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PREFACE 

This report has been prepared by an ad hoa subcommittee 
of the Commit tee on Atomic and Mo lecular Sc ience , Assembly 
of Mathema t ical and Physical Sc iences , National Research 
Counc il . This group met in June 1975 to out l ine the con
tent of this report and to def ine its general philosophy . 
Members of the subcommit tee then assumed respons ibil ity 
for the various sec t ions of the repor t ,  and they in turn 
called on other experts to help in the preparat ion of these 
sect ions . 

A f inal draf t was then prepared and sent to members 
of  the subcommit tee and several other experts in spec i f ic 
areas for their comment s ,  correc t ions , and revis ions . The 
full Committee on Atomic and Molecular Sc ience rec eived 
this draft dur ing its  meet ing in December 1975 at the 
annual meet ing of the D ivis ion of Elec tron and Atomic Phys
ics of the American Physical Society in Tuc son , Ar izona , 
and members ' comment s  and correc t ions have been incorpor
ated . 

In add it ion to the subcommittee members , we acknowl
edge s igni ficant contr ibut ions and suggest ions from E .  Beaty , 
H .  Bethe , R .  Bull is , E .  Hinnov , A .  V .  Phelps , F .  E .  Spencer, 
Jr . ,  R. H. Tourin , A. M. Weinberg, and J .  Weymo th . 

The f inal version of  this repor t was prepared by 
B .  Bederson and S .  Datz . 

The work of the Subcommittee was supported by the 
Nat ional Sc ience Foundat ion under Contract Number NSF-c310 , 
Task Order 296 . 
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SUMMARY 

All energy processes are eventually attributable to reac
tions that occur on a molecular , atomic , or nuc lear scale . 
We can , and have been able to , exploit such processes even 
though understanding of them has been incomplet e , to say 
the leas t . Thus , man has been making fires for over half 
a million years without knowing much about the role of 
excited-state energy transfer in wood combustion ! Never
theless , this empirical approach cannot be used as a basis 
for the present quest for be t t er , less ecologically damag
ing , and more efficient, convenient ,  economic , and self
suf ficient energy sources . Ins tead , pure and applied science 
has much to offer in the way of rational approaches to the 
various aspec ts of  the energy problem . In fac t , in view 
of the immense technological dif ficulties associated with 
these problems , it is hardly likely that a purely empir ical 
approach has much , if any , hope of success . 

One could define the main purpose of atomic and molec
ular science in energy-related research to be the development 
of an understanding of  basic processes on a mic�oscopic 
level that  govern such mac�oscopic phenomena as fossil-fuel 
combustion and of essential processes in nuclear energy 
utilization , that is , fission and fus ion . This understand
ing should result in improvement s  in energy-producing systems , 
which presently suffer from ser ious external constraints . 
These inc lud e the present limits on ef f iciency of  combustion 
devices, pollution products of combust ion , and the need for 
discoveries of subst itutes for the d iminishing sources of 
his torically well-known fuels . 

Energy technologies involve the interconversion of 
energy forms . The initiating event may be , as in combustion , 
the release of energy stored in chemical bonds through chem
ically reac t ive collisions or , as in f ission or fusion , by 
the release of potential energy s tored in atomic nuclei . 
Following the initial conversion event, energy is fur ther 

1 
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redistributed by atomic and molecular collision processes 
unt il it is f inally converted into the soc ially useful forms 
of electric ity. heat , or propulsive power . Atomic and mo
lecular collision physics , in add it ion to playing an impor
tant role in the convers ion processes , has an impact on 
many aspect s  of fuel preparat ion , effic ient energy ut ili
zat ion , and waste  management .  

To bet ter understand the relat ion of  atomic and mo
lecular sc ience to energy research , the Commit tee on Atomic 
and Molecular Sc ience of  the Assembly of Mathema t ical and 
Phys ical Sciences of the Nat ional Research Council recently 
undertook a study of  various energy technologies and their 
connec t ions to atomic and molecular sc ience . A subcommi t t e e  
o n  energy was formed and prepared the following repor t , of 
which this Sect ion is a brief summary . 

The reader is referred to the following sec t ions for 
a more complete discuss ion of energy-related atomic and 
molecular sc ienc e . It conta ins many details and examples 
of current need s and research interests . 

We f irst d iscuss here the most  ubiquitous energy con
vers ion process of all--foss il-fuel combus t ion . Combus t ion 
exper iment s  generally are concerned with flame composit ion 
and pollutant emiss ion and involve the study of temperatures 
in d ifferent parts  of a sys tem ,  of the pathways followed by 
materials in the sys tem ,  what  happens when hot gases imp inge 
on the combus t ion chamber walls , and how the e f f luent spec ies 
interact with the ambient environment . In the s tudy of these 
processes , the ent ire arsenal of d iagno s t ic techniques de
veloped in atomic and molecular sc ience is employed . These 
inc lude op tical and mass spec trometers and laser s . Lasers 
are espec ially useful , because they permit measurements to 
be made with excellent spatial and temporal resolu tions , so 
that accurate determinat ions of combust ion parameter s  at 
dif ferent points in the sys t em and at different t imes are 
possible . Here , we are referring to spat ial d imens ions as 
small as micrometers (one ten-thousand th of a c ent imeter ) 
and t imes of nanosecond s  (one billionth of a second ) for 
such crit ical quantit ies as combus t ion temperature , spec ies 
compos i t ion , electron dens ity , and ion dens ity . 

Present me thods used for coal hydrogenat ion to form 
liquid and gaseous fuels , for petroleum ref ining , and for 
treatment of automobile exhaus t s  all use catalytic processes  
by which some agent in  addit ion to the  combus t ion materials 
themselves is introduced to speed up or to d irect the trans 
format ion process . Yet the des ign of catalyt ic process 
sys tems is s t ill largely semiemp ir ical , lacking in the funda
mental understanding that could result in important improve-
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ments in more pract ical cataly t ic conver ters . Atomic and 
molecular sc ience aspec ts involved here include the process 
of gas being absorbed or desorbed from container sur faces 
and the process by which energy is trans ferred from the 
gas mixture to the sur face . 

One of  the mos t  interes t ing goals of fossil-fuel 
combus t ion is the desire to e l iminate the "middleman , "  
namely , the engine-generator system ,  in the convers ion of 
heat energy into elec tric ity by means of d irect convers ion 
schemes . 

The mos t  promis ing of these is the magnetohydrodynam
ic (MHD ) generator , which could be loosely described as a 
gas-phase analog of a mechanical turbine-generator comb ina
t ion . For coal-f ir ed MHD plant s , atomic and molecular 
science contr ibutes the basic data necessary to both under
s tand and op t imize the elec tric genera t ion process . For 
example , the elec tr ical conduc t ivity of the conduc t ing 
medium ( i . e . , the plasma ) is a key element in determining 
the e f f ic iency of MHD power generat ion . Atoms and molecules 
that have s trong elec tron a f f init ies will attach electrons 
and thereby rob the p lasma of its  ability to conduc t elec
tricity effic iently . Stud ies of  elec tron-molecule collision 
processes could help to control this difficul t  problem .  
More generally , large amount s  o f  atomic and molecular col
lision and spectroscopic data are employed in cons truc t ing 
realis t ic theoret ical combust ion models . Such models are 
the bas is for the fruit ful comparison of theory and experi
men t , which is the hallmark of successful appl ied research . 

The thermionic energy converter is another d irec t  
conver sion d evice that employs a highly ionized gas exposed 
to a region that is hot at one end and cold at the o ther . 
I t  can be thought of as a gas-phase version of a thermo
couple , "  where a conduc t ing gas is used ins t ead of b imetallic 
strips . Opt imiz ing the performance pos s ib ilities of such 
d evices requires exhaus t ive examinat ion of the basic micro
scopic processes , that is , the atomic and molecular physics 
of ionized gases . 

The succ essful attainment of thermonuc lear energy 
wil l  probably represent the mos t  d irec t applicat ion of 
knowledge obtained by atomic sc ient ists . In the trad it ional 
thermonuclear plasma , we are deal ing with a very d ilute  
medium of elec trons and ions at t emperatures so high that 
no molecules can exist . The processes by which this plasma 
state is attained , star t ing from a s imple gas mixtur e , are 
controlled by elec tron-atom collisions or by collis ions of 
pho tons with ions and atoms . The way in which energy is 
los t  f rom the plasma depends on s imilar fundamental processes . 
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Al though the ideal plasma would cons ist only of 
elec trons and the simple hydrogen and hel ium nuc lei , im
purit ies in the form of heavier ions ( iron , nickel , for 
example ) introduced from the containing vessel inevitably 
enter as contaminants and introduce deleter ious sources 
for rad iat ing energy from the plasma . The fundamental 
processes by which these species gain and lose elec trons 
and rad iate energy are s t il l  imperfec t ly understood and 
need elucidat ion . 

Al so , as in the case of f ission energy , we see the 
effec t s  of rad iat ion damage in the material component s  of 
the plasma container caused by collision cascades . These 
are ini t iated by the copious quant it ies of energe t ic 
neutrons emanat ing from the reac t ing plasma and could be 
bet ter unders tood were a detailed knowledge of collision 
phys ics on hand . 

In nuc lear fission t echnology , ionic and mo lecular 
phys ics does no t enter d irec t ly into the primary energy 
releasing event . Inst ead , its  impact is felt in the pro
c esses of fuel preparation and the phys ical and b iological 
consequences following the f ission process it self . 

Almost all exist ing and proposed methods for isotope 
separat ion depend heavily on input from atomic and molecular 
sc ience . The es tablished methods of  gaseous d i f fus ion , 
ultracentrifuges , and aerodynamic separat ion use informat ion 
on gas transport propert ies that are closely l inked to inter
molecular scattering potentials . The newer and , as yet , 
undeveloped schemes of laser isotope separat ion d emand 
highly detailed knowledge of photon-molecule and pho ton-at om 
int erac t ions , as wel l  as int ermolecular energy t ransfer and 
chemically reac t ive coll isions . Moreover , similar infor
mat ion bases are neces sary for the development of the lasers 
( themselves a produc t of  atomic and molecular science ) that 
wil l  be needed to carry out these processes on an industrial 
scale . 

With regard to f ission reactors , the role of atomic 
science has been and cont inues to be in the under s tand ing 
of events  following the nuc lear fission event itsel f . Here ,  
we are dealing with energe t ic heavy ions ( f ission fragment s ) , 
neut rons , helium ions , electrons , and photons , which undergo 
a series of  complex collis ion processes , giving rise ult i
mately to the heat used in power generation and to rad iat ion 
damage . S imilar ly ,  the underlying science of the interact ion 
of radiat ion from rad ioactive wastes with living sys tems and 
materials is appropriately within the scope of atomic col
lision phys ics . 

Other interest ing and important challenges for atomic 
and molecular scienc e are o f f ered by solar energy . For 
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example. little  pract ical use has been made thus far of  
the  possibilities offer ed by pho tochemical convers ion by 
s imple. nonbiological systems in the gas phase . 

The ro les that atomic and molecular sc ience is 
l ikely to p lay in gas-phase solar energy conversion will 
inc lude supplying bas ic understanding of  the photoexc ita
t ion process and of exci t ed-state collis ion processes. in
c lud ing energy-trans fer collisions. as wel l  as generat ing 
informa t ion concerning energy levels. transi t ion probabil
it ies. branching rat ios. and other molecular propert ies 
related to photospectroscopy . The interac tions of  solar 
radiat ion with all the cons t ituents of the ear th ' s  atmo
sphere. including pollutant s. are also within the purview 
o f  atomic and molecular scienc e . 

Finally. we cons ider the role played in the important 
area of  energy conservat ion . We have already alluded to 
increased e f f iciency in the combus t ion process. where even 
relat ively small gains can have enormous economic e f f ec t s. 
and to more energy e f f ic ient ( laser ) methods of  isotope 
separat ion . 

One area o f  atomic and molecular sc ienc e that. his
torically. has been bu ilt  mainly on the need to conserve 
elec trical energy is gaseous electronics . This area can 
be def ined as the study o f  gaseous sys tems whose elec trical 
behavior can be var ied by external means . Aspec t s  that re
late strongly to energy conservat ion inc lude chemistry of 
electrif ied spec ies. light ing. and the des ign and operat ion 
of switches . Examples o f  development s  are f luoresc ent lamps. 
which have a much higher ef f ic iency than incandescent lamps. 
mercury power switches. which eliminate the large power 
losses through rad iat ion and high resis tance in metallic 
switches. and the enhancement of chemical transformat ion. 
which can be achieved by the passage of electr ical current 
through reac t ing gases . Appraisal of the future role of 
basic research in gaseous elec tronics ind icates that it wil l  
cont inue to contr ibut e  to t h e  more e f f ic ient ut ilization of  
elec tr ical power . 

With regard to ins trumentat ion. many of today ' s  
arsenal o f  sophist icated tes t ing and d iagnostic sc ient i f ic 
tools. includ ing all forms o f  par t icle  and opt ical spec trom
e ters and lasers. were or iginally developed as by-produc ts  
of  basic research in  atomic and molecular sc ienc e . This 
is hardly an acc ident. s ince atomic and molecular sc ienc e 
deals wi th that region of the energy. or rad iat ion. spec t rum. 
where mos t  important energy-relat ed processes o f  interest to 
soc iety ac tually take plac e . Also. trad it ionally. technology 
amply repays its debt to basic res earch by add ing the new 
tools tha t are so essential in expanding the f ront iers of  
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fundamental knowledge . In no f ield has this fruitful inter
play of pure and applied research been more dramat ically 
demonstrated in the past than in atomic and molecular 
science; this mutually benef icial relat ion is still , to 
this day , a basic f eature of the f ield . A detailed d is
cuss ion of this interac t ion is contained in Appendix A .  
Appendix B d iscusses the problems o f  data acquisition,  
evaluat ion , and disseminat ion , part icularly as applied 
to energy-related aspec t s  of atomic and molecular sc ience . 

The nonsc ient ist may wonder at the cont inuous ref
erence in this report to such terms as collision cross 
sect ions , excitation cross sect ions , l ifet imes , and tran
sition probabilities . The reason for their frequent oc
currence is that they represent the fundamental processes 
by which the scientist envisages transfer of energy to 
occur on the atomic and molecular level . We include in 
this repor t  a brief glossary of the most important of these 
t erms , in the hope that this wil l  make the report more com
prehens ible to the nonsc ientist . 
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1 INTRODUCTION 

PURPOSE OF THE REPORT 

The purpose of this report is to document the s ignif icance 
of atomic and molecular sc ienc e to energy-or ient ed research , 
d evelopment ,  and technology . In approaching this d i f f icult 
task , one is first faced with the temptat ion to claim that 
the connec t ions are so deep and mul t ifold that the task 
need not even be  a t t empt ed--that is , s imply to state  that 
virtually all of atomic and molecular science is energy
related . The nature of the f ield is such that a claim of 
this sort is not unreasonable . Any energy process that 
occurs· in the gas phase necessarily involves properties of  
individual atoms and molecules , for these govern the  inter
ac t ions between atoms and mo lecules and of  atoms and mole
cules with rad ia t ion f ields and with surfaces and solids . 
Suah a genePaZ statement, howeveP, is not paPtiau ZaPZy 
he Zpfu Z to those saientists and saientifia administPatoPs 
who aPe tPying to make judgments aonaePning aPeas of Pe
seaPah that aouZd be of most va Zue in the solution of en
ePgy pPob Zems. Ins tead , we will here quantify this rela
t ionship . 

Atomic and molecular sc ienc e addresses the fundamen
tal phys ical informat ion on which energy-related research 
employing phenomena in the gas phase and certain t ypes of 
surface phenomena is based . This informat ion inc ludes such 
atomic and molecular propert ies and processes as ionizat ion 
and neutralization of ions ; exc itat ion and de-excitat ion 
of atoms , molecules , and ions ; scattering ; energy los s ; 
charge transf er ; ion-molecule react ions ; c ertain neutral
neutral chemical reac t ions in s imple systems ; thermionic 
emiss ion ; surface ionizat ion ; absorpt ion and desorpt ion at 
surfaces ; and catalysis both in the gas phase and at  sur
faces . 

7 
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At the outset we no te that the contribut ion of atomic 
and molecular science to the product ion of power through 
hydroelec tric , geothermal , t idal , and wind-propelled means 
appears to be minimal . The areas on which atomic and mo
lecular sc ience bears mos t  s ignif icantly are convent ional 
combustion , nuclear fiss ion , and controlled fus ion , which 
are covered mos t  thoroughly in this repor t .  

At almos t each s tage in the preparat ion of this 
repor t , we were s truck by the r ich array of atomic and mo
lecular processes that might be involved in some par t icular 
aspec t of the energy problem . We were cont inually tempted 
to expand our descriptions to include more reac t ions and 
interac t ions in order to be as complete and accurate as 
poss ible . This would have led to the produc tion of a docu
ment too cumbersome and detailed to have been of fUCh use . 
Further , such a course would have led us in a d irec t ion 
that , we hope , has been avoided in this report , that is , 
the preparat ion o f  so-called "shopp ing lists"  in the sev
eral energy-related areas tha t  we d i scuss . Such shopping 
lists may be appropriate for spec if ically mission-oriented 
project s ,  and we do no t disparage them . But our own pur
poses would not be well served by taking this approach . 
Such lis t s  have a relatively shor t survival t ime , and often 
an important or even c rucial cross sec t ion , reac tion , or 
transition probability has not yet been recognized and is 
therefore omitted . 

Our purposes are more general , and we prefer to leave 
to the ind ividual scient ist and science administrator the 
decisions on which par ticular quantit ies to s tudy in detail . 

As will be apparent f rom the organizat ion of the 
report , we have chosen in mos t  cases to d iscuss spec ific 
energy-relevant t echnologies and then to identify atomic 
and molecular sc ience aspec ts  of each of these . Ins t ead , 
we could have star t ed from the opposite d irec t ion , that is , 
spec ific scientif ic areas , e . g . , photoionizat ion or electron
atom exci tat ion , and shown how each of these relates to 
var ious energy technologies . We preferred the former ap
proach . Even so , i t  is not pos s ible to be completely sys
t ema t ic in our approach , and where it appears sensible to 
be  o therwise , we do no t hesitate to d epart from format , as 
in the d iscus sion of laser research , lasers no t being an 
area of  energy technology pe� se . 

This report is intended as an overview of the subjec t .  
The Subcommittee on Energy-Related Atomic and Molecular 
Science plans to prepare more detailed presentat ions of in
d ividual subjec ts  at appropriate t imes . 
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In Figure 1, we chart the important areas of atomic 
and molecular scienc e ,  insofar as energy re search is con
cerned.  In this two-d imensi ona l map we plot energy as 
abscissa and atomic (or mo lecular )  weight as ordinate . The 
energy in the chart refers to the atomic and molec ular in t e r 
ac t ion energy ra ther than the energy o f  the rel evant t ech
nology . 

