
method of obtaining the profiles is that using photoelectric detection. 

� Mg H Ca K 
SPEC TROHEL IOGRAM 

--- A S L I T  
FIGURE 8 Solar Mg I I  in terferogram recorded during a balloon fligh t. August 1 9 7 1  (Queen's 
University of Bel fast/Astrophysics Research Unit. Culham/ Air Force Cambridge Research Lab
oratory . Bedford, Mas.�achusetts). 
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Moreover, while the angle scanning technique was satisfactory for the 
small (�200 sec of arc) angular free spectral range in this application, 
this was only possible because of the high angle of incidence onto the 
interferometer. The angular extent of the free spectral range and the 
degree of nonl inearity in the scan is substantially increased near normal 
incidence. 

The alternative methods of wavelength scanning involve either a varia
tion of the refractive index of the interferometer gap ( i . e . ,  pressure 
scanning) or physically altering the plate separation . Although the 
method of pressure scann ing over several atmospheres is widely employed 
in ground-based observations, it  has i ts obvious drawbacks for space appli
cations. Plate-separation scanning has been effected in many ways with 
varying degrees of su�cess ,  but the most common current technique is 
by means of piezoelectric transducers because of their near linear exten
sion with voltage . 

In  view of the particular requirement for a high-finesse instrument that 
is compact and robust , stable in adj ustment ,  and simple to use in remote
controlled operation , the scanning in terferometer design was based on 
that of the previous air-gap interferometer. The constructed prototype 
interferometer is shown in Figure 9. In this, the spacers are cylindrical 
columns comprising two silica disks, a barium titanate disk , and a lead 
zirconate-ti tanate disk . Differential vol tages are applied to the barium 
titanate disks for plate parallelism , and the same linear ramp voltage to 
the other disks provides the spectral scan [ Bates et a/. , 1 97 1  b ] . 

Tests in the visible region revealed a scanning defects finesse of -65 
and a wavelength scale linear with applied voltage to within 2% over a 
free spectral range . Placed in a small thermally stabilized enclosure .  the 
interferometer was found to be extremely stable in adjustment  and 

L EAD 

BARIUM TITANATE 

FIGURE 9 Scanning Fabry-Perot interferometer wi th piezoelectric 
transducers. 
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highly insensitive to  shock and vibration . The same interferometer has 
been used for Ca I I  (X396 nm) and for Mg I I  (X280 nm) wavelengths, 
and the recorded finesse was 26 and 1 8 , respectively .  Since in the latter 
case the plates had been separated , coated , and reassembled several times, 
the results are encouraging ; and with a new system a useful recorded 
finesse in excess of 20 at X280 nm seems perfectly feasible. The only 
drawback with this prototype instrument is the high voltage required for 
the piezoelectric disks (�800 V per free spectral range at 280 nm). Cur
rent  developments in this area involve the use of ceramic tubes and disk 
stacks for the column spacers. 

To combine a scanning Fabry-Perot interferometer d irectly with a 
telescope requires some means of isolating the free spectral range of 
interest . Typically , for a resolving power of I 05 and a finesse of around 
20 at X280 nm , a blocking fil ter of 0.06-nm bandpass is in order. The 
development of conventional interference filters in the middle ultraviolet ,  
however, with spectral bandpass less than 0.5 nm,  still remains a problem. 
On the other hand , with a narrow air gap and sufficiently large free spec
tral range , the Fabry-Perot interferometer is a high-performance filter in 
which the central transmission maximum is selected and all others re
jected . This aspect of the interferometer is again well known and has 
been used successfully in the visible region for solar monochromatic 
photography [ Ramsay et a/. , 1 970;  Kononovich and Shcheglov, 1 968 ) . 
Similar solar applications in the ultraviolet would also be important ,  
particularly in  the Jines of Mg I I .  

The general features o f  the permanently adjusted interferometer again 
lend themselves well to this problem for a plate separation less than I 00 
11m, provided that a sufficiently high degree of plate parallelism is at
tained . Figure 1 0  shows schematically the construction of a prototype 
narrow-band ultraviolet filter. The lower plate is in two parts, which are 
optically contacted together. The spacer ring has three protruding con
tacting areas on each side ,  which are polished until the air gap is parallel 
to better than X/ 1 00 over the full 30-mm clear aperture .  At X280 nm, the 
full half-intensity width of the spectral bandpass was 0.06 nm for a free 
spectral range of 1 .6 nm , and the transm ission was approximately 40% 
[ Bates et a/. , 1 973 I .  Developments in tunable narrow-gap filters incor
porating piezoelectric ceramics are under way , and it should then be 
possible to extend the examinable range of the wider-gap interferometer 
by synchronously scanning the combination . 

An alternative method of extending the spectral range is to synchro
nously scan the interferometer. in combination with a grating mono
chromator. This offers the possibility of the simultaneous sampling of 
more than one spectral element by, for example, the use of channel 
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0 60 mm 
FIGURE 1 0  Narrow-band ultraviolet 
Fabry-Perot fJiter. 

335 

multipliers or  a fiber-optic array . Such systems have been devised in 
various configurations [Chabbal and J acquinot, 1 95 5 ;  Hirschberg and 
Kadesch , 1 95 8 ;  Jaffe et a/. , 1 95 5 ) and commonly employ pressure 
scanning of the interferometer with simultaneous pressure scanning of 
the monochromator. 

For our future balloon program , we have investigated the feasibility 
of coupling the present piezoelectrically scanned interferometer to a 
suitable scanning monochromator. In this initial study,  a recovery rocket  
echelle spectrograph was modified for the purpose (Figure I I ) .  The 
interferometer is driven i-n a sawtooth fashion through a free spectral 
range at the same wavelength scan rate as the monochromator. The 
spectral width of the entrance and exit slits is approximately one half of 
the interferometer free spectral range for good spectral purity . The use 
of an echelle grating with its high angular dispersion permits a large 
physical w idth of the slits, which ideally should be equal to the width of 
the central fringe of the interferometer pattern [Wyller and Fay ,  1 972 ) . 
I n  this case , for a well-matched system the high throughput and rota
tional symmetry of the interferometer system should not be altered ex
cept by the efficiency of the echelle grating and associated optics. The 
overall spectral resolution of the grating spectrometer alone is, however, 
increased by a factor equal to the interferometer finesse . 

In operation , the beam-fold ing mirror is driven by a precision stepper
motor drive in angular steps of 1 /40 of the width of the exit slit. Synchro
nism has been achieved over wavelength intervals of I nm ; but with the 
present system,  beyond this, the cumulative effects of the changing free 
spectral range of the interferometer and second-order nonlinear terms 
in the grating dispersion lead to a gradual loss in coincidence. Spectra of 
a laboratory water vapor discharge in emission and absorption are shown 
in Figure 1 2 , in which the high spectral resolution (R = I 05 ) of the com-
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FIGURE 1 2  Spectra of  an  OH microwave discharge (a) in emission with the echelle disper
sion alone, (b) in emission with the combined Fabry-Perot and echeUe dispersion, (c) in absorp
tion with the combined dispersions. 

bined system and the excellent stray-light characteristics of the spectrom
eter are evident. 

This prototype instrument goes some way toward demonstrating the 
capacity of this interferometer system in fulfilling the need for a highly 
luminous, high-resolution , robust , and compact spectrometer with the 
ability to exam ine an extended wavelength region .  With multichannel de
tection, the simultaneous information content in an observation could be 
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further increased over a wavelength range o f  perhaps 6 n m .  This and 
other extensions of the present systems are currently being investigated 
for the program of Fabry-Perot astronomical spectroscopy . 
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D O N A L D  F .  H E A T H  a n d  J A M E S  B .  H E A N Y  

OBSERVATIONS ON 
DEGRADATION OF 
ULTRAVIOLET 
SYSTEMS ON 
NIMBUS 
SPACECRAFT 

Introduction 

The launch of an ultraviolet radiation experiment aboard an earth-orbit
ing satellite places it into a very hostile environment, which is especially 
severe if small changes in uv radiation levels are to be observed over 
periods of months or years. This is critical if one is looking for changes 
in the solar-terrestrial radiation system that may be indicative of long
term climatological changes. Also , in the coming years one will be faced 
with assessing the nature of the problem associated with the pollution 
of the stratosphere and its relationship to man and his environment. 
This work is concerned with observations on the nature of  degradation 
in uv systems that were designed for nominal one-year operational life
times on Nimbus 3 and 4 for the investigation of the uv solar-terrestrial 
radiation system . 

Some possible sources of degradation that one m ust consider are 
the trapped particle radiation belts, particularly in the vicinity of the 

The authors are in the Laboratory for Meteorology and Earth Sciences and the 
Engineering Physics Division, respectively ,  Goddard Space Flight Center, Greenbel t ,  
Maryland 2077 1 .  
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Donald F Heath and James B. Heany 34 1 
South Atlantic Anomaly ; outgassing from the spacecraft ; solar radiation 
that produces both thermal effects and uv-induced photochemical 
changes ; and micrometeorite impacts on optical surfaces. 

The observations on the space degradation of uv systems that are de
scribed in this paper were derived from one experiment on Nimbus 3 
and two on Nimbus 4. The Nimbus 3 and 4 spacecraft ,  earth-oriented , 
were put into circular, 1 0° retrograde (near polar) , sun-synchronous 
orbits at an altitude of l l  00 km in April 1 969 and April 1 970, respec
tively . The spacecraft traverse the ascending node of the orbit near local 
noon. The location of the experiments is such that they are subject to a 
changing angle of solar i llumination from about 45° from the daylight 
side of the terminator through the passage into satellite night, which 
occurs about 30° past the terminator. 

The Monitor of Ultraviolet Solar Energy (M U S E )  experiment was 
flown on Nimbus 3 and 4. Its objective was to investigate the magni
tude and types of variability of the solar irradiance in relatively broad 
spectral bands in the 1 200 to 3000 A region ,  which is important  for 
meteorology. The M u SE experiment on Nimbus 3 was operated con
tinuously from launch in April 1 969 until the spacecraft was deacti
vated in January 1 97 2 .  This experiment on Nimbus 4 has operated 
continuously since launch in April 1 970. 

The B U V , Backscatter Ultraviolet, experiment on Nimbus 4 consists 
of a double monochromator of 0.25-m focal length , which is basically 
a tandem Ebert-Fastie type . The B U V  measures the earth radiance and 
solar irradiance at I 2 wavelengths ( l 0 A bandpass) from 2550 to 
3400 A and at 3800 A with a 50 A bandpass photometer channel. This 
experiment completed 1 2 ,000 orbits of operation in September 1 972 .  

The M U SE and BUV experiments were the sources for the observa
tions that are discussed in this work . The principal objectives of this 
work were to determine (a) the principal source of degradation in uv 
space optical systems and (b) the temporal character of the system deg
radation . A knowledge of these should help in the design of future ex
periments and in the analyses of the observations to separate slowly 
varying solar-terrestrial radiations from system changes. 

Instruments 

A M  U S E  sensor package, shown in Figure 1 ,  is located in the Nimbus 
sensory ring 1 80° from the velocity vector. The five broadband photom
eter channels have a nominal 90° field of view and are illuminated at 
near-normal incidence over the northern terminator. A digital solar as-
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342 U L T R A V IO L E T  I N ST R U M E N T S  

FIGURE I MUSE experiment sensor package with fJVe sensors and 
digital solar aspect sensor at the top. 
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FIGURE 2 Optical component diagram of Nimbus 4, BUV experiment. 
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Donald F. Heath and James B. Heany 343 
pect sensor located in the upper section of the sensor package provides 
the angle of solar illumination of the sensors at 0.7° increments. The 
passband of a photometer channel is determined by the short-wave
length cutoff of uv transmitting materials and the long-wavelength re
jection of differen t  "solar blind" photocathodes. 

A functional diagram of the B U V  experiment is shown in F igure 2 .  
The optical path of the earth radiance from a 1 2° field of view traverses 
an Al203 particle radiation shield , a double-Lyot calcite depolarizer, two 
Ebert mirrors, the first coated with a multilayer coating of AI and MgF2 
(peaked at 2500 A)  and the second with AI, two Al-coated replica grat
ings, high-purity fused-silica transfer prisms, and field lenses in the path 
through the double monochromatic to the Al203 window of the photo
multiplier. At the northern terminator, a diffuser plate of ground AI and 
overcoated with pure vacuum-deposited AI is deployed for measurement 
of the solar irradiance. The diffuser plate is illuminated at an angle of 
55°  to the normal when the solar vector lies in the plane of the optic 
axis and the diffuser plate normal. The diffuser plate is exposed at all 
times to space and solar radiation in the vicinity of the northern termi
nator. When the plate is in the stowed position, light baffles restrict the 
instrument field to 1 2° of the terrestrially scattered solar radiation. 

More complete descriptions of the instruments may be found in the 
Nimbus 3 and 4 User Guides [ 1 969,  1 970] . 

Observations 

D E G R A D A T IO N  I N  R ESPONSE  

Prior to  the  fabrication of the M u S E experiment , it was believed that 
the most likely source of degradation in a uv optical system operating 
in the planned Nimbus orbit would be the high-energy trapped-particle 
radiation environment . High-energy electrons in the MeV energy range 
can degrale uv optical materials through the formation of color centers, 
which shift the short-wavelength transmission limit to longer wave
lengths. The color centers can be formed by either direct ionization 
produced as the electron loses energy in its passage through the material 
or by the bremsstrahlung produced by the collision between the elec
tron and a surface . The resulting high-energy photons subsequently 
produce ionization in their passage through the optical materials. 

An estimate of the anticipated charged particle flux that Nimbus 3 
would encounter in one year was 1 0 1 3 e-/cm2 at an equivalent energy 
of 1 MeV ,  which gives an energy deposition of about 2 X l 07 ergs cm-2 
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yr- • as an  upper limit .  A series of investigations on the effect of l - to 
2-MeV electrons on uv transmitting materials [ Heath and Sacher, 1 966 1 
and uv photocathodes [Heath and McElaney , 1 968 I at 1 0 1 4 e-/cm2 

indicated that the effects on M u s E  and B u v experiments should be 
negligible at the end of one year in space. Corresponding degradation 
studies with protons indicated that their contribution to degradation in 
the Nimbus orbit would be trivial [Heath, McElaney,  and Sacher, un
published work ] . 

Some recent results on the effect of increasing doses of high-energy 
electron irradiation on the transmittances of LiF and MgF2 are shown 
in Figure 3 .  The transmittance is proportional to the logarithm of the 
dose [Heath and Fedor, to be published I .  The multiple straight-line seg
ments may indicate possib le saturation effects, although admittedly 
there are too few data points. 

The actual signal decay curves for two of the M u S E sensors on Nim
bus 3 are shown in Figure 4. The sensor with the MgF2 window and W 
photocathode responds principally to H Lyman-a and exhibi ted an ini
tial decay period (e- 1 ) of 7 7  days for the period between day I 00 and 
230 in 1 969. The secondary period characteristic of the signal after day 
230 is 284 days. The other sensor consisted of an MgF 2 outer part icle 
shield and vacuum photod iode using a semitransparent Cui photo
cathode deposited on a CaF2 window . Since both sensors use MgF2 as 
the element exposed to space , the most likely source of degradation is 
H Lyman�, which is absorbed in the CaF 2 window. Considering that 

0 ... 1 . 
... -
..; u z 
� i "' z � ... 

o ������������������ w� 10� 10� 
Mlf2 DOSE (e-/cm2) 1 MeV 

FIGURE 3 Change in transmissions in LiF and MgF , with increasing 
doses of 1-MeV electrons. 
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FIGURE 4 Probable radiative induced change in transmittance of CaF2 induced by solar H 
Lyman-a and sateUite-space environment-induced changes in the MgF, -W sensor, which re
sponds principally to solar H Lyman-a. 

the sensor is i lluminated for about 20 min for each 1 07-min orbit, the 
transmittance of the outer MgF2 element, and the solar irradiance at H 
Lyman-a, the rate of Lyman-a energy absorption is about I X I 07 ergs 
cm-2 yr- 1 • The observed initial decay period is 0. 1 2  day .  The secondary 
period is 1 4 .4 days, and the tertiary period is 43 .7  days. For both of 
these sensors the logarithm of the signal is a linear function of time with 
negative slope over particular time intervals. 

A composite of 30�ay signal averages of sensors common to Nimbus 
3 and 4 ,  which have been corrected for the annual variation of earth-sun 
d istance , is shown in Figure 5 .  The signals have been averaged over 30 
days to smooth the 27�ay variations, which are associated with the 
solar rotational period . In general , the logarithm of the sensor signal is 
a linear function of time with negative slope over specific time intervals, 
and furthermore the slopes are a decreasing function with increasing 
time.  This characteristic that can be associated with saturation phe
nomena has been used to infer times when actual changes in the solar 
irradiance may occur. 

For example , this has led to the conclusion that there was an overall 
increase in the irradiance at Lyman-a that peaked in the spring of 1 969 
and 1 97 1 .  This is indicated in sensors A. There is also an indication 
from sensor B on Nimbus 3 of a significant change in the solar irradi
ance at 1 750  A toward the end of 1 969 . 

A summary of the sensor degradation observed in the M u s E  experi
ments is given in Table I .  It should be noted that on-board electronic 
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FIGURE 5 Summary of MUSE 3 0-day signal averages sh owing change 
with time for the three sensors common to Nimbus 3 and 4.  Signals 
have been corrected for changing earth-sun distance. 

TABLE I Summary of Long-Term Signal Changes in M U S E  Sensors on Nimbus 
3 and 4 

Sensor signal ratio 1 2 16 A 1 750 A 2 1 00 A 2800 A 2900 A 

Nimbus 3 
Orbit 1 1 1 5 8/3 

Apr. 1969-July 197 1 0.0 1 7  0.40 0 .52 

Nimbus 4 
Orbit 1 2 1 1 1 /5  

Apr. 1 970-Sept .  1 9 7 2  0.056 0.034 2.59 0.95 0.434 
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Donald F. Heath and James B. Heany 347 

calibrations and the fact that all sensors are switched into a common 
electrometer make it very unlikely that the signal decrease with time 
can be attributed to an electronic malfunction . On Nimbus 4 , sensor A,  
which responds to  Lyman-a, experienced a degradation that was one 
third that observed on Nimbus 3; however, sensor B ( 1 750 A) degraded 
by a factor of 1 2  on Nimbus 4 .  For sensor C ( 2900 A) the results were 
comparable. The factor of 2 .6 increase of signal of the 2 1 00 A sensor is 
attributed to the increase in leakage in the sidebands of the interference 
filter. This same effect probably would not be observed with the 2800 
A sensor, since it most likely would occur at a wavelength where the 
photocathode quantum efficiency was sufficiently low to make its con
tribution negligible.  

The B U V  experiment observations at 1 2  wavelengths ( 2550-3400 A )  
with the double monochromator and a t  3800 A with the filter photom
eter are of two types. These are direct measurements of earth radiance 
and measurements of the solar irradiance at the northern terminator 
from a ground aluminum diffuser plate that had been overcoated with 
vapor-deposited aluminum . An Al 203 high-energy particle-radiation 
shield was placed at the entrance slit of the double monochromator. In 
addit ion , extensive laboratory testing of the diffuser plate was done in 
vacuum and subjected to uv, h igh-energy electrons and protons. There 
were no indications of any degradation having occurred . 

The observations of the solar irradiance , which had been normalized 
to orbit 32 when the B U V  was turned on , are shown in F igure 6. The 
t ime interval spans 1 .8 years, and i t  is  apparent that the degradation is 
an increasing function of decreasing wavelength .  

The decrease of the solar irradiance signal at 2557 A as  a function of 
time is shown in F igure 7 .  As observed with the M u S E  sensors,  the 
logarithm of the signal is a linear function of time,  which is character
ized by a negative slope that decreases in magnitude with increasing 
time intervals. 

Over this same time interval , one has measurements of the equatorial 
terrestrial radiance , which should exhibit good long-term stab ility if the 
photochemistry of ozone remains constant in the equatorial upper 
stratosphere. The B u v equatorial observations, uncorrected for the 
changing earth-sun d istance , are shown in Figure 8 .  The equatorial 
terrestrial radiance below 2976 A is strongly influenced by clouds and 
surface albedo.  One easily can see a gradual decrease with time of the 
apparent radiance and also the detector gain that was determined by in
dependent means. The long-term changes in the apparent equatorial 
radiances are given in Table 2 for those wavelengths that originate prin
cipally above the cloud levels. Also given are values for the correspond-
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ORBIT 
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FIGURE 6 Apparent change in solar irradiance 
from Nimbus 4,  BUV observations of solar-illumi
nated diffuser plate at northern termination. Sig
nals are normalized to the experiment tum-on 
orbit no. 32 .  

ing solar irradiances, which were recorded with the d iffuser plate. Know
ing that the total ozone has been shown to have no correlation with the 
1 1 -year sunspot cycle and that the earth radiance that is  most strongly 
influenced by the total amount of ozone is in the 2900-3000 A range, 
one may conclude that in the vicinity of 3000 A the long-tenn change 
in signal may be explained by a slowly decreasing gain of the detector 
with time. On the other hand , the equatorial radiance at 25 5 7  A is in
dicat ive of a decreasing amount of upper stratospheric ozone with time 

... 1 .0 ._ � 0.8 ° � 0.6 ° o o 
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-
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FIGURE 7 Relative change in BUV experiment 2557 A signal from 
solar-illuminated diffuser plate with Nimbus 4 orbit number. 
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ORBIT NO. 

FIGURE 8 Summary of equatorial radiances from the vicinity of 
2oo•w longitude based on prelaunch absolute calibration of BUV experi
ment. Also shown is normalized detector gain curve (Gm) derived from 
simultaneous pulse counting and current measurements. 
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TABLE 2 Summary of Long-Tenn Changes in B U V  Experiment Observations of 
Equatorial Atmospheric Radiances that Originate above the Cloud Levels and Corre
sponding Solar Irradiances Observed off the Diffuser Plate 

Ratio 2557  A 2737 A 2830 A 28'77 A 2923 A 2976 A Gain 

BqUiltCNill/ Radillnce 
Orbit 8667/32 

Apr. 1970-Jan. 1972 0.95 

SoltU J"adillnce (Diffuser 
P/Dte) 0.24 

0.85 

0.28 

0.83 0.82 0.82 0. 73 0.76 

0.3 1 0.3 1  0.32 0.33 
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past solar maximum. The decrease o f  ozone i n  the upper stratosphere is 
associated with an increase in atmospheric radiance . 

To a first approximation, one may conclude that the monochromator 
signals are decreasing at a rate that may be explained by the changing 
gain in the photomultiplier. At the same time,  it  appears that a very real 
decrease in the diffuse reflectance of the diffuser plate is being observed . 

C H A N G E S I N  A N G U L A R  R E S P O N S E  

The changing angle of solar il lumination of the Nimbus spacecraft in  its 
sun-synchronous, local noon orbit provides additional data for the in
vestigation of the observed degradation . The angular scan for the three 
M U SE sensors for orbits 1 0 1  and 1 0 ,502 , which spans 2 .2  years, is 
shown in Figure 9 .  Sensor A has an MgF 2 window and an opaque tung
sten photocathode ,  whereas sensors B and C have identical outer Al2 03 
particle-radiation shields and semitransparent photocathodes deposited 
on AI2 02 • The median sensor responses are at 1 2 1 6 , 1 750,  and 2950 A, 

respectively. The ordinate is a normalized sensor current divided by the 
cosine of the angle of solar illumination to the sensor normal . The post 
terminator angular response is given only for sensor C ,  since it exhibited 
the largest asymmetry in angular response . The asymmetry is in the 
form of an azimuthal variation in angular response for a constant angle 
of incidence. The combination of a semitransparent photocathode,  the 
cathode vapor�eposition technique , and the diode mechanica l design 
all combine to produce a small secondary cathode on a wall. 

: f :::�.:::��-::.::::J 
q, 1 . 1 o---A--T-�--<!o.. 

----...;:o;::a..-... 

t�:::.=· · ' ' ' ' ' ' ' '  40 35 30 25 20 1 5  
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,,.;0--""0o""'o.o..... ... -o , ,sf /'io5o2 ,' / ' 

-
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POST T E R M INATOR 

FIGURE 9 Change in angular response of M U SE sensors on Nimbus 3 for orbits 1 0 1  and 
10,502. The angle of solar illuminations of the sensor normal at the terminator is +3° for these 
orbits. Ordinate is the observed sensor current/terminator sensor current X cos 8 .  
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The anode ring has two side holes ; however, only one was used in the 
cathode processing. This resulted in a secondary cathode being depos
ited onto the opposite wall , which is electrically connected to the semi
transparent cathode on the front window. This effect was quite signifi
cant in the post terminator response for sensor C. The significant fea
ture illustrated in Figure 9 is that the sensors are tending toward a 
cosine response with increasing time. 

Changes have also been observed in the angular response of the dif
fuser plate in the B U V  experiment with the passage of time. The angu
lar response of the diffuser plate was calibrated in the instrument prior 
to launch, which is shown as a straight line in Figure 1 0  for 3398 A. 
The deviations from the preflight calibration are shown for orbits 492 
and 8908, where the diffuser plate was deployed for the entire orbit. 
The x's labeled "L" represent the case of an ideal Lambertian diffuser. 
There is a definite indication that the ground aluminum diffuser plate 
is losing some of its specular component that was present in its pre
launch calibration and is tending toward a Lambertian response. 

Discussion 

There is considerable evidence from both flight and laboratory experi� 
ments to support the contention that outgassing from spacecraft mate
rials is a primary cause of degraded performance in satelliteborne optical 
instrumentation . Cothran et a/. [ I  97 1 )  have reviewed laboratory and 
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FIGURE I 0 Change in angular characteristics of the diffuse reflectance of the BU V diffuser 
plate with time in orbit. The x's represent a Lambertian diffuser. 
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flight test data pertaining to  this problem and have documented a num
ber of interesting cases. Reduction in transmittance of some Gemini and 
Apollo windows, for example, was observed by the astronauts on board 
and was later attributed to the outgassing of an R TV silicone elastomer 
used for a window sealing. McKeown and Corbin ( 1 970 1  used quartz 
crystal microbalances aboard O G 0 -6 (whose orbital environment is com
parable with that of Nimbus 3 and 4) to demonstrate that solar panels 
baking out in the sun outgassed onto the spacecraft . Their estimates of 
contaminant desorption activation energy identified epoxies and vacuum 
oils as likely suspects. 

Flight instrumentation need not view solar panels to become contami
nated since the opportunities for self-contamination are numerous. An 
investigation of the particle dynamics associated with the return and 
deposition of outgassed products onto critical surfaces has shown that 
spacecraft self-contamination is quite possible, either in flight or during 
vacuum chamber testing ( Scialdone, 1 972 1 . 

Condensates may form in a variety of ways and at different rates de
pending on such factors as varying substrate temperatures, molecular 
weights, ambient pressure , time in sunlight,  and sputtering loss caused 
by upper atmospheric neutral impacts. They have been observed to con
dense as small droplets, which Shapiro and Hanyok ( 1 968 I and Shapiro 
( 1 970 1  in their tests found to be l -5 �tm in diameter. These droplets 
eventually evaporate in the vacuum of the test chambers. However, Hass 
and Hunter ( 1 970 I have shown that irradiation of oil-contaminated 
mirrors with uv, electrons, or protons is sufficient to make the contam
inant residue permanent. 

Most common contaminants, such as high-molecular-weight organic 
materials, are quite transparent prior to photolysis, and their presence 
on an optical window may not be detected by an untrained observer or 
in a routine transmittance measurement. The chemical decomposition 
induced by exposure to energetic photons, electrons,  and protons alters 
this situation by creating products that absorb strongly ,  especially in 
the short wavelength regions in which the M u S E  sensors operate . Even 
a few monolayers of a strongly absorbing surface film is sufficient to 
drop the transmittance of a window at Lyman-a by a factor of I 0 or 
more .  

The wavelength-dependent nature of optical surface degradation in 
space was clearly demonstrated by the ATS-3 reflectometer experiment 
[ Heaney, 1 970 I .  Highly specular mirror surfaces that experienced a 
drastic reduction in reflectance in the 300-400-nm spectral region 
showed little or no loss for wavelengths longer than 650 nm. The loss of 
specular reflectance, although large at first, tended to saturate with 
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time over a 2-year period. These observations are consistent with the 
M U S E  data and suggest a common mechanism. 

Evaporated aluminum surfaces flown on the A T S -3 reflectometer 

suffered a loss of reflectance that was linear with time and did not ex� 
hibit the same tendency toward saturation as those mirror surfaces with 
dielectric overlayers. Since only the specular component of reflectance 
was monitored , it is not possible to say with certainty that the mirrors 
were being roughened . The data do support this interpretation, however, 
and are quite consistent with the change in angular reflectance exhibited 
by the B U Y  scatter plate. 

Another possible source of degradation is through surface cratering by 
micrometeorite impacts. The estimated particle flux for the 1 1  00-km 
circular Nimbus orbit ( 0. Berg, private communication, 1 97 2 ]  for 21f 
sr at 90° to the spacecraft velocity vector is 4> = 2 X 1 o-s impact cm-2 

sec-
1
• The assumption of an average spherical particle mass of 1 0-1 3 g 

and a typical density of 1 g/cm3 yields a particle radius of 0.3 �tm. The 
crater rc = 2r. The damaged area per impact, AD = 1frc 2 � 1 . 1  X I o-s 
cm2 • The number of impacts cm-2 yr- 1 � 0.6 cm-2 yr- 1 , which leads to 
a damaged area of 0. 7 X 1 0-8 cm2 , which is completely negligible in 
relation to the typical M U S E  sensor apertures of � 0.4 cm2 • 

From experimental tests in the laboratory and uv observations on 
the Nimbus 3 and 4 spacecraft with the M U S E  and B U Y  experiments, 
the following have been observed : 

I .  High�nergy electrons at MeV energies produce a change in trans
mittance < n. where 

T ex -log Dose (e-/cm2 ). 

2. All forms of degradation can be represented by straight lines that 
show the effect of saturation through decreasing slope with increasing 
degradation. 

3. Transmittance loss from solar H Lyman-a with time (t) 

4. Nimbus 4,  B U Y  diffuse reflectivity (R) 

5 .  Nimbus 4, M U S E  ( 1 2 1 6 A) 
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6 .  Nimbus 3 ,  M U S E  ( 1 2 1 6  A ) 

U L T R A V IO L E T I N S T R U M E N T S  

a(t t )/a(t, ) = 4.2 .  

7 .  Both the M U S E  sensors and the B U Y  diffuser plate tend toward 
a cosine response with increasing time in orbit. 

8. The surfaces that were exposed directly to uv solar radiation ex
perienced the greatest degradation. 

It  appears that the most likely source of uv degradation may be 
attributed to the deposition of �o�m size droplets resulting from space
craft outgassing and the subsequent formation of permanent residues 
under the action of the uv solar radiation . 
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F .  L .  R O E S L E R ,  R .  A .  K R U G E R ,  and  

L .  W .  A N D E R S O N  

AN ALL-REFLECTION 
INTERFEROMETER 
WITH POSSIBLE 
APPLICATIONS IN 
THE VACUUM 
ULTRA VIOLET 

I .  Introduction 

This paper reports studies on an all-reflection interferometer suitable 
for development as a Fourier transform spectrometer. Some aspec ts of 
this device have already been described [ K ruger et a/. , 1 972 ,  1 9 73 ] . The 
unique feature of this in terferometer is the use of a combination of dif
fraction gratings to replace the beam splitter used in a conventional 
Michelson interferometer. The motivation for development of the con
cept of the all-reflection interferometer was provided by recognition, 
first, of the difficulties of obtaining large beam spli tters of suitable 
transmittance and optical quali ty below about 1 700 A and , second, the 
potential advantage of the large etendue of an interference spectrom
eter for the study of faint, extended ul traviolet sources either in space 
or in the laboratory. 

lt  must be acknowledged at the outset that the avoidance of trans
mitting elements does not solve all the problems. Reflectivities, which 
may be 90% or more above about 1 000 A, drop off quickly for shorter 
wavelengths to not more than about 30% at present. Furthermore , grat-

The authors are in the Department of Physics, University of Wisconsin, Madison, 
Wisconsin 53706. 
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ing efficiencies in the uv  are not all one might hope for. However, i t  
seems some improvement in  short-wavelength reflectivities and grating 
technology can be expected. Furthermore, for special applications it 
appears possible to use an interferometer design involving only three re
flections, or no more than for most conventional grating instruments. 

While the optical principles to be described evolved from the desire 
to do ultraviolet interferometry, it should be recognized that they are 
applicable in any spectral region where suitable reflectivities are obtain
able. ln fact, it is planned to test an interferometer based on the con
cepts to be described here for use in the far infrared, where technolog
ical problems with transmitting beam splitters have so far prevented the 
successful operation of a conventional liquid helium-cooled Fourier 
transform spectrometer. The components of the all-reflection beam 
splitter to be described here already have demonstrated reliability in a 
liquid helium-cooled rocketborne grating spectrometer. 

II. The Reflection Grating as a Beam Splitter 

Figure I shows the simplest form of a grating beam splitter. In this 
simple form the idea is quite old [ B arus, 1 9 1 1 ) ,  and interferometers 
similar to the one shown schematically in Figure I have been previously 
studied to a limited extent [ Munnerlyn, 1 968 ; Davis, 1 940; Connes, 
1 9 59 ) . Monochromatic light from the source region S ( the upper half 
of the elliptical central Haidinger fringe) is collimated by mirror M and 
is normally incident on the plane reflection grating G. The grating dif
fracts the light into symmetric beams that go to plane mirrors M 1 and 
M2 , respectively . These mirrors reflect the light antiparallel to the inci
dent light, and the two beams recombine at G and are focused by M 
onto the exit region of the central fringe. (The Haidinger fringes are not 
circular. It can be shown that the fringes are elliptical with eccentricity 
f = cos () , where (} is the grating angle of diffraction . )  I f  the path dif
ference is changed by translating mirror M 1 , modulation of the exit in
tensity is produced. However, because of the dispersion of the grating 
G, the system is not achromatic, and modulation is produced only for 
a spectral range equal to the resolution limit of the grating. This con
figuration is therefore impractical as a broadband Fourier transform 
spectrometer. 
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G 

FIGURE 1 Schematic diagram of a simple interferometer using a 
grating G to split a beam of light into two beams. Light goes from the 
source to the concave mirror M and then to the grating G. Mirrors M ,  
and M, reflect the two beams back to the grating where they are re
combined. Haidinger fringes are observed in the image of the entrance 
aperture. 

111 . A Reflection Grating Beam Splitter for Fourier Transform 
Spectrometry 

3 5 7  

The essenti� problem t o  b e  overcome i s  that o f  the dispersion o f  the 
grating. This can be accomplished by using an additional grating in each 
ann of the interferometer to undo the effects of dispersion produced by 
the primary grating. In Figure 2, if gratings G 1 , G2 , and G3 are parallel, 
and have identical groove spacings, then light of wavelengths A 1 and 
A0 , for example, leave G 1 at differen t  angles but leave G2 or G3 parallel. 
Mirrors M 1 and M2 re turn the beams through the instrument to the exit 
position of the aperture . Displacement of mirror M 1 (or M2 ) produces 
modulation at all wavelengths. Furthermore, if the distances S 1 and S2 
between G 1 and G2 or G3 , respectively, are equal, zero path difference 
occurs simultaneously for all wavelengths when the distances L 1 and 
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M J  M 

r 1 
l r 

G2 G3 

FIGURE 2 AU-reflection interferometer for use as a Fourier transform 
spectrometer. G 1 , G 2 , and G ,  are diffraction gratings with identical 
groove spacings, and M 1 and M 2 are plane front surface mirrors. The 
mirror M is a concave mirror. The path difference A = 2(L 1 - L 2 ) for 
normal incidence rays is the same for the different wavelengths >.0 and 
>. 1 . 

L2 as shown in the figure are equal . Thus this system can be4Used as a 
broadband Fourier transform spectrometer in the usual manner. I f  S 1 * 
S2 , it is obvious that zero path difference cannot occur simultaneously 
for all wavelengths, since the distance the l ight travels between G 1 and 
G2 or G3 is wavelength-dependent. The situation is similar to that in a 
conventional M ichelson interferometer with an improperly adjusted 
compensating plate. 

I t  remains to be shown that the fringe shape (hence the etendue) of 
this interferometer is the same as for a conventional Michelson inter
ferometer. To aid in the analysis, consider Figure 3 ,  which is an un
folded representation of the interferometer shown in Figure 2. The 

Copyright © National Academy of Sciences. All r ights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


F. L. Roesler et a/. 

FIGURE 3 The interferometer of Figure 2 unfolded and with grat· 
ings and grating images replaced by transmission gratings. Bold lines 
indicate gratings or grating irnap:s. If the path difference for normal 
incidence rays between arms in the interferometer is A = 2(L 1 - L 2 ), 
then the path difference for nonnormal incidence rays is A = 2(L 1 -
L , )  cos 4>, where 4> is the angle of incidence. The inset is an enlarge· 
ment of the circled portion in the f�gure. 

359  

images of  the gratings in the two mirrors are shown, and the re flection 
gratings are replaced by transmission gratings. The grating G 1 is shown 
separately for each arm (hence doubled) at the bottom of the figure, 
since it must be equidistant from G2 and G3 even when L 1 =I= L 2 • For 
any smal l  angle of incidence ¢ ,  the ray path in one beam between the 
bottom representations of G 1 ,  G2 , and G3 cancels with the opposite ray 
path in the upper representation of G 1 • G2 , and G3 , so that the only 
remaining path difference is that due to the difference between L 1 and 
L2 •  With the aid of the inset in the figure , the path difference � is seen 
to be � = 2(L 1 - L 2 ) cos ¢ as for a conventional interferometer. Thus the 
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fringe shape and behavior of  this instrument i s  the same as in  the  Michel
son interferometer. 

In tests of this in terferometer, a holographic grating has been used 
for the primary grating, and ordinary blazed gratings have been used for 
the secondary gratings. The holographic grating spl i ts the incident  l ight 
into plus and minus first orders with very nearly equal intensity . The 
blaze angle of the secondary gratings is chosen to send the l ight effi
ciently to m irrors M ,  and M2 . Present holographic gratings are very 
satisfactory for the primary grating in the visible region of the spectrum. 
but efficiencies in the ultraviolet fall below those of conventional ruled 
gratings. A conventional ruled grating would need a symmetrically b lazed 
ruling and would be difficul t  and expensive to produce with di ffraction
limited quality in the ul traviolet .  There seems to be no fundamental 
reason why efficient ultraviole t  holographic gratings should not eventu
ally be produced. 

In the near future ,  an in terferometer of this basic design wil l  be 
tested in the far infrared using conventional ruled gratings, and a care
ful comparison will be made of its efficiency with that of a conventional 
Fourier transfonn spectrometer. In the far infrared, the production of 
the symmetrical groove appears relatively easy . For the ul traviolet. an 
al ternative design to be discussed below appears more attractive. 

IV . Alternate Design 

For ultraviolet applications, work has concentrated on the new design 
of the all-reflection interferometer shown in Figure 4 [ K ruger et a/. . 
1 973 I .  This design requires two fewer reflections, which can resul t in a 
large efficiency gain in spectral regions where only low reflectivities are 
obtainable. Light incident on grating G , is spl i t  symmetrically into two 
first-order diffracted beams.  Gratings G2 and G3 have the same groove 
spacing as G 1 but are ordinary blazed gratings designed to throw l ight 
in second order directly back to G , . The interferome ter  is scanned by 
displacing one of the secondary gratings as indicated in the figure .  Zero 
path difference occurs for all wavelengths when S ,  and S2 as shown in 
the figure are equal.  It is evident from the figure that when the in ter
ferome ter is scanned, the path difference is wavelength-dependent. For 
a displacement of one of the gratings by an amount tl./2 as shown, the 
path difference is 6 = tl. cos 8 .  The angle 8 depends on the wavelength 
according to the grating equation, giving cos 8 = ( I  - X 2 /d2 )� . 

This property is readily incorporated into the usual equations for 
Fourier transfonn spectroscopy. For a spectral distribution S(o),  one 
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FIGURE 4 Arrangement of the second design for the all-reflection 
interferometer. The gratings G, and G ,  return the light directly to G , . 
Scanning is achieved by displacement of G 1 •  The path difference in 
this infterferometer is wavelength-dependent, as shown by the rays 
drawn for wavelengths X and X'. 

/(il) = f S(a) cos (27Tila cos 8)da. 

36 1 

Defining a pseudo-wavenumber o' = o cos () = o( l - o-2 d-2 )Y.z , this be
comes 

I(il) = f S(.Ja'2 + 1 /d 2Xda/da') cos 27Tila' da' 

= f Z(a') cos 27Tila' da' , 

where Z(o ' )  is the pseudo-spectrum given by 

Z(a' ) = S(a'Xda/da'). 

The inversion is done in the usual way to obtain the pseudo-spectrum 
Z(o') ,  which is converted to the real spectrum using the defining 
equations. 
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Figure 5 shows the layout o f  the all-reflection interferometer that has 
been used to obtain simple interferograms to test the principles pre
sented here .  Grating G 1  is a 1 200 groove/mm holographic grating, and 
gratings G2 and G3 are conventional blazed gratings with 1 200 grooves/ 
mm . Baffle B has been added in order to separate zero-order from first
order reflections. This is not essential and was done only to obtain a 
quick test of the concept. Grating G3 was mounted on a movable slide, 
and its motion was calibrated using the auxiliary interferometer and 
laser source shown in the figure. The output of the auxiliary in ter
ferometer was made to activate the event marker of a recorder, while 
the output of the all-reflection interferometer was being recorded. Fig
ure 6 shows the interferogram and calibration record for visible white 
light. Figure 7 shows the record for the green and yellow l ines of mer
cury. Figure 8 shows the inversion of Figure 7 .  Only 1 5  points were 
carried through by hand to check the principle. The pseudo-spectrum 
Z(o') is shown at the top . In the middle i t  is shown scaled in amplitude ,  
and a t  the bottom it i s  shown adjusted to  true wavenumber. The two 
peaks coincide with the expected green and yellow lines of mercury. 

FIGURE 5 Actual test setup of the interferometer of Figure 4.  The mirrors M ,  and M ,  as well 
as the absorbing baffle B have been added for convenience and are not necessary. Their func
tion is lo separate the zero-order reflection of the grating G ,  from the recombined interfering 
beams. The grating G ,  is a 48-mm, circular, 1 200 groove/mm holographic grating. The motion 
of the grating G, is monitored by using G, in one arm of a Michelson interferometer as shown. 
The output C of the Michelson is made to operate the event marker of the recorder. 
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FIGURE 6 lnterferogram taken with the interferometer shown in Figure 5. A tungsten light 
was used as the source. Also shown is the event marker recording (below), which indicates the 
path-length difference 4 normal to the grating G, in intervals of 6 3 28 A .  

As a final test,  Figure 9 shows the results in the near ul traviolet using 
the interferome ter adjusted for the 2537 A line of mercury . By compar
ing the calibration mark spacing wi th the interferogram fringe spacing i t  
can be  varified that the interferogram corresponds to  the pseudo-wave
length expected for the 2537 A line of mercury . 

V. All-Reflection Interferometer with Focusing Grating 

A brief test was made to check the possibility of reducing the total 
number of reflections to three by using a focusing primary grating. With 
the source at the focus of the grating, collimated beams are sent to the 

I N T E R F E R OGR A M ��--�� 
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FIGURE 7 A portion of the interferogram obtained while using the visible radiation near 
5500 A from a hot Hg lamp as the source. 
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(a) 

I I  

FIGURE 8 (a) The pseudo-spectrum Z(o') as a function of pseudo
wavenumber o ' .  Z(o') was obtained by Fourier inversion of the inter
ferogram shown in Figure 7. (b) The weighted pseudo-ipeetrum Z(o')/ 
(do/do') .  (c) The actual spectrum S(o) showing the 546 1 A. line and the 
unresolved 5 7 70 A., 5 790 A. yellow doublet. The resolution is '\..60. 
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I N T E RFE R O G RAM 

FIGURE 9 lnterferograrn o f  the 2537 A emission from a cold H g  lamp. 

secondary gratings and re turn through the system to the focal plane . Be
cause of the rapid change of focal length of the spherical grating with 
wavelength , fringes could be observed only over a narrow wavelength 
range . The aberrations encountered when using conventional ruled con
cave gratings present a further problem. However, because of the im
portance of reducing the number of reflections in spectral regions where 
reflection coefficients are small, it is planned to pursue this configura
tion further. If satisfactory performance could be achieved over even 
very small spectral ranges, it would be possible to obtain selected line 
profiles. 

VI. Conclusion 

Two types of all-reflection interferometer for use in Fourier trans
form spectroscopy have been demonstrated to be feasible . One of the 
major remaining unanswered questions is that of the overall efficiency 
of the systems presented .  While some approximate theoretical consider
ations of the efficiency have been made [ Kruger et a/. , 1 972 ,  1 973 I , 
such considerations are expected to be of only limited value . I t  is . 
hoped in the near future to make some experimental tests of the ef
ficiency of this device in the far infrared and in the vacuum ultraviolet. 

This work has been supported in its entirety by the Research Committee of the Graduate 
School of the University of Wisconsin with funds provided by the Wisconsin Alumni Re
arch Foundation. 
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Figures 1 through 3 are from Kruger et al. I 1 9 7 2  I , an d  Figures 4 through 9 are from 
Kruger et al. I 197 3 I ; these figures are reproduced with permission. 
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G O R D O N  N .  ST E E L E  

DEVELOPMENT AND 
FABRICATION OF 
LARGE-AREA 
EXTREME
ULTRAVIOLET 
FILTERS FOR THE 
APOLLO TELESCOPE 
MOUNT 

Introduction 

Since 1 96 1  [Tousey et a/ . •  1 964] , ultrathin metal foils of aluminum 
have been successfully used as filters in ballistic space probes that de
tect and measure the solar extreme ultraviolet (xuv) radiation . More 
sophisticated requirements are imposed on aluminum foi l  filters, how
ever, in their application to the astronaut operated instruments of the 
Apollo Telescope Mount (A T M ) [ Winter, 1 969 ] . Two of these instru
ments, the S082A xuv spectroheliograph and the xuv monitor require 
filters that not only provide perfection over large areas but will with
stand the acoustic and vibration environment of the Saturn V booster 
launch. The spectroheliograph requires a filter providing an uninter
rupted transmitting area 4. 1 em X 24.4 em . This is about ten times 
larger than any previously launched filter. The posi tion of the spectre
heliograph filter near the focal plane of the instrument requires a 
freedom from pinholes, which has been the major problem in its fabrica
tion. The xuv monitor requires an entrance fil ter I 0.4 em X I 0.4 em 
and another intermediate filter 4.6 em in diameter. 

The author is at Sigmatron, Inc., Santa Barbara, California 93 1 1 1 . 

367 

Copyr ight  © Nat ional  Academy of  Sciences.  Al l  r ights reserved.

Space Opt ics:   Proceedings of  the Ninth Internat ional  Congress of  the Internat ional  Commission for  Opt ics ( Ico IX)
ht tp: / /www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


368 U L T R A V IO L E T  I N ST R U M E N TS 

The methods used to make the fil ters are reported in detail here and 
are an adaptation of the techniques developed at the Naval Research 
Laboratory ( N R L )  for making thin-foil xuv filters for laboratory and 
rocket instruments. The N R L process will be reviewed below in con
nection with discussion of the process development. 

Methods 

F A C T O R S  C O N C E R N I N G  F I L T E R  Q U A L I T Y  

The unique character o f  metal foil filters for the xuv and the special re
quirements for the A T M  instruments dictated a program of development 
concurrent with the supply of filters to serve in the overall A T M  instru
ment development. Thus. certain specifications imposed at the outset 
were ultimately relaxed , whereas others became more stringent. 

The filters must withstand thermal cycling between -26 °C and 
+5 2 °C ,  a 3-min exposure to 1 26-dB acoustic noise , and a peak accelera
tion of 3 .0 g at 50- 1 40 Hz of sine-wave-type vibration . Optically,  the 
transmittance at 304 A must be not less than 35% and at 5 84 A not less 
than 1 5%. Visible and near-ultraviolet transmittance must be I o-7 /cm2 

or less. Particulate contamination must meet Class 1 00 Cleanliness Stan
dards, and all materials must meet stringent requirements with regard to 
optical cont;tmination by outgassing. The latter requirement is very 
restrictive with regard to the selection of organic materials [ N A s A ,  
1 972 ] . 

The visible and near-ultraviolet transmittance of thin films has two 
components: that which is not absorbed in the film and transmittance 
due to pinholes. If necessary, the transmitted component can be re-
duced simply by increasing the filter thickness as long as the minimum 
transmittances at 304 A and 5 84 A are maintained. Pinhole transmittance, 
on the other hand , is much more difficult to correct and , in fact ,  was 
the most enduring problem encountered in this development. Whereas 
visual inspection may indicate that filters are pinhole-free, the active 
pinhole transmittance may be I o-6 /cm2 • In solar spectroscopy the 
visible and near-ul traviolet fluxes are approximately 1 07 times more 
intense than the xuv flux, therefore pinhole transmittance of I o-7 /cm2 

or better is required to prevent fogging in photographic recording. 
It  has been assumed that factors affecting the quality of vacuum

deposited aluminum mirrors for the xuv are also the factors affecting 
the quality of aluminum foil filters [ Hunter et a/ . .  1 965 I .  Six factors 
known to affect the quality of the mirror are rate of deposition, vacuum 
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pressure, substrate temperature during deposi tion , thickness of the de
posited film, purity of the aluminum, and aging conditions [Hass, 1 95 5 ,  
1 95 6 ;  Hass et a/. , 1 95 7 ) . Accordingly, deposition rates should b e  greater 
than 300 A/sec (high compared with normal rates in other applications) 
and at a chamber pressure of not more than I o-s Torr. The substrate 
temperature during deposition of mirrors should be less than 5 0  °C 
to avoid crystal growth that would cause roughening of the film. Al
though a purity of 99.99% gives best results for aluminum mirrors, 
purity of aluminum for xuv filters is less cri tical . 

P R O C E SS D E V E L O PM E N T  

The greatest problem in  producing aluminum foil filters for use in rockets 
and satellites is that of eliminating pinholes. Pinholes may be caused by 
faults on the substrate, by contamination of the substrate surface, or 
during subsequent processing. Therefore , methods for fabricating filters 
must be designed with this goal always in mind . In the N R L  process as 
developed by Angel [ Hunter et a/. , 1 965  I ,  a collodion layer is stripped 
from the surface of a well-cleaned , polished-glass substrate in vacuum. 
This layer removes from the surface the last traces of particulate con
tamination. The collodion layer is not easily stripped in vacuo because 
of the strong electrostatic forces generated by this step. Therefore, it is 
found necessary to do i t  in the presence of a glow discharge that allows 
the electrostatic charge to dissipate. With continued pumping, a pres-
sure of I 0-5 - I 0-6 Torr is achieved, and a film of the organic dye, 
fuchsin,  which will be the soluble layer, is evaporated from a tungsten 
boat onto the substrate. Heavy tungsten filaments, located 50 em below 
the substrate, evaporate aluminum at a deposition rate of 1 000 A/sec. 
Fast-acting shutters, controlled manually, are opened and closed at the 
proper times so that the film is just opaque to the light from the tung
sten filaments. A special glass tank is used to dissolve the water-soluble 
fuchsin and float foils as large as 1 00 cm2 • Foils are inspected visually 
by using illumination from beneath the tank while they are floating on 
the water surface, and the best areas are "cut" from the whole with a 
sharp blade driven by a hand-held vibrator. These pieces are floated to 
a separate part of the tank and picked up on 80 mesh electroforrned 
nickel screen cemented over a metal frame. In drying, the foils tend to 
forrn a bond to the screen. A technique of precoating the screen with a 
lacquer and then exposing the dry filter to the lacquer thinner vapor 
produces a more reliable bond. 

Although the results of the N R L process were acceptable for high
quality rocket filters, there was reason to believe that the process could 
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not yield the same quality i n  filters a s  large as the 4. 1 em X 24.4 em 
filter required for the spectroheliograph. I ts main weaknesses lie in the 
possible damage to such delicate films by the strong forces of surface 
tension and long exposure to water, which was suspected of generating 
pinholes. Thus, a new technique was developed, which incorporated 
parts of the N R L process and comprised the following steps: 

I .  Thoroughly chemically and ultrasonically clean the glass substrate. 
2. Coat the substrate with a parlodion layer that was stripped from 

the substrate just prior to pump-down. 
3. Coat the substrate with a vacuum-deposited film of the organic 

dye, fluorescein. 
4. Vacuum deposit the aluminum filter film. 
5 .  Cement a fine mesh nickel screen to the filter film while it is on 

the substrate. 
6.  Release the film and screen from the substrate through dissolution 

of the fluorescein by immersion in acetone. 
7. Cement selected areas of the foil-screen filter stock to filter frames. 

This process is treated in detail below. 

S U B ST R A T E  M A T E R I A L  A N D  C L E A N IN G  

The two most promising substrate materials were polished plate glass, 
which had been finished with a submerged super final polish, and micro
sheet, a thin glass sheet with a natural fire-polished surface. Although 
polished plate glass is more convenient to use, it did have surface blem
ishes that were revealed by comparison of repetitive pinhole patterns in 
the foils produced from a particular substrate. Codes 7059 and 02 1 1 
microsheet,  obtained from Coming, were found to be superior for the 
purpose. Of these ,  the Code 02 1 1 soda lime glass, 0.  75  mm thick and 
5 .0 em X 27 .4 em has been adopted as the standard in this work, be
cause the 7059 glass was slightly etched by the cleaning process. These 
substrates are normally used once and discarded. 

Cleaning of substrates has undergone a continuous process of refining. 
The different aspects of this most difficult problem will be discussed 
below. 

I .  Substrates, received packed between sheets of lens paper, are 
inspected for gross defects, then chemically cleaned in chromic acid 
solution and rinsed with deionized water. Those with gross defects are 
discarded. 
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2 .  The substrates are then subjected to ultrasonic cleaning in a deter
gent solution , Micro (manufactured by In ternational Products Corpora
tion, Trenton, New Jersey),  flushed with deionized water, and then 
cleaned again ultrasonically in fil tered deionized water. 

3 .  After ultrasonic cleaning, a thorough flushing is done using a 
dental Water Pik with filtered deionized water, followed by a free flush 
with high-purity conductivity water. The substrate is blown free of 
water and dried by a jet of dry nitrogen gas, after which it is coated 
with a parlodion lacquer. The composition of this lacquer has been 
varied considerably to develop the proper stripping characteristics. The 
composition offering the best qualities is as follows:  strip parlodion , 
1 0%;  amyl acetate, 26% ;  ethyl acetate, 8%; acetone , 46% ; octoil ,  1 0%. 

4. After all preparations for deposition have been completed , air with
in the bell jar is displaced with humidified helium at atmospheric pres
sure and the parlodion layer is stripped from the substrate and removed 
from the vacuum chamber. Care must be used during initial pumping to 
avoid stirring dust onto the clean substrate [ Jorgenson and Wehner, 
1 963 ) . 

V A C U U M  D E P O S I T I O N S  

The vacuum fixture employed for deposition of films in this work i s  
shown in  Figure 1 .  I t  i s  unique in two respects. First, i t  is built on  a 
chamber that has a titanium getter pump in addi tion to a conventional 
oil-pumped system. Before deposition , a nude ionization gauge within 
the chamber indicates a pressure in the low w-s Torr range. During the 
aluminum deposition, the pressure is in the lower half of the 1 o-6 Torr 
range. Second , depositions are made by moving vapor sources with spe
cially shaped apertures past the substrate, exposing it to vapor much 
like a focal-plane shutter exposes photographic film . This is achieved by 
raising and lowering a carriage , to which several vapor sources are 
attached, with a motor-driven lead screw. One pass takes 1 0  sec. The 
vapor sources for fluorescein and silicon monoxide are laboratory-built 
furnace-type, calibrated to produce a known deposition rate. The alu
minum vapor source is composed of six tungsten filaments, which func
tion by wicking molten aluminum from a reservoir to an evaporation 
zone. These sources are shown in Figure 2 .  

The orientation of the  multiple-source array makes possible a coating 
consisting of up to three layers, deposited in one pass of the array, for 
example, coatings consisting of SiO, AI, and SiO. 

Ejection of microscopic droplets of molten aluminum, believed to be 
due to violent outgassing of the melt in the evaporation zone , was elimi-
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SIL ICON OXI DE 
VAPOR SOURCE 

ALUMI NUM VAPOR 
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�--fi'- SI LI CON OXI DE 01--��- VAPOR SOURCE 

GLASS SUBSTRATE 

LEAD SCREW 

r-llt---.J:jL LIQUI D NITROGE N 
COOLED BAFFLES 

PUMPI NG STATION 

FIGURE I Fixture used for vacuum deposition of  metal foils. 

nated by the chemical gettering action of a small piece of tantalum wire 
attached to the filament. 

A rate-of-deposition quartz crystal microbalance was used to maintain 
the aluminum evaporation rate through a servo system that controlled 
the filament power. Vapor from the sources is confined by the interior 
of a box , the end of which has an opening about 2.5 em wide in the 
direction of motion and as wide as the substrate . These boxes also 
serve to prevent cross-contamination between sources and restrict the 
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FIGURE 2 Vapor sources used for vacuum deposition of metal foils. 

parts that must be cleaned after each run. The aluminum source-to
substrate distance in this case is 7 em , the deposition rate averages 
1 500 A/sec, and the source power is about SOO W. The fluorescein 
film is deposited on the substrate at a comparatively low rate, about 
20 A/sec, to avoid thermal decomposition. This is done in a separate 
slow pass to produce a film about 800 A thick. 

The substrate is mounted between two liquid nitrogen-cooled panels, 
which provide some cryopumping close to the deposition area. Clear
ance between the substrate and the vapor boxes is about 2 .0  mm. Each 
film thickness is determined by multiple-beam interferometry as mea
sured on an optical flat monitor coated as the sources pass off the end 
of the substrate. Proximity of the cooled panels chills the substrate 
prior to deposition an unknown amount by radiant losses. The tempera
ture rise in the substrate due to heat from the vapor sources during a 
pass has been calculated to be not more than I S  °C,  thus the substrate 
temperature is below the SO °C limit. 

SC R E E N  S U PPO R T  

A significant departure of this process from preceding ones lies i n  attach
ing the support screen to the film prior to its release from the substrate. 
The screen used (Buckbee-Mears Company, St. Paul , Minnesota; Dynam
ics Research Corporation, Wilmington , Massachusetts) is a nickel mesh 
of 28 lines/em (70 lines/in . ) ,  electroformed on a photoprocessed sub-
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strate developed from a ruled master and removed from the substrate 
by peeling. The resultant screen has a frontal transmittance of 80%, and 
the more or less oval wires of the mesh are 0.0 1 8  mm (0.0007 in.) thick 
and 0.033 mm (0.00 13 in.) wide. The quality of this material is excellent 
for selected areas up to about 40 cm2 , but larger areas without electro
forming imperfections, such as "breaks" and "nickel balls," have been 
difficult to obtain. Breaks are discontinuities where there was no electro
plating at some point in the photoformed pattern. Usually these appear 
as rounded wire ends butted together with no intervening space. Nickel 
balls are spurious growths on the side of a wire that are thicker than the 
wire. Both of these defects contribute to the pinholes in a foil ,  and thus 
the screen must be thoroughly inspected and selected to minimize this 
problem. Other undesirable conditions of the screen include wrinkles 
from the peeling step and occasional contamination with threads of 
photoresist from the photoprocessed substrate. 

The working size for screen is 7.6 em X 30.5 em of which the central 
5 em X 27 .4 em is required to be of high quality . The screen is obtained 
in sheets 30.5 cm2 so there is some latitude for selection. Selected 
screen of working size is annealed at 500 °C while hung under slight 
tension. Annealing softens the screen, reduces the severity of the wrinkles, 
burns off the photoresist, and reveals breaks more prominently by 
separating the butted ends. The most critical inspection is made after 
annealing, and the best screen is matched with the best films. Poor 
screens are used to make small filters. 

Epoxy cement in dilute solution of chloroform is applied to the screen, 
mounted on a processing frame, by spraying to give an equivalent coating 
on the wire of about I Jtm thick. The cement thickness is monitored by 
a quartz crystal microbalance behind the screen during the spraying. 
This quantity of cement is just enough to form a filet between the wire 
and the aluminum film, when they come in contact, so that it does not 
extend beyond the frontal shadow of the wire .  Contacting the prepared 
screen to the film on the substrate requires a technique that avoids 
spurious contact between the screen and the film. This is achieved by 
means of a cementing fixture ,  shown in Figure 3 .  The screen is sus
pended a few millimeters above the film on the substrate and pressed 
into contact by inflating a rubber diaphragm. In this process, the initial 
contact is central , spreading outward toward the edges in a smooth 
manner. To prevent any tugging of the diaphragm on the screen, an 
intervening layer of polyethylene film is provided . During this pressing 
step, the frame is allowed to travel somewhat with the screen by spring 
mounts to minimize any distortion at the edges. 
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FIGURE 3 Schematic of device used for cementing fine screen to 
metal fdms. 
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The fluorescein deposited a s  the soluble layer i s  moderately soluble in 
acetone. Dissolution of this layer to release the screen and foil is 
achieved by immersion in this solvent over a long period of time. The 
cement employed to secure the screen to the frame dissolves quickly on 
initial immersion, minimizing any forces that might be transmitted 
through the film to the substrate and generate pinholes. To avoid gravi
tational stresses, the release is done with the substrate flat in a covered 
tray . Vibration during release was determined to be a source of crack
like pinholes that were eliminated by carrying out this step on a 
vibration-free platform. Release is completed in about 1 0  h. A released 
foil may be readily handled with clips that grab a centimeter or more 
of the selvage edge screen . I t  is important to rinse the foil with acetone 
and Freon and dry i t  in the absence of moisture ,  because condensation 
resulting from the evaporation of solvents is particularly damaging with 
respect to pinholes. Foils prepared in this manner can be stored on 
frames in a desiccated condition almost indefinitely without pinhole 
degradation. 

F I L T E R  F A B R IC A T IO N  

Filters with very low pinhole transmittance may b e  selected b y  a 
technique wherein a foil is strongly backlighted and the pinhole pattern 
photographically recorded .  By this means, pinholes that may be too 
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small to b e  detected visually are recorded o n  film t o  provide a map o f  
their location and size. Such a record showing the areas selected for some 
rocket fil ters is presented in Figure 4. This photograph was obtained 
from a negative exposed for 4 min to bring out the details that would 
not be detectable by the unaided eye. 

Foil stock must be cemented to frames, sometimes with accurate 
positioning to avoid poor areas but always smoothly and with regulated 
tension . For this purpose a hinged , trampolinelike fixture , shown in 
Figure 5 ,  can be used . In this device, weak springs are hooked to the 
selvage edge screen to support the foil in a flat condition. Frames to 
which the foil is to be cemented are placed over the appropriate area of 
the accurately placed , full-sized pinhole photograph so that when the 
foil is lowered the frames are covered by the selected areas. 

Epoxy cement appl ied to the top surface of the frames secures the 
foil material ,  and the excess foil is removed with a sharp blade.  To 
avoid contaminating the filter with particulate matter during trimming, 
it is important to design the frame with a raised perimeter around the 
aperture . This provides a narrow strip for cementing and aids the 
trimming operation . 

Small circular filters 4 em in diameter, fabricated by the process 
described above, have successfully survived rocket flights. Noncircular 
fil ters such as the spectroheliograph filter and the xuv monitor main
aperture filter, shown in Figure 6, are less robust in that degradation 
varying from minor to complete destruction has resulted from exposure 
to the simulated environmental stress of the Saturn V booster rocket. 
Actual ly, the screen-foil structure is surprisingly strong and will support 

-L.J-l crn SCALf 
FIGURE 4 Photograph of pinhole distribution in a sheet of foil and the selection of areas 
for two Cal-Rock filters. 
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FIGURE 5 Trarnpolin&-type device for cementing selected areas o f  a stock foil to filter frames. 

ATM- 5 
MONI T Ol  FI LTER PROfiRI E T  ARV L I NE 

FI LTERS 

A T M -2 
SPE CT R O HE L I O GR AP H  
F I L T E R  

. '/ ATM X -U Y  
PRE F I LT E R  

FIGURE 6 Larg&-area filters fabricated for the Apollo telescope instruments. 
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a pressure differential of I 0 to 20 Torr without damage, but damage due 
to vibration occurs because of uneven loading and fatigue. In almost 
every case , large filters that are bolted hard to the mounting surface 
warp sufficiently to create slight puckers and wrinkles in the foil. There
fore, under vibration or acoustic stress some squares of the screen flex 
to a rhomboidal shape tearing the foil within the squares. To avoid this, 
large filters are best retained by compliant standoff mounts, such as 
polyurethane foam pads, or by cementing in place . 

Failure of the support screen at the point of attachment to the frame 
was a serious problem in the early models of the spectroheliograph 
filter. During acoustic testing at peak levels of 1 30 dB,  the flexure of 
the foil is of large amplitude, causing the screen wires to fatigue by the 
sharp bending that results at the frame attachment. A combination of 
two features has overcome this problem. The first, referred to as "margin
ing," distributes the bending near the frame by stiffening the foil-screen 
structure .  This is done with a thin layer of epoxy cement applied adja
cent to the frame and extending into the aperture area about 2 mm. 
This epoxy is applied in a highly d iluted form from the flattened end 
of a small tube. The second feature involves achieving tautness in the 
framed foil . The foil stock cannot be pulled as smooth and wrinkle-free 
as is desired while on the trampoline fixture because of the nonuniform 
tension around the perimeter. However, if the fra"'e is pinched slightly 
prior to cementing the foil ,  when it is released the foil is pulled smooth. 
This creates an even tautness in the filter foil and restrains frame flexure 
during vibration testing so that no wrinkles or slack occur. Frames for 
filters of this type are compressed 0.05 mm/cm of aperture .  The restor
ing force of the pinched frame should not be large enough to stretch the 
nickel mesh. Long frames are pinches in the short d imension only , but 
square frames should be pinched in both directions. A square filter and 
pinching tool may be seen in cementing position in Figure 5 .  

Each of the xuv fil ters developed for the A T M  has certain structural 
features worth describing. The spectroheliograph filter, shown in Figure 
7a, illustrates a one-piece frame with a narrow raised perimeter around 
the aperture to which the screen side of foil stock is cemented . The 
raised perimeter aids in the trimming and ensures that the cement will 
make good contact with the foil .  It has been found necessary to use an 
opaque epoxy for the foil attachment since clear cement transmits a 
significant amount of light.  

In the technique of margining, shown in the diagram, the screen side 
of the filter adjacent to the frame is coated with a very thin layer of 
epoxy cement. On the spectroheliograph filter, the coating is about 
2 mm wide for ease of application. Actually , margining is equally effec-
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c .  ATM -4 XUV monitor fi l ter-Internal . 
FIGURE 7 Structural details of the xuv ftlters employed in instru· 
ments on the Apollo Telescope Mount. 
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tive when it is only I mm wide, but it is more difficult to apply . The 
margining material is, of course, opaque to the xuv, and , therefore, the 
optical aperture is smaller than the frame aperture by the width of the 
margining coating. 

The main aperture monitor filter is shown in Figure 7b and comprises 
nine smaller filters (cells) cemented to one large main frame to avoid the 
problem of covering a I 0 em X I 0 em aperture with foi l  stock 5 em 
wide .  Each cell is 3 .3 cm2 with a frame section 0.5 mm thick and 3 mm 
high. The frames are pinched slightly during cementing to achieve the 
taut foil condition and are margined I mm wide.  The width of the opaque 
grid of the main frame is 3 mm. 
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380 U L T R A V IO L E T I N ST R U M E N T S  

The internal monitor filter, shown i n  Figure 7c, has a margin shield , 
an additional feature considered to be important where low pinhole 
transmittance is required. The weakest part of foil filters, as has been 
pointed out, is adjacent to the frame. Although the margining technique 
prevents failure of the screen, it is only partially able to prevent pinholes 
in the foil at the line of attachment to the frame. The margining material 
may, of its own nature ,  etch pinholes in the foil. Therefore it  is advis
able to add the margin shield , machined to fit closely to the filter and 
shade the margined area. This is cemented in place after the filter has 
been otherwise completed . The spectroheliograph filter does not incor
porate this feature,  but it is provided elsewhere in the instrument. The 
main aperture filter for the monitor is provided with some margin 
shielding by the main frame,  but shielding is much more effective when 
it is close to the filter, as with the intermediate monitor filter. 

Results 

X U V  T R A N S M I T T A N C E  

The xuv transmittance for pure aluminum foil 800 A thick on 80% 
transmitting screen is presented as a solid line in Figure 8 .  This curve 
nas been derived from published data [ Hunter et a/. , 1 965 ; Rustgi, 
1 968 ] by multiplying the published data by 0.8 to make it directly 
comparable with the filter data. The undulating character of this curve 
is typical of interference effects in transparent films. Datum points 
plotted for comparison include aluminum of 99 .99% purity coated with 
a layer of silicon monoxide, 1 00 A thick , on each side and high-purity 
aluminum alloyed with 1% silicon by weight ,  with and without the 
evaporated silicon monoxide layers. S ilicon monoxide coatings were 
deposited in the same deposition pass with the aluminum . There is evi
dence that silicon monoxide has a smaller absorption coefficient than 
aluminum oxide [ Sampson, 1 967 ] , hence depositing the SiO layers be
fore the formation of aluminum oxide should result in a filter of higher 
transmittance. 

S ilicon, alloyed with aluminum for microstructural purposes to be 
described below, was selected for the unique match of xuv transmittance 
between it and aluminum [ Hunter et a/. , 1 965 ] . 

Focusing attention on the open triangle datum points, one observes 
that a pure aluminum foil protected with silicon monoxide and more 
than one and one-half times thicker than the comparison foil has about 
the same or sl ightly better transmittance. This indicates that a silicon 
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FIGURE 8 Transmittmce of pure aluminum and aluminum-1% silicon alloy with and without 
silicon oxide coating on 80% transmitting screen. The solid line provided for reference is from 
Hunter �� al. ( 1965 ) ,  adjusted to compare with 80% transmitting screen support. AU measure
ments arc by W. Hunter, C. Fintcr, J . Young, and J. Kruly of N RL and are gratefully acknowl· 
edged. 

monoxide coating 1 00 A thick does indeed have a smaller absorptance 
than the aluminum oxide film that it replaces. 

A more convincing demonstration of the role of silicon monoxide as 
a protective layer is shown in the datum points for the aluminum-silicon 
alloy .  In a single-pass alloy film deposition, the silicon monoxide sources 
were operated such that both surfaces of a portion of the alloy film 
were coated with silicon monoxide.  The xuv transmittance measurements 
obtained from filters prepared of the two areas are plotted as the open 
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382 U L T R A V IO L ET I N ST R U M E N T S  

circles and squares. These points show consistently higher values for 
the case of the silicon monoxide protective coating. 

A comparison of the xuv transmittances of the pure aluminum foil 
versus the aluminum-silicon alloy is also contained in this figure and 
indicates very little , if any, absorption as a resul t  of the presence of the 
silicon. The 1 500 A thick foil ,  shown by the solid triangle datum points 
was determined to have transmittances at wavelengths of 304 A and 
5 84 A ,  equivalent to the comparison of 800 A thick pure aluminum 
foil ,  but i t  has smaller transmittances between these wavelengths. It is the 
measurements at 304 A and 584 A that have guided this work rather 
than transmittance measurements over the entire wavelength range from 
800 A to 1 70 A .  

Probably the most important factor affecting the variability of  the 
xuv transmittance of aluminum foils lies in the terminal thickness of 
the aluminum oxide. Although the process described in this report mini
mizes exposure to moisture , the oxide thickness may have varied from 
the terminal thickness of 35-40 A usually found on aluminum mirrors 
[ Hass, 1 95 5  I .  The range of variations in the transmittances at the wave
lengths of 304 A and 5 84 A ,  determined from many foils about 1 500 A 
thick , are also shown in Figure 8 .  At 304 A ,  transmittance varies from 
about 34% to 4 1 %  with a median value of 36 ± 0.02%. At 584 A, the 
transmittance varies from 9% to 1 9% with a median value of 1 4  ± 0.02%. 
Although the cause of this variation is of unproven origin, i t  is suspected 
that i t  is the result of small differences in the terminal thickness of the 
aluminum oxide. 

P I N H O L E  T R A N SM I T T A N C E  

Pinhole and white-light transmittances are measured i n  this laboratory 
with a photometer that has a dynamic range of I o-4 to I o-9 • The area 
of measurement is I cm2 , and thus only small filters can be measured . 
Filters of larger area are evaluated photographically. 

An example of what is achievable in pinhole transmission of  large 
area filters ,  ruggedized to withstand the rigors of a Saturn V booster 
launch is shown in Figure 9. Figure 9a shows a spectroheliograph filter 
before it was subjected to a 24-h vacuum bake at 60 °C ,  sine and random 
vibration in three axes, and a 3-min exposure to 1 27-dB peak acoustic 
stress. Figure 9b, a photograph taken after the tests, indicates only a 
small increase in pinhole transmission, most of which is limited to the 
margin area. For comparison, standard photographs of pinholes nomi
nally l and 5 I'm in diameter are shown in Figure 9c, and a fairly uniform 
transmittance of 4 X 1 0-7 /cm2 is shown in Figure 9d . From these re-
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a. ATM-2 spectroheli� filtw before environmentll testing. 

b. ATM-2 spectroheliogreph filtw after environmental tftling. 

c. Multiple photogrophic: 
iiT\Igll of single pin· 
holes 1 end 5 micront 
in diamet•. 

g d. Photognophic imogo of foil 
with newly uniform trans· 
miaive propeniea deter· 
mined to be of 4 x 10-7 . 

FIGURE 9 Photographic record of the white-light pinhole transmittance of an A TM-2 spectro
heliograph ftlter before and after thermal, vibrational, and acoustic testing. S tandard photo
graphic techniques are used to provide visual comparison of areal and pinhole white-light 
leakage with measured standards. 

suits, it is evident that the filter has a transmittance in the low w-' 1 
cm2 range and , between the pinholes, in the I 0-9 /cm2 range . The pin
holes are about 5 I'm in d iameter or smaller. 

Considering that a single large pinhole in a fi lter the size of a spectro
heliograph filter may render it unusable ,  pinhole plugging has some attrac
tion . Tests in which single squares of the mesh have been filled with an 
opaque epoxy cement demonstrate that it will pass the qualification 
tests required . These plugs are opaque to the xuv and would have to be 
limited to the noncentral areas of the fil ter to avoid loss of detail . Tests 
are in process at N R L and in this laboratory to determine the efficacy 
of this procedure .  

I t  i s  of some interest to  develop a sem iquantitative relationship be
tween fil ter size and area of foil to fabricate a filter. A sufficient amount 
of foil and numbers of filters have been prod uced in the course of this 
work to develop such a picture .  F igure I 0 shows the estimated yield 
from foil ,  of filters of various sizes that have been produced in quanti
ties ranging from several hundred small test filters to about 1 5  spectra
heliograph filters. The yield has been determined for foil 1 5 00 ± 1 00 A 
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FIGURE 1 0  Area (A ') of foil stock 1 500 t 1 00 A thick, required by 
this process to produce one fdter of given area (A ), wherein a fLiter is 
required to have a pinhole transmittance of 1 0 - '  over an area of I em ' .  

thick of the aluminum-silicon alloy and with pinhole transmittances of 
1 0-7 /cm2 or better over the filter aperture _ Filters the size of the test 
filters, having an area of 1 _9 cm2 , require about 5 cm2 of foil stock-
2Y2 times the filter area. The main-aperture monitor filter cells, which 
have an area of 14 cm2 , require about 950 cm2 of foil stock-about 68 
times the fil ter area. A spectroheliograph filter with an area of 80 cm2 
requires about 5 5 ,000 cm2 of foil stock per filter-about 690 times the 
filter area. These data indicate the desirability of making large filters 
from several smaller cells whenever practical, e .g. , the main-aperture 
monitor filter. 
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FO I L  M IC R O S T R U C T U R E  

The crystallite boundaries of aluminum foils, nominally I 000 A thick, 
may be examined directly when the foil is mounted on the stage of a 
transmission electron microscope. No crystal growth was ever observed 
in the initial or during prolonged exposure to the electron beam. Elec
tron microscopy of N R L foils and of foils prepared using the present 
process showed that the N R L foils had a crystal structure that was 
noticeably smaller. The reason for this was never identified, but it did 
suggest that a finer structure was desirable from the standpoint of aging 
and strength. The effect of sandwiching aluminum foils with silicon 
monoxide and of alloying on the crystallite size is shown in Figure I I . 
Figures I I  a, b ,  and c are from a single foil in which the masking tech
niques described earlier were used to leave a strip of the pure aluminum 
foil bare , another strip coated on both sides with 50 A of silicon mon
oxide ,  and , finally , a strip similarly coated with 1 00 A. Figures 1 1  d ,  e ,  
and f are correspondingly the same except that the aluminum- I% sili-

... .. • 

� / ,  
' 

"' ' ' . 
• •  

- k 
a .  Pure A I __, Si 0 .  

• 

d .  99 A I :S i -no Si O .  

, . - .... r . 

b .  Pvre AI -50A S i  0 
on eoch side . 

e .  99 AI :Si -SOA Si 0 
on eoch side . 

r 
'L 
_ -. ,· �· 

c .  Pure AI - I OOA  Si O 

on eoch side • 

f .  99 AI : Si - I OOA  Si O 

on eoch side . 
FIGURE I I  Effect of alloying and coating with silicon monoxide on the microcrystalline 
structure of aluminum foil. Silicon monoxide of the indicated thicknesses was deposited im· 

mediately before and after the metal layer. Each photograph shows on area of I I'm ' . 
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con alloy was used for the foil material . The areas shown are I �otm2 • A 
study of the crystallite sizes shows that pure uncoated aluminum has a 
median grain size a little larger than 0.3 �otm. This is not changed when 
coated with 50 A of silicon monoxide, but it  is reduced to a median 
size of 0 .2 �otm when coated with I 00 A of SiO. A study of the aluminum
silicon alloy shows that the uncoated foil has a median crystal size of 0.2  
�otm and that this is not  affected by either thickness or  the silicon mon
oxide coatings. 

The role of the SiO coatings in reducing grain size is probably due to 
the energy of absorption being greater on the silicon monoxide than it 
is on fluorescein and works to increase nucleation density and decrease 
coalescence during film growth. Apparently , 5 0  A of silicon monoxide 
is too thin or discontinuous to dominate the surface properties. 

The addition of silicon to aluminum probably retarded the crystal 
growth during the coalescence of smaller crystals during film growth. 
The silicon monoxide coating did not seem able to further affect the 
coalescence. 

A G I N G  E F F E C T S  I N  A L U M I N U M  X U V  F I L T E R S  

B y  the time foils have been processed into filters, the protective aluminum 
oxide layer has formed, and repeated tests of xuv transmittance over a 
period of a few months show no significant change. This is not true , 
however, for pinhole transmittance . I t  has been observed that the pin-
hole transmittance increases with time at certain points, and this is 
attributed to breakdown of the protective oxide layer at these points. 

Test filters of various materials were stored at room temperature in a 
controlled humidity environment and periodically removed to measure 
the pinhole transmittance. Anhydrous calcium sulfate was used to pro
vide the very dry environment for the control filters. A strong sodium 
hydroxide solution provided a stabilized relative humidity (R . H . )  for 
test filters stored at 20% R . H . ;  and at the other humidities, saturated 
solutions of sodium and potassium carbonates were used so that the 
R .H . could be chosen by the proper sodium-to-potassium ratio. Figure 
1 2  shows the effect of humidity on pinhole transmittance at various 
humidity levels for test filters of foils of pure and alloyed aluminum 
with and without 1 00 A of silicon monoxide on each side. For com
parison, a similar test was conducted of an aluminum- ! %  silicon alloy 
film on glass. 

At 20% R . H . and lower, no significant increase in pinhole transmittance 
has ever been observed for exposures up to ! 50 days. The 60-85% R . H . 

range is about equally damaging to foils. At 84% R .H .  an aluminum- 1 %  
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FIGURE 1 2  Effect of humidity on pinhole transmittance of foils of 99.99% pure aluminum 
and aluminum alloyed with 1% silicon with and without 100 A of silicon oxide coating on both 
sides. Similar exposure of an aluminum- !% silicon alloy ftlm tested in situ on the glass sub
strate is shown for comparison. 
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silicon alloy film on  glass i s  degraded by  moisture, but within a few 
weeks it  tends to stabilize with an increase in transmittance to about 
3 X I o-7 /cm2 • By comparison, a foil of the same composition, 1 730 A 
thick and exposed to 75% R .H . ,  after making a similar initial change, d id 
not stabilize, and its transmittance increased to the w-s /cm2 range 
in about 3 months. 

Similar results were observed with the alloy coated with silicon mon
oxide and the pure aluminum without silicon monoxide coating. The 
results are considerably different, however, for silicon monoxide-coated 
pure aluminum. This foil material rapidly degraded in high humidity so 
that the pinhole transmittance was in the 1 0""5 /cm2 range within a few 
days. This effect is real and is observed to a lesser extent when the sili
con monoxide coating is thinner. It is believed to be due to stresses 
generated within the chemically active silicon monoxide coatings as 
they absorb moisture. One frequently sees heavier films crack and craze 
after vacuum deposition when the vacuum system is vented to the 
atmosphere. Why this did not occur with the alloy is unknown, but 
these data led to the adoption of the 99% aluminum- ! %  silicon alloy 
for the A TM filters in the place of pure aluminum. 

Summary 

It is possible to make high-quality , large-area xuv filters of either mono
lithic or cellular structure as large or larger than those reported here. 
Certain features of the process and filter design will increase the prob
ability of success. These are ( I )  the area of foil stock from which the 
required area will be chosen should be a minimum of four times the 
required area ; (2 )  margining and taut-foil features should be provided 
in the frame ;  ( 3 )  optical aperture definition should be provided by a 
margin shield ; (4) filters that will be subjected to severe vibrational and 
acoustic stress should be mounted in the instrument in an unstressed 
manner to avoid any frame warpage ; and (5 ) the foil thickness should 
not be less than about 1 500 A .  

Filters having an area u p  t o  8 0  cm2 obtained from foils o f  1 35-cm2 

area have been made successfully with white-light transmittances in the 
low I o-7 /cm2 range. This visible transmittance is almost entirely from 
pinholes a few micrometers in diameter. Excluding pinholes, the foil has 
a transmittance in the 1 o-9 /cm2 range. 

Silicon alloyed with aluminum reduces the crystal size, which is be
lieved to increase the strength of the foils. When used in a small amount ,  
about 1 %  by weight ,  there i s  no noticeable change in xuv transmittance. 
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Silicon monoxide protective coatings are not of substantial aid in im
proving the xuv transmittance of aluminum foils and probably contribute 
to the pinhole degradation when exposed to normal ambient moisture 
levels. Corrosion of thin aluminum foils, to create pinholes, occurs 
above 60% R .H .  increasing the pinhole transmittance to the 1 0-6 /cm2 

range in a few days and to the I o-s /cm2 range in a few months. No 
moisture corrosion is observed when foils are exposed to 20% or lower 
R .H .  

The author would like to express particular appreciation to W. R. Hunter of the Naval Research 
Laboratory for the many helpful suggestions in the punuit of this work. This work was sup
ported by the Naval Research Laboratory under Contract No. N00014-67.C.OS47. 
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C .  B .  R O U N D Y  a n d  R .  L .  B Y E R  

SENSITIVE 
PYROELECTRIC 
DETECTORS 

I. Introduction 

There has been significant interest recently in the use of various materials 
for low-N E P  (noise equivalent power) pyroelectric detectors. Pyroelec
tric detectors have the advantages of room-temperature operation, broad 
spectral response, low power consumption, and simple construction, 
which make them ideal for space applications. 

