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PREFACE 

I am grateful to my colleagues from the United States and 
abroad, identified in Appendix B, whose intense, dedicated efforts 
during the workshop produced the panel reports that follow. These 
reports, together with the individually authored resource papers 
attached as appendixes, were prepared in response to the U. S. 
Department of Energy's (DOE) request for an assessment of future 
directions and prospects for transplutonium element research. 

The workshop clearly showed that the products of the High Flux 
Isotope Reactor and Transuranium Processing Facility (HFIR/TRU) are 
essential for tackling many important, even exciting, research problems 
in nuclear physics and chemistry, in inorganic and metal-organic 
chemistry, in spectroscopy, and in solid-state sciences. In many 
instances such research will throw light on questions that go far 
beyond the narrow confines of the transplutonium elements themselves. 
These points are, I believe, amply demonstrated in the reports of the 
workshop panels. I also know from conversations during the workshop 
that a number of participants who had little prior familiarity with 
transplutonium work came away with greatly stimulated interest in and 
appreciation for the field. 

Thus there seems to be little question that, in the general 
context of chemistry and physics, there is considerable interest in 
further work with transplutonium elements, and the workshop report sets 
forth the most promising directions for such work as well as the 
requirements for specific elements and isotopes and the quantities 
needed. 

The report does not contain a detailed comparative evaluation 
of transplutonium research versus other areas of chemistry and physics 
supported by DOE, because the participants were both unwilling and 
unable to undertake one. Such an evaluation would require developing 
priorities for all the chemistry and physics supported by 
DOE--including research involving transplutonium elements--and 
information on the quantity, quality, and significance of both existing 
projects and new research proposals in each area. In allocating 
research resources, one would hardly ever completely eliminate research 
areas perceived as being of lower priority; one would, instead, support 
fewer projects in such areas. Clearly, such an undertaking could not 
have been accomplished by the Steering Committee within the existing 
time constraints. Furthermore, such responsibilities belong to the 
program officers of the Office of Basic Energy Sciences. Their skill 
and foresight is the key to making proper judgments, in terms of DOE's 
long-range mission and the nation's needs, in the selection of research 
proposals to support. I am confident that the workshop, by identifying 
exciting research areas, will provide useful guidance to program 
officers in making such choices. 
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Nevertheless, I sympathize with the difficulty faced by the DOE 
staff. The operation of the HFIR/TRU is so expensive that it 
represents a sizable fraction of the total Division of Chemical 
Science's budget, and its support is perceived by some as cutting into 
the support of other areas. In this context two remarks seem 
germane: ( 1) The uniqueness of the fact that its support is 
essentially an all-or-nothing matter (it cannot be cut by 20 percent) 
should weigh heavily in comparison with other areas. In other words, 
one must consider whether an entire field should be irrevocably wiped 
out in favor of increased support for many other small-science 
programs, worthy as they may be. ( 2 ) It is obviously not fair to 
consider the cost of the HFIR/TRU only in the context of the Division 
of Chemical Sciences, even though the program is funded through and 
administered by that office. The benefits are shared by nuclear 
science, solid-state science, and chemistry, and one should therefore 
look at the HFIR/TRU budget in relation to the overall Basic Energy 
Sciences' budget to put it in perspective. 

My sincere thanks go to William Spindel and his staff (Peggy 
Posey, Robert Simon, Wendy Baker, and Frances E. Holland) for 
invaluable support in organizing and operating the workshop and in 
preparing this report. 

vi 

Gerhart Friedlander 
Chairoman 
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OVERVIEW AND RECOMMENDATIONS 

ORGANIZATI ON AND OPERATI ON OF THE WORKS HOP 

S ince their construct ion in t he mid-1960s, the High Flux Iso tope Reactor 

( HFIR) and the associated Transuraniu m  Processing Fac ility ( TRU) at Oak 

Ridge Na t ional Laboratory have provide d  the we stern worl d's supply of 

e le ments beyond curium ( atomic number 96) ,  e ithe r  directly or by 

furnishing s tart ing materia l s  for furthe r nuclear-synthesis reac t ions. 

Both fac il it ie s  have a remarkable record of re liability and minima l 

downt ime . 

De spite the uniqueness of the HFIR/TRU c o mplex , "the transplutonium 

e le me nt area has inc reasingly receive d spec ia l  a t tention because of it s 

high cos t s  rela t ive to  those of o the r areas," a s  stated in a le t t e r  ( see 

Appendix A) from Dr . Ellio t S .  Pie rce , Direc tor of the Divis ion of 

Chemical  S c iences of the U .  S .  Depar t ment of Energy's ( DOE) Office o f  

Basic Energy Sc i"ence s  ( OBES ) , which provides most of the funding fo r 

these facilit ie s .  As a result of t his spe c ial concern , OBES a ske d the 

Nat ional Research Council ( NRC ) to convene a Workshop on Future 

Dire c t ions in Transplutonium Element Re search . The spec ific c harge fo r 

the workshop ,  as stated in t he invitation to part icipant s, was "to 

provide DOE with an as�essment of the impo rtance and future dire c t ions of 

research wit h the se ele ment s ,  vie we d in the broader context of chemistry 

and physic s . "  

The workshop was organized unde r t h e  auspices of t he NRC's Board on 

Che mical Scienc e s  and Technology and its Co mmit tee on Nuclear and 

Radiochemistry , which jointly selec ted a s teering commit tee compose d  

about equa l ly o f  ac t ive ac t inide researchers and o the r che mis t s  and 

physicists .  At tendance a t  the workshop was by invitation , and 

part ic ipants were carefully selected to represent prac t it ioners in the 
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various areas of  re search wit h t ransplutonium ele ment s a s  well a s  e xpert s 

in related f ield s  no t themselves working with these  mate rials . The 

par t ic ipant s are lis ted in Appendix B .  

To provide background material for the workshop , a number of e xpert s  

prepared re source  pape rs tha t were d is t ributed t o  the workshop 

part icipant s  and that also served as the bas ts of oral pre sent a t ions t o  

the opening plenary s e s s ion of the workshop . These  papers are appended 

to this report a s  Appendixe s C through J. 

Foll owing the init ial plenary s e s s ion , the partic ipant s formed f ive 

pane ls concerned with the following aspe c t s  o f  t ransplutonium e le ment 

researc h: (1) nuclear reac t ions and the s ynthe s is of new t ransuranium 

spe c ie s , (2) nuc l ear s t ruc ture and f is s ion phenomena, ( 3) che mical 

propert ie s , (4) spectroscopy, and (5) solid-s tate phys ic s  and che mist ry. 

The panels prepared preliminary report s that we re d iscussed in plenary 

se s s ions and th�n further ref ined by the panels . The se  panel report s , a s  

writ ten during the workshop and subsequent l y  revised b y  pane l members and 

by the s teering commit tee , form the bod y of this report ( Chapters 1-5). 
Although this workshop was convened to  provide an a s s e s s ment o f  the 

s ignif icance of research with t ransplutonium ele ment s or, more 

specif ically, with nuclides o f  Z > 96 uniquely produced by HF I R  and TRU ,  

it should be kept in mind that the value o f  the HFI R/TRU goe s well beyond 

t ransplutonium e lement produc t ion . HFIR has one o f  t he highe s t  

fas t-neut ron f luxe s  available . With it s high-flux neutron t rap , it s f our 

neutron beam hol e s , and it s "rabbit " for short irradiat ions , it is one of  

the very few  opera t ional facilitie s in the United S tate s f o r  

neut ron-d if f raction and neutron-scat tering e xpe riment s and i s  nearl y 

unique for providing several high-specif ic -ac t ivit y radioisotope s , 
192 60 inc lud ing I r ,  Co , and some isotopes  for medical us e s . TRU is 

e s sential for ac t ivit ies other than heavy-element separations , including 

defense-re lated work and deve lopment of reprocess ing of spent reac tor 

fue l s . None of the s e  activitie s is addre ssed in t his report , but the y 

must be cons ide red in any overa l l e valuation of these facil it ie s . 

Ano the r a spec t  of the HFIR/TRU program that mus t  be borne in mind is 

its internat ional character.  As already mentioned , t hese  fac ilit ie s  

represent the only source of we ighable amount s of transcurium e le ment s in 
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the western world, and very significant amounts of research in western 

Europe depend on the availability of these products as starting materials 

{for example, targets for further nucleosynthesis). Research 

expenditures by European countries in the use of these products are of 

about the same magnitude as those in the United States. Furthermore, 

this is a field that has been characterized by exceptionally fruitful 

international collaborations, with unique facilities and expertise freely 

shared to mutual advantage. 

SUMMARY 

Each of the five panels concluded that there are important and 

challenging scientific problems in its area of interest that can be 

solved only if products of the HFIR/TRU remain available. In the 

individual panel reports these problems are discussed in some detail. 

Some of the general reasons for the interest in transplutonium elements 

are summarized below and a few examples are given. 

The uniqueness of the HFIR/TRU facilities was a central issue in all 

the workshop discussions. If these facilities were to cease operation, 

most of the rich body of investigations discussed in the following 

chapters would simply come to a halt. A particular point implicit in all 

the panels' considerations is the fact that some of the important 
249 252 253 254 255 

HFIR/TRU products {e. g., Bk, Cf, Es, Es, Es, 
257

Fm) are short-lived and cannot therefore be stockpiled and thus 

require continued production. 

In the area of nuclear research the exploration of the limits of 

nuclear stability is a prime motivation for studying nuclear species with 

the highest atomic numbers accessible. Improved understanding of 

nuclear-reaction mechanisms recently achieved gives great promise for 

reaching uncharted regions of nuclei at the upper end of and beyond the 

actinides, including presumably longer-lived isotopes of known elements 

than were previously available and possibly the long-sought superheavy 

elements of Z � 114 with neutron numbers near 184. 
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For the exploration of fundamental concepts of nuclear structure the 

transplutonium region offers unique advantages because of the large 

numbers of valence nucleons present and because there is a greater 

variety of angular momenta, shapes, and coupling of nucleon orbitals than 

in any other region. Since nuclear fission occurs only in high-Z 

elements and, with increasing atomic number, becomes a more dominant 

mechanism for limiting nuclear stability, detailed investigations of this 

important process, which is not yet fully understood, depend on the 

availability of a wide variety of high-Z nuclides. More specifically, 

the unexpected and dramatic changes in fission properties observed across 

a series of fermium isotopes make it imperative to investigate other, 

still heavier systems in order to understand the factors responsible for 

these changes. 

Another interesting area of research that requires the highest-Z 

materials obtainable is the search for spontaneous positron emission 

predicted to occur as an extreme relativistic effect in the very strong 

Coulomb field near a nucleus of very high Z (> 137) ; such nuclei may have 

a transitory existence in the scattering of high-Z projectiles from 

high-Z targets; the possible observation of this phenomenon in recent 
2 38 2 48 

experiments with U ions scattered from Cm calls for further 

systematic studies with other systems. 

From the chemist's point of view the periodic table of elements is 

the most basic road map and to extend it to its farthest reaches is an 

obvious goal. More specifically, there is special interest in extending 

chemical, spectroscopic, and solid-state studies to the highest atomic 

numbers because of the increasing prominence of relativistic effects. 

Through such studies at high Z, where the effects are large, a better 

understanding can be gained of the role of relativistic effects 

throughout the periodic table. The differences between the actinide (Sf) 

and lanthanide (4f) elements are highly instructive, and, since the Sf 

orbitals have properties that are in many ways intermediate between those 

of 4f and 3d orbitals, knowledge gained from actinide studies (e.g., 

spectra) can illuminate the behavior of lanthanides and transition metals 

as well. The quantum mechanics of the Sf electrons is in fact the 

central issue in the physics and chemistry of actinide elements. 
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The special importance of further studies of the higher members of 

the series arises from the fact that the spatial extension and bonding 

properties of the Sf electrons change quite markedly near plutonium, as 

evidenced, for example, by the disappearance of readily accessible higher 

valence states and the onset of lower valences; the anomalous contraction 

of atomic size in the actinide elements through plutonium and americium; 

and anomalous changes in other properties, such as melting points, 

compressibilities, and allotropic phases. A full understanding of the 

change in the character of the Sf electrons from extended bonding 

behavior in the early members of the series to 4f-like localized 

character in the higher actinides has important implications for the 

physics and chemistry of elements throughout the periodic table. 

Beyond the actinides lie elements whose chemistry is even more 

difficult to predict but that is critical to defining the architecture of 

the periodic table. Only the most rudimentary properties of elements 104 

and lOS have been determined, largely because such studies are made 

extraordinarily difficult by the elements' very short half-lives and 

because only minute amounts of material are available. The new synthetic 

routes mentioned in the discussion of nuclear reactions give promise of 

both larger numbers of atoms and isotopes of  much longer half-lives, 

which would greatly facilitate chemical and spectroscopic 

investigations. Conversely, knowledge of the chemistry of the 

transactinide elements will be important in extrapolating to the chemical 

properties of the superheavy elements, which may be a crucial 

prerequisite to their discovery. 

An interesting and promising application of a transplutonium species 
2S2 

not covered in any of the panel reports is the use of Cf in cancer 

therapy, which is discus. dd in Dr. Maruyama's resource paper 

(Appendix J). Californium-2S2 therapy appears to offer unique advantages 

over other forms of radiation treatment for certain types of 

malignancies. Further exploration of this technique certainly seems 

desirable, and, if ft lives up to its early promise, the future 
2S2 

availability of Cf for medical use will have to be ensured. 
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RECOMMENDATIONS 

In view of the broad interest in a number of areas of research that 

depend critically on transplutonium elements and isotopes uniquely 

produced by the HFIR/TRU it is recommended that the operation of these 

facilities be continued for at least several years and that their status 

be reviewed again three to five years from the date of this report. Such 

a follow-up review should take into account, in addition to the 

scientific merits of transplutonium research, a broader range of issues 

than could be addressed in this workshop, including, e.g., the importance 

of the facilities for training, for research on fuel reprocessing, for 

neutron scattering, and for medical and defense applications. 

In the meantime, the highest priority in research with transplutonium 

material should be given to the support of those experimental programs 

identified in the panel reports as particularly interesting, promising, 

and crucially dependent on products of the HFIR/TRU. 
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NUCLEAR REACTIONS AND THE SYNTHESIS OF NEW SPECIES 

EXECUTIVE S UMMARY 

Targets of relat ively short-lived , neut ron-rich transplutonium i sotopes , 
254  

such as Es ,  which are produced by the BFIR/TRU, when combined with 

the capabilities  of modern heavy-ion accelerators , offer a unique 

possibility to expand our knowledge of chemical elements and atomic 

nucle i  toward the limits  of nuclear stability . This knowledge should 

enable us to delineate the f orces that eventually terminate t he periodic 

table a t  i t s  uppe r end . Specifically , the panel concludes that 

significant research opportunities exist in several areas , which are 

highlighted below : 

o Nucleon-t ransfer reactions between light heavy-ion projectiles  

( such as  18o ,  2�e ,  or 48ca) and 254E s  targets will give access 

to  a completely uncharted region of  neutron-rich isotopes . The element s 

from fermium ( 100) to lawrencium ( 103) can be produced in relatively 

large quantities , including nuclides with half-lives predicted to be long 

enough ( perhaps minut es to hours )  for detailed studies of their chemical 

behavior  and decay propert ies . 
48 2 54 2 5 � o Cold-fusion reactions of Ca projectiles  wit h  ' J!s 

target s  should yield superheavy nuclei with neutron numbers very close to 

the predicted closed neutron shell at N • 184 . Because of the 

low-excitat ion energy deposited in the compound nucleus in cold-fusion 

reactions , the survival probability for superheavy nuclei should be 

increased dramat ically . If target quant ities of t ens of micrograms were 

available , a very sensitive search could be made for production rate s  of 

a few atoms per day . 

7 
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o Mechanistic studies of nuclear reactions with heavy targe t s  

( such as nucleon-transfer and cold-fusion reactions) are important in 

their own right and need to be investigated in more detail . Thi s 

informat ion will be useful in understanding reaction on lighter nuclei . 

o Sensitive and fast techniques for the detection and 

identification of new and very heavy nuclei must be developed . 

INTRODUCTION 

Throughout time our need to understand nature, the elements that comprise 

it , and the physical laws that govern it has led to the fundamental 

concepts of the chemical element, the atom, and its nucleus. Our desire 

to understand the elements in a unified way led to the establishment of 

the periodic table. 

A half-century ago, based on the emerging art of nuclear 

transmutation, initial attempts were made to break through the confines 

of the upper limits of the periodic table as defined by the naturally 

occurring elements. The intervening years have been crowned with success 

as the natural effort to explore and to expand this frontier has 

continued. Today, as we look back on the synthesis and identification of 

16 transuranium elements and nearly 200 isotopes in this region , we can 

feel that this exploration has indeed been profitable. We are still , 

however , a long way from the upper boundary of either the periodic table 

or of the knowledge of nuclear and chemical structure that continued 

expansion promises. The knowledge already gained in pushing these 

boundaries to the extreme limits of nuclear stability has been 

fundamental to our current understanding of the chemistry and physics of 

nature, but there is potentially much more to come. 

Three of the new elements (Z • 104 , 105 , 106) and a large portion of 

the transfermium (Z > 100) nuclides discovered during the last 15 years 

were made from actinide isotopes produced in the HFIR/TRU facilities. In 

producing these new species we have learned a great deal about nuclear 

fission and the mechanisms involved in nucleus-nucleus collisions. To 

synthesize new elements, possibly longer-lived isotopes of the 
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transfermium elements, or even superheavy elements ,  i t  is  clear that 
252 

target isotopes of the highest  possible Z and A ,  such as Cf ( 2 . 6 y ) , 
253

Es ( 20 d ) , 
254

Es ( 2 7 6  d ) , 
2 55

Es ( 40 d ) , and possibly 
2 57

Fm 

( 100 d ) , must be used . These isotopes can be produced in the nece ssary 

quantities only by the HFIR/TRU . 

For both physics and chemistry the potential benefits  of continued 

research in this region are numerous . In nuclear science we are faced 

with the exciting challenge of understanding the properties of the 

nucleus in greater detail :  its collective motions , its  nucleonic motions 

and interac tions , and the underlying strong nuclear forces . The delicate 

balance between Coulombic repulsion and cohesive nuclear attraction is  

exemplified by the phenomenon of  spontaneous fission that is unique to  

the actinide and transactinide elements .  Spontaneous fission lifetimes 

impose limits  on the stability of these very heavy elements ,  and , in 

order to improve predictions of their  half-lives and decay properties , we 
must increase our understanding of the fission process . Fission also 

imposes limits  on the reaction paths that can be used to  synthesize these 

high-Z nuclides . To maximize the number of nuclei t hat survive prompt 

fission ,  we mus t continue to  search for nuclear react ions that minimize 

the exci tat ion energy and angular momentum deposited in the heavy 

product s . 

At the present t ime the light heavy-ion reaction mechanisms that are 

potentially of most v�lue f or the synthesi s of higb-Z nuclide s  are 

compound nucleus reac tions and t ransfer reactions . In contrast to 

compound nucleus reactions , where complete fusion of the projectile and 

target occurs , transfer reactions lead to products in which only a part 

of the projectile mass  and energy is  transferred to the target nucleus . 

An alternative reac tion path , via heavier projectiles , is  the deep 

inelast ic transfer react ion . Thi s reaction leads to the exchange of  

considerable mass and energy between the projectile and the target . The 

knowledge gained in studies of nuclear-reaction mechanisms involving the 

heaviest targets should ultimately allow the synthesis of very heavy 

eleaents ,  even superheavy elements, with hal f-live s  that  are sufficiently 

long and in quantities that are sufficiently large for both nuclear and 

chemical studies . 
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From a chemical viewpoint the study of the transactinide elements 
affords a real and unique possibility for observing relativistic effects 
in atoms . From the magnitude of these effects in heavy elements the 
importance of relativistic effects in lighter elements can be 
determined. Furthermore, some of the predicted consequences of 
relativistic effects can, in turn, be tested, and our basic understanding 
of the atom can be refined . 

This chapter first describes some possible synthetic routes for the 
production of new neutron-rich transfermium isotopes. Previous attempts 
to synthesize superheavy elements are reviewed, and new approaches for 
reaching the "island of stability" are discussed. The third section 
addresses nuclear-reaction mechanisms that may be used for the production 
and study of very heavy elements and their contribution to the 
understanding of reactions involving lighter nuclei . The last section 
describes techniques that have been developed, and new ones that will be 
required, for the detection and identification of new isotopes in f uture 
studies of this region . 

NEUTRON-RICH ISOTOPES OF HEAVY ELEMENTS 

It is of utmost importance to study the uncharted region of the 
neutron-rich transplu�onium isotopes if we are to understand the 
phenomenon of spontaneous fission, a process that ultimately limits 
nuclear stability at the upper end of the periodic table. Knowledge of 
the variation in spontaneous-fission properties (such as half-life, mass 
division, neutron emission, and total-fragment kinetic energy), as we 
move toward increasingly heavier nuclei, is crucial to our basic 
understanding of fission . Given this information, better theoretical 
models can be developed, tested, and further refined, permitting more 
reliable extrapolations to the even heavier, superheavy element region. 
Since the half-lives of some of these neutron-rich isotopes are expected 
to be sufficiently long for chemical experimentation, there are prospects 
for studying not only their nuclear properties but also their chemical 
properties . 
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One of the most exciting recent developments in the study of nuclear 
fission is the observation of the dramatic change to symmetric aass 
division accompanied by very high total kinetic energy of fragments for 
fermium isotopes with N > 158 .  A change of only a few nucleons appears 
to be important, since the N • 158 isotope of californium does not show 
these properties . Current indications are that these phenomena are 
unique to the heavy fermium isotopes and that they can be explained on 
the basis of fragment shell effects . Only a few isotopes beyond fermium 
have been investigated, and, although recent studies show that symmetric 
division persists in 259Md and 2 60 [ 104 ] ,  the total kinetic energy is 
no longer anomalously high . In the case of 25 9Md, the rather dramatic 
change in properties occurs with the addition of a single proton! The 
abrupt change between Md and Fm appears to be related more to the 
disappearance of the second fission barrier than to the influence of 
shell effects in the nascent fragments. However, to gain a better 
understanding of the fission process and to assess the importance of 
various structural effects, the region of the neutron-rich transfermium 
isotopes must be explored further. Without the experimental access 
provided the HFIR/TRU target isotopes, our ability to make these 
investigations and to develop predictive fission models will be seriously 
impaired. 

It also appears that transfer reactions involving relatively light, 
neutron-rich projectiles (such as 
highest available Z and A targets 

18 22 48 
0 ,  Ne, and Ca) and the 

will produce isotopes in the desired 
254 neutron-rich, heavy-element region. For example, an Es target with 

a 22Ne beam might be used to produce heavy isotopes of element 107 , as 
shown below . 

269
[ 107 ] + a, Jn 

254Es + 22
Ne � � 270

[ 107 ] + a, 2n 

Currently, the heaviest known isotope of element 107 has a mass number of 
262 and a half-life of only 5 ms. The heavier isotopes should be 
longer-lived and thus more tractable for detailed study. 

Opportunities and Challenges in Research With Transplutonium Elements: Report of a Workshop

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19522


12 

Via such t ransfer reactions , isotopes of essentially all the elements 

be tween the atomic number of the target and the sum of the atomic numbers 

of the target and projecti le can be made , although the production c ross  

sect ions drops sharply wi th an  increasing number of particles 

transferred . In many cases t he ground-s tate Q-values are sufficiently 

negative that the produc ts can be formed with very little excitation 

energy . Consequently , an enhanced survival probability can be expected 

for these "cold" nuclei . Figure 1 shows the region of  new neutron-rich 

isotopes that is accessible using relatively light heavy-ion projectiles 

and 
248

em, 
252

cf , and 
254

Es targets . 

A comparison of the measured yields of actinides produced in the 
18 22 248 254 18 

reactions of 0 and Ne i ons wi th Cm and Es , of 0 ion 
249 4 8 248 

with Cf , and of Ca i ons wi th Cm has shown that the yields 

for these systems are similar for transfers of the same number of protons 

and neutrons . Maximum yields are observed for the effective t ransfer of 
2 3 5 6 7 
H, followed in order by He , Li , and ' Be transfers . 

Corresponding peak-yield cros s  sections are about 2000 ,  1000 ,  30 ,  and 

3 �b ,  respectively . Transfers of more neutron-rich f ragments also occur 

but with lower yields . 

From these data we estimate that 
26�r and 

263
Lr can be produced 

by 8Be and 9Be transfers to 254Es  wi th cros s sections of about 300 

and 50 nb , respec tively.  Estimated production cross  sections and 

half-lives for other new neutron-rich i sot opes from t ransfer react ions to 
2 54 

an Es  target are given in Table 1 .  

At saturation ,  and assuming a 3 �g ( 30  �g/cm
2 ) target of 

254
Es , 

these cross sections would allow the production of between 100 and 3000 

atoms , depending on the isotope . If  more 
254

Es were available , the 

number of atoms would , of course , be correspondingly increased . 

Alternat ively , we could use the large r  quantities  of 
253

Es ( -100 �g )  

currently avai lable from the HFIR/TRU t o  increase the number o f  atoms 
253 

produced , but the analogous reaction on Es would lead to isotopes 

wi th one less neutron than in the case of 
254

Es . The use of 
2 53

Es  

would , however ,  have its  own spec ial problems: the 2Q-day half-life 

would severely limi t the time "window" in which the target  would be 

usable and could also affect the stability of the target because of 
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261 262 (272) 1-2 rm 4.7 ms 107 
259 263 -7ms 0.9 5 (270) 106 

257 258 260 261 262 
105 0.9 5 J.Js 1.51 1.8s 36 5 

256 257 258 259 260 261 262 
8 ms 4.5 I 13 m5 3.0 5 ? 65s , (266) 104 
255 256 257 258 259 260 � � � Wi Wi � Lr 22 s 31 s 0.65 4.2 s 5.4s 3m 103 
254 255 256 257 258? 259 

� � � � � � No O.JsniSs 3.1 m 3.2 I 26 s 1.2 ms 58 m 102 
253 254 2.55 256 257 258 259 

� � � v 164 
Md ? 28rrv'10m 27m 76 m 5.2 h �Jm.-fi8d 95 m 101 

252 253 254 255 256 257 258 259 
� � Fm 25 h 3d 3 h 20 h 2.6 h 100 d 0.4 ms 1.51 100 

99 
251 252 253 254 ... 255 256 � � v 162 ;t)s ·d·:: 

Es 33 h G72 d 20 d . �h •· 40 d 7.61v"Z2m 
250 251 252' 253 254 255 256 p Cl 13 y 900 y 2.6 y 17.8 d 60 d I h 12m 98 
249 250 251 � � w 

160 
Bk 320 d 3.2 h 56 m 97 

:::::2�&:< 249 250 251 
Cm :J·x-,os- 64m lo4y 17m ;.···; .. ;. · .} 96 
N 152 154 156 158 

FIGURE 1 .  The cros s-hatched areas show new isotopes that can be produced 

in yields of more than 100 atoms per day by transfer react ions between 
248 252 254 

relat ively light , heavy ions and Cm, Cf , and Es target s .  

( The yields were calculated assuming a cross sect ion of 1 nb, a target of 

100 �g/ cm2 , and 20 A-hours of beam. ) Target nuclei are shaded and the 
18 

compound nuclei for reactions wi th 0 are shown in parentheses . 
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TABLE 1. Estimated Cross  Sect ions and Half-Lives for Selected 

Neutron-Rich Transferaiua Isotopes Prod uced froa the React ion of 18o, 
22 _ 48 254 IMe, or Ca Ions with a 3 pg Es Target .  

Effective Cross Half-Life Half-Life 

Transfer Product Section Alp a! Spontaneous 

<eb> ( unhindered ) FissioJ! 
7

Be 
261

Lr 0 . 7 (4.6 m) (S 4 h) 
8

Be 
262

Lr 0 . 3 (14 m)  <S 4 h) 
9Be 

263
Lr o.os (0. 7 h) (< 5 h) 

lO
Be 264Lr 0.02 ( 2 . 3 h) (< 9 h) 

5
Li 259H� 6 60 m 

6 Li 260Ho 5 ( <1 ps) 
7
Li 

261Ho 0 . 2 (1.1 h) ( <6. 5 d ) 
5He 259McF 20 103 m 
6He 260Md 2 (1-10 h fJ or EC� (200 d� 
7He 26�d 0 . 2 ( 0 . 7 y )  

d (2-200 l's)=-

�s timated by using the semiempirical formalism of E .  K. Hyde , I .  

Perlman , and G .  T. Seaborg, The Nuclear Propertie s  o f  the Heavy Element s,  

Vol.  1, Prent ice- Hall, Hew York , 1964 , and the tabulated Q-values (1) from 

V .  E .  Viola , Jr. , J .  A .  Swant , and J .  Graber,  At. Data and Nucl. Data 

Tables 13 ( 1974) 35 . 
b 

-
�alues are estimated both f rom extrapolated experimental data of C .  M. 

Lederer and V. s. Shirley , eds . , Table of Isotopes ,  John Wi ley & Sons , New 

York , 1978, and f rom predicti ons of V .  A. Druin , B. Bochev , Y. V .  Lobanov, 

R .  N .  Sagaidak , Y. P .  Kari tonov , s. P .  Tret'yakova , G .  G .  Gul'bekyan , G .  V . 

Buklanov ,  E .  A. Erin , V .  H . Kosyakov , and A. G .  Rykov , " Spontaneous Fission 

of the Heavy Isotopes of Nielsbohrium ( Z • 105) and Element 106," Sov .  J . 

Nucl . Phys . 29 (1980) 591. 
c �nown i sotopes , c ross sections , and half-lives . 
d =D. C. Hoffman , "Nuclear Properties of Mendelevium, "  In G .  T .  Seaborg , 

ed . ,  Symposium Commemorating the 25th Anniversary of the Discovery of 

Mendelevium,  LBL Report LBL-11599 CONF-800362, March 28 ,  1980, p .  45 . 
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radiation damage . These problems are considerably reduced if  the 276-day 
254 

Es  i sotope i s  used . 

An exot ic approach to the synthesis  of neutron-rich transplutonium 

elements is  the possible use of " secondary" heavy-ion projectiles ( e . g . , 
16 20 30 C, 0,  Na) that contain a greater abundance of neutrons than 

12 16 23 
do the most  abundant stable isotopes , C ,  0, Na . These  

species would have to be produced in an init ial , relatively high-energy 

nuclear reaction .  The resulting secondary beam of neutron-rich 

particles , when combined with the heaviest  available targets , offers 

intriguing prospects for further heavy-element synthesis . 

SUPERHEAVY ELEMENTS 

Perhaps the most exciting frontier in nuclear and atomic physics i s  the 

potential discovery of an island of relatively stable nuclei  well  beyond 

our presently known limits . The stability bequeathed to a small  group of 

element s and nuclei by the closed nuclear shells at Z • 114 and N • 184 

should eventually allow their synthesis  and study . Although a ttempts to 

produce these superheavy elements over the pas t  decade have not been 

successful , the reasons for failure seem to be largely understood and the 

obstacles appear surmountable . At f irst it  was not known that complete 

fusion did not occur with a high probability for many of the 

target-projec tile combinat ions used , and thus the formation cross  

sections were much smaller than expected . As a result the detection 

techni que used in the earlier work did not have the required 

sensitivity . In addition ,  none of the many target-projectile 

combinat ions t ried thus far in fusion reactions has yielded a product 

near the center of the island of stability at  Z • 1 14 and N • 184 

( product s  were ei ther close to Z • 1 14 and far below N • 184 or close to 

N • 184 and well above Z • 114 ) .  

It now appears that the effective stabilization ,  due t o  the c losure 

of the neutron shell , is stronger than that  of the proton she ll; that i s , 

the i sland of s tability exhibit s a ridge extending f rom the center 

downward along the N • 184 line . The effect of the Z • 1 14 shell i s  much 
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les s  pronounced and appears t o  extend from the center of the island 

upward toward larger Z ( see Fi gure 2).  As a result , if we are to 

discover superheavy elements, it now appears vi tal that we approach more 

closely the peak of maximum stability at 184 neutrons . Only then can we 

ensure the production of relatively long-lived nuclides (with respect to 

spontaneous fission) wi th a l ow probability of destruction at birth by 

prompt f i ssion .  However ,  even in close approaches to  the 184 neutron 

shell , the produc ti on cross sections may be so small and the half-lives 

so  short that technique s need to be developed tha t  are sensitive to 

picobarn ( l0-36 
cm2) p roduction c ross sections and nanosecond 

half-l ives . 

Some 10 years ago a new reaction mechanism ,  termed deep inelastic 

colli sions, wa s observed f or the interaction of heavy ions that offered 

yet another possible reaction pathway f or synthesizing superheavy 

elements .  It was suggested that through the massive transfer o f  nucleons 

between a target and projectile in a deep inelastic  collision ,  one of the 

react ion partners may grow int o a superheavy nucleus at  the expense of  

the other partner . An example i s  shown in the following reaction .  

248c + 
96 m 

23� 
92 ) 298[1 14] + 184 

Whether such a transfer could occur was investigated by identifying 

the project ile-li ke light fragment s that are ,  of course , complementary to 

the target-l ike heavy fragment s f ormed i n  the reaction . The fact  that 

the charge (Z) and mass (A) distributi ons of the product s  observed in 

deep i nelastic colli sion were quite broad was encouraging . However , the 

distributi on of exci tati on energies and angular momenta of the product s  

also was f ound t o  be quite broad . As a consequence ,  the probability of 

forming a superheavy element that  survives fission in a deep inelastic 

collision depends not only on being formed i n  the " tails"  of the charge 

and mas s distributions ( massive transfer of protons and neutrons ) but 

also on being formed in the " tails" of the excitation energy and angular 

momentum distribut ions ( l ow exc i tation and angular momenta) . To date , 

this approach has been used in a search for long-lived superheavy 
238 238 248 

elements in reactions between U projectiles and U and Cm 

targets,  but success ha s been elusive . 
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Current attempts  to produce superheavy elements are focused again on 
48 248 fusion react ions and , in particular, on the fusion of Ca and c.. 

48 
20Ca + 

248c 
96 m ) 296-x[ll6] + xn 18Q-x 

Although previous attempt s  using this reaction were both elaborate 

and exhaustive , it  i s  now believed that the incident energy of the 

projectile in these studies was too high . As a result , there was too 

much excitation energy (-44 MeV) in the compound system,  which increased 

t he probability of losses due to first , second , third , etc . , chance 

fission . 

296[116]
* 
180 

J, 
fi ssion 

-n 295 * -�> [1161179 
! 

fission 

-n ) 294[1161
• 
178 

� 
fission 

-n --->� • • •  

Scientists  from t he United S tates , West Germany , and the USSR are 
48 248 exploring the possibility of fusing Ca and Cm at  beam energies 

near or below the interaction barrier ( cold fusion) at  the Berkeley , 

Darmstad t , and Dubna heavy-ion accelerators . Several detection 

techniques are being applied to span a half-life range from several years 

down to a few microseconds , with sensitivities of tens of picobarns 

(-lo-35 cm
2

) for the production c ross section . The approach i s  

encouraging , since the two heaviest known elements , Z • 107 and 109, were 

recent ly synthesized by cold-fusion reac tions . 

A much closer approach to the N • 184 i s  possible with target s  of 
248 

act inide i sotopes heavier than Cm and the extremely neutron-rich 

projectile , 48ca. Some examples are shown below. 

255E + 48 ) 303-x[1191 99 s 20Ca 184-x 

254E + 48 ) 302-x[1191 9 9 s 20Ca 183-x 

252Cf + 48 ) 300-x[1181 98 20Ca 182-x 

+ xn 

+ xn 

+ xn 
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Figure 2 shows the location of the compound nuclei formed in t he 
48 248 252 255  

reaction of  Ca ions with Cm, Cf, and Es targets  in  the 

landscape (atomic versus neutron number plane) of the island of 

superheavy nuclei . (Also shown on the figure are contour line s  

connect ing nuclides wi th equal overall half-lives . ) 
48  2 5 5  

The Ca reac tion o n  Es appears to b e  most promis ing since 

this target offers the advantage of an additional neutron and thus a 
2 54 

closer approach to the N • 184 shell than doe s an Es target . In 

addition to problems associated with the fabrication and use of an 
2 55 

Es  target ( 4Q-day half-life) , there is  the enormous difficulty of 

producing the neces sary quantity of thi s  isotope . If approximately 40 p.g 
255  

of Es were avai lable , a sens i t ivi ty of about 100 pb , or about 

l0-34 
cm2

, could be achieved for the produc tion cross sections of 

superheavy nuclei after only a few days of bombardment with 
48

ca ions . 

This amount is  about 150 t imes the current HFIR/TRU production level , 

however .  Thi s same sensitivity would also be achieved for a 40 �g
254

Es 

t t For 2 54Es , 40 ug t 1 f ld i i h arge • � re presen s on y a ten o ncrease n t e 

current production level . Wi th either isotope , an einsteinium target 

offers the advantage of producing , after the evaporat ion of a few 

neutrons , superheavy nuclei with odd numbers of both neutrons and 

protons . For these odd-odd nuclei the half-life would be considerably 

longer than those i ndicated for even-even nuclei in Figure 2 . 
48 

Although , in  pri nciple, searche s for superheavy elements using ca 
ions can now be performed wi th the available quantities  of 

252
cf , the 

rather large spontaneous fission branch and thus the copious amounts  of 
25 2  

neutrons associated with the decay o f  C f  impose serious experimental 

difficult ies.  First , due to the neutron shielding requirement s ,  there 
2 5 2  

would be the necessi ty o f  fabricating and handling the C f  target 

remotely . Second , assuming these difficulties could be overcome , there 

would be the problem of separating a small quantity of spontaneously 

fi ssioni ng superheavy produc ts f rom a vast surplus of spontaneously 

fissioning target atoms . 
2 54 2 55 Because Es and Es have much longer spontaneous fission 

half-lives (smaller spontaneous f ission branches) , the use of these 

nuclides as target materials would considerably reduce many of these 
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difficulties . Bence , the production of these nuclides in sufficient 

quant ities in the HPIR is s trongly recommended . Other target isotopes of 

interest in this context are 2 50cm·and 2 51 cf. Prom a long-range 

view ,  extremely neutron-rich projectiles  such as 50ea, produced as 

secondary beams , may also become available and may make it  possible to 

reach isotopes that are even more neutron-rich . 

IMPROVED UNDERSTANDING OF REACTION MECHANISMS 

A major impetus for nuclear-reaction studies involving heavy target 

nuclei has been the synthesis for new e lements and isotopes . It  is  clear 

that such studies provide important insight s into the reaction mechanisms 

and , conversely , that greater understanding of the mechanisms i s  

essential to maximize the likelihood f o r  success  in the search for new 

nuclides . Three important questions are involved here: ( 1) What are t he 

probabilit ies for nuclear fusion? ( 2 ) What are the probabilities for the 

various nonfusion reactions? ( 3 ) What are the probabilities for surviving 

prompt fission? 

Recent studies of reactions between complex heavy nuclei reveal large 

cross sect ions for complete fusion at energies well  below the Coulomb 

barrier . This subbarrier , or "cold" fusion , seems to be generally 

enhanced for all sys tems and also seems to  exhibi t particular structural 

preferences related to such properties as s tatic deformation and 

low-lying surface vibrations of the target and projectile . On the other 

hand , recent theories of  the dynamics of fusion reactions predict that in 

very heavy systems an "extra push" of  energy , exceeding the Coulomb 

barrier ,  is needed to overcome the t rue saddle point for forming a 

compound nucleus . Recent studies on the format ion of  heavy nuclei by 

various projec tile-target combinations give support to this conclusion 

but leave open the question of whether thi s  dynamical hindrance playa a 
48 2 54 

role in the asymme tric systems ( such as Ca with Es)  that have 

been considered for the synthesis of the heaviest nuclei . Even i f  this 

hindrance does occur , special structural properties may enhance the 

possibility for subbarrier fusion . 
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FIGURE 2. Landscape of the predicted island of superheavy elements .  The 

contour lines connec t nuclides with equal overall ( alpha , beta , and 
fission) half-l ives [J . Randrup et  al . ,  Physica Scripta lOA ( 1974) 60 and 
s. Aberg et  al . , unpublished calculations , 1979 ] . Point s indicate the 

compound nuclei produced in reactions of 48ca with 248a., 252cf, 
and 255

Es targets . 
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Heavy-ion transfer react ions that occur with the transuranium 

elements have two characteris tics t hat are essentially unique:  

( 1) nuclear fission is  a deexcitation mode that  competes effectively wi th 

neutron emission and ( 2 ) the emis sion of charged particles , relat ive to 

neutrons , is  drastically hindered by the large Coulomb barriers . While 

causing very low production cross sections of transfermium nuclides , 

these two properties offer advantages for reaction mechani sm studies by 

acting as "filters" to s implify the interpretation of the experimental 

observations . For example , in studying the formation of transfer 

products t hat have masses between those of the target and compound 

nucleus , we can be fairly confident t hat we are observing the products  of  

a direct t ransfer , not the products  of react ions that led to higher-Z 

element s with subsequently emitted charged part icles . The parameters of 

interest are the variation of t ransfer probability with Z, A, and energy 

of the project ile , Z and A of the target nucleus ,  and especially Z and A 

of either t he transferred fragment or the product nuclide . 

I t  should also be stressed that , because of the " simplicity" of the 

results,  radiochemical techniques in which the radioactive heavy reaction 

products  are observed are a powerful complement to in-beam technique s 

t hat identify the mult itude of light fragment s from transfer reactions . 

Thus, such studies not only relate to searches for new nuclide s  in the 

region of Z > 100 but are also important additions to what can be learned 

about t ransfer reactions in lower-mass  regions of the periodic table . 

Whi le recent emphasis in heavy-element complete fusion and transfer 

reactions has been on react ions in which fission deexcitation i s  

minimized , i t  i s  clear that our understanding o f  the competition between 

part icle emission and fission in element s wi th Z > 90 needs to be 

improved . Our knowledge i s especially meager for nuclides with Z > 100 

and N > 155 , which just define the lower limits  of the region that  is of  

most interest in terms of new neutron-rich nuclei . 

In recent years a variety of studies have indicated that  neutron 

emission competes more favorably with f ission than expected f rom 

phase-space cons iderations . The study of thi s compet ition i s  

particularly important t o  an understanding o f  the dynamics o f  collective 

deformation toward f ission and energy thermali zation in evaporative 
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decay . Heavy c011p08ite nuelei , with their special Couloab fraaility , are 
particularly intereat ina for esplorina this ca.petit ion .  

IIEW TECDIQUES 

We have noted in the preceding sections that because of fission 

coape t i t ion the yields  of heavy nuelides produced in nuclear react ions 

can be exceedingly aaall and aay often be measured in teras of only a few 

aurvivin& atoas . In addit ion , half-l ives of these nuclei are likely t o  

be exceedinaly abort because of t he low fission barriers and enhanced 

rates for rad ioac tive decay by alpha-particle emission .  Both factors 

enaender esperiaental difficulties rarely encountered in conventional 

nue lear experiaentat i on .  To overcome these serious difficulties for the 

detec t ion and ident ification of new nuclides in t he region of the 

heavies t  element s , much imaginat ive instrumentation development has 

occurred i n  the past , but a "new generation" of techniques is  now 

requi red . 

I t  i s  important to recogni ze that the inves tment made in such 

inat ruaanta t i on development has paid substant ial dividend s in the broad 

domain of expe rimental science in areas outside the s tudy of 

t ranaplutonium e lement s . We mention several examples: ( 1) ion exchange 

t echniques for chemical separations of actinides and lanthanides , 

( 2 ) remot a-hand ling chemical techniques , ( 3 ) ultrafast chemical 

separa t i on me thod s , ( 4 ) moving tape and gas-jet t ransport techniques , 

( 5 ) elect rosta t i c  col lect ion from gaseous media , ( 6 ) velocity filters, 

( 7 ) semiconduc tor de tectors for fi ssion fragments  and alpha particles , 

and ( 8) accelerator development for heavy-ion beams . 

In the following two paragraphs a few ·· new generation" instruments 

are desc r i bed . Ove r a pe riod o f  years , mechanical transport devices 

se rved t o  move the p roduc t nuclei recoiling away from the target to 

d e t ec tor s where alpha emis sion and othe r  decay modes could be determined 

and t he nuc l ides t hus ident if ied . Such i nst rument s  have been capable of 

detec t ing a few tens of atoms with hal f-live s  down to a few tenths of a 

second . I t  seems quite possible to extend such mechanical techniques to 
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the detection and measurement of  nuclear decay properties for isotope s 

wi th half-l ives as short as a few hundred microseconds . Indeed , this had 

al ready been demonstrated for mi llisecond spontaneous-fission decay . 

Because these methods provide only limi ted selectivity in i solat ing the 

desired produc t from other act ivi t ies , i t  would be desirable to  

incorporate fast  chemical separat ions into the recoil t ransport systems . 

Rapid gas-phase chemistry has shown the greatest  promise for certain 

elemental separat ions and should be pursued further .  Due to the kinet ics 

of chemical react ions and the transport time between dif ferent phases , 

chemica l techniques are , in general , applicable to  i sotopes wi th 

half-lives greater than a few tenths of a second . 

One of the most needed inst ruments for the extension of research in 

the transplutonium element region is an on-line mass  analyzer that  i s  

both fast ( microseconds ) and efficient ( 10-100 percent ) .  Such a device 

is especially needed for nuclides spontaneously decaying by f i ssion , 

since ,  unlike alpha decay , this decay mode cannot provide a gene t ic link 

with known decay products . S ince many of  the nuclide s in  the region o f  

neut ron-r ich transplutonium isotopes and superheavy e lements should decay 

preferentially by spontaneous f i ssion , new on-line techniques for thi s  

purpose would greatly faci li tate mass and atomic number identifications . 

A possible approach i s  the use of modern large-area gas-ionization 

detectors combined with time-of-flight techniques in order to record 

energy , velocity , emis sion angle , energy loss , and indeed the ent ire 

Bragg stopping curve of the f i ss ion fragment s .  From the determination of 

Z and A for each fission f ragment , the Z and A of the parent nucleus 

could be reconstructed . 
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NUCLEAR PROPERTIES OF THE TRANSPLUTONIUM ELEMENTS 

INTRODUCTION AND SUMMARY 

The transplutonium e lements offer unique tools for the exploration of 

concepts fundamental to  nuclear structure . Among the advantages afforded 

by these heavy nuclides are large numbers of valence nucleons ; the 

concomitant full development of collective modes of excitation; the 

unusually rich variety of s ingle-particle angular momenta ,  shapes , and 

couplings  of the active nuclear orbital s ;  and the onse t of octupole 

( 23 ) and of 26-pole deformat ions . Application of the full range of 

methods of modern nuclear spectroscopy to  these interesting nuclei , 

therefore , holds special promise . To investigate these specific 

structural phenomena and at the same time to  develop their essential 

systematic features , experimental efforts must cover as  much of the 

t ransplutonium region as  can be made available . 

Challenging problems in the s tudy of fission phenomena have also 

emerged from new discoveries ,  ideas , and technologies in thi s field . As 

a consequence of its  strongly Z-dependent nature , the fission process  

displays i t s  fullest  richness  only when the transplutonium element s are 

investigated . Extensive exploration of this region promises to yield 

crit ical clues to the ultimate · limits  of nuclear stability . Dramatic 

changes observed in the fission properties of the fermium i sotopes test 

our ability to differentiate between mechanisms that rely critically on 

barrier properties and those that depend on f ragment characteristics 

developed in _ the approach to the scission point . Recently developed 

fission fragment spectrometers , coupled to high-f lux nuclear reactor 

faci lit ies , are providing new high-quality data that reveal the 

intricacies of fine structure in the fission fragment yields ; new aspects  

of the fission process  such as the role of superfluid correlations in the 

25 
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fissioning matter are thereby probed . The full domain of  available 

fi ssioning nuclei in the transplutonium region should be invest igated 

wi th these new instruments .  Prompt fission events induced by �-mesic 

atom transitions permit us to test the influence of the delicate balance 

between nuclear and Coulomb forces . Because the negative charge of the 

�-meson acts to raise the outer f i ssion barrier , the e lement s heavier 

than curium--where the outer barrier is normally low--should mos t  readily 

exhibit such effects . In addition ,  from observation of  the site of the 

�-meson after fission ,  an est imate can be made of the degree of  

adiabaticity with which the system adjusts  between the saddle point and 

scission ; this ef fect i s  bes t  exploited with the heaviest  elements ,  where 

the dynamic path toward fission is long . 

Observation of spontaneous positron emission in ultra-strong 

Coulombic fields ( as bound "a tomic" levels are submerged in the Di rac 

sea ) has long been sought . Such observat ions would be striking 

manifestations of extreme relativistic effect s present in high-Z 

systems . Such s tudies can then only be conducted wi th systems of very 

high Z 
ff ti  

(Z  > 1 7 3 ) ; such a Z 
ff  t i  value can b e  created e ec ve e ec ve 

during the scattering and interaction of high-Z projectiles on high-Z 

target s .  Recent experiment s involving the scattering of  uranium ions 

f rom curium targets  have revealed an interesting ,  and perhaps 

definitively revealing , sharp structure in the positron spectrum .  

Clearly , this phenomenon requires invest ig,t ion with a broader set of 

target-projectile combinat ions . Because of the extremely strong Z 

dependence of this effect , use of the heaviest possible target species i s  

vi tal . 

Developments of Interest  to Related Fields 

S tudies of nuclear structure in the transplutonium e lements enrich our 

understanding of numerous concept s fundamental not only to nuclear 

physics but also to  physics more generally . 

Col lective aspects  of nuc lear behavior constitute one such area of 

widespread relevance , and , as menti oned above , the t ransplutonium region 
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is especially rich in this respect .  Analyses of the microscopic 

structure associated wi th these collective modes ,  as revealed by 

spectroscopic studies , emphasize the special quantal properties of thi s 

region of Z and N .  In particular ,  the large variety of deformed 

single-particle states , originating f rom a number of different subshells , 

contribute to the development of the collective vibrations . Comparison 

of analyses and prediction of the structures of these collective states 

form stringent tests of many-body theories of nuclear struc ture . The 

large numbers of valence nucleons permit more complete studies  of the 

evolution of these states as a function of proton and neutron number .  

Because o f  the presence o f  well-developed low-lying collective modes , i t  

will be possible to study their interaction with one another . 

A special opportunity to study the dynamic behavior of quanta! Fermi 

f luids is afforded by the high fissionibility of the transplutonium 

element s .  Because o f  the compact , nearly spherical fission saddle-point 

shapes , nuclear matter flows over large relative distances in the 

transition from saddle to scission . As a consequence , these processes 

manifest the basic features of the dissipation mechanisms , of general 

interest  in many-body physics . 

Measurement of  the nuclear properties of the t ransplutonium 

nuclides--ranging from ground-state masses and lifetimes to detailed 

energy levels and deformations--will have an impact on many related areas 

of nuclear and other sciences . For example , the parameters of the 

liquid-drop mass formula depend direct ly on such measurements ,  and data 

for species of the highest Z and N are critical to guaranteeing the 

predictive powers of the mass formula for the heaviest elements .  The 

mass formula serves as a basis for extrapolating the properties of the 

super-heavy elements as well as those of undiscovered nuclides far from 

the known valiey of stability . It  also plays an important role in 

defining the nuclear potential energy surface , essential to the study of 

heavy-ion reaction mechanisms . Furthermore , it  is  of central relevance 

to astrophysics in predicting the behavior of nuclides with large neutron 

excesses , which play a critical role in the path of r-process  

nucleosynthesis ; this may be  the only mechanism for  producing the 

superheavy elements in nature . Of special interest for the understanding 
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of the r-process  would be experimental  evidence for neutron-emitting or 

fissioning excited states of neutron-rich actinides , since such states 

have recently been postulated to account for some isotopic abundance 

f eatures . 

The uncertainties involved in t he shell corrections that are 

important t o  predictions of the stability of  superheavy element s can be 

reduced by specific spectroscopic investigations of t he important N • 8 ,  

kl7/ 2 and N • 7 , j ll/ 2 orbitals . These orbitals , part of  t he N > 184 

shell ,  become experimentally accessible in t he t ransplutonium region . 

The ot her  important orbital , t he N • 7 , h1 11 2 , has already been studied 

in lighter actinide nuclei . 

Extension of our knowledge of systematic nuclear behavior beyond t he 

valley of stability in the vicinity of the very neutron-rich region 

around t he doubly closed shell at Z • 50, N • 82 may be made possible by 

the use of heavy transplutonium nuclide s as fi ssile targets . 

As a by-product of the spectroscopic studies ,  long-lived i somers have 

been found ( e . g . , the 1/2-hour isomer in 2 5�d) . As spectroscopic 

studies in the heavy t ransplutonium nuclei are extended , it  is hoped that 

suc h states will occur in the heavie r transplutonium nuclides .  Such 

long-l ived i somers would be of obvious use in chemical investigations . 

NUCLEAR STRUCTURE OF TRANSPLUTONIUM NUCLEI 

In the t ransplutonium region,  orbitals with unique characteristics 

(N  • 8,  k1 7/ 2 neutron orbital and N • 7 , jlS/ 2 proton orbital) first 

become accessible t o  valence nucleons . The appearance of numerous 

prolate, low-0, higb-j neutron and proton orbitals that lie just  above 

the Fermi surface provide the opportunity t o  attain ultrahigh angular 

momenta ( J - 30 h) at extremely low angular frequencies . The large 

quadrupole and hexadecapole moment s of these orbitals will take part in 

producing large changes in the gross nuclear shape at high angular 

momentum. 

At low momenta, deformation modes unique to  t he actinides become 

active .  The octupole deformation ,  first identified in the light 
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actinides , should be seen much more clearly in the heavy transplutonium 

region where the k171 2 and h111 2  neutron orbitals , connected by large 

octupole matrix elements ,  approach the Fermi surface . Thi s will be 

reinforced by the large octupole matrix element s connecting the f 71 2 
and i 131 2 proton orbitals that lie just below the gap at Z • 114 . 

At both Z • 100 and N • 152 , the orbitals at the Fermi level favor 
6 moderately large P6 ( 2 -pole ) deformations . The inc lusion of thi s  

deformation mode in theoretical calculations o f  g round-s tate masses in 

thi s region reduce s the discrepancies between theory and measured masses 

significant ly .  Measurements of these P6 deformations would provide an 

important test of theory . 

The evolution of all collect ive modes as  a function of neutron and 

proton number can be followed more completely in thi s  region of Z and N 

due to  the large numbers of available valence nucleons . The systematic 

change s from nucleus to nucleus , which occur ove r fract ionally small 

intervals , can be studied as more nearly continuous functions . The very 

important possibility exist s that simultaneous excitat ions of two or more 

collective modes can be i solated , so that their interaction 

characteristic s  can be analyzed . 

The neutron orbitals that are significant for est imat ing the shell 

stabilizat ion energy of superheavy element s are the h111 2 , k
1 71 2 , and 

jl l / 2  spherical states , which lie  above the N • 184 gap in  spherical 

nuclides . With deformation , however ,  the 0 • 1/ 2  orbitals f rom all of 

these states drop sharply in energy . Thei r identification in the 

t ransplutonium nuc lei i s  possible and can reduce the uncertainties in 

theoretical estimate s of the shell  corrections responsible for the 

possible stability of superheavy element s .  The ( 1/ 2- ) [ 761 ] orbital , 

which determine s the posit ion of the h
111 2 spherical state , ha s already 

been ident if ied in several  actinides . Transfer studies using N • 154 

targets ,  e . g . , 
2 5 2

cf or 2 50cm , can be used to locate the ( 1/ 2+) [ 880 ] 

and ( 1/ 2- ) [ 750 ] orbitals , which will  help fix the positions of the 

k
171 2 and j131 2 orbitals , respectively . The ( 1/ 2- ) [ 521 ]  proton 

orbital that determines the shell effects  at Z • 1 14 has already been 

determined;  the effect s of this  orbital have been calculated to give rise 

to  a shell stabili zat ion energy of about 2 . 8  MeV . 
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To obtain experimental data that will elucidate the physical features 

of the transplutonium element nuclei described above , it i s  necessary to 

make complete measurement s of individual nuclei , i . e . , all levels are to  

be  detected wi thin specific ranges of angular momentum, parity , and 

excitation energy . Al so , it is essent ial that various features of 

nuclear struc ture in these element s be sampled over a wide range of mass 

numbers so that systematics can be identi fied . S tudies of this type are 

especially important in measuring the makeup of collective vibrationa l 

s tates , part icle-collective-vibrat ional interact ions , and 

part icle-part icle interac tions . Since these residual interact ions 

produce small changes in the measured parameters , careful , complex 

measurement s  are required . Among the experimental methods that will  

sat isfy these criteria are spectroscopic measurements of the ( n ,  y )  and 

( n ,y-conversion electron) react ions being performed at the research 

reactors of the Institut Laue-Langevin at Grenoble and Brookhaven 

National Laboratory . Nucleon transfer reactions are being done wi th 

accelerator-spectrometer faci lities at laboratories at Argonne National 

Laboratory ,  Princeton , Los Alamos , and the Technical University in Munich . 

The possibility of  extending such spectrographic s tudies to high 

angular momentum state s is very at tract ive . Indeed , the energy of 

high-j , low-0 orbi tals of interest  in this mass region i s  lowered by the 

Corioli s-plua-centrifugal force when the nucleus is rotated . Therefore , 

i t  may be possible to  study at  high spins some of the moat interesting 

orbitals that are not accessible at  low spins . By the "blocking" of a 

particular configuration it  i s  possible to  dissect the pairing 

contribut ions between specific  quas i-part icle configurations . Thus , the 

s tudy of high-spin states provides detailed informat ion on residual 

interact ions in specific mult i-quasi-part icle configurations . For such 

s tudies in the t ransplutonium region it is necessary to populate the 

nuclear species of interes t with as little intrinsic excitat ion energy as 

possible to minimize f ission compet i t ion . The use of Coulomb exci tat ion , 

wi th or without heavy-ion-induced transfer reactions , promises to  open 

such studies to a wider variety of nuclei in thi s region . The detection 

of the residua l nucleus , as well as gat ing on a specific X-ray 

multiplici ty and total cascade energy with a "crystal ball" spectrometer , 

should help reduce the background from the f ission fragments . 

Opportunities and Challenges in Research With Transplutonium Elements: Report of a Workshop

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19522


31 

The larger neutron excess of fissile nuclides in the transplutonium 

region also offers the possibility of spectroscopic studies on new 

neut ron-rich fission products , e . g . , near the interesting doubly "magic" 
132

sn nucleus . 

A major question in nuclear structure studies concerns the 

stabi lization of the 184-neutron shell . The energie s of many of the 

orbi tals that are important in determining the stability of this neutron 

shell decrease strongly with increasing deformation . At � - +0 . 60 these 

orbitals are the lowest-lying states of the .mid-actinide region and 

might , wi th experimenta l advances , be observed quantitatively by 

spectroscopic studies of t he excitation of  f ission shape isomers . The 

resul ts would not only help define the position and stability of super 

heavy elements but would also yield informat ion on t he behavior of 

single-part icle states  a t  very high deformation--information no t made 

available by other techniques . 

A challenging and varied experimental program can be carried out with 

the transplutonium nuclide s that are produced in the present operation of 

the HFIR/ TRU facility . The pace of this program is  l imited by the 

manpower available to  acquire , analyze , and interpret experimental data . 

Quantities of target material required for experiment s range from tens of 

micrograms for transfer reaction studies to hundreds of micrograms for 

high-spin studies to milligrams or tens of mi lligrams f or ( n ,y)  s tudies . 

Of course , the design of experimental programs i s  influenced by the 

availability of these t ransplutonium nuclides . A continuing supply of 

the heavier products  of the HFIR/TRU complex { primari ly 249
Bk , 

249
cf , 

2 50
cf , 

2 53
Es , 

2 54
Es , and 

257
Fm) is  required for experimental 

use . Of these , the most  desired species are 249Bk and 24 9cf in 
2 50 2 54 

milligram amount s ,  Cf in hundred microgram amounts , and Es in 

tens of microgram quanti ties . 

Most of the essential isotopes are already avai lable in sufficient 

i sotopic purity . However ,  there are a few species , currently unavai lable 

to researchers and yet of value in a variety of experiments ,  that require 

isotopic enrichment . The availability of these rare nuclides , 
242Am ,  

243
cm , 

245em ,  
24 7

em ,  and 
2 51

cf would cons iderably enhance the 

scope of this program . Although microgram quant i ties can be produced in 
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laboratory-scale separators such as  those operat ing at several nat ional 

laboratories , the production of substantially larger amounts (milligrams 

of produc t )  would require the operat ion of an ORNL Calutron wit h  these 

highly alpha- and gamma-active materials . We recognize that enrichment 

at the Calutron scale would require a substant ial f inancial investment . 

Nevertheless , we suggest that this possibility be considered and 

evaluated with respec t to exploiting the unique aspect s  of HFIR/TRU 

transplutonium element produc tion .  
250 

The potentially important nuc lide Cm has the greates t number of 

neutrons ( 154) of any long-l ived nuclide and the g reatest  neutron exces s  

(N  - Z • 58)  of any available act inide isotope and therefore i s  very 

desi rable for many of the experiments di scussed . Whi le it i s  not 

produced as a standard produc t by the HPIR/TRU , special ment ion i s  made 

here to encourage study of methods of improved production . 

FISSION 

The s tatic and dynamic properties of nuclear matter in  extreme s tates of 

deformation can only be probed via studies of  the nuclear-fission 

process . The equilibrium states that exis t  at  the fission saddle point 

are characterized by shape deformations nearly twice as large as for the 

corresponding nucleus in i t s  ground state . On a macroscopic scale these 

deformat ions ref lect the delicate balance between nuclear attraction and 

electric charge repulsion .  However ,  sadd le-point properties are strongly 

modified by the inf luence of microscopic shell effects  that  bring into 

play several new shape degrees of freedom . 

Even greater deformat ions are attained during the dynamic descent of 

a nucleus from the f i ssion saddle point to eventual scission .  This  

process involves large-scale mot ions of  nuclear matter under 

low-temperature conditions where the effects of shell structure and 

superfluidity manifes t themselves strongly in the final fragment 

distributions . As an example of the extreme sensitivity of the dynamics 

of fission to nuc leonic composition in the heavies t elements ,  recent 

measurements have shown a striking variat ion in the mass and 
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kinetic-energy distributions of fragment s  produced in the fi ssion of 

different fermium isotopes ( cf . Figure 3 in Appendix E ) . Furthermore , 

reactor studies of mass , charge , and kinetic energy measurements 

performed with unprecedented accuracy have given new insight s into the 

role played by nuclear superfluidi ty in determining the relat ive mas s  

yields of odd-A a nd  even-A fragments .  

In terms o f  experimental techniques , our ability t o  addres s  

challenging new aspects of the fission mechanism has undergone major 

advances during the pas t  few years . Development of sophisticated 

magnetic spectrometers , electros tatic separators , and t ime-of-flight 

systems has led to spectacular advances in the preci sion wi th which 

f ragment mass and kinetic-energy measurement s can be performed . For the 

first  time direct determination of fragment charges i s  now possible a s  

the result of improved energy-loss spec trometers . Furthermore , the 

abi lity to observe rare and/or complex fission phenomena ha s been 

enhanced signif icant ly by large solid-angle f ission detectors , 

4 r-multiple gamma-ray detector systems , laser optical-pumping 

techniques , charge plungers , and electron-solenoid recoil  shadow devices . 

As a coaplement to these developments ,  the array of nuclear 

projectiles avai lable for the product ion of exotic heavy nuc lei in 

reactions with t ransplutonium elements has cont inued to expand . Transfer  
18 22 

react ions using projectiles  such as 0 or Ne provide a promising 

method for producing neut ron-rich isotopes with Z > 100 , whose f i ssion 

properties have exhibited large anomalies . The prospec t of using 

neutron-rich secondary beams ( e . g . , 16c) or elementary probes such as  

muons , pions , K-mesons and antiprotons also provides intriguing new 

prospects  for study of the f ission process . 

Since nuclear f i ssion limi t s  the synthesis of new e lements both in 

the laboratory and in nature , a better understanding of fission phenomena 

in the very-heavy-e lement region is es sential . As detailed below, it is  

clear that a thorough investigation of these phenomena wi ll depend 

critically on the availabi lity of nuclide s produced in the HFIR/TRU 

fac i l i ty .  
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Static Properties of the Fission Barrier 

The interplay of classical mean-field properties and quanta l  single 

particle ef fects  in nuclear matter is probably mos t  dramat ically 

demonst rated by the existence of fission isomerism in the act inide 

nuclei .  Thi s  i somerism arises from the influence of shell effect s that 

produce a secondary minimum in the potential energy surface of highly 

deformed heavy nuclei . Hence , three ( quasi)  equilibrium configurations 

that are amenable to experimental investigat ion exis t at large 

deformations : the two maxima , corresponding to outer and inner barriers , 

and the secondary minimum . 

The detai led properties of nuclei in the second well are best 

explored with targe t s  of  curium and lighter nuclides . Conversely , curium 

and heavier targets  offer unique possibilities for investigation of t he 

two maxima . This  i s  especially relevant for the inner barrier ,  which 

becomes dominant for the heaviest elements . Theory predicts that the 

t ranscurium nuclei should have simple ( nonresonant ) fission excitat ion 

funct ions governed by the properties of the inner barrier . Hence , it i s  

o f  great interest to define these properties , e . g . , (1 )  the barrier 

energies , ( 2 ) the symmetry properties of the barrier shapes ,  ( 3 ) the 

quantum states ( e . g . , Kr) of the transition states , ( 4) the penet rability 

coefficient �w, and (5)  the coupling of barrier s tates to the fission 

continuum . 

Three lines of investigation appear to  be especially appealing . 

First , because of the decrease in the second barrier for the heavies t 

nuclei , f i ssion induced by neutrons in the resonance region below 1 MeV 

allows unique spectroscopic characterizat ion of the transition states at 

t he first  barrier . In this way the conservation of the spin-project ion 

quantum number K during the 

probed . At tractive targets  

i t 249Bk 249-2 51
Cf so opes , , , 

descent f rom saddle to scission can be 

for these studies include the curium 
252 253  

and possibly Cf  and Es . As  a 

rule , these studies require target materials in milligram quantities  of  

more than 90 percent i sotopic purity.  

Second , information about the barrier can be derived f rom fission 

f ollowing transfer reactions in the above-mentioned target materials 
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3 7 
using light-ion project iles ( d ,  t ,  Be ,  and possibly Li) . Here the 

barrier penetrability ,  with or without resonant features , can be sampled 

over a large range of excitation energies . Furthermore , the fission rate 

at  energies above the barrier is  sensitive to  possible differences in 

symmetry types between the barrier shape and that of  the compound 

nucleus . High-resolution experiment s  in the very-heavy-element region , 

e . g . , using a Q3D magnetic spectrometer , may lead to the observat ion of  

unexpected features in the properties of these systems . For  such 

measurements target s  of about 100 �g are required . 

A third avenue of investigation involves the f ission of �-mesic 
248 Cm ( cf .  Figure S in Appendix E ) . There are few ways in which the 

energy and penetrability of the outer barrier can be determined i f  i t  i s  

subs tantially lower than the inner barrier .  However ,  when f ission i s  

induced by the absorption o f  a p-meson via a n  inner-shell radiationles s  

t ransition ,  the nuclear Coulomb f ield is reduced . As a result , the 

height of the inner barrier is  reduced relative to the outer one , and i t  

thus becomes possible to discern outer-barrier properties . 

The Dynamics of Fission 

The large-scale nuclear motion associated with nuclear fission and i ts 

inverse--heavy-ion react ions--provides  our primary testing ground for 

theories of the dynamic behavior of nuclear matter.  These theories range 

from microscopic approaches , as represented by t ime-dependent mean-field 

( Hartree-Fock) calculations , to macroscopic approximat ions based on the 

evolut ion of a few salient collective degrees of f reedom . Central to our 

understanding of these processes is the question of nuclear diss ipat ion 

and the mechanisms by which collective kinetic energy is converted into 

internal excitation energy . 

Low-energy f ission affords a distinct ive advantage in the study of 

nuc lear dynamics in tha t  such processes  are characteri zed by low 

temperatures , thereby enhancing the effect s of nuclear shells and 

pairing . Of special relevance to the transplutonium element s i s  the fact 

that the dynamic path between the f i ss ion saddle point and the scission 
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increases sharply with increasing fissionability (-z
2

/A) due to the 

relatively compact  shapes at the f i ssion barrier .  These features , when 

studied experimentally , provide sensitive tests  of current theoretical 

efforts in this f ield . 

That rapid changes in fission propert ies can be expected in the 

t ranscurium region i s  demonstrated by the fermium isotopes , where i t  has 

been found that the addition or removal of a single nucleon or a few 

million elec tron volt s  of exc itation energy can produce dramatic changes 

in the mass  and kinetic-energy di stributions of the fragments . Full 

exploration of this behavior , observed via spontaneous f i ssion and 

neutron-induced fission studies , requires intensive further s tudy as a 

function of  both fissioning specie s and excitation energy . A 

particularly f ruitful approach to this problem may be heavy-ion t ransfer 

b 
248n- 252

Cf react ions on the heaviest  systems availa le , e . g . , �- , , 
254Es and 257Fm . Targets  consisting of microgram quantities ( except 

257  for Fm) and 90 percent purity are required . 

Similarly , the relative yield s of fragment s wit h  even charge as  

compared with odd charge depend critically on the number of protons and 

neutrons as  well as on the exci tation energy of the fissioning nuclei . 

Using sophisticated f i ssion-f ragment mass spectrometers like Lohengrin 

( ILL ) and Hiawatha ( Illinois ) ,  f ission event s have been observed in which 

primary fragment s are produced close to t heir ground states . Such events 

may provide crucial tests  for dynamic-fission theories .  They already 

show that neutrons and protons behave differently with respect to their 

pair-breaking probabilities  during the f ission process . To understand 

the nature and extract the consequences of these " large effects" of  

" small causes , "  improved systematic studies obtained by varying the 

f issioning systems and their exci tation energies are needed . Targets  of 
245 247 249 253 

special relevance to these studies include ' em ,  Bk , Es , 

and 
249cf .  

The dynamics of  the fiss ion process may be tested by two other more 

direct ( but experimentally more diff icult ) approache s .  One me thod 

involves studies of the angular di stribut ion of light-charged particles 

emit ted in ternary fission . This information can be used to  deduce the 

pre-scission kinetic energies of the fragments , a quantity of vital 
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importance t o  theories of  nuclear dissipation . Both spontaneous f ission 

the and particle-induced f ission studies involving the same nucleus are 

required to explore thi s problem . Particularly interesting targets  are 

pairs 
249cf ( n-induced ) -

2 50cf ( s . f . ) and 
251cf ( n-induced ) -

2 52cf ( s . f . ) .  

A second novel probe of the dynamics i s  to  study the fission o f  

�esic atoms . A t  the point of scission the �-meson mus t  attach to one 

of the f ragments .  If the t ime scale of the f i ssion process  i s  s low , muon 

attachment should favor higb-Z f ragment s ;  i f  i t  i s  fast , the probability 

for attachment should become independent of the f ragment z .  Because of 

the long path from saddle point to scission , the heavies t elements are 

especially interesting for such tests of the dynamic f low of nuclear 

matter . 

In summary , the f ission reac tion cont inues to serve a s  a rich source 

of information relevant to many-body theorie s of nuc lear matter . The 

high sensitivity o f  fission observable& found among the heaviest element s 

necessitates the existence of  the HFIR/TRU facility to produce the basic 

nuclear materials for these studies .  

SPONTANEOUS POSITRON EMISSION IN SUPERCRITICAL COULOMBIC FIELDS 

A unique opportunity has arisen with the combined availability of very 

heavy project iles and transplutonium target s  to observe , for the first  

t ime ,  a fundamental property of  quantum f ield theory that manifests 

itself under extreme conditions of ultrastrong Coulombic f ields . The 

vehicle for such studies is the superheavy quasi-atom formed t ransiently 

in heavy-ion collisions near the Coulomb barrier . Extreme electric 

fields of about 10 kV/fm pene trate the space in the vicinity of the 

combined nuc lear charges ,  simulating the environment found near  a point 

charge with aZ > 1 .  Under such supercritical-f ield condit ions , the 

vacuum i s  unstable and i t  decays into a new lowest-energy state in which 

the nucleus i s  surrounded by electrons , with spontaneous emission of 

posit rons . The search for this process i s  of interest  as  a zero-order 

process and has led to invest igations of a tomic systems in which 
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relativistic effects are no longer a small perturbation but dominate wave 

funct ions and binding energies . 

The def ining features of spontaneous positron emission are ( 1 )  a 

threshold supercritical charge of Z • 173 ( increased above the aZ • 1 

criterion because of  finite-size and polarization effects)  and ( 2 ) a 
70 

s triking Z dependence on the charge of the quasi-atom .  This  very 

sharp Z dependence , together with the fact that backgrounds f rom nuclear 

and other atomic processes show appreciably smoother Z dependences ,  

emphasizes the need t o  explore with the highest-Z projectile-target 

combinations available . 

Recently there has been the exci ting observation of a narrow peak 

structure in the positron spectrum emi t ted in the collision of a uranium 

projectile with a curium target at a projectile energy near the Coulomb 

barrier . It  i s  particularly s ignificant that the line width corresponds 
-20 to a lifetime for the emit t ing source greater than 5 x 10 a ,  which 

is relatively long compared with collision t imes . If  subsequent 

experiment s show that thi s time is not related to other mechanisms , such 

as nuclear-t rans ition pair product ion , then this may well have been the 

sought-for observation of  spontaneous positron emission in overcritical 

f ields . There is also the important implicat ion that superheavy nuclear 

complexes ,  with lifetime s an order of magnitude longer than the collision 

t imes , were formed in sub-Coulomb scat tering .  

I t  i s ,  then , part icularly important to expand the pool o f  systems 

s tudied to trace the Z dependence of the positron peak energy . Such a 

key study i s  not feasible without plutonium and transplutonium elements . 
2 44 248 2 49 

Acce ss to 1-mg quantities of Pu , em ,  and Cf i s  essential 

to vary the electrodynamic and nuclear aspects of the physic s .  Since 

only the Z is important in these experiment s ,  isotopic purity does not 

matter , except for handling problems . 

Extensive investigat ions are being made of the propertie s of 

superheavy collision systems using charac teristic X-rays , delta rays , and 

MO X-rays ( X-rays characteri stic of the nucleus resembling a molecule as 

opposed to a single nuclear mass center) as  probes . The strong 

enhancement of those effects  with even marginally increasing Z make s i t  

most desirable t o  seek the highest-Z targets . The transplutonium targets 
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are , therefore , indi spensable to these experiments also . The above-noted 
254 

target s  would be used here ; E s  at the microgram level i s  desirable 

as well . 

These very interesting supercritical field studies depend entirely on 

the availabi lity of the transplutonium targe t s  for a successful , 

unambiguous outcome . 

MATERIALS SUMMARY 

As a result of our scientific evaluation of the research opportunities 

contingent on materials produced in the HPIR/TRU complex , the following 

list  of nuclides of maximum interest  i s  provided , along wi th amounts and 

puri t ies . By stressing the importance of these materials for research , 

the panel  i s  s tating in spec ific terms the need for continued operat ion 

of the HP IR/TRU facility . 

Nuclide 

244pu 

242Aa 

243 , 5 , 7cm 

244-Sem 

2 48em 

250em 

guant itz: 

-mg 

-mg 

-mg 

-mg 

-100 Ill 

-mg 

Purity 

Calutron 
separation 

> 90 percent 
i sotopic purity 

S tudie s 

Spontaneous positron 
emission 

Nuclear s t ructure ( n , �) 

Nuclear struc ture ( n , �) 

Fission (n , f )  

Fission , transfer 
reactions , mass  and 
energy distributions 

Spontaneous positron 
emiss ion 

Nuclear structure , 
f i ssion , superheavy 
elements 
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Nuclide 

249Bk 

249cf 

249-2 Slcf 

2 Slcf 

2 52cf 

2 53 , 4Es 

25 7F1D 

Quantitl 

-mg 

-mg 

-100 Ill 

-mg 

-100 J.tl 

-mg 

-mg 

-100 J£8 

-10 J.tl 

- 1olO atoms 

40 

Puritl 

> 90 percent 
i sotopic puri ty 

> 90 percent 
isotopic purity 

Calutron 
separat ion 

>90 percent 
isotopic purity 

Studie s  

Nuclear structure ( n , 'J )  

Fission (n , f )  

Fission , transfer 
react ions , mass and 
energy distributions 

Nuclear s truc ture ( n , 'J ) , 
spontaneous positron 
ead ssion 

Fission , mas s  and energy 
distri buttons 

Fission ( n , f ) , 
ternary f i ssion , 
nuclear s tructure 
( n , 'J ) 

Nuclear structure ( n , 'J ) 

Fi ssion , transfer 
react ions 

Nuclear structure 
( n , 'J) ,  transfer 
react ions , f ission ,  
transfer react ions , 
mass and energy 
distribut ions , 
spontaneous posi tron 
emission ,  superheavy 
element s 

Fission ( n , f ) ,  
transfer react ions 

Opportunit ies and Challenges in Research With Transplutonium Elements: Report of a Workshop

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19522


3 

CHEMICAL PROPERTIES OF THE TRANSPLUTONIUK ELEMENTS 

EXECUTIVE SUMMARY 

The elements of the tranaplutonium region offer a unique chemical 

research opportuni ty because of two characteristics of their electronic 

conf igurat ions : ( 1) the presence of Sf orbitals and ( 2 ) the strong 

inf luence of relativi stic effects . It i s  presumably the influence of 

these added factors t hat causes the large variations in chemical behavior 

of the element s composing the actinide aeries relative to  those of the 

lanthanide aeries . At the lover end of the act inide aeries , for example , 

the III  oxidation state that dominate s the lanthanide aerie s i s  readily 

exceeded and the IV , V, and VI states are common . At americium the III  

state is  stabil ized . By  californium the II  oxidat ion state begins to  

assume some stability ,  and in nobelium i t  becomes dominant . Theoretical 

interpretations are needed of the trends typified by thi s  change in 

stability toward lover oxidation s tates wi th increasing atomic 

number ( Z ) . It appears that such theoret ical interpretat ions should be 

easier for the s impler chemi stry observed in the heavier act inides . 