SOLAR ENERGY 

Solar energy offers interest ing and important challenges 
for atomic and molecular scienc e . There are two fundamental 
ways of  convert ing solar ene rgy into us eful energy . These 
are thermal convers ion , in which the solar rad iat ion is de
graded to heat in the abso rbing sys tem , and quantum conver
sion , in  which the solar rad ia t ion is  used to cause some 
kind of photochemical or pho toelec tric process in the ab
sorbing system . Exist ing "pract ical" so lar conversion de
vices rely on thermal conversion almost  exclus ively , al tho ugh , 
in some , use c an be made by so lar c e l l s  for direc t conver
s ion to elec tric ity . Such c onvers ion devices genera l ly 
invo lve t he interac t ion of rad ia tion with surfaces and o ther 
condensed-ma t t er syst ems . On the o ther hand , atomic and 
mo l ecular physics proc esses pla y a major ro le in quantum 
convers ion . Lit t l e  i f  any prac tical use ha s been mad e o f  
the potent ially intere s t ing pos sibl i t ies offered by pho to
chemica l c onversion by s imple , nonbiological sys tems . 

The ro les  that atomic and mo lecular science is l ikely 
to play in gas-phase sol ar-energy conversion wil l inc lud e  
supp ly ing basic  understand ing of t h e  photoexc itat ion pro
cess and of exc i t ed-sta t e  c o l l i s ion processes , includ ing 
energy- trans fer collis ions , as we l l  as generat ing in for
ma t ion concerning energy levels , trans i t ion probabil i t ies , 
branc hing ra t ios , and o ther molecular propert ie s related 
to pho tospec trosc opy . Atomic and molecular sc ienc e also 
has an impac t on.solar-energy probl ems through atomic and 
molecular op t ical absorption and s c a t t ering in the atmo 
sphere , invo lv ing bo th natura l atmospheric cons tituent s  
and po llutant addit ive s . 

Related to the terrestria l ut iliza t ion of solar 
energy is the need to und erstand factors that govern the 
transmis s ion of sunl ight through the atmosphere . For the 
c onvers ion of sunl ight to  energy , the efficiency of any 
solar device may be dependent upon it s geographic location , 
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and the transmit ivity of sunl ight in any part icular region 
should be known . The interac t ions of solar rad iat ion with 
all the constituent s of  the earth ' s  atmosphere , inc lud ing 
pollutant s ,  const i tutes an application of atomic and mo
lecular sc ience to the s tudy of complex spec tra . From the 
viewpoint of this repor t , however ,  the role that a tomic 
and molecular sc ienc e wil l  play in solar-energy research 
is as yet too indefinite to be inc luded as a separate 
chapter . 
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2 FUS I ON RESEARCH 

S ince the beginning of thermonuclear research in the United 
S tates in the early 1950 ' s ,  high-temperature plasma param
eters have been dominated by atomic processes . Recently , 
as plasma engineers have s tarted conceptual des igns of pro
totype fus ion reac tors , the need for the solut ion of atomic 
phys ics problems occurr ing in high- temperature plasmas has 
become urgent . 

The importance of atomic-physics problems becomes 
apparent if we compare typical atomic and nuclear c ross 
sec t ions for par t icles in a thermonuc lear reac tor . Cons ider, 
for example , the competition between the reac t ion rates for 
a D-T reac t ion and charge exchange between a fast deuteron 
and an impur i ty atom . The former reac t ion represent s en-
ergy produc t ion ; the latter represent s energy loss s ince 
the neutralized d euterium atom is no longer conf ined by 
the plasma magne t ic f ield and is thereby los t , along with 
its kinet ic energy . For a 10-keV ion temperature D-T plasma 
the nuclear cross sec t ion to produce a neutron with 14-MeV 
energy is 10-28 cm2 • The charge-exchange cross sect ion for 
a resonanc e collision is approximately 10-15 cm2 • Thus the 
cross sec t ions for charge exchange (as well as other loss
produc ing atomic reac t ions)  are as much as 101 3 t imes larger 

'than nuc lear cross sec t ions . The relat ive energy gained in 
a nuc lear event is only perhaps 104-105 t imes great er than 
the energy lost in atomic collisions . Thus atomia Peaations 
aan intPoduae extPemely sePious enePgy loss in thePmonualear 
plasmas� even at very low d ens i t ies of the neutral impurities. 

We will d iscuss here some atomic processes involved 
in plasma heat ing , cooling , and d iagnost ic s . Also of int er
est are those atomic proces ses involved in the interac t ion 
of  a high-temperature plasma with the vacuum wall . In the 
interest of brevity , remarks will be confined to Tokamak
type plasmas , for which the present parameters are 

12 
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Te (elec tron tempera-
ture) 1-2 keV 

T· ( ion temperature) 0 . 5-1 . 0  keV 1-
2 . 5  x 1013 electrons/cc ne (elec tron dens ity) 

TE (energy containment 
5 X lQ- 3 tO lQ X 10- 3 sec t ime) 

T (pulse t ime ) 50 x 10- 3 to 300 x 10-3 sec 
l' (minor torus rad ius ) 10-30 em 
R (maj or torus rad ius )  0 . 5-1 . 0  m 
Ip (ohmic heating 

current)  100-300 kA 

The corresponding parameters of planned prototype reac tors 
are 

T6 5-10 keV 
Ti 10 keV 
n6 5 x 10 1 3 to 5 x 1014 cm-3 

TE 1-4 sec 
l' 1 m 
R 4 m 
Ip 2-3 MA 

S imilar cons iderat ions apply to other types of conf ined 
plasma sys tems . 

PLASMA HEATING IN TOKAMAKS 

In the pas t , the heat ing of toroidal plasmas has been ac
complished by making the plasma the one-turn secondary of  
a trans former and induc ing a voltage of 2-5 V around the 
torus . This induc ed voltage drives a current to heat the 
elec trons , which in turn trans fer energy to the plasma ions . 
Af ter many cycles around the torus , the elec trons approach 
energies of several keV . At these energies , the plasma re
sistivity , as well as the effec t ive energy trans fer through 
Coulomb collis ions from elec trons to ions , becomes small , 
and the heat ing may no longer keep up with the var ious 
energy loss processes . Thus supplementary ways must  be 
found to hea t the plasma . 

One approach to supplementary heat ing is to inj ect 
large currents of fas t neutral hydrogen atoms into the 
plasma . Through resonant charge-exchange coll isions with 
plasma ions , the atoms become energetic protons , which are 
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captured by the confining magne t ic field . These protons 
thermalize by energy transfer to both ions and elec trons . 
In inj ect ion heat ing , it is nec essary to have knowledge o f  
the collis ional processes in the atom beam source ,  which 
is basically an intense ion beam and a convers ion cell where 
fas t  ions become fast neutrals . 

For present inj ect ion heat ing exper iments , pulsed 
ion sources have been developed for ion current s of up t o  
5 0  A and energies of  10-25 keV . The atomic and molecular 
ions are neutralized by charge exchange and d issoc iative 
collisions . As a result of space-charge effec t s ,  it is 
no t pract ical to use magne t ic analysis to preselec t the 
beam current before neutralizat ion , so that impurity ions 
from the sourc e are inj ected along wit h  the pr imary heat ing 
ions . To est imate the plasma losses caused by these impur i
t ies , it is necessary to know the electron capture cross 
sec t ions of c+ , o+ , N+, Pt+ , Fe+ , and Ta+ in gases such as 
H2 , He , and N2 • Also , to pred ict the rate at which these 
impur ity atoms enter the plasma one must know the elec tron
s tripping cross sect ions for atomic spec ies of these ions 
in the energy range 10-150 keV . 

As experiments proceed to the pro totype fus ion reac
tor , it is nec es sary to increase the inj ec ted part icle 
energy to the region of 150-200 keV . Two me thods have been 
proposed and are being developed to ob tain neutral hydrogen 
beams at these high energies : (a)  negative n- ions are 
obtained direc tly from an ion sourc e ,  ac celera ted to the 
des ired energy and stripped to the neutral state in a sui t 
able gas target ; (b ) convent ional positive ion sources a r e  
used from which hydrogen ion beams are ex trac ted a t  1-2 keV 
and passed through an alkaline vapor cell where 10-20 per
cent of the inc ident ions are converted ton- , which is 
then stripped as in (a) . Knowledge of the mec hanisms pro
duc ing n- in the ion sourc e is limited .

+ 
Coll is ion cross 

sect ions involving elec trons on D2 or D2 in var ious states 
of vibrat ional exc itat ion need to be known over the energy 
range from threshold to 500 eV . Current experiments in
d icate that tremendous gains in nega tive ion source output 
can be ob tained by contaminat ing the walls and cathode of 
the ion source wit h  alkaline vapors and other high-vapor 
pressure metals . The reac t ion kine tics involve deuterium 
atomic and molecular neut rals and ions interac ting wi th 
surfac es contaminated with Cs , Mg , Na , and Li in the energy 
range 5-500 eV . 

Convers ion of atomic and molecular ions to n- ions 
in an alkaline vapor cell involves a mult iplic ity of cross 
sec t ions whose values are no t presently available . Cons id 
erable work has been done for n+ ions interacting with C s , 
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Na , and Li vapor . Of more interest than cross sections 
are the D- equilibrium frac tions formed in these vapor 
cells . Discrepancies of a factor of three exist among 
various determinat ions of the D equilibr ium fraction from 
Cs cells . Very little informat ion is available for the 
formation of n- from collisions of n! and nt. Also , the 
d ifferential scattering cross sections for n- produc tion 
from both atomic and molecular spec ies govern the accelera
tion process for low-energy n- ions . 

Cross sections are available for the s tripping of n- in many gases in the energy region 3-50 keV and about 
300 keV , but the intermediate region needs to be f illed in . 
Of even more importance , the peak fraction of D 0 resulting 
from n- stripping needs to be measured . As the stripping 
gas density is increased from 1013 cm-3 to 1016 cm-3, the 
D 0 frac tion goes through a maximum and then decreases . 
These maxima need to be identif ied for gases such as H2 , 
He , N2 , 02 , Ne , Ar , and H20 in the energy region 0. 1-1 MeV . 

In attempts to des ign and predict the behavior of 
the next generation of plasma experiments , physic ists must 
understand the processes that result in trapping of the 
injected beam . If only hydrogen ions occur in the plasma , 
one can show that the injec ted neutrals will be trapped ap
proximately uniformly across the magnet ic field . However , 
with impurity ions of even moderate densities present at 
the plasma boundary , the incident neutral particles may be 
ionized locally , setting up an instability . This instability 
may occur in two ways : (a) by creating large pressure and 
elec tric field gradients at the plasma boundary; (b) by 
trapping at the plasma boundary , which may lead to increased 
charge-exchange loss . These particles will bombard the 
vacuum wall , giving more impurities , resulting in a cascade 
process that will prevent any heat ing from the inj ec ted beam . 
Charge-exchange cross sec tions for multiply charged atoms 
of 0 ,  C ,  Fe , Au , and W with H and H2 in the energy range 
5-200 keV are needed to understand these losses . 

PLASMA COOLING 

Atomic-physics proces ses in a hot fully ionized plasma con
tribute an important cooling mechanism that may ltmit the 
obtainable temperature in an operating thermonuclear plasma . 

Ideally , a thermonuclear plasma would consist of 
deuterons and tritons . However , in exist ing plasmas , impurity 
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ions and atoms are present in concentrat ions of up to s ev 
eral percent . I t  has been shown tha t u p  t o  40 percent o f  
the power loss i n  current plasma devices occurs through 
line rad iat ion from these impurit ies , wh ich have been es
t imated to be up to 40 t imes ionized . These impur it ies 
ar ise through part icle and pho ton bombardment of the sur
round ing surfaces and from charged -part icle bombardment o f  
the "limiter . "  The l imiter is a n  annular tungsten or 
molybdenum r ing placed at one point at the per iphery of 
the plasma , to prevent c irculat ing part icles from interac t
ing with the plasma vacuum container . Under fusion con
ditions , the temperature wi ll be su ffic iently high that 
these heavy impurit ies may be up to 70 t imes ionized . Thus, 
in the presence of heavy ions such as tungs ten , the power 
loss may be so great that the temperature neces sary for 
fus ion may not be ob tainable . 

Transit ions between atomic-energy levels in the 
reactor-type plasmas involve exc itat ion and ionizat ion by 
elec tron collisions and de-exc i tat ion and recomb inat ion 
through rad iative processes , which remove partic le energy 
from the plasma . The appropriate exc i tat ion and ionizat ion 
c ross sec t ions are known adequately only in a few espec ia l 
l y  s imple cases . Of part icular interest are the stronges t 
resonance transit ions of atoms str ipped to the L-shell (Fe, 
C r ,  as well as 0 and C )  and the M-shell ( for heav ier ele
ment s :  Mo , W ,  Au , etc . ) ,  for the inc ident energy range 
not far above the threshold energies ( i . e . ,  1-10 times 
threshold ) . 

The states of ionization that an atom ac tua lly reach
es in the plasma at a given temperature ,  density , and con
f inement t ime are important for both d iagno s t ic purposes and 
evaluat ion of rad iat ion cool ing processes . For example , a 
completely stripped atom rad iates much less e f f ic ient ly than 
one in hel ium-like or hydrogen-l ike exc ited states , and the 
latter in turn much less than an atom retaining more than 
two elec trons . Therefore , quant itat ive unders tand ing of the 
recombinat ion proc esses , which determine the state of ioni
zation , are of c r i t ical impor tanc e ,  especially for the 
heavier elements tha t are no t completely stripped anywhere 
in the plasma . The important recombina tion processes are 
(a) rad iat ive recomb ination , in which the inc ident elec tron 
reaches a bound state by emission of cont inuum bremsstrahlung 
( fol lowed in gene ral by rad iat ive cascad ing to the ground 
state of the ion) , and (b)  d ielec tronic rec omb ina t ion , in 
which an int ermed iat e  uns table d oubly exc ited state is sub
sequently stabilized by emiss ion of  two or more pho tons . 
Available estima tes show tha t the d ielec tronic recomb inat ion 
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is usually the dominant recomb inat ion process . Suf ficient ly 
quantitative informat ion on the recomb inat ion processes is 
almost  nonexistent for the impor tant heavier element s (Mo , 
W ,  Au , etc . ) . For the l ighter elements (Fe , Cr , 0 ,  C )  a 
cons iderable amount of work also remains to be done . Be
cause of  exper imental d i f f icul t ies ,  mos t  of this work will 
nec essar ily be  theoret ical . Thus any exper iment capable 
of  the rel iable measurement of high-temperature recombinat ion 
would be a part icularly valuable "bench mark" for theory . 

When a free elec t ron is accelerated and de flec t ed as 
it passes a pos itively charged par t icle , a photon is emitted . 
This proc ess is referred to as free-free brems s t rahlung and 
is an important process in plasma cooling . Brems strahlung 
losses due to heavy charged impurities will be very harmful . 
I f  a plasma is heated by wave interact ions such that the 
app l ied power is to the elec trons , the brems s trahlung loss 
can also be quite damaging . Experiment s  to measure brems
strahlung in the keV energy range are virtually impossible 
to  perform ;  ac cord ingly , rel iab le computat ional t echniques 
must be developed . Often the princ iples of  detai led balanc
ing can be employed to calculat e  equivalent cross sec t ions . 
For example , elaborate  c lose-coupling codes exist  f or the 
computat ion of photoionizat ion cross sec t ions , wh ich can , 
by detailed balance , be iden t i f ied with rad iat ive recom
binat ion cross sect ions . In general , one could safely 
assume that the majority o f  atomic data for highly ion ized 
element s will be generated by computat ion us ing rel iable 
codes , rather than by sys t emat ic experimental det erminat ions . 
As with recomb inat ion , experiment s are part icularly valuable 
when they can serve to check computa t ional me thods , s inc e 
a general problem in the calculat ion of atomic cross sec t ions 
is the lack of rel iable theore t ical e s t ima tes of computat ion
al error . 

It is generally bel ieved that the majority of atomic 
da ta for highly ionized elemen t s  will be produced by theoret
ical methods . Most  prominen t among them wi ll be techniques 
that use in one way or ano ther trends and regularit ie s  along 
isoelect ronic sequences . However , a general shortcoming of 
theoret ical data is that it is  diff icul t to  make an assess
ment of the ir accuracy . On the experimen tal s id e , work 
appears to  be quite feas ible in the areas of spec tral-l ine 
ident if icat ions and atomic-energy-level analysis s ince suit
able light sources are ava ilable , for  example , vacuum sparks , 
with which spec tra up to roughly 30 t imes ionized may be 
produced . For all other atomic quant i t ies , that is , radi
ative trans ition probab ili t ie s , exc itat ion cross sec tions , 
and collis iona l ra te coeffic ien ts , inc luding those for di
electronic recomb ina t ion , no suitable experimental sourc es 
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appear to be available much beyond the f i f t eenth s tage o f  
ioniza t ion . Mos t  promis ing for exper imental work (up t o  
these stages of  ionizat ion) i s  the theta-pinch; beam-foil 
spec troscopy also has good potent ial for determinat ions of 
selec ted oscillator s trengths from atomic l i f e t imes again 
up to about the f i f t eenth stage of  ionizat ion . Further 
headway on the experimental s ide can only be made if a 
really "high-energy , "  well-def ined plasma research fac i l i ty 
becomes available . 

D I AGNOST I CS 

The two previous sect ions were d irec ted toward understand ing 
the heat ing and cooling of a plasma . D iagnostic s  d eals 
with the experimental tools availab le to the plasma physicist 
in quantitatively determining plasma parameters , such as 
temperature , density , and local f ields , as well as the prop
ert ies o f  impurities present . A high degree of  sophis t ica
t ion has been achieved in certain areas of  plasma d iagno s t ics , 
such as the measurement of  spat ial electron temperature and 
d ens ity by means of Thomson scattering of laser beams (where in 
the wavelength of  the scat tered laser beams is altered by 
interac t ion with the swift-moving plasma electrons) . However , 
mos t  impor tant plasma parameters canno t yet be  determined 
with comparable accuracy . 

For measurement s  of  conc entrat ions of  heavy elements 
in controlled thermonuc lear fus ion plasmas , one mus t  know 
the energy levels , wavelengths , and trans i t ion probabilities 
of l ight elements , such as en+ and on+, as wel l  as of the 
heavier impur i t ies . Both resonant trans it ions , involving 
zero change in princ ipal quantum number n, and strong non
resonant t rans it ions with an � 0, are important . For 
example , two spec if ic problem areas of current interest are 
(a) resonance l ines of  the coppe r and z inc isoelec tronic 
sequence ,  with par t icular attent ion to tungsten and gold , 
to the upper end o f  the period ic table ; (b) atomic s truc ture 
of  the first  40 states of ionizat ion o f  W and Au for s imp l e  
elec tronic conf igurat ions that lead to  resonanc e l ine s . 

Heavy-ion-beam probes have been d eveloped in the past 
few years to measure spat ial plasma potential and dens it ies . 
In this method , a heavy ion beam with suf f ic ient momentum 
is proj ec ted acro ss the plasma . At some point in the plasma 
a frac t ion of the ions are converted to doubly charged ions 
by elec tron or o ther types of  ionizat ion collisions . An 
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elec trostat ic analyzer placed external to the plasma can 
measure the change in par t icle energy of the doubly ionized 
component of the ion beam . The change in energy is pro
port ional to the space potent ial at the po int of ionizat ion. 
The analyzer detec tor currents are proport ional to the 
plasma dens ity . The se determinat ions can be made quant ita
t ive if  the electron and deuteron ionizat ion cross sect ions 
are known for singly charged ions of Li , Rb , K, and Ba . 
This informat ion is needed in the energy range 0 . 05 to 1 MeV . 