Putley [ 1 970]  has written a review article describing developments 
in pyroelectric detectors up to 1 970, and Weiner and Beerman [ 1 97 2 ]  
have compiled extensive data o n  more recent developments i n  pyroelec
tric detector materials as well as advances in field-effect transistors (F E T 's) 
to be used in the first amplifier stage . Some significant developments that 
have been described are a TG s detector [ Beerman , 1 97 1  ] of area 1 . 5 X 
1 .5 mm2 , which achieved an N E P  of 1 .63 X 1 0 - to W/Hz'h at 1 5 Hz ; 
a polyvinylidene fluoride (PV F 2 ) detector [Glass et al. , 1 97 1 ]  of area 
0.02 cm2 with an N E P  of 5 .7 X 1 0 -9 W/Hz'h at 90 Hz ; and an alanine
doped T G S  detector [ Lock, 1 97 1 ]  with an N E P  of 2.5 X 1 0 -

1 1  W/Hz'h 
below 1 0 Hz with an area of 0.5 X 0.5  mm2 • We have designed and 

The authors are at Stanford University,  Palo Alto, California. 
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394 IN F R A R E D  M ET H O D S  

tested a LiTa03 pyroelectric detector with a n  area o f  1 mm2 , which 
has an N E P of 1 .3 X 1 0- to  W/Hz'�> at 20 Hz. Although the alanine
doped T G S  yields the most sensitive detectors, and P V F  2 has the advan
tages of potentially low-cost, large-area detectors [Phelan et a/. , 1 97 1  ] , 
LiTa03 has the advantages of being nonhydroscopic, relatively insensi
tive to ambient temperature,  easy to polish to thin samples, and very 
uniform in quality giving a high y ield of sensitive detector elements. 

In this paper we describe the noise sources that limit the sensitivity 
of pyroelectric detectors, compare LiTa03 with other pyroelectric ma
terials, and describe the construction and performance of the low-N E P 

LiTa03 detector. 

II. Noise Sources and Calculated NEP 

There are a number of considerations in constructing low-N E P  pyroelec
tric detectors. We have evaluated the noise contributions and compared 
various materials for the low-N E P  detector application . The m inimum 
N E P  is limited by the root mean square of the noise contributions from 
five sources :  Johnson noise in the de load resistor, VJ ; Johnson noise 
due to the ac dielectric loss of the detector, V D ; amplifier voltage noise, 
eN ; amplifier current noise , IN ; and noise from thermal fluctuations of 
the crystal , V T . The equations for the noise from these sources are l isted 
in Table I .  We have found that these noise sources have relative signifi-

TABLE l Noise Sources for Pyroelectric Detectorsa 

Source Equation Limit when wRLC >> 1 

VJ ../4kTRL ../4fT l + jwRL(Cc + Ca) w (Cc + Ca>.JRL 

Vv .J4ff ../D/wCc .J4ff ../D/wCc 

Ve eN eN 

IN IN b VI 
1 + jwRL(Cc + Ca) w(Cc + Ca> 

Vr 
../4Pf.JTGp!nRL .,j4kT".jf(jp(T) pep�� [ 1 + jwRL(Cc + Ca) J  pcp��w<Cc + Ca> 

a Noise given for J .Hz  bandwidth. 
b IN = (2eiL)Y. , where IL = gate leakage cunent.  
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C B. Roundy and R. L. Byer 
TABLE 2 N E P  Equations for Pyroelectric Detectors 

Noise Source Including C4 

NEPJ 
pc1)JJ! 
p( RL 

N EPD 
PCp a(Cc + C4).j4f'i.JDw/Cc 

p<n 

NEP., 
pcpaw<Cc + C4)t!N 

p< n 

NEP1 
pcpalN 
p <n 

NEPT .JWi.jTG 

395 

Limit for Cc > >  Ca 

pc p.JWi _;n.:;;$ 
p<n 

cance depending on the detector material , the frequency of operation, 
the detector area and thickness, and the particular F E T  used for the 
first amplifier stage. Thus, a material figure of merit based on only one 
parameter such as the pyroelectric coefficient can be misleading. 

In the high-frequency l imit ,  where [ >> 1 /Tt: and / >> 1 /Trn , the 
responsivity of a pyroelectric detector is given by 

( l ) 

(2) 

where T£ and Trn are the electrical and thermal time constants, and Cc 
and C4 the crystal and amplifier capacitance. The resulting equations 
for N EP are l isted in Table 2 for the five noise sources of Table I .  In  
these equations , p(D is  the pyroelectric coefficient, p the crystal density, 
cp the heat capacity , D the dielectric loss or loss tangent [D can be 
found from the measurement of ac conductivity by D = o(w)/we ] , o(w) 
the ac conductivity, a the thickness between electrode surfaces, and A 
the detector area. IN and eN are the current and voltage noise of the 
F E T  amplifier. For thermal conductance we assume ,  as a practical con
sideration , that TTH = I sec, so G = H = PCp A a ;  this gives G � 6 X w-s ' 
which is a factor of 5 larger than thermal radiation conductance given 
by G R = 817o5A T3 with 11 the emissivity and Os the Stefan-Boltzmann 
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396 I N F R A R E D  M ET H O D S  

constant. We have included the amplifier capacitance C4 as well as the 
crystal capacitance Cc because a typical F E T  amplifier with voltage 
gain in the first stage has an input capacitance of about 1 0  pF, which can 
equal or exceed the detector capacitance. 

From the above equations we note that N E P  J .  N E PJ , and N E P r  are 
frequency-independent but that N E Pe varies approximately as w and 
N E PD varies as fo. We also note the dependence on crystal size : N E P1 

varies as a, N EPe as A ,  and both N E P; and N E PD vary as ..jAQ. Depend
ing on which noise dominates, a change in frequency or crystal size can 
have a significant effect on the comparison of different materials. Table 
3 lists the measured crystal parameters for six important pyroelectric 
materials [ Byer and Roundy , 1 97 2 ;  Keve et al. ,  1 97 1  I , and Table 4 
summarizes the N E P of those materials for each of the noise sources de
scribed above. We have assumed an area 1 X 1 mm2 and thickness 30 �tm 
to conform to typical thicknesses to which TG s is polished. 

Table 4 illustrates that depending on which noise source is considered, 
different materials would provide the lowest N E P .  For example, 
Sro . 7J Ba0 • 27 Nb206 would have an N E P  of 7 X 1 0- 1 2  if only amplifier cur
rent noise were present , but loss tangent noise increases it to 6 X w-u 
(at 1 Hz). With LiTa03 the loss tangent noise would dictate a n  N E P  of 
9.5 X 1 0- 1 2  (at 1 Hz), but current noise limits the minimum N E P to 
1 .64 X 1 0-10 • 

Figures 1 -3 show the relative noise contributions as a function of 
frequency for three representative materials, again for 1 mm X 1 mm 
X 30 �tm detector elements. In Figure 1 ,  for LiTa03 the amplifier cur
rent noise and voltage noise dominate over the entire frequency range. 
Figure 1 also shows that a different F E T  may be chosen to optimize the 
N E P  for low- or high-frequency operation. Figure 2 for TG S shows a 
material-limited N E P ,  where amplifier noise is negligible and dielectric 
loss noise dominates over the entire frequency range. Figure 3 ,  drawn 
for the new A T G S (alanine-doped T G S )  with lower dielectric loss and 
dielectric constant ,  is still loss tangent noise limited at most frequencies 
of interest. 

Figure 4 shows the rms N EP for the six materials listed in Table 3 .  
Both LiNb03 and LiTa03 are F E T  current noise- and voltage noise
limited, while Srx Ba

1 
_ x Nb2 06 , T G  S ,  and A T G  S are loss tangent. noise

limited over most of the frequency range. A reduction in crystal thick
ness from 30 �tm to I 0 �tm reduces the N EP for LiTa03 and LiNb03 by 
three at low frequencies, while reducing the N E P  for S B N , TG S :and 

A T G S  by V"J. 
Figure 4 shows that where low temperature, low power, and hydro

scopic characteristics are satisfactory the new ATG S will provide 
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TABLE 3 Material Parameters 

Sro.n Ba. .21 Nb,O. Sr0 •41 Ba0 • ., Nb,O. LiraO, LiNbO, TGS ATGS 

P<n x to·• Clem' •c 0.28 0.065 0.0176 0.0083 0.035 0.035 

�, 8200. 380. 43 .  28. so. 23 

w p g/cm ' 5 .2 S .2  7.45 4.64 1 .69 ;. 1 .69 \C) 
-...1 Cp Jfg 0.4 0.4 0.43 0.635 0.97 a 0.97 

D 0.03 1 0.045 0.0002 0.001 0.03 0.0045 

oDcn· •  em·•  to· •• 1 0"" 1 0""  10"" 1 0""  a 10" " 

Cc pF 
2420. 1 1 2. 1 2.7 8.25 14.7 6.8 

(1 X 1 X 0.03 mm' ) 
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w \0 00 

TABLE 4 Calculated N EP 

V{W X 10'  

NEPJ X 1 0·•• 

NEPD X 1 0·•• 

NEPe'1 X 1 0· >  

NEP1 X 1 0· • •  
(E 1600) 

NEPr X l lr 10 
(four = I sec) 

" Tl El 600 FET : 

Tl E8002 FET : 

Sr0 ." Ba0 • 21 Nb, 06 

2 .98/f 

0.57 

0.6.JT 

eNf/2.98 

O.o7 

0 . 1 7 

•w in nV{HzY. 

Sr0 •41 Ba0 _ . , Nb, 06 

14 .6/f 

0.79 

0.7.JT 

eNf/14.6 

0.29 

0. 1 7  

IN in AfHzY. 1 Hz 1 0 Hz 100 Hz 1 kHz 1 0 kHz 
---
3 x to· •• 73 50 35 2 5  1 7 

eN in nV fHzY. 

IN in A{HzY. 1 Hz 1 0 Hz 1 00 Hz 1 kHz 1 0 kHz 
---

6 X 1 0" 11 22  1 3  7.6 4.5 3 . 1  

LITaO ,  LiNbO, TGS ATGS 

2 1 .4/f 16 .0/f 72 .3/[ 1 31/f 

0.70 1 . 38  0.33 0.09 

0.09S.JT 0.35.J[ 0.32J1 0.097-./f 

eNf/2 1 .4 eNf/16.0 eNf/12.3 eNf/1 31 

1 .64 3 .24 0.42 0.42  

0. 1 7  0. 1 7  0 . 1 7 0. 1 7  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

S p a c e  O p t i c s :   P r o c e e d i n g s  o f  t h e  N i n t h  I n t e r n a t i o n a l  C o n g r e s s  o f  t h e  I n t e r n a t i o n a l  C o m m i s s i o n  f o r  O p t i c s  ( I c o  I X )
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 7 7 9
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FR E Q U E N CY IN Hz  
FIGURE I Calculated NEP for a n  LiTa03 pyroelectric detector using 

a Tl E 1 600 FET, - ; a  Tl E8002 FET, • • • . 

FR E Q U E N C Y  IN H z  
FIGURE 2 Calculated NEP for a TGS pyroelectric detector versus 

frequency using a Tl E l 600 FET. 

399 

Copyright © National Academy of Sciences. All r ights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


400 I N FRARED  M ETHODS 

I0
1
r-------------------------------------, 

100 

FREQUENCY IN Ht 

1000 10000 

FIGURE 3 Calculated NEP for an A TGS pyroelectric detector using 
a Tl E l 600 FET. 

I 

10- 1 1  
L-.....L.--.L-W...L-....J.._.L-.L.J..L.---'--.L..W..L.---'--.L..L.J...I 

I Z 100 10,000 
F R E Q U E N C Y  IN H z  

FIGURE 4 Calculated r m s  NEP for six materials versus frequency for 

the specified FET. 
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C. B. Roundy and R. L. Byer 
superior detectors at frequencies below 1 kHz. For nonhydroscopic 
crystals, S B N  or LiTa03 appear reasonable, especially if polished to 

40 1 

1 0  J.lm or thinner, which is possible because of their favorable mechanical 
properties. It should be emphasized that the above comparison could be 
altered significantly for different size detectors as the various noise 
sources take precedence. 

III. Measured NEP 

We have constructed LiTa03 detectors with 1 0-lo'm-thick elements. The 
calculated rms noise versus frequency is shown in Figure 5 with the mea
sured noise shown as individual points. The calculated and measured 
responsivity , which shows a measured thermal break frequency of about 
1 0 Hz, as well as the N E P ,  which is calculated by dividing the rms noise 
by the responsivity , are also shown in Figure 5 .  We see excellent agree
ment between predicted and measured noise and N E P  in the 1 0- to 1 00-
Hz region. Above 1 00 Hz, the measured N E P  is better than the predicted 
value due to a lower F E T  voltage noise than the quoted typical value . 

The detector element is a wafer of LiTa03 approximately 0 .5  cm2 
with the optic axis perpendicular to the face and polished to 1 0  llm 
thickness. Using a vacuum pickup device and moderate care in handling 
we achieved over 50% yield of unbroken detector elements. The thin 
wafers were placed in a mask with l -mm2 holes and 1 -mm spacings and 
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evaporated with a Cr-Au rear electrode, which had approximately I 00% 
absorption in the visible and a thin, nearly transparent, front Cr electrode. 

The spectral response was similar to the response of the coating shown 
in Figure 6, which was developed for very fast pyroelectric detectors 
[ Roundy and Byer, 1 972 ] and is nearly 50% absorbing from less than 
0.3 pm to greater than 50 pm. We have used detectors with this coating 
to absorb radiation at the third and ninth harmonic of the 1 .064-pm 
Nd :YAG laser at 3 546 A and 1 1 82 A, respectively . The detector has also 
detected x rays at the Cu K-a line at 1 .5 A . 

After dicing the individual elements on a wire saw they were then 
mounted on T05 headers on two beads of conductive epoxy (spaced 
I mm apart),  which made electrical contact for the rear electrode and 
provided an air gap in the center of the detector for thermal isolation. 
A 1 -mil gold wire was attached to the front electrode with conductive 
epoxy . A sleeve was then placed over the T05 can for mechanical pro
tection of the detector but still leaving it in open air. The detectors were 
then mounted inside an rf shielded metal box housing a low-noise F E T  

input amplifier (courtesy of Molectron Corporation, Sunnyvale, Califor
nia) with a gain of 1 000. The first stage of the amplifier used a low-noise 
E l 600 F E T  from Texas Instruments in England [Glass et a/. , 1 97 1 ] .  
Figure 7 is a photograph of the detector element mounted on the T05 
header. 

The noise was measured on an HP 302A wave analyzer, with a 7-Hz 

10 
WAVE LENGTH I N  �tm 

FIGURE 6 Absorption of LifaO, versus wavelength when coated 
with fast thermal time-constant black. 
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FIGURE 7 Photograph of 1 X I X 0.0 1 mm ' detector mounted on 
ros header. 

403 

bandwidth , with the signal output coupled to a slow time constant, true 
nns, voltmeter to average the rapid noise fluctuations. The meter read
ing was then divided by I OOOv'f to obtain the equivalent input noise . 

The responsivity versus frequency was measured by chopping a 1 -mW 
He-Ne laser, attenuated by 1 00 to 1 0-s W, with a variable-speed chopper. 
The 6328 A light was focused to the center of the crystal to ensure 
total absorption and to obtain the maximum thennal time constant. 
The N E P was then calculated by dividing the measured noise by the mea
sured responsivity . In addition , we measured the N E P  using a P A R  lock
in amplifier and an He-Ne beam attenuated to 5 X 1 0- 10 W. The mea
sured signal-to-noise ratio verified the above results. Three detectors were 
made and tested and were all within 1 0% in noise and responsivity. 

In conclusion , it is clear that no one figure of merit can be used when 
comparing different pyroelectric crystals. For the most sensitive pyro
electric detector at frequencies below I Hz, TG S and more recently 
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alanine-doped TG S ,  appears to  be  the best material until a significant 
reduction in F E T  current noise is made. However, for higher frequencies 
and for applications requiring higher-temperature operation, LiTa03 , 
UNb03 , and S B N  are all capable of low-N E P  operation. We have con
structed three LiTa03 I 0-�otm-thick detectors, and all have a measured 
N E P  within 1 0%  of the calculated value. Thus LiTa03 is a very useful 
pyroelectric material yielding detectors with an N E P  near w-to W /Hz'�> . 

We wilh to tcltnowledge Bob Griffm for polishing the LiTa01 to 10 "m and Forrest Futtere 
for help with vacuum evaporation technology. 
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JO H N  A .  D E C K E R ,  J R .  

HADAMARD
TRANSFORM 
INSTRUMENTATION 
FOR INFRARED 
SPACE OPTICS 

Introduction 

The perfonnance obtainable with infrared space optical systems is con
strained-sometimes quite severely-by the limits placed by observing 
time, signal-to-noise ratio, spatial and spectral resolution , and the space
craft environment. The latter is particularly limiting, as the necessary 
weight,  power, reliability , and temperature constraints severely restrict 
the detector perfonnance and the system's throughput and degree of 
complexity . 

We will briefly discuss here a comparatively new technique-Hadamard
transfonn optics-that offers the designer of infrared space optical sys
tems substantial help in dealing with these problems. Specifically , 
Hadamard-transfonn techniques provide spectral and/or spatial multiplex 
capability ( that is, the ability to view a number of discrete spectral/ 
spatial resolution elements simultaneously with a single detector) and 
very high etendue (optical throughput, say , in mm2 steradians)-and 
hence an increase in signal-to-noise ratio of several orders of magnitude 
over conventional imaging and dispersive optical techniques. H adamard-

The author is at Spectral Imaging, Inc.,  Concord, Massachusetts 0 1 742. 
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transfonn optical systems use binary optical coding techniques in con
junction with "conventional" dispersive and/or imaging optics-they are 
not interferometers-and are hence well understood , of a very low degree 
of complexity ,  and highly reliable. The perfonnance gains are sufficient, 
in some cases, to allow the use of uncooled (or radiation-cooled) infrared 
detectors in situations where cryogenically cooled detectors would ordi
narily be required . Additionally , Hadamard-transfonn systems inherently 
have a very low output-signal dynamic range and hence require a sub
stantially lower telemetry bit rate than other multiplex systems for most 
applications. Finally , the necessary computer decoding is extremely fast 
and easy : the fast Hadamard-transfonn algorithm [ Nelson and Fredman, 
1 970]  runs about ten times faster (per dimension) than the equivalent  
fast Fourier transfonn [Pratt et al. , 1 969 I .  

Hadamard-transfonn optics-that is, the use of binary orthogonal 
codes based on Hadamard matrices for optical multiplexing [ Decker, 
1 972 ,  and the references cited therein ] -was first proposed over 1 5  
years ago [ Fellgett,  1 95 8 ]  but has only quite recently been developed 
as a practical technique and hence is very little known. It is, however, 
well described in the current literature [ Decker, 1 97 1 , 1 972 ; Decker and 
Harwit, 1 968,  1 969 ; Harwit, 1 97 1 ,  1 97 3 ;  Harwit et a/. . 1 97 1 ;  Phillips 
and Harwit, 1 97 1 ;  Sloane et al. , 1 969 ] . We will therefore discuss here 
several approaches to the use of the technique in infrared space and air
borne astronomical and earth-resources measurements. First, we will 
describe a quite simple airborne spectrometer that took part in a recent 
airborne expedition of Mars observations and then discuss an extension 
of this technique into the very-high-perfonnance regime that is under 
current study-an example of the state of the art as it were . We will then 
discuss at some length the recently developed imaging spectrometer• 
[ Harwit, 1 97 1 ] , describe the bench-test prototype of this instrument 
[Harwit, 1 973 I , and close with a brief discussion of the application of 
this unique class of instrument to spacecraft observations. 

Performance of Infrared Optical Systems 

Before discussing specific hardware systems, I feel it necessary to first 
answer the questions, "Why go to all this trouble? Why would one use 

• The imaging spectrometer, in all its ramifications, is proprietary to Spectra] Imag
ing, Inc . ,  is covered by U.S. Patent 3 , 720, 469 , and should not be used without 
written permission. 
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John A .  Decker, Jr. 407 

multiplex optical systems in the first place?" (And , in fact ,  "Why is it 
that 99% of all infrared spectroscopists do not use multiplex methods?") 

Let us answer the questions by taking the example of an infrared 
spectrometer. A ftgure of merit ,  approximately proportional to the 
signal-to-noise ratio to be expected from a given instrument making a 
given observation , may be defined by 

where R is the spectral resolution 'A./11'A., L is the etendue , N the degree of 
multiplexing ( the number of spectral resolution elements 11'A. viewed 
simultaneously , equal to the number of exit slots on an H T S  code mask),  
Ad is the infrared detector area, and the quantity in triangular brackets 
is an average oyer the spectrometer's wavelength band of the product of 
the net efficiencies of filters, gratings, beam splitters, lenses, etc. , and 
the detector detectivity . If we now let n be the number of entrance slots 
of a multislit-multiplex (or "two-ended") H T S  grating spectrometer 
[Harwit et a/. , 1 97 1 ) ,  I the ratio of focal length to slit height , Ag the 
area of the grating, and AM the aperture of a Michelson interferometer 
(FT S spectrometer) of equivalent R and N, then the performance ratios 
for an H TS instrument to a conventional scanning monochromator and 
a Michelson interferometer spectrometer are approximately , ignoring 
detector effects, 

and 

For a typical state-of-the-art H T S  design , as would be used in spacecraft 
systems, with N � 2000, n � 250,  Ag � 1 04 mm2 , these numbers can 
become quite substantial . These performance gains are also realized by 
spatial and spectral/spatial multiplexing systems [ Harwit, 1 97 1 ]  and are 
quite often increased in practice by the H T S  systems' more efficient use 
of their detectors, in particular their ability to take advantage of the 
variation of detectivity with wavelength for broad-band systems. As an 
example of what can be done with a comparatively simple system- and 
of what is available off the shelf now -our Model HTS-2 5 5- 1 5  Analytical 
Spectrometer has an efficiency (as defined above) some 3500 times that 
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408 I N F R A R E D  M ET H O D S  

of the  conventional thermal-detector monochromators normally used 
for infrared spectrochemistry ; this figure increases to about 50, 000 if  one 
uses liquid nitrogen-cooled detectors, instead of the standard room tem
perature detectors, in the H T S .  

Airborne "Mars Observation" HTS 

The conventional answer to the question "Why doesn't everyone use 
them?" has been that they (multiplex spectrometers) are complex-and 
hence expensive and prone to rel iability problems-and hard to use in the 
field . As a partial answer to this position, we would like now to describe 
a small, simple, rugged , light-weight Hadamard-transform spectrometer 
(or H T S )  designed for infrared airborne astronomical measurements (Fig
ure 1 ) . This instrument, the Spectral Imaging, Inc . , Model HTS- 1 9- 1 ,  was 
designed and constructed for Cornell University and flew as one of the 
three primary experiments on board N A S A 's Convair 990 observatory 
aircraft during the 1 97 1  Mars opposition observations.* 

The question of the specific chemical composition of the Martian 
surface and its relationship to the "bright" and "dark" regions observed 
visual ly has been under study in the astronomy communi ty for some 
years. Recently , the question of the presence of water of hydration in 
the surface rocks on Mars was raised [ Pollack and Sagan, 1 969 ) . As 
existing ground-based and spacecraft spectra were insufficient to pro
vide a conclusive answer to this question, a group of astronomers at 
Cornell University and the N A S A  Ames Research Center proposed to 
observe the appropriate region of the M artian reflection spectrum from 
a high-alti tude aircraft during the 1 97 1  M ars opposi tion . The astronomical 
results will be presented elsewhere [ Houck et a/ . .  1 973 ] ; we will limit 
ourselves here to a description of the design and use of the spectrometer. 

A spectrometer for these observations has to meet certain basic re
quirements: a spectral coverage from 2 . 5  to 3 .8  �-tm ( 4000 to 2630 em- • ) 
at a resolution �X � 0.05 �-tm (�v � 3 5  em- •  ). The major design problem 
was the extremely low incident flux and comparatively short observing 
time.  The 30-cm telescopes on N A s A 's Convair 990 observatory aircraft 
could focus only some I <r 10 W /�-tm into the spectrometer within the 
appropriate spectral interval . The short observing times available with 
aircraft observations, as compared with ground-based measurements, led 
to the requirement that the instrument must be able to achieve a signal-

• Supported by N A S A  through contract NGR 33..()10- 148 and Cornell University 
Purchase Order 1 -78722. 
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FIGURE 1 Model HTS- 1 9- 1  Hadamard-transfonn airborne astronomical spectrometer. 

to-noise ratio of at least 5 with an observing time per data point of I sec. 
In addition , of course , it had to be lightweight and rugged enough to 
operate successfully in the airborne environment ; the primary problem 
area here was vibration resistance , principally during takeoff and landing. 

A simplified optical schematic of the Model HTS- 1 9- 1  airborne H T S  

spectrometer i s  given a s  Figure 2 .  Because o f  severe cost and time re
straints ( the instrument had to be delivered within six weeks of receipt 
of the order), it was built around off-the-shelf commercially available 
optical components. The dispersive system was a 250-mm , f/3 . 5 ,  Ebert 
spectrometer, fitted with 1 9-slot cyclic S-matrix H T S  coding masks 
[ Sloane et a/. , 1 969 ) at both the entrance and exit focal planes. The 
resulting entrance aperture was 6.3 mm wide by 1 .0 mm high ; as the 
focused image of M ars was expected to be only 0.338 mm in diameter, 
the instrument was actually operated with all but one entrance slot 
blocked , in the "single-ended " mode. The exit coding mask was tra
versed by a stepper-motor-driven translation stage , whose control cir-
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FIGURE 2 Optical schematic of the Model HTS-19· 1  spectrometer and the NASA observatory 
aircraft optics. 

cuits also provided the command and indexing pulses for the punched
paper-tape digital data-recording system used for the flight observations. 

Two 64 mm X 64 mm Bausch & Lomb plane diffraction gratings were 
used , mounted in a back-to-hack quick-change mounting. The primary 
grating was ruled with 1 1 . 58  grooves/mm and blazed for a wavelength 
of 4.0 �m . It simultaneously observed a wavelength range of 2 . 1 3  �m 
at a resolution AX = 0. 1 1 2  �m (Av = 78 em- • ). The second grating, 
which was used for higher-resolution measurements of selected spectral 
regions, had a simultaneous wavelength span of about 0.7 �m and a 
resolution AX = 0.037 �m (Av = 26 cm- 1 ) ;  it was ruled with 3 5  grooves/ 
mm and was blazed for a wavelength of 2 .33 �m. A 2- to 4-�m bandpass 
filter preceded the 1 0-mm, [/0.8, silicon lens used to focus the radiation 
passing the exit m ask onto the 4 mm X 4 mm liquid nitrogen-cooled lead 
sulfide (PbS) detector. The spectrometer was fitted with a white-light 
monitor, used to normalize the spectra with respect to changes in atmo
spheric transparency and aircraft window contamination . This consisted 
of a 1 cm2 pick-off m irror, which intercepted a portion of the light 
incident on the grating and returned it to a focus on a low-noise silicon 
P I N  photodiode. The electronic system was completely conventional and 
was, in fact,  assembled from laboratory electronic components in daily 
use at the Cornell Astronomy Department and at Spectral Imaging, Inc. 
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The N A S A observatory aircraft used for the 1 97 1  Mars opposition 
observations, Convair 990 Galileo, is fitted with three 30-cm, [/22 
Cassegrain telescopes, each equipped with a gyro-stabilized heliostat 
pointing mirror and an appropriate optical window through the aircraft 
skin ; in our case , this window was of Quartran infrared-transm itting 
glass. Fine guiding was accomplished by correction signals applied to the 
heliostat gyro system ; the guiding image was obtained by a beam splitter 
in the optical train . A stepped-segment rotating-mirror chopper was used 
(which had the effect of shifting the telescope field of view on and off 
the planet) ,  and the chopped beam was focused onto the entrance sl it 
by a 25-mm, f/ 1 .0 ,  lrtran II lens. 

A series of observation flights were made during the 1 97 1  M ars oppo
sition and included two flights in which both Mars and the moon were 
observed , two flights observing M ars only , and two short calibration sun 
observations during the ferry flights from the observing station, Hickham 
Air Force Base, Hawaii, to the aircraft's normal base, N A S A Ames Re
search Center, California. Each flight provided up to 3 h of observing 
time at altitudes from 1 1 .9 to 1 2 .5 km (39,000 to 4 1 ,000 ft).  All in all, 
about 8 h of Mars data were collected and appropriately less data from 
the moon and sun.  Spectral scanning times varied with the brightness 
of the source : most M ars spectra were taken at 1 90 sec/spectrum , while 
the lunar and solar spectra were taken at 1 9  sec/spectrum , which was 
about as fast as the paper-tape punch would operate reliably . To eliminate 
the effects of the spectral absorption of the earth's atmosphere , as well 
as spectral deficiencies in the aircraft window and the various filters, 
lenses, mirrors, etc. , the spectra were reduced as ratio spectra:  Mars/sun 
and Mars/moon. These spectra and their interpretation will be presented 
elsewhere [Houck et a/. , 1 973 ] ; we can note , however, that there is 
water of hydration on the Martian surface. 

State-of-the-Art Airborne HTS Spectrometer 

Figure 3 sketches the optical layout of a Hadamard-transform spectrom
eter under current study for high-resolution, high-sensitivity analysis of 
the chemical composition of the upper atmosphere from a high-altitude 
aircraft .  The entire instrument would be cooled to 77 K by liquid nitro
gen.  I t  represents the current state of the art in airborne H T S  spectrom
eters and is also typical of what could be achieved in high-resolution 
spacecraft systems. The only major change from the design sketched
other than constructional techniques, of course-would be the use of 
uncooled or radiation-cooled detectors in place of the liquid n itrogen
cooled detector shown on Figure 3 .  
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FIGURE 3 Optical schematic of a high-resolution, high-cltendue airborne HTS under study 
for upper-atmosphere trace-constituent measurements. 

This instrument would cover the 8- to 1 6-�m ( 1 25 0  to 625 em- • ) 
spectral region at an average resolution of about Au = 0. 1 em- • . The 
operator would have the choice of viewing the spectral range at full 
resolution in four segments ( i . e . ,  with four grating settings) or viewing 
the whole spectral range at once at reduced resolution (about 0.4 em- •  ) .  
As  currently seen,  the system would use a 1 000-mm, f/8 .7 ,  asymmetric 
Czerny-Turner dispersive system fitted with two I 02 mm X I 02 mm 
gratings-of I 00 grooves/mm and 25 grooves/mm ,  both blazed for a 
wavelength of about 1 0  �m-in a quick-change mount . The spectral 
multiplexing "exit" mask would have 2047 slots, 0.095 mm wide X 
24.3 mm high , and the etendue-increasing "entrance" mask would have 
255  similar slots. Since the spectrometer would be viewing a uniform 
extended source , we would d ispense with "dedispersion" [ Decker, 1 97 1 ] 
and , instead , operate the system in the "backwards" configuration ( i .e . ,  
with the "exit" m ask at  the entrance to the spectrometer and the 
"entrance" m ask at the exit ,  as in Figure 3; see Nelson and Fredman 
[ 1 970] ) .  A single 3 mm X 3 mm mercury-cadmium telluride (HgCdTe) 
detector, cooled to 77 K by liquid nitrogen,  would be used , preceded by 
the appropriate bandpass filter and an f/8.  7 to f/0.8 ellipsoidal focusing 
mirror. Other detectors (such as liquid helium-cooled sil icon bolometers) 
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are easily utilized, as would be the addition of dichroic order sorters and 
additional detectors to extend the simultaneously observed spectral 
range to higher orders (say , to cover the 4- to 1 6-�-tm band simulta
neously-this is used in our "commercial" analytical spectrometer) . 
Different numbers of "entrance" slots and/or image slicers [ Strong and 
Stauffer, 1 964 I could be used if d ifferent fields of view were required. 

This design, as sketched above, has an etendue of about 7 .8 mm2 sr and 
a noise equivalent  spectral radiance of a bit less than 4 X 10"7 W cm-2 sr-1 �-tm- 1 . This is almost a full order of magnitude better than a 25-mm 
aperture , 0. 1 cm- 1 resolution Michelson interferometer-spectrometer, 
which is considerably more complex , more difficult to operate in air
craft and spacecraft environments, and difficult to cool to the required 
cryogenic temperatures. 

The point here ,  briefly , is that it  is possible to obtain , by the use of 
Hadam ard-transform optical techniques, very high total system per
formance while retaining the comparative simplicity , ruggedness, and 
economy of "conventional" dispersive spectrometers. 

Imaging Spectrometer* 

We noted briefly above that it is possible to use the entrance m ask in an 
H T S  system to give the instrument a spatial resolution capability. The 
"conventional" multislit-multiplex H T S  has a one-dimensional spatial 
capabili ty ( i .e . ,  it  can see strips across an extended source, corresponding 
to the discrete entrance slots on the entrance mask ; see Phillips and 
Harwit [ 1 97 1 1  ) -if the data are reduced in the appropriate m anner. I f  
one then replaces the multislit entrance mask with a two-dimensional 
binary-coded mask-of the type used in recent years for "pseudo-random 
imaging" [ Girard , 1 97 1  ; also Figure 41 -the resulting system has a 
full three-dimensional ( two spatial dimensions and one spectral dimen
sion)  spectral imaging capability [ Harwit , 1 97 1  1 .  That is, it either 
provides a spectrum at each spatial point of an image or, equivalently, it  
provides an image at each w avelength of the spectrum . 

This system-the Hadamard-transform imaging spectrometer-is quite 
new and has yet to be used for any operational m issions. It is, however, 
the only optical system available to record the full spectral/spatial in
formation about a scene ; this is especially evident in the infrared , where 

•u.s. Patent 3, 720, 469: here, again, we must stress that the imaging spectrometer 
is proprietary and must not be used without the written permission of Spectral 
Imaging, Inc. 
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FIGURE 4 Hadamard-transfonn imag
ing mask for 255-elemen t  ( 1 7  horizontal 
X 15 vertical) imaging. 

I N F R A R E D  M E THO D S  

even the semiquantitJtive techniques of color photography are unavail
able. As such , it has many potential applications in planetary astronomy 
and earth-resources monitoring, to name only two of many possible 
applications areas. 

A feasibility-demonstration prototype imaging spectrometer has re
cently been completed and will be reported fully elsewhere [ H arwit, 
1 973 ] . Since it illustrates the inherent simplicity of the technique-and 
the fact that it works-1 will briefly describe it here . The prototype 
Hadamard-transform imaging spectrometer (or H A D  I S )  views an image as 
63 spatial resolution elements (9 horizontally and 7 vertically) ,  and then 
analyzes each of these resolution elements in terms of 1 5  colors (spectral 
resolution elements) . This is done , in the same m anner as with conven
tional H T s spectrometry ,  by means of binary-coded masks at exit and 
entrance of the dispersive optical system ; the total light passing both 
masks is recorded by a single photodetector for each of the positions 
of each mask-here , a total of 945 measurements per spatial/spectral 
"frame." In the prototype, the simplest possible optics were used : an 
ordinary light bulb as illumination, the light chopped by a rotating 
slotted disk , focused upon a color "slide" as "object," two-dimensionally 
modulated ("spatial" modulation) by a 63-element mask mounted on a 
microscope x-y stage , dispersed by a prism, "spectrally" modulated by a 
1 5-slot m ask on a second single-axis micrometer stage , and focused upon 
a silicon photodiode for detection . The system, which is shown on Fig
ure 5 ,  is so simple it is almost l iterally a breadboard model. 

Yet even this simple system works quite well. Figure 6 is a I S-wave
length "spectral image" of a color transparency of the Ring nebula in 
Lyre,  which is shown in black and white in the next-to-bottom row, 
second-from-right "image ."  The original transparency is predominantly 
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FIGURE 5 Breadboard feasibility-demonstration prototype Hadamard
transform imaging spectrometer ( from Harwit ( 1 973 ) ) .  

FIGURE 6 Fifteen-color "spectral image" of Ring nebula in Lyre 
(shown in black and white as the third "image" of the third row). The 
two colors principally visible in the original transparency, red and 
yellow, appear in the "images" above and below the photograph. 

4 1 5 
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two-color, red and yel low, and these show prominently in  the  "images" 
above and below the photograph of the nebula ;  for a more detailed 
analysis, refer to Harwi t  [ 1 973 ] . 

H A D  1 s Multispectral Scanner 

Typical of the possib le spacecraft applications of the Had amard-transform 
imaging spectrometer is that of the multispectral scanner for earth
imaging applications, principally for weather satell ites and earth-resources 
monitoring satellites, although other appl ications are obvious with some 
thought .  Figure 7 sketches the optical layout of one specific -hardware 
design proposed to N A s A  for a requirement for a visible/thermal-infrared 
seven-band multispectral scanner for an advanced earth-applications 
satell ite.  

The specifics of the design are not of particular interest, as the appli
cation is "far off optimum" as far as the technique itself is concerned 
( i t  has many too few spectral elements, compared with what is easily 
possible) .  Those features of interest- the use of an all-reflecting folded 
Schmidt telescope design , a conical H A D  IS mask tangent to the spherical 
focal surface of the Schmidt ,  light-pipe detector condensing optics, and 
fil ter wavelength d iscrim ination-are noteworthy primarily because they 
illustrate that the full repertoire of "tricks" of the classical optical de
signer are applicable to this new technique. 

What is noteworthy about this design , at least to us, is that-even for 
a far-from-optimum set of requirements-the H A D  I S  system would operate 
at higher scan speed than a conventional line-scanner (because its lower 
dynamic range lowered the number of telemetered bits per scan),  would 
impose a much lower inertial load on the spacecraft attitude-control 
system (because its m ask is light and runs continuously , rather than 
oscillating) , and would allow the use of noncryogenic infrared detectors 
(because of the performance gained by multiplexing). Additionally, the 
system is  of low complexity -and therefore of high rel iability and low 
cost-compared with both conventional line-scanning multispectral sys
tems and interferome tric spectrometers. 

Again one sees-and to sum up the point of the paper-that Hadamard
transform optical techniques allow one to reap the orders-of-magnitude 
performance gains inherent in multiplex,  high-etendue systems while re
taining the conventional optics virtues of simplicity , economy,  and 
flexibility. 
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FIGURE 7 Optical layout of a proposed seven-band HADIS multispectral scanner for earth-resources applications. 
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G E O R G E S  G A U F F R E  and  M IC H E L  C H A T A N I E R  

AN INFRARED 
PNEUMATIC 
TRANSDUCER 
WITH CAPACITIVE 
DETECTION 

I. Introduction 

For a long time pneumatic cells have figured among the best infrared 
detectors operating at room temperature .  In two articles Golay [ 1 94 7 ,  
1 949 ] explained the theoretical working principle and described a 
practical realization. Some time later, at o N E  R A ,  K. Luft designed a 
new type of pneumatic cell with capacitive measurement of the mem
brane motion. 

Today , computer techniques permit one to design pneumatic cells 
precisely and to determine the best operating conditions. Progress in 
electronic design permits one to include a portion of the necessary elec
tronics within the transducer housing. An instrument has been developed 
at O N  E R A  called T R I A S  ( for TRansducteur lnfrarouge pour Applica
tions Spatiales) . The instrument is an infrared transducer of high sensiti
vity , which will operate over a broad temperature range. 

The authors are in the Office National d 'Etudes et de Recherches A6rospatiales 
(O N E R A )  92320 Chatillon, France. 
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II. Operating Principle 

The detector is made of an airtight enclosure, filled with a gas at reduced 
pressure and divided into two chambers by a deformable diaphragm 
(Figure I ) . The infrared radiation to be measured penetrates into the 
first chamber through a window. In the middle of the chamber, opposite 
the window, is set a sensitive surface , or target .  This target transforms 
the infrared incoming radiation into heat . It is a collodion membrane 
covered with a very thin metallic layer. Its main property is a high 
absorbing power, uniform within the whole infrared spectrum. Being in 
contact with the heated target, the surrounding gas heats up, expands, 
and causes the deformation of the diaphragm separating the two chambers. 
This diaphragm constitutes one of the plates of a capacitor. The deforma
tion entails capacitance variations proportional to the incident infrared 
flux. The other plate , fixed, lies in the rear chamber. The variat ions of 
capacity are detected by the associated electronic unit .  The front and 
rear chambers communicate through a small duct. The gas passing through 
this duct balances, with a large response time, the pressures within the 
two chambers. The receiver is thus insensitive to slow changes in the 
incoming radiation. The gas inside the cell is xenon at a pressure of I 00 
mbar. This choice results from a compromise between sensitivity and 
bandwidth . 

The electronic unit processes the information provided by the detec
tor in order to make its use easy . Thus the unit has three functions : to 

FIGURE I Infrared pneumatic cell. 
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FIGURE 2 Diqram of electronics. 

transform capacitance variations into voltage variations, to increase the 
signal level , and to correct the receiver defects by flattening the response 
curve and compensating the slow drifts. 

The block diagram summing up these functions is given Figure 2. The 
cell is inserted in one of the branches of a measuring bridge . This bridge 
is supplied by a 455-kHz oscillator. The main qualities of this oscillator 
are an unusual high spectral purity and a good temperature stability 
[ Rutman, 1 97 2 1  . The rf amplifier is a very-low-noise unit . The rf high
level signal feeds the synchronous detector controlled by the oscillator. 
The low-frequency signal is processed in an equalizing amplifier circuit 
that has various functions : to eliminate the residual carrier frequency, 
to ensure a passband centered on the optimal detectivity frequency, and 
to offer a low output impedance. Last , a control loop feeds back the 
bridge with the very-low-frequency part of the output voltage spectrum. 
This voltage acts on the electrostatic force, attracts more or less the 
diaphragm, and maintains constant the mean value of the detector 
capacitance by stabilizing the interplate distance. This ensures the bal
ance of the bridge and reduces the variation of the responsivity versus 
ambient temperature variations. 

III. Transducer Theoretical Performance 

Some years ago, Jones explained how the responsivity , the noise, and 
the noise equivalent power (N E P )  were the most useful parameters to 
describe the performance of radiation detectors [Jones, 1 953 1 . The 
responsivity can be deduced from the previous functional diagram : in
coming radiation, temperature rise of the target, expansion of the heated 
gas, and motion of the diaphragm. Each step is governed by a set of 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


422 IN FRARED  M ETHODS 

equations; the coefficients to be introduced in these equations are re
lated to the design parameters: cell volume, nature and pressure of the 
gas, membrane elastic tension, etc. Some equations are difficult to 
solve, particularly the thermal balance one; and some numerical values 
of parameters, such as the flow rate of the duct between the two cham
bers, are not directly available. Thus the complete analytical solution is 
not accessible. 

The problem may be solved to a good approximation by using an 
electrical analog somewhat similar to that proposed by Golay [ 1 949 ] . 

This analog is suitable for computer calculations, with special software 
for use in conjunction with electrical networks. Figure 3 illustrates the 
equivalent circuit of the O N E R A  pneumatic cell . It is split into four 
parts : thermal, pneumatic, mechanical , and electrical. The various com
ponents have the following meaning : 

R 1 , resistance to radiation heat transfer between membrane and ther
mostat ; 

C1 , thermal reactance of the membrane; 
R 2 ,  R 3 , R 4 ,  R 5 , R6 , semidistributed resistance to gas heat transfer be-

tween membrane and thermostat;  
C2 ,  C3 , C4 ,  C5 , semidistributed thermal reactance of gas ; 
C2 ', C3 ', C4 ', C5 ' ,  semidistributed compliance of gas; 
C7 , compliance of dead volume (part of gas whose temperature does 

not change);  · 

R 7 , resistance to gas flow in the leak duct;  
C8 ,  compliance of the capacitor membrane ; 
R 8 , resistance to membrane motion ; 

� , analog of a noise voltage generator, translated into thermal units, 
representing the fluctuations of the electrostatic attractive forces due to 
the noise amplitude modulation of the oscillator waveform. 

FIGURE 3 Analogical sketch. 
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In this scheme the noise due to the rf amplifier following the measuring 
bridge is omitted . The actual amplifier has such a low noise level that 
its contribution to the overall noise may be neglected in practice. 

In order to facilitate further computation all the components are to 
be translated into a unique system : thermal, pneumatic ,  or mechanical. 

As an example , in thermal representation of the network , the variables 
are 

8 ,  temperature deviation at a point with respect to absolute tempera
ture of thermostat as "voltage ," 

O /n (dQ/dt), entropy flux flowing in a branch as "current." 
The choice of such a set of variables, whose product has the dimension 

of a power, makes possible noise computation. The component values 
are translated \".•ith the aid of the following operations : 

components thermal multiplied pneumatic multiplied mechanical 

R 
c 

R r 
Cr 

by by 

Rp 
Cp 

where T is the absolute temperature , P the pressure , and S the membrane 
surface. 

As prescribed by Jones, the responsivity is the ratio of the rms value 
of the output variable x, divided by the rms thermal power W in the in
coming radiation, R (w) = x/W , with x = ls T/wPS, where Is is the cur
rent in the output branch. 

Callen and Welton [ 1 95 1 )  , studying the relation between fluctua
tions of a system and its dissipative properties, gave an extension of the 
Nyquist formula to a generalized impedance. In the actual circuit this 
formula takes the form :  

where (i,l) is the current fluctuation in the output branch and X is the 
real part of the impedance seen at terminals of membrane compliance 
(Ca ). 

If we recall that the output variable is related to the current flowing 
in the output branch, the expression of noise for the cell alone becomes 

( I )  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

S p a c e  O p t i c s :   P r o c e e d i n g s  o f  t h e  N i n t h  I n t e r n a t i o n a l  C o n g r e s s  o f  t h e  I n t e r n a t i o n a l  C o m m i s s i o n  f o r  O p t i c s  ( I c o  I X )
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 7 7 9
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and the overall noise 

(2) 

The high spectral purity attained in the oscillator voltage wavefonn 
leads to very low sideband amplitudes: - 1 34 dB and - 1 46 dB at, 
respectively , 5 Hz and 50  Hz of the carrier frequency . This makes practi
cally negligible the e2 term in the above formula. So physical measure
ment of the entire noise is very close to the B(w) value. 

Computation of responsivity and of noise versus angular frequency 
has been achieved with the aid of an E C A P  program on a 360/50  IBM 
computer. The components had the following values : 

R 1  = 20 X 1 06 
C1 = 2 X 1 0-9 
R2 = 2 .4 X 1 06 
R3 = 2 X 1 06 
R4 = 1 .2 X 1 06 

R 5  = 0.7 X 1 06 
R6 = 0.3 X 1 06 
Cz = C3 = C4 = C5 = 0.8 X 1 0-9 
Cz I =  c3 , = c4 I =  Cs I =  0.5 X 1 0-9 

c7 = 0.8 x 1 0-9 
R 7 = S X I 06 
C8 = 4 X 1 0-9 
R8 = 0.4 X 1 06 

Figure 4 presents the theore tical responsivity and noise curves versus 
frequency . Figure 5 presents the corresponding experimental curves. 
The shapes of the N E P  curves presented on Figure 6 are comparable.  
The theoretical curve includes neither the reflection losses in the window 
nor the part of incoming energy that is not absorbed by the target. 

100 ilrbitnr units 

FIGURE 4 Theoretical response and noise spectrum. 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


Georges Gauffre and Michel Chatanier 425 

FIGURE 5 Experimental response and noise spectrum. 

Agreement between the fonnulation exposed in Eq. ( 1 )  and experi
mental results confinns the hypothesis of several authors [Golay 1 949 ; 
Smith et a/. , 1 968 ] , who assumed that noise in a pneumatic cell was of 
fundamental thennodynamical origin. 

As pointed out by Jones, the radiation exchange is the most funda
mental limit in the perfonnance of pure thermal detectors and allows 

to-s 

3 

1o- to 

3 

1(J" 1 

NEP (W Hz -112) 
', 

/ v \ , 
' , 

\ , 
' � 

' / 

,., ,  / / � ' .... _ 
" f- .... 

/ .............._ !-""/ 

3 10 30 

-- T�D�Vtical 
- - -Exp�rim�ntal -

I f (Hz} 
I 

100 300 1000 
FIGURE 6 NEP, theoretical and experimental. 
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the concept of reference detectivity D* .  The value of R 1 ,  representing 
that exchange, is so high that it has very little effect on the cell perfor
mance. This explains why pneumatic cells have a D* that slightly in
creases with target area, as was experimentally found. 

IV. Example of Design 

The pneumatic cells described above have been especially built for field 
applications [ Eddy et a/. , 1 970;  Girard and Lemaitre ,  1 970;  Chatanier 
and Gauffre , 1 972 ] . This achievement was obtained mainly through 
integrating the cell and the electronic unit as a single component .  
T R IA s  is  really a transducer: infrared power as input , volts as output. 
The major feature of this design is that it allows matching the cell and 
the electronic performance. The other ones are compensation of cell 
electrical capacity temperature drift ,  reduction of the sensitivity varia
tions with respect to temperature variations, reduction of stray capacities, 
and correction of the cell response curve.  

Another point of  importance for operational systems i s  that the trans
ducer presents a high reliability against mechanical shocks, accelerations, 
and vibrations. 

These results are achieved through three types of precaution :  first, the 
cell and the electronic unit are very compact ; second , the chambers on 
either side of the capacitive membrane have slightly different centers of 
gravity in order to cancel the membrane inertia, so that axial accelera
tions do not induce motion of the membrane ; third , the servo-loop re
acts against low-frequency inertia solicitations of the membrane. 

Figure 7 illustrates the effect of temperature on the transducer re-

106 R (v .w·' )  
5 

R 
2 

105 
5 � �  

2 5 10 20 50 100 200 500 1000 
FIGURE 7 TRIAS responsivity versus frequency. 
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sponse. Such a small drift could be obtained only by a careful choice of 
materials , components, and assembly design in both the cell and the 
electronic unit . 

The performance characteristics of the present T R l A s are 

Circular target : 2-mm diameter, 
Angle of acceptance : 60° , 
Spectral range limited only by the window material , 
Response : 3 X 1 05 V/W maintained with ± 1 dB from -20 to +40 °C 

(Figure 8),  
3-dB passband :  2 to 200 Hz, 
N E P :  2 X w-•o W Hz- v. at 30 Hz. 

Technical data : 

Shape : cylinder, 70-mm diameter, 90 mm long, 
Weight : 400 g,  
Supply voltage : ± 1 5  V ,  
Power consumption : 0 .25 W ,  
Output impedance : 50  n . 

Withstanding to environment :  

Pressure : from atmospheric pressure to zero , 
Acceleration : 20 G ,  rms white noise from 20 to 2000 Hz, 
Shock : 1 00 G for 5 msec, 
Temperature : -20 °C to +40 °C. 

10' R (v.w-'> 
5 

- ----
2 

T ("C) 

20 - + 20 

FIGURE 8 Responsivity versus temperature. 
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V. Conclusion 

In spite of the growing competition of cooled quantic cells, thermal 
detectors remain very useful in infrared technology and are of particular 
interest for field applications. In this family , T R I A S  is a rugged unit 
that has the best detectivity within the frequency range of its bandwidth, 
2 to 200 Hz. 

The equivalent network technique for computing both signal response 
and noise spectrum , as described in this paper, may be useful for other 
applications:  either to optimize the same kind of transducer in different 
operating conditions or to facilitate the comparative analysis of the per
formance of other kinds of transducers. 
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C .  R .  M U N N E R L Y N  and J .  W .  B A L L IE T T  

A TUNABLE FILTER 
FOR CALIBRATING 
RADIOMETERS IN 

Introduction 

THE 11-19-MICROMETER 
SPECTRAL REGION 

R adiometers are commonly used in space applications for the measure
ments of radiation emitted by the earth, moon, stars, or other planets. 
One application for a very-narrow-spectral-band , moderate-field-of-view 
radiometer is in the measurement of the atmospheric vertical tempera
ture profile from satellite platforms. The Vertical Temperature Profile 
Radiometer (V T P R  ), recently developed by Barnes Engineering Company 
[Falbel and Zink,  1 97 1  I is the latest in a series of multispectral radiom
eters designed to measure the temperature of the earth's atmosphere 
at d ifferent altitudes by observing the amount of radiation received 
above the atmosphere within narrow spectral windows corresponding to 
the C02 absorption lines near I S  I'm . The radiometer also contains 
filters for obsening an H20 absorption band at 1 8 .7 I'm and an atmo
spheric window at 1 2  I'm . A detailed theory of this technique of mea
surement is given by Kaplan [ 1 95 9 ) . In order for the calculations to be 
made with sufficient accuracy, the radiometer must be calibrated 
accurately as to its spectral transmission function when its entire field 
of view is taken into account .  

The authors are with Tropel, Inc ., Fairport , New York 14450. 
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TABLE Radiometer Filter Characteristics at 35 °C 
Center of Spectral 
Response 

Filter Wavenumber 
No. (an"' )  
I (Q-branch) 668.5 t o.s 
2 695 t I 

3 725 t 1 
4 S3S t 1 
s 835 t 1 
6 141

+2 -1 
7 708 t 1 
8 611

+2 
-I  

Bandwidth and Tolerance 

SO% Response 
(an"' )  
3 .5 t o.s 10.0 t 2.5 

10.0�� :� 
1o.o:�:� 

8 0 +l .O . -2.0 
10.0 t 2.5 

10.0 t 2.5 

IO .O t 2.5 

10% Reapo11111 
(an"' )  
IO.S t l .S 20 t s 
20

+2 
--4 

20
+2 
--4 

16 t 2 

20 t s 
20 t s 
20 t s 

The V T P R  contains eight narrow-band dielectric interference filters. 
The characteristics of these filters are given in Table I .  Their center 
frequencies range from 535  to 835 cm-1 • The half-power bandwidth of 
the filters are from 3 .5 to 1 0  cm-1 • The apparent bandwidth and center 
frequencies of the filter can be modified due to radiation from different 
angles within the f/3 focusing beam and from different field points. 
Manufacturing variations in the filters and other optical surfaces and in 
the detector can lead to an uncertainty in the final spectral characteris
tics of the instrument. 

The best spectral calibration of the radiometer can be obtained after 
the instrument has been assembled by irradiating it with a tunable mono
chromatic field of radiation and observing the V T P R  output signal. The 
purpose of this paper is to describe the Precision Spectral Calibrator 
(PS C )  designed to transform a blackbody radiation source into a tunable 
monochromatic source that subtends a field of view greater than the 
field of the instrument to be tested . The design concepts employed can 

be used to modify the design for other instruments with different fields 
of view and different spectral bands. 

Design Concept 

The V T P R  has a Cassegrain-type reflective optical system as shown in 
Figure I .  It uses a pyroelectric detector to cover the I I - to 1 9-�.tm 
spectral band and has an aperture of 73 .5  mm and a square field of view 
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FI E L D  L E N S  

PRI MARY SPHE R I CAL 
M I R R OR 

F I LT E R  W H E E L  

SECO N DARY SP H E RICAL 
M I R ROR 

ON AXIS RAY S 

FIGURE I Optical schematic of the VTPR. 

43 1 

with a diagonal of 3 .4° .  Additional optical and scan parameters are given 
in Table 2 .  The eight narrow-band filters are mounted on a filter wheel 
in front of the detector and rotated at 1 20 rpm . To provide the appro
priate spectral data, either a Fabry-Perot (F-P) or a Michelson inter
ferometer could be used . A grating-type spectrometer is impractical be
cause of its low �tendue or energy throughput as compared with the 
interferometers. The filter bandwidths are narrow enough relative to 
the desired spectral resolution so that they fall well within the free spec-

TABLE 2 Optical and Scan Parameters of the VTPR 

Optiazl Parameters 
Primary-mirror diameter 
Secondary-mirror diameter 
Entrance aperture diameter (D0 )  
F ocal length of Cassegrain optics 
Field of view (FOV) 
Detector area <Ad) 
Effective focal length (efi) = .JAdt.,Jrov 
Effective system {/no. = efi/D0 

Sazn Parameters 
Cross-track scan angle 
No. of steps per scan 
Time per 23 steps 
Scan retrace time 

73.5 mm 
28.6 mm 
66 mm 
1 97 mm 
2.235" X 2 . 1 35° 
1 .5 X 1 .5 mm• 
38.5 mm 
0.584 

63.4° 
23 
1 1 .5 sec 
I .O sec 
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tral range of an F-P interferometer. Therefore, the F-P interferometer 
offers a more direct solution to measuring the spectral bandwidths than 
the Fourier transform method required with a Michelson interferometer. 

Neglecting absorption, the transmission function for an F-P interferom
eter as a function of wavenumber, o, is 

To = { I + (4R /( 1 - R)2 ] sin2 (27rdo cos 8) }-t , ( I )  

where R i s  the mirror reflectivity , d i s  the mirror spacing, and 8 i s  the 
angle of incidence of the light on the parallel plates. This function repeats 
for values of o = m /2d cos 6 ,  where m is an integer. A detailed analysis 
of the F..P interferometer is given by Born and Wolf [ 1 964 I .  

As the reflectivity of the F-P mirrors increases, the transmitted band
width decreases. The ratio of the instrumental bandwidth to the free 
spectral range is called the finesse and is given by 

F = ..[ifi(l - R). (2) 

Figure 2 shows a plot of a single free spectral range as a function of the 
fmesse. The free spectral range for normal incidence , given in wavenum
bers is 

AOFsR = l /2d, 

R •.27 

F•7 ol_��������������F�•2U2�6 
m/2deot f (mtt)/2d cot8 

TRANSMmAHCE : T · U�F'1rr')tan• (211'd4f'eot 8)] _, 
FINESSE : F • rol! I • R 

FIGURE 2 Transmission of a Fabry .Perot interferometer as a func
tion of wavenumber for different values of finesse over one free 
spectral range. 

(3) 
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so that the instrwnental bandwidth is 

AoBw = I /2dF. (4) 

From Table 1 ,  one sees that the filters fall within two classes:  those with 
bandwidth < 4 cm-1 and those with bandwidth between 8 and 1 0  cm-1 • 
The F-P interferometer should then be designed so that the spacing can 
be changed by at least a factor of 2. Also, the transmission in the mid
region of the F S R  should be low to reduce the energy outside the 
main transmission peaks. For the high reflectivity, the midrange trans
mission is 

(5) 

For a fmesse greater than 30, TM R is less than 0.3%. This value of 
finesse is easily achieved with a reflectivity of about 90%. By selecting 
a bandwidth about one fifth of the filter bandwidth, one has an F S R  at 
least six times the bandwidth of the filter. The filter provides its own 
blocking of less than 0. 1% outside a band about four times its bandwidth. 
Therefore, other orders of the F-P interferometer can be effectively 
blocked , and the output can be treated as a scan by a single spectral 
line about one fifth of the filter bandwidth. This arrangement is illus
trated in Figure 3 .  A scanning function of this type is adequate to de-

z 
0 iii 

i 
: 
.... 

100 
90 

TYPI C AL FILTER FN.  
FOR Fl L TER NO. I 

ETALON 
RANSMISSION FN. 

FOR SEMRATION 
254um 

aot•l 
640 645 -1 650 655 660 665 670 675 680 685 690 695 70 0 

668.5 

FIGURE 3 A comparison of the Q-branch filter transmission function with the Fabry-Perot 
transmission function including three orders. 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


434 I N F R A R E D  M ET H O DS 

fine the filter bandwidth to better than ±0. 1 times its bandwidth. A 
more exact evaluation of this subject is given under the calibration 
section. 

The discussion so far does not take into account the effect of the 
angular broadening of the F-P transmission function. For small angles, 
the shift in wavenumber of the peak transmission is 

A.o � o sin1 8/2. (6) 

An angle of 2 °  shifts the wavenumber by 0. 1 6 cm-1 at 668 .5 cm-1 • 
This contribution of bandwidth due to the field of view is excessive for 
the narrowest filter. The angle of the rays within the F-P can be reduced 
by imaging the entrance pupil of the V T P R  onto the F-P interferometer 
at a greater than I :  I magnification. Figure 4 shows the basic optical con
figuration of the Precision Spectral Calibrator (PSC ). In order to obtain 
maximum instrumental transmission,  the number of optical elements is 
held to a minimum by using one F-P plate as a collimator lens and the 
other as a focusing lens. This design minimizes the angle of the off-axis 
rays through the F-P for a given size interferometer. 

Because of the other factors-flatness and field of view-it was nec
essary to raise the reflectivity of the mirrors to 93% at 668 em -1 to 
obtain a finesse of 30. 

The specifications for the Precision Spectral Calibrator are given in 
Table 3 .  

The diameter o f  the field lens is 1 3  em , and the clear aperture o f  the 

LENS L, 

FABRY -PEROT 8 8  

FIGURE 4 Optical layout schematic for a single channel. The Fabry.Perot lenses image the 
blackbody source into a narrow spectral band source at BB. Lens L, then collimates this source 
to fill the entrance pupil of the VTPR. Lens L, also images the VTPR entrance pupil onto the 
Fabry.Perot plane at the appropriate magnification. 
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TABLE 3 Precision Spectral Calibrator Specifications at 668 .5 cm-1 

Free spectral range 
Integrated spectral half-width 
Absolute PSC calibration 
Absolute calibration at calib. spacing 
Field of view I 00% 
Field of view 1 0%  
Minimum peak transmission 

20 em·• 
0.65 em· • 
t0.2 em·• 
tO. I em·• 
2 . 167" square 
2.392" square 
20% 

43 5 

interferometer is 9 .7  em . The field lens is made of KBr, and the inter
ferometer plates are made of lrtran IV.  The diameter of the blackbody 
source was selected so that any ray traced from the entrance pupil of 
the V T P R  through the required field angles would fall within the di
ameter of the blackbody source even when the chromatic aberration of 
the system was taken into account.  The selected diameter of the black
body was 3 . 1 7  em . 

A multiple-layer coating with adequate reflectivity and transmission 
could not be designed to cover the entire spectral bandwidth from I I  to 
1 9 1-'m .  Therefore , two channels were required : one covering I I  to 1 6 
I'm and one covering from I 7 to 1 9  I'm . Figure 5 shows an optical layout 
that permits a common blackbody and field lens to be used in both 
channels. The second interferometer is made from lrtran VI and has a 
clear aperture of 7 . 1  em . The smaller size was due to the size limitation 
of the lrtran VI material ,  but was permitted due to the wider band
width associated with the filter being evaluated with this interferometer. 
An additional KBr lens is required in this channel to locate the image of 
the blackbody source properly . Two mechanically coupled mirrors are 
used to switch from one channel to the other. These same mirrors permit 
the introduction of a C02 laser beam for calibration of the spacing of 
the interferometer mirrors . 

Mechanical Design 

The final tests of the V T P R  are conducted in vacuum . The entire F-P 
system was designed to go into a 60-in . vacuum chamber, while the C02 
laser and He-Ne laser were mounted external to the vacuum chamber. 
lnvar differential screws with stepper-motor drives were used to move 
the parallel plates. Each step of the motors corresponded to 0.02 1-'m. 
The longer wavelengths at which tests were to be conducted permitted 
mechanical tolerances 20 to 30 times greater than required for visible 
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VAC U U M  
C HAM B E R  

I N F R A R E D  M E T H O DS 

BLAC K 
B O OT 

FIGURE S Optical layout of the PSC incorporating two Fabry .Perot interferometers. Mirrors 
M ,  and M, are remotely movable and determine the interferometer being used. The detector 
is used to receive the interference pattern from the CO, laser for calibration. The He-Ne luer 
is used in a fringe-counting interferometer to monitor the separation of the interferometer 
plates. 

interferometers. The flatness of the lrtran plates was only 'A./5 for 
visible light. The details of the F-P interferometer section are shown in 
Figure 6 .  Water cooling was used to reduce the heating effect of the 
stepper motors and the blackbody source. lnvar parts were used to re
duce the effects of any residual temperature variations within the 
vacuum chamber. 

The two-sided mirror in Figure 4 used to switch from the blackbody 
source to the C02 laser was made by stretching 1 0-l'm-thick Mylar film 
over a metal frame.  The resulting mirror was flat to a few wavelengths 

in visible light and reduced the field-angle requirements for the black
body source. 

Calibration Techniques 

Since absolute spectral information is requir.:•d , it is necessary to know 
accurately the separation of the interferometer plates at all times during 

the spectral scan. The scanning is accomplished by three stepper motors 
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FABRY· PEROT 
MIR ROR S 

I NVAR S PACER 

FIGURE 6 A cross section of the Fabry.Perot interferometer. 

driving differential screws in synchronization . The plate parallelism can 
be controlled by stepping the motors independently . A C02 laser source 
is used as a primary reference wavelength for detennining the plate 
separation. 

The output of the laser passes through a monochrometer to separate 
the d ifferent transitions at which a C02 laser can radiate . The laser 
energy then passes through an on-axis aperture and through the inter
ferometer. The transmitted beam is collected on a pyroelectric detector, 
which is connected to a chart recorder. As the plate separation is 
changed , the transmission function is plotted . The stepper-motor posi
tion is noted for each peak in transmission . The wavelength of the 
laser is changed , and the transmission function is replotted and posi
tions of the stepper motor noted . By selecting two C02 laser wavelengths 
such as I 0 .590 and I 0.274 J.Lm , transmission peaks for both wavelengths 
will occur at a separation of 344.2  J.Lm . The stepper motors can repeat a 
position of the plates to an accuracy of better than 0. 1 J.Lm . This repeat
ability is checked using a visible-light interferometer operating at 0.63 28 
J.Lm . Once the plate separation at one transmission peak for the C02 
laser is detennined , the separation for the other peaks is known to be an 
integer nwnber of half wavelengths difference. Therefore , each trans
mission peak becomes a reference mark at about 5-J.Lm intervals. Table 
4 illustrates how the absolute plate separation can be verified using two 
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TABLE 4 C02 Calibration Wavelengths 
C02 Line Wavenumber (an"1 ) m d (pm) Ad (pm) 

P-20 944. 195 64 338.9 1 3 1  
0.1434 R-16 973 .289 66 339.0565 

P-20 944. 1 95 65 344.2086 
0.0149 R-16 973.289 67 344 . 1937 

wavelengths of the C01 laser. By adjusting the spacing to correspond to 
a given C01 laser transition such as P-20, an order nwnber can be found 
for a different laser transition that corresponds to the same spacing. 
Changing the spacing by one order nwnber produces an easily detectable 
difference in the location of the peak. 

Bandwidth Measurements 

The absolute spectral bandwidth of the P S C  cannot be measured directly. 
However, its value can be determined within narrow limits by making 
measurements of the mirror reflectivity , flatness, alignment,  and field of 
view of the instrwnent. A detailed analysis of the contribution of each 
factor is given by Steel [ 1 967 ) . The modified finesse due to surface 
irregularities is 

(7) 

where � is the mean-square surface deviation ,  R is the reflectivity, and 
F0 is the fmesse in the absence of defects. For very small alignment 
errors, the alignment error is equivalent to a linear surface defect. For 
large angular tilts, the fringe pattern loses its symmetrical shape. Within 
the PSC , a C01 laser is used as a source for checking the parallelism of 
the plates by observing the symmetry of the fringes as the spacing is 
scanned . The transmitted spectral shape is also a measure of the instru
mental bandwidth due to tilt and irregularity. However, the bandwidth 
must be corrected due to a different reflectivity at 1 0  �tm . 

The contribution to the bandwidth due to a finite field of view is ob
tained by convolving an Airy function with a finesse determined by the 
reflectivity and the surface irregularity over all angular points within the 
field of view. The result is that in addition to changing the fmesse, the 
center frequency and line shape will also change . A theoretical trans-
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FIGURE 7 Change of bandwidth and center frequency of the scan
ning function due to the freld angle (FSR - 20 em · • ,  R = 96�). 
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mission function for the P S C  is shown in Figure 7, which takes into 
account both the field of view and the surface deviation. This function 
is compared to the transmission function for reflectivity only. 

Measurement Procedure 

The V T P R  is tested by aligning it so that the output of the P S C  fills its 
entire field of view and its entrance aperture. The output signal of the 
V T P R  is then recorded for each of the eight channels as the spectral 
output of the PSC  is scanned . The output data are the convolution of 
the spectral bandwidths of the P S C  and the V T P R . If both the filter 
and the F-P transmission functions are considered to be Lorentzian, the 
convolved bandwidth is the sum of the bandwidths of the two functions. 
Data obtained by convolving the angle-broadened F-P function with a 
measured filter function gave an increased bandwidth of about one half 
the bandwidth of the F-P function .. Figure 8 is a plot of the filter func
tion. A Gaussian function of the same bandwidth would have produced 
an even smaller increase in bandwidth. 

Each of the eight filters is scanned by only one F-P transmission line 
as the data are taken. In order to minimize the total required mechanical 
scan, a plate separation was selected that placed a transmission line 
near the center of each of the eight filters and also near the peak of an 
order for a C02 laser line. The optimum plate separation was found to 
be 254 #lffi for the seven filters in one channel. 
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FIGURE 8 Bandwidth increase of output data due to bandwidth of 
scanning function. 

Total System Transm ission 

In order to have adeq uate signal-to-noise ratio, i t  is desirable to have a 
peak system transmission of at least I 5 to 20%. This was, in turn , pri
mari ly lim ited by the interferometer transmission due to coating and 
substrate absorption.  Irtran IV and I rtran VI were selected rather than a 
haloid m aterial ,  which would have improved the transmission but would 
have been incapable of maintaining the required flatness on the plano 
side .  The outside surfaces of the interferometer plates were given a 
radius to act as the collimator to avoid the necessity of another element 
in the I I - to I 5 -J.Lm channel. Because of the unavailability of Irtran VI  
l O  em in d iameter, i t  was necessary to  introduce a collimating element 
of KBr in that channel to maintain the magnification. 

The effect of the high reflectance coatings on the peak transmission 
is given by 

Tp = ( T/(A + 7)] 2 , (8) 

where A and T are the absorption and transmission of the coating, respec
tively. I t  can be seen from this relationship that the peak transmission 
falls rapid ly as the ratio of transmission to absorption decreases. Since 
the absorption is lim i ted by the m aterial and thickness of the coating, 
increasing the reflectivity tends to decrease the peak transmission .  

Another problem that m ust b e  considered i n  selecting a high reflec
tance coating is the rate of change of reflectivity and absorption with 
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frequency. I f  these values change appreciably over the width o f  a single 
filter under test, the radiometer output will be affected by the changing 
calibrator throughput in addition to the filter function being calibrated. 
This effect m ust be taken into account when interpreting the data. 

Conclusions 

The design approach offers enough latitude to control the spectral band
width of the F-P interferometer when the aperture and field-of-view 
requirements are taken into account. However, a limiting factor in deter
mining the maximum reflectivity was the absorption of the dielectric 
coatings. Attempts to increase the reflectivity much above 93% resulted 
in a transmission absorption ratio that was too small to produce ade
quate peak transmission. Several acceptable theoretical reflectivity 
curves were obtained for the required coatings, but in practice a number 
of attempts were required to produce coatings with the required spectral 
uniformity. 

The authors wish to express their appreciation to Robert Astheirner of Barnes Engineering 
Company for originating the idea of testing the VTPR using an F-P interferometer system and 
for the support and encouragement of other Barnes, NOAA, and NASA personnel. 
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H .  V A N  D E  S T A D T ,  T H . D E  G R A A U W ,  J .  C .  
S H E LT O N ,  a n d  C .  V ET H  

NEAR-INFRARED 
HETERODYNE 
INTERFEROMETER 
FOR THE 
MEASUREMENT OF 
STELLAR DIAMETERS 

I .  Introduction 

Heterodyne detection at visible and infrared wavelengths is nowadays a 
well-established technique ,  which is used in spectroscopy to combine the 
advantages of high signal-to-noise ratio and extremely h igh resolution 
without cumbersome classical spectrographs [Cummins and Swinney, 
1 970 I and in communications to combine the advantages of very-high
modulation bandwidth and high angular sensitivity , particularly useful in 
space applications. We will report here on another application, i .e . ,  the 
measurement of brightness distributions of astronomical objects with 
interferometers. 

Heterodyne detection is the result of interaction between two waves 
originating from a coherent  radiation source ( laser) and an incoherent 
rad iation source , e.g. , an astronomical object.  The two waves combine on 
a photocell and produce a signal at the difference frequency containing 
all essential information about phase and amplitude of the incoherent 
rad iator. The electrical signals produced by the mixing process of the 
coherent and incoherent light signals at two spatially separated telescopes 
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can be used to exhibit the degree of coherence of the incoherent source 
and thus its angular dimensions. 

II. Astronomical Introduction 

Recent sky surveys at different wavelengths show m any more bright infra
red objects than was expected some I 0 years ago. Many of these objects 
have an excess in radiation in the infrared with respect to an extrapolation 
of the visible radiation if the source were to radiate l ike a blackbody. 
Most stellarlike objects show strong evidence of circumstellar dust clouds 
consisting of silicate or graphite or other molecular grains [ see review by 
Neugebauer et al. , 1 97 1  1 .  We present here only a few items that are of 
interest for the present situation.  

The infrared excess is not restricted to one stellar type . The excess has 
been observed in young, intermediate, and late-type stars. For late-type 
stars the origin of the ir radiating shells of dust clouds is the usual mass 
loss of highly evolved stars. Such clouds absorb the visible and uv l ight 
emitted by the central star, and the infrared excess consists of thermal 
reradiation of the cloud . The expected angular sizes of bright objects 
range up to l sec of arc . For young type stars, the possibility of observing 
the remains of the prestellar cloud is very attractive . The ir spectrum of 
these shells tends to peak at 1 0  J.tm and sometimes also at 20 J.tm . Angular 
sizes are uncertain but are estimated to be of the order of 0.0 l sec of arc . 
Some rather cool stars show shells with ir spectral properties remarkably 
similar to protostars. Another class of galactic sources is formed by the 
H I I  regions. The observations of OH and H20 maser lines in very small 
point sources in those regions, together with infrared observations, make 
those regions very interesting. Recent ir observations by Wynn and 
Williams, give reasonable coincidence with the maser sources. High spatial 
resolution in the ir is needed to understand the physics of these regions, 
where stars are expected to be formed .  

A number of unresolved point sources have been discovered i n  our own 
galactic center. Several external galaxies, especially bright Seyfert galaxies, 
appear to be strong ir radiators. For these objects, an explanation for the 
origin of their radiation is still difficult to give. We conclude that for an 
explanation of the origin of many ir sources it is of prime importance to 
know precisely the spatial extent of these objects, including their  cross
sectional brightness d istribution and possibie asymmetry. Once the angular 
size of ir radiating objects is measured , the physical or linear size is known 
if  the distance is available from other measurements. If the data are com
bined with the measured absolute monochromatic flux , the measured 
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angular diameter gives d irect values of the absolute fluxes and brightness 
temperatures of the particular object. 

III . Observational Techniques with High Spatial Resolution 

It  is interesting to know the angular size of many stellarlike objects at 
wavelengths between approximately 4 and 1 0  IJ.m. With a single telescope, 
this, however, is often difficult to obtain because of the diffraction-limited 
resolution of a medium-sized telescope, which for a diameter of 2 m is 0.5 
and 1 .2 sec of arc at 4 and 10 11-m, respectively , whereas an angular resolu
tion of 0. 1 sec of arc or less is required . In the visible, the resolution of the 
same telescope would be of the order of 0.06 sec of arc if the seeing were 
perfect, where seeing is defined as fluctuations in phase and amplitude of 
the transmitted wavefront due to atmospheric fluctuations in the refrac
tive index of air. 

Theories based on the assumption of homogeneous isotropic turbulence 
[ see Strobehn, 1 97 1 ;  Fried , 1 966, 1 967 1 indicate that the so-called 
"seeing-disk" or "effective coherent size" [ Fried and Yura, 1 97 2 1  of a 
telescope is proportional to (X)615 , where X means wavelength. Thus the 
angular resolution of telescopes often increases toward infrared wave
lengths in spite of the increasing wavelength ! 

We give a short but necessarily incomplete survey of possible techniques 
for realizing higher angular resolutions than is possible with conventional 
telescopes [ see also Goodman, 1 9701 . 

An elegant technique in the visible-wavelength region, proposed by 
Labeyrie [ 1 970] , is speckle interferometry, where a large number of 
stellar images are photographed in the focus of a large-aperture telescope 
with very high time resolution in order to "freeze" the speckle pattern 
formed by seeing. Superposition of the Fourier transforms of many of 
these patterns suppresses the Fourier components due to seeing, yielding 
a final picture with diffraction-limited resolution : 0.02 sec of arc has been 
achieved with a 5-m telescope [Gezari et a/. ,  1 972 ] . This remarkable 
technique can be used only for circularly symmetric objects and is ap
parently restricted to visible wavelengths because of sky background 
radiation in the infrared and also because of the required highly sensitive 
two-dimensional recording means that are not available for longer wave
lengths. 

Another not too complicated technique makes use of lunar occulta
tions. This technique can be applied for all possible wavelengths from the 
radio region to the visible . Some recent infrared measurements [Toombs 
et a/. , 1 972 ]  show resolutions of the order of 0.02 sec of arc. This method 
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seems to be well suited for infrared measurements, although the total 
number of observable objects as well as the actual number of possible 
observations are somewhat limited. 

A special class of different observational techniques is that of stellar 
interferometry. This is based on the principle that an interferometer does 
not form directly a physical image of the observed object but instead 
measures the (complex second-order) degree of coherence of the received 
wavefront.  Interferometers consist of two or more spatially separated tele
scopes or, alternatively , two or more diaphragms in the otherwise ob
scured aperture of a single telescope. The degree of coherence is related 
in a unique way to the intensity distribution over the radiating object 
[Born and Wolf, 1 9701 . 

The first example of a stellar interferometer is the well-known Michel
son interferometer [ Michelson and Pease, 1 92 1  1 .  Visual observations of 
the modulation of the fringe pattern using a base line of 1 5  m have 
yielded a resolution of 0.008 sec of arc [Hanbury Brown, 1 96 8 1 . There 
are two major problems with Michelson interferometers. First, there is 
random motion of the interference pattern due to seeing. This difficulty 
can be circumvented [Currie , 1 96 7 ;  Rogstad, 1 968 1  by applying modem 
electrical detection systems for the fringes, but to our knowledge no 
practical astronomical measurements have been published so far. The 
second and major difficulty is to equalize the two light paths, from the 
star to the points where the fringes are formed, to within the necessary 
precision of several tens of wavelengths. This problem is inherent to the 
broadband nature of the measurement, and the requirements can only 
be relaxed when much smaller wavelength bands are used, like in the two 
kinds of stellar interferometer to be mentioned later. 

The techniques mentioned up to this point are broadband techniques. 
They yield a relatively high signal-to-noise ratio, but they are restricted 
in their application to relatively short base lines and, accordingly, to 
angular resolving powers. A Michelson interferometer might be applicable 
in the near infrared, but for longer wavelengths (i .e. ,  above -5 pm) in
creased background radiation will probably rule out its application. 

A second class of stellar interferometer is formed by intensity inter
ferometers. Here ,  correlations are measured between fluctuations in the 
photocurrents that are caused by focused stellar radiation at different 
telescopes [Hanbury Brown and Twiss, 1 956 1 . These interferometers 
measure the square of the modulus of the degree of coherence with the 
important advantage of being insensitive to atmospheric phase fluctua
tions. This also implies that relatively low-quality flux collectors can be 
used as telescopes. The narrow-band nature of the measuring technique 
makes it possible for the time delay between the two paths of this inter-
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ferometer to be many orders of magnitude greater than the delay in a 
Michelson interferometer, which makes i t  possible to realize very long 
base lines with a limited mechanical precision, e .g. , the Narrabri inter
ferometer has a base line of 1 88 m, yielding a resolution of 4 X 1 0"4 
sec of arc at a wavelength of 443 nm. While the small bandwidth is in a 
certain sense an advantage , it also means that the signal-to-noise ratio is 
relatively small and that large light collectors are required. The method 
is said not to be suited to the measurement  of cool objects [Hanbury 
Brown, 1 968 )  ; toward the infrared some additional difficulties are ap
pearing. First , the nature of the usual detectors (i .e . ,  photomultipliers) 
is such that they cannot be used for wavelengths beyond I J.Lm , while 
solid-state detectors, which can be used, should not be able to provide 
shot-noise-l imited performance (however, i t  remains to be shown that 
this is also true for modern helium-cooled photoconductors) ; second, the 
increasing background radiation in the infrared should degrade the signal
to-noise ratio by contributing additional shot noise .  

A third type of stellar interferometer  is formed by heterodyne inter
ferometers, resembling the intensity interferometer in their narrow-band 
performance but also resembling Michelson interferometers in that they 
measure the degree of coherence directly . Heterodyne interferometers 
appear to be most suitable for infrared measurements at long base lines, 
where all other kinds of interferometer seem to engender insurpassable 
problems. We will discuss this in more detail in the following sections ; 
arguments for the latter statement will be given. 

IV. Signal-to-Noise Ratio of Heterodyne Detection Systems 

The basic elements for building a heterodyne detector are arranged as 
follows. First, one needs a telescope to collect and focus the radiation from 
the object of interest. Next, a laser is needed with sui table wavelength, 
sufficien tly intense for providing shot-noise-limited performance and 
with a reasonable stability and mode structure (i.e . ,  a single transverse 
mode and longitudinal modes not too close together) . Then a beam 
combiner is needed for superposition of the two beams and a detector 
(or two balanced detectors) for generating the difference frequency signal 
and suitable electronics consisting of a broadband radio-frequency (rt) 
amplifier, square-law detector, and some combination of chopper and 
synchronous (linear) detector or lock-in amplifier .  

The signal-to-noise ratio (SN R) that can be achieved with this equip
men t has been published [ Ross, 1 966 ; Siegman , 1 966 ) , and we restrict 
ourselves here to quoting the complete expression in a form suitable for 
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illustration of infrared measurements: 

2i£i1R . 
SN R = ( 1 )  

PA + 2eRB(i£ + id + i1* + ib *) + 2R(i£ib + i,ib) ' 

where R is the equivalent electrical impedance of the amplifier circuit as 
seen by the photocells, i is the electrical current at the input of the rf 
amplifier, while the suffixes L, s, d, and b mean laser, signal , dark current,  
and background ;  a current due to radiation of an optical power I obeys 
the relation 

i = (fle/hv)l, (2) 

with hv the photon energy , f1 the detector quantum efficiency , and e the 
charge of an electron ; I is the optical power over a bandwidth of 2B Hz, 
where B is the electrical rf bandwidth. Where an asterisk ( *) is added to 
i and I, they should be integrated over the total optical bandwidth trans
mitted by the telescope optics and detected by the detector. Note that 
Eq. ( 2) is only exact for photoemitting diodes ; for photoconductors, dif
ferent  formulas apply . PA is the amplifier noise power, also referred to 
its input.  Equation ( I )  refers to an equipment that discriminates against 
background by using as chopping technique a switching between back
ground and source . 

Normally the laser power is so high that it prevails over most other 
noise sources, so that Eq. ( I )  reduces to 

(3) 

where N stands for the total number of detected photons per hertz band
width and per second. 

Expressions ( l ) and (3)  assume an ideal detector, in the sense that both 
polarizations of the source are detected,  while no loss occurs due to chop
ping techniques. 

An even simpler formula can be derived,  when the source is treated as 
a blackbody radiator of effective temperature Te : 

(4) 

where S is the degeneration factor according to Planck's radiation formula 

6 = l / (exp(hv/k7) - 1 ] (5) 

and the suffixes s and b again mean source and background ; A is the area 
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of the receiving aperture o f  the telescope, and Ac is the so-called coherence 
area, quantified by Ac = A  2 ;n if n is the spatial angle subtended by the 
source as seen by the telescope . For most astronomical objects Ac >> A 
and Eq. (4) can be applied ; but for a few objects, like the sun, moon, and 
planets, Ac << A .  In the last case, S N R  grows to a maximum , given by 

(6) 

A graph of S as a function of A and T is given in Figure I .  Assuming 
that background radiation originates mainly in the earth's atmosphere 
with a temperature of around 300 K, it is clear that background radiation 
becomes important only at wavelengths around 50 pm and longer. For 
shorter wavelengths, the term 2f'ISb in Eqs. (4) and (6) can be omitted . 

I t  is important to remark that in an interferometer the two telescopes 
collect background radiation from different parts of the sky and these 
contributions will in general not be correlated : background radiation in 
stellar interferometry is thus of even less significance than is suggested by 
Eqs. (4) and (6) . 

.t:. .. "' c: Jl 
I 

Temperature ( K )  

FIGURE 1 The degeneration factor 1 / [exp(hv/kn - 1 )  according to Planck's radiation for· 
mula as a function of wavelength and temperature. 
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The actual SN R that can be realized in practice depends on the bright
ness temperature of the radiator, the degree of partial coherence A/Ac , 
and the quantum efficiency of the detector. The value according to Eqs. 
(4) or (6) is, finally, to be multiplied by (Bt + l )'n [Cummins and Swinney, 
1 970] , where B is the electrical bandwidth of the rf amplifier, and t the 
integration time. Fast detectors, broadband amplifiers, high quantum 
efficiencies, long integration times, and big telescope apertures are clearly 
needed for good SN R 's in astronomical applications, where many radia
tors yield small values for S, and A lAe . Maximum usable apertures are 
limited by seeing ; an indication of practical values has been given by 
Fried [ 1 967] . 