Understanding gained of the heavier part of the series should be useful 

for unravelling the more complicated chemistry of uranium , neptunium, and 

plutonium at the light end . It has long been clear , for example , that 

the understanding of uranium chemistry , even its p lacement in the 

periodic table , awaited the discovery of the element s beyond uranium . 

Macroscopic quant ities of the element s to einsteinium are avai lable , 

but f rom fermium on , the chemistry must be carried out on the basi s  of 

quantities measured in atoms . Furthermore , f rom mendelevium on, the 

elements  mus t  be made with accelerators and have quite short half-lives . 

Nonetheless , experimental programs in the region of the heavy actinides 

41 
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and light transact inide s are important in defining the architecture of 

the periodic table in this region , where a sharp discontinuity occurs 

f rom one serie s to  the next . More than that , experimental knowledge of 

the chemistry of the transactinides gives an improved basis for 

extrapolation to the chemical properties of the superheavy elements .  

Accurate forecasting of these chemical properties may indeed prove 

cruc ial to the discovery of these elements .  

To achieve the objectives out lined above , the ma jor areas the Panel 

on Chemical Properties has identified for new or extended invest igation 

are as follows : 
248 

o Exploi t the long-lived isotopes of curium ( 0. ,  t11 2  • 
5 

3 . 397  x 10 yr) for the accurate determination of the chemical 

propert ies of thi s element and its  compounds .  

o Develop aqueous chemi stry , especially in basic solutions ( e . g . , 

in carbonate media) . 

o Extend the range of accessible oxidation states , especially by 

making use of nonaqueous media , including molten salts . 

o Determine the thermodynamics of complexat ion in solut ion with 

l igands , such as crown ethers and cryptates .  

o Obtain hydration numbers of ions in solut ion . 

o Measure thermodynamic properties of solids , such as binary 

( whether stoichiometric or intermediate)  and complex oxides , with Z > 96 .  

o Extend organometallic chemistry and exploit bulky ligand s  t o  

favor discrete molecular species . 

o S tudy kinetics of complexation reactions and redox react ions . 

o Use pulse-radiolysis techniques to explore rates of react ion of 

rad iat ion-p roduced intermediates with metal ions and to  explore the 

limits  of oxidation and reduction . 

o Develop new chemistry as a basis for separations chemistry in 

high-radiation f ields , under highly acidic conditions , and for continuous 

processes . 

o Focus on the most basic chemistry for the t ranseinsteinium 

element s ,  including determinat ion of properties of the me tallic atoms , 

range and stability of oxidat ion state s ,  ionic radii and complexat ion 

behavior , and simple binary molecular spec ies . 
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INTRODUCTION 

In the t ransplutonium region of the periodic table , we are dealing with 

elements of the highest known atomic numbers , and scientific  interest  

derives f rom the fact  that the chemistry of these element s  has not been 

widely explored . There is  excitement in discovering previously unknown 

properties and in testing theories that have been developed for the 

element s of lower atomic number ,  relating elec tronic structure to  

chemical properties . 

O f  the t ransplutonium elements ,  only Am ,  C. ,  Bk, Cf , and Es can be 

studied in milligram o r  greater amounts .  Particularly useful isotope s o f  
2 48 249 249 2 53 2 54 

four of  them, C. ,  Bk , Cf , and ' Es , are derived 

solely f rom the HFIB/TRU facility .  The heavier elements ,  which have such 

short half-lives  and are available only on an extremely small scale , are 

produced from bombardment s of targets  best prepared f rom isotopes 

synthesi zed and isolated in the HFIR/TRU . 

Because of the intermediate character of the actinides , comparison 

with the transition metals and with the lanthanides leads to greater 

understanding of both the act inides and the other transition metals . The 

properties of the heavier members of the series cannot be predicted f rom 

those of the l ighter members with the same confidence that obtains when 
. 

similar comparisons are made within the lanthanide series . With even 

less conf idence can the p roperties of the actinides be predicted f rom 

those of the lanthanides . Thus , the need to  extend the direct study of 

the chemistry of the actinides to those of higher atomic number i s  

evident . 

Bonding in the actinides exhibit ing oxidat ion s tate III i s  somewhat 

more covalent than that in the lanthanides exhibiting the same oxidat ion 

state , and i t  is  important t o  t race such effects  to  the end of the series 

where they are likely to  be more prominent . In thi s  connect ion the 4+ 

state i s  especially s ignificant , and effects arising f rom ligand-to-metal 

charge transfer can be expected to  be especially prominent for the 

actinides where the 4+ state becomes strongly oxidizing . 

For the transact inides a major interest on the experimental a ide is  

that of meeting the challenge of establishing chemical properties for 

O p p o r t u n i t i e s  a n d  C h a l l e n g e s  i n  R e s e a r c h  W i t h  T r a n s p l u t o n i u m  E l e m e n t s :  R e p o r t  o f  a  W o r k s h o p

Copyr ight  Nat iona l  Academy of  Sc iences.  A l l  r ights  reserved.

http://www.nap.edu/19522


44 

vanishingly small amount s of material ;  on the theoretical side , of 

t racing the relativistic effects  of electron conf iguration and thus 

chemical propert ie s .  These elements , even more than the act inides , wil l  

challenge our capacity t o  understand chemical behavior i n  terms o f  

electronic structure and will profoundly influence the way we think about 

the chemi stry of the rest of the elements .  

In terms of practical significance i n  act inide chemistry , there i s  

the need to develop the chemistry that i s  important to the nuclear f uel 

cycle and among the transplutonium elements ( especially Am and Cm) to  

develop the chemistry that i s  important to nuclear waste disposal and 

environmental concerns . 

Research needs and opportunities are considered below under various 

headings , the choice of which we shall attempt to rat ionalize here . 

The most common and important reaction medium i s  s t ill water , and we 

begin wi th a di scus sion of chemistry in aqueous solution .  Nonaqueous 

environments introduce some unusual opportunit ies and challenges that 

have been only partially exploited and met for any of the actinides . The 

chemistry of the actinides in such environment s will offer our best 

opportunity to study covalency of Sf  orbitals . 

Although concerns with structure , stabil ity , and labi lity pervade the 

sections on aqueous and nonaqueous environments ,  and although each of 

these issues is  acknowledged as key basics in these sections , they have 

not been treated in parallel fashion . Because consideration of stability 

i s  crucial in searching for and exploring the chemistry of new element s ,  

thi s  issue i s  singled out i n  a separate sect ion devoted t o  thermodynamic 

data . Separat ions methods are an essent ial and practical concern where 

many pressing problems remain to be solved , and these are considered in 

the next sect ion .  

The foregoing dealt mainly with chemistry as it  can be studied o r  

pract iced using weighable quantities o f  matter . When the number o f  

atoms i s  s o  small that studies i n  a condensed state are no longer 

possible , there are severe limitations on what can be done . Moreover , 

special approaches may be needed for the studies that are possible . For 

these reasons the later actinides and the elements following them are 

considered under a separate heading . 
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AQUEOUS SOLUTIONS 

Extensive studies are necessary to  provide an adequate description of the 

chemistry of the actinide ions in aqueous solution . Such studies should 

be directed to relating chemical properties to electronic structure and 

bonding . There are also important pract ical reasons for such research , 

since aqueous solutions are involved in separat ions and other chemical 

react ions involving these elements .  

The characterization of the primary hydration spheres of these 

cations in aqueous , noncomplexing , acidic media is  a fundamental problem 

that has not been satisfactorily resolved . The new techniques--such as 

EXAPS , neutron scattering , and f luorescence lifetime--provide promising 

approaches for the actinide elements  through californium ( and perhaps 

even einsteinium) . For the heavier actinides , such physical measurement s 

are not feasible . Correlation of the results  f rom the physical and 

chemical studies of the act inides in the middle of the series could be 

used to understand more fully the chemical properties of the 

transcalifornium elements . Because of the predominantly ionic nature of 

actinide bonding , the work already done with those medium act inides 

provides a general guide to what can be expected for the heavier 

act inides . An important generalizat ion is that the richest and most 

product ive approach to complexation chemistry of the transplutonium metal 

ions will involve negative oxygen donor atoms and polar oxygen donor 

solvents and solutions . 

The relative stabilities  of the oxidation states of the act inide ions 

in solution are altered markedly by replacing water molecules in the 

primary coordination sphere wi th ligands that wi ll have a more rigorously 

defined geometry . The approach would be to provide a data base by 

measurement s of �G 0 and �H 0 for complexation with selected ligands using 
248 

macroscopic-scale experiment s for the lighter actinides through C. ,  
249

Bk, and 
249

cf .  Such thermodynamic parameters would have to be 

obtained by tracer-level techniques on the transcalifornium element s .  

S tudies with oxygen donor complexes should be direc ted to provide the 

basic inf ormation needed for comparison with the properties of the 

lanthanides and early act inides , i . e . , the formation of stable complexes 
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of the most important oxidat ion states and the stabi lizat ion of the leas 

common oxidation states to aake them accessible for study both in 

solut ion and in the solid state . Information needed f or these complexes 

includes thermodynamic s tabi l i t y ;  redox potent ial s ;  and kine t i c s  of 

formation ,  dissociat ion , and exchange . 

The stabi lity of the oxidation states of actinides in solut ion ( and 

in solids) is  markedly perturbed by the interactions of the radioact ive 

decay product s with the substrates . Much more research i s  needed to 

describe these reactions fully . A satisfactory description of such 

radiolytic effect s i s  important for modeling the behavior of actinides in 

waste repositories . 

Oxidation State s 

The mult iplicity of oxidat ion states and the increasing trend toward 

divalency across the actinide series suggest that much can be learned 

regarding the electronic structures of these elements by det ermining t he 

relat ive stabilities of these oxidation states . Specifically , the 

f ollowing approaches are available for extending the range of oxidat ion 

states : use of powerful oxidant s and reduc tant s as well as electrolysi s 

in aqueous media ( e . g . , radiopolarographic studies on nobelium have been 
3 

done with 10 atoms per experiment ) and stabilizat ion of unusual 

oxidation states with specific ligands  ( an example would be the use of 

crown ethers to  stabilize divalent species) . 

Beyond establishing the full range of oxidat ion states of these 

element s accessible in aqueous environment s ,  redox potent ials should be 

determined and efforts made to evaluate their systematic variat ion and t o 

relate them to spectroscopic , magnetic , and other physical measurement s .  

Oxidation-state studies may also provide insight into relativistic 

effec t s  on the chemistry of the heavier act inides . 

Some of the exist ing oxidation-state data on the transplutonium 

element s is of quest ionable reliability . Much of this wo rk should be 
248 244 

repeated using longer-lived i sotopes ( e . g . , Cm instead of Cm) . 
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Such longer-lived isotopes are avai lable in the needed quantities only 

f rom the BFIR/TRU facility . 

Kinetic s  

The rates o f  chemical t ransformations provide fundamental information on 

mechanisms and other kinetic factors and are of practical importance in  

designing experiment s and separation procedures .  The types of  reaction 

to be considered are oxidation-reduction and ligand substitution . The 

redox reactions involving radiolysis products  from water are of prime 

importance . Until  these reactions are understood , many other changes 

that occur in act inide solutions will be diff icult to interpret . 

The react ions between actinide ions in various oxidat ion states and 

radicals ,  such as OH , a powerful oxidant , and the hydrated electron, a 

reducing agent , need to be studied more thoroughly by pulse-radiolysi s  

techniques . These rate data are necessary f o r  realistic modeling in 

aqueous neutral solut ions . 

The reduct ion potent ials listed in Appendix P show three interesting 

couples that should be studied for comparison with existing result s for 

the lighter actinides . Al though the ionic forms in the Bk( IV) /Bk( III )  

couple are the same as  i n  ·the analogous U ,  Np , and Pu couples , the 

potential is much larger . S tudies of Bk redox reactions will provide a 

better understanding of the effects  of 4G 0 on rates and mechanisms . 

The nobelium and mendelevium redox �ouples differ from those of the 

lighter actinides in that they involve readily accessible 2+ ions and are 

thus much more like the europium couple , which has been fai rly well 

studied . These two ac tinide couples , however ,  span a very wide potential 

range , so that a variety of reactant s can be studied . 

Studies of redox chemistry in neutral or basic solutions require the 

presence of complexing agent s .  The species present , the redox 

potentials , and probably the rate laws will be different . Thus , the 

range of condit ions can be extended from aquo ions to a variety of 

complex ions . 
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It  is expected that kinetic studies  will  be made using tracer 

concentrations of the actinides and a vide range of macro concentrations 

of the other reactant s . This will  minimize radiolytic effect s and 

requirement s for elements available in only small amounts . 

For multidentate ligands involving " softer" sites ( e . g . ,  N in EDTA) ,  

there is  thermodynamic evidence for enhanced covalency in the Sf elements 

that increase with  z . Kinetic s  of exchange studied with tracer 

techniques have shown the Am-N bond rupture to be slow. Kinetic studies 

of the actinides and analogous lanthanides with nitrogen donor ligands 

could provide direct evidence for the extent of covalency in the heavy Sf 
248 249 

elements .  For long-lived species such as Cm and Cf ,  fast  

techniques could be employed to study the complexation format ion kinetics 

to  obtain further information on the hydration states of these cat ions . 

Studies of Am-aminoylcarboxylato complexes by stopped-flow spectrometry 

have demonstrated the feasibility and value of such studies . 

Complex Format ion 

For the investigation of aqueous actinide complexes ,  it is important to 

have the long-lived isotopes . In studies of the carbonato complexes of 

the lighter act inides , for example , the production of peroxide and 

carbonate radical ions resulting from self-radiolysi s causes problems in 

ident ificat ion of spectral characteristics of these metal ions . 

Carbonato complexes have been useful for extending studies of the lighter 

actinides to alkaline solut ions and should also be investigated for the 

heavier ( transplutonium) actinides . 

The types of ligands that provide considerable promise for developing 

the aqueous complex chemistry of the transplutonium element s are alpha 

hydroxy ac ids ( lactic , hydroxyisobutyric , citric , and many others) . 

Other effective ligands for the trivalent ( and divalent ) states are the 

higher analogs of EDTA ( such as DTPA and TTHA) and some of the new 

phenolic ligands that have proved effective for Ga( III ) ,  Fe( III ) ,  and the 

trivalent lanthanides . The 4+ oxidation state of the transplutonium 

elements may be selectively stabilized by the catechol and hydroxamic 
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acid ligands , which have proved effective for some of the lighter 

actinides . The lower oxidation states aay be stabilized by crown ethers 

and oxygen-containing cryptands . To maximize metal ion stabilization the 

macrocyclic crown ethers and macrobicyclic cryptands currently available 

may be modified to accommodate the larger ionic radii  of the 

t ransplutonium elements with longer bridges ( larger cages)  and by 

replacement of some of the oxygene with nitrogen or sulfur . Comparison 

of lanthanide behavior with such ligands could reflect the extent of 

additional covalency in the transplutonium systems . It should be 

emphasized that the higher specificities of the cryptate , macrocyclic , 

and other cage-like ligands relative to the conventional ligands offer 

the best opportunity for discriminat ion between closely related 

transplutonium ions of the same charge , which differ only slightly in 

ionic radii and related p roperties . 

The cryptand and macrocyclic ligands offer distinct advantages for 

separation methods because the inherent rigidity of the ligand cages 

makes them sensitive to small differences in ionic radii . Thus , a 

specially designed cryptand or crown ether could be used for selective 

extraction of t ransplutonium ions from aqueous complexes into an 

appropriate organic phase . Conversely , immobilized cryptands and 

macrocycles could be employed for selective ion-exchange adsorption and 

elution processe s .  Certain types of cage structures may offer problems 

involving the kinetics of metal exchange , and for that reason the more 

flexible macrocyclic ligands  may provide more reasonable rates . Both 

macrocyclic and macrobicyclic types should be investigated , however ,  

since kinetic problems may be solved in many cases by appropriate ligand 

design. Because of the fact that the cage-like ligands have been 

developed relatively recently , the need for comparisons with the 

preplutonium actinides and the lanthanides will require parallel 

equilibrium and kinetic studies for those elements .  

Thermodynamics of Complex Formation 

With rare except ion , studies of the complexation the rmodynamics of 

transplutonium element s have been limited to tracer-level studies of the 
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trivalent state . Thermodynamic measurement s on aquo and complexed ions 

of Cm-Es are required in some case s .  Aqueous calorimetry will complement 

known 4G 0 data and provide important aquo ion entropy data . 

Participation of Sf orbitals in complex stabilization mandates study 

of 4H 0 and 4G 0 of complex formation in solution .  Similar 4G 0 values for 

complexation between An( III)  and Ln( III ) ions are often associated with 

rather surprising differences in 4H 0 and 4S 0 • These results need to be 
. 

248 confirmed by direct calorimetric determination of  4H0 us ing Cm and 
249cf .  Other complexes need to  be studied by t racer techniques f rom 

Am( III ) through Pm( III ) to determine whether these difference s in 4H0 

and 4S 0 are general . If these effects  are verified for the actinide( III ) 

complexes relative to the analogous Ln( III ) species , an explanat ion must 

be sought in covalency and/or  relat ivistic effect s .  

Knowledge of the actinide ion hydration state i s  basic t o  an 

understanding of the solution chemistry of these elements  for both 

fundamental and applied reasons . The use of "hypersensitive" f-f 

t ransit ions offers a rather s imple and sensitive technique . However ,  

elucidat ion o f  the relation between such hypersensitive spec tra and 

coordinat ion symmetry , covalent perturbation,  etc . , is  needed before 

these spectra can be used for such purposes . Def ining the local 
248 3+ 

coordination symmetry of C. ( aq) by neutron and X-ray scattering 

could provide such calibration . The hypersensit ivity could then be used 

for cations available only at more dilute levels ,  e . g . , Bk, Cf , and Es . 

NONAQUEOUS ENVIRONMENTS 

Organometallic Chemistry 

Until only a few years ago the chemistry of the lanthanides and actinides 

vas restricted to  the ions in combinat ion with hard ligands , such as  

halides , oxide , or water . The break wi th t radition began with the 

lanthanide s and has nov extended to  the lighter actinides [Th( IV) ,  

U( IV) ] . An extensive organometallic chemistry of thorium and uranium i s  

being developed , wi t h  more and more ligands typical o f  those in the 
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organometallic chemistry of the transition element s being incorporated . 

Cyclopentadienyl compounds have already been prepared with element s up 

t o  Cf . There are reasons for preparing these molecules besides their 

int rinsic interest  and novelty . Many show chemical react ivity involving 

H2 , CO , and organic molecules that i s  much greater than that exhibited 

by their transition metal analogs--reactivity that is  germane to 

understanding catalysis . Por the 3+ oxidation state , comparisons can be 

made between the lanthanides and actinides;  they are s ignificant in the 

context of differences in 4f versus Sf participat ion in bonding . 

Moreover , for the actinides the 4+ oxidation state i s  accessible for some 

of the transplutonium element s and comparisons with the lighter actinides 

are significant in the same connection. 

Pour general classes of organoactinide compounds have been 

investigated : (1)  sandwich complexes of Tb , Pa , U ,  Np , and Pu with two 

cyclooctatetraene ligand s ;  ( 2) tris( cyclopentadienyl ) complexes of  Th-Cf 

( inclusive ) ; ( 3 ) compounds of tetravalent Tb and U containing two 

pentametbylcyclopentadienyl ligand s ;  and ( 4 ) derivatives  of tet ravalent 

Tb and U wi th two bis( trimetbylsilyl) amide groups . The thermal stability 

of these compounds appears to  be attributable to  a high degree of 

coordinative saturation brought about by bulky ligand arrays that impede 

decomposition pathways . Although extremely air sensitive , these material 

are now easily handled using establi shed high-vacuum and inert-atmosphere 

techniques . The relatively high volatility and solubility in nonpolar 

solvents contrast with the properties of act inide compounds containing 

" bard" ligands . 

These recent advances indicate that numerous stable organoactinide 

compounds of the transplutonium element s should be obtainable . These are 

desirable in that systematic studies of analogous compounds along the 

ac tinide series could be conducted , comparing the new information with 

t hat already in band for lanthanides and early t ransit ion metals . 

Since organoact inides are expected to be among the mos t  covalent 

actinide compounds , it is desirable to examine the variations in 

covalency and Sf character of the actinide-carbon bond as one proceeds 

f rom the lighter ( early-t ransit ion metal-l ike) actinides to the heavier 

( lanthanide-like ) ones . Although covalency and Sf orbital participation 

Oppor tun i t ies  and Chal lenges in  Research Wi th  Transp lu ton ium Elements :  Repor t  o f  a  Workshop

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

http://www.nap.edu/19522


52 

in bonding are difficult to quantify , elect ronic spectroscopy , ear , and 

photoelectron spectroscopy , aa well aa chemical react ivity ( e . g . , reactivity 

of eyelopentadienylaetinidea toward PeC12 ) ,  could serve aa useful 

probes . 

In view of the availability of the divalent oxidat ion state for many 

of the transplutonium elements ,  i t  wi ll be of interest t o  establish 

whether these oxidat ion states are more readily accessible with " soft , "  

organic ligand systems . Organometallic compounds of aeve�al divalent 

lanthanides have been prepared . Divalent organometallic compounds of the 

transplutonium element s could exhibit Sf-r-dative interactions with 

l igands , such as CO , CNR, and olefine . In  this  regard there are the 

interesting effects of lower valency and cont racted Sf orbital s as  one 

proceeds to the heavier tranaplutonium element s .  The possibility that 

transplutonium element s might form stable , low-valent compound s wi th 

" soft" donors such as phosphine& should also be explored; the surpri s ing 

observat ion that tet ravalent uranium complexes prefer phosphine& to 

amines is encouraging . 

The seale for the preparation ,  i solation ,  and charac terizat ion of the 

light organoaet inide compound s i s  commonly >100 mg . Lesser amount s could 

probably be tolerated for comparative reaction chemistry and 

spectroscopy ; however ,  several tens of micrograms i s  probably the minimum 

sample size for meaningful experiment s .  Thus , preparations of new 

organometallic derivatives of Np , Pu ,  and the transplutonium element s Am ,  

Cm ,  Bk,  and C f  appear to be practical at this t ime . 

Molecular ( Volat ile ) Compounds 

Al though the bonds that · the actinides form tend to be highly ionic , i t  i s  

possible t o  prepare molecular species with them . A scientific rat ionale 

for proceeding in this direct ion ia  to provide a matrix in which the 

metal ions are isolated f rom each other , a feature that can be important 

in refined studies of magnetic properties ; a practical rationale is to 

enhance solubility in nonaqueoua aolvent a and to enhance volatility . 
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Work on the tetraborobydrides of the earlier actinide s is already in 

progress , and with derivatization the volatilities can be increased over 

those of the parent coapounds . Molecularity in the series depends on the 

bulk of the borobydride group and on the internal charge balancing . The 

same ends can be achieved by alkoxide s and amides that bear sterically 

demanding substituent& .  Thi s  chemistry bas been widely developed for 

transit ion metal ions with remarkable results .  The use of bulky alkoxide 

and amide ligands in the preparation of volatile molecular compounds 

should be expanded considerably for the more accessible actinide s and 

eventually extended to  the later elements of the series . 

Oxidation State S tabilizat ion 

The much greater avai lability and longer half-lives of the four elements 

following plutonium , i . e . , Am, Cm, Bk , and Cf , allow an increased scale 

and scope of experiments over that possible with the t ranscalifornium 

elements , which have considerably shorter half-lives . The study of  these 

latter elements requires more specialized techniques and/o r  facilities at 

an accelerator . 

The number of oxidat ion states of Am-Cf that can be stabilized in 

aqueous media is limi ted by the redox behavior of water . These limits  of 

redox behavior can be extended by the use of nonaqueous solvents .  

Pertinent to  thi s point , the recent report o f  eva�escent AmF6 suggests  

that pentavalent americium as the yet unknown AmF6 ion might be 

stable in anhydrous HF ,  in parallel with the properties of the known 

UF; and PuF; ions . 

We know that a-coordinated solids of high-lat t ice energy , e . g . , 

Ano2 and AnF4 , stabilize the tetravalent states of the act inides . In 

still higher oxidation states , diminished ion size and increased acidity 

sugges t  that basic solvents such as oxide donors will provide the needed 

s tabilizat ion for these high-oxidation states . 

The difficulty of obtaining Am( I I )  versus Eu( II ) and the enhanced 

accessibility of Bk( IV) versus Tb( IV) imply that a wider variety of 
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higher oxidation states than is now known is  to be found for the 

t ransplutonium element s .  

For  stabilizat ion of the lower-oxidation states , larger , more 

polarizable anions such as Cl- and I in solvents capable of 

accepting elec trons ( e . g . , liquid NB3 ) should be investigated in 

conjunction wit h  electrochemical studies . 

There i s  intense interest in the lowest-oxidation states ( II , even I )  

o f  element s o f  Z > 9 6 .  Media displaying low-solvating power are expected 

to  enhance the stability of ions in low-oxidat ion states because of the 

low-charge dens ity of these ions . Examples include molten mixtures of 

AlC13 and organic chlorides ( e . g . , alkyl pyridinium chloride) , which 

are liquid near room temperature . These solvent systems are compatible 

with elect rochemical measurement s and have the additional advantage of 

displaying a broad electroactivity range . Experiments show that U ( III ) 

and Np( III ) are stabilized over their corresponding tet ravalent states 

with increasing chloroacidity ( high AlC13 content and low free-chloride 

concentration) . Similarly , Sm( II ) and Yb( II )  have been observed in these 

media , which therefore are likely to be particularly suited to studies of 

Cf ( II )  and Es( II ) . It i s  less certain whether Bk( II ) could be similarly 

stabilized . 

The signif icance of this area of endeavor is  found primarily in 

determining the bounds of chemical oxidation-state stability . However ,  

the data al so have implicat ions for the long-range oxidation-state 

stability in media proposed for storage of nuclear wastes containing 

actinides . 

THERMODYNAMIC DATA 

Thermochemical measurement s ,  complemented by structural and spectroscopic 

studies , are essential for obtaining quantitative information on the 

relat ive stabilities of the various species of the elements wi th Z > 96 

because : 

o The stability of their divalent , trivalent , and tetravalent ions 

must be used to extrapolate to the heaviest actinides . 
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o The understanding and prediction of properties throughout the 

actinide series , including the t rivalent and tetravalent ions of lighter 

actinides ,  mandate a knowledge of the Z • 96-99 region . 

o The prediction of favorable parameters to obtain pure compounds 

for solid-state studies requires good thermodynamic data . 

An example of an area whose thermodynamics has been elucidated is  

that of the stability relationships among the crystalline metals , their  

vapors ,  and the trivalent aquo ions . Enthalpies of sublimation have been 

determined for all actinide metals through einsteinium as well as 

enthalpies of formation of An
3+

( aq) through californium. These data 

systemat ically correlate the most  fundamental spec ies of these element s 

and provide a powerful predict ive tool for heavier ac tinides . 

In contrast  with the above , no parallel data exist  for the 

thermodynamic properties of the binary oxides (M2o3 ,  M02 , and 

intermediate phases)  with Z > 9 6 ,  with the exception of a recent result 
248 of c.2o3 •  In addition, such measurements will help resolve 

systematic discrepancies in t he stability relationships of lighter 

actinide oxides .  Thermochemical data for other classes of compounds 

( e . g . , dihalides and t rihalides) are totally lacking . Such measurements 

will lead to more detailed understanding of electronic structure and to  

predictions for new classes of compounds ( monoxides , chalcogenides ,  etc . ) .  

Other thermodynamic data needs are discussed elsewhere , in particular 

those on complex formation in aqueous solution discussed earlier in thi s  

chapter and on solid-state properties ( Chapter 5) .  

SEPARATIONS CHEMISTRY 

Opportunities and Challenges 

Separation of the t ransplutonium elements from one another and from 

source materials ( e . g . , reac tor fuels , targe t materials , reprocessing 

wastes , etc . ) i s  a sine qua non to  elucidation of their chemical and 

physical properties and to  practical applicat ions . The entire broad 

f ield of t ransplutonium element research is based on the availability of 
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relat ively pure i sotopes on a reasonably assured schedule . This  implies 

the disciplined applicat ion of established separations processes and 

techniques and , in some cases , development of new or improved separat ions 

methods . The large number of tranaplutonium elements and their i sotopes , 

and the very large number of f ission-produc t elements and target elements 

that exist  with them when they are produced , pose some of the moa t  

difficult inorganic chemical-s eparation problema ever faced . 

Beyond the chemical separat ions required for production of  pure 

t ranaplutonium elements are the separat ions often required to obtain a 

pure isotope , e . g . , the isolation of 248cm f rom 252cf . With the 

expected synthesis of the transactinide elements will come a new set of 

chemical properties , perhaps significantly different from those of the 

expected chemical analogs , and thus a new set of chemical-separation 

challenges . Even more challenging are the chemical separat ions often 

required for the very rapid i solat ion and identification of small numbers 

of atoms of new elements .  

All of the above separations require substantial chemical information 

about many or all of the element s present . In some important case s the 

presence of s ignificant amounts of radiation imposes an additional maj or 

burden on the separations chemist . Since many practical separation 

processes are carried out in combined aqueous and organic systems , 

radiolysia  effects  may st rongly influence the processes and reagent s 

chosen . 

Thus , the separations chemist must rely on other researchers for 

knowledge of the basic chemical and radioactive propert ies of 

t ransplutonium element s to assist him in devising practicable processes 

for the isolation of each transplutonium element for ita use in research . 

Research Needs and Special Problems 

Considering that kilogram amounts of long-lived isotopes of Am and Cm 

have been available for over 30 years , i t  i s  not surprising that 

efficient and workable aqueous-based processes for separation of Am and 

Cm from fission products , f rom other actinides , and f rom each other have 

been developed and applied . An important , still unresolved problem , 
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however , is  development and demonstrat ion of a separation process ( e . g . , 

continuous countercurrent liquid-liquid extraction) for removing Am
3+ 

3+ 
and Cm f rom strongly acidic nitrate solutions . Such solut ions are 

routinely generated in reprocessing irradiated defense and commercial 
241 243 

reactor fuels and contain kilogram amounts of Am, Am, and 
244 Cm that could be i solated f or di sposal or f or beneficial use . 

Solvent extraction and other separat ions processes for recovery of 

trivalent Am and Cm from acidic nitrate solutions have been only 

partially developed ;  additional bench-scale work is needed to develop 

those schemes to the point where they can be applied on a large scale . 

Separation ( recovery) of transuranium element s from Purex process 

high-level waste may ,  in some instances at least , greatly simplify and 

facilitate ultimate disposal of such wastes . A case in point is  the 

high-l evel waste that will be generated at the u . s .  Department of 

Energy ' s  Purex plant in Banford , Washington from future processing of 

fuel for their N-Reactor . Preliminary engineering analyses indicate that 

removal of 
241Am, and perhaps other transuranium elements ,  coupled wi th 

90 
removal of the high-heat-producing by-produc t nuclides Sr and 
137cs, f rom these wastes could have a favorable economic impact on 

their disposal . Recovered transuranium elements ( and associated fission 

product lanthanides)  could be either purif ied further or converted to an 

imaobile form ( e . g . , by incorporat ion in borosilicate glas s )  for disposal 

in a deep geologic repository . Wastes depleted in transplutonium 
90 137 

elements ,  Sr , and Cs could probably be suitably deposited in 

near-surface facilities . Economic benefits  accrue by virtue of the 

greatly reduced repository space required for disposal of a small volume 

of transuranium waste . 

This latter example further emphasizes the continuing need for better 

understanding of the fundamental separations chemistry of Am and Cm f rom 

aqueous ni trate solutions and for developing and testing new and improved 

separation schema that can be sat isfactorily scaled up . Availability of 
248cm f rom the HPIR/TRU complex will substantially facilitate rapid 

development of the required curium separations processes . 

There are important i sotopes that are obtainable in adequately pure 

form only through spec ial separat ions operations in the TRU facility . 
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248 24 9 254 
These include Cm , Cf , and , perhaps , Es . The f irst two are 

derived from decay of their respective parent s and require clean areas 

and special operations for their f inal i solat ion .  At present the 

separations are carried out through combinations of solvent extraction 

and ion-exchange processes in aqueous and organic systems . The use of 

new technique s should be explored for reducing the number of spec ial 

operating steps . The new techniques examined should include select ive 

organic reagent s and nonaqueous systems , such as molten salts . Similar 
254 

observations may be made about Es i f  it  should become a significant 

isotope in TRU product ion . 

Use of volati le compounds in separat ions processes is  well known and 

widely practiced . These compound s include halides , borohydridee , 

organometallic compounds , and perhaps others . Sorption-desorption 

techniques on careful ly selected solids permi t ext raordinary chemical 

separations of gaseous compound s .  Such methode should be developed for 

obtaining the very high degree of purity sometimes needed for 
248 transplutonium element i sotopes , e . g . , Cm ,  which must be 

244 249 252 
scrupulously free of Cm, and Cf ,  which must  be free of Cf . 

Radiolysis  of solvents and reagents is  a major considerat ion in 

chemical-separat ion processes , both for product ion and research 

activities . Both aqueous and organic systems are vulnerable . Therefore , 

nonaqueous ,  inorganic systems should be stud ied . This implies study of 

molten salts and metals , anhydrous HF ,  and other systems . 

TRANSEINSTEINIUM ( Z  > 99) CHEMISTRY 

The element s to be considered consist of the heaviest act inides and the 

known transact inides as well as the undiscovered but predicted elements 

thought to be relatively stable in the region of Z • llQ-120 . 

Scientific Basi s for Study 

The chemistry of elements 100 through 109 i s  important because the 

actinide series end s at lawrencium ( Z  • 103) , and a new type of aerie s 
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begins at element 104 . Thus , there i s  the important question as to  the 

continuation of the periodicity observed in the lighter eleaents into the 

region of the heaviest elements .  If the conventional periodicity 

continues , eleaent 104 should be the first member of a 6d transition 

series extending to eka-mercury , element 112 . Eka-iridium, Z • 109 , the 

heaviest known element , was just recently discovered in Darmstadt , West 

Germany . The chemical propert ies of this 6d series will  be heavily 

influenced by relativistic effects .  These effects will be seen most 

clearly in the s and p11 2 electrons . For example , eka-mercury will 

probably be a very volati le ,  noble liquid or even a gas , and eka-lead 

will  have similar properties . The new series will almost certainly have 

significant deviations from the lighter homologs , and these dif ferences 

need to be experimentally determined for as many element s in the series 

as possible . 

S imilarly , the unexpected trend toward divalency , discovered in the 

latter part of the actinide series , suggests  the need for more studies in 

the Z • 101-103 region . Espec ially mendelevium in oxidation state I ,  

which has been reported but not confirmed , requires more effort . In a 

similar vein the possibilty that relativistic effects may cause 
14 2 lawrencium to have the Sf 7 s 7p configuration ,  rather than the 

14 2 
Sf 6d7 s configuration ,  suggests the need to establish whether 

oxidation state s lower than III can exist  for the las t member of the 

act inide series . 

Thus , the reasons for studying element s lOQ-109 are strongly 

intertwined : ( 1 )  the extent to which the symme try of the known periodic 

table can be applied in the heaviest element region and ( 2 ) the 

determination of relativistic influence on chemical properties and 

reactions . 

Techniques , New Approaches ,  and Research Goals 

Ion exchange and solvent extraction have been applied successfully to 

studies of the chemical properties of the act inides and transactinides , 

even on a one-atom-at-a-t ime basis . Prom a simplified point of view, 
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thi s is due to the one atom going through many reactions in these types 

of processes to give statistically s ignificant results . Methods 

potent ially involving only one atom and one reaction ,  such as 

coprecipitat ion , often given erroneous results .  

Method s based on aqueous chemistry for alpha emitters are relatively 

slow, because the solvents must be evaporated before counting . Isotopes 

with hal f-live s as short as 30 seconds  have been studied by these aqueous 

methods .  

Methods based on gas transport ( thermochromatography) are more rapid 

and have been applied to transactinide isotopes with spontaneous f i ssion 

half-lives down to a few seconds . These techniques could be extended to 

shorter half-lives . For example , for the easily detectable gamma 

emit ters , centrifugal contactors have allowed solvent extraction studies 

of isotopes with half-lives of only a few seconds . Such work sugges t s  

the development o f  scintillation counting o f  alpha emit ters and perhaps 

thin-layer liquid chromatography for fission counting using mica track 

detectors . 

Another approach might be to  develop the chemistry of these element s ,  

using their analogs , i n  solvent-extract ion systems composed o f  highly 

volat ile solvents that can be evaporated rapidly . 

For reac tor-produced gamma emi tters , gas-phase methods have allowed 

s tudies of i sotopes wi th half-l ives as short as a few tenths of a 

second . Although atoms produced with the aid of accelerators require 

t ime to achieve their full complement of electrons , much faster methods 

of studying the chemistry of transact inides than have been used in the 

past may be possible . 

A part icularly excit ing approach may involve laser-based spectroscopy 

in few-atom experiment s .  For example , the 77-min i sotope 
25�d can be 

made in yields of about 106 atoms . Thi s  e lement may be a good 

candidate for an attempt at such spec troscopic studies . 

So little i s  known about the chemistry of these heaviest elements 

that priority should be given to studies of the most  fundamental 

properties , such as attainable oxidat ion states and their relative 

stabilities , ionic radii , polarizabi lities , and simple gaseous and 

aqueous species . Pe rhaps properties of the me tal atoms themselves could 
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be obtained through thermochromatography in a strongly reducing 

atmosphere ( using perhaps hydrogen or , i f  necessary , even sodium vapor as 

the carrier gas ) . 

Mendelevium( ! )  has been reported , but careful experiments have not 

conf irmed i t a  existence . New approaches--e . g . , the use of nonaqueous 

solvents and/o r  the appropriate crown ether--should be employed to 

promote the s tabilization of the univalent state . But first  it would be 

worthwhile to  deteraine the ionic radius of divalent mendelevium. 

Similarly , the ionic radius of lawrencium( I II )  should be measured by 

determining ita  elution position f rom an exchange column relative to the 

elution posit ions of other trivalent lanthanides and act inide s  whose 
2 60 

ionic radii  are known . The product ion of 3-min Lr at the level of 

10 to 100 atoms per experiment i s  now possible , giving a distinct 
256 

advantage over previous experiment s carried out with 2 6-a Lr , which 

yielded only one or two atoms per chemistry experiment . 

Nobelium-259 , with a 1-hr half-life , can now be made in the 

thousand-atom-per-experiment range , allowing more def init ive chemical 

studies than could be done in the past with 3-min 255No . The III/ II 

and Il/0 reduct ion potentials should be confirmed . Also the 

polarizability and more detail on the relation of nobelium( II ) to  other 

divalent elements is  needed in view of ita  apparent remarkably close 

similarity to the alkaline earth ions . 

The chemistry of e lement 104 carried out by solvent extraction and 

thermochromatographic techniques has established i t  as the first  member 

of a new transition series . I t  i s  particularly important to determine 

the oxidat ion states that element 104 can attain and the species i t  forma 

in binary compounds and in aqueous media . Paster , continuous 

solvent-extraction systems , perhaps using liquid scintillation counting 

or highly volatile solvents ,  should be developed for this  purpose s ince 
261 

1-min 104 will  probably have to  be employed in these experiments . 

The chemistry of element 105 can be extended by working wi th 35-a 
262105 rather than the 2-a i sotope used in Soviet experiment s .  

Experiment s  baaed on gas transport are desirable;  early emphasis  might 

involve carbonyl chemistry . Chemical studies of the higher atomic member 

Opportunities and Challenges in Research With Transplutonium Elements: Report of a Workshop

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19522


62 

elements will depend on the development of reactions yielding 

longer-l ived isotopes at reasonable production rates . 

The chemi stry in the superheavy eleaent region wi ll magnify the 

relativi stic effects expected in the 6d transition series . This will 

produce interesting contrasts wi th the lighter elements .  For example ,  

( 113)Cl i s  expected to be soluble in aqueous ammonia , whereas the 

ho�ologous compound , TlCl , i s  not . Eka-mereury is  expected to  be so much 

more noble than mercury that i t s  oxide , f luoride , and bromide are 

expected to be unstable . Similarly , eka-lead should be more noble than 
2 

lead because of its  7p11 2 closed shell . 

Knowledge of the chemistry of the heaviest existing element s i s  

necessary to ext rapolate with confidence to the chemical propert ies of 

the superheavy element s .  Accurate forecast ing of these properties is 

probably essential to  the discovery of superheavy elements ,  as was the 

ease for the f irst two transplutonium elements .  

CONCLUSIONS 

Chemistry is based on establishing interrelations in the behavior of the 

dif ferent elements .  Each e lement wi th its  unique features , when i t s  

chemistry is  compared with that o f  others , helps knit the fabric of 

theory that transforms the subject from a compilat ion of observations 

into a seienee . The chemistry of the act inides provides significant and 

direct comparisons with that of the lanthanides and the transit ion 

metal s .  These comparisons are incomplete unless the chemistry of the 

transplutonium actinides i s  more fully explored . The mysteries that 

remain to be probed in studies of the transaetinide e lements are perhaps 

even more exc iting than are those to be uncovered for the heavier 

actinides . It  i s  recognized that relativistic effects inf luence the 

chemistry of all the heavier elements .  These effects  are expected to  be 

especially important in the transaet inides .  In establishing the relat ion 

between chemical behavior and elec tronic structure for the heaviest 

element s ,  we will be in a better position to understand how relativistic 

effects  are manifested in the chemistry of the better-known element s .  
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The members  of this panel conclude that cont inuing the BFIR/TRU 

f acility and studying the chemistry of the immediate and derived products 

of the facility are important to the chemical community . 

In preparing our report we made a broad survey of the kind of 

research being done on the actinides in relation to that being done with 

other metallic e lements . Gaps in knowledge exist not only for the 

tranaplutonium elements but also for the more accessible members of the 

aeries . Some of these gaps are exposed here in the hope that it  wil l  

alert our colleague s to the need f o r  greater research efforts  o n  the 

actinides as a whole . 
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EXECUTIVE SUMMAllY 

4 

SPECTROSCOPY 

The availability of transplutonium elements af fords the opportunity , via 

analysis  of their spectra , to expand our understanding of electronic 

s truc ture throughout the periodic table . A particularly important issue 

to be elucidated will be the involve.ant of the 5f orbitals in bonding . 

Since 5f orbitals , which are progressively f illed through the actinide 

series , are inter.ediate in their properties between the 4f orbitals and 

the 3d orbitals ,  the insights gained fro. act inide spectroscopy can be 

expected to illuminate the behavior of the lanthanides and the transit ion 

metals . 

The study of the heavy ac tinides i s  particularly important since the 

progressive lowering of the 5f orbi tal energies leads to a simplif icat ion 

of the spectra , which will  aid in the interpretat ion of the more complex 

spectra of the l ighter actinides . It  will  be desirable to develop 

chemistry for the study of molecules wi th maximum covalency across the 

actinide series . The inter.ediate extension of the 5f orbitals should 

also lead to interest ing excitonic and mixed-valent properties of 

ac tinide compounds , which can fruitfully be studied spectroscopically . 

The f i rst priority is  to  interpret the spectra of both f ree atoas and 

free ions of the element s .  Comprehensive intensity measurement s of 

free-ion spectra , now possible for the f i rst time , are required for 

further interpretation ,  and studies need to be extended to  more highly 

ionized species . The spectra of the actinide ions in solut ion and in 

ionic lattices provide unique opportunities for studying the effects of 

crystal f ields . Such studies have been extremely f ruitful in the 

understanding of transit ion-metal chemistry . 
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Because the Sf levels are relatively sharp and well defined but still 

sensitive to the chemical environment , the actinide ions are likely to  be 

excellent spectroscopic probes of chemical structure and dynamics . 

Applicat ions might include the probing of structure in amorphous 

materials and at specific ion sites in biological molecules and the 

analysis  of phonon or vibronic coupling . 

As ide from provision for the eleaent s  themselves , this research 

requires the avai labi lity of sophisticated spectroscopic equipment in 

laboratories able to handle substantial quantities of highly rad ioactive 

nuclides . Currently envisaged studies of the heavier actinides require 

microgram to milligram quantities and the regular availability provided 

by the HFIR/TRU facility . However ,  the recent development of  

laser-excitation spectroscopy promises a dramatic decrease in the amount 

of material requi red for many studies and opens the prospect of obtaining 

spectra of low-abundance molecules or ions and of element s beyond 

einsteinium .  Indeed the sensitivity available with the latest  techniques 

can extend to single atoms , and it  is  possible that spectroscopy will 

play an important role in the search for new elements . To apply the new 

techniques , the energies of the spectral lines must be reasonably 

predictable . Progress  in the general spectroscopic understanding of the 

heavy element s is crucial in this connection . 

INTRODUCTION 

Spectroscopy i s  the primary source of informat ion about electronic 

structure and therefore contributes importantly to our understanding of 

chemical and physical properties . The crystal-f ield interpretat ion of 

spec tra has been the most important concept of the last 30 yr in the 

development of transition-metal chemistry .  A similar approach is now 

being applied to  the actinide elements , with the promise of expanding our 

understanding of electronic s tructure throughout the periodic table . 

In actinide spectra the role of the Sf electrons is  dominant and can 

be delineated , especially as sore data on transplutonium elements become 

available . The recent concept that the behavior of Sf electrons is 
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intermediate between that of 3d and 4f electrons provides an interpret ive 

framework , and further studies promi se to throw more light on transition 

metal and lanthanide as well as actinide chemistry .  �n addition , 

relativistic effects  come to the fore in heavy-element spectra and can be 

speci fically explored . 

Spectroscopy i s  of particular importance to the study of 

transplutonium element s since optical method s are readily adaptable to 

these materials ,  which are difficult to handle and available only in 

small amounts . Indeed , the new techniques of laser-excitation 

spectroscopy should be applicable to the very few atoms of the heaviest 

elements that may become avai lable for study . 

ATOMIC SPECTROSCOPY 

Energy Levels and Conf igurations 

The electronic and nuclear-s tructure properties of the heavy element s 

provide the key to understanding the chemistry and stability of these 

elements .  The presence of the Sf electrons is proved unequivocal ly by 

the identificat ion of the electronic ground-state conf igurat ion and 

higher configurations derived f rom atomic spectroscopy . The 

stabilization of the Sf electron in higher valence states can be 

monitored by various resonance spectroscopic methods . 

As of nov, the element s from americium to einsteinium have been 

surveyed ( see Appendix G )  and the ground configuration identified .  The 

next step i s  to move toward locating the energy levels associated wi th 

higher configurations . To do thi s  it  i s  necessary to observe these 

spectra by more refined techniques . For the scarce element s beyond 

einsteinium,  entirely new techniques will be required . I t  is  worth 

noting that these new techniques would also f ind tremendous interest  and 

application in various analytical spectroscopic methods of scientific and 

commercial value . 

Energy values and total angular momentum quantum numbers are 

necessary for calculat ions of the thermodynamic properties of the 
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element s .  It is  important to identify all the possible levels below at  
-1 least 20, 000 em for such calculations to have meaning . 

The grouping of the levels by conf iguration is  accomplished by the 

study of isotope shifts , since each configuration baa a somewhat unique 

i sotope shift . Isotope-shift  data are also of interest  to nuclear 

physics because the isotope shift is a measure of nuclear volume 

effects . Zeeman-effect and hyperfine-atructure studies are useful for 

assigning quantum numbers to levels within a configuration. 

Studies of the hyperfine structure obtained in optical-emission 

spectroscopy yield values for the nuclear dipole and quadrupole momenta 

that are of interest  in nuclear physics . Laser spectroscopy techniques 

can improve the precision of hyperf ine and i sotope-shi f t  measurement s by 

a factor of 10 or more for specific trans i t ions . These laser 

measurement s may allow hyperfine anomaly studies to  be made , if  

appropriate isotopes are available in sufficient quantities . 

Energy-l evel analyses of the higher stages of ionization are needed 

because of thei r importance to the interpretat ion of solut ion and 

solid-s tate spectra . This will require development of new techniques 

usable with very small samples . 

Ionization Energies 

Ionization energies are important for understanding the systematics of 

the actinide elements .  Techniques are well established for the 

determination of accurate ionizat ion energies of the neutral species by 

observation of extensive Rydberg serie s through laser-excitation 

methods .
1 

The accuracy of 1 part in 10
5 

that can be reali zed allows 

clear distinction of t rends and good teats of theoretical calculations 

and their reliability for extrapolation .  Por element s beyond Ea , 

extrapolated values may be the only values ever available . In the 

ac tinide aeries , accurate experimental values are not avai lable for Ac , 

Th , Pa , Am ,  Cm ,  and for t ranacurium element s .  Sufficient materials and 

techniques are available to obtain ionization energies of the neutra l 

atoms up to and including Aa .  Development of be tter handling techniques 
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and bea• source s requiring s .. ller amount s of metal are required for 

series members beyond Aa .  ( The exact li•it on the amount of •etal needed 

is not known , but tens of milligrams may be required for assured success 

using present-day technology . )  

Laser techniques have the potential to  determine the ionization 

energies of singly ionized element s and possibly doubly and more highly 

ionized species . The experiments become much more difficult at each 

degree of ionization , and considerable spectroscopic information about 

each species is needed . 

Theory 

Relativistic effects  for these higb-Z element s are of course l4rge and 

dictate use of relativistic (Dirac-Pock) rather than nonrelativistic 

( Hartree-Fock) theory . The principal relat ivistic effect is  a 

contraction of inner-shell orbits , especially for s and 

p11 2 electrons . This results in magnificat ion of isotope shifts  and 

hyperfine-structure split t ings , which are already large at these high 

values of z .  
As an indirect result of the s- and p-e lectron contractions , these 

elect rons shield the outer Sf and 6d electrons from the nucleus more 

completely ,  so that the Sf and 6d orbits  actually move outward rather 

than inward , with the following consequences :  

o Elect rons in the Sf and 6d orbits are computed to be bound less 

tightly than in Hartree-Fock theory , and the Sf-6d exc itat ion energy is 

likewi se decreased . Thi s  i s  part of the reason that Sf electrons are 

les s  localized than the 4f electrons in lanthanides and why 6d electrons 

are a more i•portant aspect of the electronic structure of the actinides 

( and of actinide compounds )  than are Sd electrons in the lanthanides .  

o Elect ron-electron Coulomb energies of Sf and 6d elect rons are 

reduced , and spin-orbi t-interaction energies are decreased even •ore 

strongly , so that the tendencies toward j j  coupling ( especially 

pronounced at the higb-Z end of the actinide series )  are decreased 

somewhat relative to the nonrelativistic predict ions . 
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o The absolute accuracy of Dirac-Pock calculations is  not well 

established at these high values of Z ,  and checking against experi•ental 

data is required . It is important that these ca.pariaona be carried to 

as high Z as possible . The closer one can co•e experi•entally to  the end 

of the actinide series ( Z  • 103 ) ,  the simpler the electronic structure 

and spectra become , thereby reducing the uncertainties in comparison 

between experiment and theory . The accuracy of theoretical predict ions 

of the electronic struc ture of auperheavy elements can then be better 

assessed . 

Ana.aloua Element Abundances in A ( Peculiar A-type )  Stars p 

I t  is  conceivable that the anomalous abundances in these stars may also 

involve tranauranium ela.ents . The abundance of elements wi th Z above 26 
( iron) in the sun, and •oat other stars decreases exponent ially wi th 

increasing Z ( and hence yttrium is far more abundant than lanthanides , 

rhodium •ore abundant than bi smuth ,  etc . , and thorium and uranium barely 

detectable ) .  ( Fortunately for inorganic che•iata , the Earth ' s crust 

contains 0 . 15 percent by weight of  elements with Z above 31 and in 

roughly ca.parable amounts ,  typically 1 to 10 ppm. ) 

In 1913 a star was discovered in Canes Venatici with very strong 

Praunhofer linea of europiu.. Thi s was the first case of an A star , a p 
group that constitute s  about 10 percent of  all A-type stars and that i s  

characterized by the presence o f  a single element or a few elements i n  

very high abundance , strongly variable with ti•e . ( The Twenty-third 

International Colloquium on As t rophysics [ held in Liege in 1981 ] dealt 

with this subject . )  One star shows a s t rong maximum of rare earth every 
2 23 yr , anothe r contains a million time s more bismuth than the sun , and 

3 
another shows great amounts of osmium and uranium. The moat  

re  .. rkable feature i s  perhaps the short time scale of  a few years . 

There i s  a serious lack of atomic spectral-line posit ions and 
0 + +2 relative intensities of t ransuranium elements , M , M , and M , for 

comparison with numerous unidentif ied Praunhofer lines of A s tars . p 
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These objects  may involve very heavy elements and are among the most 

enigmatic of all stars . 

CONDENSED-MATTER SPECTROSCOPY 

Because of their electronic configurations , the t ransplutonium elements 

couple to their  envi ronment wi th a st rength that is  interaediate between 

t hat of the lanthanides (weak) and the 3d t ransition metal series 

( strong ) . The spect ra that result when Sf ions are placed into various 

insulating hosts generally consist of relatively sharp t ransit ions . 

These lines may be traced to their f ree-ion origins . The pure electronic 

t ransitions ( zero phonon lines)  provide ( 1) a unique tool with which to 

investigate the effects  of the environment ( symmetry ,  bonding type , 

valency) on the ionic levels and ( 2 )  a probe for investigating various 

dynamic effects  produced by the collective excitations and react ions 

occurring in the environment i t self . 

The development in recent years of new techniques based on tunable 

dye lasers has allowed the study of spect roscopic features in a much more 

fundamental manner , since laser spectroscopy can be conducted in such a 

way as to yield site- and energy-specific information about intrinsic 

properties of elect ronic trans itions . This feature constitutes an 

advance that cannot be overemphasized , because these techniques provide a 

way to  suppres s  extrinsic spectral features that often obscure those 

spectral aspects  that are of principal interest .  

The t ransplutonium series i s  attract ive to study because i t  provides 

numerous transitions that span a region of the spectrum in which laser 

source s  are readily available . The larger " c rystalline"  effects  on the 

Sf levels also lead to larger separations between Stark component s .  This 

decreases the probability of nonradiative processes and thus leads to a 

considerable number of f luorescence t ransit ions that can be used as 

probes . 

A number of areas where the above techniques can and are being 

applied to act inide s to  study various chemical and physical effects  

through their spec troscopic signatures are outlined below.  
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Structure Effec t s  

I n  the area o f  energy level structure analysis , which requires  the close 

interact ion of theory and experiment , significant progress has been made 

in the characterization of the f ree-ion and crystal-f ield parameters of 
4 

the t rivalent actinides in LaC13 • Spectra in lower symmetry sites 

should be studied both experimentally and theoretically in order to 

reveal subt le symmetry-related differences . Heavy ac tinides in the 

t rivalent state have recently been shown to be excellent candidates for 
5 

treatment by the Judd-Ofelt theory of transition intensities . 

Extension of this work to crystals with well-characterized site 

symmetries should be pursued as an avenue that will  open up uncharted 

territory . The ability to  compute line intensities consistent with 

experimental values would be except ionally valuable as a new tool for 

classifying observed transitions . 

In solid compounds of the heavier act inides it  i s  known that the 

divalent state is  progressively stabilized with increasing number ,  and 

f rom avai lable data i t  can be expected that f-f t ransitions will be 

observed in absorption over a large energy range before the onset of more 

intense f-d transitions . Such spectra provide unique and ent irely new 

information on the nature of elect ronic structure and the influences of  

bonding on  structure .  It  i s  also clear f rom the results of recent 

research efforts ,  including work with divalent lanthanide systems , that 

2-photon excitation techniques provide the key to greatly extending the 

energy range over which the structure of the fN conf iguration can be 

explored . 6 Use of these techniques results  in t he f-f transitions 

assuming a parity-allowed character ,  so that  they can be detected in an 

energy range normally masked by f-d absorption bands or by 

charge-transfer bands . Two-photon spec troscopy should be especially 

valuable in s tudies of heavy actinides , where f-f transit ions in 4+ and 

in some cases 3+ valence states are increasingly susceptible to masking 
7 

by charge-transfer transitions . 

Mixed-valence compounds seem well establi shed in the actinide series , 

in complex oxide phases , beginning with the uranium-oxygen system .  Mixed 

valency may be a useful concept in interpreting experimental data for the 
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heavier actinide ( mixed ) oxides . Mixed- valence compound s are at the 

forefront of solid-s tate science and should be amenable to study by 

spectroscopic techniques , including absorpt ion and selective excitat ion. 

The strength of the ion-l at tice coupling in the actinide series leads 

to the for.ation of wel l-developed and wel l-def ined vibronic aide banda 

adjacent to the pure electronic t ransitions . These vibronic a ide banda 

reflect the vibrational structure of the molecular complex or lattice in 

the vicinity of the active ion .  A s  such they can be used as a probe of 

local dynamics . For this probe to be moat  effective , it is convenient to 

use ions that posses s simple electronic structure ( e . g . , the 
5 7 3+ 3+ 4+ D0- F0 t ransition in Eu ; both Am and Cm have 

equivalent t ransit ions) . Americium, curium, and berkelium in different 

valence state s can serve as wel l  in thi s regard . The variat ion in the 

valence state allows the incorporation of ac tinide probes into molecular 

complexes and lattices of different charge without the complicating need 

of charge compensat ion . 

Because the actinide f-orbital energies are sensit ive to their 

chemical environment , they are amenable to site-selective 

spectroscopies . Recent studies of various types of centers in amorphous 

and vitreous boat s  have demonstrated that they can yield informat ion on 

the microscopic ( bonding , valence , coordination) and macroscopic 
8 

const i tut ion of di sordered systems . Generally , no comprehensive 

studies exist of actinide ion-activated glasses in which these techniques 

have been used . The panel believes that i t  would now be timely to  

consider a study of  the optical properties of some common glasses and 
3+ 

ceramic s act ivated by actinides up to Bk • The emphasi s of these 

studies should not only be on the struc tural details but also on the 

dynamical changes that may occur in the structure owing to  the effects  of 

intense radioac tivity . Thi s  information coupled with advances in 

spec t roscopic monitoring from a distance may prove to be important in  

waste-disposal technologies . 

Relativistic effects , which are important for the act inides , should 

be explored in condensed-phase as wel l  as in f ree-ion spectra .  The 

approach would be to explore the systematic variation of physical 

parame ters as a funct ion of increasing Z ,  comparing the result s  of 
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relativistic wi th nonrelat ivistic calculations . A suitable candidate for 

study may be the 5f- 6d exci tation energy , for which the relat ivis tic 

ef fect might be sufficient ly large to be es tablished experimentally 

( greater than 20 percent ) .  Such an investigation may be helpful in the 

analyses of the more complex emission spect ra of f ree ions . 

In the heavier ac tinide element s the lower-dens ity electronic states 

in the 0 to  20 , 000 cm-l range have been exploited to demonstrate 
0 3+ . 

fluorescence at 25 in solut ion . In the case of Cm this emission 

offers an exceptionally sensitive , and environmentally applicable , mode 

of detection in aqueous media . *  Fluorescence can also be used to monitor 

format ion of complexes in solut ion . The " hype rsensit ive" electronic 

transit ions also are of interest  in studies of solution chemistry;  they 

have been observed in t rivalent actinides and deserve detailed 

investigation . For the heavier ac tinides these transitions are in an 

energy range that is amenable to experimental investigation.  

Spec t roscopy in nonaqueous solut ions , including molten salts , can be 

expected to be produc t ive in terms of s tabilization of unusual oxidation 

states and of exploring the effects  of dif ferent coordination 

envi ronments . Likewi se , spectroscopic and photochemical studies of 

volatile actinide molecules , particularly organometallics , should be 

highly informat ive . 

S i te-select ive spect roscopy may also be used to good advantage in the 

study of the incorporat ion of ac tinides in biological complexes , where 

they may be expec ted t o  occupy specific ion si tes in the structure t o  be 

probed . The panel believes that initial studies of actinide ion 

complexes of this type should be considered , as they promi se to yield 

information on biological and medically related processes . 

Relaxat ion and Dynamics 

Environmental collec t ive excitations and interionic interac t ions are 

principally responsible for the relaxat ion and equi libration processes 

* Detec t ion at the envi ronmentally relevant level of approximately 
-10 10 M has been estimated . 

Opportunities and Challenges in Research With Transplutonium Elements: Report of a Workshop

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19522


1 5  

that af fect the electronic states o f  the active ion i n  a complex o r  i n  a 

host . No relevant relaxation measurement s have been made on 

t ransplutonium elements to date , even though the relaxation parameters 

are accessible to various laser-based techniques through their influence 

on the intrinsic t ransition-l ine width. Such measurements should be 

attempted in order to elucidate the nature of environment-ion coupling . 

Site-selec t ive spectroscopy can be conducted in a time-resolved 

fashion . The spec tra obtained wil l  contain information on various 

dynamic processes that affec t the optically excited state of the active 
9 

ion.  Processes of this  type include ion-ion interact ions that result 

in energy diffusion or chemical reactions that may change the valency or 

bonding of the ion . The less-shielded Sf elec trons of the t ransplutonium 

elements should yield stronge r ion-ion coupling , which is expected to 

differ considerably f rom the lant .hanide coupling .  I t  is  likely that 

these interactions wi ll include an exchange component and that their  

strength will be suff icient to bridge the t ransition between incoherent 

and coherent t ransfer , a matter of high current interest . 10 

Considerable work has been carried out on the lanthanides using 

time-resolved techniques , and i t  has been demonstrated in thi s se ries 

that the time-resolved spectra can be used as a powerful analyt ical tool 

to monitor chemical reactions in solid solutions . Such experiment s are 

feas ible and desirable for the actinides . This  is e specially the case 

for t ransplutonium elements , for which ei ther  short lifetimes or  small 

sample quant ities preclude comprehensive reaction studies in solid 

solut ions . 

HEW TECHNIQUES 

The possibility of carrying out spec troscopy on increasingly heavy 

elements depend s  st rongly on the sample requirement s for the techniques 

in use . In this connection the recent development of laser-excitat ion 

spec troscopy , with f luorescence or mas s-spectrometry detection , promises 

a dramatic decrease in the amount of sample requi red . These techniques 

are so sensit ive that i t  is  reasonable to think in terms of extens ive 
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12  5 
s tudies on 10 atoms (-2 ng ) in beams and 10 atoms or less in 

neutral or ion sources .  Indeed the recent success  in exciting the 

spectrum of francium atoms recoiling from an accelerator target indicates 

the ultimate few-atom potential of these methods .  Of course the energy 

of the spectral lines must be reasonably predictable if  laser exc itation 

i s  t o  be successfully applied , and the progress  of general spectroscopic 

understanding of the actinides wi ll be c rucial in this connection . 

With these extremely hi gh sensitivities potentially available , 

laser-excitation spectroscopy should be seriously considered as a 

detection method in the search for new elements . As the accuracy of 

spectral predict ion improves , the possibility of searching for specif ic 

resonance lines of new element atoms or ions should be considered as an 

adjunct to chemical separations and nuclear detection . The use of a mas s  

detect or i n  the resonant laser-ionizat ion scheme can result i n  ion 

implantation of a few to many of the ionized species for retrieval and 

study . The large isotope shifts of the ac tinides give scope to 

laser-isotope separation methods as a way to prepare pure samples of 

otherwi se hard to separate materials for spec troscopic study . 

MATERIAL AND FACILITY REQUIREMENTS 

To perform most of the spectroscopic studies outlined here and in 

Appendix G, the products of the HFIR and TRU are required either as 

samples or as starting materials for synthesizing new elements or 
249 250 isotopes .  For the former purpose , the elements Bk,  Cf ,  

251 253  254 257  Cf ,  E s , Es , and Fm are uniquely available f rom the 

HFIR/TRU . Present optical spectroscopy techniques have been successfully 

used with samples as  small as 50 � g .  Five hundred �g  are preferred for 

thorough emission-spec tral studies of each element. Ionization energies 

have been determined on 500 mg samples using laser-spectroscopy 

techniques. Beam-source developments wi ll have to result in the 

reduction of the required sample size by orders of magnitude in order to 

permit the extension of these studie s to einstei nium and beyond . 
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Existing laboratories equipped for investigation o f  laser-isotope 

separation parameters ( and certain other laser facilities ) contain •oa t  

o f  the equipment necessary for ionization-energy , hyperf ine-atructure , 

and isotope-shift  •easurement s .  The coat of one such facility ( excluding 

building s )  is about $500 , 000 . Operating charges for building apace alone 

are at  least $200, 000 per year.  Currently these faci lities are fully 

committed to laser-isotope separat ion and wi ll be for about 2 or more yr , 

and their future commitment i s  unknown . Moreover , there is no firm 

manpower commitment at  these facilitie s  for invest igations of the heavier 

actinides . (Less  than 10 percent of laboratory ma�power for these 

faci lities , or about 1 . 5 man-years , was commit ted to studies of the 

lanthanides and Np1 over a 6-yr period . ) Ce rtainly more support for 

manpower and for the facilities ( or like facilities)  i s  required if the 

ionization energies and high-resolut ion hyperfine-s tructure studies are 

to be extended to the heavier  act inides . Development of eff icient beam 

sources and facilities to convert the higher actinides to metals will be 

needed as well . 

In the field of opt ical-emission spectroscopy there has been a marked 

decrease in the numbe r of workers and in financial support f o r  

energy-level analyses of the act inide element s .  Successful analysis of 

presently observed spectra and observation of spectra beyond einsteiniua 

will require new manpower and support commitments .  

Advances in observation techniques , especially large Fourier 

transform spectrometers ,  allow improvements of about a factor of 10  in 

wavenumber ( energy ) accuracy and vas t improvement in determination of 

relat ive line intensity . For invest igation of the t ransplutonium 

elements there is a clear need for a facility consist ing of a 

high-resolution Fourier  t ransform spect rometer and heavy-element handling 

capabilities . 
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s 
SOLID-STATE PHYSICS AND CHEMISTRY OF THE TRANSPLUTONIUM ELEMENTS 

INTRODUCTION 

The central issue in the solid-s tate science of the actinides is the 

quantum mechanics of the Sf elec trons and the roles they play in binding 

energy , thermodynamics  and phase stability , elect ronic structure , and 

collect ive states of actinide solids . In the early part of the act inide 

series the Sf electrons are located largely outside the atomic core and 

change their  charac ter to less  extended s tates only after plutonium . 

They thereby give rise to many important effects that are less evident 

for the lanthanide element s and the t ransition elements but that are 

nevertheless extremely important to their chemical -nd physical 

properties . Moreover , the character of  the Sf electrons can be affected 

by their contact with adjacent atoms in the solid , by pressure , by 

temperature , and by the formation of dilute solutions , alloys , and 

compounds . 

Research on the actinides i s  important , not only for its  intrinsic 

scientific  interest but also for the light it throws on solid-state 

science in other parts of the periodic table . 

The most  important issue this pane l has addressed i s  how far along 

the actinide series beyond plutonium i t  i s  feasible , necessary , and 

worthwhile to go in order to discover the essential experimental facts  

about Sf electron behavior in  solids . 

In the format ion of a solid , f ree atoms are brought close to each 

other,  and the discrete energy levels of the outer electrons broaden into 

bands . Because of the large radial extent of the d-elec tron wave 

funct ion in transition element s ,  the d-electrons hybridize wi th the 

a- and p-elect rons to  form a relat ively broad conduction band , and the 
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localized atomic character of the d-electrona is generally considered to 

be los t in metallic solids . At the other extreme , in the lanthanide s 

other than cerium the 4f electrons are localized with the maxima in 

radial charge density occurring well inside the usual interatomic 

distances in solids . Thus , atomic-l ike 4f-electron behavior is retained 

in metallic as well as in ionic lanthanide solids . The only rare-earth 

metal that does not fit this picture i s  cerium, where the 4f level is  not 

yet fully stabilized . For the early part of the ac tinide aeries the Sf 

electrons have a greater radial extent than their 4f counterparts , with 

the result that they influence to a much greater extent the coupling of 

neighboring atoms and the solid-s tate properties . 

As the nuclear charge increases along the aeries for a given 

oxidation state , the fact that the Sf electrons remain outside the core 

means that the 6d and 7 a  electrons experience a greater nuclear 

attraction due to imperfect shielding . This results in contrac tion of 

the atomic radius , which is reversed only when the Sf electrons are 

localized into the atomic core beyond plutonium.  The effects  of this 

actinide contract ion are clearly shown in the properties of the actinide 

metals that begin as f-bonding d-l ike transition metals and cross over to 

localized £-elec tron lanthanide-like behavior at americium ( see 

Figure 1) ; this is the reason why the actinides were not recognized as a 

second £-transition series until  the discovery of the t ranauranium 

elements . The chemistry of conducting compounds i s  not understood well 

enough to assert that the crossover occurs at  the same place as  in the 

elements or to know whether the c rossover i s  affected by the ligand 

atoms . This  i s  an instructive example of the importance of understanding 

the systematics of extended aeries of elements in the periodic table . 

In the crossover regions ( for the actinide elements f rom uranium to 

curium and beyond , and for the lanthanides the isolated element cerium) , 

the energies and wave func tions of the outer 4f or  Sf electrons are in 

delicate balance . Small perturbations can therefore cause transfer of 

electrons f rom localized f states to itinerant band states and vice 

versa . Thus , the solid can be made to exhibit a richness of solid-s tate 

phenomena not seen so vividly and in such variety in other regions of  the 

periodic table . These include unusual crystal structures ;  unusual 
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FIGURE 1 . A nearly periodic table of t ransition metals showing the 

crossover to localized d- and f-elec tron behavior . 
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mechanical and thermodynamic propertie s ;  a wide variety of valence 

states; and many collect ive phenomena such as magnetism ,  

superconductivity , and valence fluctuation in forms that  contras t i n  

important ways with the same ,phenomena as they occur with the transition 

element s and lanthanides ( see Figure 2 ) .  The electron theory of solids 

is currently not capable of accounting in detail for all these 

behaviors . Successful development of a theory that can accurately 

describe the electronic s tructure of the actinide solids in the crossover 

region is an important goal of solid-s tate physics since the resultant 

theory should throw light on the behavior of crystalline solids formed by 

all the element s in the periodic table . Thus , experimental and 

theoretical research performed to obtain a better understanding of the 

diverse phenomena exhibited by the act inide elements  and compounds in the 

crossover region is indispensable for the development of the general 

electron theory of solids . Conf irmat ion of the mid-series transition to 

localized Sf behavior can be supported only by experiments on materials 

containing the heavier elements ,  i . e . , curium, berkelium , and californium. 

Understanding t he diverse physical and chemical properties of 

plutonium and the other act inides in the crossover region and its  

immediate vicinity not only p rovides valuable insights into the necessary 

element s of a unif ied electron theory of solids but also contributes to  a 

deeper understanding of the unique properties of plutonium as well as of 

uranium that are of critical importance to nuclear applications . 

SOLID-STATE PHYSICS 

The experimentally obvious change f rom metallic Sf bonding into 

local-moment , nonbonding configurations taking place between plutonium 

and americium i s  a unique si tuation in the periodic table and is  at  the 

very heart of the bas ic understanding of electronic structure--i . e . , how 

atomic levels develop into extended states in a solid . To pinpoint both 

how this transition takes place and what specific factors determine the 

changeover f rom one behavior to the other i s ,  then , not only a question 

about actinide elec tronic st ructure but also one about electronic 
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structure in general . Thus , every means available to  investigate thi s 

c rossover region should be applied , and high-pressure experiment s in 

part icular are especially appropriate . To make the most  of such research 

it is important t hat the ranges before and after the transition region 

are well characterized and understood . I t  i s  in thi s  respect that 

investigations of the t ransplutonium elements f ind their importance , 

since their physical propert ies serve as  a reference for behavior outside 

the critical range . 

Present data suggest that transamericium metals behave most  like the 

lanthanides . The room-temperature crystal structure for the metals f rom 

Am to Cf is double-hexagonal c lose packed ( dhcp ) , as i t  i s  for the light 

lanthanides . For a complete analogy with the lanthanides there should be 

an actinide body-centered cubic ( bee ) phase before melting .  This i s  

current ly neither conf irmed nor disproved . Furthermore , present data 

seem to show a significant decrease in melting temperature between curium 

and berkelium, which ,  if  correct , could reflect an unexplained transition 

region. More research i s  needed . 

With pressure , americium metal changes structure from dhcp to  

face-centered cubic ( fcc ) . This  t ransit ion also occurs for the early 

lanthanides .  Studies of curium , berkelium ,  and californium metals will  

show whether this i s  also a general characteristic for the heavier 

actinides . Furthermore , it has recently been shown that the lanthanides 

at  still higher pressures undergo a transition to a distorted fcc phase .  

Thi s possibility should be explored for the ac tinides , since i t  wi ll show 

in detai l to what extent the heavier actinides can be regarded as a 

second lanthanide series . 

The fact t hat americium metal is  t rivalent instead of being divalent , 

like its  corresponding lanthanide-element europium, wi ll help explain why 

europium and yttberium are d ivalent , an aspect that  can be clarified in 

great detail by studies of the heavier act inides . Since the f-d 

separation increases onward f rom berkelium,  understanding of which 

element first  becomes a divalent metal provides an assessment of the 

c rit ical f-d separat ion necessary for an actinide to exhibit a divalent 

state . Present data indicate that thi s occurs between californium and 

einsteinium,  which makes high-p ressure studies of einsteinium 
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particularly interest ing , since even very small compressions should 

induce a transition to a t rivalent metal . Extremely interesting is the 

possibility that thi s valence change might proceed via an intermediate 

valence s tate involving fluctuation between f
11 

and f
10 

configurations , something never encountered among the rare earth metals . 

Chemical manipulation could also bring californium into a mixed-valence 

s tate ( be tween f10 and f9 ) ,  again a completely new situat ion. Such 

studies could have a great impac t on our understanding of the 

mixed-valence phenomenon. 

Similarly , i t  is  possible that berkelium under pressure may show a 

valence transition f rom three to four . For terbium, its  corresponding 

element among the rare earths , no such t ransi tion has ever been 

observed . Once more , this may involve the possibility of a mixed-valence 
7 8 

s tate between f and f , wi th no correspondence among the 

lanthanides .  For intermetallic compounds of berkelium with heavy 

4d- t ransit ion elements there i s ,  once more , a possibility for a valence 

change . At still higher pressures elemental berkelium should transform 

into a metallic Sf s tate , i . e . , be forced into the i tinerant Sf regime . 

I t  seems clear that crit ical f-d separations for valence change are 

concent rated in the element s following plutonium , i . e . , those elements 

that  can be made in sufficient amount s for solid-state invest igations 

with the presently avai lable reactor techniques . S tudies of these 

element s will  provide detailed information about the relation between 

electronic s tructure and crystal structure , which is a central question 

in solid-state physics . Furthermore , a wide variety of electronic 

t ransitions are expected and they should have unique features . 

Extensions into surface studies of these element s should be illuminat ing , 

since atoms in the selvage region can be expected to reconstruct and 

exhibit electronic changes of state . Californium is a candidate element 

for such an electronic transition . 

Magnet ic ordering for the t ransplutonium elements promises to  be most 

interest ing since the Ruderman-Kitte l-Kasuya-Yosida (RXKY) parameters 

will be different f rom those for the corresponding lanthanide elements .  
* 6 

The fac t  that Am ( Sf ) has zero angular momentum ( J  • 0) in its  

ground-state multiplet&  makes i t  difficult to take advantage of the 
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magnetic properties as a sensitive probe for seeing any change in Sf 

elec tronic behavior on the heavy side of p lutonium. This  means t hat any 

conf irmat ion of a model of plutonium Sf electronic behavior based on the 

behavior of heavier elements calls for work on curium, which f ortunately 

also has the virtue of having long-lived isotopes ( especially 248c.) . 
The f i rst round of experiments on curium and curium compounds would 

be magnetic suscept ibility and high-f ield magnetization measurements . 

One would probably proceed by looking at a family of compounds , such as 

the monopnict ides or sulf ides , in addit ion to pure curium . 

Suscept ibility measurements  are of interest to  see i f  the Curie-Weiss  law 

gives a paramagnetic moment with gadolinium-like behavior . Existing 

measurements do not define this to better than 10 percent . These 
244 measurements could be performed on polycrys talline Cm, but 

higb-f ield measurements of magnetizat ion on single c rystals would be more 

definitive . This  i s  because the anisot ropy that might be shown in such 

experiments is very charac teristic of the degree of localizat ion of the 

Sf electrons ( PuSb ,  for example , shows behavior remarkably similar to  
248 

CeSb and CeBi ) .  For these experiment s one would want to have Cm 

available because the anisotropy must be measured at  liquid-helium 

temperatures along with other propert ies , such as specific heat . To 

carry out experiments on a family of compounds , requires single crystals 

of about 20 mg each , and therefore a total requirement of 200 mg of 
248cm , one year ' s total output , to g row the crystals needed for a 

single family of compounds ,  such as the monopnict ides . In addition ,  

pressure experiments are extremely valuable for exploring the 

Sf-localizat ion question .  The same crystals used for magnetic 

measurements can be used for X-ray diffraction s tudies of s tructural 

changes and for conductivi ty ,measurement s under pressure to observe 

changes associated with increased delocalization . 

The early ac tinide materials through plutonium are mos t  unusual in 

their mechanical p ropert ies ,  having a large number of low-symmetry 

struc tures . Studies of americium by ultrasonic and heat-capacity 

measurements of sound velocity and by other techniques , such as 

photoacoustic absorpt ion , can be used to  see if  i t  has returned to 

" normal" behavior. 
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Regarding equilibrium behavior , elastic neutron-scat tering 

experiments to observe magnet ic st ructure are an important class of 

experiments valuable for confirming particular models of Sf behavior .  

These experiments can also be done with samples o f  the size described 

above . However ,  inelastic neutron-scattering experiments to observe 

dynamic behavior are much more demanding on sample size . Minimal 

material demand for inelastic neutron-scat tering experiment s i s  sing le 

crystal material containing at least 500 mg of 248em , for � 

compound . A strong argument for interest in these experiments rests on 

existing research on exci tation spectra of the uranium monopnictides . 