One technique useful for ion tempera ture measurement s  
b y  Doppler broadening is  to inj ec t a n  impur ity atom suc h a s  
He , Ne , o r  Ar . The exc i tat ion of triplet states i n  He- l ike 
conf igurat ions and subsequent rad iat ive decay is being used 
for high-temperature plasmas . A further and very at tract ive 
poss ibil ity is to use "forbidden" trans it ions , that is , 
magnet ic dipole or elec tric quadrupole trans i t ions , in 
var ious h ighly ionized heavier elements , part icularly Fe , 
Cr , Kr , Mo , Xe , and perhaps W and Au . 

Two addit ional techniques being developed us ing 
atomic physics to determine plasma paramet ers should be 
ment ioned . In one , a lithium beam is proj ec ted across a 
toro idal plasma . An electron collis ion excites the atom ,  
which rad iates . By measur ing the d irec t ion of polarizat ion 
of this rad iat ion , the magnet ic -f ield d irec t ion at the po int 
of ionizat ion can be determined . By unfold ing the magnet ic
f ield d irect ion , the plasma heat ing current d istr ibut ion 
can be det ermined . Current d istribut ions are important in 
theoret ical calculat ions in Tokamak s tab ility , and stud ie s  
ind icate that  with fus ion-type reactors the large heat ing 
currents will flow along the plasma skin lead ing to an 
unstable conf igurat ion . It  i s  poss ible to conc eive of even 
more sophist icated neutral beam probes for highly localized 
inves t igations o f  plasma proper t ies . 

0Present laser scatter ing involves short-wavelengt h  
(8000 A) lasers i n  which the sca t t ered spec trum provides 
informat ion about the elec tron t emperature and density . 
For long-wavelengths ( 300-500 �m) , the scattered spectrum 
ar ises princ ipally from ions , and ion temperatures can be 
determined in this manner . Several laborator ies are pump
ing CH3F gas wi th C02 lasers to obtain coherent rad iat ion 
at 496 �m . Rad iat ion at this wavelength is also useful 
as a microwave interferometer and has poss ible use through 
photon echo techniques to s tudy trapped elec tron lifet imes . 

The Nat ional Bureau of S tandards (NBS ) i s  working to 
c lose the gap in rad iome tric standard s that has existed in 
the 8-200 � spectral reg ion . Transfer standard de tec tors 
are now available covering the x-ray region and in the far 
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0 
uv down to 50 A ,  where they can be overlapped with a new 
extension of  the NBS x-ray transfer standard detec tors . 
These standard detectors wil l  al low the cal ibrat ion o f  
diagnostic instruments at  the ind ividual CTR laboratories . 
However , such a calibra t ion requires tha t  the d iagno s t ic 
groups themselves determine the transmission of  their 
spec trometers in order to complete the overall cal ibration 
o f  the diagnostic tool . 

A second approach , which would obviate the need for a 
transmiss ion measuremen t ,  is t o  develop a standard source for 
this cal ibrat ion . The only uv trans fer s tandard source now 
being developed at NBS is the wall-� tabil ized argon arc 
for the spec tral region above 1200 A. The state of present 
technology suggests tha t  the bes t approach for a s tandard 
source at shorter wavelengths is to develop a cal ibrat ion 
fac ility utilizing the Synchrotron Ultraviolet Rad iat ion 
Fac ility ( SURF-II ) at NBS .  At this facility the capab ility 
exists to provid e a port where a d iagnos t ic ins trument can 
be plac ed for calibrat ion . The spectral content and ab
solute intens ity of the cont inuum rad iat ion falling on this 
ins trument can be determined to better thAn 10 percent 
throughout the spec trum down to about 50 A. 

This discussion has only presented some spec ific il
lus trat ions of  the role of atomic and molecular science in 
CTR research . A more detailed and quant itative descript ion 
of spec ific areas where research is  needed , together with 
recommendat ions for manpower and cost allocat ions , is 
contained in a number of o ther reports ,  but mos t  part icularly 
in the Report of the Study Group on Atomic , Molecular , and 
Nuclear Da ta Need s for CTR ( Sec t ion 5 ,  Part 6 of The 1974 
Review of the Resea:I'ah Proogroam of the Division of CTR, 
ERDA-39 , 1975) . 

In this sec t ion we have conc entrated primarily on 
atomic and molecular sc ience related to magnet ic conf ine
ment . We have not d iscussed similar aspec t s  related to 
e-beam and laser fus ion . These areas are relat ively new , 
and much of the effort to date has gone into development 
of more powerful irradiat ion sourc es , that is , high-energy 
pulsed laser and elec tron beams , and techno logy rela ted to 
pellet development , pulse shaping , plasma modeling , and the 
l ike . As these f ields mature , more a t t ent ion wil l  be paid 
to atomic processes that occur in the implod ing pellet . It 
appears likely that problems similar to those encount ered 
in "convent ional" fus ion devices wil l  be experienced , as 
one learns more about these intriguing devices . In fac t , 
past exper ience in conf inement plasmas should serve as a 
warning tha t the present data base for atomic processes 
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that are important to implos ion fus ion d evices is likely 
to be inadequate . 

We have also not d iscussed the extremely important 
surface-physics aspec ts  of conf inement sys t ems . Surface 
phenomena that play important roles in exist ing devices 
inc lude sputtering , desorpt ion , absorpt ion , and secondary 
emiss ion . Other important surface effec t s  include reac t ions 
of  gaseous cons t ituents ,  par t icularly atomic hydrogen , with 
insulators , surface reflect ion characteris t ic s  to synchro
tron radiat ion , and neutron sputtering and damage . 

In summary , one can conc lude that atomic physics 
plays a dominant role in the plasma scien t is t ' s  ques t for 
thermonuc lear power.  Only through the solut ion of some of 
the problems l isted in the preced ing pages can one offer the 
hope that the temperature and conf inement criteria demanded 
of fus ion plasmas will be me t . 
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3 FISSION 

Of all the technologies present ly used in the genera t ion 
of s ignificant amount s of electrical energy , fis sion is 
the only one to emerge as a result  of twent ieth-c entury 
sc ienc e applied on a mass ive scale . Almost  all of the 
s teps involved in the techno logy , from the introduct ion 
of a new and useful fuel to the d isposal of i t s  waste  pro 
duc t s ,  have requ ired the generat ion and exp lo i tat ion of 
conc ep t s  that d id not exist 50 years ago . Moreover , be
cause the industry resul ted from the d evelopment of  nuc lear 
weapons , and because of  the lack of widespread knowledge 
of the potent ial dangers of radioac t ive materials, the 
deve lopment of nuc lear power technology in all its aspec t s  
has been closely controlled and managed by single govern
ment agenc ies in the United States and elsewhere in the 
world . This situat ion is unique in the his tory o f  tech
nology . For example , environmental impac t respons ibilit ies  
have had to be fac ed prior to , rather than after , the de 
faato ex istenc e of a mass ive industry , and the agenc ies 
involved have had as an important part of their miss ion the 
respons ib ility for determining the effec ts  of rad iat ion 
not only on materials but on l iving syst ems . 

C learly , there is a grea t deal more involved in 
nuc lear reac tors than nuc lear reac t ions . With this in mind , 
let us br iefly view f iss ion technology as seen by an atomi c  
physic i s t . I f  we dispense with prospec t ing , mining , and 
metallurgy , we come first  on the problem of iso tope enri ch
ment , an area almo s t  exc lus ively in the domain of atomic 
collision physic s .  Then , g iven the proper isotopic rat i o , 
we proc eed to fabricat e the fuel , reac tors , and the like 
and to arrange things so that  the requisite  number of neu 
trons cause the requisite number of f i s s ion event s .  Fol
lowing the nuc lear fiss ion event , we  are  deal ing with 
energe t ic heavy ions ( fission fragmen t s ) , neutrons , he lium 
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ions, electrons, and photons, which undergo a series of 
complex collision processes giving rise ultimately to the 
heat used in power generation and to radiation damage. 
Similarly , the underlying science of the interaction of 
radiation from radioactive wastes with living systems and 
materials is properly in the area of atomic collision 
physics . 

I SOTOPE SEPARAT I ON 

The primary market for isotopic enrichment processes has 
been, of course, for the preparation of uranium fuels . Al
though �3 percent enriched material is generally used in 
most present reactors , higher enrichments may be desirable 
in high-temperature gas-cooled reactors, and , if ef ficient 
methods can be developed , isotopic cleanup may be desirable 
in future reactors fueled from plutonium breeders . Other 
possible applications exist in the treatment of radioactive 
wastes to reduce the storage capacity required . 

Historically , the first method used for separation 
of uranium isotopes on a practical scale was the electro
magnetic process , which relied heavily on atomic physics 
and gaseous electronics. This was later replaced by the 
more economic gaseous dif fusion process . In this regard 
it should be realized that the efficiency of the gaseous 
diffusion process in terms of actual energy consumption , 
relative to the thermodynamic value necessary for obtain
ing 3 percent enriched material from the 0.7 percent natu
rally abundant material, is only 10-8 (that is , the ratio 
of the heat of mixing to the electric energy expended) . 
The energy used in isotope separation corresponds to about 
3 percent of the energy ultimately obtained from nuclear 
reaction using enriched uranium fuel, but in a nuclear
power-based economy this constitutes considerable energy 
consumption. The gas centrifuge method improves this power 
utilization figure by a factor of >10, but there is clearly 
still much room for improvement. The latter two methods 
and the aerodynamic jet approach utilize information on gas 
transport properties supplied by collision physics. 

New techniques using laser excitation are currently 
under intensive investigation and require considerable and 
detailed input from collision physics . These methods gen
erally rely on selective excitation of either the desired 
element in atomic or molecular form, followed by photoioni
zation, or reaction of the excited particle. 
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Using atomic species , the  f irst  step invo lves isoto
pically selec t ive elec tronic exc itat ion 

X + hv -+ X* ( la )  

followed either b y  single or mul t iple pho ton excitat ion t o  
ionizat ion 

X* + hv' -+ x+ + e .  ( lb )  

Alternat ively , associat ive ionizat ion o f  the excit ed s t a t e  
atoms w i t h  a neutral atom o r  molecule R, 

X* + R-+ XW + e ( l c )  

o r  b y  chemical reac t ion 

X* + RY -+ XR + Y, (ld) 

might be pos s ible . 
For processes (lb)  and ( l c )  the separat ion is s imp ly 

accomplished by deflection in an electric field and col
lec t ion on a surface . The photoionization process, (lb) , 
has been invest igated by a group at the Lawrence Livermore 
Laboratory , 1 which has demonstrated macrosepartion of uran
ium iso topes . 2 

Process (ld) , and perhaps (la) as well , requires that 
the exc ited s tate  undergo chemically reactive collis ions 
while the ground s ta t e  atom is nonreactive. This type of 
selective reactivity has been amply demonstrated, and an 
iso topic separat ion process based on this principle has been 
d emon s t rated in t he case of mercury. The reaction is 
Hg(63P1) + H20-+ HgO + H2, which is sensitive to the hydro
gen iso topes involved . 

Selective laser excitation of molecular species offers 
o ther pos s ib i l i t ies for isotope separation schemes. Here 
the f ir s t  s t ep would be excitation either to higher vibra
t ional or electronic levels 

XY + hv -+ XYn * 

followed by photodissociation 

XY * + hv' � XY
( ) + Y n n - m m 

(2a) 

(2b) 
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or by chemical reaction 

XY * + Z .. XY + ZY 
n (n - m) m 

or by chemi- ionization 

XY * + Z .. XY - + z+ . 
n n 

( 2c) 

( 2d) 

An interesting examp le of processes ( 2a) and ( 2b)  has 
been demonstrated recently in the Soviet Union 3 and at Los 
Alamos. 4 SF6 is selectively photodissociated into SF s  + F 
under irradiation by the P-20 line of a C02 laser, which 
vibrationally excites the 3 2 sF 6  molecule (the resultant 
fluorine is scavenged by H

2
, which is added to the system ) . 

An interesting point here is that no other radiation source 
was used and multiphoton processes must be involved in the 
dissociation process . Although the exact mechani sm has 
not been determined, it is known that the separation is 
sensitive to laser pulse intensity and duration . 

Similar schemes for uranium isotope separation utiliz
ing UF6 are under investigation . However, the absorption 
spectrum of UF6 vapor at room temperature is too complex 
to allow selective isotopic exc itation. A Los Alamos group 
has recently disclosed that the internal temperature of UF6 
can be reduced to � 50K through nozzle expansion and that 
the resultant reduction in spectral complexity allows 
resolution of 2 3 5u and 2 38u components. 

Clearly, numerous other schemes of the type described 
above could be devised, but all of these approaches need 
detailed information not onl y  on the primary collision pro
cesses involved but also on those collision processes that 
could interfere with the separation. Excitation transfer 
from selectively excited states (la) and ( 2a) to other 
isotopic species could be troublesome . Charge transfer 
prior to product collection in step (lb)  or ( 2d) could de
crease product selectivity. Chemical exchange reactions 
can reduce yields for processes such as (ld) , ( 2b) , and 
( 2c) . 

The use of any of these processes on a commercial 
scale will require the development of high-ef ficiency, 
high-power lasers in the desired frequency range. This 
development also requires input from atomic and molecular 
science (see Chapter 5 ) . Although the economic feasibility 
of any of these methods has yet to be demonstrated, none 
of these possibilities would exist without a strong founda
tion of knowledge in basic collision physics and chemistry. 
The opportun ities for collision physics to contribute in 
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these areas are broad and the possible payof fs are large, 
both in devising new reactions and in foreseeing contam
ination processes . 

ATOM I C  COLL I S I ONS I N  SOLI DS : STOPP I NG POWER AND RAD I AT I ON 
DAMAGE 

Radiation damage following a nuclear fission event is caused 
principally by the collisions of fast heavy ions in solids . 
The heavy ions in question are either fission fragments, 
which range in energy up to - 0 . 5 MeV/nucleon and are local
ized in the fuel region, or they arise from knock-on col
lisions of fast neutrons, which leave the fuel and collide 
in the containment material . These knock-ons can range in 
energy from 10 to 100 keV. In this latter regard the prob
lem is similar in nuclear fusion reactors (CTR) , where large 
fast-neutron fluxes will exist . In addition, the 14-MeV 
D-T neutrons can create knock-ons with energies up to - 500 
keV . 

Numerous experiments designed to simulate the effects 
of the enormous neutron fluxes that will be obtained in 
fast breeder reactors (and CTR reactors) are being carried 
out using accelerated heavy-ion beams. For example, 6-MeV 
Ni ions are injected into stainless steel, and in the region 
below. the surface where they have slowed to -0. 5  MeV they 
simulate the effects caused by knock-on collisions of 1 4-MeV 
neutrons with Ni atoms. The initial high energy is neces
sary to penetrate below the surface region, where other 
effects may interfere . If accurate simulation can be 
achieved, the time scale for materials testing can be de
creased by orders of magnitude. This, however, requires 
an understanding of the stopping over the entire range . 

The processes attending the slowing of these ions 
in all cases are properly in the domain of atomic collision 
physics . The ions lose energy by inelastic loss caused by 
ionization and excitation of the electrons on the target 
atom and projectile ion (electronic stopping) and by "nuclear 
stopping, " that is, elastic loss to the target atoms . At 
low velocities, elastic scattering causes collision cascades 
in the host and ends in an aggregate of poin t defects 
("nascent "  damage state) .  For the entire slowing-down pro
cess, the time scale is - lo- 1 3 - l o - 1 2  sec. Following this, 
the processes of solid-state physics are dominant (diffusion, 
nucleation, precipitation, void formation, for example) .  
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The t ime scale here can be quite large . In metals , the 
nascent damage state is produced ent irely by the atomic 
d isplacement , but in insulators and possibly in semicon
duc tors , elec tron exc itat ion can also lead to damage . For 
a detailed unders tanding of  the elast ic scat tering cascade , 
a knowledge of the relevant interatomic scatter ing potent:f.al s  
i s  needed . 

For the elec tronic stopping , a knowledge of  inelas t ic 
event s  suf fered by fast heavy ions is vital to understanding . 
The elec tronic s topping power (energy loss per atomic col
lis ion) initially rises with veloc ity , tops out , and then 
decreases . Most  of the ions we are deal ing with here have 
init ial veloc it ies in the lower region , where the stopping 
power curve is ris ing with veloc ity . This region has been 
handled theoret ically by Lindhard e t  a Z . 5 in terms of elec
tron gas interact ions and by Firsov6 in terms of  charge 
exchange . Bo th lead to a linear dependence on veloc ity 
(S = kv) and to a monotonic dependenc e on the atomic number 
of the p roj ec t ile in a given target . Both theories have 
been extremely valuable , but they were formulated before 
the recent burst  of activity in heavy-ion collision physics 
and before the advent of "channel ing" as a tool for under
stand ing the mot ion of ions in sol ids . 7 

The s tudy o f  atomic collisions in solids has been 
great ly aided by d iscovery and appl icat ion of the channel
ing phenomenon . Channeling occurs when an ion enters a 
crys tall ine solid at a small angle with respec t to atomic 
rows or planes . It undergoes a set of correlated small
angle scat tering events with the c losely spaced atoms , which 
tends to steer the ion ' s  traj ectory away from close colli
s ions with a lat t ice atom . The potential that controls the 
mot ion of the ion can be viewed as a cont inuum potent ial made 
up of  an orderly sum of  the ind ividual ion-atom potentials .  
Under these condit ions , the ion is said to be "channeled" 
and , und er eas ily achieved experimental cond it ions , more 
than 90 percent of ions entering a crystal can be channeled . 

Ion-beam channel ing exper iments have helped to clarify 
the separate contribut ions of nuc lear s topping and elec t ronic 
stopping and to determine the effec t s  of long-range and short
range elec t ronic excitat ion . 

For example , resul ts obtained in the last f ew years 
have shown that the stopping powers are no t monotonic with 
Z ,  the ionic charge , and that for heavy ions there is no 
truly l inear region in the velocity dependenc e o f  stopp ing 
power . Period ic oscilla t ions in the Z dependence of the 
elec tronic stopping (especially in large impac t parameter 
collisions ) have been shown to be related t o  elec tron mo-
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mentum transfer minima encountered in the Ramsauer-Townsend 
effec t . The nonlinearity of the velocity dependence may 
be related to an imperfect knowledge of the state of the 
ion as it pene trates the solid . 

Inner-shell ionizat ion caused by quas i-molecular 
elec tron promotion has been shown in numerous recent ex
periments to give rise to appreciable steady-state con
centrations o f  inner-shell vacancies in ions penetrating 
condensed media . Similarly, inner-shell excitation o f  the 
target atoms by this process will contribute to the stop
ping and damage process in ways that have heretofore not 
been considered . Continuing investigations of charge
changing collisions in solids ; comparison of x-ray yields 
and energies ; and inner-shell processes in solid and gas
eous med ia , such as charge-state dependence of Coulomb 
excitation and exit channel effects in quasi-molecular or
bital promotion , will be required for a complete understand
ing of the atomic processes . There remains the application 
of this knowledge to the e f fects of radiation on materials . 

HEALTH PHYS I CS 

The implementation of any technology demands a responsibility 
for the possible environmental effects on the personnel em
ployed in the industry and the general population. In fis
sion technology, these requirements are a considerable part 
of the capital and operating cost ; and here atomic and mo
lecular science plays an important role in the understanding 
of biological ef fects and in establishing a reliable dosimetry 
system . 