Signal-to-noise ratios for a heterodyne interferometer consisting of two 
identical telescopes have been derived theoretically by Garno [ 1 96 1 1 and 
by Nieuwenhuijzen [ 1 969 I and were tested experimentally by van de 
Stadt [ 1 970] . An electronic circuit that adds and squares the rf signals 
from the telescopes gives 

S N R = (1111/hvB) ( 1  + I'Y1 I cos (lf>L - 1/>1)),  (7) 

where 1-y, I is the modulus of the degree of coherence of the stellar light 
and 1/> denotes the phase difference of the two waves falling on the 
detectors, while the subscripts L and s refer to the laser light and starlight, 
respectively. A multiplying circuit yields 

SN R = (1111/hvB) h1lcos (lf>L - 1/>1). (8) 

Equations (7) and (8) are simplifications since they assume that laser 
light and starlight have identical intensities at the two telescopes, while 
detectors and amplifying circuits have exactly identical properties. A 
schematic diagram of such an interferometer is shown in Figure 2. 

The phase factor (1/>L - 1/>1 )  is not constant when related to telescope 
distances of a few meters or more : the phase difference tPL of the laser is 
determined by the optical path-length difference between the two tele
scopes and is thus very sensitive to small temperature variations in the air. 
This can be circumvented by transporting the laser beam in an evacuated 
tube . But random variations in 1/>1 due to atmospheric seeing are a much 
bigger problem . In the visible and the near infrared th� frequency spectrum 
of the seeing may contain frequencies up to 1 00 Hz. A possible detection 
method is then to phase-modulate one laser beam or star beam at a fre
quency fm , much higher than the highest seeing frequency (see Figure 2) .  
The resulting modulation after correlating the rf signals can then be am
plified in a narrow-band amplifier tuned at the frequency fm and with a 
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FIGURE 2 Schematic view of a heterodyne steUar interferometer. L, laser; I and 2, telescopes; 
3 and �. balanced detectors; 5, phase modulator. 

bandwidth Bm . At the exit of this amplifier the S N  R is equal to the 
expression (8)  multiplied by the factor (B/Bm + l )>n . This signal can then 
be detected with a ( third) square-law detector followed by an integrater 
with time constant t, yielding finally 

(S N R >H . I . = (ql1/hvB)2 I'Y,P B ((t/Bm)'h. ) (9) 

if B >> Bm >> 1 /t . 
We give in Table I the signal-to-noise ratios for various wavelengths in 

the near infrared. A lower limit for Bm is set by the seeing ; the telescope 
aperture is set to I m2 , which is too optimistic for the shorter wavelengths; 
values for ls/B correspond to a number of bright sources [ see Neugebauer 
et al. , 1 97 1 ; Low, 1 968 ; Low and Johnson, 1 964 1 ; 11 = 0.2 was used. 
From this table we conclude that heterodyne interferometry is a useful 
technique for wavelengths of 3 1-fm and longer, but its applicability for 
wavelengths shorter than 3 llm is uncertain .  

From Eq. (9) it follows that phase information is  lost, as  in intensity 
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TABLE 1 Expected Signal-to-Noise Ratios of a Heterodyne Interferometer and an 
Intensity Interferometer for Bright Sources in the Near Infrared and an Aperture of 
1 m2 

B (Hz) 
t (sec) 
Bn (Hz) 
hii (J) 
IJB (W/Hz)/m· • 

ry$ 1' 
(SNR)H.I . 
(SNR)u 

k (l.m) 

1 .25 

1 01 
102 
10' 
1 .8 X 10""  
2 X 10"22 

0.2 
1 
4 .5 

3 .4 10.2 

10' 10'  
1 0' 10' 
30 1 0  
6 X 10"20 2 x 1o·:ao 
t o·u 4 X 10"" 
0.2 0.2 
3 .9 10 
6.7 8 

interferometry. This seems to be an inevitable concession set by atmo
spheric seeing, but it seems nonetheless to be possible to recover an un
ambiguous brightness distribution [ Bates, 1 969] . It  remains interesting 
to calculate (S N R )1 1 for an intensity interferometer with shot-noise
limited performance : 

( 1 0) 

Calculated values are also given in Table I .  

V. Heterodyne Detection at 633 nm 
In this section we describe some experiments with a balanced optical 
detector using an He-Ne laser at 633 nm as local oscillator. The balanced 
optical detector consists of a combination of a beam combiner with semi
transparent dielectric coating, two photocells, and an amplifier circuit . 
Advantages of this setup over a single detector photocell are the elimina
tion of unwanted laser noise (e .g. , beat frequencies from longitudinal 
modes) and a higher detection efficiency [ see Oliver, 1 96 1  ; Waite, 1 965 ] . 
A diagram of the electrical circuit of the balanced mixer is given in Fig
ure 3 .  We use silicon P I N  diodes, type 4204, manufactured by Hewlett
Packard . They are connected in the reverse bias direction to de voltages 
adjusted for minimum noise of the detector ; at a wavelength of 633 nm 
the factor fle/hll is equal to 0.35 mA/mW. Resistors of 1 00 n are inserted 
to measure the de current during lining up of the photocells. Capacitors 
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hp 

c 
[or.f. 

omplif"�er 

z 

c 

hp 
FIGURE 3 Diqram of electrical circuit of balanced optical detector for 633 run; the diodes 
are Hewlett-Packard PIN photodiodes type 4204 ; R  = 1 00 n; C = 1 nF; Z = Z-match transfonner 
type S0200A. 

of I nF provide a low-impedance bypass for the rf signals that were ef
fectively added through an impedance stepdown transformer, for which 
we used a Z-match wide-band transformer type 50200A .  The rf amplifier 
is a 300-MHz wide-band amplifier type CA I 003 , manufactured by E & M 
laboratories ; the amplifier noise figure is 2 . 5  dB . Using a Spectra-Physics 
model 1 20 laser, output 6 .5  mW at 633 nm, the resulting ratio of laser 
shot noise to amplifier noise was measured to be 6.6 : I .  

Highest s N R 's were realized using two balanced detectors detecting 
simultaneously the two perpendicular linear polarization directions of a 
thermal source (see Figure 4). One polarization is totally reflected by the 
polarizing prism, 4, mixed in beam combiner, 2 ,  with half of the laser 
power and detected by a detector, 6. The other polarization is totally 
transmitted by the polarizing prism, subsequently rotated over 90° by a 
half-wave plate and finally detected in a detector, 7 ,  with the other half 
of the laser power. The two independently detected signals can be added, 
and the result is a .j2 increase in signal-to-noise ratio over that obtainable 
with a single balanced detector. 

The described detector was calibrated using a tungsten ribbon lamp of 
known brightness temperature ( 2670 ± 1 5  K at 1 8 .00 A). Measured S N R  
for an integration time of I 0 sec was 4.0. I n  the experimental situation, 
the size of the detector was appreciably bigger than one coherence area. 
so that Eq. (6) applies with 5b = 0, while 5s = 2 X 1 0-4 for the quoted 
temperature . Assuming a quantum efficiency 11 = 0. 7, a 70o/o transmission 
of the interference filter that was used in the experiment, and a factor 
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...j2 1oss due to chopping, one can calculate the effective rf bandwidth of 
the detector to be I I  5 MHz. I t  is concluded that the present detection 
system may be improved in the future by using better rf equipment. 

Another experiment with a slightly different heterodyne detector at 
633 nm was performed by pointing it to the sun.  When the detector is 
pointed at the sun without any optics except one flat mirror, it has a re
ceiving angle of 4 min of arc, corresponding to a coherence area of 0 .2 
mm2 , the sensitive area of the detector. The solar diameter is 30 min of 
arc, hence we have again Ac  << A.  Figure 5 shows the results of a scan 
over the solar disk. Integration time was 5 sec and the scanning speed 
was exactly the daily motion of the earth, because the solar light was 
reflected toward the detector by a fixed mirror. The degeneracy of the 
center of the solar disk at 633 nm is 2 .56  X 1 0-2 ( T = 6 1 60 K) ;  and based 
on the ribbon-lamp experiment, an S N  R of 80 was expected for the sun 
at an elevation angle of 60° . Actual s N R was SO, which is acceptable, 
because of a number of rather uncertain parameters, such as atmospheric 
transmission. In any case, this rather simple experiment using normally 
available components and a plain laser without any stabilization demon
strates clearly that earlier predictions about the feasibility of such ex-

laser 

, - - - .. - - ... I I I I I 5 
I l'ld------t---+--b119--Q-- - J 2 

5 t hermal source 
,\'''' o-�--.-�-4�-�-P�-���--�� � 
,,, . ,,, 7 

I I 
,_ . ..  - ... - .: 
FIGURE 4 Setup for a heterodyne detector for two directions of 
poluization; l ,  2, and 3, semitransparent beam combiners; 4, poluiza
tion beam cube;  S, 11./2 plate under 45" ;  6 and 7, balanced detectors. 
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30 orc m i n u tes 

FIGURE 5 Scan over solar disk with a heterodyne system at 633 nm; integration time, 5 sec; 
angular resolution, 4 min of arc; spectral bandwidth, 4 X 1 0 ·• nm. No telescope was used. 

periments [ Siegman , 1 966 ; Kopeika and Bordogna, 1 970] were much 
too pessimistic. 

At this point i t  is not difficult  to predict a possible SN R for stars with 
heterodyne detectors at 633 nm.  Suppose that we observe S irius with a 
telescope at some favorable site , giving an effective coherent size of 30 
em , corresponding to a 0.5 sec of arc seeing disk. The brightness tempera
ture of Sirius is I 0380 K, and its measured angular size [ Hanbury Brown 
et a/. , 1 967 ]  makes that A lA e  = 1 .4 X 1 0 -4 .  This means that even after 
an integration time of I h the S N R  is not more than 2 .2 ,  which makes 
measurements in the visible practically impossible . Whereas the earliest 
measurements carried out by our group [ Nieuwenhuijzen, 1 970]  were 
rather encouraging, more detailed measurements made at two different 
sites in Europe during the winter of 1 97 1 - 1 972 on several bright stars 
did not show evidence of a reliable signal. These measurements were not 
performed under optimum seeing conditions. But although the detectors 
have been improved since that time and additional improvement may be 
gained by rapidly tracking the wavefront tilt [ Fried,  1 972 ] , we do not 
believe that useful astronomical measurements on stars with a visible 
heterodyne detector will be possible in the future . 

We conclude this section by describing some results of a laboratory 
simulation experiment of a heterodyne interferometer. The schematic 
setup is given in  Figure 6 .  We used the same Spectra-Physics model l 20 
laser, operating at 633 nm, as laser (L). An He-Ne gas-discharge tube 
(Spectra-Physics model 1 24 laser without front mirror) was used as thermal 
radiator (T).  The brightness temperature of this gas-discharge tube was 
measured to be 9600 K, and this y ielded a comfortably higl) S N R  for 
this experiment .  The balanced detectors, I and 2 ,  simulate two telescopes 
both illuminated with laser light and light from the incoherent source . 

A rotatable plane-parallel plate , P, serves to vary the phase factor tPs as 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


H. van de Stadt et al. 455 

described by Eqs. (7)  and (8) ;  results have been published earlier [van de 
Stadt, 1 970] . Large rotation angles of P will also decrease 1-y, 12 , because 
the incoherent source is virtually shifted sideways as seen by detector I .  
The measured shift together with the known angular size of the source 
and the wavelength result in a calculated decrease in l-y, l2 , which agrees 
with the measurements: in Figure 7 the detected heterodyne signal at 
detector I is shown to be nearly constant as a function of the rotational 
shift of P in units of millimeters of linear shift ; also the square of the 
correlated heterodyne signals from detectors I and 2 is shown, from 
which the equivalent uniform disk of the gas discharge can be calculated 
to be 2 .0 mm, while the internal diameter of the discharge tube is 2 . 2  mm. 

Also indicated in Figure 6 are two possible optical delay lines D 1  and 
D2 , as well as an electrical delay line D3 • Allowed maximum delays are 
determined by 

( l l ) 

where £2 and £3 are the equivalent optical path differences introduced 

L 

r - - .. -. - - - - ... ... - - .. ..  - .. ., 
' ' ' 

- - - - - - - - - - - - - - - - - - - X- - - - - - - - - - - - - - - . J  

FIGURE 6 Simulation experiment of a heterodyne interferometer. 
L, laser; T, thermal light source; P, rotatable plane-parallel glass plate ; 
I and 2, balanced detectors; D ,  and D , ,  optical delay lines; D , ,  electri
cal delay. 
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- l inear shift in m m  

x • � signal ot one detector 

• = square of correlated heterodyne signals from two detectors 

FIGURE 7 Correlated and uncorrelated signals from a laboratory 
simulated interferometer. 

by D2 and 03 , respectively , c is the speed of light, and B is the rf band
width. The factor l /4 determines the point where the S N  R is decreased 
to half of its maximum value . Experimental results were in good agree
ment with Eq. ( I I ) . 

I t  is concluded that a heterodyne stellar interferometer for near-infrared 
wavelengths using two medium-sized telescopes and a laser as local oscilla
tor is technically feasible and astronomically very interesting. 

We want to thank Prof. H. G. van Bueren for stimulating this project. Three authors want to ex· 
press their appreciation for the very profitable. stimulating. and pleasant period of nine months 
that Chris Shelton spent in Utrecht during 1972.  Our gratitude goes to lr. Bezemer of the physical 
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been made possible by a grant from the Netherlands Organization for the Advancement of Pure 
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R .  J .  D 'O R A Z IO and  N IC H O L A S  G E O R G E  

MATCHED-FILTER 
DETECTION OF 
MODE-LOCKED 
LASER SIGNALS 

I. Introduction 

M ultitone lasers of the mode-locked [Hargrove et a/. , 1 964 1 and cavity
dumped [Steier, 1 966 1 types emit their energy in short pulses. Sensitive 
detection of these emissions for point-to-point communications or echo
ranging systems can be accomplished by using appropriate filtering at the 
optical frequencies before detection and radio-frequency amplification. 
In the present work we describe our approach to matched filtering for 
these signals. 

In the literature, related prior studies of laser detection include scan
ning Fabry..Perot cavities using a single passband of the passive cavity to 
analyze laser radiation [ Fork et a/. , 1 964 ] , spatial filtering techniques 
[Kogelnik and Yariv, 1 964 ] , and various laser heterodyne techniques 
[Uhlhorn and Holshouser, 1 970;  Sonnenschein and Horrigan, 1 97 1 ;  
Rudd , 1 969 ] . 

Our optical receiver for mode-locked gas-laser signals consists of a 

The authors were at the California Institute of Technology, Pasadena, California 
9 1 109,  when this work was done ; R. J. D'Orazio is now at the Bell Telephone Lab
oratories, Hobndel , New Jersey 07733.  
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passive laser cavity controlled in length and a photodetector with its 

associated electronics. The length of the passive Fabry-Perot cavity is 

chosen roughly equal to the cavity length of the transmitting laser but 

with provision for fme fractional wavelength control of its length. In 

addition to the selective filtering characteristics of the passive cavity 

(passbands of unity transmission matching the frequencies of the multi

mode laser) , a readout of the vernier length control, peaking the output, 
provides for an extremely wide range of velocity measurements with 
either an active or a passive vehicle moving relative to the receiver. 

II. The Passive Cavity:  A Matched-Filter for Mode-Locked Laser 
Radiation 

Consider the passive cavity as shown in Figure 1 ,  where h0 is the cavity 

length, M 1 is the fixed cavity mirror, and M2 is the movable cavity mir

ror. The amplitude transmission function T(w)  may be shown to be 

[Eq.  ( l )  is a generalization , to include frequency variations of t 1 , t2 , r1 , 
and r2 of the well-known expression for cavity transmissivity in a Fabry

Perot, see e.g. , Born and Wolf, 1 970]  

where 

and 

exp (illl(w)] 
T(w) = L { 1 + P2 sin2 (w(h0fc)] } y. 

' 

w ·1 lll(w) = --h0 - tan 
c 

{ r 1r2 sin [2w (h0 /c)) 
] 
} , 

1 - r 1 r2 cos [2 w (h0/c) 

t1 t2 exp ( -aho) 
L = -------

1 - r1r1 exp ( -2crho ) 

( 1 )  

(2) 

(3) 

(4) 

t 1 and t 2 are the transmission functions for mirror 1 and mirror 2,  respec

tively ; r 1 (mirror 1 right-side incidence) and r2 (mirror 2 left-side inci

dence) are the reflection coefficients, a is the cavity loss per unit length, 

and c is the speed of light. 

To study the passive cavity as a m ultitone filter we use the matched· 

filter criterion resulting from the optimization of the signal-to-noise ratio. 

So for a linear system with impulse response function H1 (t) and input 
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FIGURE 1 Passive cavity receiver. The components are T, laser 
transmitter; M, ,  M4 ,  laser mirrors; h, laser cavity length ; £, signal; 
V, velocity of laser relative to receiver; N 0 ,  noise; F, coarse bandpass 
ffiter; M , , M2 , passive cavity mirrors; h 0 ,  passive cavity length; D, 
detector; A, detector electronics; C, mirror control. 
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F1 (I) the total time-varying output is G 1 (I) =  H1 (t) ® [F1 (t) + N1 (t) ] , 
where N1 (t) is the additive input signal and ® indicates convolution . 
The matched-filter criterion specifies that the amplitude transmission 
function H(w)m = AF*(w)/Sn (w), where H(w)m and F(w) are the 
Fourier transform of H1 (t) and F1 (t), respectively ,  Sn (w) is the power 
spectral density of the additive input noise, the asterisk denotes the com
plex conjugate ,  and A is any nonzero complex constant [ Brown, 1 963 ] .  
The subscript I will be used to denote time-varying signals. Hence we see 
that the signal for which the passive cavity is a matched filter is given by 
F(w) = Sn (w)T*(w)/A •. Since the signals we will be considering have a 
finite number of frequency peaks, we will approximate T(w) expanding 
around the zeros, Wp , of sin2 (wh0 /c) for a finite number of peaks 
around w0 so that from Eq. ( I ) dropping 1/l(w) we have 

(5) 

where Aw = w - Wp = w - (w0 + pwc0 ) ,  Wco = 1rc/h0 and Awp = 
2c/(h0 .j'P';). We note that Awp is the full width at half-power of each 
Lorentzian line shape function generated by Eq. (5 ) .  Generally we will 
assume white noise so that Sn (w) = N0 is uniform over the frequencies 
of interest . Similarly we will assume that t 1 , t 2 ,  r 1 , r 2 are constant 
over the frequencies of interest . Thus from Eq . (5 ) we see that the signal 
for which the passive cavity is a matched-filter is 

Sn(w)L N 1 F(w) - -- � -------:-:-
- A * p� N [ l + (2�w/�wp)2 ) 'h  

(6) 

Now for convenience we will assume that the idealized electric-field 
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amplitude a t  the output o f  an unmodulated mode-locked laser with 2N 
+ I modes is given by 

where w0 = mrc/h is the center frequency of the laser, n is some large 
integer, We = 1rc/h is the free spectral range, and h is the effective cavity 
length. Then the Fourier transform of Eq . (7 )  is 

N 
E(w) = 211" L o [w-(w0 + pwe)J , (8) 

p = - N 

where li (w) is the Dirac delta function. Thus we see that T(w)A is a 
comb filter for E (w)  for h = h0 , i .e . , T(w)A has passbands of unity trans
mission matching the frequencies of the multimode laser. 

For an actual laser signal , writing E(w)  for a multitone laser with 
finite line width will yield an expression as an alternative to the mono
chromatic idealization of Eq . (8) .  We note that the spacing between the 
tones of a mode-locked laser are determined by free spectral range, We = 
1rc/h , of the laser cavity . I t  is our contention that the passive cavity trans
mission function will control the line shape of the laser output if the gain 
a and the dispersion in the cavity are independent of frequency around 
a resonant peak . One may further consider this observation by noting 
that for He-Ne the width of the Lorentzian shaped hole that is burned 
into the Doppler-broadened gain profile at saturation is much broader 
than the mode width of the laser cavity . Thus for a <  0 the frequency 
variation of P, Eq . (2) ,  and L ,  Eq . (4) ,  are negligible around the 
resonance. 

In the literature , related prior studies of the laser line shape include 
lumped element L G C  circuit models [ Blaquiere ,  1 95 3 ;  Gordon et al. , 
1 95 5 ) . Freed and Haus [ 1 965 ) used the solution of the nonlinear Van 
der Pol oscillator equation to describe the spectrum of the laser output. 
The basic result of using a lumped circuit model is that the line-shape 
function is Lorentzian [ Grivet and Blaquiere , 1 963 ] . The interesting 
point is that if one started with the transmission function for a cavity 
or a transmission line, the line shape would be controlled by equations 
similar to Eq . ( 1 ) . 

Note that both the lumped-circuit and passive-cavity approaches to 
the laser spectrum assume that the random-cavity mirror vibrations and 
effective cavity-length fluctuations are negligible .  I f  one dropped these 
assumptions, the line shape could be considered Gaussian or some other 
line-shape function. 
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So, as the gain curve saturates, the right-half-plane poles of Eq. ( 1 ), 
for s = iw , will migrate to the iw axis. We select the value of a that is an 
amount e from the saturated pole so that Eq. (2) becomes 

P1 = 4 exp ( - 2eh0 )/ [ 1  - exp ( - 2eh0 }P .  

Then we may write the spectrum of the laser signal with fmite line 
widths as 

E(w) = 
t 1 t2 

(PJ )y, ____ 
1 
___ _ 

2(r l r2 )'h. ( 1 + P1 sin2 w(h0/c)J 'h. 

(9) 

( 10) 

We note that a good approximation to Eq. ( 1 0) may be obtained by 
expanding around the zeros Wp of sin2 (h0 /we ) for 2N + 1 tones analo
gous to the approximation of Eq. (5 )  so that the alternative to Eq. (8) 
becomes 

t 1 t2 N 1 
E(w) = -- (P )'h. "t"' • ( 1 1 )  

2(rlr2 )'h. 1 P � N ( 1 + (2Aw/Awl)2 ] 'h. 

where .dw = w - Wp = w -(w0 + pwc ), Aw1 = 2c/ (h..[/',. ) . Thus com
paring Eq. (6) with Eq. ( 1 1 ) indicates that for .dwp = Aw1 and h = h0 
the passive cavity of Eq. ( 1 )  is a matched filter for the multitoned signal 
of Eq . ( 1 0). 

Ul. Signal-to-Noise Ratio 
We compute the predetection time-varying signal-to-noise ratio at the 
output of the passive cavity as 

( 1 2) 

where E 1 is the inverse Fourier transform of Eq. ( 1 0) and T1 is the 
inverse Fourier transform of Eq. ( 1 )  and Rh n (0) is the autocorrelation 
function evaluated at zero that is equivalent to the mean-squared value 
of the additive noise at the output of the passive cavity given by 

1 f .. Rhn(O) = 211' _ Sn(w) I T(w) 1 2 dw . ( 13 )  

The numerator of Eq. ( 1 2) may be expressed by the inverse Fourier 
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transform as 

( 14) 

and substituting Eq. ( l )  and Eq . ( 1 0) we may write the modulus-squared 
value of the signal portion of the output of a passive cavity as 

j TI ® E� I l = 

I 
1 t t .. exp (iwt) dw l l _:_ I l 

(P )�'>f . 
211' 2(r 1 r2 )�; 1 

_ ( 1  + P1 sin2 w(h0 /c)] �'>  [ I + P2 sin
2 w(h0 /c)] 'h ( 1 5 ) 

Since the signal has only q = 2N + 1 modes, we may write Eq. ( 1 5 ) , 
with the substitutions w = w0 - (c/h0 ) x, t = h0 /c, w0 = mrc/h0 , where 
n is some larger integer, e -ix = cos x - i sin x ,  and noting that the sine 
integral over symmetric limits vanishes, as 

where for 1 /P 2 > 1 /P 1 > 0, K(m ) is the complete elliptic integral of the 
second kind given by 

and 
i"/2 dO 

K(m )  = 0 ( I - m2  sin2 8)�'> 

The denominator of Eq . ( 1 2) may be expressed from Eq. ( 1 )  and Eq. ( 1 3) 
as 

L2 Sn(w) dw L2No 1rc 1 Rhn(O) =-211'- �c I + P2 sin2 [w(ho/c)] = -2-11'- q ho _(l_+_P_l_)_l'l ' 

q -h o 

( 1 7) 

where as in the integration above q is the number of free spectral ranges 
over which the integration is taken. Thus the peak S N  R for the passive 
cavity taking the ratio of Eq. ( 1 6) to Eq . ( 1 7) is given by 

(1 8) 
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In a similar fashion, expressing E ® E* , and Rh n (0) for the matched 
filter to Eq . ( 1 0) and using the same assumptions as above, the peak 
S N  R for the matched filter is 

Thus the departure of the passive cavity from the matched filter is, 
from Eqs. ( 1 8) and ( 1 9) 

SNRp (1 + P2 )"' K2 (m) 
SN Rt = 

(1 + P. )"' (tan- 1 (v'P.")J 2  

( 19) 

(20) 

Since P1 >> I ,  !l.wp = 2c/ ( h0..,J1';) , and Awt = 2c/ ( h0...{F; ) . then 

S N Rp ( 2 )l (fl.Wt) -- = - -- K2 (m) . 
SN R[ 1T Awp 

(2 1)  

Hence the S N R  of the passive cavity approaches that of the matched 
filter when !l.w1 � !l.wp , as may be seen in the plot of Eq. ( 2 1 )  in Fig
ure 2 . 

The Fabry-Perot cavity is probably as close a physical realization to a 
matched filter for the multitoned laser as can be attained in a passive 
system. Even so, gain narrowing invariably results in !l.wt < !l.wp , thereby 
limiting the observed improvement in S N R  from its optimal value [Yariv, 
1 967 ] . For high-gain lasers with cavities of low finesse , the receiver can 
be made closer to ideal, while greater departures are to be expected in 
the case of low gain . We note , too, that larger bandwidths, !l.wp , are 
called for with information-modulated lasers and cavity-dumped lasers 
where mode locking may not have been employed . 

To obtain the predetection S N  R improvement with use of the passive 
cavity we note that the S N  R without the cavity is given by the ratio of 
the modulus-squared value of Eq. (7) to Eq. ( 1 7) with P2 = 0. Thus the 
S N  R improvement with use of the passive cavity with respect to no cavity 
is given by Eqs. ( I ) , (7) , ( 1 2) ,  ( 1 4 ), and ( 1 7) as 

(22) 

Since the signal portion of the time-varying output of the passive cavity 
for a mode-locked laser input is given by the real part of T1 ® £1 , then 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


468 COM M U N ICATIONS A N D  R A D IOM ET R Y  

r� 3 ���������������uu� 
ro- 3 ro-• 

6w,�f6wp 
FIGURE 2 Departure from matched filter venus relative line widths. 

from Eq. ( 1 )  and (8) ,  dropping t/l(w), we have 

_ 
N cos (a - b) G. (r) - L { l + P sin2 b)'Yi ' p = - N l 

(23) 

where a =  [w0 + {1fc/h) ]  t and b = (h0 /c) [w0 + (p1rc/h) ] , then we see 
the peak SN R occurring for h = h0 • The SN R as a function of time and 
a function of relative cavity length h0 /h is illustrated in Figure 3 .  The 
number of modes oscillating is nine with a peak SN R of 49 and a period 
of 8 nsec. The increment of relative cavity length in �h0 /h = 0.000 1 .  

IV. Rise Time of the Passive Cavity 
In consideration of the rise time, 1', of the Fabry-Perot resonant cavity 
we start with the Laplace transform representation of the amplitude 
transmission function given by setting s = iw in Eq. { I ) ; we obtain 

{24) 
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I SNR 
I I 

t 

FIGURE 3 Signal-to-noise ratio as a function of time and relative cavity le111th. 

where 9'a = 1 1  t2 exp ( -ah0 ) , !Ra = r1 r2 exp ( -2Wz0 ), a = h 0 /c. If we 
expand T '(s) in partial fractions and group the complex conjugate poles, 
we obtain 

T'(S) = go t S - 0 
' a m = 0 (s - o)2 + Wm 2 (25) 

where a = ( I /2a) In !R a and Wm = mwc/h0 . Now the Laplace transform 
of the real part of Eq. (7)  becomes 

N s E(s) =.[ [Real £1 (t)) = L 2 2 • p = - N  s + wp 
(26) 

So the signal output of the passive cavity for the idealized mode-locked 
laser input is given by 

G(s) = e-116 G' (s) = e-116 E(s) T' (s) , (27) 
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where we note that e- a s for a nonnegative real constant corresponds to 
a time shift in the time domain . The inverse Laplace transform of a gen
eral term of G ' (s) is given by 

{28) 

Thus for Wp = Wm >> a,  a >> 1 the fraction of the maximum steady
state output that is obtained in r sec is given by Eq . (27 ) and (28) as 

[= 1 - eo (T - a) u(r - a) = { 1 -!R a [(T - a )fla lu(r - a), {29) { 1 ,  x > O  
where u(x)  = 

0, x < O  

The wp =I= Wm terms are neglected in that the coefficients of the sine 
terms of Eq . (28)  are on the order of In !Ra , which are negligible for 
!Ra � 1 .  Equation (29) is plotted in Figure 4 as a function of time and 
number of pulse-train bounces parameterized by !Ra = r1 r2 e - 2 a h . 

Thus the rise time of the passive cavity is given by 

and from Eq. (2)  

1 1 ho !R a r = - - = - 2a -- � 2 - , 
a 1n !Ra c 1 -!R a 

and thus the rise time-bandwidth product is 

where for !R a =  0.99 1 ,  rll.vp = 0.3 1 75 .  

(30) 

{3 1 ) 

(32) 
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FIGURE 4 Fraction of the maximum output venus time in nanoseconds and venus the number of complete bounces M, 
parameterized for various R01 = '• '• �""' odl. 
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V.  Doppler Measurements with the Passive Cavity 

Suppose the mode-locked laser is moving toward our receiver with a 
velocity v as indicated in Figure 1 .  For T E M  waves [Papas, 1 965 ) , an 
emitted frequency w' will be observed up-shifted to w given by w· = 
'YO + vfc)w' in which 'Y = [ 1 -(v/c)2 ] "" .  Assuming normal incidence, by 
Eq. (7) the input signal, i .e . ,  the Doppler-shifted electric field , is readily 
expressed as follows : 

sin { (2N + I )  Wc'Y[ I + (v/c)] {t/2) }  J Et (t) = 
sin { Wc'Y [ I  + (v/c)) t/2 } 

exp 1 iwo'Y [ l + (v/c)) t f (33) 

Thus, in the case where there is relative motion, optimal detection of 
the mode-locked laser signal requires a receiver with a cavity length, h0 , 
given by 

h = 1TC 
= 

h 
0 Wc'Y[ I + (v/c)) -'Y,.,.[ 1....:.+;.._,(--,v/:-::c)�J • (34) 

Similarly, if the mode-locked laser and the passive cavity were on a 
common platform, then the echo from a vehicle moving toward this 
platform with velocity v would be shifted to w =  ( l  + 2v/c)w' ,  where 
we have set 'Y = I .  So by vernier adjustments (P Z T -driven mirror) of the 
passive cavity we can read a large range of approach velocities, with a 
resolution independent of the velocity v ,  i.e . ,  flh/h � fJv/c for v/c << I .  
Thus with flh/h = 3 .3  X t o-a we find a resolution of fJ v  � 1 0 m/sec. 

VI. Experiment 

In this experiment,  the s N R improvement by predetection filtering of 
the optical input by a passive Fabry-Perot resonant cavity was measured 
as a function of several parameters : relative cavity lengths and passive 
cavity finesse (Figure 1 ). Since the passive cavity is a good approxima
tion to the matched filter for mode-locked lasers only when the cavity 
lengths are matched, the detector output was monitored for various 
relative cavity lengths. The mode-locked laser signals were obtained from 
a self-mode-locking He-Ne laser operating at 0.633 �o�m of length 1 .2 m 

with an average power output of 2 mW. The change in length of the laser 
h was provided by the motion of mirror M3 on Teflon runners, while 
the fine fractional wavelength control ( l �o�m full scale) of the passive 
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cavity length h0 was provided by a PZT-driven mirror M2 • The passive 
cavity was fabricated with the mirrors on Invar rods to reduce thermal 
variations while the entire experiment was performed in a controlled 
acoustical environment that provided isolation (-70 dB) from external 
turbulence and mechanical fluctuations. The passive cavity was scanned 
at a 1 -Hz rate to eliminate the remaining fluctuations. Thus continu-
ous monitoring of the cavity output, while the length of the laser cavity 
was changed, allowed us to match the cavity lengths exactly by peaking 
the output. Note that all the modes of the laser are transmitted simul
taneously in the matched condition. The power output was observed to 
go as approximately (2N + I )2 , i .e . ,  as the square of the number of modes 
oscillating. 

To measure the SN R improvement, white noise N0 from an ac-driven 
tungsten lamp at 3200 K was introduced axially into the system. The 
power from the noise source, passed through a coarse bandpass filter, 
F, at the input of the passive cavity, was 1 .5 W in a I 00 A band around 
0.633 pm. The thermal noise of the TIXL5 5 avalanche diode detector in 
a 500-MHz range was far above the shot noise value (2e/0 Af)'11 for operat
ing currents of 0 . 1 pA; so through this discussion we will be considering 
the signal-to-unwanted signal ratio . Mirror M 1  is a standard Spectra
Physics flat laser reflector with reflectivity 0.99 1 .  Mirror M2 is a stan
dard Spectra-Physics laser reflector with radius of curvature 2 m and 
reflectivity 0.99 1 .  Both reflectivities were chosen to maximize the ideal 
finesse F = 1r.Jli/2 by minimizing loss. In all cases the measured finesse 
(245 max.)  was lower than the ideal (346) due to mirror-surface rough
ness and scattering from occlusions in the mirror multilayer. This factor 
as well as the finesse were measured by means of a Spectra-Physics model 
1 1 9 single-mode laser, which provided the delta in frequency required to 
study the spectral response of the cavity . 

With the cavity set for the largest Fresnel number (50), i .e . ,  end aper
tures were limited by the mirror dimensions, the signal and noise were 
measured with M 1  and M2 aligned to maximize the passive cavity 
finesse. The finesse was also measured and found to be 245 . The mirrors 
of the passive cavity were then removed , and the signal and noise were 
measured again .  The ratio of SN R with to S N  R without was I 56,  and 
from Eq . (22) we see that the theoretical improvement using the experi
mentally determined finesse is 2(245 )/1f = I 56 .  The experiment was re
peated for various values of finesse, and the results are summarized in 
Figure 5 along with a plot of Eq . (22) .  All measurements were made 
using density filters calibrated at 0.633 pm to avoid nonlinearities in 
the detector electronics. 
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FIGURE 5 Signal-to-noise improve
ment with passive cavity. 

VII .  Summary 

CO M M U N IC A T I O N S  A N D  R A D IO M ET R Y  
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In this work we have shown that the passive Fabry-Perot resonant cavity, 
which is equal in length to the laser cavity , is probably as close a physical 
realization to a matched filter for multitoned mode-locked gas laser 
signals as can be attained in a passive system. For the passive cavity in 
contrast to no cavity the s N R improves by the factor (P2 + I )Y. ,  which 
is typically I 00 to 200 for a cavity of good finesse . Also, the peak value 
of the temporally varying s N R improves as (2N + I )2 , i . e . ,  as the peak 
power of the mode-locked laser. 

An alternative approach to the mode-locked laser line shape is pre
sented in Eq . ( I  0), along with the departure of the passive cavity from 
the matched filter for Aw1 < Awp and h * h0 • We obtain an expression 
for the rise time that is also a function of Awp and for cavities of high 
finesse independent of the number of modes detected . 

Further improvement of the S N  R above that obtained with the passive 
cavity may be accomplished with subsequent processing of the detector 
output, such as boxcar integration of time-sampled d isplays. In applica
tions of the receiver to information-modulated multitone lasers, the 
effective bandwidth of the passive Fabry-Perot can be controlled by ap
propriate choices of r 1  and r2 in Eq. (2) .  
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W .  N .  PETE R S  

SciNTILLATION AND 

POLARIZATION 

COMPENSATION 

TECHNIQUES FOR 

OPTICAL 

COMMUNICATIONS 

I .  Introduction 

The optical modulation technique of PCM /PL  (pulse code modulation 
with polarized light} encodes binary information on an optical carrier by 
switching the state of polarization of the laser output between two 
orthogonal polarization states, typically with an electrooptic modulator. 
If these polarization states are portrayed as Stokes vectors [Peters and 
Arguello, 1 967 ] , the binary signal states are represented by any two 
antipodal points on the Poincare sphere . Two commonly used tech
niques utilize the two orthogonal plane polarizations or the two circular 
polarizations of opposite sense to represent the binary signal states. 
This modulation technique is operationally unique to the visible portion 
of the electromagnetic spectrum since it is easily implemented and has 
been theoretically shown to be one of the most efficient methods for 
impressing information on the output of continuous lasers [Peters, 
1 965 ] . This paper discusses the interaction of the PCM /PL  link with the 
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transmission medium . However, many of the concepts developed in this 
paper can be applied to most of the coherent and incoherent optical 
modulation techniques presently being used. Topics discussed will include 
the effect of polarization errors and scintillation upon the performance 
of the link. The paper presents techniques for the compensation of 
induced polarization errors through the use of a polarization compensator 
(patent applied for) and techniques utilizing diversity to reduce the effects 
of scintillation . Three theorems are stated and rigorously proved that 
demonstrate that for the major class of polarization errors anticipated 
in the optical systems it is possible to detect the polarization errors (even 
if they are time-dependent) and introduce the polarization compensation 
required to regain optimum performance of the link .  This compensation 
may be performed either with rotatable phase plates or electrooptic 
modulators. Assuming that the scintillation statistics are log normal and 
distributed with log amplitude variance o2 , it is shown that the use of 
spatial-coherence diversity raises the system performance to a level nearly 
equivalent to that of a similar system of same radiated power operated 
on by a fading medium that has a log amplitude variance o2 /2.  The 
coherence requirements for the diversity are satisfied by the use of inde
pendent free-running lasers or through the use of a "decoherencer" net
work . 

II .  Polarization "Noise" 

The insertion of "noise" into a communication link usually is not only 
detrimental to the performance of the system under consideration but 
also changes the signal so that the original noise-free signal cannot be 
recovered. Common sources of noise are amplitude and phase perturba
tion of the carrier waveform. One dimension of an optical communication 
signal is polarization . Often the a priori knowledge of the signal polariza
tion is useful for suppressing background. However, the interaction of 
the signal with a depolarizing medium is especially critical in a link 
using PC M /P L .  Decoding of a P C M /PL signal is performed by a polariza
tion discriminator (e .g . ,  a Wollaston prism),  which spatially separates 
the received optical signal so that one photodetector detects all the 
signal energy representing one binary state (say, the 0) and the comple
mentary photodetector detects the other ( I ) binary state (Figure I ) . As 
a polarization error is introduced into an initially optimum system, this 
division of energy between the photodetectors is not mutually exclusive , 
but rather the energy in a given signal state is divided between the two 
photodetectors. The exact quantitative measure of this division is deter
mined by the magnitude of the polarization error. This cross talk between 
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FIGURE I Optical schematic of PCM/PL optical communication 
system. 

photodetectors inevitably leads to a reduced efficiency (higher bit error 
rate) for the communication channel .  Unfortunately , many of the more 
complex optical communication links have a number of optical elements 
that introduce polarization errors into the communication channel . Phase 
errors of up to I S  degrees can be introduced by l ight being reflected from 
coated metal mirrors at nonnormal incidence . This error is especially 
bothersome if the orientation of these mirrors is continuously changing 
throughout the mission , as in the case of a ground telescope utilizing a 
coude focus to track a low-orbit satellite. Improperly biased modulators 
and modulator drivers can also introduce polarization errors [Chen ,  1 970) . 
However, the depolarization expected from the atmosphere is extremely 
small [ Saleh, 1 967 ) . 

At first, it may appear that P C M /PL is an unacceptable modulation 
technique for such a mission because of these polarization errors. How
ever, we should raise the following question : Is it possible to detect the 
magnitude of the polarization noise and somehow correct for the error 
to return the signal back to its optimum state? For most cases of induced 
phase polarization errors, we will show that it is possible to compensate 
completely for the phase polarization errors with the result that there is 
no degradation of the system performance . 
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III. The Concept of Orthogonality 

One of the basic precepts of infonnation theory is that the infonnation
carrying capacity of any channel is maximized when the allowed signal 
states are orthogonal. In Section I ,  we demonstrated that the P C M /PL 

system complies with this precept, since the two polarization states in
cident on the polarization discriminator are orthogonal linear polariza
tions. 

One must not be overly restrictive in his consideration of the orthog
onality of the PCM /P L signal states. For example , if we choose a given 
elliptical polarization of orientation and ellipticity such as \.) , there is 
always another elliptical polarization () , that is orthogonal . ( It  is 
interesting to note that these two orthogonal polarization states are always 
on a diameter, i .e . ,  antipodal , in the Poincare sphere representation .) 
Unfortunately , the polarization discriminator by itself cannot uniquely 
partition the energy of these two orthogonal (but elliptical) polarization 
states between the two photodetectors. Our purpose here is to present 
techniques that may be employed to utilize the inherent orthogonality 
of the optical signal states that usually (but not always) exist in order to 
optimize the perfonnance of the P C M / P L  link. 

Rei terating, it is the orthogonality of the two polarization states rep
resenting the binary data states, rather than the polarization states per se, 
that is important in evaluating the perfonnance of a link utilizing the 
modulation technique of PCM /P L .  

IV. Polarization Compensation Theorems 

The preceding sections provided a basis on which we may present three 
important theorems. Proofs of these theorems are found in Appendix A .  

l .  The introduction of a spatially unifonn arbitrary polarization 
phase error into the laser beam (either at the transmitter or receiver) 
does not alter the orthogonality of the PCM /P L  optical signal states. 

2 .  In general , at least two operations with birefringent elements are 
required to alter the polarization states of a set of two orthogonal signals 
of arbitrary polarization to a given pair of orthogonal polarization states 
as required by the system polarization discriminator. 

3. The introduction of a selective polarization absorption will usually 
force the signals to be nonorthogonal. Thus, these types of polarization 
errors are only partially compensatable . 
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Since the expected polarization errors in most optical transceivers are 
predominantly of phase rather than amplitude, these theorems state that 
the PCM /P L link will suffer no degradation despite the source or magni
tude of the phase polarization error if a two-element polarization com
pensator is in the optical path at either transceiver optical system (Fig
ure I ) . Only one compensator (consisting of two elements) is required 
to correct the composite system polarization error resulting from both 
the ground station and satellite (aircraft) . Also, this single compensator 
automatically corrects for both the up and down links simultaneously 
if all the polarization errors occur in the common path. Exceptions to 
this are when the biases of the modulators are in error or when a system 
using two lasers of different wavelengths has birefringent errors that are 
wavelength-dependent .  However, this type of error can be compensated 
at the cost of added complexity by introducing a similar bias "error" 
at another location in the system. 

V. Implementation of Polarization Compensation 

There are two methods available for determining the magnitude of the 
polarization error. An operational system may use either technique or 
may even have the capability of using both techniques. The analytic 
technique utilizes diagnostic data from every source of polarization error 
in both transceivers. A computer program then calculates the composite 
polarization error. The alternate technique monitors the output of the 
difference amplifier following the two PCM /P L  photodetectors. Since the 
correct amount of polarization compensation maximizes the signal from 
the difference amplifier and vice versa, it is possible to optimize the 
overall system performance merely by monitoring the pristine electronic 
PC M waveform. 

Two of the many possible polarization compensators will be discussed 
in detail. Rather than presenting the compensation in strictly mathe
matical terms, the operation of the compensator will be described in 
terms of operations on the Poincare sphere. As described by Shurcliff 
[ 1 962 ] and O'Neill [ 1 963 ] , the Poincare sphere is an abstract mapping 
of all possible polarization states onto the surface of a sphere. As demon
strated in Figure 2, all plane polarization states occur on the sphere's 
equator and the circular polarizations at the poles, the orientation and 
ellipticity of the remaining elliptical polarization states being determined 
by the longitude and latitude, respectively . Choosing an arbitrary ellip
tical polarization state of azimuth p and retardance 6 to represent the 
perturbed signal ,  note that a quarter-wave plate whose fast axis is at angle 
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FIGURE 2 Poincare sphere mapping of arbitrary polarization state to 
required state using a quarter-wave and a half-wave birefringent plate. 

48 1 

p will generate a linear polarization as shown in Figure 2 .  This linear polar
ization can then be rotated to the required polarization state ( I  in Figure 
2) by orienting a half-wave plate with its fast axis at angle (p + f> )/2.  As 
discussed before , the 0 polarization state is also mapped to the required 
vertical linear polarization state as required . 

An alternate compensator can be constructed from two electrooptic 
modulators. The first modulator has its fast axes parallel to one of the 
binary polarization states ( say I ) ;  the second modulator has its fast axis 
at ±45° to the same binary polarization state . Operating on the same 
arbitrary polarization state as discussed earlier, Figure 3 demonstrates 
that the first modulator maps the polarization state onto a great circle 
through the 0 and I polarization states, and the remaining modulator 
converts this elliptical polarization to the required plane polarization 
state . 

VI. Scintillation-Reduction Techniques 

A commonly used statistical model for the fading statistics of an optical 
signal operated on by atmospheric turbulence assumes log normal statis-
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FIGURE 3 Poincare sphere mapping o f  arbitrary polarization state to 
required state using two electrooptic modulators at orientations of 0" 
and 45° ,  respectively. 

tics [ Fried ,  1 966 ] . For ground-based receivers, the variance (i .e. ,  depth of 
fade) of the distribution may be reduced by using larger apertures. This 
effect is referred to as aperture averaging and has been discussed by 
Fried [ 1 967 1 . Log normal statistics of intensity fluctuations for a fading 
optical communications channel were used to determine the relative 
increase in the signal power required for the system to operate at an a 
priori error rate . The bit error-rate (B E R )  probability for the quantum
limited case is B E  R (S) = exp( -S)/2 .  This function is integrated over the 
log normal probability density function to yield the average bit error rate 
of the scintillating signal . 

!- BER(S) 2 ( BER(S,o2 )) = dS ..[in exp - [ln(S/S0 )/2 + o,?] /2o:x2 • 
t 211' O:x 2S 

This function was solved for several values of the log amplitude variance 
(ox 2 ) , and the results are plotted in Figure 4. The variance equal to zero 
corresponds to the no-fading case . For the no-fading case , 8 .5  signal 
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FIGURE 4 Mean aignal count for a 
given bit error rate and fading of vari
ance ax! . The link is quantum noise 
limited and hu no diversity. 

w 
1-
: 1o·2 
Q: 
0 
Q: 
Q: 
w 
1-
iii 10- 4 

2 
cr

x
= O 

10-6 
4 6 10 20 40 60 100 

483 

M E A N  S I G N A L  P H OTO E L E CT R O N  C O U N T  

counts are required for B E R  = 0.000 1 .  Assuming a log amplitude variance 
of 0.03 , in order to maintain (B E R) = 0.000 I the signal must be in
creased to 1 3  counts per decision, which is equivalent to a 1 .8-dB loss in 
link margin. 

The performance of an optical link terminated at a receiver located in 
the atmosphere can be improved by increasing the size of the receiver 
aperture . Estimates of the reduction in the log amplitude fading as a 
function of the receiver diameter can be obtained from Fried [ 1 967 ] . 
Unfortunately, the required aperture size of a receiver orbiting the 
earth and viewing a ground-based laser becomes very large ( typically tens 
of meters for a synchronous satellite) if significant averaging of scintilla
tion is required. Also, the use of large transmitting apertures on the ground 
does little to reduce the scintillation of the signal as viewed in space. 

This paper proposes a diversity system containing two or more trans
mit apertures. Two requirements must be satisfied in such a diversity 
system . First, the fading signal statistics from the two transmit apertures 
as detected at the receiver must not be highly correlated-and preferably 
must be uncorrelated . This is accomplished by physically separating the 
transmit apertures by at least typically 8 to 1 2  in. The second require
ment is that the signals should add together at the receiver in an inco
herent manner. This requirement is automatically satisfied if each trans
mit aperture is illuminated by its own free-running laser. However, let us 
now consider the possibility of generating the mutually incoherent 
sources from a single laser. A method to satisfy this demand is obvious 
when we consider the self-coherence function of a multimode laser that 
has deep nulls, or zeros. In the case of a multimode laser, the coherence 
function is repetitive at a period related to the round-trip propagation 
time of the wavefront within the cavity . The width of the individual 
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FIGURE 5 Optical schematic of transmitter with diversity of order 2 
and luer "decoherencer" network. 

coherence .. spike" linearly decreases as the number of longitudinal modes 

is increased. A good example of a laser with this property is the Nd: YAG 

laser. The cw-operated laser has a tendency to operate with a line width 

of typically 1 0-5 pm. For the specific case being described, the emission 

line width increases to typically I o-4 pm because the mode-locking 

function tends to force cavity resonances of marginal gain to oscillate . 

This in turn forces the width of the coherence spike to be typically less 

than 1 nsec. 

The purpose of this discussion becomes obvious when we consider a 

laser .. decoherencer" that permits a ground station to transmit n 
mutually incoherent beams through the transceiver aperture with all the 

beams originating from a single laser. Such a system is automatically 

implemented when a time delay T = AL/C sufficient to suitably reduce 

the mutual coherence is inserted in each beam relative to the remaining 

beams (Figure 5 ) . 

VII. Analysis of Diversity System 

The performance of a quantum-noise-limited P C M /P L link can be easily 

calculated for the case of statistically independent fading and incoherent 
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summation of the two beams at the receiver by noting that an error in 
this limiting case occurs only when zero events are detected by the re
ceiver from both received beams. Thus, using the notation of the previ
ous equation, the average bit error rate for a link with diversity of order 
2 under the constraint of constant total radiated power is 

( BER(S,o.i ,2) ) = ( ( BER(S/2 ,o/ ) ) ) 2 • 

These results are plotted in Figure 6. 
By comparing Figures 4 and 6 and extrapolating the results to order 

N, a useful approximation can be deduced for estimating the performance 
of a system with a diversity of order N: 

Oxl I = Oxl/N. 
Diversity of order N 

Thus, an estimate of the quantum-limited performance of a P C M /P L  sys
tem utilizing a diversity of order N can be deduced by reducing the data 
of Figure 4. For example , an atmospheric condition that generates a 
scintillation of say Ox 2 = 0.2 for a single channel would require nearly 80 
counts per bit on the average to support a link at a bit error rate of 
0.000 I .  A transmitter with a diversity of order 4 would permit the link 
to appear to be operating through an atmosphere with Ox 2 = 0.05 . Thus, 
for the same 0.000 I bit error rate the average signal count would be 
reduced to less than 20. If radiated power is at a premium, the added 
complexity of multiple apertures to yield diversity may well be a cost
effective alternative. 

FIGURE 6 Mean signal count for link 
with a diversity of order 2. 
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VIII. Application o f  Concepts t o  Other Modulation Techniques 

Both the concept of polarization compensation and transmitter diversity 
are readily applied to all the other commonly used optical modulation 
techniques. The polarization compensator may be used in any system 
that is polarization sensitive. Two major applications are systems that 
use polarization to discriminate against background (e.g. , PC M /On-Off 
[Curren and Ross, 1 965 ) and PPM [Peters, 1 964 ; Karp and Gagliardi ,  
1 968 ] ) and systems that utilize coherent detection of the received 
optical energy. 

Noting that the quantum-limited "performances of both PCM /P L and 
PPM are identical [Peters and Arguello, 1 967 ;  Peters, 1 964) , the curves 
and accompanying theory of both Figures 4 and 6 can be readily applied 
to a PPM system. Since the performance of a PCM /On-Off link is criti
cally affected by the threshold implementation, the performance gain 
realized by such a system with the use of diversity requires further study. 

The author credits the significant inputs of C. Mcintyre for the theorem proofs and S. Gowrinathan 
and R. E. Hufnagel. who made helpful comments in the study of the atmospheric modeling. 

Appendix A 

PROO F - T H EO R EM I 

The introduction of a spatially uniform arbitrary polarization phase 
e"or into the laser beam (either at the transmitter or receiver) does not 
alter the orthogonality of the PCM /PL optical signals states. 

First , define two orthogonal polarization signals S0 and S 1 in terms 
of Jones matrices [Shurcliff, 1 962] : 

(A I )  

where 

Ex = phase of E-vector in x-direction , 
Ax = amplitude of E-vector in x-direction.  

A sufficient condition for orthogonality is  that the Hermitian product 
is zero. 
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(A2) 

where 

s! = Hermitian conjugate of S0 • 

Each of these signals will now be operated upon by a matrix P, which 
represents the lumped optical system birefringence of arbitrary orienta
tion and phase, 

where 

[C1 2et6 /2 + S I 2 e- 16 f2 
P = 

C1 S1 2i sin 6 /2 

C1 = cos p ,  
S1 = sin p ,  

C1 S1 2i  sin 6 /2 ] C1 2e- 16 f2 + S1 �ett. /2 ' (A3) 

6 = phase delay between fast/slow axes of lumped system birefrin
gence,  

p = azimuth of birefringent element representing lumped system 
birefringence .  

Theorem I i s  proved if  we  can prove that the vectors PS0 and PS1 are 
orthogonal . Straightforward matrix multiplication of the following equa
tion yields a result that is identical to zero for all 6 ,  p :  

(PS0 )t (PS1 ) = 0. (A4) 

P R O O F - T H EO R E M  I I  

In general, at /east two operations with birefringent elements are required 
to alter the polarization states of a set of two orthogonal signals of 
arbitrary polarization to a given pair of orthogonal polarization states as 
required by the system polarization discriminator. 

Following the procedure outlined in the main text  accompanying 
Figures 2 and 3, we will use a geometric "proof' utilizing the Poincar� 
sphere for this theorem. As discussed by Shurcliff the locus of polariza
tion states obtainable from an arbitrary polarization state by a single 
birefringent  element can be represented by a line on the Poincar� sphere. 
Likewise , a line of the sphere through the desired l inear polarization 
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state can be generated by the second birefringent element. If these two 
lines intersect for the set of all allowable arbitrary polarization states, 
an acceptable polarization compensator has been devised. A good 
example where this criterion is not met is with two half-wave plates. The 
locus of points for this case is such that the two lines do not intersect, 
except in a trivial case of polarization states where 6 = 0. 

One may argue that the polarization compensator may consist of a 
single device such as a Solei! compensator. However, we still require two 
operations (translation and rotation) to introduce the required compensa
tion. 

P RO O F - TH EO R EM I l l  

The introduction of a selective polarization absorption will, in general, 
force the signals to be nonorthogonal. These types of polarization errors 
are thus only partially compensatable. 

The matrix operator for a selective absorber is 

where 

(e-o '  - e -a ,)  sin 8 cos 8] 
e-0 ' sin1 8 + e-0 ' cos1 8 ' 

8 = angular orientation of absorber, 
a1 , a2 = absorption coefficients for 8 and 8 + Tr/2 directions. 

(AS) 

Following an identical (although algebraically tedious) procedure as 
used in the proof of Theorem I ,  we generate the Hermitian scalar product . 

In general this is unequal to zero ; thus proving Theorem I I I .  Note 
that they are orthogonal if  8 = 0, Tr/2 ( i .e . ,  absorber axes aligned to 
signal state axes) or a1 = a2 (or equivalently , the loss is not polarization
sensitive) .  
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A .  C O N S O R T I N I ,  P .  P A N D O L F I N I ,  L .  R O N C H I ,  
a n d  R .  V A N N I  

I MAGE DETERIORATION 
DUE TO ATMOSPHERIC 
TURBULENCE 

I. Introduction 

The propagation of light in the turbulent atmosphere is mostly treated 
by assuming the turbulence to be described by the so-called two-thirds 
law, according to which the structure function of, say , the refractive 
index is given by 

for 0 � r � oo ,  

where r = IPI - P2 1 and c� is denoted the refractive-index structure 
constant .  

( I )  

According to Kolmogorov's theory ,  the use o f  Eq . ( I ) should be 
limited to values of r much larger than the so-called inner scale of tur
bulence and much smal ler than the outer scale of turbulence [ Tatarski, 
1 967 1 . I ts use for 0 � r � oo has been discussed in a number of papers 
[ Consortini and Ronchi, 1 969 ; Lutomirski and Yura, 1 97 1 ;  Consortini 
et a/ . .  1 97 2 1 . In particular, it  has been noted that i t  cannot be justified 

The authors are at the lstituto di Ricerca sulle Onde Elettromagnetiche, of CNR ,  
Firenze, Italy . 
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A.  Consortini et a/. 49 1 
from a physical point of view, by invoking the processes with stationary 
increment, but only from a mathematical point of view [Consortini et 
a/. , 1 97 1 ] . As a matter of fact, it simplifies the mathematical treatment 
of many problems of propagation ; however, it seems necessary to 
check, problem by problem, the degree of approximation of the results 
or their limits of validity. 

In  the present paper, we consider the problem of practical interest of 
the quality of an atmospherically degraded image. In  one case, con
cerned with vertical upward propagation, occurring, for example, when 
the earth's surface is imaged by a perfect diffraction-limited objective 
lens placed on a space vehicle, the use of Eq. ( I )  turns out to yield suf
ficiently accurate results. I n  another case, concerned with horizontal 
propagation,  the use of a model of turbulence that describes the "satu
ration" of 9Jn(P1 , P2 ) when r > L0 yields results that may differ both 
quantitatively and qualitatively from those obtained by the use of Eq. 
( I ) ,  depending on the strength of turbulence and on the length of the 
path from the object to the lens. 

The problem is treated along the l ine used by Fried [ 1 966a, 1 966b ] 
d escribed in Sec. I I .  In Sec. I I I ,  we treat the vertical upward propaga
tion, and in Sec. IV the horizontal propagation. The results are discussed 
in Sec. V .  

II . Statement of the Problem 

Following Fried [ 1 966a, 1 966b ] , the quality of an atmospherically de
graded image will be described by the quanti ty !R defined as 

!R = 21r j (T(/))fd/. (2) 

where f denotes a spatial frequency and (r(f)) the modulation trans-
fer function of the optical system formed by the lens and the turbulent 
medium. For (r(f}) we can write [ Fried , 1 966a ) 

(T(j)) = T 0 (f) exp [-t g) w (AFf)]. (3) 

where r0 (f) denotes the modulation transfer function of the lens and is 
given by 

To (f) = � [arccos�� - �� J 1 - (�1Y] for[<Dp..F, 
(4) 

To (/) =  0 for[> Dp..F. 
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L 

FIGURE 1 Geometry of the wave path. 

Moreover, X denotes the wavelength, F the focal length of the lens, 
and !!Jw(P )  the so-called wave-structure function in the plane of the 
lens, corresponding to a point source in the plane of the object. In both 
cases under consideration !J>w(P ) is the wave-structure function of a 
spherical wave . 

As is well known, the wave-structure function describes the phase 
and amplitude fluctuations at two points separated by p ,  due to the 
turbulence. 

The wave-structure function must be evaluated at least in the Rytov 
approximation,  since the involved path lengths are rather large. In  the 
Rytov approximation the wave-structure function of a spherical wave is 
given by the same expression as the phase-structure function of a 
spherical wave in the geometrical optics approximation [Carlson and 
Ishimaru, 1 969 ] . Accordingly , 

{f) w (p) = J L !!Js (p')ds, 
0 

(5) 

where ms (P' ) ds  denotes the phase-structure function o f  a plane wave 
after a path of length ds in the turbulence , and p ' is the distance , after a 
length s from the source, of two straight rays that on the plane of the 
lens are spaced by p (Figure I ) . Accordingly , 

p' = psfL. (6) 

For the model ( 1 )  of turbulence we have 

and therefore 
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!f>..., (p) = 2 .9 lk1 p5/3 t C� (s> (fYPds, (7) 

which expression has been used by several authors. 
For our analysis, we will use the von Karman model of turbulence, 

according to which the refractive-index structure function in a homo
geneous and isotropic turbulence is given by 

where K0 is of the order of L(/ and K., denotes a modified Bessel func
tion of order 11 [ Abramowitz and Stegun, 1 965 I .  The expression (8) of 
!l>n takes into account the behavior of !J)n for distances r larger than 
L0 . For distances smaller than the inner scale X0 , one has [Tatarski, 
1 967 ) 

where Cn and X0 are constant in the case of a homogeneous and iso
tropic turbulence . 

III . Vertical Upward Propagation 

(9) 

Let us first examine the case of the vertical upward propagation. We as
sume,  as usual, the turbulence to be stratified parallel to the earth's 
surface, so that s = z. Cn (s) = Cn (z), Ko = K0 (z ), X0= X0 (z ). By using Eq. 
(8) ,  we have 

and therefore , with Eqs. ( 5 )  and (6) ,  

!f>..., (p) = l .56k2f.L C�(Z) I(�/l [1 - 0.994(KoP[J''Kst'("oPI)]dz. ( 1 1 ) 

Clearly, the evaluation of !l>..., (p )  requires one to know Ko (z ) and 
Cn (Z ) .  If we assume [Tatarski ,  1 967 ] 

L0 = �ez, ( 1 2) 

where K - 0.4 is referred to as the von Karman constant,  Eq . ( I I )  takes 
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the form 

In practice ,  since for the evaluation of 9{ as given by Eq. ( 2 )  the 
range of p of interest is 0 .;;; p .;;; D. we have 

( 14) 

at least for path lengths L larger than - I 0 m.  Accordingly, by disre
garding the cases of scarce practical interest where ( 1 4) is not verified, 
the expression ( 1 3 ) of !Pw (p) can be replaced by its asymptotic expres
sion holding for p ,.. 0, which coincides with Eq . (7) .  

This analysis, which yields the conclusion that the model ( I )  is suf
ficient for the investigation of the images in looking downward through 
the atmosphere,  does not include the case for which p ' remains much 
smaller than the inner scale of turbulence along that portion of  the 
path where the turbulence is not negligible. This is the case of an optical 
system placed on a space vehicle to observe the earth's surface. I t  ap
pears from the literature [ Hufnagel and Stanley, 1 964; Hufnagel,  1 966; 
Minott , 1 9 7 2 )  that the turbulence is negligible at altitudes larger than 
- 1 00 km. Thus only the portion of the integration path in Eq. (7 )  
with s = z < I 00 km contributes to  !flw (p ) . I n  the case of space vehi
cles, one can assume D/L <; - 1 0-6 , which holds even for the big tele
scope of Copernicus (D = 80 em, L - 800 km) though it does not ob
serve the earth's surface. If we compare p '(D) = zD/L with X0 (z ) (Fig
ure 2) ,  as given by Zimmerman [ 1 966 ) , we note that for D/ L < I <r6 , 
p'(D) is much smaller than X0 almost all over the path . Consequently, 
the expression of !f> s (P') to be used in Eq. ( 5 )  is that holding for p '  < 
X0 , rather than Eq. ( 1 0) ,  namely [Tatarski, 1 967 ) , 

( 1 5) 

Upon introduction of ( 1 5 ) into Eq . ( 5 ) ,  we obtain 

( 1 6) 

where 

a2 = 3 .28 t cMz> z2 XO'fl (z)dz. 
0 

( 1 7) 
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A.<z> 
(mm) 

10' 101 101 
z (m) 

FIGURE 2 Approximate trend of X0 (Z) versus z. The dots represent experimental values 
taken by Zirnmennan [ 1 966) . 

and therefore , by using Eqs. (3)  and (2) ,  

495 

10' 

Here /0 and /1 denote the modified Bessel functions of orders 0 and 
I , respectively ,  and 

D0 = 1 .56 (L/kll) . 

Note that for D � oo, !R � !Rmax , where 

( 1 9) 

Figure 3 shows !R /!R m ax plotted versus DIDo (solid line) . I t  appears 
that !R /!R max has the same trend as the analogous quantity investigated 
by F ried [ 1 966a, 1 966b 1 ,  and that D0 plays the same role as the quan-
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I O '���Tn��-TTTnn�--r---�--mc����-T�m R / Rmu 

FIGURE 3 !A /!A max plotted versus D/D0 (solid line). Dashed line represents Fried's results 
for (/) 0 /R 0 )  1 - 1 1 .  The straight line represents the no-turbulence case. 

tity R0 defined by Fried , as 

[ fi. ]-3/S 
R0 = 1 .67L k2 

0 
C�(z) z5P dz . (20) 

For a comparison with the results obtainable by using Eq. ( 7) ,  we 
have evaluated D0 and R0 by using for Cn (Z) the data represented by 
the dashed line in Figure 4, taken from Minott [ 1 972 ] , and for X0 (z) 
the data represented by the dashed line in Figure 2 .  The data for X0 (z) 
are rather arbitrary ; however, they are expected to be sufficient  for our 
purposes, since D0 depends on X0116 • By using such data, we obtain (in 
mks units) 

D0 = 1 23(L/k), R0 = 1 .03 X 1 <f Lk-615 • (2 1 ) 

In  Figure 3 ,  the dashed line reports the results that would be ob
tained by using Eq. (7) ,  with k = 1 0 7 m- • . The numerical values for 
drawing it are taken from Table I of Fried's paper [ 1 966a] . While the 
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A .  Consortini et a/. 497 

solid line is independent of the particular set of values taken for C� (z) 
and X0 (z) , the dashed line depends on it, through the ratio D0 IR0 . It is 
easily seen that the ratio between the saturation value of the dashed 
line and that of the solid line is (R0 ID0 )2 . I n  the particular case of the 
data of Figure 4, this ratio (R0 ID0 )2 ""' 1 0. However, the factor - I  0 
has no practical interest, since our results are applicable when DIL < 
1 0-6 • By virtue of the first expression ( 2 1  ) ,  we have , with the data of 
Figures 2 and 4, 

Accordingly , for k =  1 07 m- 1 , DIDo must be smaller than 1 0- 1 , for 
the applicability of our results. Figure 3 clearly shows that for DIDo < 
1 0- 1 the dashed and solid lines cannot practically be distinguished. 
However, we cannot avoid noting that for DIDo < 1 0- 1 the effect of 

FIGURE 4 Approximate trend of C� (z) versus z. The solid line is taken 
from Minott [ 1972 1 . 
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the turbulence evaluated either by the two-thirds law or by the von 
Karman model is completely negligible . 

IV. Horizontal Propagation 

In the case of horizontal propagation , C� and Ko are constant along the 
integration path and 

with 

(p I 11CoP S/6 ) [f)w ) = A - [ 1 - 0.994� Ks/6(0 d�, 
"oP . 

By inserting Eq. ( 22) into Eq. ( 1 0) and then into Eq. ( 8) we have 

( D_\2 1' { A I 11( Du } � = 4 "AF} 0 

exp -2 KoDu 
0 

° [ I  - 0.994 �sf6 K516(0) d� 

(22) 

(23) 

X [arccos u - u  ( l -u2 )�) u du. (24) 

Since 

lim Dw(P) = A 
"oP -+  00 

we have that,  for KoD � oo, £R increases proportionally to D2 , while ac
cording to the two-thirds law it would reach saturation. 

The asymptotic trend of £R turns out to be 

!R.asym =f(�Y exp (-�} (25) 

This in principle implies that the atmosphere does not put an upper 
limi t  to the resolution , and that an increase of the diameter D over a 
certain value corresponds to an improvement of the quality of the 
image . This conclusion has been confirmed by the computation of £R as 
a function of K0D; however, in many cases, it has a purely theoretical 
interest as may be seen from Figure 5 .  

Figure 5 shows !R plotted versus KoD for several values of A .  I t  ap-

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


A. Consortini et al. 499 

FIGURE 5 Horizontal propagation. [ .fl  (K0 >..F)2 /4 )  plotted versus K0D for several values of 
A . Dashed lines represent asymptotic trends. 

pears that for A <  - 20 the curves increase monotonically with K0D and 
tend  to their asymptote (dashed line) .  On the contrary, for A >  - 20, 
the curves present a flat horizontal region that looks like a saturation .  
After that region, they increase and tend to their asymptote , but  this 
happens at so large values of D that it has no practical interest . 

The "saturation" value for A > 20 does not coincide with the value 
resulting from the two-thirds law but tends to it when A increases 
(Figure 6). Figure 7 shows the comparison between the results derived 
from the von Karman model and those derived from the two-thirds law 
[ Fried ,  1 966a] , for three values of A. 

V. Discussion of the Results 

The results described in the present paper indicate that the two-thirds 
law ( I )  brings sufficiently correct results as regards the quality of the 
atmospherically degraded images obtained by looking downward 
through the atmosphere . This holds both when the objective lens is im-
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1 0  

FIGURE 6 Ratio o f  the "saturation" values of the curves o f  Figure 5 
for A > 30 to the corresponding saturation values obtained from 
Fried's theory, plotted versus A. 

FIGURE 7 Comparison of [ 9!  ( K 0 AF)2 /4 ) as given by the von Karman model (solid lines) and 
as given by the two-thirds law (dashed lines), for three values of A .  
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A. Consorlini et a/. 50 1 
bedded in the atmosphere , because of the fact that 

D << KL ,  

and when the objective lens i s  placed o n  a space vehicle . In  the latter 
case , however, due to the fact that 

D << Do 

the effect of turbulence appears to be completely negligible : the quality 
of the images is only diffraction-controlled.  

In  the case of horizontal propagation, the use of the von Karman 
model yields results that differ from the two-thirds law qualitatively 
and quantitatively when the parameter A given by Eq . ( 23) is smaller 
than -20. When A > -20 the von Karman model and the two-thi.rds 
law yield analogous results ; however, the question arises if A > 20 cor
responds to a situation in which the Rytov approximation is no longer 
appliable [Tatarski ,  1 967 ;  Strohbehn,  1 97 1 ] .  
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R IC H A R D  C .  W I L L S O N  

ABSOLUTE RADIOMETRY 
AND THE 
SOLAR CONSTANT 

I. Introduction 

The definition of an absolute radiation scale , based on fundamental phys
ical principlc.�s, can be effected by standard detectors or by standard 
sources of radiation. Standard sources,  usually termed blackbody sources, 
are cavity radiators operated at high temperature . The specific intensity 
of such a source is determined from an accurate knowledge of its tem
perature , radiating area, and emittance . Calibration of secondary radiom
eters can be carried out in the laboratory by exposing them to the irra
diance of a standard source . Measurements made in remote locations by 
the radiometer may then be reported on the absolute radiation scale as 
defined by the standard source . 

The standard source method has some serious disadvantages. The cali
bration of secondary radiometers is an added experimental step with 
associated indeterminacies regarding the absolute temperature of the 
source and the radiative transfer between source and radiometer. At the 
temperatures accessible for a well-controlled source, the total irradiance 
at a reasonable working distance is small,  requiring assumption of, or 

The author is at the Jet Propulsion Laboratory, Pasadena, California 9 1 1 03. 
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Richard C. Willson 503 

further experimentation to establish , the l inearity of response for radiom
eters designed to measure radiant energy at solar irradiance levels. 

The definition of the absolute radiation scale by standard detectors 
obviates many of the standard source-associated problems. I t  is this ap
proach that has been pursued at the Jet Propulsion Laboratory in making 
absolute measurements of solar radiation . 

A standard detector defines the absolute radiation scale through an 
accurate knowledge of its instrumental optical,  mechanical, and electrical 
parameters. With these quantities known, the interaction of the radiom
eter with irradiant fluxes can be accurately predicted from theory. 

Standard detectors are calorimeters in which the heating effect of an 
unknown irradiance on a detector is compared with the heating effect of 
a known electrical power. The electrical power is dissipated in a heater 
placed in intimate thermal contact with the detector or is dissipated in 
the body of the detector itself. An accurate knowledge of ( I )  the effec
tive area through which the detector receives the irradiance, (2 )  the 
detector absorptance for the radiation to be measured, and (3)  the elec
trical heating power facilitates accurate irradiance measurements on an 
absolute basis. The Angstrom pyrheliometer ( 1 895)  and the Smithsonian 
water flow pyrheliometer ( 1 9 1 3) are well-known examples of early devel
opments in standard detector technology . Some features of these instru
ments have recently been combined with more modem instrumentation 
methods. The resulting instruments, described here , are a family of 
absolute cavity radiometers, standard detectors of high accuracy. 

II .  The Active Cavity Radiometer 

A series of cavity radiometers has been developed at the Jet Propulsion 
Laboratory (J P L )  for the accurate measurement of irradiance in absolute 
units [ Kendall and Berdahl,  1 970; Willson, 1 969, 1 97 l a, 1 97 l b, 1 972,  
1 973 ] . A group of instruments, functionally described as  active cavity 
radiometers, have evolved from the S A C R A D  and PAC R A D  radiometers 
developed at J P L .  While the S A C R A D  and PA C R A D  are primarily lab
oratory instruments, the active cavity radiometers (A C R  's) are designed 
for automatic, remote operation in any environment and have potential 
usefulness in astrophysical, meteorological, and engineering solar-radia
tion measurement programs [ Willson , 1 969, 1 97 l a, 1 97 1  b, 1 972,  1 973 ) . 
A C R  's have been developed that can make irradiance measurements 
from low-level infrared sources up to 30 solar constants ( 4 WI em 2 ) with 
small absolute uncertainty . 

The essential physical features of the A C R  are shown in Figure I .  The 
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PLAT INUM S£NSORS 

FIGURE 1 JPL active cavity radiometer type Ill. 

A C R  's conical cavity detector is connected by a low thermal impedance 
to a heat sink. The heat sink is insulated from the external environment 
to minimize the rate of change of its temperature when subjected to 
fluctuating thermal environments. 

The interior surface of the conical cavity detector is thinly coated with 
a surface material whose effective absorptance for solar radiant flux is 
high (as = 0.95 ± 0.0 I ) . The cavity's 2-cm-diameter base is partially 
shaded by a round aperture that both defines the detector area for the 
radiometer and enhances the effective cavity absorptance . The aperture 
can be shaped precisely and its size determined with a high degree of 
accuracy . Enhancement of the effective cavity absorptance is achieved 
by confining the incident irradiance to the lower portion of the conical 
detector, near its apex.  A large fraction of the radiation not initially 
absorbed is scattered to the higher walls of the cavity and absorbed in a 
second interaction. The magnitude of the enhancement depends on the 
solid angular subtendance of the incident beam. I t  can be seen, however, 
that with a high surface absorptance of 0.95 secondary and higher-order 
interactions of the scattered incident irradiance rapidly attenuate the 
amount of flux eventually scattered out of the cavity's aperture. 

The cavity absorptance has been analytically shown to be 0 .996 
± 0.00 1 , effecting a tenfold decrease in the uncertainty of the cavity sur
face absorptance . The field of view for the cavity is isothermally confined 
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Richard C. Willson 505 
to 30° by the heat sink or to 5° with the addition of an external view 
limiter. 

The dissipation of a fixed amount of power in the cavity will produce 
a constant temperature drop across the thennal impedance . This drop, 
transduced by resistance temperature sensors, can be calibrated as a 
direct measure of the irradiant power or used to actively control an 
electronic servo system as in the active cavity radiometer. Circuitry 
housed in the base of the radiometer automatically maintains constant 
cavity power dissipation by controlling a de voltage supplied to a fixed
resistance heater on the cavity . A schematic drawing of this circuit is 
shown in Figure 2 .  

The A C R  operates in  a differential mode . The radiant source is chopped 
at low frequency and the cavity heating power monitored in each phase. 
The irradiance is then detennined from these two electrical power mea
surements, along with the instrumental constant that is the reciprocal of 
the cavity area-absorptance product. 

III. Operation of the Active Cavity Radiometer 

The active cavity radiometers are electrical substi tution calorimeters. 
Using the platinum windings as sensors, an electronic circuit maintains a 
constant temperature drop across the thermal impedance connecting the 
cavity detector to the heat sink. This is accomplished by dissipating de 
e lectrical power in the cavity heater winding. The A C R  is operated in a 
differential mode by chopping the radiant flux to be measured at a slow 
rate .  In the observation phase , the thennal impedance temperature drop 
is maintained by the combined inputs of incident radiant power and de 
electrical power to the cavity detector . In the reference phase , all the 
power required for maintenance of the temperature drop is provided by 
electrical heating. By careful design, the only significant differences be-

CAVITY 
SENSOR 

ACI CIRCUIT 

FIGURE 2 Active cavity radiometer electronics. 
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tween the two phases of  measurement are the presence or  absence of  the 
radiant flux to be measured and the electrical heating power. The differ
ence in electrical power required in the two phases is directly proportional 
to the radiant flux. A constant of proportionality relates the absorption 
of radiant flux by the cavity to the dissipation of electrical power. In 
simplified form, the equation describing A C R  operation is 

H = K(P, - P0), 

where 

H = measured irradiance , 
K = standard detector constant, 

P, , P0 = reference and observation phase electrical powers, 
K = (a-4 )- • , 
a = effective cavity absorptance , 
A = effective cavity area. 

IV. Accuracy of the Active Cavity Radiometer 

( I ) 

Equation ( 1 )  is an approximation to the general A c R working equation, 
which has been rigorously developed in the literature [Willson, 1 97 l a, 
1 973 ) .  To the extent that this approximation departs from the complete 
working equation, errors are introduced into the measurements. A de
tailed analysis of these errors is presented in Willson [ 1 973 ) and is 
summarized here in Table I .  

TABLE I Uncertainties of Type I l l  Active Cavity Radiom· 
eter Measurements Relative to the Absolute Radiation Scale 

Radiometer 

Low·irradiance ACR 
One-solar-constant ACR" 
Ten-solar-conslant ACR 
Twenty-solar-constant ACR" 
Thirty-solar-constant ACR 

lrradiance 
Range 
(W/cm') 

0 -+ 0.0 10  
0 -+ 0. ISO 
0-+ l .SO 
o .... 3 .00 
0 -+ 4.20 

Absolute 
Uncertainty 
(mW/cm' ) 

0.030 .... 0.030 
0. 104 .... 0.3 16 
0.916 -+ 1 .790 
I .S I S  .... 3 .467 
2.216 .... 4 .963 

" The uncertainties of the one- and twenty-solar-constant ACR'a u 
functlona of lrradlance are shown In Fiaures 3 and 4, respectively. 
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FIGURE 3 Uncertainty of the one-solar constant active cavity radiometer (ARC I ) as a function 
of irndiance. 
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FIGURE 4 Uncertainty of the twenty-solar-<:onstant active cavity radiometer (ACR20) as a 
function of irradiance. 
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V. Comparisons of Radiation Scales 

The International Pyrheliometric Scale ( IP S )  is a radiation measurement 
scale defined by the In ternational Radiation Commission in 1 956 .  It was 
adopted by the World Meteorological Organization in 1 95 7  as the scale 
of reference for the In ternational Geophysical Year. The IP S was a 
compromise between the two prominent radiation scales in use at the 
time : the Angstrom Scale and the Smithsonian Scale . These scales were 
defined by standard detectors developed around 1 900 : the Angstrom 
pyrheliometer developed in Sweden and the Abbot water flow pyrheli
ometer developed at the Smithsonian I nstitution in the United States. 
At the time the IPS  was defined,  intercomparisons of these two scales 
were considered to have yielded a systematic difference of 3 . 5%,  with 
measurements on the Smithsonian Scale exceeding those of the Angstrom 
Scale.  The IPS  was defined to be 1 .5% above the Angstrom Scale and 
2.0 percent below the Smithsonian Scale . 

A series of comparisons between the absolute radiation scale, as 
defined by the active cavity radiometer, and the International Pyrheli
ometric Scale , as defined by Eppley Angstrom pyrheliometers were car
ried out between 1 968 and 1 970. The site of these tests was the California 
I nstitute of Technology's Jet Propulsion Laboratory Observatory at Table 
Mountain, California (60 mi les northeast of Pasadena, California, at an 
elevation of 2 .25  km) .  

The format  of the intercomparisons was the synchronous measurement 
of direct solar irradiance by both Angstrom pyrheliometers and active 
cavity radiometers. The results of these tests, summarized in Table 2 ,  
demonstrate a systematic difference between the measurements by the 
two types of instrument that is significant relative to the uncertainty 
with which the active cavity radiometer defines the absolute radiation 
scale . The weighted-average result yielded a 2 .2% difference with mea
surements on the absolute scale exceeding those of the IPS . The uncer
tainty of the A C R -defined absolute radiation scale was less than ±0.3%. 

A similar result was reported from the third international comparison 
of pyrheliometers held at Davos, Switzerland ,  in September 1 970. Mea
surements of solar irradiance on the absolute radiation scale ,  defined 
by the J P L  's P A C R A D  radiometer and an absolute cavity radiometer 
developed by the U .S .  National Bureau of Standards, were observed to 
exceed those of the Davos I P S -defined Angstrom pyrheliometer No. 2 1 0  
by 1 .8 ± 0.4%. 

Instrumental field of view can be an important factor in the inter
comparison of radiometers when significant atmospheric aerosol scatter
ing is present .  The A C R  has a circular detector geometry and is used 
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TABLE 2 Intercomparison of JPL Active Cavity Radiometers and the International 
Pyrheliometric Scale 

Average Value of Standard Deviation Absolute Uncertainty 
Test Date Scale Difference of Scale Difference ofScale Difference Weightd 
(Mo/day/yr) (%) t(%) t(%) 
5/ 10/68 2.0 0. 1 3  <0.5 355 
5/1 1 /68 2.4 0.09 370 
9/23/68 2 . 1  O.o7 6 1 2  
9/24/68 2.3 0.06 4444 
9/25/68 2. 1 0.04 1 2500 
4/23/69 2.4 0. 19  138 
9/22/69 2.3 0.21 9 1  
9/23/69 2.3 0.05 1 2400 
8/25/70 2 . 1  0.25 1 28 

Weighted 2.21 ±0.09 t0.5 
averages 

a Equal to the number of independent measurement periods in each teat divided by the square of 
the standard deviation of the scale difference. 

with a 5° circular field of view. The Angstrom pyrheliometer has a 
rectangular detecting surface and a 4.4° X 1 0 .6° rectangular field of 
view. Several circular apertures providing fields of view ranging from 
5 to 20° were tried with the A C R  's to evaluate the experimental sensitivity 
to this parameter. On the days during which data were taken,  the differ
ences observed between measurements made within this range did not 
exceed the A C R  experimental uncertainties (±0.3%) indicat ive of a 
"turbidity parameter" ( Schr>ne, 1 966 1 of less than m(J = 0.05 . The 
effective circular field of view for the Angstrom pyrheliometer, under 
these condit ions, would be 5 to 6° . It does not appear that the effects of 
circumsolar aerosol scattering could produce a significant fraction of the 
observed difference between the I P S  and the absolute scale . According 
to our results. measurements on the Angstrom Scale , the International 
Pyrheliometric Scale , and the Smithsonian Scale are 3 . 7 ,  2 .2 ,  and 0.2% 
low, respectively . relative to the absolute scale . 

VI. Measurement of the Solar Constant 

Total solar irradiance has been measured by A C R  's in two high-altitude 
balloon flights. Two A C R -Type l l 's (Willson, 1 969, 1 97 l a ] measured 
the solar irradiance at an altitude of 25 km in 1 968.  The solar constan! 
was derived from these measurements by correcting them for extinction 
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due t o  the remaining earth's atmosphere above 25 k m  and for the 
earth-sun distance at the time of measurement .  The average value of the 
1 968 measurement was a solar constant value of H0 = 1 37.0 mW/cm2 

( 1 .964 cal em -2 min- t ) [ Willson, 1 97 1  a )  with an uncertainty of less than 
±2%. The more accurate A C R  I I I  made measurements in 1 969 at an 
altitude of 36 km , producing a solar constant value of H0 = 1 36 .6 ± 0.7 
mW /cm2 ( 1 .958  ± 0.0 I 0 cal cm-2 min- 1 ) [ Willson , 1 97 1  b ] . 
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J .  L .  K O H L  and W .  H .  P A R K I N S O N  

ABSOLUTE INTENSITY 
CALIBRATION OF A 
HIGH-RESOLUTION 
ROCKET 
SPECTROMETER 

Introduction 

The rocket-spectrometer project at Harvard is part of a space- and ground
based observational program in solar physics. Our two previous rocket 
flights (September 24, 1 968,  and September 1 1 , 1 969) were used to 
record the spectrum of the quiet sun between 1 40 and 1 85 nm with 6.0-
pm resolution [ Parkinson and Reeves, 1 969 ] . The absolute intensity 
calibration of these two instruments, based on a Reeder thermopile 
detector, was reported elsewhere [Parkinson and Reeves, 1 96 8 ] . 