Both the dispersion and relaxation behavior of those materials are 

exceedingly unusual . The very strong relaxat ion broadening observed i s  

probably charac teristic of  the localization o f  the S f  electrons in the 

atom core . I t  wil l  be important to see if  this phenomenon disappears at 

curium.  The phonon spectrum would be obtained as a bonus of inelastic 

neutron-scattering . 

The techniques of photoemi ssion spectroscopy ( such as XPS , - UPS , 

ARPES , CIS , CFS , BIS , and resonant photoemission ,  which can all be 

performed with a synchrotron l ight source) can be applied to 

transplutonium elements  to obtain direct information about the electronic 

structure . Informat ion about the occupied and unoccupied electronic 

density of states , elec tronic-band structure , mixed valency , and 

hybridization of f elect rons with other conduction electrons can be 

obtained wi th milligram-size samples . The effects  of self-radiation 

damage on the . sample is not critical , and the interference of daughter 

products  in short half-life i sotopes can be tolerated in these 

experiments .  The logical experiment s to perform now are the 

determination of total density of states for the transplutonium metals ,  

Am ,  Cm ,  Bk, and Cf . The localization of the Sf e lectron and the amount 

of hybridization of Sf electrons with other conduction electrons can be 

determined under favorable conditions . These experiments will be 

important for a full understanding of the point along the 

transplutoniumrelement series where the Sf electrons first  behave like 4f 

elect rons in lanthanides . The possibility of a divalent surface on Cf 

metal similar to that found in the rare-earth series on Sm can easily be 
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investigated . S tability of actinide monoxide (especially in the heavy 

actinides )  can be studied by photoemission techniques . The valence state 

of me tallic t ransplutonium elements can also be studied by the relatively 

new techniques of heavy-ion f luorescence spec troscopy and electron 

energy-loss spec troscopy . He re again small , thin f i lm samples can be 

used . Another microscopic technique , X-ray absorption spectroscopy ( both 

XANES and EXAPS ) , can be applied to study the valence state , local atomic 

coordinat ion , and near-neighbor vibrational properties in small 

c rystalline and amorphous solid samples of t ransplutonium elements .  

SOLID-STATE CHEMISTRY 

Int roduct ion 

S tudies of metals and compounds of t he t ransplutonium elements offer a 

number of opportunities for es tablishing principles that wi ll be 

t ransferable to other parts of the periodic table . The occurrence of 

relatively localized Sf electrons close to the Fermi level , 

characteristic of  the transplutonium elements ,  offers extraordinary 

opportuni ties not found in the heavy lanthanides where the 4f levels are 

more deeply buried . Examples include berkelium ( f  level < 2 eV) , a prime 

candidate for a cerium-type collapse under pressure , and californium , 

whose metal properties mimic samarium and for which both t rivalent and 

divalent states have been observed . A collapse in berkelium would be 

especially attractive in that high-symmetry structures should be 

encountered , which would simplify the experimental work . Only the metals 

have been considered to  date; the f levels in compounds are not known , 

and the chemistry is  therefore undetermined and needed . 

Me tals 

Al though appreciable experimental data have been acquired for the 

t ransplutonium metals , significant questions still exist  about their  

O p p o r t u n i t i e s  a n d  C h a l l e n g e s  i n  R e s e a r c h  W i t h  T r a n s p l u t o n i u m  E l e m e n t s :  R e p o r t  o f  a  W o r k s h o p

Copyr igh t  Na t iona l  Academy o f  Sc iences .  A l l  r igh ts  reserved .

http://www.nap.edu/19522


89 

systematics as a function of atomic number . Two examples are the melting 

point s and phase behavior . The sharp drop in melting point observed for 

the t ranscurium metals i s  not consistent with the gradual increase in 

melting points for the lanthanide metals ( excluding divalent europium and 

ytterbium) . Although the values for californium and einsteinium metals 

can be rationalized by the onset and final attainment of divalency , the 

reason for the lower melting point of berkelium is not clear . The f irst 

step should be the confirmation of the melting point s for these metals . 

Furthermore , the phase behavior of these metals needs additional 

investigat ion . The apparent substitution , or addition , of a fcc 

" high-temperature" phase for the actinides , as opposed to the bee phase 

of comparable lanthanide metals , has significant implications for 

c omparing the 4f-5f bonding . 

Alloy studies offer opportunit ies for modifying crystal structures 

and valencies . In the lanthanides the initial dhcp structures pass  

t hrough the a-Sa structure before forming hcp metals beginning at 

gadolinium. The a-U structure has been found in cerium and americium 

and , recently , in praseodymium under pressure . The details of the 

correspondence of various structures between the lanthanides and 

actinides i s  not yet completely c lear . Yet the unique structures in 

these two series offer the possibility of understanding how rather small 

changes of electronic structure can influence such crystal structures . A 

f i rs t  step would be to alloy yttrium or heavy lanthanides with curium to 

obtain the a-Sm s tructure ( or an act inide equivalent ) .  This could be 

begun with Cm on a milligram scale and followed with other appropriate 

actinides at both ambient and high pressures . Since the a-U st ructure in 

praseodymium has only recently been observed , there are opportunities in 

bot h  f series for alloy studies ,  including application of pressure .  

Although californium remains trivalent in the divalent host  europium, 

einsteinium, which has recently been shown to be a divalent metal , could 

possibly become trivalent in a trivalent host . S imilarly , americium or 

berkelium could form compounds with noble metals that would force them to 

be tetravalent in the metallic state , something that does not occur in 

the lanthanides . Alloys with heavy actinides offer a possibility to 

alter  valence in metal lic systems to an extent not seen before . 
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Compound s 

Principal examples of compounds currently known for the transplutonium 

elements are as follows : 

u , � 
3+ and 4+ oxides 

and halides ;  

pnictides and chalcogenide s ;  

Am dihalides except for 

the fluoride 

Bk, Cf , Is 

3+ oxides and halides ; 

BkF4 , CfF4 , Bk02 , Cf and 

Is dihalides except for the 

f luorides ;  some chalcogenides 

and pnictides ( Bk ,  Cf )  

Generally , the basic p roperties ( such a s  X-ray structures)  are known 

and f ragmentary thermodynamic data are available . Vapor-pressure studies 

have been made on all the metals through Is and on the Cm oxides . 

The following studies involving synthesi s and characterization of 

various compounds should be undertaken to map out the rudiments of the 

solid-state chemistry of the transplutonium elements :  

o Reactions of most of the t rivalent compounds ( or where known 

divalent ) with their respective metals should be investigated in order to 

examine the possible formation of new metallic compounds with an 

oxidation state of two or below. Thi s is an unexplored region for which 

the results cannot be well predicted; analogies with either the 

lanthanides or the transition ( d )  elements would yield quite different 

results .  

o Metallic oxides and sulfides such a s  AmO , Cf S ,  and lsO are of 

i nterest for possible valence fluctuations and better characterization of 

the divalent state . These particular compounds would clarify the 

oxidation-state relationships with lanthanides . 

o Americium and curium hydrides have been investigated . More work 

is necessary on the transcurium hydrides to determine whether they are 

similar to those of the lanthanides . linsteinium( II ) dihydride is 

particularly interesting because Is metal is  divalent , as are lu and Yb 

metals that form salt-like dihydrides , whereas the analogous RoR2 i s  
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metallic . This comparison also applies  to EsS . These are extremely 

difficult experiments . 

o At least four types of carbides have been reported for the 

lanthanides , but except for some Am carbide data nothing i s  available for 

the t rans-Pu elements .  
• 

o An important but incompletely understood high-energy 

permanent-magnet material which forms the basi s  of a small but rapidly 

growing business , SmCoS is a member of a class of intermetallic 

compounds represented as RCoS , where R is a rare earth. The coupling 

systematics of the RCoS family are clear : ferromagnetic for light rare 

earths and ferriaagnetic for heavy rare earths . Improved understanding 

of the nature of the exchange that generates these coupling systematics 

is  a significant undertaking since this  underlies the utility of SmCoS . 

It  i s  of considerable interest  to ascertain whether the coupling 

systematics of the RCoS and AnCoS are the same . Synthesis and 

magnetic studies of the AnCos systems should be undertaken, as these 

might well prove useful in providing an improved understanding of 

exchange in RCoS systems . There is special interest  in two compounds 

of the AnCoS series : PuCoS and CfCos · If because of the 

separation of Pu atoms in PuCos the Sf electrons of Pu are localized , 

Pu i s  the electronic counterpart of Sm. If the Sf e lectrons remain 

delocalized in PuCoS , Cf might prove to be the analog of Sm . Studie s  

o f  magnetic anisotropy o f  AnCoS compounds may prove useful in 

elucidating the t ruly extraordinary magnetic anisotropy of SmCos · 

o The higher oxidation states of Am are well characterized ( except 

for the Soviet report of the 7+ state which needs to be verified ) . 

Compounds involving Cm( V ) , Cm(VI ) , Bk( V) , and Cf ( V )  need to be explored 

as ternary fluorides and oxides ,  a known way of stabilizing higher 

oxidation states . To date , E s( IV ) is  not known from a macroscopic 

experiment . The oxidation states of 5+ or above are unique for an 

£-element series , and any series  of compounds 4+ or above would provide a 

valuable comparison. 

o The nearness of the Sf band to the Fermi level in the metals 

indicates that the application of pressure should lead to an increase in 

valence of metals or to a semiconductor-metal transition , perhaps quite 
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generally . Californium( ! ! )  sulfide and Ami2 are obvious candidates for 

the latter , analogous to SmSe and Ndi2 in the lanthanides , where the 

transformation i s  relatively rare . 

o Generally , transplutoniua materials should be characterized by 

the determination of structures , magnetic and optical properties , 

conductivity , and thermodynamic and phase relationships .  Anomalous 

results  should be carefully examined to determine whether they originate 

wi th experimental problems , e . g . , the recent reports of 

temperature-dependent magnetic susceptibility for the Sf6 compounds 

emo2 and CmF4 • 
This  list is  not all-inclusive but i s  a beginning for the comparison 

and classification of the solid-state chemistry of these element s 

relat ive to the rest of the periodic table . 

Heterogeneous Catalysi s  

He terogeneous catalysis studies in actinide metals ,  alloys , or compounds 

may be unique in that the Sf orbitals determine catalytic properties , in 

contrast to the other transition metals ,  where catalysis is a d-electron 

phenomenon . Thus , there exists the totally new opportunity for an 

understanding of catalysis in terms of a different electronic system .  

Catalysis with the early actinides , like the early 3d metals , i s  greatly 

affected by the extent of metallic bonding . Therefore , the 

transplutonium element s  and compounds offer the opportunity to study 

f-electron catalysis with relatively localized f orbitals having energies 

near the Fermi level . Additionally , the phenomenon of continuously 

damaged , and therefore highly defect-laden surfaces appears to satisfy 

some of the prime criteria for successful catalysis . The questions of 

specificity for these materials and the effects of high-radiation fields 

have never been addressed . 
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Thermodynamic Considerations ( Solid-State ) 

The vapor pressures and thermodynamic properties of the element s 

americiua through einsteinium have been determined , and calorimetric 

studies have been made on the metals through californium . However , the 

thermodynamic properties of transplutonium alloys and compounds have not 

been studied , wi th the except ion of the curium-oxygen system .  Of 

particular interest are the oxides , carbides , and perhaps nitrides , which 

would be the products  found in the reprocessing of fuels from 

high-performance ( e . g . , fast-breeder or gas-cooled ) reac tors . An 

understanding of the relative stabilities of these transplutonium 

compounds would also come out of thermodynamic studies and would be most 

helpful in clarifying the stability of earlier actinide compounds .  

Single Crystal Growth 

Al though a number of studies can be successfully carried out on 

polycrystalline materials , in some instances it is imperative to have 

single crystals for investigation . Numerous methods have been used for 

growing single crystals , but only three appear promising for the 

transplutonium elements ,  compounds ,  and alloys : ( 1) vapor transport in a 

temperature gradient ; ( 2 ) growth in a metal solvent with subsequent 

removal of solvent by etching;  and ( 3 ) solution growth ( e . g . , from molten 

ternary oxides for oxide single crystals) . These techniques have the 

virtues of being adaptable to small amounts of radioactive materials and 

to the removal of impurities . 

THEORY 

The c entral question of solid-state physics is  how outer electrons in 

atoms serve to bond those atoms together so as to form a well-ordered 

crystalline lattice . The actinides provide the only situation in the 

periodic table where one can follow a well-defined class of atomic 
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electrons , the Sf electrons , as they change over from 

loealized/nonbonding to deloealized ( itinerant/band-like) bonding 

behavior . The presently accepted view sees this  changeover as occurring 

at plutonium and going f rom t he heavy toward the lighter actinides . Our 

understanding is not yet at a state where it is known how sharply thi s 

t ransition occurs . Recently , however ,  theory has made sufficient 

progress to give hope of fully quantifying this concept . On the 

prac tical side , such progress gives promise of understanding the unique 

structural allotropic forms of elemental plutonium and thereby of 

enhancing our ability to predict and control stabilization of particular 

phases through alloying . The occurrence of the transition ( localized to 

deloealized )  will depend not only on the particular element being 

considered , e . g . , Pu , Am ,  or Hp ,  but also on the lattice spacing . Thus , 

an important task of theory i s  to relate to changes in behavior wi thin an 

isostruetural family of compounds ,  e . g . , monopnietides , for the same 

element .  

The central aspect of theoretical/calculational capability to carry 

out this program is  the ability to combine state-of-the-art 

self-consistent relativistic band calculations and model ( e . g . , Anderson 

model )  calculations , including correlated electron behavior for a lattice . 

The nature of  intra-atomic electronic correlation depends  on the 

relative importance of relativistic effects , i . e . , where the physic s lies 

between the L-S and j- j coupled limits . Very recent self-consistent 

calculations for an Anderson model involving hybridization of an fee 
s 3+ 

lattice of Sf ( Pu ) ions with free-electron bonds shows that 

magnetic phenomenology can be used as a very sensi tive diagnostic tool to 

recognize the amount of intermediate ( between L-S and j- j )  coupling . 

Through hybridization with band electrons as the Sf electrons become 

deloealized , the i ntra-atomic correlation affects bonding wi th 

neighboring Sf ions and thus determines the choice between competing 

lattice structures , s lightly d ifferent in energy . Thus , for the f irst 

time , a situat ion exists in the actinides ( centering around the behavior 

at  elemental plutonium) where we might understand how electron 

correlation effects  ( i . e . , effects beyond one-electron band theorie s )  

affect bonding and lattice structures i n  solids . 
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To quantify fully this theoretical framework for the changes in 

bonding , and consequences thereof , as  the Sf electrons delocalize , we 

need self-consistent relativistic band calculations . The reason for 

relativistic calculations i s  evident . To treat relativistic effects 

properly for the Sf electrons as they delocalize , we have to include such 

effects for the band electrons with which the hybridization occurs . The 

need for self-consistency in the band calculations results  from the 

requirement for high-quality wave functions for the treatment of bonding 

and lattice structure . 

We note that in treating the electronic behavior of a specific 

material by use of a hybridization-mediated lattice-coupling model , some 

aspects of the behavior may depend on specific features of the band 

behavior . For example , in examining hybridization-mediated magnetic 

coupling , predic ted exchange splitting of bands may be larger than the 

energy width of the band features dominating the hybridization , giving 

rise to " nonlinear" hybridization behavior of a characteri stic type . 

Furthermore , judging from the observed behavior of magnetic exci tation in 

uranium metallic compounds ( via inelastic neutron scattering) , the 

dynamic behavior tends to " pick out '' different parts of the band 

struc ture wi th which important Sf hybridization occurs . For example , in 

uranium monopnictides a working hypothesi s i s  that the peculiar 

dispersion observed , e . g . , in USb , results f rom hybridization with 

anion-derived p bands , while the remarkably strong relaxation effects  

result from hybridization with uranium-derived d electrons . Thus , a 

definitive test of the proposed hybridization model calculations , 

involving mixing of correlated Sf atomic electrons with self-consistent 

relativistic band electrons , is to predict  the excitation behavior and 

the nature of changeover of this  behavior as the Sf electrons localize on 

going to the element s heavier than plutonium . 

LEVEL OF EFFORT IN TRANSPLUTONIUM RESEARCH IN 

SOLID-STATE PHYSICS AND CHEMISTRY 

The panel has made its  best estimates of the current level of effort in 

transplutonium-element research in solid-state physics and chemistry and 
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finds a very serious mi smatch between the scientific opportunities 

perceived in the f ield and t he number of scientists who see actinide 

physics and chemistry as their major area of research. There are five 

institutions carrying on research in this field : Lawrence Berkeley 

Laboratory , Lawrence Livermore National Laboratory , Los Alamos National 

Laboratory , Argonne National Laboratory , and Oak Ridge National 

Laboratory . Among these 5 institutions we have identified approximately 

24 individuals performing transuranium-actinide-element research, and , of 

these , fewer than one-third are working on transplutonium-element 

research. The data on f inancial support for this research area are very 

sparse , and the best estimate the panel can make is  that approximately 

$1M is spent per year by the u .  s. Department of Energy on 

transplutoniumrelement research by BES and OMA combined . Thi s i s  not 

inconsistent wi th the small number of identified scientists in this field . 

There are 2000 to 4000 active solid-state physicists in the United 

S tates , judging by recorded attendance at the major annual meeting 

devoted to this field , and there are considerably fewer solid-state 

chemist s .  Any reasonable apprai sal of the scientific opportunities for 

research on the actinide elements and their potential technological 

importance compared with solid-s tate science research in other areas of 

the periodic table would sugges t  that  a few hundred scientists  should be 

performing research in the f ield . Our best estimate , therefore , i s  that 

the field is  underfunded and undermanned by a factor of 10 . 

PRINCIPAL CONCLUSIONS 

Research on the actinide element s is  important not only for its  intrinsic 

scientific interest but also for the light it  throws on solid-state 

science in other parts of the periodic table . 

Research on the actinide element s i s  at a more elementary level than 

corresponding research in other areas of materials science . This  lag may 

represent a cumulative deficit of 10 yr of research.  It results from : 

o The unavailabili ty , until recently , of transplutonium elements 

in sufficient quantity . 
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o A sharp downturn around 197 5 in funding of materials seienee 

research in the actinide elements .  

o The general inconvenience and expense of carrying on research on 

the actinide elements .  

The panel has identified approximately 2 4  scientists in the United 

States involved in transuranium solid-state seienee research , of whom 

fewer than one-third are involved in transplutoniumrelement research. In 

view of the scientific opportunities perceived by the panel , thi s may be 

too small by a factor of 10. The small number of scientists involved in 

transplutoniu�element solid-state seienee research has led to a smaller 

requirement for supplies of euriumr 248 and ealiforniumr 249 than would 

have been the ease if the level of effort in the field had been in better 

balance wi th the scientific opportunities . 

It i s  the view of the panel that solid-state seienee research should 

be actively pursued beyond americium and curium to berkelium and 

californium. The reasons for this conclusion are as follows : 

o Research on berkelium and californium must be performed to 

understand fully the distinction between the light and heavy actinide 

metals and compounds .  

o Californiumr 249 i s  the last element i n  the periodic table for 

which bulk solid-state experiments ean be eondueted without extraordinary 

effort . 

o Berkeliumr 249 i s  available as the parent in the production of 

ealiforniu�24 9 . Simi larly , pure euriu�248 is available as the daughter 

of ealiforniumr 252 . 

APPENDIX : OTHER USES OF HFIR 

The principal and original reason for the construction of the HFIR was 

the production of isotopes of the heavy elements ,  but HFIR has since 

become one of the leading neutron-scattering centers of the western 

world . Many of the basic problems discussed above , sueh as localization 

of f electrons and the competition between superconductivity and 

magnetism,  have been the object of extensive research at the BFIR , 
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utilizing the neutron-scattering facility . Most of the work to date has 

focused on the rare-earth elements and compounds ,  but the result s  have 

had a major impact on our understanding of t he actinides .  Although the 

programs for isotope production and for neutron scattering are separate , 

the overall value of the RIPR has been greatly enhanced by the 

neutron-scattering program, and both programs should be considered 

together in judgments of the HPIR' s future . 
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Department of Energy 
Washington, D .C. 20545 

APPENDIX A 

December 20 , 1982 

Dr. Gerhart Friedlander , Chairman 
Workshop on Transplutonium Element Research 
c/ o Office of Chemistry and Chemical Technology 
National Research Council 
2 1 0 1  Constitution Avenue , NW 
Washington ,  DC 204 18  

Dear Dr. Friedlander : 

The advance materials have arrived for the February 27-March 2 ,  1983 Work
shop on Transplutonium Element Research , being sponsored by the Committee on 
Chemical Sciences and the Subcommittee on Nuclear and Radiochemistry,  and it  
seems appropriate t o  record in this letter our views on it , including 
thoughts which we brought to  the discussions which led to its being organized. 

First , we are greatly pleased that you agreed to  chair the Workshop. Your 
outstanding scientific reputation ,  insights , objectivity , firmness of pur
pose and tact brini t o  it  prec isely the needed qualities . 

Among the areas in which basic research is supported by the Department of 
Energy , the transplutonium element area has increasingly received special 
attention because of its high costs relative to those of other areas. 

Earl ier in the year the Subcommittee on Nuclear and Radiochemistry published 
the report of "A Review of the Accomplishments and Promise of U.S. Transplu
tonium Research -- 1940-1981." This presented , thoroughly and competently , 
the impressive achievements which have been made over the years in this 
area , including contributions to understanding in neighboring fields. It 
provided a useful part of the basis for our own review of the same area. 

Now the forthcoming Workshop should provide a very useful and timely further 
step. What we hope for is  a distillation of broad , expert views on the im
portance and future promise of research on the transplutonium elements com
pared to those of the overall  f ield of chemistry (and related physics ). By 
bringing together experts in transplutonium research and experts in other  
areas who can be  expected to  project , in a broad-visioned and objective 
way , the comparative values of the transplutonium element area , and by or
ganizing their discussions as you have planned , you have provided the basis 
of a valua ble result :  a well  reasoned placing of this area of research in 
proper perspective . 
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We are looking forward to  a stimulating and productive Workshop, and t o  the 
report issuing from it . 

cc : Dr .  D. C .  Hoffman 
Dr .  J .  L. ICinsey 
Dr .  A. Schriesheim 
Dr .  W. Spindel 

Sincerely 1 {';J 
1 /,tv{)' (......;: '-' 

Elliot s .  Pierce , Director 
Division of Chemical Sciences 
Office of Basic Energy Sciences 
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APPENDIX B 

Workshop on Future Directions in Transplutonium Element Research 
February 28 to March 2 ,  1983 

PARTICIPANTS 

Gerhart Friedlander ( Chai rman) 
Chemistry Department 
Brookhaven National Laboratory 
Upton , NY 1197 3  

John M .  Alexander 
Department of Chemistry 
S tate University of New York 
Stony Brook , NY 11794 

Patricia Baisden 
Nuclear Chemistry Division , L-234 
Lawrence Livermore National Laboratory 
P . O .  Box 808 
Livermore , CA 94550 

John E .  Bercaw 
Divi sion of Chemistry and 

Chemical Engineering 
California Institute of Technology 
1201 East California Boulevard 
Pasadena , CA 91125 

John E . Bigelow 
Oak Ridge National Laboratory 
P . O .  Box X 
Oak Ridge , TN 37830 

Sven Bjornholm 
University of Copenhagen 
Niel s  Bohr Institute 
DK-2100 Copenhagen 0 , DENMARK 

John L .  Burnet t 
Division of Cheaical Sciences 
Office of Basic Energy Sciences 
ER-162 , MS G-256 ,  GTN 
U . S .  Department of Energy 
Washington ,  D . C .  20545 

William T . Carnall 
Argonne National Laboratory 
Building 200 
9700 South Case Avenue 
Argonne , IL 60439 
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Richard R .  Chasman 
Chemistry Divi sion 
Argonne National Laboratory 
9700 South Cas s Avenue 
Argonne , IL 60439 

Gregory R .  Choppin 
Department of Chemistry 
Florida State University 
Tallahassee , FL 32306 

Je sse M. Cleveland 
Water Resource s Division 
U . S .  Geological Survey 
P . O .  Box 2504 6 , MS 424 
Denver , CO 802 25 

Albert M .  Clogston 
P . O .  Box 485 
Te suque , NM 87574 

John G .  Conway , Jr .  
Lawrence Berkeley Laboratory 
University of California 
Berkeley , CA 94720 

Bernard R .  Cooper 
Department of Physics 
West  Vi rginia University 
Morgantown, WV 26506 

John D .  Corbett 
Department of Chemistry 
Iowa State University 
Ames , IA 50011  

Robert D .  Cowan 
Los Alamos Scientific Laboratory 
Los Alamos , NM 87 545 
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Norman Edelstein 
Materials and Molecular Research 

Division 
Bldg . 70A , Room 1115 
Lawrence Berkeley Laboratory 
1 Cyclotron Road 
Berkeley , CA 947 20  

Paul R .  Fields  
Chemi stry Divi sion 
Argonne National Laboratory 
9 700 South Ca ss Avenue 
Argonne , IL 6043 9 

Arnold M .  Friedman 
Chemi stry Divi sion 
Argonne National Laboratory 
9700 South Cass Avenue 
Argonne , IL 60439 

Jean Fuger 
Laboratory of Analytical Chemistry 

and Radiochemistry 
B-6 , Sart-Ti lman 
University of Liege 
B-4000 Liege , BELGIUM 

Jerry D .  Garrett  
Neils Bohr Institute 
Ri so Roski lde , DK 4000 DENMARK 

Albert Ghiorso 
Department of Nuclear Science 
Lawrence Berkeley Laboratory 
University of California 
Berkeley , CA 94 720 

Jack S .  Greenberg 
Department of Physics 
Ya le University 
New Haven , CT 06520 

Richard L. Hahn 
Transuranium Research Laboratory 
Oak Ridge National Laboratory 
Oak Ridge , TN 3 7830 

Richard G. Haire 
Oak Ridge National Laboratory 
Oak Ridge , TN 37830 

Joseph H .  Hamilton , Jr . 
Department of Physics 
Vanderbilt University 
Nashville , TN 37830 
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GUnter He rrmann 
lnstitut fUr Kernchemie 
Postfach 3980 
D-6500 Mainz , WEST GERMANY 

Richard L .  Hoff 
Chemistry Department 
Lawrence Livermore Laboratory 
University of California 
Livermore , CA 94550 

Darleane C .  Hoffman 
Division Leader ,  CNC-DO 
University of California 
Los Alamos Scientific Laboratory 
P . O .  Box 1663 , MS 7 60 
Los Alamos , NM 87545  

E .  Kenneth Hulet 
Nuclear Chemi stry Division 
L-232  
Lawrence Livermore National Laborator, 
Livermore , CA 94550 

James A.  Ibers 
Department of Chemistry 
Northwestern University 
Evanston , IL 60201 

Edward F .  Janzow 
Engineered Product s  Department 
Monsanto Research Corporation 
Dayton Laboratory 
1515 Nicholas Road 
P . O .  Box 8 , Stat ion B 
Dayton , OR 4540 7  

Boerje Johansson 
Physics  Department 
University of Arhus 
DK-8000 Arhus C ,  DENMARK 

C .  Klixbul Jorgensen 
Universite de Geneve 
20 quai E .  Ansermet 
CH-1211 Geneva 4 , SWITZERLAND 

0 . Lewis Keller 
Chemistry Technology Division 
Oak Ridge National Laboratory 
Oak Ridge , TN 37 830 
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Danie l J .  Lam 
Materials Science  and Technology 

Division 
Argonne National Laboratory 
9700 South Caaa Avenue 
Argonne , IL 60439 

Gerard H.  Lander 
Argonne National Laboratory 
9700 South Cess Avenue 
Argonne , IL 60439  

Arthur E .  Martell 
Department of Chemistry 
Texas A&M University 
Co llege Station , TX 7 7843 

Yoah Maruyama 
Department of Radiation Medicine 
University of Kentucky Medical Cente r  
Lexington ,  ICY 40506 

Donald S .  McClure 
Department of Chemistry 
Princeton University 
Princeton , NJ 08540 

Deni s B .  McWhan 
Physics Research Laboratory 
Bell  Laboratorie s 
Murray Hi ll , NJ 07 974 

Lester  R .  Morss 
Argonne National Laboratory 
9700 South Cess Avenue 
Argonne , IL 60439  

Werner MUller 
European Institute for 

Transuranium Element s 
Postfach 2266 
D-7 500 Karlsruhe , WEST GERMANY 

Thomas W .  Newton 
Los Alamos Scientific Laboratory 
Unive rs i ty of  California 
Box 1663  
Los Alamos , NM 87 544 

Herve A .  Nifenecker 
DRF/CPN 
CENG , BP 85X 
F-38041 Grenoble , FRANCE 
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J .  Rayford Nix 
Nuclear Theory MA-452 
Loa Alamos National Laboratory 
Los Alamos , NM 87545 

Robert B .  Pagett 
Savannah River Plant 
E . I .  du Pont de Nemours & Co . 
Building 7 7 3A 
Aiken ,  SC 29801 

Robert A. Penneman 
Los Alamos Scient ific Laboratory 
P . O .  Box 1663 
Loa Alamos , NM 87 545 

Joseph R .  Peterson 
Department of Chemistry 
Universi ty of Tennessee 
Knoxville , TN 37916 

Elliot s. Pierce 
Division of Chemical Sciences 
Office of Basic Energy Sciences 
MS G-22 6 ,  ER-14 ,  GTN 
U . S .  Department of Energy 
Washington , D . C .  2054 5 

William S .  Rodney 
Nuclear Physic s Program 
Nuclear Science Sect ion 
National Science Foundation 
Washington , D . C .  20550 

Jack L .  Ryan 
Pacific Northwest Laboratory 
Battelle Memorial Institute 
Richland , WA 99352  

Wallace W .  Schultz 
Rockwell  Hanford Operations 
Energy Systems Group 
P . O . Box 800 
Richland , WA 99352 

Glenn T .  Seaborg 
Lawrence Berkeley Laboratory 
University of Ca lifornia 
Berkeley , CA 94720  

James L .  Smith 
Los Alamos Sc ientific Laboratory 
P . O .  Box 1663 , MS 730 
Los Alamos , NM 87545  
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Thomas G .  Spiro 
Department of Chemistry 
Princeton University 
Princeton , NJ 08540 

F .  Dee Stevenson 
u . s. Department of Energy 
ER-162 , GTN 
Washington , D . C .  20585 

Henry Taube 
Department of Chemistry 
Stanford University 
S tanford , CA 94305 

Victor E .  Viola , J r .  
Chemi stry Department 
Indiana University 
Bloomingdale , IN 47405 

William E .  Wallace 
Department of Chemi stry 
University of Pittsburgh 
Pittsburgh , PA 15213 

John W .  Ward 
Los Alamos National Laboratory 
Group CMB ,  MS 730 
Loa Alamos , NM 87 545 

Joseph Wenese r 
Physics Department 
Brookhaven National Laboratory 
Upton , NY 1 197 3 
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Los Alamos Scientific Laboratory 
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Chemistry Technology Division 
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Panel Organization 

Workshop Chairman : Gerhart Friedlander , Brookhaven National Laboratory 

Panel 1 

Chairman : 
Rapporteur : 
Resource Paper :  

Panel 2 

Chairman : 
Rapporteur : 
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APPENDIX C 

THE OAK RI DGE TRANSPLUTON I UM PRODUCT ION PROGRAM* 

0 .  Lewi n Kel l er .  Jr . 

Oa k Ri dge Nat i ona l  Laboratory 

The object i ve of thi s Wor k shop i s  to determi ne future di rect i on s  i n  

t ra n sp l uton i um e l ement s re search to be empha si zed over  the next few yea r s .  

A s  pa rt o f  the bac kground for achi evi n g  thi s object i ve ,  a n  out l i ne i s  pre

sented i n  thi s paper of  the budgeta ry.  orga n i zat i ona l , and product i on support 

structure that exi st s today for work  i n  th i s area . A br i ef gl i mp se i s . a l so 

g i ven i nto some of the mot i vat i on s  and deve l opments  of the pa st that ca u sed 

t he product i on fac i l i t i e s  to be bu i l t .  

As i s  wel l known , qu i te often i n  the hi story o f  sci en ce , t�e i n venti on 

of a new devi ce or techn i que or a fundamental  sc i ent i fi c  di scovery wi l l  di c 

tate new di rect i on s  a n d  spawn st i l l  newer di scover i e s .  A s  a n  examp l e  (Tab l e  

1 ) . i t  i s  worthwhi l e  to trace the di scover i e s  of  neptun i um a nd  pl uton i um ,  the 

fi r st of the tran suran i um el ement s ,  from thei r begi nn i n gs  i n  the i n vent i on of 

the cyc l otron by Erne st Lawrence , the di scovery of the neutron by Si r Jame s 

Chadwi ck , and the di scovery of art i fi c i a l  radi oact i vi ty by the Jol i ot -Cur i e s .  

The wor k  o f  En r i co Fermi i s  pa rt i cu l ar l y i ntere st i n g  i n  thi s rega rd becau se 

he thought that the nucl ear react i on s  he wa s i n duc i n g  wi th  neutron s were pro

duci n g  new tran suran i um el ement s .  Otto Hahn showed that actua l l y  Fermi wa s 

produc i n g  a new type of  nucl ea r react i on ca l l ed fi ss i on . Fi na l l y , i n  1940 , 

McMi l l an and Abe l son bomba rded u ran i um wi t h  neutron s .  furn i shed by the Ber ke l ey 

*Re sea rch spon sored by the Di vi s i on of Chemi ca l Sci ence s .  Offi ce of Ba si c 
Energy Sci ence s .  tJ . S .  Department of Energy under  cont ra ct W-7405-en g-26 
wi th  the Un i on Ca rbi de Corporat i on .  
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60-i nch  cycl otron , to di scover neptun i um .  Seaborg ,  McMi l l an ,  and co-workers  

u sed the same cyc l otron to  di scover  pl uton i um . 

TABLE 1 

KEY STEPS TO THE D I SCOVERY OF TRANSURAN I UM ELEMENTS 

Di scovery 

Cycl otron 

Neutron 

Art i fi c i a l  Radi oact i vi ty 

Neutron In duced Nucl ear 
React i on s  

Nucl ear  Fi s s i on 

Tran.suran i urn E l ement s 

Di scoverer 

Erne st Lawrence { U . S . ) 

Si r Jame s Chadwi c k  { Eng l and } 

I rene and Frederi c Jol i ot -
Curi  e { France ) 

En r i co Fermi { Ita l y} 

Otto Hahn {Germany) 

Edwi n McMi l l an  { U . S . ) 
Gl enn Seaborg  { U . S . ) 

Yea r  of 
Nobe l Pr i ze 

1939 { Physi c s )  

1935 { Physi c s )  

1935 {Chemi stry) 

1938 { Physi c s )  

1944 {Chemi stry) 

1951 { Chemi st ry) 

Si mi l a r l y,  new theoret i ca l  deve l opment s in nucl ear and so l i d  state physi cs , 

t�e recent add i t i on i n  a number of countri e s  of  hea vy i on acce l e rator capab i 

l i t i e s ,  and other new addi t i on s  of  i n st rumentati on and techn i que can be su g

ge st i ve for thi s Wor k shop for promi s i n g  avenues in  chemi stry, physi c s , medi 

ci ne , and i n du stry for tran spl uton i um re sea rc h .  

The i nternat i ona l cha racter o f  nuc l ea r chemi stry and physi c s , a s  i l l u s

t rated by Tab l e  1 ,  di ctate s that  these new avenues  wi l l  cont i nue to  be deve l 

oped on a wor l dwi de ba si s .  For examp l e ,  the recent di scovery of e l ement  109 

by German sc i ent i st s at the Gesel l scha ft fur  Schweri onen for schun g { GS I } i n  

Da rmstadt br i n g s  the number o f  known e l ement s  to 108 - 45 more than the 63  

O p p o r t u n i t i e s  a n d  C h a l l e n g e s  i n  R e s e a r c h  W i t h  T r a n s p l u t o n i u m  E l e m e n t s :  R e p o r t  o f  a  W o r k s h o p
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known i n  1869 when Mende l eev  announced the fi r st peri odi c tabl e .  The 

per i odi c tabl e of today ( Fi g .  1 )  conta i n s  much more ba si c chemi ca l and physi 

ca l i n format i on than Mende l eev ' s ,  becau se the 45 new el ement s that have 

been di scovered si n ce 1869 conta i n  the whol e fami l y  of the nob l e  ga se s , mo st 

of  the l anthan i de s  and act i n i de s , and a new tran sact i n i de seri e s , each wi t h  

the i r own un i que e l ectron i c  con fi gu rat i on s  a n d  fami l i a l  chemi ca l propert i e s .  

Thi s i s  a good ti me to have th i s Workshop becau se the di scovery of  e l ement 

109 gi ve s renewed hope t hat the per i odi c tab l e  wi l l  be further extended i nto 

t he eka -p l at i n um ( Z  = 1 10 }  through eka -radi um (Z = 120 } regi on through the 

added sta bi l i ty predi cted for magi c nuc l e i  i n  that part of  the cha rt of  the 

n uc l i de s .  On the ba si s of  cu rrent theory,  i t  thu s appear s  rea sonabl e to 

be l i eve that the approxi mate l y  150 i sotope s now known i n  the tran spl uton i um 

regi on ( Fi g . 2 )  may be joi ned by some of  st i l l  hi gher  atomi c number i n  the 

" superheavy" reg i on of  Z = 1 10 - 1 20 and  N � 184 . 

I n  the ear l y 1930 ' s , the per i odi c tabl e conta i ned 88 e l ements , 25 more 

t han  the ori g i na l tabl e ,  and i t  wa s un i ver sa l l y  accepted t hat any new el e 

ment s that mi ght be di scovered wou l d  be member s  of  a 6d ser i e s  ( Fi g . 3 } . The 

di sco very  of pl uton i um and i t s product i on on an i ndu stri a l  sca l e  i n  Wor l d War 

I I  were to chan ge th i s percept i on .  In  the l atter days of  the wart i me  Man hattan 

Project , Seaborg , Gh i o r so , and co-wor ker s  di scovered ameri c i um and cu r i um 

us i n g  Sea berg ' s  newl y devi sed act i n i de con cept to deve l op the requ i si te chem

i stry for the sepa rat i on of  the se new el ement s from the target s .  The act i 

n i de con cept wa s fi r st known on l y  i n s i de the cl a ss i fi ed Man hattan Project 

where i t  wa s rece i ved wi t h  great skepti c i sm . In  Seaberg ' s  per i odi c tabl e of 

1 945 ( Fi g . 4 } , he bo l dl y moved uran i um ,  protact i n i um ,  and thor i um from thei r 

l on g  a ccu stomed pl ace s  to the new act i n i de ser i e s  then popu l ated a l so by 
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PERIODIC TABLE SHOWI N G  H EAVY ELEM ENTS AS M EM BERS O F  AN ACTI N I DE SERI ES 
Arrangement by Glenn T. Seaborg 
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neptun i um and pl uton i um .  One of  the major moti vat i on s  for many  yea r s  i n  the 

pursu i t  of  tran su ran i um re sea rch wa s to exper i menta l l y  veri fy the act i n i de 

concept . Thi s concept today cont i nue s to gi ve a u se fu l  framework for current 

and  futu re re sea rch as it ha s in the pa st . After the di scovery of ameri c i um 

and curi um , Seaborg and h i s co -workers  cont i n ued to di scover more new el e 

ments  whi ch , i n  addi t i on to the i r chemi ca l i mportance a s  act i n i de s ,  a l so gave 

a un i que opportun i ty to study spontaneou s fi ss i on . In  the pu rsu i t of  i n ve s

t i gat i on s  i n  va ri ou s of  the se nucl ear  and chemi ca l area s ,  i t  became apparent 

t hat the product i on of l a rge r  amount s of  the more stabl e i sotope s of  cur i um , 

be rkel i um ,  ca l i forn i um ,  e i n stei n i um ,  and fermi um was needed i f  rap i d and 

re l i a bl e re sea rch wa s to proceed . The se i sotopes were needed for chemi ca l 

and  nucl ear  studi e s  and a s  ta rget s for the di scovery o f  new el ements  and i so

topes at acce l e rator s .  Al so , the di scovery of  ca l i forn i um-252 , t he stron g 

neutron emi tter , demanded i t s  expl orat i on for appl i cat i on s  i n  cance r  therapy 

and i ndu stry. It wa s i n  thi s atmosphere ( Tab l e 2 )  that the concept of  a 

major  tran spl uton i um e l ement product i on faci l i ty wa s born , and the reactor  

a n d  chemi ca l proce s si n g  faci l i t i e s  were con structed i n  Oa k  Ri dge i n  the 

1 960 ' s  for thi s pu rpose . 

TABLE 2 . 
SOME MOTI VAT I ONS FOR BU I LD I NG HFI R/TRU 

1 . New El ement Di scove ry 

2 . Proo f ' of  Act i n i de Concept 

3 .  Spontaneou s Fi ss i on Re sea rch 

4. Medi ca l and Indu str i a l  Appl i cat i on s  of 
Ca l i forn i um-252 as a Neutron Sou rce 
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Fi r st o f  a l l ,  a reactor produc i n g a very hi gh neutron fl ux  wa s needed i n  

order  to produce rea sonabl e quant i t i e s  o f  i sotopes from curi um-248 through  

fermi um-257  { Fi g .  5 ) . The pat h  u p  from the ta rget el ement pl uton i um i n vo l ve s 

neutron captu re to i ncrea se the ma s s  {A )  a l ternat i n g  wi t h  8 -decay to i ncrea se 

t he atomi c n umber { Z ) . For exampl e ,  the very hi gh neutron fl ux  a l l ows  the 

p roduct i on from curi um-244 of  cur i um-249 , whi ch then 8 -decays to berke l i um-249 

and  so on . After fermi um-257 , the ha l f-l i fe for decay by spontaneou s fi ss i on 

i s  so un fa vorabl e that no furthe r  e l ements  can be produced by neutron i rra 

di at i on i n  thi s manner and re sort mu st be made to acce l erators . For exampl e ,  

e l ement s 104-106 were di scovered at Berke l ey us i ng  ca l i forn i um-249 ta rget s 

from the Oa k Ri dge faci l i ty and beams from thei r Heavy Ion Li nea r Acce l e rator . 

The Hi gh Fl ux  I sotope Reactor { H F I R )  i s  a l i ght water moderated reactor 

u si n g  93� en ri ched u ran i um-235 a s  a fue l  { Fi g .  6 and Tabl e 3 ) . The target 

rod s  i n  H F I R  now conta i n  not on l y  pl uton i um but a l so the hi ghe r  Z e l ement s 

ame ri ci um and curi um a fter many  cycl e s  of  i rradi at i on , so the HF IR  today i s  

more e ffi c i ent than  i n  ea r l i e r yea rs  for product i on of  the heav i e r  el ement s .  

Al so , HF I R ' s  re l i a bi l i ty i s  a n  i mportant pl u s  to the re sea rch communi ty. 

Si nce achi ev i ng  fu l l powe r in 1 966 , HF IR  ha s operated more than 90� of the 

t i me .  The ori gi na l  co st of  HF IR  wa s $ 14 , 7 18 ,000 . 

The ta rget s for the product i on of  the tran suran i um e l ement s are fabr i 

cated for HFI R i n  a speci a l  chemi ca l proce ss i n g  pl ant ca l l ed TRU ( Tran suran 
i um Proce s si n g  P l ant ) ( Ta bl e  4 ) . It i s  here a l so that the hi gh l y i rradi ated 

HF IR  target s are proce s sed and the tran spl uton i um e l ements  are separated , 

pu r i fi ed , and di str i buted to the re search communi ty. The Tran su ran i um 

Proce ss i n g  P l ant i s  the on l y  faci l i ty of  i t s  ki nd  i n  the worl d  that ha s been 

capab l e of ca rryi n g  out i t s  very  di ffi cu l t mi ss i on . It s ori gi na l  cost wa s 

$8 ,818 , 000 . 
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TABLE 3 
H I GH FLUX I SOTOPE REACTOR ( H FI R )  

Commencement of con struct i on 

Cri t i ca l i ty achi eved 

100 Mw ( t herma l ) fu l l  power achi eved 

Fue l  

Fue l l oad  

Moderator 

Re fl ector 

Therma l neutron fl ux 
unperturbed 
perturbed 

Funct i on s  

Co st 

1961 

1965 

1966 

93% enr i ched 2 3 5 u 

9 . 4 kg 2 3 5 u 

H2 0 

Be 

5 x 10 1 s n cm-2 sec -1  
2- 3 x 10 1 5 n em -2 sec-1 

Tran spl uton i um i sotope product i on 
Spec i a l  i sotope product i on 

Neutron di ffract i on 
Sma l l  an g l e neutron scatte r i n g  

Neutron acti vat i on ana l ysi s 

$14 , 7 18 , 000 

TABLE 4 
TRANSURAN I UM PROCESS I NG PLANT ( TRU ) 

Commencement of con struct i on 

Commencement of  11 hOt 11 operat i on s  

Fi r st proce s si n g  of  HF IR  targets  

Funct i on s  

Co st 

1963 

1966 

1967 

Fabri cat i on of  Am-Cm H F I R  target s 
I sol at i on of tran sp l uton i um e l ement s 

from i rradi ated HF I R  target s 
Preparat i on of  speci a l  tran spl uton i um 

i sotope s 
Speci a l  project s for DOE 

$8 ,818 ,000 
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The rout i ne product i on o f  HFI R/TRU i ncl ude s  i sotope s of  e l ements  from 

cur i um-248 through  e i n ste i n i um-253 i n  mu l t i mi l l i gram quant i t i e s  wi th  sma l l er  

amount s  o f  ei n stei n i um-254 and  fermi um- 257 ( Ta bl e  5 ) . 

I sotoee 

21t 8 Cm 

2&t9 Bk 

2&t 9 Cf  

2s2 cf 

2 5 3 Es  

2 51t Es  

2 57 Fm 

TABLE 5 

ROUTI NE HFI R/TRU PRODUCTION 

Ha l  f-L1 fe 

3 . 397 X 105 yr 

320 d 

350 . 6  yr 

2 . 64  yr 

20 . 4  d 

275 . 7  d 

100 . 5  d 

Amount/Year 

150 mg 

50 mg 

from 21t9 Bk decay 

500 mg 

2 mg 

3 J,lg  

1 pg 

In addi t i on , the engi neers  and chemi sts of TRU have been adept at worki ng  

wi t h  the re sea rch commun i ty on  speci a l  i sotope product i on and  samp l e  fabr i ca 

t i on probl ems . Some exampl e s  of the se e fforts i nc l ude product i on , wi t h  the 

hel p o f  Ca l utron en r i chment , of  pl uton i ums 240 and 244 , cur i ums 243 and  245 , 

and ca l i forn i um 254 ( Tabl e 6 ) .  

A current exampl e o f  great i mportance for the resea rch commun i ty i s  the 

proposed product i on of  ei n ste i n i um-254  a s  a target for the superheavy el ement s 

sea rch and for the S)nthes i s of  i ncrea sed amount s of neutron -r i ch i sotopes o f  

el ement s 101 t o  103 (and  perhaps  above ) for chem1 ca l a n d  nucl ear studi e s  

(Tabl e 7 ) . Compound  nucl eu s ,  i ncompl ete fu s i on , and tra n sfer  react i on s  are 
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current l y be i n g studi ed i n  thi s reg i on by nucl ea r chemi st s i n  order to atta i n  

ba s i c unde r stand i n g  o f  the nucl ear phenomena i nvo l ved . 

TABLE 6 

EXAMP LES OF SPEC IAL H FI R/TRU PRODUCT ION 

Pur i ty 
I soto�e Amount �Atom I) Use 

2I+ O pu 20 g 99 . 930 Fa st spectrum neutron dos i meter 

2 .... Pu 60 mg 99 . 423  I sotope di l uti on ma ss  spec . 

21+ 3 Cm 60 mg 57 . 78 y Cm tracer ; i sotope di l uti on ma ss  

2�+ s cm 90 pg  99 . 1 2 Fi s s i on studi e s  

2 51+ Cf  200 pg  0 . 0914* Fi ss i on studi e s  

*Fu rn i shed 991 of  the fi ss i on i n  the sampl e 

TABLE 7 

PROPOSED HFI R/TRU SYNTHES I S  OF 2 5 .. ES  

Reque stor : G .  T .  Seaborg  

Amount Reque sted : 40 pg  

spec . 

Pu rpo se : Ta rget for superhea vy e l ement s sea rch and for s�thes i s of  e l e 
ment s  101  to 103  and perhap s  above for chemi ca l and  nuc l ea r stud i e s .  

Background :  2 51+ Es  ( T  � = 276 d )  i s  proba bl y the heav i e st nuc l i de produc i bl e 
i n  p g  quanti t i e s .  I n  standard product i on , i t s  yi e l d i s  0 . 71 o f  
2 5 3 Es  ( T  � = 20 d ) .  After n i ne month s , the act i v i t i e s  of  t he 
two i sotope s a re equa l and severa l p g  targets of  2 51+ Es can be 
prepared . Pe rhap s  i rradi ati on i n  a ha rder  spectrum mi ght en hance 
� SI+ E s  over 2 5 3 E s .  Studi e s  of  thi s po ss i bi l i ty are now unde rway 
at ORNL . I f  so , much  l a rger  ta rget s of  2 51+ Es ,  even of  40 p g , 
may be poss i  b 1 e .  

O p p o r t u n i t i e s  a n d  C h a l l e n g e s  i n  R e s e a r c h  W i t h  T r a n s p l u t o n i u m  E l e m e n t s :  R e p o r t  o f  a  W o r k s h o p

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

http://www.nap.edu/19522


1 2 3  

Al so , the TRU ha s va l ue beyond i t s u se i n  separat i on a nd  pu r i fi cat i on of  

hea vy e l ement s  for re search and  sa l e .  It i s  a un i que hot cel l faci l i ty whi ch 

prov i de s  a l pha conta i nment , and as such i s  a va l uabl e tra i n i n g  ground for hot 

ce l l operator s .  I t s  great ve r sati l i ty ,  der i v i n g  from the ea se wi th  whi ch  

equ i pment racks  can be rep l aced in  a tota l l y  conta i ned mode , ma ke s  it  u se fu l  

for ca rryi n g  out deve l opment studi e s  on the nuc l ea r  fue l  cycl e .  The out 

stand i n g  exampl e of th i s type of  u se i s  i n  nucl ea r reactor fue l  reprocess i n g .  

I t  ha s been u sed to carry out Purex ( sol vent  extract i on ) fl ow sheet studi e s  

and o ff-ga s cl ean up  studi e s  for the U .  S .  Con so l i dated Fue l  Recycl e  Program . 

In  th i s connect i on i t  ha s a1 so served to tra i n and provi de exper i ence to fue l  

reproce s si n g  speci a l i st s .  There are on l y  a few faci l i t i e s  i n  the Un i ted 

State s current l y  operat i n g wi th  i rradi ated fue l  where such  exper i ence may be 

obta i ned ; young sci ent i st s and engi nee r s  tra i ned i n  fue l  reprocess i n g  wi l l  be 

sca r ce i n deed i n  the next decade i n  the Un i ted States .  

Ot her fue l  cyc l e u se s  cou l d i nc l ude deve l op i n g  chemi ca l  and en gi nee ri n g  

met hods for sepa rat 1 n g  a nd  pur i fyi n g  va l uabl e i sotope s from spent nuc l ear  

fue l  e l ement s .  I t  may,  for exampl e ,  be poss i bl e to  obta i n substant i a l quan 

t i t i e s  of non radi oact i ve fi s s i on product pa l l adi um and  rhodi um from such 

spent fue l  el ement s .  Fi na l l y , it shou l d  be poi nted out that some of the 

mater i a l s  separated and pur i fi ed i n  TRU have de fen se-re l ated appl i cat i on s .  

Organ i zati ona l l y , the HFI R/TRU and i t s  a s soci ated Heavy El ement Chemi stry 
I 

Resea rch  Programs are under  the Proce s se s  and Techn i que s Branch , Chemi ca l 

Sci ence s  Di v i s i on ,  Off1 ce o f  Ba si c Energy Sc i ence s  (Ta bl e 8 ) .  

Th i s program i nteracts strong l y wi th  other programs i n  the Depa rtment 
I 

of Energy ( DOE ) , e speci a l l y  those under the Offi ce of De fen se Programs 

Oppor tun i t ies  and Chal lenges in  Research Wi th  Transp lu ton ium Elements :  Repor t  o f  a  Workshop

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

http://www.nap.edu/19522


1 24 

and  the Offi ce of  Hi gh Energy and Nuc l ea r Physi c s  (Tabl e 9 ) . We wi l l  be 

TABLE  8 

LOCAT I ON OF HFI R/TRU AND HEAVY ELEMENT CHEMI STRY I N  DOE 

OFFICE  OF ENERGY RESEARCH ( OER)  
Di rector - Al v i n Tr i ve l p i ece 

Deputy Di rector - James  S .  Kane 

OFFICE  OF BAS I C  ENERGY SC I ENCES ( BES )  
Associ ate Di rector - R; chard H .  Kropschot 

Deputy Associ ate Di rector - Dona l d  K.  Steven s 

CHEMI CAL SC I ENCES  D I V I S I ON 
Di rector - El l i ot s .  Pi erce 

PROCESSES AND TECHN I QUES  BRANCH 
Chi e f  - F .  Dee Steven son 

HF I R/TRU AND HEAVY ELEMENT CHEMI STRY 
John Burnett 

TABLE 9 

OTHER DOE PROGRAMS HAV I NG COORD I NATI ONS AND I NTERACTI ONS 
W I TH THE HEAVY ELEMENT CHEMI STRY PROGRAM 

OFFI CE  OF H I GH ENERGY AND NUCLEAR PHYS ICS - OER 
Nuc l ea r Phys i c s  Di v i s i on 

En l oe T .  Ri tter 

OFFICE  OF DEFENSE PROGRAMS 

OFF ICE  OF TERMI NAL WASTE D I SPOSAL AND REMED I AL ACT ION - ASS I STANT 
SECRETARY NUCLEAR ENERGY 

Di v i s i on of Wa ste Repos i tory Depl oyment 
Thoma s Lon go 

OFFICE  OF HEALTH AND ENV I RONMENTAL RESEARCH - OER 
D i v i s i on of Eco l ogi ca l Re search 

Robert Watter s  

hea r i n g  of  much  wor k  carr i ed out under  the ausp i ce s of  these two other pa rt s 

of  DOE dur i n g  th i s Work shop .  a s  we l l  a s  about thei r pl a n s  for the futu re .  
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DOE a l so ha s a Tran spl uton i um Program Commi ttee (Tabl e 10 ) , whi ch : 

(a ) Advi ses on the tran spl uton i um product i on and re sea rch program , 

i n cl udi n g  i t s  di rect i on and scope ; 

( b ) Ident i fi e s  i sotopes of  pa rt i cu l a r  va l ue to the program and set s pro

duct i on goa l s and schedu l e s for them ; 

(c ) Recommends di stri but i on of  i sotope s from the product i on program . 

J .  L .  Burnett 
J .  w .  Nehl s 
w .  T.  Carna l l 
D .  E .  Fergu son 
Al bert Ghi orso 
R .  W .  Hoff 

TABLE  10  

DOE TRANSPLUTON I UM PROGRAM COMMITTEE ( 1983 )  

Cha i rman 
Secreta ry 
ANL (Argonne ) 
ORNL (Oa k Ri dge ) 
LBL ( Berke l ey) 
LLNL ( Li vermore ) 

D .  G .  Ka rraker 
Se,YmOur Katcoff 
0 .  L.  Ke l l er  
R .  A .  Penneman 
c. w.  Re i ch 

SRL ( Savanna h Ri ver ) 
BNL ( Brookhaven ) 
ORNL (Oa k Ri dge ) 
LANL (Lo s Al amos ) 
EG&G ( I da ho ) 

DOE Chemi ca l Sc i en ce s  Di v i s i on fund i n g  o f  the Tran spl uton i um El ements  Re 

sea rch  and Product i on Program ove r the l a st fi ve year s  i s  g i ven i n  Ta bl e 1 1 .  

The fi r st l i ne gi ve s the Chemi ca l Sc i en ce s  Di vi s i on budget for re search at 

va r i o u s  nat i ona l  l aborator i e s  and un i ve rs i t i e s  carr i ed out wi th  HFI R/TRU pro

duct s and the re l ated act i n i de s  and l anthan i de s .  I n  add i t i on to Chemi ca l 

Sci en ce s ,  re search i s  a l so funded through DOE ' s  Offi ce of  De fen se Programs 

and Offi ce of  Hi gh Energy and Nuc l ea r  Physi c s .  The l atter i s  expected to 

support approx i matel y $600 ,000 o f  resea rch i n  FY-83 requi r i n g  the u se of 

O p p o r t u n i t i e s  a n d  C h a l l e n g e s  i n  R e s e a r c h  W i t h  T r a n s p l u t o n i u m  E l e m e n t s :  R e p o r t  o f  a  W o r k s h o p

Copyr ight  Nat iona l  Academy of  Sc iences.  A l l  r ights  reserved.

http://www.nap.edu/19522


1 26 

TABLE 1 1  

FUND I NG :  TRANSPLUTON I UM ELEMENTS RESEARCH AND PRODUCTI ON 

Operat i n g ( $M )  

Hea vy El ement Chern . 
Re sea rch ( Chern . Sci . )  

( HEC )* 

FY-79 FY-80 

3 . 1 3 . 4 

FY-81 FY-82 FY-83 (est . ) 

3 . 6  4. 2 4 . 5 

* Addi t i on a l  re sea rch wi th  tran spl uton i um el ements i s  funded by the Offi ce o f  
Hi gh  Energy a nd  Nucl ear  Physi cs , a n d  the Offi ce of  De fen se Programs .  ( See 
text ) 

HFI R 

Tota l  

Chem . Sc i . 

Ot her OER* 

4. 7 

3 . 0  

0 . 9  

5 . 0  

3 . 4  

1 . 0  

*Magnet i c  Fu si on , Mater i a l s Sci en ce s , OHER 

TRU 

Tota l  

Chern. Sci . 

Tota l  Chern . Sci . for 
Tran suran i um El ements  

BES  ( Tota l Budget ) 

4 .0  

3 . 1 

9 . 2 

1 73  

** i nc l ude s  HFI R charge s for tota l OER 

4. 5 

3 . 3 

10 . 1 

196 

5 . 6  

3 . 5  

1 . 0 

4 . 7 

3 . 7  

10 . 8  

209 

6 . 3 

3 . 6  

1 . 6  

5 . 3 

4 . 2 

1 2 . 0  

226 

7 . 2  

5 . 7** 

-0-

5 . 9  

4 . 8 

15 . o** 

26 1 

HF I R/TRU i sotope s .  In  addi ti on to Chemi cal Sci ence s ,  DOE fund i n g  of  re sea rch  

requ i r i n g  the u se of HFI R/TRU i sotopes  wa s about $2M i n  FY-82 . Al so , i n  

addi t i on to re sea rch  spon sored i n  the Un i ted States .  re searchers  throughout 

the free wor l d are dependent on HFI R/TRU for tran spl uton i um e lement s .  I n  

Append i x I ,  a l i st i n g  of  paper s  publ i shed dur i ng  the l a st fi ve year s  wi t h  
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part i c i pat i on by fore i gn countri e s  i s  gi ven to  i ndi cate thi s wi de i nterest . 

At t he UN I LAC acce l e rator i n  Da rmstadt , for exampl e ,  248 Qm ha s been u sed for 

n uc l ea r  react i on studi e s  (ma i n l y deep i ne l a st i c proce sse s ) , searches  for 

superheavy el ement s ,  Cou l omb exci tat i on , sea rches  for posi t ron and x-ray 

emi s s i on from superheavy qua s i  atoms , and Cou l omb fi ssi on . Work  on fi ss i on 

and fi ssi on product s wa s carr i ed out in Ma i n z  on 249 Cf  and 2 50 Cf samp l e s .  I n  

add i t i on ,  spec i a l  i sotop i c sampl e s  o f  242 pu and 244 pu were made ava i l a bl e for 

wor k  at the UNI LAC from the HFI R/TRU (wi th  the hel p of Ca l utron enr i chment ) .  

Countr i e s  repre sented i n  the publ i cati on l i st i ncl ude the Federa l Republ i c  of 

Germany,  Fran ce , I s rael , Bel gi um , Ta i wan , Sweden , Fi n l and , Hol l and ,  and 

Lebanon . Of cour se , i n  each ca se , the se countri e s  are a l l ocat i n g  some of 

t he i r re search dol l a r s  to t hese studi e s .  

Re sea rch and appl i cat i on s  i nvol v i n g  2 52 Cf as  a neut ron source a l so are 

not re fl ected i n  the Chemi ca l Sc i ence s  budget . Or . Yo sh Ma ruyama , for 

exampl e ,  who wi l l  make a pre sentat i on to thi s Work shop , l eads  a group that 

began appl yi n g  2 52 Cf ( l oaned by DOE ) as a neutron source for can cer  therapy 

about  si x year s  ago at the Un i vers i ty of Kentucky Medi ca l Center . So he ha s 

data on pat i ent s  goi n g  back  beyond the fi ve yea r l i mi t con s i dered adequate to 

dec l a re a treated per son cured of can ce r .  The cure rate achi eved by Or . 

Maruyama ' s  group for advanced sta ge cerv i ca l tumors  i s  37,.  Dr . Maruyama , an 

M . D . , and Dr . La rry Beach , a Ph . D .  phys i ci st ,  have combi ned the i r ta l ents  to 

succe s sfu l l y  deve l op met hods for i rradi at i n g the cancerou s t i ssue whi l e  ade 

quatel y protect i n g  the medi ca l per sonne l . Thei r approach to can cer  therapy 

ha s expl o i ted the un i que propert i es  of 2 52 Cf as a hi gh  i nten s i ty sou rce of 

neutron s (a s di st i n ct from gamma rays ) i n  treat i n g  cancerou s tumors  and 

other type s of can cer . As the se new approache s devel oped recentl y at the 
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Un i ver s i ty of  Kentucky become more wi del y recogn i zed , other hosp i ta l s in  the 

Un i ted State s and abroad can be expected to beg i n  appl yi ng them a s  wel l .  In 

addi t i on to the support represented by the l oan of 2 52 Cf from DOE to Dr . 

Maruyama ' s  group , they have a l so rece i ved support from t he Nati ona l  Can cer 

I n st i tute and the Ameri can Cancer Soc i ety. 

The HF IR  operat i on (Tabl e 11 ) i s  funded from severa l sources , wi t h  the 

pr i nc i pa l  fund i n g  comi n g  from the DOE Offi ce of  Energy Re search (OER ) . Unt i l 

FY-83 , th i s fundi n g  from OER wa s separated i nto contr i but i on s  from Chemi ca l 

Sci ence s ,  Materi a l s Sci ences , Magnet i c Fu si on , and Offi ce of  Hea l th and 

En v i ronmenta l Re se�rch (OHER ) . These budget categori e s  refl ect the fact that 

H F I R  i s  a mu l t i purpose neutron faci l i ty and ha s un i que u ses  i n  a rea s of  

re search bes i de s  the product i on of  tran spl uton i um e lemen t s .  The other major 

a rea of  re sea rch at HFI R , commen surate wi th  the tran spl uton i um e l ements  pro

duct i on program , i s  the u se of the neutron scatter i n g  fac i l i t i es there for 

materi a l s re search . The cha racter i st i cs of  HF IR  that ma ke i t  i dea l for 

t ran spl uton i um el ements  product i on s i mu l taneous l y gi ve i t  the hi ghe st thermal 

neutron fl ux  i n  the wor l d  for neutron scatter i ng  re search . There are on l y  

two other comparabl e faci l i t i e s i n  t he free wor l d ,  one at the Brook ha ven 

Nat i ona l  Laboratory and the other at the I n st i tut Laue-Langev i n i n  Grenobl e .  

I n  add i ti on to exten s i ve neutron di ffract i on fac i l i t i e s ,  HF IR  a l so i s  t he 

s i te of the on l y  nat i ona l  Sma l l  An gl e  Neutron Scatteri ng ( SANS ) fac i l i ty. 

The SANS i s  supported by bot h the Nati ona l  Sci ence Foundat i on (NSF ) and DOE 

for wor k  by un i ve rs i ty,  i n dustr i a l , and nat i ona l  l aboratory re searche r s .  

In  the pa st , fundi n g  for HFI R  operat i on s  wa s somewhat arbi t ra r i l y  di v i ded 

amon g the severa l  pa rt i c i pat i n g  groups  in  OER . Begi n n i n g  i n  FY-83 , how

ever , a l l OER fund i n g  for HFI R  i s  a l l ocated through  Chemi ca l Sci ence s .  
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( In c i dental l y, a l so beg i nn i n g in  FY-83 ,  a l l OER fundi n g  for the Hi gh Fl ux 

Beam Rea ctor ( H FBR ) at Brook haven i s  a l l ocated through the Materi a l s Sc i en ce s  

Di v i s i on o f  BES . ) The fract i on of  OER fund i ng  for HF IR  t o  be ass i gned t o  the 

tra n spl uton i um el ement s program i s  thu s i l l -de fi ned con s i der i n g the commen 

su rate i mportance of the other programs . 

I n  the ca se of the TRU , fundi n g i s  pr i nc i pa l l y  from Chemi ca l Sc i en ce s  

wi t h  some from the u .  s .  Con sol i dated Fuel  Recycl e Program ( CFRP ) .  In  FY-83 ,  

i t  i s  expected that the Chemi ca l Sci en ce s  program wi l l  be about $4 . 8 M . and 

the C FRP about $1 . 1  M.  

I n  summary,  for FY-83 ,  the ove ra l l tota l $15 M esti mated budget from BES/ 

Chemi ca l Sci ence s  Di vi s i on for re search and product i on mu st be reduced by 

seve ra l  mi l l i on s  to re fl ect the other u ses  of  HFI R .  The al l ocat i on of BES 

resou rce s to the tran spl uton i um program i s  thu s l e s s  than the 5 . 71 t hat the 

$15 M repre sent s .  On the other hand , the $4 . 5  M under  Heavy El ements  

Chemi ca l Re sea rch i n  Tabl e 1 1  i s  too l ow by  severa l mi l l i on s  becau se i t  doe s  

not i n cl ude programs of  other pa rt s of  OOE , other government a n d  pri vate agen 

ci e s , and fore i gn countr i e s  that u se HF I R/TRU products .  

The l aborator i e s  rece i vi n g  i sotope s di rect l y from TRU over the l a st four  

yea r s  are gi ven i n  Tabl e 12 , a nd  the deta i l s  of  the shi pments  are gi ven i n  

Appendi x I I .  Thi s l i st i n g  doe s not i n c l ude . mo st of the di stri but i on s  of 

ca l i forn i urn-252 whi ch are made from Sa vannah  Ri ver and Mon santo Re search . 
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TABLE  12 
LABORATOR I E S  D I RECTLY RECE I V I NG TRU D I STR I BUTION ( 1977 - 1982 ) 

Argonne Nat i ona l  Laboratory 

Bate l l e  Memori a l I n st i tute - Col umbu s 

Brookhaven Nati ona l  Laboratory 

EG&G , Ida ho 

GSI  - Darmstadt , FRG 

Han ford En gi neeri n g  Deve l opment Laboratory 

Kern for schungszentrum Ka r l sruhe , FRG 

Lawrence Berke l ey Laboratory 

Lawrence Li vermore Nat i ona l Laboratory 

Li ege , Un i vers i ty of 

Los Al amo s  Nat i ona l  Laboratory 

Love l ace Bi omedi ca l and En vi ronmental Re sea rch In st i tute , In c .  

Mi chi gan , Un i ver si ty o f  

Nat i ona l  Bureau o f  Standa rds  

New Brun swi ck  Laboratory 

Oa k Ri dge Nati on a l  Laboratory 

Pr i nceton Pl a sma Physi c s  Laboratory 

Sandi a Nati ona l  Laboratory 

Savannah  Ri ver Laboratory 

Sa vann a h  Ri ver Eco l ogy Laboratory 

Ya l e  Un i vers i ty 

Oppor tun i t i es  and  Cha l lenges  in  Research  Wi th  T ransp lu ton ium E lements :  Repor t  o f  a  Workshop
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APPEND I X  I 

WORK I NVOLV I NG FORE I GN COLLABORATORS EMPLOY I NG I SOTOPES  FROM 
THE U .  S .  TRANSPLUTON I UM PRODUCTION PROGRAM ( 1977  - 1982 ) 

A.  Journa l  Art i c l e s  

1 .  "r n /r f i n  Heavy Act i n i de s . "  A .  Ga vron , H .  C .  Bri tt , P .  D .  Gol dstone , 
R . Schoenmacker s ,  J .  Weber , and J .  B .  Wi l hel my. Phys . Rev .  C 1 5 , 
2238 ( 1977 ) . 

2 .  " Determi nat i on of  rn /r f at 12-20 MeV Exci tat i on from Eva porati on 
Re s i due Cros s  Secti on s . "  P .  D .  Gol dstone , H .  c .  Bri tt , R .  Schoen 
macker s ,  and J .  B .  Wi l he l my. Phys . Rev .  Letter s  38 , 1 262  ( 1977 ) . 

3 .  " Fi ss i on Propert i e s of the Heavy Act i n i de s . " J .  B .  WH he l my,  H .  C .  
Bri tt , D .  c .  Hoffman , w .  R .  Dan i e l s ,  E .  Che i fet z , A .  Ga vron , J .  
Weber , E .  K .  Hu l et , H .  J .  Landrum , R .  W .  Lougheed , and J .  F .  Wi l d . 
S . -Afr . Tydskr . F1 s .  1_, 1 16 ( 1978 ) . 

4 . " I dent i fi cat i on of  Short -Li ved Ruthen i um and  Rhod i um I sotope s i n  
Fi s s i on by Ra pi d Chemi ca l Sepa rat i on s . "  G .  Fran z and G .  Herrmann . 
J .  Inorg . Nuc l . Chem . 40 , 945 ( 1 978 ) . 

5 .  " Three -Pa rt i c l e  Excl u si ve Mea surement s  of  the React i on s  2 3 8 U + 2 3 8 U 
and  2 3 8 U + 2 � a em .  P .  Gl a s se l , D .  v .  Harrach , Y .  Ci ve l e kogl u ,  R .  
Manner , H .  J .  Specht , J .  B .  Wi l he l my ,  H .  Fre i e s l eben , and K .  D .  
Hi l den brand . Phys . Rev .  Letter s  43 , 1983 ( 1 979 ) . 

6 . " E l ectrochemi ca l Study of  Mende l ev i um i n  Aqueou s So l ut i on : No Evi 
dence for Monova l ent Ion s . " K .  Samhoun , F .  Da vi d ,  R .  L .  Ha hn , G .  D .  
O ' Ke l l ey ,  J .  R .  Ta rran t ,  and D .  E .  Hobart . J .  Inorg . Nuc l . Chern . 41 , 
1 749 ( 1979 ) . 

---

7 . "Amer i c i um Di tel l ur i de . "  John H .  Burn s ,  Dan i e l  Dami en , and Ri cha rd 
G .  Ha i re .  Acta Cryst . B35 , 143  ( 1979 ) . 

8 .  " Techn i ques  of  Preparat i on and Crysta l Chemi st ry of  . Tran suran i um 
Cha l cogen i de s  and Pn i ct i de s . "  D . A .  Dami en , R .  G .  Ha i re ,  and J .  R .  
Peter son . J .  de Physi que , Suppl ement C4 , 9 5  ( 1979 } . 

9 .  "Curi um-248 Monopn i ct i de s  and Monocha l cogen i de s . " D .  Dami en , R .  G .  
Ha i re ,  and J .  R .  Peter son . J .  Le ss -Co11111on Meta l s 68 , 1 5 9  ( 1979 } . 

10 . " Prepa rat i on and Latt i ce Pa rameters  of  Berkel i um-249 Monopn i ct i de s . " 
J .  Inor g .  Nuc l . Chern . �. 995 ( 1980 } . 

1 1 . "Ca l i forn i um-249 Monoa r sen i de and Monoanti mon i de . " D .  Dami en , R .  G .  
Ha i re , and J .  R .  Peter son . Inorg . Nuc l . Chem . Letter s  16 , 537 ( 1 980 } . 
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1 2 .  " Spontaneou s Fi ss i on Propert i e s  of  the Neutron -De fi ci ent Fm I sotope s , 
1 . 2  s 24 6 Fm and 38 s 248 Fm . "  D .  c .  Ho ffman , D .  Lee , A.  Ghi orso , M .  
J .  Nu rmi a ,  and K .  Al e k l ett . Phys . Rev .  C li• 1581 ( 1980 ) . 

1 3 .  " Spontaneou s Fi s s i on of 2 59 Fm . "  E .  K .  Hu l et , R .  w.  Lougheed ,  J .  H .  
Landrum , J .  F .  Wi l d ,  D .  c .  Hoffman , J .  Weber , and J .  B .  Wi l he l my. 
Phys . Rev .  C !!_, 966 ( 1980 ) . 

1 4 .  " 1 2 . 3  mi n 2 56 Cf an d 43 mi n 2 5 8 Mcf and Systemat i c s of the Spontaneou s 
Fi s s i on Propert i e s  of Hea vy Nuc l i de s . " D .  c . Hoffman , J .  B .  Wi l 
he l my ,  J .  Weber , W .  R .  Dan i e l s ,  E .  K .  Hu l et ,  R .  W .  Lougheed , J .  H .  
Landrum , J .  F .  Wi l d ,  and R .  J .  Du pzyk . Phys . Rev .  C 2 1 , 97 2 ( 1980 ) .  

1 5 .  " Experi menta l Con fi rmati on of a Sca l i n g Law for the 1 sa Exci tat i on 
Proba bi l i ty for Z1 +Z2 > 120 , and I t s  Breakdown i n  Pb + Cm Co l l i s i on s  
at Very Sma l l  Internuc l ear  Di stan ce s .  D .  Li e sen , P .  Armbru ster , F .  
Bo sch , S .  Ha gmann , P .  H .  Mok l er , H .  J .  Wa l l er she i m ,  H .  Schmi dt -SOck i n g ,  
R .  Schuch ,  and J .  B .  Wi l he l my. Phys . Rev .  Letters  44 , 983 ( 1 980 ) . 

16 . " Fi ss i on Ba rr iers  for 2 5 5 Es , 2 56 Es , and 2 5 5 Fm . •• H .  c .  Br i tt , E .  C he i f
et z ,  D. C. Hoffman , and J .  B .  Wi l hel my. Phys . Rev . C 2 1 , 761  ( 1 980 ) . 

1 7 .  " Fi ssi on Propert i e s  of the 1 . 5 -s  Spontaneou s Fi s s i on Act i v i ty Pro
duced i n  Bomba rdment of 248 Cm wi t h  1 8 0 . " Da r l eane C. Hoffman , Di ana  
Lee , Al bert Ghi or so , M .  J .  Nurmi a ,  Kje l l Al e k l ett , and Matt i Le i no . 
Phys . Rev .  C !!• 495 ( 1981 ) . 

1 8 .  "Compar i son of  2 52 Cf Spontaneou s Fi s s i on wi th  2 5 0 Cf (t , p f) . '' J .  Weber , 
H .  c .  Bri tt , and J .  B .  Wi l he l my. Phys . Rev .  C �. 2100 ( 1981 ) .  

1 9 .  " Fi s s i on Probabi l i t i e s  for Acti n i de Nucl e i  Exci ted by the ( 1 2 C ,  s ae9 . s . > 
Reacti on . "  E .  Che i fet z ,  H .  c .  Bri tt , and J .  B.  Wi l he l my. Phys . Rev . 
c !!· 519  ( 1981 ) . 

20 . " E l ectrochemi ca l Studi e s  of Tr i va l ent Ca l i forn i um and  Se l ected Tr i 
va l ent Lanthan i de s  i n  Aqueou s So l ut i on . "  C .  Mu si ka s ,  R .  G .  Ha i re , 
and  J .  R .  Peter son . J .  Inorg . Nuc l . Chem . 43 , 2935 ( 1 981 ) . 

2 1 . "A New Determi nati on of the Ent ha l py of  Sol ut i on of Berke l i um Meta l 
and  the Standa rd Entha l py o f  Formati on of  Bk3 + (aq ) . 11 J .  Fu ger , R .  
G .  Ha i re ,  and J .  R .  Peter son . J .  Inor g .  Nucl . Chem . 43 , 3209 { 1981 ) . 

22 . "A Procedu re for a Fa st Separati on of Berke l i um and Cer i um. " Y . - F .  
Li u ,  C .  Luo , H .  R .  von Gunten , and G .  T .  Seaborg .  Inorg . Nuc l . Chem . 
Letter s  .!L• 257 ( 1 981 ) .  

2 3 .  "Acti n i de Product i on i n  Co l l i s i on s  of  2 3 8 U wi th  248 Cm . " M .  Schade l , 
w .  Bruchl e ,  J .  v .  Krat z ,  K .  sumrnerer , G .  Wi rt h ,  G .  Herrmann , R .  Sta ke
mann , G .  Ti tte l , N .  Trautmann , J .  M .  Ni t schke , E .  K .  Hu l et , R .  w . 
Lougheed , R .  L .  Ha hn , and R .  L .  Fergu son . Phys . Rev .  Letter s  48 , 
852 ( 1982 ) . 

---
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24 . "The Preparat i on o f  Curi um Meta l Ta rget s for the Synthes i s of Super
hea vy El ement s . " R .  W .  Lougheed , E .  K .  Hu l et ,  R .  L .  Landi n gham , J .  
M .  Ni t schke , H .  Fo l ger , J .  v .  Krat z ,  W .  Bruchl e ,  and H .  Gagge l e r .  
Nucl . In str . and Meth .  200 , 7 1  ( 1982 ) . 