The principal ef fects of ionizing radiation on living 
systems occur through the action of electrons generated 
along the track . Thus the consequences of many aspects of 
electron-molecule collisions are directly relevant. Funda
mental studies of electron-induced dissociation, ion-molecule 
reactions, recombination reactions, intermolecular and intra
molecular energy transfer are  required as a base for the 
physical modeling of biological processes. 

Ultimately the electrons are stopped and attach to 
form negative ions. Here electron attachment cross sections 
and molecular electron affinities are of importance. An 
example of the utility of this information is in the ob
servation of a correlation of molecular electron af finity 
with carcinogenicity of certain classes of molecules . 
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Experimental stud ies on systems of complexity inter
mediate between single scattering and l iving sys tems are 
also required to establish s imilitude of s imple systems 
used in dosimetry to b iological systems . These s tud ies , 
called 1 1Energy Pathways , 1 1 are used to es tablish f inal d is
posal o f  the energy in a dense system .  S tudies usually 
involve the measurement of  the total degree of  ionizat ion 
rad iat ion emanat ing from an irrad iated dense gas mixture . 
In such dense systems , ionizat ion occurs not only by d irec t 
processes but also by transf er o f  electronic exc itat ion 
from atoms of high ionizat ion potential to more easily 
ionized spec ies . This s tored energy can come f rom meta
stable states (Penning ionization) as in less-dense med ia 
or from resonant s tates , which are populated in more dense 
med ia as a result of trapping of  resonance rad iat ion . The 
sum of these processes (Jesse effec t )  often enters s trongly 
into the total ionization effec t .  An add it ional high
dens ity feature is the forma t ion of exc ited-s tate atomic 
or molecular adducts ( 1 1eximers 1 1 ) , which themselves emit  
relaxat ion rad iat ion . Recent ly , t ime-dependent s tud ies 
with pul sed rad iat ion sources have added much informat ion 
abou t the role of eximers in energy disposal processes . 
Interes t ingly , the same methods yield informat ion on the 
mechanisms of e-pumped lasers , which may f ind use in future 
isotope separat ion schemes . 
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4 FOSS I L  FUELS 

The extrac t ion of energy from fossil fuels by combust ion 
is perhaps the oldest indus t r ial process . Under ord inary 
cond it ions the process is a cont inuous one . The fuel is 
burned essent ially to comple t ion , and the heat is extrac ted 
and converted reasonably effect ively to useful work or to  
the genera t ion of elec tric power , all without the necessity 
for examining in detail the kine t ics and energy-t ransfer 
processes involved in the exceed ingly compl icated chemis try 
of mos t foss il-fuel combust ion sy stems . This is possible 
because in mos t  cases , espec ial ly for high- temperature com
bus t ion , the ra te processes are so fast tha t  the control
l ing t ime intervals do no t d epend on them but on such 
charac teris t ics as gas f low ,  thermal conduc t ion , and o ther 
phys ical proper t ies of  the burning gas . Some reac t ion rates 
and energy-transfer processes are , however , important in 
connec t ion with some of the spent produc t s  of combu s t ion , 
for the amount , therefore the environmental effec t s ,  of  
these can be s trongly dependent on the kine t ics of  their 
produc t ion . For standard combus t ion processes , therefore , 
the effort o f  atomic , molecular , and chemical kine t ic s c i
enc e will probably be d irec t ed largely toward the e f f luent 
gases , the ir compos i t ion and control (e . g . , the format ion 
of NOx in combus t ion) , and the ins t rumentat ion connnec t ed 
therewith . 

For spec ial ized methods of  combus t ion , such as the 
int ernal combust ion engine , or for ex trac t ing energy under 
exc ept ional cond it ions , such as in MHD power sourc es , the 
influenc e of  reac t ion rates and energy-transfer processes 
may be ent irely d i f ferent . For the c onvent ional int ernal 
combust ion engine , for ins tance , smoo thness of burning 
dur ing the cycle is of grea t impor tanc e and imposes s t r in
gent c ond i t ions on the quality of  fuel , mixture rat io , and 
the l ike . When these are combined with other requirement s ,  
such as e f f ic iency o f  fuel u t il ization and l imitat ions on 
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environmental pollut ion , the requirement s  for optimum per
formanc e become exceed ingly severe , and the challenge to 
seek new solut ions by novel techniques becomes correspond
ingly high . 

All pract ical combus t ion systems share the feature 
that  the s tored chemical energy is f irst released as heat , 
and useful work is ext racted by the use o f  some device 
such as a pis ton or turbine engine or an MHD generator . 
From general thermodynamic considerat ions , the eff ic iency 
of convers ion of such devices of the original chemical 
energy cannot exceed ( 1 - Tz/T ) , where Tz and Tu are the 
lower and upper temperatures o¥ the cycle . Much could be 
gained if conversion of chemical to electrical (or mechan
ical) energy could be achieved d irec t ly , without inter
vent ion of an intermed iary d evice . The existence of elec
trical batteries , and the b iological conversion of  the 
energy in sugars to mechanical (muscular) work or to elec
trical discharges (viz . the eel) or to visible rad iat ion 
show that  such convers ion is somet imes possible . One of 
the mos t  interest ing areas of basic research in energy
related atomic and molecular sc ience is this "d irec t con
vers ion" problem . In this chapter , however , we wil l  d is
cuss only heat-related primary energy sources and conversion 
devices . 

COMBUSTION 

As we intensify our search for alternat ive energy sources ,  
we must  nevertheless recognize that the combust ion o f  fossil 
fuels (oil., coal , and natural gas )  probably will cont inue 
to supply the bulk of  our energy needs for the next 25 years . 
At present , only about 3 percent  of  our pr imary energy 
sources in the United S tates are not attributable to fossil 
fuels ! Even us ing optimist ic pred ict ions o f  the future 
contribut ions from all other sources , as much as 80 percent 
of our energy need s in 1990 will probably still  come from 
fossil fuel s . A general discussion of  basic combust ion 
processes , inc lud ing such considera t ions as theoretical ef
ficiency , portable energy sources , details of  the combus
t ion process , d iagnost ics , and conservat ion problems , is 
contained in the recent pub l ication of  the American Ins t i
tute of Physics , Efficient Uses of Ene�gy . 1 Commer ical oil 
and coal furnaces are relat ively "ef f ic ient" devices , in 
the sense that they do release mos t  of the available energy 
in the fuel , although the convers ion to useful heat , which 
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is governed by thermodynamic cons iderat ions , is not done 
ef f iciently in convent ional heat-exchange furnaces . Con
vers ion e f f iciency of coal gasif iers and of  elec trical 
power generat ion , via combust ion , is even less eff icient 
(50- 7 0  percent and 30-40 percen t , respec t ively) . 

The pr imary foreseeable improvement in coal combus
t ion technology appears t o  be the fluidized bed burner , 
whose development will probably proceed without much help 
from the atomic and molecular community . Nevertheless , a 
bet ter understanding of  the atomic and molecular processes 
tha t  occur during combust ion could lead to improved d irect 
combust ion performance .  One method o f  accomplishing this 
is by the use of  sens ing d iagnostics t o  control mixing and 
o ther combu s t ion parameters . Elec trically a ided combus tion 
also appears to offer intere s t ing poss ibilit ies . Such 
relat ively sophis t icated "on-line" combus t ion control can 
only be developed from a fundamental unders tand ing of basic 
combus t ion processes , including the roles played by free 
rad icals and exc ited s tates . 

General rules f or reac t ivity energy distribut ions and 
collisional energy transfer are j us t  beginning to be devel
oped . Many aspec t s  of gas-phase reac t ions , such as int er
molecular energy t ransfer ,  ion-forming and neutralizat ion 
processes , associative detachment , and low-energy ion
molecule react ions have become far bet t er understood in 
rec ent years than was previously the case . To a large 
measure , these aspec t s  of collision physics were success
fully a t tacked using such atomic-phys ic s experimental t ech
niques as af t erglow measurement s  and crossed-beam technology . 
Now all of these processes must  be s tud ied in selec ted 
exc ited states ; for this purpose , for tunately , the tunable 
laser has b ecome an ind ispensable tool . Such s tud ies are 
necessary if  one is to establish a f irm basis f or a general
theory gas-phase chemical reac t ivity , which governs combus
t ion processes . This might be described as the basic long'
t erm goal of combust ion chemistry . 

In the shorter term , sophist icated method s such as 
· crossed-molecular-beam experiments and laser f luorescence , 

which have been successfully used to study s imple molecular 
systems (e . g . , alkali atom and halogen atom reactions)  mus t 
be applied to the more complex reac t ions involved in the 
combust ion process .  In this borderline area between atomic 
and molecular physics and phys ical chemistry it  should be 
noted that many of  the ac t ive workers in this f ield have 
been , and cont inue t o  be , trained in atomic and molecular 
science , and many of the techniques involved der ive from 
this discip l ine . 
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Wall reac t ions , which deact ivate molecules and 
which can contribute to chain-breaking by the removal of  
free rad icals , can likewise be profitably studied us ing 
molecular-beam techniques . 

In general , basic combus t ion experiment s  are con
cerned with f lame compos i t ion and pollutant emiss ions and 
involve the s tudy of temperatures , f low field s , and inter
actions with surfaces and the ambient environment ,  in 
add it ion to the reactant spec ies themselves .  Studying 
these in situ is no t a s imple matter ,  and t echniques devel
oped in atomic and molecular science , includ ing opt ical 
and mass spec trometers and laser scattering and fluorescence , 
have yet to reach their full effect iveness as d iagno s t ic 
tools , although in princ iple they permit spatially and 
temporally resolved measurement s  of combustion temperature , 
compos i t ion , electron and ion densit ies , and the l ike . 

In add i t ion , fundamental atomic and molecular data 
such as molecular cons tants , transition probabilit ies , l if e
t imes , collision cross sections , diffus ion coeffic ient s ,  
and o ther transport parameters mus t  be employed in any 
combust ion model s . Often uncertainty in knowledge of such 
basic parameters can lead to large errors in the calculat ion 
of combus t ion react ions . Matters relat ing to instrumenta
t ion and data accumulat ion and evaluat ion are d iscussed in 
more detail in Appendixes A and B .  

Atomic and molecular sc ience plays a basic role in 
problems relating to combus tion-generated pollut ion and 
magnetohydrodynamic (MHO ) power generat ion . For both of  
these ,  a greater understand ing of basic atomic and molecular 
phenomena than currently exis t s  is required to make s ignifi
can t  progress .  For example , in the combust ion of fo ssil 
fuels one encounters the unpleasant genera t ion o f  S02 , S0 3 , 
NO , and N02 . The following sulfur- and nitrogen-bearing 
intermediate radicals have been identified : 

S ,  S2 , SH , SO , C S 
N ,  NH ,  NH2 ,  NH3 , HCN , CN 

These species are trace cons t ituents whose format ion and 
subsequent react ions occur in a bath o f  the following 
spec ies , which have been identified as intermed iates in 
the combus tion of the main body of the fuel : 

0 ,  02 , OH , H02 , H , H2 
C ,  C 2 , CH , CH2 , CH 3 , C 2H2 , C 2H4 , C 2H6 
CHO ,  CH20 
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The above lists are obviously only a partial descrip t ion 
of the makeup of a coal or oil f lame .  

Perhaps the most  inadequately unders tood aspec t o f  
combustion at present concerns the role of  excited states , 
other than in their contribut ions to rad iat ive output s .  I t  
i s  l ikely that exc ited spec ies p lay important roles i n  bo th 
energy-release and pollutant-formation chemistry ,  yet ex
perimental studies of  exc ited-state react ions are only in 
their infancy . For such s tudies , laser-induced f luorescence 
has become a powerful analytic tool . Conversely , fruitful 
exploitation of  f luorescent analytic t echniques requires 
a knowledge of exc ited-s tate-spec ies energies , lifetimes , 
quenching , and react ion cross sec t ions , along with absorp
t ion cross sect ions of  the ground states . Laser-induced 
f luorescence can also be useful for the determinat ion of  
the spatial d istribution of temperature in flames , by  moni
toring the rotational dis tribu t ion of some native or added 
d iatomic molecule along the beam axis . For many of the 
spec ies lis ted above , there is l i t t le documentation of  
exc ited-state properties . For some o f  them , even the ground 
states have not been fully characterized . 

The s ingle-mode tunable dye laser is also now being 
used to prepare atomic and molecular systems into spec ific 
excited s tates in c rossed-beam experiment s , for prec ision 
cross-sec tion measurement s . Experiments  of this kind will 
doubtless p lay the role in exc ited-s tate collision physics 
that has been p layed by analogous experiment s  on ground 
s tates during the past decade . 

More generally , the combust ion proces s itself will 
cont inue to be employed under selec ted experimental con
d it ions to measure mos t  of the important molecular constan t s , 
reaction rates , and o ther parameters required for a bet ter 
unders tanding of  combus t ion sys tems , for these usually are 
not accessible by means of s traight forward beam experiments . 
Phenomena such as ion-molecule react ion rates , recombinat ion 
rates , and resonant and nonresonant energy transfer are 
among such processes . 

In Figure 2 ,  abstracted from Reference 1 ,  we illus
trate the areas of bas ic physic s  and chemis try that con
tribute signif icantly to the combus t ion process and ind icate 
those spec ific areas that relate to atomic and molecular 
science . In the following subsec t ions , we d iscuss atomic 
and molecular sc ience aspec ts of combustion-related catal
ysis , MHO ,  and d irec t  thermionic conversion . Although 
these also contain certain aspec ts tha t  are relevant to 
o ther energy sources , they are part icularly important at 
present in connect ion with foss il-fuel combust ion probl ems . 
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Role of Fundamental Physics and Chemi stry 
in Combusti on 

Kinetic theory 
transport processes (A and M)  
chemical equilibrium (A and M )  

Equation o f  state (A and M)  
Chemical thermodynamics 
Stati stical mechanics 
Chemi cal kinetics (A and M )  
Nonequilibrium kinetic theory (A and M)  
Radiative transfer (A and M)  
Thermochemical data (A and M)  
Collisi on data (A and M )  
Spectroscopic data (A and M)  
Turbulence, microscale processes 

FIGURE 2 Important areas where fundamental physics and 
chemistry relate to the combustion process . These are 
all used to generate appropriate collective combustion 
models and various conservat ion equation statements , as 
well as in the establishment of appropriate boundary con
dit ions . Atomic and molecular areas are identified by 
A and M .  (From a complete combustion "flow chart , " see 
Reference 1 ,  p .  164 . )  

CATALYSIS 

Present methods used for coal hydrogenat ion (liquefact ion 
and gas ification) , petroleum refining , and automobile ex
haust treatment all use heterogeneous catalysis (liquid
solid , gas-solid )  as an integral part of the process . Yet 
the design of catalytic process systems is still largely 
semiemp irical , lacking in fundamental unders tanding that 
could result in important improvements in prac t ical cata
lytic reactors . Atomic and molecular aspects involved 
here include the processes of surface adsorpt ion and de
sorption , elastic and inelas t ic molecule-surface inter
actions , and , most importantly , the vast array of atomic 
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and molecular experimental techniques now being used to 
study surface phenomena . These include : 

Low-energy ion backscattering (LIBS) 
Secondary ion mass spectroscopy (SIMS) 
Auger elec tron spec troscopy 
Elec tron spectroscopy for chemical analysis (ESCA) 
Auger electron appearance potential spec troscopy 

(AEPS ) 
Charac teristic energy-loss spectroscopy (CES ) 
Soft x-ray appearance potential spectroscopy (SXAPS ) 
Low-energy electron diffraction (LEED ) 
Elec tron-stimulated desorption (ESD ) 
Photon emission (characteristic radiation) from ion

bombarded surfaces 
Interaction of atomic and molecular beams with 

surfaces 

With one , or a combination of several , of  these 
methods ,  the surface compos ition and structure of  the sub
strate and the bend ing vibrat ion and stretching of the ad
sorbed molecule can be studied . At present , there are 
many uncertaint ies in these methods ,  which can be clarif ied 
by further atomic and molecular science research . Two such 
examples are the charge-capture cross sections of gas atoms 
rebound ing from a single collision with a surface atom (LIBS ) 
and the mechanism of exc itat ion responsible for the photon 
emiss ion from sputtered atoms . 

Molecular-beam experiments on surface reflec t ion 
have already contributed signif icantly to an understanding 
of energy exchange and desorpt ion , and beginnings have been 
made us ing beam techniques for the study of catalyt ic re
act ions . Modulated molecular-beam experiment s are unique 
in their capability for measur ing time-dependent surface 
phenomena . A coupling of  the sophisticated molecular-beam 
techniques available to atomic and molecular scienc e to 
practical systems is now ripe for development . 

DIRECT-CONVERSION MAGNETOHYDRODYNAMICS 

The thermodynamic efficiency of present stationary power 
plant s based on steam as a working fluid is limited by the 
prac tical upper limit on the steam temperature . This is 
dictated by the maximum working pressure and temperature 
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limits on heat-exchange tubes . One solut ion t o  higher 
temperature operat ion with consequent gain in thermodynamic 
efficiency in product ion of electric ity is d irect convers ion 
of heat energy through magnetohydrodynamic (MHD) generators . 

MHD generators also represent a promising method for 
d irect convers ion in nuclear reactor systems . For use in 
combustion , "open-cycle" magnetogasdynamic (MGD ) generators 
are usually employed , for which the combus t ion reac tant s 
are direc tly used in the MHD syst em .  For use in nuclear 
fiss ion or fus ion reac tors , and other noncombus tion MHD 
generators , "closed-cycle" sys tems are more appropriate . 
The charac teristics and performance potential of such de
vices are dominated by the propert ies of a part ially ionized 
plasma , which cons titutes the working fluid . For this 
reason a detailed understanding o f  the plasma is prerequi
site to the design and successful operation of these energy 
convers ion devices . 

Experience with closed-cycle MHD generators has 
shown that these are nonequilibrium devices , for which 
equilibrium thermodynamic models are inappropriate . On 
the other hand , open-cycle devices seem to be fairly well 
modeled using data computed for equilibrium conditions , 
except possibly allowing for a moderate elec tron tempera
ture elevat ion . In the case of combustion plasmas , un
certaint ies in thermodynamic and transport  data are so 
large that it is not always clear that the discrepanc ies 
with theory are attributable to nonequilibrium phenomena 
or s'imply to inadequately modeled gas dynamics .  

In closed-cycle systems , noble gases are generally 
seeded with alkali metals and c irculated in a closed loop . 
For open-cycle systema , the hot combus tion product gas 
itself is seeded with alkali atoms in the working fluid . 