Our most recent rocket flight was successfully launched to an altitude 
of 238 km on an Aerobee 1 70 sounding rocket from White Sands Missile 
Range on July 27 ,  1 972 ,  and it is the calibration of this rocket-spectrom
eter system that will be described here . During the flight we measured 
the absolute intensity of the quiet sun from the C I ( 2  uv) multiplet at 
1 65 . 7 2  nm to the C IV ( 1  uv) multiplet at 1 54.9 1 nm.  The wavelength 
resolution is defined by the instrumental profile, which has a full width 
at half-maximum efficiency of 2.9 pm. 

Because of the complexity of the solar spectrum in the region of the 

The authors are at the Harvard College Observatory, Cambridge, Massachusetts 02 1 38. 
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5 1 2  C O M M U N IC A T IO N S  A N D  R A D IO M E T R Y  

temperature minimum ( 1 5 5- 1 65 n m ) ,  a wavelength resolution greater 
than 6.0 pm is useful in resolving and identifying emission lines and in 
determining their absolute intensities. I ncreased resolution also permits 
a more accurate determination of the continuum level between lines. 
In addition , high resolving power provides a more precise measurement 
of the "true" solar line profiles, which we can analyze using spectral
line-r ormation theory . 

Instrument 

Figure I is a schematic diagram of the telescope-spectrometer system.  
The telescope util izes an  off-axis parabolic mirror of 93 .0-cm focal 
length as the main col lector with two additional plane-folding mirrors. 
In all cases, the surfaces are coated with aluminum and overcoated with 
magnesium fluoride . 

The Ebert instrument has a 75-cm focal length with a 3600 line/mm 
plane grating blazed at  1 30.0 nm in first order. This results in a reciprocal 
dispersion of 0 .35  nm/mm . 

The detector is an E M R 64 1 -G  solar blind photomult iplier wi th a 
lithium fluoride side window and a sapphire filter used to discard 
Lyman-a radiation . We increased the resolution of the spectrometer to 
2.9 ± 0. 1 pm for this flight by reducing the width of the straight en
trance and exit slits to 6 �m. 

We measured the instrumental line profile at several wavelengths using 
a microwave-driven 1 98 Hg single-isotope lamp.  We took particular care 
to determine the wings of the instrumental profile because , as was re
cently pointed out by Griffin [ 1 969] , the profile wings influence the 
measured intensities of spectral lines. The wings of the instrumental 
profile can remove significant amounts of the central intensity of a 
spectral line and deposit i t  in the wings of the line . 

I n  the case of emission-line intensi ties, this effect produces measured 
values that are too low, and the effect also causes measured values of the 
continuum intensity between l ines to be too high .  

Our  most recent observations with this spectrometer have established 
that several spectral lines of the quiet sun spectrum between 1 65 .0 and 
1 5 5 .0 nm display central absorption features. The degree to which these 
spectral lines are centrally absorbed was predicted by Vernazza ( 1 972, 
personal communication) ,  using a non-L TE solar-atmosphere calculation. 
The wings of the instrumental profile tend to fill in these absorption 
features of the spectrum with radiation that falls well outside the ab-
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FIGURE 1 Schematic diagram of the rocket spectrometer and telescope optical arrangement. 
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sorbing wavelength band ; this process ultimately results in  an apparent 
difference between solar-model predictions and the observations. 

The effect of the instrumental profile on the observations can be min
imized with an accurate determination of the complete instrumental 
profile and the use of a deconvolution program [ see, for example, De 
Jager and Neven, 1 966 ) . 

The measured instrumental profile shown in Figure 2 was determined 
by using the 198 Hg line at 253.65 1 nm. The profile extends over a 0.45-
nm bandwidth and has a ratio of peak to minimum intensity over this 
range of 1 X 1 04 •  We also measured the instrumental profile at three 
other 1 98 Hg lines near 265 .3 nm and at several wavelengths throughout 
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� c :> 
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w 
!::::! 1 00 u.. u.. 
w 

1 0  

- . 2 0  - . 1 6  - . 1 2  -.08 - . 0 4  >.0  . 0 4  . 0 8  . 1 2 . 1 6  . 2 0  WAV E L E N G T H  ( n m )  
FIGURE 2 The instrumental line profile o f  the rocket spectrometer is indicated by the solid 
line, and �. indicates the center of the profile. This curve is the average shape for sewrai scans 
of the "' Hg line at 2S3.6S l nm. 
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the flight range using the rotational lines of the CO emission spectrum 
excited in a Hunter-type discharge lamp.  The profile was measured 
before and after an Aerobee- 1 70 environmental-vibration test and after 
the actual flight and recovery of the instrument. There was no measurable 
change in the instrumental profile. 

Calibration Arrangement 

A schematic diagram of the calibration arrangement is shown in Figure 3 .  
The light source used for the calibration i s  a current-regulated Hunter 
discharge lamp [ Hunter, 1 962 )  containing a C02 -He gas mixture. The 
predispersing instrument ,  a 1 /3-m, folded Czemy-Tumer spectrometer 
made by McPherson I nstruments, used a 2 .0-nm bandpass. The exit slit 
of this monochromator is the entrance aperture to the main calibration 
vacuum tank and is located at the focal length of a concave mirror 1 8  em 
in diameter that collimates the light and fills the rocket telescope
objective .  This mirror forms the image of the predisperser exit slit onto 
the entrance slit  of the Ebert spectrometer. The telescope is masked to 
just underfill the grating. 

The absolute intensity calibration of the rocket spectrometer is based 
on a special vacuum ultraviolet photodiode with a magnesium fluoride 
window and a cesium telluride cathode . This detector was calibrated at 
the National Bureau of Standards (N B S )  before and after the rocket 
flight by direct comparison of photocurrents with an N B S-calibrated 
standard photodiode . 

The location of the diode during calibration is shown in Figure 4. 
The light from the telescope objective is intercepted by a calibrated 
plane mirror coated with aluminum and overcoated with magnesium 
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T
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0 ���COPE ;oci';�-C - - - - " - ' _,/ 
-- -- � MIRRORS � � �J 
E B E RT SPE C f ROM E T E A  ��:� I - - - ---- - - -- - . - -..f.-- -

PLANE �--L��TC)O MORROR 
� 

AGURE 3 The calibration arrangement within the vacuum tank is shown in this schematic 
diagram. The polarizer, enclosed by the dotted lines, is present only during the polarization 
measurements. 
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FIGURE 4 A closeup view o f  the cahoration arrangement immediately 
in front of the spectrometer entrance slit is shown. The EM R 542-F 
photomultiplier and mirror, which are used to measure T ;r. are indicated 
in the front position by the dashed line, and their position behind the 
slit is shown with a solid line. 

fluoride that can be moved into and out of the light path in vacuum. 
This mirror folds the beam onto the diode , which is located at the focus 
of the telescope . The photodiode current is a measure of the light that 
is incident on the telescope folding mirrors within the bandpass of the 
predispersing optics. 

To determine the calibration system function of the telescope folding 
mirrors, Ebert spectrometer, and E M  R detector combination, the frac
tional amount of light lost on the entrance slit jaws of the spectrometer 
must also be measured . This is accomplished by means of an E M  R 542-F 
photomultiplier and folding flat combination, also shown in Figure 4, 
that can be moved before or behind the entrance slit .  The relative anode 
currents for the two positions yield the transmittance, T1 , at the slit .  
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Care must be taken at each position to ensure that the light beams cover 
the same area of the E M  R 542-F photocathode and that this area has a 
uniform sensi tivity .  In  practice , the E M  R 542-F in the forward position 
was intercalibrated with the standard diode, so that it was possible to 
measure the slit transmittance in vacuum without moving the photo
multiplier. The calibrated photodiode could not be used behind the 
entrance slit because of the low flux transmitted by the 6-�.tm slit. 

The System Function 

Although we measured the efficiency of most of the elements of the 
rocket instrument individually, the total spectrometer and telescope are 
finally calibrated as a system so that the response of the complete instru
ment is known. 

The system function as used here includes the reflectance of the two 
telescope folding mirrors, the transmittance of the Ebert spectrometer, 
and the quantum efficiency of the detector-amplifier-discriminator 
system but does not include the reflectance of the telescope objective or 
the solid angle and area factors. These quantities are determined separately . 

The expression for the system function is given by : 

S(�) = . C n )  T I £''• K(�'. t) d�' 
ld d\" s h. At A� , I 

( I ) 

where id is the photodiode current,  Cd (A) is the sensitivity of the photo
d iode at wavelength A in photons per ampere, Ts is the transmittance of 
the entrance slit ,  and the denominator of Eq. ( 1 )  represents the detector 
counts per second integrated over the bandwidth of the predisperser. 

The system function evaluation is illustrated in Figure 5. A 2 .�nm 
segment of the CO emission spectrum from the Hunter lamp is selected 
by the monochromator and detected by the calibrated photodiode. The 
photocurrent,  typically 5 X I o-•o A, was measured with a Keithly model 
640 electrometer, which was calibrated before and after the rocket 
instrument calibration by the Calcutron Corporation,  with a current 
source traceable to the N B S .  With the entrance slit transmittance mea
sured , the CO spectrum was scanned and the single photon pulses from 
the flight detector were selected by the flight discriminator, counted 
during 4�msec gate times by our Lockheed Electronics Mac 1 6  on-line 
computer and stored on magnetic tape as a function of grating position. 
After the noise is subtracted out ,  the measured counts are integrated 
over the spectral bandpass of the predisperser by a C D C  6400 computer, 
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VIA TAPE 

FIGURE 5 The calibration procedure is illustrated in this block 
diagram or flow chart. 

and the integrated counts factor and system function are evaluated . To 
check beam nonuniformity, the system function was measured for the 
case in which only the central 25% of the telescope objective was illu
minated . This value is within 5% of the value measured with full il lumina
tion. 

Calibration Equation 

The solar data are reduced by use of the basic calibration equation 

,x. Jn.> d� = sn) r "· Kp.', r> d�' � A  n 
)).. \" \" }).. tit �� /J t s r .  

I I 
(2) 

where f/("A) d"A is the integrated intensity in photons sec- •  cm-2 sr- 1 of 
any spectral feature, Rr  is the reflectance of the main telescope mirror, 
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A1 is the area of the entrance slit, n,is the solid angle subtended by the 
telescope mask at the entrance slit, K('A',  t) is the detector counts in a 
quasi-digital output format, tAt is the time interval, t.'A is the spectral 
bandpass of the spectrometer exit slit, and 'A2 - 'A 1 is the spectral extent 
of any feature of the solar spectrum. Notice that t.'A is also contained in 
the expression for S('A) and , therefore, need not be known. The integra
tion and conversion from the quasi-digital format is routinely accom
plished by the C D C  6400 computer. 

The entrance slit area was measured by three methods: electron micro
graphs with measurements from photographic prints, laser diffraction, 
and comparison of the fractional amounts of a visible light beam trans
mitted by the flight slits and by a 40-�tm-wide reference slit whose width 
was measured by laser diffraction and a measuring microscope. 

The third method was accepted as the most reliable and preferable to 
the laser diffraction measurement of the 6-�tm slit, because the latter 
measurement was complicated by asymmetries in the diffraction pattern 
apparently due to the small offset of the slit jaws. The effect was negli
gible for the wider reference slit. Our electron micrograph area-determina
tion was in agreement with laser diffraction within its larger error limits. 

In addition to the factors given in Eq. (2) ,  the data also contain minor 
corrections for scattered light and atmospheric absorption. 

Equation (2)  establishes the integrated intensity of a feature of the 
solar spectrum, such as a spectral line. The relative wavelength distribu
tion of the integrated intensity-in other words, the "line shape"-is 
established either by the raw data K('A ' , t), or in some cases more accu
rately by the raw data deconvoluted from the instrumental proftle. 

Errors 

The sources of error are given in Table 1 .  The most probable error, assum
ing independent errors, is 1 1%. The largest sources of error are in the 
photodiode calibration and in the transmittance measurement of the 
entrance slit. 

TABLE I Errors 

Quantity 
(A., K(A.' ,  I )  dA.'  

�. 41 .1>.. n, R, 

Systematic error t l % t8% tS% t 2% t4% t l % t 2% 
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Polarization Studies 

It is well known that grating spectrometers and large angle reflections have 
unequal efficiencies for light polarized parallel and perpendicular to the 
plane of incidence of the incoming light. Therefore , the apparent efficiency 
of a telescope-spectrometer system varies according to the degree of polar
ization of the incident radiation. These effects can lead to calibration 
errors when the light used during calibration differs in degree of polariza
tion from the light source being investigated . 

To study these effects and to determine the efficiencies of our instru
ment separately for the two components of polarization, we designed 
and constructed a reflecting polarizer that consists of an uncoated fused
quartz reflector plate , used at 60 deg incidence, and two aluminum-coated 
flat mirrors that provide an effectively straight-through optical path. A 
second quartz plate, also used at 60 deg incidence , is used as the polar
ization analyzer. At a wavelength of 1 5 0 nm the intensity ratio for crossed 
polarizers to aligned polarizers is 0.0 1 5 .  This fused-quartz reflecting polar
izer is useful down to wavelengths of 1 30 nm, where this ratio was mea
sured to be 0. 1 2 .  

The polarizer was first used to qualify the calibrated photodiode by 
measuring its relative efficiency E for plane-polarized light as a function 
of �he orientation of the diode about the incident light direction. The 
photocurrent i(a) of the d iode in orientation a due to plane-polarized 
l ight /(a) from the predispersing optics, monochromator, and light 
source through the polarizer also in orientation a is given by 

i(a) = CE(a) /(a), (3) 

where C is a polarization-independent constant .  If the polarizer is turned 
through 90° to position b, the photocurrent is given by 

i(b) = CE(b) I(b ). (4) 

I f  the diode is turned through 90° to position b, the photocurrent for 
polarization a is given by 

i'(a) = CE(b) /(a) (5) 

and 

i'(b) = CE(a) I(b) (6) 

for polarization b. 
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Dividing Eq. (3 )  by Eq . (4) and Eq. ( 5 )  by Eq. (6) ,  and the results by 

each other yields an equation for the relative efficiency of the photodiode 
for the two components of polarized l ight ,  given by 

E(a) = [!(a) · i' (b >] 1 12 
E(b) [i(b) · ;' (a) · (7) 

This assumes that the predisperser polarization does not change with 
time, but the light source intensity may change while the diode is being 
rotated . Most important, the measurement is independent of polarization 
of the light incident on the polarizer. It was determined that our photo
diode has less than l %  change in efficiency with polarization at all 
orientations measured . 

After the polarization sensitivity of the photodiode is established, the 
polarization of the light from the predisperser and feeding optics com
bination can be determined by substituting the result of Eq . (7 )  into the 
quotient of Eq. (3 )  divided by Eq . ( 4 ) . The light emerging from our pre
d ispersing optics was found to have a polarization of less than 7% for all 
flight wavelengths. 

The system function of the rocket instrument can also be measured 
for incident light that is plane-polarized perpendicular or parallel to the 
grating rulings, by simply illuminating the instrument with polarized 
light .  The system function for nonpolarized light ,  which is the expected 
polarization of the solar radiation in our wavelength range , can be deter
mined from this measurement. This may result in a slight correction to 
the system function measured without the polarizer since that value is 
for light with the 7% polarization of our predispersing optics. The post
flight calibration, which is in progress at this writing, includes this polar
ization measurement .  
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G .  H A S S  and  W .  R .  H U N T E R  

NEW DEVELOPMENTS 
IN VACUUM
ULTRAVIOLET 
REFLECTING 
COATINGS FOR 
SPACE ASTRONOMY 

I. Introduction 

Since the end of World War I I ,  vacuum-ultraviolet spectroscopy has be
come increasingly important as a tool in many fields of research. One of 
these fields is space astronomy in which rocketborne and satelliteborne 
spectrographs are used for studying emission and absorption features of 
the sun , stars, and interstellar medium . Most of these spectrographs use 
mirrors and gratings coated with reflecting films. This requirement has 
prompted a search for mirror coatings with high reflectance in the 
vacuum-ultraviolet spectral region. Important progress toward the de
velopment of reflecting coatings with improved efficiency and stability 
has been made in recent years. 

There is a natural d ichotomy in the wavelength characteristics of re
flecting coatings that occurs approximately at 1 000 A and is caused by 
the optical properties of the coating materials. For wavelengths longer 
than 1 000 A, the intrinsic reflectance of aluminum is higher than that 

G. Hass is in the U S A EC O M . Night Vision Laboratory , Fort Belvoir, Virginia 22060; 
W. R. Hunter is in the E.  0. Hulburt Center for Space Research, U.S. Naval Research 
Laboratory , Washington, D.C. 20375 . 
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of  any other film material , bu t  its high reflectance of  about 90% can 
only be utilized if the formation of an oxide film on its surface can be 
prevented [Madden et a/. , 1 963 I . A partial preservation of the high re
flectance of aluminum has been achieved by overcoating freshly depos
i ted AI with MgF2 [ Hass and Tousey , 1 95 9 ;  Can field et a/. , 1 968 ; 
Hutcheson et a/. , 1 972b I or LiF [Angel et a/. , 1 96 1 ;  Cox et a/. , 1 968 ; 
Hutcheson et a/. , l 972b I films of precisely controlled thicknesses, 
which results in highly reflecting coatings from the visible region down 
approximately to the cutoff of the overcoating material : 1 1 5 0 A for 
MgF2 and 1 000 A for LiF. Such films are very useful for extreme-ultra
violet stellar astronomy, where the absorption due to interstellar hydro
gen increases rapid ly from l 000 A to the ionization limit at 9 1 2  A and 
restricts observations to wavelengths longer than 1 000 A. This paper 
describes a new technique l Hutcheson et a/. , l 97 2a l  for precisely moni
toring the thickness of the MgF2 and LiF films on AI as the dielectric 
films are being deposited and discusses the evaporation conditions most 
suitable for preparing MgF2 and LiF overcoated AI mirrors of optimum 
reflectance . 

For the wavelength region below I 000 A .  where only the sun can be 
studied , the reflectance of all known mirror coatings is rather low.  For 
a long time, platinum was extensively used because it was considered 
to be the best film material for this spectral region [Jacobus et a/. , 1 963 1 . 
New investigations have shown that films of iridium [ Hass et a/. , 
1 967 1 , osmium [Cox et a/. , 1 972 1 , rhenium and tungsten [Cox et a/. , 
1 97 2  I are more efficient mirror coatings for parts of this region. Data 
on the reflectance of I r, Os, Re , and W films prepared under various 
conditions for the wavelength region from 3 00 A to 2000 A will be pre
sented , and the effect of aging in air on the reflectances of these film 
materials will be discussed. 

Finally, as space technology progresses and space observatories be
come more sophisticated , the very in teresting possibility opens up of 
coating mirrors or gratings in an orbiting satellite . Some calculations 
have been made showing that I r  overcoated with l 00- 1 5 0 A of unoxi
d ized aluminum has a high reflectance over a very extended wavelength 
region [ Hass and Hunter, 1 967 1 and that for wavelengths between 
500 A and 800 A, the I r-AI combination is considerably more efficient 
than either I r  or AI .  A brief resume of these results will be presented, 
and the factors governing the usefulness of such coatings will be dis
cussed . 
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II. Reflecting Coatings for Wavelengths Longer Than 1000 A-
AI + MgF1 and AI + LiF 
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I n  order to  obtain a better appreciation of the problems associated with 
producing highly reflecting coatings for this region, a short review of 
the optical properties of AI will be presented . 

Aluminum has a high intrinsic reflectance in the vacuum ultraviolet 
but it is a chemically active metal and combines readily with oxygen to 
form Al1 03 . This oxide layer is highly absorbing and causes the re
flectance of evaporated AI films to drop rapidly as it forms. Figure I 
shows the measured reflectance of evaporated AI coatings as freshly de
posited and after exposure to air for I h, I day ,  and I month. The 
curve labeled U H V  shows the results of a comparatively slow AI deposi
tion, 1 0-20 A/sec at I X 1 0-9 to 3 X 10"" 9 Torr, onto fire-polished 
glass [ Feuerbacher and Steinmann, 1 969 ] ; and the curve labeled 
C O N V .  V A C .  sv s .  (conventional vacuum system) was obtained from 
reflectance measurements of AI films deposited at a high rate of 
about 500 A/sec at about 3 X 1 0-6 Torr onto optically polished glass 
[Madden et al. , 1 963 ] . The higher reflectance of the U H V  curve is due 
to the smoothness of the fire-polished glass and not to the fact that the 
evaporation was performed in ultrahigh vacuum. Coatings deposited in 
ultrahigh vacuum and in conventional vacuum systems using high depo
sition rates have the same reflectance after exposure to air [ Hutcheson 

1200 1400 1600 1800 2000 2200 2400 WAVELENGTH (1) 
FIGURE I Reflectance of evaporated AI films before and after 1-h, 
14ay, and I -month exposure to air in the wavelength region from I 000 
to 2400 A. 
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528  TH IN F I L M S  

et a/. , 1 97 1 ) .  The loss i n  reflectance i s  not very great a t  wavelengths 
longer than 2000 A but becomes even greater to shorter wavelengths. 

A slight dip in the reflectance between 1 200 A and 1 300 A of the 
Al film freshly deposited in the conventional vacuum system on op
tically polished glass is caused by the surface plasmon oscillation 
[ Feuerbacher and Steinmann,  1 969 ) . This oscillation is coupled to the 
incident radiation through surface roughness. Therefore its effect is 
much less pronounced in the curve showing the reflectance of AI de
posited on fire-polished glass because fire-polished glass is smoother 
than optically polished glass. 

Feuerbacher and Steinmann [ 1 969 ) have shown that this dip in re
flectance shifts to longer wavelengths when the AI is overcoated with a 
dielectric film and that the d ip is accentuated with increasing surface 
roughness. Under ordinary conditions the effect is smal l ,  but if the op
tical system has many reflections, there may be a significant loss of 
speed in the spectral region of the surface plasmon oscil lation . 

Figure 2 shows how rapid the loss in reflectance is on exposure to air 
for the wavelengths 1 608 A, 1 2 1 6  A ,  and 1 026  A .  These measurements 
were made in a conventional vacuum system [Madden et a/. , 1 963 ) so 
that the reflectance was decreasing during the first 8 min even at pres
sures between 1 o-6 and 1 o-7 Torr. After 8 min in vacuum , the film was 

100 
- >. 1608A 

eo � 
� - ). I  16A >. 1608A 

- )1. 1  J2tiA 
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o4() \. )..I::JU :a 

20 \. >. I026A 

IN VACUUM IN AIR 

" 

L 2 4 6 8 0  4 8 12 16 20 .__ MHJTES HOURS 

FIGURE 2 Effect of aging in vacuum and in air on the reflectance 
of evaporated AI at three different wavelengths in the vacuum ultra
violet. 
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the reflectance of AI at 1 2 16  and 1 026 A .  
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exposed to air for a very short period before continuing measurements. 
During this short exposure the reflectance dropped from 75% at 1 2 1 6  A 
to about 50% and then continued to drop to 40% in the next 2 h .  The 
loss in reflectance was even more pronounced at 1 026 A; from 65% to 
approximately 30% during the short exposure to air, and with a subse
quent loss in 2 h to about 20%. At 1 608 A, the reflectance loss was 
much smaller. 

Figure 3 shows the calculated reflectance of AI + Al203 as a func
tion of oxide thickness at 1 2 1 6  A and 1 026 A .  The optical constants 
used in the calculation were those reported by Hunter [ 1 964] for AI 
and for Al203 values measured using evaporated films of Al203 • Ac
cording to the figure, an oxide thickness of 35 A, approximately the 
terminal thickness of the natural oxide that forms on AI ,  reduced the 
reflectance to about 28% at 1 2 1 6  A, in agreement with Figure 1 ,  and to 
about 1 2% at 1 026 A. This demonstrates that vacuum-ultraviolet re
flectance measurements can be an extremely sensitive tool for studying 
the oxidation of AI and of other metals. 

It has proven possible to preserve most of the high reflectance of AI 
coatings by overcoating them before formation of the oxide layer with 
a film material of high transparency in the vacuum ultraviolet [ Hass and 
Tousey , 1 95 9 ;  Angel et a/ . . 1 96 1 ; Canfield et a/. , 1 966 ; Cox et a/ . .  

1 968 ; Hutcheson et a/ . .  1 97 2b ] .  The overcoating must b e  thick enough 
to prevent oxidation of the underlying AI surface by diffusion of oxy
gen through the coating. Overcoatings of MgF 2 and LiF have been used 
and resul t in coatings having high reflectance to wavelengths as short as 
1 200 A and 1 000 A, respectively . The effect is more complicated than 
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simply preserving the AI  from oxidation because interference effects are 
involved ; hence the thickness of the dielectric coating must be precisely 
controlled for optimum results, and the effect of evaporation condi
tions on the optical properties of the overcoating materials must be 
considered. 

A special technique has been developed to monitor the thickness of 
the MgF2 or LiF overcoating by measuring the reflectance of the AI + 
dielectric coating directly at 1 2 1 6  A as the coatings are applied [ Hutche
son et a/. , 1 972a1 . Previously such monitoring was done using a quartz 
crystal microbalance [ Feuerbacher et a/ . •  1 969 1 or by optical monitor
ing at longer wavelengths [ Berning et a/ . . 1 960; Canfield et a/ . .  1 966 1 . 
Neither of these methods was really satisfactory because of the diffi
culty in relating the physical thickness indicated by the quartz crystal 
microbalance to the optical thickness of the film since the index of re
fraction of the f1lm can change with evaporation conditions. Also, op
tical monitoring at longer wavelengths is rather insensitive because it is 
necessary to calculate and measure, for the particular monitoring wave
length, the loss in reflectance equivalent to a one-half wavelength thick
ness on AI at 1 2 1 6  A. The new technique became possible through the 
combined use of a specially designed hydrogen glow lamp (R.  E.  Ruskin, 
private communication, 1 969) that emits mostly 1 2 1 6  A and an ion 
chamber [ Byram et a/ . •  1 95 8 1  sensitive only to the wavelength region 
between 1 1 40 A and 1 35 0  A. The response of the detector is controlled 
on the short wavelength side by the cutoff of the MgF 2 window ma
terial and on the long wavelength side by the ionization limit of the NO 
gas with which it is filled . 

Figure 4 is a line drawing of the hydrogen glow lamp, and Figure 5 
shows its spectral intensity distribution as measured with an ion chamber 

PYREX (22 111111 O . D . ) 
FIGURE 4 Cross-sectional drawing of the hydrogen de glow discharge tube. 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


G. Hass and W. R. Hunter 
60 

HYDROGEN ONLY 
50 

>-
!:: 20 en z LLI � 
3!; 10 

f-

-

-

-

1--

0 
1350 

.iJ.. ..W.dJ 
12� 

HYDROGEN- HEUUM 

ll .J.Jl ..A 
II� 1350 

WAVELENGTH Cl> 
1250 

53 1 

-

-

-

-

-

1 150 

FIGURE S Spectral intensity distribution of glow dischuge tubes fiUed with hydrogen only 
and hydrogen plus helium. 

and a vacuum-ultraviolet monochromator that had a grating coated 
with AI + MgF2 • The discharge current in the lamp can be adjusted 
from about 0.2 to 5 rnA,  depending on the intensity desired and re
quires from 300 to 400 V during operation. A current-regulated power 
supply ensures excellent stability over periods of a hal f  hour or more . 
Filling the lamp with a mixture of hydrogen and helium suppresses the 
many-lined hydrogen molecular spectrum below that obtained with 
only hydrogen in the lamp,  as shown in Figure 5, and does not affect 
the intensity of the Ly-a line at  1 2 1 6  A. For this purpose, however, 
ei ther filling proved satisfactory .  Since the 1 2 1 6  A radiation from the 
source is many times more intense than the molecular spectrum within 
the sensitive region of the detector, the source-detector combination is 
essentially a monochromatic optical system for 1 2 1 6  A .  

Figure 6 shows the monitoring signal during the fabrication of an 
AI + MgF 2 coating. Because the reflectance of the glass substrate was 
1 3% ,  as determined by measurements using a reflectometer, the pho
tometer-recorder was initially set at 1 3% of full scale . After deposition 
of the AI ,  the reflectance had risen to 88% of full scale. The monitoring 
signal was interrup ted for about I S  sec by a shutter that shielded the 
fresh AI coating while the AI vapor source was cooling. During the de-
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lay after deposition of the AI and until the MgF2 deposition started, 
the loss in reflectance of the AI coating was about 2%. 

The MgF2 deposition began at about 20 sec,  and the curve shows the 
reflectance of the AI + MgF2 coating as the thickness of the MgF2 layer 
increased. Nonnally , to produce coatings with highest reflectance at 
Ly�, the deposition of MgF2 would be stopped at the first half-wave 
thickness-the first maximum, as indicated in Figure 6. However, this 
deposition was deliberately continued to show the maxima and minima 
corresponding to the three, four, and five quarter-wave thicknesses. 

The Ly� monitor has also proven useful in monitoring the deposi
tion of LiF layers over AI. Although the half-wave thickness of LiF at 
1 2 1 6  A does not correspond to the thickness required for highest re
flectance at 1 026 A, it is possible to obtain , routinely , coatings with 
optimum reflectance at I 026 A by allowing the monitored reflectance 
to increase 3% beyond the quarter-wave thickness that is the first 
minimum. 

Since use of the Ly� monitor practically eliminates the variability 
of the thickness of the dielectric layer, it was possible to study the ef
fect of substrate temperature and deposition rate of the dielectric coat
ing on the reflectance of both MgF 2 - and LiF-overcoated AI. 

Figure 7 shows the effect of the MgF 2 deposition rate on the reflec
tance at 1 2 1 6  A of an AI + MgF 2 coating deposited at 40 °C.  All the 
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FIGURE 6 Trace of recorder output from Lyman� film thickness monitor during AI and 
MgF 2 depositions. 
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FIGURE 7 The effect of MgF 2 deposition rate on the reflectance at 
1 2 1 6  A of AI films coated with 250 A of MgF 2 • 
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MgF 2 layers were one-half wavelength thick at  1 2 1 6  A .  The reflectance 
rises with increasing deposition rate from 7 2% for an MgF 2 film depo
sited at a rate of 2 A/sec to a maximum of 85 .7% for an MgF2 film de
posited at a rate of about 45 A/sec. For higher rates, the reflectance 
decreases slightly ; at a rate of 75 A/sec the reflectance was 84. 1 %. The 
initial increase in reflectance with increasing rate is attributed to the 
increasing purity and compactness of the MgF 2 films that can be ob
tained using rates up to 45 A/sec. On the other hand , the higher tem
peratures needed to increase the evaporation rate beyond 45 A/sec 
can also cause decomposition of the MgF2 [ Hacman, 1 970] , which is 
the p robable explanation for the loss in reflectance at deposition rates 
higher than 45 A/sec. 

The increase in reflectance obtained by increasing the deposition 
rate of MgF 2 up to 45 A/sec is not restricted to 1 2 1 6  A .  Figure 8 shows 
the reflectance from 1 000 A to 2000 A of two AI + MgF 2 coatings, de
posited at 40 °C and at a rate of 8 and 45 A/sec. At wavelengths longer 
than 1 1 50  A, the higher deposition rate resulted in significantly higher 
reflectances. 

Using the optimum deposition rate of 45 A/sec, no significant change 
in reflectance occurred as the substrate temperature was raised from 40 
to I 00 °C. When the substrate temperature was increased to 1 50 °C,  
however, the reflectance at  12 1 6  A was about 8% lower than that mea
sured for a substrate held at 40 °C.  This loss in reflectance was probably 
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FIGURE 8 Reflectance in the wavelength region from 1 000 to 2000 A of AI coated with 
250 A of MgF 1 for MgF 1 deposition rates of 8 and 45 A/Stec. 

caused by the increased crystal grain size and surface roughness known 
to occur in  AI films deposited at substrate temperatures as high as 
1 50 °C [ Hass and Waylonis, 1 96 1 ) .  

Coatings of AI + MgF2 do not show any significant loss in reflectance, 
regardless of MgF2 deposition conditions, for periods as long as 5 
months. Previous work has shown that MgF2 -protected AI m irrors are 
very stable and are not generally affected by exposure to the atmo
sphere or even ultraviolet or charged-particle i rradiation . 

In  contrast to the results obtained with MgF2 overcoatings, the 
vacuum-ultraviolet reflectance of AI films coated with 1 40 A of LiF 
did not show any signi ficant dependence on LiF deposition rates over 
the range from 3 . 5  to 70 A/sec;  however, the reflectance of such coat
ings d id depend strongly on the substrate temperature during deposi
tion. At 1 026 A , for a deposition rate of approximately 1 5  A/sec, in
creasing the substrate temperature from 40 to 1 00 °C caused the re
flectance to increase from 74 to 8 1 %.  With a further increase in sub
strate temperature to I S O °C ,  the reflectance decreased to 77 .5%. The 
improvement in reflectance with increasing substrate temperature up 
to I 00 °C is  probably due to increased crystallinity in the LiF film, 
which may result  in a decrease in the absorption for wavelengths longer 
than 1 000 A and an increase in the index of refraction.  The loss in re
flectance for higher substrate temperatures is caused by the increase in 
roughness of the underlying AI film ,  just as with AI + MgF2 • 

F igure 9 shows the reflectance of AI + LiF films, from 1 000 to 
2000 A . The LiF deposition rate was 1 5  A/sec, and the substrate tern-
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FIGURE 9 Reflectance in the wavelength region from 1000 to 2000 A of AI coated with I40 A of LiF deposited at substrate temperatures of 40 and I 00 • C. 

peratures were 40 and 1 00 °C. The reflectance obtained with a substrate 
temperature of 1 00 °C is higher than that obtained with a 40 °C sub
strate temperature at all wavelengths between 1 026 and 1 750 A.  

Although Al + LiF coatings have h igher reflectances to shorter wave
lengths than Al + MgF2 coatings, the optical properties of LiF coatings 
are very sensitive to atmospheric water vapor, and the long-term stabil
ity of the vacuum-ultraviolet reflectances of Al + LiF coatings is strongly 
influenced by the environment in which the mirrors are stored . Infrared 
reflectance measurements made on AI coated with 5 5 00 A thick LiF 
films that had been exposed to atmospheric water vapor did not show 
the 3-�tm water absorption band that is so evident for d ielectric film 
materials such as MgF 2 , Si02 , and Ce02 when they are deposited on 
AI  to a thickness of a quarter-wave . This can be explained by the fact 
that the atmospheric water vapor reacts chemically with LiF to form a 
compound on the LiF film surface, which is absorbing throughout the 
entire vacuum ultraviolet [Patterson and Vaughan, 1 963 ) . 

Experience has shown that the loss in reflectance of Al + LiF mirrors 
was retarded considerably by storing the mirrors in a desiccator even 
though the desiccator was opened frequently to remove mirrors for 
measurement during this aging period . The loss in reflectance of mirrors 
stored 2 months in ambient air was much greater than the loss in re
flectance of mirrors stored 5 months in a desiccator, as shown in Table 1 .  
The ambient air had SO to 7CYYo relative humidity (July-August) .  

Table 2 shows a comparison of the aging of AI + LiF films, which 
were deposited at three different substrate temperatures, after being 
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536 TH IN F I L M S  

TABLE 1 Comparison of  the Effects of  Aging in  Ambient 
Air and in a Desiccator on the Vacuum-Ultraviolet 
Reflectance of Al + UF Coatings Made at 40 °C 

Ambient Air Desiccator 

Fresh Aaed Fresh Aaed 
2 Months 5 Months 

). (A) Percent Reflectance 

1 026 74.0 4 1 .6 74.4 63 .4 
1 21 6  7 1 .6 43 .6 72.4 65.6 
1608 74.5 46.9 73.0 62.3 
2000 86. 1  50.5 85 .2 8 1 .2 

stored in a desiccator for 4 months. Although the actual change in re· 
flectance with time was similar for all three films, the AI + LiF film 
that was deposited at a substrate temperature of I 00 °C still had a 
higher reflectance than the films deposited at substrate temperatures of 
40 and 1 50 °C, even after long-term aging. 

Adriaens and Feuerbacher [ 1 97 1 )  report that AI + dielectric coatings 
prepared in ultrahigh vacuum show an improvement in stability and a 
reflectance increase at wavelengths less than 1 250 A if they are annealed 
in vacuo ( H T7 Torr) at 300 °C for 60 h ;  however, there is also an ac
companying decrease in reflectance for wavelengths longer than 1 25 0  A. 

TABLE 2 Comparison of the Effects of Aging after 4 Months' 
Storage in a Desiccator on the Vacuum-Ultraviolet 
Reflectance of AI + UF Coatings Made at Three Different 
Substrate Temperatures 

Substrate Temperature 

). (A) Percent Reflectance 

1 026 
Fresh 74.4 8 1 .0 77.5 
Aaed 63 .4 76.7 72 . 1  

1 2 16 
Fresh 72.4 77.6 75 .0 
Aaed 65 .6 66 .0 59.9 

1608 
Fresh 73.0 77.0 76.2 
Aaed 62.3 68.1 63.2 

2000 
Fresh 85.2 84.4 8 1 .5 
Aaed 8 1 . 2  82.3 77.7 
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A ttempts to reproduce their results with coatings produced and an
nealed in conventional vacuum systems proved futile . 

537  

I t  would be  incorrect to  conclude that mirrors of AI  overcoated with 
MgF2 or LiF are useless for wavelengths less than 1 000 A. They are not 
so efficient as the Pt group metals, to be discussed in the next section, 
but they can be used to wavelengths as short as 500 A [ Hunter et a/. , 
1 97 1 ) .  Figure 1 0  shows the reflectance of an AI + MgF2 coating, from 
3 00  to 1 600 A, when the MgF2 layer is 250 A thick. I t  was measured at 
the three angles of incidence commonly encountered in vacuum-ultra
violet spectrometers: normal incidence , 35° corresponding approxi
mately to the Seya-Namioka mounting, and grazing incidence. Prac
tically, there is no difference between the reflectance measured at 
normal and 3 5° incidence ; both average about 1 2- 1 5% reflectance be
tween 1 000 and 500 A. At wavelengths less than 500 A, the reflectance 
decreases as the wavelength decreases, until at 300 A the reflectance is 
about 1% or less. 

AI + LiF coatings show the same general behavior as AI + MgF2 coat
ings. When the LiF overcoating is 1 40 A thick , the mirror has an average 
reflectance at normal incidence and 35° angle of incidence of about l 0% 
between 1 000 and 500 A .  Toward shorter wavelengths, the re flectance 
drops to about l% or less at 300 A .  

At grazing incidence , both types o f  coating have reflectances o f  be-
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FIGURE 10 Measured reflectance of an AI + MgF 2 mirror from 300 
to 1600 A for three angles of incidence. The MgF ,  thickness is 250 A .  
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538 T H I N  F I L M S  

tween 70 and 80%, which, although not as high a reflectance as that of 
aged AI, is still quite useful. 

AI + MgF2 mirrors with an effective half-wave thickness of MgF2 at 
1 2 1 6  A are also useful as detectors of contamination [Hass and Hunter, 
1 970; Gillette and Kenyon, 1 97 1  ) . The effective thickness of the MgF2 
layer at 2000 A, for such a mirror, is a quarter-wave. This means that at 
2000 A standing waves in the MgF2 layer have a loop at the surface,  
and at  1 2 1 6  A they have a node at the surface. Hence any thin absorb
ing layer on the MgF2 layer surface will cause very little loss in re
flectance at 1 2 1 6  A but a large loss at 2000 A. This property of AI + 
MgF2 mirrors is being utilized in the design of a contamination monitor 
that measures the reflectance at 1 2 1 6  and 2000 A simultaneously to 
detennine the onset and rate of contamination . 

III. Reflecting Coatings for Wavelengths Shorter Than 1 000 A-Pt, Ir, Os, Re, and W 

A number of metals have been found to be useful as reflecting coatings 
for wavelengths less than 1 000 A. They are Pt, l r, Os, Re, W, Rh, and 
Au, all second and third series transition metals. Some reflectance 
studies by Juenker et al. [ 1 968 ) , using solid samples of Ta and Mo, in
dicated that these metals may also be useful as reflecting films, but 
they have not yet been studied in that fonn .  Au and Rh have been dis
cussed elsewhere [Canfield et al . . 1 964 ; Cox et al. . 1 97 1 )  and will not 
be considered in this paper. Thus the metals to be discussed will be Pt, 
lr, Os, Re, and W. 

A general remark may be made about these five metals. They must be 
heated to quite high temperatures to obtain reasonable deposition rates 
(50- 1 00 A/sec) .  The vapor pressure of W remains quite low until it  
melts, which excludes the evaporation of W from hot ntaments of it
self. The other metals readily alloy with tungsten filaments or boats at 
high temperatures, therefore heating with a high-powered electron gun 
has been found to be the most convenient method for evaporating 
them. 

A .  P L A T I N U M  

Early measurements of  the reflectance of  P t  films [Gleason, 1 929 ;  Sa
bine , 1 939 ) led to the conclusion that it was the best coating m aterial 
for wavelengths less than 1 000 A .  Surprisingly enough, despite its wide
spread use , systematic studies of the optical properties of Pt films have 
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been reported for only two wavelengths less than 1 000 A :  736  and 
584 A [ Jacobus et a/. , 1 963 1 . 

539 

Figure I I  shows the nonnal incidence reflectance of an opaquely re
flecting film of Pt, deposited on a glass substrate at 300 °C ,  from 2000 
to 1 5 0  A. The reflectance decreases more or less unifonnly from a 
value of about 27% at 2000 A to about 1 4% at 70Q A.  Toward shorter 
wavelengths there is a sharp increase in reflectance , reaching a maximum 
value of 24% at 5 70 A. At even shorter wavelengths, the reflectance 
drops, goes through a second , small maximum of about 1 3% at 400 A.  
and then drops to values of a few percent or less at  wavelengths ap
proaching 1 5 0  A .  

Jacobus et a/. [ 1 963 I also studied the effect of  evaporation condi
tions and aging on the reflectance of Pt films. Since their study has 
been the only one of its kind to date ,  their findings will be briefly sum
marized below. 

The most important parameter in the preparation of Pt films is the 
substrate temperature.  Pt films deposited on glass substrates at high 
substrate temperatures have higher reflectances than those deposited at 
room temperature (40 °C) .  Elevated substrate temperatures also improve 
adhesion of the film to the substrate and help to prevent the tendency 
of thick films to crack and peel off the substrate . Thin films deposited 
at room temperature do not show this tendency . 
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FIGURE 11  Reflectance of  opaquely reflecting Pt deposited on glass at  300 •c in  the wave
length region from 150 to 2000 A .  
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540 T H IN FILMS 

Thin films of Pt on glass substrates have a higher reflectance than 
opaque films. This enhanced reflectance is caused by constructive inter
ference between the wavefronts reflected from the metal-vacuum and 
the metal-glass interfaces. Later studies showed that this is a charac
teristic of all the second and third series transitions metals studied thus 
far. 

The reflectance of Pt films is not sensitive to the pressure in the evap
orator during deposition because of the inertness of Pt. Varying the pres
sure between 1 0-4 and w-s Torr had no effect on the reflectance. 

There is no appreciable loss in reflectance with age of Pt films. Films 
stored in the laboratory did show a slight loss of I to 2% over the period 
of a year, but if they had been deposited on heated substrates the origi
nal reflectance could be restored by cleaning the surfaces with collodion. 
Collodion cleaning of Pt films deposited on unheated substrates may re
move the film from the substrate because of the poor adhesion between 
film and substrate. 

A study is now under way at the Naval Research Laboratory to mea
sure more completely the optical properties of Pt in the vacuum ultra
violet. 

B .  I R I D I U M  

The reflectance and optical constants of I r  have been reported by  Hass 
et a/. [ 1 967 ] in the wavelength range from 500 to 2000 A .  F igure 1 2 , 
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FIGURE 12 Reflectance of opaque lr fdms deposited at two substrate temperatures as a 
function of wavelength from 500 to 2200 A.  
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G. Hass and W. R. Hunter 54 1 
taken from their paper, shows the reflectance of opaquely reflecting I r  
films deposited on  a hot (300 °C) and on  a cold (40 °C)  substrate. The 
deposition rate was about 30 A/sec, and the pressure was I (}5 Torr 
during deposition . The reflectance spectrum is similar to that of Pt, al
though the reflectance values are higher than those of Pt. The long 
wavelength drop in reflectance , from 2200 to 1 600 A, also occurs with 
Pt films but at longer wavelengths so that it is not shown in Figure I I . 
A broad , low maximum occurs at about 1 1 00 A and then, toward 
shorter wavelengths, there is a sharp increase in reflectance to a maxi
mum value of 27% at 540 A .  Recent measurements made at wave
lengths shorter than 500 A have shown that a shoulder exists in the re
flectance curve at 400 A ,  where Pt has a small reflectance maximum, 
and that the reflectance drops to values of a few percent at wavelengths 
as short as 300 A .  

Over the wavelength region shown in the figure, the reflectance of 
the film deposited at 300 °C is considerably higher than the reflectance 
of the film depoisted at 40 °C. Furthermore , the increase in reflectance 
with increasing substrate temperature is not restricted to the vacuum
ultraviolet region but extends into the visible and infrared . In addition, 
films prepared on heated substrates show better adhesion . 

Owing to the inert nature of lr, the reflectance of I r  films shows only 
slight dependence on the deposition rate and pressure during evapora
tion. For depositions on substrates at 300 °C,  an increase of deposition 
rate from I 0 to I 00 A/sec and a decrease of the pressure from 5 X I (}5 
to below I (}5 Torr had practically no effect on the reflectances of the 
films. For room-temperature films, however, an increase of reflectance 
with increasing deposition rate and decreasing pressure was noticeable. 

Figure 1 3  illustrates the enhancement of reflectance obtained by the 
use of thin,  semitransparent Ir  films. The semitransparent film was 
about 1 50 A thick, and the other film was opaquely reflecting in the 
vacuum ultraviolet .  Both were deposited at a rate of about 30 A/sec on 
glass substrates at 300 °C. For all wavelengths less than 1 700 A,  the re
flectance of the thin film is higher than that of the opaque film ; while 
at longer wavelengths, and in the visible region , opaque films are more 
efficient reflectors. For monitoring the film thickness during its deposi
tion, it is important to know that a film thickness of 1 50 A deposited 
at 300 °C corresponds to a transmittance at 5500 A of about 8%. 

I r  films show practically no change in reflectance in the vacuum ultra
violet during storage in air. For most films, reflectances measured a few 
hours after deposition were the same 6 months later. Any loss in re
flectance during storage in air can be restored by rinsing with alcohol or 
cleaning with collodion . 
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FIGURE 13 Reflectance of opaque and semitransparent (t = 150 � 
lr on glass as a function of wavelength from 400 to 2200 A. Substrate 
temperature 300 °C. 

C. OSM I U M  

Recent studies have shown that evaporated films o f  O s  [Cox et a/. , 
1 97 3 ]  make excellent reflecting coatings for wavelengths less than 
I 000 A.  The Os was evaporated in an ion-titanium pumped system and 
deposited at a rate of SO A/sec at a pressure of about I <T6 Torr. Figure 
1 4  shows the reflectance of two Os ftlms from 300 to 2000 A, one ap
proximately 1 70 A thick and the other opaquely reflecting in the vac
uum ultraviolet. Both were deposited on superpolished fused quartz at 
a substrate temperature of 300 °C. As with Pt and lr,  there is a decrease 
in reflectance from 2000 to about 1 400 A ,  then a somewhat slower de
crease to about 750 A. For wavelengths below 750 A ,  the reflectance in
creases rapidly to a value of 35% for the semitransparent ftlm and 29% 
for the opaque film at 600 A .  Toward even shorter wavelengths, the re
flectance spectrum differs somewhat from those of Pt and I r  in that the 
maximum and shoulder at 400 A found in the first two metals is not 
present in Os, although there is an asymmetry to the reflectance maxi
mum at 600 A that suggests that , due to the different structure of Os, 
the feature at 400 A in Ir and Pt has been shifted to about 5 00 A, much 
closer to the large reflectance maximum. 

Table 3 shows, in more detai l ,  the dependence of the reflectance of 
Os films on the film thickness. The reflectance at different wavelengths 
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FIGURE 14  Reflectance of opaque (lower curve) and �emitransparent (upper curve) (I = 170 A) 
Os deposited on super-polished fu�ed quartz in the wavelength region from 300 to 2000 A. 

TABLE 3 Reflectance of Os Films Deposited on Glass at 
300 °C as a Function of Thickness and Transmittance at 
A546 1 A for Various Wavelengths in the Vacuum Ultraviolet 

Percent Transmittance at X546 1 A 

0.2 0.5 1 .0 2.0 5.0 10.0 1 5 .0 

Thickness (A) 

615 560 465 370 235 140 95 

X (A) Percent Reflectance 

584 26 .0 26.7 27 .7 29 . 1  3 1 .4 32 .2 30.4 
1026 2 1 .2 2 1 .5 22. 1 23 .0 24.9 25.7 24.8 
1 2 16 2 1 .5 22.0 22.6 23 .9 26.4 27.8 27.5 
1608 4 1 .0 4 1 .8 43 .0 44 .9 46.9 43 .7 37 .8 
2000 53.3 54.5 55 .6 57.3 59.2 54 .0 47 .0 
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in  the vacuum ultraviolet i s  given, a s  well as the thickness and the trans
mittance at 546 1 A, which are useful in monitoring the film thickness 
during deposition . At all the wavelengths shown, there is a pronounced 
reflectance maximum that occurs at about 1 40 A for wavelengths of 
1 2 1 6  A and less and shifts to about 235 A for wavelengths longer than 
1 2 1 6  A and up to 2000 A .  The difference between the maximum value 
of 32 .2% shown in the table for 584 A and the value of 34% shown in 
Figure 1 4  may be caused by additional roughness of the glass substrate, 
used in obtaining the results for the table, over that of the superpolished 
fused quartz substrate used to obtain the values for the figure . 

Unlike Pt and I r, the reflectance of Os films is not very sensitive to 
substrate temperature .  Increasing the substrate temperature from 40 to 
300 °C during deposition causes an increase in reflectance of only 1 to 
2%. Because of this property , Os is a very useful metal for coating replica 
gratings that cannot be heated much beyond 40 °C during the deposition. 

Loss in reflectance of Os films during storage in air is also rather small. 
A loss of 'h% in one month after deposition during storage in a desicca
tor, and of about 1 %  during storage in air, is characteristic of the films. 
This demonstrates that the oxide film that fonns on Os must be very 
thin. 

D .  R H E N I U M  

Some earlier reflectance measurements b y  J uenker e t  a/. [ 1 968 ] on 
solid samples of Re and W indicated that coatings of these metals might 
be efficient reflectors. Accordingly a study of evaporated films of Re 
and W was undertaken [Cox et a/. , 1 97 2 ] , and the results are sum
marized here . 

Figure 1 5  shows the measured reflectances of two Re films, one 
1 60 A thick ( T5500 A = 1 6%) and the other 480 A thick ( T5500 A = 2%). 
The 480 A thick film can be considered opaque from 300 to 2000 A.  
The figure also shows that there is a strong dependence of reflectance on 
film thickness but that the film thickness has very little effect on the re
flectance versus wavelength characteristic. 

At 2000 A, the reflectance of Re is decreasing with wavelength and 
reaches a minimum at about 1 200 A. Toward shorter wavelengths there 
is a broad maximum between 1 000 and 1 1 00 A , and at even shorter 
wavelengths the reflectance maximum has a value of 3 6% for a film 
thickness of 1 60 A and is quite high for this region of the spectrum. 
For comparison, the highest reflectance of thin Os films occurs at 600 A 
and is 35%. At wavelengths shorter than 630 A ,  the reflectance decreases 
rapidly to values of only a few percent at 300 A. In all respects, the re-
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FIGURE I S  Reflectance of evaporated Re fdms approximately 1 60 A thick (Ts soo A = 1 6%) 
and 480 A thick (T s soo A = 2%), deposited on glass substrates at 40 •c. 

flectance spectrum of Re is similar to that of Os, including the asym
metry of the main reflectance maximum at 630 A .  

The dependence of reflectance on  thickness i s  shown in some detail 
in Table 4 for different wavelengths in the vacuum ultraviolet .  At  5 84 A, 
the peak reflectance occurs for thicknesses between 1 20- 1 50 A and is 
approximately 33%. For an opaque film , the reflectance drops to 24%. 

TABLE 4 Reflectance of Re Films Deposited on Glass at 
40 °C as a Function of Thickness and Transmittance at 
�5500 A for Various Wavelengths in the Vacuum Ultraviolet 

Percent Transmittance at XSSOO A 
2 s 10  IS  20 2S 

Thickness (A) 

S90 480 330 2 1 S  ISO  1 20 90 

X (A) Percent Reflectance 

S84 24.0 2S.O 28.0 3 1 .0 33 .0 33.0 29.0 
736 22.S 23.0 2S.O 27.0 30.0 30.0 27.0 

1026 2 1 .0 2 1 .0 23.0 25.0 26.5 27 .0 26.0 
12 16  2 1 .0 22.0 23 .0 25.5 27.0 28.0 27.0 
1608 36.0 37 .0 4 1 .0 45 .0 44.S 40.5 36.0 
2000 43 .S 44.0 48 .0 53 .0 54.0 49.S 43.5 
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FIGURE 16 Reflectance of semitransparent Re films, approximately 
140 A thick, deposited on glass substrates at 40 and 300 •c. 

· 

This characteristic of Re films is common to all the wavelengths con
tained in the table, and the optimum thickness for Re on glass substrates 
lies between 1 20 A and I SO A .  

The dependence of reflectance on  substrate temperature i s  shown in  
Figure 1 6 . Substrate temperatures of  40  and 300 °C were used , and  the 
film thicknesses were about 1 40 A, the optimum thickness accord ing to 
Table 4. Over most of the wavelength region studied , the reflectance 
dropped as the substrate temperature rose . At wavelengths longer than 
1 800 A ,  however, there was a slight increase in reflectance. This de
pendence is not very strong, amounting at most to a few percent. I t  
appears unlikely that the Joss in  reflectance is caused by  scattering due 
to increased roughening of the film as the substrate temperature is in
creased , because the loss in reflectance for wavelengths Jess than S OO A, 
where scattering would be most effective , is negligible . As with Os, the 
fact that Re films deposited on room-temperature substrates have high 
reflectance makes Re a useful material for coating replica gratings. In  
fact, the recent successful photographs of the earth's geocorona [ Car
ruthers and Page , 1 97 2 ]  obtained by a camera taken to the moon on 
Apollo 1 6  were obtained using Re-coated optics. 

Re films show very little loss in reflectance on initial exposure to air. 
For example , an Re film deposited on a 40 °C substrate had an initial re
flectance at S84 A of 27 .9%, which did not change until exposure to air 
when it dropped to 26.2% after I S-min exposure. After 4 days' expo-
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sure the measured reflectance was 24.6%.  This change is probably due 
to oxidation, because the transmittance at 5 5 00 A increased from an 
initial value in vacuo of 1 4.5% to 1 5 .9% after 4 days' exposure to air. 
Presumably the conversion of Re to its oxide decreased the optical 
depth of the film , which increased the transmittance. 

On exposure to air containing traces of plasticizers or fumes of plastic 
cement,  a hazy, bluish scattering coating accumulates very rapidly on 
Re films, and ellipsometric measurements show correspondingly large 
changes in the relative phase change. The nature of this layer is not 
known,  but it may be caused by catalytic reaction on the Re surface. 

Re films that have been stored in a desiccator do not acquire the 
scattering layer, although their reflectances decrease somewhat. For 
example , at 584 A a film approximately 1 40 A thick, which had an ini
tial reflectance of 33%, decreased in reflectance in two months to 29%. 
At that time, a collodion cleaning caused the reflectance to increase to 
30%. Similar behavior occurs for films of different thicknesses and at 
other wavelengths in the vacuum ultraviolet up to 2000 A .  

E .  T U N GSTEN 

The reflectance spectra of four W films are shown in  Figure 1 7 . The two 
solid curves represent the reflectance resulting from a substrate tempera-
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FIGURE 1 7  Reflectance of W fdms deposited on glass substrates at 
40 and 400 •c. The approximate thicknesses of the W rums are 1 20 A 
(Tuoo A = 15 .3%), 1 50 A (T, ,.,0 A = 1 0%), and 370 A (T, ,.,0 A = 3.4 and 
3 . 1%). 
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ture of  about 400 °C ,  and the two dashed curves are for a substrate tem
perature of 40 °C. Unlike Re films, low-temperature W films have con
siderably lower reflectance than those deposited on high-temperature 
substrates. 

At 2000 A, the reflectance is decreasing with decreasing wavelength 
and reaches a minimum at 1 200 A. To shorter wavelengths, the re
flectance rises to a maximum at 970 A ,  decreases, and again reaches a 
maximum at 630 A. At shorter wavelengths, the reflectance becomes 
quite low. For wavelengths less than I 000 A, the two reflectance max
ima, at 970 and 630 A ,  are almost equal and have values of about 33%. 
At 970 A, this is the highest reflectance for an evaporated film yet re
ported. 

Figure 17 also illustrates the effects of thickness on the reflectance of 
W films deposited at 40 and 400 °C.  At both substrate temperatures, the 
reflectances of the thin films, 1 20 A thick (Tssoo A = 1 5 .3%) and 1 50 A 
thick (T5500 A = I 0% ), are higher than those of the thick films, whjch 
are about 370 A thick. This dependence is less pronounced at the higher 
substrate temperatures. 

Table 5 lists measured reflectances as a function of thickness at dif
ferent wavelengths in the vacuum ultraviolet for a substrate temperature 
of 400 °C. At 5 84 A, there is a reflectance maximum of 3 2% at a thick
ness of 1 90 A that drops to 26.5% for an opaquely reflecting film. This 
type of behavior occurs at all the wavelengths listed , and an optimum 
thickness appears to be 1 90 A for this spectral region . 

TABLE 5 Reflectance of W Films Deposited on Glass at 
400 °C as a Function of Thickness and Transmittance at 
>..5500 A for Various Wavelengths in the Vacuum Ultraviolet 

Percent Transmittance at >.SSOO A 

2 s 10 1S 20 2S 

Thickness (A) 

S70 460 3 1 0  190 130 1 1 0 as 

>. (A) Percent Reflectance 

S 84 26.5 28.0 3 1 .0 32.0 3 l .S 29.2 2S.S 
736 24.0 25.0 26 .5 28.0 28.5 27.5 26.5 

1 026 27 .5 29.0 3 1 .5 32.5 33 .0 32.0 3 1 .0 
12 16  23.0 24 .0 26 .0 28.0 29 .0 29.5 29.5 
1608 46.0 48.0 S l .S S l .S so.s 45.0 38.0 
2000 S7 .S 58.0 6 1 .0 6 l .S 6 1 .0 ss.s 42.5 
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G. Hass and W. R. Hunter 
TABLE 6 Reflectance of W Films as a Function of Sub
strate Temperature for Various Wavelengths in the Vacuum 
Ultraviolet for Films with a Transmittance of about 1 2% at 
� =  ssoo A 

Substrate Temperature 

).(A) Percent Reflectance 

584 20.0 24.5 29.6 32.3 33 .3 
736 19.8 22.8 26 .6 28.5 29.4 

1026 24 .0 27.8 3 1 .7 33 .7 34 . 1  
1 2 16 22.3 26.0 28.0 29.0 30.0 
1608 3 5 .0 4 1 .0 48.0 5 1 .6 53 .0 
2000 42.0 50.5 58 .9 62.5 63.7 

549 

Substrate temperature has a much greater effect on the reflectance of 
W films than the thickness. The reflectances of the two thin films shown 
in Figure 1 7  clearly illustrate this effect. At 630 A, these films have re
tlectances of 22 and 33% for substrate temperatures of 40 and 400 °C, 
respectively. Table 6 lists measured reflectance data that show this de
pendence in more detail for a W film approximately 1 70 A thick. At 
5 84 A, a 40 °C film reflects 20%, but at 400 °C the reflectance has in
creased to 32 .3%. At 2000 A the corresponding reflectance increase is 
from 42 to 63.7%.  Increasing the substrate temperature to values higher 
than 400 °C results in only a very slight increase in reflectance , so that 
400 °C can be considered to be a limiting substrate temperature. Films 
deposited at low substrate temperatures (40 °C)  are of no practical use 
because of their low reflectance. 

Loss of reflectance of W films on initial exposure to air is approxi
mately I to 1 . 5%. At 584 A ,  the total decrease in reflectance is about 
5% in ambient air and 3 to 4% in a desiccator during 2 months' storage. 
Reflectance losses decrease with increasing wavelength. Juenker et a/. 
[ 1 968 1 observed similar reflectance losses for their solid W samples
about 5% at 537  A. 

The initial reflectance loss and the loss occurring during storage in a 
desiccator are caused by the formation of an oxide film . Since the re
flectance of aged W films reaches a steady value, the oxide film that 
forms must be stable and must reach a terminal thickness ,  in the same 
manner as the oxide that forms on AI ftlms. I t  is much thinner, how
ever, than the aluminum oxide film that reaches a terminal thickness of 
between 35 and 40 A .  For example, a loss in reflectance at 584 A of 5% 
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corresponds to  an  oxide fUm thickness of  about 10  A .  Most of this loss 
occurs during initial exposure to air, the loss incurred by subsequent ex
posure in a desiccator being rather small. If the tungsten oxide were to 
grow to the same thickness as the aluminum oxide, the reflectance at 
5 84 A would decrease to about 1 5%,  a lower value than the reflectance 
of Pt or Ir at this wavelength, and would make W films useless as re
flecting coatings for the vacuum ultraviolet .  

IV. Two-Layer Coatings-Ir + AI 

Since it appears that no single film material exists that has a high re
flectance over a very extended region in the vacuum ultraviolet ,  calcu
lations were made to find a film combination that might have a high 
reflectance from about 500 to 2000 A. Berning et a/. [ 1 960 ) made 
some calculations showing that the reflectance of Pt films could be in
creased at 584 and 736 A by overcoating them with an AI film of the 
appropriate thickness. Hass and Hunter [ 1 967 ) have calculated the ef
fect of overcoating I r  with AI and have shown that efficient re flecting 
coatings are possible over the wavelength region from 500 to 2000 A. 

Figure 1 8  shows the calculated reflectance of lr overcoated with AI 
from 500 to 2000 A. The AI layers were 1 20 and 265 A thick, the 
thicknesses necessary to optimize the reflectance at 584 and 736  A, re
spectively. The reflectance of unoxidized At and bare Ir are shown on 
the same figure as dashed curves for comparison. For wavelengths longer 
than 850 A, unoxidized AI is unquestionably the best reflector. At 
shorter wavelengths, however, Ir coated with the proper thickness of AI 

100��---r--,---r-�---r--,---r-�--� 

� ·o�=t�==t=�����t=�� AI • ·  � 10 I : �  ;! TO f-- lt t AKt• 265�-.. �' +-+----l---+--+---+--_-1 � �o��-4-����-+--��-4--+=�� :; ISO 1----+----f>'"-----+1-t-. :..,..--"""""..--;-:::;... lr t AI(t• 12011 --+---+---+---i 
: 40  .L � • :so / / :: · · · - · - - - - ,' 
c to 1 / ·- • , . . 
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_. ·--.-.-- . . . . . . . . . 
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FIGURE 18 Calculated reflectance of lr overcoated with different 
thicknesses of AI as a function of wavelength from 500 to 1500 A. 
The dashed lines show the reflectances of lr and AI for comparison. 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


G. Hass and W. R. Hunter 
7 0  

8 0  

1\ 
\� 

[\, 
'\ ' ... I'. ... 

738)-..,. 1 0  

0 

... 584 1 

�--- - - - --- - -1.=::: -::::::: 
0 � � � � � � � � " � 

TH IC K NESS at' A'a0. IN ANISTitOM UNITS 
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reflectance of lr coated with AI (t = 265 A) as a function of the AI.o, 
thickness at 736 and 584 A. 
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is considerably more efficient than plain AI or Ir and stilt shows a rather 
high reflectance at longer wavelengths. An AI overcoating of 1 20 A 
gives a more uniform reflectance over the entire wavelength region, 
while a layer of AI 265 A thick is superior for all wavelengths longer 
than 670 A. 

Both of these studies pointed out that if an oxide layer formed on 
the AI film , its high absorptance would cause a drastic reduction in re
flectance. Figure 1 9  shows the calculated effect of thin surface films of 
Al2 03 on the reflectance of Ir  + AI coatings at 736 and 584 A. At 
736 A, the AI coating was 265 A thi�k for maximum reflectance at this 
wavelength. As the thickness of the oxide film increases, the reflectance 
decreases until , at an oxide thickness of 35 A, the reflectance is about 
3%, which is much less than the reflectance of bare Ir. A smaller but 
still intolerable reflectance decrease is caused by the oxidation of AI at 
5 84 A on lr + AI coatings designed for highest reflectance at this wave
length . This undesired behavior is also to be expected at all wavelengths 
from 500 to 1 500 A, because Al2 03 is highly absorbing over this wave
length region .  Furthermore, film materials with low absorptance over 
this entire wavelength region that could be used as oxidation-preventing 
protective coatings are unknown. 

Such film combinations must be produced and stored in an environ
ment where the partial pressure of oxygen is low enough so that no ap
preciable oxide layer forms during the time of their use. Since orbiting 
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satellites may exist in such an  environment, the most likely application 
of highly reflecting lr + AI coatings is in satellitebome spectrographs or 
extreme-ultraviolet telescopes. An estimate of the altitude necessary to 
retard the AI oxidation to a negligible rate can be obtained in the fol
lowing manner. I f  the oxygen partial pressure is I o-6 Torr and the 
sticking coefficient is unity, a monolayer of the oxide forms in about 
I sec,  hence for the mirror to have a lifetime of I yr, where l ifetime is 
arbitrarily defined as the time required for the formation of a mono
layer, the oxygen pressure must be approximately 1 0" 13 Torr. The alti
tude required for an oxygen pressure this low can be estimated by an 
extrapolation of published data [ Roberts and Vanderslice , 1 963 1 and 
is about 1 500 km. 

In the discussion of oxygen pressure and probability of oxidizing a 
fresh AI surface in the upper atmosphere , the space vehicle with the 
coating was assumed to be stationary. In  reality , the spacecraft, es
pecially in a low orbit ,  has a velocity considerably in excess of that of  
the average molecule, atom , or  ion. Thus, the gas pressure a t  a given 
area of the satellite is highly directional , having a maximum when lo
cated normal to the forward movement and a minimum when pointing 
in the opposite direction. In addition, gas particles striking the surface 
have much higher velocity and , therefore ,  a greatly different sticking 
probability than the ones impinging on a stationary object. This makes 
it difficult to estimate the l ifetime of Ir + AI mirrors at altitudes below 
1 500 km. 

In principle, the vacuum-ultraviolet reflectance of various other sec
ond and third series transition metals can also be increased using an 
overcoating of AI. There is always the danger, however, that the two 
metals will diffuse into each other and spoil the coating. The interdiffu
sion of Au and AI layers, for example, is well known and , at room 
temperature, can be complete in from 6 months to a year with severe 
deterioration of the coating [ Hunter et a/. , 1 97 2 ] . Hence , the compati
bility of the two metals vis..iz-vis interdiffusion must be determined be
fore they are used to coat flight optics. 
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H I D E O  I K E D A ,  H I D E K I  A K A S A K A ,  and  
Z E N J I  W A K I M O T O  

MuLTILAYER 
ANTIREFLECTION 
COATINGS FOR 
ULTRAVIOLET 
(200-400 nm) AND 
APPLICATION 

I. Introduction 

In N A S A  planning, spectral photographic experiments have been pro
posed to photograph the earth's ozone layer in the range 255-285 nm 
and twiligh t airglow horizon in a broadband ultraviolet region such as 
200-400 nm with a uv camera .  

Practically available materials for making ultraviolet lenses are limited 
to CaF2 , Si02 , LiF ,  and a few other materials. Since these materials 
have relatively low refractive indices and small differences in d ispersion, 
a number of lens elements are required for faster lens speed. Multilayer 
antireflection coatings for the ultraviolet enable one to increase the 
number of lens elements without decreasing transmission. 

For this purpose , we have developed design and manufacturing tech
niques for uv broadband multilayer antireflection coatings. 

The authors are at Nippon Kogaku K.K., Tokyo, Japan; the first two named are in 
the Research Laboratory, and the third is in the Optical Designing Section. 
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II .  Design Concepts for Ultraviolet Antireflection Coatings 

A .  S I N G L E  L A Y E R  

555  

At first, w e  consider the possibility o f  a broadband single antireflection 
coating of other than a quarter-wavelength, for the ultraviolet range 
between 200 and 400 nm. We assume CaF2 or Si02 to be the substrate. 

In this case, we can adopt as optical thickness of the layer (:\0 /2)m 
instead of (X0 /4)m (m = 1 ,  2 ,  . . .  ) ,  where :\0 is the design wavelength in 
the ultraviolet range. The results obtained by the vector method clearly 
show that the most suitable layer substance should have a refractive 
index between 1 .3 and 1 . 1 .  

Figure 1 indicates the optimum refractive indices obtained by the 
vector method for each wavelength. Figure 2 shows the reflectance of a 
single layer of the optimum refractive indices when the optical thickness 
is kept to :\0 • Of course, it is impossible to obtain a substrate with such 
an index and dispersion in the ultraviolet. 

B .  SY M M E T R IC L A Y E R  C O M B I N A T ION 

We already know the theory of "equivalent layer" introduced by Herpin 
[ I 947 ] . He has shown that a symmetric layer combination can be re
placed by a single layer, called the equivalent layer, having a different 

... _ _  - - - - - - - - - - - - - - - - - - - - -

400 

FIGURE 1 Refractive index as a function of wavelength for various 
designs. - Single layer (from vector method). -- Equivalent 
layer (three-layer combinations) . -----· Quasi-symmetric three-layer. 
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FIGURE 2 Reflectance as a function of wavelength for various 
design• using the optimum refractive index. - Single layer (from 
vector method). -- Equivalent layer (three-layer combinations). 
-----· Quasi-symmetric three-layer. 

refractive index for each wavelength. The equivalent layer has a nearly 
constant refractive index over some region of wavelength. The index 
changes remarkably outside this region. 

It may seem likely that the single layer suggested in Sec. l .A can be 
approximately replaced by a symmetric three-layer combination if the 
combination can be suitably chosen. Unfortunately , however, this is not 
the case, as is shown by the curve 2 of reflectance in Figure 2 and by 
the curve 2 of equivalent index in Figure 1 .  It is apparent that the re
flectance obtained is not satisfactory .  This is due to the limited avail
ability of substances that are transparent and physically and chemi
cally stable. 

C . Q U A SI-SY M M ET R IC L A Y E R  C O M B I N A T IO N  

We have found that i f  the equivalent refractive index could increase or 
decrease by just a small amount,  say 5%, for each wavelength , the above 
symmetric three-layer coating would be greatly improved . 

To do this, it is enough to convert the symmetric combination to a 
slightly asymmetric one, as will be d iscussed later. 

Asymmetric three-layer combinations can be logically divided into 
the following two categories :  The first is asymmetric with respect to re
fractive index but symmetric with respect to thickness. This is called a 
quasi-symmetric layer of the first kind . The second is specified as asym-
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metric with respect t o  thickness but symmetric with respect t o  the re
fractive index and is called a quasi-symmetric layer of the second k ind. 

Quasi-symmetric Three Layers of the First Kind A slightly asymmetric 
three-layer combination can be constructed from an original symmetric 
one that is characterized by equivalent  index N and equivalent optical 
thickness, and where D is equivalent thickness. I t  is expressed in term 
of Herpin matrix M 1 : ( cos g1 

M , = 

·(n 1 + .1n) sin g1 

where 

i . ) ( 
+

A sm g1 cos g2 
n 1  un 

cos g1  in2 sin g2 

i . ) - sm g2 
n2 

cos g2 

i . ) 
- sm g1 
n ,  

cos g1 

nd/)..., is optical thickness measured in design wavelengths, n; is the re
fractive index of the ith layer within the combination , lln is the differ
erence in refractive indices of the outer layers, and lln << n. 

The matrix is approximately rewritten as 

i . ) - sm g1 
n ,  

cos g1  

; 
. ) - sm g2 

n2 

cos g2 

, 

; 
. ) - sm g1  

n ,  

cos g1 

0 � ( cos e isin 8) 
n 1  + on 

' 

n ,  / Stn 8  COS 8 
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where 9 = 27r(ND/X, )(A,/X), ND{X, i s  the equivalent optical thickness for 
the original symmetric layer. 

This expression means that a slightly asymmetric three-layer combi
nation can virtually be considered as a symmetric three-layer combina
tion that has an equivalent index N and equivalent  thickness D 1 , 
which are functions of N 1 • and D 1 • , respectively ,  with a parameter 
of a =  t!n/n 1  as follows : 

cos e• ""' [• + 2(�: aJ cos e, 

where a =  f!n/n 1 , 9 1  • = 27r(N1 •D•/X), 9 = 27r(ND/X). 

The asymmetric combination with different a's is equivalent to a 
single equivalent layer of different index and optical thickness. In  other 
words, the idea of equivalent index or optical thickness of a quasi
symmetric layer can be obtained from that of symmetric layers. Intro
ducing such a modification in the preliminary design, we get a reflec
tance curve shown by curve 3 in Figure 1 .  

I t  is to be noticed that the quasi-symmetric layer combination might 
be simplified by equalizing the refractive index of the innermost layer 
with that of the substrate material, for we can eventually exclude the 
innermost layer. The example will be given in Sec. Ill .B as Type 1 and 
Type 4. 

Quasi-symmetric Three Layers of the Second Kind Similarly , a slightly 
asymmetric three-layer combination with respect to optical thickness 
can be constructed from an original symmetric one. ( cos c5 

M2 = ME 
·n , sin c5 

!_ sin c5) 
n ,  

' 

cos c5 
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where ( cos gt 
ME = 

'n 1 sin gt 

- sm g1 cos g2 j 

0 )( n�os gt jn2 sin g2 

- SffiK2 cos g1 
j 

0 )( n:os g2 jn 1 sin g1 

559 

j 
0 ) -SffiKt n t  

COS Kt 
This combination can be virtually considered as a symmetric three-layer 
combination of equivalent index N2 * and of thickness D2 • , as 
follows: 

where 

N • = N [t - (a + b )k] � 
2 1 + ak ' 

a = (N - n 1 )/n 1 , b = (N - n 1 )/N, 

k = sin 6 sin 9/sin (9 + 6 ). 

In  this case, the expression of the equivalent index and thickness con
tains three parameters a, b, and 6 or k. With these parameters suitably 
chosen, this kind of quasi-symmetric layer can replace a layer with a dis
persive index and dispersive optical thickness of a much wider range in 
magnitude and spectral variation than the first kind of quasi-symmetric 
layer. 

Ill. Computer Design Based on Quasi-symmetric Layers 

A design of thin-film systems has to detennine optical thickness and 
optical index (or material) for each layer. We call these the design pa� 
rameters of a thin-film system. Many attempts have been made to use a 
computer to automatically search and find a solution for the design 
parameters. The concept of quasi-symmetric layers simplifies the auto
matic approach to thin-film systems design . 

A. C O M P U T E R P R O G R A M  FO R A U TO M ATIC D ES I G N  

As is shown in  Pigure 3 ,  our design system consists of  three steps : first
order design, optimization , and refinement. 
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FIGURE 3 Block diagram of computer 
program for au tom a tic design. 

T H I N  F I L M S  

1 .  First-Order Design Step By utilizing an analytical synthesis method 
such as Kard's [ 1 95 7 I ,  Delano's [ 1 966 I ,  or the graphical technique on 
a computer display , we can determine a system of imaginary layers 
whose properties are specified to be in accordance with required char
acteristics. The simplest system may be a single layer, as shown in Sec. 
l l .A. Then, we proceed to convert the required system of imaginary 
layers into an actual one. First , as shown in Figure 4, we choose several 
usable materials and make all possible quasi-symmetric combinations 
from three arbitrary materials with suitable thickness (but we neglect 
dispersion of the materials at this step). Then, the equivalent indices 
(E I )  and equivalent optical thickness (E T )  corresponding to those com
binations represent so many points in the E I-E T plane or network. Out 
of these net elements, we then look for a set of the elements whose 
characteristics best approximate those of the required system of equiv
alent layers. This is easily done if we optimize the merit function for 
each set of the elements by the modified simplex method. After the 
best set of net elements has been found , it  can be interpreted as a set of 
combinations of quasi-symmetric layers. These are the actual design 
parameters of the solution. The first-order design step may be pro
grammed for the computer. 

2. Optimization Step The design parameters of the first-order  design 
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FIGURE 4 Block diagram of computer 
program for generating design parame
ten. 

56 1 

are the initial data for the optimization step. The optimization is based 
on the so-called parabolic approximation method [Meiron and Volinez, 
1 960 ) , which uses a stored characteristic target function such as 

where 

that is to say, weighted mean of sub target functions over the intended 
wavelength band. 

At this step, we can take into consideration the dispersion of 
materials. 

3. Refinement Step If we want to use only a few particularly useful 
materials such as MgF2 , Si02 , or NdF3 for some or all of the layers, we 
can utilize again the concept of the quasi-symmetric layer at this step. 
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B .  O U TC O M E O F  D E S I G N  

Using the above-explained automatic synthesis program on the IBM 
360/75 I  (or IBM 370/ 1 65 ) ,  we systematically obtained the following 
"A./4 stacked antireflection coatings for the ultraviolet from 200 nm to 
400 nm : 

Type 1 :  S-"A./4-"A./4-air, S-"A./2-"A./4-air. 
Type 2 : S-"A./2-"A./2-"A./4-air, S-"A./4-"A./2-"A./4-air. 
Type 3 :  S-"A./2-"A./4-"A./2-"A./4-air, S-"A./4-"A./4-"A./2-"A./4-air. 
Type 4: S-"A./4-"A./2-"A./2-"A./2-"A./4-air. 

The reflectance characteristic is plotted in the form of equireflectance 
contours in a plane defmed· by the angle of incidence and the wave
length. Figure 5 shows the average reflectance contour for Type 1 (tw� 
layer coatings) ; Figure 6 its equireflectance contours for the 
p-component and s-component of Type 1 coatings; Figure 7 the equi
average-reflectance contour for Type 4 (five-layer coatings) ; and Fig
ure 8 equireflectance contours for the p-component and s-component 
of Type 4 coatings. Figure 9 show the calculated reflectance curve of 
Type 1 and Type 4 coatings. 

-... 
:C( 
.E 
-., 
u c: 
I 
u c: .... 

Wa�length(nm) 
FIGURE 5 Equireflectance contoun for two-layer uv antireflection 
coatinp on CaF 2 •  110 = 1 .0, 11, = 1 .405, 112 = 1 .65, 112 = 1 .465. 
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....... ., u c � 
u 
c .... 

Wav•l•ngth( nm) 
FIGURE 6 Equireflectance contours for two-layer uv antireflection 
coatings on CaF2 . 110 = l .O, n ,  = l .40S, n2 = l .6S , n1 = 1 .465. -
s-reflectance; • • • • •  p-reflectance. 

-... 
:c 
.E 

-., u c ., :2 u c ' \ .... \ 

l5 \ \ 
., 2' 4( 

FIGURE 7 Equireflectance contours for fiVe-layer uv antireflection 
coa lings on CaF 2 • 
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-... 
:c( 
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Wavelength( nm) 
FIGURE 8 Equireflectance contours for five-layer uv antireflection 
coatings on CaF 2 •  - 1-reflectance; ---- p-reflectance. 

1 

Dl Wavelength (nm) 

. . . . . . . I 

FIGURE 9 Calculated reflectance in air versus wavelength for Types 1 
and 4 antireflection coatings on CaF 2 •  L. Type 1 ;  2, Type 4 .  

IV.  Method for Controlling Optical Thickness 

Taking advantage of the fact that our designs are all combinations of 
the X0 /4 or X0 /2 thick layers with designed wavelength X0 in the ultra
violet range, we carried out thickness monitoring by measuring the re
flectance of evaporated layers for visible monochromatic light of 
'AM = 2'A0 • 
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If  we neglect the dispersion of materials, the optical thickness :\0 /2 
corresponds to :\M /4 and :\0 /4 to :\M /8. 

As is easily seen, the evolution of reflectance change in the course of 
evaporation manifests the steepest slope when the optical thickness is 
:\M /8 (one eighth of the monitoring wavelength).  This is true whenever 
the substrate is base or stacked with multiple :\M /4 (quarter-wavelength) 
layers. Therefore, monitoring of the :\M /8 layer is rather easy and ac
curate. We actually obtained a relative error of thickness monitor-
ing within 6% for the Types 1-4.  This accuracy was sufficient to main
tain the characteristic reflectance of designed multilayer coatings. 

V. Application 

A .  U L T R A V IO L E T  C A M E R A  U S E D  F O R  T H E  N A S A  P R O J E C T  

In the N A S A  project, multispectral photographic experiments have been 
conducted by photographing the earth's ozone layer and twilight air
glow with visible and ultraviolet light simultaneously. 

Two cameras, one for the uv and the other for visible, were used. The 
uv camera is used to take a picture of ozone clouds of various thickness, 
which reflect ultraviolet sunlight, and the visible camera is used to take 
the usual color photograph of the area viewed by the ultraviolet camera. 
The uv light is filtered through a broadband filter corresponding to the 
absorption band of ozone (255-275 nm or -320 nm) .  The photographs 
taken simultaneously with the visible camera permit us to evaluate the 
reflections from various terrain and cloud features beneath the ozone 
layers. These cameras are also intended for twilight and nighttime hori
zon airglow photography. The uv lens for the uv camera should have 
the same focal length, aperture , and field of view as the standard lens 
for the Nikon F camera . 

B. A N T I R E F L EC T IO N  C O A T I N G  A N D  U L T R A V IO L E T  L E N S  

Multilayer ultraviolet antireflection coatings are of value for increasing 
the number of lens elements in an optical system in order to obtain 
high optical performance. 

This uv, 55-mm (f/2) lens is composed of 1 2  separate lens elements, 
made of quartz and fluorite. It is corrected for uv wavelength (200-
400 nm) with an aperture of f/2 ,  field of view 43° , and back focal 
length of about 40 mm for the 35-mm format. Figure 1 0  shows this uv 
lens section. 

The T-number 3.5 without uv antireflection coatings for this lens 
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FIGURE 1 0  Ultraviolet lens section. 
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FIGURE 1 1  Comparison of theoretical (curve) and experimental (points) spectral transrniJ. 
Ilion as a function of wavelength. 

FIGURE 1 2  MTF curve for the uv 
55-mm (//2) lens. 
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could be improved up to about 2.5 over the entire wavelength region 
with a "A./2 (NdF3 ) + "A./4 (MgF2 ) uv antireflection coating. Figure 
1 1  shows the calculated spectral transmission curve and the dotted 
point measured by N A S A .  Figures 1 2- 1 7  show the modulation transfer 
function. Figures 1 8-20 show the measured value of the resolving power 
test by N A S A .  This multilayer coating has an extremely low solubility 
in water, so it may be useful in a very humid environment. 

The development of multilayer antireflection coatings for the ultra
violet has contributed greatly to ultraviolet optical system design. 

FIGURE 13 MTF curve for the uv 
SS-mm (//2) lens. 

FIGURE 14 MTF curve for the uv 
SS-mm (//2) lens. 

FIG URE 15 MTF curve for the uv 
SS-mm (//2) lens. 
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FIGURE 16 MTF curve for the uv 
SS-mm if/2) lens. 

FIGURE 17 MTF curve for the uv 
SS-mm if/2) lens. 

FIGURE 18 Resolving power of the uv 
SS-mm if/2) lens. 
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FIGURE 19 Resolving power of the uv 
55-mm (J72) lens. 

FIGURE 20 Resolving power of the uv 
55-mm (//2) lens. 
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J .  A .  D O B R O W O L S K I 

AN AUTOMATIC 
THIN-FILM 
INTERFERENCE 
FILTER DESIGN 
PROGRAM BASED 
ON THE USE 
OF MINUS FILTERS 

Introduction 

Optical filters are used in many instrument packages for the remote 
sensing of earth resources, pollution control and surveillance , and in a 
number of satellite-based scientific experiments [Katz, 1 972 ) . Often 
simple bandpass or cutoff filters are all that is required . Present-day thin
film interference fllters fill this need adequately. 