25 . "Product i on o f  Hea vy Act i n i de s  from Interact i on s  of  1 6 0 ,  1 8 0 ,  2 0 Ne ,  
and  22 Ne wi th  21t 8 Cm . " D .  Lee , H .  von Gunten , D .  Hoffman , B .  Jaca k , 
M . Nu rmi a ,  Y . - F .  li u ,  C .  luo , and G .  T .  Sea borg . Phys . Rev .  C 25 , 
286 ( 1 982 ) . 

---

26 . "Decay Propert i e s of Neutron -Ri ch Si l ver  I sotope s . "  w .  Bruchl e and 
G .  Hermann . Radi  ochi  mi ca Acta 30 , 1 ( 1 982 ) . 

27 . " Exper i menta l Feature s  of Cou l omb Fi s s i on . "  G .  Hi mme l e , H .  Backe , P .  
A .  But l er , D .  Ha bs , v .  Meta g , J .  B .  Wi l he l my ,  and H .  J .  Specht . 
Nuc l . Phys . A ( 1 982 ) ( i n  pre s s ) . 

28 . " Nuc l ea r  Charge Di st r i but i on i n  Fi s s i on : Fract i on a l  Cumu l at i ve 
Yi e l d s  o f  I sotope s of Krypton and Xenon i n  21t 9 Cf ( nth • f) and  
2 5 0 Cf ( sp . f ) . '' H . -H .  Mehl e r ,  K .  Wo l fsberg , and H .  E .  Den schl a g .  
Canad . J .  Chem . ( 1 982 )  { i n  pre s s ) . 

B .  Proceed i ng s  a nd  Pre sentat i on s  

1 . " Neut ron Ri ch Fra gment s from Spontaneou s Fi ss i on of  2 51t Cf . " H .  A .  
Se l i c ,  E .  Che i fet z ,  A .  Wo l f ,  a n d  J .  B .  Wi l he l my. Proc . , Con f .  on 
Nuc l ea r  Spectroscopy of  Fi ss i on Product s ,  Grenobl e ,  Fran ce , 2 1 -23 
May 1979 , Ed . Ti l l  von Eg i dy ,  The In st i tute of Physi cs , Br i sto l  and 
London , p .  316 . 

2 .  " Even -Even Neutron Ri ch I sotope s . "  E .  Che i fet z ,  H .  A .  Se l i c ,  A .  Wol f ,  
R .  Chechi k ,  and J .  B .  Wi l he l my. Proc . , Con f .  on Nucl ea r Spectroscopy 
of Fi ss i on Products ,  Grenobl e , France , 21 -23 May 1979 , Ed . Ti l l  von 
Eg i dy,  The In sti tute of Physi c s , Br i sto l and  Lon don , p .  1 93 .  

3 .  " Fi ss i on Propert i e s  of  Ve ry Hea vy Nucl e i  Produced i n  Deep  Ine l a st i c 
Co l l i s i on s . " D .  v .  Ha rrach , P .  Gl ct s se l , Y .  C1 ve l e kogl u ,  R .  Manner , 
H .  J .  Specht , J .  B .  Wi l he l my ,  H .  Fe i e s l eben , and K .  0 .  Hi l denbrand . 
I nt . Symp . on Physi c s  and Chemi st ry of  Fi ss i on , JUl i ch ,  Federa l 
Republ i c  of  Germany,  May 1979 . Pa per I AEA-SM-241/D4.  

4 . " Studi e s  o f  Short -li ved Spontaneou sl y Fi s s i on i n g Nucl i de s . "  D .  c .  
Ho ffman , Di ana Lee , Al bert Ghi orso , Matt i Nurmi a ,  and Kjel l Al e k l ett . 
ACS Mtg . , Sa l t  La ke Ci ty,  Utah , June 1 2- 14 , 1 980 . 

5 . " Product i on of  2 59 Fm i n  Bomba rdment of  21t8 Cm wi th  l B Q . " Da rl eane c .  
Ho ffman , Di ana Lee , Al be rt Ghi orso , M .  J .  Nu rmi a ,  J .  M .  Ni t schke , P .  
L .  Somerv i l l e ,  and K .  Al e k l ett . ACS Mtg • •  Hou ston , Texa s ,  March 
24-27 , 1980 , Ab stract NUCL-1 10 .  
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6.  11 Product i on of  Hea vy Act i n i de s  in  the Bomba rdment of 2�+ 8 Cm wi th  1 6 0 
and  1 8 0 . 11 Di ana Lee , Ba rba ra Jaca k , Matt i Nu rmi a ,  Luo Chen g , Gl enn 
T.  Seaborg , and Da r l eane c.  Ho ffman . ACS Mtg . , La s Vega s ,  Nevada , 
Augu st 24-29 , 1 980 , Ab stract NUCL-5 .  

7 .  11 Sea rch for Lon g  Li ved Superhea vy El ements  i n  the React i on 2 3 8 U + 
2�+ a em . .. J .  Krat z ,  w .  Bruch l e .  H .  Ga9ge l e r . G .  He rrmann . M .  Schade l . 
W .  Schorste i n ,  N .  Trautmann , J .  M .  N 1 t schke , E .  K .  Hu l et , R .  L .  
Lougheed , R .  L .  Fergu son , and R .  L .  Ha hn . Con f .  on Extreme State s i n  
Nuc lea r Systems , Dre sden , GDR , February 3-9 , 1980 . 

8 .  11 Hea vy El ement Product i on i n  2 3 8 U + 2 3 8 U  and 2 3 8 U + 2�+a cm Co l l i s i on s  . .. 
M .  Schade l , w .  Bruchl e ,  H .  Gagge l e r , J .  v .  Krat z ,  K .  summe rer , G .  
Wi rth , E .  K .  Hu l et , R .  w .  Lougheed , A .  Ghi orso , J .  M .  Ni t schke , R .  L .  
Ha hn , R .  L .  Fe rgu son , R .  Sta kemann , N .  Trautmann , a n d  G .  Herrmann . 
Proc . , Int . Con f .  on Nuc l ea r  Physi c s , Berke l ey,  Ca l i forn i a ,  1 980 . 

9 .  11 Hea vy El ement Product i on i n  Tran sfer  React i on s  Between Ve ry Hea vy 
Nuc l e i . .. w .  Bruch l e ,  H .  Gagge l e r , J .  v .  Krat z ,  M . Schade l , G .  Wi rt h , 
G .  He rrmann , G .  Ti ttel , N .  Trautmann ,  E .  K .  Hu l et , R .  W .  Lougheed , J .  
M .  Ni t schke , A .  Gh i or so , R .  L .  Ha hn , and R .  L .  Fergu son . ACS Mtg . , 
San Fran ci sco ,  Ca l i forn i a ,  Augu st 1980 . 

10 . 11 Sea rch for Hea vy Act i n i de s  and Superhea vy El ements  i n  the 2 3 8 U + 
2�+ a em React i on . .. w .  Bruch l e , H .  Gagge l e r , J .  v .  Krat z ,  M .  Schade l , 
G .  Wi rt h , G .  He rrmann , G .  Ti tte l , N .  Trautmann , E .  K .  Hul et , R .  W .  
Lougheed , J .  M .  Ni t schke , A .  Ghi o r so , R .  L .  Ha hn , a nd  R .  L .  Fergu 
son . ACS Mtg . , San Franc i sco , Ca l i forn i a ,  Augu st 1980 . 

1 1 . 1 1Chemi st ry of  Mende l ev i um :  Monova l ent State I s  Not Ob served i n  
Aqueou s So l ut i on . .. F .  Da vi d ,  K .  Samhoun , E .  K .  Hu l et , P .  A .  Ba i sden , 
R .  Dou ghan , J .  H .  Lan drum , R .  W .  Lougheed , J .  F .  Wi l d ,  and  G .  D .  
0 1 Ke l l ey.  Proc . , 9 erne Jou rnee s de s Act i n i de s ,  Ka rl sruhe , FRG , May 
3 1 -June 1 , 1 979 . 

1 2 .  1 1Recent Sea rche s for Superhea vy El ement s i n  Deep Inel a st i c Rea ct i on s . •• 
E .  K .  Hu l et , R .  w .  Lougheed , J .  M .  Ni t schke , R .  L .  Ha hn , R .  L .  Fergu 
son , W .  BrUchl e ,  H .  Gagge l e r , J .  v .  Krat z ,  M . Schade l , G .  Wi rth t G .  
Herrmann , G .  Ti tte l , and N .  Trautmann .  Proc . , Int . Symp . { I UPAC J on 
Synthes i s and Prope rt i e s  of New El ement s , Dubna , USSR , 1980 . 

1 3 . 11 Heavy Act i n i de Cro s s  Sect i on s  i n  the 2 3 8 U + 2 3 8 Cm React i on s  . .. J .  v .  
Krat z ,  W .  Bruchl e ,  H .  Gaggel e r , M .  Schade l , K .  summerer , G .  Wi rt h , G .  
He rrmann , G .  Ti tte l , N .  Trautmann , R .  Stakemann , E .  K .  Hu l et , R .  W .  
Lougheed , J .  M .  Ni t schke , R .  L .  Ha hn , a n d  R .  L .  Fergu son . Int . 
Work shop I X  on Gro s s  Propert i e s  of  Nucl e i  and Nucl ear  Exc i tat i on s ,  
Hi r schegg , 1981 . 

1 4 .  11 Neutron Exce s s  Tran sfer  React i on s . .. H .  C .  Bri tt , W .  Fau be l , M .  M .  
Fowl er , D .  C .  Hoffman , E .  N .  Trehe r , J .  Van der Pl i cht , J .  B .  Wi l 
he l my ,  D .  Lee , M .  Nu rmi a ,  and G .  T .  Seaborg . 183rd ACS Mtg . , La s 
Vega s , Nevada , March  28 - Apr i l 2 ,  1982 . 
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APPEND I X  I I  

Part 1 .  Di stri but i on o f  Heavy E l ement s from the 
Tran suran i um Proce s s i n g  Pl ant Du r i ng  the 
Per i od October  1 ,  1978 - September 30 , 1980 

Major  Date fi l e  Shi pped to : 
Nuc l 1 de Shi ��ed Number �ed �1 ent She 

2&t O Pu , g 
0 . 1 34 0 1 - 10-79  1004 I RML[a ] HEDL 
0 . 167 1 1 -02-79  1032 R .  W .  Hoff LLNL 
0 . 049 1 1 -02-79 10 33  c .  wr �e 1  ch  EG&G Ida ho 

29 . 0 1  1 1 -06-79 1068 I RML a LANL and HEDL 
29. 360 

2&t 2 Pu , g 
0 . 1 5 1  1 2- 1 1 -79 1075  s .  Katcoff 8NL 

21+ 1 Am , g 
ORNL[b]  1 7 . 64 02- 16-79 988 I sotopes Sa l e s  

21t 3 Am ' g 
ORNL[c]  0 . 10 02-16-79  10 16A I sotopes  Sa l e s  

2 . 0 3 02-22-79 10 148 I RMLa LLNL 
0 . 16 03-09-79 10 14A R .  W .  Ho ff LLNL 
0 . 05 03 . 15-79  10 1 7  C .  w.  Re i ch EG&G Ida ho 
2 . 3  03-27 - 79 1029 I RMLa LLNL 
5 . 94 04-05-79  1020 Ope rat i on s  Di v .  Ka r l sru he 

20 . 0  05- 3 1 -79 9868 L .  R .  Morss  U .  of Li ege 
0 . 10 08-0 1 -79 10 19  I sotope s Sa l e s 8CNM , Bel gi um 

10 . 14 1 1 -06-79  1018 I RMLa LANL 
2 . 08 09-26-80 1 105 R .  L .  Ha hn ORNL 

42 . 90 
Curi um (mi xed ) ,  g 

142 . 4  10- 1 3-78 987 A. R. Boul ogne SRL 
0 .040 02-0 1 - 79 1006 L., W . Reynol ds SRL 
0 . 002 05-0 2-79 1030 s. E .  Di smu ke ORNL 
0 . 57 09-04-79 1047 I sotopes Sa l e s  ORNL[c]  
0 . 032  09- 1 1 -79 1048 G .  w .  Bea l l ORNL 
0 . 0 10 10 - 16-79 1062A s .  Kat z  ORNL 
0 . 0 10 0 1 - 14-80 1062C s .  Kat z  ORNL 
2 . 093 03-03-80 1046A I RMLa ORNL 

10 . 75 03-05-80 1045 R .  W .  Hoff LLNL 
0 . 00 2  04-22-80 109 1  M.  M.  Abra ham ORNL 

155 . 55 
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Major  
Nucl i de 

24 3 Cm ( 56% ) ,  mg 
5 . 0  

10 . 0  
0 . 1  
1 . 0  

( 1 . 1  n g ) 
1 . 0 
5 . 2  

2 2 . 3 

24 5 Cm { 99% ) ' l1 9  
92 

2 . 2  
94. 2  

24 8 Cm { 97% ) , mg 
20 . 4  
0 . 52 

1 3 . 42 
0 . 507  
0 . 10 1  
0 . 802 
0 . 097 
0 . 489 

1 9 . 95 
1 9 . 95 
0 . 0 36 

1 9 . 95 
2 3 . 8  
0 . 478 

1 9 . 95 
140 .090 

24 9 8k , mg 
6 . 296 
6 . 296 
6 . 296 
6 . 693  
6 . 3�4 
3 . 0  
0 . 00 1  
8 . 879 
8 . 879  
7 . 4 19  
9 . 164 

69 . 297 

1 36 

u 
Date fi l e  

Shi ��ed Number 

0 1 -29-79 1008A 
02-02-79 10088 , C  
02-02-79 1009 
02-02-79 10 10 
1 1 - 15-79  107 3 
07-02-80 1090A 
09-26-80 10 1 1  

0 1 -25-79 99 1 
06-05 -79 1037  

05-31 -79 986A 
05-31 -79 10 34A 
06- 14-79 9858 
06- 29-79 10348 
07-30-79  1042 
09- 18-79 10 34C 
10-08-79  1064 
10-09-79 1034E 
1 1 - 12-79  1055 
1 1 - 12-79  1057  
1 1 -28-79  10 39 
1 1 -28-79 1056 
12- 18-79  107 1 
0 1 - 10 -80 10 34F 
0 1 - 1 2-80 1059  

03-05-79  1022 
03-05-79  1023  
03-06-79 1024 
05-25-79 10 35 
05-25-79 10 36 
07-09-79 1040A 
08-03-79 1038 
05-20-80 1085 
05 -20-80 1087 
06-02-80 1086 
07 -05-80 1089 

Red pt ent 
Shi pped to : 

SHe 

J .  J .  Thompson Love l ace Found . 
J .  J .  Thompson Love l ace Found . 
W .  T .  Ca rna l l  ANL 
R. A .  Penneman LANL 
J .  F. Emery ORNL 
M .  M

� 
Abraham 

IRML a ]  for 
ORNL 
HA I E [d ] 

R .  w . Ho ff LLNL 
J .  K .  Di cken s ORNL 

L.  R
� 

Mor ss  Un 1 v . of  L 1  e ge 
I RML a ]  Ya l e  Un i v . 
R .  Gr �a i  re ORNL 
I RML a Ya l e . Un i v .  
J .  H

� 
�ami l ton Da rmstadt 

I RML a Ya l e
[
U� i v . 

J .  M .  Pee l e  ORNL c 
I sotopes Sa l e s  GSI -Da rmstadt 
W .  T .  Ca rna l l  ANL 
R. W. Ho ff LLNL 
D. w .  Ha_yes  SRL 
N. M . Ede 1 ste i n L8L 
R. W .  Ho ff LLNL [e ] 
I sotope s Sa l e s  GS I -Da rmstadt 
R .  G .  Ha i re ORNL 

W.  T .  Ca rna l l  ANL 
N. M. Ede l stei n L8L 
R. W . Ho ff LLNL 
R. G .  Ha i re LANL [f ]  
R .  G .  Ha i re ORNL[ f] 
J .  w .  Ward LANL 
I sotope s Sa l e s  Indi a 
W .  T .  Ca rna 1 1  ANL 
R .  W . Hoff LLNL 
N. M .  Ede 1 ste i n L8L 
R. G .  Ha i re ORNL 

Opportunit ies and Chal lenges in Research With Transplutonium Elements: Report of a Workshop

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19522


137 

Major Date fi l e  Shi pped to : 
Nucl i de Shi pped Number Red pl ent Site 

2&t 9 Cf 1 mg 
ORNL[ f] 1 7 . 5 38 1 1 -02-78 1000 R .  G .  Ha i re 

0 . 245 01 -09-79 100 1 c .  w .  Re i ch EG&G I da ho 
2 . 56 0 1 - 19-79 996 W. T. Ca rna l l  ANL 
2 . 56 0 1 - 19-79 997 N. M. Ede 1 ste i n LBL 
2 . 56 0 1 - 19-79 998 R .  W. Ho ff LLNL 
1 . 0 07-09-79 10408  J .  W. Ward LANL[ f] 
1 . 23 12-03-79 107 2  J . K .  Di cken s ORN� 0 . 00 1  06-30-80 1094 I sotope s Sa l e s  I P L  g ] 

27 . 694 

2 5 ° C f  ( 85�) � mg 
0 . 2 32 08-20-79 105 1  J .  G .  Conway LBL 

2 s2 c f  I mg 
0 . 0 1 18 12-08-79  980 E .  H .  Gupton ORNL 

( NSD- 105 ) 
I RML [a ] 0 . 0 10 0 1 - 1 7 -79 1005 Germany 

1 . 623 02-27 -79  929 v. Spi ege l NBS 
( NS- 100 ) 

I RML[a ] 0 . 0 1 17 03-21-79  1027 Ka r l sruhe 
0 . 01 12 03-21-79  1028 I RML[a ] ORNL 
1 . 909 05-04-79 989 s. Untermeyer HEDL 

( NSD- 106 ) 
42 . 414 05-23-79 975  A.  R

C 
ru l ogne SRL 

0 . 0026 07-30-79  1031  I RML a HEDL 
42 . 900 08- 17-79  1041 A. R .  Boul ogne SRL 

37 . 312 09- 18-79 1052  A. R .  Boul ogne SRL 
36 . 764 10-04-79 1053  A .  R .  Boul ogne SRL 
36 . 499 10- 15 -79 1054  A .  R .  Boul ogne SRL 
38 . 0 18 1 1 -09-79  1069 w .  H .  Brotherton 1 Sr .  SRL 
37 . 741 0 1 -04-80 1070 W. H .  Brotherton 1 Sr .  SRL 
0 . 206 0 1 -24-80 1079  F .  J .  Muckentha l e r  ORNL 

( NZD-31 ) 
I RML[a ] 0 . 00 1  0 1 -25 -80 1065 ORNL 

21 . 821  02-05-80 107 4  J .  F .  Schu l ze SNL 
( NSD- 107 ) 

0 . 088 04-07-80 1063A J .  H .  Ea ves UNC I nd .  
( NSD-78 )  

0 .00 1 37 04-07 -80 106 38 J .  H . Ea ves UNC I nd . 
( Sr -C f-260C ) 

I RML[a ] 0 . 0275  04-24-80 1092 ORNL 
0 . 567  06-18-80 1080 R .  J .  Gehrke EG&G Ida ho 
0 . 000 16 07-03-80 1099 J .  T. Ni ha 1 c zo ORNL 

( FS-3 )  
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Major  
Nuc l i de 

Date 
Shi pped  

1 . 240 0 7 - 1 7 -80 
( NZD-44 ) 

0 . 00045 07-22-80 
( FS-4)  

29 . 7 1 5  08- 1 2-80 
1 4 . 189 09-10 -80 

( NSD- 10 2 )  
15 . 7 29 09- 10-80 

{ NSD- 103 )  
359 .824 

2 5 3 Es (mi xed ) , JJ 9  
1 10 02- 13-79  
4 14  02- 1 3-79  
45 1 02-08-80 
248 02-20-80 
400 02-29-80 

5 06-27 -80 
.... 16""'2""8-

2 5�+ Es , p g  
0 . 0009 
3 
0 . 22 
3 . 2209 

2 5 7  Fm , pg 
1 

10 - 15-79  
1 1 -27-79  
06- 19-80 

06-27 -80 

1 38 

u 
fi l e  

Numbe r  

95 1 

1 100 

1 10 1  
943A 

943B 

10 1 2  
10 1 3  
1081 
1082A 
1082B 
1096 

1066 
1060 
1097 

1098 

Shi pped to : 
Reci pi ent Si te 

R. C. Ha genauer  

J .  T .  Mi ha l c zo 

P .  B .  Pa gett 
R. J .  Cl outi e r  

R .  J .  Cl out i e r  

W .  T.  Ca rn a l l 
R .  G .  Ha i re 
W .  T.  Ca rna l l  
R .  G .  Ha 1 re 
R .  G. Ha i re 
R .  W.  Ho ff 

R .  G .  Ha i re 
M .  M .  Abra ham 
R. W. Ho ff 

R.  W .  Hoff 

NBL[h ] 

ORNL 

SRL 
ORAU 

ORAU 

ANL 
ORNL 
ANL 
ORNL 
ORNL 
LLNL 

ORNL 
ORNL 
LLNL 

LLNL 

[a ] sotope s Re sea rch Mater i a l s La bo ratory ( ORNL ) . I n  some i n stan ce s , mate r i a l  
wa s forwa rded to anot her si te . 

[b ]Not a TRU product . Mater i a l pu r i fi ed  and returned to i n ventory. 
[c ] For  di spen si n g  sma l l order s 
[d ]Jo i nt US/UK Hi gher  Act i n i de s  I r rad i at i on Exper i ment . 
[e ]Materi a l  conta i ned more 2�+�+ em ( 0 . 165%) than typi ca l h i gh-pur i ty 21+ 8 Qm .  
[ f ]conta i n s  some mate r i a l  prev i ous l y a l l ocated to LANL and ORNL . 
[g ] I sotope Product s La borator i e s .  
[h ]New Brun swi ck  La boratory o f  the DOE a t  Argonne , I L .  
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Part 2. Di stri buti on of  heavy el emen t s  from the 
Tran su ran i um Proce ssi n g Pl ant Dur i n g  the 
Per i od Octobe r  1 .  1980 - Septembe r 30 , 1981 

Major Date fi l e  Shi pped to : 
Nuc l i de Shi pped Number Red pt enf sHe 

Curi um (mi xed ) ,  g 
HAI E [c ] 2 . 08 10-01 -80 10468  I RMLb for  

0 . 206 10 -06-80 1 103 I RMLb for HAI E Ec .a ] 
4 . 393 10 -06-80 1 104 I RML� for  LANL [a ] 

12 . 29 10- 10 -80 1046C I RML for  HAI E[c ] 
18. 969 

24 3 Qn ( 81) . mg 
Love l ace [d ] 10 . 0  09-02-81 1 144 R .  A. Gu i l mette 

24 3  Qn ( 581) . mg 
1 .0  03-06-81 10908 M.  M.  Abra ham ORNL 

244 Qn  ( >991) . mg 
3 . 2  02-02-81 1 1 15 R .  W.  Ho ff  LLNL 

248 0n ( 921) . mg 
I RML[b]  for HAl de ] 9 . 25 03-06-81 1 1 1 7  

249 Bk • mg 
9 . 174  0 1 - 1 2-81 1 1 10 w .  T .  Ca rn a l l ANL 
9 . 174  0 1 - 12-81 1 1 1 1  w. T.  Ca rna l l  for LBL 
9 . 174 02-03-81 1 1 1 2  R .  w .  Ho ff LLNL 
9 . 174  02-20-81 1 1 1 3  R .  G .  Ha 1 re for LANL 
9 . 174  02-20-81  1 1 1 4  R .  G .  Ha i re ORNL 
7 . 593 08-03-81 1 1 24 W .  T .  Carnal l ANL 
7 . 593 08-03-81 1 1 25 N .  M .  Ede l ste i n LBL 
7 . 593 09-03-81 1 1 26 R .  W. Ho ff LLNL 

68. 649 

24 9 Cf ,  mg 
1 . 83 09-09-81 1 1 29 w .  T .  Ca rn a l l ANL 
1 . 83 09-09-81 1 1 30 N .  M.  Edel ste i n LBL 
3 . 66 

2 s 2 cf . mg 
I RML[b ] 0 . 0 1 1 5  03-06-81 1 1 19 LANL 

0 . 07 15 03-19-81 1 1 1 8  R .  L .  Steven son EG&G Ida ho 
( NSD-76 ) 

2 . 062  04-02-81 1095A E. o.  McGa rry NBS 
( NBS- 108 ) 
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Major  
Nucl i de 

Date 
Shi pped 

fi l e  
Numbe r  

Shi pped to : 
Reci pi ent Si te 

3 . 328 04-02-81 
{ NBS- 109 )  

0 . 0 1 36 06 -09-81 
{ FS-5 ) 

29 . 102 06- 1 7 -81 
0 . 0054 06-23-7 1 

( FS-7 ) 
0 . 165  07 - 16-81 ( NSD-27 ) 
1 . 645 09-22-81 { NSD- 73 )  
0 . 06 1 3  09-23-81 

{ NSD-77 ) 
36 . �653 

2 5 3 Es  (mi xed ) , JJ 9  
297 10- 30-80 
316  1 1 - 1 1 -80 
369 1 1 -24-80 
88 . 8  12-16-80 

388 03-31 -81 
819 04- 1 3-81 

2277 . 8  

2 5 7 Fm , pg 
1 { e st ) 1 1 - 1 1 -80 
0 . 9  { e st ) 04-28-81 
1 . 9  

1095B 

1 1 34 

1 1 36 
1 1 35 

1 1 37 

1 149 

1 1 39 

1 107A 
1 106 
1 107B  
1 107C 
1 1 20 
1 1 2 1  

1 109  
1 1 23 

E .  o .  Mc Ga r ry for 

J • T .  Mi ha 1 c zo 

R. B .  Pa gett 
J .  T. Mi ha 1 c zo 

c . E .  Cl i fford 

W.  M.  Lysher 

R .  w .  Ba rne s 

R .  G .  Ha i re 
W.  T .  Ca rna l l  
R .  G .  Ha i re 
R .  G .  Ha i re 
W.  T .  Ca rna 1 1  
R .  G .  Ha i re 

R. W. Ho ff 
R. W.  Ho ff 

u .  o f  Mi ch . 

ORNL 

SRL 
ORNL 

PPPL[e ] 

HEDL 

Batte l l e -Ohi o [ f ]  

ORNL 
ANL 
ORNL 
ORNL 
ANL 
ORNL 

LLNL 
LLNL 

[a ]Mater i a l conta i ned 67% 2� 6 cm .  
[b ] I sotope s Re sea rch Materi a l s La boratory { ORNL ) . I n  some i n stan ce s  materi a l  

wa s forwa rded to another si te .  
(C ]Joi nt  US/UK Hi ghe r  Act i n i de s  I rradi at i on Exper i ment . 
[d ]Lovel ace Bi omedi ca l  and  En v i ronmenta l Re search  I nst i tute , In c . ,  Al buquerque , 

NM . 
[e ]pri n ceton Pl a sma Phys i c s  La boratory , Pr i nceton , NJ . 
[ f]Batte l l e  Memor i a l  I n st i t ute , Co l umbu s ,  OH . 
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1 4 1  

Pa rt 3 .  Di st r i but i on o f heavy el ement s from the 
Tran suran i um Proce ssi n g P l ant Dur i n g  the 
Peri od Octobe r  1 ,  1981 - June 30 , 1982 

Major Date fi l e  Shi pped  to : 
Nuc l i de Shi pped Number Red p� ent She 

244  Pu , mg 
3 . 25 

24 3 Cm ( 8 . 4%) , mg 
2 . 06 

24 3 Cm ( 58% ) , mg 
0 . 1 1  
0 . 00 1 
0 . 65 
0 . 761 

24 8 Cm ( 97% ) , mg 
1 9 . 95 
1 7  . a  
37 . 75 

2 .. 9 Bk , mg 
7 . 284 
7 . 284 
7 . 284 
7 . 284 

29 . 136 
2�+ 9 cf , mg 

1 . 133 
10 . 93 

1 . 83 
1 . 83 
7 . 68 
1 . 05 

25 . 1 5 
2 52 c f '  mg 

34 . 7 24 
0 . 00867 

( NS- 2 )  
0 . 000 345 

( NSD-24 ) 
0 . 00042 
6 . 892 

( NSS- 1 1 1 ) 

10-22-81  1 143  

02-12-82 1 156 

10-16-81 1 1 50 
02- 1 7 -82 1 1 57 
0 3-02-82 1 1 58 

1 1 -06 -81 1058 
03-1 1 -82 1 160 

04-0 2-82 1 167  
04- 19-82 1 169  
04-22-82 1 165 
04-22-82 1 166 

10- 20 -81 1 1 3 1  
02-18-82 999B 
02:.. 18-82 1 1 32 
02-18-82 1 133  
02-26 -82 999A 
03-02-82 1 159 

10 -22-81  1 145 
1 1 -09-81 1 15 1  

12-0 1 -81 1 1 5 2  
03-02-82 1 1 6 1  

R .  w .  Ho ff LLNL 

R .  A .  Gu i l mette Love 1 ace [a ] 

W .  B .  Fa rre l l SREL [b ] 
I sotope s Sa l e s  for ANL 
N. M .  Ede l ste i n LBL 

R .  G .  Ha 1 re ORNL 
w. T. Ca rna 1 1  ANL 

R .  w .  Ho ff LLNL 
R .  G .  Ha i re ORNL 
w. T. Ca rn a l l ANL 
w. T. Ca rna l l  for  LBL  

R .  w .  Ho ff LLNL 
R .  G .  Ha i re for  LANL 
R .  G .  Ha i re for LANL 
R .  G .  Ha i re ORNL 
R .  G .  Ha i re fo r LANL 
K .  Wol fsberg  LANL 

R .  B .  Pa gett SRL 
J .  T .  M 1  ha l c zo ORNL 

I RMlc ORNL 
J .  E. Bi ge l ow ORNL 
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Major  Date fi l e  Shi ��ed to : 
Nucl i de Shi p�ed Number Rec1 �1 ent �i te 

46 . 1 88 03-22-82 1 146 R .  B .  Pa gett SRL 
1 . 787 03-31 -82 1 1 40 E .  o .  McGarry NBS 

{ NS- 1 10 ) 
56 . 6 2 1  04-23 -82 1 162  J .  B .  Wray SNL 

{ LS0 - 1 1 2 )  
TEc [d ] 0 . 2 1 9  06 -02-82 1 1 78 F .  Levert 

{ SR-C f- 167 ) 
I RMLc 0 . 0 1 12 06- 24-82 1 154A ORNL 

146 . 452 
2 5 3 Es {mi xed ) , � g  

3 1 2  03-05 -82 1 163  w .  T. Carn a l l ANL 
498 04- 19-82 1 164 R . G .  Ha i re ORNL 
810 

2 5 3 Es  {mi l ked ) , � g  
76 . 7  04- 1 9-82 1 1 70A R .  G .  Ha i re ORNL 

2 5'+ Es , � g  
2 . 95 1 2 -2 1 -81  1 1 5 3  R .  w .  Lougheed LLNL 

[a ]Love l a ce Bi omedi ca l and En v i ronmenta l Re sea rch In st i tute , In c . , Al buquerque , 
NM . 

[b ]savannah  Ri ver Eco l ogy La boratory,  Ai ken , sc . 
[c ] I sotope Re sea rch Mater i a l s Laboratory ( ORNL ) . 
[d ]rechno l ogy for Energy Corporat i on , Knoxvi l l e ,  TN .  
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APPENDIX D 

NUCLEAR REACTIONS AND SYNTHESIS OF NEW TRANSURANIUM SPECIES 

Glenn T .  Seaborg 

At the time of this wri ting ( l ate 1982 ) 16 transuranium elements are known 

(atomi c numbers 93 to 107 , inc lus ive , and number 109 ) . Distributed among these 

16 e lements are nearly 200 nuc lear spec ies . Those with atomi c  numbers 93 to 101 , 

inc lus ive , were firs t synthes ized and ident i fied ( i . e . , dis covered ) through the 

use o f  neutrons , deuterons or h e l ium ions . The hal f- l ives became shorter and 

shorter wi th increas ing atomic number ,  unt i l  at e lements 107 and 109 these are 

in the range of mi l l is econds . 

Three o f  the transuranium element s (numbers 104 , 105 and 106 ) and a large pro

portion o f  the trans fermium (beyond number 100 ) nuc lear s pecies dis covered during 

the last  15 years have util ized ac tinide isotopes produced in the high flux isotope 

reactor/transuranium process ing plant (HFIR-TRU) fac i l i t ies at Oak Ridge Nat ional 

Laboratory (ORNL) as the t arget material .  Present indications are that most  of the 

future disoveries of new transuranium nuc lear species and the discovery of super

heavy e lement s ,  i f  suc cess fully  accompl ished , wi l l  ut i l ize such target material . 

In this short review , I sha l l  des cribe the special  aspects  o f  heavy ion 

nuclear reac tion mechanisms operative in the transuranium re gion , the role o f  new 

techniques , pos s ible nuc lear reactions for the product ion of additional trans

uranium e lements  and nuc lear spec ies and the importance of work in this region 

for the development o f  nuc lear models  and theoret ical concepts .  Th i s  discuss ion 

should make it clear tha t  a continuing supply of e lements  and isotopes , some o f  

them re lat ive ly short-l ived , produced by the HFIR-TRU fac i l i t ies , wi l l  b e  a 

requirement for future synthe s i s  o f  new elements  and isotopes . 

14 3 
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In thi s  short account , I sha l l  not cover the his torical aspe c t s  except for 

some brief re ferences that are ind ispensable to  an understanding of th e theme . 

A comp i lat ion
1 

o f  reprints of the or i ginal publicat ions , accompanied by explana

tory material , covers very thorough ly a l l  aspects  of the h i s tor ical  background o f  

the t ransuranium e l ements through atomic number 106 . This inc ludes such infor

mat ion on the discove ry of these e lement s , inc luding accounts of the compe t ing 

c la ims for the di scove ry of  e lements 104 , 105 and 106 by sc ient ists at  the Dubna 

Laboratory in the Sovi e t  Union , as we l l  as original informat ion on many isotope s , 

nuc lear rea c t ions for the i r  produc t ion , radioac t ive properties , chemi cal propert ies 

o f  the e lement s , e t c . The discovery o f  all  e lements beyond atomi c number 100 

( fermium) has been made on a one-a to�at-a-t ime basi s and th is wi l l  sure ly cont inue 

to be the case . I t  has been cruc ial to the c laim o f  di scovery that the atomi c 

number o f  the reac t ion produc t be c learly i dent i fie d using chemi cal or physi c a l  

technique s .  Criteria for estab l i shing that such an i dent i f i cat ion h a s  been made 

have been publ ished
2 

by an international group o f  e xpe rt s and these cri teria wi l l  

gui de the discuss i ons in the review . 

Nuc lear stabi l i ty considerations and radioact ivi ty decay propert ies , wh i ch 

are o f  central importance in devising e xperiments for the pro duc t i on and identi

ficat ion o f  new e lements and new i sotopes , are the sub j e c t  o f  ano ther paper 3 

prepare d for th is workshop . 

Howeve r ,  for the convenience o f  the re ader ,  I sha l l  brie fly summarize some 

sa l ient in format ion about superheavy e lement s  ( SHE ) . S imp le e xt rapolat ions o f  

radioact ive decay prope rt ies for e lement s  beyon d atomi c number 10 9 suggest that 

the hal f l i fe , espe c i a l l y  tha t  for de cay by spontaneous fi ssion , sha l l  become so 

short as to make de tect ion very di fficult  and soon impossible . However , in the 

period from 1 9 66 to 1972, a number of cal culat ions4 based on modern theories o f  

nuc lear st ruc ture showe d that i n  the re g ion o f  proton number Z = 1 14 and neut ron 
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numbe r  N • 184 the ground s tates o f  nuc l e i  should be s tab i l ized agains t de cay by 

spontaneous fiss ion . Th i s  s tabi l i z at i on i s  due to the comp l e te fi l l ing o f  maj or 

prot on and neutron she l l s  in this  region and i s  ana logous to the s tabi l i zat ion 

of chemical  e lement s  such as the nob le gase s  by the fi l l ing o f  the i r  e lec troni c 

she l l s . Such superheavy e lement s  are pre d i c t e d  to form an is land o f  re lat ive 

s tab i l i ty extending both above and be low Z = 1 14 and N • 1 84 and s eparate d  from 

the penins ula o f  known nuc lei  by a sea  o f  ins tab i l i ty .  

S ome more recent calculat ions ,
5 

bas e d  on c are fu l  cons i derat i on o f  the e ffect  

of mas s asymmet ry on  the fi s s ion barrier an d a re duce d spin-orbi t coup l ing 

s t rength , have indicated tha t the Z = 1 14 she l l  e f fe c t  is not ve ry large . The s e  

ca lculat ions d o  confirm the exi s tence o f  a she l l  at N • 184 , but a l s o  s ugge s t  l e s s  

s tabi l i ty for spec ies  with N < 1 84 ; that i s , the i s land  o f  s tabi l i ty has a c l i f f 

with a sharp drop-o ff for N < 1 84 . I f  the se  cons i derati ons are corre c t , i t  woul d  

become cons i derably more d i fficul t t o  synthe s ize and detect the superheavy 

e lements . A premium woul d  be placed on pro duc ing a nuc leus wi th N = 1 84 or ve ry 

c lose t o  this , N • 1 8 3 , in order that i t  might have a hal f l i fe suffi c i ently long 

to make it de tec table . 

During the las t  1 5  years, numerous at tempts have been made to synthes ize and 

i den t i fy s uperheavy e lement s  through the bomb ar dment o f  heavy targe t nuc l e i  wi th 

heavy ions . None of  thes e experiments has been successful . A summary and 

analys i s
6 

s ugge s t s  that thi s  fai lure i s  no t due to the fai lure to pro duce super-

heavy inte rme diate nuc lei , but i s  due to the low surviva l probab i l i t ie s  o f  the s e  

superheavy pre cursors . 

NUCLEAR REACTION MECHANISMS 

Nuc lear react i ons des igne d to produce isotopes in the t rans plutonium region 

are dominated by the compe t ing fiss ion react ion , wh i ch d iminishes the y ie l d  o f  

O p p o r t u n i t i e s  a n d  C h a l l e n g e s  i n  R e s e a r c h  W i t h  T r a n s p l u t o n i u m  E l e m e n t s :  R e p o r t  o f  a  W o r k s h o p

Copy r i gh t  Na t i ona l  Academy  o f  Sc i ences .  A l l  r i gh t s  r ese rved .

http://www.nap.edu/19522


146  

the des ired products . Th is diminution in yie ld is  usually  very dras tic  and i s  

greater  the higher the atomic number and degree o f  exci tat ion o f  the inter

medi ate nuc leus . The tendency toward undergo ing thi s  unwan ted fission also  

increas es  with increas ing angular momentum imparted to the  intermediate nuc leus . 

(Angular momentum increases  wi th the increasing mas s  o f  the bombarding proj e c t i l e  

nuc leus and wi th the increas ing magnitude of  the impac t  parameter , the latera l 

distance between the centers o f  the targe t and projec t i le nuc lei . )  Thus , the 

name of the game is to produce intermediate  nuc lei  wi th a minimum of exc itation 

( co ld nucle i )  and a minimum o f  angular momentum so they can reach the ground s t at e  

( usually through the emis s ion o f  neutrons and gamma-rays ) with the minimum o f  los s 

from the compet ing fiss ion reac t ion . 

The re are a number of heavy ion reac tion mec�anisms that migh t  lead to the 

identi fi cat ion o f  new isotope s �nd , in one case, pos s ib ly new e lements , through the 

produc t ion of cold nuc lei  in suffic ient  yields  to be de tectable . The compound 

nuc leus mechanism ,  known and unders tood for the longes t t ime , o ffers the bes t and , 

probab ly the only , hope for the produc t ion and iden t i f icat ion o f  new e lement s ;  this  

seems to be operable  with heavy e lement  targe t nuclei  ( lead and b i smuth ) only for 

heavy ion proj e c t i les wi th atomi c number up to 26  ( iron) - for t ransplutonium 

targe t s , thi s  l imitation produces no roadb lock to the pos s ib le produc tion of  

superheavy e l emen t s . 

The other heavy ion nuc l ear reac t ion me chanisms cover a range o f  categories 

whose de fini t ion is  not always unambiguous and which tend to merge at the 

boundaries  of  the de fin i tions one into the other . An overs imp l i fied categori 

zation into two type s wi l l  serve our present purposes . One type i s  we l l  des c r ibed 

as s imp le tran s fe r  reactions and is  applicable  for our purposes ( transp lutonium 

targe t s ) with l i ght heavy ions - up to atomic number 10 (neon )  or somewhat h i gher . 

The other can be des cribed as  deep ine l astic  t rans fe r reac tions , whose impor tance 
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increases wi th the increas ing atomic number o f  the heavy ion proj e c t i le , wi th 

uranium proj ecti les the mo s t  intere s t ing for transplutonium targets . 

Compound Nuc leus Mechanism .  This  mechanism involves the comp l e te amalga-

mation ( complete fusion ) of the he avy ion proj e c t i le with the target nuc leus , 

fol lowed by the de-exc i t a t ion o f  this  compound nuc leus through the emi s s ion 

( usual ly ) of neutrons and gamma-rays in compe t i t ion wi th the more prevalent  

fiss ion reac tion . The mos t  cent ral col l is ions ( smal les t impact parame ter)  whi ch 

impart only a smal l  amount o f  angular momentum to the sys tem ,  lead to such 

comp lete fus ion o f  the proj e c t i le  and target nuc lei . The product  nuc lei are 

strong l y  focused in the forward ( i . e . , the proj e c t i l e  beam) dire c tion due to 

momentum conservation .  The c l as s i cal me thod o f  preparing t ransuranium nuc lei  has 

been through the use of the comp lete  fus ion react ion . A typical  examp le i s  the 

synthes i s  o f  e lement 106 by Ghiorso !! !! · � who bomb arded 2 � 9 C f  wi th 95 MeV 1 80 
and observed the 2 � 9 C f  ( 1 80 , 4n )  2 6 3 106 reac tion wi th a cross  sect ion o f  � . 3nb . 

The 2 6 3 106 atoms ( t\ • 0 . 9 + 0 . 2  s e c )  were identi fied by obs erving the previous ly 

known daughter , 2 5 9Rf , and granddaughter , 2 5 5No ,  through the decay sequence 

The 2 6 3 106 atoms were i s o l ated us ing a hel ium j e t  

and depos i t ed on the rim o f  a whee l .  The depo s i t  was then rotated in front o f  a 

sequence o f  s ur face barrier de tec tors which then detected the primary alpha-decay 

of  2 6 3 106 . Thes e pr imary de tectors were then moved to face ano ther series of  

secondary dete ctors wh i ch de tected the decay o f  the  previous ly known daughter atoms 

implanted in the primary detectors by reco i l  in the int ial  decay . The t ime 

corre lated de cay in format ion was recorded using an on- l ine computer . A total o f  

1 4  time-corre lated events  was ob served . 

However ,  des pite successes  such as th i s , i f  we look at  the cros s sect ions 

for complete fus ion react ions such as  the X (heavy ion , 4n ) Y react ion , we find 

a aharp de crease in the magn i tude of the se  cros s sect ions as the ( Z ,A)  of the 
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heavy ion proj e c t i le increases . As a fur ther  cons t raint , the l imit s  on ava i l a-

b i l ity o f  t arget  materials  with Z > 98 , presen t s  great , but no insurmountab l e , 

di ffi cul t ies  in syn the s i z ing new transuranium nuc lei  with complete  fus ion 

reactions . A number o f  workers , par t i cularly those in the Soviet  Union , have 

pointed out tha t if some heavy ion proj e c t i les with 40 < A < 60 are used in 

combination with t i gh t ly bound targe t  nuc lei  containing c losed she l ls of nuc leons , 

i t  is  pos sible  to  form extreme ly " cold" compound nuc lei  whose surviva l probab i l i-

t ies might be h i gh enough to  compensate  for the de creased complete  fus ion c ros s 

s e c t ions . 

A number o f  e xperimental  s tudies involving the magic lead and bi smuth nuc lei  

have shown th at  the  pos s ib i l ity o f  such " cold  fus ion" reac t ions i s , in  fact , a 

re a l i ty . Flerov !! a1 . 8 ob served the product ion o f  2 5 2No us ing the 2 0 6Pb 

( 4 8 Ca , 2n)  re action , whi le Ni t s chke !! a1 . 9 found 2 5 4No to  be produced wi th a 

surpri s ingly large cro s s  sect ion o f  3 . 4 ± 0 . 4  �b in the 2 0 8Pb ( 4 8 Ca , 2n ) re ac t ion . 

In thi s  s ame manner , G�gge ler e t  a 1 . 10 observed the produc t i on of 2 4 4 Fm in the 

2 0 6 Pb ( 4 0Ar , 2n ) react ion . 

The princi pa l  deve lopment , however , that  has pushed "cold  fus ion" react ions 

to the fore front in e fforts  to syn thes ize new transuranium nuc lei was the work o f  

" 1 1  12 
Munzenb erg !! al . ' us ing the ve loc i ty fi l ter ( s eparat or for heavy ion re ac t i on 

produc ts ) ( SHIP )  a t  Ges e ll s chaft fUr Schwerionenfors chung mbH ( GSI ) .  They have 

ob served unambiguous evi dence for the occurrence of the 2 0 7Pb ( 5 0Ti , 2n) 2 5 5 Rf and 

2 0 9Bi ( 5 0Ti , 2n) 2 5 7Ha reac t ions at  a bomb arding energy of 4 . 85 MeV/u . Mos t  

interes tingly , at  a 5 0 Ti ene rgy o f  235  Me V  ( 4 . 70 MeV/A) , they ob served the 2 0 8 Pb 

( 5 0 Ti , n) 2 5 7Rf react ion . S ince SHIP is  a ve loc i ty separator , " trans fer" and " dee p 

ine l as t ic"  products  are s trongly suppressed s ince the produc t s  from thes e  b inary 

reactions h ave a wide angul ar d i s t ribut ion and do no t move wi th the ve loci ty  o f  

the comp l e te fus ion evaporat ion res idues . The separator ac cepts  re coi ls  on ly from 

a l imi ted range of angles near 0° ; thus , thes e react ions are qui te probably c o l d  

comp l e te fus ion reactions . 
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O f  spec ial interes t  i s  the use o f  cold fus ion reactions to synthe s ize , and 

1 1  13 thus d i s cover , e lement 10 7 and e l ement 109 . For the former , 2 0 9B i  was 

bombarded wi th 4 . 85 and 4 . 9 5 MeV/u 5 � cr, and the 2 0 9B i  

was observed . The iden t i fi cat ion o f  the 2 6 2 107  ( t% = 

( 5 � Cr , n ) 2 6 2 107 

4 7+2 . 3 ) 
. - 1 . 6  

ms was 

reac tion 

based upon 

the ob s ervat ion of a set  o f  corre lated alpha part icle  decays wh ich end in the 

known 2 5 0 Fm decay . No comp le t e  decay chains were ob s erved due to  the smal l yield 

and the 50% e f f i c iency o f  the detector system ,  but two par t ial ly complete chains 

end ing in 2 5 0 Fm were ob served, and one chain end ing in 2 5 �Lr was observed . The 

veloc ity of the 2 6 2 10 7 atoms was determined two d i fferent ways , by the ve loc i ty 

separator i t s e l f  and by a t ime-o f- flight measurement . The energy o f  the evapora-

tion res idue was measured and agreed with expectat ions for the cold fus ion 

mechan i sm .  S imi lar ly , e l emen t 10 9 was iden t i fied
13 

as the res ult  o f  the bombard

ment o f  2 0 9B i  wi th 5 . 15 MeV/u 5 8 Fe ions ac cord ing to the react ion 2 0 9Bi  ( 5 8 Fe , n) 

2 6 6 109 . A s ingle atom o f  2 6 6 109 (which decayed a f t e r  a t ime interva l o f  5 ms ) was 

iden t i fied through the ob servat ion of corre lated alpha par t i c le and spontaneous 

fis s ion decays invo lving previous ly known produc t s . 

Trans fer Reac t ions . In this type o f  nuc lear reac t ion there is trans fer o f  

nuc l eons from t h e  proj ect i le t o  the target nucleus leading ( o f  intere s t  to us ) t o  

products  with atomi c numbers a l l  the way from that o f  the targe t nuc leus to that 

of the compound nuc leus . ( The trans fer o f  j us t  a coup le of  nuc l eons is  also  re-

ferred to as quasielas t i c  scat ter ing and the trans fer o f  a large part  of the 

proj ec t i le is alternat ive ly re ferred to as "mas s ive trans fer" or " incomplete  

fus i on" . ) These re ac t ions seem to  resu l t  from the more peri pheral co l l i s ions 

( thos e  with larger impact parameters ) and higher angu lar momentum.  The produc t  

nuc lei  are not so  s t rongly focused i n  the forward d irect ion a s  i n  the case o f  the 

compound nuc l eus mechani sm. For l i ght heavy ions and heavy target nuc lei , o f  

primary intere s t  to  us , the protons trans fer pre ferent ial ly from the proj e c t i le 

nuc leus to the t arge t  nuc leus , a tendency that can be unders t ood by cons ider ing 
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14 the poten t ial energies  o f  the systems near contact . 

One o f  the f i r s t  and more  care ful s t udies  o f  the se heavy ion " trans fer" 

15 reac t ions invo lving produc t ion o f  transuranium nuc le i was done by Hahn !! a l . 

Th i s  remains one of  the few s tud ies in whi ch kinematic  measurements were attempted . 

Hahn e t  al . s tud ied the exc i tat ion funct ions , reco i l  range dis tribut ions and 

angular d i s t r ibut ions o f  the heavy t ransuranium reco i l  produc t s . In par t i cu l ar , 

they s tudied the charac t eris t i c s  of  the produc tion o f  2 4 5 C f  and 2 4 4 C f  via the 

trans fer reac t i ons 2 3 9Pu ( 1 2 C ,  a2n ) and 2 3 9Pu ( 1 2 c a3n ) and via the comp l e t e  

fus ion react ions 2 3 8 U ( 1 2 c ,  5n ) and 2 3 8 U( 1 2 C ,  6n ) . As expected , the comp l e t e  

fus ion react ion product s  are s t rongly forward focused with the ir angular di s t ri

bution pe aked at 0° and show Gaus s ian range d i s t ribut ions with mean ranges th at 

increase with increas ing proj ect i le energy and whos e values agree wi th the as sump

t ion o f  comple te fus ion . The s ame 2 4 4 ' 2 4 5 C f  products  when produced in the 

t rans fer reac t ion show angular d i s t r ibut ions whi ch peak near the complement o f  the 

graz ing angle and show asymmetric  range d i s t r ibut ions whose mean va lue decreases 

wi th increas ing proj e c t i le energy . The yie lds o f  2 4 4 ' 2 4 5 Cf  are much larger in the 

trans fer react ions compared to the comp le te fus ion react ions . The yie lds of the 

t rans fer produc ts are described by Hahn !! al . wi th modes t  succes s us ing a modi fi

cation 1 6  
of the semi-emp irical S ikke l and sys tema t i c s  of product yie lds in heavy 

f . . 1 7 , 18 us 1on reac t1on s . Thes e  calculat ions ind i cate that the reas on for the higher 

product yields in the t rans fer react ion is the re l a t ive ly cold res idual nuc l eus 

produced in this react ion compared to the complete fus ion reac t ion . 

Demin et  a 1 . 19 
us ed multi-nucl eon trans fer reac t ions to  produce 2 4 6 C f , 

2 5 1 • 2 5 3Es , 2 5 0 • 2 5 4 Fm , and 2 5 6Md from 2 4 9 C f  us ing 2 2Ne proj e c t i les . Perhaps 

the mos t  s i gn i f i cant of the recen t  " t rans fer" reac t ion s tud ies as far as creating 

intere s t  in these  reac t i ons as use ful too l s  for transuranium nuc l ide synth e s i s  

is the work o f  Lee e t  a1 . 20 Lee et  al . measured the yields o f  heavy ac t inide s 

formed in the interact ion o f  near b arrier energy 1 6 0 ,  1 8 0 ,  2 0Ne and 2 2Ne wi th 
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2 4 8 Cm . In a fol low-up t o  thi s  work , Lee !! a1 .
2 1 

measured the excitation funct ions 

for the production of isotopes o f  berke lium through fermium in bombardment s  o f  

2 4 8 Cm with 1 8 0 ions and of isotope s of berke l ium through nobelium in bomb ardments  

o f  2 4 9C f  wi th 1 8 0 ions . 

S ch�de l !! a1 . 2 2  measured the dis t ribut ions o f  heavy actinide produc t s  from 

reac t ions of  1 80 and 2 2Ne with 2 5 4Es  and found great ly enhanced yie lds , by many 

orders of magnitude , especia l ly for neutron-rich produc t s , of mendelevium and 

nobe l ium isotopes as compared with those produced by the same proj ect i les with 

2 4 8 Cm or 2 4 9C f  targe t s . For example, the yields o f  �Z • 2 product s - c a l i forn ium 

is otopes from 2 4 8 Cm and mende levium from 2 5 4Es  - were approximately equal , indi

cat ing the tremendous advantage of  u s ing a 2 5 4Es  target for the produc t ion of the 

heav i e s t  a c t inide i s otopes . 

Apparent ly ,  in one reaction mode , at  the higher energies , for these  t rans fer 

rea c t i ons the proj ectile  breaks up elas t i c a l ly in the nuc lear fie ld w i th the 

breakup probab i l ity having a maximum for the grazing angle ( the ang le of devi at ion 

from the original direct ion for a proj e c t i l e  nuc leus making a periphera l co l l i s ion 

with a t arge t nuc leus ) .  A fragment o f  the proj e c t i le fuses wi th the t arge t nuc leus , 

Whi l e  the remainder o f  the proj e c t i le carries away a large amount o f  the avai lab l e  

ener gy .as k ine t ic energy , thus reducing the exc i t at ion energy o f  the t arge t plus 

the absorbed fragment and produc ing a cold nuc leus . The exc itation func t ions 

appear to be cons is ten t  wi th calculations 2 3 based on simple energy balance cons idera

t ions us ing the mas ses of  the proj ec t ile , t arget nuc leus , and products  and as suming 

the energy of the proj e c t i l e  in excess  of the Coulomb b arrier is apport ion�d to  

the t arget  nucleus according to the fraction of  the proj e c t i le mass trans ferred . 

At energies c lose to the reac t i on barrier the quas ie las tic  trans fer mechan i sm 

apparent ly preva i l s . 

Extrapolat ions o f  the yield curves sugge s t  that higher energy t rans fer 
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react ions may provide a means o f  produc ing new neutron-r i ch isotopes o f  known 

elements . In thi s proce s s , at least forma l ly , such trans fer reac t ions provide 

a s ource  of exo t i c  proj e c t i les . For examp l e , 2 2Ne could give rise  to 2 1 F 

capture , and 1 80 to 1 7N capture . Thi s  me chanism ,  with heavier proj ec t i l e s  such 

as 4 8 Ca , might o f fer another route to superheavy element s . 
2 4  

Somervi l l e  e t  al . have produced a number of  interes t ing isotope s 

that decay via spontaneous fiss ion , by bombarding heavy transp lutonium nuc l e i  

w i th l ight heavy ions . These inc lude an i sotope with a hal f- l i fe of  about 100 

mi l l is e conds , produced with the unexpected ly large cross sec t ion of a microbarn 

by the bombardment of 2 5 4 Es  with 1 8 0 ions . Ano ther intere s t ing isotope , 

presumab ly 2 6 0 Rf ( element 104 ) , produced by the react ion o f  1 5N ions wi th 

2 4 9Bk nuc lei  and by other react ions , has been shown by Hu let !! a1 . 25  (when 

produced by the react ion of 1 5N ions wi th 2 4 9Bk nuc l e i ) to decay with an unusual 

symmetric d i s t r ibution o f  fiss ion produc t s . This  may ind i cate that the reac t ions 

and decay of nuc l e i  in thi s  reg ion may be governed by a s ingle fis s ion barr ier , 

in contras t to the doub ly humped fiss ion barrier characteris t i c  o f  l igh ter  

heavy t rans plutonium nuc le i .  

Deep Ine las t ic Transfer React ions . For heavy targets and heavy ions w i t h  

A < 40 , i t  has been ob served that the complete  fus ion cross sect ion is a very 

important part of the reac t ion cros s sect ion . By extrapolation ,  i t  was fe l t  

that thi s s i tuat ion woul d  con t inue wi th proj ecti les  a s  heavy a s  krypton . Thus , 

the reac tion of  2 0 9Bi  with 8 4Kr was thought to be a pos s ib l e  avenue for pro-

duc ing transuranium nuc le i .  However , i t  was d i scovered in the cours e of  thi s 

at tempt to make new trans uranium nuc l e i  that the complete fus ion cross  s e c t i on 

was neg l i g ib ly smal l and that a new type o f  reac t ion , deep ine las t ic scat t er ing , 

was occurr ing . 26 
This failure o f  heavy nuc l e i  to  fuse i s  due to the fac t  th at th1 

Coulomb repu ls ive forc es between the touching nuc lei  exceed the nuc l ear a t t rac t i v  

O p p o r t u n i t i e s  a n d  C h a l l e n g e s  i n  R e s e a r c h  W i t h  T r a n s p l u t o n i u m  E l e m e n t s :  R e p o r t  o f  a  W o r k s h o p

Copyr igh t  Na t i ona l  Academy  o f  Sc iences .  A l l  r i gh ts  rese rved .
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forces  leading to fus ion , resul t ing in the inab i l ity  of the nuc lei  to inter-

pene t rate ins i de the fiss ion sadd le point .
2 7 

However , i t  was soon realized that 

thi s  new react ion wi th i t s  character i s t i c  extens ive exchange of nuc leons be tween 

proj e c t i le and targe t  nuc lei during the react ion could  lead to s igni ficant pro-

duct ion o f  trans-target spec ies . The reac t ion product mas s d i s tribut ions are bi-
• • 28 

d . h d . . b . modal wi th centroids near the t arget and proJ e c t 1 le mas ses an w1t 1 s tr 1  ut1on 

widths l arger for high mass t arge t  and p roj ec t i les . Also the emiss ion direct ions 

of the product s  are more comp l icated than for the other reac t ion mechani sms . Thus , 

deep ine las t i c  trans fer reactions involving uranium or heavier target s  with heavy 

proj e ct i les  would be expec ted to  lead to the produc t ion of  t ransuranium nuc lei  

with atomi c numbers ranging we l l  above that of  the  target nuc lei . 

The mo s t  s ignificant us e and unders t anding o f  deep ene las t i c  trans fer reac t ions 

to produce transuranium nuclei  has been in the s tudies of the 
2 3 8 U  + 2 3 8 U reaction at 

the Univers al  Linear Acce lerator ( UNILAC ) a t  GS I . The firs t real i zat ion o f  th e un-

usual potent ial of  th is react ion for t ransuranium nuc li de synthes i s  was in the work 

29 30 
of Hi ldenbrand , Frei sesleben and co-workers , ' who found , from recons truc ted pri-

mary Z and Q value d i s t ri but ions , more par t icle  trans fer a t  a given energy los s than 

in o ther sys t ems , i . e . , the d i f fus i on proces s  seems to proceed colder in this sys t em .  

Cold  t rans fer i s , of  course , j us t  what  is  needed to  make the fragi le t ransuranium 

spe c i e s . 
II 3 1  

Radiochemical  s tudies b y  S chadel  !! !!· con firmed the coldness  o f  the pro-

duc t s  from the 
2 3 8U + 2 3 8U reac t ion and i t s  imp l ications . A somewha t  expanded vers ion 

II 32 
of these  s tud�es has been reported by Gagge ler !! al . The dis tribut ion o f  targe t-

like fragments from the deep inelas t i c  react ion peaks at Z • 9 1  rather than Z • 85 

( as found in the Xe + U react ion
33 ) or Z • 79 ( as found in the Kr + U reac t ion

34
> .  

Thus , the "goldfinger1 1  ( as thi s  feature was dubbed in Re ference 34 ) had become the 

"Protac t in ium finger" . This  upward shift o f  Z o f  the peak of  the survivor di s tr i-
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but ion and i t s  broadening are fur ther indi cat ions o f  the colde r d i f fusion o c cur-

ring in thi s  sys t em .  Re cons t ruction of the primary targe t-like fragment di s t ri-

but i on led to an e s t imat ion of the produc t ion cros s sect ion o f  Z • 70 fragmen ts,  

in th i s  re ac t i on of 10- 2 8 cm2 whi ch , under the as s umption o f  a b inary proce s s , mus t  

also  b e  the e s t imat e  of the primary fragment yie l d  o f  the superheavy e l ement 1 14 

in th is  rea c t i on . 

The fac t that the t ransuranium e lement d i s t r ibut ions have the s ame gene ral 

shape in the U + U and Xe + U reac t ions and the fact that the cen t roids and wid th s  

o f  the di s tribut i ons change l i t t le w i th p roj e c t i le energy35 can be unders tood in 

terms o f  the fact that de spi t e  changes in the primary dis t ribut ions with proj e c t i le 

Z ,  A and E ,  only thos e  few nuc le i in the low exc i t a t i on energy , low J angular 

momentum t a i l s  o f  the primary d i s tribut ions wi l l  survive fi s s ion . The princ i p a l  

advant age o f  the U + U react ion is  that because o f  t h e  general ly broader pr imary 

product d i s tr ibut ions , the number o f  nuclei  in the t a i l s  of the d i s t ribut ions 

increas es  enormous ly . 

As a logi cal fol low-up to the work with the 2 3 8 U + 2 3 8 U re act ion , G�gge l er 

e t  al . 32 and S ch�de l !! !! . 36 have reported the res u l t s  o f  at temp t s  to  produce 

transuran ium nuc l e i  in the reac t i on o f  7 . 4  MeV/u 2 3 8 U with 2 ' 8 cm . The shap e s  and 

centro i ds o f  the i sotop i c  d i s t r ibut ions are s imi l ar t o  those obs erve d in the 2 3 8 U + 

2 3 8 U reac t ion, but the magni tudes of the yie l ds are much greater in the 2 3 8 U + 2 � 8 Cm 

re ac t ion .  For examp le , the 2 3 8 U + 2 ' 8 cm reac t ion gives �10 ' t ime s  more C f , and 

10 3 t ime s  more Fm than the 2 3 8 U + 2 3 8U reac t i on . 

to  a 10 2- fo l d  enhancement in the Md and No yie lds 

a �1 0 3- fo ld  enhancement in the Lr yields . 

I I  32 Gagge ler !! al . extrapo late 

in the 2 3 8 U + 2 5 'E s  reac t i on and 

Un fortunate ly , however , no produ c t s  beyond Z • 101  were obs erved even in the 

2 3 8 u + 2 ' 8 em reac t i on , indi cat ing that the deep ine l a s ti c  t rans fer wi l l  not p rovide 

a route to new t ransuranium elemen t s , al though i t  should provide a route t o  new 

t rans uranium i sotope s . 
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TECHNIQUES FOR IDENTIFICATION OF TRANSURANIUM REACTION PRODUCTS 

General . In the s tudy o f  heavy ion react ions res ult ing in transuranium 

produc t s , i t  i s  of  paramount importance t o  be ab le to  iso late and unique ly 

ident i fy the produc ts as to the ir atomic number ( Z ) , mas s number (A) and for

mat ion cros s sect ion . Indeed the c laim to d i s covery2 o f  a new e l ement mus t 

invo lve ident i fi cat ion of  Z, wh i le the c la im o f  di s covery o f  a new nuc l ide mus t  

invo lve measurement ( and/or deduct ion ) o f  both Z and A .  N i t s chke
37 

has c lass i-

fied the commonly used techniques of i s o lat ing transuranium reac t ion produc ts by 

the ha l f -l i fe ( t; ) of the product s and the minimum detec table  cros s sec tion . His 

clas s i fi cat ion s cheme is shown in Figure 1 .  Some o f  the i s o lation technique s 

shown in Figure 1 such as chemi s t ry , magne t i c  spectrometers ,  et c . , can also  s erve 

as methods of e s t ab l i shing the Z and/or A o f  the s pecies involved . 

Chemi cal Me thods . For reac t i on product s  with the longes t  hal f- l ives , 

chemical separat ion techniques o f fer a convenient method of  iso lat ing individual 

rea c t ion produc t s  and es tab l i sh ing their atomic numbers . These techniques offer 

the greates t sens i t ivity o f  all  method s be caus e of the l arge amounts o f  target 

mat e r i a l  that can be used . 

A typical examp le o f  the use of  chemical techniques to s tudy heavy ion 

reac t ions is the e f fort of Kratz , Herrmann and the ir co-workers at GS I
JS

,
J9 

to 

s tudy the produc t ion of  trans- targe t act inides and pos sible superheavy e lements 

formed in the reaction o f  2 3 8 U wi th 2 3 8 U .  The chemi c a l  prob lems involved in 

the s e  s tud ies are formidable . Becaus e of the large cros s sect ions for deep in-

e las t ic scat tering and the high fiss ionab i l i t ies o f  the transuranium nuc l e i , the 

sough t after act inide (Fm , Md ) produc t ion cross  sect ions are approximate ly 10 7 

les s than thos e o f  in terfer ing Ra , Ac and Th ac t ivit ies . The separat ion s cheme 

used i s  i l lus t rated in Figure 2 and invo lved the use of  four linked chromato

graphi c  co lumns , three o f  wh i ch invo lved hi gh per formance l iquid chromat ography 

techniques . A chemi cal yield o f  80-90% with a s eparat ion fac tor of greater than 
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10 7 was achieved . S imi l ar chromatographi c  techniques were used by Unik !! a l �O 

to s tudy act inide product i on in proton- irridated U t arge t s  whi le ion exchange 

proc edures devised by Kratz , Lilj enz in and Seaborg 4 1 and Lee e t  al  :o have b een 

wide ly us ed in heavy ion reac t ion s tudi es at  Berke l ey .  

The He l ium Jet , Drums , Tapes and Whee l s . For species w i th hal.f- l ives in 

the range from 0 . 1 < t\ 
< 10 sec , the he lium j et is a super ior method of i s o l a t ing 

reac t ion produc t s , as witne s s ed by its use in the d i s c overy o f  new e l ement s . 7 

In this me thod , firs t deve loped by Ghiorso e t  a l . , 42 Friedman and Mohr ,43 and 

�·cFar l ane and Gri ffoen , 44 react ion produc ts  reco i l ing from the t arge t are 

thermal ized in hel ium gas at approximat e ly one atmosphere pressure which leaves 

the targe t  chamber via a connec t ion t o  a low pres sure area , creat ing a " j e t "  or  

s tream o f  he l ium 
45  

( Figure 3 ) . The hel ium gas s tream impinges upon a c o l l e c t i on 

device such as a t ape or whe e l  or drum which moves the ac t ivit ies to the de t e c t or s . 

The s e l ec t ivity o f  the j et sys t em may be improved by performing a gas phas e 

h . 1 • . h . d . f h d ' 1  
46 

c em1ca separat 1on 1n t e J et ur 1ng transport o t e s toppe reco1 s .  

I dent i fi c at i on o f  the co l l ected reac t ion product s  c an be made with a var i ety 

of techni ques . Perhaps the most important of  these t echniques i s  the "mo ther-

daughter" or " doub le-recoil"  me thod wh ich e s t ab l ishes a genet ic l ink b e tween the 

unknown reac t ion produc t and known daughter and/ or granddaugh ter activi t ies . I n  

thi s  technique ( s ee Fi gure 3 ) , the reco i l  heavy atom produced b y  the alpha-

decay o f  the co l l ec ted in i t ial reac t ion produc t s tr ikes and imbeds i t s e l f  in a 

"mother c ry s ta l " . The mother crystal  i s  then moved in fron t  o f  a "daughter 

cry s t al" wh ich can de tect  the alpha-dec ay o f  the imb edded atom in the mother 

crys tal . The pro cedure can be ext ended to de tect  add i t iona l descenden t s  in the  

a l pha-decay cha in .  I f  the alph a  part i c l e  decay character i s t ics o f  the daughter , 

granddaugh t er , e tc . , nuc l e i  are known , then a gene t i c  l ink i s  es tab l ished and 

the ( Z , A) of the parent are e s t ab l i shed . Thi s  technique was used in the d i s c overy 
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of s everal e l emen t s  and isotopes . 4 7 , 48 , 7 , 49 

A newer t echnique of except iona l power to iden t i fy the Z of col lec ted 

50 reac t ion produc t s  i s  the X- ray method . In th i s  technique the co inc idence s  

be tween t h e  alpha par t ic les emit t ed b y  the decay o f  t h e  col lected re c o i l s  and 

the K X-ray s o f  the daughter nuc l e i  ( produced as a resul t of inte rnal convers ion 

decay in the daughter ) are ob served . The energies and re lat ive intens i t ies o f  

h X 1 •  50 ,51 . • t e - ray 1ne s  s erve t o  1dent 1 fy the Z o f  the daughter , and there fore the 

parent nuc leus . •  

For species wh ose ha l f- l ives are in the range 1 ms < t\ < 100 ms '
. 
· the 

produ c t  col lec t ion device i s  p l aced in c lose proximi ty to the irrad iated targe t 

and c a t ches the reco i l s  emerging from th e targe t d irec t ly .  In s uch sy stems , the 

heavy i on beam a fter pas s ing through the target wi l l  s t r ike the collect ion sur-

face ( drum , tape , e t c . ) . S chemat i c  d iagrams of  two such collect ion devices , are 

52 
shown in Figures 4 and 5 .  Un fortunate ly , such devices o f fer no s e l ec t iv i ty as 

to whi ch react i on products are col lected , the rec o i l s  are usua l ly imp lanted so 

deep ly that alpha spec t ra are tbose obtained from a very thi ck source ,  and it i s  

d i f f i cu l t  t o  de tect  the rad ioac t ive decay o f  the reac t i on produc t s  amids t a 

high be t a  partic le background . There fore these devices  are us ed frequent ly to 

det e c t  new spontaneous ly fiss ioning nuc l ides . S ince spontaneous fiss ion cannot , 

in general , be used to  ident i fy the Z and A o f  th e fiss ioning sys tem ,  experi-

menters frequent ly resort to  argument s based upon nuc l ear reac t ion energe t i c s , 

sys t ema t i c s  and excitat ion funct ions t o  ident i fy the col lected  produc ts . Such 

ident i fi cat ions are genera l ly cons idered unre l iab le and make up the bulk o f  

thos e iden t i ficat ions c l as s i fied a s  E ,  F and G b y  the Tab l e  o f  I s otopes 

"
1 53 comp 1 ers . 

Magnet i c  Spectrometers , Ve loc i ty Fi l ters . The princ ipa l prob l em wi th the 

isolat ion devices d i s cus s ed above ( t apes , j e t s , etc . ) is that the reac t ion pro-
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duc t mus t b e  s topped and mechanic a l ly t rans ported to  rad iat ion detec tor s  be fore 

produc t ident i fi cat ion c an oc cur . This res tric t s  the ir use to s tud ies of nuc l e i  

whos e  t\ > 1 ms . For det e c t ion and iden t if icat ion o f  spe c ies  who s e  t\ > 1 �s , 

an ins t rument based upon magne t i c  and/or e le ctros tat i c  de flect ion of t arge t 

reco i l s  can be employed . One of  the mo s t  suc ces s ful  o f  thes e  devices in rec en t  

years is the ve loc i ty f i l ter SHIP 

54 1 1  
located at the UNILAC a t  GS I .  ' A s chema t i c  d iagram o f  th i s  s eparator i s  

shown i n  Figure 6 . Evaporat ion res idues produced in a nuc lear reac t i on emerge 

in the forward direct ion from the target and pass through a thin c arbon fo i l  

wh i ch has the e ffec t  o f  equi l ibrat ing the i oni c charge di s t r ibut ion o f  the 

res i due s . The i ons then pas s through two f i l ter s t ages cons is t ing of e l ectric  

de flect ions , d ipole magne ts  and a quadrupo le triplet  for focus ing . The s o l i d  

angle o f  acceptance o f  the separator i s  2 . 7 msr with a s eparat ion t ime for the 

react ion produc t s  o f  approxima t e ly 2 �s .  S ince comp l e te fus ion evapora-

t ion res idues have very d i fferent ve l o c i t ies than t arget- like trans fer and deep 

ine l as t ic produc t s , the s eparator with its ± 5% ve loc i ty acceptance range e ffect-

ive ly s eparat es the evaporat ion res idues from other reac t ion produc t s . Fo l lowing 

s eparat ion , the res idues pas s through a l arge area t ime of fl ight detec tor and 

are s topped in an array o f  s even pos i t ion- s ens i t ive detectors . From the i r  t ime 

of f l i gh t  and their ene rgy depo s i t  in the pos it ion-sens i t ive detec tors , a rough 

es t imat e  of the ir mas s  may be obt a ine d .  The final gene t i c  ident i f icat ion o f  the 

res idues i s  made by record ing the corre lat ions between the re coil  pos i t ion in 

the detec tor and sub s equent decay s ignals  from alpha or spontaneous fis s ion 

decay or even s i gnal s  from gamma- or X-Ray de tec tors placed next to the pos-i t ion

s ens i t ive detector . Th is device has been used in the dis covery o f  e l ement 10 7 1 1  

and e lement 109 1 3 and the iden t i f i cat ion o f  the new nuc lides 2 � 7Md , 2 � 3 Fm and 

2 3 9 C f .  
1 2 
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Separ a tors l ike SHIP are qui te expens ive and represent maj or ins t rumentat ion 

proj e ct s . A les s sophist icated spe c trometer wh ich cos t s  cons iderably les s and 

provides the c apab i l i ty to measure the format ion cross  s e c t ions , reco i l  range 

distribut ion s  and angular d i s t r ibut ions of short- lived ( t% > 1 ms ) alpha emi t ters 

formed in heavy ion reac tions has been described by Dufour � al . 
55 

Another type o f  devi ce used to isolate and ident i fy t rans uranium nuc l e i  

( t% > 1 �s ) i s  the gas- fi l led mass separator , typi fied b y  t h e  separator SASSY 

( Sma l l  Angle Separator System )  in use at the Lawrence Berke l ey Laboratory ?6 

In th is syst em ( Figure 7 ) the heavy produc t reco i l s  from a nuc l ear reac t ion enter 

a he l ium- fi l led ( 1 t orr pre s s ure ) magne t i c  spe c t rometer . The t ime o f  fl igh t and 

energy of  the reco i l  nuc l e i  are measured , giving a rough de terminat ion o f  the 

produc t mas s  number . The rec o i l  nuc lei whi ch are imbedded in the focal plane de tec t-

ors are iden t i fied by the i r  alpha-part i c le decay and the decay o f  the ir daugh t ers . 

SASSY has been us ed to discover a new a & Rn i s otope produced in the bombardment 

of s o Sn nuc lei  with a & Kr proj e c t i les�7 
and i t s  e f ficacy in the t ransplutonium 

region has been demons trated by i t s  use to obs erve the produc t i on of 2 5 �No from 

the 2 0 8Pb ( � 8 ca , 2n ) reac t ion .
58 

Time o f  Fligh t , De cay in F l igh t  and B locking Techniques . To de t e c t  species  

whose l i fe t imes are subs t an t ial ly less  than 1 �s , s pe c ial techniques mus t  be 

employed . They inc lude t ime o f  f l igh t  ( TOF ) technique s wh i ch when comb ined wi th 

a measuremen t of the produc t energy wi l l  give in format ion about the produc t mas s  

number .  For sui t ab l e  mas s reso lut ion , the t ime o f  f l igh t  mu s t  b e  approximately  

10-100 n s . When s e arch ing for  rare even t s , s ome selec t ion proces s ( l ike SHIP or 
• 

SASSY ) mus t be emp loyed to reduce the "background" leve l s  in the apparatus . The 

de cay in f l igh t  (DIF ) technique whose us e i s  described in Re ference 59 , and the 

crys ta l  b l ocking technique
60 

( 10- 1 8 < t% < 1 0- 1 �  s e c . ) give very l i t t le infor

mat i on about the iden t i ty of a rea c t ion produc t o ther than i t s  ex i s tence and 

its approximat e  l i f e t ime . 
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FUTURE DIRECTIONS 

New Te chnical Deve lopment s .  O f  the chemical isolat ion and ident i f i cat ion 

techniques to be used in the future , thos e c apab le o f  being used for short hal f-

l ives are l ike ly to find the mos t  use . The aqueous chemis t ry and volat i l ity 

. h . 6 1 
h h b . 1 "  . . s eparat1on tee n 1que s t at ave een us ed 1n o f f- 1ne exper 1men t s  w 1 l l  ne ed t o  be 

further  adapted to on- l ine operat ions to make i t  po s s ible  to detect short- l ived 

produc t s . The use o f  vo lat i l ity  s eparation techniques is  o f  part i cular intere s t  

becaus e s ome o f  the supe rheavy e l ements have been predic ted t o  b e  very vol ati le  

( number 1 1 2 ) or qu it e  vol a t i l e  (number 1 14 )  in the e lemental  ( metal l i c ) form. 62 

In addi t i on , chemical  isolat ion and ident i ficat ion techniques wi l l  probably us e 

the more modern phys ical  chemical  techniques . An example  o f  these  technique s i s  

the use o f  lasers
63 

t o  do s ingle atom detec t i on a s  in the work o f  Bemis !! a1 . 64 

to measure the op t i cal  isomer shi ft for the 1 ms spont aneous ly  fi s s ioning isomer 

2 4 0Am. Th e  o ther tradi t i onal ident i ficat ion technique s invo lving gene t i c  

ident i ficat ion v i a  obs ervat ions o f  decay chains o r  direc t measurement o f  produc t  

Z b y  X-ray o r  photoelec tron de tect ion appear t o  b e  quite app licab le t o  short hal f-

l i fe s pec ies , es pec i a l ly with improvement s in detector e ffic iency . C l early the 

fas t isolat ion technique s such as the magne t i c  spectrome ters or ve loc i ty s eparators 

wi l l  have s pecial  importance part icularly if adapted to s tudy transuranium nuc l ide 

product i on by a var iety o f  d i f ferent react ion mechani sms . For a number o f  the 

transuran ium product ion methods o f  the future , new targe t technologies , s imi lar 

. . . 65 1 1  to thos e current ly used a t  the ISOLDE fac 1 l 1ty  for p-nuc leus reac t 1ons , to a ow 

the use o f  higher intens ity , heavy ion beam� wi l l  have to b e  deve l oped . 