The closed-cycle devices are intended to operate at 
a temperature of about 2200 K and a pres sure of  1-40  atm . 
The fluid (He or Ar ) is seeded with abou t 0 . 1  perc ent K 
or Cs and the charged particles present are � (or cs+) 
and elec trons . For this relat ively s imple system ,  many of 
the required cross-section data are now fairly well known . 
With availability of this fundamental informat ion , the 
transit ion rat e equations for exc ited-state populat ions 
for nonequilibrium alkali-noble gas plasmas are reasonably 
well understood . Such analyses , which can be cons idered 
as a simple prototype for the more complex open-cycle MHD 
system ,  take into account the detailed mechanisms o f  charged
pa rticle product ion and loss , radiative energy loss and 
transport processes , and the nonequilibr ium nature of the 
electron energy d istribution . 
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This does not mean to imply that complicated sys t ems 
are amenable to similar straightforward understand ing . For 
a coal-f ired MHO plant , the situat ion is considerably more 
complex . At proj ected temperatures of 2600 K ,  the gas 
would cons ist princ ipally of Nz ( - 7 0  percent ) , COz ( - 10 per
cent ) , Hz0 ( - 7 percent ) ,  and C0 ( - 5 percent ) .  ( Some oxygen 
enrichment of the air could yield lower concentrat ions of 
N2 . )  In addit ion , 02 , NO� , OH , H2 , SO� ,  and numerous free 
radicals would be present . Condensed species ( fly ash) 
consisting of Alz0 3 , SiOz , and Fez0 3 are also contained 
in the fluid , and at these temperatures certain metal oxides 
would be in the gas phase . Input from atomic and molecular 
science could contribute appreciably to an understanding 
of the process . For example , the formation of negative 
ions (OH- , No�- , so�- . . .  ) is detrimental because of the 
attendant reduct ion of plasma conduc t ivity . Elec tron af
finit ies and attachment cross sec t ions for the molecules 
of interes t and elec tron emis s ion and absorpt ion at surfaces 
(espec ially o f  the part iculates mixed in the gas phase) are 
important to a comprehensive modeling program . In addit ion , 
the presence of many polar and polarizable molecules that 
may have high momentum transfer cross sections with elec 
trons will also signif icantly af fec t the conduc tivity , the 
elec tron energy distribut ion , and other propert ies of the 
plasma . 

Recent conc ern over atmospheric pollution has added 
another important d imens ion to the analysis of MHO plasma 
charac teristics on which basic elec tronic , atomic , and 
molecular data will exert an important bear ing . Magneto
hydrodynamic generators used for electrical power produc t ion 
will be subj ect to the same cons traints on emiss ion and 
efficient fuel ut ilizat ion as is the case with exist ing 
convent ional generators .  For this reason , future analysis 
of the working plasma med ium in combus t ion-driven MHO gen
erators must focus attention on minority species production 
and loss . This new need places demands for s ignif icant ly 
improved cross-sect ion and rate-coefficient data for the 
nitrogen oxides , sulfur oxides , carbon monoxide , and gas
eous hydrocarbons . If MHD energy convers ion is to play a 
role in the nat ion ' s  elec trical power produc t ion , a much 
bet ter understand ing of fundamental proces ses in MHD plasmas 
is required . 

As an illustration of  how atomic and molecular sci
ence relates to MHO , we wil l d iscuss the problem of elec
trical conductivity , which is one of the princ ipal governing 
factors that determine the effic iency of MHD power genera
t ion . 
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The elec trical conduc tivity is itself governed by 
a number of basic reac tion mechanisms , particularly the 
momentum-transfer cross sect ions for electron-atom and 
electron-molecule collisions ; electron-loss mechanisms , 
including recombination processes and negat ive ion forma
tion ; and Coulomb interactions , which determine the con
duc t ivity of the ionized portion of the combustion gas . 
The role of minority species , although not well unders tood , 
could be significant in determining conduc tivity . Thus , 
one can see that polar molecules , which offer extremely 
large cross sections for elastic scattering and rotat ional 
and vibrational excitation , even if representing a small 
fraction of the combust ion products , could have an adverse 
effect on the elec trical conduc tivity . Similar deleterious 
effec ts could result from minority species possessing large 
electron affinit ies . Affinity data and collision cross 
sections for a wide range of maj or and minor constituents 
would be helpful in assessing their role in determining 
conduc tivity . A partial list of important atoms and ele
ments , in addit ion to those mentioned earlier in this 
sec tion , would include Cl , Si02 , Al20 3 ,  Fe20 3 , K20 , Cao , K2 , 
Ti02 , MgO , P20 5 , Na20 , and B20 3 . For cesiated systems , many 
of the very large polar molecules containing cesium could 
also be impor tant in reduc ing conduc tivity . 

THERMIONIC ENERGY CONVERTER 

The thermionic energy converter (TEC ) is a device in which 
heat energy is d irectly converted into elec trical energy 
by employing nonequilibrium transport properties of the 
charged constituent of a partially ionized plasma , which 
is made to experience a temperature gradient . The TEC 
can be considered to be a gas-phase vers ion of the thermo
couple . For certain specialized applications , this type 
of device is already being used for d irect convers ion ( spe
c ifically , in long-range spacecraf t ) . Progress in this 
field is well documented in the series of conference pro
ceedings on direct thermionic convergence .

2 

As with the closed-cycle MHO generator , the charac
teris tics and performance potent ial of such devices are 
dominated by the properties of a par t ially ionized plasma , 
which cons t itutes the working fluid . For this reason , a 
detailed understanding of the plasma is prerequisite to 
the design and successful operation of these energy con
version devices . 
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5 LASERS 

The impac t of lasers in the energy field is only begin
ning to be realized , and it is likely to increase strongly 
with t ime .  Perhaps the mos t  immediate and promising ap
plication of lasers is in the isotope separation area , 
where it appears that considerable economic savings can be 
realized in both capital investment and operating cost of 
future U and D20 separation plants .  The most direct and 
efficient photochemical processes for such a plant have 
not been determined as yet . Ongoing research concerns 
various schemes involving lasers in the wavelength range 
from the ultraviolet to the infrared . Lasers and isotope 
separation are discussed more fully in Chapter 3 .  

The application of lasers to the initiat ion of fusion 
reac tions by the technique of pellet implosion is strongly 
dependent on the development of new high-energy lasers . 
Before this means of energy product ion becomes feasible , 
lasers possessing considerably higher energy and better 
efficiency will have to be developed in the vis ible to 
near-uv range of wavelengths . 

The use of lasers in energy-related research , however , 
goes beyond their direct application to fusion and isotope 
separation , since the laser is a basic tool for the s tudy 
of many atomic and molecular processes that d irec tly or 
indirec tly relate to energy research . Some examples in
clude Doppler-free spectroscopy and excited-state collision 
physics and photochemistry , which play important roles in 
some aspec ts of energy research and are described in ap
propriate sec tions of this report . Thus it is diff icult 
to imagine any area in laser des ign that does not impac t 
in some way on the energy problem . With regard to atomic 
and molecular scienc e ,  of course , one is primarily concerned 
with gas-phase lasers , and our discuss ion here is limited 
to those .  

4 1  
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Since many high-energy lasers operate in the gas 
phase ,  atomic and molecular collis ions in excited gases 
play a central role in determining the energy-transfer 
processes that control excited-state populations and ulti
mately determine the laser properties . A fairly detailed 
study published recently 1 resulted in a set of spec ific 
recommendat ions of areas of  atomic and molecular sc ience 
in which research is needed to speed the development of 
high-energy electronic lasers ; the reader is referred to 
that study for detailed d iscussions of impor tant reac tions . 

A large group of gas lasers relies on electron impac t 
phenomena , and subsequent reac tions , to achieve population 
invers ion . The need to understand populat ion invers ion and 
laser act ion in gas discharges result ing from elec tron col
lisions and subsequent react ions puts enormous demands on 
our knowledge of pertinent cross sections . Ideally we 
would need to know a whole set of cross sec t ions for elastic 
and inelas tic elec tron collis ions in the energy range from 
zero to about 20 eV for all the molecules or atoms of the 
gas mixture for gas-d ischarge lasers and to the kilovolt 
range for e-beam lasers . In addition , the cross sec t ions 
for exc ited molecular spec ies (vibrat ionally and elec tron
ically exc ited states ) interacting with other molecular 
spec ies are required . Negative and positive ions formed 
by elec tron impact also partic ipate in reac t ions , forming 
new ionic and neutral species . Knowledge of all of these 
cross sec t ions , combined with realistic models of the gas
d ischarge processes , including such phenomena as wall and 
rad iation losses , instabilit ies , and other cooperative ef
fects , would enable one to calculate elec tron energy dis
tribution functions and population immersions and , in 
general , to characterize the med ium accurately . 2 

In pract ice , of course , one must be somewhat selec
tive in decid ing which react ions need to be invest igated 
in detail , since it is rather a tall order to expect that 
all of these processes can be adequately measured in a 
reasonable time . Detailed discussions of part icularly 
relevant react ions are contained in References 1-3 .  

A most signif icant illustrat ion of the relat ion of 
atomic and molecular collision physics to high-energy lasers 
is  the development of the C02 electric-d ischarge laser . 
This was , to a large extent , the resul t of the ready avail
ability of a relatively complete set of cross-sec t ion data . 3 

The required data were generated in the late 1950 ' s  and 
early 1960 ' s  in connec t ion with stud ies of upper atmospher ic 
phenomena . Thus , when the potent ial for high power and 
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efficiency from the C02 elec tric laser was demonstrated in 
the late 1960 ' s ,  advances based on detailed modeling of 
laser characteris tics  proceeded rapidly . 

No single development paced the advance in under
stand ing high-power electric lasers more than the measure
ment and interpretation of low-energy electron-molecule 
cross sec tions for vibrat ional exc itation . 2 Based on this 
information , elec tron energy d istributions and pert inent 
elec tron-molecule excitat ion rates could be determined 
analytically for the spec ies of impor tance in molecular 
laser discharges . In addition , coupling of this informa
tion with neutral-par ticle reac t ion rates permitted de
tailed modeling of elec tric laser charac terist ics . 

Progress in laser development has led to the explora
tion of elec tric d ischarge conf igurat ions and operating 
cond itions for which no prior experience exists . This is 
discussed further in Chapter 6 .  The required understand ing 
of negative-ion processes and plasma stability accompanying 
these developments has b een able , for the mos t  par t , to 
keep pace because of the availability o f  rel iable electron 
cross-sec tion data for the more common molecular spec ies , 
for example , C02 , CO , and N2 • Indeed , it can be  stated 
with conf idence that the present s tate of high-power 
elec tric-d ischarge laser technology reflec ts  the successful 
combinat ion of  bas ic cross-sect ion data and gas-d ischarge 
theory that existed prior to the cataly z ing e f f ec t  pro
vid�d by the invention of the laser . However ,  the condi
tions under which high-power C02 and CO lasers operate 
have revealed a need for add it ional data . Spec i f ically 
required are elec tron cross sec tions for coll isions with 
vibrationally excited molecules , recombinat ion and attach
ment rate coeff icients at very low temperatures ( - 100 K) , 
and a better understand ing of charged-particle kinet ic 
processes at high pressure (>1 atm) . 

The first generat ion of  high-power electric-d ischarge 
lasers , such as those utilizing C02 and CO as the working 
medium , operate on vibrat ional transit ions . Such "vibra
t ional-transit ion" lasers generate radiat ion in the infrared 
port ion of the spec trum . However , appl icat ions such as 
fusion and isotope separat ion require e f f ic ient high-power 
gas lasers with wavelengths in the visible and ultraviolet 
regions . Such lasers mus t  operate on e Zeatronia trans it ions 
for which an ent irely new set of cross-sect ion data is 
required . In fac t , the most promising shor t-wavelength 
laser cand idates at present are the so-called eximer or 
ground -state dissociat ion lasers . Laser act ion in these 
systems depends on establishing condit ions for the e f f ic ient 

Copyright © National Academy of Sciences. Al l  r ights reserved.

Report of the Subcommittee on Energy-Related Atomic and Molecular Science
http:/ /www.nap.edu/catalog.php?record_id=19906

http://www.nap.edu/catalog.php?record_id=19906


44 

production of elec tronically excited molecules for which 
the ground electronic state is repulsive . Promis ing laser 
candidates are to be found among the rare-gas dimers , 
alkali rare-gas molecules , and rare-gas halides , for ex
ample , KrF . Charge exchange into exc ited states of multi
ply charged ions is an example of a promis ing method for 
the production of soft-x-ray lasers . 

These are examples o f  systems that have not been 
extens ively studied ; current ly there are few bas ic cross
sec tion data on which to base appropriate macroscopic 
models . Thus , the need for effic ient laser systems opera
ting at short wavelength has focused attent ion on a hos t 
of atomic and molecular spec ies for which cross-sec t ion 
information is virtually nonexistent . Continued progess 
in high-power laser technology will require the generation 
of subs tantially more bas ic atomic and molecular data than 
has been characteristic in recent years . 

More generally , a list of atomic and molecular 
sc ience processes that occur in gas-phase lasers could in
clude essent ially all important energy-transfer processes , 
chemical reactions in ground and excited states , chemilum
inescence and photochemis try , three-body processes , various 
photon interact ions , and elec tronic and ionic processes , 
including various types of recombination , attachment , and 
ionizat ion . One of the great challenges of atomic and 
molecular sc ience is the development of reliable and ac
curate computat ional techniques that have general applica
bility to ent ire classes of spec ific reac tions . It is 
not the purpose of this report to summarize or evaluate 
current progress toward this goal ; instead , the reader is 
referred to the vast literature of collision physics , 
where theoretical work appears in abundance .  The continu
ing " ICPEAC" series (e . g . , IXth Internat ional Conference 
on the Physics of Elec tronic and Atomic Collis ions , Abstracts 
of Papers ,  J .  S .  Risely and R .  Geballe , ed itors , University 
of Washington Press , 1975) , is part icularly useful in in
dicat ing the current s tatus of such theoret ical techniques 
and their success in predic t ing experimental cross-sect ion 
values . 

The basic atomic data discussed above serve as input 
in suitably formulated models , based on the kinetic theory 
of part ially ionized gases , that is , plasmas . Momentum 
and energy-flux equations and other relevant transport 
equations are solved for the elec tron velocity dis tribution 
func t ion under suitable boundary cond it ions , us ing various 
ground- and exc ited-state cross sect ions as parameters . 
Such models are useful to opt imize condit ions for the 
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repress ion of instab i l i t ies and in pred ic t ing character
is t ic s  of new molecular spec ies and of novel laser tech
niques . By these means , explo i t ing computat ional me thods 
that are now wel l  developed , one can hope to achieve a 
rationa l  and systematic understand ing o f  highly complex 
sys tems . 

We have not discussed some o f  the mos t  dramatic  
and signif icant aspec t s  of laser phys ics , inc luding the 
recent revolut ionary development s in s ingle- and mul t iple
mode tunable dye lasers , as well  as progress in ultravio let 
lasers , chemical lasers , and op t ically pumped lasers , for 
example , CH F ,  CH I,  and alcohol . 
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6 GASEOUS ELECTRONICS 

Gaseous electronics can be defined as the study of the 
prop ert ies of a gas-phase system that is placed into a 
nonequilibrium state by some external means , generally by 
passing an electric current through it . As such , it is an 
outstanding example of a practical field whose foundation 
rests on atomic and molecular sc ience . Although not in 
itself representing an energy field per se , it possesses 
many aspec ts that are d irec tly relevant to the energy 
problem .  Two spec ific applicat ions of gaseous elec tronics ,  
gas-phase lasers and controlled thermonuclear fusion , are 
discussed in this report within the context of the chapters 
devoted to those subj ec ts . Here we will consider other 
aspects of the field , part icularly involving illumination , 
switching , and plasma chemistry , as these relate to energy 
research . 

LIGHTING 

It can be estimated from light ing industry sales f igures , 
together with estimated service life , that there are approx
imately 1 . 5  billion incandescent lamps in service in the 
Unites States , consuming an estimated 1 . 2  x 10 1 1  kWh/year , 
approximately 6 percent of the nation ' s  electric energy con
sumption (1 . 5  percent of the nation ' s  total energy consump
tion) . These lamps , which are predominantly used in resi
dential light ing service ,  have an average efficacy of 15 
lumens of light produced per watt of power consumed (lm/W) 
and produce an illumination of 1 . 8  x 10 1 5 lumen-hours per 
year . 

Discharge lamps produce light at substant ially 
higher efficacy than incandescent lamps , typically f ive 
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or more times as high . 1 Thus , if the same level of  illumi
nation now produced by incandescent lamps were to be pro
duced by discharge lamps , the required energy consump tion 
could be reduced to 2 . 4  x 10 1 0 kWh per year , a saving of 
9 . 6  x 10 1 0  kWh per year , approximately 5 percent of the 
annual electric energy consump t ion or 1 . 25 percent of the 
nation ' s  annual total energy consumpt ion . The annual 
dollar value of such electric energy savings , at the con
sumer level , is $3 . 8  billion . 

Unfortunately , there are no wholly satisfactory 
d ischarge lamps for resident ial light ing service , which 
typically requires small lamps , 1000-2000-lumen rat ing 
(for portable lighting fixtures) producing about 15 , 000 
lumens/liter of lamp volume , retailing at 0 . 00003 cents 
per rated lumen-hour and capable of instant-on , short-
term intermit tent duty . Fluorescent lamps average 2000-
5000 lumens/liter of lamp volume , retail at about 0 . 000025 
cents per rated lumen-hour but require an expensive and 
heavy auxiliary ballast and perform poorly in short-term 
intermittent duty . High-intensity d ischarge lamp types , 
such as metal halide or high-pressure sodium lamps , achieve 
30, 000-50 , 000 lumens /liter . They are , however , not avail
able in the 2000-lumen rating needed for portable f ixture 
service , retail at 0 . 000007 c ents per rated lumen-hour 
but require expensive and heavy auxiliary ballasts . They 
are totally unsuitable for intermittent service , requiring 
a 5-minute warmup t ime af ter switch-on and a 15-minute 
cool-down after switch-off before relight ing . 

Thus , there is a need for new types of discharge 
lamps to f it the requirements of residential light ing , 
and invest igat ion of means of  meet ing this need is cur
rently in progress in all maj or elec tric lamp companies . 

It is safe to say that the body of scientific in
formation classif ied as atomic and molecular science , 
including appropriate aspec ts of phys ical elec tronics and 
plasma physics , will play as large a role in any such in
vestigat ions as it has in the development of existing 
d ischarge lamps . Examples of past contribut ions of atomic 
and molecular science to the development , understanding , 
and improvement of discharge lamps may be found in Refer
ences 1 and 2 .  Also indicated in these references are 
notable gaps in the atomic and molecular physics data base , 
for example , reliable data on atomic transition probabili
t ies of rare-earth type atoms , most molecular transition 
probabilit ies , excitation and ionization cross sections 
for molecules and free radicals , and Townsend a-coeff icients 
for many gas mixtures , to name a few .  
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TABLE 1 Types and lllarac t e r ia t ics of Gas D ia charae Luops 

Type 

Fluores cent 

Hi&h intens i ty 
d ischarge 

Cold cathode 
glow 

App l icat ion 

Co•er ical interior 
Hishway 
a-e 

Hi&h bay industrial areu 
Pub l i c  bui ldinp 
S t reets and h i ghway 
Parking lots 
Proj ec t ion syst-

Laaer p•ping 
Airport and airpl anes 
S t roboscopes 
Photography 

Flat panel d isplays 
Di&ital reado ut 

Gas 

Ha in .�r , Ne , or ICr 

Usually h il!ll 
pressure Ha, v i th 
or w i thout add i t ive 
such a Na ,  Tl , 
In I ,  Sn l ,  Dy l  

X. ,  etc . 

lie 

Dischar ge Charac t e r i s t ic s  

Low � ressure 
High average e le c t ron enerp 
Uv photons conver ted by 

phosphor 
Nept lve V- I character istic 
Hi l!ll e f f ic iencv at h il!ll 

f r equency 

Hi&b-presaure arc 
Near LTE cond i t ions 
Mo lecular cont inu1a • le s i on 

lllporten t  ( SnCl ) 

B il!ll opera t ing preuure 
Cont inuu. e.iaa ion t..por tan t 
Near LTE cond i t ions in arc 

Low press ure 
Cathode reaions doalnant 
l"\' r ,�aonanC' e rad i a t ion o f t en 

uaed w i th ohos phor 

Elec trical b al l u t  required 
Low bril!lltneaa ( larp dza) 
Fl icker at low-frequency operation 
No ise at h i&h-frequency operation 
Cathode l i feU• 
Lona starting U• 
S t r iat ions and cons trict ion fail ure 
Phosphor -intenance 
Effic ient phosphors for proper 

color 
Control of -tal vapor pr•sure 
Doub l e-ended cons t ruct ion 

Vapor prMa ure of add i t ive c-undo 
Dacr ... e in output w i th t i• 
S l ow  start 
Phosphors o ften required" for sood 

color 
lla l l aat required 
Lons tee t in& t iM requir-ta 

Fu t end reproduc ibl e  a tartina 
Gae cleanup 
Spec tral aatc:hins 
L i f e t iM  of envelops end electrodes 

Gaa c l eenup end lapur ity bui ldup 
Low bri l!ll tneeo 
Reproducuble elec t r icol avitch ing 
Hil!ll vo l t  .. • requir-to 
Lf.aoitad frequency response 
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4 9  

Of course , the basic d a t a  d iscussed do n o t  b y  them
selves supply d irec t ins ight  int o  problems rela t ing to the 
d ischarge lamp . Rather , the d ischarge lamp can be cons id
ered to be an appl icat ion of gaseous elec t ronic s .  The 
connec t ion between the il luminat ion problem and atomic and 
molecular sc ience is a c lassic illustrat ion o f  the depen
dence of applicat ions on appl ied sc ience , which in turn 
res t s  on bas ic sc ienc e . We will here briefly discuss this 
relat ionsh ip . 