For other applications, fllters with rather complicated transmittance 
curves extending over broad spectral regions would be useful, but until 
recently there was n() certainty that they could always be made. Filters 
of this type are generally constructed from colored glasses and other ab
sorbing materials. However, at times satisfactory solutions cannot be 
found because of a lack of materials with suitable spectral absorption 
characteristics. 

This paper describes a new automatic thin-film synthesis program for 
the design of fllters with complicated spectral transmittance characteris
tics. Its chief advantage over previous thin-film design techniques is that 
it should yield a solution to any reasonable filter problem. 

The author is in the Division of Physics, National Research Council of Canada, 
Ottawa, Ontario, Canada K 1 A OS 1 .  
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J. A. Dobrowolski 57 1 

The simplest of the previous design methods are the refinement pro
grams [Baumeister, 1 95 8 ) . These improve the performance of a multi
layer that is close to the desired performance by repeatedly making small 
changes in the thicknesses and refractive indexes of the layers. The pro
cedure does not work well unless a reasonable starting design is available. 

Several automatic thin-film synthesis programs have also been de
scribed in the past. In some of these, the performance of a starting design 
is improved by making random, drastic changes in one or more of its 
construction parameters and by refining the resulting system [ Ermolaev 
et a/. , 1 962 ) . In others, a suitable multilayer is gradually evolved by the 
repeated addition of appropriate layers to an existing multilayer [ Dobro
wolski, 1 965 ) .  Although the probability of finding a solution to a prob
lem is greatly enhanced by these methods, there will be times when the 
programs will not yield a practical solution without an excessive expendi
ture of computer time. 

The Minus Filter Method 

The present method is based on the use of minus filters (Figure I ) . These 
are filters that transmit freely all the radiation incident upon them except 
in a narrow spectral region.  They are characterized by the minimum trans
mittance, the wavelength at which it occurs, and by the half-width of 
the rejection region. 

By placing in series a number of appropriately chosen minus filters, 
one can reproduce a desired spectral transmittance curve over a restricted 
range within any required tolerance (Figure 2) .  Should the desired curve 
be very complicated , or the tolerances very tight, the number of minus 
filters required will be large and the resulting system may not be very 
practical . 

More than one minus filter can be deposited onto the same substrate 
surface without interference provided that only one of these filters has a 
transmittance significantly less than unity at any wavelength of interest . 

To avoid errors in the overall transmittance it is necessary to prevent 
light that has undergone multiple reflections at the various surfaces of the 
component filters from falling onto the detector (Figure 3) .  Reflections 
originating at the air-substrate interfaces can be removed with antireflec
tion coatings or by cementing. To remove reflections from the substrate
multilayer interfaces, the various components must be sufficiently in
clined to one another to permit a spatial separation of the multiply 
reflected from the directly transmitted beams. This could be done by 
depositing the filters on wedged substrates. 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


FI LTER DESIGN USI NG MINUS F I LTERS 

WAVELE NGTH -

FIGURE 2 Principle of falter design with minus falter components. 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


J. A .  Dobrowolski 

THE VARIOUS MINUS FI LTERS 

FIGURE 3 Typical interreflections occurring between the various 
minus filter components. 

Computer Program 

573 

The computer program that automatically finds the parameters of a set 
of minus filters necessary to achieve a certain spectral transmittance 
makes use of the type of minus filter described by Thelen [ 1 97 1 ]  . They 
consist essentially of a central two-material reflecting stack surrounded 
on both sides by special antireflection coatings that reduce the ripple in 
the transmission regions. 

The only mandatory input to the program is the desired spectral 
transmittance (Figure 4 ). One can read in the performance or the con
struction parameters of several initial filters chosen by experience or 
obtained from previous calculations. Next the transmittance curve is 
calculated of the filter that, when placed in series with the existing filters, 
would yield the desired spectral transmittance. Unless otherwise in
structed , by examining this "residual" transmittance curve the computer 
program will automatically find the most advantageous spectral region 
for placing of the next minus filter. A first estimate is now made of the 
rejection wavelength and the number and refractive indexes of the layers 
of an appropriate minus filter. This filter is optimized by modifying the 
rejection wavelength and the refractive indexes of the layers. A search is 
then carried out to see whether minus filters consisting of a smaller or 
larger number of layers would yield a better result. The best of the minus 
filters found is retained. A number of tests determine whether the cycle 
for the selection of another minus filter is to be repeated . 
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FIGURE 4 Flow of calculations in the computer program. 

Examples 

It is possible to obtain very good solutions with minus filters only. But , 
in general , such solutions will consist of many components, and the total 
number of layers will be large. More practical solutions consisting of far 
fewer layers are obtained if the minus filter program is used to generate 
a comparatively rough solution that can serve as a starting design for 
refinement or for further calculations with one of the other existing 
automatic thin-film synthesis programs. Examples will now be given of 
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both types of solution. Where filters were refined , the thicknesses of the 
layers were varied individually , but the refractive indexes were kept 
constant. 

A .  A C O M B F I L T E R  

The desired spectral transmittance curve for this filter consisted of a 
number of regions of alternately high and low transmittance (Figure 5 ). 
Because the regions were equispaced on a wavelength scale, solutions 
based on multiples of quarter-wave layers centered at one wavelength 
would be difficult to achieve. The narrowness and high contrast of the 
spectral features indicate that the solution must consist of many layers. 
It is therefore unlikely that solutions to this problem would be found for 
a reasonable expenditure of computer time with any of the other known 
thin-film synthesis programs. 

The solution obtained with the present program consisted of two 1 9-
and one 2 1 -Iayer minus filters centered at X =  1 .343 , 1 .647 , and 1 .947 
J.tm. The rejection regions of these components do not overlap, and so 
they can be combined to form one 6 1 -layer filter. The calculated trans-
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FIGURE S Calculated results for a comb filter. 
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mittance of this filter does not differ significantly from that of the three 
individual components placed in series. If necessary, the transmittance of 
the filter could be improved in the high transmittance region by further 
refinement. 

B. T R IA N G U L A R  F ILTER  W ITH Z E R O  T R ANSM ITTA N C E  AT  0 . 5 5 pm 

The desired spectral transmittance curve for this filter is shown in Fig
ure 6a. The difficult feature in this filter is, of course, the cusp at 0.55  
�tm. The performance o f  a system consisting o f  two m inus filters o f  1 3  
and 9 layers each i s  inadequate (Figure 6c). B y  the addition of another 
minus filter of 1 3  layers, the desired curve can be met within ±7% (Fig
ure 6b ) .  But essentially the same performance can also be obtained by 
refining the two minus filters,  and yet this solution consists of 1 2  fewer 
layers (Figure 6d) !  

FIGURE 6 Triangular filter wi th  zero 
tranllllittance at X = 0.55 pm. 
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C .  TR IA N G U L A R  F ILTE R W ITH UNIT T R A N SM ITTANCE  AT O . S S  jim 

The desired spectral transmittance curve for this filter is shown in Fig
ure 7a. The calculated transmittance of a four-component solution ob
tained with the aid of the computer program was within ±7% of this 
curve (Figure 7b).  The filters can be combined in pairs and deposited on 
opposite sides of the same substrate. Refinement results in a system of 
two filters with a significantly improved performance of ±3% and a re
duced number of layers (Figures 7a and 7c). 

1 .0 
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FIGURE 7 Triangular filter with unit transmittance at X = O.SS jim. 
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D .  F I L T E R  W IT H  A T I L  T E D  S I N E  S H A P E  

In the next example the desired transmittance curve was a sine curve 
drawn on the line joining the points (T = 0, X = 0.4 s.tm) and (T = 1 .0, 
X = 0. 7 s.tm) , as shown in Figure 8a. This curve was chosen because it is 
rather difficult to obtain an extended region of constant transmittance 
of moderate value bordered on the side by a sharp transition to a high 
transmittance zone. The performance of a three-component solution to 
this problem is indicated by the curves of Figures 8a and 8b. The most 
serious departure from the desired curve occurs at the X = 0. 7 s.tm edge. 
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� Q  <l: U  0.10 a �  ...J I- 0.05 q: -u ::E  , (f)  0 o z w <t  a:: a:: (;; 1- -0.05 w 
0 -0.10 

b 

a 

/ 
/ 

THREE MINUS ALTERS '\. =,_....;;=/=· ·· · ·-· � '\. . ·  _, / 
. . .  

/ 

0.6 
X ( in fLITI) 

THREE MI NUS FILTERS 

FIGURE 8 Filter with a tilted sine lhape. 
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E. A Y>. T R l S T I M U L U S  F I L T E R  

The last example i s  a Yx tristimulus filter for use in  a colorimeter (Fig
ure 9a) . The performance of a solution based on four minus filters with 
a total of 44 layers would be adequate for most applications (Figures 9a 
and 9b) .  But it is possible to obtain a more economical solution. Two 
minus fllters whose performance was quite inadequate (Figure 9c) were 
combined and served as a starting design for calculations with a different 
thin-film synthesis program. The 24-layer filter that resulted had a per
formance that was comparable with that of the 44-layer solution (Fig
ure 9d). 

1 .0 
a 

0.6 
� z 
� 0.6 .... :i en 
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FIGURE 9 A tristimulus )i). filter. 
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Conclusion 

To summarize, this paper describes a computer program for the auto
matic synthesis of optical filters with prescribed spectral characteristics 
that is based on the use of thin-film minus filters. The program is a useful 
complement to other existing methods of thin-film design. Theoretically 
it yields a solution to any problem providing that the spectral range over 
which the filter is defined is not excessive , even when the desired trans
mittance approaches unity in some parts of the spectrum. Naturally a 
complicated transmittance curve or tight tolerances will lead to a complex 
thin-film system. The method is very fast compared to other programs. 
For example , the time taken to obtain the four-component solution to 
the h filter was about I min on an IBM 360/67 computer. 

Disadvantages of the method are that the solutions often consist of 
more layers than those obtained by other methods and that sometimes 
the individual filters cannot be combined to form a single thin-film 
system. 

The program has been demonstrated successfully on a number of 
rather difficult hypothetical problems. It seems now probable that with 
the aid of this and the other existing thin-film synthesis programs one 
should be able to find a satisfactory solution to any likely ftltering prob
lem in the visible and near-infrared spectral regions. It has been demon
strated before that ftlters of this type can be made in practice [ Dobro
wolski, 1 970) . It is true that the solutions might at times be rather com
plicated and expensive to produce, but probably this would not be a 
deciding factor for any space applications. 

I would like to acknowledge the contribution to this work of S.  Cairns, who carried out much 
of the initial programming. 
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E B E RH A RD SPIL L E R  

MuLTILAYER 
INTERFERENCE 
COATINGS FOR 
THE VACUUM 
ULTRAVIOLET 

Introduction 

It has been shown recently that low-loss coatings can be made using ab
sorbing materials. A material with a large absorption index can have very 
small absorption losses if its environment is properly designed. This fact 
has been known since the last century. Wiener [ 1 8901 showed that light 
is not absorbed in the nodes of a standing wave in front of a mirror. In a 
perfect crystal , an anomalously high transmission has been observed for 
x rays incident at the Bragg angle [ Borrmann, 1 94 1  1 . This anomalous 
transmission is due to the fact that in this case a standing wave exists in 
the crystal with the atoms positioned in its nodes. The induced trans
mission filter [Berning and Turner, 1 957 1 was the first application of 
these observations to the design of optical coatings ; their filter can be 
described as a Fabry-Perot interferometer with a thin metal 1ayer posi
tioned in a node of the standing wave between the two Fabry-Perot 
mirrors. 

We will describe in this paper multilayer coatings that use absorbing 

The author is at the IBM Thomas J. Watson Research Center, Yorktown Heights, 
New York 1 0598. 
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582 T H I N  F I L M S  . 

TABLE 1 Applications of Multilayer Coatings of Absorb
ing Materials Discussed in this Paper 

Wavelength Region 

50-900 A 

1 100-2500 A 

Applications 

Mirrors 
Polarizers 
Beam SPlitters 
High-reflectivity mirrors 
Beam splitters 
Interference fdters 
Antireflection coatings 

materials. In the first section, we will discuss some general properties 
of these coatings and prove that, in theory, absorption-free coatings are 
possible. In the next two sections, we will discuss coatings for special ap
plications in detail .  Table I lists the applications that we consider impor
tant and that will be treated in the paper. We will also discuss some 
experimental results. 

Theoretical Considerations 

Every discontinuity of the complex refractive index n (n = n + ik) causes 
a reflection of an incident wave at the boundary. This reflection is very 
small if the change in the optical constants is very small ; however, if we 
add more boundaries in such a way that all add in phase to the reflected 
wave, then the reflected intensity increases proportional to the square of 
the number of boundaries N2 until it reaches a final value due to either 
depletion of the incident beam or absorption. Without absorption , all the 
energy is in the reflected beam when the incident beam is depleted. A 
reflectivity R = I can be obtained in theory with arbitrarily small dif
ferences in the refractive index. I f  we use absorbing films, one generally 
assumes that additional absorption losses will limit the reflectivity obtain
able to much lower values. This assumption, however, is wrong, and we 
now want to prove the following theorem : 

Reflectivities approaching R = I can be obtained with multilayer struc
tures using absorbing films. 

Because we know already that a reflectivity approaching R = I can be 
obtained with multilayer structures of lossless films of arbitrarily small 
reflectivity , we only have to prove that the absorption losses of such a 
reflector using absorbing films can also be made arbitrarily small. 
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Eberhard Spiller 583 

In front of and inside a reflector with R = 1 there exists a perfect stand
ing wave with zero intensity in its nodes. Away from the node of the 
standing wave the intensity increases quadratically with distance. A very 
thin absorbing film (absorption index k, thickness d) positioned in the 
node of the standing wave has an absorption loss 

+df'J +df'J A o: Jk /(z) dz o: ]k z2 dz o: d3 •  
-df'J -df'J 

( I )  

The reflections from the front side and back side of  this film cancel 
each other to a large extent with the remaining reflectivity 

(2) 

Equations ( 1 )  and (2)  show that the absorption losses of the film de
crease faster than its reflectivity . Therefore , the absorption losses can be 
made arbitrarily small compared to the reflectivity if thinner and thinner 
films are used . In the limit, a very thin film is equivalent to an absorption
free film of low reflectivity . 

A multilayer structure of arbitrarily small losses and high reflectivity 
can be constructed by using many of these films spaced in such a way 
that they all add in phase to the reflected wave. The space between the 
absorbing films contains the antinodes of the standing wave in this design 
and has to be completely absorption-free. 

Curves that show how the reflectivity R = 1 is approached if the num
ber of layers is increased and the thickness of each layer is decreased have 
been given previously [ Spiller, 1 972 ] . Figure 1 shows the enhancement 
of the transmission produced by the standing wave that is obtained from 
a periodic structure with the thickness of the absorbing layer optimized 
to produce maximum reflectivity . For structures with many layers, this 
enhancement becomes a very large effect ; a transmission maximum 
occurs simultaneously with the reflection maximum. The curve in Fig
ure 1 shows how fast the enhancements observed in x-ray diffraction 
(Borrmann effect) [ Batterman and Cole, 1 964 1 are approached if the 
number of periods is increased . 

The ideas described give some guidance on how to reduce absorption 
losses in multilayer structures of absorbing materials. The method will 
work best for high-reflectivity mirrors where the standing wave is most 
pronounced. Other elements, for instance beam splitters or other partly 
reflecting mirrors, produce wave fields that have no planes with I =  0;  
for these coatings, the absorption cannot be reduced completely and an 
increase in the number of layers will produce only a smaller improvement. 
The same holds if a spacer layer that is completely absorption-free is not 
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0 

K = 0.5 -0 
d = dopt 

10 20 30 40 50 
NUMBER OF PERIODS 

TH I N  F I L M S 

60 70 

FIGURE I Transmission enhancement TIT REG for a periodic multi
layer structure of two materials with k = 0.5 and k = 0 optimized to 
give maximum reflectivity as a function of the number of periods. 
TREG = ( 1 - R) exp ( -4 JrkD/>..) is the transmission that one would 
calculate if the standing wave in the coating were neglected, D = total 
thickness of all absorbing layers. The refractive index for an layen is 
n = l . 

available. For each practical design, there exists an optimum performance 
that can be reached with a finite number of layers. 

The equations for multilayer structures of absorbing materials are too 
long to be written out. However, the calculations are a trivial task for an 
electronic computer. We use the matrix method [ Born and Wolf, 1 965 ] 
with an IBM 360 time-sharing system. The available programs allow us 
to optimize every coating. As an example, we find a coating with a 
maximum (or minimum) for some quantity like reflectivity or absorption 
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Eberhard Spiller 585  

in  certain layers by starting from a guessed design and proceeding along 
the gradient of this quantity with respect to some parameters (usually 
the thickness of each layer) until an extreme has been reached . 

In general, the optimum design depends on the number of layers one 
wants to use and the optical constants of each layer. The reflectivity 
obtainable for a mirror increases with the number of layers and with the 
value of the Fresnel coefficient between adjacent layers; it decreases for 
increasing k of the spacer layer. The maximum reflectivity obtainable 
with many layers (N .. oo) depends only on the ratio kn fkt for the case 
that all layers have the same refractive index and kn << I .  (kn , kt are 
the absorption indices of the absorber and the spacer layer.) This maxi
mum reflectivity is plotted in Figure 2 to give a guide to what can be ob
tained without any change in the refractive index. While the m aximum 
reflectivity obtainable for N .. oo depends only on kn /kt , the number of 
layers required to come close to this maximum reflectivity depends on 
the values of the absorption indices: for smaller values of k, more layers 

1 .0.----------------------.... 

0.9 

03 

Q.2 
0. 1  

101 10 

kH/i!L RATIO OF ABSORPTION IN>ICES 
FIGURE 2 Maximum normal incidence reflectivity obtainable by 
alternating two materials of different absorption indices k H· k L versus 
the ratio kn/kL under the assumption that the number of periods is 
very large (N -+ .. }, that k H < < 1 ,  and that all refractive indices are one. 
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FIGURE 3 Normal incidence reflectivity for a periodic structure of 
period A/2 ,  where a material with high absorption index k alternates 
with a material of low absorption index. The thickness dopt of the 
strong absorber is chosen to give the highest reflectivity and is also 
plotted. The k values used are available at A = 300 A (dashed curves) 
and A =  70 A (solid curves). 

F IL M S  

are needed . This is demonstrated i n  F igure 3 ,  where the maximum reflec
tivity obtainable is plotted versus the number of periods used . The values 
for k chosen are typical values in the xuv region [ Spiller, 1 972 ) . For a 
wavelength A = 300 A only l 0 periods are needed to obtain the largest 
possible reflectivity, while about l 00 periods are necessary for A = 70 A. 

Interference Coatings for the xuv (50-900 A) 

M I R R O R S 

In the xuv, no single material has a substantial reflectivity at normal inci
dence, the reflectivities available decrease with decreasing wavelength 
[Madden, 1 963 ; Samson, 1 967 ; Hass and Hunter, 1 974 ) . The refractive 
indices of all materials are close to one in this region. The absorption in
dices show more variations. The highest absorption indices available at 
each wavelength are about a factor of SO larger than the lowest [ Spiller, 
1 97 2 1  . No absorption-free material is available. F igure 2 shows that the 
maximum possible reflectivity with multilayer coatings is around R = 0.3 
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Eberhard Spiller 587 

for wavelengths shorter than 300 A when the condition kn << I i s  ful
filled ; at longer wavelengths the highest values of k are around k ""'  I ,  
and higher reflectivities are possible. 

The best design for h ighest reflectivity is not the periodic structure but 
a structure where the thickness of the absorber layer increases from the 
top to the bottom (substrate) of the coating. The reason is that the stand
ing wave is more pronounced at the top of the coating than in the deeper 
layers ; for an optimum design , therefore , the first absorber layers will be 
thinner than the deeper ones ; all the light that passes the last layer is 
transmitted and lost for reflection, therefore in a mirror for m aximum 
reflectivity the last layer has the same thickness as that single film which 
gives the maximum reflectivity . 

Possible materials for the xuv region are listed in Table 2 .  The best 
combination is the combination that combines the highest with the lowest 
value of the absorption index ; however, some combinations will have to 
be excluded because the boundary between the two materials is not 
stable ( for instance, Al-Au) [Hunter et a/. , 1 97 2 } . Many more possibili
ties for stable boundaries are expected if not only elements but also com-

TABLE 2 Selected Materials for xuv Coatings�' 

Large k Small k 

Material Wavelength (A) Reference Material Wavelength (A) Reference 

Au 200-900 Canfaeld Mg 250-900 Hunter, 1 964 
et al . •  1964 

Pt 1 00-900 Dietrich and AI 170-600 Hunter, 1964 
Kunz, 1972 ; 
Jacobus et a/., 
1963 

lr 100?-900 Hass et a/., Si 1 3 0-350 Hunter, 1 964 
1967  

Re  100?-900 Cox et al. , 
1972  

Os 100?-900 Hass and Be 1 20-600 Ruatgi, 1965 
Hunter, 1 973 

Rh 100?-900 Cox et al. , c 50-300 Samson and 
1971  Cairns, 1 96 5  

w 1 00?-900 Cox et al., 
1 97 2  

Al, O, 1 00?-900 Hass and 
Tousey, 1959;  
Madden, 1 963  

11 A question mark a t  a wavelensth means that the optical constants a t  this wavelensth have not 
been meuured. 
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0 6  10 LAYERS 10 LAYERS 
>- k• 0.3-0.004 k• 04-00022 
1- n• 0.95-0.98 n•0.85 - 0.97 > (a) (b) t= 04 
(.) 
..., 

AA 
....J "-� 0 2  

100 200 300 400 500 600 
WAVELENGTH >. (A) 

FIGURE 4 Reflectivity as a function of waft1ength of mirror coatinp 
for the xuv region. The thickness of the layers counted from the sub
strate are (in A) (a) 6 1 .4 , 40.3, 66.6,o33.4, 7 1 .9, 28.9, 75.2, 26, 77.5, 
24.7; (b) 98.9, 5 1 .9, 1 0 1 .9,  45 , 1 1 2.5 ,  38.3, 1 16.4, 34.9, 1 19.8, 34; 
(c) 1 98.4, 1 00.3, 237.9, 6 1 ,  250.3, 48.7, 257.7,  42.8, 262.8, 36.6, 268, 
32.7, 269.4, 32.8. The optical constants used for the substrate are (a) 
n = 0.95,  k = 0.08; (b) n = 0.89, k = 0.092;  (c) n = 0.85 , k = 0.47. The 
last layer of each coatin& (i.e., the rust layer toward the incident light) 
is always a layer of the material with the hi8h k. 

pounds like metal oxides are used ; however, not enough data on the 
optical constants of compounds are available to date . 

Figure 4 gives the calculated reflectivity curves for three optimized de
signs in the xuv regions. The optical constants used correspond to the 
combination Si-Au for curve a, Mg-{Au, Pt, lr) for curve b ,  and Mg-Pt, 
for curve c. No correction to the optical constants has been made to 
account for the fact that very thin films often have a lower density and 
therefore also different optical constants than thicker films. We see that 
the calculated reflectivities are about an order of magnitude larger than 
those obtainable with single films. 

PO L A R I Z E R S  

A mirror used a t  non normal incidence has different reflectivities for s
and p-polarization and can be used as a polarizer. The degree of polariza
tion R,/Rp obtainable from one boundary depends on the optical con
stants and can be maximized by adjusting the angle of incidence [ Hunter, 
1 964} . If a multilayer coating is used instead of a single boundary, the 
obtainable degree of polarization practically does not change ; however, 
because the reflectivity can be increased, a multilayer structure gives a 
much larger intensity , and larger ratios R,/Rp become possible by using 
several reflections. 
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Eberhard Spiller 589 
Figure 5 shows the calculated performance of such a multilayer re

flector using optical constants available around X =  300 A.  The structure 
optimizes the degree of polarization R,/Rp for an angle of incidence of 
45° ; it  was found that the design is practically the same as that which 
maximizes the reflectivity for s-polarization, R, .  

BEAM SPL ITT E R S  

The reflectivities possible i n  the xuv are too small an d  the absorption 
losses too high to make multiple-beam interferometers (Fabry-Perot in
terference filters) useful devices. If an element for wavelength selection 
is wanted, it is better to use a mirror coating of small bandwidth (i.e . ,  
with many layers) or  to  cascade several mirrors. For a two-beam (Michel
son) interferometer some absorption losses can be tolerated . With a 

0.5 ..-----------------, 

0.. 6 . a:  .......... C/1 
0:: 4 

2 

10 LAYERS 
k=03-0.0022 n=0.85- 097 
X= 300 A 

10 20 30 40 50 60 70 
ANGLE OF INC I DENCE (DEGREES) 

FIGURE 5 Reflectivities R1 and R p for s· and p.polarization (top) 
and dep-ee of polarization RJRp (bottom) versus the qle of incidence 
a for a coatins useful as a polarizer at A = 300 A. Optical constants of 
the substrate: n = 0.89, k = 0.092. Thickness of each layer counted from 
the substrate (in A):  1 57.7, 72.8, 1 68.1 , 57.7, 178.9, 45.6, 1 86.9, 38.9, 
191 ,  37 . 1 .  
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590 T H IN F I L M S  

multilayer structure the absori>tion losses can be reduced ; however, the 
reduction is smaller than for a mirror of higher reflectivity because a 
beam splitter, which produces also a transmitted beam, always produces 
less pronounced standing waves than a mirror of higher reflectivity and 
no transmittance . A serious problem for any beam splitter is the absorp
tion in the substrate ; we ignore this problem completely by assuming 
that either an absorption-free substrate is available or unbacked films 
can be made. 

Figure 6 shows the calculated performance of a beam splitter that 
might be used in a Michelson interferometer. This five-layer beam splitter 
for an angle of incidence of 45° has a transmission and reflection coeffi
cient of 24%, while 52% of the incident light is absorbed. In contrast, a 
simple film of the high absorption material alone could have a transmis
sion and reflection of only 1 8 .5% with 63% absorption and for a three
layer coating (high k, low k, high k) 23% transmission and absorption are 
possible . As we had expected , the improvement over the single film is 
more modest than that obtained for the highest reflectivity mirror; prac
tically no further reduction in absorption loss occurs when more than 
five layers are used. 

z >-
0 .... iii > 
II) t 0.1 5 i .., II) ..J z II. c .., 
� a: 0. 10 

0 05 

k •  0.4 - 0.0022 n• 0.85 - 0.97 

O.OOL.J....----'-----1.-----11----L----' 
200 240 280 320 360 400 

WAVELENGTH ). (l) 
FIGURE 6 Transmission T6 and reflection R6 of a coating desiped 
as a SO/SO beam splitter for 4S" IJIIle of incidence and A = 300 A. 
Layer thickness 27.6S , 200.5, 21.6S, 200.S , 21.6S A. 
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Eberhard Spiller 59 1  

Interference Coatings for the Near-Vacuum Ultraviolet ( 1 1 00-2500 A) 

A single film of aluminum has a much better optical performance in the 
wavelength region between I I  00 and 2500 A than any multilayer struc
ture possible in the xuv .  We will discuss in this section what further im
provement can be obtained when the aluminum film is replaced by 
multilayer structures. Because nonabsorbing materials are available in 
this wavelength region, in theory ideal elements with no absorption can 
be produced . In practice , the required high quality of the spacer layer is 
the most important obstacle to obtain better and better elements. Spacer 
layers that are completely free of absorption and scattering are needed 
for the ideal element ;  we will discuss how much loss in the spacer layer 
can be tolerated. 

H IG H - R E F L ECTIV ITY M IR RO R S  

High-reflectivity mirrors can be obtained by overcoating an opaque alu
minum film with a multilayer structure of spacer layers and thin alumi
num films. The process can be described as positioning very thin aluminum 
films into the nodes in front of the opaque film in such a way that they 
boost the reflectivity of this film. Figure 7 shows how the reflectivity in
creases if more and more layers are used. The curves have been calculated 
for spacer layers of MgF2 with the values of optical constants for A =  
1 2 1 6  A ; however, for other wavelengths in the region between 1 1 00 and 
2500 A very similar curves are obtained. Figure 7 shows also the influence 
of losses in the spacer layer. I f  the spacer layer attenuates the light ac
cording to kMgF, = 0.0 1 (either due to absorption or to scattering) only 
a slight improvement is possible ; for kMgF, = 0.03 no improvement 
occurs. I t  has been observed that MgF2 films on AI can be described by 
kMgF. = 0.03 at A = 1 2 1 6  A [ Hutcheson et al . •  1 97 2 ]  ; therefore, im
provements at 1 2 1 6  A can only be expected if better spacer films can be 
produced. At longer wavelengths where scattering and absorption losses 
are smaller, the task is easier. 

B E A M  SPL ITT E R S  AN D I N T E R F E R E N C E  F I L T E R S  

Instead of  using many layers to  increase the reflectivity , it i s  also possible 
to maintain the reflectivi ty and increase the transmission of a mirror. 
Figure 8 shows as an example the transmission of an optimum periodic 
(Al-MgF 2 )N structure with a reflectivity R = 0.  9 versus the number of 
periods N. The absorption losses can be drastically reduced by using 
several layers. The most important application for these designs is their 
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FIGURE 7 Maximum reflectivity obtainable from multilayer struc
tures of AI and MgF 2 versus the number of layers used with kMaF 2 as 
parameter. nAt = O.OS6, kAJ = 1 .04, nMaF2 = 1 .7 . AU calculated points 
are for coatings terminated with MgF 2 except for the single AI fdm 
(one layer). 
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FIGURE 8 Maximum transmission of 
a periodic multilayer structure of AI and 
MgF 2 with a reflectivity R = 0.9 versus 
the number of periods in the structure. nAl = 0. 1 2, kA1 = 2. 1 2, nMaF, = 1 .44, 
kMaF, = 0. 
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FIGURE 9 Calculated tnmsmission curves for interference fnters. 
Solid curve: Conventional interference falter, substrate AI-MgF , 
Al-MgF, with layer thicknessess of 282.5 ,  352.74, 282.5, 205.5 A .  
Dashed curve: 1 2-layer structure of  AI  and MgF 2 with th.U:Itness of 
1 09.8, 512.5, 1 09.8, 572.5, 1 09.8, 380, 78, 572.5, 78, 572.5, 78, 644 
A. Substrate is sapphire; the dispersion of all materials included and ap
proximated by linear functions. 
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use in Fabry-Perot interference filters. Interference filters with single
film aluminum reflectors have been described before [ Bates and Bradley, 
1 966 ] . In Figure 9 we compare the performance of these conventional 
interference filters (full curve) with the performance possible if the two 
Al-film reflectors are replaced by several layers (dashed curve) .  The 
multilayer filter has been designed to give the same peak transmission as 
a conventional filter, in this case the multilayer filter has a smaller 
bandwidth than the filter using single Al-film reflectors. It is also possible 
to design a filter with the same bandwidth but increased peak transmis
sion . Theoretically a filter with an arbitrarily small bandwidth and a peak 
transmission close to one is possible ; the practical limit is again deter
mined by the losses in the spacer layer. 

A N T I R E FLECTION C O A T I N G S  

Antireflection coatings are useful to  increase optically the efficiency of 
photodetectors. In the vacuum uv, however, not enough nonabsorbing 
materials are available to use the standard designs. If absorbing materials 
are used , part of the incident light is absorbed in the coating and not in 
the material of the detector. Because our design principle allows us to reduce 
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FIGURE 10 Calculated performance 
of antireflection coatings on silicon 
made of AI and MgF , and using one, 
two, or three AI films. The reflectivity 
R and the fraction of the incident light 
absorbed in the silicon substrate As are 
plotted as a function of wavelength. 
n51 = 1 ,  ks1 = 2.5 ,  nMg F, = 1 .44, 
kMgF, 

= O, n AJ = 2 . 1 2. 
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O.OL-------'--...311010£..-....L-------' 
1600 1800 2000 2200 2400 
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the absorption in an absorbing film, we want to investigate now how far 
i t  is possible to reduce the reflection with absorbing materials in such a 
way that most of the incident light is absorbed in the substrate and a 
minimum amount in the coating. We choose as a practical example silicon 
with n = I and k = 2 .5  for � = 2000 A. More than 60% of the incident 
light is reflected , only 40% is absorbed in silicon . *  The simplest anti
reflection coating is a thin film of aluminum with thickness and distance 
from the silicon adjusted such that the reflections from the substrate and 
the· aluminum cancel each other. Curves l in Figure l 0 show the reflec
tivity of this design and the fraction of the l ight A s  absorbed in the 
silicon substrate as a function of wavelength .  The reflectivity has been 
reduced to zero,  87% of the incident l ight is absorbed in the substrate for 
� = 2000 A .  MgF2 has been used as the spacer layer and as a protective 
overcoating of this design . Curves 2 and 3 in Figure l 0 show the perfor
mance obtainable if two and three AI films with the corresponding \tgF2 
spacer layers are used.  There is  only a very small increase in substrate 
absorption possible if one goes from one AI film to two films ;  the differ
ence between two and more layers is unnoticeable in the scale of F ig-
ure I 0. We conclude that for our special problem a system with a single 
AI film gives the best performance . The differences between the system 
with a single AI film and those with more films become larger if sub
strates with higher initial reflectivities are used. For this case , a system 
with higher reflectivity is needed to cancel the reflectivity ; this results in 
better pronounced nodes of the standing wave with larger payoff for 
thinner films of the absorbing material . I f  for some reason AI cannot be 
used in the overcoating and a material wi th not so well sui ted optical 
constants has to be selected for the coating, the step from a single absorb-

*I thank Peter Cone for bringing this problem to my attention. 
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ing film to many th in films wi l l  also have a larger effect on the absorption 
of the substrate . 

E X P E R IM E N T S  ( 1 800-3000 A )  

Transmission measurements on MgF 2 films deposi ted on sapphire sub
strates showed tha t these films have k < 0.00 1 for A >  1 800 A .  The 
thickness of the fi lms used for these measurements was around 5000 A ,  
the  deposi tion t ime varied between 2 and 6 min ,  and the pressure in the 
chamber was I X I (T5  Torr or bet ter. The substrate was at  room tempera
ture ;  higher substrate temperatures (200 °C) or heating of the film in air 
to  200 °C for 2 h after the deposition produced more lossy fi lms. From 
these measuremen ts we conclude that the designs described in the previ
ous section can be realized experimentally for A >  1 800 A .  

Figure I I  shows that this conclusion i s  correct .  In this figure we com
pare the measured reflectivity of a single thick AI film and of an AI film 
overcoated with MgF 2 to a four-layer system (AI-MgF 2 -AI-MgF 2 )  de
signed to give maximum reflectivi ty at A =  2000 A. We see that indeed 

� � 
1-u 

0.80 

� 0.60 
t; a: 
0 1&1 � 040 
C( :1 a: 0 z 

0.20 

0 JU60-0--�--20�00--�--�24�0-0--�--��--�--3�200� 
WAVELENGTH X CAl 

FIGURE I I  Measured reflectivity of a single opaque fresh AI film, 
an AI film overcoated with MgF, , and a four-layer Al-MgF, coating 
designed to give maximum reflectivity for X =  2200 A. Angle of inci
dence 1 0%. The thicknesses desired were 1 000, 635,  140. and 665 A ;  
we estimate the calibration of the quartz thickness monitor t o  have an 
error of l O%  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

S p a c e  O p t i c s :   P r o c e e d i n g s  o f  t h e  N i n t h  I n t e r n a t i o n a l  C o n g r e s s  o f  t h e  I n t e r n a t i o n a l  C o m m i s s i o n  f o r  O p t i c s  ( I c o  I X )
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 7 7 9
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higher reflectivities can be obtained with multilayer systems. The reflec
tivity values plotted are normalized to the maximum reflectivity of the 
four-layer system. The reflectivity values have been measured in a Beck
man DK2a spectrophotometer with an aluminum mirror in the reference 
beam . The reflectivity of a sapphire surface was used as a standard to 
correct all measured reflectivity values in such a way that the measured 
reflectivity for sapphire agreed to i ts  calculated values obtained from 
extrapolated values of the published refractive index for sapphire [ M alit
son et al. ,  1 958 ]  . This procedure resulted in a peak reflectivi ty of 
Rmax = 1 .02 ; the scale in the plot was then changed to produce Rmax = 

1 .00. I n  the scale of Figure I I , therefore , all measured reflectivity values 
for sapphire would appear 2% lower than the calculated ones. 

The films have been prepared by evaporation of the materials with an  
electron gun .  The pressure measured with an  ionization gauge in  the 
chamber close to the electron gun was 2 X 1 0-7 Torr between evapora
tions and 2 X I o-6 Torr or less during evaporations. The deposition time 
for the AI films was about 0.5 min, and for the MgF2 films about I min .  
The thickness of the films was monitored with a n  Edwards quartz thick
ness monitor. 

The calculated maximum reflectivity obtainable with an optimized 
four-layer system is R = 0.947, while R = 0 .928 is possible with an alumi
num film overcoated with MgF 2 •  The measured ratio of the peak reflec
tivities for the two coatings is in reasonable agreement with these values. 

Conclusion 

We have shown that multilayer structures of absorbing materials can be 
useful in the vacuum uv . I deal elements with no absorption loss at all can 
be realized if one material free of absorption and scattering is available 
that can be used as the spacer material between the layers of an absorber. 
Absorption-free materials are available for wavelengths above I I  00 A. A 
problem for further research is how to deposit thin films of these mate
rials in such a way that nei ther absorption nor scattering occurs. The prob
lem is most severe at the shorter wavelengths; our experiments show that 
MgF2 films are of sufficient optical quality to allow multilayer coatings 
with high performance for wavelengths longer than 1 800 A .  

In  the xuv region n o  absorption-free material i s  available-the absorp
tion in the spacer layer makes ideal lossless elements impossible. In spite 
of that, mirror reflectivities that are an order of magnitude higher than 
those of single films seem possible . In order to be able to select the best 
material combination, data on the optical constants of more materials are 
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necessary. Only little is known at present regarding the optical constants 
in the xuv region for the very thin films required for multilayer coatings. 

I thank A. Neureuther for helpful discussions. 
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S .  D E B R U S ,  M .  F R A N <;O N , and  
C .  P .  G R O V E R  

A NEW METHOD OF 
OPTICAL PROCESSING 
APPLIED TO 
DETECTION OF 
DIFFERENCES 
BETWEEN TWO 
IMAGES 

I. Introduction 

The phenomenon of interference in diffused light was observed for the 
first time by Newton [ 1 93 1  1 .  A mirror, with reflecting back surface , 
was illuminated by a point source of light placed at its center of curva
ture. A beautiful system of colored rings, centered on the source , was 
then observed. Continuing the experiment of Newton , De Chaulnes 
[ 1 75 5 1  showed that the visibility of the rings could be increased by 
using a mirror with partially diffusing front surface . Further studies on 
this subject were made by Young [ 1 802 1 and Herschel [ 1 830 1  . Fabry 
and Perot [ 1 897 1 observed a similar system of rings in transmitted 
l ight .  Their system consisted of a semireflecting plate with plane-parallel 
faces, one of which was diffusing. 

Burch [ 1 95 3 1  for the first time applied the interference phenomenon 
in diffused light for the construction of an interferometer. 

After the discovery of the laser and holography , the problem of inter
ferometry in diffused light drew attention of many workers. This re
sulted in a great number of publications on various aspects of the prob-

1l1e authors are in the Institute of Optics, University of Paris ,  France . 

60 1 
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tern. One of the important aspects o f  the problem i s  the study o f  the 
interference phenomenon at infinity . In an experiment by Burch and 
Tokarski [ 1 968 ] a number of speckle patterns, displaced laterally rela
tive to one another and recorded simultaneously on the same photo
graphic plate,  give at infinity a system of fringes. 

We use a new method of optical processing that is based on the speckle 
interference phenomenon at infinity . After describing the general prin
ciple of the method , we shall give an application to the detection of dif
ferences between two images. 

II . General Principle 

The main feature , common to all the applications of our method, is the 
modulation of the signal to be processed by a random diffuser. The dif
fuser contains high spatial frequencies that give in the focal plane of a 
lens a wide spread-out field .  The spectrum of the signal , which is nor
mally given by a delta function, is, then, carried away from the center 
due to this modulation. Let A be the signal to be processed. Generally 
it is a transparency with A as its irradiance distribution. D represents 
the factor of transmittance of the diffuser. Figure I shows the recording 
geometry : the transparency , A,  is  imaged by a lens system, 0, on the 
diffuser, D.  A. high-resolution photographic plate, H, placed immediately 
behind D, records the product AD. The distance between D and H is so 
small that for all practical purposes they can be considered to lie in the 
same plane.  Let this plane be represented by the coordinates (11. n. The 
photographic plate is exposed twice to this irradiance distribution, and 
between the exposures it is translated through � 0 in a direction parallel 
to � axis. The total irradiance recorded is 

FIGURE I Optical arrangement for 
signal recording. 

A 

( I ) 

, I o • H 
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H H' 

FIGURE 2 Optical arrangement for signal retrieval. 

This can be rewritten as 

(2) 

because a translation is equivalent to a convolution by a delta function. 
The photographic plate is  processed under the usual conditions of linear
ity . I t  is illuminated by a parallel beam of light as shown in Figure 2 .  
The transmitted amplitude is given by 

where t0 and (j0 are constants. 
The amplitude distribution in the focal plane of the objective OJ is 

given by the Fourier transform of t(fl , n. that is, 

U(u, v) = t0 o(u, v) - {30 [A(u, v ) E�J D(u, v)) (I + eik vt"o ) (4) 

(k = 21T/"A, X = wavelength) the symbol - represents the Fourier trans
form and (u, v) are the coordinates in the focal plane . The first term on 
the right-hand side of Eq . ( 4) represents the direct image of the source 
that is located at the focus of OJ . It can be neglected due to i ts small 
size . In the second term ,  apart from a constant ,  the spectrum of the 
product AD is  modulated by the factor 1 + eik vt. , which represents a 
system of Young's fringes. These fringes are perpendicular to the direc
tion of translation . In intensity,  the irradiance of these fringes is pro
portional to cos2 (kv� 0 /2) .  

Le t us consider a grid consisting of an array of sl its having the same 
spatial frequency as that of the fringes. Such a grid ,  when placed in the 
focal plane and so positioned that the sl its coincide with the fringe 
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maxima, let pass the signal t o  give its image i n  plane H ' (Figure 2 ) .  I f  
the grid i s  translated i n  its plane through half a period so that the slits 
now fall on the fringe minima, no information from the signal will be 
transmitted .  We see that the system of fringes that modulates the spec
trum of the signal provides a sort of filter for the extraction of the re
quired information. Depending on the experiment, the modulating 
fringes can be shaped accordingly. 

Let us consider the case when the photographic plate H is exposed 
(N + I )  times to the irradiance AD. Between two successive exposures, 
H is translated through �0 • Under these conditions,  the total i rradiance 
recorded is 

N 
(AD) e L li(11, � - n�o )-

n=O 

For N -+  oo, the spectrum of H is given by 

10 c'i(u, v) - IJ�(A e D) [comb (v/v0 )] , 

where v0 = A/�0 • In  Eq. (6)  the convolution A f& D is modulated by a 
Dirac comb (Figure 3 ) ;  the period of the comb is determined by the 
amount of translation given to the plate. 

(5) 

(6) 

As N
. 
is always l imited , the intensity of the modulating fringe system 

is given by 

[sin (N + l ) kv�0 /2] 2 sin kv�0/2 (7) 

Between two primary maxima, there are (N - I )  secondary maxima 
(Figure 4). These secondary maxima can be suppressed i f  the exposures 
are in the ratio of the binomial coefficients and if the plate is given 
equal displacements between them [ Burch and Tokarski ,  1 968 ] . 

FIGURE 3 Dirac comb-type modula
tion. 
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FIGURE 4 Multiple-exposure fringe
type modulation for finite value of N. 

Ill .  Detection of the Difference between Two Images 
[ Debrus et a/ . •  1 97 1  ) 

605 

Let A and B be the two signals to be compared . In  actual practice the 
signals are derived from two black-and-white transparencies. There are 
certain regions in the two photographs that are identical. The problem 
consists in the detection of the difference b = B-A.  

The optical arrangement of  Figure 1 i s  used to  record the signals. In  
the first exposure , A modulated by the diffuser D is recorded . The 
plate is translated through to , and then the second exposure is made re
placing A by B. It is absolutely necessary that the identical regions of 
the two transparencies coincide in  the plane of the diffuser. The total 
i rradiance recorded in the two exposures is 

(AD) e 0(17 ,  n + (BD) e 0(17 ,  � -�0 ). (8) 

This can be rewritten as 

(9) 

and in a symmetrical form as 

(AD) e { o (17 , � + (�0 /2)) + o (17 , � - (�0 /2)) } + (bD) e o (17 , � - (�0 /2)] . ( 1 0) 

The spectrum of such a recording after processing can be written as 

( I  I ) 

where ..p = 1rvt0 {}.;  the direct image of  the source has been neglected . If  
a grid , with the same period as  that of the fringe system , is placed in the 
focal plane of 0 1 , with slits coinciding with the fringe minima, the first 
term of Eq . ( I I )  is stopped and the second term is transmitted . One more 
Fourier transformation restores the difference b of the two images modu
lated by the d iffuser D .  Let us note that the spatial frequencies of D are 
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high enough (size o f  the structure o f  our diffuser : -3s.tm) not t o  alter 
the quality of the reconstructed image b. The grid can be replaced by a 
single slit to act as a filter. 

The amplitude modulation of the type described above is represented 
by curve I in Figure 5 .  As the slope of the curve at M0 is nonzero , 
it is necessary to use a fine slit. This increases the noise level. This can 
be avoided by modifying the shape of the fringes. 

I f, instead of two, three exposures are made , we have the results 
shown in Table I .  The total irradiance is given by 

and the spectrum by 

( 1 3) 

The modulating factor in amplitude is given by cos2 tp, which is repre
sented by curve 2 in Figure 5 .  The resulting flat minimum at M 0 
permits one to use a comparatively wider slit ,  and ,  consequently , the 
signal-to-noise ratio is improved. The gain is still higher if the number 
of exposures is increased . For a series of exposures with equal amounts 
of time, the secondary maxima obtained increase the noise level. These 
can be suppressed , as described earlier. By assigning even values to N. 
the modulating factor becomes an even power of cos .p. Equation ( 1 3 ) 
becomes 

+1 

FIGURE S Amplitude variation for different types of exposition. 
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TABLE l Results for Various Exposures 

Exposure 

1 st 
2nd 
3rd 

N/2 

Transparency 

B = A  + b  
A 
A 

Translation 

0 
+to 
- to 

where C are the binomial coefficients. 
N 

607 

Time of Exposure (sec) 

2 
I 
I 

( 14) 

As an example , for N = 4 and N = 6, respectively , we have for Eq. ( 1 4) 

{ I S) 

and 

64(A e D) cos6 1/J + 20(b e i)). ( 1 6) 

The corresponding translations and exposures times are given in Table 2. 
Curve 3 in Figure 5 shows the case for N = 6. 

This type of study is important from the point of view of comparing 
the photographs taken by an artificial satellite at two different times. 
The comparison consists of the detection of perturbations in the at
mosphere or the changes occurring on the earth surface due to natural 
phenomena. 

Results obtained with this technique are shown in Figure 6 at I I . 
Figure 8 is the difference between the photographs shown in Figures 6 

TABLE 2 Translations and Exposure Times 

Total Number Time of 
of Exposures Transparency Translation Exposure (sec) 

s B = A + b  0 6 
s A ± to 4 
s A ± 2t0 I 
7 B = A + b  0 20 
7 A t to 1 5  
7 A t 2t0 6 
7 A t 3t0 I 
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FIGURE 6 Aerial photograph o f  se a  coast. 

and 7 ,  which corresponds only to the rectangles along the sea coast. The 
theory shows that the reconstructed difference is always modulated by 
the diffuser. Due to the fine structure of the grains (-3 pm), such modu
lation is not visible in Figure 8. Similarly, Figure I I  represents the dif
ference between Figures 9 and 1 0. Between the photographs to be com
pared , the profile of the sea has changed , as shown in Figure I I . Apart 
from this , the fields by the side of the sea are also shown in Figure I I  
because of their unequal irradiance on Figures 9 and 1 0. 

FIGURE 7 Photograph to be compared with the one shown in Figure 6. 
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FIGURE 8 Difference between Figures 6 and 7. The difference is re
constructed with reversal contrast. 

FIGURE 9 Aerial photograph of sea coast taken at certain time. 
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FIGURE 10  Photograph to be compared with that o f  Figure 9. 

IV. Decoding of a Message 

The preceding method can also be applied to the decoding of a mes
sage. If A is a message and B is a random distribution that conceals i t ,  
the photograph to be processed has the irradiance A + B. In  this case , 
another photograph with irradiance B acts as a "key" for the decoding. 
Two exposures are made on the same photographic plate , as before, so 
that the irradiances (A + B) and B are recorded with a displacement 
ro between them . In  the process of filtering, B can be eliminated leaving 
behind the required signal A. It can be seen that without the irradiance 
distribution B. which constitutes the "key ," i t  is impossible to extract 
the signal A.  
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FIGURE 1 1  The difference between Figures 9 and 1 0. 

V. Other Applications-Conclusion 

The same method has been applied to the multiplexing of images, the 
contrast reversal of the reconstructed images in carrier frequency 
photography , and the reconstruction of color images from black-and
white recordings. 

The originality of this extremely simple method lies in the fact that 
the signal is modulated by a random diffuser to give a spread-out spec
trum in the focal plane of a lens. The inconvenience caused by such 
modulation does not affect the quality of the images because we use 
diffusers of very high spatial frequencies. An easy recording operation 
and the use of simple filters give the method an additional advantage 
over the others. 
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W e  conclude b y  mentioning a n  additional way o f  modulating the 
spectrum of the recording. Hitherto , we have considered the modulation 
by two-beam Young's fringes and multiple-beam fringes. It is also pos
sible to modulate the spectrum by the Fraunhofer diffraction pattern 
of a slit . This is brought about by displacing continuously the photo
graphic plate H during the exposures. The width of the central maxi
mum is determined by the displacement given to H .  
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Y .  BELVAUX and S. LOWENTHAL 

SuBTRACTION (OR 
ADDITION) OF 
ILLUMINANCE 

I .  Introduction 

We describe a method using a birefringent prism to subtract image illu
minances. 

Amplitude subtraction can be obtained using , for example , holographic 
methods ( Gabor et a/. , 1 965 ; Bromley et a/. , 1 969 ; Lee et a/. ,  1 970;  
Collins, 1 968 ) . Nevertheless, i t  i s  often of interest to perform intensity 
subtraction in order to determine differences that exist between two 
photographic records or scenes. Such a method , which avoids phase ef
fects and correlative experimental difficulties, yields numerous applica
tions. For example, automatic surveillance , analysis of meteorological 
photographs, and transmission of the only in teresting information in 
a TV system (modifications of the picture) .  

To realize such an illuminance subtraction , Debrus et a/. I 1 97 1 )  use a 
ground glass that randomly modulates the images, and they give a trans
lation to the photographic plate between the two exposures. Another 
method uses two complementary gratings to modulate the objects that 
are to be subtracted . For that purpose , Pennington , who described 

The authors are at the lnstitut d'Optique, Faculte des Sciences, 9 1 Orsay, France . 
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another method , uses a Ronchi rul ing in contact with the object (or its 
image) .  Between the two exposures, he gives a half-period translation to 
the ruling. The processed photographic plate obtained is an image-holo
gram I Lohmann and Paris, 1 966 ) , which , after reconstruction through a 
spatial filtering device, shows the difference between the two scenes. 

A difficulty of this method is that the rul ing must be translated 
exactly half a period to obtain a 1 80° phase shi ft of the equivalent 
reference wave. Another difficulty is the noise that appears during the 
reconstruction due to the coherent stray l ight .  

The method we shall describe avoids these difficulties. Two comple
mentary gratings are used as in Pennington's method , but the gratings are 
not material and no mechanical translation is needed to perform the 
1 80° phase shift .  The images are actually modulated by a set of  inter
ference fringes that are obtained by means of a birefringent prism . 
Translation of the ruling is replaced by giving a 90° rotation to a polarizer 
to obtain a complementary interference pattern . 

We shall describe two devices : The first one uses a Wollaston prism 
and can be used to process transmit ting objects. The other one uses a 
Savart plate and is more adequate to treat incoherent objects, for ex
ample, three-dimensional scenes l ike landscapes, since extended spatially 
incoherent sources can be used. It  wi l l  be shown that inconven iences 
related to the coherent reconstruction can be greatly reduced when using 
partially coherent light .  

II .  Recording 

A .  P R I NC I P L E  

For il luminance subtraction , a double exposure i s  performed. Let 1 1  (x.y ) 
and 12 (x,y) be the i l luminances of two images that are to be subtracted 
so that 11 (x,y) - 12 (x,y )  i s  obtained . 

During the first exposure , the image 11 is modulated by a sinusoidal 
grating of frequency v and the i l luminance on the plate is 1 1  (x,y) X 
( I  + cos 21rvx ). Before the second exposure , the grating is shi fted by 
half a period . During the second exposure , the i l luminance is 12 (x,y ) X 
( I  - cos 21Tvx) .  The total recorded illuminance is then lr = 11 + 12 + 
(/ 1 - 12 ) cos 21Tvx , where the di fference 1 1  - 12 appears, modulated by 
a carrier. Thus, i t  can be  separated using adequate techniques of  bandpass 
filtering. 
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B. F I R S T  D E V IC E  

The first device we describe can be used to perform subtraction of 
transmitting objects, for example, scenes recorded on slides. 

6 1 5  

1 .  Description This device uses a Wollaston prism located in an opti
cally conjugate plane of the object . 

The Wollaston prism W (Figure 1 ), placed between crossed or parallel 
polarizers P and A,  yields two images S 1 and S2 of the source S. The 
two images have perpendicular polarizations: interference occurs after 
analyzer A in plane H .  The contrast is 1 for a 45° orientation of P with 
respect to the Wollaston axes. 

Since the object 0 is imaged on the prism W, the final image at plane 
H is not sheared. The single image obtained is 1 00% intensity modulated 
by a sinusoidal fringe pattern .  

2.  Operation Suppose that to the intensity transmittance T1 (x,y ) of the 
object corresponds the complex amplitude T1 (x,y )'h exp i¢ 1 (x,y ), where 
¢ 1  (x,y ) includes the phase due to the object and to the optical system. 

The Wollaston prism yields at plane H the image amplitude 

A . (x,y) = r. (x,y )Y> exp i4> . (x,y) cos 21fiiX ' ( I ) 

where we suppose , for example, parallel polarizers and the two images of 
the source symmetrically set with respect to the optical axis. 

' object plane 

P polarizer wollaston 

lmogo 
hologr�m 

FIGURE I Optical system for the subtraction of two recorded scenes. 

H 
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In the  illuminance recorded by the plate, 

the phase factor disappears. 
For the second exposure T2 is substituted for T1 and P is rotated 

through a 90° angle. The illumination is then 

If the two recordings are made on the same suitably pre-exposed 
plate [ Biedermann, 1 968 I (satisfying the linearity conditions), the com
plex amplitude transmittance of the processed plate is of the form 

(4) 

Equation (4) represents the image hologram of differences T1 - T2 
recorded with a 2v spatial carrier frequency. 

It can be noted that the phase shift introduc•!d between the two 
exposures is exactly 1r, bright fringes being substituted for dark fringes 
and conversely. 

From an experimental point of view, the polarizers are not perfect 
flats and introduce some phase terms. These terms have no influence on 
the phase shift, provided that polarizer P (and not analyzer A) is rotated . 
Since P is located before beam splitter W, the fringe patterns are always 
perfectly complementary . 

3. Partially Coherent Recording The image hologram obtained by the 
method we have just described suffers from speckle, spurious interference 
fringes due to stray light, etc. Since in an image hologram there is a point
to-point correspondance between the plate and the reconstructed image, 
the image is drastically degraded by these defects, and it is then very 
interesting to use incoherent or partially coherent light. A first possi
bility is to use a line source set parallel to the fringes. We used such a 
source synthesized by a vibrating mirror, and we obtained improved re
sults. Moreover, it can be shown that, in the third-order approximation, 
the previous device gives linear fringes located on the prism when using 
a spatially incoherent source. 
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C .  SECO N D  D E V IC E - INCO H E R E N T  R ECO R D IN G  

Another method i s  to  use an  experimental configuration giving Young's 
fringes with spatially incoherent l ight [ Lowenthal et al. ,  1 969 ; Aspect, 
1 97 1 ) .  

Let S be a broad monochromatic source and let S 1 and S2 be two 
images of S given by a beam splitter BS in such a way that S 1 and S2 
are separated by a shear due to a pure translation (Figure 2) .  

Then, let us consider two homologous points M . ,  M 2 corresponding 
to S 1 and S2 that emit two parallel rays. These rays are focused at point 
P in the focal plane H of lens L. The state of interference at P depends 
on the path difference M 2 K. Since the vector M 1 M2 is constant in space 
(pure translation) ,  the path difference is independent of the pair M 1 M2 
under consideration. Thus the interference pattern is a set of Young's 
fringes 1 00% modulated , even when an extended quasi-monochromatic 
source is used . If the object is imaged in the focal plane H, the image is 
intensity modulated with the sinusoidal fringe pattern . 

To combine both the extended source advantages and the possibility 
of obtaining exact complementary fringe patterns, a Savart plate can be 
used . 

Such a plate placed between polarizer P and analyzer A (Figure 3 )  in 
front of a camera lens L produces the desired fringes in the focal plane 
of the lens. 

Since the fringes of the Savart plate are located at infinity, an auxiliary 
lens L0 is needed when the object 0 is at a finite distance from lens L. 

s\}u 
inc.oheten� 

$0Urce 

two �hifted · 

imoges 
H 

f�l ptane 
FIGURE 2 Optical system for the generation of Young's fringe with spatially incoherent 

light. 
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object 
savart 
plate 

FIGURE 3 I n terferom e ter  U§ing a Savart plate. 

. 1mage ( hol09rom) 

The modified camera can be used to carry out subtraction of outdoor 
scenes, for example , provided that a monochromatic filter is used .  

Ill .  Reconstruction 

For any type of recording device , the processed plate acts as an image 
hologram whose ampl i tude transmi t tance is given by Eq. (4). This 
hologram can be reconstructed using a converging beam (Figure 4). A 
stop E located in the focal plane of lens L 1 j ust selects the + I  (or - I )  
diffracted order. 

The final image H '  given by L2 has an amplitude that is proportional 
to the d ifference between the i l luminances of the recorded images. Of 
course , L2 can be the eye and H'  the retina of the observer. 

To avoid the noise effects due to coherent reconstruction , different 
reconstruction methods with partially coherent ligh t can be used . In 
any case , one can employ a l ine source parallel to the fringes. 

Moreover, when the carrier frequency is h igh enough when compared 
with the spatial frequency content of the images, the three spectra 
plotted in plane E (F igure 4) are widely separated . Thus, an ex tended 
incoherent source can be used for reconstruct ion , in the limit of no 
spectrum overlapping. In the same manner, a finite spectral bandwidth 
source can be used.  
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... ... ... ... ... ... 

6 1 9  

...... ... ... ... ... ... ... ... ... 41i .. -P+- · -- .  -- .  

,," 
"' ,, 

,,, "" ' "  ,, 
, ... 

H'  
image ( subtraction) 

FIGURE 4 Schematic of system for image reconstruction. 

IV. Experimental Results 

Figure 5 shows the first results obtained with a fairly simple object made 
of a set of geometrical drawings, some with a high contrast , the others 
with a lower contrast . Figure S(a) shows the original object ;  F igure S(b)  
shows the result obtained by subtracting the two upper lines of  the ob
ject. 

As a test of quality , we compared the fluxes diffracted in the first 
order with and without subtraction. The object was a free pupil, and 
we obtained a ratio of 20 to I that corresponds to an attenuation factor 
of 1 3  dB.  

Figure 6 corresponds to a much more complicated object. I t  is a book 

a b 
FIGURE 5 Experimental results : (a) the original object; (b) image after subtraction of upper 
two lines. 
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a 

c 

FIGURE 6 Illustration of subtraction of (a) from (b) to yield the 
difference (c) . 
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shelf from which a book has been removed between the two exposures. 
Figure 6(c) shows the difference between Figures 6(a) and 6(b). These 
three pictures correspond to the images obtained when letting through 
the first-order spectrum only. The relatively poor quality of these images 
is due to bandpass limitation , which occurs when filtering the spectra 
because the spacing of the interference fringes was not small enough 
with the birefringent prism we had at our disposal . 

V. Conclusion 

It has been shown that illuminance subtraction can be obtained using 
birefringent prisms. However, the technique must stil l  be improved , and 
for now a Savart prism giving a fairly high-frequency set of fringes is being 
made. 

I t  must be noticed that , whatever birefringent prism is used , exact 
subtraction occurs even if fringes are not straight lines. A set of fringes 
being substituted for the complementary one , the fringe distortion in
volves only spectral distortion, but the image illuminance is not modified . 
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J .  T .  W I N T H R O P  and  R .  F . V A N  L IG T E N  

HOLOGRAPHIC 
MICROSCOPY IN 
EXOBIOLOGY: 

Introduction 

TRANSMISSION OF 
A HOLOMICROGRAM 
OVER A LIMITED 
TELEMETRY 
CHANNEL 

. The remote detection of extraterrestrial l ife involves special problems 
arising from the need to transmit data over great distances. In  the case of 
remote microscopy , the electronic transmission system limits the amount 
of image data that can be sent to the earth-bound observer. This paper 
argues that,  under such conditions, holographic microscopy is the most 
practical method of acquiring images of exobiological structures. The 
feasibil ity of the method is demonstrated by the results of a computer 
simulation . 

Our study relates specifically to exobiology on the planet Mars. The 
microscope is to provide images of a cylindrical object volume 500 J.Lm 
in diameter and 500 J,Lm deep ( see Figure I ) . The transverse resolution is  
required to be 0.5 J,Lm at the best-resolved part of the volume and no 
worse than 1 .0 J,Lm elsewhere . The microscope images are telemetered to 
earth at a maximum rate of 1 .9 X I 07 bits/day . 

I t  is convenient to distinguish two methods of microscopy, conven-

The authors are in the Research Division, American Optical Corporation, Framing
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500 1Jm 

l_ • • 

FIGURE I Image volume (nonnalized to unit magnification) and 
hexagonal sampling lattice. 

623 

tiona! and holographic .  The relative merits of the two methods for exo
biology can be summarized as follows: 

I .  Conventional microscopy , using incoherent or partially coherent  
illumination, has the potential to provide images of high quality. Holog
raphy has the disadvantage that the reconstructed images suffer from 
speckle noise caused by coherent illumination of the object volume. 

2 .  Conventional m icroscopy requires automatic refocusing for each 
distinguishable object plane in depth .  Holography, on the other hand,  
records the entire object volume with one focal set ting. 

3. During the time needed for the conventional microscope to focus 
through the object  volume , the object may have moved . This may result 
in a distorted or incomplete three-dimensional image. Holographic mi
croscopy with pulsed illumination has the advantage that it stops object 
motion. 

4. Conventional microscopy requires two images for each focal setting, 
one showing absorption objects and the other showing phase objects. 
With holography , images of either type of object are available from one 
hologram of the object volume. 

5.  The number of on-off pulses (bits) needed to describe the volume 
image formed by conventional microscopy is three orders of m agnitude 
greater than the number needed to describe a holographic image of the 
same volume .  

We  conclude that ,  apart from the question of  image quality , holo
graphic microscopy is preferable to conventional microscopy for the 
problem of exobiology . Because of the importance of the fifth factor, 
data economy ,  we will discuss it  in detai l .  
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Information Handling 

The discussion assumes water-immersion objectives (numerical aperture = 
n sin 0 = 1 .33 sin 0 )  and illumination at vacuum wavelength � = 0.488 pm. 

The number of bits needed to describe an image of the object volume 
formed by conventional microscopy can be found as follows. An image 
of the object volume is constructed by focusing on a succession of object 
planes in depth. The spatial Fourier spectrum of the intensity distribution 
in one plane of the image (normalized to unit magnification) occupies a 
circular disk of diameter D* ,  where [O'Neill, 1 963 ] 

D* = 4n sin 8 /A . ( I ) 

According to sampling theory [ Petersen and Middleton, 1 962 ] , the image 
in this plane can be described most efficiently in terms of samples of the 
intensity taken on a hexagonal sampling lattice , where the spacing D be
tween nearest-neighbor sampling points is given by (Figure I )  

D = 1 . 1 5/D*. (2) 

The diameter D* , and hence D,  can be related to the resolution limit 11r 
through the Rayleigh criterion for incoherent illumination [ Born and 
Wolf, 1 964] , 

llr = 0.6 1 ">../n sin 8 .  (3) 

From Eqs. ( I ) , (2 ) ,  and (3 ), 

D = 0.47/lr. (4) 

If 11r = 0.5 pm, then D = 0.24 pm , and one plane of the object volume 
500 pm in d iameter contains 3.9 X 1 06 independent sampled data. To 
get the number of refocusing steps, we note that in the axial d irection, 
the spatial Fourier spectrum of the image (normalized to unit magnifica
tion) is limited to an interval liZ* , where 

AZ* = 2n( I - cos 8 )/A, (5) 

and cos 0 is determined by the Rayleigh criterion.  Then , according to 
sampling theory, the object can be specified in depth by refocusing at 
intervals !:i.Z, where 

AZ =  1 /AZ* (6) 
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[ Frieden, 1 966 ) . The known values of n, X ,  and !:l.r give /:l.Z = 1 . 75  J.Lm, 
and the number of refocusing steps in the object cylinder of depth 
5 00 J.Lm is 2 .9 X I 02 • Thus, the total number of intensity values needed 
to specify the volume image is 1 . 1  X I 09 . If the intensity d istribution is 
quantized into 1 6  = 24 gray levels, corresponding to 4 bits of informa
tion per data point,  then there will be 4 .5  X I 09 bits of information in 
the image . Finally , since two images per specimen are required in con
ventional microscopy , the total amount of information to be trans
mitted per specimen becomes 9 X 1 09 bits. 

In holographic microscopy, it is only necessary to describe the ampli
tude and phase at one plane of the image field . The ampli tude and phase 
at all other planes can be obtained by propagation. We describe the field 
in the plane containing the image of the end of the object cylinder near
est the objective. The spatial Fourier spectrum of this image ( normalized 
to unit magnification) is confined to a circular d isk of diameter d* ,  
where [ O'Neill , 1 963 1 

d* = 2n sin 0/A. (7) 

The field can therefore be specified most efficiently in terms of sample 
values taken on a hexagonal sampl ing lattice, where the spacing d be
tween nearest-neighbor sampling points is given by 

d = 1 . 1 5/d* .  (8) 

The criterion for resolution !:l.r with coherent imagery is [ Born and Wolf, 
1 963 ) 

Ar = 0 .83'A/n sin 8 , (9) 

and , therefore ,  from Eqs. (7 ) ,  (8 ) ,  and (9) ,  

d = 0.69Ar. ( 1 0) 

Since !:l.r = 0.5 J.Lm, we have d = 0.35 J.Lm, and the image area 5 00 J.Lm in 
d iameter contains 1 .9 X 1 06 sampling points. This corresponds to 
3 . 8  X 1 06 real data, because both amplitude and phase have to be speci
fied . If the amplitude and phase are quantized into 1 6  = 24 levels each, 
then the total amount of information to be transmitted per specimen in 
holographic microscopy is 1. 5 X 1 01 bits. 

Thus, the amount of information that has to be transmitted in holo
graphic m icroscopy is about 600 times less than the amount that has to 
be transmitted in conventional microscopy. On this basis, holographic 
microscopy has a distinct advantage over conventional microscopy. 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


626 IM A G E  PROC ESSI N G  A N D  H O L O G R A P H Y  

Hologram Bandwidth Reduction 

The hologram contains a record of the amplitude and phase of the image 
formed by the microscope. Before the hologram transmittance can be 
telemetered to earth , it  has to be sampled , and the magnitude of each 
sample has to be quantized into a finite number of levels. Because of the 
limited capacity of the telemetry channel , it is essential that the number 
of sampling points and quantization levels be kept as small as possible. 

To minimize the number of sampling points, the hologram is recorded 
by the lensless Fourier transform method , accord ing to which the 
reference field diverges from a point in the plane of the exit pupil of  the 
microscope objective. As is well known,  the hologram produced by this 
method has minimum spatial bandwidth. Since the number of sampling 
data needed to describe the hologram transmittance depends on the area 
occupied by its Fourier spectrum, the lensless Fourier transform hologram 
requires the least number of samples for its complete descript ion. 

As shown in Figure 2(a),  the Fourier spectrum of the hologram (ampli
tude) transmittance consists of three parts :  two image-bearing sidebands 
of diameter d* = 2n sin (} /'A and a central area of diameter 2d* containing 
the Fourier spectrum of the image intensity . The latter is sometimes 
called the intermodulation term of the hologram. I t  does not contribute 
to the formation of the holographic image. I f  the intermodulation term 
were not present, the number of sampling data needed to describe the 
hologram transmittance would be the same as the number of real data 
needed to describe the holographic image (3 .8  X 1 06 real data, as calcu
lated above) .  The presence of the intermodulation term more than dou-

( a ) 
FIGURE 2 Stages in the reduction of 
hologram bandwidth. (a) Fourier spec
trum of original hologram. U and L de
note upper and lower sidebands. (b) 
Replication of hologram spectrum that 
results when the hologram transmittance ( b) 
is multiplied by a sinusoid. (c) Spectrum 
of bandwidth-reduced hologram, pro-
duced by low-pass filtering of spectrum 
(b). 

(c ) 
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FIGURE 3 Coherent optical processor 
used to generate bandwidth-reduced 
hologram. A pair of mutually coherent 
plane waves illuminates the original 
hologram placed at the input plane. A 
low-pass ffiter transmits a field whose 
spectrum at the output plane occupies 
the region indicated in Figure 2(c). The 
addition of a plane wave normally incident 
on the output plane produces a real, non
negative field amplitude suitable for mea
surement. 

INPUT 

� � � 
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OU TPUT 

, 
, '  

bles the number of data needed to specify the hologram. Thus, the 
intermodulation term needs to be eliminated before the telemetry stage. 
We refer to the elimination of this term as bandwidth reduction. 

Two possible methods of bandwidth reduction will be discussed . In  the 
first method , suggested to us by J. W .  Goodman (private communication, 
I 972) ,  the transmittance of the original hologram is converted to an 
electrical signal by means of a scanning pinhole and photodetector. The 
Jines of scan run parallel to the direction of spatial-frequency offset. 
The output of the photodetector is multiplied by a sinusoid , resulting in 
a signal whose spectrum consists of the sum of upshifted and downshifted 
replicas of the original hologram spectrum. The frequency of the sinusoid 
is chosen so that the spectrum of the product signal occupies the domain 
indicated in Figure 2(b ). Note that the lower sideband L of the upshifted 
spectrum touches, but does not overlap , the upper sideband U of the 
downshifted spectrum. A low-pass filter then discards all but the two 
adj acent sidebands, resulting in a bandwidth-reduced signal whose spec
trum is indicated in Figure 2(c) .  It is this signal that when sampled and 
quantized is telemetered to earth. 

An optical method that achieves the same reduction of bandwidth is 
shown in Figure 3. The original hologram is placed at the input plane of 
a coherent optical processor and is illuminated by a pair of mutually 
coherent plane waves. The directions of the plane waves are chosen so 
that the light distribution in the filter plane consists of two contiguous 
hologram spectra, as shown in Figure 2(b).  A mask in the filter plane 
blocks all but the two adjacent sidebands. The wave field transmitted to 
the output plane has the Fourier spectrum shown in Figure 2(c).  The 
complex amplitude of the field is real valued , but to provide a non
negative amplitude for measurement, the field must be added coherently 
to a wave of constant amplitude and zero phase , as indicated in Figure 3 .  
The resultant amplitude a t  the output plane i s  then scanned by a pinhole 
and detector, and the electrical signal is stored for transmission to earth. 
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FIGURE 4 Derivation o f  optimum 
periodic sampling lattice. (a) Oosest 
packing of repeated hologram spectra 
generates reciprocal lattice with unit 
cell of area A • .  (b) Fourier transform of 
reciprocal lattice gives optimum periodic 
sampling lattice with unit cell of area 
l/A • .  

Sampling 

I M A G E  P R OC ESSIN G A N D  H O L O G R A P H Y  

rr
1 J;· 

120 

( a ) ( b) 

An optimally efficient scheme for periodic sampling of the bandwidth
reduced hologram can be derived from the condition of closest packing 
of repeated hologram spectra. As shown in Figure 4(a),  the unit cell of 
the array of repeated spectra is a parallelogram with sides in the ratio 2 :  1 
and with an included angle of 1 20° . The array of corners of repeated 
unit cells comprises the reciprocal lattice . The optimally efficient sam
pling lattice is the F�:mrier transform of the reciprocal lattice [ Fig-
ure 4(b) ] . The two Fourier-conjugate lattices are related by a 90° rota
tion; the area of the unit cell of the sampling lattice is the reciprocal of 
the area of the unit  cel l  of the reciprocal lat tice . The period ic samp ling 
lattice defined in this way is optimally efficient in the sense that it pro
vides a complete description of the hologram with the m inimum number 
of sampling points. 

Experiment 

A test object was prepared consisting of a collection of 0.5-I.Lm latex 
spheres. A hologram of the object was made in 4880 A light ,  using a 
lensless-Fourier-transform microscope equipped with a water-immersion 
objective of numerical aperture 0.7 5 .  The hologram was then processed 
and reconstructed on a computer system at the Visibility Laboratories  
of the University of California at San Diego. The computer simulation 
enables us to judge the effects of bandwid th reduction , sampling, and 
quantization under controlled , noise-free conditions. 

Figure S (a) shows a direct image , using 4880 A coherent illumination,  
of a collection of the 0 .5-�.tm spheres used for the experiment .  In order  
to limit the number of data  points presented to the computer, it was 
necessary to mask off all but a small portion of the object field. Fig-
ure S(b) shows a direct image of the object field m asked by a square 
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aperture 33  pm X 33 pm. The mask lies somewhat outside the plane of 
focus. Thus, a set of regular fringes, caused by interference between the 
coherent background and l ight d i ffracted from the edges of the aperture ,  
covers the field of view. 

A hologram was made of the object field of Figure 5(b ). The trans
mit tance values of the hologram were then sampled in accord with the 
sampling theorem, and the sample values were stored in the computer. 
The stored hologram , consisting of a 256  X 2 5 6  array of sample values, 
is shown in Figure 6. 

Next, a computation was made of the Fourier transform of the holo
gram transmittance, the result of which is shown in Figure 7 .  The com
puter was then instructed to discard all but the signal sidebands and to 
shift them to the positions ind icated in Figure 2(c) .  An inverse Fourier 
transform then provided the bandwidth-reduced hologram shown in 
F igure 8. The coarse fringes show that a reduction of bandwid th has 
taken place . 

Reconstruction of the hologram of F igure 8 was performed by com
puter. The reconstructions of various planes of focus are shown in Fig
ures 9(b)-9(g). [ Figure 9(a) is a d irect image of the original object . ]  Fig
ure 9(c) represents the plane of best focus for the pair of spheres circled 
in Figure 9(a). In spite of the overlay of noise due to the square mask , 
the spheres can be seen as resolved . 

We have so far demonstrated the feasibil ity of the sampling and band
wid th-reduction processes. However, the reconstructions of Figure 9 
were obtained from an essentially unquantized hologram. To test the 

(a ) ( b ) 
FIGURE 5 The holographic object. (a) CoUection of O.S·I'm latex spheres, viewed directly 
through microscope using 4880 A coherent illumination. (b) The object field of (a) masked by 
a 33'1'm-iQuare aperture. 
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FIGURE 6 256 X 256 array o f  sample values o f  a n  optical hologram 
of the object of Figure 5(b). 

FIGURE 7 Computer-generated Fourier transform of the hologram 
of Figure 6 .  
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FIGURE 8 Bandwidth-reduced hologram. 

63 1 

effect of quantization , reconstructions of the same object were made 
from holograms quantized in various numbers of equally spaced levels of 
transmittance. The results are shown in Figure 1 0. To the eye, it makes 
little difference whether the hologram is quantized in 1 28 or 1 6  levels. 
At 8 levels, however, the reconstruction deteriorates markedly . 
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( a )  

( b )  ( e ) 

( c ) ( f )  

(d ) C g ) 

FIGURE 9 Computer reconstruction of hologram of Figure 8. (a) Direct image of original ob
ject. (b)-(g) Various planes of focus. Figure (c) represents the plane of best focus for the pair 
of spheres circled in (a). 
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1 2 8 LEVELS 6 4  LE V E LS 

3 2 L E V E L S  1 6  LEV E LS 

8 L EV E LS 4 L E V E L S  
FIGURE 10 Reconstructions from holograms that have been quan· 
tized to various equally spaced levels of transmittance . 
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Conclusion 

We have shown that it is possible to prepare an ordinary hologram for 
electronic transmission by these steps : 

I .  Scan the hologram , converting transmittance variations into an 
electrical signal . 

2. Process the electrical signal to obtain a new hologram of reduced 
bandwidth. 

3 .  Sample the bandwidth-reduced hologram . 
4. Quantize the sample values into 1 6  equally spaced values. 

In terms of the problem of exobiology described in the Introduction,  
this procedure enables us to transmit a hologram of the cylindrical object 
volume using 1 .5 X I 07 bits, or about one hologram per day .  

After the hologram has been transmitted and received , it can be re
constructed by computer, as was demonstrated here , or by conventional 
optical means. 

I t  may be possible to reduce even further the amount of data that 
have to be sent by making use of special sampling and coding methods 
[Huang et a/. , 1 97 1 ] .  For example , with a scheme of nonuniform quanti
zation , three instead of four bits of quantization per data point may 
suffice. Experiments have been planned to investigate these possibilit ies. 

We are indebted to J .  A. Levitt, J. W. Goodman, and A. W. Lohmann for their contributions to 
the conceptual aspects of this work; to K. C. Lawton for preparation of the test object and the 
optical hologram ; and to J .  L. Harris, Sr., for assistance in the computer simulation. 

This work was done under NASA Contract NAS2-6472, "Holographic Microscopy in 
Exobiology." 
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N .  B A L A S U B R A M A N IA N  

CoNTOURING FROM 
HOLOGRAPHIC 
STEREO MODELS 

Introduction 

During the last few years, there has been considerable interest in the ap
plication of modern coherent optical techniques to achieve storage and 
subsequent processing of data obtained through photogrammetric and 
remote-sensing techniques. The theoretical considerations by Real 
[ 1 969 1 , as well as the recent studies at Bendix [ Krulikoski et a/. , 1 968 , 
1 970 I were directed toward the demonstration of the capability of co
herent optical processing techniques to obtain instant elevation profiles 
and contours through optical correlation . The second area of optical re
search in photogrammetry is the application of holography to meet the 
problems of storage , retrieval , and display . Recently , Kurtz et a/. [ 1 97 1  I 
produced photogrammetric holograms of stereomodels composed of 
pairs of overlapping photographs. I t  is possible to extend the optical
processing techniques to obtain contour infonnation directly from the 
holographic stereomodel .  This would facilitate not only the storage of 
raw photogrammetric data in a highly processed fonn but also would 

The author is in the Institute of Optics, University of Rochester, Rochester, New 
York 14627 . 
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permit automated retrieval of contour information from the holographic 
stereomodel as and when required .  

Basic Concept 

The concept of holographic stereomodel involves replacing the over
lapping stereophotographs or their projections with their overlapping 
holographic virtual images. The holographic stereomodel is produced by 
recording, on a single hologram , the overlapping images of two photo
graphs of a common area having proper perspective for subsequent 
stereoviewing. The optical system used for recording the holographic 
stereomodel is shown in Figure I .  The transparencies are projected onto 
the rear projection screen using coherent illumination derived from a 
laser source . First , the double projection system is relatively oriented to 
remove differences in scale and angular tilt at the overlapped image 
plane. While recording, only one projection system is illuminated at a 
time.  Each of the projected transparencies is recorded on the holographic 
plate , and the two reference beams used for the two exposures allow 
late image separation upon reconstruction . The opt ical system used for 
viewing the holographic stereomodel is shown in Figure 2. Here the 
polarization of one reconstruction beam is rotated by 90° using half
wave retarder; orthogonally oriented polarizing filters are then used for 

. viewing the reconstructed holographic stereomodel . A simple approach 
to mapping the information contained in the holographic stereomodel 
is to use a sel f-illuminated dot attached to an X YZ coordinate measuring 
device and placed in the virtual image space of the hologram . A detailed 
description of such an instrument is given by Kurtz et a/. [ 1 97 1  I . The 
purpose of this paper is to show the advantages of the holographic 
stereomodel from the viewpoint of further data processing. 

For the purposes of this analysis, a modified version of the arrange
ment used for constructing the holographic stereomodel is shown in 
Figure 3 .  The amplitude and phase dist ribution on the rear projection 
screen is [u 10 + u 1  (x,y ) ]  exp [ i</> 1  {x,y) ]  when transparency 1 1 (x,y) is  
projected on the screen . u0 represents the undiffracted transmission of 
the transparency and u 1  (x ,y ) is due to the structure informat ion on the 
transparency . The corresponding amplitude and phase distribution for 
the transparency t2 (x,y ) is [u20 + u2 {x,y ) ]  exp [ i</>2 (x,y ) ) . I t  is assumed 
here that the transparencies do not introduce phase distortions and 
that </>1 (x,y ) and </>2 (x,y ) are essentially a function of the double pro
jection systems. The reference beam l reconstructs [u01  + u 1  (x,y ) )  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

S p a c e  O p t i c s :   P r o c e e d i n g s  o f  t h e  N i n t h  I n t e r n a t i o n a l  C o n g r e s s  o f  t h e  I n t e r n a t i o n a l  C o m m i s s i o n  f o r  O p t i c s  ( I c o  I X )
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 7 7 9

http://www.nap.edu/catalog.php?record_id=18779


N. Ba/asubram(mian 637 
exp [ i cp1 (x,y ) ] , and the reference beam 2 reconstructs [u02 + u2  (x,y ) ]  
exp [ i  C/J 2  (x,y )] . A t  the superimposed image plane , the two recon
structed reference beams interfere , and the resultant intensity d istribu
tion is given by 

where 

and 

£1 = [uot + u 1  (x,y)) exp [i 1/>1 (x,y)) 

E2 = [u02 + u t  (x,y)] exp (i l/>2 (x,y)] . 

I(x,y) = [uo t  + u 1  (x,y)] 2 + [uol + u2 (x,y)] 2 

+ 2 [u0 t  + u 1  (x,y)] [uol + u2 (x,y )) 

cos [1/> 1 (x,y) - 1/>2 (x,y)J . 

This can be expanded to give the expression 

I(x,y) = u o t 2 + uo22 + 2uo t Uo2 cos (lf> t  - 1/>2 )  

+ 2uo t  U t  + 2uo2 U 2  + 2uo t  U 2  + uo2 U t  cos (l/> t - 1/>2 )  

+ u 1 2 + u11 + 2u t u 2  cos (lf> t - 1/>2 ) . 

( I ) 

(2) 

(3) 

The terms containing cos (cp 1 - cp2 ) represent a fringe modulation whose 
shape and spatial frequency are dependent on the relative distributions of 
functions cp 1 and C/J2 • 

When a de block is placed at the focal plane of the imaging lens L1 in 
Figure 3 ,  Eq . (3 )  becomes 

(4) 

Regions having zero x-parallax between the two projections on the rear 
projection screen exhibit maximum correlation .  Hence in the regions of 
zero x-parallax , where conjugate images of the stereotransparencies are 
superimposed , u 1 (x,y ) is approximately equal to u 2 (x ,y ) . Intensity dis
tribution at the regions where conjugate images are coincident can be 
expressed as 

(5) 

Equation ( 5 )  shows that coincident regions in the superimposed image 
plane would exhibit maximum fringe modulation . 
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Comparison with Contouring Interferometer 

The holographic stereomodel configuration can be considered as a modi
fied version of the contouring interferometer proposed earlier by 
Krulikoski et a/. [ 1 970) . The optical arrangement used by Krulikosk i  
et a/. i s  shown i n  Figure 4.  I t  essentially consists o f  a Mach-Zehnder 
interferometer and two x-y photocarriages that hold the stereotrans
parencies in each channel of the interferometer. The average t ransmit
tences of the transparencies are removed through spatial filtering, and 
the filtered images are then superimposed at the output plane of the 
interferometer. The regions of zero x-parallax at the superimposed 
image plane are detected through the existence of interferometric fringe 
modulation . Different  height contours are generated by translating one 
of the transparencies in the x-direction (to provide different x-paral
laxes). 