Light  He avy Ion Trans fer and Deep Ine l as t ic Trans fer React ions . As indica ted 

20 , 2 1 , 22 
above , current res earch in the use o f  l ight heavy ion trans fer and deep 

32 , 36 . ine las t ic trans fer reac t 1ons has progressed  far enough to indicate that 

t rans fer react ions invo lving heavier targe t s  such as 2 4 9 C f  or 2 5 4Es could lead to 
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the produc t i on o f  more neutron -rich heavy act inides . I t  shou ld be  pos s ible  to  

produce and ident i fy important new i sotopes o f  trans ac t inide e l ement s .  In 

add i t ion to  the near trans act inide e l ements ,  the pos s ib i l it y  migh t  extend as 

66 
far up as the superheavy e l ements . Hof fman has speculated that in the 

4 8 Ca + 2 4 8 Cm react io� one migh t  be ab le to produce 2 8 8 1 1 2  or 2 9 1 1 1 3  in a 

re l a t ive ly " cold" manner . 

Cold Fus ion React ions . The succe s s  in synthes iz ing e l emen ts 107  and 109 

us ing cold fus ion reac t ions has revived in tere s t  in the use of th e 4 8 ca and 

2 4 8 Cm re act ion to make superheavy e lement s .  Current a t t empts ,
67  

s t i l l  in 

progre s s , to s ynthes ize superheavy nuc lei  with the 4 8 Ca + 2 4 8 Cm cold fus ion 

reac t ion , are us ing bombard ing ene rgies c loser to the interac t i on b arrier . 

Th e s e  col laborat ive experiment s are us ing of f- l ine chemi ca l , inc lud ing vol a-

t i l i ty , procedures and the on- l ine detect ion devices SAS SY at  LBL and SHIP at  

. 68 69 GS I . Previ ous exper1ment s ' that give negat ive res u l t s  had been carried out 

at approximate ly 20 MeV ab ove the barrier becaus e theore t i cal es t imates  indicated 

tha t beyond a cert ain c r i t i cal s ize  of  proj ec t i le  and target, an extra energy 

above the interact ion b arrie r wou ld be required to fus e the nuc l e i .
70- 72  

The 

cri t ical  nuc lear s i zes , above wh ich th is  "extra push" phenomenon would set  in , 

were not known at  the t ime . I f  the 4 8 Ca + 2 4 8 Cm sys t em turned out to  b e  beyond 

the c r i t i c a l  s i ze , then an ext ra bombard ing energy would be needed for fus ion , 

but whether thi s  woul d  do more harm than good was an open ques t i on .  Exper imental 

. 73- 7 8  
con f irmat ion o f  the extra push phenomenon is  accumu lat ing i n  recent s tud 1es , 

and e s t imates o f  the cri t ical  nuc l ear react ion s izes are becoming avai l ab le .  

They ind i cate that the 4 8 Ca + 2 4 8 Cm reac t ion i s , indeed , c lose to the critical  

cond i t ion ,  but  the qua l itat ive descript ion of the  extra push phenomenon and of the 

subs equent fiss ion vs . neutron emi ss ion compet i t ion is not s u f f i c ient ly prec i s e  
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to enab le one , even now , to dec i de whether an extra bombard ing energy would  

o r  would n o t  b e  advant ageous as  regards the final probab i l i t y  o f  making a 

s uperheavy nuc leus . I t  is  s t i l l nec e s s ary to make a care ful experiment al 

study o f  the re levant cro s s  s e c t ions as  a func t i on of  ene rgy , in a range from 

s omewhat b e l ow t o  somewhat above the interac t ion barr ier . 

S e condary Beams . One int e res t ing idea for us ing heavy ion react ions to  

. . • 7 9  
s yn the s i z e  tran s uran1um nuc le 1 has  been put for th by  Du four , F leury and B1mbot . 
The bas i c  idea i s  to  use a heavy ion reac t ion to create an " exot ic " s econdary 

beam wi th wh ich to  do the ac tua l synthes i s  reac t i on .  The princ ipal d i fficu l ty 

i s  that such processes  invo lve the produc t o f  the probabi l i t ies  o f  two event s ,  

the ini t ial  beam generat ion reac t i on and th e synthes i s  reac t ion . However , as  

Dufour , Fleury a�d Bimbot show , there are  s ome part icular ly at trac t ive s econdary 

beam pos s ib i l i t ies . For examp l e , with the us e o f  proj e c t i l e  fragmentat ion rea c t ion 

in the in tens e 10 1 2 par t / s e c  86 MeV/n heavy ion beams at the Synchro-Cyc lotron ( S C ) 

at European Organizat ion for Nuc lear Res e arch ( CERN ) , one migh t expec t  to  produce 

1 6 C beams with an intens ity  of approxima t e ly 10 9 par t / sec . The use o f  s uch neutron· 

ri ch s e condary bemas in c omp l e te fus ion reac t ions  migh t  lead to the produc t ion o f  

10- 100 atoms /hr o f  2 6 0 ' 2 6 1 No . S imi lar s tud ies wi th proton-rich secondary beams are 

es t imated to produce 10 1 - 1 02 atoms /hr of 2 3 7 ' 2 3 8 ' 2 3 9Bk . · These examp l e s  are only 

i l lus trat ive of the many po s s ibi l i t ie s . 

Exot ic  Targe t s . Because o f  i t s  large number of  neutrons ( 1 5 5 ) the i sotope 

2 5 4 Es may be the be s t  route to  the s ynthes i s  and ident i fi c a t i on of the super-

heavy e l ement s .  Thi s  is  the case i f  nuc l ear s pecies  containing 184 neutrons or 

very close  to 1 84 neutrons mus t  be produced in order to have a hal f- l i fe 

suffic ient ly long to be de tectab le . To reach this goa l  4 8 Ca would have t o  be 

us e d  as the proj e c t i l e .  Th is comb inat ion might produce a nuc lear spec ies con

t aining 182 neutrons by a reac t ion ut i l iz ing th e one neutron channe l ( co l d 

nuc leus intermediat e ) as fo l lows : 
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+ 

The isotope 2 5 4E s  i s  di fficu l t  to  produce even in microgram quant i t ies , 

but i t  i s  probab ly the bes t avai lable target mater i a l . Other pos s ibi l i t ies 

are more d i f ficu l t  to real ize . The isotope 2 5 5Es  as target material  could 

lead to an odd-odd nuc lear species wi th 183 neutrons ( even more desirab le ) ,  but 

it would be very di fficult  to produce more than nanogram quantities  reasonab ly 

free of i t s  intens e ly rad ioact ive precursor ( 2 5 3 E s )  in th e chain of neutron 

cap ture react ions required for i t s  produc t ion ; the 4Q-day ha l f- l ife o f .  2 5 5Es  

is  more d i f ficul t to dea l with than the 2 75-day ha l f- l i fe o f  2 5 4Es . 

Another des irab le material is 2 5 0 cm , wi th 1 54 neutrons , but th is could be  

made avai lab le  on ly by  recovering i t  from the debris o f  underground nuc lear 

explos ions , an expens ive undertaking . Here the one neutron channe l wi th the 

reac t ion : 

2 s o Cm + 
9 6  

2 9 7 1 1 6  + n 

would  produce a produc t o f  smal ler atomic number ( presumab ly an advantage ) w i th 

181  neut rons . 

IMPORTANCE OF TRANSPLUTONIUM RESEARCH 

There is much to be learned about nuc lear react ions and their produ cts 

by cont inuing and extending the s tudy o f  the reac t ions of  heavy ions with 

transp lutonium target nuc le i . Espe c i al ly through the use o f  the h eavies t 

avai lab le  targe t nuc l e i , s uch as 2 4 8 Cm , 2 4 9 C f , and 2 5 4Es , and poss ibly 2 5 ° Cm 

and 2 5 5Es , i t  wi l l  b e  pos s ib le to  produce interes t ing new h i gh Z act inide 

and trans ac t inide isotope s .  The de termination of  the ir decay propert ies wi l l  

make i t  pos s ib le t o  determine the ro l e  of  the 152  neutron she l l  in th is  region . 

W i th the compe t ing fis s ion reac t ion playing a role as a moni tor of  nuc lear 
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temperature i t  should  be pos s ible  to reach a b e t ter unders tanding of  the 

puz z l ing mechan ism of trans fer reac tions init iated by l ight heavy ions . 

S imil arly , the competing fiss ion react ion shou ld provide an add i t ional 

dimens ion in h e lp ing to meas ure the dis tribut ion o f  exc itat ion energy as a 

function of  the number o f  nuc leons trans ferred in the deep ine las t i c  trans fer 

reac tion ini t iated by the heavie s t  heavy ions , and in s tudying the degree o f  

coldnes s o f  heavy nuc lei  produced i n  fus ion reac tions . Such in format ion 

should also  throw l igh t on the behavior of  nuc lei as a func t i on of angular 

momentum.  

I f  i t  should prove pos s ib l e  t o  produce and ident i fy superheavy e lements , 

we wi l l  learn much about fiss ion barr iers and the nature o f  c losed she l ls in a 

region o f  proton and neutron numbers we l l  beyond where we now have an under-

s t and ing of  these  quant i t ies . The nuc lear decay propert ies o f  superheavy 

e lement s are imposs ible to pred ict  w i th any degree o f  accuracy and thus an 

exper imental knowledge o f  these propert ies , and the decay sequences of  genet i-

cal ly re lated nuc le i , would provide in format ion to put our unders t anding o f  the 

nuc l ear s t ruc ture of the very heavies t nuc lei  on a sounder bas is . 

The chemical propert ies o f  the superheavy e l ements  w i l l  be of  extra-

ord inary intere s t  because o f  the importance o f  re lativis t ic e ffects  in deter-

• . 
h . 1 f

. . 62 
m1n1ng t e1r  e e c t ron con 1gura t 1on .  For examp le , the s ix 7 p  e lectrons are 

predi c ted to be sp l i t  in t o  two groups , four 7P 3 / 2 and two 7p\ electrons , with 
2 

the s p l i t t ing between the ir energies be ing such that the f i l led 7p\ subshe l l  

wi l l  ac t as a c losed she l l  and add i t ional 7P 3 / 2 e lectrons wi l l  act as elec trons 

outs ide a c losed shel l .  As an exampl e  of  this e f fect , e l ement 1 1 5  ( ekab i smuth )  

2 
i s  predicted to  have i t s  valence e lectrons in the configurat ion 7p\ 7p 3 / 2 with 

a s tab l e  +1 oxida t ion state , in contrast  to the stab l e  +3 oxidation s tate of  

i t s  homo logue bi smuth . Thus chemis t s  are exc ited about th is pos s ib i l i ty o f  

s tudying " re l a t ivity i n  a tes t tube" . The chemical propert ies o f  the near 

trans ac t inide e lement s  wh ich have not been s tudied so far ( 105 , 106 ,  e t c . ) 
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shoul d  be compared with those of their homologue s ( tantalum,  tungs ten , etc . ) . 

Res earch concerned wi th the l imi ts  o f  the periodic tab le o f  e lements has 

been growing more and more demanding as the l i fe t imes of the isotopes in 

que s t ion decreas e into the mi l l isecond range or less , and the cros s sect ions 

for produc ing them plunge into and below the nanobarn reg ime . Pas t progres s 

in this field has already rel ied heavily on having ava i lab le  the righ t  target s  

an d  proj ec t i les . Th ere are many examples where the subs t i tut ion o f  one 

comb inat ion for another can improve the cross  sec t ions for making the des ired 

isotope by orders of magnitude . Thi s  s i tuat ion wi l l  become ever more dras t i c  

i n  the future , when i t  wi l l  b e  more and more common that a new element or 

isotope can only b e  made in a s ing le , highly s pec i f i c  reac t i on , involving a 

unique comb ina t i on o f  t arget and proj ecti l e . In part icular , i t  is  c lear that 

reach ing the predic t ed i s l and o f  superheavy e l ements  w i l l  not be easy , and 

i f  th i s  que s t  i s  eventua l ly crowned w i th succes s , it wi l l  mos t  l ike ly invo lve 

exo t i c  t rans plutonium targets  such as 2 � 8 Cm , 2 5 °Cm , 2 5 �E s  or 2 5 5Ea . A who l e  

area o f  res earch at the extreme l imits o f  the per iod ic tab l e  may then h inge 

on the avai lab i l ity o f  some such exo t i c  target mat erial : on ly the laboratory 

fortunate enough to have acces s to  such a targe t wi l l  be abl e  to explore this 

fie ld  o f  res earch . I f  on an expedi t ion you come to a crevass e 20 feet wide 

and want to explore the land beyond , you either have a 2 0+ foot plank 

avai l ab l e  or you don ' t reach that land . A 19  foot plank wi l l  not do . 
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APPENDIX E 

DIRECTION S  FOR NUCLEAR RE SEARCH IN TRE TRANSPLUTONIUM ELEMENTS 

J . B .  Wilhelmy 

Los Alamos National Laboratory 

Los Alamos , New Mexico 87 545 

R.  R.  Chasman , A .  M.  Friedman , and I.  Ahmad 

Argonne National Laboratory 

Argonne , Illinois 60439 

INTRODUCTION 

The heavy element region has long constituted , and continues to con

stitut e , one of the frontiers of nuclear research . If  the study of nu

clides with mass greater than 230 were restricted to nuclides found in 

nature , research in this  area would be limited to the study of the proper-
232 234 235  238 244 ties of  Th , U,  U,  U,  and trace amounts of Pu . In fact , 

200 nuclides with A > 230  have been identi fied
! ) and s tudied . This repre

sents one of the maj or achievements of physical research in the twentieth 

century , and i t  is  made possible by the avai labi li ty of reactor produced 

Transuranic elements . 

The study of the heavy nuclides has played a vital role in our under

standing of the alpha decay process ,  nuclear fission , nuclear binding 

energies  and the limits  of nuclear stabi lity . This study has led to the 

understanding of novel shape degrees of freedom , such as the very large 

quadrupole deformations associated with the fission isomer
2 ) 

process ,  and 

the very recently discovered octupole3 )  deformation . The existence of 

these unique phenomena in the heavy element region is not accidental . 

Fission isomeri sm is  due to the delicate balance between nuclear forces 

holding the nucleus together and Coulomb forces causing nuclear fission .  

Octupole deformation arises from the increasing strength o f  matrix element s 

with increasing oscillator shell . Both illustrate the unique features of 

the heavy element region . Fission studies have given us information about 

large collective aspects in nuclei and the importance that nuclear struc

tural effects can play in altering these macro properties . A new class of 

atomic studies has become possible with the availabi lity of heavy elements .  

With these isotopes , we are now able to produce electric fields of such 

1 8 1  
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magni tude that i t  becomes possible to spontaneously create positron

electron pairs in the vacuum. 

Much has been gained in our knowledge of physical properties from the 

study of the heavy elements and much is  still  unknown , awaiting future 

developments . Success in these studies wi ll be proportional to the support 

provided for the continued production of the required heavy element 

isotopes as well as that provided for the scientific studies which will use 

these product s .  Without support for both ,  the possibilities of under

standing the properties of the heavy elements  and the fundamental limits  of 

nuclear s tabi lity will be great ly restricted . 

We have organized this  presentation into three maj or sections : 

nuclear structure , fission studies and atomic studies of supercri tical 

systems . In each we wi ll try to emphasize the new directions which can 

benefi t  from the continued avai lability of i sotopes supplied by the Trans

plutonium Production Program. 

NUCLEAR STRUCTURE OF THE HEAVY ELEMENTS 

In thi s  section we present information on the nuclear structure pro

perties of the heavy elements  and the important role played by the Trans

plutonium Production Program in supplying these i sotopes . However ,  we feel 

that a restriction of the discussion to only Transplutonium elements  makes 

an artificial demarcation in the heavy element region . It makes much more 

sense to  discuss heavy elements  in their entirety . Only in this context , 

is  i t  c lear what i s  the role of Transplutonium elements in answering the 

important scientific questions in the heavy element region . 

Our understanding of the important nuclear properties in this  mass 

region is  intimately related to our understanding of the nuclear single

part icle potential , and the orbits  of nucleons in this potential . Through 

an appropriate choice of the nuclear single-particle potential , many 

aspects of nuclear structure can be simply unders tood and many residual 

interaction effects can be taken into account in a simple way . We organize 

thi s  section around the quadrupole deformed single-particle potential and 

the valence orbitals of this potential in the heavy element region . We 

then discuss the residual interactions that are important for an under

standing of nuclear st ructure in this region . We combine this with a 
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discuss i on of areas of active research and point out the value of Trans

plutonium i sotopes in thi s  context . 

Review of Known Features 

We consider a schematic  Hamiltonian
4 )  

H • H single particle + H pairing 

( 1 )  

where the single-particle potential might be thought of as a spherical 

hamoni c  oscillator , or more realist ically , as a Woods-Saxon potential wi th 

a spin-orbi t interaction . The pairing interact ion plays an important role 

in the nuclear st ructure of the heavy elements , as it does in other mass 

regions . In this  region , however ,  there appear to be some unique aspect s 

of this interaction . The final term in our schematic interaction is  a sum 

over particle-hole multipole-multipole terms . Noting the low-lying 2 + 

rotational state in the even-even heavy elements ,  i t  is  clear that the 

quadrupole-quadrupole term is most important . We consider this term in 

some detail  as a paradigm for other residual interaction modes . The 

octupole (P3 ) and hexadecapole (P4 ) modes also play an essential role in 

determining the st ructure of the actinides . The P6 mode may also play some 

role for the element s wi th Z : 1 00 .  
In many instances , the total energy o f  a nuclide is  minimi zed by going 

to a state of lower than spherical symmetry .  Thi s is a nuclear equivalent 

of the well known Jahn-Teller effect in molecules . In the heavy elements , 

the state of lower symmetry i s  one of cylindrical symmetry .  Accordingly , 

we concent rate on the cylindri cally symmetri c  components of the multipole

mult ipole interaction . In the state of cylindrical symmetry ,  the quadru

pole moment operator has a non-zero expectation value . Thi s implies a 

non-spherical potential for the individual nucleons . The quadrupole 
I 

correlati ons may be treated in one of two ways . The first is  to  handle the 

full two-body quadrupole-quadrupole interaction . The second is  to intro- . 

duce the non-zero quadrupole moment directly into the single-particle 
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potential by setting 

( 2 )  

and diagonali zing thi s modified single-particle Hamiltonian a s  a function 

of the quadrupole deformation parameter , a
2

• States of good angular 

momentum are then projected from the deformed intrinsic stat e .  This second 

procedure incorporates most of the effects of the quadrupole correlat ions 

into our descript ion direct ly and rather simply .  Carrying out this pro

cedure leads to a Nilsson diagram4 )  description of nuclear orbitals . In 

these diagrams , energy levels are plotted as a function of the deformation 

parameter . In figs . 1 and 2 ,  we display Nilsson like diagrams for heavy 

element orbi tals . Actually , we have used5 )  a more physically realistic  

deformed Woods-Saxon potential wi th a spin-orbit interaction . 

The regions denoted A and B on these figures are those where the 

single-particle levels are well studied . The small area on the lower left 

marked B on both figures denotes the well known spherical levels near Pb . 

The region marked A is  the deformed actinide region . Many single-particle 

levels in this region have been identified experimentally through a combin

ation of decay scheme studies and of single-nucleon transfer reactions . 

The single-nucleon transfer reaction
6 )  

is often definitive , as there i s  a 

characteristic  signature associated with each deformed orbital . 

Apart from the deformation inducing quadrupole interaction , the most 

important interaction i s  the pai ring force . 7-9 ) The effect of the pairing 

force is to compress the level spect rum in odd mass nuclides and to produce 

a gap in the spectrum of even-even nuclides . In most  regions of the 

periodic table , it  has been found that a mode l with constant pai ring force 

matrix element s gives an adequate description of the nuclear structure . 

Such is  not the case in the heavy elements .  Because of the large dif

ferences in radial and angular densities of orbitals near the Fermi leve l 

in the heavy elements , the deficiencies of such a simple description become 

apparent . One finds that a density-dependent delta interaction1 0 ) 
does 

give pairing force matrix elements that describe the mid-actinide region 

rather wel l .  This should be regarded as a prototype of the knowledge that  
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can be obtained by studying the heaviest elements . The large differences 
in radial and angular densities between orbitals such as the j

1 512
,N • 7 

state and the p 1 12 ,N • 5 state make apparent the breakdowns of simple 
prescriptions for residual matrix elements and point the way to more 
accurate ones . Using these pairing matrix elements ,  and experimental data , 
one can extract a set of single-particle level spacings for nuclei in the 

mid-actinide region . These level spacings vary fairly smoothly between 
neighboring nuclides , and the variations can be fairly well understood in 
terms of changes in the deformation . 

In relating the extracted single-particle spacings to the magnitude of  

deformation parameters in this region , permanent hexadecapole deformations 
must also be taken into account . Here , we set 

( 3 ) 

and we characterize the nuclides in terms of a 2 and a
4 

deformations . These 
deformations can be measured , in a model-dependent way , by measuring E2 and 
E4 transition probabilities 1 1 ) in even-even nuclides . Rather than com
paring extracted single-particle spectra with Nilsson diagrams , we can 
calculate the total nuclear energy as a function of the deformation energy . 
The values of a 2 and a

4 
for which the energy is minimized are the equili

brium values . Such a minimization procedure is quite difficult and would 

involve a self consistent Hartree-Pock calculation using · a fairly realistic 
nuclear two-body interaction . Calculations of this sort using a Skyrme 
interaction1 2 ) have been carried out wi th some success .  A much faster way 

to determine the equilibrium values of the deformat ion parameters i s  to 

exploi t the fact that a deformable lfquid drop model 13 , 14 ) gives a good 

overall description of nuclear binding energies . The deviations of nuclear 
binding energies from the smooth liquid drop trends can be quantitatively 
correlated wi th fluctuations in nuclear single-parti cle level densi ties 

1 5 16 ) ' using the Strutinsky prescription . ' The various calculations and 
experimental results for a 2 and a 4 

are all in good agreement with each 
other .  
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For many multipole modes , the interaction is  not sufficiently strong 

to lead to deformation .  Yet the correlations induced by the mode may play 

a significant role in the description of excited states . In the actinides , 

these effects become important at -800 keV . Because these vibrational 

states (or phonons ) are so low in energy , in the actinides , one i s  able to 

study the interactions of single-particle degrees of freedom wi th the 

phonons in the actinides . The experimental observat ion of these particle

phonon excitations helps to determine the role of specific particle con

figurations ( i . e . , the microscopic structure ) of the collective phonon . 

Calculationally , these configurations have been treated using refined 

particle phonon interaction
1 7 , l 8 )  techniques . These calculations account 

well  for many states and transition probabilities observed in the actinide 

region . 

The shapes and nuclear structure near ground are well understood in 

the mas s range 230 < A < 250 .  

High Spin States 

There are some caveat s in our claim that nuclear structure is  well 

understood in the mid-actinide region . In the past few years , heavy ion 

reaction studies have been carried out on heavy element targets . One of 

the motivations for these studies is  to explore the yrast line ( this is  the 

line connecting the lowest energy states for each value of the angular 

momentum ,  in an energy vs . angular momentum plot ) of heavy elements .  In 

the deformed rare earth region , one observes the phenomena of backbending 

or upbending
1 9 , 20 )  

along the yrast line . Backbending and upbending 

indicate two different forms of a decrease in the inertial parameter Ai 
along the yrast line . Thi s parameter relates energy to angular momentum 

through the rotational spectrum relation 

E
i 

• A
i 

[ I ( I  + 1 ) ]  ( 4 )  

This sudden decrease at some critical angular momentum i s  thought to be due 

to the alignment of single-particle angular momenta along the nuclear 

rotation axi s . The orbitals that are most important for this phenomenon 
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are those with large values of J and saall values of J • J is the pro-
z z 

j ection of J ,  the angular momentum on the nuclear symmet ry axis . Calcula-

tions invoking this  rotational alignment process are fairly successful in 

explaining yrast linea , including backbending , in the deformed rare earths . 

When simi lar calculationa2 1 ) 
are aade for actinide nuclide , one finds 

that  sharp decreases are predicted for the inertial parameters for 1 0 < I < 
22 ) 234 236 238 

20 .  However ,  the experimental s tudies of the nuclides U, U, U 

show no sharp decreases through I • 28 . In 248cm23 ) there is  somewhat 

better  agreement between the calculations and the observed yrast line . 
244 

There  are some very recent s tudies of Pu that indicate backbending . It 

would be most worthwhi le to study the yrast lines in other heavy nuclides 

in order to  understand the casues for the breakdown in the high spin calcu

lati ons . One relevant observation is that the calculations predi cting 

rotational alignment were made using the constant pairing force matrix 

elements ,  which we have already noted to be inadequate for the states near 

ground . It  was found that the j 1 512 orbitals , in particular , have much 

large r than average pairing force matrix elements .  I t  i s  just the j 1 512 
neutron orbitals and the i 1 31 2  proton orbitals that are most important for 

rotational alignment . Preliminary calculations , using larger pai ring force 

matrix elements for these orbitals , indicate
24 )  

a delay in the calculated 

onse t  of backbending . 

We emphasi ze the need for measurements  of the yrast line in the Trans

plutonium element s , to develop a better understanding of nuclides at high 

angular momentum. 

Transition Regions : The Light Actinides and the Tranaplutonium Elements 

The light actinide region is  one of theoretical and experimental 

ferment at present . By  the light actinides , we mean the mass region 

2 1 5  < A < 230 . This is a region with few long-lived isotopes , a transition 

region between the spherical Pb region and the long-lived actinides with 

A > 230 . The heavy Transplutonium region (A > 260? ) forms a complementary 

transition region between the long-lived deformed actinides and the 

hypothesized/hypothetical long-lived spherical superheavy elements . Many 

of the phenomena being studied in the light actinides should also be 

searched  for and studied in the Tranaplutonium region . 
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The nuclides in the light actinides are difficult to study because 

there are only a few long-lived i sotopes . The region is equally chal

lenging theoretically because it  is  one with several simultaneous (or 

almost simultaneous ) deformation transitions . Apart from the well known 

onset of quadrupole deformation , one has the onset of hexadecapole defor

mation here . It now appears that  octupole deformation3 ' 25 , 26 ) 
plays an 

important role in the description of some states in this region , and strong 

octupole correlations2 5 )  are important for a correct description of many 

other s tates . In such a transition region , the notion of deformation 

parameters such as a 2 and a 4 is of rather limited value . In such cases , 

one must use more complicated techniques for a theoretical description ; 

techniques that deal in some way with the full two-body interaction . One 

such technique , used for the study of octupole deformation , is  a direct 

treatment of the cylindrically symmetric components of the residual inter

action .  Another approach that is now being applied in this region is  the 

Interacting Boson Approximation ( IBA) . 27 > In this approach , nucleon pai rs 

are replaced by Bosons that carry angular momentum and the nucleon-nucleon 

interact ion is replaced by a Boson-Boson interaction . In the s implest form 

of this approximation , there are S and D Bosons carrying 0 and 2 uni ts of 

angular momentum , respectively .  From the observations of s trong octupole 

and hexadecapole matrix elements in this region , it is clear that the IBA 

will have to be extended to include large numbers of F and G Bosons . 

Recently observed fast E l  transitions28 , 29 ) in this region indicate that 

there may be a need for P Bosona30)  as well . As there are several para

meters associated with each type of Boson , i t  is necessary to obtain large 

amounts of information on spins and t ransition probabilities of the 

nuclides in this mass region to provide an adequate test of such an 

extended IBA . One important technique for studying a nuclide , in this 

detai l ,  i s  the ( n , y ) reaction that populates many levels
l l ) in a rather  

non-selective way (apart from spin selection rules ) . Gamma ray 

spectroscopy uti li zing thi s reaction32 )  will be valuable . 

The experimental observation of octupole deformation in the light 

actinides should be followed up in this  region by measurement of B (E3 ) 

t ransition probabi lities and of the energy splitting& of the parity 

doublets characteristic  of octupole deformations in odd mass nuclides . 

These parity doublets should also be considered as a means of studying 
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parity mixing interactions in nuclei . The single-particle orbitals that 

contribute mos t  importantly to the onset of octupole deformation are the 

neutron orbitals j 1 51 2  and g91 2 ; these orbitals are connected by a large E3 

matrix element . 

In the superheavy element region , the j 1 51 2  and g91 2  orbitals also are 

near the Fermi level , now as proton orbitals . Somewhat more accessible are 

the proton orbitals f7 1 2  and i 1 31 2  which are just below the gap at Z • 1 1 4 

in fig . 2 . The components of these orbitals with low Ja contribute to the 

octupole correlations in the light actinides . Jus t  above the gap at N • 

1 84 in fig . 1 ,  we see the h1 1 1 2  and k1 71 2  orbitals . These two orbitals are 

also connected by a large E3 matrix element . If ever we are able to study 

the superheavy element s , i t  seems likely that we will  obeerve many 

instances of octupole deformation effects .  The large E3 matrix elements 

connecting the d512  and h 1 1 1 2  neutron orbitals might lead to octupole 

deformations at somewhat lower neutron number . This is a strong motivation 

for s tudies of nuclear structure in the Transplutonium region . 

In the transition region , just beyond Pb , there are two unique 

phenomena . One is that alpha decay to the Iw • 1- excited state is almost 

completely unhindered
! ) relative to the ground state transition . The 

second i s  the occurrence of very strong E l  transitions . 28 • 29 > One model 

that has been introduced to explain both of these phenomena is an alpha 

clustering model . Experimental measurements of E l transition probabilities 

wil l  provide a test of this model when they are compared with the detai led 

theoretical predictions . It would seem worthwhile to look for these 

phenomena in the Transplutonium region . 

We also feel that  the production of intensely radioactive materials 

and their fabrication as targets , e . g . , 
227Ac should be encouraged in the 

light actinides as well as in the Transplutonium elements .  

Very Heavy and Superheavy Elements 

The subject of the stability of the superheavy elements is a contro

versial one . Estimates of superheavy element lifetimes vary over many 

orders of magnitude . Here , we sidestep the issue by focusing on what we 

can learn about superheavy element stability from studies of the heavy 

element s . 
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Theoretical predictions 1 3
•
1 4 >  have been made about equilibrium 

deformations and nuclear binding energies in this transition region . 

Nuclear spectroscopic studies are needed to  test this picture of the heavy 

Transplutonium transition region . Such tests will  refine the predictions 

of superheavy lifetimes . 

In order to estimate superheavy element lifetimes , one uses the same 

combination of the liquid drop model and the Strutinsky prescription dis

cussed above in determining equilibrium values of deformations . This 

necessitates a very precise knowledge of the single-particle energy level 

spacings , as the estimates of fission lifetime vary by -2 orders of magni

tude with a 1 Mev change in the shell correction . This uncertainty in 

level spacings is one of the main reasons for the uncertainty in superheavy 

element lifetimes . The neutron levels beyond N • 184 and the proton levels  

beyond Z • 1 1 4 cont ribute significantly to the shell corrections . Through 

spectroscopic studies of the Transplutonium elements , it may be possible to  

learn something about the posit ions of these levels . The proton orbital 

1 / 2 - [ 52 1 ] has already been identified3 3 )  in the i sotopes 247Bk and 2 5 1Es , 

thereby furnishing direct information on the position of the f51 2 proton 

orbital which determines the gap at Z • 1 1 4 ; s imi lar studies might identify 

the proton orbitals 1 / 2 - [ 770 ]  and 1 / 2 + [ 6 5 1 ] , thereby furnishing 

information on the positions of the proton j 1 51 2 and g91 2 orbitals . 

Similarly by finding the neutron orbitals 1 / 2 - [ 7 50 ] and 1 / 2 + [ 880 ] , we 

would reduce the uncertainties in the magni tude of the neutron shell 

correction substantially . 

Poss ibi lity of Long-Lived Isomers 

In nuclei near the upper end of the heavy elements ( region C in figs . 

1 and 2 )  whose neutron number approaches 184  and whose proton number 

approaches 1 1 4 , there are a large number of single-particle states of high 

angular momentum whose excitat ion energy will be at or close to that of the 

ground state . Near the line of stabi lity , nuclei with Z < 1 1 2 are predic

ted to be deformed . For higher values of Z, they are expected to be spher

ical . For the spherical nuclei of region C these states inlcude the 

neutron hole states g7 1 2  and d51 2  and t he proton states f 7 1 2  and i 1 3/ 2 • 

For the deformed nuclei of thi s  region , these states include the 1 1 /2 
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(606 ) , 9 /2 (604 ) , 1 5/2 ( 707 ) , and 1 3/2 ( 7 16 ) neutron levels as well a s  the 

1 1 /2 ( 6 1 5 ) , 9/2 ( 624 ) ,  and 5/2 ( 5 1 2 )  proton levels . 

If  the unpaired proton and unpaired neutron in an odd-odd nucleus are 

trapped in these states at low excitation energies , the resulting nucleus 

wil l  have a pai r  of i somers . The i someric states will have values of k • 

kn ± kp with an energy separation between rotational bands of the order of 

1 00 keV . The re lative excitation energies of the bands are given by the 
34 )  Gallagher-Moszkowski selection rules . 

The beta decay of odd-odd nuclei takes place to even-even nuclei which 

have no high spin states at low excitation energies . For nuclides lying 

near the line of beta stability there wi ll be little decay energy and the 

transitions wil l  thus be forced to take place to states of low angular 

momentum.  The beta decay of these high spin states will thus be hindered 

due to large changes in angular momentum. Alpha decay will be inhibited 

since transitions to favored states in the daughter nuclei will be at a 

cost in  decay energy ; either one , or both ,  of the single-particle s tates of 

the parent configurat ion will be an excited state in the daughter nucleus . 

Transi tions to states in the daughter nucleus involving the change of one 

single-particle orbital are generally hindered by 1 to 2 orders of 

magnitude ; transitions which involve the change of both single-particle 

orbitals  are never observed . 

Past studies of Transplutonium elements have indicated
1 )  

that spon

taneous fission is inhibited by about 5 orders of magnitude in odd-odd 

nuclei relative to even even nuclides . Therefore , for o�d-odd nuclei whose 

ground states are the higher angular momentum isomer , we can expect extra

ordinarily long half-lives . In addition , i f  the neutron and proton angular 

momenta are about equal , we can also expect low-lying isomeric states with 

great ly hindered gamma ray transition rates . 

The exact position of the occurrence of these long-lived nuclei will 

depend on the order of filling the single-particle orbi tals , which i s  

strongly dependent on the nuclear deformation . For nuclides i n  region C 

having between 1 09 and 1 1 4  protons , the protons will be in either spherical 

shel l  model states of high spin or deformed states of high spin and there 

wil l  be a high probability of i somer formation with concomittent ly long 

half-lives . 
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There are two potential benefits which could be obtained i f  these 

long-lived odd-odd nuclei exist  and are detected . First , they would 

provide a test of nuclear st ructure at the heaviest region including 

measurements of the n-p interaction . Anantaramam and Schiffer
3 5 )  

have 

inspected a large number of doublets of this type for nuclei which are only 

two nucleons from closed shells and have determined a unique set of range 

and potential energy parameters . Katori , Friedman , and Erskine
36 ) 

have 

examined doublets in the deformed nuclei and have found that the same set 

of parameters can be used to calculate their energy splittings . It  would 

be important to determine the universality of the potential energy and 

range parameters . 

Second , the half-lives of the high-spin isomers should be long enough 

to allow an accumulation of enough atoms to study the chemistry of these 

transactinide elements at the tracer level . Simple tracer experiments can 

readi ly yield information on oxidation state , solubilities , and volatili ty 

which can be used to deduce the probable electronic structure of these 

elements .  

Nuclear St ructure at Large Deformations 

The existence of fission i somers 37 > provides an opportunity to obtain 

nuclear st ructure information at large deformations . The region marked E 

in f igs . 1 and 2 corresponds roughly to the deformations of actinide 

nuclides in the second minimum. This region is , however ,  extremely 

difficult to study experimentally ,  and the amount of nuclear s tructure 

information is limited . 

Inertial parameters of 3 . 3 keV have been experimentally measured
38

•
39 ) 

236 238 240 
for rotational bands of the fission isomers in U ,  U and Pu . These 

inertial parameters are - 1 / 2 the values found for normally deformed acti

nides . The equilibrium deformations deduced from these inert ial parameters 

are a2 of -0 . 6 , which corresponds to a maj or/minor axis ratio of 2 .  A 

measurement of the optical isomer shift  by Bemis et a1 .
40 ) 

gives a simi lar 

value for the deformation .  The calculation of inertial parameters is 

rather sensitive to the strength of the pairing interaction , and it appears 

that a pai ring interaction strength that varies proportionately to the 

nuclear surface
4 1 ) 

provides a slight ly better explanation of these inertial 

parameters than does a constant pairing force . 
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There have been tentative identifications of single-particle states in 
237

Pu and 
239Pu ,  and a spin assignment of 5/2 has been made

42 ) 
in 

239
Pu . 

The magnetic  moment of this state
42 ) 

indicates that the unpaired neutron is  

in an orbital whose spin proj ection , sz , i s  down . When convent ional 

sing le-particle potential parameters are used , there are no such orbitals 

near the Fermi level for N • 1 44 . Hamamoto and Ogle have noted
43 ) 

the 

possibility of getting such an orbital near the Fermi level by increasing 

the s t rength of the spin-orbi t term in the single-particle potential . The 

identification of additional levels in the region of large deformat ion 

would be extremely valuable for testing this hypothesi s . 

FISSION STUDIES 

Fission properties have been centrally linked to the Transplutonium 

Production Program since its  inception . Fiss ion i s  the process which 

limi t s  the production of heavy elements ,  but it is  j ust from the study of 

this heavy element fission that we are able to learn the mos t  about thi s  

interesting decay mode . The purpose o f  this presentation is not t o  
44 ) 

review the many significant accomplishments in fission studies which 

have benefited from using i sotopes supplied by the Transplutonium Produc

tion Program, but to preview the areas which will benefit from the contin

uation of the program. We believe that future fission s tudies will be most 

productive by investigating the region of unstable nuclei having Z 2 1 00 .  

The fission properties i n  thi s  region are rapidly changing and provide the 

greatest challenge to emerging theories .  Access to such· a region will be 

poss ible only with a s trong comad tment to the production of heavy element 

isotopes . 

In this section we will discuss many aspects of transplutonium 

fis s ion . The possibility of fission s tudies is , of course , directly linked 

to production mechanisms , which are dis cussed in the paper in this workshop 

on ·�uclear Reactions and Synthesis of New Transuranium Species " by Glenn 

T .  Seaborg . 45 > Production mechanisms include transfer reactions , compound 

studies , heavy-ion probes , light-particle reactions , and elementary part i

cle investigations . Physical fission questions cover fission barriers , 

direct decay observable& of mass and kinetic energy dis tribut ions , i someric 

fission production and decay , Coulomb fission properties , giant resonance 
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studies , fission product properties , elementary particle coupling effects 

to  fission , and fission statics and dynamics from muonic attachment . The 

broad base future success of these and other unthought of areas wi ll depend 

on collaborative efforts which combine the unique materials offered by the 

Transplutonium program with the unique capabilities in equipment and accel

erator facilities on a world-wide basis .  Efforts will truly have to be 

international since no one laboratory , or country , can afford to have com

prehensive capabilities in all the exciting new areas . 

Light-Part icle Reactions 

Historically light-particle reactions , along wi th spontaneous fission , 

have provided the most  complete information for our understanding of the 

detailed properties of fission .  They are generally characterized by 

specific well known condit ions . The i sotope produced is unambiguously 

identi fied and we usually have , as well , a good knowledge of the excitation 

energy and angular momentum brought into the system. Fission barrier 

properties have been extensively studied in the actinide nuclei and the 

current status is  reviewed by Britt .
46 ) 

Fai rly complete measurements of 

barrier properties have been obtained using light-ion direct reactions on 

most  long-lived actinide targets  up to as heavy as 
250cf . The most  signi

ficant result from these systematic  studies has been to establish the 

importance of enhancements to the fission decay width caused by collect ive 

bands . These bands are built on the non-symmetric shapes which occur at 

the fission barriers . However , there are two important areas which have 

not , to date , been investigated with regard to fission barriers . The most  

dramatic changes in  fission decay observable& have been for the neutron 

excess isotopes in the Fm region . No systematic fission barrier properties 

are known in this region . Theory
47 > 

predicts that the outer fission 

barrier for these heavy i sotopes should be substantially decreased (even to  

below the ground state energy in some cases ) while the inner barrier
48 ) 

remains at a fai rly high level . This condition should result in a very 

penetrable fission barrier whose properties could be investigated by 

suitable direct reaction studies . The effects of barrier properties on 

fission decay observables
49 ) 

are not well established , and the st riking 

effects observed in the Fa region are most usually attributed to shell 

stabilization near scission .
50 • 5 1 ) However , since theory is predicting a 
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rapid change of barrier properties in just this exciting region , it  is 

i�ortant to  investigate thi s  area . For these s tudies , suitable targets  of  
254

Es ( possibly 255Es ) and 
2 57Fm would be required . Only one previous 

barrier study with 
254

Es
52 ) 

has been performed . The target in these 

studie s  contained only -0 . 1 p g of 
254

Es on a C foil backing . The 

contaminants in the target , along with the poor target /backing atom ratio , 

limi t ed the results to est imates of the inner barrier heights for 
255 • 256Es 

and 2 55Fm. No information was extracted on the important question of 

barrier curvature . An adequate target containing some 3-5 pg of material 
2 

on a 0 . 1 em spot on a thin C backing would be ideal for these 

inve s tigat ions . This seema feasible under current tran•uranium processing 

plant /high flux isotope reactor (TRU-BFIR) production capabilities . Of 

more intrinsic interest would be the use of 257Fm as a target material . 

This would permit direct probes into the most interesting neutron excess 

regions . Of course , microgram quantities of  this  species are not going to 

be available . However , there has been tremendous advancement over the last 

few years in the field of large position-sensitive gas counters . It is  now 
257 

at least  conceivable that some studies could be done using a Fm target 

of - 1 01 2 atoas/cm2 on a 2 mm diameter spot . The gas counters detecting 

fis sion fragments can be made insensi t ive to the high fluence of light ions 

requi red  for the measurements while still providing high geometric 

eff i ciency for position-sensitive heavy ion detection . Though this would 

be , at best , a difficult experimental program, one thing is certain : it  

cannot  even be attemped without a supply of the 25 7Fm target material . 

The other significant area for future fission barrier studies involves 

the ef fects of excitation energy and angular momentum on the collective 

degrees of freedom. To date , the detailed studies have been performed 

using direct reaction techniques which populate actinides from fission 

threshold to - 1 0  MeV of excitation energy . As stated above , these experi

ments have led to the s ignificant conclusion that the quantitative fission 

decay competition is governed by st rong collective effects associated wi th 

transi tion s tates at the fission barrier . 5 3 )  The open physical question is  

what happens to these collective effects as  the nuclear excitation energy 

and angular momentum are increased . If  the collective degrees of freedom 

come f rom a closed basi s  of single-particle structural states , which for 

certain configurations result in a superposition of s trength and a proj ec-
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tion to low excitation energies , will  such strength be able to continue 

indef initely with excitation energy or will the collective enhancements 

saturate ?  This  important question can be addressed through s tudies which 

probe the fission/neutron decay competition at well defined conditions of 

exci tation energy and angular momentum. Direct reaction techniques such a s  

(
7Li a) 54 > 

and ( 1 2
c , 8Be ) 5 5 )  

offer the possibility of reaching well defined 

excitation energy conditions of up to -2 0  MeV and are an important next 

step for the studies .  However ,  this field has only had the barest amount 

done to date and will benefit from increased activi ty and the continued 

availabi lity of the wide spectrum of actinide materials required for 

targets . 

In addition to its  obvious very practical applications , neutron 

induced fission has provided information on detailed properties of the 

f ission barrier .  Resonance studies have provided us with the most precise  

knowledge of fission transition states . 56 )  Future studies of more exoti c  

actinide species will continue since improvements i n  experimental capabi

lities will continue . The high-fluence neutron facilities such as the 

Intense Pulsed Neutron Source ( IPNS )  at Argonne , Oak Ridge Electron Linear 

Accelerator (ORELA) and now the Weapons Neutron Research Facility (WNR) at 

the Los Alamos Meson Physic Facility (LAMPP) provide the required inten

sities for precise time of f light measurements .  These capabilities will  be  

augmented with the operation of the proton storage ring at the WNR facility 

in 1985  whi ch will provide a burst of neutrons in a pulse period as short  

as 1 nsec . 

High-resolution fission product spectrometers such as HIAWATHA
57 ) 

a t  

Illinois and LOHENGRIN
58 ) 

a t  Grenoble are contributing t o  our detailed 

knowledge of fission distributions and energetics . Low-energy fission 

still  provides the best technique for probing dynamical effects and pairing 

correlations in complex systems . The ability to select the highest kine t i c  

energy release events 59 > ha s  resulted i n  information on pairing associated 

with cold fragmentation and the variation of even-odd effects wi th proton 

number .  Such fine structure effects cannot be selected in heavy ion nu

clear reactions . The strong variation of observable properties as a func

tion of selectable mass and kinetic  energy release can best  be studied 

using the high-yield (n , f ) reaction at a reactor .  The structural effect s 

are st rongly dependent on the fissioning system and point to the need for  

heavy element i sotopes from the Transplutonium program to permit systematic  

O p p o r t u n i t i e s  a n d  C h a l l e n g e s  i n  R e s e a r c h  W i t h  T r a n s p l u t o n i u m  E l e m e n t s :  R e p o r t  o f  a  W o r k s h o p

Copy r i gh t  Na t i ona l  Academy  o f  Sc iences .  A l l  r i gh t s  r ese rved .

http://www.nap.edu/19522


1 9 7  

investigation of  the decays . Material requirements are on the order of  1 
mg for these studies and wi ll have a future need for all sufficiently 
fissile isotopes (24 1Pu , 245-248cm ,  249cf ) .  In sufficiently high fluence 

24 1 243 regions the ( 2n , f )  reaction can be potentially studied using ' Am ,  
249Bk and 253Es . Using an external neutron beam port , studies with micro
gram quantities of exotic isotopes are feasible . In this case adequate 
fission product resolution is obtained using time of flight techniques . 

254 Rare Cm isotopes and Es seem to be potential targets for this type of 
study . 

It should be noted that the neutron and light-ion direct reaction 
techniques have given , and will continue to give , information of fission 
decay probabilities and properties which are important to emerging require
ments in reactor design as well as defense applications . Techniques using 
direct reactions to simulate60 ) neutron induced fission cross sections can 
provide data for isotopes not readily s tudied (due to short half-life 
and/or unavailability ) in the laboratory but of possible importance in 
high-neutron fluence environments such as present in certain reactors and 
weapon systems . 

Probably the most dramatic experimental finding in fission since the 
discovery of isomeric fission has been the observed rapid change in the 
fission mass and kinetic energy distributions associated with the heavy Fm 

6 1 62 ) isotopes ' ( see fig . 3 ) .  The N � 1 58 Fm isotopes show a rapid change 
to symmetric fission accompanied with high kinetic energy release which is  
totally outside the established fission phenomenology.63 , 64 > What is  
equally striking is that this appears to be a very isolated region . The 
N • 1 58 Cf isotope does not show an anomalous behavior62 > while the N • 1 58 
Md6 5 > seems to have a symmetric mass division but a kinetic energy release 
which is relatively consistent with established systematics . The frustra
ting part experimentally is that this most interesting region is extremely 
difficult to reach. Light-ion probes were used to study 258 , 259Fm , and 
advancements in target quality will enable these studies to be extended . 
One very interesting physical question is what happens to the highly 
symmetric fission as the excitation energy is increased . Direct reaction 
techniques to produce isotopes in the Fm region could be used to establish 
known excitation energies .  If these are done in coincidence with fission , 
they would provide the required information . Again the most heavy element 
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targets such as 248cm, 254Es ( 255Es ? )  and 257Fm would be required . Promis
ing direct reactions are (d , p )  on 257Fm targets ,  ( 7Li , 4He ) or ( 7Li , lue )  on 

1 8 A 248 Es targets and ( O , JBe ) on Cm targets . In addition to the properties 
of fission from excited states , much more information is required on the 
decay by spontaneous fission .  Of particular importance are the neutron 
excess i sotopes above Z • 1 00 . The production of these will certainly 
require the heaviest most neutron rich targets available . 

Heavier Ions 
Heavy ion beams and heavy element targets offer real possibilities for 

the production of interesting isotopes for fission decay studies . The 
breaking point between light- and heavy-ion reactions is , of course , not 
well defined . We will concentrate on three , also not clearly distinguish
able , types of reaction studies : compound formation ,  transfer reactions 
and heavy-ion deep inelastic effects . 

Compound studies are the traditional method of producing new isotopes . 
They make the highest Z combination between target and projectile and thus 
provide the limit to the maximum region of interest .  Also , importantly , 
this  reaction results in complete momentum transfer and thus a relatively 
high-energy composite system which is strongly forward focused . Both of 
these characteristics enable the construction of efficient spectro
meters66 • 6 7 ) for the detection of rare events .  The most striking recent 
successes of this approach have been the production of elements 10168 ) and 
1 0969 > .  Current experiments are underway to attempt to observe cold fusion 
between 48ca and 248cm at both Berkeley and Gesellschaft fdr 
Shwerionenforschung (GSI ) Darmstadt . With sub-nanobarn sensitivities these 
methods should be viable for both the production of selected isotopes of 
interest and for the continuation of efforts to identify new heavier 
elements .  The production cross section is almost always maximized by 
choosing the heaviest target and lightest projectile to reach a desired 
area . Because of this , substantial quantities of heavy isotopic targets 
will continue to be in demand . For most studies 254Es will be the heaviest 
practicle target isotope . Currently there is an emphasis on production of 
new elements but it appears likely that the future emphasis will be in 
producing highly unstable isotopes with Z > 1 00 . Understanding the nuclear 
structure effects and the fission decay properties of this limit of 
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stability will surely be a challenge for future theoretical efforts .  Very 
litt le is now known about the fission of isotopes having Z > 100 . The Fm 
and Md results show that dramatic effects are possible and this should be a 
most interesting region to explore . 

One further aspect of studies involving the formation of a compound 
nucleus using heavy actinides should be emphasized . The understanding of 
the limits of fusion in heavy ion reactions is of theoretical and experi
mental interest . The importance of the entrance channel mass ratio in 
determining the fusion probability can be tested by attempting to produce 
the same heavy-element composite system using both light-heavy ions on 
Transuranic targets and heavier ions on lighter element target s .  The 
investigation of the stability of these systems against fission induced by 
excitation energy and/or angular momentum considerations can help establish 
the important parameters in the fusion process . The new heavy-ion facili
ties such as Holifield , Argonne Tandem Laboratory Accelerator System 
(ATLAS ) and Michigan State University (MSU) will be involved in questions 
of fusion/fission competition . For these studies the availability of 
heavy-element targets will be important . 

In many respects transfer reactions offer the best hope to produce the 
interesting neutron rich high-Z actinide isotopes . These reactions proceed 
with relatively high cross sections when compared with the compound 
reactions required to reach the same isotope . This is presumably due to 
the lower residual excitation energy imparted in the transfer process . In 
general , the small region of phase space available in the transfer process 
is more than compensated for by the colder formation . This then avoids the 
disastrous fission/neutron decay competition which must occur in most 
compound reaction formation processes . Even in cases where the compound 
processes have sufficient surviving probability , they are moved to the 
neutron deficient side by the neutron evaporation process .  Thus , the 
desirable neutron rich isotopes are often not reachable by existing 
targe t/projectile combinations . The transfer process is not bound by this 
constraint and has been shown to have a product distribution with a sub
stantial enough width to extend well into the neutron rich side . Of equal 
importance , the transfer probability appears to be , for the same cluster 
transfer ,  nearly independent of the targe t .  Figure 4 , from Schadel et 
a1 . 70 > ,  shows their results for 2p ,xn transfer from 18o and 2�e on 254Es 
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near the interaction barrier along with the cross sections for the same 
transfer clusters observed by Lee et a1 . 7 1 ) for 1 8o and 2�e on 248cm. The 
peak magnitudes , centroids and widths are siadlar . This clearly emphasizes 
the importance of using the heaviest target  for obtaining the maximum yield 

1 8 of heavy isotopic products . The production of Md isotopes with 0 proj ec-
tiles near the interaction barrier are some 4 orders of magnitude greater 

254 248 with a Es target compared to a Cm target . 
The disadvantages of the transfer process are ( 1 ) it is not a full 

momentum transfer process and ( 2 ) it is not very selective .  Both of these 
make it hard to establish the identi ty of new species produced in the 
reaction .  The existing mass separators and velocity filters such as 
Small Angle Scattering System ( SASSY )66 ) and Separator for Beaty Ion 
Reaction Products ( SHIP )6 7 > are primarily designed for compound reaction 
formation and take advantage of the foreward focusing of these reactions . 
The transfer products will have a much broader angular and kinetic energy 
distribution . The non-selectivity of the reaction when applied to heavy 
targets results in the possible production of several unknown heavy 
isotopes which are expected to be short lived and decay by spontaneous 
fission .  To fully realize the potential of using the transfer reaction 
mechanism to study these new regions , substantial development efforts will  
be  necessary . It would be prudent to characterize the transfer reaction 
mechanism in more controlled areas than are available with heavy-target 
studies . The excitation functions to maxiadze specific t ransfers should be 
investigated . To complement these reaction studies , detection techniques 
will have to be developed which are capable of identifying the primary 
fissioning species by measurement of the prompt fission fragments .  High
efficiency , fast fission detection systems such as the Lawrence Livermore 
National Laboratory Spinning Wheel Analyzer of Millisecond Isotopes 
( SWAMI ) 72 )  are important initial steps in the study of fission properties 
for transfer produced fission activities . Development of gas counter 
techniques to di rectly identify the transfer reaction produced activity by 
i t s  subsequent fission decay seems on the verge of feasibility and with 
sufficient encouragement could be brought to more rapid fruition . 

Heavy-ion reactions also have a role in the production of possible 
interesting fissile isotopes . Studies of mass transfers in the reactions 
238u + 238u7 3 > and 238u + 248cm74 > have shown broad dist ributions for the 
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production of isotopes . Unfortunately , the residual excitation energy left 
in the heavy isotope is usually sufficient to cause it to undergo prompt 
fission .  However , these studies have been done at relatively low bomb
arding energies near the interaction barrier . These reaction conditions 
tend to maximize diffusion and statistical processes . The new direction in 
heavy-ion accelerators is toward higher energies . What role heavy actini
des will play in these new facilities is uncertain at this time . Certainly 
non-equilibrium processes will come into play and there wi ll be a transi
tion in the reaction mechanism from one which is dominated by diffusion
deep inelastic processes toward one that is dominated by nucleon-nucleon 
interactions at the highest relativistic energies . The Holifield accelera
tor at Oak Ridge , the Michigan State University cyclotron , the Schwerionen 
Syncrotron ( SIS ) project at GSI , the heavy ion Syncro-cyclotron capabili
ties of the European Nuclear Research Center (CERN ) and the Grand 
Accelerateur National d ' Ions Lourds (GANIL) facility in France are all 
going to be active in the near future . Unique facilities tend to attract 
unique target capabilities as well , so it seems only a matter of time until  
the heavy targets are used at  these installations . What role they will 
have in elucidating the fission mechanism is not clear at this time .  

Elementary Particle Probes 
Elementary particle probes provide us with fundamental information on 

how elementary interaction can be propagated into the collective processes 
requi red for fission .  Negative muons interact with nuclei through the 
electromagnetic and weak interaction . This provides interesting possibi
lities of changing the Coulombic part of the potential energy surface 
without disturbing the nuclear part . On the other hand , strong interacting 
particles like pions provide information on how intrinsic nucleon interac
tions can propagate into the collective degrees of freedom. Future studies 
with the more exotic elementary particles will permit the concentration of 
substantial excitation energy into localized regions of the nucleus . The 
propagation of these hot spots in fissile isotopes will provide interesting 
data on the time evolution of fission .  In all o f  these areas the available 
beam intensities are usually quite low , by nuclear charged particle accel
erator standards , and therefore require significant amounts of target 
material for the reactions to be studied . Heavy-actinide targets have a 
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future role in all areas of elementary particle interaction studies . 
However ,  on the short term ,  they will not be used with the most exotic 
elementary particle beams . 

In many respects , negative muonic experiments have high physical 
interest as well as the greatest need for heavy-element targets . The 
negative muon , having a mass that is 207 times the mass of an electron , 
behaves like a heavy electron . Sufficiently slowed muons are captured in 
outer atomic orbitals and cascade , through the ejection of Auger electrons , 
and muonic x-rays , until they reach the ls orbital . They remain in this 
orbital which , due to the heavy muonic mass , has a small radius that 
strongly overlaps with the nuclear volume . They can decay either by the 
free muon decay channel or via a weak interaction with the nucleus . The 
lifet ime varies from the 2 . 2 p sec free muonic lifetime to -80 nsec for the 
heaviest elements where the decay is dominated by the weak interaction .  
For heavy fissile nuclei this normal decay mechanism can be altered i n  a 
most interesting way . During the muonic capture cascade process an atomic 
transition can be absorbed into the nucleus via a virtual photon inter
action resulting in a "radiationless " excitation of the nucleus . If this 
absorbed energy is comparable to the fission barrier , then the nucleus can 
undergo fission decay . Therefore , following atomic muonic capture there 
are two mechanisms which can result in actinide nuclei fissioning . One i s  
the "delayed" fission which results from the weak interaction decay of the 
muon and has a characteristic half-life of -80 nsec . The second is the 
"prompt " fission which occurs from the virtual photon absorption of a 
radiationless transition during the atomic cascade . 

The prompt process is the one of high interest .  Under these condi
tions the fissioning system has a muon in its ls  orbital . This causes a 
distortion of the fission barrier ( fig . 5 )  due to the readjustment of the 
Coulombic part of the potential energy surface in the region of overlap 
between the muon and nucleus . 7 5 > Geometric effects of the muonic orbital 
cause the largest change to be made in the outer fission barrier . This 
opens the possibility of producing new regions of fission isomerism along 
wi th an improvement in our understanding of the process .  However ,  to date ,  

76 ) searches for isomeric effects in muon induced fission on U isotopes have 
not given conclusive results . This may be due to the rapid rise in the 
outer barrier ( fig. 5 ) which may cause the decay to preferentially tunnel 
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into the first  well and thus be non-detectable . The hope then would be to 
use heavier actinide targets ( 244Pu and 248cm would be logical initial 
choices since they are relatively abundant and long lived ) which do not , 
under normal conditions , form fission isomers since presumably their outer 
fission barriers are too low . With the attached muon the outer barrier 
should be preferentially increased and could result in the formation of 
detectable new regions of fission isomerism. 

Heavy actinides will also play a role in measuring the prompt/delayed 
fission ratio following muon capture . This quantity is dependent on the 
height of the 
242p 77 ' 78 ) u • 

fission barrier and has been only measured for isotopes up to 
In 238u the r /r f decay competition for proapt muonic systeu 

79 )  
n 

was measured to be -40 which is an order of magnitude greater than that 
238 

. 
observed in photo induced fission of U to the same excitation energy 
region . This again points to the advantage of using heavy-element targets . 
Por heavy systems the fission probability is doainated by the inner barrier 
and this will undergo a smaller increase than the outer barrier .  There
fore , these cases should have significantly higher prompt fission decay 
branches .  Also recent experiments80 ) have shown the 
induced quadrupole photofission in the 238u system. 

importance of muon 
The quadrupole 3d • ls 

transition was shown to be a significant contributor to the prompt fission 
238 yie ld in muonic capture on a U target . It would be very interesting to 

study quadrupole induced fission in heavier systeu to see if changing 
barrier properties and ground state quadrupole moments influence the yield . 

Another interesting area of study would be to look at the dynaaics of 
fission using the proapt muonic fission as a probe . One aspect of this 
would be to measure the change in kinetic energy release when the muon is 
attached to the fissioning system. This attachment could alter the path 
toward scission and result in significant perturbation to the fission 
observable& .  Again a wide range of heavy-element targets would be de
sirable for these studies . Since the initial starting conditions for the 
proapt muonic fission cannot be altered for any specific target , the only 
.ethod for obtaining systematic information will be to perform the measure
ments on a wide variety of targets . The other advantage of the heavy 
elements is that they should have , as explained above , a much higher 
fission probability . This should help overcome the greater intrinsic 
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difficulties associated with both the handling of these exotic materials 
and their limited availability . 

One exciting new area of muonic fission studies centers on the fate of 
the muon following prompt fission . If the path toward scission is slow 
compared with the muonic orbital velocity , then the muon will follow the 
minimum potential energy path and stay with the heavy fission fragment . 
The extent to which the muon is bound to the light fragment or ejected into 
the continuum will tell us of the breakdown of this adiabatic assumption . 
Current theories8 1-83 )  show that this process provides a clock for the 
important question of fiss ion dynamics . Experimental studies84 • 85 ) 

have implied that the heavy fragment retains the muon the majority of the 
time .  However ,  definitive experiments which directly measure the precise 
ratio of the light/heavy muonic attachment have not been performed . 
Heavier element targets should again be useful by increasing the yield of 
prompt fission . 

A very interesting corollary to the muon at tachment problem is the 
question of muon conversion yields from excited fission fragments .  Prompt 
muonic induced fission may be the only mechanism by which we can have a 
muon bound in its l s  orbital to a nucleus with sufficient excitation energy 
to eject it into the continuum through the internal conversion process . 
Muonic binding energies for light- and heavy-fission fragments are on the 
order of 3 . 3  MeV and 5 . 8 MeV , respectively . This would imply that the 
light-fission fragments have a much higher probability for muonic conver
sion than their heavy complementary fragments .  Experimental emulsion track 

86 , 87 ) studies have seen evidence for this interesting decay mode . Accurate 
determinations of this process will be of high theoretical interest in 
testing electromagnetic predictions of the decay yields as well as a probe 
for high-spin isomeric states of fission fragments . 

Pions offer a different type of elementary particle probe to study 
fission . These strong interacting particles capture on nucleon pairs , re
sulting in a prompt cascade process which , for heavy systems , can terminate 
in fission decay of the excited nucleus . This process offers a time scale 
for studying fission .  The cascade should be prompt with respect to 
fission , and current experimental results88 ) imply this is true . However ,  
i t  is known that following stopped pion capture the fission probability is 

2 38 9 0% for U targets . The r n/r f compet i tion throughout the process is not 
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well e stablished . Pion studies offer a method which starts with a nucleon
nucleon interaction process and evolves into one with sufficient collective 
excitation to decay by fission .  A substantial fraction of the pionic rest 
mass of 1 40 MeV can be imparted into the fissioning nucleus while not 
introducing large amounts of angular momentum. This is contrary to most 
nuclear reaction techniques which can only reach excitation energies with 
the introduction of substantial amounts of angular momentum. A central 
question in pionic interactions with nuclei is the possible capture on 
clusters of nuclei as opposed to simple pair capture . One method of 
looking at this question might be to measure momentum transfer to the 
fissioning nucleus . Cluster capture would presumably favor higher initial 
particle-hole state population and better absorb the full beam momentum. 
Studies of momentum transfer to fissile systems near the 3 , 3  resonance 
might provide insight into the reaction mechanism. These measurements are , 
of course , difficult due to the low incident momentum of the pion and the 
angular dispersion of the fission fragments introduced through the neutron 
evaporation process . If such studies are undertaken , the systematics that 
can be gained by using a variety of heavy element targets will be valuable . 

The use of more exotic elementary particle probes to study fission is 
only at a very speculative stage . The new capabilities which will be 
associated with the high anti proton beam intensities at CERN as well as 
the possibilities at proposed new kaon factories will challenge the experi
mental community to use exotic targets . These special probes will interact 
in small regions of nuclear matter resulting in localized "hot spot " exci
tation . The propagation of these hot spots toward collective excitation 
will be of interest .  Hypernuclei studies of heavy-fissile systems may 
serve as a probe of how simple intrinsic excitation can be transformed into 
a fission decay . As has proved to be true in the past , the exotic acceler
ator capabilities will att ract the exotic target materials and help push us 
toward the limits of understanding . 

Fission Topics 
Other areas of fission which will benefit from heavy-element materials 

include fission product studies , isomeric fission properties , giant reson
ance excitations , and Coulomb fission .  Fission product studies have pro
vided us with much of our primary understanding of nuclear structure 
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effects associated with isotopes removed froa the line of stability . It i s  
still a very viable method t o  produce mediua weight neutron rich isotopes . 
The use of heavier actinides as fissile sources will increase the yield of 
the high-mass fragments in the light-element peak and broaden the heavy
element peak . Both of these effects open up new isotopes for study . 
Increasing the nuaber of neutrons in the fissioning systea directly moves 
the centroids of the fission mass chain yields toward the neutron excess 
side . The neutron rich isotopes in the Tc-Pd region have high interest 
froa a nuclear structure standpoint .  Large ground state quadrupole moments 

89 )  90 ) have been established for these isotopes and recent studies have 
iaplied that they are soft toward triaxial deformations as well . Great 
strides have been made in rapid automated cheaical separations9 1 ) which 
enable detailed spectroscopic studies to be made on very short-lived pro-

249 duct s .  Reactor induced fission product studies using Cf and , if  
available , 2 5 1cf will be increasingly important in future studies . Pre
liainary physical measurements of prompt fission product radiations have 

254 92 ) been made for the spontaneous fission of systeas as heavy as Cf • 

This spontaneous fission gives very neutron rich fragments and thus helps 
extend the study of nuclear structure systematics to the otherwise inacces
ible neutron excess region . Fission studies using Es , and possibly Fa, 
will result in increased yields of isotopes near the 1 32sn doubly magic 
nuclear core . Since so much of our nucleon structure understanding is 
based on single-particle effects in closed shell regions , any new infor
mation on this important class of nulei will be valuable . 

It can be argued that fission isomers were the primary driving force 
which has lead to the aodern emphasis of heavy-element and heavy-ion 
physics . The theoretical development which resulted in coupling oscil
lating aicroscopic nuclear structure effects with saoothly varying macro 
potential energy surfaces was directly motivated by the desire to explain 
the occurrence of fission isomers . This evolved into the predictions of 
long-lived superheavy elements which spurred a new generation of heavy-ion 
accelerators to be constructed and thus ushered in the strong commitment 
that we now have in heavy-ion physics . Fission isomers occur in the 
Z • 92-97 region and are thus directly in the heavy-element region supplied 
by the Transplutoniua Production Prograa. The efficient method of making 
these isomers involves light-ion reactions and thus requires heavy-element 
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target materials . Modern studies have evolved past measuring the isomer 
occurrence and now emphasize exotic decay channels and the nuclear struc
ture aspects of the isomeric shape . The decay branch back to the first 
well has been reported to be observed93 > but to be considered firmly 
established , corroborating future experiments will be required . Recent 
studies94 ) have observed the alpha decay branch from the 242•Am isomer back 

23�-to the lMp ground state . The high hindrance factor for this  transition 
is consistent with a large nuclear structure change being required to go 
froa the isomeric to the ground state shape . 

Probably the most dramatic recent fission isomer study has been the 
.easurement of the quadrupole moment through optical isomer shift measure
.ents using laser induced optical pumping of atomic levels . 40 > This mea
surement provides direct information that the fission isomers are indeed 
associated with shape dis tortions . Another area of recent success in 
isomeric fission studies has been the development of techniques which 
perait the detailed spectroscopic study of nuclear s tructure in the 

· isomeric second we11 . 95 > This type of information , as discussed in the 
previous section , provides very s tringent constraints on theoretical 
nuclear structural studies . The challenge is to have models that predict 
correct structure sequences from spherical ground state configurations 
through fission isomeric shapes .  Only such broad based capabilities can 
help ensure confidence in the extrapolative power of theory to venture into 
uncharted off-stability regions . 

A new generation of high-efficiency gamma ray detection systems such 
as the Crystal Ball at Heidelberg and the Spin Spectrometer at Oak Ridge 
is coming on line . If a continuing supply of target materials is avail
able , these new facilities offer the hope of extending the study of the 
spectroscopy of fission isomers to even greater precision than has been 
reached . Also , laser optical pumping techniques are still in a preli.tnary 
phase . More experiments using this technique are called for and will 
provide important structural information on the fission isomers in the 
future . 

Giant resonances , especially the giant quadrupole resonance , offer a 
method of deter.tning the collective coupling that leads toward fission . 
The magnitude of the fission probability in giant quadrupole studies has 
not been consistently deter.tned . Some experiments have found it to be 
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low96 • 9 7 ) with respect to expected actinide fission values , while 
98-1 01 ) others report a value comparable to normal actinide decay . Improved 

experimental data are needed . Of special interest would be efficient 
angular distribution studies to address the question of K state conser
vation in the giant resonance induced fission . By extending these studies 
to heavy-actinide targets , one can measure the effect of changing barrier 
properties and ground state quadrupole moment on the fission decay pro
babilities and angular distributions . Also of interest is to deter.ine if 
direct fission couplings through the giant resonance affect the fission 
mass and kinetic energy distributions . A thorough understanding of the 
relative importance of dyna.tcal and potential energy effects on the 
fission observable& is not presently available . To this end , giant 
resonance induced fission studies could be very beneficial . 

Another emerging area of studies involves Coulomb induced fission . 
This process ,  which i s  done with heavy-ion bea .. and heavy-element targets , 
uses non-nuclear interactions to excite heavy isotopes to sufficient 
energies to undergo fission decay . Since the Coulomb excitation process 
favors collective excitations , these experiments enable us to determine 
fission decay properties without the complication of particle-hole excita
tions introduced in nuclear reaction studies . Recent experiments 1 02 • 1 03 ) 

have , for the first time , been able to unambiguously identify this process ,  
and this  has lead to a revived theoretical interest .  Current 
models 1 04 , 1 05 ) which use a vibrational-rotational coupling combination are 
reasonably able to explain the magnitude of the Coulomb induced fission 
cross sections . However , more detailed aspects of the decay process have 
not been fully deter.tned . Predictions of Coulomb-nuclear interference 
effects have not been observed , and existing angular distribution studies 
have not shown the strong structural effects predicted by some models . 
Future investigations of this process will rely on heavy-element target 
materials . The Coulomb excitation probability is directly dependent on the 
target charge . Since Coulomb induced fission is a multistep process , the 
charge dependence is raised to a power which has been experimentally 
determined to be on the order of 6-7 . 1 03 ) Clearly , heavy element studies 
will enhance the yield of this process . 
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ATOMIC STUDIES OF SUPERCRITICAL SYSTEMS 

One of the most exciting areas of research with heavy-element 
materials has been the search for spontaneous positron emission from quasi
molecular systems formed in heavy-ion/heavy-target collisions . Theory 

1 06 ) predicts that for finite sized nuclei the 1 s atomic binding energy will 
become greater than twice the electron res t  mass when combined target and 
projectile charge become �1 7 3 .  Under these conditions the binding energy 
enters the negative energy continuum or "Dirac Sea" . If an electron hole 
would be created in the static atomic field of such a supercritically bound 
system ,  then a spontaneous positron-electron pair  would be created in this 
vacuum, resulting in the electron ' s  filling the atomic vacancy and the 
positron ' s  being ejected into the positive energy continuum. This 
important test of quantum electrodynamics has attracted a substantial 
amount of experimental and theoretical effort in the past several years . 
The major impediment to those studies is that , unfortunately , stable atomic 
systems with charge > 1 73 do not exis t .  However ,  with modern heavy-ion 
accelerators and suitable heavy-element targets , transient quasimolecular 
systems having the required charge can be produced in the laboratory . It 
would seem at first glance , and initial experiments were fired with this 
optimism, all that would be necessary would be to bring sufficiently heavy 
systems near enough together to create the required supercritical field and 
then detect the emitted positrons . Unfortunately , the dynamical aspect of 
the required collision process results in induced 
by the rapidly varying electric field . 1 07 > These 
induce positron emission in subcritical systems . 

positron emission caused 
dynamical effects can 

1 08 )  In fact , calculations 
show for an unperturbed Rutherford collision trajectory , only a smooth 
dependence in the positron yield with increasing atomic charge and no 
discontinuous changes are predicted in the yield or spectrum when super
critical field conditions are reached . If the colliding system followed 
such a trajectory , then the onset of spontaneous positron-electron pair 
creation could only be inferred from a detailed stripping of the observed 
spectrum using theoretical production estimates for the various components . 
If , however ,  the trajectory is perturbed through nuclear interactions , then 
so.e observable effects of the spontaneous creation process may become more 
readily identifiable . Experiments to study the properties of these very 
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heavy quasimolecular systems have centered in three areas : characteristic 
x-ray measurements , delta electron studies , and direct positron detection . 
In all cases the very strong dependence of the atomic effects on the co.
bined atomic charge for these relativistic systems makes the use of the 
very heaviest target materials extremely desirable . 

During the collision process there is a reasonably high probability 
that an inner shell electron of the interacting particles can be ejected 
into the continuum. Under bombarding conditions near the nuclear inter
action barrier the proj ectile velocity is on the order of 0 . 1  c ,  and since 

the bound electron velocity is - c ,  this permits near adiabatic adjustment 
of the electron to the changing atomic field . In asymmetric collisions the 
ls electron orbital in the heavy positron becomes the 1 sa orbital for the 
combined quasimolecular system. If a hole is created in the heavy partner 

1 s orbital , then it will most probably survive the collision process and be 
detected subsequently as a characteristic K x-ray of this element . This i s  
caused by the fact that even for supercritical field conditions the time 
for spontaneous positron creation for reachable systems is , from the cal
culated resonance widths 1 09 • 1 1 0 ) inferred to be on the order of 1 0

-19 sec . 
This is approximately 2 orders of magnitude longer than the time the 
Coulouab trajectory system spends within the critical field region . The 
probability for ejecting electrons in the collision is dependent on the 
binding energies during the process .  Thus the measured yield of charac
teristic K x-rays of the heavy partner following the collision provides 
information on the binding energy of the forming quasimolecular 
species . 1 1 1 ) These results , though model dependent , provide important 
quantitative information on the binding energies of extremely heavy 
systems . A difficulty of this approach is that only asymmetric collisions 
can be directly studied . For near symmetric collisions the 1 sa orbital of 
the quasimolecular system can no longer uniquely be attributed to the ls 
orbital of a particular interaction partner . Due to the near degeneracy of  
the atomic orbitals in  the separating system , a hole which was created 
initially in the N • 2 shell of the quasimolecular system (a condition 
which , from simple geometry and binding energy cosiderations , is much more 
probable than N • 1 hole production ) can undergo a "vacancy sharing" 

. 

exchange which results in a 1 s hole in the separated products . Under these 
conditions the characteristic K x-ray yield will no longer provide unaabig-
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uous information on the quasimolecular 1sa orbital . In practice , the 
vacancy sharing problea can be minimized by having a projectile-target 
charge difference of - 1 0 . Due to a lack of suitable targets and projec
tiles , this requirement has limited the heaviest of these studies to Pb 
beams on actinide targets . The heaviest systea studied has been 208Pb + 
248 Ca, giving a coabined Z of 1 78 . The availability of even heavier target 
.aterial ( such as 249cf and possibly 254Es ) would make it potentially 
feasible to use a Th beaa and still not have too severe vacancy sharing 
effects . Thus by increasing the Z of the target by 2 or 3 units , a gain of 
1 0 or 1 1  charges could be obtained . Since the binding energies of the 
quasiaolecular systea depend on the distance of closest approach of the 
colliding ions , the measurement of the K x-ray yield as a function of 
scattering angle provides , in a single experiment , substantial information 
with which to check theory . The spontaneous positron creation is predic
ated on the binding energies ' becoaing greater than 1 . 02 MeV . The 
measurement of characteristic K x-ray production provides a viable method 
for obtaining quantitative information on this important binding energy 
question . Future experiments will rely on the availability of heavy
element targets to address these problems . Improved information may be 
possible by perforaing coincidence measurements between characteristic K 

x-rays and ej ected delta electrons . A aore distant future proposal aight 
be the use of heavy-element beams to obtain the ultimate total coabined 
charge . Atomic x-ray production has reasonably large cross sections , and 
adnute beams of 244Pu and possibly 248ca impinging on 254Es targets would 
enable the study of the heaviest systems if vacancy sharing problems can be 
overcome . 

A complementary area to the x-ray studies is that of production of 
delta electrons . High-energy delta electrons ejected in the collision of 
heavy ions can only be caused by the strong binding associated with the 
quasiaolecular systea. 1 1 2 • 1 1 3 ) Therefore , recording these spectra for 
heavy-element interactions as a function of projectile scattering angle 
provides direct information on the atomic binding . As mentioned above , a 
coabination of these measurements with coincident x-ray measurements should 
quantitatively improve our understanding of the atoaic binding energy of 
quasimolecular systems at , or near , supercritical field conditions . As 
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always , the ultimate push in these s tudies  is  to use the heaviest target  

material available . 

Certainly the most important aspect of the atomic studies with super

cri t ical fields is the observation of spontaneously created positrons . The 

degree of sophistication in experiments has undergone tremendous growth in 

the last several years . A review of the current experimental status can be 

found in the "Proceedings of the NATO Advanced Study Institute Conference 

on the Quantum Electrodynamics of Strong Fields " 1 1 4 > . In general , the 

detection systems use a solenoid magnetic spectrometer wi th suitable baffle 

systems to suppress the copious electron yields , since they have the oppos

i te helicity from the desi red positrons . Positron energy spectra are 

recorded in solid state detectors , and positive identification assignment s 

are made by observing their annihilation radiation . In addition , informa

t ion can be obtained on the primary scattered proj ectile and target ions by 

using suitable counters . This permits correlation of the positron spectra 

with primary react ion parameters . 