From the viewpo int of  illuminat ion engineer ing , the 
goals o f  gaseous elec t ronics are to develop high-ef f ic iency , 
long-life , and inexpens ive elec tr ically exc i t ed , gas
d ischarge lamps . Other charac teristic s of varying impor
tanc e are color rendition , t ime delay for start ing , elec
tr ical impedance ,  physical size , operat ing t emperature , 
noise level , and t emporal variat ion of l ight . Some types 
of  gas-d ischarge lamps and their appl icat ions are g iven 
in Table 1 .  For the present d iscuss ion it is convenient 
to d ivide the lamp characteris t ic s  int o  groups , such as 
the rad iat ive properties of  the elec trical d ischarge of  
plasma and the  elec t r ical propert ies o f  the  d ischarge , 
and then to ind icate how atomic and molecular sc ience con
tributes to  one ' s  ab ility to understand , pred ic t , and im
prove these charac teris t ics . This is done in Table 2 .  
We do not d iscuss the important s t ep in which the under
stand ing and predic t ive ab il ity of  the var ious phys ical 
charac teris t ic s  o f  the discharge are used to at tain the 
des ired economic and psychological characteris t ic s . 

SWI TCHING OF ELECTRICAL CURRENT AND ENERGY CONSERVAT I ON 

The switching of elec trical currents has long been an im
por tant applicat ion of  gaseous elec tronics and the assoc i
ated atomic and molecular scienc e .  Much of  the early 
interest in the cross sec t ions for elec tron collis ions with 
mercury atoms was the resu l t  of the use of  mercury vapor 
in rec t i f iers and thyratrons . S imilarly , the s tudies of  
elec tron at tachment and temporary negat ive ion format ion 
in SF6 were originally mot ivated by the usefulness of SF6 
as an arc recovery med ium and as an insulat ing gas in 
elec trical switchgear and the l ike . Rec ent progress in 
the understanding and design of higher power c ircu it  break
ers has made extensive use o f  newly developed techniques 
for pred ict ing rad iat ive energy loss and elec t r ical and 
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TABLE 2 Laap Characteristics and Atoaic and Molecular Contribut ions 

Prob lea Area 

Rad iat ive properties 
o f  d ischarge 

Elec tr ical properti• 
o f  d ia charge 

Tberaophys ical 
properties of discharge 

Teapora1 properties 
o f  plasaa 

Ataaic and Molecular Cont ribut ions 

Spect ra , s trengths , and broadening of el•ents , 
e . g . ,  Ra and rare earths 

Mo lecular band and cont inu,. intens iti• 
Free-free t ransit ion probabilities 
Radiative reca.bina t ion and attachment 

probabilities 
Rad iation transport 
Molecular kinet ics and ther.odynaaica 

Electron and ion transport 
Electron ezcitation ef ficiency 
Electron ionization and attacb.ent 
Jagative ion foraation and destruct ion 
Dis charae s t ab il ity 
Electron aission fro• sur faces 
Collis ional ionization by atoaa 
Elastic scat tering of elec trons and iona 
Elec tron-electron and elec tron-ion coll is ions 
Eac itation and ionizat ion o f  ezc ited states 

Tharaal conductivity , s pe c i fic heat , and 
viscosity of gaseous el._nta , aolacules , 
and a:llrtures 

Vapor pressure o f  e1•enta and coapounds 
Separat ion (d•ixing) of gu a:llrtures 
Radiat ive , thermal , and convective trans port , 

aiaaion , and absorpt ion 

Electron-ion rec oab ina tion 
Di ffus ion and aob ility of ions 
Radiation t ransport 
Theraal trauport 

Otarac tariatics (Ener gy .  ranae , etc . )  

Wavelength : 1 70 to 700 -
Gas preuura : 1 Torr to 10 atlll 

Electron ener gy :  0 . 1  to 20 eV 
Electron-ion dens ity : 

10 1 0  to 10 1 7  ca-3 

Gas t•per atura : 300 to 20 ,000 I. 
Gaa pressure : 1 Torr to 10 ata 

Tiae a :  10 u ec to 1 sec 
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thermal conduc t ivity of  gases at h igh temperatures . The 
suc cess of vacuum c ircuit breakers has resulted in the 
need for much improved unders tanding of the interac t ions 
between sur faces and p lasmas , for example , vapor presssures , 
elec t ron emission , and surface erosion . 

Table 3 lists some o f  the more important elec tr ical 
switching devic es involving gas d ischarges and atomic and 
molecular research . 

ELECTRICAL BREAKDOWN AND ENE RGY CONSE RVATION 

The role of bas ic atomic and molecular collision processes 
that govern elect rical breakdown in gases has been under 
intensive inves t igat ion f or over SO years . Unfor tunately , 
there is probably only one experimental s ituat ion in which 
one can properly say that all the essent ial collis ion pro
cesses and their interac t ions are quant itatively understood . 
This one case is microwave breakdown in helium ,  that is , 
the growth of  ionization up to discharge dens i t ies at which 
collisions of  electrons with other elect rons and with ex
c ited atoms become important . At the o ther extreme is the 
breakdown between cloud s leading to c loud-to-c loud l ight
ning , where the f ir s t  conference paper purpor t ing to explain 
the fact that l ightning channels are crooked appeared within 
the las t year . These and other electr ical breakdown situ
at ions are listed in Table 4 along with some assoc iated 
problems and related areas of atomic and molecular sc ience 
research . 

An important recent development in the invest igat ion 
of long-gap breakdown is the format ion of a highly ac t ive 
and capable European research group , with partic ipat ion 
from Franc e ,  Italy , Great Britain , and Germany . This group 
has brought together engineers , physic ist s , and o thers and 
is making signif icant contr ibut ions to the understanding 
of  long-gap electrical breakdown . In the United States , 
ac t ivity in this area is extremely low and shows no s ign 
of growth .  

PLASMA CHEM I STRY AND ENERGY STORAGE 

We will d iscuss here the role played by atomic and molecular 
sc ience in the rapidly burgeoning f ield o f  plasma chemistry .  
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TABLE 3 Elec t r i c a l  Sw i t ching Dev ice 

T y pe of Swi t c h  

( 1 )  High-power , c ircu i t  inter
rupte r .  

Used t o  int errupt up t o  4 0  kA 
or 200 k V .  Hi gh-press ure a ir , 
SF6 , or o i l  forced into r eg ion 
b etween open ing contacts 

(2) Mod erate power swi t chgea r .  
Used f o r  motor cont ro l s , local 
d i s t r ib u t ion , etc . Compac t  
des i gns using S F 6  or a i r  t o  
f i l l  a r c  gap and quench 
c onduc t iv ity 

(3) Rec t i f iers and inverters . 
Used for conver ting ac to de 
for r e fining (Al) , h igh 
t o r qu e  mo tors , e t c . Usually 
Hg p oo l  c athod e .  May be 
replac ed by semi conduc tor 
d evices . Inverters fo r d e  
t o  ac c onvers ion . 

( 4 )  Tr igge r ed sw i t ches . 
Used for swi t ch i ng h i gh 
v o l tage ener gy s torage 
sys t ems , i . e . , cond ens er 
b anks , t ransmiss ion l ines . 
Gas is air , H 2 , H g ,  rare gas ,  
e t c . Tr igge red b y  h i gh
vo ltage pul s e  or laser 

( 5) Low current contac ts . 
Modera te- and low-curren t  
swi tching for app l i c ances , 
s igna l ing , i gnit ion , etc . 
Arc ing on mak ing and / o r  
breaking 

Prob l em  Areas 

Breakdown a f ter contact open ing 
Decompos i t ion of gas or vapor 
Elec t rode eros ion 
T iming of contact opening 
Feedthrough insulat ion 
Gas dynamics d ur in g  arc 

Same as (1)  

Arc b a c k  or b r eakdown b e tween 
anodes 

Con t am inat ion b u i ldup on Hg 
Elec t r od e  c o o l ing 
Con t ro l  of vapor pr essure 
Anode eros ion 

Gas c leanup in s eal ed-o ff tubes 
Breakdown during reverse vol tage 
Re produc ib i l i ty o f  t r i gger ing 

de lay 
Power required for tr igger 

El e c t rode eros ion 
E l ec trode s t i c k ing 
Ins u l a t ing l ayer fo rma tion 
Elec t rical no ise from d i s charge 
Mechani cal vib ra t ion 

Rel a t ed Atomic and Mo l ecular Research 

Rad ia t ive ab sorption and emis s ion coef f ic ient 
for l ines , bands , and cont inuums 

Thermophys i c al proper t i es of mo lecules 
Elec t ron s c a t tering by a toms and molecules 
Radiat ion t r ansport models 

Same as (1 ) 

Cross s e c t ions for exc i t a t ion and ionizat ion o f  
ground and exc i t ed s t a t es 

Elec t ron-ion recomb ina t io n  
Elec t ron emiss ion f r om  sur faces 

Spu t t er ing and elec tron y ie l ds 
Range of ions in so l ids 
Laser pho ton absorpt ion pro cess 

. 
Spu t t er in g  and mel t ing of electrodes 
Ionizat ion a t tachment and d e tachmen t dur ing 

b reakdown 
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(6) Vacuum circui t interrupters . 
Vapor prod uc ed by arc 
dur ing elec trode opening 

( 7) Magnetic ally cont rolled area . 
A la-pr esaure , cold-cathode 
d is charge switched by magnet ic 
field (developmental) 

(8) Vol tage regulators . 
Cold-cathode d is charges 
with var tab l e  act ive cathode 
to keep voltage fixed . May 
be replaced by semicon
ductor 

Elec trod e  eros ion a t  h i sn  
currents 

Ou t gass ing of me tal elec trodes 
Depo s i t ion of evaporated metal 
Vacuum tigh t  cont ainer 
Ele c t rode separator 

Vol tage drop at electrode 
Power requirements for sw itch ing 

Electrode s t ab il ity 

Elec tron emiss ion from sur faces 

Evapo ration rates 
Ionizat ion and exc itat ion o f  metal 

vapor at01111 
Ch arge-trans fer react ions 

SaliM' as ( 6 )  

Elec tron y ields fro• ion boabard.ent o f  
sur faces 

Ioni zat ion and exc itation of aetaatables and 
ground states 
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TABLE 4 El e c t r i c a l  Brea kdown 

Breakdown S i t u a t ion 

( 1 )  H i gh -vo l t a ge c o rona , 
" l ong-ga p "  b r e a kd ow n ,  

e t c . 

( 2 )  Vacuum b re akd own 

( 3) H i gh-pre s s ure b r ea kdown 

( 4 )  L i gh tn i n g  

( 5) Rad i o - f r eq uency 

b r eakdown 

(6) Las er� i nd uc ed b reakdown 

( 7 )  Breakdown f rom f r i c t ional 
charging ( "s t at i c  
e l ec t r i c i t y " )  ( a i r p l a ne s , 
s uper tankers , hosp i t a l s , 
haae , e t c . )  

Prob l em  Areas 

Va r i ab i l i t y  of b reakdown path 
De s i gn of conduc t o r  s ur fac es 
Ef fe e t  of mos 1 ture and fumes 
NO .. produc t i on 
Rad io - f requency i n t e r f erence 

E f fec t of sur face i r regu l ar i t i es 
E f f e c t s  o f  e l e c t rode t empe ra t ure 
E f f e c t  o f  gas l eaka ge 
D i s c h a r ge s  a long s u r faces 

E f fe c t s  o f  s u r fac e i r r e gu l a r i t i es 
E f fe c t s  of l o o s e  pa r t i c le s  
Ins u l a t ing laye rs 
Dis charges a l ong sur faces 
De c ompos it ion , vapor pressure , e t c .  of 

i ns u l a t i n g  gases 

E f fec t i veness o f  l i gh tn ing p ro te c t  ion 
Pr ed ic t ion o f  c r i t ic a l  periods for 

s t rikes 
Con t r o l  o f f l ow of c urrent 
Rec o ve ry of e l ec t r i c al t r ansmis s i on 

s y s t ems f rom c u r rent s u r ges , e t c . 
U s e f u l n e s s  as v i o l ent s t orms ind i c a t o r  

I n i t i a l  ion i za t i on i n  repet i t ive breakdown 
E f f ec t of high pressure or l ow f requenc y 
B r e a kdown in poo r l y  d e f ined geome t r y ,  i . e . , 

a nt enna s 

Pred i c t ion of threshold i ntens i t y  vs t ime 
Wavel ength depend e n c e  
Foc a l  s p o t  s i ze dependenc e 
Tar ge t  s h i e l d i ng by d i sc h arge 

Dependence on sur face prope r t ies 
Preven t ion o f  ch a r g i n g  or reduc t io n  

o f  d i s c h a rge energy 
Preven t i on o f  i gn i t ion o f  expl os ions 

Con t rib u t i n g  Atomic and Mol e c u l a r  Areas 

Discharge propaga t i on process 
Nega t ive ion produc t ion and df'"s t ruc t i on 
E f f e c t  of exc i t e d  s t a t es o f  i o n i za t i on , 

e t c .  
Ph o t o i on i z a t i o n  i n  mo i s t  a i r  

Elec t r ic - f i e l d - induced emiss ion o f  
e l e c t rons , ions , a n d  f ragmen ts 

Evapora t ion , thermal c onduc t iv i ty ,  and 
me l t ing p o i n t  of me t a l s  and a l l o y s  

El e c t ron a t t a c hment 1 ion i z a t ion , e t c . 
to h a l o genated gases , et c .  

Field em i s s  ion o f  e l e c t  rona 
Decompo s i t ion produc t s  and r a t es  

Same as ( 1 )  
Cha rg ing o f  w a t er d rops , i c e , et c .  

I o n i z a t ion , a t t a e hmen t , and r e c ombina t i on 
Ambipol ar d i f f u s ion 
Me t a s t a b l e  de-exc i t a t ion and ion iza t ion 

Las er ab s o rp t ion by free e l e c t rons 
Mul t ipho t on pho t o i o n i z a t i o n  
Elec t ron loss processes 
Ra d i a t ion loss processes 

Fric t i onal char g i ng mechanism , inc l ud ing 
r o l e  of workfunc t ion , e t c . 

D i s char ge i on i z a t i on ,  propaga t i on ,  e t c . 
At t a chment and d P t achment 
Energy t rans fer by e l e c t rons 
Pho t o i on i za t ion and absorp t i on 
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5 5  

Plasma chemis try can be character ized a s  one method o f  
produc ing chemical reac t ions between exc ited atomic or mo
lecular states , wh ich are in turn produced by exc itat ion 
in a gaseous discharge . The impact of this research area 
goes wel l  beyond energy-related research , for in pr inc iple ,  
a wide var iety o f  economically s ignif icant chemicals  can 
be produced by this means . From the energy viewpoint , 
this f ield is important because plasma c hemistry of fers 
a novel and interest ing means of  produc ing energy-r ich 
chemicals as e ither fuel source or for other energy-rele
vant processes ,  such as agr icul ture . 

At present , rela t ively few gaseous elec tronics 
processes are in current use , and these are for the pro
duc t ion of rela t ively expens ive produc ts . 3 The mos t  suc
cessful appears to be the Seimens process for the produc
t ion of ozone , which makes use of  a highly nonequil ibrium 
corona-type discharge between ac exc ited elec trodes coated 
with insulat ing material . 4 The high-pressure ( - 1 atm) arc 
has been used for the product ion of compounds such as C 2H2 
and HCN . We do not d iscuss the exc it ing new area of  laser
induced chemistry , because mos t  sc ientists  do not believe 
that  free elec trons and ions play a s ignif ican t  role in 
such processes . Some of the chemical processes involving 
gaseous elec tronic s in current use are listed in Table 5 .  
A summary o f  research in this area is available in confer
enc e repor ts such as the Advances in Chemist�y ser ies . 5 

The use o f  nonequilibr ium d ischarges is potent ial ly 
a selec t ive means of  causing chemical reac t ions , because 
it  is possible to arrange for a large fract ion of  the input 
energy to be deposited in either vibrat ional modes or in 
low�energy elec tronic s tates . The d i f f icul t ies with chem
ical processes induced by nonequilibr ium d ischarges are 
that (a) elec tron collisions in d ischarges usually produce 
reac t ing spec ies by dissocia t ion at a cost of  roughly 
1 kW-h/ lb of reac tant ; (b) much of the elec t rical energy 
is used in vibrat ional exc itat ion of the reac tants and at 
reasonably high gas pressures , and all but the s implest 
molecules are quickly d is s ipated in heat ing the gas ; (c)  
elec trical d ischarges generally occur far from surfaces , 
making d i f f icult the cool ing of the produc t s  to stop re
ac t ions or the use of  surface catalys t s ; and (d ) the pro
duc t ion of more complex spec ies from read ily available 
gases , for example , air , is made d if f icul t  by the relative 
ins tability of  larger molecules against d issoc iat ion by 
elec tron impac t .  