It is clear from above considerations that the holographic stereo-
model arrangement can be considered equivalent to a Mach-Zehnder inter
ferometer arrangement in which fringes are localized at the rear projec
tion screen .  At the reconstructed virtual image space of the holographic 
stereomodel we have essentially the equivalent of two relatively oriented 
rectified stereophotographs. The intensity d istribution at the plane of 
the rear projection screen (at the virtual image) is similar to the distribu
tion at the output plane of the contouring interferometer. Once the 
holographic stereomodel has been made,  there is no provision to trans
late the projections with respect to each other (to obtain different  x
parallax contours) . Hence , one holographic stereomodel provides infor
mation regarding only one height contour for different  contour intervals ; 
multiple recording of different  holographic stereomodels representing 
differen t  x-parallax differences at the plane of the rear projection screen 
must be made.  Because of the ease with which the holographic stereo
models can be recorded once the relative orientation has been obtained , 
this poses no serious problem . 

Advantages 

Visual detection of fringe visibility l imits considerably the sensitivity 
that can be obtained . However, if  the holographic stereomodel is recon
structed in such a manner that the real image is superimposed on a scan
ning detector plane, the output of the detector can be used to obtain the 
signal information . Furthermore, if the phase of one of the reference 
beams is  modulated, the amplitude distribution corresponding to one of 
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the projections also gets phase modulated . The time-varying intensity 
at the superposed real-image plane would give rise to an ac beat signal a t  
the  detector, the amplitude of which is proportional to  the contrast of  
the fringe modulation a t  that point .  Because of this, the actual fringe 
spacing at the superposed image plane would have no effect on the 
spatial resolution that could be obtained . 

I n  the holographic stereomodel ,  the detection of coincidence of con
jugate images is made on the stereomodel space , and , hence , the con
tours obtained represent d irectly orthoscopic contours. Unlike the case 
of interferometric contouring system ,  there are no stringent require
ments on the qual i ty of the optics used , and the system itself is basically 
simple.  The direct  contouring approach can be extended to a general 
holographic stereomodel configuration shown in Figure I ;  however, the 
l imitation on the detectabil ity of the fringe spacing on the rear projec
tion limits the range of base-to-height ratios to which this contouring 
system can be applied . 

Conclusion 

The holographic stereomodel not only provides a means of storing and 
d isplaying photogrammetric data in a processed form but also permits 
direct processing of the stored information to obtain contour informa
tion. Research is presently continuing on the instrumentation of the 
system described, as well as on the extension of this technique of coin
cidence detection of conjugate images d irectly on the stereomodel . 

Most of the work reported here has been supported by the Research Institute, 
U.S. Army Topographic Laboratories,  Fort Belvoir, Virginia . 
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J .  C .  W Y A N T  

HOLOGRAPHIC 
TESTING OF 
ASPHERIC OPTICAL 
ELEMENTS 

Introduction 

The high performance requirements of modern optical systems have 
made the inclusion of aspheric surfaces in the design increasingly ad
vantageous. This is especially true for systems such as the Large Space 
Telescope , solar telescope ,  and associated spectrographic instruments 
where for the first time it will be possible to utilize the resolution capa
bilities of large aspheric often nonsymmetric, optical components. Thus, 
the ability to test aspheric surfaces in both fabrication and final stage is 
extremely important .  In an effort to satisfy these new testing require
ments, an investigation has been made of new interferometric testing 
techniques made possible by the use of holography.  

A common arrangement for testing spherical surfaces is a Twyman
Green interferometer, which compares the surface under test with a flat 
or spherical reference surface . Often when the surface under test is 
aspheric, the difference between the reference surface and test surface 
is so large that the resulting interferogram is too complicated to analyze. 
The most common method of solving this problem when the surface de-

The author is at the Itek Corporation , Lexington , Massachusetts 02 1 73 . 
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parts only a fringe o r  so from the desired shape i s  t o  make a second op
tical system (null lens or null mirror),  which converts the wavefront 
produced by the element under test into either a spherical or a plane 
wavefront. This wavefront can then be interferometrically compared 
with a spherical or plane reference wavefront. Often in early fabrication 
stage testing the surface is not known accurately enough to perfonn a 
null test. Even if a null test is attempted , the resulting interferogram 
will still contain too many fringes to analyze. Since high accuracy is  
neither needed nor desired in early fabrication stage testing a longer 
wavelength light source can be used in the interferometer to reduce the 
number of fringes. Using a longer-wavelength l ight source in the inter
ferometer also creates problems because film cannot be used to record 
the interferogram directly and the inability to see the radiation causes 
considerable experimental difficulty . As shown in recent  papers [ Hilde
brand and Haines, 1 9 67 ;  Zelenka and Varner, 1 968 , 1 969 ; Wy ant, 
1 97 1 ) ,  two-wavelength holography (TW H )  provides a means of using 
visible light to obtain an interferogram identical to the one that would 
be obtained if  a longer nonvisible wavelength were used . This paper 
will review these concepts, and details will be given of a special inter
ferometer built for the T W H  testing of aspheric elements. Experimental 
results will be given for the testing of both polished and ground-glass 
optical surfaces. 

In final stage testing, high accuracy is needed , so T W H  cannot be 
used to reduce the number of fringes. Since the surface departs only a 
fringe or so from the desired shape , null optics can be used to convert 
the aspheric wavefront under test into a spherical wavefront.  However, 
the null optics required is often very difficult and expensive to produce. 
The difficulty and expense becomes even more severe when nonsym
metric wavefronts are tested. Other papers have indicated that in man y  
cases computer-generated holograms (CG H )  provide a method o f  either 
eliminating or reducing the complexity of the required null optics 
[ Pastor, 1 969 ; Pastor et a/. , 1 968 ; MacGovern and Wyant ,  1 97 1 ] .  I n  
this paper, the concepts of C G H  testing will b e  reviewed ,  the sources of 
error will be d iscussed , and an interferometer built for C G H  testing will 
be described. Some experimental results will also be given.  

Two-Wavelength Holography (TWH) 

There are two basic T W H  techniques useful for early fabrication-stage 
testing of optical elements. One technique consists of first photograph
ing the fringe pattern obtained by testing an optical element using a 
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wavelength >.. 1 in an interferometer such as the modified Twyman-Green 
shown in Figure I .  This photographic recording of the fringe pattern 
(hologram) is then developed and replaced in the interferometer in the 
exact position it occupied during exposure , and it  is illuminated with 
the fringe pattern obtained by testing the optical element using a dif
ferent  wavelength , >.. 2 •  I t  can be shown [ Wyant ,  1 97 1 ]  that the moire 
pattern obtained is identical to the interferogram that would have been 
obtained if the optical element were tested using a wavelength Aeq , 
where 

( I )  

See Table I for various values o f  Aeq that can b e  obtained using various 
pairs of wavelengths from an argon and He-Ne laser. 

This moire pattern will not have high contrast if the two fringe pat
terns giving the moire pattern do not have high contrast. If desired , the 
contrast of the final interferogram can be increased by spatial filtering. 
If this filtering is to be effective , the angle between the two in terfering 
beams in the interferometer should be such that only the object beam, 
and not the reference beam , passes through the spatial fil ter (aperture)  
shown in Figure I .  The spatially fil tered moire pattern is a result of the 
interference between the wavefront produced by illuminating (with 
wavelength >..2 )  the hologram recorded using wavelength >.. 1 and the 
wavefront obtained from the optical element using wavelength >..2 •  

The fringe pattern (hologram) must be recorded in the image plane 
of the exit pupil of the optical element under test, since the interfero-

....L.-...>...- Interference 
plane (image 
of hologram) 

FIGURE I Modified Twyman-<>reen interferometer used for holo
graphic testing. 
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TABLE 1 
I M A G E  P R OCESS I N G  A N D  H O L O G R A P H Y 

Possible Equivalent Wavelengths, Aeq , Obtainable Using an Argon and an 
He-Ne Laser 

>. , , �tm 

>-, , �tm 0.4765 0 .4880 0 .4965 0.50 1 7  0 .5 145 0.6328 

0.4765 20.22 1 1 .83 9 .49 6 .45 1 .93 
0.4800 20.22 28.5 1 7 .87 9 .47 2 . 1 3  
0.4965 1 1 .83 28.5 47 .9 14 . 19  2.30 
0.50 1 7  9 .49 1 7 .87 47 .9 20. 16 2 .42  
0.5 145 6 .45 9 .47 14 . 1 9  20.16 2.75 
0.6328 1 .93 2 . 1 3  2 .30 2 .42 .2.75 

gram obtained using T W H  correctly gives the difference between the 
two interfering beams only in the plane of the hologram. The final 
photograph of the interferogram should be recorded in the image plane 
of the hologram , i .e . ,  in the image plane of the exit pupil of the optical 
element under test . 

Figure 2(a) shows an interferogram of an optical element tested using 
a wavelength of 0.4880 �-tm. The other interferograms shown in the fig
ure were obtained using T W  H to test the same optical element .  The 
interferograms shown in Figures 2( b) ,  2(c), 2(d) ,  and 2(e) were ob-

(a) {b) (c) (d) 

(e) (f) (g) 
FIGURE 2 lnterferogram s of an optical element (a) >. = 0.4 880 �tm, (b) Aeq = 6.45 �tm, 
(c) Aeq = 6.45 ,.m ,  (d) >-eq = 9.4 7 �tm, (e) Aeq = 9.4 7 �tm, (0 Aeq = 20.22  �tm, (g) Aeq = 28.5 1£ffi. 
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tained by first recording an interferogram (hologram) using a wavelength 
of 0.5 1 45 J..Lm and then illuminating the recording with a fringe pattern 
obtained using a wavelength of 0.4765 J..Lm for Figures 2(b) and 2(c) and 
0.4880 IJm for Figures 2(d) and 2(e) .  The interferograms were spatially 
filtered . The amount of til t shown in the interferograms was adjusted in 
real time by changing the angle at which the reference wavefront  was 
incident upon the hologram during the reconstruction . 

The interferograms shown in Figures 2(f) and 2(g) were obtained by 
first recording an interferogram using a wavelength of 0.4880 J..Lm and 
then illuminating this recording with a fringe pattern obtained using a 
wavelength of 0.4765 1Jm and 0.4965 1Jm , respectively .  

I n  the method of T W  H described above , the final interferogram gives 
the difference between a fringe pattern recorded at one instant of time 
and a fringe pattern existing at some later instant of time.  If the two 
fringe patterns are different  for reasons other than wavelength change, 
e .g. , air turbulence , incorrect results are obtained . For example, if air 
turbulence causes one fringe change between the fringe pattern obtained 
using X 1 = 0.4880 1Jm and the fringe pattern obtained using X2 = 
0.5 1 45 1Jm , the moire interferogram will contain one fringe error, 
which , as Table I indicates, corresponds to an error of 9.47 1Jm. 

The effect of air  turbulence can be reduced by recording simulta
neously the two interferograms resulting from the two wavelengths. I f  
the recording process i s  sufficiently nonlinear and the interferograms 
have sufficiently high contrast , this interferogram shows the same moire 
pattern described above. Generally , this moire pattern is too low in con
trast to be useful .  However, when this interferogram (hologram) is il
luminated with a plane wave , spatially filtered , and reimaged in the 
same manner as shown in Figure I ,  one obtains a high-contrast inter
ferogram, identical to that obtained using the first method of T W H  
described above. Since both fringe patterns are recorded simultaneously, 
and air dispersion is small , the sensitivity of the interferometer to air 
turbulence is essentially the same as if a long-wavelength l ight source 
were used in the interferometer. 

One problem in using double-exposure TW H ,  as just described, is that 
the amount of tilt in the final interferogram cannot be adjusted after 
the hologram is recorded . When desired , this problem can be solved by 
using the procedure described later in the paper. 

Since our initial TW H results obtained using a rather crude laboratory 
setup proved very useful, it was decided to build a special Twyman
Green interferometer for TW H testing of aspheric wavefronts in the 
shop .  To reduce the turbulence problems mentioned above, it was de
cided that the simultaneous double-exposure TW H technique had to be 
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used in the shop interferometer. Furthermore, i t  was decided to design 
the interferometer to use principally the 0.4880-I..Lm and 0 .5 1 45-I..Lm 
wavelengths. These two wavelengths were selected because they are the 
two strongest lines from an argon laser and because our initial work in
d icated that an equivalent wavelength of 9 .47 /..Lffi gave in most cases the 
desired sensitivity . A 2-W Ar laser was used , with an etalon included to 
obtain coherence with large optical path differences. 

Figure 3 shows two views of the completed interferometer. The op
tical components include one 4-in .-diameter beam splitter (Ar coated) ,  
two 3-in .-diameter flat mirrors (hologram reference beam mirrors) , one 
1 -in .-diameter flat folding mirror, one 6-in .-diameter flat folding mirror, 
one 6-in .-diameter parabolic mirror (mounted off-axis) , and two 2-in.
diameter flat mirrors (holographic playback beam mirrors). 

As can be seen from the photographs of the interferometer, the en
tire optical component housing was mounted on translation stages to 
allow precision positioning of the optical component housing along 
three orthogonal axes. 

Direct radiation from the laser first enters the line filtering section. 
Since a filter could not be obtained to pass only the 4880 A and 5 1 45 A 
lines and block all the other Ar lines, the laser beam had to be split into 
two beams, and a filter passing only the 4880 A l ine was placed in one 
beam and a filter passing only the 5 1 45 A line was placed in the other 
beam . The two beams were then recombined . After the filter section . 
the light is reflected to the laser beam expander/collimator, which pro
duces a 50-rom-diameter collimated wavefront.  This size was selected 
for two reasons: First , since the whole purpose of the interferometer is 
to test aspheric wavefronts, the optics had to be made large enough to 
accept large blur circles. Second , this enabled the use of a diverger hav
ing a relatively long focal length so the image of the piece under test 
would be at a position where the photographic plate could be con
veniently placed . 

The collimated beam is split by a beam splitter. Part of the light  
travels from the beam spl itter to mirror l ,  mirror 2 ,  back through the 
beam splitter, and illuminates the photographic plate as  the re ference 
wavefront for the image plane hologram. The other portion of the beam 
goes through the beam splitter to the off-axis parabolic mirror. The 
parabolic mirror is used as the d iverger so there are no chromatic aber
ration problems. After focus, the light strikes mirrors 3 and 4 and goes 
out to the optics under test. Light returning from the test optics surface 
fol lows a path back to mirrors 4 and 3, the off-axis parabola, the beam 
splitter, and , final ly ,  to the photographic plate .  The optical d istance 
from the photographic plate to the off-axis parabola is adjusted to lo-
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FIGURE 3 Two-wavelength holographic interferometer ( a )  side view, 
(b) front view. 

649 

cate a real image of the optics under test in the plane of the photographic 
emulsion . The two-color real image and two-color reference wave pro
duce two distinct se ts of fringes at the photographic plate .  The two sets 
of fringes are stored photographically and constitute the image-plane 
hologram . 

The holograms are recorded on Agfa I OE56 photographic plates. Us-
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ing this interferometer, the exposure times are approximately 1 / 1 00 
sec ,  even for the testing of the ground surfaces described later. 

After the holograms are processed , they could be illuminated with a 
plane wavefront and spatially filtered as described earlier to obtain the 
final interferogram. However, since it  is often desirable to be able to ad
just in real time the amount of t il t  in the final interferogram,  the se tup 
shown in Figure 4 and described below was used in the hologram recon
struction process. The interferometer is easily arranged to perform the 
holographic reconstruction process by inserting mirrors 5 and 6 [ F igure 
4(b)  I in front of mirror I and the off-axis parabola, respectively. A 
collimated reconstructing beam of only one color is split into two por
tions by the beam spli t ter. The reconstructing beam leaving m irror 6 is 
reflected again by the beam splitter and illuminates the hologram at ap
proximately the same angle as the reconstructing beam from m irror 5 ,  
which passes through the beam splitter onto the hologram . 

Two reconstructing waves illuminating two sets of holographic fringes 
produce four reconstructed images at the image plane hologram. The re
constructing beam from mirror 6 produces one image from the green
light fringes and one imagl! from the blue-light fringes. These images are 
designated M6G and M6B in Figure 4(a). Similarly,  the reconstructing 
beam from mirror 5 forms two images, designated MSG and MSB .  

Mirror 5 has real-time tip , t i l t  adjustment and i s  used to  obtain a 
slight til t between the reconstructed images M6B and MSG or M6G and 
MSB .  The other reconstructions are spatially filtered at the focal plane 
of lens L to select out either M6B and MSG or M6G and MSB .  The inter
ferogram obtained by interfering a proper set of reconstructions shows 
one fringe per 4. 735-pm surface departure from a sphere, i . e . ,  the same 
results as would be obtained if 9 .47-pm wavelength were used in a regu
lar Twyman-Green interferometer. 

Figure 5 shows the results obtained using the interferometer to test 
a 32-in . -diameter off-axis nearly hyperbolic polished mirror. Also shown 
in the figure is an interferogram of the same surface obtained using a 
wavelength of 0.5 1 45 pm. As can be seen,  the interferogram obtained 
at a wavelength of 0.5 1 45 pm is too complicated to analyze , while the 
interferogram obtained using the T W H  at an equivalent wavelength of 
9 .47 pm can easily be analyzed . 

Just as 1 0.6  pm from a C02 laser can be used to obtain interfero
grams of ground-glass surfaces [Munnerlyn and Latta, 1 968 ) , so can 
TW H .  Figure 6 shows a TW H in terferogram of approximately one hal f  
of an  !I 1 2 , 7 .S -cm-diameter ground-glass mirror. As can be  seen, the 
fringes have amazingly good contrast . However, there are two problems 
in using TW H for testing ground-glass surfaces. First , since the hologram 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


J. C. Wyan t  

Mirror 5 

a 

Mirror 6 

Spatial filter 
passes M5B 

and M6G 

Final lnterferogram 
(image of hologram) 

FIGURE 4 TWH reconstruction setup : (a) schematic diagram, (b) 
reconstruction of image-plane hologram. 
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FIGURE 5 lnterferograms o f  off-axis hyperbolic mirror: left, ;>.. = 0.5 145 �tm ; right, 
;>.. = 9.4 7 �tm. 

is made using visible light ,  the ground-glass surface scatters the l ight so 
much that very little light gets back through the imaging lens onto the 
hologram. Thus, long exposures are required . The second problem is the 
difficulty involved in setting up an interferometer when the piece under 
test does not give a specular reflection.  

l'o get around this problem, various methods of waxing the ground
glass surface to obtain a specular reflection have been suggested [ Moreau 
and Hopkins, 1 969 ] . We have tried many of these techniques, and the 
method that appears to work best is a method first suggested and tried 
by Paul Remijan of l tek. If the ground-glass surface to be tested is first 

FIGURE 6 lnterferograms of a portion of a ground
glass mirror, Aeq = 9.47 )lm. 
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FIGURE 7 lnterferogram of 
spray-varnished ground-glass hyper
bolic mirror <"-eq = 9 .47 I'm) .  

sprayed l ightly with a varnish (Hyplar spray varnish by Grumbacher 
was used) normally intended for use as a coating for oil paintings, a 
specular reflection suitable for T W  H testing is obtained . Figure 7 shows 
the results for testing the off-axis hyperbola mentioned earl ier after it 
has been ground with M-5 grit .  Repeated tests have shown that the uni
formity of the spray coating is good to within a 3-pm peak-to-peak er
ror, which should be adequate for fabrication stage testing. Since polish
ing a large surface takes several hours and the spraying takes but a few 
m inutes, the spraying technique can be very time saving. Thus, it is felt  
that the combination of TW H and this spraying technique should prove 
very useful for early fabrication-stage testing. 

Computer-Generated Holograms (CGH) 

The C G H  used for final-stage testing of aspheric wavefronts as described 
in this paper are basically a binary representation of the actual inter
ferogram that would be obtained if the ideal aspheric wavefront  being 
tested were interfered with a til ted-plane wavefront. This will become 
clear as the procedure for making and using a hologram is looked at. 

A C G H  can be used with a wide variety of experimental setups used 
to test aspheric wavefronts. A convenient setup for testing aspheric mir
rors is the same setup that was shown in Figure I for the TW H testing. 
The hologram is placed in the image plane of the mirror under test, i .e . , 
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in the same position film would be placed if a recording were to be 
made of the interference of the aspheric wavefront produced by the 
mirror under test with the tilted plane reference wavefront. 

To make the desired C G  H ,  the system must first be ray-traced. A 
computer program was wri tten to obtain the position of the fringes in 
the hologram plane that result from the interference of the til ted-plane 
wave and the aspheric wavefront that would be obtained if  the mirror 
under test were perfect. The program locates the fringe position by 
iteration to any desired accuracy and outputs the sequential positions 
along a fringe onto a tape , which is used to drive the plotter. For all the 
results shown in this paper, a 28-in.-diameter hologram was plotted us
ing a Calcomp Model 736 plot ter. The hologram is plotted one fringe 
at a time, and parabolic interpolation is used to produce smooth fringes. 
To achieve wide fringes, each one is traced a number of times, usually 
five,  with a small lateral shift introduced . The resultant plot consists of 
wide dark fringes against a white background . A typical computer plot 
is shown in Figure 8. The total computer time on a CDC 3300 used to 
produce one hologram is approximately 20 min, and plotter t ime is 
about 1 0  h .  The 28-in .-diameter computer plot is photoreduced to the 
correct size with an f/3 ,  39-mm focal-length Nikon lens. 

When the C G H  is placed in the interferometer as shown in Figure 1 ,  
the C G H  and the interference fringes produced by the interference of 
the reference wavefront and the wavefront produced by the mirror 
under test produce a moire pattern, which gives the difference between 
the C G H  and the interference fringes. Spatial filtering can be used to 
improve the contrast of the moire pattern if  in the making of the C G H 
the tilt of the plane reference wavefront was selected to be at least as 
large as the maximum slope of the aspheric wavefront along the inter
section of the plane of incidence of the plane wave and the aspheric 
wavefront. Then, spatial filtering is accomplished by reimaging the 
hologram with an appropriately placed small aperture in the focal plane 
of the reimaging lens. This aperture is placed so that i t  passes only the 
wavefront from the mirror under test and the corresponding wavefront 
produced by illuminating the hologram with a plane wavefront. Thus, 
in the interference plane shown, an interferogram is produced that gives 
the difference between the wavefront produced by the mirror under test 
and the corresponding wavefront produced by the hologram. 

Although there are obviously many places in the interferometer 
where a C G H  could be placed , when i t  is placed as shown, the thickness 
variations in the hologram plate have no effect on the results, and, thus. 
what could be a very serious source of error is eliminated . 

The above ray-tracing procedure used to make the holograms can be 
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FIGURE 8 Typical computer plot for CGH. 

used for any general optical system . The only requirement is that all the 
optics in the interferometer be known so the system can be ray-traced . 
An important consequence of ray-tracing the entire interferometer is 
that even though the diverger may be corrected only for spherical wave
fronts and may introduce additional aberrations in the aspheric wave
front  being passed through i t ,  the hologram automatically corrects for 
these aberrations when a null test (or for all practical purposes, a near
null test) is performed . 

Besides the usual errors produced by interferometer misalignment, 
there are five main sources of error in a C G H  test : emulsion movement, 
plotter distortion , photoreduction lens d istortion , incorrect hologram 
size,  and misalignment of hologram in interferometer. As the errors are 
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looked a t  below, i t  will be  seen that a l l  five errors are proport ional to  
the maximum slope of  the departure of the aspheric wavefront from a 
spherical wavefront .  

To detennine the error produced by emulsion movement,  nine 25-
mm-diameter holograms of two collimated wave fronts were m ade on 
Kodak 649-F plates. The spatial frequencies of the holograms were 40 
lines/mm, 330 l ines/mm , and 1 000 lines/mm. The holograms were de
veloped in Kodak H RP for 5 min , after which they were put in an acetic 
stop bath for I S  sec and Kodak fixer for 3 min. They were washed in  
running water for 5 min and rinsed for 30 sec in Yankee I nstant Film 
Dryer and Conditioner and air dried . 

After processing, the hologram was replaced into the original setup 
and one of the original collimated wavefronts was interfered with the 
corresponding wavefront produced by the hologram. lnterferograms 
were recorded , and the average nns and peak wavefront errors measured 
for the three spatial frequencies investigated are shown in Table 2 .  

I t  i s  doubtful that the wavefront errors shown in Table 2 were pre· 
dominately a result of emulsion movement, since the magnitude of the 
error does not appear to be largely dependent on the spatial frequency 
of the hologram fringes. Other possible sources of error are noise pro
duced by dust in the collimated wavefronts, small error in repositioning 
of the hologram, turbulence , and what is believed to be the largest 
source of error, noise in the data-reduction process. The important con
clusion is that the nns error produced by emulsion movement is cer
tainly less than 1 /40'A. 

The next source of error to be investigated is distortion in the holo
gram plotter. To show how the CG H wavefront  accuracy depends on 
the number of plotter resolution points and the maximum slope of the 
aspheric wavefront being tested , let  us assume that the plotter has 
P X P resolution points. Thus, there are P/2 resolution points across the 
radius of the hologram. Since the maximum error in plotting any point 
is one half a resolution unit,  any portion of each line making up the 

TABLE 2 Average rms and Peak Error in Wavefront 
Produced by Hologram 

Spatial Frequency of 
Hologram Fringes 
(lines/mm) 

40 
330 

1000 

Average 
rms Error 

O.o2S X 
0.02 1 X  
0.023X 

Average 
Peale Error 

0.073X 
0.06 1X 
0.06SX 
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hologram could be displaced from where it should be a distance equal 
to 1 /P the radius of the hologram. Let the maximum difference between 
the slope of the aspheric wavefront and the tilted plate wave be S waves 
per hologram radius. Thus, the phase of the plane wave at the hologram 
lines can differ from that of the required wavefront at the same lines by 
as much as SIP waves. Therefore , in the hologram plane the error in the 
reconstructed wavefront can be as large as SIP waves. Since the final 
interferogram is recorded in the image plane of the hologram, the quan
tization due to the finite number of resolution points causes a peak er
ror in the final interferogram of SIP waves. Figure 9 is a log-log graph of 
peak wavefront error versus number of plotter resolution points for 
various amounts of maximum difference between the slope of the as
pheric wavefront and the slope of the tilted plane wave . 

As mentioned above, to maximize the contrast of the final inter
ferogram, the hologram should be made such that it is possible to spa
tially filter the hologram to select out the first-order reconstruction. 
This requires that the slope ( tilt) of the plane reference wavefront be at 
least as large as the maximum slope of the aspheric wavefront along the 
intersection of the plane of incidence of the plane wave and the aspheric 
wavefront. Since increasing the slope of the plane reference wavefront 
decreases the accuracy of the aspheric wavefront produced , advantage 
should be taken of the fact that a smaller reference wavefront tilt can 
be used in the testing of nonsymmetric wavefronts if the plane of inci
dence of the reference wavefront is along the direction of minimum 
slope of the aspheric wavefront. 

1 .0 
• 0.5 .. .. r .: 
t lol 

I .. .. i!: 
� .. 1!. 0.02 

Number of Reaolutlon Polnta, P, Aeroee a Diameter 

FIGURE 9 Peak wavefront error versus number of plotter resolution 
points. 
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The third source o f  error t o  b e  investigated i s  the error due t o  in
correct hologram size. Let f/J(r, 9 )  be the aberrated wavefront being 
tested in the plane of the hologram. If the hologram is the correct size, 
then this is the wavefront that the hologram produces. If the hologram 
has the incorrect size by magnification factor, M, then the test gives the 
difference r/J(r/M. 9 ) - f/J(r, 9 ). Now, by a Taylor's expansion 

¢(r/M, 8 ) = � [r + ( I/M - I ) (r, 8)) = ¢(r, 8 ) + { [3�(r, 8 )) /3r} [( 1 /M) - I } r + · · · . (2 1 

Terms higher than first order in the expansion can be neglected if M is 
sufficiently close to I and a small region is  looked at. 

Thus, the error in the test results caused by the hologram having the 
incorrect size is given by 

¢(rfM, 8 ) - �(r, 8 )  = { [3¢(r, 8) )  /3r } [( 1 /M) - I ) r + · · · (3) 

A distortion error is analyzed the same as a magnification error ex
cept that the magnification , M, is a function of position r. Let a(r) be 
the d istortion as a function of radius r. That is, a point that is supposed 
to be at the radius r is at a radius r[ I + a(r) 1 . Since often in a test both 
the distortion and wavefront slope are a maximum at the maximum 
value of r, the error due to distortion can be reduced by adjusting the 
magnification to balance out the d istortion error at the edge of  the plot. 
That is, the photoreduction should be demagnified by a factor I + 
a<rmax )  from what it would be if no distortion were present . Thus, the 
magnification error due to d istortion at any radius r is 

M(o:) = I + o:(r) 
. I + o:(rmax) 

(4) 

Error due to misalignment of the hologram in the interferometer 
could be due to either an off-center error or, in the case of testing non
symmetric wavefronts, a rotation error. The off-center error will be 
looked at first. 

Let f/J(x, y) be the wavefront being tested . Let the center of the aber
rated wavefront and the center of the hologram be displaced a d istance 
.!U in the x direction.  Then the result  of the interference test gives 
f/J(x + .!U. y) - r/J(x. y) .  Just as before , a Taylor series expansion leads to 

¢(x + Ax,y) - ¢(x,y) � a�;·Y) Ax. (5) 

• 
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Equation ( 5 )  gives the error resulting from off centering the hologram 
a distance L\x. 01/>/0X is just the slope in the X d irection . 

When nonrotationally symmetric wavefronts are being tested , an error 
will resul t  when the hologram has an incorrect rotational position. Again 
writing 1/> in polar coordinates, i .e . ,  1/>(r. 0 ), the test gives the difference 
1/>(r. 0 + AO ) - 1/>(r. 0 ) , where AO is the angular error. The Tay lor series 
expansion gives 

"" al/l(r, 8) l/l(r, 8 + A8) - l/l(r, 8 ) a8 A8 . (6) 

Thus, Eq.  (6) is the error that resul ts from an angular error. ( otJ>(r, 0 ) ) /oO 
is the angular slope. 

Several aspheric wave fronts have been tested using C G  H .  To verify the 
analysis given above , C G H  were made to test the known aspheric non
symmetric wavefronts produced by the experimental setup shown in 
Figure 1 0. The amount of aberration in  the wavefront being tested was 
selected by tilting the plane-parallel plate placed between the diverger 
and spherical m irror. 

For all our tests, the spatial filter shown in Figure l O  was positioned 
so that the final interferogram showed the interference between the 
aberrated wavefront produced by the optical system and the aberrated 
wavefront produced by the hologram. The same results would have 
been obtained if the spatial filter were positioned to pass the plane 
reference wave and the plane wavefront produced by the hologram 
when the aberrated wavefront is used as the reconstructing beam. 

Figures 1 1  and 1 2  show typical interferograms result ing from the 

Rolocnm 

Mirror 

Film bolder Ill lmap plaDe 
Spatial mter 

Tllted plaDe parallel plate 
FIGURE 10 Experimental setup to obtain nonsymmetric aspheric 
wavefront. 
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Reaults of CGH test 
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IDterference of aberrated 
wavefroat and plane wave 

FIGURE 1 1  CGH test of aspheric wavefront having a maximum slope of 35 waves per radius 
and 19 waves departure. 

CG H testing of the nonsymmetric aspheric wave fronts obtained using 
the setup shown in Figure 1 0. The ideal result would , of course, be 
equispaced straight fringes. Also shown in the figures are the interfero
grams obtained by interfering the aspheric wavefronts with a til ted 
plane wave. Table 3 summarizes the experimental results. Using the 
analysis given above, it was found that all the results shown in Table 3 
are within the estimated errors in the experiment. 

Several parabolic mirrors have been tested using CG H .  Figure 1 3( a) 
shows the result  for testing an [/3 ,  40-cm-diameter parabolic mirror. 
Figure 1 3(b) shows the fringes obtained by testing this mirror in auto
collimation using a 6 1 -cm-diameter flat mirror. Allowing for the fact 
that when the mirror was tested in autocollimation it was tested in 
double pass, it is seen that the two resulting interferograms closely 
agree. The agreement is to within the errors calculated using the analy
sis given above . 

Figure 1 4  shows the results for testing a lens having 50 waves of 
third- and fifth-order spherical aberration. An analysis of this interfero
gram shows that the wavefront produced by the lens and the wavefront 
produced by the hologram differed by less than 1 / 1 5  wave rms. 

In all the above results, the limiting factor in the accuracy was the 
distortion in plotter. The errors due to incorrect hologram size and in
correct positioning of the hologram are determined by the smallest d is-
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FIGURE 1 2  CGH test o f  aspheric 
wavefront having a maximum slope of 
1 26 waves per radius and 64 waves 
departure. 

66 1 

(a) Results of CGH test 

(b) Interference of aberrated 
wavefront and plane wave 

TABLE 3 Summary of Experimental Results 

Maximum Slope of Maximum Departure 
Aspheric Wavefront of Aspheric Wave- rms Peak Error 

Tilted in Units of front from a Error of of CGH 
Plate A ngle X/ Radius Spherical Wavefront CGH Test Test 

20° 24 12 .54X 0 .04X 0 . 1 3X  
25° 35 19 . 16X o.osx 0 . 1SX  
3o• 56 30X o.osx O . ISX 
3s• 17 40X 0.07X 0.20X 
40° 100 S 1 .6X 0.06X 0 . 17X  
45° 1 26 64X 0.07X 0.22X 
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f/3 PA R ABO L I C  M I R R O R  

« 
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...... . ... . .. � . ..  ... $( . , • ._.. 

"• A F 
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a.  Holographic test 
(single pass) 

' • .. a � '- , ,... . ,. 
"-.. f' 

_zj " ,. _,. 
...... 

� � ' 
......... 

• 
...... .... 

b.  Test in autocollimation 
(double pass)  

FIGURE 1 3  Result o f  test of f/3 parabolic m irror. 

tance that can be measured in the hologram plane. If the hologram size 
were increased , the smallest distance that could be measured in the 
hologram plane would remain essent ially constant .  Thus, the errors due 
to incorrect hologram size and incorrect hologram position decrease as 
the size of the hologram increases. Also, these errors due to incorrect 
hologram size and position are random errors and can be reduced by re
peating the experiment many times and averaging. However, e rror due 

FIGURE 14  Result of holographic test 
of lens having 50 waves of third- and 
fifth-order spherical aberration. 
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to plotter inaccuracies can be reduced only by using a more accurate 
plotter. We are presently investigating the use of a laser beam recorder, 
in which, although it has only approximately the same number of dis
tortion-free resolution points as the presently used plotter, most of the 
d istortion is repeatable ,  so the d istortion can be removed in the soft
ware and it is hoped that almost an order of magnitude more resolution 
points will be obtained . If it becomes necessary , the errors due to dis
tortion in the photoreduction lens can also be removed in the software. 

Since the requirements for an interferometer built for TW H testing 
and C G H  testing are similar, it makes sense to use the same interferom
eter for both tests. This thought was kept in mind when the T W H  in
terferometer described earlier was designed . Only two changes need be 
made in the TW H interferometer to convert it to a CG H interferometer. 
First , the off-axis parabolic mirror diverger must be replaced with a di
verging lens. This is necessary because the parabolic mirror is not of suf
ficient quality for final-stage C G H  testing. To satisfy the requirements 
for positional accuracy of the CG H ,  a second change must be made. The 
hologram must be mounted on a stage that provides accurate and smooth 
xy translations and rotation . 

Although C G H  can be designed for any optical system , and one can 
think of large interferometrically controlled plotting devices that could 
at least in principle produce the C G H  required to test an arbitrarily 
complicated optical system, one soon reaches a point where the time 
and expense required to make a C G H  are unreasonable. Also, given 
enough time and money , null optics could probably be designed and 
built to test almost any arbitrarily complicated optical system . Again a 
point is soon reached where the time and expense required are not 
practical .  The question arises, can the complicated CG H or the compli
cated null optics required to test complicated aspherics be replaced 
with the combination of relatively simple null optics and relatively 
simple CG H ?  In many cases the answer is yes, and that is probably the 
approach that should often be taken. At the present time , we are in the 
process of using simple null optics and a C G  H to test a nonsymmetric 
mirror having hundreds of waves of departure and hundreds of waves 
per radius of slope from the best fitting spherical surface. The simple 
null optics (spherical mirror) reduces the departure to about 60 waves 
and the slope to about 1 00 waves per radius. A C G H  is used to convert 
this wavefront to a spherical wave. Our analysis indicates that the ac
curacy of the test should be about 0. 1 wave peak to peak. 
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Conclusions 

The results given in this paper show that two-wavelength holography 
provides a good method of using visible light to obtain an interferogram 
identical to the one that would be obtained if a longer wavelength 
were used . A wide range of equivalent wavelengths can be obtained us
ing commercially available lasers. Ground-glass surfaces can easily be 
tested if the surface is first sprayed lightly with varnish. I t  is felt that 
the combination of T W H  and this spraying technique should prove use
ful for early fabrication-stage testing. 

It is seen that computer-generated holograms can in many instances 
be used to either eliminate or reduce the complexity of null optics for 
the final-stage testing of aspheric optical elements. Probably their great
est use will come in replacing complicated null optics with simple null 
optics and a CG H .  The error analysis given can be used to calculate be
fore the test the approximate errors in the experiment to determine if 
adequate accuracy will be obtained . The interferometer described can 
be used to do all the testing from early fabrication-stage T W H  testing 
up through final-stage C G H testing. 

The author would like to thank P. W. Remijan and V. P. Bennett for performing much of the 
experimental work shown in the paper, and he would like to especially thank J .  Smith, who 
did the mechanical design and construction of the TWH and CGH interferometer shown. Special 
thanks should also go to P. K. O'Neill, whose contributions to this paper are too numerous to 

. mention. 
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R .  P E T IT , D .  M A Y ST R E ,  a n d  M .  N E V I E R E  

PRACTICAL 
APPLICATIONS OF THE 
ELECTROMAGNETIC 
THEORY OF 
GRATINGS 

I .  Introduction 

In our universities, the theory of gratings is generally taught in the optics 
course after interference and diffraction phenomena. Teaching this way, 
students might believe that gratings properties do not depend on the 
polarization of the light. It is true for geometrical properties, and nobody 
contests that the famous "grating formula" is able to give the diffraction 
directions. But it is wrong for what we call "energy properties," and it is 
now well known that the distribution of diffracted energy among the dif
ferent spectral orders depends strongly on polarization if the wavelength 
X and the grating period d are of the same order of magnitude .  Therefore , 
an electromagnetic theory of gratings has been developed during the last 
ten years in order to determine the efficiencies of a modem grating when 
both its profile and working conditions are known. Two of our recent 
papers [ Petit and Maystre , 1 97 2 ;  Nevi ere et al. , 1 973 ] have been devoted 
to this theory ; this short paper is for experimentalists in order for them 
to have an idea of the help they can expect from applied mathematics 
when they are confronted with plane gratings problems. 

TI1e authors are at the Universite de Provence, Centre de St-Jer(ime, Optique Electro

magnetique, 1 30 1 3  Marseille , France. 
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'I 

A 

FIGURE 1 (a) Notations for classical working conditions. (b) Echelette grating profile. All 
through the paper A is supposed to be 90• . 

II .  Notations 

• 

Because we are not dealing with the resolving power, we always suppose 
the grating to be infinitely wide and describe it by the cylindrical surface 
y = f(x) [ Figure l (a) ] . The period d of f(x) is the grating period . I f  the 
graph of f(x)  is obtained by translations from a triangle [ Figure l (b)  I the 
grating is called an "echelette grating." In the other cases, it is called a 
grating of arbitrary profile or, sometimes, for obvious reasons, a holo
graphic grating. 

Region I [y > f(x) ]  is a vacuum or air. Depending on whether region II 
(y < fix) ]  is filled with a conducting or infinitely conducting metal ,  we 
speak of a conducting or infinitely conducting grating. 

The plane and monochromatic incident wave is described by the wave 
vector k, the modulus of which is 2rr/).. . If k is parallel to the xOy plane 
(orthogonal to the grooves) we say that we are under classical working 
conditions, and k is then located only by the incidence angle 0 .  In the 
other cases (k not orthogonal to the grooves) we say that we are working 
with "conical diffraction" because it is known that k and the different 
diffracted wave vectors kn are then located on a cone the axis of which 
is Oz . As usual, the efficiency en in the nth order is the fraction of inci
dent energy diffracted in this order. 

III . Efficiency of an Infinitely Conducting Echelette Grating under 
Classical Working Conditions 

The problem of the theoretical determination of efficiencies when k is 
orthogonal to the grooves is now perfectly resolved [ Petit and Maystre , 
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FIGURE 2 Efficiency of an echelette grating: Littrow's mounting, - 1  order, >.. /d = 2 sin 8 .  
---- Hu case, ------ Eu case, -- natural light (unpolarized). 

1 972 I for any values of the A OD triangle angles, of the incidence angle 
8 ,  and whatever the polarization . Accuracy is about 1% whenever the 
ratio 'A./d is greater than 0.2 .  Numerous curves have been drawn for the 
constant deviation mountings that are often used . Particular attention 
has been devoted to Littrow's mounting (zero deviation). Figure 2, which 
corresponds to a 30° blaze angle, comes from an important paper already 
published [Maystre and Petit, 1 97 1  a] in which we study systematically 
two fundamental cases of polarization called £11 and H11 according to 
whether the electric or magnetic field is parallel to the grooves. Figure 3 
recalls an older work done to examine the influence of a bad ruling on 
efficiency. 

IV. Efficiency of Infinitely Conducting Gratings for Classical Working 
Conditions 

No theoretical complication appears since some of the different methods 
described by Petit and Maystre in the Revue de Physique Appliqute are 
well adapted for arbitrary profiles. The main difficulty is to know the 
exact profile shape of the commercial holographic gratings. For this 
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0.5 1.5 

FIGURE 3 lnOuence of a bad ruling (lit trow's mounting. - I  order , E1) .  1be profile and the 
corre\pondin!! efficiency t.:urve have been drawn using the same type of line. 

purpose several methods have been employed : stereoscopic electron 

m icrographs of the grooves ( Figure 4),  grazing incidence electron micro

graph [ Bousquet et a/. , 1 969 1 , and the "sandwich method" [ Chauvineau 

et a/. , 1 967 I with the help of ei ther an ordinary or a scanning electron 

m icroscope. The results obtained by these methods are not in perfect 

agreement.  Nevertheless, they allow us to determine a profile shape the 

accuracy of which is good enough for a first quanti tative study. I n  fact,  

Figure 5 shows us that the mathematical representation used to describe 

the profile (obtained here by grazing incidence method ) has only a very 

sl igh t infl uence on e fficiency curves. For instance, using the profile of 

Figure 5 the grooves' depth influence has been investigated . Results 

have already been given in an earlier paper [ M aystre and Petit ,  1 970 ) , 

from which Figures 6 and 7 have been chosen.  Note that , for - 1  order 

and Littrow's mounting at least , both "blaze e fficiency" and "blaze wave

lengt h "  are increasing with the depth h .  
Another st ud y ,  i n  which the ratio h/d has been fixed to the highest 

val ue (0 .2 )  that seemed to be possible one year ago, has been carried out 

to determ ine,  for a given period , the groove width that we must choose 

to get the best e fficiency for Littrow 's mounting and - 1  order [Maystre 

and Peti t ,  1 97 1  b I .  It is the trapezoidal profile ( Figure Sa) that has been 
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/ 

FIGURE 4 S tereoscopic electron micrographs (Karl Zeiss, Oberkochen) and associated resti· 
tution (lnstitut geographique national, Paris). 

·-1 

0.5 

.. � 
\ __ / c \__ • 

FIGURE S Different mathematical representations can be used to interpret the photograph. 
The curve b is the graph of x = d[u - 0.04 sin ( 2wu) ) , y = O. l l Sd( 1 - cos (211'11) ) . For each 
representation, the corresponding efficiency curve is given for Littrow's mounting. 
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· -1 
1.-1----------------------

0.5 

0 l/d 
0 0.2 0.4 0.6 0.8 

FIGURE 6 Influence of rroove depth (Littrow's mounting, En. p = h/d). 

·-1 

l et  0�--�----�----�--�----�--�----�--��--�--�� 0 0.2 0.4 0.6 o.e 
FIGURE 7 Influence of groove depth (Littrow's mounting, HH, p = h/d). 
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FIGURE 8 Influence of groove width. There is a cross on bad profJles. For the good one 
b = t, p = h/d = 0.2. 

673 

«< 

used for this purpose, and Figure 8 exhibits the best solution ; in spite of 
an important but narrow Wood anomaly in the H11 case, an efficiency 
of 0.75 is expected with unpolarized light provided 'A./d is near 0.75 .  

People who want to  use holographic gratings with ultraviolet radiation 
often ask the following question : Is it possible to get good efficiency 
when using, for example , a 3000 lines/mm grating and a 0. 1 -J.Lm wave
length? Figure 9 allows us to reply in the affirmative . The groove depth 
must be small ,  and in any case h/d must be less than 0 .2 ;  the efficiency 
is about 0.4 when 'A./d is 0.3 and h/d is 0.08. Unfortunately , this conclu
sion is not valid for ultraviolet radiation, because in this spectral region 
aluminum (and , of course, oxidized aluminum) is not perfectly con
ducting. 

V. Efficiency of Conducting Gratings in Oassical Working Conditions 

The theory of conducting gratings is now in the process of being elabo
rated. We have recently proposed an integral method [Maystre and 
Vincent, 1 97 2 ;  Maystre, 1 972 1 , but numerical data are available only 
for large values of the conductivity o. Figures I 0 and 1 1  allow us to 
compare for visible radiation the ideal efficiency curve (o = oo) with the 
more realistic curve relative to a complex index v + ix . There is nothing 
surprising in the £11 case ; we get the second curve from the first one by 
multiplying the values of the ordinate by a coefficient that roughly cor
responds to the reflectance of an aluminum mirror (Figure 1 0). On the 
contrary, in the other fundamental case of polarization (Figure 1 1  ), the 
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FIGURE 9 Obtention of a suitable efficiency for small values of "-/d with Littrow's mounting. 
(a) h/d = 0.082. (b) h/d = 0. 1 04. (c) h/d = 0. 1 57.  

·-1 
1.+-------------------------------

0.5 

l( ) 0 +---�--------r-----�-----r--------�-----r----�� 0.4 o.e o.s t 
FIGURE 10 EffiCiency of a 1 000 lines/mm aluminum grating illuminated with visible radia
tion. En case.--n = " + ix. ······ a = .. . 
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:�. i .... , 
: '-., 
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FIGURE 1 1  Efftciency of a 1 000 lines/mm aluminum grating illuminated with visible radia

tion. Hn case.-- n = 11 + ix. ······ a = ... 

conductivity influence seems to be important (we say "seems" and not 
"is" because now only a few numerical data are available ; a more system
atic work is needed to draw a definite conclusion) .  Thus we hope we will 
be able to solve practical gratings problems for ultraviolet radiation very 
soon;  but first we have to understand the effect of a dielectric coating 
(a natural aluminum oxide coating or an artificial protecting one). 

VI. Efficiency of a Coated Infinitely Conducting Grating 

The differential method that we have published [Nevi�re et a/ . . 1 97 2 )  is 
not quite applicable to the problem we spoke of at the end of the pre
ceding paragraph because the method uses an infinite conductivity. But 
it can predict the efficiencies of a dielectric-coated grating illuminated 
by visible radiation because, in this case, aluminum can be considered as 
infinitely conducting. Figure 1 2 ,  extracted from Nevi�re er a/. [ 1 97 2 ) , 
shows that it seems to be possible, even with unpolarized light,  to double 
the "blaze width" using an adequate deposit of magnesium fluoride. 
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·-1 
\+-----------------------------------------

Q7 
0.5 

1/d 0+---------�---------r--------�---------,--�� t 2. 

FIGURE 1 2  Influence of a dielectric coating on Littrow's mounting. -- Coated grating. 
······Uncoated grating. The metal conductivity is infmite; the index of MgF 2 is 1 .38. For the 
coated grating the blaze width corresponds to an octave interval. 

VII.  Efficiency of a Holographic Grating Working in "Conical Diffraction" 

If, in classical working conditions, the efficiencies are known for any 
incidence and for the both fundamental cases of polarization, it is very 
easy, as we mentioned [ Petit and Maystre, 1 97 2 ] , to obtain the efficiency 
en , which, for a given polarization, corresponds to a wave vector that is 
not orthogonal to the grooves. It is not necessary to write new computer 
programs;  a very simple formula is sufficient [Petit and Maystre, 1 972 ] , 
and this is why both the En and H11 cases are called fundamental cases. 
This formula shows that what we called classical working conditions 
perhaps are not always the best ones in order to have at the same time a 
great efficiency and a great blaze width. Because reading theoretical 
papers dealing with "conical diffraction" is a tedious chore from which 
we wish to save the reader, we would like to point out only one important 
but not intuitive theorem : 

c being the set of k vectors the projection of which on the xOy plane 
is a fixed vector, then for a given n :  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

S p a c e  O p t i c s :   P r o c e e d i n g s  o f  t h e  N i n t h  I n t e r n a t i o n a l  C o n g r e s s  o f  t h e  I n t e r n a t i o n a l  C o m m i s s i o n  f o r  O p t i c s  ( I c o  I X )
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 7 7 9
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(a) The projection on the same xOy plane of the nth order diffracted 
wave vector kn is also a fixed vector; 

(b) The efficiency en (for the nth order) is constant provided the 
incident-wave polarization is fixed. 

If we remember [ Maystre and Petit, 1 97 1 a ) that , for classical working 
conditions, e_ 1 is very close to unity for both fundamental cases of 
polarization, provided that in Littrow's mounting k is perpendicular to 
the large facet of an echelette grating, the preceding theorem allows us 
to state the following proposition : 

If, as it is assumed on Figure 1 3 ,  k is parallel to the small facet 
plane and , moreover, if ""A/d = 2 sin a cos 1/>, there is a specular reflection of 
the incident wave on the large facet plane. This plane works as a plane 
mirror the high reflectance of which is very close to unity and does not 
depend on the wavelength. Therefore, it seems to be possible to imagine 
grating spectrometers or monochromators the transmission of which is 
very good and does not depend on the wavelength. Figure 1 4  describes 

y 

X 

z 

FIGURE 1 3  Grating configuration with k parallel to the small facet plane. 
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FIGURE 14 Basic scheme of a spectrometer  the l igh t  transmission 
of which is not dependent  on wavelength. 

such a grat ing arrangement.  The lenses L 1 , L2 and the opaque screen E 
are fixed , S is a polychromatic light source situated at the focus of lens 
L1 • The grating R and the mirror M are fixed to the stand P.  When P 
rotates about the vertical axis, if> varies and the hole T is illuminated by 
different wavelengths. Slight modifications are necessary if  we wish to 
use a slit source rather than a point  source (Maystre and Pet i t ,  1 97 2a ] . 

For a long time we thought  the arrangement we have just described to 
be a new one ; but we have been told recently that it was described 
more than ten years ago (U .S .  Patent 3 ,069 ,967 , December 9, 1 959) .  
To our knowledge i t  i s  not  yet often used, and we think it  i s  a great pity 
because both its geometrical and energy properties indeed look excellent. 
Moreover, it also works for a holographic grating if k is parallel to a con
venient plane that we are able to specify .  
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VIII. Grating Bandpass Filter 

In optics, gratings are mainly dispersing agents, but it is known that they 
can be used also as wavelength filters. We suggested [Maystre and Petit, 
l 972b 1 a grating arrangement that, with polarized light,  works as a band
pass filter the transmission of which is very close to unity and the band
width of which is tunable. I t is an application of numerical data reported 
on Figure 1 5  and of some theoretical reciprocity relations [ M aystre and 
Petit, l 972b 1 . Its basic principle is explained in Figure 1 6  after the curve 
of Figure 1 5  has been idealized . We mentioned [ Maystre and Petit,  
l 972b 1 how the device described in Figure 17 avoids angular dispersion, 
which exists with the simplest device of Figure 1 6. 

IX. Conclusion 

We hope that this short paper exhibits the practical utility of applied 
mathematics in electromagnetic optics. Theoretical considerations have 
already contributed to improve gratings utilization and also gratings 
production through a friendly collaboration with the gratings department 

elf. 
1.+----------.,---=""-' ---·--..--..,.---

(.-- '\ 

0 0.15 

I 
A/ 

' 

) �  
1. 

) 
1.15 lc/d 

1/d 

-1 8l'ld 0 orders only 0 order only 
FIGURE 1 5  Efficiencies for a fiXed incidence (8 = 5 2")  in the Hn case : -- zero order; 
------ - 1  order. 'Ac/d = 1 + sin 8 , = 38" .  Notice the important Wood's anomaly when -2 order 
appears. 
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•o 
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a 1 

Ac:<8,) 
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e I 

I � 
Ac<&,> 't<R,+ R2) 

II • I I I 1 
FIGURE 16 (a) basic scheme, (b) efficiency of R 1 working in zero order, (c) efficiency of R ,  
working i n  - I  order, (d) transmission o f  R 1 + R , .  Th e  direction of transmitted wave is depend
ent on A. 

of the French finn Jobin-Yvon. Either for ruled or holographic gratings 
arrangement, important help can be expected from electromagnetic 
theory by everyone needing great luminosity . Unfortunately, we must 
point out an important restriction : gratings must be plane gratings 
because , to the authors' knowledge , the electromagnetic theory of con
cave gratings has not yet  been elaborated . 

FIGURE 1 7  With this arrangement we 
have proposed that the transmitted wave 
direction is not dependent on A. 
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G .  C .  R IG H I N I ,  V .  R U S SO ,  S .  S O TT I N I ,  a n d  
G .  TO R A L D O  D l  F R A N C IA 

THIN-FILM GEODESIC 
LENSES 

I .  Introduction 

Integrated optics has many attractive features for applications in laser
beam guidance and optical signal processing in compact form. Active and 
passive components of two-dimensional optical circuitry are obtained by 
means of thin films, capable of guiding light. 

Some authors have already suggested different techniques to build 
two-dimensional lenses, which are one of the basic components in two
dimensional processors. Shubert and Harris [ 1 968, 1 97 1  I suggested 
shaped structures of different refractive indexes either inserted in the 
fllm or deposited on top of the main film . Ulrich and Martin [ 1 97 1  1 
tested thin-film lenses in which the velocity of the guided light was 
varied locally by properly shaping the thickness profile of the film. In 
all these cases the curved boundary of the lens must be sufficiently 
sharp . 

Optical systems for guided waves can also be obtained by extending 
to thin-film optics the principle of configuration lenses already studied 
for application to microwave antennas. 

The authors are at the lstituto di Ricerca sulle Onde Elettromagnetiche del 
C.N.R., Firenze, I taly .  

682 

Copyright © National Academy of Sciences. Al l  r ights reserved.

Space Optics:  Proceedings of the Ninth Internat ional Congress of the Internat ional Commission for Optics (Ico IX)
http:/ /www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


G. C. Righini et a/. 683 

Here we present some geodesic (or configuration) lenses constructed 
and tested in the optical region for application to integrated optics. 

II. Configuration Lenses 
Let us briefly recall the working principle of a "configuration" lens. 

It  is well known that Maxwell's fisheye , shown in Figure l (a), repre
sents a perfect optical system. It is a variable-index lens with spherical 
symmetry .  The Luneberg lens, shown in Figure I (b) ,  is another perfect 

FIGURE 1 (a) Maxwell fisheye 
(n = 2/( 1 + r• ) I : a point source A is 
perfectly imaged at A' .  (b) Luneberg lens 
(n = (2 - r2 ) y,l :  a point source A lo
cated at infinity is perfectly imaged at 

A .  

A 

A. 

n•f(r) 

A' 

Maxwell F ish-eye 
(a) 

n•f'(r) 

Luneberg Lens 

(b) 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


684 

AGURE 2 Rinehart lens: the point 
110urce A is perfectly imaged at infmite 
distance on the plane rim. 

O P T OC A L T EC H N O L O G Y 

optical system with different properties, due to a different distribution 
of refractive index.  Consider now a plane where the refractive index 
d istribution corresponds to one of the preceding optical systems. By re
calling Fermat's principle, it is possible to find a two-dimensional non
Euclidean space having the same optical properties as the preceding 
variable-index planar lens. The rays follow the geodesics of this space. 
Focusing depends on the relative paths along the different rays. 

It is readily found that the two-dimensional analog of the fisheye is a 

spherical surface .  Here all great circles through a point intersect each 
other at the diametrically opposite point. 

The two-dimensional analog of the Luneberg lens is the so-called 
Rin�hart lens [ Rinehart, 1 948 I , shown in F igure 2 .  

A generalization made independently by Kunz [ 1 954]  and Toraldo 
[ 1 955a )  showed that a family of perfect configuration lenses exists, of 
which the Rinehart lens is only a particular case. 

UI . Thin-Film Lenses 
Most configuration lenses were built in the microwave region for applica
tion to high-speed scanning. 

A two-dimensional Riemann space (surface) can be easily achieved in 
the case of microwaves. Two parallel metal plates suitably bent con
strain microwaves to travel along a given surface. 

Now geodesic lenses can be made also in optics and can find applica
tion in thin-film optical circuitry . 

A dielectric thin film deposited on a curved substrate of different re
fractive index can constitute a two-dimensional Riemann space. I f  the 
thickness of the film is sufficiently smal l ,  the propagation can be consid
ered to occur along the mean surface of the film . The rays are the geo
desics of the mean surface. 

At first , the simplest geodesic lens was constructed and tested [ Righini 
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et a/. , 1 972 ] . It is a quarter of a spherical surface,  which can be used as 
a two-dimensional focusing element. 

The lens is made up of a spherical glass covered by a thin epoxy film 
(Araldite MY 757 C I B A  ) ,  doped with Rhodamine B in order to make 
the path of the guided light evident. The film was deposited from a liquid 
solution by slow evaporation of the solvent.  

Figure 3 shows a plane laser beam ( 2-cm diameter) perfectly focused 
at a point located a quarter of the great circle apart from the input edge . 
Figure 4 shows two plane-parallel laser beams focused at the same point. 

The coupling at the input edge is easily obtained by roughly tapering 
the dielectric film. More efficient coupling would be obtained by means 
of a curved holographic grating. The only disadvantage of the spherical 
lens is that it  cannot be easily inserted in planar circuits. Then we started 
investigating lenses having planar input and output. 

The lens introduced by one of us [Toraldo, 1 95 7 ;  Scheggi and Toraldo, 
1 960 1 has been considered ; it has the same properties of the Rinehart 

FIGURE 3 A geodesic lens, constituted by a quarter of a spherical surface, focusing a plane 
laser beam. 
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FIGURE 4 Two plane and parallel laser beams focused a t  th e  sam e  point by the geodesic lens. 

lens without presenting any discontinuity for the tangent plane. This 
lens is perfect on almost the entire aperture.  

Figure 5 shows the meridional curve of the lens with the parameters 
a and b. By choosing different values for a and b, i t  is possible to obtain 
lenses with different apertures and different curvature radii of the toroidal 
junction. 

Figure 6 shows the shaped glass substrate of the lens we have buil t .  
The linear aperture is 6 em. 

Figure 7 shows a plane beam focused at the opposite point .  
Figure 8 shows two parallel beams focused on the predicted focal line. 

Here the conventional technique of the prism-film coupling is used .  
A lens of this type can be  easily inserted in  planar film circuits. I t  i s  

evident that the lens can be  constructed as  a protrusion with respect to  a 

planar film or a depression in the planar film (Figure 9) .  In this connec
tion we may mention that Van Duzer [ 1 970 I , dealing with acoustic 
waves, described with a different approach the focusing properties of a 
depression in the substrate. 
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FIGURE S Meridional curve of the Toraldo lens. 

Optical systems of very simple construction can also be designed, 
having as a basic element a conjlection lens. 

687 

In principle, a con flection lens is constituted by two coaxial cones 
joined together along a common section . The particular case of a con
verging lens is shown in F igure I 0, where the two cones have been devel
oped on the same plane. When meeting the section, the rays will undergo 
a change of direction . The quantitative law of con flection, which can be 
obtained most readily by applying the Fermat principle , is very simple. 
I t  states that the angle of incidence and the angle of conflection are equal .  

FIGURE 6 Th e  shaped and polished glass substrate o f  the Toraldo lens. Radius a :  4 em, radius 
b: 3 em, linear aperture : 6 em. 
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FIGURE 7 Toraldo lens focusing a plane beam .  

I t  was found by  Toraldo [ 1 95 5 b ]  that this very simple system behaves 
like a thin lens of classical optics with refractive index n = 0. The third
order spherical aberration of a con flection lens was also evaluated . Then 
it was possible to combine one converging lens and one diverging lens 
in such a way as to obtain an optical system corrected for third-order 
spherical aberration. I t  was called a conflection doublet. 

Figure 1 1  shows a particular conflection doublet developed on a plane. 
A conflection doublet with the specifications shown in Figure 1 2  has 
been constructed and tested. Figure 1 3  shows a plane beam impinging on 
the outer disk ; the beam is focused on the inner disk. The system is 
corrected for third-order spherical aberration . 

The glass substrate of the lenses has been shaped and polished in the 
laboratory . Surface irregularities due to an imperfect polishing are mainly 
responsible for the losses that are evident in some lenses. 
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FIGURE 8 Two parallel beams focused on the predicted focal l ine. The prism-film coupling 
is used. 

FIGURE 9 The same geodesic lens 
constructed either as a protrusion with 
respect to a planar ftlm (a) , or as a 
depression in the planar film (b). 

S U B S T R A T E 

a) 

S U B S T R A T E  

b) 
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FIGURE 10  Two coaxial cones having 
a common section, developed on the 
same plane. The system behaves like a 
thin lens of classical optics with refrac
tive index n = 0. 

FIGURE I I  Development of a con
flection doublet on a plane. 
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FIGURE 12 Cross section and per
spective view of a conflection doublet 
where a small amount of negative third
order spherical aberra�on has been left. 
The linear aperture is l R with a maxi
mum aberration of - I  . AB is the input 
plane (collimated beam).  F is the focus. 

A 

FIGURE 13 A conflection doublet (R = 2 em) focusing a collimated beam. 
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IV. Conclusions 

Geodesic lenses have been constructed and tested that represent an alterna
tive to the more conventional techniques of building thin-film lenses. In 
addition, they have the advantage that the substrate can be prepared in 
advance and with the accuracy of glass optics. Then the dielectric deposi
tion can be made with the same method as for the more conventional 
components of the optical circuit. 

The authors would like to thank Dr. Raimondi of CIBA-GEIGY for providing the epoxy material 
and D. Pucci of the Laboratorio di Elettronica Quantistica for construction of the lenses substrate. 
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R .  A .  S C H O W E N G E R D T  a n d  P .  N .  S L A T E R  

DETERMINATION OF 
THE IN-FLIGHT 
OPTICAL TRANSFER 
FUNCTION OF 
ORBITAL EARTH 
RESOURCES 
SENSORS 

I. Introduction 

The past few years have seen an increasing interest in the worldwide as
sessment of natural resources and the detection of environmental pollu
tion.  A common characteristic of many instruments used for such 
purposes is that they monitor radiation reflected from, or emitted by, 
large areas of the earth's surface, in different parts of the electromagnetic 
spectrum. Frequently, the output from these instruments, which are re
ferred to as multispectral remote sensors, is converted into a photographic 
image for analysis purposes. For example, the density function of the 
image may be digitized with a microdensitometer. The resulting values 
are related to ground reflectances (not a straightforward task) ,  which 
are used as an aid in  the production of thematic maps from the imagery 
[ Park, 1 97 2 ] . 

One subject of practical interest to those analyzing imagery from 
orbiting spacecraft is the quality of the imagery, which is expressed in 
terms of  spatial resolution and spectroradiometric accuracy, quantities 

The authors are at the Optical Sciences Center, University of Arizona, Tucson, 
Arizona 8572 1 .  
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694 O P T IC A L  T EC H N O LO G Y  

that are related and equally important in remote-sensor imagery. The 
blurring of the object, which occurs in any image, decreases the accuracy 
of spectroradiometric calculations on microimage areas, particularly when 
the image modulation is decreased to the point where it becomes indis
tinguishable from noise . 

We are concerned here with techniques for measuring the quali ty of 
operational imagery and in particular with a method that is uniquely 
suited to the characteristics of orbiting multispectral sensors. In  the 
next section, several of these characteristics will be discussed from the 
viewpoint of their importance to the image-evaluation problem.  

FACTO R S  IN F L U E N C I N G  T H E  SE L EC T I O N  O F  A N  I M A G E·EV A L U A T ION 

M ETH O D  

In selecting an  in-flight image-evaluation method we first have to  take 
into account the unique characteristics of both orbital multispectral 
sensors and the imagery they produce. Multispectral sensors form 
several images of the ground scene simultaneously through broadband 
spectral filters or dispersive elements. Now, in general, the spatial distri
bution of scene radiance will be different from band to band. Thus, the 
edge between two fields may be a good step function in a red band, but, 
because of sparse vegetation near the edge, i t  may be a poor step func
tion in a green band. Consequently, a given object, particularly a natu
rally occurring one, may not be suitable for evaluating the image in all 
bands of the sensor. In addition, wavelength-dependent scattering of 
light in the atmosphere will reduce the modulation of the image by dif
ferent amounts in each band. The signal-to-noise ratio will therefore vary 
from band to band even if the image recording components in each band 
are identical. Moreover, the optical system(s) used in the sensor will 
generally have different imaging characteristics in each band because of 
the dependence of aberrations on wavelength. 

The low ground resolution typical of these sensors bears directly on 
the choice of an image evaluation method. Table I compares the resolu
tion of low-contrast, three-bar ground targets for past, current ,  and 
future systems [Colvocoresses, 1 97 2 ;  Slater, 1 97 2 ] . As we will discuss 
further in the next section, these values generally rule out the possibility 
of utilizing man-made test targets. 

Finally , in all earth remote-sensing programs involving space borne 
sensors, for example, those on board N A S A 's Earth Resources Technology 
Satellite (E R T S  ) ,  simultaneous undertlight photography is scheduled 
regularly. The imagery from these undertlights is used as an aid for 
calibration of spacecraft data in terms of ground measurements. The air-
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TABLE 1 Resolution of Earth-Orbiting Remote Sensors 

Approximate Ground Resolution 

Sensor m/line pair line pair/km 

Apollo 9 S 065 experiment 
(4 Hasselblad cameras) 100 10 

ERTS-1 (Earth Resources Technolocy Satellite) 
R BV (Return Beam Vidicon) 180-280 3 .5-5 .5 
MSS (Multispectral Scanner) 300 3 .5 

Skylab S-190 experiment 
(6-lens ltek camera) 20-100 10-50 

craft sensors usually use the same spectral bands as those in the space
craft and in some cases duplicate systems are under construction [ Forkey 
and Womble, 1 97 2 ] . Simultaneous underflights are flown from low 
altitudes of a few hundred meters to very high altitudes of I S  to 20 km. 
The imagery from these underflights is necessary for the image-evaluation 
technique discussed in this paper. 

R E V IEW O F  C U R R E N T  I N · F L I G H T  I M A G E·EV A L U A T IO N  T E C H N I Q U E S  

Sensor imaging capabilities can be predicted at  the design stage and 
measured in the laboratory for complete systems. However, sensor per
formance cannot be predicted accurately and reliably for an extended 
operational period in the space environment. Imaging systems carried 
by aircraft are often evaluated in flight by the use of the three-bar resolu
tion type of ground target.  In this discussion we are concerned , however, 
with a more complete analysis that extends to the measurement of the 
optical transfer function (O T F ) , which is symbolized by T(]), where f is 
a (possibly) two-dimensional spatial frequency variable . 

Measurement of -r(/) for in-flight sensors has been achieved with the 
use of special objects, such as man-made edges [ Roetling et a/ . •  1 969 ] or 
lines [ Hendeberg and Welander, 1 963 ]  and their naturally occurring 
counterparts in the form of coast lines, field boundaries, lunar crater 
edges [Mazurowski and Kinzly, 1 969 ] , etc. The use of naturally occurring 
targets has several limitations. Ideal edges and lines do not occur in 
nature, and reasonable facsimiles are often of unknown quality. As men
tioned earlier, a given target may not be suitable for the evaluation of all 
the bands in a multispectral sensor. Furthermore,  the low ground resolu
tion typical of many of these sensors sets a severe requirement on the 
minimum size of both natural and man-made targets. Consider a sensor 
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with a 1 00-m/cycle ground resolution , and le t  that distance correspond 
roughly to the half-width of the central lobe in the sensor spread func
tion. Then,  if we want to measure the first or second side lobes of the 
spread function, the length of the target in any given d irection must be 
at least 200 to 300 m and at least that long in the perpendicular direc
tion. Naturally occurring objects that are large and straight over that 
length would be difficult to find , and deployment and maintenance of 
such large man-made targets would be difficult if not impossible. Even if 
such an object was used, its position and orientation in the field of view 
would be unique, and , consequently, its use would be limited . 

The technique we will describe can be applied to any imagery for 
which there is simultaneous underflight coverage, and it does not have 
any direct dependence on the nature of the object. Consequently, it is 
of more practical value than an analysis using isolated targets. 

II. Theory 

The fundamental imaging equation for linear, stationary optical systems 
is 

I(]} = r(J)o(}), 
where I(J) and O(Jj are the image and object spatial spectra , respectively . 
in general , all quantities in this equation are complex . 

To measure T(J) it is necessary to know I(]) and O(J). As discussed 
above, O(J) is not known for naturally occurring objects. Man-made tar
gets are often used because O(J) is then known and I(]) can be measured 
from the imagery. Now the simultaneous underflight imagery obtained in 
multispectral sensor experiments gives us a good measure of O(J) for any 
part of a scene .  The scale factor between the underflight imagery and 
the spacecraft imagery indicates that we need measure only very low 
spatial frequencies in the underflight image and then scale these up to 
the correspondingly higher frequencies in the spacecraft image to evaluate 
T(J) . For example, if the cutoff frequency (assuming noiseless imagery) 
of the spacecraft sensor O T F  is 50 cycles/mm and the aircraft under
flight sensor is of the same focal length and flown at an altitude 1 / 1 0  of 
that of the spacecraft ,  frequencies up to only 5 cycles/mm need to be 
measured in the underflight image. To determine O(J), the O T F  for the 
aircraft sensor should be divided into the underflight image spectrum, 
but the highest frequency of interest ,  which in the above case is 5 cycles/ 
mm, may be so low that this correction is unnecessary. 
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In practice, the two sets of images from the spacecraft and the simul
taneous underflight can be scanned and digitized with a microdensitom
eter in either one or two d imensions. The same ground area is scanned in 
each set of images, and the scanning aperture size and sampling rate are 
scaled by approximately the scale between the images. Because of the 
scale factor, the aperture size is large for the underflight image. In the 
previous example, the aperture size would be about 1 00 to 200 �-tm. 
Photographic grain noise is thus a minor problem in the measurement of 
O(J). For one-dimensional scans, a slit aperture can be used to reduce the 
grain noise even further. 

Now, the spacecraft image scan should not be longer than the size of 
an isoplanatic, or stationary, region to ensure that r(]) is essentially con
stant over the scan length. Because the same ground area is scanned in 
each of the two images, the length of the underflight image scan is longer 
than the spacecraft image scan. Thus, the underflight image scan may ex
tend over a significant part of the field (say 5° to 1 0° ) ,  and care should 
be taken that this scan also does not extend outside an isoplanatic 
region. However, the restriction to low frequencies in this image means 
that the underflight sensor O T F , in this frequency range, will l ikely be 
constant over the scan length. 

In addition to the sensitometric conversion from film density to effec
tive image irradiance for all data, the underflight image data should be 
corrected for cos4 falloff in irradiance off-axis. 

Distortion in the underflight image owing to topographic elevation 
differences on the ground should be considered. The positional distortion 
Ar for an image point at a d istance r from the center of the image is 
given by 

Ar = r(AH/H), 

where AH is the difference in ground elevation of the on-axis object 
point and the point imaged at r, and H is the aircraft altitude.  For 
H = 20 km, AH = 1 00 m,  and r = 10 mm, we have Ar = 0.05 mm, which 
is less than the required microdensitometer aperture size mentioned 
earlier and would be considered negligible . For each scan, however, it 
would be prudent to check topographic maps of the area, estimate the 
d istortion from elevation differences, and , if necessary, apply a correc
tional transformation to the data. 

Because it is unlikely that the aperture size and sample interval could 
be scaled exactly on the microdensitometer, correction for aperture and 
microdensitometer O T F  and exact scaling of the data must be done on 
the digitized data in a computer. A technique for scaling that has been 
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successful is to start at the same ground point in both the spacecraft and 
underflight image, take the same number of points in each set of data 
but with the sample interval on the underflight image chosen as close as 
possible to the scale factor times the sample interval on the spacecraft 
image, and stretch or shrink the underflight image in consecutive steps 
by a linear interpolation scheme, which keeps the number of points con
stant .  The integrals 

mean squared difference = J [o(x) - i(x)1 " dxlj o{x)] "dx,  

correlation factor = J o(x) i(x) dx I J [o(x) 1 " dx  

are evaluated for each step o f  the stretching o r  shrinking process. A 
minimum will appear in the mean-squared difference between object 
and image at some scale factor, and a maximum will appear in the corre
lation factor, usually at the same scale factor. We thus have two inde
pendent criteria for determining the scale factor. In addition, by using 
this procedure , the same number of real points is obtained in each set of 
data, which allows us to use a fast Fourier transform (F F T )  routine that 
performs two real transforms simultaneously, an efficient use of the F FT 

algorithm. 
After correction for microdensitometer O T F ,  sensitometry, and 

scaling, the data are Fourier transformed ,  and the ratio of corresponding 
spectral values gives the O T F  of the spacecraft sensor. Now, in any 
procedure that involves sampled data and calculation of spectra, the 
spectra are replicated in the frequency domain at intervals of I /Ax. the 
sample interval . If Ax is too large, overlap of the spectra may occur, 
which results in aliasing [ Blackman and Tukey, 1 95 9 1  , i .e . ,  high fre
quencies appearing as lower frequencies. We would expect aliasing to be 
most severe in the underflight image data , where large values of  Ax are 
used . However, the microdensitometer aperture is also large and conse
quently serves to reduce the modulation of higher frequencies and thus 
also the aliasing. Using underflight data from the Apollo 9 S 065 experi
ment , we have determined the aliasing errors in Table 2 for one particular 
image spectrum . The same set of data was used but was sampled at dif
ferent intervals. The error was measured only for frequencies below the 
first zero, fc , of the scanning aperture O T F . In this example, the phase 
errors occurred only in the region of 2.5 to 5 cycles/mm. 

Finally , we note that the low ground resolution and the large final 
product format sizes (S 065 , 70 mm ; E R T S ,  24 em) typical of orbital 
multispectral images means that the requirements placed on microdensi
tometry by the above technique are not severe . For example , in evalu-
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TABLE 2 Aliasing Error 

fc Ax (mm) 1/Ax (cyclel/mm) 

699 

Maximum Aliasina Enor 

Modulus Phase 

S cyclef/mm 0 .0 1 2  83 Assumed zero Assumed zero 
0.024 4 2  S% 10% 
0 .048 2 1  S% SO% 
0.096 1 1  S% SO% 

ating the S 065 system, aperture sizes of 0.02 mm X 0. 1 mm and 0.2 
mm X 1 .0 mm and sample intervals of 0.006 mm and 0.06 mm were 
used on the spacecraft and underflight imagery , respectively. 

III. Examples of Data from Apollo 9 S 065 Evaluation 

Figure 1 shows microdensitometer scans of the image of the same ground 
area in each of three bands : 88 (green fllter, Pan-X fllm) ,  CC (near-ir 
filter, black-and-white ir fllm) ,  and DD (red filter, Pan-X film) .  The 
curves illustrate some of the statements made earlier. For example, the 
modulation in the 88 band is the lowest of the three , which is due to 
atmospheric scattering and to low modulation of the object in the green 
band (the image was of southern Arizona).  Also note that grain noise in 
the ir band is more prominent than in the other two bands because of 
the high granularity of the ir film . 

BB 
cc 
DO 

.80�------------------------�3�.4�m�m�------------------------• 
.60 

POSITION 
FIGURE 1 Image scans, spacecraft imagery. 
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Figure 2 is a plot of the mean-squared difference and correlation factor 
between the underflight (object , o) and spacecraft (image, i) scans ( DD 
band) as a function of scale factor. I t  can be seen that a scale factor of 
about 1 0.7 gives the best match between object and image . The curves 
indicate that the two criteria for matching are sensitive to the scale fac
tor, and it is expected that an accuracy of ±2 .5% can be obtained in 
determination of the scale factor. 

Figure 3 shows the image function (DO band) and the object function 
as originally sampled and at the correct scale factor. The same number 
of points is represented in each curve. 

Figure 4 illustrates the effects of aliasing. The modulus and phase of 
the spectrum of a set of underflight data, sampled at two different inter
vals, are shown. At the greater sample interval, the modulus has a posi
tive error increasing at higher frequencies, and the phase shows varying 
error, also increasing at higher frequencies. 

Figure 5 is the O T F  for the DD band and represents the average of 
O T F 's obtained from several portions of one scan. The real and imagi
nary spectral components of the O T F  determined from each set of data 
were weighted by the strength of the image spectrum modulus and then 
averaged to obtain the final O T F .  The dashed bounds on the lower sec
tions of the M T F  represent relative uncertainty based on the strength of 

... :) ..J � 
... > 
!c ..J ... 0:: 

I .  

. 60 

.40 

.20 

0 

mean squared difference 
t / (o(x)-l(x)) dx 

t / [  o(x )] dx 

1 1 .�0 

FIGURE 2 Criteria for scale-factor determination. 
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FIGURE 3 Scaling of object to image. 
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FIGURE 5 S 065 sensor (00 band) OTF. 

the image modulat ion at each frequency. Additional smoothing of the 
O T F  was achieved by eliminating negative lobes in the corresponding 
spread function and by convolving the O T F  with a Gaussian function . 
The curves are dashed above 25 cycles/mm because they have not been 
corrected for aliasing in this region . The effect of aliasing is particularly 
evident in the phase transfer factor. 

IV. Discussion of the Technique 

One of the difficulties in using natural terrain for image evaluation as 
discussed in this paper is the low modulation of the ground as seen from 
above the atmosphere . The recorded images are of even lower modula
tion , and the signal-to-noise ratio , i .e . (image modulation)2 /grain noise 
variance ,  which is a function of spatial frequency , can easily be as low as 
5 :  I and decrease rapidly with increasing spatial frequency . With edge 
analysis, multiple scans are usually averaged to increase the signal-to
noise ratio, but this is not possible with the general technique described 
here . However, i t  is possible to decrease the uncertainty in the O T F  by 
averaging O T F 's obtained from several scans within an isoplanatic region. 
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Locating exactly the same ground area and determining the scale be
tween the two images are problems with this approach, but they can be 
handled satisfactorily by mean-square difference and correlation match
ing. 

In spite of these difficulties, our approach possesses several unique 
assets. The orbiting sensor O T F  can be determined from any imagery 
(and in any portion of the field of view) that is covered by simultaneous 
underflights. There is no need for special targets or reliance on natural 
objects of unknown quality as test objects. Indeed, the use of natural 
terrain for image evaluation provides additional information about the 
usefulness of the imagery. Those analyzing remote-sensing data can use 
the statistical results of visual or machine-aided photointerpretation to 
establish relationships among the quantity and quality of data extract
able from the imagery, the spatial frequency content of the imagery, and 
the sensor O T F . These relationships would not only be useful for deter
mining the value of given imagery but also for specifying requirements 
on future sensors [ Slater and Schowengerdt, 1 973 1 . 

The technique has been applied to evaluation of the Apollo 9 S 065 
photography [ Schowengerdt and Slater, 1 972 1 and is currently being 
used at the Optical Sciences Center for quality evaluation of the E R T S - 1  
R B v and M s s  sensors. 

We wish to acknowledge NASA's continuing support of this effort under contract NAS 9-9333 
for the ApoUo 9 studies and contract NAS S-2 1 849 for the ERTs-1  investigation. 
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M A S A H A R U  K A W A I  

FABRICATION OF AN 
ASPHERIC SURFACE 
FOR OBSERVING 
AIRFLOW IN A 
ROCKET NOZZLE 

I. Introduction 

There are two cases of introducing an aspheric surface to an optical 
system. One is to improve an image performance of an optical system 
that has been designed by spherical surface. Many attempts at this case 
have been made, such as applying an aspheric surface to an astronomical 
objective. In the other case, the aspheric surface plays a spherical role 
that can never be replaced by any combination of spherical sur-
faces. One example of this case is a cylindrical lens. This study is con
cerned with the latter case. 

The optical observation techniques through plane-parallel windows, 
such as a shadowgraph or the Schlieren method , are widely used ·for 
aerodynamic study in a wind tunnel. However, for a phenomenon en
closed in the bore of a tube, the conventional method cannot be used, 
since the shape of the inner surface greatly affects the flow field. 

For the purpose of observing the phenomena, a tubelike lens that has 
a conical inner surface and an aspheric outer surface is fabricated. The 
latter is one of the ruled surfaces, i .e. , surfaces generated by the motion 

The author is with Nippon Kogaku, KK., Tokyo, Japan. 
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of the straight line. It  enables a l ight beam to be collimated not only in 
the bore but outside of the lens. It is used for observing phenomena 
taking place in the bore of the tube by the shadowgraph method and 
may be called a wind tunnel pipe. 

In this paper, the fabrication method of such aspheric lenses is 
described . 

II. Detennination of the Outer Aspheric Surface 

The above-discussed lens has a property that incoming parallel l ight rays 
traverse the bore parallel and emerge parallel (Figure I ) . The relation 
for determining a shape of the outer surface is described in the 
following. 

In Figure 2, the position vector S of a point p on the inner surface is 
given by 

S(x, y, z); x = f(t) cos 8 , 

y = f{t) sin 8 ,  ( I )  

z = t, 

where [(! )  represents the inner radius of the pipe at z = t. and t are curvi
linear coordinates of the surface .  

The analysis i s  confined to  the half-path of  a light ray for simplicity .  
In Figure 2 ,  r is a unit vector that i s  parallel to  the incident light ray at 

p. r' is a unit vector showing the direction of the refracted ray at p. Let 
Sn be the normal vector at the point p on the inner surface ; r, Sn , and r' 
must be in the same plane . The relationship is obtained as follows : 

(r X Sn J X (Sn X r' ) = 0. 

lnnor Surface 

FIGURE I Path of parallel light rays 
through the lens. 

80ft 

(2) 
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FIGURE 2 IUustration o f  the coor
dinate system. 

z 

Snell's law determines the relationship among r, S11 , and r' . 

n = sin {3/sin "f, (3) 

where {3 and 'Y are angles between r and S11 , and S11 and r' , respectively,  
and n is  a refractive index of the lens. 

The refracted light ray parallel to r' passes a point q on the outer sur
face and emerges parallel to r. Therefore , the normal vector Q11 at 
the point q on the outer surface is parallel to S11 • 

{4) 

Using differential geometry and vector analysis for Eqs. {2) ,  (3 ), and 
(4), the shape of outer surface can be determined. 

Finally, the position vector Q of q is expressed by 

Q =  S + 6r' , (5) 

where � is a distance between p and q .  
Assuming the inner surface to  be  conical , we know from Eq .  ( 5 )  that 

the outer surface consists of straight lines, each parallel to the generat
ing line of the inner cone . The fabrication method of the outer surface 
based on this property is developed.  
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Ill. Fabrication Method 

In Figure 3 ,  the inner surface of the lens is indicated by a conical surface 
whose vertex lies at V. Here, z is the cone axis and the x and y axes are 
perpendicular to the z axis. The outer surface , which has an optical 
property as shown in Figure I ,  is a ruled surface generated by a line 
QQ' ,  which is parallel to and deviated by a certain distance from a gen
erating line of the inner cone SV. The relative position of QQ' and SV 
i s  determined by  a vector SQ on  a plane (x, y) .  This vector i s  a function 
of () .  Its x and y components are given by 

SQ1 = X(8 ), 

SQy = Y(8) . 
(6) 

Using this geometrical property of the outer surface, a grinding and 
polishing machine was designed and constructed as shown in F igure 4. 