In addition to the sought-for spontaneous positron creation process , 

other methods , even for subcritical field conditions , can produce posi

trons . If the projectile has sufficient energy to be above the nuclear 

interaction barrier ,  then nuclear reactions can occur . Under these con

ditions , t ransitions having energies above 1 . 022  MeV can decay through a 

posi tron-electron pair  creation proces s .  It i s  therefore necessary to be 

able to estimate the yie lds of this process and make suitable corrections 

to the positron spectrum to remove this contamination . Fortunately ,  thi s 

can be done rather accurately by calibration techniques using lighter 

targe t  systems where supercrit ical fields are not possible . A more severe 

background is associated wi th the so called "induced" positrons . These are 

created through the dynamics of the reaction1 07 > by the high-frequency 

Fourier components in the rapidly changing electric field of the colliding 

system.  For a non-perturbed Coulombic traj ectory these induced positrons 

have a yield which monotonically increases with total charge , and their 

energy spectrum shows a smooth exponential fal ling behavior . No dramatic 

changes are predicted for the onset of supercritical field conditions . If , 

however , a perturbation i s  introduced into the ion velocities through a 

nuclear interaction time , then an interference effect will be generated and 

the positron spectrum will show an oscil latory structural behavior . Obser-
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vation of such pat terns can then provide a check for the nuclear inter

actions . Deviations from the Coulombic predictions have been observed in 

recent experiments
1 1 5 )  

with U + U at 7 . 5  MeV/u .  The positron yield is 

observed to fall off more rapidly than predicted by theory .  Delta elec

trons recorded at the same time also show deviations between elastic 

scattered events and those associated with fission . Analysis of this  with 
-2 1  

coupled channel calculations imply a t ime delay on the order o f  1 0  sec . 

Such a value would be too small to result in substantial spontaneous posi

tron creation . 

However , a very significant new development has been observed in 

recent
1 16 )  

results obtained for 
238

u + 
248

cm experiments done at 5 . 8  MeV/u .  

The preliminary results f rom these experiments for the positron spectrum 

obse rved with kinematic selection condi tions which maximize (a ) backward 

and (b ) foreward proj ectile scattering are shown in fig.  6 .  These spectra 

have not been corrected for the solenoidol transport efficiency , for 

Doppler line broadening , for the line shape of the positron Si (Li ) detec

tor , or for the nuclear background . Nevertheless the s trong peak structure 

at a posi tron energy of - 320 keV for backward scattered proj ectiles appears 

inconsi stent with any background or anomalous detector effect s .  Of special 

impor tance is the narrowness of the peak . The observed width of -80 keV is 

cons i stent with the expected Doppler broadening from a system moving with 

the quasimolecular velocity . The intrinsi c  width of the line might be 

substantially narrower than the observed value . The narrow width implies a 

lifetime of ) 1 0-20 sec . If the supercritical atomic field exists for such 

a long t ime ,  then the static decay conditions of the vacuum become 

important and a peak in the positron spectrum would be predicted . In fact , 

the calculated binding energy for the supercritical field for the U + Cm 
1 1 7 )  

quasimolecule i s  predicted to give a resonant positron decay energy 

consistent  with the observed value . The physically exciting aspect of the 

observation is that some mechani sm must be present to cause a sticking of 
-20 the quasimolecular U + Cm system for a t ime �1 0 sec . This i s  over an 

order of magnitude larger than such dinuclear systems are expected to 

exis t .  The condit ions for production of this long-lived system are 

apparent ly quite specific , since such phenomena are not generally observed . 

Clearly these exciting results demand expanded experimental efforts to 
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syst ematize the effect s . The need for transplutonium target  isotopes t o  

addre ss these questions is  crucial . 

CONCLUSION 

We have t ried to demonstrate the importance of continued efforts in 

the study of heavy elements .  Experimental and theoretical programs in thi s  

area are vital i f  we are t o  probe the limits  o f  stability . This region 

encompasses the i sotopes for which there is  a delicate balance between 

nuclear att ractive forces and Coulombic repulsion .  New structural infor

mation is emerging regarding the importance of symmetry breaking degrees of 

freedom for the heaviest systems . The existence of octupole deformations 

has been established in the light-actinide region and they are likely to 

occur in the very heavy actinides as well . The large quadrupole deforma

tions associated with fission i somers have been experimentally confirmed 

and provide fundamental information on the pairing interaction . The 

emerging spectroscopy in the second well is hinting at problems associated 

with the conventional spin-orbit term in the single-particle potential . 

The spectroscopy of the heavy-actinide region i s  beginning to provide 

detailed information about level assignments which are relevant to the 

determination of the stabi lity of superheavy elements . Studies of back

bending and upbending at high spins provide fundamental information on the 

nature of residual interactions in the heavy elements .  Similar information 

may be obtained f rom studies of the properties of the high-spin two quasi

particle states predicted to cause i somerism in the very heavy element s .  

The Transplutonium Production Program wi ll be of vital importance in 

future fission studies . The fission barriers of the Transcalifornium 

isotopes are essentially unstudied even though this is a region where 

theory predict s  rapid changes in the barrier properties . Another area of  

barrier  properties requiring a broad systemati c  study is  the effect of 

excitation energy and angular momentum on the collective enhancements which 

have been established for  fission transition states at  low excitation 

energies . The thermally fissile heavy actinides through studies of the 

cold fragmentation process wi ll provide information on the dynamic pairing 

correlations in fission .  They will also serve as a source of the very 

interesting neutron rich light-fission fragments which have large static 
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deformations . The mass dis tribution and kinetic energy release associated 

with the spontaneous fission of the heavy Fm isotopes having N � 1 58 are 

very anomalous . A systematic study of the decay properties in thi s region 

for both spontaneous and excited state fission would be illuminating . 

Product ion mechanisms to provide access to thi s  region will use all types 

of nuclear reactions , but the most promising avenue appears t o  be transfer 

reactions using the heaviest actinide target materials and neutron rich 

light-heavy-ion projecti les . Elementary particle probes , especially 

negat ive muons , offer new directions in fission s tudies . Coulombic altera

tions of the nuclear potential energy surface due to the large overlap of 

the bound muon with the nuclear Coulomb field are of high interest .  

Fission studies with muonic probes may also provide fundamental information 

on fission dynamics as well as on the theoretically interesting muonic 

inte rnal conversion process .  

Atomic studies of systems having supercritical field conditions cover 

one of the most fundamental areas of investigations with heavy elements .  

The at omic binding energies for transient colliding systems having Z � 1 73 

are such that the spontaneous vacuum creation of electron-positron pairs 

should be possible . This test of quantum electrodynamics can be best 

performed with the heaviest systems using isotopes provided by the Trans

plutonium Production Program. Preliminary results imply that this much 

sought-after spontaneous positron emission process may have been observed 

in the 238u + 248cm collision . The narrowness of the observed positron 

peak may imply that nuclear interaction times are over an order of magni

tude longer than previously estimated and that a long-lived quasimolecule 

may be formed under very special bombarding conditions . This area demands 

expanded efforts to verify and systematize these results . 

Clearly , there i s  much activi ty in research using the products of the 

Transplutonium Production Program. The past has been bright and the future 

seems equally as promising . 
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FIGURE CAPTIONS 
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APPENDIX F 

THE CHEMI STRY OF THE TRANSPLUTONIUM ELEMENTS 

R .  A .  Penneman 

Los Alamos National Laboratory , Univers ity o f  Cal i forni a 
Los Al amos , New Mexico 8 7 545 

G .  R .  Choppin 
Department of Chemi stry , Florida State Univers ity 

Tal l ahassee , Florida 32306  

INTRODUCTI ON 

One of the maj or scienti fic advances in the past hal f 

century involved the addition of some s ixteen new elements 
heavier than uranium to the periodic table o f  elements , long 

considered terminated at uranium , element 92 . Furthermore , the 

heaviest naturally occurring elements , actinium through uranium , 

were established as members of a second inner transition series 
whose true beginning had been obscure . 1-6  

Thi s l atter fact , now universally accepted , was born 
in controversy . I ts recognition was complicated by the 
multiplicity o f  neptunium and plutonium valence states and 
the ease o f  their interconversion . In  the first hal f  of the 

actinide series , the promotion energy ( 5 f-6d ) i s  less than that 

( 4 f- Sd ) for the l anthanides , whi le the reverse i s  true for 

the actinide elements heavier than curium . 7 Only in the 
transplutonium elements does the trivalent aqueous state become 
dominant . Al so , metals o f  the series have l anthanide-like 
characteri stics only from americium on , whi le by contrast , 
plutonium has the most compl icated structures of any known 

metal . 

Based on hi s x-ray di ffraction data on the four dioxides 
Tho2 , uo2 , Npo2 and Puo2 , the first quantitative recognition of 

these e lements as part of  a S f  series was made in mid-1 944 by 

2 3 1 
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W .  H .  Zachari asen . He cal led the new " rare earth type series " 
thorides because of the pers istence o f  the dioxide structure 
from thorium through plutonium ( and , as we know now , well  
beyond ) . 8 G .  T.  Seaborg had a deeper chemical understanding 
and named them the actinides , 9 placing curium , element 96 , 
as the series midmember . He predicted a diposi  ti ve state for 
element 102  analogous to Yb ( I I ) ,  adj acent to the final 
trivalent member , element 103 . Actually element 102  was found 
to be normally divalent in solution . 5 ' 6 The exi stence o f  the 

divalent state was expected but its great stab i l i ty versus the 
trivalent state was a surprise . 

Relativi stic effects become important with the very heavy 

elements , involving mainly increased binding o f  s electrons 
( and p112 electrons ) . Thi s effect i s  apparently respons ible 
for the unexpectedly smal l radius found for metal lic actinium . 

As a result ,  actinium and lanthanum have nearly the s ame 

metallic radi i , even though their tripos itive ionic radi i 

di ffer , with Ac ( I I I ) being substantially larger than La ( I I I ) 

in s imi l ar compounds . 1 0  The increased binding energy o f  

s electrons due to such relativi stic effects in the region o f  

Z = 1 0 0  i s  estimated to be ca . 2 0  KeV higher than values given 
by the s impler Hartree-Foch treatment . 1 1 a  

There are two maj or phenomena that have been discovered 

in the high Z elements beyond Bk , element 9 7 . Both of thes e  
phenomena are important o n  their own merits and because they 

are suggestive o f  further research that can tel l  us about the 

thermodynamic , kinetic , and general chemical influences of the 
strong relativi stic effects on the electronic configurations 

in thi s high z region . The first of these phenomena di scovered 

was the unexpectedly strong stab i l ity of the divalent state 
relative to the trivalent one in the elements Cf through No . 
This effect first shows itsel f in the anhydrous cal i fornium 

dihal ides and culminates in the aqueous No2+ ion being 

subs tanti al ly more stable than the aqueous No3+ ion . This 

behavior of nobel ium is in marked contrast to the behavior o f  
its l anthanide homolog , ytterbium ,  whose 2+ aqueous ion i s  
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unstable rel ative to the 3+ ion . Since the electronic 

configuration of  Yb i s  4 f146 s2 and that of  nobelium i s  S f147 s2 , 

the clear implication i s  that S f electrons · are more tightly 
bound than 4 f  electrons at the ends of their respective 

series . The magnitude of this increase in S f  binding energy , 

particul arly as it may influence the formation o f  S f14 clos ed 
she l l s , merits considerable experimental and theoretical 
inves tigation . One poss ibil ity would involve further attempts 

to discover Md+l , perhaps us ing non-aqueous solvents . ( The 

electronic configuration o f  Md i s  S f13 6 s2 � ) 

The s econd phenomenon of importance i s  the establishment 

of the trans actinide series beginning with element 1 04 . � ' l lb 

Thi s  series i s  presumed to be a new d electron series 
analogous to the known Sd series beginning with hafnium . 
There i s  no doubt,  however , that rel ativi stic influences on 

chemis try in thi s  region wi l l  be apparent . Deviations from 

Mendel eev type periodicity are predicted for the elements as 

z increases much past 100 . The first ionization of  elements 
103 - 1 1 2  i s  predicted to involve removal o f  6d electrons . 1 1 a  

Up unti l now , the only members o f  this series whose chemistry 
has been studied are elements 104 and l O S  . 1 1b An important 
result o f  these chemical s tudi e s  i s  the demonstration of  the 

validity o f  the prediction that l awrencium i s  the l ast member 

of the actinide series ; element 104 has a completely di fferent 
chemistry from that o f  1 02 ( No )  and 103  ( Lr ) . 

The trends o f  chemi cal properties in the new transactinide 
series wi l l  be di fficult to determine because the i sotopes o f  

these e lements have such short hal f- l ives and thei r  production 

rate s are exceedingly l ow .  Nonetheless , thi s  chemi stry i s  so 

important to our understanding o f  the periodic table and the 

influence o f  rel ativi sti c e ffects that it i s  wel l  worth doitig . 

Fortunately the use o f  
2 S4Es targets and o f  new nuclear 

reacti ons promi ses l arger yi e lds o f  the heavy actinides and 
pos s ibly o f  104 and 1 0 5  for chemical studies . 

For a heavier al kal ine earth metal such as Z = 1 2 0 , 
subs tantial ly increased ioni z ation potenti al s are predicted ; 
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the small experimentally observed reversal in ioniz ation 
potenti al s of Ba and Ra wi l l  be continued and magni fied . ll a 

Increased binding o f  p112 electrons wi l l  be observed . 
Eka-thallium and eka- lead ( 1 13 , 1 14 ) wi l l  show substantially 
increased ionization potenti als . An indication o f  the 

radically new chemistry expected in this region is  indicated 
by the argument o f  Penneman and Mann that decreased binding 

o f  p312 electrons for element eka- francium ( 11 9 ) should 

provide chemi sts with an alkali metal displaying valences 
greater than unity .

l l a 

The application o f  modern theory to electronic structure 

and predicted behavior o f  still  heavier elements has led to 
increased understanding o f  the complexities of the inorganic 
chemi stry and solid state properties o f  the early actinides . 
For plutonium chemi stry we extrapolate from a much broader 

data base today than 40 years ago when its macrochemistry was 
j ust developing . Even so , there are surprises . This i s  

exempli fied b y  a recent report of the dramatic di fference i n  
properties o f  U ( BH4 ) 4 and Pu ( BH4 ) 4 . Whereas U ( BH4 ) 4 is  a 
compound o f  low vol ati lity ,  Pu ( BH4 ) 4 i s  quite volati le ; this 

startl ing di fference can be rationalized but was not 
anticipated . 12  

TRANSPLUTONIUM CHEMI STRY REQUI RES SPEC IALI ZED FAC I LITIES1 - 6  

The above-mentioned surpri ses reinforce our argument that 

actinide chemi stry remains an experimental science and the 
chemi stry o f  the transplutonium elements and its understanding 
i s  sti l l  evolving . As experimental techniques mature , 
measurements unattainable a few years ago become possible and 
new ones appear . I t  should be emphas ized that work with these 
elements requires specialized equipment to minimize hazards 
o f  handl ing and ingesting these highly radioactive species . 
Except at trace concentrations , which can be handled safely 

in properly equipped univers ity l aboratories , work with the 
transplutonium elements continues to be centered at national 

l aboratories in the United States and simi l arly equipped 
l aboratories in the rest o f  the world . 
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THE HEAVY ACT I N I DES AND THE U . S .  ROLE I N  INTERNAT I ONAL SC I ENCE 

Whereas in the two decades following World War I I  the u . s .  
rol e  in transplutonium chemistry was preeminent , this is  no 
longer true . European and Russian publications re flect their 

strong contributions to this field , in some areas of which they 
are the leaders . I t  i s  worthy of  mention that the number of  

U . s .  investigators in this  important area has decl ined ,  and 
that their replacement i s  not at all assured . Only in the 

Uni ted States and the US SR are the transcurium elements 
produced , making these countries centers for study of  these 

precious materi als . International col l aboration involving u . s .  
and European scientists i s  relatively common , especially since , 
as i s  now so o ften the case , the European l aboratories have the 

advanced equipment and experimental teams needed for such 

efforts . The avai l ability o f  the transplutonium elements to 
U . S .  investigators i s  the s ine � � o f  such coll aboration . 

THE F I RST OF THE TRANSPLUTONIUM ELEMENTS 

Americium and curium are of  maj or concern in nuclear 

waste storage since both are produced in irradi ated plutonium 

fue l . After about 600  years , americium isotopes become the 
chie f  o ffenders for the next ten thousand years . 13  The total 

production of these transplutonium elements in the nuclear 

power program through 1978  has been estimated to be 1000  kgs 

of americium and 2 5 0  kgs o f  curium . 14 

The study o f  americium has been greatly aided by the 

avai l ability o f  the 243Am i sotope ( t112 ( a ) = 7400 yr ) ,  s ince 

the shorter- l ived i sotope , 241Am ( t112 ( a ) = 432 yr ) ,  causes 

sel f reduction in solution at a rate of ca . 4%/hr for 

americium valence states higher than I I I .  In the case o f  
curium , nature was not so kind to chemists s ince even the 

longer-l ived o f  the more readily avai l able i sotopes , 244cm , has 
a hal f-l i fe of only 18 years , whi le 242 em has a hal f- l i fe o f  

.... 1/2 year . The high speci fic activities o f  these isotopes 

release sufficient energy in solid l attices that every bond to 
curium can be broken many times a day . I t  i s  obvious that only 
the mos t  stable solids can be studied and , e . g . , organometal lic 
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compounds cannot be i sol ated and studied . 1 5  

such problems , the chemi stry o f  curium 

relatively little . 

Largely because of 

has been studied 

For all studies of the transplutonium elements other than 

americium and curium ,  u . s .  chemi sts are enti rely dependent on 
the high flux i sotope reactor/transuranium production plant 
( HF I R/TRU complex ) .  From there come the mi l ligram amounts 

o f  1-year 249Bk , 3 5 0-year 249c f ,  and 107 -year 248cm ( produced 
vi a alpha decay o f  2 52c f ) , as wel l  as the microgram amounts o f  

einsteinium, and the even smaller quantities o f  fermium . Sti l l  

heavier elements have been produced b y  bombardment o f  targets 

o f  these  heavy i sotopes . 5 ' 6 

COMPARI SON WITH THE LANTHANIDES 
Since the actinide and the l anthanide elements have in 

common the fi l l ing o f  electronic f-orbitals ,  comparison of 

the chemi stry o f  the two series has been a bas i s  o f  much o f  
the chemical research . A signi ficant di fference i s  the 

multiplicity o f  oxidation states in the actinides compared to 

the prominent stabil ity o f  the 3+ state in the l anthanides . 
For al l o f  the actinide elements after plutonium the oxidation 

barrier between the 3+  and higher states becomes sufficiently 
l arge to restrict their aqueous chemistries under normal 
conditions to that of the trivalent state . In some trans

plutonium elements , higher oxidation states can be formed in 

aqueous solution by strong oxidiz ing conditions aided , usually , 
by the formation o f  s trong complexes . Stabiliz ation effects in 
solids permit a wide range of valences to be observed ( I I ,  I I I ,  

IV , V ,  and V I  in the case of  americium ) . 1 Tetravalent curium 

i s  its highest valence with oxygen or fluorine as oxidants , 2 

although it has been cl aimed that cmo;+ results after the beta 
decay of Am0; . 1 6  The divalent state is observed first with the 

americium halides , and again with cali fornium . Only at the end 

of the series with Md and No is the divalent state important in 

solution chemi stry ; in the case of nobelium the divalent state 

is dominant . 5 ' 6 
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TR I VALENT ACT I N I DES AND LANTHAN I DES 

The trivalent actinide elements strongly resemble 
the trivalent l anthanides in some of  their chemical behavior : 

they form insoluble s alts such as the hydroxides , fluorides , 
oxal ates , phosphates and double sul fates , and they form soluble 

complex ions o f  the s ame types with organic l igands . Like 
the l anthanides the transplutonium elements have " hard acid" 

cations - - that i s , their bonding is  rather wel l  described by 

an electrostatic model and they show strong pre ference for 

oxygen and fluorine as donor atoms . There is evidence for some 

greater degree o f  covalency in actinide-ligand bonds than in 
analogous l anthanide-li gand bonds , but for both groups , the 

ionic character of  the bonding i s  predominant . This  is true 
for the metal -oxygen and metal -nitrogen donor bonds 
in complexes in aqueous solution17 as wel l  as 

metal-carbon bonds in organometallic compounds . 18 

prevalent 
for the 

As a result o f  the ionic nature o f  the bonding , actinide 
cations coordinated to various l igands do not displ ay the 

res tricted stereochemi stry typical o f  the d-transition elements . 

The coordination number and the geometry o f  the coordination 
sphere in the d e lements are strongly influenced by the overl ap 
and symmetry o f  the metal and l igand orbital s .  By contrast,  

in  the ionic interactions of actinide complexes , the number 

and arrangement of the l igands are determined primari ly by 
steric and electrostatic factors . Thi s leads to a range o f  

coordination numbers from 6 to 12  observed for complexes with 
simple actinide cations . Even in polydentate complexes such 

-1  as  CmEDTA ( aq ) ' the coordination sphere probably includes water 

molecules . 

Separation and Puri fication ( Trivalent States ) 

Although much o f  the chemi stry o f  the trivalent 
lanthanides and actinides i s  quite s imi l ar , signi ficant 

di fferences are present in some systems and form the bas i s  of  

sep arations o f  the two groups . A success ful class  separation 

of the actinides from the l anthanides uses a cation exchange 
resin  and 13  M hydrochloric aci d ;  an anion exchange process 
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with concentrated lithium chloride i s  al so e ffective . 1 9  In 

aqueous thiocyanate solution , trivalent actinides are sorbed 

onto an anion exchange res in much more strongly than 

l anthanides2 0  and thi s process has been used for l arge-scale 

ameri cium/l anthanum separation . 2 1  Solvent extraction with 
terti ary amine hydrochlorides and concentrated lithium chloride 
solution i s  used to separate transplutonium elements from 
l anthanides e fficiently . 22 

A useful technique borrowed from 
biochemi stry , that of pressurized chromatography , uti lizes 

micron s ized res ins and high flow rates under pres sure to 
achieve excellent separations in spi te o f  radi ation effects . 23 

TRANSPLUTONIUM ELEMENT PRODUCTION 

I t  should be appreci ated that in order to reach 242Pu via 

neutron irradi ation of 2 3 9 , great losses ( - 90% )  due to fis s ion 
of  2 3 9Pu and 241Pu must be endured . To arrive at 242Pu 

containing < 1% 241Pu requires a maj or investment . Once at 

thi s composition ,  irradi ation to produce 243Am and 244cm is 

e fficient . These l atter nucl ides are the springboards for 

production o f  the sti l l  heavier elements . 

I t  i s  appropri ate at thi s point to mention briefly the 
HFIR/TRU facilities at Oak Ridge which are the keystone o f  the 
transplutonium production program in the United States . The 

transuranium process ing plant and the neighboring high flux 
i sotope reactor produce transuranium nuclides for use in a 

variety o f  research . The most desirable for chemical studies 

are Z = 96 , curium-248 ; Z = 97 , berkelium-249 ; Z = 98 , 
cali fornium-249 , 252 ; z = 99 , einsteinium-253 , 2 54 ; and 
Z = 1 0 0 , fermium-2 57 .  S ince 1966  TRU has been the main center 

o f  production for transcurium e lements in the United States , 24 

and has produced 5 0 0  mg of 249Bk-249cf , 4 g of 2 52c f ,  18  mg of 
2 53Es , and 10 pg of 257Fm .  Elements past fermium can be made 
only by the use of accelerators . 

In addition , and of speci al importance for curium chemistry 

s tudies , -100  mgjyr o f  248cm is presently obtained from the 

a decay o f  puri fied 252c f .  We emphasize that there is  no other 

source for long- l ived 248cm and that a supply of the parent 
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itsel f ,  2 52c f ,  must be maintained because of  its own short 

hal f-l i fe ( - 2 -1/2 years ) .  S ince 249sk has a short hal f- l i fe 

( 3 2 5  days ) ,  its supply also has to be replenished frequently .  

The daughter 249c f  i s  o f  moderately long hal f- l i fe ( 3 5 1  yr ) ,  
making poss ible longer term chemical studies . 

FEW-ATOM CHEMI STRY 

Beginning with fermium , element 100 , for which samples 

containing about - 1 09 atoms are avai l able , studies of the 

heavier elements are carried out with increasing di fficulty ,  

e . g .  with mendelevium ca . 1 06 atoms , nobelium < 1 03 atoms , and 

lawrencium a few atoms/experiment . 5 ' 6 ' 1 1b Extraordinary 

demands are pl aced on techniques and ingenuity o f· the 
investigators in the regime o f  " few atom chemi stry" . 
Nonetheles s , important chemical data have been accumulated 

from studies on these heaviest actinides , in spite o f  their 

limited avai l abil ity and short hal f-l ives . 

Sequential elution o f  the actinides from cation res ins 

us ing a -hydroxyi sobutyric acid as the complexing agent has been 
used not only for puri fication but for element identi fication , 

since the rel ative elution positions of the trivalent actinides 

fol l ow a precise pattern versus atomic number . 2 5  I n  the case 

of  the trans actinides especially , because of their shorter 
hal f-lives , faster chemi stry involving rapid solvent extraction 

techniques and gas transport chromatography of  vol atile 
compounds have of necessity been developed . 5 ' 6 ' 1 1b such 
experiments are tedious and need to be repeated many times to 
obtain statistical ly signi ficant results . 

AMERI C IUM ,  Element 9 5  

The chemistry o f  the transplutonium elements begins with 

that o f  americium . 1 ' 2 

only two i sotopes o f  americium are important : 241Am has 

t112 ( a ) of 433 years , with associ ated emi ssion of a 59 KeV 
gamma ray important to industri al users . 243Am has t112 ( a ) of 
73 7 0  years , and decays to 2 . 3 -day 2 3 9Np , a strong p , y  emitter . 

Thus , both i sotopes require care ful handl ing to avoid exces s ive 
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radiation exposure . The lower rate o f  a emission from 243Am is  

a distinct advantage for many studies . 

Americium was first isolated in 1944- 1 945 from a sample 

of plutonium which had been exposed to extensive neutron 

irradi ation [ 241Pu ( p - , 14 yr ) 241Am ] . 3 ' 4 Beginning in the 

1 9 5 0 ' s  extens ive investigations , which eluci dated much of 
americium chemi stry on a macroscale , were undertaken at the 
Los Al amos Laboratory by Penneman , Asprey , Keenan and Coleman , 

who isolated the first grams o f  241Am .  The work involved 

di scovery o f  Am ( VI ) , soluble Am ( IV ) , disproportionation of 

Am ( V ) , and other fundamental findings . 1 

In  thi s  case , as i s  usual with the actinide elements , 
the chemistry involved in element isol ation also provides 
information concerning i ts fundamental chemistry . We cite 
development o f  the thiocyanate anion exchange proces s ,  5 

the homogeneous precipi tation o f  La-Am oxalate which 

concentrates Am over La , 6 as wel l  as the oxidation of 
Am ( I I I ) to either Am ( V ) or to Am ( Vl ) for puri fication from 

l anthanum as wel l  as curium . 7 ' 8 Detai l s  o f  a cation exchange 

process for l arge-scale separation are reported by Wheelwright 
et al . 9 and Hale et al . l O , l l  

Present day plutonium metal i s  so pure that after removal 
of res idual plutonium by anion exchange , the amer1c1um 

remaining can be precipitated as the oxalate and calcined to 
produce an Amo2 product of  95  to 99% purity . 12  Fi ltrates from 

the peroxide precipitation o f  plutonium remain today the chief 
source for 241Am , the production of which is 1 to 2 kg per year 
at Los Al amos . 12  

SEPARATI ON AND RECOVERY OF AMERI CIUM BY SOLVENT EXTRACTION 
Much o f  the following is  applicable to the rest o f  the 

transplutonium elements and wi l l  not be repeated in their 
descriptions . 

Solvent extraction proces ses with amine and organo

phosphorus extractants are extensively used for the initi al 
recovery and separation of  gram amounts of americium . See 
Weaver , 13 Myasoedov et a1 . 14 and Shoun and McDowell . 15  
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Tri -n-butyl phosphate ( TBP ) is  the extractant in widest 

use for nuclear fuel process ing . S ince TBP leaves Am( I I I )  

behind in the high level acid waste streams , a more e ffective 

extractant is needed to remove Am (  I I I ) .  Siddal l found that 

neutral bi functional organophosphorus extractants have this 

des irable property . 1 6  Schulz1 7  and Mc i saac18 at the Hanford 

and I daho Fal l s  sites , respectively , have revived interest 
in plant-scale application of such compounds for extraction 
of trivalent actinides . 

An excel lent conunercial ly available extractant for 
Am ( I I I ) ( and the other trivalent actinides as wel l ) i s  
di - ( 2 -ethylhexyl ) phosphoric acid ( HDEHP )  which has been widely 
used for puri fication o f  americium . 19 , 2 0 , 2 1 For example , a 

countercurrent HDEHP extraction proces s  was used at Hanford to 
recover 1 kg o f  Am and S O  g o f  em from irradi ated Shippingport 
reactor fuel . 22  

THE METAL 

Americium metal ( m . p .  = 1 1 7 0 ° C ) i s · appreci ably more 

vol ati le than the metal s  o f  the neighboring elements plutonium 
or curium . I ts vol ati lity ,  uti lized first at Los Alamos , has 
been exploited by workers at Karlsruhe in Germany23-25  and in 

the United States at Rocky Fl ats . 26 As a consequence of the 
avai l ability o f  very pure , redi sti l led americium metal , many 

properties have been examined in recent years by workers us ing 
a variety o f  techniques . This progression in purity and 

avail abil ity i s  a characteristic o f  studies in the whole 

actinide area . I n  double hexagonal , cl ose-packed ( dhcp ) form , 
0 

the metallic radius of  americium i s  1 .  73 A in coordination 

number 12 . Extremely interesting recent findings include the 

di scovery o f  superconductivity2 7  in dhcp americium metal at 

0 .  79 K and the change from the dhcp form to the complicated 
a -uranium type o f  structure at high pressure . 28  

COMPOUNDS 
Several hundred compounds o f  americium have been prepared 

and characterized . S ince many reviews exi s t ,  the myri ads o f  
compounds wi l l  not be di scussed here . 

Opportunities and Challenges in Research With Transplutonium Elements: Report of a Workshop

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19522


242 

SOLUTION CHEMI STRY 

There i s  evidence for all oxidation states I I , I I I ,  IV , 

V ,  VI and VI I with I I I  through VI being wel l  studied in aci d  
solution . The lowest state , Am ( I I ) ,  reacts with water to yield 
Am ( I I I ) .  Indeed , oxidation states higher than I I I  are powerful 

oxidants and are readily reduced to Am ( I I I ) by chemical reduc
ing agents or sel f-irradi ation effects . This l atter e ffect 
amounts to several percent per hour for 241Am .  

As americium i s  the homolog o f  europium , it was originally 

anticipated that a divalent state for americium would be 
attainable in aqueous solution and that oxidation states higher 
than I I I  would be di fficult to attain . Despite many attempts 

to produce i t ,  Am( I I ) was found only after the avail ability 
o f  americium metal made it poss ible to use it · to reduce a 
mercury dihalide . 2 9  Am (  I I )  in aqueous solution is unknown 

except as a transient species produced at low concentrations 
by pulsed radiolysis  ( Sul l ivan3 0 ) .  

Oxidation o f  Am ( OH ) 3 by hypochlorite or ozone results in 

formation o f  Am ( OH ) 4 . 3 1  Soluble fluoride species , from which 
red ( NH4 ) 4AmF8 can be crystal l ized , are obtained on dissolution 
of Am ( OH ) 4 in concentrated NH4F solutions . 32 As reported by 

soviet workers , tetravalent americium is also stabilized by 
phosphoric acid33 or in heteropoly anions such as phospho

tungstate . 34 , 3 5 
Pentavalent americium as the cation Amo2

+ is  formed as one 
o f  several insoluble carbonate compounds from K2co3 solution 
when the solution is treated ( hot ) with oxidants such as ClO- , 
o3 or s2o8

2 - . Di ssolution o f  the trivalent hydroxides 
o f  americium and curium in strong K2co3 solution followed by 
oxidation of Am ( I I I ) to the insoluble Am ( V )  double carbonate , 
affords a separation from curium .  8 , 3 6 , 3 7  Dissolution o f  �i s 
precipitate in di lute acids yields a solution o f  monomeric , 
l inear Am02

+ . 38  In concentrated acid , Am ( V )  disproportionate s 
into Am (  I I I )  and Am ( V I ) .  3 9 This di sproportionation has been 
studied by Coleman , who used 243Am ( V )  in his study to diminish 
radi ation e ffects . He was able to elucidate a complex rate 
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expres sion3 9 that had been obscured in earl ier studies with 
241Am ( V ) . 

Hexavalent americium , as the acid soluble , monomeric 

species Amo2
2 + was first prepared by s2o�- oxidation o f  

Am3 + . 4 0  Ozone treatment of  a s lurry o f  Am ( OH )il. i n  NaHC03 
yields a deep magenta colored complex of Am (  VI ) .  There i s  
recent evidence for the formation o f  unstable AmF6 gas b y  the 
reaction o f  AmF4 and KrF2 in anhydrous HF . 42 

As mentioned previous ly , much of the solution chemistry 

of americium , as wel l  as that o f  the other transplutonium 
elements , has been the result of development of separation and 
puri fication schemes . Complexation o f  trivalent americium has 
been studied wi th OH- , SCN- , Cl- , Noj , so�- and a variety of 

organic carboxylic acids . These confirm the ionic nature o f  
the bonding and the general s imil arity to l anthanide behavior 
in the trivalent state . 

The ions o f  americium and their preparation are listed in 
Table I .  

Oxidation 
State 

I I I  

IV 

v 

VI 

VI I 

TABLE I .  I ONS OF AMERI C IUM 

Color 

pink-orange 

rose , > 1 mM 

yellow-tan 

light yel low ; 
brown in so4

2 - ; 

magenta in co3
2 - . 

green 

Preparation 

Amo2 + hot HCl or red ' n  agent ; 

Am ( > I I I ) + I - , so2 , or radi 
ation . 

- 2 -Am ( OH ) 3 + OCl , 03 o r  s2o8 ; 

Am ( OH ) 4 + s at ' d  F- , H3Po4 , 
P2w1 7o64 complex ; electro
chem . in NaHC03JNa2co3 . 

Am ( OH ) 3 in K2co3 + 03 , OCl - . 

Am3 + 
+ s2o8 

2 - , hot di l . H+ ; 
electrochemistry ; 

o3 + Am ( I I I ) in NaHC03 . 

Am ( VI ) + o3 or 'Y irradi ation 
in N2o sat ' d , cold NaOH . 
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CURIUM , Element 96 

The i sotope o f  curium which led to its di scovery in 1 944 

i s  the short- l ived , 1 64-day 
242

cm , which has been produced on 

a l arge- scale by neutron capture in 
241Am .  The longer- l ived 

i sotope 
244

em ( t112 ( a  ) = 18 yr ) was made at savannah River 

on the kilogram scale for use as a heat source materi al by 

irradi ation o f  
242

Pu;
243 Am targets . 1 Both 

242
em and 

244
em 

have been used in radionucl ide batteries , but 
2 3 8Pu has 

l argely suppl anted the shorter- l ived curium for thi s  purpose . 

A cake o f  
242

em2o3 weighing a few grams c an be photographed by 

its own incandescence . The very features which are attractive 

for heat sources make these l i ght curium i sotopes di fficult to 

work with in chemi stry , except with the most radi ation- stable 

solids or at tracer levels in solution . However , 
248em 

( t112 ( a ) = 3 .  8 x 1 0
5 

yr ) from HF I R/TRU i s  sufficiently long

lived to a l l ow meaningful and extens ive chemical research to 

be accomp l i shed in the next decade . 

THE METAL 

Curium metal has been prepared and di sti l led a fter 

reduction o f  curium oxide with thorium metal . The malleable , 

s i lvery curium metal has a mel ting point ( 1340±40 ° C ) which 

i s  higher than that for the immedi ate ly preceding actinide 

elements [U-Am ( 640 - 12 0 0 ° C ) ] ,  and s imi l ar to that o f  gadol inium 

( 13 12 ° C ) , its l anthanide analog .
2 

Curium metal exi sts in 

a dhcp structure ( a - l anthanum type ) and a high temperature , 

cubic close-packed ( fcc ) structure . The dhcp form has l attice 
0 

constants a = 3 . 49 6  and c = 1 1 . 2 2 1 A with a meta l l i c  radius for 

Cm0 of 1 . 7� A .
2 

There is di s agreement concerning the reported 

high temperature fcc phases of curium meta1 . 3 •
4 

Curium has an entropy o f  vaporiz ation s imi l ar to that 

of other l anthanide and actinide metal s  but its entropy · o f  
fus ion is rel atively high . 

5 
The vapor pres sure o f  trip ly 

di sti l led 
244

em metal has been measured ;
5 

the derived heat o f  

fus ion , entropy o f  fus ion , and the average second- l aw entropy 

values are 3 . 3 1 kcal/mole , 1 . 1 9 cal/deg , and 2 5 . 86±0 . 72 cal/deq , 

respectively . The determination o f  l ow temperature , condensed 
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phase thermodynamic parameters await further studies with the 

long- lived i sotope 248em .  

CUR I UM  COMPOUNDS 
244cmF 4 has been prepared succes s fully from 244cmF 3 and 

fluorine . 6 With oxygen , however , the composition emo2 i s  not 

reached with 244cm ; the stoichiometric dioxide occurs only 

with the long- l ived 248em . Compounds of em-containing organic 
l igands can be studied succes s fully only with 248em .  For 

example , the curium triscyclopentadienyl compound could not be 
made with 244em , only with 248cm . 7 Radiation- induced inter

convers ion of the solid sesquioxides has been reported . A 

number of solid hal ide and oxide compounds , mostly with 244em , 

are known but most of thi s  work should be repeated with 248cm . 

The chel ate CsCm ( HFA ) 4 · H2o ( HFA = hexafluoroacetone ) has 

spectroscopic properties which suggested laser properties ; 

however ,  in the case of 244cm , thi s  compound i s  decomposed by 

sel f radi ation e ffects in a few hours . 8 The rapid darkening 
of the compound makes such studies impossible with 244cm . 

SOLUTION CHEMI STRY 

Trivalent curium is  the only stable state in solution . 
There is evidence for the temporary existence of  Cm ( IV ) in 
an alkal i fluoride solution o f  CmF 4 ; the latter compound was 

previously prepared �rom fluorination of sol id cmF3 . 9 

Trans ient divalent and tetravalent states have been 
observed in aqueous perchlorate media us ing pul se radiolysi s  
techniques . 10  Recently , formation of  a red Cm ( IV )  complex in 

phosphotungstate solution was reported us ing peroxydi sul fate 
as the oxidant . 1 1  Kosyakov et a1 . 12  demonstrated that in 

such solutions the Cm ( IV ) i s  reduced much faster than can be 

accounted for solely by radiolytic effects . Recent success ful 
generation of soluble carbonate solutions of tetravalent 
praseodymium suggests that Cm ( IV ) species may be prepared 
simi l arly . 13 

The aqueous absorption of cm3+ and of Cm ( IV ) fluoride 
comp lex show narrow , l ine-rich spectra . 14 ' 9 I n  the case o f  
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244em (  I V ) , rapid radi ation- induced reduction was found . I t  

would b e  worthwhi le to repeat thi s  experiment using 248cm . 

Curium ( I I I ) complexation in aqueous solution has been 

studied for the common inorganic and representative organic 
l igands . 

The chemistry o f  curium thus far studied has o ften been 
circumscribed by radi ation e ffects of the l ighter curium 
i sotopes . There is an obvious need to reexplore many of these 
experiments with 248cm and to develop new areas o f  curium 

chemistry using thi s  long- l ived isotope . 

BERKELIUM , Element 9 7  
Evidence for this element was obtained i n  1 949 , but the 

first fraction o f  a microgram for a compound was not avai l able 

unti l 1962 . 1-3 Today 249Bk is available in mi l l igram amounts . 
Even so , 

ingrowth 
must be 

included 

studies of berkelium are complicated by the rapid 
of the 249cf daughter ( - 1% each 5 days ) .  Separation 

made frequently , or some means o f  compensation 

in the experimental analysis . The l atter can be 

accomp l ished by extrapolation from a pure cal i fornium phase . 
I n  aqueous solution , oxidation from Bk3 + to Bk4+ ( e . g . , with 

BN03/Br03 - ) expedites separation from trivalent actinides . 4 

S ince tetravalent berkelium and cerium have s imil ar oxidation 
potentials , a step speci fic for the isolation o f  berkel ium 

must be included if cerium is also present . 5 

THE METAL 

Berkel ium metal ( m . p .  986 ° C ) has been reported in both 
dhcp and fcc crystal lographic modi fications . 6 ' 7 Lattice con-

o 
stants are dhcp , a0 = 

3 . 416  and c0 = 1 1 . 269 A ,  yielding a 
metal l ic radius ( in 12  coordination ) of 1 . 7  A .  The fcc phas e  

0 
is  reported as a0 = 4 .  9;7±0 . 004 A ( note the lattice constant 

for BkN is 5 .  0 1 0±0 . 004 A )  . 8 The vapor pressure of the meta1 

has been determined and is  higher than that of curium at 
comparable temperatures . 9 
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COMPOUNDS 

The trivalent oxidation state is  common for berkelium but 
the tetravalent state is exhibited in Bko2 

1 0  and in BkF 4 . 1 1  

The chloride compound o f  tetravalent berkelium, cs2BkC16 , can 

be precipitated from cold HCl/CsCl solution ( n . b . , this gives 

immediate reduction o f  Am ( I V )  to Am ( I I I ) when appl ied to 

americium ) . The Bk ( I I I ) compound cs2NaBkC16 can be obtained 
from s imilar HCl solutions . 12  Crystal lographic data are known 
for some two dozen compounds , including berkelium oxides , 1 0 , 13 

hal ides , 14-19 as well  as the 1 : 1  pnictide series . 2 0  Some 

chalcogenides are also known . 10 , 12-14 , 2 1 The sole representa

tive of the organometal l ic group are the cyclopentadienides o f  
berkel ium . 22  

Berkelium is the first actinide whose tri fluoride exhibits 
the YF3 type orthorhombic structure at room temperature . 1 5  

The absorption spectrum o f  solid BkF 4 was obtained . 2 3  Mixed 

alkal i metal ( M ) -Bk ( IV ) fluoride compounds of the types MBkF5 , 
M2BkF6 , M3BkF7 , and M7Bk6F3 1  should be readi ly prepared . 24  

The structure of BkC13 • 6H2o i s  s imi l ar to that o f  AmC13 • 6H2o 

and thus berkel ium i s  likely present as eight coordinated 
BkC1 2 ( 0H2 ) 6

+ units . 

SOLUTION CHEMI STRY 

Complexation constants for Bk3+ with common inorganic and 
a dozen organic l igands are known . However ,  none have been 
reported for Bk ( IV ) . 

Carbonate ions form a very strong complex , with Bk ( IV ) 

altering the potential significantly . 2 5 In  a manner s imi lar 
to that first uti l ized to produce Am ( OH ) 4 , oxidation of Bk ( OH ) 3 
to yellow Bk ( OH ) 4 is  accomplished by ozone . 2 6  

The absorption spectra o f  aqueous Bk ( I I I ) and Bk ( IV ) have 

been observed , 2 7 , 2 8  and interpreted . 2 9  Also , absorption bands 
of two organoberkelium compounds , Bk ( C5H5 ) 3 and [Bk ( C5H5 ) 2Cl ] 2 , 

have been published , 2 2 , 3 0 as wel l  as spectral characterization 

of berkelium halides . 3 1  The fluorescence o f  Bk3+ in H2o and 
o2o solutions has been reported as part o f  a study for assess
ing the use of fluorescence detection for transuranic ions . 3 2  
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CALIFORNIUM, Element 98 

Cali fornium-2 5 2  is such an intense source of fission 

neutrons that chemical studies done with it are limited to 
tracer level studies . The 249 isotope o f  3 51 -year hal f-l i fe 

derives from the beta decay of 249sk . It is  the isotope o f  

choice for most chemical work as wel l  a s  being used for target 
material for the preparation o f  still  heavier elements . With 

the availabil ity o f  multimi l l igram amounts of the 249cf i sotope , 

it was poss ible to expand the thermochemistry of cali fornium to 
include the heats o f  solution1 and sublimation o f  the metal . 2 

Cal i fornium i s  the element o f  highest atomic number that i s  ( or 
expected to be ) available in mil ligram amounts and that has a 
reasonable hal f- l i fe ( a  few hundred years ) .  

THE METAL 
Cal i fornium i s  a rather low melting metal ( 900 ° C ) 3 with a 

greater volati l ity than that o f  any earl ier actinide , 2 ' 4 again 

suggesting a tendency towards di valency . I ts preparation i s  
thus more di fficult than that o f  Am ,  em o r  Bk . 5 S ince 
cal i fornium metal "wets " tantalum, tungsten i s  the pre ferred 
container material for the metal . Several crystal lographic 

studies indicate that the metal exists in both trivalent and 
divalent forms , although the temperature/pressure l imits o f  
such phases are sti l l  to b e  establ ished with certainty . 

COMPOUNDS 

Cal i fornium i s  known in compounds with oxidation states 
of I I ,  I I I ,  and IV . The tetravalent state is  exhibited in C f02 
and CfF 4 , and the divalent state has been observed in C fC12 , 

C fBr2 , and Cfi 2 . 

The oxides o f  new elements are often among the first 

solids to be investigated . For cali fornium oxides , three 
forms o f  the sesquioxide are known, plus rhombohedral c f7

0
12 

( existing only over a narrow compos ition range ) , and an fcc 

phase , C fo2 . 

The oxidation behavior o f  mixed ( Bk , C f ) oxides was 
examined as a function of the cal i fornium content s ince 249cf 
grows into 249sk samples . 6 At -25 mole % Cf, the cal i fornium-
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berkelium mixture could be readi ly oxidized in air to M02 , 

s imil ar to pure berkelium ;  when the cali fornium content reached 
- 64 mole % ,  M7o12 was the l imiting compos ition . 

The only binary C f ( IV ) hal ide known is  CfF4 , prepared by 
fluorinating either C fF3 or c f2o3 at 300-400 ° C . 7-9  The tetra

fluoride has l imited sel f-irradiation and thermal stability ,  
decomposing to C fF3 . Mixed alkal i metal fluoride complexes o f  
the types MC fF5 , M2c fF6 , M3C fF7 , M7c f6F3 1  are unknown but are 

expected to exist . 

Cal i fornium tri fluoride is  dimorphic ( orthorhombic , 
YF3 type ; trigonal , LaF3 type ) , 1 0-12  and the trichloride is  

dimorphic . 13 , 14 Cal i fornium tribromide i s  trimorphic ,  but only 
two o f  the three forms have been prepared directly . The third 
form , the PuBr3 type orthorhombic structure , was formed vi a 
decay o f  an aged ( after decay through several hal f- l ives ) 
orthorhombic 249BkBr3 parent . 1 5  

Al l of  the dihalides o f  cali fornium have been prepared 

except the di fluoride . The first compound of Cf ( I I ) identi fied 
was C fBr2 prepared by hydrogen reduction of C fBr3 . 16 , 17 

Lime-green C fBr3 undergoes thermal reduction ( 76 0 ° C ) to amber
colored C fBr2 . 18 Two forms of Cfi 2 are known . 1 9 , 2 0 

An organocal i fornium compound , C f ( C5H5 ) 3 , has been 

prepared and characterized crystallographically . 2 1 Both 

powder and s ingle crystal x-ray data were obtained for this  
orthorhombic compound , which was prepared from C fC13 and molten 
Be ( C5H5 ) 2 and isolated by vacuum subl imation ( 13 5-200 ° C ) .  

SOLI D  STATE ABSORPTI ON SPECTRA 
By use o f  absorption spectrophotometry the f- f and f-d 

trans itions in cal i fornium spectra can be util ized to determine 
the oxidation state and coordination number o f  cal i fornium in 

compounds . Laser- induced fluorescence of C f3 + in a LaC13 host 
has been reported . 2 2 , 2 3  

SOLUT I ON CHEMI STRY 

Although cal i fornium exhibits oxidation states of  I I ,  I I I ,  
and I V  in the solid state , its solution chemistry is that o f  a 
trivalent ion . The tetravalent state in aqueous media i s  

O p p o r t u n i t i e s  a n d  C h a l l e n g e s  i n  R e s e a r c h  W i t h  T r a n s p l u t o n i u m  E l e m e n t s :  R e p o r t  o f  a  W o r k s h o p

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

http://www.nap.edu/19522


250 

stabil ized by complexation . I t  has been reported that C f ( IV ) 
has been stabil ized in phosphotungstate solutions . 24 

The calculated value for the IV/I I I  couple of  -3 . 2 V 2 5 

is  consistent with the inability o f  C f4+ to exist as a s imple 

aquo ion . From a pol arographic and vol tammetric study26  o f  

cal i fornium , Musikas e t  al . concluded that cal i fornium i s  
reduced via a two- step process a s  is  samarium : ( 1 )  C f ( I I I ) -+ 

Cf ( I I )  and ( 2 ) C f ( I I ) -+ C f ( Hg ) . Potentials for these processes 

were given as - 1 . 47 and - 1 . 68 V,  respectively . With correc

tions , these data yield a calculated value of - 1 . 61 V for 
C f ( I I I ) / ( 0 ) . 

S ince C f ( I I ) can be prepared and maintained in the solid 

state , there sti l l  remains a poss ibi lity that C f ( I I ) can be 
stab i lized in non-aqueous solvents or in molten s alt media .  

There are data deal ing with cal i fornium complexation and 

the solvent extraction chemi stry o f  C f ( I I I ) using tracer 
techniques . 26-28  These data are consistent with its behavior 

as eka-dyspros ium . 2 7  

E INSTE INIUM , Element 9 9  

Based o n  the studies o f  the metal ( m . p . , 860±50 ° C ) as  
determined by electron di ffraction , einsteinium i s  like ly 

divalent in the metal l ic lattice and has a higher vol ati l ity 

than " trivalent" metal s . 1 ' 2 Such studies have mostly used 
20-day 253Es . Radi ation e ffects destroy the l attice be fore it 

can be de fined by conventional x-ray di ffraction . The annual 
production o f  2 5 3Es is  about 2 mg/yr . 3 The chemical separation 

and isolation of einsteinium is a tour de force in separations 
technology s ince this highly radioactive materal is present in 
such small amounts . I t  i s  performed only in the United States 

and the USSR us ing sophisticated ion exchange techniques . 4 ' 5 

Divalent e insteinium was identi fied by Mikheev and 

co-workers in the USSR by co-crystal lization with smc12 . 6 They 

concluded that the Es ( I I I ) / ( I I )  potential was close to that of 
the Sm ( I I I ) / (  I I ) couple , - 1 . 55± . 0 6  V .  7 A few oxide , hal ide 
and oxyhalide compounds o f  einsteinium have been prepared . 
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Even fewer have been characterized structural ly due to problems 

from radi ation damage and film bl ackening from sel f irradi ation 

in competition with the di ffracted x rays . The divalent 

compounds Es i 2 , EsBr2 and EsC12 were characterized by their 
absorption spectra . 8 Divalent einsteinium has been identi fied 

as a guest ion in CaF2 by the electron paramagnetic resonance 
( EPR ) signal o f  Es2 + . 9 

The absorption spectrum of Es ( I I I ) has been measured . 10 , 1 1 

Only a few stability constants for solution phase complexation 
have been determined . 12 Estimates have been given by David et 

al . 1 3 - 1 5  for the free energy , enthalpy , and entropy of forma
tion of Es3 + in aqueous solution . 

The pos sibility o f  increased 2 54Es production is important 

with respect to improved chemical understanding of Es metal and 
compounds , especially s ince einsteinium i s  the last element 
expected to be available in "weighable" amounts , albeit at the 
microgram level . 

FERMIUM, Element 100  

The fermium i sotopes 2 5 5Fm and 2 57Fm are available in 

amounts o f  1 09-1011  atoms . Fermium- 2 5 5  ( t112 ( a ) = 2 0  h )  is 

obtained from 2 5 5Es . 
S ince neither metall ic nor compound forms of fermium have 

been prepared , investigators have had to rely on comparison 
methods to arrive at properties ordinarily associated with 
sol i ds . An example of such a technique is  the evaporation of 

Fm and Md tracers from mol ten lanthanum at 1150°C  and the 
compari son with behavior o f  selected lanthanides and actinides . 

The order o f  vol atilities was found to be Md , Fm > Cf  > Am ,  
with C f  � Yb and Eu . 1 

The solution chemistry involves both Fm3+ and Fm2 + . 

Mikheev2 about ten years ago was the first to reduce Fm3+ to 
Fm2 + , and found that the Fm ( I I I ) / ( 1 1 )  potential was essentially 
the s ame as the Yb ( I I I )/ ( I I )  couple , ca . - 1 . 1 5 v . 3 ' 4 Samhoun 
and David ,  5 after correcting empirically for the amalgamation 

potenti al , 6 propose a value for Fm2+ 
+ Fm0 of -2 . 3 7 V .  The 
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migration rate in an electric field gradient was interpreted 

to indicate that the Fm ( H2o ) 8 
3+ ion was present in aqueous 

perchlorate solutions . 7 

The ground state electronic configuration o f  fermium 
has been established as 5 f12 7 s2 in an elegant atomic-beam 

measurement , 8 and other shells  have been measured by electron 
spectroscopy9 ' 10 in the decay of 2 54�s to 2 54Fm .  These 
investigations i l lustrate the attainment of direct measurement 
o f  electronic properties in thi s region . 

MENDELEVIUM , Element 101  
The 7 7 -min isotope 2 5 6Md is made by accelerator bombard

ment of actinide targets ( e . g . , 2 54Es ) . 1 

Separation o f  Md2+ from trivalent actinides was 
accomplished by Hulet et al . and involved passage of an 

impure Md3+ solution through a Jones Reductor onto an 
extraction column containing di- ( 2 -ethylhexyl )phosphoric 

acid adsorbed on fluorocarbon powder . 1 Divalent Md2+ pas sed 

through while the trivalent actinides were retained . 
Separation o f  Md3+ is  frequently accomplished us ing cation 
exchange with a -hydroxyisobutyric acid eluant . 2 

I ts high vol ati l ity when present as a tracer in molten 

metals indicates that Md metal is divalent in metal lic systems . 

Hulet cites Maly ' s conclus ion that the Md ( I I I ) / (  I I ) potential 
is close to - 0 . 1  V in aqueous solution while the Md ( I I ) / ( 0 )  
couple has a value of - 1 . 50 v . 3 

As noted for both fermium and mendelevium , Mikheev 

util ized co-crystallization with smc12 to establish a divalent 

state o f  these actinide elements . Working simi l arly with CsCl 
and RbCl as  carriers , Mikheev claimed evidence for Md+ . 4 

However , Hulet and co-workers 5 precipitated Rb2Ptcl6 from a 
solution containing Md3+ which had been reduced with sm2 + 

and the precipitate did not carry Md , even though nearly al l 

the Cs + present was carried . These workers concluded that 
Md+ was not prepared us ing sm2 + as reductant , and that the 

earl ier claim for monovalent Md was thus not substantiated . 
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These s tudies have set l imits on the stability o f  Md+ , and the 
divalent state can be estimated to be at least 1 .  3 v more 

stable . The poss ibility that the S f137 s  state may be more 

stable than the S f14 state is a tantaliz ing conclusion spurring 
the design of further studies combining theory and experiment . 

NOBELI UM ,  Element 102 

This  element is  found to have a divalent state in aqueous 

acid solution ; it is more di fficult to oxidize and to hold as 
No3 + than had been anticipated . 1 The speci fic identi fication 

of the prior actinides Am-Md could be established by their 
sequential order o f  elution from cation exchange columns with 
organic l igand eluants . This method o f  identi fication is not 

val id for nobelium because o f  its predominantly - divalent nature . 
Rather ,  the atomic number and mass were established by observ

ing characteristic K x rays from the known 2 5 1Fm daughter 
in coincidence with the a decay o f  parent 2 5 5No . 2 

Maly and , separately , Zvara et al . at Dubna have done 
important chemical research on trans actinide elements ; Maly 
col laborated with u . s .  researchers to perform over 600  experi
ments which involved in toto - s o , 000 atoms o f  2 5 5No . 3 Their 
studies at Berkeley and at Oak Ridge showed that No2 +  behaves 

in a manner s imilar to the alkal ine earths , with extraction 

behavior between ca2 +  and sr2 + . 4 The reduction potential of  
the No ( I I I )/ ( I I )  couple estimated to be -1 . 45 v . 5 The very few 
stab i l ity constants determined for No complexation have values 

between those of ca2 +  and sr2+ , confirming the divalent nature 
of No . 

S ince a l inear rel ation exists between the log of the 
distribution coefficients o f  the alkal ine earths and their 

ionic radi i , it was poss ible to estimate the ionic radius of  
No2 + as 1 . 1  A. 4 This experimental value was confirmed by 

applying Paul ing ' s correction to the radius of the outermost 
6p312 shell  calcul ated us ing a Hartree-Foch-S later program . 
The polarizability o f  No2 +  appears rel atively low s ince it 
does not complex chloride ions as do Hg2+ and cu2 + . 
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Future studies of nobel ium chemistry should be aided in 

accuracy and complexity by the recent discovery of new nuclear 

synthetic methods , us ing 2 54Es targets , o f  making 1-hour 2 5 9No 

in 1 ,  000  atom amounts . Studies to this time have been made 

us ing the 3 . 1 -minute 2 5 5No at levels of  2 0  to 2 0 0  atoms per 
experiment . 

LAWRENC I UM ,  Element 103 

Chemical identi fication o f  Lr was not made in the 

discovery experiments , but the atomic and mass numbers were 
establ ished by nuclear generic rel ationships . The isotope 
2 5 6Lr ( t112 ( a ) = 3 5  sec ) is  made by the reaction 249c f  c 1 1B ,  

4n ) ,  to yield - 1 0  atoms per irradiation . 1 

Because of  the 3 5 - sec hal f- l i fe ,  only one or two atoms 

are actual ly detected per chemical experiment , but Si lva and 
co-workers at Berkeley could sti l l  use fast solvent extraction 

techniques to establ ish that Lr3 +  was the stable state in 
solution . Soviet workers compared several actinide chloride s  

with that of Lrc13 i n  a heated column and found its behavior 
to be cons istent with that expected for eka-lutetium . 2 

Chemical studies o f  Lr are thus sparse indeed . I t  would 
be wel l  worthwhi le to investigate new nuclear synthetic 

procedures that use trans fer reactions , perhaps based on 2 54E s  
targets , to search for higher yield reactions for not only 
3 5-sec 2 56Lr but also -3 -min 2 6 0Lr . Success in these nuclear 

experiments would open up new doors for the chemical studies . 
S ince the electronic configuration of Lr is strongly 

influenced by relativi stic effects , there is some confus ion 
as to whether the 7p112 orbital has been lowered in energy 

sufficiently to be filled rather than the 6d . Although the 
question o f  whether the electronic configuration of Lr i s  
5 f146d7 s2 o r  5 f147 s2 7p appears moot , i t  does suggest that an 

investigation of poss ible divalency in Lr might prove 
interesting in this highly relativi stic region . 
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ELEMENT 1 04 

Two short-l ived i sotopes of element 1 04 are avail able 
for study : 3 - sec 2 5 91 04 , and 1 -min 2 6 1 1 04 . Transport of 

gaseous chlorides through a heated column was used at Dubna 
by Zvara et al . to di fferentiate between MC14 ( high v . p . ) 

and MC13 ( low v .  p .  ) . 1 The work established that the chloride 
o f  1 04 compared in vol atility with that o f  HfC14 . 

Solution work at Berkeley ( Si lva et al . )  uti lized 1 -min 
2 6 1 1 04 in an ion exchange study to establ ish on the bas is o f  
-10  events that element 1 04 had elution characteristics like Zr 
and Hf as expected for this first post-actinide element . 2 

Hulet and co-workers found on the basis o f  7 events · that 

chloride complexation of 1 04 was clearly stronger than that for 

trivalent actinides and simi l ar to that o f  hafnium . 3 

The architecture o f  the periodic table at the end o f  the 
actinide series and the beginning o f  the transactinide series 
has received considerable del ineation in the di fficult but 

critical ly important experiments on Md , Lr and 1 04 .  There is 
no question that the actinide series ends at Lr as required 
by the actinide concept . The next important question , the 

nature of the transactinide series , has received important 
though sparse i l lumination , in that 1 04 chemistry i s  clearly 
consistent with that of a typical group IVb element . The 

experiments o f  Silva , Hulet and Zvara are suggestive as to 
the avenues to be followed for establishing the oxidation 
states of 1 04 and its molecul ar and ionic species . Here again , 

new nuclear synthetic routes yielding larger numbers of 2 6 11 04 

atoms per experiment are needed for success ful implementation 
of these experiments . 

ELEMENT 1 0 5  
Zvara e t  al . used 2 - sec 2 6 1 105  and thermochromatographic 

techniques to investigate the vol atility of the chloride of 
element 1 0 5 . Zvara ' s  interpretation was that the chloride of 
105 is more vol ati le than HfC14 and less vol ati le than 
Nbcl 5 . 1 ' 2 The meaning of these results is  unclear . Better 
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de fined conditions are needed to investigate possible new 

trends in the periodic table . One poss ibil ity ,  suggested by 

Zvara ' s results on 1 0 5 , is that members o f  the trans actinide 
series may behave more l ike the l ighter members of  the groups 

than the heavier . 3 I t  would be interesting , in this regard , 

to attempt to employ carbonyl chemistry for element 105  since 
Nb and Ta do not form carbonyls although V ( C0 ) 6 is known , but 
has l imited stability .  The three elements mentioned do form 
anions o f  the type M( C0 ) 6

- . 

ELEMENT 106 

Although no chemical properties have yet been determined 
for element 106 , the hal f- l i fe of 1 sec for 263 106  o ffers 

poss ibilities . Zvara has reported experiments with tungsten 
in preparation for such work . 1 Zvara finds with soc12 as the 
chlorinating agent that the W deposition is wel l  separated 

from Hf and Nb in his chromatographic column . Carbonyl 

chemistry might also be of interest for element 106 since 
vol atile W ( C0 ) 6 is wel l  known . 

ELEMENTS 107 AND 1 0 9  

No chemical properties have been reported for these 
elements . 

SUMMARY :  SOME AVENUES FOR NEW RESEARCH 

METALS , COMPOUNDS AND VALENCE STATES 

Reactions o f  the Metals 

With the increasing avail ability of milligram amounts of 
248em ,  249sk , 249cf and micrograms o f  253Es , the properties 

o f  the metals and of solid compounds can be investigated with 
greater sens i ti vi ty and in more systems . New areas of study 
are suggested as wel l  as further investigation of older systems . 

A particul arly exciting area for development is the use of  high 
pressure ( in the ki lobar regime ) to make the S f  orbital s more 
avai l able for hybridization in metals and in compounds . Such 
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techniques are now at a stage where experiments on the several

microgram scale are poss ible , thus opening the area to study 

of  the heavier transcurium elements . With cali fornium as an 

example , an appropri ate reaction is  C f  + c f2o3 -+ 3C fO ,  which 

should be feasible , based on succes s ful preparation of  rare 

earth monoxides . With berkelium, the reaction Bk + 2BkC13 -+ 

3BkC12 i s  an obvious candidate . 

Although detai ls  of the metall ic state wil l  be presented 
in another resource paper , here we cons ider certain information 

to have chemical implications . For example , a l arge metallic 
radius , implying " divalency" , as wel l  as a high metal vapor 

pres sure suggests that the reaction of the metal with its 
heavier trihalides , e . g . , M + 2MBr3 .. 3MBr2 , wil l  proceed to 
the right . 

Pitfal ls  

X-ray di ffraction i s  a maj or tool for identi fication of  
compounds containing actinides in  their various valences . One 

of the pitfal ls  which plagues those who work with small amounts 
of these reactive actinide metals i s  their " getter " action for 
res i dual gases . The resulting surface can thus be stabil ized 
by certain phases or compounds such as oxides/nitrides/hydrides 

whose l ines then appear in the di ffraction pattern , and can 
mi s lead the investigator . 

vacuum , quenched samples 
For example , even in an excel lent 

of Am and em metal showed x-ray 
0 

patterns corresponding to cells  with a0 = 5 . 004 A ( Am )  and 
0 1 a0 = 5 . 038 A ( Cm ) . Both have been reported as high 

temperature fcc forms o f  the metal s .  However , this  

interpretation must be  questioned when it is  recal led that 
thei r  binary nitrides have nearly identical cel l  constants : 

0 0 2 AmN ,  fcc , a0 = 5 . 002 A and CmN , fcc , a0 = 5 . 041 A ,  and 

further , that the accepted value for the fcc phase of Am metal 
0 1 is much smaller : ( a0 = 4 . 8868±0 . 00 7  Al . Simi larly , a poor 

pattern �! c f2o3+x with a0 = 1 0 . 8 0 A can be indexed as 
a0 = 5 . 40 A whi ch is simi l ar to one of the phases reported for 

metallic  C f . 3 S ince small preparations cannot usual ly be 
analyzed , the observed interconvers ion to another metallic  
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phase is certainly the minimum requirement to establish the 

exi stence of a metallic  phase . A few l ines on a di ffraction 

pattern are not sufficient . A catalog of binary compounds i s  
critical to such work . 

As l arger sources of  the heavier elements become avail able 
to more than one l aboratory , work has been repeated , often with 

purer materi als . Such work has o ften produced signi ficant 
alterations in important data and their interpretation . With 

americium , for example , the actual existence o f  the true fcc 
phase was long questioned . Haire notes that cal i fornium 

requires preci sely such extended work , especi al ly on the 
divalent forms of the meta1 . 3 This general observation appl ies 
equally to other actinide elements . 

COMPOUNDS AND VALENCE STATES 
As mentioned in the introduction , amer1c1um and curium 

wi l l  be present in signi ficant quantities in wastes from 

proces s ing power reactor fuels . * There fore , studies are needed 
to estab l i sh the long term chemical behavior of these elements 
in proposed waste forms and in their migrational behavior in 

the environment . Curium wil l  likely remain trivalent , but 

the stabilization of americium in oxide matrices can easily 
involve the tetravalent or  higher states . This i s  especially 

true s ince excess base and high oxygen fugacity can lead to 
Am ( V )  and Am ( VI ) during high temperature waste form preparation . 
Long term radi ation stabil ities of such oxidation states are 

subj ects worthy of investigation . 

Complexation chemi stry involving carbonates , ion-exchange 

with clays and other important soil and rock constituents are 
also needed to establ i sh a scienti fic base for model ing the 

behavior of curium and americium in the environment . I n  
anhydrous systems for these elements particul arly,  the 
technique of  us ing atomic fluorine to obtain higher fluori des 
should be investigated . Already mentioned were the l imited 

* Although of less importance than Np and Pu on a rel ative 
weight bas is  in the nuclear waste , they are important because 
o f  their high activity . 
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studies made thus far with long-l ived 248cm , and the need for 
an expans ion o f  studies o f  curium chemistry using this isotope . 

The possib i l ity of  l aser activity for curium was not pursued . 

Valences o f  curium greater than four need substantial ly more 

work , including investigations in carbonate and of other 
complexes in alkaline medi a .  

I n  the case o f  berkelium ,  the divalent state has not 

been found except poss ibly as an intermedi ate during the 

decay of  Es ( I I ) � Bk ( I I ) � Cf ( I I ) . 4 ' 5 The Bk/BkBr3 
( or i odide system ) should be investigated , perhaps also us ing 

high pressure techniques to de fine stab i lity l imits of the 
Bk ( I I ) state . There are sti l l  unanswered questions about 

cal i fornium in the solid state : much work remains to be done 
even on s imple compounds . The oxidation states 0 ,  I I ,  I I I ,  
and IV have been established for cal i fornium , but little is 

known o f  their aqueous chemistry except for that of the ( I I I ) 

state . Future investigations should emphasize stab i l izing 
other pos s ible states , such as Cf ( V )  and characteriz ing sol ids 
containing the various valences . 

We emphasize that since both Bk and Cf are the last two 

elements which can be studied on a several mi l l igram scale , 
studies o f  these elements are important in order to establish 
the best data base on which to plan experiments for the heavier 

elements which are more radioactive and much less avail able . As 
we noted , no complexation constants have yet been reported for 
Bk ( I V ) . 

Not only i s  extens ive work required to characterize 

properly the solid phases of the transplutonium elements , but 
a wide variety of new compounds needs to be prepared and 

studied with the longer-l ived isotopes . These studies will  

be critical to extending our understanding of the role and 

rel ative stabilities o f  the di fferent oxidation states . 
Moreover , such systems wi ll  elucidate the role of the S f  

orbitals and the trends in periodic relationships at the 
heaviest end o f  the periodic table . In this  regard , 
spectroscopic studies should be particularly valuable . 
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SOLUT I ON CHEMI STRY 

The radioactive nature o f  the transuranium elements 

places l imitations on the techniques which can be used to 

study inherent oxidation state stability and even o f  

complexation i n  solution since the radiolysis  accompanyinq 

macroscopic concentrations of many of  these elements can 
serious ly perturb the measurements . Consequently ,  many 
complexation studies have used tracer concentrations with 
a two-phase di stribution technique such as ion-exchanqe or 

solvent extraction . The first hydrolysis  constant of  fermium 

shows it to be more acidic than earl ier actinides . 
Even the heaviest , most radioactive elements can be 

studied by tracer techniques in ultrafast , automated systems , 
provided that adequate amounts of transplutonium elements are 
produced for tarqets for accelerator production of the heaviest 

elements . Such research in the trans actinide elements can 

clari fy the role of rel ativi stic effects , a question o f  
cons iderable theoretical interest . 

Whi le optical spectroscopy and maqnetic measurements 
have been of qreat value in the study of transition metal 
complexes , their use is more l imited for the actinide s  

s ince the f -+ f trans itions are much less sens itive to the 
effect of  complexation . There is  a class of  spectral bands - 

the "hypersensitive bands " - - which do show more siqni ficant 
perturbations upon complexation and some use has been made o f  

these spectral transitions . 6-8 With the qrowinq avail ability 
of  lonq-l ived species ( 243Am ,  248cm ,  249c f ) , more extensive 

investigations are poss ible us ing these hypersensitive bands as  
wel l  as  other desirable macroscale techniques such as titration 
calorimetry , nuclear maqnetic resonance , etc . 

The strongly ionic character of the bonding o f  the 
transplutonium cations has been noted earlier . As a resul t  

of thi s ,  the number and geometry of  the bonding groups around 
these cations are not restricted or determined by the 
requirement for metal- l igand orbital overlap . Consequently ,  

primary coordination numbers up to 12 are known with 6 to 1 0  
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probably common in solution , depending on the l igand . A 

corresponding diversity o f  symmetries is  present which makes 

these transplutonium cation complexes particularly ( and , almost 

uniquely ) suitable for studying electrostatic interactions 

under a wide variety of conditions . Much more research i s  

needed on the thermodynamic and kinetic parameters of the 
actinide complexes to provide a sufficient data base for sound 
theory development . 

I n  this regard the trivalent actinides often form 

more stable complexes than expected from comparison with the 
lanthanides . For example , Cf3 +  and Eu3 + have s imi l ar ionic 
radi i , yet from cation resin exchange column elution · with 
lactic acid solution , we must accept that the cal i fornium 
lactate complexes are s igni ficantly more stable . S imi larly , 
the group separation of actinides from l anthanides by ion

exchange elution using concentrated hydrochloric acid or 
thiocyanate solutions reflects increased complexation for 
actinides which cannot be related simply to di fferences in 

cationic radi i . such increased complexation implies bonding 
which is  not expl ained simply by electrostatic interaction . 
Absorption spectroscopy of f- f trans itions would be very 
helpful in clari fying any role of f orbital participation in 
the bonding . 

The structure of hydrated cations in aqueous solutions 
is a question of cons iderable interest and debate . New 
approaches us ing neutron di ffraction , 9 and extended x-ray 

absorption fine structure ( EXAFS ) may provide definite ins ight 
into this aspect o f  actinide chemi stry as sufficient quantities 

of these elements become more avai l able . 
I n  Table I I  the reduction potentials are collected . 3 , l O-l4 

As noted in the introduction , there is  an abrupt maj or increase 

in the di fficulty in achieving the aqueous tetravalent state 
for elements after plutonium , Bk ( I V ) being the maj or exception 

as sole example of a stable , tetravalent aqueous ion . On the 
other hand , from Cf on , it becomes easier to attain divalency . 
Since powerful oxidants are involved with the higher valence 
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Am 
em 
Bk 
C f  
E s  
Fm 

Md 
No 

Lr 
1 04 
1 0 5  
106  

107  

TABLE I I . REDUCTI ON POTENTI ALS AND SOME THERMODYNAMI C  PROPERTI ES 

0 3+ 6Hf Maq 

I I I , O  I I I , I I  I V ,  I I I  V ,  I V  V I , V  kJ/mol 

-2 . 07 -2 . 3  2 . 6  ( 0 . 82 ) 1 . 59 -616 . 7  

-2 . 3 -4 - 6 1 5  

-2 . 0  -2 . 8  1 . 6  ( 3 . 5 )  -6 0 1  
-2 . - 1 . 6  -3 . 2 -576  

- 1 . 98 - 1 . 5 5 ( - 596 )  
- ( 1 . 95 )  - 1 . 1 5 ( 4 . 9 )  
- ( 1 . 7 )  -0 . 2  
- ( 1 . 18 )  + ( 1 . 4 )  
- ( 2 . 06 )  

0 4+ 6Hf Maq 

kJ/mol 

-40 6 

-483 

* Other Values : 
0 + ++ 6Hf for Amo2 ( aq )  = -80 5 , and for Amo2 ( aq )  = -652 kJ/mol . 

* 
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states , a more expanded chemistry is possible by avoiding the 

limiting nature o f  the solvent water . An area which may be 

very fruitful for study is  that of  non-aqueous solutions 

util izing organic and molten salt solvents . Particularly the 

enthalpy and entropy changes for complexation in aqueous 

solutions of actinides are governed by solvation effects . 
Moreover , water obscures spectral features in many interesting 
regions . Di fferent geometries , complexing strengths and even 

oxidation states can be. real ized by use of non-aqueous solvents . 
However ,  such studies are not as amenable to tracer distribu
tion as are studies of aqueous systems , and the long-l ived 
isotopes from TRU/HFI R  are necessary . 

The rich chemistry of the vari able redox behavior of 

neptunium and plutonium has been a source of very interesting 
research . The non-aqueous solution chemistry o f  the 

transplutonium elements may be even more fruitful . J¢rgensen 

has suggested a way to combine values of the gaseous ionization 
potenti als o f  atoms with empirical hydration energies to 

predict stabil ities of the s imple aquo ions with respect to 
their oxidation or reduction by solvent water . 1 5  This approach 

leads to a smoothly decreasing stabil ity of the trivalent state 
in favor of the dipos itive state as z increases from Am to 

Md . 16  The increase in stability of the divalent state reaches 

a maximum at nobel ium ,  which i s  shown to be the stable aqueous 
state . There is then an abrupt discontinuity occurring at 
element 1 03 , the end of the actinide series , with trivalent 

Lr3 + showing the widest range of  aqueous stability .  16 More 
theoretical work is needed to account for the special stability 

of the aquo Mo; and MO�+ ions , and to provide means of predict

ing their occurrence . Study in non-aqueous systems , e . g .  , 
electrochemistry , complexation , spectroscopy , photochemistry , 

as wel l  as other areas can provide information to extend our 

model s  and can open a whole new field of actinide research . 

Prel iminary studies in such solvents have indicated a s igni f
icant degree of covalency in actinide-soft base l igand 
( e . g . , Ni > interaction . 1 7  
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The whole area of the kinetics of oxidation-reduction 

reactions of Bk , C f ,  Es , and Fm is virtually unexplored 

territory , although accessible to experiment . Since the 

increase in binding energy o f  S f  electrons in thi s region 

becomes acute , a combination of theoretical and experimental 

studies should shed new light on the influence of rel ativi stic 
effects that wil l  augment the l imited thermodynamic knowledge 
in hand . 

The architecture of the periodic table i s  an important 
consideration for chemists , and the experimental establishment 

of the end of the actinide series at Lr is an especially 
s igni ficant accompli shment by the " one- atom" chemi sts at 

Berkeley , Livermore , and Dubna . The chal lenges which remain 

are impressive . Most important i s  the elucidation of the 
character of  the new trans actinide series , but the chemistry 

o f  Lr i s  sti l l  based on sparse data , and much more remains to 

be done in establishing the chemistry of  Md and No in order 
to understand S f14 closed shells  and the increased binding 
of  S f  electrons rel ative to 4f .  Perhaps , in studying Lr 

chemi stry , we can learn something about the stabil ity of  
7p112 shells  under strong rel ativistic conditions . We 

mentioned earlier that Md
+ 

work could be pursued to elucidate 
the stability of the s f14 closed shel l .  

Experience with " time capsules " and their errant 
predictions , indeed the hi story of chemical research itsel f ,  
shows the fol ly o f  attempting to predict too closely the 
direction or even the value o f  " new directions " very far in 

the future . Particularly with the transplutonium elements 

we are concerned with the end of the periodic table and 
" normal relationships " are perturbed by stronger spin-orbit 

coupl ing ,  higher nuclear charges , rel ativistic effects , etc . 
We can only " see darkly" at thi s time , and theory needs the 
helping hand of  the experimental studies yet to come . However ,  

we can be confident that these studies wi ll  provide s igni ficant 
new understanding of these heaviest elements and their pl ace in 
the nature of matter . 
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In the description of individual elements we have not 

di s cussed potential new directions in reprocessing , such as the 

pos s ible use of  liquid membranes or pyrochemistry , utiliz ing 

molten s alt solvents and electrochemistry . However ,  the use o f  

non- aqueous sol vents and the mol ten salt chemistry o f  the 

transplutonium elements are believed to be areas which should 
be exploited . Analytical chemistry was omitted , but the 

structural advances in neutron di ffraction and EXAFS should 

permit studies of  inner sphere coordination in these elements . 
We have described brie fly other areas of needed work , including 
the following subj ects : 

solution chemistry , coordination , complexation , 

valence stabilization and kinetics ; 
thermodynamics ( obvious lack of  data ) ;  
organometal lic chemistry ; chemi stry in nonaqueous solvents ; 

actinides , S f14 closure ; 

transactinides , electronic structure , rel ativistic e ffects ; 
solid state chemistry , need for data on more compounds ; 
high pressure studies ; 

waste problems , immobilization and aquatic chemistry . 