The use of  high-power elec tric arc s ,  usually in the 
form of de plasma j et s  or radio-frequency induc t ion plasmas , 
for chemical processing begins with the product ion o f  a 
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TABLE 5 Chemical Process es Invo l v in �  Gaseous El e c t r o n i c s  

P ro c es s  

Ozone produ c t ion 
( ma j o r  p r o c es s )  

Ox i d e  l a y e r  
fo rma t i o n  
(comme rc i a l ) , 
and n i t r i d i ng 
(exper imen t a l )  

Produc t ion o f  H CN ,  
C 2 H ;>  (one maj o r  
l.n s t a l l a t ; o n ) , a n d  
NCN ( expe r imen t a l ) 

La s e r - i nd u c ed 

c h em i s t ry us i n g  
i ons ( exper imen t a l )  

E l e c t r i ca l l y  
a s s i s t ed c o mb u s t i on 

( exp e r imen t a l )  

Con t ro l  o f  emis s i on 
produc t s  in MHO 
sys t ens ( deve l o p
men t a l ) 

Di s ch arge Ch a rac t er i s t i c s 

Atmosphe r i c  p r es s u re a i r  
H i gh - f r eq uency exc i t a t i on 
"Co rona "-type , i n t ermi t t e n t  

L o w  p ress ures 
Cold c athode 

Atmos phe r i c  p r e s s u r e  
P l asma ( ar c )  j e t  
Near LTE c o nd i t ions exc e p t  

in c r i t i c a l  " f r e e z ing ' '  

V e ry low g a s  dens i t y  
Very l ow c ur r e n t s  
Pos i t i v e  o r  n e ga t i ve i on s 

Atmos phe r i c  pres s u r e  
H i gh en ou gh power t o  c h ange 

fl ame t empe r a t u r e  

At mos ph er i c  pres s u r e 

Prob l en  Areas 

Poo r l y  und er s t oo d  k i n e t i c s  
L ow  y ie l d  a n d  e f f ic iencv 
De t r iment a l  in home and 

o f f i c e  a i r c l eaners 

Poorly und e rs t ood d i s cha rge 
Ro l e  of nega t ive ions in 02 
Con t ro l  of l ayer t h i c kn e s s  
Hol e s  i n  l av e r s  
S pu t t e r i n g  

Coo l ing ( fr e e z i n g )  o f  p l a s ma 
H igh c a p i t a l  inve s tme n t  
El e c t rod e l i f e t ime 

B a c k  r e a c t io ns  

Low ph o t o i on i z a t i on c ro s s  
s e c t i o n s  

Co l l ec t ion o f  prod u c t s  

Ef f i c i e n t  u s e  o f  l as e r  ener gy 

Po o r l v  und e r s t o od d i s c h a r g e  
Poo r  und e r s t and ing o f  fl am e 

pr oc es s e s  
Turb u l ence e f fe c t s  
Ch ang ing g a s  compos i t i on 
Mix ing of fue l and a i r  near 

e l ec t rodes 
Con t am i na t ion o f  e l e c t rodes 

La c k  o f  h i gh - t emperature 
kinetic d a t a  

Los s  o f  energy by rad iat ion 

Atomic and �o l ec u l ar Con t r ib u t i ons 

Ion i z a t io n ,  a t t achmen t ,  and 
d e t achme n t  d a t a  

Pho t o i on i z a t ion d a t a  
Ra t es o f  0 ,  f o rma t ion 
Co l l is ional d e s t ruc t io n  of 0 3  

Layer forma t i o n  p r o c e s s e s  
E l e c t ro d e  emi s s ion pr o c e s s e s  
Ion a n d  neu t r a l  forma t i o n  

Kin e t i c s  o f  c o o l ing 
Mechan isms o f  e l e c t rode 

emis s ion 
Rad i a t i ve prope r t ies o f  ga s e s  

Pho t o ion i z a t ion d a t a  f o r  
exc i t ed s t a t e s  

Trans i t ion probab i l i t ies 
Exc i t ed s ta t e  re laxa t i on 

kinet i c s  
Cha rge-t rans fer c r o s s  s e c t ions 

Ele c t ron and i on c o l l i s i o n  d a t a  
on f l ame c o ns t i t ue n t s  

Kinet i c s  o f  processes i n  
f l ames 

H i gh - t emper a t u r e  reac t i on 
d a t a  

V ib r a t ional r e l a xa t i on d a t a  
Rad i a t i on l o s s  d a t a  
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high-temperature (> 4500 K) plasma in which the composition 
is usually close to statist ical equilibrium and is followed 
by a rapid expans ion , which cools the gas and " freezes " 
the gas composit ion to enhance a particular product . Thus , 
in the product ion of HCN from CH4 the freez ing is thought 
to occur at a temperature near 2000 K , 6 whereas the emis
sion of NzOy compounds in the exhaust from MHO generators 
is reduced when " freez ing" oc curs slowly and at gas tempera
tures below 2000 K . 7 Thus , the elec tric arc uses very high 
temperatures to overcome the act ivat ion energy of chemical 
react ions and is a "brute-force" method as compared with 
the use of catalysts . On the other hand , there are no 
surfaces to "po ison . " 
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APPEND I X  A 

INSTRUMENTATION 

In this Append ix , we examine the role of ins trumentation 
aris ing from atomic and molecular science as applied to 
the field of energy . The principal areas in which atomic 
and molecular sc ience bears most signif icant ly on energy 
research are convent ional combus tion , nuclear f ission , 
controlled fus ion , and , to a lesser degree , solar energy . 
Atomic .and molecular ins trumentation involves many aspec t s  
of  these areas , inc lud ing explorat ion f o r  resources , pro
cessing of fuels , control of generating plant s ,  utilizat ion 
(part icularly of elec trical power) , and environmental ef
fects . 

Many of our basic d iagnostic tools , that is , instru
ments , were developed in the f irst place from laboratory 
studies of atomic and molecular sc ience . Chief among the s e  
is that class of devices called "spectrometers . " 

SPECTROMETERS 

Spec trometers ident ify ind ividual components and determine 
their relat ive abundances , in a mixture of several spec ies . 
Different types of spec trometers accomp l ish these tasks 
using different physical principles . 

E l ectromagnet i c  ( Photon ) Spectrometers 

The properties of  elec tromagnetic spectrometers , part icu
larly in the infrared , visible , and near ult raviolet , do 
not require elaborate d iscuss ion here . At least 10 1 0  de
cades of wavelength , from rad io frequency up through the 

58 

Copyright © National Academy of Sciences. All r ights reserved.

Report of the Subcommittee on Energy-Related Atomic and Molecular Science
http://www.nap.edu/catalog.php?record_id=19906

http://www.nap.edu/catalog.php?record_id=19906


5 9  

x-ray region , a r e  relevant to energy s tud ies , from rota
t ional spec tra of  heavy molecules to elec tronic trans i t ions 
in eximers . 

Each region of  the elec tromagnetic spec trum requires 
its own charac teris t ic group of spec t rome ters , depend ing 
on details rela t ing to detec tors , sources , and me thod of  
wavelength select ion . Genera l ly speaking , elec tromagne t ic 
spec trometers operate by spat ially separat ing rad iat ion 
according to wavelength . In the near u l t raviol e t  and near 
infrared regions , this spa t ia l  separa t ion can be accompl ish
ed by certain solid and l iquid materia l s , usua l ly in the 
form of prisms , and by grat ings , where cons truc t ive and 
dest ruc t ive interf erenc e of coherent rad iat ion operat es . 
In the ultraviolet and x-ray regions , e ither man-made or 
natural ly occurr ing c rys tall ine grat ings are used . As one 
approaches the microwave reg ion , elec tromagnet ic genera
tors and receiver-amp l i f ier s , tuned to a singl e  frequency 
(or wavelength) ,  make unneces sary the s tep of spa t ia l  sep
arat ion of  rad iat ion . 

In emission speat�osaopy, an atom or mol ecule is 
exc ited by elec t ron impac t or o ther means , and the resu l t 
ing rad iat ion wavelengths and in tens i t ies  a r e  measured . 
In absoPption speat�osaopy, radiat ion f rom a prepared source 
is passed through a sample under test  and then detected . 
The difference in intens i ty with the samp l e  in place and 
removed is an ind icat ion of the abundance of the absorb ing 
material in the sample , and the wavel engths at which ab
sorpt ion occurs det ermine the chemical nature of the sample . 
FZuo�esaenae speat�osaopy, or resonant sca t t er ing , is a 
comq inat ion of the two . Absorpt ion of  a charac ter is t ic 
spec tral l ine exc ites the ab sorb ing atom or mo lecule , wh ich 
then rerad iates in a d i f ferent d irec t ion from that  of  the 
ini t ial beam of  rad iat ion . In Raman speat�osaopy, the 
rerad iated spec tral l ines are shi f t ed to o ther than the 
originally absorbed wavel ength . Techniques in rad io-fre
quency spectroscopy inc lude the var ious forms of  magnet ic 
resonance ,  includ ing nuc l ear magnet ic resonance and elec
tron spin resonance spec trometers . All of  these have been 
developed out of  bas ic atomic and molecular sc ience during 
the past 30 years . *  

A gigantic s t ep in spec t roscopy has b een made over 
the past decade through the advent of laser s , which are 

*The his tory of the development of these spec trometers
'
, 

part icular ly in their connec t ion t o  atomic and mo lecular 
physics , is  described in the report A tomia and Mo Zeau la� 
Physias (National Academy of Sc ienc e s , Wash ing t on , D . C . , 
19 7 1 ) . 
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now available in the visible , infrared , and near-ultraviolet  
spec tral ranges .  Lasers make enormously more sat is fac tory 
l ight sources for absorpt ion and f luorescenc e spec troscopy 
because of  their extremely high intens ity , the intrinsic 
coherence of the ir radiat ion output , and the ir extremely 
narrow l ine widths , as compared with previously used light 
sourc es . Operat ing as amplif iers , lasers also provide a 
unique means of  detec t ing very weak l ight signals  produced 
by emis sion . 

In general , elect romagnet ic spec trometers operat ing 
from the ultraviolet through the microwave ranges can de
tec t bo th atoms and molecules , the ac tual physical phenom
ena involving only the outermost elect rons . They func t ion 
optimally if the sample is in the gas phase , al though many 
l iquid and solid samples are amenable to study . X-ray 
spectrometry involves elect rons that are deep within an 
atom ,  that is , near the nuc leus , so that the actual chem
ical form in which an atom is held is of less consequence .  
Sol id samples are read ily stud ied for their atomic abun
dances us ing x-ray spectroscopy . 

The princ ipal l imitat ion of pho ton spec trometers is 
that by necess ity they possess l imited spec tral ranges . 
Some of the most  important l ines l ie out s id e  the operat ing 
regions of commonly used ins t rumen t s  (part icularly in the 
far ult raviole t ) , and certain of the trans i t ions of  int eres t 
are weak , and sens it ivity of  detec t ion is less than sat is
fac tory . Finally , each atom or mo lecule emits and absorbs 
many l ines (or bands ) ,  and the spec trum of a complex mix
ture of subs tances can be uninterpretable because of its  
complexity . Nonetheless , pho ton spect romet ers const itute 
a maj or , perhaps , the maj or ,  class of  ins truments to have 
emerged f rom atomic and mo lecular sc ience . 

Ma s s  Spectrometers 

Mass spec trometers have been used in atomic and mo lecular 
sc ience for over a half c entury . They were  originally in
vented for the purpose of det ermining the masses of ind ivid
ual atoms . The ir greatest  use , however , has been in the 
area of chemical and isotopic analysis , and their greatest 
virtue is their universal ity . I f  an atom or mo lecule can 
be put into the vapor phase , then it is general ly suscep
t ible to sens i t ive measurement by one of  the several types 
of  mass spec t rometers current ly ava ilable . (Details of  
operat ing charac teris t ic s  of  mass spec tromet ers are  too 
wel l  known to warrant d iscus s ion here . )  They all require 
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6 1  

ionization and the action of  de and/or ac electric and/or 
magnetic f ields to separate ions of different mass-to
charge ratios spatially or temporally. 

Where a sample is not already ionized (a plasma of 
a CTR device is an example , where the plasma to be sampled 
is already ionized) , it is necessary to convert the neutral 
atoms and molecules into ions , either by the addition or , 
more commonly , removal of one or more electrons . The usual 
method is by e ZectPon-impaat ionization , wherein a beam of 
energetic electrons is fired into the sample , and a small 
fraction of the neutral atoms and molecules in the sample 
is converted into positively char ged ions. That all atoms 
and molecules can be ionized by electron impact and that 
the cross section for ionization varies little between dif
ferent atoms and molecules give mass spectrometry its uni
versality as an analytical instrument . 

Electron-impact ionization has the disadvantage that 
it produces many fragment ions as well as the parent ion 
from complex organic molecules , and the interpretation of 
mass spectra of mixtures of organic species can become ex
ceedingly difficult . Two lines of activity have been pur
sued to overcome this problem . One is the use of a mass 
spectrometer in conj unction with a gas or liquid chroma
tograph . The gas or liquid chromatograph separates the 
components of a mixture into a series of peaks in t ime , 
and the mass spectrometer then makes positive chemical 
identif ication of each separated component and determines 
its relative abundance . The second is the use of an al
ternative ionization process . Such processes include 
photoionization , surface ionization , f ield ionization , 
field desorption ionization , and chemi-ionization . Other 
processes that can be used to obtain ions , particularly 
in cases where detection of small impurities with high 
selectivity and sensitivity is required , include associative 
ionization and , part icularly , chemical ionization , wherein 
collisions between ions of one species and neutral molecules 
of a second species result in charge transfer , and ion
molecule reactions , which form ions of the second species . 
In favorable cases , levels of a few parts per tr illion of 
biochemically important species present in another species 
are detectable . 

El ectron S pectrometers 

This class of instruments uses the accurate knowledge of 
the energies of electrons liberated in interactions to 
determine the nature of the material from which the electrons 
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6 2  

were emitted . Al though the name e leatPon speatPometry foP 
chemica l analysis (ESCA) is o f t en app lied to  the entire 
f ield , increas ingly this term is taken to mean the case 
for which exc itat ion is produced by x rays 

In a typ ical appl icat ion·, x rays are d irec t ed onto 
a sol id sample and elect rons are emi t ted . These elec trons 
are then energy-analyzed , usual ly by electrostatic means . 
Discrete energies are found , and these can be assoc iated 
with different types of  atoms in the sample . Both outer-· 
and inner-shell  electrons are detec ted . 

In photoe lectPon speatPoscopy (PE S )  the inc id ent 
rad iat ion is ult raviolet l ight , so that only outer-she l l  
e lec trons can be l iberated . 

The secondary electrons produced by an inc ident 
high-energy elec t ron beam also show energy peaks charac
teristic of the atoms in the sample s imilar to those under 
x-ray irrad iat ion . S ince this analys is can be performed 
using an elec tron beam of the type used in elec tron micro
scopes , ins truments  that will give both a micrograph of a 
solid samp le and s imultaneous par t ial chemical analys is 
now exis t . 

With the d iscovery o f  resonances in elec tron-atom 
and electron-molecule collis ions , a new me thod of ob serv
ing molecular spec ies wi thout ionizat ion has been developed . 
This method relies on the charac teris t ic resonances in the 
sca t tering of slow elec t rons by mo lecules to id en t ify them 
uniquely , while leav ing them unaf fec t ed by the measuremen t 
process . 

OTHE R  I NSTRUME NTS 

Beyond the "bas ic" inst rument s  desc r ibed above , there are 
a wide variety of  ins t rument s  that operate in the gas phase 
and rely on atomic and molecular sc ience pr inciples . One 
such c lass uses gas d ischarges or elec t r ical breakdown in 
gases as their phys ical basis for operat ion . Chief among 
such ins truments , which are wid e ly used in the energy f ield , 
are gas-phase detectors o f  nuc lear rad ia t ion . These inc lud e 
Geiger-MUller counter s , ion i za t ion chambers , and propor t ion
al counter s . These  inst rument s  no longer monopo l ize the 
rad iat ion f ield , as they onc e d id ,  but they cont inue to be 
impor tant . 

For detect ion of  spec ific  vapor s in the gas phase , 
certain spec ialized ins t rumen t s  o f  l e s s  comp lexity and cos t 
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than general-purpose spec tromet ers have been d eveloped . 
Such devices employing opt ical detect ion inc lude chemi
luminescence ,  laser f luorescence , and surface ionizat ion . 
In this lat ter instrument , a par t iculate is d ecomposed at 
a hot surface and transfers its surface-ionizab le const it
uents and impurit ies to the surface . A burst  of  ions then 
marks the arriva l of the par t icle  at the surface . The 
e lec trical pulse heigh t  correlates with the par t iculate 
size . 

For the detec t ion of  small par t iculate mat ter pro
duced in combust ion , catalys is , and the l ike , opt ical 
scat t er ing is commonly employed , using e ither convent ional 
sources or lasers . These nephalome ters are s imple and re
l iable for detec t ion of  part icula tes whose d imens ions are 
not small compared t o  the wavelength of  l ight . They de
pend on the bulk propert ies of the par t iculate mat ter ( e . g . , 
index of refract ion) and as such do no t yield informat ion 
on the chemical nature of  the par t icles . However , for 
scatter ing by single par t icles , the s trength of the s ignal 
is a measure of the part iculate size . 

A type of part iculate detec tor employing gaseous 
electronics is a variant of  the elec trostat ic precipitator . 
A par ticulate is charged in a corona dis charge , or other 
charging means , with the amount of charge being related 
to the part icle size . An electro s ta t ic f ie ld then draws 
the charged particle  out to a char ge detec tor , the t ime 
required depend ing on the charge on the par t ic l e  and the 
mob ility of the par ticle through the air . 

USES OF ATOM I C  AN D MOLECULAR I NSTRUMENTAT I ON I N  ENERGY 
RELATED ACT I V I T I ES 

Energy Resou rces 

EXPLORATION The use of Geiger-MUller counters in the search 
for uranium is  we ll known , with the gamma ray of  e ither the 
uranium itself  and its nongaseous daughter s  or of the radon , 
which d i f fuses up to the sur face b e ing detec t ed . 

FUEL ASSAY Almost  all forms of opt ical and mass spec t rom
etry are used to assay both nuc lear and fossil  fuels and 
to determine cons t ituent s and impur it ies (e . g . , sul fur in 
fossil  fuels ) . Uses inc lude as say o f  original ores , mine 
tailings , outputs of process ing p lant s (ref iner ies , gas i f i
cat ion , and l iqu ifact ion plant s ) , and used nuc l ear fuel 
elements . 
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Energy Produc t i on 

COMBUSTION Both optical and mass spec trometry are used in 
basic research on combus tion ,  f lame inhibit ion , and explo
s ion l imit determinat ion and to monitor prac t ical devices 
for completion of combus t ion , produc t ion of undes ired gas
eous pollutant s ,  and e f f iciency of catalyt ic conversion . 

MAGNETOHYDRODYNAMIC POWER PRODUCTION Opt ical and mass 
spec trometry are used to determine the nature of the ions 
and produc t ion and loss of ions in MHO generators . Mobil
it ies , processes for format ion , and des truc t ion of ions 
are types of basic atomic and molecular research related 
to MHO power produc t ion . 

CONTROLLED FUSION RESEARCH Opt ical and mass spec t rometry 
cons titute the princ ipal d iagno s t ic means in CTR work of  
all kind s . Opt ical spec trometry is used to determine t em
peratures or plasmas and levels  of  deleterious impuri t ie s . 
I t  is to be no ted , however , that the absence of some fun
damental cross-sect ion informat ion , and even of spectral 
l ines of some of the more highly charged ions , l imi t s  the 
quantitativeness of such d iagnost ics . 

FISSION REACTORS A variety of ins trument s  are used to 
monitor the operat ion of nuc lear reac tors . Mass spec trom
etry , part icularly with chemical ionizat ion , provides an 
extremely sensit ive method for detect ion of f ission prod
uct leakage into cooling lines and the air . Surface ion
izat ion monitors for detect ion of sod ium coolant leakage 
will l ikely be incorporated into all l iqu id-sod ium-cooled 
reac tors . 