A work turns around the z axis and a tool T moves along the line QQ' .  
The relative position of the work to  the tool i s  controlled by  two cams 
C l  and C2 satisfying Eq. (6) .  The movement of the tool along QQ' and 
the rotation of the work are independent of each other. By setting the 
tangent line of the cutting edge of tool parallel to line QQ' ,  there are no 
limitations to the tool radius. 

The machine is shown in F igure 5 .  The machine can grind and polish 
not only the outer surface but the inner surface. I t  has four parts : a 
work table, a tool table, a polishing apparatus, and a base. 

The work table consists of a work spindle and x and y guides. A work 

FIGURE 3 Defmition of parameters 
UJed in fabrication. 

X 
z 
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FIGURE 4 The grinding and polishing machine. 

FIGURE S Photograph of the grinding and polishing machine. 
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of glass and two cams are held on the work spindle, which rotates at 
0.7 rpm. During grinding and polishing the outer surface, the work table 
is moved following two cams along the x and y guides, and its motions 
determine the relative position of the work to the tool . For the grinding 
and polishing of the inner surface , these cams are set free and the work 
table is fixed to the base of the machine . 

A front part of the machine, shown in Figure 5 ,  is the tool table, 
which is composed of a tool spindle and a motor. For grinding the outer 
surface, metal bonded diamond cup wheels of 30-mm diameter are used 
at 9000 rpm ; and for the inner surface, wheels 28 mm in diameter are 
used. The tool table traverses along the generating line with speeds of 
0.4- 1 .8 mm/min. Until the work has a required diameter, the grinding is 
repeated . After each grinding, the work is removed from the work 
spindle and measured by a profile projector. Grinding takes two steps
rough and fine. 

After the fine grinding, the tool spindle is removed and the polishing 
apparatus is set on the tool table. The polishing apparatus consists of 
flexible and slender polishers and a reciprocation mechanism . Before the 
polishing, in order to remove the grinding marks, the work is smoothed 
by the flexible laps, which are made of aluminum foil .  The flexible 
slender polishers, which have the same length as the work and are 20 
mm in width, are used for polishing. They are made of polyurethane 
and are reciprocated along the generating line . Reciprocation speed is 
1 29 stroke/min. 

Fabrication process of the lens is as follows : ( 1 )  preparative shaping, 
(2) outer surface grinding, (3 )  outer surface polishing, (4) inner surface 
grinding, ( 5 )  inner surface polishing, (6) side edge finishing. In process 
1 ,  a glass blank is shaped to fit a chuck of the work spindle. Processes 
2-5 are put in practice with the machine. Process 6 is a final shaping 
process to fit the experimental equipment. 

IV. Inspection 

For performance evaluation, a finished lens was inspected by the 
shadowgraph method , as shown in Figure 6.  Three types of chart were 
used. One is orthographic projection of the cone, and the other two are 
of crossing lines of 2-mm spacing. One of the latter charts was placed at 
the position 1 of Figure 6,  and the other and the orthographic chart 
were placed at the position 2. Shadowgraphs were taken with parallel 
light and are used for calibration of the image coordinate . 
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Pilter Slit 

Bc�I<:TI�� � laap CoDdeneer 
1-• Collillating leuee 

Camera � 

Position 2 

FIGURE 6 Shadowgraph system for perfonnance evaluation of 
finished lenses. 

The profile of the outer surface is measured mechanically by a univer
sal measuring microscope. 

V. Result 

One of the finished lenses is shown in Figure 7. It has a half cone angle 
of 1 5° ,  minimum radius of inner cone of 1 7 .47 mm, and is 5 2 . 0  mm in 

FIGURE 7 A finished lens. 
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length. Figure 8 shows deviation from the calculated proftle of the outer 
surface. Figure 9 shows a shadowgraph of the crossing line chart placed 
in the bore. The finished lenses proved satisfactory. 

Experiments were made using this lens at the National Aerospace 
Laboratory (Tokyo) for the purpose of analyzing the flow field at a 
rocket nozzle, especially in the study of S IT V C  (Secondary Injection 
Thrust Vector Control) ,  which is one of.the guiding methods of solid 
propellant rockets. Shadowgraphs of the airflow phenomena that are 
caused by collision of the main and the secondary irijection flows in a 
rocket nozzle model were taken by the lenses, which are called models 
S, SL, R, and R2. The secondary flow was injected through a small 
orifice at the wall of the lens (Figure 7). Figure 1 0  is one of the shadow
graphs, showing a shock wave caused by the collision. The shape of the 
shock wave is important for the analysis. 

1 eli• . t 5 aiOJ'OU 

FIGURE 8 Deviation of the actual profde of the outer surface from that calculated. 
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FIGURE 9 Shadowgraph of the 
crossing lines chart placed in the bore. 

FIGURE 10 Shadowgraph showing the 
shock wave produced by the collision of 
the main and secondary air flows. 

O P T I C A L  T EC H N O L O G Y  
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VI. Conclusion 

An aspheric tubelike tens, which has a property that coltimated incident 
t ight rays traverse its bore paratlet and emerge paratlet, was fabricated 
with sufficient accuracy by a newly developed machine . By shadowgraph 
technique, the tens proved useful for the observation of flow-field phe
nomena in the conical bore. The lens is expected to make a considerable 
contribution to developments of a guiding method of the solid propel
lant rocket. 

This machine can fabricate other types of ruled surface . 

The author would like to thank Dr. Yamanaka, National Aerospace Laboratory, for many stim· 
ulating suggestions and helpful discussions. 
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H .  E .  B E N N E T T ,  J .  L .  ST A N F O R D ,  and  

J .  M . B E N N E TT 

ScATTERING FROM 

MIRROR SURFACES 

USED IN SPACE 

APPLICATIONS 

Introduction 

Outside the earth's atmosphere , optical signals can be transmitted over 
very long distances without serious attenuation . However, if they are to 
be detected , these signals must be separated from background radiation, 
which also can travel over long distances. A similar problem arises in ex
traterrestrial astronomy. In order to utilize the superior resolving power 
that can be achieved if seeing limitations imposed by the atmosphere 
are removed, the effect of background radiation from extraneous 
sources must be minimized . Since the intensity of light reaching the 
earth from astronomical bodies ranges over a factor exceeding 1 0 1 9 , 
levels of scattered light within telescopes in a satellite observatory may 
well be the limiting factor in their performance . A particularly difficult 
situation arises when the stellar object is angularly near a strong natural 
emitter such as the sun or the earth's limb. To detect signals under these 
situations, the scattering levels in the optical system must be extremely 
low. 

The authors are in the Michelson Laboratory , Naval Weapons Center, China Lake, 
California 93555 . 
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Light scattering by optical components may be  divided into two cate
gories, surface scattering and scattering in the bulk of the material. Bulk 
scattering phenomena such as Rayleigh, Brillouin, and Raman scatter
ing have been extensively studied in transparent materials, and some 
work has been done on metals. Surface scattering, although orders of 
magnitude larger than bulk scattering for most mirror components, has 
received less theoretical attention. This scattering from mirrors arises 
from two sources :  ( 1 )  macroirregularities such as scratches, the scatter
ing from which is governed by geometrical optics, and (2)  surface micro
irregularities, which produce scattering governed by diffraction theory, 
an aspect of physical optics. We have found that, contrary to popular 
conception, high-quality optical surfaces are usually sufficiently scratch
free so that (2) dominates. 

Unlike scattering from macroirregularities, scattering from micro
irregularities is strongly wavelength-dependent. In the visible region, 
typical hemispherical scattering levels from metal-coated glass mirrors 
are a few parts in I 03 • Scattering levels an order of magnitude lower 
than these values can be obtained by superpolishing some types of mir
rors. On the other hand , scattering levels over an order of magnitude 
higher have been observed on mirrors that could not be d istinguished 
visually from those with low scattering levels. 

The above values are for hemispherical scattering. Near the specular 
direction , scattering levels will be one or more orders of magnitude 
lower than the hemispherical values, depending on the character of the 
particular surface and the instrumental acceptance angle used. In  this 
paper, we will discuss ( 1 )  the theoretical relationships between scattered 
light from mirror surfaces and their roughness characteristics, (2) some 
experimental techniques for determining relevant surface parameters 
and scattering levels, and (3)  the results obtained and how they correlate 
with theoretical predictions. 

Oassical Theory of Scattering by Diffraction 

The scattering resulting from surface microirregularities depends on how 
these irregular surfaces modify the surface currents that are induced by 
the incident light wave within the "skin depth" of the metallic coating. 
Various calculational procedures have been used to determine the prop
erties of the resulting scattered light. Scalar theories [ Davies, 1 954 ;  
Porteus, 1 963 ] based on  the Kirchhoff diffraction integral predict the 
total amount of light scattered from irregular surfaces and the angular 
dependence for scattering near the specular direction . The polarization 
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and angular dependence of light scattered at arbitrary angles has more 
recently been obtained from vector theories [ Hunderi and Beaglehole, 
1 970; Kroger and Kretschmann, 1 970;  Elson , to be published I ,  which 
consider the radiation from induced surface currents modulated by 
surface irregularities. At least one calculation of scattered light based on 
quantum theory has been carried out [ Elson and Ritchie , 1 97 1 ] .  

In all the above theories, the surface irregularity structure is described 
statistically. A simple statistical model of the surface is one in which the 
surface irregularities have a Gaussian height distribution about the mean 
surface level. This model was apparently first used by Chinmayanandam 
[ 1 9 1 9  I ,  who published a paper describing the ratio of specular to dif
fuse reflectance from such a surface.  The exponential relationship he 
obtained has been rediscovered numerous times by authors working in 
different wavelength regions. One of the best known derivations was 
published by Davies [ 1 954 I in connection with the reflection of radar 
waves. Davies showed that expressions for the amount of l ight scattered 
near the specular d irection and its angular dependence can be obtained 
for a perfectly reflecting surface under the restrictions that ( 1 )  both the 
height d istribution and autocovariance functions are Gaussian , and 
(2) the resulting rms roughness 6 and autocovariance length a are small 
compared to the wavelength 'A of l ight incident on the surface. Davies' 
results were analyzed , and the spectral dependence of scattered light at 
normal incidence that they predicted was experimentally verified by 
Bennett and Porteus [ 1 96 1  I .  Porteus [ 1 963 I subsequently developed a 
general theory for scattering at normal incidence from a surface of arbi
trary joint density function . In the special case of a Gaussian height
distribution function , he showed that if the slope of the surface irregu
larities is not excessive , the coherent reflectance Rc (which is equivalent 
to the specular reflectance when 6/'A << 1 )  is given by 

Rc = R0 exp (  -(411'& /Xl ] ( I )  

without restriction o n  the value o f  6/A .  Here R0 i s  the total reflectance 
of the surface , specular plus diffuse .  The fraction of the incident light 
that is incoherently reflected (i .e . ,  the scattered light) is then R; ,  where 

R; = R0 { I  - exp ((411'& /A)2 ] } (2) 

when & /X << I .  (3) 

It should be emphasized that Eqs. ( 1 -3 )  hold strictly only for surface 
irregularities that have a Gaussian height distribution about the mean 
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surface level .  There is  no reason to expect that actual surface irregulari
ties should even be symmetric about the mean surface level. However, 
the true height-distribution functions can often be approximated reason
ably well by a Gaussian function , particularly when l)jX is small. The 
statistical parameters describing the surface are then easily understood, 
and a comparison of the parameters for different surfaces is a reason
ably valid way of comparing the surfaces themselves. It is common prac
tice in statistics to assume when an rms value is quoted that a Gaussian 
distribution function is implied . If this practice is fol lowed when relat
ing optical scattering to surface roughness, "effective roughness" values 
describing the surface may be computed. The effective roughness of a 
surface at a given wavelength is then a measure of the scattered light to 
be expected from that surface at that wavelength . The effective rough
ness values for a surface will change when the wavelength changes if the 
surface does not in fact have a Gaussian height distribution . This varia
tion in effective roughness with wavelength in no way implies a break
down in the theory ; rather, it serves as a measure of how close to 
Gaussian the actual height distribution of the surface really is. 

The above scattering theories based on the Kirchhoff diffraction in
tegral are necessarily scalar theories, hence they do not treat effects 
that give rise to variation in the polarization properties of the scattered 
light .  In addition, in considering the angular distribution of scattered 
light, simplifying approximations have been made that limit the validity 
of these theories to small angles about the specular direction. 

In order to treat the polarization and angular dependence of diffuse 
scattering, recent authors [ Hunderi and Beaglehole, 1 970 ; Kroger and 
Kretschmann ,  1 970 ;  Elson , to be published ] have employed perturba
tional methods to calculate the radiation from induced surface polari
zation currents whose properties depend on surface structure. These 
approaches are l imited by the condition l) fX << I ;  as has been indicated, 
this condition is satisfied for many cases of interest. For unpolarized 
light incident from vacuum normal ly onto a metal surface of rms rough
ness 1) ,  the results of the above theories are identical ; the bidirectional 
reflectance-distribution function is given by 

dR; = !. 6")·(�)2 
dil 2 \X 1r 

} (e - sin2 8)y, 2 I 1 
2 } 

l (e - sin2 8)'�> + e cos 8 + �e - sin2 8)y, + cos 8 (4) 

In  the above expression , t: is the wavelength-dependent dielectric con-
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stant e = e 1 + ie1 . The function g [ (21T/'X) sin 8 )  = g(K) is the Fourier 
transform of the autocorrelation function G(p) ,  defined by 

G{p) = lim �[L z(x)z(x + p)dx, L -- L& • 

72 1 

(5) 

{6) 

for an isotropic surface structure . The quantity z(x) is the height of the 
surface at a point x on an axis in the mean surface plane , and p is a 
finite displacement along x .  

The first term i n  the curly brackets i n  Eq. ( 4 )  corresponds t o  light 
polarized in a direction parallel to the scattering plane (p-polarized), and 
the second to s-polarized scattered light. For most metals in the visible 
and near infrared ,  e 1 < 0, and l e 1 1 >> e1 . Therefore the intensity of p
polarized scattered light is somewhat greater than s-polarized scattered 
light at  a l l  angles exfept 8 = 0, where the two components are equal. 
The angular dependence of the two components may be strongly af
fected by the quantity g[ (21T/A) sin 8 ) . For the case that G(p) is a 
Gaussian , 

G(p) = exp ( -p2 fa2 ), (7) 

then from Eq. ( 5) , 

{8) 

As a/X increases, the scattered l ight near the specular direction (8 = 0) 
increases. In order to predict the angular distribution of scattered l ight 
from a given surface, the autocorrelation function must therefore be 
known. 

Anomalous Scattering 

As we have just seen, surface polarization currents induced by a light 
wave incident on an irregular surface radiate light diffusely (i .e . ,  scatter 
the incident light) . Surface microirregularities and the resulting modifi
cation of induced currents are also indirectly responsible for at least one 
other type of diffuse radiation . This kind of scattering is considered 
anomalous in that i t  is not predicted by conventional scattering 
theories. 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


722 O PT IC A L  M ET H O D S  

I f  the fields associated with the modulated surface currents have the 
proper spatial phase variation, they excite traveling surface polarization 
waves [ Elson and Ritchie , 1 97 1  ) . In the case of a metal, these waves 
consist of a collective motion of the relatively free conduction elec
trons. They are commonly called surface plasma waves, the quanta of 
which are surface plasmons. The effects of surface plasmon excitation 
are ( 1 )  a strong resonance-type absorption of the incident light near the 
surface plasma wavelength ).sp [ e 1 ().sp ) = - 1 )  and ( 2) diffuse radiation 
by these "anomalous" currents at wavelengths near ).sp . As we shall see 
shortly, the intensity of this anomalous, resonance-type scattering may 
be an order of magnitude greater than that of the light directly scattered 
by the surface irregularities. 

A second type of resonance scattering is associated with interference 
effects produced by thin dielectric fllms on irregular metal surfaces. 
The strength of the electric field at the surface of the metal may be in
creased significantly by the addition of a dielectric layer of suitable 
thickness. Since it is this field that determines the amplitude of the in
duced surface currents, one may therefore expect to see increased 
scattering at wavelengths where this field enhancement is greatest. This 
effect is not anomalous in the same sense as the indirect effects dis
cussed above, since it is predicted in a straightforward way by classical 
scattering theories [ Kroger and Kretschmann, 1 970) . 

Experimental 

Several instruments are being used in our laboratory to measure scatter
ing and/or surface irregularities that produce scattering. These include 
instruments to measure both scattered light and optical absorption, a 
F E C O  interferometric system to measure surface roughness, an electron 
microscope, and an optical microscope with a Nomarski attachment to 
photograph surface irregularities under 1 00 A rms in height.  We will 
describe the instrumentation in this section . 

SC A T T E R E D - L I G H T  A P PA R A T U S  

Figure 1 shows a schematic diagram of  an  instrument that can be  used 
to study the incoherent re-emission of optically excited surface plas
mons, as well as light scattered by simple diffraction . Light from xenon 
arc Xe or tungsten lamp W is focused on the entrance slit E 1 of a mono
chromator. Light of the desired wavelength passes through the exit slit 
E1 and is focused on pinhole aperture A 1 • Alternatively ,  low-pressure 
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FIGURE 1 Schematic diagram of  roughness analyzer used to  measure total scattered light and 
its angular dependence on  plane 3.86-i:m-diameter samples. 

mercury arc Hg may be inserted in the beam, and ,  by using filter F 1 ,  
monochromatic light may be obtained . This source is particularly use
ful at 2536 A in the ultraviolet ,  where sufficient intensity is difficult to 
obtain with our monochromator. 

In any case,  the narrow pencil of light from A 1 is collimated by mir
ror M7 and passes through aperture A1 and baffle A3 to strike the 
optically flat sample S. Light specularly reflected from the sample 
passes along the solid line to mirror M8 , which images the sample sur
face on As . The specular beam may be blocked from striking the photo
multiplier PM by blocking mask B ,  which is at the image of aperture 
A1 . The mask, whose dimensions are several times that of the specular 
beam at that point, cuts out light within a semiangle of 37 min of arc 
to the specular direction. Light scattered within 20° of the specular 
direction is focused by mirror M8 on As directly. By closing down 
diaphragm D, the acceptance angle about the specular direction can be 
reduced. Light scattered into angles larger than 20° strikes cone C, 
which redirects it to mirror M8 but introduces a virtual object, so that 
the image at A5 of this light is in the form of a ring about the specular 
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beam. I t  can be blocked out by aperture A4 • Nearly all of the l ight 
scattered at angles larger than 20° is picked up by the cone. Scattered 
light from the surface of M8 has a minimal effect since it is not focused 
on the detector, whereas that from the sample is. Nevertheless, M8 has 
been given a supersmooth polish to make doubly sure that no serious 
systematic error arises from this source. 

By manipulating 8 ,  D, and A4 , one can measure ( 1 )  the total light 
reflected from the sample , (2) the scattered light only , and (3) that 
scattered into a range of angles from 20° to I Yz0 from the specular 
direction. Since the amount of light scattered in the ultraviolet ,  visible, 
or near infrared by a good optical surface may be orders of magnitude 
less than that specularly reflected, some care must be taken to ensure 
that the electronics can handle a wide dynamic range linearly. In our 
case, the photomultiplier, which has been checked for linearity using a 
three-polarizer method, feeds the signal through a lock-in amplifier to a 

voltage-to-frequency converter and counter. The resulting signal levels 
can then be read to five significant figures. Very small relative signal 
levels can thus be measured with precision. 

OPT IC A L  E V A L U AT ION  F A C I L IT Y  

Only optically flat samples 3 .86 e m  in diameter can be accommodated 
in the Scattered Light Apparatus described above. With a new instru
ment, the Optical Evaluation Facility , which is now nearing completion, 
we will be able to measure the total amount of scattered light and to 
some degree its angular dependence on mirrors up to 40 em in diameter 
with more or less arbitrary radius of curvature ,  provided it is larger than 
1 1 5 mm. A schematic diagram of the instrument is shown in Figure 2 .  
A light beam from source L, which may be  either a krypton, helium
neon, helium-cadmium , or carbon dioxide laser, is spatially filtered by 
SF, chopped at 1 04 Hz by C 1 , and then strikes I 3-Hz mirror chopper 
C2 • I t  is either deflected directly to pyroelectric detector D2 or passes 
through to strike the sample mirror M, , which is mounted on an optical 
dividing head in a class 1 00 clean area. By translating, tilting, and rotat
ing Ms . the entire mirror surface can be examined . The light is reflected 
from M, to plane mirror M 1 and thence to detector D2 • Alternately, it 
is scattered , strikes Coblentz sphere Me , and is imaged on domed pyro
electric detector D 1 • In  either case, the signals generated go to one of 
the lock-in amplifiers Ll. The low-frequency envelope seen by 02 is in
dicated by the plot of intensity versus time in Figure 2. Detector D 1 
sees a modulated signal whose minimum goes to zero. The incident in
tensity 10 that strikes D2 is controlled by attenuator A and monitored 
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FIGURE 2 Schematic diagram o f  Optical Evaluation Facility used t o  measure total scattered 
light and small·angle scattering from plane and concave mirron. 

by one LI operating at the 1 04-Hz frequency. The second LI ,  operating 
at 1 3 Hz, can monitor either 0 1 or 01 , so that by taking the ratio of 
signals from the lock-ins using digital voltmeter DVM, both scattering 
and absorption can be determined . Since the angle of M 1 can be 
changed , light scattered within 2° of the specular direction, indicated 
by the dashed line, can also be determined . Mirror M5 is positioned 
using fiber optic microprobe F and autocollimator T. The reflectance of 
M 1 can be calibrated by rotating it into the incident beam as shown. 

An advantage of this instrument is that the lock-in signal is propor
tional to mirror absorption or scattering, not mirror reflection. Very 
small scattering levels and reflectances very close to unity should thus 
be measurable. We expect to measure scattering levels of 1 0-7 and re
tlectances with an uncertainty of ±0.00 1 or better for high reflectance 
samples using this instrument. 

FE C O  I N T E R F E R O M E T R IC S U R F A C E  SC A N N E R  

A n  alternate approach t o  the surface evaluation problem is to use inter
ferometric analysis. Fringes of equal chromatic order (F ECO fringes) 
[ Bennett and Bennett, 1 967 ] give direct information about the rough-
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ness of optical surfaces and can be used to distinguish between differ
ent finishes even if the nns roughnesses are the same. Figure 3 shows a 
schematic diagram of the F E C O  system, which is currently being modi
fied to include the slow scan TV camera and data-analysis system. White 
light from zirconium arc Z is collimated by lens L 1 and directed by 
beam splitter B to the interferometer I .  The interferometer consists of 
a very smooth reference flat coated with a nearly opaque (95% reflec
tance) silver film and the plane sample coated with an opaque silver 
film. The sample is almost in contact with the reference surface, with 
only about five wavelengths of light separating the two surfaces. Lens 
L2 , an 89-mm f/3 . 1  macrolens for the Vickers Projection Microscope, 
focuses a magnified image of I on the entrance slit S of a Bausch & 
Lomb constant-deviation spectrograph. The resulting spectrum contain
ing the F EC O  fringes is fonned at the focus of lens L4 and can be 
viewed with an eyepiece (not shown) or photographed. 

Figure 4 is a group of such photographs showing F E C O  fringes of  a 
superpolished fused-quartz surface , a good-quality polished glass sur
face, and a very smooth polished metal surface. The latter two surfaces 
have the same nns roughness but different finishes, as is clearly shown 
by the different character of the F EC O  fringes. The fringe to the right 
in all three photos occurs in the red portion of the spectrum and has 

SCAN LINE 1---v--\ 

-SCAN LINES = 
-

FIGURE 3 Schematic diagram of FECO Interferometric Surface Scanner used to measure 
surface roughness of plane samples. The image detected by the slow scan TV is shown at right 
center, and a single scan line is shown above it 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


H. E. Bennett et a/. 

FUSED QUARTZ a- 1l 

GLASS 9 8-25A 

ELECTROLESS NICKEL a -25l 

-:! .. 

-
� 

727  

� 
� --
� • 
t . 

FIGURE 4 FECO fringes obtained from (a) a superpolished fused-quartz optical flat, (b) a 
good-quality polished-glass surface, and (c) a very smooth polished metal surface. The reference 
surface in aJI cases was a superpolished fused-quartz optical flat. 

order of interference 7 ( i .e . ,  7 half-wavelengths of red light separate the 
reference and sample surfaces), while the fringe to the left is order of 
interference 8 and occurs in the blue-green spectral region where the 
reflectance of silver is lower and the dispersion of the spectrograph is 
larger. Even though the appearance of the two F E C O  fringes in each 
spectrum is somewhat different, both give the same roughness profile 
of a I mm X 3 pm rectangular area of the interferometer. 

Prior to the installation of the TV system, the peak-to-peak rough
ness of the pair of surfaces (reference surface plus sample) was obtained 
visually by setting a crosshair on the extremities of a F E C O  fringe and 
converting the measured wavelength difference into a roughness value. 
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With the new interferometric surface scanner, an image of the F E C O  

fringes and reference spectral lines (Figure 3 a t  right) i s  detected b y  a 
slow scan T V  camera employing an ITT image-dissector tube. The 
camera is operating in a line scan mode in which a single line is repeti
tively scanned until the command is received to proceed to the next 
line. There are 500 scan lines from the top to the bottom of the pic
ture. A single line is repetitively scanned with the output going to the 
signal averager until the signal-to-noise level is adequate and the contour 
(intensity versus position) appears as in the upper part of Figure 3. 
Then the information on the scan line is digitized and fed into a mini
computer, which calculates and stores the wavelength of the segment of 
the interference fringe contained in the scan line . The camera now shifts 
down to the next scan line and repeats the process. The significant out
put information is the wavelength of the interference fringe at 500 
equally spaced points along its length. From these data, a statistical 
description of the surface including the autocovariance function, true 
rms height, and height-distribution function can be developed. When 
operational, this instrument will provide a unique, direct, and nearly 
indisputable measure of the surface irregularities on optically polished 
surfaces and will be able to detect irregularities under I 0 A peak-to
valley provided that the lateral scale of the roughness is greater than 
the 3-pm lateral resolution limit of the optical system. Thus, the instru
ment will be complementary to the electron microscope and will furnish 
a check on the power spectrum results obtained from Nomarski 
micrographs. 

N O M A R S K I  M IC R O G R A P H S  

An alternate technique for obtaining the autocovariance function of  
the surface i s  to  scan superimposed Nomarski micrographs of an  optical 
surface using a densitometer such as our Moll with a reliable screw 
motion. Such micrographs also are qualitatively useful in that a picture 
of the surface microirregularities can be obtained . It is difficult, how
ever, to obtain quantitative values of heights of surface irregularities 
such as are furnished by the F E C O  technique. It is at first surprising 
that irregularities a few tens of angstroms in height can be examined 
using an optical microscope. However, the Nomarski technique 
[ Nomarski and Weill , 1 954 ;  Allen et a/. , 1 969 ) depends on interference 
between beams initially polarized at right angles to each other, which 
are reflected from the optical surface and then recombined . Thus, its 
sensitivity to height differences arises from the same source as that of 
the F E C O  technique . 
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FIGURE S Nomanki and electron micrographs of an optically polished electroless nickel 
surface and a superpolished fused-quartz surface. Note the difference in magnification for the 
two types of micrograph. 

Figure 5 shows micrographs of two very smooth optically polished 
surfaces, one fused quartz and the other superpolished electroless nickel , 
taken using the Nomarski technique . Although the effective rms rough
nesses of the two surfaces were comparable , differences in character be
tween them are readily apparent. These micrographs were taken using a 
Zeiss universal research microscope with a Nomarski 40X plan objec
tive and a total magnification of 5 30X .  

ELECT R O N  M IC RO G R A PH S  

Although very small height differences can b e  observed using the F E C O  

or Nomarski techniques, the lateral resolution that can b e  obtained i s  of 
the order of micrometers. Studies of optical scattering from microcrys-
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tallite irregularities in evaporated films indicate that more closely spaced 
irregularities are also important. To see such closely spaced irregularities, 
an electron microscope is required . The lower part of Figure 5 shows 
electron micrographs of surfaces comparable with those on which the 
Nomarski micrographs were taken. To enhance depth sensitivity, the 
specimen was shadowed at an angle of 1 5° using platinum-carbon. Since 
the side of the 0.25% Fonnvar replica in contact with the sample was 
shadowed , these micrographs differ from those obtained using standard 
techniques in that the depressions in the original surface appear as asper
ities in the replica, and vice versa. Maximum surface fidelity is, however, 
achieved in this way. The magnification was 26,500X , so that the total 
width of the electron micrograph corresponds to a d istance of about 1 0  
J.tm on the sample, about three times the minimum lateral separation 
observable using F E C O  and Nomarski methods. By combining the in
fonnation from these various techniques, we then have a powerful tool 
for detennining the character of the surface in detail. 

Results 

Table 1 gives a comparison of the roughness values obtained from 
scattered light and F E C O  measurements on fused-quartz samples coated 
with different thicknesses of calcium fluoride to obtain various rough
nesses and then overcoated with metal. The agreement between these 
tWo independent techniques is quite good . For thick calcium fluoride 
films, the values obtained from scattered-light measurements are slightly 
larger than those obtained interferometrically , possibly because the 
calcium fluoride crystallites, many of which are too close together to be 
resolved by the optical system of the interferometer, play an increas
ingly important role in scattering from the surface as film thickness 
increases. 

TABLE 1 Comparison of Effective rms Roughness Values 
of Calcium Fluoride Films Measured Interferometrically and 
by Scattered Light 

Thickness CaF 2 (A) 

0 
875 

1750 
2625 

Effective rms Roughness 

1 1  
1 2  
16  
1 9  

1 0  
1 3  
1 9  
26 
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The wavelength dependence of the scattered light predicted by Eq. 

(2) is frequently well obeyed . Figure 6 shows the scattering level ob
served for an aluminum-coated superpolished fused-quartz surface. Over 
the wavelength range studied , the agreement between the theoretically 
predicted scattering from a 1 2.8 A rms surface , shown by the solid line, 
and that experimentally observed is excellent. Similar agreement is 
found in the infrared, as shown in Figure 7 .  

The levels of scattered light predicted theoretically a t  various wave
lengths from surfaces having various effective rms roughness values are 
given in Figure 8. The dashed l ines give typical roughness values for con
ventionally polished high-quality metal mirrors, glass mirrors, and fused
quartz or metal mirrors that have received a superpolish. The diagonal 
lines show the scattered l ight levels to be expected. For example, at a 
wavelength of I �otm the l ight scattered from a superpolished mirror 
would be about 1 0-4 of that reflected by the mirror. The light scattered 
by such a mirror into a small angle near the specular direction would be 
significantly less than 1 0-4 • Note , however, that the bidirectional retlec-

0.004 

!i o.003 
c ::; 
0 Ill c E �0.002 

0.001 

FIGURE 6 Wavelength dependence of the total scattered light from an aluminum-coated 
superpolished fused-<1uartz sample. Circles are measured values, and the solid curve is calculated 
from Eq. (2) assuming a value of 1 2.8 A for 6 .  
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FIGURE 7 Wavelength dependence of the total scattered light from an aluminum-coated 
ground-glass surface. Circles are measured values, and the solid curve is calculated from Eq. ( 2) 
assuming a value of 1 500 A for 6 .  

tance-distribution function [ Nicodemus, 1 970;  Ginsberg e t  al . .  t o  be 
published ) ,  i .e. , the fraction of the light diffusely reflected (scattered ) 
or specularly reflected into a small solid angle and expressed in terms of 
the reflected light per steradian, may be much larger than 1 0-4 sr- • for 
this mirror near the specular direction . 

Scattering levels from the mirrors shown in Figure 8 differ at a given 
wavelength by well over an order of magnitude. However, the super
polished mirror could probably not be distinguished from the metal 
mirror having a normal polish simply by visual inspection . A slight haze 
can sometimes be observed on still rougher mirrors by comparing them 
very carefully with a smooth sample. Also, the "scratch and d ig" test 
commonly used by the optics industry would not reveal the difference 
between a superpolished and a conventionally polished mirror. In fact, 
the latter could easily be judged higher in quality than the former on 
the basis of this test. A better testing procedure is needed if differences 
in mirror quality are to be recognized . One suggestion is the "veiling 
glare" test in which near-forward scattering is· measured directly [ Baird, 
1 949 ; McLeod , 1 95 5 ;  MIL-STD- 1 50A, 1 959 ] . 
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FIGURE 8 Scattered light levels predicted theoretically (diagonal 
lines) for surfaces having nns roughnesses from 2 to 200 A. The dashed 
lines indicate typical roughnesses of various kinds of polished surface. 
Wavelengths from the ultraviolet to the infrared are plotted logarith· 
mically on the ordinate. 

733 

Not all surfaces scatter according to Eq. (2) .  As was mentioned pre
viously , if the surface irregularities do not have a Gaussian height dis
tribution, an "effective roughness" can be used to describe their 
behavior. The value of this effective roughness will then be wavelength
dependent. At nonnormal incidence or when the slopes of the surface 
irregularities become too large , more elaborate theories are required. 
This is also true if the polarization dependence or the angular depen
dence at large angles is required. To illustrate , we show in Figure 9 a 
comparison of experimental results obtained by Hunderi and Beaglehole 
[ 1 970 ) with the predictions of the perturbation-type theories [ Eq.  ( 4) ) . 
The sample was prepared by first coating a smooth substrate with poly
crystalline calcium fluoride by vacuum evaporation to generate an irreg
ular surface, then overcoating this with an opaque deposit of silver. The 
scattering of normally incident l ight from this silver sample was deter
mined as a function of scattering angle and polarization at a wavelength 
of 5500 A. The experimental data are indicated by data points through 
which smooth, solid curves have been drawn. Shown are data for 
scattered light that is polarized parallel to the scattering plane (P) and 
light polarized in a d irection perpendicular to the scattering plane (S).  
The dashed lines are the theoretical predictions from Eq. (4) assuming 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


734 O P T IC A L  M ET H O D S  

SCATT E R I N G  A N GLE 8 
FIGURE 9 Bidirectional reflectance distribution from "rough" silver 
surface at a wavelength of 5500 A for scattered light polarized parallel 
(P) and perpendicular (S) to the scattering plane. Solid curves are 
drawn through experimental data points; dashed curves are theoretical 
predictions [ H underi and Beaglehole, 1 970) . 

a Gaussian autocorrelation function with an autocorrelation length of 
1 1 00 A.  The scalar theory does not distinguish light of the two polariza
tions, which in this case differ in intensity by more than a factor of 3 
over a fairly large range of scattering angles. 

In  some cases additional phenomena are involved . Figure 10 shows 
such an example-scattered-light measurements made on a silver-coated 
mirror having an effective roughness of 2 1 .5 A, as determined from 
scattering measurements made in the ultraviolet. This "rough" mirror 
was also made by depositing calcium fluoride onto a superpolished 
fused-quartz flat prior to the deposition of an opaque layer of silver. 
For this mirror, the ratio of scattered light to incident light is plotted 
instead of the ratio of scattered to reflected light as shown in the pre
vious graphs. The level of scattered light predicted by Eq. (2)  and the re
flectance of the material is indicated by the long-dashed curve. The 
difference between what was actually observed for the silver-coated sur
face and the predicted level is shown by the solid curve. This curve has 
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0 ... a: ... 

5 

FIGURE I 0 The long-dash curve is the wavelength dependence of the 
ratio of the total scattered light to the incident light for a "rough" 
( 2 1 .5 A rms) silver surface calculated from Eq. ( 2) .  Other curves are 
the difference between measured values and the calculated ( long-dash) 
curve: solid curve is for a bare silver surface, and other dashed curves 
are for silver surfaces coated with the indicated thicknesses of mag
nesium fluoride. 

735 

its maximum near 3700 A and shows that at  this wavelength the surface 
scatters over seven times the amount of light predicted by theory. When 
layers of magnesium fluoride of various thicknesses are added to the 
silver mirror, the scattered light level increases further and the peak of 
the scattering shifts to longer wavelengths. The maximum amount of 
scattering occurs with a 700 A thick overcoating layer of magnesium 
fluoride;  for this case , the mirror scattered over 1 1  times as much l ight 
as is predicted by Eq. (2) .  As the overcoating layer becomes thicker, 
the scattered light level drops and the peak shifts back to shorter 
wavelengths. 

The scattering behavior of the silver-coated mirror shown in Figure 
1 0  can be explained in terms of optical excitation of surface plasmons, 
which subsequently decay causing incoherent re-emission to occur. The 
shift in the peak of the scattering curve to longer wavelengths and its 
growth when magnesium fluoride is deposited on the sample is caused 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


736 O P T IC A L  M ET H O D S  

by the effect of a dielectric other than air on the dispersion curve of 
the surface plasmons and by an interference effect in the magnesium 
fluoride film itself. This example illustrates that scattered light can arise 
in more complicated ways than would be predicted from conventional 
diffraction theory. 

The results presented thus far have been for mirrors having specially 
prepared rough surfaces. However, similar results have been observed on 
commercially available samples. The dielectric-overcoated gold mirror 
whose scattering characteristics are shown in Figure 1 1  was obtained 
from a commercial source. In the ultraviolet region, the scattered light 
level indicates an effective roughness of about 1 0.6 A, i.e . ,  a very 
smooth surface. However, in the visible region, the scattering level in
creases to over four times the theoretical value . It then drops to nearly 
the value predicted from the ultraviolet data. Sufficient information is 
not available in this case to determine the origin of the observed effect. 
This example illustrates, however, that unexpected scattering properties 
do sometimes occur in mirrors used in operational systems and indicates 
that there is considerable work still to be done on the deceptively 
simple appearing problem of scattered light from metal-coated mirror 
surfaces. 

O.OD3 
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i ::J 
0 ;! O.OOZ 
Ill 

I • 

0.001 

00.315 0.40 

A I � I � . " I \ I � J \ 
. �"' \ ...... \ . ,............. \... --- � 
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...._.& ..,__ 
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FIGURE 1 1  Measured wavelength dependence of the total scattered light from a dielectric
overcoated gold mirror (circles) and calculated curve for a 1 0.6 A rms surface. 
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Conclusions 

The scattered light from high-quality mirror surfaces arises primarily 
from diffraction effects not from geometrical optics. Therefore, to re
duce scattering levels further, it is the surface microirregularities that 
must be controlled not scratches and other macroirregularities. Several 
theoretical approaches to the scattering problem have been proposed. 
For light normally incident on a surface whose statistical description is 
comparable with that of many actual optical surfaces, the theoretical 
predictions are in approximate agreement with each other and with the 
experimental results. For nonnormal incidence , the situation is less clear 
but is being actively investigated .  A reliable theory would make it pos
sible to characterize a surface either from scattered-light measurements 
in a limited spectral range or from measurements of surface irregulari
ties using interference and electron microscope techniques. The scatter
ing properties of that surface in arbitrary wavelength regions should 
then be accurately predictable. However, besides additional theoretical 
work ,  special instruments will be required to make such measurements. 
These instruments are being developed ; their existence will  make it 
possible to develop better and more reproducible polishing techniques. 
Such techniques are badly needed , particularly for metal mirrors. Mir
rors of this type are vitally necessary for many space applications, but 
at present polishing techniques for making these mirrors are seriously 
inadequate. 

Finally , scattering may arise from mechanisms other than conven
tional diffraction. In these cases,  scattering levels may be several times 
those that would be. predicted from the above theories. This anomalous 
scattering is strongly material-dependent ,  so that the mirror coating 
material, as well as the surface microirregularities ,  is important when 
minimum scattered light is required. 

We are grateful for the assistance of  John Dancy, who took the electron micrographs, Marian 
Hills, who helped us to use the Nomarski technique, and James Rogers of Hughes Aircraft 
Company, who sent us the commercially obtained gold-coated sample for testing. 
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A .  M A R EC H A L  and  G .  FO R T U N A T O  

RECENT DEVELOPMENTS 

IN SELECTIVE 

MODULATION 

SPECTROMETRY 

I. Introduction 

The perfonnance of spectrometers mainly depends on two factors: reso
lution limit and luminosity . I n  many types of spectrometer, these two 
parameters are not independent of each other. Jacquinot [ 1 954 ]  has 
shown that the relation, luminosity X resolution = constant,  does not 
allow sufficient luminosity and resolution to be obtained simultaneously. 
However, several systems make it possible to avoid this limitation. This 
is particularly the case for spectrometers using a confocal Fabry-Perot 
[Coones, 1 958 ] , as well as the Girard's [ 1 967 ] grid spectrometer. 

Other systems without totally escaping from this limitation, make it 
possible to obtain a better compromise between these two parameters. 
This is the case , for example, of S I S  AM [Coones, 1 959 ,  1 960 ] , of 
Fabry-Perot [Chabbal, 1 95 3/5 4 ] , and in Fourier transform spectros
copy [ Connes, 1 96 1 ] .  The last one, however, in spite of its advantage 
of being multiplex , necessitates the use of a computer. 

Our goal is to show the possibilities of a new type of interference 
spectrometer with selective modulation, which associates an interfer-

The authors are at the lnstitut d'Optique and E N S ET ,  Paris, France. 
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740 O P T IC A L M ET H O DS 

ometer with very high luminosity to a periodic grid [ Fortunato, 1 97 2 ;  
Fortunato and Marechal , 1 972 ] . The luminosity o f  this system depends 
only on its geometry .  The resolution increases with the number of the 
grid slits, so that these two parameters, luminosity and resolution, are 
not directly dependent and hence can be adjusted at will. 

II. Principle of the System 

This principle has been set by Prat [ 1 965 , 1 97 1  ] , who, while develop
ing the concept of spatial resonance, has indicated several new arrange
ments, the simplest of which is the following ( Figure I ) : 

An extended source S is used to form two images S 1 and S2 by 
means of splitting system D. Under these conditions,  the images M 1 and 
M2 of a point M on the source are coherent, and the optical path dif
ference between the two vibrations corresponding to two parallel rays 
coming out of the interferometer is 

A = T cos �. 

where T is the distance M 1 M2 and � is the angle between the exit beam 
direction and the vector M 1  M2 • If T is a constant ,  then when M is dis
placed over the source , � depends only on � and the fringe pattern is 
observable at infinity . Its contrast is independent of the source extent. 
These fringes can be localized in the image focal plane of a lens L, and 
their luminosity depends only upon the geometry of the splitting system 
D and the quality of the lens L. If now, we introduce in the fringe plane 
a periodic grid that we vibrate , the flux going through this grid will be 

s 

a- Splitting 
s.,.,., 

D 

L 

FIGURE 1 Analysis of rectilinear fringes. 

�I 
I 

I 
G 
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A. Marechal and G. Fortunato 74 1 

modulated only for the wavelength ). such that : T X P = F X ). (F = 
focal length of the lens, P = grid spacing) . A study of the resolution 
limit of this system shows that this limit depends only on the number 
of grooves, G. on the grid and hence does not obey a relationship of the 
type L X  R = C. 

We have arrived at the same kind of arrangement as Prat by studying 
the variations in the spatial degree of coherence in interferometers and 
by asking the following question :  How can we obtain a temporal modu
lation of only one wavelength among others, while keeping the etendue 
as large as possible? The simplest solution seems to be the following. An 
interferometer, made of plane mirrors, splits an image point M into two 
object points M 1 and M2 of which the relative d istance T does not de
pend on the position of M .  The degree of partial coherence 'Y(M 1 , M2 , 
t) must depend only upon the relative positions of M 1 and M2 • We can 
then write it in the form 'Y(M 1 - M 2 ,  t) .  This is obtained if the source 
is localized at infinity in the object space , that is to say , in fact ,  in the 
object focal plane of a lens (Figure 2) .  

The Van Cittert-Zemike theorem shows that the degree of partial 
coherence is related to the Fourier transform of the intensity distribu
tion of the source . In order to obtain a nonnegligible value of 'Y when 
the source is large , it is necessary to modulate the light intensity of the 
source with a given periodicity . We can do that by putting a periodic 
grid in the focal plane of lens L (Figure 2) .  The degree of partial co
herence between two points, M 1 and M2 , at distance T from one another 
has then a maximum if the grid spacing P satisfies the relation : 

>..F = TP. 

I f  we displace the grid by a quanti ty u, in its plane, the degree of 

Boom Spllttw 

D 

-

I 
G 

FIGURE 2 Selective modulation interference spectrometer. 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


742 O PT IC A L  M ET H O D S  

partial coherence is  multipled by exp U(211U/P) ] , and, hence, the flux 
impinging on every point M of the detector is modulated with respect 
to the grid 's position and this modulation is obtained only for the wave
length that satisfies the above relation AF = TP. 

In  conclusion, we can see that this process allows us to selectively 
modulate one and only one element �� in the spectral range of  the 
source. 

Ill. Practical Choice of the Components 

A. T H E  INTE R FE R O M ET E R  

The choice o f  the interferometer is very important ,  and practical con
siderations made us choose an interferometer of the Sagnac type (Figure 
3) .  Its main advantages are the following : 

The apparatus is easily made;  i t  consists simply of a beam splitter and 
a compensating plate, along with two mirrors. The tolerances upon the 
flatness and parallelism are of the order of �/4 in order to get a resolu
tion of 1 04 •  

The spectrum is explored by simply translating one of the two 
mirrors. 

_ _ _ _ _ _  I'(" _ _ _ _ _  _ 

11 Vibrator 

FIGURE 3 Sagnac-type interferometer. 

/ \ 
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The interferometer is quite insensitive to perturbations, vibrations, 
etc. (since the two beams follow the same path). 

Finally , it is easy to set it  up. 
The main disadvantage of this type of interferometer is that its ge

ometry limits the etendue of the beams. Indeed , it is clear from Figure 
3 that if the system is unfolded the beam splitter acts like several aper
tures that may limit the etendue of the system when the splitting be
comes important .  However, there is no limitation, in the direction per
pendicular to the p lane of the figure. 

B .  M ET H O D  OF P R O D U C I N G  A N D  D ETECT I N G  TH E S IG N A l  

Among several possibilities, we have chosen a sawtooth modulation of 
the grid 's position , the amplitude being equal to a large number of the 
grid 's spacings. The reference signal is obtained by forming the image of 
a small part of the moving grid upon a fixed part of the same grid ; we 
are then able to use synchronous detection . 

IV. Systems Performance 

A .  R E SO l V I N G  POW E R  

For a given wavelength , the degree o f  partial coherence is a function of 
the distance T = M 1 M2 • If N is the number of the grid 's spacings and if  
the source intensity is  uniform, 'Y has a maximum for T =  AF/P and its 
representation versus T has the shape indicated by Figure 4. The full 
width at half-maximum is AF/NP. Two wavelengths � and � + ��. with 
comparable intensities, will be separated if the two values of 'Y for the 
same value of T are different. For this to be so, it is necessary for �� to 
be of the order of �IN. The resolving power R = �/ �� will then be of the 
order of N. Apodization can be obtained by suitably modulating the in
tensity distribution on the grid or by putting a suitable aperture func
tion in the plane of this grid, for example, in the form of a Gaussian. 
This apodization can also be determined by putting the aperture func
tion in the conjugate plane of the grid . 

B .  l U M INOS ITY  

This quantity depends on the etendue of the beams, that i s  to  say, on 
the area of the grid and the solid angle with which the beams propagate 
inside the interferometer. As we have noticed above, the only theoreti-
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y 

T 

FIGURE 4 Spatial variation of the coherence. 

cal limitation is imposed by the geometry of the interferometer (limita
tion of the aperture angle in the plane of Figure 3) .  If we define lumi
nosity L as being the ratio between the flux incident on the detector 
and the source radiance, we get the following relation : 

L = TSajJ, 

where r is the transmission factor of the system. S is the area of lens L. 
ex and 13 are the angular dimensions of the grid . 

Let us compare this luminosity to that of a classical grating spec
trometer. We know that in this case , if we define r as being the spec
trometer transmittance , s' the grating area, 13' the angular width of the 
sli t ,  and R' the effective resolving power, the luminosity can be written 
as 

L' = T1 (Sf{ /R'). 

The gain in luminosity of our spectrometer (S I M S )  is then 

g = L/L' = { TSafJ/l S' IJ') R' . 

This shows that we can simultaneously increase the luminosity and 
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A.  Marechal and G. Fortunato 745 
the resolution of our interferometer. Indeed , the resolution R is equal 
to N, the number of the grid 's grooves, which is proportional to 01. On 
the other hand , the gain in luminosity may be important as is shown 
in the following example . 

The experiments have been done until now with 

A circular grid , 40 mm in diameter, 70 grooves per mm; 
A lens, 36 cm2 in area, 500-mm focal length. 

To make a valid comparison, we consider a grating spectrometer 
with the following characteristics : 

Grating area: 50 cm2 ; 
Angular width of slit : 5 X 1 0-2 rad . 

With the same resolution for both these instruments, that is to say , 
R '  = 2800, the gain in luminosity of ours is of the order of 250. 

We are now setting up an interferometer, which will consist of an 
80-mm-diameter grid , a lens area of 1 00 cm2 , and 500-mm focal 
length. This should provide a gain of 9000 over the same grating 
spectrometer. 

C. S I G N A L ·TO·N O IS E  R A T IO 

This ratio is fundamental in the exact evaluation of the qualities of any 
spectrometer. The noise arises from different phenomena and depends 
on several parameters. In the ultraviolet region ,  photon noise is pre
dominant ;  in the infrared , it is detector noise. When photon noise is 
predominant ,  our system is still interesting i f  the number of spectral 
elements or the intensity ratio between two lines is less than the lumi
nosity gain that has been previously defined .  When the noise source is 
the detector, the gain in signal-to-noise ratio is equal to the gain in 
luminosity. 

V. Experimental Study 

The experimental results obtained with a preliminary system (which is 
very modest as far as the quality of the optical and mechanical com
ponents are concerned) have permitted us to verify some of the theo
retical predictions that were previously announced . The resolving power 
is equal to the theoretical one of the grid . The gain in luminosity, mea-
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FIGURE 5 Selective modulation 
spectrometer instrumental function. >. = 5460 A; 4>. = 5 A. 

O P T IC A L  M E T H O D S  

sured by  comparing our spectrometer to  a commercial prism spectrom
eter having the same resolving power, is of the order of 3 X I 04 • This 
measurement has been done, on the one hand , by using a monochro
matic line (Figure 5 )  (� = 5460 A from a low-pressure mercury vapor 
lamp) and , on the other hand , on the line spectrum of a neon lamp 
(Figure 6) .  We also performed an experiment in absorption spec
troscopy by using holmium oxide [ Figure 7(a) ) . The source we used in 
this last experiment (tungsten filament lamp) has the spectrum shown 
in Figure 7(b).  In every experiment, the detectors are photomultipliers. 

VI. Conclusion 

This first theoretical and experimental study indicates that in the visible 
range if the spectrum is not too dense, this spectrometer will allow 
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11821 - 1402 
I• I 

FIGURE 6 (a) Neon spectrum obtained with a slit spectrom
eter ; (b) neon spectrum obtained with the interferometric 
spectrometer. 
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4400 4700 5000 5300 5600 5800 8200 MAl 

(a) 

4400 4700 5000 5300 5600 5800 8200 
(b) 

FIGURE 7 (a) Absorption spectrum, holmium oxide; (b) emission spectrum, tungsten. 

either important gains in speed or the possibility of studying very weak 
sources. Until now,  we have been limited only by the response time of 
the recorder, and we have been able to record low�ensity spectra, as 
that of neon, at the speed of 4000 A/sec, without notably diminishing 
the signal-to-noise ratio. Experiments now in progress will allow us to 
test more completely this apparatus in the visible, especially in absorp
tion and fluorescence spectroscopy. Furthermore , these experiments in 
the visible, the most unfavorable region for selective modulation inter
ference spectroscopy,  allow us to hope for interesting results in the in
frared region. 
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0 .  S .  H E A V E N S  a n d  S .  K .  S H A R M A  

USE OF LATERAL 

WAVES IN THE 

STUDY OF SURFACE 

FILMS 

I. Introduction 

In the study of surface films by total internal reflection spectroscopy, 
use is made of the penetration into the less dense medium of a light 
wave at angles greater than the critical angle . The penetration is gen
erally to a depth of the order of a wavelength, and reflection is accom
panied by a shift-the Goos-Hanchen shift-which is of the same order. 
Thus the volume of the medium sampled is small ,  and a large number of 
reflections is required in order to obtain a measurable amount of ab
sorption.  This necessitates a parallel-sided specimen of reasonable size
generally of the order of I 00 mm in length. When this can be realized, 
then very high sensitivities are obtainable in favorable circumstances
such that a monolayer of adsorbed gas may be detected . This paper 
describes a possible alternative method for cases for which the above 
form of specimen preparation may not be possible. It makes use of the 
lateral wave that is propagated along the interface between the two 
media when light is incident at the critical angle. Such waves have been 
extensively studied [ Maeker, 1 949 ; Ott, 1 949 ; Acloque and Guillemet, 
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1 960; Osterberg and Smith, 1 964 ; Tamir and Felsen, 1 965 I in a prob
lem in which the properties of a thin layer in the neighborhood of a 
surface are to be investigated . The exact theory for the case of  propaga
tion of a lateral wave in a medium in which the optical properties vary 
in the direction normal to the plane of the interface has not been 
solved . For the case of a uniform film at the surface , however, expres
sions may be obtained that are capable of yielding numerical solutions. 

The method is illustrated by application to the study of color cen
ters formed by bombardment of the surface of a crystal by low-energy 
electrons. 

II .  Analysis of Lateral Wave 

We may first note that the displacement of a beam of finite width on 
reflection at a surface is a normal consequence of diffraction theory 
and is not restricted to the case of total reflection. The problem has 
been examined by Brekhovskikh [ 1 960 ) . For the case in which a nar
row pencil beam is reflected at an angle 8 0 at a surface with reflection 
coefficient R(8 ), the displacement may be written as -x 1 (a), where 
a = k sin 8 0 and x(p) is the phase of the reflection coefficient,  expressed 
in terms of the variable p = k sin 8 .  The value of � depends on the state 
of polarization of the incident light, but for angles close to the critical 
angle the values for the p- and s-components, �P and �s are approxi
mately equal and are given by 

( I )  

where n i s  the refractive index o f  the medium o f  incidence or the ratio 
of indices of the first to second medium. The expansion on which the 
above result is based is not strictly valid for 80 = arc sin n, but it is clear 
that as the critical angle is approached the displacement can become 
very large . Viewed in this way , the displacement on a beam incident in 
the neighborhood of the critical angle may be regarded as being asso
ciated with a lateral wave that traverses the region of the surface be
tween an incident ingoing bundle and an emerging bundle at a distance �-

In order to calculate the flux in the portion of the wave emerging 
from the surface, it is necessary to consider a point source (Figure 1 )  
emitting spherical waves and to make a Fourier expansion using plane 
waves. In order to encompass the singularity associated with the point 
source, the expansion must necessarily involve plane waves with com
plex wavenumber. In the integration required to determine the reflected 
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FIGURE 1 Lateral wave flux a t  P. 

Fi - " 
tat - ,. n• (n2 - 1 )  rl ' 

t----- r ----� 

amplitude, due attention must be paid to the branch points and singu
larities in the complex plane. For the case for which the distances in
volved are large compared with the wavelength, the Hankel functions 
involved in the expression for the reflected field may be replaced by 
asymptotic exponential forms. The result of the analysis leads to the 
following dependence of the lateral wave flux on the experimental 
parameters, for the case in which the media either side of the boundary 
are isotropic and nonabsorbing: 

(2) 

where the symbols are as shown in Figure I .  
Equation (2)  is obtained for uniform, isotropic media as a result of  

integrating the expression for the field due to a wave reflected at a sur
face. This integral takes the form 

·'· - ehr/4 
(_!_�'n /(fl/2)-ioo 

" exp ik.R 1 cos (8 - 8 0 ) R(8) 
21TT -(fl/2)+ioo 

(1 + 8ikrlsin O) sin'n 8 d8 (J) 

(see Figure 2), where the integral is evaluated over the appropriate path 
in the complex plane. 

In Eq .  (3) ,  R (8 )  is the reflection coefficient that in the case of uni
form media is simply the Fresnel reflection coefficient .  In the case 
of a lateral wave traversing a surface carrying a uniform film , an analytic 
expression for R(8 ) can easily be obtained [ Heavens, I 95 5 ) . 

For the more complicated case of a surface film in which the optical 
properties vary with depth , an analytical expression for R is not nor-
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f------ r ----� 
FIGURE 2 Definition of the parameters Z0 , R , ,  9c, and 9 0 • 

mally obtainable. In  this case , numerical methods would need to be 
used. 

III . Application of Lateral Waves to Study of Absorbing Layers 

753  

The experiments to  be described arose in connection with an  examina
tion of the behavior of surfaces of alkali halides that had been subjected 
to slow electron bombardment. It was found that the nucleating proper
ties of the surfaces of such crystals were profoundly modified by the 
action of such electron bombardment. 

I t  was suspected that this might be due to the formation of damage 
centers (e.g. , F-centers), and the presence of such cen ters had been in
ferred by taking an absorption spectrum of the damage layer. When this 
spectrum is obtained by the use of light at normal incidence , detection 
is possible only if the density of centers is extremely high . This is be
cause the depth of penetration of the slow electrons is very small, 
amounting perhaps to a few tens of nanometers. In order to be able to 
determine the density of color centers under modest bombardment, a 
technique alternative to normal incidence transmission is needed, and 
for this purpose use may be made of lateral waves. 

The convenient experimental arrangement is shown in Figure 3, in 
which convergent polychromatic light is incident on one prism face in 
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FIGURE 3 Experimental anangement. Convergent polychromatic 
light is incident on one prism face so that lateral waves transverse the 
lower face. 

such a way that lateral waves traverse the layer face . On account of the 
dispersion of the prism , the critical angle for differen t  wavelengths varies 
so that the lateral wave spectrum is dispersed and may be focused in the 
way shown by means of a lens. The experimental arrangement for exam
ining bombarded crystals is shown in Figure 4.  In this case , monochr<r 
matic radiation whose wavelength corresponds to the peak of the ab-

n1 > l'l1 > n, 
FIGURE 4 Experimental anangement for examining bombarded 
crystals. 
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sorption spectrum o f  the F-centers i s  used.  By arranging that only strips 
of crystal (Figure 5) be exposed to electron bombardment and by tra
versing the crystal in a direction perpendicular to that of the lateral 
waves, a comparison of the lateral wave intensities for bombarded and 
unexposed surfaces is possible . A typical result of these experiments is 
shown in Figure 6, in which the normal-incidence transmission curve 
(dotted) is compared with the lateral-wave curve. It is immediately seen 
that the depth of modulation is enormously larger for the lateral waves. 

The quantitative exploitation of this technique requires that the crystal 
surface be polished to a high degree of smoothness. This is so because 
the penetration of the lateral-wave field into the second medium ex
tends only to a distance of the order of the wavelength. Thus the pres
ence of scratches, even of a depth a fraction of a wavelength would 
interfere seriously with the propagation of the lateral wave . Experience 
has shown that conventional polished crystal flats are unsuitable for 
lateral-wave studies on account of the effects of surface scratches. 

The present position is that lateral waves are demonstrably sensitive 
enough to probe very thin absorbing surface layers. Exact theory is not 
yet available for real systems, although an approximate theory , invoking 
the known exponential decay of field in the second medium , can yield 
results with a reasonable degree of accuracy . 

FIGURE S Strip of crystal exposed to electron bombardment. 
I 

a = L  In (lcfls) .  
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FIGURE 6 Experimental result. The normal-incidence curve ( · · · ) 
is compared with the lateral curve (--). 
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FocusiNG SYSTEMS 

ADA.PrABLE TO 

INTEGRATED OPTICS 

Introduction 

Different focusing systems have been studied. The basic elements are free 
irises, metallic cylinders, and annular lenses. All the systems have a few 
things in common, among which is the dependence of their focusing ca
pabilities, at least in part, on diffraction effects. In this paper, we 
shall summarize the principal results that we have obtained. All, except 
one , of the experiments were done with microwaves and in the three
dimensional case. A brief mention on the possibility of constructing 
similar focusing systems in thin films will also be given .  

Focusing Systems 

Consider an ellipsoid of revolution whose cross section (an ellipse) is 
shown by the broken line in Figure l (a).  S and S' are the foci of the 
ellipsoid . The ellipsoid is specified by the distance L between S and S' 

The authors are in the Laboratoire de recherches en optique et laser, Departement de 
Physique, Universite Laval, Quebec 1 0, P.Q., Canada. 
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and by the Fresnel number N, which is the path difference (expressed in 
units of 'A/2 , where 'A is the wavelength for which the system is designed) 
between the distance from S to S' via a point on the surface of the 
ellipsoid and the direct distance L. If free irises (A 1 , A2 , • • •  ) are placed 
between S and S '  in such a way that the rims of all the irises touch the 
surface of the reference ellipsoid , then any wave that is emitted by S ,  
diffracted by the edge of  one of the irises, and then arrives at  S' (such as 
SCS')  in Figure I (a) will have traveled the same physical path length. 

I I 

/ 
I 

/ 
/ 

I S 
\ 

\ 
' 

..... 

--- L ----

' 

(a )  

N + 2  
( b )  

' 
' 

' ' ' \ 
I s' ' 

/ / 
I 

/ 

I 

FIGURE 1 Geometry of iris systems. (a) System with one reference 
ellipsoids-radii of irises different. (b) System with a set of reference 
ellipsoids-radii of irises all equal. 
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Thus, if S i s  a point source, all the singly diffracted waves will be  in  
phase a t  S' .  Such an  iris system will possess focusing properties [ De et 
al. , 1 968 ) . 

Instead of making use of a single ellipsoid , consider a family of ellip
soids ,  having common foci S and S' [ Figure 1 (b) ) . The difference be
tween the distance from S to S' via a point on the ellipsoid and the direct 
distance from S to S' is (N + 2p) (X/2) ,  where N is any positive number, 
and p is equal to 0, 1 ,  2, etc . ,  with p for the smallest chosen ellipsoid 
being zero . As shown in the cross-sectional diagram [ Figure 1 (b) ) , a 
straight line parallel to SS' (at a distance a0 ) is drawn tangent to the 
smallest chosen ellipse , at the point P0 , cutting the other ellipses at 
points P _ 1 , etc. The system studied is then formed by placing free irises 
with radii all equal to a0 at positions P 0 ,  P _ 1 , etc. Following the same 
reasoning as before , it can easily be seen that with a point source at S ,  
such a system will possess focusing capabilities [ Lit et al. , 1 970 ) . Push
ing the concept of equal-radii iris systems a little further, it is expected 
that a system of suitably positioned cylinders of appropriate lengths will 
also possess focusing properties [ Lit et al. ,  1 97 1  ) . Finally , instead of 
irises, annular lenses can be used ; systems similar to those shown in Fig
ure 1 will also be expected to possess focusing properties [ Boulay et al. , 
1 97 1 ) .  

Theory 

Since all the systems have diffraction effects, we shall now first sum
marize the diffraction theory that is used to find the diffracted fields of 
the systems [ Lit et al. ,  1 969 ) . 

Consider a point source S situated on the perpendicular axis of an 
iris (Figure 2) .  The boundary-diffraction-wave theory says that the field 
at an observation point P is given by the sum of a geometric-optical wave, 
which comes directly from S ,  and a boundary-diffraction wave, which is 
given by 

Us(P) = .!.. 1 U(Q) exp (ikp) ;q • ·ldl, 41r r p 1 - r · p ( I ) 

where Q is a typical point on the diffracting edge r ;  r and p are, respec
t ively , the distance from the source to Q and the distance from Q to P,  
with corresponding unit vectors 7 and p. 

For the situation shown in Figure 2 ,  Eq. ( 1 )  can be evaluated , for the 
case with P on the axis ( i .e . ,  x = 0),  

Us(P) = -a2 Z exp (ik (r + Po )) /2rp0 (rp0 + a2 - zs). (2) 
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FIGURE 2 Geometry of diffraction by an iris. 

When P is away from the axis, assuming that x and a < < z and Z. 

where 
.. 

E = (J-1 L Em ( -i)'" rrn lm (kax/s), 
m = O  

C _ -a exp {;k [r + s + (a2 + x2 )/2s] } 
- 2n{n [ l + (a2 + x2) /2s2 ] + a2 - zs} ' 

Co = {C1 + zx ( l - (a2 + x2 )/2s2 ] - Za2xfs2 } /8, 

C2 = Co - aZ [ 1 - (a2 + x2 )/2s2 ) ,  

8 = ax( l + r/s)/{n [ l + (a2 + x2 ) /2s2 )  + a2 - zs} ,  

a = ( l - (J)/8, 

(J = + ( I - 82)*, 

(3) 

(4) 

and the Neumann factor Em = 1 or 2 according to whether m is equal or 
not equal to zero. lm (v) is a Bessel function of the first kind and of  inte
gral order m. It can be shown that the absolute value of B, and thus the 
value of a, is less than unity . Consequently , the series in Eq. ( 4) con
verges reasonably fast .  

Results and Discussions 

Figure 3 shows the transverse irradiance distribution in the focal plane of 
an iris system with a single reference ellipsoid whose Fresnel number N 
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FIGURE 3 Transverse irradiance dis
tributions in principal focal plane of one
ellipsoid system. Fresnel number of sys
tem N = 5. n = number of irises. Table 
shows irradiances at principal focus as a 
function of n. I 0 = irradiance produced 
by free-space propagation. 

I. 
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0.2 
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76 1 

n In iO I / I  (0)  

"-elicGI experimen�D! 

I 4 .0 3 . !1  

2 9 . 7  8 . !1  

3 16 . 6  14 . !1  

• • 

)'\. j "...J n • l  

i s  equal to 5 .  The accompanying table shows that the irradiance a t  the 
principal focus increases as the number n of irises increases. This shows 
that the system possesses focusing capabilities that increase with increase 
of irises. It is also evident that as n increases, both the width of the cen
tral lobe and the irradiance of the secondary maximum decrease, indi
cating an increase in focusing capabilities. This effect is again strongly 
borne out by the table in Figure 4. It can be noted that for the same 
number n (say , 3 ), the irradiance values given in the tables in Figures 3 
and 4 are different .  This is because the axial spacings of the irises in the 
two cases are different. For a system with a given N, the axial spacings 
can be optimized so that,  for a given n ,  the maximum irradiance is pro
duced at the principal focus [ Lit et a/. , 1 969) .  

The Airy pattern of an equivalent perfect lens is also shown in Fig
ure 4. The shapes of the central lobes of the two curves are very similar. 
Although the secondary maxima of the iris system are generally higher 
than those of the perfect lens, the reverse is true for the first side maxi
mum. Consequently , it can be concluded that the iris systems can focus 
reasonably well. 

Figure 5 shows the axial irradiance distribution for a system with 
N = 6 and n = I I . (A system with N = 5 produces essentially the same 
features.) From Figures 4 and 5 ,  i t  can be conjectured that the principal 
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ln CO l / 10 ( 0) 

1 . 0 
3 . 1  
7 . 5  

1 3 . 0  
22 . 4  
34 . 7  
50. 1 
70. 8 
8 9 . 1  
1 1 2 . 0  
1 35 . 0  
1 66 . 0 

ELLIPSODAL CONFIGURATION (8q1.) 
EQUIVALENT PERFECT SYSTEM C "-'ttical tirt pottem l 

FIGURE 4 Transverse irradiance distnllutions in principal focal plane. 
Full curve: one�Uipsoid system with N = 5, n = 1 1 . Dotted curve: 
equivalent perfect lens. Table shows irradiances at principal focus of 
iris system u a function of n. 

focus of the iris system is marked by a small tubular region of relatively 
high irradiance , a phenomenon produced by a conventional lens. 

If an iris system is constructed in the -way shown in Figure I (b), the 
radii of all the irises are equal . Figure 6 shows the transverse irradiance 
distribution in the focal plane of such a system with Fresnel numbers of 
the reference ellipses equal to 7 and S .  The axial irradiance distribution 
of the same system is shown in Figure 7. The general characteristics of 
these two curves are the same as the corresponding ones of the single
ellipsoid systems previously shown,  except that, in Figure 7 , the main 
lobe is narrower but the secondary maxima are higher than those in 
Figure S .  

I n  Figure I ,  it can be easily seen that , with a point source at S ,  the 
singly diffracted waves in the one-ellipsoid system [ Figure l (a) )  will 
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FIGURE 5 Axial irradiance distribution of one-eUipsoid system with 
N = 6. n = I I . Point z = 0 is the principal focus. Negative values of z 
means toward system. 

I. 

n .I n(O) /10(0 ) 
0.8 A B 

0 1 . 0 1 . 0  
I 5. 9 6 .0 
2 9 . 9  9 . 7  

0.6 3 1 2 . 7  1 2. 8  
4 1 4 . 0 14 .2  
5 1 5 . 2 1 5. 5  

0.4 

FIGURE 6 Transverse inadiance distribution of two-eUipsoid iris 
system. Fresnel numbers of reference eUipsoids are 5 and 7. n = 3.  
Table shows irradiances at principal focus as a function of n. 
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FIGURE 7 Axial irradiance distributions. FuU curve : three-ellipsoid system with N = S and 7, 
n = 3 .  Dotted curve: one-ellipsoid system with N = S,  n = 3.  Curves are theoretical results. 
Crosses are experimental data. 

always arrive at S' in phase , independent of the wavelength used . But 
this is not true with the case shown in Figure I (b). Here , whether the 
different singly diffracted waves will arrive at S' in phase depends on the 
value of p, which in turn depends on the wavelength X of the wave used . 
Consequently , we should expect that a single-ellipsoid system will have 
a frequency dependence much less than a multiellipsoid system. This is 
shown in Figure 8, which shows the theoretical results of the irradiance 
at the principal focus as a function of frequency . Both systems have five 
irises and have the same L = 3 1 8 .75X .  The Fresnel number of the single
ellipsoid system is 5 .  The multiellipsoid system has three reference ellip
soids with N = 5 and p = 0, I ,  and 2 .  

So  far we  have considered only irises that are far apart . We  shall now 
present some results obtained with two irises separated by a small dis
tance l> and placed midway between a point source and a detector. Fig
ure 9 shows the variation of the irradiance at the detector as a function 
of l> .  The variation is periodic, with a period of I X.  The irises were made 
in metallic plates, and curve (a) in Figure 9 gives the results when the 
two surfaces of the plates facing each other were not covered by absorb
ers .  When the two surfaces were separated by an absorber, the results 
are shown by curve (b).  The curves show that the periodic variations of 
the irradiance were due to the interaction of the edges of the two irises. 

To simulate a number of closely spaced irises, we have made a metallic 
cylinder with grooves inside it .  In  fact , this is a kind of cylindrical grating 
that makes use of the edge diffraction effects to achieve focusing phe-
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FIGURE 8 lrradiance at principal focus as a function of frequency. 
Curve A: one-eUipsoid system with N = 5; n = 5. Curve B: three
ellipsoid system with N = 5 ,  7, and 9; n = 5. lrradiances are normalized 
with respect to that produced by free�ace propagation. 
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nomena. The width of each groove was I X and the radius was 20X. The 
cylinder was placed midway between a point source and a detector 
3 1 8 .75X apart . Figure 1 0  shows the axial irradiance distributions of two 
cylinders ,  identical in all respects, except that the grooves of one had a 
depth of O.SX and that of the other, I X. The two curves are nearly iden
tical . The transverse irradiance distributions in the plane z = 0 and 
z = -70X (position of maximum in Figure I 0) are shown in Figure I I . 
In  plane z = - 70X ,  the half-width of the central lobe was approximately 
2X and the relative height of the secondary maximum was less than 0. 1 .  
The amount of energy concentrated in the central lobe was high. By as-

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


766 O P T IC A L  M ET H O DS 
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FIGURE 9 Irradiance at a chosen axial point of two. closely spaced 
irises as a function of iris spacing 6 .  (a) No absorber between irises. (b) 
Irises separated by absorber. 
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FIGURE 10 Axial irradiance distribution of a cylinder with 1 3  grooves. The zero point on 
the z axis is the point that was at the same distance from the cylinder as was the source. A gain 
of approximately 13 dB with respect to free-space propagation was recorded in each case at 
z = 0. (a) Each groove had a depth of 0.5>.. (b) Each groove had a depth of 1 >.. 
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FIGURE I I  Transverse irradiance distributions. Broken curve : in 
plane z = 0 of cylinder with grooves of depth 0.5>.. Full curve:  in 
plane z = - 70>. of the same cylinder. Points: in focal plane of equiva
lent  perfect lens. 
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suming the cylinder to be a lens, we calculated its equivalent focal length. 
For comparison, the transverse irradiance distribution in the focal plane 
of a perfect lens with the equivalent focal length is also shown in Fig-
ure I 0. We note that the central lobes of the two curves coincide very 
well , showing that the cylinder with grooves possesses good focusing 
effects. 

Extending the idea of irises with equal radii [ Figure l (b) )  a little 
further, it is expected that systems built with smooth cylinders may pos
sess certain focusing effects. Moreover, if iris systems are to be con
structed for visible l ight,  due to the finite thicknesses of the screens, 
the irises will appear to be short cylinders. So the properties of systems 
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of cylinders have also been studied . We have placed a source and a detec
tor at a distance of 3 1 8.75X apart . Cylinders of radii 20X but of different 
lengths were then placed , one by one, midway between the source and 
the detector. From these results, the cylinder (60X long) that gave the 
maximum irradiance ( 1 2  dB) was chosen. On the two sides of the 
chosen cylinder, two more short cylinders of various lengths were 
placed , one on either side of the chosen cylinder. The irradiance at the 
detector as a function of the length of the two side cylinders is shown 
in Figure 1 2  (curve A). The two cylinders ( 1  OX long) that gave a total 
maximum irradiance ( 1 7  dB) were again chosen . The process was then 
repeated for the next two additional cylinders (curve B in Figure 1 2) .  
From these results, it is clear that focusing systems can be built with 
cylinders. 

Instead of irises, annular lenses were used . As expected , the irradiance 
at the focus depends very much on the width of the annular lens (here 
width means the difference between the radius of the whole annular 
lens and the radius of the iris at the center). However, for a system of 
given annular lenses, the irradiance gain also depends on the longitudinal 

I: 

24 

22 

20 

1 8  
A 

1 6 

1 4  

1 2  

1 00 2 4 6 8 ��--�--�--�--�--��� ! ( � ) 10 12 14 
FIGURE 1 2  lrradiances produced at a chosen axial point of cylinder 
systems. I = length of cylinder. Curve A: three cylinders. Curve 8: five 
cylinders. 
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R. Boulay et al. 769 
positions of the annular lenses ; this means that the diffraction effects 
are still significant.  

Figure 1 3  shows the transverse irradiance distributions of two annular
lens systems, one with three lenses and the other with one lens. The 
central lobe of the former is narrower than that of the latter. Also, the 
former has secondary maxima that are very much lower than those of 
the latter. These facts, together with the data given in the accompanying 
table in Figure 1 3 , show that the focusing properties of the system, like 
those of the other systems, increase with the number of the basic elements 
used . Finally, Figure 1 4  shows the axial irradiance distribution of an 
annular-lens system with three lenses. The general features are the same 
as the iris cases, and so the comments given before can be repeated here. 

� 

1 .0 

' 
I 
I 

n In (0) / 10 ( 0 )  
I 

0.8 I 
• 0 1 . 0 
I I 21 . 0 I I 2 24 . !5  
I I 3 27. !5 

0.6 I 
I ' I I I 

0.4 I I 
� I I 

0.2 xll k 
• x  \ \ X 

FIGURE 1 3  Transvene irradiance in focal planes of annular-lens 
systems. FuU curve: three lenses. Broken curve:  one lens. Points and 
crosses are experimental data. Table shows irradiance at principal focus 
as a function of n, the number of lenses. 
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I 

1 .0  
0.8 
0.6 

FIGURE 14 Axial irradiance distn'bution of a three-annular-lens 
system. Curve wu drawn to pass through the experimental points. 

Visible-Light Systems 

Since all the results given above are those of microwave systems, the 
question is asked whether the systems will work in the visible region.  
Here the alignment problem should be  much more critical. In  the case 
of irises, because they must have finite thicknesses, they will appear, in 
the visible region, to be short cylinders . Nevertheless, short-cylinder 
systems have been shown to possess focusing properties, so the problem 
of finite thickness should not be too serious. Indeed , an iris system has 
already been constructed for visible white light . The diffraction pattern 
at the principal focus was found to be a central white spot, surrounded 
by much weaker colored rings [ Lit et a/. , 1 969 ] . This shows that focusing 
systems similar to those built in the microwave region can also be built 
in the visible region. 

In trying to build similar focusing systems, using thin films, as in 
integrated optics, there are a few ways to make the basic elements cited 
above. Among the ways are { I )  to monitor the film thickness to produce 
an annular lens and {2) to use thin lines to imitate diffracting screens. 
Both of these can be achieved . There is, therefore, a good possibility of 
adapting the systems discussed above to integrated optics systems. 

The focusing systems have also been studied because of the possibility 
of using them to build beam waveguides and new forms of open resona
tors [Tremblay and De, 1 966; Lit and Van Rooy, 1 97 2 ;  Lit et a/. , 1 972 ) . 
Similar applications of this kind in the field of thin films are not incon
ceivable. 
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G .  L .  W E IS S L E R  a n d  S A N T O S H  K .  S R I V A S T A V A  

A WALL-STABILIZED 
DOUBLED ARC AS A 
STANDARD SOURCE 
IN THE VACUUM 
ULTRAVIOLET 

Introduction 

The measurement of absolute intensity in the vacuum uv (vuv) region of 
spectrum is of importance to astrophysics, among other areas, in order 
to provide more insight into our understanding of hot and cool plasmas, 
including planetary atmospheres. Particularly , such absolute intensity 
measurements can be used to produce secondary standards or to calculate 
the response of vuv spectrometers. To the several methods [ Schreider, 
1 965 ] that have been employed for this purpose , there must be added 
the use of the wall-stabilized arc [ Maecker, 1 95 6 ] , which gives values of 
absolute intensities with a high degree of accuracy . 

This arc when operated in argon, hydrogen, nitrogen, krypton , etc . ,  
may emit optically thick spectral lines that reach a saturation value, and 
their peak intensity is given by the Planck function. This property was 
used by Boldt [ 1 970]  to develop a radiation standard in the 1 1  00-
3 1 00 A region. In  this arc, high temperatures above 1 0 ,000 K can be 
produced by flowing high currents of more than I 00 A through different 

The authors are in the Department of Physics, University of Southern California, 
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G. L. Weissler and Santosh K. Srivastava 773 

gases at approximately atmospheric pressure . Under these conditions, a 
state of local thermodynamic equilibrium (L T E )  can be shown to exist 
in the hot plasma of many gases, and the emitted intensity , I 'A ,  is given 
by the modification of Kirchhofrs law of emissivity being proportional 
to absorptivity,  namely , 

( I ) 

and 

(2) 

where B'A.(n is the Planck function of the source ; r'A. the absorption 
coefficient of the plasma at wavelength X; and h,  c, k represent the well
known constants. If r'A. is large, then h = B'A.(n and the radiation at X 
becomes optically thick . The intensity of an optically thick spectral line 
can thus be accurately calculated , if the temperature of the source is 
known.  

In the visible and near ultraviolet region of spectrum, there are two 
methods to determine if the center of a spectral line is optically thick or 
not. In the first [ JOrgens, 1 952 ] , the profile of a line is scanned end-on 
as well as side-on. The length of the emitting plasma is quite d ifferent for 
these two observations. If at a certain distance from the line center the 
ratio of intensities obtained in this fashion is very much less than the 
geometrical ratio, hend-on> l'<we-on) , then the intensity at the center 
of the line is optically thick . In the second method , a mirror is placed 
behind the plasma. If the intensity at the center of a line does not change, 
then the line is optically thick . 

The above methods cannot be used in the vuv region of the spec
trum for the following reasons. First ,  most of the lines in the vuv are 
resonance lines, and side-on and end-on observations may give a false 
value of their intensities because of absorption due to colder regions of 
the arc. Second, reflectivities of mirrors may be too small in the vuv. 

In the vuv, there have been two approaches to evaluate optically thick 
conditions of spectral lines. First ,  one may plot the intensity of a spec
tral line with respect to the flow rate of a gas in the plasma. That rate at 
which the intensity at the center of a line reaches a saturation value 
gives the optically thick condition . Second , one can use the L T E  prop
erties of the plasma and calculate the number density of atoms emitting 
a particular line. Then ,  the optically thick condition can be estimated 
[ Stuck and Wende,  1 97 2 ] . 

In  the present work, we describe a third approach , which not only per
mits the accurate evaluation of the optically thick condition of emission 
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lines but which also utilizes emission or  resonance continua (free-bound 
transitions) to obtain BA(n, the blackbody radiation limit. 

Analysis and Method of Measurements 

For this purpose, a double arc has been constructed , which consists of 
two arcs in tandem. I ts  use can be explained in the following way .  The 
intensity output h of the first arc (closest to the spectrometer) is given 
by Eq . ( I ) . If behind this arc No. I a second arc No. 2 emits radiation 
An which is incident on arc No. I ,  then the resulting output intensity (A 
from both arcs is given by 

(3) 

and eliminating TA from Eqs. ( I )  and (3 ) ,  we obtain 

(4) 

If radiation /A from the arc No. I is optically thick , then the intro
duction of radiation An into this arc will not change its value and h will 
be equal to (A . On the other hand , when radiation h is not optically 
thick , passage of radiation An through the arc will change its value to (A . 
The measurement of these three quantities then permits the calculation 
of BA(n from Eq. (4). 

In the double arc, the first one serves as a source of h ,  and the second 
provides Pt . In both arcs, identical spectra are produced and the spectrum 
of one is superimposed over that of the other. Thus we find that such an 
arrangement is not only useful in the vuv for checking optically thick 
conditions, but it can also be used in the visible and near-uv regions. 

In actual practice , for these measurements the intensity of a l ine or a 
continuum is measured in terms of its height, recorded photoelectrically 
by a paper recorder, which can be r�lated to the actual intensity at the 
source by the following relation : 

(5) 

where KA is an instrumentation constant that depends on the geometry 
of the apparatus and the response of the optical recording system. Sub
stitution of Eq . (5 )  into Eq. (4) gives 

(6) 
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(7) 

where hi is the height of the recorded spectrum at wavelength X for an 
optically thick radiation. If K" , the instrumentation constant , is known, 
then the absolute value of intensity 1>.. of a source, recorded as h" , can be 
calculated from Eq . (5 ) .  The instrumentation constant ,  K" , is obtained 
from Eq. (6) by measuring the height,  h! ,  of the optically thick spectral 
lines and calculating B>..(T) from Eq . (2) .  The optically thick height,  hi, 
can also be calculated from Eq . (7)  if the heights h" , h� , and h� are 
known.  

We have made use of the double arc to calibrate the spectrum in the 
600 to 1 2 1 6  A region. Optically thick hydrogen lines, Ly-a, Ly-/3, 
Ly-'Y, and Ly- � ,  nitrogen NI lines at 1 200, 1 1 34, and 1 1 00 A, and a 
CI line at 1 1 94 A were used between 945 and 1 2 1 6  A .  In addition, the 
carbon emission continuum, which begins at about 1 1 00 A, and the 
hydrogen continuum at 900 A were used to calculate hi from Eq. (7) in 
those regions where optically thick lines were absent .  

In the 600 t o  800 A region, the argon resonance continuum was ob
tained in emission by operating the arc in a He-Ar mixture , and it was 
employed to obtain relative intensities, which were then converted to 
absolute values by extrapolating via Eq.  (2)  the hi value at 950  A to 
shorter wavelengths. 

For the absolute value of B>..(T), an accurate knowledge of the plasma 
temperature is required . This was determined in all cases reported here 
from the line intensity ratio of Ar 1 4300 A to Ar II 4806 A, measured 
in the visible region. The temperature, so obtained , was accurate to 
within ±2%, giving rise to an error of about 20% in B>..(T) . 

The Double Arc 

Figure I shows a double arc consisting of 1 9  copper plates with a central 
bore of 4.8 mm. Each of them has one inlet for gases and one inlet and 
one outlet for cooling water (not shown).  Plates number I and 1 9  serve 
as anodes, with two tungsten inserts and a central hole 1 .65 mm in diam
eter. The plates themselves are 7 .65 mm thick and 9 1  mm in diameter. 
Plates number 9 and I I , the cathodes, are also fitted with tungsten in
serts with 2 .4-mm-diameter holes. Plate number I 0 is 1 2 .7 mm thick 
and has a rod as a light shutter, which can be moved in or out of the 
light path . All plates are electrically insulated by Teflon sheet spacers 
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and are pressed together by four stainless steel screws (not shown). One 
end of the two arcs is optically coupled to a vacuum spectrograph, and 
the other end via a window of glass to a monochromator operating in 
the visible region. 