Final ly , few would argue that the problem of trans-
plutonium elements and their di sposal wi l l  go quietly away . 

Even i f  the use of  nuclear power diminishes in the United 

States , it wi l l  not dis appear in the rest of the world . 
Furthermore , mi litary needs wi ll  result unavoidably in trans

plutonium element production . Few univers ities can offer 
appropri ate training . Post-doctoral programs at the national 

laboratories presently offer valuable but limited assistance , 
and there i s  little opportunity for the trainees to remain . We 
cannot ignore addres s ing the practical matter of maintaining 
U . S .  expertise in the area . 
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APPENDIX G 

SPECTROSCOP IC STUD I ES OF THE TRANSPLUTONI UM ELEMENTS* 

W .  T .  Carnal l 
Argonne Nati onal  Laboratory , Argonne , I l l i no i s 

and 

J .  G. Conway 
L awrence Berkel ey L aboratory ,  Berkel ey ,  Ca l i forn i a  

1 .  I ntroducti on 

The cha l l eng i ng opportun i ty to deve l op i n s i ghts i nto both atom i c  
s tructu re a nd  the effects of  bondi ng i n  compounds makes the study of  acti n i de 
s pectroscopy a parti cu l ar ly  fru i tfu l and exc i ti ng area of sc i enti fi c 
endeavor . I t  i s  a l so the i n terpretati on of f-el ement spectra that  has 
s timu l ated the devel opment of the most  soph i sti cated theoreti ca l  model i ng 
attempted for any e1 ements i n  the peri odi c  tab l e .  The u n i que nature of the 
s pectra and the wea l th of fi ne deta i l reveal ed make  poss i bl e  sen s i ti ve tests 
of both phys i cal  model s and the resu l ts of Hartree-Fock type ab i n i ti o  
ca l cu l at i ons . 

I n  many respects there f s  a s imi l ari ty between the spectra of the 
l anthan i des and those of the acti n i des , but in the S f- seri es , the f-el ectrons 
a re l e ss  wel l sh i e l ded from potenti a l  i nteracti on wi th l i gands . There i s  
consequentl y  a d i scern i bl e  approach to the character of the d- tran s i ti on 
el ements  i n  certa i n  acti n i de compounds . Neverthel ess , the essenti a l  f-el ement 
character of sharply defi ned tra n s i ti on energ i es i s  reta i ned , so that the 
i nterp l ay between the e l ectrostati c and spi n-orb i t i nteracti on of the non
bondi ng  f-e l ectron s ,  a nd the nature of the bond i ng and s i te sy11111etry can be 
expl ored i n  deta i l . I n  contrast to the atomi c spectra of .the l anthan i des , the 
acti n i des exh i b i t an even more comp l ex and sci enti fi cal l y  chal l eng i ng spectra 
because  energy 1 evel s characteri sti c of many more el ectron i c  confi gurat i ons 
occur  at rel at i vely l ow energi es . 

What then can  be sai d about the un i que character of heavy-acti n i de 
spectroscopy ,  wh i ch f s  the focus of the present d i scu ss i on?  How does i t  
di ffer from that of the l i ghter  members of the seri es , and what are the 
spec i al properti es that are man i fest? What properti es parti cu l a rly  reco11111end 
study of the heav i er members of the seri es?  

When one has  ava i l abl e a l arge number of l evel s of a g i ven confi gurati on , 
these  l evel s may be used as i nput to cal cu l at ions  that y i el d the model Sl ater  
( el ectrosta ti c )  a nd  spi n-orbi t i nteracti on parameters for the confi gurati on . 
I f  several confi gurations  are known , then i nteract i on s  between confi gurati ons  
can  be  ca l cu l ated . These  data and ca l cu l ati ons for the l i ghter acti n i des 
together wi th Hartree-Fock  cal cu l ati ons are s i gn i fi cantl y  i ncrea s i ng ou r 
i n s i ght  i nto the structure of the atoms .  The transp l uton i um e l ements prov i de 
a un i que area to test  atom ic  theory because the coupl i ng of e l ectron s i s  not 
pure and because rel ati v i st ic  effects are so important �  

*This wo rk was performed und er the ausp ices o f  the O f f ic e  o f  Basic Energy Sc iences , 
Divis ion o f  Chemical Sc iences , U . S .  Department o f  Ener gy . 
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The di st i nc t  changes that  occur  i n  the character  of acti n i de spectra i n  
conden sed phases a s  atomic  number i s  i nc reased a re rel ated to the i nc rea s i ng  
stab i l i zati on of l ower-va l ence states . The  h i gher mu l ti pl e val ence states 
that a re charac teristic of the l i ght hal f of the seri es prov i de an  a s  yet 
a l most untapped and chal l en g i ng  area for theoreti ca l  i nterpretati on . I n  
contra st , the i nc reased stab i l i ty of l ower oxi dat i on s tates i n . the heavy 
members of the seri es prov i des an  exper imenta l  ba s i s  for expl ori ng the 
charac ter of the el ectron i c  structure resu l ti ng from a qu i te di fferent 
h i erarchy of i nteracti ons . As a resu l t the  spectra of the l i ght and heavy 
acti n i des prov i de compl ementary opportu n i ti es for theoreti cal ana lys i s .  The 
spectra of di val ent  compounds of Cf and Es are j u s t  beg i n n i ng  to be 
i nterpreted , but pred i c ti ons regardi ng  the natu re of s i mi l ar spectra for the 
l i ghter acti n i de s  where no experi Mental  data exi s t  can al ready be made based 
on the l i mi ted avai l ab l e i nformati on . These pred i c ti ons confi rm the potent i a l  
i mportance o f  spectroscop i c  observati ons  i n  the ongo i ng  attempts to synthes i ze 
such compounds as  PuC1 2 • Of course the pos i ti on can a l so be taken that one of 
the very i n teresti ng  aspects of heavy- act i n i de chemi stry l i es  i n  the chal l enge 
of stab i l i z i ng the el ements i n  h i gher- va l ence s tates . 

Spectroscop i c  studi es  that are part of attempts to synthes i ze compounds 
w i th unu sual  acti n i de- i on oxi dati on states prov i de potenti al h i gh detecti on 
sen s i ti v i ty and the bas i s for defi n i ti ve val ence state characteri zati on .  I n  
thi s connec ti on i t  i s  u seful to po i nt out that spectroscop i c  data have a l so 
been used as  the sol e ba s i s  of i denti fy i ng val ence states i n  some i n s tances .  
I n  a recent seri es of i nnovati ve experi ments , changes i n  the crysta l l ograph i c  
structu re and ox i dati on state o f  heavy-acti n i de compounds ( E sC 1 3 , BkC1 3 ) 
i nduced by radi oac ti ve decay were sen s i ti vely moni tored by spectroscop1c 
techn i ques . Thi s work showed that wh i l e  the absence of l ong  range order i n  a 
crysta l l i ne env i ronment prec l uded obta i n i ng s tructural i nformati on from x- ray 
pattern s ,  the shorter range order determi ned by the arrangement of nearest  
nei ghbor i ons about the central acti n i de i on y i el ded spectra that cou l d be 
u n i quel y i nterpreted . 

2 .  The Rol e of Systellati c Studi es and the Rel ati onshi p of Heavy-Acti n i de 
Spectroscopy to Ongoi ng Spectroscopic I nvesti gati ons of the L i ghter 
�ers of the Seri es 

The importance of a systemati c theoretica l  ana lys i s of the atomi c spectra 
across a seri es of el ements such as the acti n i des i s  wel l establ i shed . One 
resu l t can be the essenti al  i n s i ght  prov i ded i nto the spec i a l  i nterpreti ve  
probl ems encountered for an i nd i v i dual  el ement .  The  i mportance of the 
systemati c approach i s  somewhat l es s  cl earl y documented for the spectra of 
ac ti n i de compounds . I ndeed , the only rel ati vely wel l - establ i shed ana ly s i s of 
the l atter type i nvol ve s  the tri va l ent seri es . However , even here the 
gu i dance prov i ded by averaged theoreti cal -model parameter val ues can be 
c l earl y demonstrated . I n  part th i s i s  because the spectra of the tr i val e nt  
acti n i des have been found to exh i b i t  a n  i ncreas i ng ly l anthan i de-type characte r  
wi th i ncreas i ng atom i c  number .  I t  i s  i n strucji ve to po i nt ou t 1Jl.at i t  was 
mos� d i ffi cu l t to i nterpret the spectrum of U + : L aC1 1 than of Np  : L aCl 3 o r  
P u  : L ac 1 3 a n d  important  i n s i ghts i nto the nature o f  th e  appropr i a te phy sl ca l  
mo��l for the acti n i de seri es a s  a whol e were ga i ned i n  the ana lys i s  o f  
Cm : L ac 1 3 , BkC 1 3 and C fC 1 3 • I n  part our i nterest i n  heavy- acti n i de spectra 
a l so der i ves from spec i al s i tuati on s .  For exampl e ,  a great deal of i nterest  

O p p o r t u n i t i e s  a n d  C h a l l e n g e s  i n  R e s e a r c h  W i t h  T r a n s p l u t o n i u m  E l e m e n t s :  R e p o r t  o f  a  W o r k s h o p

Copyr igh t  Na t i ona l  Academy  o f  Sc iences .  A l l  r i gh ts  rese rved .

http://www.nap.edu/19522


289 

conti nues  to center on the chemi stry of Pu4+ i n  neu tra l  to bas i c  sol uti ons . 
To the the extent that a ny compa ri sons can be made on the b a s i s of spec tro
scop i c  stud i es , Bk i s  the fi rst heav i er ac ti n i de after Pu to exh i b i t a stabl e 
4+ o x i dati on s tate i n  neutral - to- ba s i c sol uti on . 

The i mporta nce of sy s temati c i nve s ti gati on s of energy- l evel structure i s  
a l so apparent as  we attempt to extrapol a te i nto u nc ha rted , and perhaps expe r i 
mental l y  uncha rtab l e ,  area s o f  heavy-el emen t  spectroscopy .  E i n s te i n i um i s  the 
l ast  el ement i n  the peri od i c  tabl e that can be studi ed by conventi onal tec h
n i ques . I t  i s  thu s  the spri ngboard from wh i c h predi cti ons  of structu re of yet 
heav i er ac ti n i des wi l l  be l aunched . I ts spec tral p roperti es and c ha racter
i st i c s  consequentl y tak e  on a spec i a l s i g n i fi cance a s  we model the spec tra of 
Fm a nd No and exami ne the potenti al u se of the h i ghest- sens i ti v i ty tec h n i ques 
that mi ght  permi t exper i menta l  detec ti on of sel ec ted sta tes . 

One of the i mportant appl i cati ons of acti n i de spec troscopy has come i n  
connec ti on wi th the devel opment  of i sotope- sepa rati on  processes . Both i n  the 
case of u ran i um and pl u ton i um ,  ongoi ng experi mental and i nterpreti ve i nvesti 
gati o n s  of atom i c  spectra have been di rec tl y i n s trumental i n  the devel opmen t  
o f  n ew  concepts for separati ons that a re p rogres s i ng toward commerc i al i 
zati on . P a rt of the l on ger- range resea rc h effort i n  heavy-el emen t  spectro
scopy i s  devoted to expl ori ng the photophy s i c s  and  photochemi stry of P uF6 
based on the observati on of i sotope shi fts i n  the v i bron i c  struc tu re wh i cf'l 
accomp a n i es e l ectron i c  tra n s i ti on s . The l atter i nvesti gati on ta kes advantage 
of the vol ati l i ty of the h i gher fl uori des of the l i g ht ac ti n i de s . Anal ogous 
stud i es of the most vol a ti l e  compou nds avai l ab l e for l ower val ence sta tes wi l l  
al so be of i nterest . Wh i l e  h i gher- val ent , vol a ti l e  heavy- acti n i de compou nds 
have not yet been prepa red , they · may exi s t .  Certa i n ly  wi th 3+ and 4+ com
poun d s  ana l ogou s exami nati on for i sotope separa t i on potent i a l  wi l l  be im
portant over the whol e seri es . Wh i l e  the present p rac ti cal  appl i c ati on l i es  
in  the  l i ght end  of the  ser i es , i n s i ghts i nto mec h a n i sms or the rol e of a 
pa rti c u l a r  vari abl e may come from i nvesti gati ons  i nvol v i ng the heav i er 
ac t i n i de s . 

S i m i l arl y ,  the devel opment  of sen s i ti ve methods of detec ti on of acti n i de s  
i n  wa s te streams , i n  the env i ronme n t ,  and  a s  part of wa s te-management 
scenari os  ( pr i mari l y  a s soc i ated wi th the l i ght  ac ti n i des at  presen t)  i s  an 
area to wh i ch acti n i de s pectroscopy i s  mak i ng very i mportant contr i b u ti ons . 
The que sti on of detec t i on sen s i t i v i ty i s  strongl y dependent upon a k nowl edge 
of the deta i l s  of the e l ec tron i c  energy l evel s .  

3 .  Ata.i c ( free-i on )  Spectra 

A .  Summary of the P resent Status of Spec troscopi c Studi es  wi th the 
Transpl utoni um El ements 

Whi l e  ameri c i um i s  the fi rst  transpl u ton i um el ement ,  i ts producti on i s  
not a s soc i ated wi th the ( HF I R- TRU ) fac i l i ty .  I ts early ava i l abi l i ty resul ted 
in some work be i ng done on i ts atomi c spectra and the publ i cati on of a part i a l  
term analys i s ,  ( F red a n d  Tomk i ns 1957 ) . I n  l arge part , the p rev i ous s tatement 
regardi ng ava i l ab i l i ty not assoc i a ted wi th HF I R-TRU al so appl i es to Cm . Muc h 
of the pub l i s hed spe2({oscop i c  data , both atom��8a nd that i nvol v i ng compou nds , 
was obta i ned u s i ng Cm . The 1 onger- l i ved Cm i sotope , a produc t of the 
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TRU fac i l i ty ,  can be u sefu l for spec troscop i c  studi es  i n  connecti on wi th 
i so tope- s h i ft determi nati ons and where marg i nal phase or val ence s tab i l i ty i s  
expected to be a con trol l i ng factor . The statu s of the energy- l evel anal y s i s 
i n  Cm I was recentl y  g i ven by Worden and Conway ( 1 976 ) . The l i teratu re pri or 
to -1970 for al l tra n s u ra n i um el ement atomi c spectra was surveyed by Carnal l 
( 19 7 1 ) .  

Atomi c spectra da ta and the cu rrent  statu s of the ana l y s i s i n  terms o f  
l evel s a n d  confi gurati ons i s  for the most pa rt u n publ i shed . T he exten s i ve 
natu re of the l i ne l i s ts mak es i t  di ff i c u l t to f i nd sui tabl e avenues for 
publ i cati on , espec i al l y  s i nce there are rev i s i ons as  new i n formati on i s  
devel oped . Publ i c a t i o n s  of tran sc u r i um atomi c spec tra da ta i ncl ude : for Bk , 
Worden and Conway ( 1 978 ) ; for C f ,  Worden and Conway ( 1 9 70 ) ; and for E s ,  Worden 
et al . ( 1 970 ) . Exten s i ve experi mental data , primari l y  for Es I ,  were obta i ned 
subsequentl y i n  a c ooperati ve effort between groups at Argonne Nati onal  
Laboratory , Lawrence Berkel ey Laboratory and L awrence L i vermore Nati onal  
L aboratory .  These data a re p resentl y  be i ng anal yzed . 

B .  Futu re Needs and D i rec t i o n s  i n  Atomi c Spec tro scopy 

F ree- i on spectro scopy of the acti n i des has p rovi ded the ba s i s  for presen t 
understandi ng of the el ec tron i c  structure of that group of  el ements . The 
probl em i s  compl i cated by the fact  that there a re e l ectrons formal ly  bel ongi ng 
to fou r  di fferent orb i tal s tha t can comb i ne i n  vari ou s ways to produce a g i ven 
confi gurati on ( 5 f , 6 d , 7 s , 7 p ) . Tab l e I l i sts the perti nent confi gurat i on s , most 
of wh i c h were deri ved from free- i on work . The resu l ts g i ven i n  Tabl e I I  
i ndi cate the p re sent s tate of affa i rs wi th respect to the c l a s s i f i cati on of 
the spectral l i nes  i n  terms of l evel s .  The best  stud i ed and understood a re 
u ran i um and p l uton i um ;  for e i nstei n i um there a re only a few hundred l i nes that 
have been mea su red and a mere ten s  of l evel s .  A need for more work on 
ameri c i um ,  berkel i um ,  ca l i forni um and e i n s tei n i um i s  apparent i n  order to even 
beg i n to apprec i a te the u n i que chal l enges and i n s i ghts that wi l l  devel op i n  
the s tudy of the se el ements . I t  s houl d be emphas i zed agai n that work on one 
spectrum i- s greatl y a i ded by the resul ts for others and that for max i mum 
p roduc ti v i ty there shoul d be cl osely correl ated stud i es of many spectra by 
d i fferent  researc h grou p s . Fou rteen confi g u rati ons  have been i denti fi ed i n  
the neutral spectrum of pl utoni um and n i ne confi gurati ons fn the fi rst i on .  
The requ i rements for the anal y s i s are a t  the l i mi ts  of present theoreti cal  
u nderstandi ng and compu ta ti onal  ab i l i ti es and  s t i mu l ate both new approaches  
and methods . S imi l ar resu l ts coul d be obtai ned for other members o f  the 
seri es . 

E xperimental l y ,  Fou r i er Trans form Spec troscopy wh i ch has been devel oped 
i n  the l ast fi ve to e i ght years , has made i t  pos s i bl e to i mp ro ve measu rement 
accu racy by a fac tor of ten , and for the f i rst  t ime to obta i n mean i ng
ful i nten s i ty i n fo rmati on . I mproved accu racy reduces the stati sti cal  errors 
i n  coi nci dence searc hes among  wavel ength l i s ts that can typ i cal l y  conta i n 
20 , 000 entri e s . There are now only  two i n s truments i n  the worl d ,  one at K i tt 
Peak Nati on a 1 Ob servatory and one at Or say ,  France , capab 1 e of the requ i red 
p rec i s i on .  In addi ti on to the i n strumental  need s ,  there i s  al so a great n eed 
for source devel opment to produce the spectra . A sou rce whi ch produces a ri ch  
spectrum but u ses one  to  ten mi c rograms of materi al and wh i ch l as ts a very 
l ong  time is  needed . P rac t i c a l  sou rces mu s t  al so produce the spec tra of the 
h i gher i on i zati on sta tes u s i ng mi c rogram s i ze sampl es . 

� - - - - �--

Opportunities and Challenges in Research With Transplutonium Elements: Report of a Workshop

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19522


2 9 1  

The atomi c spec tra o f  the h i gher i on s , i . e .  An2+ , An3+ , etc . , have not 
been produced for the transpl u ton i um el ements ; in fact only i n  the ca ses of 
thori um and uran i um have expe r i menta l  stu d i e s  been reported . These i on s  are 
the spec i es that occur i n  sol i ds and sol uti ons . Con sequentl y ,  i ns i ghts g a i ned 
from anal ys i s of suc h spec tra are of parti cul a r  i nterest  to chemi s try .  

Studi es of the hyperfi ne s truc tu re and i sotope- s h i ft of the spectral 
l i nes prov i de an i ns i ght  as to the s i ze and structu re of the nuc l eu s . Nucl ear 
momen ts and spi n are deri ved from such s tud i es .  I t  i s  poss i bl e  to conce i ve of 
the day when l a ser i sotop i c  sepa rati on methods wi l l  be used to prepa re sma l l 
samp l es for nucl ear experiment ta rgets as  wel l as for other studi es . Such 
methods can enri c h  a gi ven i sotope or remove an i sotope , thu s mak i ng the 
samp l e more su i tabl e to the s c i enti f i c  pu rposes of the experimenter . The 
bas i c  data come from mea surements of the i so tope sh i ft of spectra l i ne s , some 
of wh i ch have al ready been observed . L a ser spectroscopy methods for ach i ev i ng 
separati on have al ready been perfec ted i n  programs rel evant to ura n i um .  I f  
th i s  sepa rati on equ i pment were properly confi gured , i t  woul d be pos s i bl e  to 
mea s u re the fi rst and second i on i zati on potenti al s of al l the tran spl uton i um 
el ements . 

Ana l yt i cal  chemi s ts and astrophys i c i sts  are al so users of wavel ength 
data . There a re a number of papers deal i ng wi th the spectroc hemi cal a nal y s i s 
of  amer i c i um and curi um , and i n  a few cases the other el ements have al so been 
anal yzed both as an i mpu r i ty i n  a sampl e or to determi ne the puri ty of the 
el ementa l sampl e .  As trophy s i c i sts have l ooked for the presence of the 
ac ti n i des i n  the sun and stars . There a re certa i n  types of sta rs wh i ch 
conta i n  rare ea rth s , and a few of these sta rs have bee n l ooked at to see i f  
ac ti n i des occu r .  The stel l ar l i ne l i sts u sed conta i ned spectral l i nes of the 
neutral and fi rst i on wherea s the sta rs usual l y  have l i nes  of the fi rst and 
second i on ,  so wi thout good data on the second i on not many

7 
fi nn concl u s i ons  

111ay be drawn . Curi um-247 becau se of i ts hal f- l i fe ( -10 y )  i s  a l i kely  
cand i date to be  found in  s tars . 

4 .  The Spectra of Acti n i de Ca.pounds 

A .  Summa ry of the P resent Statu s of Spec troscop i c  Stu d i e s  wi th Compounds of 
the Tran sp1 uton1 um El ements 

Because of i ts l ong and  wi despread avai l ab i l i ty ,  a great deal of 
spectroscopic  i nforma ti on rel ati ve to Am compou nds i s  avai l abl e .  I n  much of 
th i s  spectroscopy , there i s  a pronounced s i m i l a ri ty to that of the l i ght 
acti n i des U ,  Np,  P u . Only  reference to d i val ent compound spectra wi l l  be made 
here . I n  contra s t  to the case for the l i ghter ac ti n i des , publ i shed data 
rel ati ve to the opti ca l  spec tra of Cm and the heavi er acti n i des a re 
es sen ti a l l y  l i mi ted to the l ower- oxi dati on states , as  i nd i c ated bel ow : 
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Val ence Sta tes for wh i c h  Characteri sti c osti cal  Ab sorpti on 
Spec tra Have Been Reporte 

em 

4 
3 

Bk 

4 
3 

Cf 

3 
2 

E s  

3 
2 

Wh i l e  only tracer- scal e studi es wi th Fm have been carr i ed ou t ,  the 3+ and 2+ 
val ence state s  are wel l cha rac teri zed . Ava i l abl e sen s i ti ve methods of 
detec ti on make it h i ghly probabl e that the energ i es of at l ea st one or two of 
the exc i ted states i n  the energy- l evel sc hemes coul d be establ i shed for both 
the i ndi cated val ences . 

Absorpti on  s�c tra for Am2+ : CaF2 have been publ i shed by Edel ste i n et al . 
( 1967 ) and for E s  + : C aF2 by Edel stefn et a l . ( 1 970 ) . Characteri stics  of the 
pure d i hal i de spectra of Cf a n d  Es have been reported i n  a number of 
commu n i cati ons , for exampl e ,  see H a i re and Young ( 1 978 ) . 

Spec tra of the tri val ent state for eac h  ac ti n i de from u3+ through E s3+ 
have been reported , and sys tema ti c theoreti cal  ana l y ses of the c rystal - fi el d 
s ta tes  i n  o3 h- symmetry , wh i l e  not compl ete , are wel l advanced ( Hessl er  and 
C a rnal l 1 9801 ; more recent s tu di es have addre ssed i nvesti ga ti ons of trans i ti on 
p robab i l i ti es ( Carnal l et al . 1982 ) ,  and the mechan i sms of exc i ted- s ta te 
rel axati on ( Hessl er et al . 1 980 ) . 

Wh i l e  spec tra characteri sti c of Cm ( I V ) both as  sol i d  CmF4 and i n  sol uti on 
in  1 5  M HF were mea su red some yea rs ago  ( K eenan 1 96 1 ) ,  the sol i d  state 
spectrum of BkF4 ( E nsor et al . 1981 ) has  j u st recentl y been publ i shed . Th i s  
extends the data prev i ous ly  l i mi ted to ob servati ons of Bk ( I V )  sol uti on spectit 
i n  0 . 4 M o2 so4 ( Ca rnal l et al . 1971 ) .  Ab sorpti on bands  attri buted to Am 
stabi l i zed i n  sol uti ons of u n s a tu rated �eteropoly4 tungstates KlPW

_1 1 o3.9... o r  
K 1 0P2_w1 7o61t have al so been reported for Am + and Cm + ( Sapryk i n  e aT. l976 ) 
ana ro.f. cr+ ( Ko syakov et al . 1 9 77 ) , but no c l earl y defi ned spec tra of ct4.f. 
( or E s  + ) showi ng cha ract,ri sti c sharp f+f bands appear to be ava i l abl e .  The 

only  report i nvol v i ng Es + was made on the bas i s of thermochromatographi c  
experi ments . EsF 4 wa s pos tu l ated to have been formed i n  the gas phase  
( Boui s s i eres et  al . 1 980 ) . 

I nteresti ng  reports of the stab i l i zati on o f  unusual  oxi dat i o n  sta tes , 
Am ( V I I )  ( K rot et al . 1 974 ) and Cm ( V I ) ( Peretru c h i n et al . 1978 ) , have been 
ma de . 

B .  Future D i recti ons  

One  of the  aspects  of heavy- acti n i de spectroscopy tha t  can be  i denti fi ed 
a s  hav i ng s i g n i f i cant  potenti al  for rewa rdi ng fu tu re work i s  � l l u strated i n  
F i g .  1 .  Al though ba sed on model cal c u l ati ons  for bo th the Sf ( Ca rnal l a n d  
C rosswh i te 1 982 ) and h i gher- l yi ng confi gurati ons ( B rewer 1 9 7 1 ) ,  the 1 evel 
energ i es shown i n  the fi gure i nd i cate that experi men tal  data on the · energy-
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l evel struc tu re for a number of di fferent confi gura ti ons shoul d be acces s i bl e 
i n  the opti cal ran ge i n  d i val ent ac ti n i de spectra ; however , ba sed on work done 
to date , the most producti ve experi ments wi l l  be those i nvol v i ng the heavy 
acti n i des . S i nce i n  compa ri son to s i mi l ar spec tra of the l an tha n i des , the 
An ( I I )  exc ; ted con f i gurati ons  l i e muc h  l ower i n  energy , character i zati on of 
the An ( I I )  spectra shou l d l ead to val uabl e add i t i ons  to our understandi ng of 
confi gurati on i nte racti on . There i s  a s i mi l a r tabul ati on for Ln ( I I )  i n  D i ek e  
( 1 968 ) .  

F i gure 1 al so suggests that spec troscopi c methods of detec ti on shoul d be 
s u i tabl e for e s tabl i sh i ng the exi stence of the el u s i ve Bk ( I I )  spec i es .  One of 
the i nteresti ng facets of recent wor� has bee n the i nab f l  i ty to ob serve ab
sorpt i on bands c ha rac teri sti c  of �k + , evin i n  the decay cha i n  of E sC1 2 + 
( BkC l x ) + CfC1 2 where both the Es2 and Cf  + S£$c tra2rere wel �+ cha racteri zed 
( Young et a l . 1.981 ) .  I n  wel l - c haracteri zed Am , C f  and E s  sampl es , the 
ab f l i  ty to detect fl uorescence i n  the near- i nfra red ran ge shoul d mak e  i t  
poss i b l e  to expl ore exc i ted- state rel axati on phenomena i n  a cl ass  of compounds 
that i s  un i que , s i nce ava i l abl e experimenta l  ev i dence i nd i cates that the 
c rysta l - fi el d  spl i tti ng 3�f the free- i on ma n i fol ds i s  rel ati vel y  smal l ,  
co�parab l e to that for L n  • 

The broad ou tl i nes of the energy l evel struc tu re for An3+ appea r to be 
wel l establ i shed . Consequen tl y ,  we have the requ i red ba s i s for future work 
devoted to expl ori ng both the model s for compu ti n g  tra n s i ti on i nten s i ti es as 
wel l as rel axati on a nd energy tra n s fer mec han i sms . The l atter type of study 
has exc i t i ng potent i a l  for new- fronti er sc i ence . The degree of agreement 
atta i ned i n 3;he c ompa ri son between experimental  and model -compu ted i n ten s i ti es 
for the An aqu o i on ( Ca rnal l et al . 1982 ) wa s su ffi c i ent to encourage 
ref i nement of the model and to s uggest that i t  wou l d be appropri ate to devote 
cons i derabl e effort to the next step i n  the ana l ys i s ,  name l y , t9t comput�lf on 
of o sc i l l a tor s tre ngths for the c rystal - fi el d components for An and L n  i n  
appropr i ate matri ces . 

Attempts to ob serve fl uorescence i n  the aqueou s sol uti on spectra of the 
acti n i des have only  been succe s s ful for the heavy acti n i des where the energy 
gap s  be twee n the grou nd  and fi rst  exc i ted states are suffi c i entl y l a rge to 
permi t fl uorescence to compete wi th non- rad i a ti ve modes of decay ( Be i tz et al . 
198 1 ) .  S i nce sens i t i ve 1 aser-ba sed methods ex i s t for determi n i ng the extent 
of non- ra d i ati ve decay i n  such sy stems , both rad i ati ve and non- rad i a ti ve 
rel axati on can  be mon i tored to probe the mec h a n i sms i nvol ved . 

The spec tra of organometal l i c compounds of a number of An3+ i ons a re 
known , bu t th i s area of spec trosc opy meri ts fu rther expl oi ta ti on . There a re 
many opportu n i t i es here to exami ne and characteri ze the rel ati ve i nfl uences of 
struc tu re and bond i ng on the spec tra . The somewhat greater i sol a t i o n  of free
i on groups i n  the heavy me�bers of the tri val ent seri es prov i des added 
opportu n i ty for devel opi ng the i nterp retati on . The l a rge organol i gands are 
al so o f  i nterest because they make i t  pos s i bl e  to i n s u l a te one acti n i de� i on 
center from the i n fl uence of other nei ghbori ng ac ti n i de- i on centers and th i s  
i n  pri nc i pl e  g i ves ri se to narrow- band spectroscop i c  struc tu re .  

The spectra o f  quadri val ent  Am ,  Cm , Bk , and C f  can  pl ay a n  i mportant, rol e 
i n  the devel opment of a sys temati c i nterpretati on of the spectra of An + f f ,  
as seem s to be the case , the observed absorpti on bands  are rel ati vel y  more 
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i sol a ted i n  energy and there i s  l es s  overl ap  of di fferent free4ton mani fol ds 
than for the l i ght acti n i des . The theoreti cal trea tment of An spectra has 
l ong been a sou rce of contrad i c tory i nterpretati ons . L i ttl e progre s s  has bee n  
made i n  the l a st 20  years towa rd a u n i fi ed a n d  con s i s tent a nal ysi s o f  An ( I�l 
spectra compa red to the successful  and i nc rea s i n g l y  detai l ed anal y s i s of An 
spec tra that has devel oped . The i ndi cated heav i er ac ti n i des may wel l 
contri bute the type of experimental data that  are neces s a ry for progress  i n  
th i s  a rea . S i nce the +4 compoun ds i n  ques ti on a re al l powerful oxi dants , the 
cond i ti on s  under wh i c h  stabl e compounds  can  be prepared wi l l  be l im i ted , and 
l i ttl e f f  any opportu n i ty to stab i l i ze quadr hal ent acti n i de organometa l l i c 
compounds  wou l d  be expec ted . I n terest  does foc u s  on devel opment of a detai l ed 
i nterpretati on of the l i gand- ( or c ry s tal - )  fi el d i nterac ti on wh i c h  i s  a t  
present poorly unders tood . P a r t  of the l ong- term probl em of i nterpretati o n  
l i es i n  the l ack of wel l - c ha racteri zed spec troscop i c  data for whi ch the 
quantum desc r i pti on of eac h  sta te has been establ i shed by model i ndependent 
methods such as  spectroscop i c  pol ari zati on or Zeeman stu d i es . 

As  i nd i cated earl i er ,  ev i dence for the ex i s tence of some heav i er acti n i de 
compounds wi th ox i dati on number >4 has been presented . There i s  l i ttl e doubt  
that  u nde r the proper stab i l i z i ng condi ti ons , such  compounds can be  prepared 
and that thei r spectra wou l d offer exc i ti ng i n s i ghts i nto the type and natu re 
of bon d i ng i nvol ved . I n  suc h work i t  i s  c l ear that spectroscopy can prov i de 
ev i dence for the s tab i l i zati on of a new val ence state ( i n some ca ses the only 
rel i abl e ev i dence i f  x- ray pattern s are not cl e a r )  and  can  al so provi de 
ev i dence for changes i n  the symmetry of the acti n i de s i te where more than one 
phase ca n be stab i l i zed . 

Important chem i c a l  i nformati on concern i ng the heav i er acti n i de s  ca n be 
der i ved from spec tral studi es i n  compl ex i ng sol uti ons or mol ten sal ts , 
parti cul arl y when spec troel ectroc hemi cal  tec h n i ques a re empl oyed . The 
mon i tori ng of ox i dati on- s tate c hanges as a functi on of appl i ed potenti al can 
y i el d i n formati on on quanti ti e s  character i z i ng the nature of the spec i es 
formed : the o x i dati on s ta tes , s tab i l i ti es and redox poten.ti a l s .  The spectro
el ectrochemi cal  tec h n i que i s  pa rti c u l arly wel l su i ted to expl ori ng the 
poss i bl e  produc ti on of unu sual va l ence states i n  the hea v i er acti n i des ( Hobart 
et  al . 1981 ) .  

Al ong a qu i te d i fferent l i ne of spec troscop i c  researc h  i t  shoul d be noted 
that heavy- i on- i nduced x- ray fl uorescence i s  a tec h n i que wh i ch may p rovi de new 
i n s i ght i nto the val ence sta tes  of ac t i n i de metal s ,  parti cul a rl y  the trans
pl u ton i um metal s ,  and the i r  a l l oys . The metal l i c val ence s tate of the tra n s
pl u ton i um metal s has been a subj ec t of debate over a number of yea r s . 

Another poten ti al a rea for s tu dy woul d i nvol ve determi n i ng the vari ati on 
i n  spectral propert i es of  transpl u ton i um compounds as  a func ti on of pres
s u re .  E xami nati on of tran spl  uton i um metal s u n der h i gh pres sures u s i ng x- ray 
di ffracti on  tec h n i ques sugge s ts a d i scern i bl e  i n fl uence on the S f  el ectron 
orb i tal s .  The effect of p ressure on the opti cal s pec tra of tra nsp l uton i um 
compounds  i s  al so a new area tha t  ha s exc i ti ng  po ss i b i l i ti es for prov i d i ng 
i n formati on about bond i ng and s truc ture rel ati onsh i p s .  

Resonance I on i zati on Spec troscopy ( R I S )  o r  Resonance I oni zati on Mas s  
Spec trometry ( R I MS )  are two new 1 aser i on f za t i  o n  tec h n f  ques that can be 
appl i ed to the transpl u ton i um el eme nts to fu rther our knowl edge of these  
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ma teri a l s .  One i nteresti ng  appl i cati on of R I MS wou l d be i n d i fferenti ati ng 
between Bk-249 a nd Cf-249 i n  vapor spec i es/react i on mechani sm studi es , where 
the Cf-249 daughter s i gnal  cannot be di fferenti ated from i ts parent by 
conventi onal ma ss  s pectroscopy . 

Most of the spectroscop i c  i nvesti gat i on s  c i ted here i nvol ve appl i cati on 
of more or l ess  conventi onal spec troscop i c  techn i ques . However , the past 
decade has seen the devel opment of ( 1 )  greatl y i mproved Fouri er Transform 
i nstrumentati on , wh i ch i mproves the prec i s i on of atomi c-spectra data by an 
order of magn i tude ; ( 2 )  l a ser spectroscopy , wh i c h not on ly  i s  capabl e of 
h i gher prec i s i on for both vapor- and conden sed- phase spectroscop i c  stud i es , 
but a l so i ntroduces a broad range of new methods for ana lys i s ;  ( 3 ) accel erator 
technol ogy , wh i ch comb i ned wi th l a ser techn i que s ,  permi ts nucl ear sp i n and 
moment  studi es  of short- l i ved i sotopes , and wh i ch shoul d be pa rti cul ar ly  
i nteresti ng for i sotopes i n  the tra n spl uton i um reg i on wh i c h  a re far from 
stab i l i ty ;  and , of course ( 4 )  the great extens i ons  that have been made i n  
compu ter capabi l i ti es .  I t  i s  c l ear that the extent to whi ch advantage can be 
taken  of these opportun i ti es  depends on the extent to wh i ch the 1 aboratori  es  
deve l op i ng these methods a re a l so properly equ i pped to handl e the whol e 
compl eme n t  of these h i ghl y radi oac ti ve  sampl es . There i s  therefore a spec i a l 
need for the nati onal  l aborator i es engag i ng i n  th i s  cr i ti ca l  research to be as  
wel l appoi nted as pos s i bl e to conduct these exper iments , wh i ch by thei r very 
nature requi re effi c i ent and t i ghtly control l ed t imi ng . Producti on of l arge 
quanti t i e s  of the heav i er act i n i des  wi l l  have no purpose un l es s  both equ i pment 
and personnel  a re ava i l ab l e to ensure effi c i ent and c reati ve u se .  

5 .  Other Spectroscop1 es 

Mos sbauer Spectroscopy 

There are seri ou s probl ems ari s i ng wi th the potenti a l  u se of Mos sbauer 
spectroscopy in work wi th the heav i er ac ti n i des . L i ne broaden i ng can be 
expected to be a probl em .  I t  1 s  doubtfu l i f  the Mo ssbauer techn i que wou l d 
y ie l d usefu l  i n formati on even i f  su i tabl e source- sampl e coup l es coul d be 
identi fi ed . See Dun l ap and Ka l v i u s  ( 1 974 ) .  

Neutron Spectroscopy 

The ab i l i ty to expl ore h i gher-energy ranges-- for exampl e ,  to -2000 cm- 1 
i n  some ca ses of c rysta l - fi el d spl i t  l evel s ,  makes the neutron a u seful tool 
where photon s cannot y i el d the des i red i nformati on . The probl em i s  sampl e 
s i ze a nd type- - s i ng l e c rysta l s are greatly to be des i red . 

Further references  to opti ca l  and magneti c propert i e s  of the 
tran sp l u ton i um el ements are to be found i n  the publ i cati on , "A Rev i ew  of the 
Accomp l i s hments and P romi se of u .  s .  Tran spl uton i um Research  1940- 1981 " , 
Nati onal  Academy of Sc i ences , Washi ngton , D . C .  ( 1 982 ) . 
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TABLE I .  

Ground-State Confi gura ti ons for the Acti n i des i n  V a ri ous Charge States . 

I I I  I I I  IV  

Acti n i um Ac 6 d7 s2 7 s2 7 s 

Thori um Th 6d27 s2 6d7 s2 5f6d S f  

P rotacti n i um Pa S f26 d7 s2 5 f27 s2 

U ra n i um** u 5 f36 d7 s
2 

5 f37 s2 S f3* 

Neptu n i um Np 5 f46 d7 s
2 

5 �6 d7 s 5 �* 

P l u ton i um P u  5 f6 7 s2 5 �7 s  Sf5* 

Ame ri c i um Am 5 f7 7 s2 
S f7 7 s  S f7* 5 �* 

Curi um Cm 5 f76 d7 s2 S f77 s2 5f7* 

Berke H um Bk 5 f9 7 s2 5 f9 7 s  s ,S* 

Cal i forn i um C f  5 f1 0  7 s2 5 f107 s  5 f9* 

E i n s te i n i um E s  5 f1 1  7 s2 5 f1 1 7 s  S f1 1* S f10* 

Fermi um Fm S f1 2  7 s2 

*F rom c rystal work . 

**U V S f2 and u V I  Sf  free- i on ana l y ses  have al so been compl eted . 
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TABLE I I .  

Status of the Number of L i nes Measured and Level s Ass i gned 

for the F i rst and Second Spectra of the Acti n i des . 

u Np 

I Even 1307 

Odd 405 

I I  Even 518 

Odd 1 78 

I L i nes  100000 

Number of Level s 

Pu  Am Cm 

181 

284 

30 

46 

6000 

601 

585 

239 

743 

20000 

39 

12  

63  

5 

3000 

Bk 

348 

335 

415  

441 

1 3000 

186 

166 

97 

38 

5000 
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Introduc t ion 

APPENDIX H 

Magnet ic and So l id S tate Propert ies 

N .  Ede l s t e in 
Materials  and Mo lecular Research Divi s ion 

Lawrence Berke ley Laboratory 
University of Ca l ifornia 

Berke ley , Ca l i fornia 94720 

B .  Johans son 
Ins t i tute of Physics  
Univers i ty of Aarhus 

DK - 8000 Aarhus , Denmark 

J . L .  Smi th 
Los Alamos Nat iona l Laboratory 
Los Alamos , New Mexico 87545 

The open she l l  of  5 f  e lec trons dominates the magnet ic and many 
sol id s tate propert ies of the ac t inide e l ement s  and the ir compound s .  
For the ear ly part o f  the ac t inide serie s ,  the 5 f  e lec trons have a 
much greater rad ial  extent than the ir  4 f  counterparts , wi th the 
concomi tant re sult  that they interac t much more s trongly with the ir 
neighbors . l As the nuc lear charge increases for a g iven oxidat ion 
s tate , the add it iona l 5f e lec trons experience a greater nuc lear 
attrac t ion due to imper fec t shie ld ing ; this results  in the contrac t ion 
of the 5 f  she l l .  The e f fec t s  of the ac t inide contrac t ion are c learly 
shown for the ac t inide metals  which have propert ies intermed iate 
between the de loc a l ized 3d e lements  and the loc a l i zed 4 f  e lement s . 2 , 3 

Thus two o f  the more out s tand ing prob lems in me ta l s ,  the onset 
and descript ion o f  magne t i sm in the 3d trans i t ion met a l s  ( chromium 
through nicke l ) , and interpretat ion of  certain experimenta l phenomena 
in cer ium materi a l s  are re levant to the ac t inide me ta l s .  These  two 
prob lems are connec ted by the ac t inide series , wh ich is  s i tuated 
between the 3d and 4f e lements in the progre s s ion o f  these trans i t ion 
meta l ser ies  towards loc a l i zed (magne t ic ,  nonbond ing ) behavior . 4 

The ac t inide s exh ib i t  many s imi lar phenomena common in cerium 
mater i a l s ,  such as  mixed valence , loc a l izat ion , heavy fermions , and 
dense Kondo systems . A cons i s tent descript ion of these phenomena in 
the ac t inides wi l l  a id in unders tand ing both the 3d trans i t ion series  
and the cerium ma teria l s ,  because the ac t inide me t a l s  begin as  
£-bond ing , d- l ike trans i t ion me t a l s  and cro s s  over to loc a l ized 
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£-e lec tron , more lanthanide- l ike behavior at amer1c 1um. Thi s  resu l t  
i s  para l le led i n  the chemis try of  the ac t inide e lements and i s  the 
reason why the ac t inide s were no t recognized as a second £- trans i t ion 
series  unt i l  the d iscovery of  the transuranium e lement s . 5 Indeed , 
transplutonium work has been mos t  important in assess ing the 
e lec tronic s truc ture of the earl ier ac t inide e lements . 

It  i s  fortunate that the ac tua l cros sover region be tween d- like 
( i t inerant ) and f- l ike ( local ized ) behavior occurs be tween the 
re lat ive ly manageab le and plent i ful  element s plutonium and americ ium. 
However a ful l  desc ript ion and manipulat ion of  the cros sover region 
require s  stud ies  of the heavier ac t inide s which are more radioac t ive 
and more costly  to produce , but are current ly under produc t ion. 

Bec ause of  this  cros sover region the e l ement s ( and compounds ) in 
rough ly the U to Cm region c an be made to exhibit  a mul t ip l ic ity of 
c ry s t a l  s truc ture s and valence  s tates , chemica l and catalytic 
ac t ivity , a high dens i ty of  electronic s tates , nearly magne t ic 
behavior , and many o ther important propert ie s  as  temperature s ,  
pres sure s , and mixtures with other e lements are varied . Nonethe les s ,  
beyond th i s  region there exis t s  an almos t complete ly unexplored region 
when taken in the broader context o f  current phy s ic s  and chemis try . 
I t  i s  no t su f f ic ient to deny fur ther s tudy of the transplutonium 
e lement s  with a s imple a f f irmat ion that the ac t inides become trivial  
once they exh ib i t  lanthanide- l ike behavior . W i thin spec i f ic research 
areas , l anthanide s are cons idered to  exh i b i t  a rich variety of 
behavior , for example , the sub t l e  d i fferences  in magnet ic exchange.  
Furthermore the d i f ference be tween 4 f- and S f-e lec tron behavior doe s 
show i t s e l f even in the heavier e l ement s  s inc e the ac t inide s do become 
d iva lent me t a l s  at  e ins te inium. This  pager pre sent s ·  various areas 
where import ant work rema ins to be done . 

E l ement s and Al loy s  

During the sevent ies i t  has become increas ingly c lear that the 
phys ic s  and chemis t ry  of the ac t inide e lement s  in many re spec t s  are o f  
a n  inte rmed iate  type be tween the d trans i t ion element s and the 
lanthanide s . Thi s  means that very interest ing phy s ic a l  phenomena for 
such a border l ine s i tua t ion already c an be found for the pure ac t inide 
me ta l s ,  wh ile  the se phenomena o therwi se norma l ly appear only in more 
comp l icated b inary and ternary sys tems for d trans i t ion e lement s .  
This  i s  an important s imp l i f icat ion , and thi s  absolute ly unique rol e .  
of  the ac t inides in the Period ic Tab le means that informat ion from 
th is  series  of e lement s wi l l  be of  centra l importance in o ther areas 
of  so l id s tate and ma ter i a l s  sc ience . However , much more s t i l l  has to 
be de termined abou t ac t inide sys tems be fore the fert i l izat ion to o ther 
branche s of  condensed ma t ter  phy s ic s  can take p l ace . In th i s  re spe c t  
the transpluton ium e lement s play a mo s t  s igni f icant role . 
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The lanthanide series of element s prov ide an exc e l lent 
opportun i ty to s tudy the e f fec t of sma l l  changes in e lec tronic 
struc ture on bulk propert ies . Fundamenta l quest ions concerning the 
re lat ion between e lec tronic s truc ture and me l t ing po int or cry s t a l  
s truc ture can then b e  addressed i n  great deta i l .  Since the 
transplutonium e lements seem to form a second rare-earth series , such 
"s imple" charac terizat ions as cry s t a l  s truc ture and me l t ing 
temperature are already o f  immed iate intere s t . Thus , a complete and 
accurate det erminat ion o f  the s tructures as a funct ion o f  temperature , 
as we l l  as the me l t ing point s ,  are o f  fundamental import ance even in 
areas far out s ide the realm o f  the ac t inides . 

In thi s  connec t ion h igh pres sure cry s ta l lograph ic invest igat ions 
of the transp lutonium element s are mos t  s igni ficant . The elements . Am, 
Bk and Es are s trong c and idates for dramatic e lectronic trans i t ions , 
a l l  of  wh ich are expec ted to be o f  a d i fferent nature . In the case of  
curium i t  would be  intere s t ing to  see  if  the d i s t orted fcc  s truc ture , 
recent ly found for some compres sed lanthanides ,  wi l l  appear a t  high 
pres sure . Al so lanthanum and cerium based a l loys with the 
transplutonium e lement s  ought to be s tud ied under compre s s ion . For 
americ ium it would be part icularly important i f  the high pressure 
studies  could be extended into the low temperature region . 7 Th is  
brings us to ano ther s ign i f icant experiment , name ly ,  the s tudy of  the 
occurrenc e of superc onduc t iv i ty in americ ium as a func t ion of  
pres sure . 8 Ab sorpt ion edge shi f t s  under high pre s sure should also 
be de termined , as  we l l  as  extended X-ray absorpt ion f ine s t ruc ture 
( EXAFS ) , pos itron annih i l a t ion and Compton scat tering , just to ment ion 
a few of the many pos s ib i l it ies . 

Photoe lec tron spec troscopic s tud ies would be extreme ly valuab le 
for the transp lutonium me ta l s ,  espec ial ly for locat ing the energies of 
the Sf leve l s .  Such s tud ies would give a d irec t f ingerprint of the 
va lence state  of the metal . A most interes t ing case wou ld then be 
c a l i forn ium, where a d ivalent sur face layer on top of the tr iva lent 
bulk me tal  is expec ted . I t wou ld a l so be of cons iderab le 
spec troscopic intere s t  to fo l low the evolut ion of the SdJ/2 and the 
Spl / 2 3/ 2 l ines as we l l  as the 4 f 7 / 2 l ine and i t s  shake-down 
sate l l i te through the transpluton ium series . Also surface core leve l 
sh i f t s  should be pos s ible  to invest igate wi th ul traviolet  
photoe lec tron spec troscopy ( UPS ) . 

"C las s ical"  exper iment s l ike spec i f ic heat , re s i s t ivity and magnet ic suscept ib i l i ty9 are , of course ,  a l l  of high priority . lO 

Magne t ic phase trans it ions in curium, berke l ium and cal i fornium should 
be looked at  in deta i l , and any pos s ible descript ion of the magnet ic 
struc ture s pre sent wou ld be use ful . The spec i f ic heat anoma ly at 
about 60°K in americ ium has to be c l ar i f ied . Inve s t iga t ions of  Cm, Bk 
and C f  ac t ing as  ma gne t ic impur it ies in various me tal l ic hos t s · shou ld 
be per formed by re s i s t ivity or NMR measurement s . If  treated as  
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noninterac t ing impurit ies , then the produc t ion of  daughters and the 
prob lem of se lf-heat ing are minimized in such d i lute systems . 

Ac t inide Compound s 

The early part o f  the ac t inide series i s  charac terized by 
mu l t iple  oxidat ion s tates  as  shown in Table I .  This  behavior 
re sembles  that of the d trans i t ion series  rather than the 4f 
trans i t ion serie s .  Toward s the midd le  of the series the lower 
oxidat ion s tates become the mos t  s tab le . For example , it is pos s ible 
to  obtain Am6+ compounds as  AmO�+ spec ies , but the exis tence o f  
cm6+ i s  s t i l l  under inve s t igat ion . For the transp lutonium elements , 
the trivalent state  i s  the mos t  common , as  for the lanthanide serie s , 
but at  Cf a new trend appears ,  that of  increas ing s tabi l ity of  the 
d iva lent state . D ivalent compound s have been prepared and 
charac teri zed for the 5 f 7 , 5 fl0 , and 5 f l l  ions Am2+ ,  cf2+ ,  
and Es2+ ;  and E s  me tal  i t s e l f  appears to be completely d ivalent , 
l ike Eu or Yb . From radioac t ive tracer experiment s for the 
transe inste inium ac t inides both the trivalent and d iva lent oxidat ion 
are acce s s ib l e  ( except for lawrenc ium) with the d iva lent state  
unexpec tedly be ing the mos t  s tab le s tate in aqueous solut ion for 
nobel ium. Tab le  I also  ind icates  the s tate of  magne t ic measurement s  
for transplutonium compound s .  

Ac t inide compound s o f fer the advantage s found for the lanthanide 
serie s for magne t ic and spec troscopic s tud ie s in that the opt ical  
spec tra cons i s t  o f  narrow , sharp l ines which provide informat ion about 
the e lec tronic s truc ture of the 5f she l l .  In contras t to the 
lanthanide series  many oxidat ion s t a te s  are avai lab le for s tudy , so  
that trends o f  e lec tro s t a t ic , sp in-orb i t , and l igand f ie ld parame ters 
may be fo l lowed for the s ame e lement as  a func t ion of oxidat ion s tate , 
or for the same oxidat ion state as  a func t ion o f  atomic number . In 
the ac t inide serie s ,  only the tr ivalent s tate has been sys tema t ic a l ly 
charac terized spec troscop ica l ly .  The o ther oxidat ion s tates  are now 
under ac t ive inve s t igat ion. The transp lutonium e lement s are of  course 
a nece s s i ty for the systemat ic inve s t igat ion of the magnet ic and 
spec troscopic propert ies of the tr iva lent and tetrava lent s tate s ,  but 
in add i t ion a l low data to be obta ined for the unique d iva lent states  
o f  Cf and Es . I t  i s  po s s ib le a l so tha t Bk may be s tabi l i zed in the 
d iva lent s ta te . 

At this  t ime on ly some o f  the transp lu tonium d iha l ides have been 
charac terized . It would be fasc inat ing to de te rmine if the monoxide s 
or monosu lphides are s t able . The compound CfS  would be of  great 
intere s t  s ince i t  would  be expec ted to  undergo a valence  trans it ion at 
a mod e s t  pre s sure ( prov ided it is a d ivalent semiconduc tor at  zero 
pres sure ) . The que s t ion of  the occur rence of  "convent iona l"  mixed 
va lenc e  s t ates  i n  ac t in ide sys tems could  thereby ge t i t s  f i r s t  
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c lear-cut  answer . 

Mixed va lenc e s tates have become a very popular and ac t ive field  
of research among rare-earth sc ient i s t s . If  the po int o f  view i s  
taken tha t  cerium exhib i t s  a loc a l izat ion phenomenon , then mixed 
valence ( a s  re ferred to by phys ic i s t s ) occurs with two discrete bu t 
degenerate va lences  and i s  seen in Sm,  Eu , Tm, and Yb mater ia l s .  I t  
appears tha t the same mixed valence might b e  seen i n  the ac t inides a s  
early as plutonium in PuB6 , wh ich shou ld b e  analogous t o  SmB6 • 
The compound AmB6 should also be mixed valent but would be 
part icu larly important bec ause i t s  two s tates  wou ld have the f6 and 
£1 conf igurat ions , which are the two s implest , part ial ly f i l led 
£-she l l  conf igurat ions to treat . lO In order to look for mixed 
valence  in transplutonium compounds a l l  that i s  necessary is the 
preparat ion and room temperature x-ray d i f frac t ion measurement s on a 
large number of compound s .  Di scont inuit ies  i n  smoothly vary ing 
latt ice parameters acro s s  the series are the c lear s ignature of mixed 
valency compounds .  

In the genera l charac terizat ion o f  elemental  sol ids , the cohe s ive 
energy plays a spec ial  ro l e . l l  However , in order to fu l ly explo i t  
the informat ion conta ined in thi s  quant ity , one needs to know the 
energy leve ls  o f  the free atoms . Thus , atomic spec troscopic 
inve s t igat ions for various ionizat ion s t age s would be o f  great va lue 
for so l id s tate phys ic s  as  we l l  as for the understand ing o f  the 
chemic a l  oxidat ion numbers . Furthermore , this  wi l l  be tremendou s ly 
use fu l for pred ic t ing the phys ica l  and chemical  sol id s tate behavior 
of  the transe ins teinium e lement s , l 2 and would be mos t  he lpfu l in 
trying to asses s the va l id ity of  the s t art l ing chemic a l  propert ies of 
the heavy ac t inide s c laimed by Sov iet  sc ient i s t s .  

Thermochemic a l  measurements of  the heat of  format ion o f  various 
transp lutonium compound s would a l so be of  great ut i l ity for the 
understand ing of compound forma t ion and s tab i l i ty .  This  would , in 
part icu lar , be very he lpful  in c lari fying the chemistry of the ear l ier 
ac t inide e lement s .  

Re l a t ivi s t ic E f fe c t s  

For the heavie s t  elements i n  the Periodic Table , re lat ivis t ic 
effec t s  play an inc reas ingly important ro le . Thi s  i s  c learly shown by 
the inc rease in the magn i tude of spin-orb it  interac t ion , which for the 
ac t inides i s  of the same order of magnitude as the e lec trostatic  
interac t ion. Th is res u l t s  in 5 fn systems be ing be s t  described by 
intermedia te-coupled wave func t ions , i . e . , somewhere be tween the 
Ru s se l l-Saunders and the j-j coupl ing l imi t s . Re l a t ivis t ic e f fec t s  
are o f  major importance for s e lec t rons and the hyperf ine s t ruc �ure o f  
e lec tronic conf igurat ions with a n  open s she l l  wi l l  show such e f fec t s .  
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The hyperf ine anoma ly � i s ,  for two isotopes , a measure of the 
difference be tween the d i s tr ibut ion o f  nuc lear magne t i sm over the 
f inite s ize of each of the nuc le i . It is de f ined as 

where the parameters a 1 and a2 are the hyperf ine s truc ture 
constant s for a part icu lar leve l of an open a-she l l  conf igurat ion and 
g l and g2 are the nuc lear g values  for each o f  the two i sotopes , 
re spec t ive ly . Experimenta l ly ,  the hyper fine s truc ture anomaly can be 
ob ta ined by ana lys i s  of high re solut ion opt ical or atomic beam data 
for the free ion to determine the hyper f ine s truc ture cons tants o f . 
part icular leve l s  o f  a 5 fn7 s2 and a 5 fn7 s  conf igurat ion . Sol id 
s tate e l ec tron paramagnet ic resonanc e data on o ther oxidat ion states  
o f  the two isotopes c an also  provide usefu l  informat ion for th is  
determinat ion . l l  

From the Bohr-We i s skopf theory l4 it  can b e  shown that the 
magn i tude of the hyper f ine anoma ly is proport ional to a c ertain fac tor 
b wh ich is ca lcu lated by eva luat ing the re lat ivi s t ic e lec tronic wave 
func t ion over the f inite s ize o f  the nuc l eus . Th is  fac tor has been 
tabu lated and change s in magnitude from approximately 0 . 08% for Z • 10 
to 4 . 8% at  Z • 90 . Extrapo lat ion to Z • 99 gives b � 6 . 3% . Thus ,  a 
hyperf ine anoma ly , which i s  usua l ly less  than 1 % , cou ld be magnified 
in the heavy element s by the re lat ivi s t ic increase in the a-e lec tron 
dens i ty at the nuc leus . 

Measurement s of  th i s  quant ity can prov ide informa t ion about 
a-e lec tron dens i ty a t  the nuc leus inc lud ing conf igurat ion interact ion 
e ffec t s ,  the d i s tr ibut ion of nuc lear magnet ism , and the coupl ing o f  
nuc lear angu lar momenta for a part icular nuc lear state . Furthermore , 
with the use of high resolut ion laser sources , i t  should be pos s ib l e  
t o  measure hyper f ine e ffec t s  for exc i ted elec tronic leve l s  i n  ac t inide 
compounds .  

Conc lus ions 

As already indicated , the ac t inides cons t itute " the miss ing l ink" 
between the d trans i t ion e lement s and the lanthanides . I t  is  
fasc inat ing that  among the  ac t inides the crit ical  region for  the 
cros sover is loca ted be tween plutonium and americ ium.  Here , as in any 
other branch o f  sc ience , it i s  c lear tha t much at tent ion shou ld be 
concentra ted on such a border l ine s i tuat ion . To be ab le to do th i s  
fru i t fu l ly and i n  order to make the correc t conc lus ions , i t  is  . 
important tha t  the range s be fore and a f t er the trans i t ion region are 
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we l l  charac terized and unders tood . Bence , transplutonium research is  
extreme ly import ant for a correc t asses sment o f  th i s  phy s ic a l  
crossover region . I n  add it ion , every means ( for example h igh pressure 
and chemic a l  manipulat ion ) to bring a sys tem into the crit ical region 
shou ld be applied . 

Ac t inide sur face phy s ic s  and chemis try and cataly t ic s tudies  are 
almost  tot a l ly unexplored fie lds . The eas i ly acces s ib le £-e lec trons 
should provide unique chemical  bond ing s ituat ions and may there fore 
influence catalyt ic reac t ions in a previous ly unknown way . Unusua l 
surface propert ies are l ike ly to be seen , where the S f  e lec trons play 
a predominant ro le . Sur face induced e lec tronic transit ions would be 
fasc inat ing subjec t s  for s tudy . Again transplutonium research would 
be extreme ly use fu l  for our unders tand ing of the ear l ier ac t inide s .  
Intens i f ied re search i n  th i s  area should gre a t ly enhance our knowledge 
about e lec tronic s t ruc ture in general . 
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Tab le I - Chemic a l  Oxidat ion States of the Ac t inides 

and the Status o f  Magne t ic Measurements for Transp lutonium Compounds 

Ac Th Pa u N2 Pu Am Cm Bk C f  Es  Fm Md 

l+ E 

2+ G X G X X 

3
+ + E E + + + 0 G G G X X X 

4
+ + + + + + G 0 G X 

5
+ + + + + X 

6+ + + + X E 

1+ + + E 

+ - Ac ce s s ib l e  oxidat ion s tate . 

E - Oxidat ion s tate reported under extreme cond i t ions . 

X - No magne t ic measurement s for this accessible oxidat ion state . 

0 - Anoma lous magne t ic resu l t s  for a loca l ized 5 fn sys tem. 

G - Cons i s tent magne t ic resu l t s  as suming a local i zed 5 fn sys tem.  

No 

X 

X 

Lr 

X 
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1 .  SUMMARY OF INDUSTRIAL USAGE OF 2 5 2cF 

Ca l i fornium- 25 2 became ava i lab le to commercial  s ource fab ricators in 197 1 . 
Thi s  i sotope wa s then , and rema ins today , the s o le comme rc i a l ly ava i lable  

isotope capable  o f  fab r i cation into phys ica l ly sma l l  sources which emit  

neutrons intensely ove r a p ractica l period o f  time . 2 5 2C f  s ources have 

s i gni f icantly sma l l e r  phys i c a l  dimens ions than a lpha -neutron o r  gamma-neutron 

s ources o f  the same neutron output , and l e s s  free space is requ i red within 
2 5 2 C f  sources to accommodate decay and reaction-p roduced ga ses . 

Indust r i a l  users o f  neutron sources began purchas ing 2 5 2C f  s ources in 197 1 
fo r devel opment purposes . By 1975 , the maj o r  indus trial  users we re wel l  e s tab

l ished . The app roximate percentages o f  indus trial  2 52C f  sources and isotope 

quantities  used fo r the maj o r  app l i cations a re shown in Tab le 1 - 1 . Sta rt-up 

s ources for  comme rcial  nuc lea r reactors account for  about one-ha l f  o f  indus t r i a l  
2 52 Cf  usage , both in te rms o f  number o f  sources and in te rms o f  quantity of  

2 5 2Cf . App roximately one- fourth o f  the 2 52C f  isotope used b y  industry (about 

8% of the indus trial  sources ) is employed in nuclear  fuel rod s canners , and an 

addit iona l 19% is  used for othe r activation ana lys i s  app l i cations . Othe r users 

o f  indus trial  2 52C f  sources include education , resea rch , inst rument ca l ib ration , 

dos imet ry , indus trial  guaging , and neutron radiography . 
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TABLE 1 - 1 .  INDUSTRIAL CF SOURCES ( 1 9 7 1 - 1982 ) 

Reactor Sta rt-Up 

Fuel Rod Scanne rs 

Activation Ana lys is  

Educa tion & Reserch 

Medical  Resea rch 

· Ca l ib ration & Dos imetry 

Mis cel laneous Othe r 

Pe r cent of  Sources 

55 . 3  

8 . 2  

1 8 . 9  

5 . 0  

3 . 1 

3 . 1 

6 . 3  

99 . 9  

Pe r Cent of  Cf-252 

48 . 3  

25 . 3  

19 . 4  

2 . 4  

0 . 7  

0 . 1 

3 . 8  

100 
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2 .  NUCLEAR REACTOR START-UP SOURCES 

2 . 1 APPLI CATION DESCRIPTION 

3 1 2 

Comme r ica l nuc lea r powe r reactors use i sotop i c  neutron sources to p rovide 

suf f i cient neutrons in the core prior  to start-up to a l l ow ins trument ca l ib ra 

tion and obs e rvat ion o f  the app roach t o  critica l i ty .  Two c l a s s e s  o f  s ources 

a re usua l ly present in the core : p r ima ry and regene rative . .  Prima ry sources 

a re those  which emit neutrons at  the t ime o f  inse rtion into the core . The g reat  

maj o r i ty o f  such  sources at  thi s  time a re 2 52C f  spontaneous f i s s ion source s . 

Prior  to the comme r i c a l  ava i lab i l ity of  2 52C f , 2 38PuBe alpha-neutron sources 

we re p re fe r red for p r ima ry s ta rt-up , with 2 1 0PoBe a lpha-neutron sources
. 

be ing 

used p r i o r  to about 1 9 7 0 . 1 2 4SbBe photo-neutron s ources have been used by one 

U . S .  reactor manufacture r s ince the 1960 ' s ,  and a few sources o f  this type a re 

s t i l l  be ing made fo r p r ima ry s ta rt-up today . Regene rative s ta rt-up sources a re 

non- radioactive when p l a ced in the core , and are activated within the core fo r 

subsequent sta rt-ups . 1 2 3SbBe sources a re unive r s a l ly used for this  purpose . 

The 1 2 3Sb i s  a ctivated to 60-day 1 2 4Sb by core neutrons , and thence neutrons a re 

produced by the 1 2 4SbBe photo-neutron rea ction . Comb ination sources cons i s t ing 

typ i c a l ly of a 2 52C f  p r ima ry source and an una ctivated 1 2 3SbBe regene rative 

source in a s ingle a s s emb ly become ava il ab l e  in the mid- 1970 ' s .  

2 . 2  GROWTH OF 2 5 2CF USAGE 

Sta rt-up sources a re in- core components and such mus t  be des igned , ana lyzed , 

and approved for use in a manne r s imilar  to fue l rods . The time-consuming 

de s i gn and approva l process  de layed the initial  use of 2 52C f  fo r comme r c i a l  

rea ctor s tart-up unti l  late 1 9 7 3 , some two yea rs a fter the i sotope became 

comme r c ia l ly ava ilab l e . Figure 2- 1 shows the usage of 2 52C f  for prima ry 

s ta rt-up sources compa red to 2 38PuBe sources . As can be seen from the Figure , 
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Figure 2- 1 . Relative numbers of  rea cto r prima ry sta rt-up sources . 
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2 52C f  h a s  e s s enti a l ly rep l a ced 2 38PuBe sources f o r  commerical  reactor s tart-up 

app l i cations . *  Ca l i fo rnium sources have been used for commerical reactor 

sta rt-up purposes in West Ge rmany , Japan , Korea , Sweden , Braz i l , Yugos lavia , 

Spa in , France , and I taly a s  we l l  a s  in the United State s . 

2 . 3  ADVANTAGES OF 2 52CF FOR PRIMARY START-UP USE 

2 . 3 . 1  Sma l l  Phys i cal  Size 

Start-up s ource neut ron output requi rements range f rom app roximately 5 x 1 0 7 

neutrons / s econd (n/ se c )  up to approximatley 1 x 1 0 1 0 n/ sec . Required output 

depends upon reactor type and s ize , source pla cement , detector effic iency , 

country in which located and othe r facto rs . From two to seven sources a re 

emp loyed to gene rate the tota l neut ron output required for  a part i cula r 

rea cto r . 2 52C f  emits 2 . 3 1 1  x 1 0 1 2 n/ sec/ g , so  tha t the phys ica l  vo lume o f  a 
1 x 1 09 n/ sec  2 52C f  source theo reti c a l ly could be less  then 1 mm3 . The min i 

mum volume o f  p ractical  2 52Cf  sources o f  thi s output , including f i s s ion gas 

p lenum and containment capsule , i s  about 0 . 6  cm3 . A practical  2 38PuBe source 

o f  1 x 1 09 n/ sec  output woul d  requi re about 75 cm3 fo r the PuBe materia l ,  p lu s  

a n  add itiona l volume o f  the same o rder o f  magnitude as  a p lenum f o r  reaction 

ga ses . The vo lume requ i red for 1 2 4SbBe sources depends upon the activation 

t ime and neutron f lux ; a 1 x 109 n/ sec  source typ i ca l ly would require 25 to 

50 cm3 of SbBe ma te ria l ,  p lus a gas p lenum . 

Tha t 2 52 C f  sources a re about two o rders o f  magnitude sma l l e r  in volume than 
2 3 8PuBe o r  1 2 4SbBe sources o f  the same neutron output permits greater flex ib i l it� 

in des ign for sources us ing ca l i fo rnium , and in particular makes  high-output 

comb ination p r ima ry/ regene rative source s fea s ib l e . 

* 1 2 4SbBe s ta rt-up sources a re not shown in Figure 2 . 1  because accurate data 
on the i r  use a re not ava i lable  to the autho r . The i r  use has been l imited due 
to the short (60-day) ha l f- l ife and high radiation field  of 1 2 4Sb , and i s  
bel ieved t o  have s teadi ly dec reased s ince peak usage i n  the mid- 1 9 7 0 ' s .  

O p p o r t u n i t i e s  a n d  C h a l l e n g e s  i n  R e s e a r c h  W i t h  T r a n s p l u t o n i u m  E l e m e n t s :  R e p o r t  o f  a  W o r k s h o p
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2 . 3 . 2 Lowe r Heat Gene ration and Tempe ratures 

Hea t  is  generated within reactor sta rt-up sources during rea ctor operation a s  a 

result both o f  neutron- induded react�ons and of  gamma heating . The p refe r red 

phys ical  form o f  2 52C f  fo r use in reactor s ta rt-up sources is  that o f  the 

ca l i f o rnium sesquioxide-pa lladium cermet wire p roduced by the U . S .  Depa rtment 

of  Ene rgy . The w i re mate r i a l  conta ins a maximum of two per cent of C f20s in a 

pal l a d ium metal mat r ix compacted to nea rly theoretical  dens ity ( 1 ) . The wires 

are roughly 0 . 040 inches squa re , and a re ava i lab le with 2 52C f  concentrations o f  

approximately 2 ,  20 , and 2 0 0  �g/ cm ( 1 ) . The w i r e  cermet form distributes the 

25 2C f  ove r a volume two o rde rs o f  magnitude greater than that o f  the ca l i fornium 

itse l f ,  the reby reduc ing volumetric heat gene rat ion rates by two o rders o f  

magni tude . I n  this form ,  a 1 x 1 09 n/ sec  2 52C f  source wi re located i n  a reactor 

in a thermal neutron flux o f  6 x 10 1 s n/ cm2 -sec  generates app roximately 1 . 6  watts 

of whi ch about 0 . 9  watt i s  due to decay and f i s s ion in the cali fornium isotopes 

and about 0 . 7  watt is due to gamma heat ing in the C f20s/Pd cermet . The 

volume t r i c  heat  gene ration rate is app roximately 50 watts/ ems . For comparison 

a 1 x 1 09 n/ sec  SbBe source in the same neutron flux would gene rate app roxi

mately 310  wa tts o r  1 6 . 6  wa tts / ems ( 7 . 2  watts/ ems f rom gamma and neutron heating , 

0 . 5  from neutron the rma l ization in Be , 2 . 8 from 1 2 4Sb reactions and subsequent 

decay , and 6 . 0  from 1 2 2Sb rea ctions and subsequent decay) and a 1 x 1 09 n/ sec  
2S8PuBe s ource in the same neutron flux would gene rate app roximately 60 , 000 watts 

or 44 1 0  watts/ ems ( 1 9 wa tts/ ems from gamma heating and 4390 from f i s s ion of Pu 

isotopes ) . It should be noted that 2 S8PuBe sources fo r thi s  set o f  conditions 

are infe a s ible  because of the i r  very high heat gene ration rate and a s s ociated 

temperatures . Practical  2 S8PuBe s ta rt-up sources a re l imited to outputs on the 

order o f  1 08 n/ sec  and the rma l flux leve ls  of about 3 x 1 0 1 s n/ cm2 - s e c . 

Temperatures ins ide s ta rt-up sources dur ing reactor operation a re strongly 

dependent upon the mechanical  des ign of the source , and upon coolant tempe rature , 

flow rate , and compos i tion a s  we ll  as  upon the source intens ity and type and 

the local gamma and neutron fluxe s . Source des i gn mus t  be such as to ma inta in 

both the active mate r i a l s  and s t ructura l mate rials  at  a cceptab le temperatures 

during reacto r operation . Thi s  requi rement i s  eas i ly met in 2 52Cf sources 

utiliz ing C f20s/Pd cermet wi re as  the source mate ria l .  Wi re cente rl ine 
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tempe ratures o n  the o rder o f  1500°F a re acceptab l e  due t o  the high (2800°F) 

mel t ing tempe rature o f  palladium . The high temperature capab i l i ty comb ined 

with the l ow tota l heat  generation and moderate powe r dens ity of thi s  mate r i a l  

a l low s imple , conse rvat ive source des igns t o  b e  used even f o r  high neutron 

output s ources in high neutron and gamma flux envi ronments . SbBe sources 

typ ically have s ource mate r i a l  powe r dens ities  on the same o rde r a s  2 5 2C f  

sources ( i . e . , 25-50  watts / cm3 ) but have tota l source material  heat gene r a t ion 

rates seve ra l hundred t ime s those o f  2 52C f  sources . Since the mel ting tempe ra

ture o f  antimony is  1 1 6 7 °F , source material  temperatures mus t  be held below 

about 850°F . Whi le SbBe sources may be des igned to meet the requirements 

of mo st  app l i cations whe re suffic ient phys ical  space is ava i lable , the i r  de 

s i gn i s  typ i ca l ly mo re comp lex and l e s s  cons e rvative than is  the o f  2 52c f  

s ources . 2 38PuBe s ource mate r ia l  has both a high powe r dens ity and a high tota l 

heat gene ra tion rate . Even though source material  tempe ratures on the o rder o f  

2000°F a re acceptab le in these sources , cente rl ine tempe rature is  f requently 

a limiting fa ctor in the i r  des ign . Typ i c a l  des ign features employed to l imit 

certe rl ine temperature inc lude annula r geometry fo r the fue l mater i a l  and sma l l  

(a  few thousandths o f  an  i nch ) c lea rances between the s ource components t o  enbanc 

heat  trans fer . 2 38PuBe sources a re gene ra l ly s igni f i cantly more complex and 

cos tly to fab r i cate than e i the r 2 52 Cf  or SbBe sources for the same des i gn 

conditions . Source material center l ine tempe rature and/o r  s ource structura l 

material  ( cladding) tempe rature l imitations res trict  2 38PuBe sources to neutron 

output leve ls  les s than about 1 x 1 08 n/ sec  and neutron f lux envi ronments l e s s  

than about 3 x 1 0 1 3 n/ cm2 - s e c . 

2 . 3 . 3  Lowe r Ga s Gene ra tion 

Neutron sources o f  all type s generate gas f rom nuc lear rea ct ions during reactor 

ope ration . Source des i gns mus t  p rovide a plenum ins ide the source cladding to 

retain gas e s  and to p revent exce s s ive pressure buildup over the des ign l i fe o f  

the s ource ( de s i gn l i fe range s from a few yea rs up to fo rty yea rs ) . Typical  

end- o f- l i fe ga s pres sures at  rea ctor ope rating tempe rature a re in  the range o f  

1 5 0 0  p s i . The greater the quant i ty o f  ga s gene rated ove r the source l i fe , the 

greater is the requi red vo lume of the ga s p lenum , and there fore the thicke r  a re 
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the wa l l s  of  p res sure ves s e l  ( c l adding) whi ch retains the ga s . For a given 

neutron output and reactor envi ronment , 2 52C f  sources gene rate less  gas than 

sources  made f rom any other ava i lable radiosotope . 

2 5 2C f  sources gene rate gas from 2 52C f  and other C f  isotope s by f i s s ion ( spon

taneous and neutron- induced)  and by a lpha decay . App roximat ley 0 . 3  gas atom i s  

p roduced per  f i s s ion ( 2 ) and app roximately 1 gas atom is  p roduced per  a lpha 

de cay . A 2 52C f  source having an init i a l  output of 1 x 1 0 9 n/ sec  in a the rma l 

flux o f  6 . 1  x 1 0 1 3 n/ cm2 -sec  p roduces 2 . 2  x 1 0 1 7 ga s atoms ( o f  which 30 . 5% a re 

f i s s ion ga s )  in the first  s ix months . At the end o f  ten and twenty yea rs , the 

tota l numbers of ga s atoms generated a re 1 . 02 x 1 0 1 8 and 1 . 04 x 1 0 1 8 , respec

tively , o f  which about 15% a re f i s s ion gas . 2 5 2Cf  i s  unique among pra ctical  

neutron s ource mate ria ls  in that highe r reactor neutron fluxes result in lower 

tota l gas generat ion . This  i s  becuase  highe r neutron fluxes increase  the 

numbe r of ca l i fo rnium a toms unde rgo ing f i s s ion (and the rby p roducing an ave rage 

of  0 . 3  gas atom per rea ction)  re lative to those unde rgoing a lpha decay (which 

resul t s  in 1 He atom per reaction) . In a flux o f  1 . 1  x 1 0 1 4  n/ sec-cm2 , a 

1 x 1 09 n/sec  2 52C f  source wi l l  p roduce a tota l of  9 . 1  x 1 0 1 7 gas atoms in 

twenty yea rs , of which 22% a re f i s s ion gas . 

SbBe sources gene rate ga s prima r i ly from the ( n , 2n) and (n , �) fa st  neutron 

reactions in beryl l ium .  Gamma - induced rea ctions gene rate negl igible  quantities 

of  gas re lative to the neutron- induced rea ctions . The rea ct ions o f  inte rest 

are : 

Be9 ( n , 2n ) Be8 

Be8 1 x 1o - 1 ss 
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In  a comme rcial  reacto r , with a the rma l f lux of  6 . 1 x 1 0 1 3 n/ cm2 - s e c , approximate 

2 x 1 02 2  ga s atoms wi l l  be generated by a 1 x 1 09 n/ sec  SbBe source over twenty 

years  of comme r i c a l  ope rat ion . The rate o f  gas generation is p roportional to 

the fas t  neut ron flux , and the toa l ga s gene ration i s  p ropo rtional to the 

integrated fas t  flux ove r the reactor l i fe . 