Energy Ut i l i za t i o n  

Widespread u s e  of a tomic and molecular ins t rumentat ion i s  
made in energy util izat ion e f f i c iency ; this could become 
the area in which atomic and mo lecular ins trumentat ion 
makes i t s  strongest contribu t ion . Star t ing from e f f ic iency 
of combus t ion , d iscussed above , we can enumerate o ther areas : 
( 1 )  assay of ores and mine tailings for mater ials whose 
process ing wi ll requ ire energy ; (2)  process control in 
ref iner ies , chemical plant s ,  synthet i c  f iber produ c t ion ,  
elec t ronics  component s  manufac tur ing , s t ee lmaking (basic 
oxygen process ) , and o ther bas i c  me tal produc tion ;  ( 3 )  im
provement of effic iency of lamps and o ther l ight sources . 
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Env i ronmenta l Effec ts 

Atomic and molecular ins trumentat ion is current ly used ex
tens ively in evaluat ing the impac t  on the environment o f  
energy produc t ion and use . Gaseous , l iquid , and solid pol
lutants are subj ec ted to both electromagnet ic and mass 
spec trometry for chemical analysis , and aerosols are moni
tored us ing the part iculate detec tors described earl ier . 
Particularly of interest at present are the monitoring o f  
pollutant s f rom fossil-fueled power s tat ions ; industrial 
processing plant s ;  automobile , aircraf t , and rocket exhaus ts ; 
and nuc lear reactors . Of part icular importanc e in the near 
future will be the det erminat ion of pollutants from pro
cesses for gasif icat ion and l iquifac t ion of  coal . 
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APPENDIX B 
SCIENTIFIC DATA : 

EVALUATION AND DISSEMINATION 

We address here the tact ical problems of making an ef fec
t ive connec t ion between scient i f ic research effort and 
technological appl icat ion in energy-related atomic and mo
lecular sc ience . Although the general issues are not pe
culiar to this f ield , its mul t iple connect ions to many 
different areas of energy technology can introduce compli
cations into the  process o f  d evelop ing appropria t e  and 
effec t ive communicat ions channels between the sc ient i f ic 
e f forts and the t echnological problems t o  which they are 
pot ent ially app l icable . 

We f irst  summarize the var ious types o f  informat ion 
resources available to the researcher , and then br ief ly 
d iscuss the role played by Data Centers in evaluat ing and 
d is s eminat ing information . 

Ord inarily , data tabu lat ion and evaluat ion have 
received scant attent ion and suppor t as compared with or ig
inal scientific  research . Among sc ient i s t s , the greatest 
honor and per sonal gra t i f ic a t ion c omes from making new 
d iscoveries and produc ing fundamentally new resul t s . Among 
many fund ing agenc ies who se func t ion is to suppor t long
range and basic research , the same value sys tem app l ies . 
Agenc ies whose miss ion is highly ap pl ied typically view 
their miss ion as l imited , at mo s t , to the produc t ion of 
the spec ific  items of informa t ion for which they can see 
an immed ia t e  and pressing need . Seldom do their needs 
obviously ext end to  the tabulat ion , evaluat ion , and pub l i
cat ion of a broad pat t ern o f  data . 

There have been , of cour se , impor tant except ions 
to this generalizat ion . The need for extens ive tabulat ions 
of nuclear data , for both reactors and weapons , has led to 
a maj or inves tment in nuclear data tabulat ions , supported 
formerly by the Atomic Energy Commiss ion and now by the 
Energy Research and Development Adminis trat ion . This 
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development was n o  doub t fac i l i t a t ed b y  the fac t that a 
s ingle agency had the ent ire respons ib i l ity for both the 
sc ience and technology in the whole nuclear area . Conse
quently , it  could take a long-range view enc ompass ing the 
whole broad p ic ture . Where the miss ions have been d ivided 
among agenc ies , there has been muc h  less e f f ec t ive ac t ion . 

Other important data comp ilat ions are those on 
chemical reac t ions of  atmospheric species , notably the 
comp ilat ions supported by the Department of Transporat ion ' s  
C l ima t ic Impac t Assessment  Program ,  mo t ivat ed by the S ST 
problem . Tabulat ions of the rmodynamic data have long been 
broadly used in chemical computat ions , and their general 
importance has led to a c ont inu ing program f or eva luat ion 
and publ icat ion o f  impor tant data in this ar ea by the 
Nat ional Bureau of  Standard s .  Also , the importanc e of such 
informat ion for rocket propel lant and thrust  calculations 
led to the comp ilation known as the JANAF (Jo int Army , 
Navy , Air Force)  tables . The American Pe troleum Ins t i tute 
has been a maj or source of  suppor t for tabulat ions needed 
in that indus try . The coming impor tanc e of coal chemi s try 
turns the spo t l ight on a grea t current d ef ic i t  in tabulated 
data appl icab le to  that who l e  d oma in o f  chemis try and t ech
nology . 

At present , it  seems that the level of ef fort na
t ionally d evoted to data evaluat ion and pub l ic a t ion is  no t 
more than a f ew tenths of a percen t of  the total dollars 
spent for bas ic research . In atomic and molecular sc ienc e , 
this effort  i s  much smaller than it  is  in either chemistry 
or nuclear sc ienc e . The largest compilat ions in this 
sc ience have probab ly been those d evoted to a t omic spec tra 
and energy level s ,  together with s imilar informa t ion for 
d iatomic and other small molecules . Tabulat ions of  rad i 
a t ive trans i t ion probab i l i t ie s  a r e  a l s o  ava ilable . For 
c o l l i s ion proc esses in atomic and molecular sc ienc e , 
sys tema t ic data c omp ilat ion exis t s  only in cer t a in selec ted 
areas ( this is d iscussed in more detail below under Data 
Centers ) .  Par t o f  the reason lies in the d iver se nature 
o f  the market for this informa t ion , which makes it  d i f f i
cult to f ind one agency that has su f f ic iently compelling 
mo t ivat ion to provide the support need ed . 

Apart from the data  c omp ilat ions d iscus sed above , 
the following are br i e f ly summarized normal me thods o f  ob
taining need ed data , phys ical constan t s , and the l ike . 

Fo� las, Ru les, and Genera lizations : E i ther hand 
books appl icable to a broad f ie ld o f  sc ienc e or engineer
ing or handbooks of  informat ion espec ially appl icab l e  to 
a par t icular technological problem area , for examp l e , a DNA 
reac t ion-rat e  handbook . 
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TABLE 6 Summary of Data Centers in Atomic and Mo lecular Sc ience 

Da ta Cent er for Atomic Trans it ion Probab i l i t i es and Atomic Line Shapes 
and Shi fts 

w. L. Wies e  
NBS , Washington , D . C .  
S c ope : Radiat iv e  t rans i t io n  prob ab il i t i es  of atoms and a t omic ions in 

the gas phase 

Atomic Ener gy Level Dat a  Cen t e r  

W .  c.  Mart in 
NBS , Was hing ton , D . C .  
S c ope : At omic ener gy levels and s pec t ra 

Da ta Cent er for Atom ic and Mo lecular Ion izat ion Process 

H.  M. Ros ens tock 

NBS , Washington , D . C .  
Scope : At t enua t ion coef ficients for h i gh-ener gy phot ons 

X-Ray and Ion i z ing Radia t ion Dat a  Cent er 

J .  H .  Hubb el l 
NBS , Wash ington , D . C .  
Scope : At t enua t i on coef fic ients fo r h igh-ener gy pho t ons 

Controlled Fus ion Atomic Data Cen t er 

C .  F .  Barne t t  
ORNL , Oak Ridge , Tenn . 
S cope : Heavy ion c o l l is ion , elec t ron and pho t on co l l is ions , par t i c l e  

int erac t ion w i t h  surfac es , par t i c l e  t rans po r t , par t i c l e  int er
act ion with mac ros c op ic ma t t er 

Gaphor Da ta Cent er 

J .  L .  Delcroix 
Ors ay , France 
Scope : Atomic and mol ecular properties , interac t ion b etween par t i c l es , 

and macros copic propert ies b as ic to gas and plasma dynamics 

At omic Da ta Cent er 

K .  Takayanagi 
Tokyo , Japan 
Scope : Atomic c o l l is i ons 

Atomic Da t a  S tudy Group 

H .  Suzuk i 
Nagoy a ,  Japan 
S c ope : Atomi c collis i ons , atomic and molecular spec troscopic dat a  
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Atomic Co l l is i on Cross S ec t ion Informat io n  Center 

E. C .  Beaty 
J ILA , Bould e r , Colorado 
Scope : Low-energy atomic collis ions , cross-sect ion dat a ,  pa rt icularly 

elec tron and pho ton interac t ion with atoms and s imple molecules 

Chemi cal Kinet ics Informa tion Center 

D. Garvin 
NBS , Washingt on ,  D . C .  
Scope : Rates o f  homo geneous chemical r eact ions in gas eous , l iqu ids , 

and s o l id phas es ; pho toChemis try ; inel as tic s c a t ter ing 

Dia tomic Molecular Spec tra and Ener gy 

P .  H .  Krupnie 
NBS , Washing ton , D . C .  
Scope : Op tical spectroscopic data and cons t ants fo r diatomic mol ecules ; 

molecular parame t ers derived from spectroscop ic measuremen ts 
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T�eatises, Systematic Reviews, and Textbooks : Usual
ly appear ing as sc ient i f ic monographs , "Advanc es" series , 
and review j ournals . 

Compute� Techniques fo� Da ta Production : Program 
exchanges ;  program l ibrar ies ; ne tworks and other communi
cat ion devic es to  access computer re sourc es ; compu ter 
c enters for spec ialized purposes , for example , the proposed 
Nat ional Resource for Computat ion in Chemistry . 

Compute� Codes and Mode Ling of CompLex Phenomena : 
This developing technique is becoming increas ingly impor
tant ; it shortcuts expensive and lengthy exper imen tal 
pro totype d evelopment and requires rel iab le input data . 
I t  also requires "bench-mark" exper iment s  to check the 
models--a model will no t tell you i f  some process has been 
left  out , nature will . 

Data Cente�s : In the Pres ident ' s  Sc ienc e Advisory 
Committee repor t , The Responsibi Lities of the Technica L 
Cormrunity and Gove�ent in the T�ansfe� of Infoi'ITlation, 
1963 , the need was emphas ized for spec ialized centers to 
process informat ion or data appear ing in the archival 
j ournals . 

During the pa s t  1 2  years , spec ial ized informat ion 
ins t itutes have been found ed in the physical , natural , 
and social sc ienc es . The lates t Di�ecto� of Fede�a L Ly 
Suppo�ted Infoi'ITlation Ana Lysis Cente�s desc r ibes the ac
t ivit ies and scope o f  108 data centers . These data centers 
have as their pr imary func t ion the following : (a)  the 
analysis , evaluation ,  and c ond ens ing or comp iling of in
format ion for the expressed purpose of helping the user 
to bet t er ass imilate i t ; (b) the presentat ion of  data in 
the form of comp ilat ions , c r i t ical reviews , or state-o f
the-ar t repor ts ; (c )  the provis ion o f  eva luated responses 
for informat ion for the ent ire technical community in a 
given d iscipl ine . 

At present , there are 11 atomic or molecular data 
centers located wor ldwid e tha t serve the phys ics  and chem
is try community , with poss ible app l icat ion to energy re
search . Tab le 6 l i s t s  the c enters , their locat ions , d irec
tors , and scope . In add it ion to  these c enters there are 
o thers suppor ted by private  industry who s e  hold ings and 
services are not ava ilable to the technical community . For 
example , many chemical companies have exhaust ive f iles o f  
infrared spec troscopic mo lecular data . 

Of utmost impor tance to  the operat ion or es tabl ish
ment o f  a data center is the j us t i f icat ion o f  the expend i
ture involved in the opera t i on from the viewpoint of  the 
sponsor ( s ) . This i s  a mo s t  d i f f icult  quest ion to add ress 
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in a general sense ; each case mus t  b e  treated i n  the con
text of spec if ic goals and need s . Quantitative evaluat ions 
of data centers themselves is a d if f icul t undertaking and 
has not been exhaustively s tud ied . 

Probably the best justif icat ion for the es tabl ish
ment of data centers is the suc cess of ex is t ing data centers . 
Three such c enters could be s ingled out in connec t ion with 
this report for ment ion here : the Atomic Energy Level Data 
Center at  the Nat ional Bureau of  S tandards ;  the Controlled 
Fus ion Atomic Data Center at Oak Ridge Nat ional Laboratory , 
es tablished in 1961 to provide evaluated data to the fus ion 
community ; the Data Cent er at the Joint Ins t i tute for Lab
oratory As trophys ics , Boulder , Colorado , wh ich for the pas t 
ten year s has accumulated and evaluat ed data and has spon
sored crit ical reviews , par t icularly in the area of elec
tron and pho ton int eract ions with atoms and s imple molecules . 

One of  the more compl icated aspec t s  of the appl ica
t ion of atomic phys ics or chemistry to research in the 
f ield of  energy is  the d iver s ity and the magnitud e  of  the 
various programs . A part ial list ing of the energy research 
programs in which atomic or molecular data are needed would 
include all the areas d iscussed in this report . Es tablished 
data centers ar e in a pos i t ion to supply mos t  of the atomic 
needs of these var ious programs . The chief need for an 
add i t ional data center is probably for molecular data ; a 
"Data Center Steering Commit t ee" could provid e  a valuab le 
focus for establ ishing na t ional data accumulat ion and eval
uat ion policies in atomic and molecular science and for 
serving as a c l ear inghouse for channel ing data reques ts  by 
users . 
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APPENDIX C 
SELECTED GLOSSARY 

OF TERMS EMPLOYED IN THE TEXT 

0 
Angstrom unit (A) : A convenient unit of length in atomic 

phys ics , equal to 10- 8 em . Visible0l ight possesses 
wavelengths in the range 4500-7 500 A; atomic d imen
s ions are normally of the order of several angstroms . 
The rad ius of the0ground -s tate  orb i t  of  atomic hyd ro
gen is abou t 1 / 2  A .  

Bremss trah Lung : The rad iat ion emit ted b y  a charged par t icle  
when i t  undergoes rap id accelerat ion of some kind . 
This is a part icular ly effec t ive means of  produc ing 
elec tron energy loss in high-t emperature magnet ically 
conf ined plasmas . 

Charge exchange : The process whereby an atomic or molecular 
ion in collision with a second neutral  or charged 
atom or mo lecule interchanges charge s tates , e . g . , 
X + yt -+ x+ + Y .  

Cross section : The "effec t ive area" presented by an atomic 
or molecular target t o  a collid ing par t icle . This 
area will generally depend on energy and the nature 
of  the int erac t ion . Atomic cross sec t ions can vary 
over an enormous range but usually possess values 
between 10- 1 4  and 10- 1 8 cm2 • In describ ing spec ific 
react ions , one refers to elas t ic cross sec t ions , in
ela s t ic cross sec t ions , ionizat ion c ross sect ions , 
etc . 

Diffusion coefficient : A mea sure o f  the ab ility of a par
t i cular species t o  transport itself through a bulk 
med ium , such as a dense gas or l iquid . 

Dimer� trimer� etc . : The two- , three- , etc . atom sys t em 
formed from atomic spec ies that normally occur as 
s ingle atoms , e . g . , Na 2 , Na 3 ,  e t c . 

Dopp Ler broadening : The wid ening of  spec tral l ine s result
ing from the  mo t ions o f  the  rad iating atoms or 
molecules . 
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Elastic cPoss section : An a t omic or molecular collisional 
process in which two par t icles scat ter without change 
in their int ernal energy states . 

ElectPon affinity : The energy requ ired to remove the ex
cess elec tron from a nega tive ion . Elec tron affini
ties are generally cons iderably less than ionizat ion 
energies , usually being in the range of 0 . 1-1 elec
tron vol t . 

ElectPon vo lt ( eV) : A convenient uni t  of energy for atomic 
reac t ions , equal to 1 . 6  x lo- l 9 j oule (J) . 

Excitation : The plac ing of an atom or molecule into an 
energy state that possesses a higher ene rgy than 
the ground state . Usually the atom or molecule will 
then spontaneous ly undergo a trans it ion to the 
ground s tate , e i ther by emitt ing elec tromagnet ic 
radiat ion or by t rans f er o f  its excess energy to 
another part ic le .  

FluoPescence : The rad ia t ion in a gas or other transparent 
med ium resul t ing from prior exc itation of atoms or 
molecules by electrons , pho tons , or o the r means . 

Ionization : The process of removal o f  one or mor e elec trons 
from an atom or mo lecule . The remaining atomic sys
tem is referred to as a "po s i t ive ion . "  

Isoe lectPonic sequence : A series o f  atomic ions all pos
sessing s imilar valence elec tron conf igurat ions , 
obtained by mov ing across the period ic table and 
removing a single elec t ron in each s t ep ,  e . g . , 
H , He+ , L i++ , B+++ . 

Metastab le s tate : The s tate o f  an exc ited atom or molecule 
in wh ich the norma l proc ess of  rad iat ive decay to a 
lower energy state canno t oc cur . An atom or molecule 
in such a state there fore ac ts  as an effec t ive c ar
r ier of excess  energy . 

Negative ion : An atom or molecule that possesses an excess 
number of elec trons . 

Photodetaahment : The removal of an e lec tron from a negat ive 
ion result ing f rom the interac t ion of the ion with 
a photon , e . g . , x- + hv � X +  e , where hv represents 
the pho ton . 

Photoionization : The removal o f  an elec t ron from a neutral 
atom or molecule , or a posit ive ion , resu l t ing from 
the interac t ion of the par t icle  with a photon , e . g . , 
X + hv � x+ + e ,  where hv represents the pho ton . 

Po laPizability : The atomic or molecular property that is 
charac ter ized by i t s  ab ility to  be d is tor t ed by an 
externally imposed ele c tric f ie ld . 
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Recombination : The process whereby two charged par t icles 
unite to form a s ingl e  atom or molecule , e . g . , 
xf" + r -+  XY . 

Resonance : In atomic physic s ,  usual ly refers to a narrow 
energy region in which two coll id ing par t icles form 
a temporary comb ined "compound state , "  before flying 
apart again . Resonanc es o f t en result in the appear
ance of anomalous narrow s t ructure in the magnitud e  
of the cross sec t ion . 

Rotationa l excitation : A molecular exc itat ion process 
wherein the rotat ional energy , referred to some 
internuc lear axis of the molecule , is changed in a 
collision . 

Singlet s tate : The s tate o f  an atom or molecule in which 
the intrinsic angular momenta , i . e . , the spins , of 
the electrons canc el each o ther out in pair s , so 
that the ne t sp in of the sy stem is zero . 

Transition probabi lity : The relat ive chance that an ex
c i t ed atom or molecule will spontaneously undergo 
a radiat ive t rans i t ion to a lower state . Inversely 
related to "rad iat ive l i f e t ime , "  s ince the greater 
the trans it ion probab i l i t ies the shor t er the life
t ime . 

Trip let s tate : The state o f  an atom or molecule in which 
the intrinsic angular momenta , i . e . , the "spins" 
of  two o f  their elec trons are or ient ed along the 
same d irec t ion . 

Vibrationa l excitation : A mo lecular exc itat ion process 
wherein the vibrat ional energy o f  the molecule 
about an equilibr ium in ternuclear pos ition is 
changed in a col l i s ion . 
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