Experimental Arrangement 

Electrical connections are shown in Figure 2. Power to the two arcs is 
supplied by two separate and electrically independent welding power 
supplies, which each can deliver a current of 325 A at 320 V de. Induc
tances L1 and L2 are the windings of two electromagnets that are 
cooled by water, and resistances R 1 and R2 are water-cooled stainless 
steel tubes of about 0.9 n each. These two arcs are thus electrically 
isolated , and any change in the current of one does not affect the other. 
Each arc is started by a high-voltage condenser discharge of about 3 kV 
between anode and cathode at a pressure of S Torr in argon.  

Our spectroscopic arrangement,  also shown in Figure 2 ,  is  the same 
as reported earlier in detail by Hofmann and Weissler [ 1 97 1 ] .  

Calibration between 900 and 1 2 1 6  A 

The double arc was operated at a current of I 00 A, and argon was flown 
into it at the rate of 40 cm3 /sec at plate number 10 and at 20 cm3 /sec 
at plates number 1 and 1 8 . After passing through the arc channel , the 
gases were allowed to exit into the surrounding atmosphere via a SO-em
long plastic tube to prevent backdiffusion. These exit ports were located 
at plates number 3 and 1 7  of arc No. 2 and arc No. I ,  respectively. 
Helium was flown into the arc at plate number 1 9  at the rate of I I  em 3 /  
sec and into plate number 20 in such amounts that the pressure i n  the 
fine hole joining the arc with the differential pumping system was mea
surably greater than I atm. 

Commercial grades of argon and helium were used . When these un
purified gases were flown into the arc, impurity lines of hydrogen, car
bon, and oxygen appeared in the vuv spectra. Therefore , argon was 
passed through a cold trap containing zeolite, cooled by a dry ice and 
methyl alcohol mixture , and helium was passed through a l iquid-nitrogen
cooled trap. Under these conditions, impurity lines of oxygen and carbon 
disappeared , but hydrogen lines were still present , though at much 
lower intensity . 

The following procedure was adopted for recording optically thick 
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FIGURE I The wall-stabilized double arc. 

Dry Ice and 
Methyl a lcohol 

lquld Nitrogen 

FIGURE 2 The spectroscopic vuv and visible arrangement. The primary slits, gratings, exit 
slits, and photomultiplier detectors are marked by S, G, E. and M, respectively. Pumps are 
indicated by P. 
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FIGURE 3 A recorder trace showing the optically thick hydrogen 
Lyman lines, N I lines, and Ar I lines. Solid curve gives the value of h� a 
B>.<n obtained by joining the peak intensities of these optically thick 
lines. 

lines. In arc No. 2, hydrogen and nitrogen were flown in at plate num
ber 7 at the rates of 1 .5 em 3 /sec and 2 em 3 / sec ,  respectively .  Then the 
intensities of hydrogen lines, Ly-a, Ly-/3, Ly-'Y, and Ly-5 ,  and 
nitrogen lines at 1 200, 1 1 34 ,  and 1 1 00 A were recorded .  This provided 
the value of h�" in Eq. (7) ,  for these lines. The mixture of these gases 
was then also flown into arc No. 1 through plate number 1 3 ,  and the 
output radiation provided the value of h� . Following this, the light 
shutter at plate number 1 0  was closed , so that light from arc No. 2 could 
not pass through arc No. 1 ,  and the spectrum was again recorded and 
provided the value of h,._ . The flow rate of hydrogen and nitrogen was 
then increased in arc No. 1 to such a value that closing or opening the 
l ight shutter did not make any difference in the value of h.,_ , i .e . ,  h.,_ = h� . 
When this condition was fulfilled , then the intensity at the maximum of 
the line was optically thick and its height was given by ht . A typical 
recorder trace of the optically thick hydrogen and nitrogen lines is 
shown in Figure 3. The peak intensities of these lines are joined by a 
solid line, which gives the measured value of h� in this region. It is 
seen that while hydrogen lines are self-reversed in the center, nitrogen 
lines are not . This is due to the fact that argon and helium both con
tained hydrogen as an impurity that could not be removed by the cold 
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traps and thus was present in the colder region between the arc and the 
vuv spectrometer. 

In order to check that this self-reversal did not give a false saturation 
level , the height of the optically thick nitrogen line at 1 200 A was extrap
olated to Ly-a at 1 2 1 6 A by using Planck's function with the tem
perature obtained from visible diagnostics. This extrapolated value 
agreed very closely, within ± I %, with the height of the observed Lyman 
line. 

One more test was applied to check that the saturated level given by 
the Lyman lines was true. For this purpose , they were recorded for two 
plasmas at two different temperatures,  T1 and T2 • Using one set of data 
at a temperature T1 • the instrumentation constant ,  K>.. , given by Eq. (6),  
was determined between 950 and 1 2 1 6  A.  Since K>.. does not depend on 
temperature , its value should remain the same when determined from 
the optically thick line heights at a new temperature T2 • It was found 
that the K>.. values obtained from these two temperatures we�e in close 
agreement. Thus, we have further support that the self-reversal of the 
Lyman lines did not falsify our results of h� . 

In order to evaluate h� between lines and beyond Ly-6 toward 
shorter wavelengths, we used the CI resonance continuum ( I I 20 to 
980 A) and the hydrogen continuum at 9 1 0  A, which were not optically 
thick . The double arc was operated in argon, and carbon dioxide and 
hydrogen were flown in at plates number 1 3  and 7 .  Thus, values of h� , 
h>.. , and h� for these continua were obtained as described above, and 
Eq . (7)  was then used to calcu�ate h� . Figure 4 shows a typical recorder 

900 

:; � 
I I 

1000 1 100 

FIGURE 4 A recorder trace showing the optically thick Lyman lines 
and the carbon and hydrogen continua in the 900- 1 2 1 6  A region. Solid 
line gives the experimentally obtained value of h� a B>..<n. 
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trace of these continua, together with optically thick Lyman lines. (As 
is seen there , the vuv radiation is completely absorbed by the two reso
nance lines of Ar I at 1 048 and 1 066 A due to the presence of cold argon 
in the light path . )  The points with error bars are the values of hi obtained 
from the underlying carbon and hydrogen continua and the solid curve 
shows the values of hi for this region , obtained by joining the optically 
thick Lyman lines, the optically thick CI line at 1 1 94 A, and the above
mentioned points for the continua . 

This method can lead to large errors in the calculated values of h� , 
if the absorption coefficient for the carbon atoms in the arc No. I is not 
large . We found that the best results were obtained when the absorp
tivity , a>. = I - exp ( -T>. ), was between 0.3 and 0.4. In our measure
ments, errors in the hi values varied from ±5% in the I I  00 A region to 
± 1 6% in the 900 A region. 

Calibration between 600 and 800 A 

A pure argon arc has a short-wavelength transmission limit at its ioniza
tion potential corresponding to about 800 A. Therefore , the arc was 
operated in helium as a carrier gas, which transmits down to 504 A, and 
small amounts of argon were flown into it. In actual operation, the arc 
was first started in argon ,  which was slowly replaced by helium, since a 
pure helium arc was found to be electrically unstable. A small admixture 
of argon in helium, when flown in from the cathode end , completely 
removed this instability . Therefore , a gas-flow scheme was chosen in which 
a mixture of argon and helium entered into the arc at plate number I 0,  
and pure helium was flown through plates number 19  and 20.  These 
gases were then allowed to exit at plate number 1 7 .  Only arc No. I was 
used , and all the inlets of arc No. 2 were closed . 

A typical recorder trace of the argon resonance continuum and some 
Ar I I  lines between 650 and 950 A is shown in Figure 5. Since it is 
known that L T E does not exist in a helium arc [ Uhlenbusch, 1 969 1 , the 
question arises as to whether this Ar continuum can be assumed to be 
in L TE and can be described by Kirchhoffs law given by Eq. ( I ) . I t  seems 
that in a mixed plasma of this nature argon atoms can be in L T E , if  the 
electron density and temperature are each above a certain minimum 
value. Therefore , both electron density and temperature , which would 
describe argon in L T E  in a helium plasma, were determined experimen
tally . For this purpose , the temperature of plasma was obtained by two 
methods : 
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650 700 750 

... ... c c 

FIGURE 5 A typical spectrum of Ar II lines and the Ar 1 continuum 
between 650 and 9 3 2  A emitted along the axis of an He-Ar arc. 

SPEC T R OSCOPIC T E M P E R A T U R E  D E T E R M I N A T IO N  IN T H E  V I S I B L E  

R E G ION  

78 1 

Here , the temperature was obtained , as before , from the line intensity 
ratio of Ar I 4300 A to Ar I I  4806 A, while the corresponding electron 
density was calculated from the Stark-broadened H-{J line . The details 
have been given by Stuck and Wende [ 1 97 2 ] , who showed that tempera
tures thus determined are accurate to ±2%. 

T E M P E R A T U R E  D E T E R M I N A T ION  F R O M  V U V  M EA SU R E M E N T S  

In  this case, it i s  assumed that the Ar I and Ar  I I  atoms are in L T E ,  and 
that the radiation emitted by them in the vuv is optically thin .  Under 
such conditions, the intensity , I,_ , of the argon recombination continuum 
is given by 

(8) 

where Ng is the number density of neutral arg9n atoms in the ground 
state,  o,_ the photoionization cross section at wavelength X, and L the 
length of emitting plasma. Similarly, the intensity of a resonance line of 
an argon ion is given by 

(9) 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


782 O P T IC A L  M E T H O D S  

where Jt ,  X+ , and t:nn are the intensity , wavelength, and oscillator 
strength, respectively,  of the Ar I I  line . tv; is the ground-state density 
of the argon ions, and L is again the length of the emitting plasma. The 
ratio of Eqs. (9)/(8 )  is 

( lOa) 

In addition, we have from the Saba equation 

N; = 2 . g� . exp (- (E .. - M,.)) . (21Tmef)3f� . T3 ' 2 , { l Ob) 
Ng Ne Ko kT h 

where Ne is the electron density , g0 and g� are the statistical weights of 
the ground states of the Ar l and Ar I I  atoms, respectively. £ .. is the 
ionization energy of an isolated neutral argon atom, llE .. the lowering 
of the ionization energy due to neighboring charges, and T the tempera
ture of the plasma. Quantities with a + sign correspond to argon ions, 
and all other symbols represent customary quantities. 

In the present experiment ,  the intensity of the Ar II line at 9 1 9  A was 
compared with the intensity of the Ar l continuum at 750  A. The oscil
lator strength , t:nn , of this line is given by Wiese et al. [ 1 969 I and was 
obtained from the lifetime measurements of Lawrence [ 1 968 ] , and the 
photoionization cross sections, o� , for the argon continuum are given 
by Samson [ 1 964 I . The intensity of 9 1 9  A Ar I I  l ine was measured from 
the area enclosed by the l ine, and the intensity of continuum at 7 5 0  A 
was given by its height .  The temperature of the plasma was thus mea
sured using Eqs. ( l Oa) and ( 1  Ob ) .  

It  is important to point out that in the derivation of Eqs. ( 1 Oa) and 
( 1  Ob) it  is assumed that the 9 1 9  A Ar ll line and the argon continuum 
at 750 A are both optically thin and that the response function K� , Eq.  
(5 ) ,  of the vuv recording system is constant in this region . This response 
depends on the quantum efficiency of the sodium salicylate radiation 
converter placed in front of the photomultiplier and shown by Samson 
[ 1 967 1 to be substantially constant. In addition, the response depends 
on the reflectivity of the grating. Since our grating was a Siegbahn type, 
lightly ruled on glass, and was used to grazing incidence of about 80° , 
its reflectivity and therefore its response in this arrangement d id not 
change much from 950 to 750 A. 

In order to check whether the Ar II line at 9 1 9  A was indeed thin,  it 
was compared with another Ar II line at 932 A, the oscillator strength 
of which is also known accurately [Wiese et al. , 1 969 1 . If the argon 
atoms were in L T E  and these l ines were optically thin ,  then the ratio of 
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their intensities should be given by the ratio of their oscillator strengths, 
multiplied by the ratio of their statistical weights. This was found to be 
true within ± 1 0%. 

The following criterion was used to prove that the intensity of the 
Ar I continuum was optically thin . Near 750  A ( Figure 5) the spectrum 
consisted of an Ar I I  line at 723 A on the shorter wavelength side and an 
Ar II line at 9 1 9  A on the longer wavelength side. If their peaks were 
joined by a straight line, then we obtained at 750 A the minimum possible 
height for optically thick radiation . A comparison of the height of the 
Ar I continuum at 750  A with this extrapolated optically thick height 
showed unambiguously that it was optically thin. Thus, the ratio 
1;19 //750 could be used in Eq. ( 1 Oa) for the determination of the tem
perature of the plasma. This ratio is sensitive to small changes in tem
perature , and therefore T should be accurate to ±2%. Figure 6 shows this 
ratio for two electron densities of the plasma. 

8 0  

7 0  

6 0  

5 0  

t � 40 

30 

2 0  

1 0  

13 14 15 16 
Temp. x 103• K -

17 

FIGURE 6 Variation of R = /�19 //1 50 with temperature T in kelvins. 
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784 O P T IC A L  M ET H O D S  

Temperatures obtained from the above two methods, in  the visible 
and in the vuv region, for various electron densities and flow rates of 
argon in helium, are presented in Table I .  It can be seen there that for 
electron densities of about 5 .0 X I 016 cm-3 and temperatures of about 
1 3 ,600 K the two temperatures agree. Since the method for obtaining · 

the temperature from visible diagnostics assumes excited-state densities 
in L TE and the method for the vuv region assumes ground state densities 
in L TE , this agreement of the two temperatures confirms that neutral 
and singly ionized argon in helium can be described as being in L T E .  

This optically thin Ar continuum was then used to calibrate the rela
tive response of the optical recording system between 600 and 800 A .  
This was done by  measuring the heights, h>.. , of  the recorded continuum 
at different  wavelengths and obtaining the relative values of the instru
mentation constant K>.. , given by Eq . (5 ) ,  from 

( 1 1 ) 

which is derived from Eqs. (8) and ( 5 ) ;  its various symbols have been 
defined previously , and the values of the photoionization cross sections 
obtained by Samson [ 1 964] were used . For the determination of the 
absolute intensity of a source we need absolute values of K>.. . Therefore, 
these relative values of K>.. were normalized to absolute ones by extrap
olating, via Eq. (2) ,  the optically thick height ht of the radiation at 900 A 
(obtained from the double arc) down to 75 0 A .  The absolute value of  
K>.. at  7 5 0  A was then calculated from Eq.  (6) in which B>.. (T) was 
obtained from Eq . (2) .  

TABLE 1 Temperatures of the He-Ar Plasma Obtained from Visible and vuv Diag· 
nostics for Different Electron Densities, Ne, and the Ratio of Argon and Helium Flow 
Rates 

Temperature from 
Ar Flow Rate N� = Visible Temperature from 

(X 1 0" ) !  2% Spectra vuv Spectra AT/T 
He Flow Rate (em"' ) {K) (K) (% Error) 

0. 15  1 .97 1 3 ,400 ± 1 00 1 1 ,600 ± 100 "' 14 
0.33 3 .0 1 3 ,200 1 1 00  1 1 ,800 1 1 00  "' I I  
0.36 3 .35 1 3 ,300 ± 100 12 ,000 t 100 "' 10 
0.54 4.22 1 3 , 100 1 100 1 1 ,900 ± 100 "' 9 
0.67 4 .56  1 3 , 100 t 100 1 3 , 100 t 100 
0.78 5 .0 1 3 ,500 ± 100 1 3 ,600 ± 1 00 
0.86 5 .56 1 3 ,200 t 100 1 3 ,400 t 100 
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G. L. Weissler and Santosh K. Srivastava 785 

Conclusion 

Thus, this standard intensity source provides a continuous value of B11. 
from 600 to 1 2 1 6  A, which makes it possible to calibrate the response 
of an optical recording system and to obtain the absolute values of inten
si ties of spectral lines and resonance continua required for the determina
tion of oscil lator strengths and photoionization cross sections in this 
region . 

We gratefully acknowledge many valuable discussions with S. Ogawa and M. Ogawa. 
The research reported in this paper was partially supported by ONR Contract N OOO 
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P I E R R E  W E B E R  and  P I E R R E  D U R R E N B E R G E R  

METHOD AND 

I. Introduction 

EQUIPMENT FOR 
LOCALIZING 
SATELLITES. 
BY LASER 
RANGE-AND-DIRECTION 
FINDING 

For 1 5  years, the existence of artificial satellites has been the source of 
scientific developments, some of them quite spectacular. Not only do 
the measurements made on board the satellites provide data of a funda
mentally new nature, but also their very presence around the globe offers 
a precious advantage : the observation of their movements from the 
ground provides information that may be useful for many applications. 

The precise localization of satellites has been used in geometrical 
geodesy (setting up of large bases with a 1 -m precision), in dynamic 
geodesy (study of terrestrial gravitation , etc. ) ,  in practical applications 
(calibration,  synchronization, navigation). 

Improvements on satellite localization from the ground concerned 
both the observation means and the satellites themselves. As regards 
optical means, the first ones, like radar, had mostly a role of surveillance 
(Moonwatch American network, AT- I Russian detectors). Very early 
visual observation was supplemented by photography : when a satellite 

The authors are in the Office National d'Etudes et de Recherches Aerospatiales 
(ON E R A),  92320 Chatillon (France) . 
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790 IN ST R U M E N TATION 

is illuminated , a t  night,  by the  sun ,  its crossing through the  camera field 
creates a l ine on the photograph. I f  the satell ite is bright enough ,  the 
camera may be rotated along with the diurnal movement so that the 
stars appear as fixed points; a shutter provokes, at known instants, 
breaks in the satellite trace , and the plotting of these breaks relative to 
known stars provid es the satell ite angular posi tions. 

If the satellite is not bright enough, its movement may be followed 
for some time by the camera in order to accumulate the light on one 
point of the photographic plate ; it is along these principles that the 
Baker-Nunn, Antares, and AFU-75 cameras were designed . The angular 
precisions are of the order of a few seconds of arc [ Lam beck , 1 968 ] . 

The invention of the laser revolutionized the range-measuring tech
niques. The laser range finder, which works as an optical radar, imposed 
itself as one of the most precise means for satel l ite localizing by tri
lateration. A number of stations were developed , in particular by the 
Smithsonian Astrophysical Observatory [ Lehr et a/. , 1 970] , the N A S A  

Goddard Space Flight Center [ Premo, 1 970 ) , the Aeronomy Service of 
C N  R s ( the French Center of Scientific Research) [ Bivas, 1 968 ] , and 
ON E R A  ( the French Institute for Aerospace Research) [ Moreau and 
Veret, 1 969 ] . 

Some satellites have been specially equipped to play the role of pas
sive targets. They carry retroreflectors (cube corners),  which raise con
siderably the range of laser range finders and improve their precision, 
presently to the order of l m for most of them . 

Among reflector-equipped satell ites, some follow a particular trajec
tory : with a view to geodetic applications, P E O  L E ,  launched in 1 97 1  by 
C N E S  (the French Space Agency )  from its Guiana Space Center, flies 
over equatorial regions with an inclination of only 1 5° . Others (Anna 
I B launched in 1 962,  G EO S -A in 1 965 , G E O S-B in 1 968) carry power
ful lamps delivering very brief and intense flashes at known moments; 
contrast and resolution power of the images are improved ; angular 
precision reaches I sec of arc. I f  the same flashes are photographed by 
several stations, the synchronization of their observations is obviously 
quite easy . 

The laser range finders for which the satellites are acquired visually 
present the drawback of a time-limited operation : for a given station,  
only three passages of a satell ite are visible by night,  as a rule , for three 
consecutive weeks ; then the satellite is no longer visible for about three 
more weeks. In order to ensure the observation permanency ,  some organi
zations made use of programmed laser range finders,  capable of acquiring 
the satell ites by day also (Goddard Space Flight Center, Air Force 
Cambridge Research Laboratories). 
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Pierre Weber and Pierre Durrenberger 79 1 
Whatever the acquisition means, the photographs of satellite traces 

are taken against a star background . The flash satellites may be photo
graphed even if not illuminated by the sun. But the satellites equipped 
this way are not many (only G E O S -B remains, to our knowledge), the 
flashlamps have a limited lifetime and function only at predetermined 
moments. Moreover, neither the laser range finders nor the photographic 
cameras make up autonomous devices capable , from only one point on 
earth , of locating a satell ite ; results obtained from several observation 
stations have to be put together so that triangulation and/or trilatera
tion operations may be performed . 

O N  E R A  developed and experimented with a process for locating 
satellites from a single station . The range-and-direction finder provides 
polar coordinates through radial ranges and angular positions, at known 
moments: distances are given by a laser range finder and angles by a 
photograph of the satellite while illuminated by a high-energy pulsed 
laser. 

In parallel, the Air Force Cambridge Research Laboratories per
formed a study on a process whose principle is almost the same as that 
of o N E  R A but with different methods and means [ Il iff, 1 970 ]  . 

After presenting the principle of laser range-and-direction finding, 
the paper will describe the o N E  R A station, present the experiments 
performed , and analyze the results obtained . 

I I .  Principle of the Apparatus 

The range-and-direction apparatus is made of a photographic camera, a 
tracking turret ,  and measuring means. The turret carries two lasers 
( F igure I ) : the first is a Q-switched ruby laser for range measuring ; the 
second is also a ruby laser, but working on its natural mode it emits 
more energy than the first, and its purpose is to illuminate the satell ite 
on its background of stars. 

Emissions of the two lasers are synchronized by a precise clock ac
cording to which all measurements are timed . 

The turret also carries the sighting telescope for visual pointing and 
tracking and the receiving telescope for picking up the range-finder echo. 

A chronometer measures the duration of the light round trip between 
station and satellite. 

The camera is fixed on an equatorial mounting, which compensates 
for the apparent movement of the stars. The camera axis is pointed be
forehand toward the zone expected to be crossed by the satellite at the 
proper time. The operator, sitting on the turret, acquires the satellite 
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792 I N ST R U M E N T A T I O N  

FIGURE I Principle o f  the laser range-and-<lirection finding system. 

through a rendezvous procedure ; during the whole tracking period he 
keeps the range finder working ; when the satellite is in the receiving 
telescope field ,  the illuminating laser is also made to work ,  and the 
echoes are photographed . 

The characteristics of the equipment are as follows:  

I .  The turret (Figure 2) is of the "elevation-azimuth" type ; i t  is  servo
controlled in speed or in position by local or remote control. 

2 .  The sighting telescope (field 3° , magnification 23 X ,  aperture 
1 25 mm) is articulated in elevation so that the eyepiece remains fixed 
rel ative to the operator. 

FIGURE 2 The tracking turret. 
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3. The range-finger telescope is of the Cassegrain type (field 1 .5 mrad) ;  

the aperture i s  large enough (600 mm) to  make i t  easy to  pick up  the 
echoes by night .  

4. The range-finder laser is switched by a rotating prism. A 1 -J 
energy is emitted in a single pulse of 28-nsec duration, at the rate of 1 /sec. 
The natural divergence of the laser beam is reduced to I mrad by an 
afocal Galilean telescope (magnification l OX ). 

5. The illuminating laser (Figure 3 ) emits 30-J energy in a series of 
brief pulses lasting about 650 p.sec .  The ruby ( length 203 mm, diameter 
1 6  mm) is placed along the axis of a cylindrical tubular diffuser con
taining magnesion powder. Every 2 min it emits a train containing up to 
ten successive emissions, 4 sec apart. The natural divergence is reduced 
to 0. 7 mrad by an a focal Galilean telescope (magnification 8X ). 

6. Timekeeping is ensured by a cesium clock , compared with very
low-frequency emissions. 

7. The range-finder chronometer has a resolution of I 0 nsec ( 1 . 5 m) :  
calibration and some tests are performed with a 1 -nsec chronometer. 

The photographic camera (Figure 4) is a telescope of the Schmidt 
type, as this is the astronomical instrument that best fills the following 
requirements : 

I .  The field must be large enough so that many stars, used as refer
ences, and as many echoes as possible are recorded. 

2.  The aperture must be large enough for the received l ight flux to 
be at a sufficient level .  

3. The aberrations must be properly corrected wi thin the whole field 
so that defining power and sensitivity remain the same in the whole field. 

FIGURE 3 The 30-J illuminating laser. 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


794 I N ST R U M E N TA T IO N  

FIGURE 4 The Schmidt telescope. 

The telescope used has a 300-mm aperture , a 600-mm focal length, a 
1 0° field ,  and a 0 .5  sec of arc resolving power. The shutter is remotely 
controlled. The film (useful diameter 1 1 0 mm) is maintained by suction 
on a porous spherical mounting. The exposure time is  a function of the 
field crossing time of the satell i te (25 to 55 sec) .  

The equatorial mounting enjoys two degrees of freedom, in hour 
angle and declination . 

III .  Particular Points 

The principle retained by o N E  R A presents several peculiarities as re
gards the synchronization of the two lasers- the echo recogni tion and the 
placing of the Schmidt telescope relative to the illuminating laser. 

A .  L A S E R  SY N C H R O N I Z A T I O N  

The two lasers may operate simultaneously or successively . Simultaneous 
emissions present a drawback , as the range-finding echo detection is 
hindered by the presence of echoes d ue to the illuminating laser, and 
very elaborate detection processes then have to be used . Moreover, i t  is 
not mandatory that ranges and angular positions be simultaneous to 
complete the satellite trajectory . For this reason , the two lasers emit 
successively .  In the particular case of G E O S -B ,  their synchronization 
(Figure 5 )  is ensured in relation to the spacecraft-borne lamp flashes; in 
this way it is possible to distinguish, on the same photograph, the posi
tions of the satellite made visible by the illuminating laser;  sometimes, 
its positions while illuminated by the range-finding laser, which happens 
in clear weather; and the G E O S ·B lamp flashes, if  any . 
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For the range finder, echo recognition consists in distinguishing them 
in time from the noise ,  in order to detect low-energy echoes and to im
prove the maximum range. The latter is obtained by a relation between 
emitted and received energies : 

where 

R = (� · W, .  p,A,a,As'J'Z ) '4 '  
11'2 W, w/ · w/ 

R is the maximum range, 
W, is the energy emitted by the range-finding laser, 
W, is the minimum detectable energy, at receiver input, 
p, is the transmission factor of the receiving telescope, 
A, is the receiver area, 
as is the reflecting factor of the satellite retroreflectors, As is the retroreflector area, 
T is the atmospheric transmission factor, 

( I ) 

w, is the angular aperture of the beam emerging from the range-finder 
laser telescope, 

Ws is the angular aperture of the beam returned by the satellite. 

The theoretical maximum range of the o N E  R A range-and-direction 
finder is in the order of 7000 km. Practically it  is about half this value. 

The means used to reduce the noise and to detect weak echoes are the 
following : 

I .  0.5- and 1 -nm interference filters, when necessary -in dark night 
they are not needed ; 

2. A very-low-noise , ITT /FW 1 30, uncooled photomultiplier-high 
voltage is permanently applied , echoes are detected at single electron 
level ; 

3 .  An electronic system of temporal gate, open for a short time 
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796 I N ST R U M E N T A T I O N  

around the expected echo return-this system may be  controlled during 
operation by the range value previously obtained ; 

4. Various electronic filtering systems may also be used [ Besson and 
Weber, 1 966 ; Boileau and Weber, 1 970 ) . 

For the photographic process,  echo recognition consists in distinguish
ing them from the stars and from the defects on the films. No filter is 
used for photographing retroreflector-equipped satellites. 

The choice of emulsion is essential. The lumination Lr received by the 
film placed in the focal plane is given by [ Veret ,  1 97 1 ) : 

where 

Lr = (�\3 . 0.9 . � .  cxsAs . � . �. 
1r }  Wgl Wsl al R4 

Wg is the energy emitted by the illuminating laser, 

(2) 

Wg is the angular aperture of the beam emerging from the illuminating 
laser telescope, 

Ap is the area of the camera aperture , 
Pp is the camera transmission factor, 

a is the diameter of the satellite image in the focal plane . 

The emulsion used is Kodak 24 7 5 ,  deposited on a Mylar support (0. 1 

FIGURE 6 Sensitivity of the Kodak 
2475 emulsion. 

Lumlnatlon 
<efV/cma > 
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mm thick) ;  this emulsion was chosen for its sensitivity in the red . At 
694.3 nm it is in the order of 3 X I o-4 erg/cm2 for the minimum de
tectable darkening and for a nonpunctual image (Figure 6). To compute 
the theoretical maximum range, it is necessary to take the whole fog into 
account ; if a minimum detectable lumination of 2 X 1 0-2 erg/cm2 is 
chosen (giving a density of 0.3 above the fog), the theoretical maximum 
range is of the order of 4500 km. 

In order to distinguish the illuminated satellite from the stars, a 
double exposure is performed. Moreover, at the end of the second ex
posure , which lasts as long as the first one , a small trail is obtained by 
stopping the equatorial mounting, more or less according to the displayed 
declination . The trail is useful to orient the film during data reduction and 
to recognize the star images corresponding to the first exposure. 

The images of the satellites and the graininess of the film are not 
doubled ; however, the atmospheric backscattering phenomenon and the 
choice of the camera location help to separate the ones from the others, 
as shown below. 

C .  LOCAT ION O F  TH E C A M E R A  

The location o f  the camera relative to the illuminating laser depends on 
three main factors : the aperture of the beam reflected by the satellite, 
the velocity aberration , and the aperture of the light beam emitted by 
the laser and backscattered by the atmosphere . 

The retroreflectors carried by the satellite are made of silica trihedra 
(cube corners) having the property of sending the light back in the direc
tion of the source. The retroreflected light is concentrated within a cone, 
which defines on the ground an ellipse whose half minor axis has a mini
mum value of about 1 00 m (for the lowest aperture and satellite alti
tude). 

But as the satellite is moving, the beam reflected by the corners is 
deviated by an angle q, in the direction of the satellite velocity vector: 

where 

2v r, ( r )2 � Y. 
If> = -;_;-� - r + l 

cos2 s cos2 wj , 

v is the satellite velocity relative to earth, 
c is the speed of l ight. 
r is the terrestrial radius, 
h is the satell ite altitude, 

(3) 

s is the elevation under which the satellite is seen from the station, 
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798 IN ST R U M E N T A T I O N  

w i s  the angle between the orbit plane and the vertical plane contain
ing the line of sight. 

The reflected light ellipse on the ground is shifted in the same direction ; 
the maximum value of the deflection angle is of the order of 5 X 1 o-s 
rad , corresponding to a 50-m displacement for a 1 000-km range. 

Relative to a fixed illuminating laser, the position of the ellipse center 
on the ground varies in direction and d istance according to the satellite 
altitude and the trajectory orientation. The best solution, quite unreal
istic, would be to locate the camera according to the configuration of 
each satellite pass. In practice, a preliminary study of the ephemerides 
of all the satellites to be observed during a testing campaign permits one 
to determine a mean orientation of the laser-camera line. The maximum 
distance between the two is chosen according to the most unfavorable 
case (maximum aberration, 90° elevation, and velocity vector opposed 
to the laser-camera vector), in such a way that the camera is then on the 
edge of the retroreflection circle. The latter having at least a I 00-m 
radius for a 50-m aberration, the distance must not exceed 50 m (Figure 
7). 

The l ight emitted by the laser is scattered by aerosols and molecules;  
experience shows (Figure 8)  that the films receive an image from the 
light scattered within a beam emitted up to a distance of about 30 km.  
If  the camera is too near the laser, the satellite image appears within the 
trace left by the backscattered light and may be immersed in it. The 
minimum distance dm corresponds to the half major axis of the ellipse 
formed by the intersection of the emitted light cone with the horizontal 
plane, which is supposed to be the upper limit of the backscattering 
phenomenon at altitude H (Figure 9). The minimum distance is 4 1  m 
for H = 30 km and s = 30° , a value under which satellites are rarely 
photographed. 

FIGURE 7 Velocity aberration in the 
retroreflection circle. 

Retroreflectlon Clrde 

S :  Schmidt tele��c:ope 
L :  Leeer 
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FIGURE 8 Backscattering traces on a photograph. 

As a conclusion, the camera should be at a d istance from the illuminat
ing laser of between 40 and 50  m.  

In these conditions, the satellite images are,  on the film, in  line with 
the backscattering lines (Figure I 0). As they are also on the trace of the 
satellite, when it is illuminated by the sun,  the echoes are easily distin
guished from the film defects. 

FIGURE 9 Minimum distance between 
laser and camera. 
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800 I N ST R U M E N T A T I O N  

FIGURE 1 0  Partial enlargement o f  a photograph. 

IV. Experiments and Mode of Operation 

Feasibility experiments on range-and-direction finding were perfonned 
in 1 967 and 1 968 [MOller et al. , 1 969, 1 970) . Later, O N E R A  took part 
in operation I S A G E X  (International SAtellite Geodesy EXperiment) ,  
with its range-and-direction finder installed at the Saint-Michel-de
Provence Observatory (S.E. France) .  The I S A G E X  experiment was 
directed by C N E S ,  with the collaboration of many organizations. A net
work of observation stations ( laser range finders, cameras, radars) covering 
the whole earth was used for the precise localization of satellites equipped 
with retroreflectors. All the results were gathered , to be treated by CN E S  
and the Smithsonian Astronophysical Observatory. 

During four campaigns, lasting three weeks each, for a total of 49 
nights of observation in good conditions, the 0 N E R A  range-and-direc
tion finder followed 1 3 7  satellite passes and provided nearly 1 0,000 
range measurements and 260 direction measurements. 

The functioning of the station was organized as follows. By a pre
liminary operation, the station was localized by geodetic survey, and 
the range finder was calibrated on fixed targets. The energy of the target
obtained echoes was made about equal to that received from satellites 
by introduction of optical densities in the receiver, so that the detection 
probability was only 50%. 

The station clock was synchronized by the flying-clock method,  and 
the time was kept during the 6 months of the experiment within ± I  p.sec, 
as compared with Coordinated Universal Time. 

Every day, the passes foreseen for the next night were prepared from 
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the ephemerides : rendezvous for acquisition, pointing of the camera. I f  
the satellite was not  acquired at  the first rendezvous, several others were 
attempted ; the minimum interval between two attempts was 30 sec. The 
opening of the Schmidt telescope was remotely controlled at the time 
the satellite covered the field . The exposure duration was automatically 
adjusted . Measurements were punched on tape . 

At the end of the test, while the film was developed , the tape was 
completed with data concerning the identification and meteorological 
conditions during tracking. A rapid survey of the film and the measure
ments was performed before transmission to the organizations responsi
ble for reduction and orbit calculations. 

The film data reduction was performed as follows : 

l .  The stars whose magnitude is between 7 .8  and 8 .3  (S A O  catalog) 
and placed near the center of the photograph are traced , by a computer, 
on a graph at the same scale as that of the film. 

2 .  The film is superposed to the star tracing. 
3. A polygon surrounding the satel lite images is made, with 24 

stars as an average (Figure 1 1  ). 
4. The rectangular coordinates of the traced stars and those of the 

satel lite images are measured by means of a comparator. 
5. The star positions measured on the film are compared with those 

given by the S A O  catalog; adjustment is made if necessary . 
6. The satell ite positions are eventually converted into equatorial 

coordinates, taking account of their timing. 

FIGURE I I Star polygon around satellite images. 
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V. Analysis o f  Results 

The analysis of the results obtained during operation I S A G E X  leads to 
several remarks. 

Range measurements were obtained up to 3200 km. The average 
number of measurements for each pass was 70; this point is interesting, 
as it is desirable to have enough points at each pass to reduce the random 
error to a value lower than that of the systematic error, while computing 
the orbits. The overall false alarm ratio was 3%. Satellite passes were 
classed into three categories, according the measurement quality : 93% 
are satisfactory, 6% doubtful, and 1% eliminated because of false alarms 
(Table I ). 

Among passes followed by the range finder, 77% gave rise also to 
directional measures. Satellite images were obtained up to 2600 km. The 
number of images per pass does not seem to depend on the satellite dis
tance ( this number reaches its maximum for 2200 km as well as for I 000 
km). Other factors act on the number of images and the film quality: the 
tracking precision, the Schmidt telescope adjustment and the film posi
tioning in the focal plane, the meteorological conditions, the thickness 
of the atmospheric layer crossed by the light beam , and the cleanliness 
and absolute darkness during the film development. 

The images of the laser-illuminated satellites are as round as and some
times brighter than those of the G E O S-B flashes (in fact, G E O S-B had 
only t\\'O lamps working out of four during the I S A G E X  operation). 

Accuracy range is 1 . 2 m (standard deviation). A better accuracy may 
be obtained with ultrafast detector and electronic circuits, with narrower 
pulses, and through an analysis of the echo shapes [ Lehr et al. . 1 970;  
Gaignebet, 1 97 1 ;  Weber, 1 972 ) . In these conditions, an  accuracy of 
about 0.40 m is reached ;  this may still be improved by treating a large 
number of measures. Such an accuracy is necessary for certain studies, 
such as that of ground tides. 

The accuracy of angular results, obtained from the photographs, 
depends mainly on 

1 .  The posi tioning error of the film relative to the stars taken as 
reference in the S A O  catalog: the mean error, with 24 stars, is 3 X 1 0-6 
rad (0.6 sec of arc) ;  this error takes into account the diffusion within 
the film gelatin , the error made in measuring the star position, the star 
flicker, the film surface defects, and its positioning error in the telescope 
focal plane. 

2. The error made in reading the rectangular positions of the satellite 
image, 2.5-J.L average ; this is equivalent to 3 X 1 0-6 rad in direction. 
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TABLE 1 Distribution of the Satellite Passes Followed by the Range Finder 

Satellite GEOS·A D 1C GEOS·B DEC D ID 

Correct 54 36 1 3 10  8 
Uncertain 5 1 0 0 1 
Eliminated 1 0 0 0 0 

3 .  The error due to random image displacement whose estimated 
value is lower than 3 X 1 0-6 rad . 

DEB 

7 
1 
0 

Image timing is ensured with a 0. 1 -msec resolution ; the satellite 
velocity being of the order of 8000 m/sec, the corresponding angular 
error is at most 8 X 1 0-7 rad , or 0.2 sec of arc. 

In order to obtain an experimental estimate of the direction finder 
angular accuracy a comparison was made with flashes from G E O S-B 

recorded with a Baker-Nunn camera placed in the same part of the earth. 
Orbit calculations are made according to a potential model (Standard 

Earth 1 969), taking account of the sun and moon perturbations, and 
making use of laser range finders distributed all over the earth. Residues 
of the G E O S-B angular measures by the laser direction finder are of the 
same order as those taken by the flash recording camera (Table 2). The 
value of these residues is about 3 sec of arc ; this value is less good than 
the direction finder accuracy , as new errors are introduced in the orbit 
calculation. Even though only part of the results was treated , it  can be 
asserted that the angular accuracy of the laser direction finder reached 
I sec of arc. 

To improve the accuracy, the number of measurements should be in
creased, either by taking several successive photographs or by using an 

TABLE 2 Standard Deviation1' of Residues Relative to 
Orbit Calculations 

IUwninatina 
LaiCr 

GEOS·B 
Flashes 
(Balter-NUM) 

6 

14.5 X 10·• rad 
(2 .9 ICC of arc) 

20.5 X 10"' rad 
(4 . 1  sec of arc) 

a a: riaht uc:enslon ; 6 :  dec:llnation. 

a cos 6 

18 X 10"' rid 
(3 .6 ICC of arc) 

1 7 . 1  X 10"6 rad 
(3 .4 sec of arc) 
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804 I N ST R U M E N T A T I O N  

illuminating laser with a higher rate. The minimum time interval between 
two photographs taken with the same telescope is 2 min ; experiments 
were attempted with two Schmidt telescopes pointed on cont iguous 
parts of the trajectory. 

VI. Conclusions and Prospects 

During the I S A G E X  experiments, the O N  E R A  range-and-direction finder 
provided range and angular measurements on satelli tes equipped with 
retroreflectors. The tests were performed by night ,  on sunlit satellites 
in order to ensure visual tracking. A study is under way at ON E R A  with 
a view to control the tracking turret movements according to the satellite 
ephemerides [S taron, 1 97 2  I : in this system the angular deviation be
tween the pointing direction and the calculated direction is displayed 
on a screen ;  the operator ensures tracking by keeping this deviation to a 
minimum. In this way , it will be possible to localize precisely nonvisible 
satellites. 

The range-and-direction finder may be used by itself or in association 
with other means. As an autonomous localization instrument it should 
permit one to check calibration methods of other systems, such as space
borne altimeters (radar echoes on the sea surface) .  Integrated into a 
station network it may contribute to the measure of orbit planes in 
inertial systems. Knowing almost simultaneously the angles and distances 
from a single station makes it easier to calculate orbit arcs. 

As a last remark, let us mention the advantage of using such an instru
ment instead of having to resort to flash-carrying satellites such as G E O S .  

There seems to be a tendancy to abandon the latter, in particular be
cause of their limited lifetime and their operating cost. With the illu
minating laser procedure ,  the active equipment remains on the ground . 
Moreover, it is possible to associate with the illuminating laser a high
precision range finder for advanced studies, such as ground tides or earth 
pole shift .  I t  appears that the laser range-and-direction fmder should be 
of some use not only in geodesy but in geophysics research fields. 
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A .  M O N F I L S ,  J .  P .  M A C A U ,  and  S .  G A R D IE R  

SPECTROMETRIC 
DEVICE FOR THE 
ANALYSIS OF LIGHT 
EMISSION FROM A 
VENUS ORBITER 

I. Astronomical Considerations 

The spectroscopic observation of a planetary atmosphere by an orbiting 
probe is a problem likely to retain for the future a high scientific in
terest with regard to the exploration of the solar system . 

In  the case of Venus, several problems may be mentioned :  ( I )  identi
fication and determination of the concentration of minor com ponents 
of the atmosphere, (2 )  scale height measurements, (3 )  determination of 
the tempera ture of the upper layers, (4) identification of light-emission 
mechanisms, and, (5) mapping of cloud cover at various uv wavelengths. 

Points ( I )  and ( 3) may require a resolution approaching the angstrom , 
especially at lower wavelengths. The others may be satisfied by resolu
tions of several tens of angstroms. 

According to the relative position of the sun, the planet,  and the 
spectrograph , the observation modes are various and permit the detec
tion and the study of atmospheric constituents in emission or absorp
tion. 

The authors are at the Institut d' Astrophysique , Universite de Liege , Cointe· 
Sclessin,  Belgium. 
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Five major configurations are to be envisaged for the definition of the 
instrumentation . They are given on Figure 1 ,  where the periaster is sup
posed as being in the 24-h meridian . The corresponding distances of ob
servation are assembled in Table 1 as a function of the inclination of 
the orbit and the periaster altitude . The probe is supposed to be spinning 
around an axis that is perpendicular to the ecliptic plane , and the opti
cal axes of the telescope(s) are parallel to the spin axis. 

For profile scanning, i t  is accepted that a scale height should be 
roughly separable . The scale heights in Venus are easy to compute 
(Table 2) .  

For position ( 2) with an inclination of 60° and periaster altitude of 
1 000 km, a resolution of 20 km necessitates a beam limited to 1 /200 
rad angular diameter. 

Another specification arises from the very short time available for 
profile scans. As the speed of the probe is of the order of 4 to 5 km/sec, 
a 200-km profile requires only 40 to 50 sec .  

Scanning of the twilight zone is  somewhat more favorable, but  the 
period does not exceed 5 min . 

As far as the wavelength range is concerned , it is well known that the 

FIGURE I Major observation configu
rations. 

Orbit Orbit 

=�� 
·� 

I 
I 
I 
I 
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TABLE 1 Distance of Observation as a Function of Inclination of Orbit and 
Periaster Altitude 

Periaster ( 1 )  (2) (3) (4) (5)  
Inclination (km) (km) (km) (km) (km) (km) 
90" 300 8000 2600 1 400 4500 700 

1 000 9000 4000 2200 5200 1 700 
60" 300 7 1 00  3000 1900 

1 000 7700 4300 2700 
45" 300 6500 3 1 00  2900 

1 000 7000 4 1 00  4 1 00 
30" 300 5800 3400 

1 000 6200 4300 
o· 300 3800 3800 

1000 4 300 4300 

TABLE 2 Scale Heights in Venus 

Masses (km) 

T (K) 4 28 44 

200 190 41 .5 6 .8 4.3 
400 3 80 95 1 3 .6 8 .6 
600 512 1 4 3  20.4 1 3 .2 

1 000 to 3000 A region is very interesting : one can briefly mention 
among molecular features [ Barth et al. , 1 97 1 )  the N1 Lyman-Birge
Hopfield system ( 1 200-2300 A),  the CO fourth positive system ( 1 400-
2400 A), the N 2 Vegard-Kaplan bands ( 1 400-3000 A), the CO Cameron 
bands < 1 800-2800 A), the co+ first negative system ( 2000-2700 A) ,  
and the C02 + B-X system at 2900 A ;  and among atomic lines, the 0 
transitions at 1 304 and 2972 A and the C line at 1 657  A.  Longer wave
lengths are far from being devoid of interest : one may cite the co+ 
comet tail bands (up to 7000 A) and the N2 first positive system that 
extends as high as 1 . 2 #lm . The 6300 A 0 doublet must also be men
tioned .  

I I .  Experimental Considerations 

A spectrographic system designed for the observation of planetary at
mospheres must be strictly adapted to its mission. The weight,  telem
etry, and power will be critical , especially if the spectrograph is to be 
mounted on a Pioneer-type probe . 
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It has already been shown how the astronomical aspects of the mis
sion primarily impose a series of specifications : 

1 /200 rad angular diameter view angle , 
Repetitivity of short scanning periods, 
Wide wavelength range , 
Wide  resolving power range {±2 to ±20 A).  

Two other conditions appear to be very important : as the luminosity
to-weight ratio must be maximum , the design must have a high through
put ;  furthermore, as the probe is supposed to be spinning, observation 
along the axis is the only solution for continuous scans. This, in tum, 
makes the planet image rotate around the optical axis, which prohibits 
the use of long sli ts : square , or preferably ,  circular holes are best suited. 

A high throughput coupled with wide wavelength range points to a 
coupling of an interferometer with a spectrograph.  

Now, it is well known that ,  for spectrographs, the luminosity resolu
tion product LR is proportional to the focal distance F. The weight 
W is proportional to the third power of F. This means that 

It is, of course , possible to increase the luminosity without modify ing 
the focal distance : when the source is extended, which is the case here ,  
the spectrograph may simply be  multiplied ; the total luminosity is then 
directly proportional to the number of spectrographs, i .e . ,  to the total 
weight 

LR/W - C'. 

The optimum solution , consequently , is to be found by decreasing 
the focal distance down to a value limited by other considerations and 
by multiplying the number of spectrographs in order to recover some 
luminosity (a factor of 4 is proposed) . 

Finally , the resolution is optionally increased by the insertion of a 
Fabry-Perot interferometer. This permits a further gain of roughly 5 on 
the LR product. Other advantages will be detailed later. 

Ill. Description of the Spectrograph-Interferometer Coupling 

As the basic mounting we have adopted the Czemy-Tumer monochro
mator, which has been widely adopted for the recording of spectra be-
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tween I 200 A and the infrared. The main advantages are the ease of 
wavelength scanning and high angular acceptance . Below 1 200 A, un
fortunately , the impossibility at the present stage of the technique of 
obtaining high reflectivities prevents its use because of the number (3)  
of reflections inherent to  the mounting. 

The shape of the entrance aperture (a circular hole) permits, in this 
case , the use of off-axis parabolic mirrors, which, in turn, guarantee 
parallel beams with very low aberrations. 

The parallel beams are very well suited for the installation of a Fabry
Perot interferometer. The latter is, in fact ,  a thin plate that may be ro
tated and is close to the tilting filter concept. 

Figure 2 shows the dimensions and how the elements are disposed. 
The dispersion angle is chosen to be 53° , which corresponds to a 

mounting free from stray light (multiple light diffraction) .  The focal 
distance is very short ( 9  em). This value has been chosen on the basis o f  
two criteria : resolution and weight. These will be developed later i n  the 
text. 

Collimating 
mirror 

l 1f 
1 

e e � 

Comarot2�� 
mh'or 

E:llit slot ( S Ex ) 1-.... ------- "12 mm -I � ....... ------F": 9 0 m m  ---------.t 

FIGURE 2 Czemy-Tumer mounting. 
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A.  Monfils et al. 8 1 1 

IV. Gratings and Bandpasses 

The choice of the number N of lines per millimeter of a grating is basic .  
In principle , this number conditions the throughput ,  which is propor
tional to N. Unfortunately , the wavelength sets a drastic upper limit 
through the well-known formula 

d(sin i + sin r) = k">.. . 

The sum of the sinus is to be lower or equal to 2 in theory , and in 
practice to some lower value that we accept here as being 1 . 2 for lumi
nosity reasons :  

d = "Amax/ 1 .2 (for the first order), 

so that 

a 1 500 lines/mm grating is useful up to 8000 A., 
a 2500 lines/mm grating is useful up to 5000 A., 
a 3600 lines/mm grating is useful up to  3300 A., 
a 6000 lines/mm grating is useful up to 2000 A.. 

We immediately see then a further advantage to the multiplication of 
the monochromators : for each of them the grating may be chosen to be 
optimized for a limited wavelength range : 

( 1 )  I 000 to 2000 A. for the 6000 l ines/mm grating, 
( 2) 1 650 to 3300 A. for the 3600 lines/mm grating, 
(3)  2500 to 5000 A. for the 2400 lines/mm grating, 
( 4) 4000 to 8000 A. for the 1 500 lines/mm grating. 

The wavelength ranges so determined cover one octave , which facili
tates the separation of the higher orders by filters [ LiF ,  Si01 , and suit
able glasses, respectively , for monochromators ( 1 ) ,  ( 2) ,  ( 3) ,  and (4) ] . 

The bandpass is, in a Czerny-Turner monochromator, the convolution 
of the equivalent entrance and exit slit widths. 

LEn = dSEn cos ifF, 

LEx = dSEx cos rfF, 

where SEn and SEx are the entrance and exit slot widths and F the 
focal distance. 
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TABLE 3 Resolution and K for Selected Wavelengths for Four Monochromators 

Wavelengths (A) Resolution (A) K 

Monochromator I 2000 1 7 .8 1 1 2 
1 500 20.6 73 
1 000 22 . 1  45 

Monochromator 2 3300 29.3 1 1 2  
2475 34.0 73 
1650 36.3 45 

Monochromator 3 5000 44.5 1 1 2  
3750 5 1 .5 73  
2500 55 .0 45 

Monochromator 4 8000 7 1 .0 1 1 2  
6000 82.0 
4000 88.5 

I t  is wel l  known that the convolution gives a triangular profile if the 
slits are rectangular and if LE n = LE x . Circular holes do not give a very 
different solution . If LE n =I= LE x , the profile is a trapezium .  

The bandpass concept differs according t o  the application : for the 
separation of two spectral lines, it is the width at half-height that mat
ters. For the isolation of a spectral range to be scanned by the Fabry
Perot,  i t  is the ful l  width at the base . 

The focal distance being fixed at 9 em, the bandpasses may be com
puted as a function of X if  SE n and SE x are chosen . First, there is no 
reason to make SE n =I= SE x . The values will consequently be equal. 
S trictly speaking, there is no precise figure to be computed. We have 
taken 0. 7 mm as the dimensions of the square holes, 

SEn = SEx = 0.7 mm 

for various reasons : 

73 
45  

Such a value happens to correspond to 1 / 1 29 rad with F = 9 em, i .e . ,  
somewhat less than 30 min o f  arc. I t  will be seen that this value i s  very 
suitable for the Fabry-Perot scanning. 

The luminosity, which depends on the square of the hole dimensions, 
is  just sufficient. Finally , the necessary geometrical separation ( 1 / 200 
rad) is attainable with a telescope of acceptable dimensions. The value 
SE n = SE x = 0.7 mm corresponds to the resolutions shown in Table 3 .  

Fabry-Perot Interferometers 

The aim of the introduction of these devices is to increase by a factor 
of the order of 5 the resolution while keeping the throughput constant. 
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A. Monfils et a/. 8 1 3 
This multiplies the LR product by the same factor, but implies a finesse 
of at least 1 0. • 

I t  is well known that the instrumental function (3)  of an interferom
eter may be expressed as 

ij(a) = f w'(a')F(a-<7'}da' = R(a)* 1(a)*D(a), 

where R, T, and D are the elementary instrumental functions linked, 
respectively , to the reflection finesse , the thickness finesse , and the dia
phragm finesse . We may expect that, due to the limitations imposed to 
�t r by the low-wavelength limit and to q D by the dimension of the 
hole , the reflection finesse will be easily higher than the two first cited, 
and that according to Jacquinot [ 1 960 ) , the total instrumental function 
W will be conditioned by 

T(a) - D{a) >> R(a). 

In this case 

The attainable thickness finesse depends on technical possibilities 
quite difficult to determine here . We may , however, accept as a working 
hypothesis that 

':Ir = 50 at 5000 A 

and is proportional to the wavelength . 
I t  is easy to show that the diaphragm finesse may be written 

':1 D = F/K tan i. 

In this formula, K is the order of interference . I t  must be chosen so as 
to leave free the wavelength ranges AX not resolved by the spectrograph, 
i .e . ,  those illustrated in Table 3. The K values are easily obtained by the 
well-known formula 

*The factor of 2 existing between the finesse and the resolution gain is l inked with 
the difference of the resolution concept mentioned earlier. 
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FIGURE 3 Definition of the monochro
mator angular parameters. 

I N ST R U M E N T A T I O N  

and may be  found in the  last column of Table 3 ; F is the  focal distance 
(9 em) ;  i is the angle of incidence . (See Figure 3 . )  I ts  minimum value is 
0, as the scanning is supposed to start with the plate perpendicular to 
the beam. Its maximum value may be obtained by the foqnula 

A( cos i) = cos i/K - 1 /K. 

Here , a mechanical limitation occurs : we must choose a single angular 
scanning to avoid undue mechanical complications.  We must then adopt 
the lower K value : 45 or, in order to ensure a security margin ,  40. 
a( cos i) is then equal to 0.025 , which corresponds to an angular scan 
of 1 2° 50' , and a maximum value of tan i of 0.228 .  Thus 

Of course , when the Fabry-Perot is perpendicular to the beam ,  tan i = 
0 and <:Jv = oo. 

We can now write in Table 4 the evolution of c:Jr and ':lv . Supposing 
that a plate is only used for half the spectral ranges of each monochro
mator, the minimum value of K is 27, which corresponds, respectively, 
to 1 5°38' and 0.28 for the scan and tan i. 

These figures confirm the validity of the option not to consider the 
reflecting finesse . The reflectivity is in fact more and more easy to con
trol as X increases, making it possible to keep ':J R > > (<:Jr , ':J D ) for the 
whole spectral range . 

The next  quantity to compute is the resolving power (Table 5) :  

R=  'A/A'A = KF. 
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TABLE 4 Evolution of gT and gD 
Monochromator 1 Monochromator l Monochromator 3 Monochromator 4 

A(A) 1000 lSOO lOOO 1 6SO l47S 3300 lSOO 37SO sooo 4000 6000 8000 
--

00 gT 10 l S  lO 16.S 2S 33 2S 37.S so 40 60 80 
-
Vt go• • to 14 oo to l l  • t o  1 4  • to l l  • t o  1 4  • to l l  • t o  14 • to l l  

• to 14 • to l9 • to 14 - to 19 • to 14 • to 19 • to 14 • to 19 

g• 10 to 8 IS to l l  16.S t o  1 1  l S  to 1 6  2S to l l  37 t o  1 8  4 0  t o  1 3  6 0  t o  lO 
IS to 10 lO to 14 2S to l l  33 t o  1 7  37.S t o  1 3  S O  to 1 8  60 to 14 80 to 18 

• The llmlta corrMponcllna, reepec:tlvely, to ten I =  o and 0.32. 
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TABLE S Resolving Power 

Monochromator I Monochromator 2 Monochromator 3 Monochromator 4 

A(A) 1000 I SOO 2000 1 6SO 247S 3300 2SOO 37SO sooo 4000 6000 8000 -
q 10 to 8 IS to 1 2  16.5 t o  1 1  2S to 16 25 to 12 37.5 to 18 40 to 13 60 to 20 

IS to 10 20 to 14 2S to 12 3 3  to 1 7  37.5 to  1 3  S O  to  1 8  6 0  to  1 4  8 0  to  1 8  00 - X 40 27 40 27 40 27 40 27 0'1 
40 30 40 30 40 30 40 30 

R 400" to 320 4os• to 324 660 to 440 67S to 432 1 000 to 480 1 000 to 480 1 600 to S20 1 620 to 540 600 to 400 600 to 420 1 000 to 480 990 to S 10 1480 to S20 ISOO to 540 2400 to S60 2400 to 540 

AAb(A) 2.5 to 3.1  3 .7 to 4 .6 2.5 to 3.8 3 .7 to S.8 2.5 to S .2 3.8 to 7.7 2 .5 to 7.7 3.7  to 1 1 . 1  

2.5 t o  3.8 3 .3 to 4.8 2.5 to 5.2 3.3 to 6.5 2.5 to 7 . 1  3 . 3  to  9.3 2.5 to 10.7 3 .3  to 1 4  

M I 2 j1Jft  I 3 ,.m I 3.3 ,.m I s ,.m I s ,.m I 1.5 jiJI\ I 8.o ,.m
u. l ! 2 ,.m 
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A .  Monfils et a/. 8 1 7 

The angular increments must be determined to allow two measuring 
points per resolved interval ( Shannon , 1 948 ) . The basic formula 

(dA) = A  tan i di  

permits the computation of di. 

di = dA/A tan i. 

As R = 400, we must divide the wavelength in 800 intervals 

dA = A/800. 

The maximum value of tan i (0 .228) gives then the minimum angular 
increment :  

di = 800_�_228 = 
1!2 rad = 0.3 1 ° = 1 9' . 

The m inimum number of steps is then equal to 1 2° 50'/ 1 9' = 40 steps. 
The maximum number is 1 5°38 '  I 1 9' = 49 steps. As long as 2 �1 < 40 

or 49 (corresponding, respectively, to the low- and high-wavelength ends 
of the half-range of each monochromator) the resolution will not be 
hampered by the scanning. It is the case below 2000 A and approxi
mately so above . However, in order to cope with some lack of linearity 
in the scanning, and simultaneously to obtain a more suitable number 
for the programming system, * we shall adopt 64 as the total number of 
steps. 

The reason for the imposition of an order 40 at 1 500, 24 7 5, 3 7 50, 
and 6000 A appears here : it limits F as well as the recording of emp ty 
regions. 

The corresponding optical thicknesses ne may finally be deduced 
from the formula 

ne = KA/2 cos i - �A . 

They are to be found in Table 5 .  
Other effects are , stric tly speaking, to  be taken into account,  such as 

the surface curvature and local defects ( Roig, 1 96 7 ) . I t  does not appear 
likely that they will change the given resolutions by a significant 
amount .  

*A power of  2. 

Copyright © Nat ional Academy of Sciences. Al l  r ights reserved.

Space Opt ics:   Proceedings of the Ninth Internat ional Congress of the Internat ional Commission for Opt ics ( Ico IX)
http: / /www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


8 1 8  IN ST R U M E N T A T IO N  

Telescopes 

The specifications of each telescope are simple : spatial resolution 1 /200 
rad ; exit diaphragm dimensions = 0.7 mm ; angular aperture, // 5 .  

The focal distance i s  then 

200 X 0.07 em =  14 em. 

The sides of the mirror are 3 . 5  em wide . 
The mirror is, here again ,  an off-axis paraboloid. 

Luminosity 

The number of photons recorded per second with a symmetric Czemy
Tumer is 

Np =..CAF OTe, 

where .f is the luminance expressed in photons cm-2 sr- 1 of the observed 
object, AF is the surface of the entrance slot, T the transmission coeffi
cient of the optics, and E the quantum efficiency . The product AFn is 
the throughput  of the mounting and 

where A R  is the grating area, F the focal distance of the mirrors, and i 
the angle of incidence on the grating. 

Admitting values such as 

.1" = 1 kR, 

T= 3%, 
AF = 4 X 10-3 cm1 , 

0 = 6 X 10-1 sr, 

the photon number recorded per second is 

Np = 600. 

Consequently,  1 .66 sec are necessary to record a 1 -kR signal with a sta
tistical error of 3%. 

As the total spectrograph scanning takes 256 steps and that 4 Fabry-
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A. Monfils et al. 8 1 9  

Perot scannings (with 64 steps each) amounting to 256 other ones are 
foreseen,  a complete mixed scan where 4 Czerny-Turner bandwidths are 
analyzed by the Fabry-Perot will take 854 sec, i .e . ,  a little more than 1 4  
min. O f  course, this recording time may be split (and must be) into a 
large number of elementary ones. The example taken corresponds to a 
limit where a very faint source will have to be completely analyzed from 
2000 to 8000 A, a total of 1 6  regions being examined at high resolution. 
In practice , dayglow emissions are more intense than 1 kR, and a 3% 
precision is not always required. Furthermore, the scanning will be re
duced to parts of the spectrum. I f  the situation is difficult, because of 
the very limited amount of available light (nightglow) , the fact  that the 
probe is in orbit around the p lane t  must be used and the information 
added progressively in order to increase the statistical signal-to-noise 
ratio. The true limit will be set by the dark current of the detector and 
the lifetime of the satellite . 

General Description 

Figures 4 and 5 show how the monochromators are designed and dis
posed on top of each other. 

Preompl tfier shoper 

FIGURE 4 General design of a spectroscopic assembly. G is the grating, HV is the high-voltage 
power supply. and PM is the photomultiplier .  The power supply and the memory-register are 
common to the set of four assemblies. 
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820 I N ST R U M E N T A T I O N  

FIGURE 5 Sketch o f  the total package. 

The two sets of Fabry-Perots may be interchanged in the exit parallel 
beam or removed completely. The telescopes and the monochromators 
leave a roughly cubic space free, which is used for the detectors and 
electronics. 

Detectors 

We intend to use photomultiplier tubes. Their technique has been widely 
developed during the l ast ten years. Very light and efficient  tubes with 
very low dark current are at present available .  The shape of the exit 
slots allows very small cathodes to be used, with very low dark current 
counts. 

For Csl and RbTe cathodes, these counts may reach the order of one 
count per second . The delectability limit  drops then down to a few 
Rayleighs, which permits the detection of nightglows. 

Long-wavelength channels will ,  of course, be less sensitive as a result 
of higher dark currents,  although the cooling of the cathode may be 
considered in space . The wavelength splittings between the four mono
chromators correspond to a very favorable series of cathodes:  

Csl up to 1 900 A, 
Rb-Te up to 3000 A ,  
Bialkali up to 6000 A, 
Trialkali up to 8000 A. 
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A.  Monfils et a/. 82 1 

Here again,  each monochromator is optimized . 
A small problem arises between 1 900 and 2000 A and between 3000 

and 3300 A. I t  is covered by the range superpositions. 

Data Handling 

The four photomultipliers (Figure 6) are each to be followed by a 
threshold amplifier and pulse shapers (A-PS) .  Four counters (C 1 to C4) 
are in action during a At period corresponding to one Czerny-Turner 
(C .T.) or Fabry-Perot (F.P.)  channel (viz . ,  one step duration of the C.T. 
stepping motor or F.P. stepping motor). At the end of the counting 
period, the results of the four counters are added to the content of the 
corresponding memory shift register (MSR). 

An oscil lator, OS , followed by a frequency divider (FD) delivers a 
signal at the channel frequency for the command of the stepping mo
tors, a signal for the sequencer (SA) and to the control unit of the (digi
tal) telemetry. 

8 �&-�����r---� 
• �������r---� 

TLC 

TLC 

TLC 

nc 

FIGURE 6 Diagram of the data-handling system. ACC I and Acc2 are , respectively, the count 
and program accumulators; CDTLM is the control of digital telemetry ; CC the channel counter; 
UCC the under channel counter; GM and FPM the gratings and Fabry-Perot motors; TLC are 
the telecommands; L l  to L3 the logic controls; AM the motor amplifiers; and SC is the spectrum 
counter. 
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822 I N ST R U M E N T A T I O N  

In  order to  allow the simultaneous use of  the low and high resolution, 
the different programs are stored in an R.O.M. (Read Only Memory). The 
program is selected by a telecommand supplying the power to the cor
responding part of the R.O.M . 

In low-resolution mode, only the grating motor is in action , and an 
accumulation in the corresponding memories is obtained. 

In high-resolution mode, the R .O.M.  loads with a series of 0 and 1 
controls the working program. I t  contains, in principle, 4'' 1 '' for 2 5 2  
"0." Each 1 corresponds to a channel to be subscanned by the F.P.  Of 

course , this program is preadapted to the observation necessities. The 
necessary capaci ty of the memory is, for the C.T.,  

4 X 256 X 12 = 1 2,288 bits ; 

for 4 counting chains, 

1 2 bits per word, 
256 channels per chain.  

As the F.P. 's are considered in parallel , this number is to be doubled . 

If we record 1 0 channels per second, the dynamic range is 40,960 
pulses per second.  For planetary atmosphere profiles, it  is advantageous 
to record at the highest speed compatible with the equipment :  the ele
mentary spectra will be added channel per channel ; the total number of 
bits will only be 24,5 76 if the F.P. and the C.T. are used in parallel at 
ful l  capacity and up to the dynamic range given here above, which cor
responds to a precision of 1 .56%. 

Weight 

The whole package is composed of 

Four sets comprising 
1 telescope of 1 40-mm F 
1 monochromator C.T. 
1 F .P .  
1 detector chain ( 1 PM + 1 preamplifier + 1 pulse shaper) 

1 HV power  supply 
1 grating stepping motor 
2 F.P. 
1 container for electronics 
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A.  Monfils et al. 823 

I t  appears possible to build four sets within a total weight of a little 
over 4 kg. 

This weight breakdown corresponds roughly to the equation 

WD = Wr + WE and Wr - WE, 

where WD is the weight of the dispersing device (C .T. + F.P. ) .  Wr is the 
weight of the telescope and WE is the weight  of the electronics. 

Here lies the reason for the choice of the focal distance : as the weight 
of the C .T.  is proportional to the cube of the focal distance , a higher or 
lower focal distance leads to an unbalanced weight  of the total package. 

Power Consumption 

Three stepping motors command, respectively, the gratings, the F.P. 
scanning, and the switching of the two F .P.  blades corresponding to the 
half-ranges. 

I t  is to be recalled that the three gratings are rigidly locked to each 
other. Likewise for the F.P.'s,  which are scanned together and switched 
together. Each motor, including the command electronics, is consuming 
around 3 W. As they are never used simultaneously , the total power  
necessary remains at 3 W for the motors. 

The HV power supply is only requiring 0. 1 W or so. 
The counting and logics electronics are difficult to evaluate with 

some precision as the circuits are not fully designed. I t  may be esti
mated, however, that 1 00 to 200 integrated circuits will be necessary, 
which amounts to 2 to 4 W. 

The experiment will consequently require 5 to 7 W. 
It  is to be stressed that the power does not depend critically on the 

number of spectrographs, which is another argument in favor of their 
multiplication. 

Conclusions 

We propose to develop a spectrometric device composed of four 9-cm 
focal distance Czerny-Turner monochromators, each of them optimized 
as far as gratings, detectors, and reflectivities are concerned, and each of 
them preceded by a 1 3-cm focal distance telescope . Only square or cir
cular holes are used as entrance apertures. Fabry-Perot interferometers 
allow a gain of a factor of 5 to be realized on the resolution for 1 6  
spectral regions. 
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824 I N ST R U M E N T A T I O N  

The resolutions are written in  Table 5 and correspond roughly to  a 
constant resolving power of 500 from 1 000 A to 8000 A. The weight 
and power are thought to be kept  as low as 4. 1 kg and 5 to 7 W. The 
telemetry requirements depend on the observation program. The 200 
kbits to be stored (corresponding to 1 6  independent complete spectra) 
will need typical telemetry rates of 2 bits/sec.  

The basic specifications such as the slot width are, of course , to be 
considered as a parameter commanding the resolving power, the lumi
nosity , and the recording time. 

I t  must be stressed, however, that the ultimate resolution depends on 
the slot width according to an approximately square law: the luminosity 
L is, obviously , proportional to l /S 2 • Consequently, RL - C1 •  

This means that it  is, in principle, possible to  increase the resolving 
power, but at the direct expense of the luminosity . A second consequence 
is the linear increase of the number of resolved channels (at constant 
luminosity) .  The observation time for a given number of spectra will 
consequently increase with the square or the cube of the resolving 
power, for bands or lines, respectively . An increase of the resolving 
power will then be almost certainly conditioned by a restriction on the 
wavelength range to be scanned. 
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R .  H O E K S T R A ,  K .  A .  V A N  D E R  H U C H T ,  
T H .  K A M P E R M A N ,  and  H .  J .  L A M E R S  

THE UTRECHT 

I. Introduction 

ORBITING STELLAR 
SPECTROPHOTOMETER S 59 

The Utrecht Orbiting Stellar Spectrophotometer S 59 is one among the 
seven scientific astronomical instruments aboard the European Space 
Research Organization (E S R O ) satellite TD- l A. The successful launch 
of the spacecraft was accomplished by the 88th Delta vehicle of N A S A  

on March 1 1 , 1 972,  from the Western Test Range i n  California. The 
satellite is the largest and most complicated ever built in Europe ; E S R O  
was responsible for the realization of the spacecraft, while the scientific 
instruments were developed by a number of universities and space-re
search centers. A detailed description of the spacecraft and its scientific 
package is given by Tilgner [ 1 97 1 ] . Notwithstanding this, a brief intro
duction to the spacecraft orbit and atti tude (Section I I )  will precede 
the description of the S 59 instrument (Section I I I ) ,  because S 59 is 
adapted extensively to the dynamics of the spacecraft. The calibration 
of S 59 before and during the integration of the satellite will be sum
marized in the Section IV.  Finally , a survey of the fir-St astronomical re
sults deduced from the preliminary S 59 data will be given in Section V. 

The authors are in The Astronomical Institute at  Utrecht, The Netherlands. 
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826 I N ST R U M E N T A T I O N  

II. Orbit and Attitude Control of the Spacecraft 

The orbit of the spacecraft is a nearly polar orbit, and due to its inclina
tion of 97.5° the orbit is retrograde and the orbital plane precesses I o 
per day , i .e . ,  the precession rate of the orbital plane is equal to the ro
tation rate of the earth around the sun. In this way, it is possible to 
keep the orbital plane approximately perpendicular to the direction 
earth-sun.  The altitude of the orbit is 5 50 km above the earth's surface. 
Its revolution time is 96 min, implying that the precession of the orbital 
plane per orbit amounts to 4 min of arc. 

The spacecraft achieves a three-axis stabilization with a I min of arc 
accuracy by using reaction wheels and gas nozzles : the spacecraft Z-axis 
points to earth and the X-axis points to the sun .  Any instrument point
ing along the -Z-axis thus scans the celestial sphere along ecliptic merid
ians, and a complete coverage of the sphere is obtained in half a year. 

III. The S 59 Instrument 

The S 59 instrument  uses the scanning advantage of the spacecraft and 
is in this way able to measure more than 200 bright early-type stars in 
half a year in a highly automatic mode of operation. The instrumental 
concept of S 59 is shown in Figure I and in the description of the in
strument given below, the numbers in parentheses refer to that figure. 

When the star of interest is located on the S 59 optical axis , the paral
lel ligh t beam originating from the star ( 1 ) is reflected by the ellipsoidal 
primary telescope mirror ( 2) ,  subsequently by the spherical secondary 
mirror (3) ,  and is then focused in the center of the entrance diaphragm 
of the spectrometer box (4). This entrance diaphragm acts at the same 
time as a field-of-view aperture for the telescope, with limiting dimen
sions of I 0 X 50 min of arc, the 50 min of arc long side being perpen
dicular to the scanning movement of the spacecraft . Inside the spectrom
eter box the off-axis paraboloidal mirror (5 )  provides a collimated beam 
to the off-axis paraboloidal diffraction grating ( 7) ,  which produces the 
spectrum ( 8) alongside one of the edges of the primary telescope 
mirror. 

This unconventional grating mounting was applied here in order to 
minimize the dimensions and moment of inertia of the instrument. As 
shown in the figure, the heaviest components of the telescope-spec

trometer combination (i .e . ,  the primary mirror and the package hous
ing the five photomultiplier tubes) could be located close to each 
other near the instrument gimbal axes ( 1 6 ,  1 7) minimizing in this 
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R. Hoekstra et a/. 827 

FIGURE I Optical system of S 59:  I ,  Incident beam; 2,  primary mirror; 3 ,  secondary mirror; 
4, entrance diaphragm of spectrometer box; 5, collimator mirror; 6, small mirror reflecting 
I 0% of the light for the pointing system; 7, grating; 8, spectrum; 9, condenser system ; I 0, opti
cal elements of the pointing system; I I ,  1 2 ,  and 1 3 ,  photomultipliers for measuring the spec
trum; 14 and I S ,  photomultipliers for the pointing system; 16 ,  main axis; 1 7 ,  cross-axis. 
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828 IN ST R U M E N T A T I O N  

way the moment of inertia of the moving part of the instrument. 
The grating mounting is one of the outcomes of a theoretical study 
of Werner [ 1 970] at the Institute for Applied Physics in Delft, The 
Netherlands, about "imaging properties of diffraction gratings."  

The spectrum is  scanned by means of  a curved mask with three 
25-�otm-wide slits. The spectrum scanner makes a stepwise movement 
with steps of I 5 �otm, corresponding to 0.45 A in the spectrum. One 
step takes 1 . 2 sec. During a spectral scan, 200 of these steps are 
made, so the total time needed for a scan is 4 min, and the spectral 
coverage consists of three spectral bands of a width of -90 A. The 
ul traviolet detectors used ( l  I ,  1 2 , 1 3 ) are EMR 64 I F photomultiplier 
tubes, used in a pulse-counting mode. The photocathode material of 
the tubes is Cs2Te ; the window material is MgF 2 for the 2 1  I 0 A tube 
and 974 1 glass for the 2540 and 2820 A tubes. 

In order to keep the telescope pointed to the star during the 4 min 
of observation time , the whole telescope-spectrometer combination can 
be rotated around two axes :  the main axis ( 1 6) and the cross axis ( 1 7) .  
The rotation around the main axis compensates for the roll motion of 
the spacecraft,  and therefore the rotation around the main axis amounts 
to 1 5° during the 4-min tracking period. The cross-axis rotation has a 
much smaller range-only 50 min of arc corresponding to the length of 
the field-of-view aperture of the telescope-but the cross-axis pointing 
must be highly accurate (better than I sec of arc) because i t  acts in the 
direction of the dispersion of the spectrum. 

The internal pointing is servo driven, with an optical sensing obtained 
in the star-pointing optics. Nearly l 0% of the parallel beam going to the 
grating is fed into the pointing optics by means of a small mirror (6) .  By 
means of a doublet and a beam split ter, two images of the star to be 
measured are obtained .  A vibrating knife edge,  located in the image 
point of the "fine pointing" channel , provides the signal for the cross
axis movement, while a fixed knife edge in the other channel provides 
the adequate information for the main-axis servo loop. The spectral 
region from 4000 up to 5000 A is used in the star-pointing system. The 
photomultipliers of the pointing system are also EMR tubes, but now 
with trialkali or multialkali cathode material and 7056-g)ass windows. 

The operation of the instrument in orbit is as follows : 

l .  The telescope scans the sky due to the scanning movement of the 
spacecraft. In this "standby" mode, the small measuring slits in the 
ultraviolet channels are replaced by much wider so-called acquisition 
slits in order to have a higher sensitivity in these channels. When a star 
with a sufficient ultraviolet  flux enters the field of view of the tele-
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R. Hoekstra et a/. 829 
scope, this is detected by the ultraviolet photomultiplier tubes and 
causes the instrument to change i ts standby mode into the "tracking" 
mode. 

2. In this tracking mode, the internal star-pointing system locks the 
telescope during 4 min on the star. Meanwhile, the spectrum scanner 
makes its 200 steps. Having completed the spectrum scan, the instru
ment changes its mode into "reverse." 

3 .  In  the reverse mode the telescope and the scanner move back to 
their standby positions, and the instrument is then ready for catching 
the next  star. 

This method of operation has the important advantage of being fully 
automatic. Only incidentally are telecommands from the ground re
quired, for instance , for optimizing the star-presence levels ( i .e . ,  thresh
old levels for the ultraviolet channels in the standby mode) for certain 
parts of the sky . Another example of the need for telecommands is the 
monthly crossing of the scan plane by the moon, in which case the high 
tensions of the photomultiplier tubes are switched off temporary . 

Dimensions and optical parameters concerning the S 59  telescope
spectrometer combination are given in Table I .  

TABLE I lnfonnation Concerning the S 59 Optics 

T�l�:rcop� 
Outer dimensions of primary mirror 
Net collecting surface 
F ocal length telescope 

Sp�ctrom�t�r 
Wavelength ranges 

Grating 

Grating ruling 
Ruled area 
Blaze angle 
Blaze wavelength 
Wavelength of stigmatism 
Spectral dispenion 
Angular dispenion 
Spectral resolution 

Mat�ria/1 
Grating All other optical components 
Reflection coatings 

22.0 X 22.0 cm2 
290 em• 
1 06.5 em 

2064-2 158  A 
2497-2591 A 
2777-2868 A 

Off-axis paraboloidal grating, ruled 
by Bausch &. Lomb 

1 200 lines/mm 
44 X 33 mm2 
8. I O' 
2286 A \ 2387 A 
0.033 mm/A 
2.4 sec of arc/ A 
1 . 8  A 

BK 7 optical glass 
Fused silica 
AI + MgF 2 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


830 I N ST R U M E N T A T I O N  

IV. Calibration 

The S 59 instrument has been tested and calibrated using a parallel test 
beam ,  generated by the equipment shown in Figure 2 .  Because the 
wavelength bands of the S 59 ultraviolet channels lie above 2000 A, the 
whole calibration configuration and the S 59 instrument could remain 
simply in air during the measurements. The light emitted by a 45�W 
xenon light source ( I ) is filtered by a Czemy-Tumer monochromator 
(2) and is then focused onto a 1 0-lolm-diameter pinhole (3)  in the focal 
point of a paraboloidal mirror (4) of 2-m focal length . In  this way, a 
parallel monochromatic beam of ultraviolet radiation ( 5 )  is obtained. 
The parallel ism of the beam is - I  sec of arc FW H M , and the spectral 
bandpass of the monochromator a few tenths of an angstrom. The 
wavelength of the test beam can be chosen by means of the monochr� 
mator setting, and the absolute flux of the beam can be measured by 
means of an absolute-calibrated detector (e .g. ,  photomultiplier tube).  
Because the S 59  star-pointing system uses starlight in the visible spec
tral region, some visible radiation is added to the ultraviolet beam from 
a second Xe lamp (6) .  

During the calibration measurements, the S 59  instrument was I� 

cated in the test beam, and infonnation could be gathered about the 
wavelength scale under a wide variety of conditions, the spectral res� 
lution, and the absolute sensitivity of the ultraviolet spectrophotometer 
channels. An example of results obtained is presented in Figure 3 ,  
which shows the instrumental response for a test beam composed of 
visible light and an ultraviolet component of 286 1 A. Line profiles ob-

FIGURE 2 Instrumentation used for the S 59 calibration . I .  450-W xenon lamp; 2. Czerny
Turner monochromator; 3 ,  pinhole, diameter 10  ,.m; 4 .  paraboloidal mirror, diameter 40 em . 
focal length 2 m; 5. test beam produced; 6. 150-W xenon lamp providing visible light for the 
pointing system. 
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FIGURE 3 Observed line profile for � =  286 1 . 8  A, obtained during 
laboratory tests. 

tained in this way show a line width of - 1 .8 A F W H M  in the three 
spectrophotometer channels. 

V. Results 

83 1 

At present, S 59  has fulfilled i ts half-year mission and has measured 
spectra of more than 200 stars. Because the scan plane precesses 4 min 
of arc per orbit, and the field of view perpendicular to the scan plane 
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amounts to 50 min of arc, 1 2  scans are obtained for each bright ecliptic 
star. Stars at higher ecliptic latitudes are observed more times: � Dra, 
near the ecliptic pole has been observed in more than 1 40 consecutive 
orbits. Unfortunately , the tape recorders of the spacecraft failed after 
two months of operation in orbit, and since then the telemetric data 
received from the spacecraft were restricted to real-time data during 
ground-station passes only . Thanks to a considerable increase of the 
number of used ground stations from 5 to 3 1 ,  a coverage of 50 percent  
could nevertheless be  attained. 

An example of a stellar spectrum obtained is given in Figure 4, 
which shows the three wavelength bands of {3 CMa, averaged over only 
three orbits. These orbits were available on "quick-look tapes," intended 
for a technological survey. The final data tapes, however, will provide 
1 5  orbi ts of this star, so the final presentation of this spectrum will 
have an improved signal-to-noise ratio. The S 59 {3 CMa spectrum will 
be investigated in detail by C.  de Jager at the Astronomical Institute of 
Utrecht .  

The spectrum of {3 CMa shows the general nature exhibited by many 
of the S 59  spectra-a con tinuum on which absorption lines are super
posed. The majority of the absorption lines are fanned in the stellar 
atmospheres, and, accordingly, the study of these lines may give infor
mation about stellar atmospheres and the physical processes involved. 

S triking lines are the Mg I I  resonance lines at 2795 and 2803 A.  The 
behavior of these lines along a sequence of stellar spectral types has al
ready been studied from preliminary S 59 data [ Lamers et a/. , 1 97 3 ] . 
This study shows a discrepancy between observed equivalent widths 
and theory for middle- and early-B stars : observed lines, corrected 
for interstellar contribution , are too strong by a factor of 1 .4 (B5-
B6) to 4 (BO-B 1 ) . I t  is hoped that these observations will contrib
ute to a better understanding of the line-fonnation processes in stellar 
atmospheres. 

Absorption lines also can be of interstellar origin, in which case the 
lines contain infonnation about interstellar matter. A number of inter
stellar lines have already been identified in the preliminary S 59  data of 
� Pup [de Boer et a/. , 1 972 ] . Another striking spectral feature observed 
is a very much broadened emission line in the spectrum of the Wolf
Rayet star -y2 Velorum, visualizing the enonnous mass transport that 
takes place from the Wolf-Rayet star into space with velocities of the 
order of 1 000 km/sec [ van der Hucht and Lamers, 1 973 ] . 

The examples given above only consti tute a small fraction of the 
astrophysical content of the data. A detailed analysis of all spectra will 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


R. Hoekstra et al. 833 

CXIUMTS 

1000 

D 

� C .,.o a 1 I[ Vari able AY£1tAG€D OY£11 THit[[ OIIBITS 

THEOIIET I CAL SPECTitUM 
c e.ooo . • l 

20110 

WJ u 
... . • • •  I � H• l c a  

� I U I U I � I U U  c a  ,.. ... ,, . ,. •• $1 11:  ,.. . s. m ,, . Pre• 
�· �-
••• 

�··· LillJ lW uu ...... � • .- ,. .  e r a  ,. • •  

TH[Oitt:TICAL 
SP[CT itUM 
I 2!1000 . • 1  

••• 

s ar  . 

INTIEII• SITY 

L-------------------------------------.�Y£=L�E� .. o=r�w7c a�,� o 

FIGURE 4 Spectrum of tJ Canis Majoris in the three wavelength bands, compared with theo
retical predictions. 

Copyright © National Academy of Sciences. All rights reserved.

Space Optics:  Proceedings of the Ninth International Congress of the International Commission for Optics (Ico IX)
http://www.nap.edu/catalog.php?record_id=18779

http://www.nap.edu/catalog.php?record_id=18779


834 I N ST R U M E N T A T IO N  

be carried out by the Utrecht Astronomical Institute and by more than 
30 research groups from all over the world. 

The authon wish to acknowledge A. Hunmenchlq, W. Werner, and their collaboraton at the 
Institute for Applied Physics TNO-TH (TPD), Delft, The Netherlands, for their outstanding 
contribution to the realization of the S 59 instrument. 
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