2 38PuBe sources gene rate ga s both by f i s s ion of  the 2 38Pu ( and othe r plutonium 

i sotopes present ) and by fa s t  neutron rea ctions in be ryl l ium .  A 1 x 1 09 n/ s e c  
2 38PuBe source in a rea ctor having a the rma l flux o f  6 . 1  x 1 0 1 3 n/ cm2 - se c  would  

generate app roximately 2 . 4  x 1 02 4 atoms in twenty yea rs , o f  which about 3� a re 
f i s s ion gases . 

Ga s gene ra tion by 2 52C f  is  seen to be approximately four and s ix o rde rs 

o f  magnitude l e s s  than tha t gene rated by equivalent SbBe and 2 38PuBe source s , 

re spective ly .  

2 . 3 . 4  Negl ible  Swe l l ing Prob lems 

The pa l ladium matrix surrounding the 2 52C f203 particles  in the C f203/Pd cermet 

wi re used  in rea ctor s ta rt-up sources serves a s  a mechanical  barrier  to f i s s ion 

fragments and a lpha part i c les , thus protect ing the capsule wal l  f rom d i re c t  

impa ct . Some gas  atoms gene rated within the cermet d i f fuse t o  the surfa ce and 

a re released into the ga s plenum , othe rs a re reta ined in the metal matrix and 
may eventua l ly cause swe l l ing of the matrix mate rial  by atomi c d i splacement o r  

by agglome rat ion into gas pockets . Due t o  the low rate o f  heat gene ration i n  
2 52C f  sources , cermet t o  capsule wa l l  gaps a l lowing for  1 00� o r  greater 

vo lume t r i c  growth o f  the ce rmet a re both fea s ib l e  and typ i ca l . Such swe l l ing 

of the C f203 cermet as may occur is read i ly accommodated with no contact  f o rces 

on the encapsula tion mate ria l s , and i s  not a s igni fi cant factor  in 2 52C f  s ource 

de s i gn . 

Swe l l ing in sources conta ining beryl l ium occurs both by atomic  displacement 

and as a result of he lium gene ration wi thin the beryl l ium .  Above an integrated 

fa s t  f lux (E > 1 Mev) of 1 02 1 n/ cm2 , swe l l ing occurs p rima r i ly as a result o f  

ga s gene rat ion and a gg l ome rat ion into bubb les  ( 3 ) Growth rate s for Be a re 
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rea sonab ly l inea r  with fas t  neutron f luence up to about 3 x 1 02 2  n/ cm2 < 4 > . In 

a reactor having a the rma l flux of  6 . 1 x 1 0 1 3 n/ cm2 - sec , volumetric  swe l l ing of 

typ ical  SbBe pres sed-powde r pel lets ove r a 20-yea r l i fe would be on the orde r  

of  0 . 6% ,  and l inea r pe l l et d imens ions would increa se  by about 0 . 2% .  So l id 

be ryl l ium would inc rease  in l inea r dimens ions unde r these  conditions by roughly 

0 . 4% .  Typi c a l  SbBe or 2 38PuBe source pel let diameters range from 0 . 2  to 

0 . 8  inches ; d iametra l swel l ing on the o rde r of 0 . 0004 to 0 . 0030 inches wi l l  

occur depend ing upon source des ign . The need t o  p rovide space for pel let 

swe l l ing , a long with the high hea t  gene ration rates in SbBe and especia l ly 

2 38PuBe sources , imposes de s i gn restra ints on these sources which a re not 

present with 2 52 Cf sources . 

2 . 3 . 5  Pre- Insta l lation Timing Cons iderat ions 

2 52C f  and 2 38PuBe sources have out- of- rea ctor ha l f- l ives o f  2 . 6  yea rs and 

89 yea r s , re spectively . These source s emit the i r  de s ign output of neutrons 

when fab ri cated , and a re de l ive red d i rectly to the rea ctor s i te from the 

source manufa cture r .  

The i r  ha l f - l ives a re such that delays in start-up o f  the rea ctor of  several  

months have l ittle e f fect on the source neutron output . SbBe sources , howeve r ,  

are fabr i cated from non-radioa ctive 1 2 3Sb and there fore requ i re activation in 

a reactor  prior  to del ive ry to the rea ctor s ite . Typical  activation periods 

range f rom 1 20 days to one yea r , depending upon the f lux l evel in the reacto r 

used f o r  a c t ivat ion . The activated 1 2 4SbBe source has a ha l f- l i fe o f  60 days ; 

delays i n  the rea ctor s ta rt-up result in s igni fi cant decreases  in source neutron 

output . The re lative scarcity of rea ctors suitable  for commerical  activation , 

and the s chedul ing p rob l ems inhe rent ly as soc iated with SbBe sources make these 

sources unattractive for  p r ima ry s ta rt-up . The maj o r  use o f  SbBe s tart-up 

sources i s  now as  regene rat ive sources whi ch a re non- radioactive when p l a ced 

into the reacto r , a re subsequently activated by the reacto r , and a re used for  

re-starts  o f  the reactor in whi ch they a re activated . 
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2 . 3 . 6  Othe r Cons iderations 

U . S .  and IAEA shipp ing regulat ions a l low up to 2 C i  ( curie s )  of  2 5 2C f  in 

"Spe c i a l  Form" capsules to be shipped in a s ingle Type A cas k .  S ince 2 5 2 C f  

emits  4 . 3  x 1 09 n/ sec/Ci , s ta rt-up source sets adequate f o r  nea rly any 

comme rc i a l  rea ctor may be shipped in a s ingle Type A cask . 

23 8PuBe source s emit about 2 . 5  x 106  n/ sec/Ci ; sources for  most  reactors would 

exceed the IAEA Type A l imit o f  8 Ci for 2 38Pu in "Special  Form" ( the U . S .  
l imit is  20 C i ) , and would have to be shipped in Type B casks . 

1 2 4SbBe sources emit about 4 x 1 0 5  n/ sec/C i . An activated sta rt-up source 

set conta ins on the o rde r of 1 0 , 000 Ci , and mus t be shipped in Type B casks . 

De s i gn , fabrication , and regulatory approval o f  Type B ca s ks a re much mo re 

d i f f i cult , time - consuming , and costly than is  the case for Type A casks . 

2 . 3 . 7  Start-Up Source Summa ry 

The great maj o r ity o f  comme rcia l nuc lea r rea ctor prima ry s ta rt-up sources 

fab ricated in the last seve ra l yea rs , and p lanned for fabrication in the next 

several  years , a re 2 52C f  sta rt-up sources . The cha racteristics  of 2 52Cf  

start-up s ources a re shown in Tab le 2- 1 a l ong with the corresponding cha r a c te r

i s t i c s  o f  othe r types o f  s ta rt-up sources . I t  i s  s een f rom the compa rison that 
2 5 2C f  is  far supe rior  to othe r avai lable  isotopes for prima ry sta rt-up source 

app l i cat ions . For rea ctors requiring greater than about 2 x 1 09 n/ sec  for 

start-up , only 2 5 2C f  sources a re practica l . At least two U . S .  reactor manu

facturers , and the maj o r  rea ctor manufacture rs in West  Ge rmany , Japan , France , 

and Sweden , use 2 52C f  source s exc lus ive ly for p r ima ry s ta rt-up . Tab le  2 - 2  i s  

a partia l l i s t  o f  rea ctors us ing 2 52C f  s tart-up sources . 
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TABLE 2- 1 .  COMPARISON OF 2 52CF AND OTHER START-UP SOURCES 

(Fo r : 1 x 1 09 n/ sec initial  output and use in a reactor having 
a the rma l flux o f  6 . 1 x 10 1 3 n/ sec- cm2 ) 

Volumetric  

Source volume 

Heat gene ration 

TOTAL 

Volumetric  

Interna l tempe rature l imi t 

Ga s gene ration 

10 yea rs 

20 yea rs 

Swe l l ing p roblems 

She l f  ha l f- l i fe 

Activation requi red 

Radiation content 

Shipping ca s k  type 

5 0  watt s / cm3 

0 . 6  cm3 

1 . 6 watts 

5 0  watt s / cm3 

1 .  02 X 10 1 8 
atoms 

1 . 04 X 1 0 1 8 

No 

2 . 6  yea rs 

None 

0 . 23 ci  

A 

23 8PuBe 

4 , 4 10  watt s / cm3 

75  cm3 

60 , 000 watts 

4 , 4 10  watts / cm3 

1 . 2  X 1 02 4 

2 . 4  X 1 02 4 

Yes 

89 years  

None 

400 ci 

B 

16 . 6  watts / cm3 

5 0 - 1 00 cm3 

3 1 0  watts 

16 . 6  wa tts/ cm3 

1 X 1 02 2  

2 x 1 02 2  

Yes 

60 days 

120-360 days 

2 , 500 ci 

B 
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TABLE 2-2 . PARTIAL LIST OF REACTOR START-UP SOURCES BY TYPE 

Yea r Reactor tyPe Nuc lear  powe r p lant Source tyPe Purcha sed by 

1964 PWR I ndian Point 1 Po Be Babcock & Wi l cox 

1 9 65 & ea r l ie r  PWR Va r ious SbBe Wes tinghouse 

1966 PWR I ndian Po int 1 Po Be Wes tinghouse 

1966  HTGR Pea ch Bottom 1 Po Be Gul f  General  Atomic 

1 966 PWR Chooz ( SENA) Po Be Wes tinghouse 

1966 PWR San Onof re 1 Po Be Wes t inghouse 

1967  Research Lynchburg Resea rch Cente r Po Be Babcock & Wi l cox 

1967 PWR Yankee Rowe (Rep lacement ) Po Be Wes t inghouse 

1 968 PWR Ob righeim (KWO )  SbBe Siemens � N N 
1 968 PWR Jose  Cab re ra Po Be Wes tinghouse 

1 9 68 PWR Obrighe im (KWO) Po Be S iemens 

1 968 Ma rine S .  S .  Savannah Po Be Todd Shipbuilding 

1 969 PWR Beznau (NOK) Po Be Wes t inghouse 

1969 PWR Robe rt E .  Ginna 1 Po Be Wes tinghouse 

1969 PWR SELNI (Resta rt )  Po Be Wes tinghouse 

1970  PWR Pa l i sades Po Be Combustion Engineering 

1970  PWR Mihama 1 Po Be Wes tinghouse 

1 9 7 0  PWR H .  B .  Robinson 2 Po Be Wes tinghouse 

1 9 7 0  PWR Chooz ( SENA) (Restart)  Po Be Wes tinghouse 

1970  HTGR Peach Bottom 1 Po Be Gul f  Genera l Atomic 

( continued) 
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TABLE 2-2  ( continued ) 

Yea r Rea ctor tYPe Nuclea r power p lant Source tYPe Purchased by 

1 9 7 0  PWR Po int Bea ch 1 Po Be Wes t inghouse 

1 9 7 0  BWR Big Rock Point SbBe Consume rs Powe r 

1 9 7 1 PWR Point Bea ch 2 PuS Be Wes tinghouse 

1 9 7 1 PWR Indian Point 2 PuS Be Wes tinghouse 

1 9 7 1 PWR Stade (KKS ) PuS Be S i emens 

1 9 7 1 PWR Hihama 2 Pu8Be Wes t inghouse 

1 9 7 2  PWR Turkey Point 3 PuS Be Wes tinghouse 

1 9 7 2  PWR Surry 1 PuS Be Westinghouse 

1 9 7 2  PWR Ma in Yankee PuS Be Combustion Engineering � N 
1 9 7 2  PWR Surry 2 Pu8Be Wes t inghouse 

� 

1 9 7 3  BWR Big Rock Point SbBe Consumers Powe r 

1 9 7 3  PWR Zion 1 Pu8Be Wes tinghouse 

1 9 7 3  PWR Turkey Point 4 PuS Be Westinghouse 

1 9 7 3  PWR Omaha I Pu8Be Combustion Engineering 

1 9 7 3  PWR Pra i rie I s land I Pu8Be Wes tinghouse 

1 9 7 3  PWR Kewaunee Pu8Be Wes tinghouse 

1 9 7 3  PWR Zion 2 Cf-252 Westinghouse 

1 9 7 4  PWR Takahama I Pu8Be Wes tinghouse 

1974  PWR Ringha l s  I I  CF-252 Westinghouse 

1 9 7 4  PWR Indian Point 3 PuS Be Wes tinghouse 

( continued) 
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TABLE 2-2 ( continued)  

Yea r Rea ctor type Nuclea r power p lant Source tyPe Purcha sed by 

1 9 74 PWR Ca lve rt C l i ffs  1 Pu8Be Combus t ion Enginee ring 

1 9 7 4  PWR Ca lvert C l i ffs  2 Pu8Be Combus tion Engineering 

1 9 7 4  PWR Dona ld C .  Cook I C f - 25 2  Westinghouse 

1 9 7 4  PWR NSS - Oconee I ,  I I , I I I  SbBe Babcock & Wi l cox 

1 9 7 4  PWR NSS - Arkansa s  Nuclea r One SbBe Babcock & Wi l cox 

1 9 7 4  PWR NSS - Rancho Seco SbBe Babcock & Wi l cox 

1 9 7 4  PWR NSS - Three Mile  I s land I SbBe Babcock & Wi l s ox 

1 9 7 4  PWR Pra i rie I s land I I  Cf-252  Wes tinghouse 

1974  PWR Genka i I Pu8Be Westinghouse '->) N 
1 9 7 4  PWR Takahama I I  Pu8Be Wes tinghouse 

.1:'-

1 9 75 PWR Mi l l s tone 2 Pu8Be Combus tion Engineering 

1 9 75 PWR St . Lucie 1 Pu8Be Combustion Engineering 

1 9 75 BWR Bruns but tel  (KKB) Cf-252 Kra fwerk Union 

1975  PWR Troj an Cf-25 2  Wes tinghouse 

1975  PWR Milhama 3 Pu8Be Wes tinghouse 

1 9 75 PWR B ib l i s  (KWB-B) C f-252 Xra ftwerk Union 

1 9 7 6  PWR Beaver Va l ley 1 Cf-252 Wes tinghouse 

1 9 7 6  PWR Unte rweser  (KKU) Cf-252 Kra ftwe rk Union 

1 9 7 6  PWR Sa lem 1 Cf-252  Westinghouse 

( continued)  
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TABLE 2-2 ( continued ) 

- Yea r Reactor tyPe Nuc lea r power p lant Source tyPe Purchased by 

1 9 7 6  BWR I s a r  (KKI ) Cf-252 Kra ftwerk Union 

1 9 7 6  PWR I ka ta Machi I C£-252 Westinghouse 

1 9 7 6  PWR Mihama I (Res ta rt ) C£-252 Westinghouse 

1 9 7 6  BWR Phi l l ippsburg (KKP- 1 ) C f-252 Kraftwe rk Union 

1 9 7 7  PWR Ko ri Cf-25 2  Wes tinghouse 

1 9 7 7  PWR Joseph F .  Fa rley 1 Cf-252 Westinghouse 

1 9 7 7  PWR North Anna 1 Cf-252 Wes t inghouse 

1 9 7 7  PWR Ohi 1 Cf-252  Westinghouse 

1 9 7 7  LWBR Shipping port C£-25 2  Wes tinghouse w N VI 
1 9 7 7  Research I daho LOFT Cf-252 Exxon Nuclea r 

1 9 7 7  PWR Diablo  Canyon 1 C f- 25 2  Westinghouse 

1 9 7 7  PWR AN0-2 PuS Be Combustion Engineering 

1 9 7 7  PWR Dona ld C .  Cook 2 Cf-252  Westinghouse 

1 9 7 7  PWR Ohi 2 Cf-252 Wes tinghouse 

1979  PWR Salem 2 Cf-252 Wes tinghouse 

1 9 7 9  PWR No rth Anna 2 Cf-252 Wes tinghouse 

1 9 79 PWR Stade (KKS ) Cf-252 Kra ftwerk Union 

1 9 7 9  PWR Surry 2 (Resta rt ) Cf-252 Wes t inghouse 

1 9 7 9  PWR Sequoyah 1 Cf-252 Westinghouse 

( continued ) 
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TABLE 2-2 ( continued)  

Yea r  Reacto r  tyPe Nuclea r power plant Source tyPe Purchased by 

1 9 7 9  PWR Genka i 2 C f- 25 2  Wes tinghouse 

1 9 7 9  PWR C rys ta l River SbBe Babcock & Wi l cox 

1 9 7 9  BWR Big Rock Point SbBe Consume rs Powe r 

1 9 79 PWR Mihama 2 (Re s ta r t )  Cf-252  Wes tinghous e 

1 980 PWR Mihama 3 (Restart)  Cf-252 Wes tinghouse 

1 980 PWR Indian Point 2 (Re s ta r t )  Cf-252 Wes tinghouse 

1 9 80 PWR Takahama 2 (Re s tart)  Cf-252 Wes tinghouse 

1 980 PWR Fa rley 2 Cf-252 Westinghouse 

1980  PWR Takahama 1 (Re s ta r t )  Cf-252 Wes tinghouse w 
N 

1890 PWR McGuire 1 Cf-252 Wes tinghouse 
0\ 

1980 PWR OHI 2 (Restart)  C f-252 Wes tinghouse 

1980 PWR Alma raz 1 Cf-252 Westinghouse 

1 9 8 1  PWR Surry 1 (Restart)  Cf-25 2  Wes tinghouse 

198 1 PWR As co Cf-252 Wes tinghouse 

1 9 8 1  PWR l ka ta Machi 2 Cf-252 Westinghouse 

1 9 8 1  PWR Kresko C f-252 Westinghouse 

198 1 PWR Genka i 1 (Restart)  Cf-252 Wes tinghouse 

1 9 8 1  PWR Sequoyah 2 Cf-252 Wes tinghouse 

1 9 8 1  PWR Ohi (Restart)  Cf-252 Westinghouse 

1981  PWR Angra 1 Cf-252 Westinghouse 
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3 .  REACTOR FUEL ROD SCANNERS 

327 

Nuclea r fuel rod s canne rs lre the second l a rges t  indus tria l use of 2 5 2C f . The 

scanners use activation by 2 5 2C f  neutrons to a s sure the uni formity of fi s s i le 

ma te r i a l  loading in  fuel rods , and to mea sure the quantity o f  f i s s ile  material  

in  the rods . Uni formity o f  the quantity o f  f i s s i le ma ter i a l  per unit  length o f  

the fuel rod i s  nece s s a ry t o  p revent hot spots in the rod during rea cto r opera

tion , and the reby to avoid pos s ible  fuel  clad rupture and relea s e  of radioac

tive ma te ri a l s . Tota l fis s i le content o f  a fuel rod mus t be control led to 

p revent exces s ive heating o f  the individua l rod in the reacto r . The degree of 

uncerta inty in f i s s i le mate r i a l  uni formity within individua l rods and between 

rods in a reactor d i rectly a ffects the a l l owable  power leve l for the reacto r . 

Greate r unce rtainties requi re lowe r powe r leve l s  to a s s ure that the hottest  

spot o f  the hottes t  rod  wi l l  not  fa i l . 

Accurate measurement o f  the tota l f i s s i l e  mate r i a l  content o f  ea ch fuel rod 

fab r i cated in a plant re stricts the pathways for dive rs ion of mate i ra l  to wa s te 

and s c rap outputs and to the unce rta inty of  the quantity o f  mate r i a l  in 

proces s .  

Automa ted scanne rs fo r U02 o r  mixed U02 -Pu02 fue l rods a re ava i lable  whi ch 

ope rate with sufficient speed to permit a s s ay of a l l  fue l rods prior  to the i r  

shipment f rom the fabrica ting plants . At s canning speeds up t o  2000 feet o f  

rod pe r hou r , tota l f i s s i le content may b e  mea sured t o  a n  accura cy of  ±1%,  and 

pellet  l oading va riations g reater than ±5% relat ive may be found , both with a 

confidence l eve l o f  95% . (5 ) 

A typ i c a l  fue l rod scanne r emp loys 600 to 1 5 00 �g o f  2 5 2C f  in a mode rator to 

irradiate a fuel rod pa s s i ng through the mode rator on a conveye r at a uni form 

speed . F i s s i on-p roduct gamma radiation resulting f rom f i s s ions induced by the 

ca l i f o rnium neut rons i s  mea sured by one or more detectors located downstr,eam 

of the i rradiato r . One commercia l manufa cture r of fue l rod s canne rs a chieves 

count rates on the o rder of 300 , 000 counts/ sec us ing two Nal s cinti l lation 

detectors and a deadtime - l e s s  counting sys tem . ( 6 )  Ana lys i s  and compa r i s on to 

stored c a l ib rat i on data a re performed by a mini compute r ;  defective rods a re 
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identi fied automatica l ly .  Scanning of seve ra l rods at once , and automatic  

so rting o f  accepted and rej ected rods  a re optiona l . 
, 

Prec i s ion o f  measurement depends upon the number of  neutrons ava i lable for 

activation . App roximate minimum source s ize is  600 �g o f  2 52C f , equivalent 

to 1 . 4  x 109 n/ sec . Sources for thi s app l i cation usua l ly conta in about 1500 �g 
o f  2 5 2C f  when manufa ctured , and a re replaced a fter they have decayed to about 

750 �g , i . e . , after about three yea rs of use . Cost  of a 1500 �g source i s  

roughly $ 30 , 000 , and cos t o f  the enti re s canner is  in the range from $ 150 , 00 0  

t o  $250 , 000 . (S ) 2 38PuBe o r  2 4 1AmBe sources having neutron outputs equivalent 

to 750�g o f  2 52Cf  ( i . e . , to 1 . 7  x 1 09 n/ sec ) would conta in about 690 C i  of 

alpha emitte r . Comme rcial  2 38PuBe and 2 4 1AmBe sources are  l imi ted to about 

50 Ci of e i the r isotope per  source ; thus , about 14 sources would be required 

to substitute fo r the s ingle 2 5 2 C f  source of  minimum neutron output , each o f  

whi ch would b e  about 1 . 5 inches  i n  diamete r by 2 . 5  inches  long . The large 

phys ical  s ize of 2 38PuBe and AmBe s ouces re lative to 2 5 2Cf sources of equiva

lent neutron output l imits the the rmal neutron flux atta inable  from these 

alpha-neut ron souces in a mode rato r to a samll  fraction o f  that attainable 

from 2 5 2 C f . The high- speci fic-a ctivity a lpha emitte r 2 1 0Po o ffers phys ical  

s ize reduction and highe r the rma l neutron potential  re lative to  2 38Pu o r  2 42� , 

but i s  ava i lable only in sma l l  quantities  in purities  adequate for s tatic  

el iminators . Cost of  2 1 0Po i s  prohib itive fo r use  in fuel rod scanners ( i . e . , 

about $ 300/ C i  or  $207 , 000 minimum per scanne r )  and has only a 2 1 0-day ha l f

l i fe . No comme r c i a l ly- avai l able  isotope othe r than 2 52C f  i s  suitable  for fue l 

rod s canne r use . 
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4 .  ACTIVATION ANALYS IS 

Activation analys is  app l i cations (other than fuel rod s canners ) a ccount fo r 

roughly 1 9% o f  the industrial  use of  2 5 2Cf , both in te rms of  numbe rs o f  sources 

and in te rms o f  quantity o f  i sotope . 

Elemental  ana lys i s  of  a sample by neutron activation techniques involves i r radi

at ing the sample with neutrons to induce activity in the samples  and eithe r 

gamma ray spectromet ry or  neutron measurement to determine the concentrations 

o f  spec i f i c  e l ements in the sample . 

Prompt gamma ray techniques analyze those gamma rays emitted es sentially 

instantaneous ly fol lowing neutron capture ; detection o f  the induced radiat ion 

is pe r fo rmed s imul taneous ly wi th the neutron i rradiation . In addit ion to p rompt 

gamma rays , s ome activated elements emit de layed gamma rays for  a time fol l owing 

neutron capture . The analys i s  o f  the del ayed gamma radiation i s  bes t  performed 

after neut ron i rradiat ion ha s s topped , and at a location away from the neut ron 

source , to minimize background radiation . 

The gamma rays emitted by the elements in the sample a re cha ra cte r i s t i c  o f  the 

emitting element . Such gamma rays a re emi tted with specific  d i s c rete energies , 

usua l ly in the seve ra l  Mev range . The ene rgy specturm o f  gamma rays recorded 

by the detector and a s s o c iated electronics  gene ra l ly cons ists  of b roadened peaks 

s upe rimposed on a smooth ba ckground . The peaks a re cente red a round the ene rgies 

cha rac te r i s t i c  o f  the corresponding elements , with the degree o f  broadening 

depending on the detecto r and electronics  resolution . Background re sults from 

the detection of radiation from sources other than the s ample , f rom gamma rays 

emitted f rom othe r elements in the sample whose  energies have been reduced by 

s catte ring rea ctions , and f rom electroni c  no ise . The concentration of the 

emi tt ing e lement within the s ample is p roportiona l to the number of gamma rays 

contribut ing to the corresponding cha racteirstic  peak in the spectrum . The 

coeffic ient o f  proportiona l ity for  a given sys tem i s  best dete rmiend by c a l i 

bration mea surements o n  s amples having known concentrations . Accurate dete r

mination o f  concentration requi res sophi sti cated data reduction to re so lve 

closely spaced peaks , compensate for background and noise , and cal culate the 
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a rea under pa rticul a r  peaks . Such data reduction is usua l ly per fo rmed by com

pute r . Sens itivity and a ccura cy va ry greatly depending on the e l ement o f  

inte re s t , strength o f  the neutron s ource used f o r  i r radiation , activation t ime , 

detector and e lectroni c s  resolution , and the presence o f  e l ements whi ch emit  

radiation having energies sufficiently c lose  to those o f  the element o f  inte rest 

to inte rfe re with the inte rp retation o f  the detected gamma spectrum . Mos t  e l e 

ments a re detectable  a t  pa rts pe r mi l lion concent ration with suitable  equipment . 

Extens ive l i terature i s  ava i l ab l e  on the subj ect  o f  neutron activation analys i s . 

Re fe rence 7 i s  an exce l lent textbook on the subj ect , and reference 8 conta ins 

recent papers des c ribing app l ications re lated to fos s i l  fuel s  exploration and 

use . 

The s ource used in neutron activation/ gamma spectrum analys is  a re typ i c a l ly 
2 52C f  sources having outputs ranging f rom 1 09 to 10 1 0 n/ sec . App l i ca tions 

invo lving phys i c a l ly l a rge s amples  ( such a s  the core ana lys es dis cus sed in 

Section 4 . 3  o f  this pape r )  i r radiate the samp l e  with source neutrons in o rd e r  

t o  a s sure neutron penetration throughout the sample . App l i cations invo lving 

phys i c a l ly sma l l  samples  gene ral ly the rma lize the source neutrons outside the 

sample  to a chieve maximum capture within the sample . The rma l ization is achieved 

by immers ing the neutron souce in a moderato r such as wate r ; the sample to b e  

activated i s  placed i n  the water a t  the location o f  peak thermal flux . F o r  a 

phys ica l ly s aml l 2 52C f  source ( 0 . 92 em diameter by 1 . 9  em l ong) the maximum ther

ma l neutron flux in wate r is app roximately 0 . 0 1 3  the rma l neutrons per centimeter 

squa red per source neutron , and occurs at  a d i s tance o f  approximately 0 . 6  em from 

the s ource cente r .  ( 9 )  The rma l fluxes as high a s  0 . 024 n/ cm2 per source neutron 

a re a tta inable a t  1 em from the center of 2 5 2Cf  source in a polehtylene ( CH2 ) 

sphere o f  4 em radius ins ide a spherica l be ryl l ium reflector hving a radius o f  

3 4  em . ( l O )  Ca l i fo rnium- 252 i s  the only commercial ly ava i lable isotope whi ch 

combines high neutron output with sources o f  sma l l  phys i ca l  s ize ; sma l l  phy s i cal 

s ize i s  es sent i a l  fo r this app l i cation s ince the therma l  flux i s  a maximum 

app roximately 1 em from the s ource center and decrea ses  rapidly with inc rea s ing 

distance . 
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Neutron activation/neutron analyis techniques are l imited to  those isotope s  

which emi t  neutrons subsequent to neutron capture , i . e . , t o  f is s i le isotopes . 

One app l i cation i s  uranium borehole logging ( d i s cussed in Section 4 . 2  o f  thi s 

paper ) .  Other app l i cations include quantitative as say of the f i s s i le contents 

of  closed conta iners of materia l  and the ft-prevention devices fo r fis s i le 

mater ia l s . 

Seve ral  spe c i f i c  activation ana lys is  app l i cations are dis cussed b riefly in the 

fol l owing sections . 

4 . 1 ASSAY SYSTEMS FOR FISSILE AND/OR FERTI LE MATERIAL 

As s ay systems for  the quantitative measuremnt of  fi s s i le and/ o r  fertile mate rial  

conta ined in closed ves s e l s  a re commercia l ly ava i lable . Va rious mode l s  accom

modate ves s e l  s izes ranging from a few cubic  centimeters to 55-ga l lon d rums . 

The f i s s ile/ ferti le ma te rial  may be in any form within the ves se l : solid  chunks 

mixed wi th inert materia l , dissolved or suspended mate rial  in a liquid , etc . 

One such comme r i ca l  system can a ccept ves s e l s  up to 8 inches in diameter by 5 1  

inches in length ( l l ) and under  "average conditions " can detect 0 . 25 g o f  f i s s i le 

mate r i a l  disbursed in a ga llon o f  bulk matrix materia l .  ( l 2 )  Accuracy o f  mea s 

urement ranges from ± 100% for 0 . 1 g o f  f i s s ile  mate rial  p e r  ga l l on t o  ±0 . 7% for 

contents of  SO g/ ga l l ons (both at  one s tandard deviation) . ( l2 )  

Sys tems o f  thi s type gene ral ly irradiate the ves sel with unmode rated 2 52Cf 

neutrons to induce f i s s ion , and monitor f i s s ion gammas and/o r  neutrons plus 

gammas us ing coincidence counting . Source s ize requi red for these systems 

ranges from about 20 �g of 2 52C f  up to about 500/�g depending upon system 

des ign and upon the s ize of the conta iners to be a s s ayed . 

4 . 2  URANIUM BOREHOLE LOGGING 

Uranium boreho le logging is a special ized app l i cation of neutron activation 

ana ly s i s  whi ch permits ac curate determination of  uranium concent ration in 

formations outside of cased or  uncased boreholes . Present systems a re capable 

of  measuring uranium concentrations a s  low a s  100  parts pe r mil l ion U308 . < 1 3 ) 
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A sonde conta ining a 2 52C f  neut ron source and a neutron detector located 

suffic iently fa r f rom the s ource to detect ve ry few neutrons f rom the source 

i s  lowe red into the borehole , then withdrawn at a speed o f  approximate ly 3 . 5  

feet per  minute . Neutrons f rom the source penetrate approx imatley 15  em into 

the formation outs ide the borehole whi le s l owing to therma l energies . I f  

uranium i s  p resent , s ome o f  the thermal neutrons a re captured by 2 3 5U nuc le i , 

which then f i s s ion . Certain o f  the resulting f i s s ion p roducts decay by neutron 

emis s ion a fte r a short  t ime , and the s e  "delyaed" neutrons a re detec ted as the 

neutron detector moves upwa rd through the activated region . The high sens i 

tivity o f  the sys tem f o r  uranium i s  a result o f  the negligible level o f  

natura l ly occurring neutrons , and o f  the fact that 2 3 5U i s  the only natura l ly 

occurring isotope whi ch undergoes f i s s ion fol l owing capture o f  a thermal 

neutron . 

Neutron sources used for thi s  app l ication mus t  p roduce neutrons at  rates on 

the o rde r o f  109 n/ sec , and mus t  be phys i ca l ly sma l l  enough to fit  into bore

ho les  having dima ters  a s  sma l l  as  2-1/4  inches . Of  the commercia l ly ava i lab l e  

neutrons sources , only those  us ing 2 52C f  (which produces neutrons by 

spontaneous f i s s ion) can meet both the neutron output and phys ical  s ize 

requi rements at  reasonable cos t . 

4 .  3 CORE SAMPLE ELEMENTAL ANALYSIS  

Exp l o ration for hydrocarbon res e rvo i rs o r  for mine ra l  deposits  frequently 

involves core d ri l l ing into a forma tion fol lowed by ana lys i s  of core samp l e s  

for the presence and content o f  the des i red mine ra l . Rapid , non-destructive 

ana lyses of core samples up to about 5 inches  in diamter and 18  inche s in 

length may be perfo rmed in the field us ing neutron activat ion techniques . ( 14 )  

The core sample  t o  b e  ana lyzed i s  pla ced between a high-output neutron source 

and a gamma detector capab le o f  high energy res olution ( such a s  a l i thium-doped 

germanium detecto r ) . The sample i s  rotated and t rans lated such that the ent i re 

volume o f  the sample i s  exposed to the neutrons form the s ource . Elements 

within the samp l e  capture neutrons and emi t  gamma radiation having ene rgies 

cha ra c te r i s t i c  o f  the abs o rb ing element . Both p rompt gamma radiation ( emitted 
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within approximately 10- 1 3  sec a fter neutron capture ) and delayed gamma radia

tion a re emitted a t  d i s c rete energy level s  cha racte ristic  of  the emitting 

element . Core samp le analys is  i s  p re formed by energy analys i s  of  both p rompt 

and delayed gamma rediation ( the techniqures a re des c r ibed in the section of  

thi s  paper dea l ing with neutron activation analys i s ) . Sens itivities va ry 

depending upon the activation per iod , neutron source s trength , and element of  

interest . For neutron source strengths on the o rder of  7 x 1 09 n/ sec and 

activation times of 15 to 20 minutes , elements such as i ron , sulfur and 

copper may be detected at concentrations as low as 0 . 2  weight pe rcent . Some 

elements may be detected at much lower concentrations . Vanadium , for example , 

may be detected a t  concentrations o f  only 3 parts per mi l l ion by we ight . 

The source requirements for thi s  app l i cation a re high neutron output and sma l l  

phys i c a l  s ize ; the only p ractical commercia l ly ava i lable source material  i s  
2 5 2C f . S ince the analys i s  i s  perfo rmed aboveground , the environmenta l 

requi rements a re minima l , and standa rd source des igns adequate . 

4 . 4  OTHER ACTIVATION ANALYSI S  APPLI CATIONS 

Other indust i ral  devices involving activation analys i s  us ing 2 52C f  include 

continuous monitoring of  the compos ition (espe c i a l ly sul fur and a sh content ) 

f 1 · t t to 50 tons per hour ( 1S , 1 6 • 1 7 )  and o coa on a mov1ng conveyor a ra es up 

batch ana lysi s  of  the vanadium content o f  c rude o i l . ( 1 S )  . The common element 

in ea ch app l i cation is that each requires an intense neutron source of sma l l  

phys i ca l  d imens ions . 
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App roximately 10% o f  the industri a l  2 52C f  sources ( about 4% o f  the 2 5 2C f  

i sotope ) g o  into app l ication othe r than those  d i s cussed i n  p revious sections , 

education and resea rch . Such app l i ca tions include instrument calib ration , 

dos imetry , indus trial  gauging , and neutron radiography . I n  mos t  cases , 2 52C f  

is  sele cted because i t  i s  the only i s otope adequate for the particular 

intended use . 
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6 .  CONCLUSIONS 

The isotope 2 52Cf  is unique among commercially ava i lable radioistopes because 

it is the only such material  with a reasonably long hal f- l i fe capable o f  being 

fab r icated into intense neutron sources o f  small  phys ical  s ize . That 2 52Cf 

p roduces neutrons from spontaneous f i s s ion e l iminates the need for ta rget ma 

ter i a l s  requi red for other neutron source types and thereby e l iminates target

related restri ctions ( ta rget mate rial volume , gas and heat generation in the 

ta rget ) . Neutron p roduction by spontaneous f i s s ion i s  more than s ix o rders o f  

magnitude g reater in e f f i c iency o f  neutron p roduc tion than either a lpha

neutron o r  gamma-neutron reactions ; radi o i s tope- related restrictions (heating 

and gas generation due to natural decay o r  neutron- induced reactions ) a re 

the re fore minimal in 2 52Cf  sources . 

Becua se  o f  its sho rt ha l f - l i fe ( relative to 2 4 1Am and 2 38Pu) , 2 52C f  i s  ra re ly 

used in indus trial  app l i cations in whi ch other types  o f  neutron s ources could 

be used . In most cases , no adequate substitute exi s ts for 2 52Cf . Substant i a l  

inves tments i n  research , deve lopment , and equipment have been made by indus try 

on the assumption that 2 5 2cf wi l l  continue to be ava i lable in adequate quanti

ties  at reasonable  cost . Should 2 52Cf  cease  to be available , these investments 

wi l l  be lost . In those  app l ications where substitutes a re feas ible , extens ive 

development and re-design would be required p i ro r  to use of the substitute ; 

many app l i cations would become infeas ib l e  due to the unava ilab i l ity o f  a suit

ab le substitute fo r 2 5 2Cf . 
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HI STORICAL 

In 1 8 9 5 , Roentgen d i scovered X-rays whi ch led to the applica
t ion o f  photon radiation to human cancer therapy . In 1 8 9 8 , M .  
Curie d i scovered radium Ra- 2 2 6 ,  a radioactive material whose 
biological potency in humans was discovered soon afterward by 
Becquerel and P .  Curie ( see 4 7 ) . Ra- 2 2 6 and related photon emit
t ing radioactive i sotopes have s ince been applied in extenso and 
very succes s fully to human cancer therapy . Neutron-therapy has 
generated cons iderable intere st in recent years  as a modality for 
treating more resistant tumor s .  Neutron beam radiation was first  
tested in man by  Stone et al . ( 6 0 )  beginning in 1 9 3 9  us ing the 
cyclotron developed by � � Lawrence . In 1 9 5 0 , the group at the 
Un iversity o f  Cal i fornia Berkeley Laboratory isolated and identi f ied 
the rad ioactive i sotope C f - 2 5 2  ( 6 4 )  whi ch was later characteri zed 
in detail  and found to be a neutron emi tter . The potential o f  the 
material and of neutron brachytherapy wa s not appreciated for a 
long t ime . Shlea and Stoddard ( 5 9 )  in 1 9 6 5  f inal ly pos tulated 
that such therapy might be use ful for hypoxic tumor therapy and 
determined i sodose curves which might be expected near linear Cf-
2 5 2  source s ,  e . g . , for use in intracavitary therapy . Fast neutron 
beam therapy ha s now become an active ongoing proj ect , wi th stud i e s  
o f  neutron only ( 7 )  and mixed beam studies ( 2 1 )  be ing carr ied out 
in the Uni ted States , Eng land , Europe , and Japan . 

A number o f  centers in several countries undertook early 
c l inical tria l s  us ing C f - 2 5 2  ( 6 ,  5 4 , 6 6 , 6 9 )  and radiobiological 
studies . However , C f- 2 5 2  as an i sotope for human cancer therapy 
was shortly abandoned by most of those who conducted those ear ly 
cl inical trials ( 6 ,  5 4 , 6 9 ) . The maj or conclus ions of  thi s  period 
were concern about its  very high relative biological ef fective
ne s s  ( RBE ) and the ha zard s to  personnel during cl inical use . 
Calculations by Ros s i  and Kel lerer ( 3 0 ,  5 6 )  led to estimates of  
RBE for smal l doses and low dose rates ( 5 7 )  of  1 0 - 1 0 0 times greater 
than equivalent doses of photon radiation . The estimates were 
based upon the dual radiation action ( ORA) theory ( 3 1 ) . 

Thi s  initial era yie lded a number o f  careful studies o f  
dos imetry of the di f f icult-to-measure neutrons . The works o f  
Colvett and Kri shnaswamy were most important [< 1 2 , 2 9 )  and see review 
by Ander son ( l ) J . A large number o f  radiobiological exper iments 
were also conducted to assess  RBE ( see 2 5 )  and the oxygen enhance 
ment ratio ( OER)  ( see 2 6 )  which were fe lt to repre sent the important 
parameters upon which to ba se therapy [ see reviews , e . g . , ( 1 9 ) , Feola 
et al . ( 1 4 ) , Maruyama et al . ( 4 3 ) , Maruyama and van Nage l l  ( 4 7 ) ] . Kal 
recently summari zed much o f  the diver se data on thi s  subj ect ( 2 4 , 2 5 , 
2 6 ) . From early c l inical trials a very high RBE was identi f ied for 
Cf- 2 5 2  over conventional brachytherapy using Ra-2 2 6  or radium 
equivalent i sotope s such as Co- 6 0 ,  Cs-1 3 7 , I r - 1 9 2 , Au-1 9 8 , etc . 
For GYN tumor intracavi tary therapy , thi s  era i s  ana logous to the 
early exploratory studies by the French , Swedish and Manchester 
groups ( see 4 7 ) . These var ious groups eventual ly systemati zed 
the ir methods o f  therapy so that outstanding re sults were obtained 
for tumor therapy . Fletcher and the M . D .  Ander son Hospital group 
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( 1 5 )  evolved , by very careful and individuali zed studie s ,  the next 
generation approach founded upon the European systems . That system 
has been highly succes s ful and widely emulated . 

The early trial s of  C f - 2 5 2 neutron brachytherapy were regarded 
as failure s , and no s igni ficant interest focused on the i sotope 
unt i l  we began our studies in the mid-1 9 7 0 ' s . Thi s  led to a re
awakening of intere st in the study of  thi s  more complex neutron 
emi tting i sotope for cancer therapy ( 5 9 ) . Studies carried out at 
the University of  Kentucky A . B .  Chandler Medical Center ( UKMC ) in 
Lexington led to a new interest  in neutrons for the brachytherapy of 
un favorable pre sentations of pelvic tumors .  Bas ically , by applying 
sys tematic . ( 4 6 ) , computeri zed , and optimi zed ( 1 0 ,  6 3 )  high dose 
conventional photon radiotherapy to cervix cancer , we recognized 
shortcomings in our system ( 4 6 , 4 7 ) . The control of low stage 
cervical cancer s  was very sati s factory . However , tumor control for 
high s tage cervical cancers was far from sati s factory , and fai lure 
was a lmost invariably due to tumor per s i stence and local fai lure 
( 2 3 , 4 7 , 7 0 ) . Thus , while mos t  other reports were preoccupied with 
frequency of s ucces s  in low stage di sease , we became very interested 
in the frequency of fai lure s in s tage I IB , I I IA ,  I I IB , and IVA 
di sease ( 4 3 )  and reasons for fai lure in stage s IB- IVA ( 7 0 ) • S imilar 
re sults have been reported by most  ma j or cancer centers I see review 
by Kademian and Bosch ( 2 3 tl  • One a lternative therapy was the use of  
very high do se photon beam and brachytherapy , but the re sult of that 
study revealed such a di sastrous frequency of  ma j or compl ications of 
bladder , rectum , vag ina and small bowel ( 5 )  that such s tudie s were 
abandoned to return to more conventional dose schedules . S ince 
local failure is seen in 5 0 - 1 0 0 %  of all  the fai lures of radiation 
therapy in advanced tumor s tages , there exi sts  a real need to 
deve lop more e f fective local therapy for those tumor s ( 4 3 )  and that 
i s  where we felt a potential appl ication existed . 

Dur ing thi s  era , unique attr ibute s were ascribed to photon beam 
energy which are unl ikely to ultimately ever be shown to be due to 
anything more important than adequate f ield s ize and adequate 
coverage of centra l and lateral pelvic structure by a uni form high 
dose of radiation . Such therapy reduce s the pr imary tumor ' s  s i ze 
and bulk , reduce s  seps i s , al lows drainage of infected organs , c lears 
minimal or microscopic di sease in ve ssel s ,  lymphatics , lymph node s 
and adj acent pelvic structure s ,  and reoxygenate s the tumor mas s .  
The s tandard practice a s  ba sed upon the radiobiolog ical pr inc iple s 
to 1 9 7 7  ( 1 6 )  wa s to shr ink the tumor bulk to its  re s is tant core and 
to boost the re s idual tumor core us ing interstitial/ intracavitary 
photon radiation . I f  hypox ia is the ma j or factor in tumor radio
res i s tance as po stulated by Gray et al . ( 1 8 ) , then thi s  approach i s  
sound , provided tumor bulk i s  sma l l . --However , it  should be po s s ible 
to devi se better methods to treat bulky tumor hypoxia than by the 
s low proce s s  o f  giving small doses in a protracted course of fractionated 
radiotherapy and waiting for the unpredictable proce s s  of tumor 
reoxygenation and tumor shr inkage to occur ( 2 7 ) . 

Our studies addre s sed the que stion of tumor bulk and hypoxia 
and we began testing neutron brachytherapy , as it is much more 
effective against hypoxic tumors ( 4 3 ) . This  led us to the use of 
neutrons in d i f ferent schedule s ( 3 4 )  and our observations of rapid 
tumor c learance . We postulated that the schedule-dependent clearance 
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of bulky cervical cancer wa s due to more e f fective antihypoxic tumor 
therapy . Thi s  was done by s tarting with C f- 2 5 2  neutron ( " early " ) 
brachytherapy ( 3 4 )  and following with photon radiation ( 5 1 ) . Thi s  
was found to be twice a s  e f fective as  neutron o r  photon therapy done 
after photon radiotherapy ( " de layed " ) ( 3 4 ,  5 1 ) . We ( 3 9 )  postulated 
that the sparse but densely ioniz ing events from neutron therapy 
destroyed hypox ic tumor better . But , it may also mi s s  many hypox ic 
tumor ce l l s  when the tumor is smal l .  By early Cf- 2 5 2  therapy , one 
de s troys a large quantity of hypoxic tumor , and thi s  leads to rapid 
shrinkage of  the bulky tumor mas ses ( 3 4 )  and probably to better 
tumor reoxygenation ( 2 7 ) . Thi s could lead to an advantage for late r  
fract ionated radiotherapy for de stroy ing res idual tumor s ince by 
des troying a large quantity of res i stant tumor , one leave s a more 
re spons ive tumor . Our results could not be explained by di f ference s 
in patients ' d i sease stages or medical cond itions ( 5 1 ) . The difference s 
observed and our fai lure pattern were postulated to also be affected 
by d i f ferences in the vascular supply or tumor bed ( 4 0 ) . A number 
of factors important to neutron therapy (NT )  were ident i f ied { 3 9 ,  4 0 ) . 
Table 1 summar i z e s  some o f  the factors felt to be important in the 
appl ication of hypoxic tumor therapy us ing neutrons . 

Tab le 2 presents some of  the reasons proposed for the use of 
brachytherapy in a delayed sequence . Al so shown i s  the rationa le for 
the use of early brachytherapy us ing agents e f fective against  hypoxic 
tumor . Figure 1 shows the early Cf- 2 5 2  implant s chedule and contrast s 
it to the de layed implant schedule done with photon emitting radio
isotope s . That protocol i s  now be ing evaluated in our cl inic . 
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TABLE 1 

FACTORS I N  TUMOR RAD I AT I ON 
RESPONSE TO NEUTRONS 

1 .  TuMoR BuLK AND VoLUME 

2 .  HY POX I A  AND NEC ROT I C  ZoNES 

3 .  V I ABLE HY POX I C  TUMOR CELLS 

4 . REOXYGENAT I ON 

5 .  DEC R EAS ED TUMOR BLOOD fLow/ I NCREAS E D  W I TH 

TUMOR SHR I N KAG E 

6 .  TUMOR M I CROVASCULAR I TY/REVASCU LAR I ZAT I ON 

7 .  TUMOR CE LL K I LL I NG AND LYS I S  
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1 .  

2 .  

3 .  

4 .  

DELAYED 
( CONVENT I ONAL)  

TABLE 2 

REASONS FOR 

BRACHYTHERAPY SEQUENCE 
I N  RAD I AT I ON THERAPY 

EARLY 

REDUCE  TUMOR BULK TO M I N I MAL AND 1 .  ATTAC K HYPOX I C  TUMOR 

RES I STANT CoRE  

M I N I M I ZE REG I ONAL TuMoR BuRDEN 2 .  PRoDUCE RAP I D  REDUCT I ON oF TuMoR BuLK 

ATTAC K RES I DUAL TUMOR CORE 3 .  ALLOW TUMOR REOXYGENAT I ON 

TREAT RES I DUAL TUMOR CORE W I TH 4 .  I NC REAS E EFF I CACY O F  Low L . E . T . RAD I AT I ON 

H I GH Dos E  
5 .  I NCREASE L I KEL I HOOD OF  REG I ONAL TUMOR 

CLEARANC E BY Low L . E . T . 

w � VI 
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BAS IC RADIOBIOLOGY 

Concepts derived from basic  cel lular radiobiology dating back 
to the research of Puck and Marcus on human cervical cancer cel l s  
( 5 5 )  guided our first radiotherapy cl inical trial . Puck identi fied 
a single-hit multitarget model for photon inact ivation of  human 
cervix cancer ( Hela)  cel l s . Research by Lockhart et al . for human 
He la cells  ( 3 2 )  based upon the split-dose radiation-technique and 
the concept of repair of sublethal damage ( SLD ) for mammal ian 
cel ls  by E lkind for photon radiation have shown SLD repair capac i ty 
of  human cancer cell s . But a large body of  research on high linear 
energy trans fer LET radiation showed that no SLD repair should be 
observed for highly ioni z ing radiation such as  low dose rate 
( LDR) , low energy neutrons emitted from Cf- 2 5 2 . Thi s was confirmed 
in our laboratory by Todd et al . for human T-1 cel ls  ( 6 5 )  and for 
other tumor cel ls  by Feola-rl4f . LDR photon radiobiology by 
Bedford ( 3 )  indicated that SLD for low LET photon radiations . 
de l ivered at low dose rate i s  continually repaired by the Hela 
ce lls . Thus larger doses of  photons are required to obtain a 
lethal les ion in the cell , whereas any dose o f  neutrons i s  lethal . 
Using LDR Cf-2 5 2  neutron radiation it  was postulated that no dose 
rate e f fect should be observed since the high LET lesions represent 
one-h1t 1nactivating events  and are incapable of  SLD repair ( 3 9 )  • 

There fore , neutron dose need not be protracted over a treatment 
time of  days or weeks . Large cel l  ki l l ing e f fects occur with 
neutrons regardless o f  dose rate , and it  does not make any d i f fe rence 
whether dose is given in a few hours or a few days . Dose rate 
independent cell killing allowed us to make our treatment time 
short , i . e . , 7 - 8  hours .  Ef fic ient cel l  kill ing also may cause 
tumors to shrink more rapidly , so there are reasons to destroy 
tumor more rapidly . The important type of radioresistance to 
overcome i s  that due to the hypoxia based upon the tumor outgrowing 
its  blood supply . Thi s type of  radioresistance was shown by Gray 
et al . ( 1 8 )  to be overcome very e ffectively by neutron irradiation . 
Neutrons reduce the oxygen enhancement ratio (OER) or dose to 
overcome the increased resistance of hypoxic cel ls from 3 . 0  to 
1 . 5 .  That i s , there is a large oxygen gain factor of 2 by us ing 
neutron radiation . These advantages led us to uti l i ze Cf-2 5 2  for 
our clinical tr ial . 

However , an important constraint was that radiation dose 
should not exceed normal tissue tolerance , as an excessive comp l i 
cation rate would not al low neutron brachytherapy to have a fair 
evaluation or c linical trial . Above all , it  should not irradiate 
personnel , create ha zards or cause late e f fects or tumors in 
vi s i tors , hospital  workers or occupationally exposed staff . 
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RESULTS 

Number o f  Patients Treated . We have treated a var iety of  patients 
w1 th d 1 f ferent tumors 1n 6+ years in our studies  of  C f- 2 5 2  for 
neutron brachytherapy . Thi s  largest single experience has been 
accumulated a a remarkably rapid rate and was based upon the fact 
that we see many patients with bulky , advanced locali zed neoplasms 
which are poorly controlled by presently available cancer treatment . 
We are also the maj or provider o f  spec iali zed cancer therapy in 
our region , and many problems were sent to us because they were 
very compl icated and obvious ly could not be dealt  with by standard 
surgical , radiation or chemo-radiation protocols . From 1 9 7 6  until  
the end of  1982  we treated 307  patients and carr ied out 5 1 6  pro
cedures ( Table 3 ) . We treated over 5 0  patients per year and those 
usual ly 1 . 7  times each with Cf- 2 5 2 . Thi s  is  a si zeable experience 
and included tumors of many types and primary sites  ( Table 3 ) . 
About two-thirds were those of  the female pelvi s and thi s repre
sented our greatest  experience to date . Most o f  the sites  are 
those that are also treated by standard photon brachytherapy with 
well-established outcomes . Kaplan has discussed tumors that are 
appropriate to high LET and hypoxia-directed therapy ( 2 8 ) . 

Advanced Pelvic Cancers . Our very first trial using C f-2 52  can 
now be analy zed , s ince they took place over f ive years ago . In 
1 9 7 6 - 1 9 7 7 , we tested a schedule in those early days which can be 
considered conventional .  It was of  interest to see what the 
outcome of  that therapy was (Tables 4 and 5 ) . We used a convent
ional photon irradiation schedule , and C f- 2 5 2  was used exactly as 
a radium-equivalent subst itute ( lower hal f  of Figure 1) • The 
group of patients se lected for therapy had advanced stages of  
cervix and pelvic cancer ( i . e . , stages III  and IV) . I f  low stage 
cervix tumors responded poorly to standard radiation schedules , 
they were trans ferred to the C f-2 5 2  neutron therapy arm . A com
par ison group of patients treated with conventional photon therapy 
during thi s  time period was also analyzed ( 4 9 ) . In Tables 4 and 5 
I pre sent the five year survival results of  C f-2 5 2  or Cs- 1 3 7  
brachytherapy and whole pelvis and s ide wall  photon beam radiation . 
Overall , 1 0 0 %  of  stage I tumors ,  5 0 %  of  stage I I  tumors ,  2 9 %  of  
stage III  tumors and 0 %  of  stage IV  tumors were absolute 5 year 
NED ( no evidence of  disease ) survivors when treated with C f- 2 5 2 . 
Al so , 5 7 %  of  stage I I I  uterine adenocarc inomas and 5 0 %  o f  stage 
I I I  vagina cancers were 5 year cures . Thus , 10 of 2 7 , or 3 7 % , 
survived among the primary tumors we treated . One patient , or 
3 . 7 % developed a possible neutron related delayed ef fect ( 4 9 ) ; 
hence , unusual tissue compl ications were not observed ( 5 % is  
considered average ) . 

Compl ications . As noted above , an unusual frequency of delayed 
compl ications has not been observed ( 4 9 , 50 , 51 ) . We do have patients 
with high radiosensitivities ( 4 7 )  and , in particular , they are 
small  and susceptible to enter ic problems ( 4 8 ) . In the first 
group o f  patients we treated 6 years ago ( 4 9 ) , compl ications have 
not exceeded 5% ( 5 1 ) . 
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TABLE 3 

SOME PR I MARY AND RECURRENT TUMORS 
TREATED W I TH CF-252 

CERV I X  202 
VAG I NA 10 
UTE RUS 29 
ToNS I L- -OROPHARYNX 8 
BRA I N  ( HEM I SPHER I C ) 20 

S I NUSES  ( MAX I LLARY ANTRU�\ ) 4 
ALVEOLAR R I DG E  2 

NASAL CAV I TY 1 
TONG UE 5 

UR ETHRA 6 
HARD PALATE 1 
FLoo R o F  MouTH 2 

MA L I GNANT MELANOMA l 
lARYNGOPHARYNX 2 

LYMPH NODE METASTAS I S  I N  NEC K 2 

PYR I FORM S I NUS  2 

RECTUM 6 
BREAST 1 
lARYNGEAL STOMA 1 
VULVA 2 

307 

( 66%) 

(1  OTHER  VAG I NA )  

O p p o r t u n i t i e s  a n d  C h a l l e n g e s  i n  R e s e a r c h  W i t h  T r a n s p l u t o n i u m  E l e m e n t s :  R e p o r t  o f  a  W o r k s h o p

C o p y r i g h t  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .
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TABLE 4 

Five -YEAR SURVIVAL OF STAGE I AND SQUAMOUS CELL CARCINOMA 
OF CERVIX TREATED WITH CONVENTIONAL VS . Cf-2 5 2  NEUTRON THERAPY 

NEUTRON PHOTON 
BRACHYTHERAPY BRACHYTHERAPY 

No . Al ive No . Al ive Survivors ' 
Total 

Stage I 1+ 1 1 3  1 1  1 2/1 4 8 6  

* 
Stage I IA 4 2 7 7 9/1 1 8 2  

Stage I I B  10 0 2 0  1 1  1 1/21  5 2  
w .1:'-\D 

6 3 ( 5 0 % ) 4 0  2 9  ( 7 3 % ) 3 2/4 6 ( 7 0 % ) 

+ Barrel 
* 

S low Regressors 

0 Bul ky 1 2  em Diameter Tumor 
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STAGE IVA 
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TABLE 5 
F I VE-YEJ\R SLRJIVAL. (f STK£ I I I  AND IV SlW'WS CELl CAitlt01A 

(f CER/IX 11£ATED WITH WNENTUJW .. VS. CF-252 tiJ.J1lO 1l£IWlY 

tiJ.J1lO 
BPP£HY1l£RAP( 

tQ. 

2 

12 
2 

16 

ALIVE 

2 

2 

0 

4 
<25:) 

PtllTOO 
BIWlMl£RAP( 

tb. &,.lyE 

2 

· 2  

1 

5 

0 

1 

0 

1 
(2(1) 

SlRJI� 
TOTAL 

2/4 

3/14 21 

013 0 

5121 C24Z) 
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REPRESENTATIVE CASE REPORTS 

Stage IB Barrel Shaped Cancer S .  0 . , a 4 8  year old white 
female , gravida ( G ) , para ( P ) , Gl2 , Pl2 , developed an abnormal PAP 
test  and was found to have an 8 em barrel shaped large cell  non
kerat ini z ing carcinoma ( LCNK ) of the cervix with endometrial 
extens ion . The patient was treated with whole pelvis radiation to 
4 0 0 0  rads in 4 . 5  weeks without evidence of tumor response . Because 
of thi s  s low responder tumor , a C f- 2 5 2  implant was carried out and 
4 weeks later , a total abdominal hysterectomy and bilateral salpingo
oophorectomy ( TAHBSO ) was carried out . The spec imen and examination 
at surgery were negative for tumor . The patient is a live and wel l  
5 years later without disease (NED ) . 

Stage I IA Poor Restonder Cancer L .  R . , a 4 1  year old G5 P5  
white female , deve oped an abnormal PAP te st and was found to have 
a 6 - 7  em stage IIA mixed LCNK and large cel l  keratiniz ing carc inoma 
( LCKC ) of  the cervix . She was treated with 4 0 0 0  rads , but this  
required 6 weeks because of  her small habitus ( 8 8 lbs . )  and poor 
tolerance to radiation . She had a Cs- 1 3 7  implant after pelvic 
radiation , but that produced such severe symptoms and diarrhea 
that she did not return for 4 months . Because of abnormal findings 
and pers istent irregularity in the tumor s ite , and the extremely 
protracted treatment schedule , the patient received a C f- 2 5 2  
implant for 7 . 5  hours . The patient is  NED and wel l  5 . 5  years 
later . 

Stage I I IA Cervix Cancer J .  c .  is a 7 5  year old Gll P9 white 
female who developed an abnormal PAP test  and was diagnosed to 
have a stage I I IA carcinoma o f  the cervix . She was a diabetic and 
was on 2 0  units of insulin per day . She had severe cardiovascular 
disease and had had a r ight leg amputation . The LCNK tumor re
placed the cervix and the vag ina and measured 6 em in length by 6 
em wide with the entire anterior and poster ior vaginal wa ll  infil�  
trated to  the introitus . The patient received 5 0 0 0  rads in 6 . 5  
weeks of  whole pelvis radiation . She had a C f- 2 5 2  and a Cs- 1 3 7  
implant a fter the pelvic radiation followed by transvaginal cone 
therapy with 8 0  kilovolt ( Kvp ) x-rays to 2 0 0 0  rad sur face dose . 
The patient has been continuously NED for 5 years s ince . 

Stage I I IB Cervix Cancer The patient is a 3 3  year old white 
female GO PO  who developed pro fuse vaginal bleeding and was diag
nosed to have a poorly different iated LCNK of  the cervix . The 
tumor measured 4 X 4 em at the cervix , extended to the left pelvi s 
s idewall , and extended hal fway through the right parametrium on 
the r ight s ide ( total diameter 1 3  em) . The patient received a . Cf-
2 5 2  implant ear ly , i . e . , 4 days after the start of  pelvic radiation . 
Whole pelvic radiation dose was 5 0 4 0  rads in 6 weeks . Two months 
later she had a second C f- 2 5 2  insertion . One month after the im
plant the cervix was completely clear . At the end of therapy 
there was onlv some thickening and fibrosis  discernible in the 
le ft parametrium but the tumor had cleared completely . The 
patient is NED 4 . 8  years later . 
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Stage I I I  Adenocarcinoma o f  the Uterus . R .  w . , a 4 3  year old 
white female , developed profuse and heavy vaginal bleeding 
requiring many blood transfusions . She had had irregular menses 
for 4 years . The patient had a large fungating vaginal mass  and a 
huge mass  that filled the whole pelvis ( 15 em in diameter ) and had 
a mas s ively enlarged uterus . Biopsies  showed a moderately di f fer
entiated adenocarcinoma . The patient received who le pelvis radi
ation to 4 0 0 0  rads in 5 weeks and a s ingle intrauterine-vaginal 
Cf-2 5 2  implant . Tumor response was dramatic . Because of  thi s  the 
patient had a TAHBSO done . Some res idual tumor was found in the 
uterus so the patient had post surgical pelvic s idewall  and vagina� 
vault irradiation· .  The patient is 6 years s ince therapy without 
problems . 
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CHARACTERI STICS IN CERVIX TUMOR RESPONSE 

S ince the earliest trial , we have found many characteristics 
of  tumor response to NT which are different from conventional 
radiation response . I became interested in different schedules of 
NT brachytherapy , e specially before external radiation ( early 
schedule ) or afterwards ( delayed schedule ) . By early versus 
delayed NT we have made observations on NT brachytherapy 
response of  cervix carcinomas . These include the fol lowing . 

Rapid Clearance ( 3 4 )  High stage cancers cleared more rapidly by 
early versus delayed NT application ( 51 ) .  Our observations were 
remarkable in that they were made entirely c l inically and after 
only one year of testing the delayed implant schedule . Since the 
clearance results with delayed implants were not very impres s ive 
or different from conventional photon radiation , we went to an 
early ( be fore external beam treatment ) schedule . The rapid clear
ance observations followed shortly thereafter ( 3 4 ) . 

Latent Period for Tumor Clearance of  Stage IB Cervix Cancers .  
We developed a model to analyze the clearance pattern of stage IB 
cervix cancer s (Maruyama and Muir ( 4 4 )) . A logistic tumor regres
sion mode l was used to  analyze the serial data obta ined on  tumor 
clearance pattern made at weekly to biweekly intervals . It was 
found that the clearance pattern for photon radiation therapy (PT )  
had three components , i . e . , a latent period , a rapid clearance 
component and a delayed clearance component . The latent period 
was 1 2  days for conventional PT . For NT radiation , the latent 
period was 0 . 0 days . Since NT is  not affected by tumor hypoxia , 
apparently the tumor c learance pattern was greatly altered . 

Tumor Clearance Time . The half  tumor clearance period ( TCP ) for the 
NT vs • PT , i . e . , Cf- 2 5 2  vs . Cs- 1 3 7 ,  for stage IB tumors was com
pared ( 4 7 ) . The hal f  clearance period ( TCP 5 0 ) for s tage IB tumors 
( 4 4 )  treated by NT was 8 . 0  days ; for those treated by PT it was 3 2  
days ( P  < lo- 6 ) .  This proved that NT was much more ef fective in 
clearing bulky , probably hypoxic tumors than conventional therapy . 
For this  stage tumor , PT is  considered effective therapy . Nonetheles s , 
for s low responder tumors the f indings are signif icant and suggest  
alternate therapy for tumors that respond poorly us ing PT ( s low 
responders )  ( Figure 2 )  • 

Hi stological Clearance of  Stage IB and II Cervix Tumors . For 
low stage tumors of bulky size our standard therapy procedure has 
been to give radiotherapy first and to fol low that with extra
fasc ial hysterectomy ( 5 2 ,  7 0 ) . By this  protocol , and by us ing 
careful histological study of the resected specimen , we can assess 
the e f f icacy of timing the procedure by the histological clearance 
of tumors . Our study us ing NT showed that by scheduling the NT 
implant early , it was much more e ffective in clear ing stage IB-I I  
tumors ( 7 5 %  of specimens were negative for tumor ) compared to the 
delayed schedule (3 7 %  were negative for tumor ( 52 )] . The results 
were significant (P  < 0 . 0 5 ) , again proving that NT scheduling was 
very important to tumor clearance . 
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CERVIX CANCER : STAGE 18 TUMOR 
CLEARANCE PATTERN FOR NT VS. Pt 

0.00��-=-_;t��������=�==5._--'--L-10 20 30 40 50 60 70 80 90 100 1 10 120 1 30 140 150 
T I ME ( Days )  

Figure 2 

Tumor clearance pattern for s tage IB  cervix cancers treated 
wi th early C f -2 5 2  NT and whole pelvis radiation vs . whole pelvi s 
radiation fo llowed by Cs - 1 3 7  implant the rapy ( conven tiona l )  • Tumor 
clearance pattern and period ( TCPs o > were signi ficantly di f ferent , 
the latter was highly signi ficant with P < lo -6 ( 4 4 )  • 
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TUMOR CLEARANCE AND SURVIVAL 

Figure 2 shows our results for s tage IB and small  stage I I  
cervix cancer s  treated with radiation and surgery . Eighty percent 
actuarial 5 -year surviva l s  were observed and repre sent s an out
standing experience , as good as any reported with conventiona l 
photon radiotherapy ( 4 7 ) . Table 6 shows the clearance rate of 
cervical cancers treated with NT during the per iod 1 9 7 6 - 1 9 8 0 and 
fol lowed for 2 year recurrence- f ree survival . For compari son , the 
photon tumor c learance data of Hardt et al . ( 2 0 ) , reviewing our UKMC 
exper ience , are shown . For s tage I rs-cancers , pre l iminary data show 
that delayed NT c leared 0 % , PT 5 7 % , and early NT 8 1 %  of  treated 
tumors . For stage I I IA cancer , delayed NT cleared 6 7 %  and PT 5 0 % , 
but no early NT case s were stud ied . For stage I I I B  cancer , de layed 
NT cleared 2 4 % , PT 3 7 % , and early NT 8 7 % . For stage IV , delayed NT 
cleared 0 % , PT 1 6 % , and ear ly NT 1 0 0 % . However ,  2 year recurrence
free survivals  were less than the tumor clearance rate s . For stage 
I I B , NT g iven early cleared 9 5 %  of tumors but only 8 1 %  were 2 year 
survivors . For stage I I IB cancers , early NT cleared 8 7 %  of the 
tumors but only 4 2 %  were 2 year recurrence- free survivors .  For 
stage IV cancers , early NT cleared 1 0 0 %  of the tumors but 0 %  sur-
vived 2 years .without recurrence . Comparative data for conven-
tional Cs - 1 3 7  therapy show that there was 5 7 %  complete regre s s ion 
(CR)  or part ial regres s ion ( PR )  clearance of stage IIB  cancers and 
6 5 %  were recurrence- free for 2 years or longer . In stage I I IB 
cancers , 3 7 %  were CR and PR responders and 3 3 % survived two years 
disease- free . For stage IV cancers ,  only 16%  were CR and PR re sponders 
and 17%  survived two years recurrence- free . 

For de layed Cf-2 5 2  NT implants , for stage I I  di sease , 0 %  were 
CR responders  and 0% survived 2 years . For stage I I IB cancers 2 9 %  
were C R  re sponder s and 2 4 %  were 2 year survivor s .  For stage IV 
disease , 0% cleared the ir tumors and 0 %  were 2 year survivors .  
The results indicate that clearance frequency wa s greatly increa sed 
with early NT compared to delayed NT or conventional PT . De layed 
NT and conventional PT therapy results were very ·s imilar . Early NT 
cleared stage I IB tumors much more e f fectively ( 9 5 % ) and controlled 
tumors for 2 year s ( 8 1% )  compared to only 5 7 %  for conventiona l 
radiation therapy . The early NT results were for the bulkier and 
larger  stage I IB cancer s ,  whereas our recent exper ience ( Tables 
4 and 5)  selective ly used conventional PT for the smal ler and more 
favorable tumors .  

For stage I I IB cancer , 8 7 %  were cleared but 1 3 % per s i sted . 
Almo s t  hal f  recurred locally , or distantly , or both so that only 
4 2 %  remained recurrence- free at 2 years . Compared to PT only , 3 7 %  
were C R  and P R  responders and 3 1 %  were recurrence- free for 2 +  
year s . For stage IV cancer , results were poor even with local 
clearance o f  tumor for NT and l ikewise for PT . While local failure 
has been the dominant pattern for conventional PT , extrape lvic , 
para-aort ic , bone , * lung , l iver , skin and nodal metastase s are now 
much more frequently seen . 

* Kamath , Maruyama , DeLand and vanNagell , GYN Oncol . in pre s s , 1 9 8 2 . 
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CARCINOMA OF CERVIX 
STAGE IB - n a 1  

20 30 40 
TI ME ( MONTHS ) 

50 60 

Figure 3 . Survival curve by Cutler method for bulky stage IB and 
small stage I IA ,  I IB cervix tumor treated by NT and 
fractionated radiation followed by extrafascial hyste r 
ectomy . B y  combined therapy central fai lure was 
e l iminated . E ighty percent actuarial 5 -year survival s  
were observed ( 5 2 )  . 
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'12\BLE 6 
NT CF ADIJANCED CERVIX CANCER*** 

PRELTI ill� DM'A CN SCliEIJlJ"LL....:2 CF Nl' , '1UK>R Cli'ARANCE AND 
2-yr SUR\liVAL FOR Cf- 252 BIW:liY'lliERAP 

{UNIVERSITY OF KENIUO<Y 1976-1980 ) 

STAGE 

IIB 

IIIA 

IIIB 

IV 

Early Inplant 

CR+ RESPCNSE 2 yr REXlJRREKE 

20/21 {95% ) 4/21 {19% ) 

27/31 { 87%)  18/31 { 58%) 

2/2 {100% ) 2/2 (100%) 

Delayed Il!plant 

ca+ RESPCHm 2 yr REXlJRREN::E 

0/2 (0%) 2/2 (100%) 

2/3 1/3 {33% ) 

5/17 {29%) 12/17 (71% ) 

0/1 (0%) 1/1 (100% ) 

*** Only squarrous cell and small cell carcirana {no adenocarcinanas) 

+ca catplete regression and clearance of tmDr 

PR Partial regression and clearance of tlm>r 

* 
** 

0 

Fran Hamt et al. (1982) 

Mi.niJTun period 2 years 

Includes both CR and PR responders 

(see 56 ) 

PlDton Radiation Respc?nse + 
CR+ RESPC.'tE CRt-PRO REXllRREH:E** 

24/75 (32%) 43/75 (571) 26/75 (35%) 

1/6 (17%) 3/6 (SOt) 5/6 (83%) 

5/48 (10%) 18/48 (371) 34/4 8 (69%) 

1/12 ( 8%) 2/12 (161) 10/12 (83%)  � 
...., 
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OTHER TUMORS SUCCESSFULLY TREATED BY Cf- 2 5 2  

Brain Tumor s 

We s tudied 2 0  patient s with hemispheric mal ignant gliomas us ing 
Cf - 2 5 2  neutron brachytherapy combined with 5 0 0 0- 6 0 0 0  cGy of planned 
who le brain radiation in collaboration with our neuro- surgeons ( 4 1 , 
4 2 ) . We found that 9 0 %  had improvement in per formance status and 
a l so decrease in enhancing computed tomography ( CT )  tumor dimens ions . 
Therapy wa s carried out by loca l i z ing the tumor with CT scans . A 
burr ho le wa s placed in the skull over the tumor . A spec ial ly 
constructed " ice-pick " applicator was placed into the tumor s i te and 
the C f - 2 5 2  a fter loaded into the appl icator . We usually followed the 
implant with whole brain radiotherapy us ing a variety of therapy 
schedules . The improvement in per formance status was rapid and mos t  
impre s s ive to u s  who have been treat ing mal ignant gl iomas with 
photon radiat ion only ( Table 7 )  or chemorad iotherapy for many years  [ H .  W .  Ch in et al . ( 9 ) ]  • 

T4 Tons i l lar Cancers 

We recently reported s tudies o f  C f- 2 5 2  therapy o f  large T4 
tumors o f  the tons i l lar fossa ( 3 8 ) . Seven of these were pr imary 
( Table 8 )  and one wa s recurrent after rad iotherapy . E ight o f  e i ght 
tumors treated ( 1 0 0 % ) had a complete regres s ion response . They were 
treated by  placing tubes in the ton s i l lar fos sa against the tumors .  
Seven o f  seven pr imary tumors ( 1 0 0 % )  cleared up completely when 
combined with h igh dose s ( 4 5 0 0- 6 0 0 0  rad s )  of  fract ionated Co- 6 0  
radiotherapy ( Table 8 ) . Thi s  was encourag ing s ince 6 5 - 9 0 %  o f  these 
tumors usually fail to be controlled by standard rad iation or 
rad iat ion and surgery ( see 3 8 ) . Two out of  s ix are 1 5 - 2 4  month 
survivors NED and two other s of these e lderly pat ients died of other 
causes NED ( 6 7 % ) . Thi s  re flects a good response for a group o f  
pat ients o f  advanced age , severe med ical i llnesses  and poor tolerance 
to therapy . 

Case Report : T4 Tonsillar Cancer . 0 .  R . , a 5 8  year old white male , 
deve loped a sore throat and was found to have a 4 x 6 em mas s  of the 
right tons il lar fos sa . The tumor involved the soft palate , tons i l , 
retromolar tr iang le , l ingual-alveolar sulcus and lateral tongue 
( T4 ) . He had a h igh r ight cervical lymph node metastas i s  (Nl ) . 
The patient had a Cf- 2 5 2  implant followed by 6 0 0 0  rad of  Co- 6 0  
radiat ion therapy i n  6 weeks . The tumor cleared complete ly . The 
patient had a mucosal ulceration 1 em in diameter appear shortly 
after radiotherapy , but that c leared with conservative treatments . 
He i s  NED 2+ years a fter treatment . 

We have found that female urethral cancers  also respond wel l . 

Case Report : Urethral Cancer . I .  R . , an 8 9  year old female de
ve loped a urethral squamous cell carcinoma for which she consulted 
her urologist . It  involved the urethra , vagina , and labia minora . 
The bulk o f  the super f ic ial tumor was partially resected but the 
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'l7\BLE 7 
N1' RESPCNSE CF GLI� AND MALIGNANT GLICK\ 

CLINICAL RESPCNSE 'ro A a:MBINATICN CF Sl1ICERY ,  � 'l'HERAPY , AND RADIATICN 'l'HERAPY 

* 
'IUtDr Sizl KPS 

Ttqe/ Prior to After Pre- Pri.or tc After Clinical Radiation Ibse Schedule 
Patient Sex therapy (s) therapy (s) craniot:a'qy therapy therapy Response+ c:Ci r days 

1 63/M 30 75 5 . 5x7 5 . 3x5 . 3  +2 6 , 240 34 61 
2 52/M 30 70 6x4 .3x4 lxl +3 6 , 000 49 40 

3 61/M 30 65 .3x4 .3x4 2x2 . 3  +2 6 , 000 32 46 
4 70/M 20 10 5x6 4x5 -2 2 , 200 22 16 
5 52/M 30 80 7x7 6 . 5x5 5x3 +3 6 , 000 60 42 "" 

"" 
6 68/M 30 60 3 . 9x3 . 1  3 • .3x4 . 2  2 . 3x3  +3 6 , 000 59 34 \D 

7 52/M 40 90 6 • .3x4 . 6  3 • .3x2 . 5  +3 5 , 000 45 34 
8 56/M 30 75 10x6 . 3  8 . 5x63 3 . 3x3 . 3  +3 6 , 000 33 55 
9 64/F 30 60 5 . 5x5 4 . 6x3 . 8  2 . 5x3 . 3  +3 6 , 000 60 45 

10 65/F 30 65 6 . 5x5 . 6  Sx4 +3 6 , 000 60 48 
* 

@ Karnofsky perfonnanoe status . 
By CT scan in 1x> dimensions only, measured in an. 

+ +3 = markedly better, +2 = definitely better, +1 = possibly better , 0 = unchanged, -1 - possibly 1IIOr8e , 
-2 = definitely 'WOrse , and -3 = markedly worse . 

r- Nl.mber of fractions 

Fran (41) 
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'1\JtDr 
Sex }qe KPSO Stage 

F 83 70 T4NrJAQ 

F 87 60 T4NoMo 

F 72 90 T4N1Mo 

M 58 90 T4N1Mo 

M 74 90 T4NO� 

M 59 so T4N1McJ 

M 84 so T4Ncf'o 

'mBIE 8 
NT CF AD'JAlC?D CAR:m::H\ CF 'lBE '.l'(R;IL (�4 ) 

PATIENI' .AGE ,  SEX ,  PERroiiWO S'JA'1US AND MEDICAL CXH>ITICR; 

'1\JtDr Prmary '1\JtDr Size (an) 1 (Sites of '1\JtDr 
(pattern) involvement) 

4x4 an. lMl' (4) 
(ulc) 

6x6 an. Tonsil (5) 
(exo) 

5x5 an. Tonsil (5) 
(ulc) 

4x6 an . 'lbnsil (5) 
(exo) 

5x6 an. 'lbnsil (6) 
(exo ulc) 

6x8+ an. 'ltlnsil. ( 9) 
(exo ulc) 

6x6 an. Tonsil ( 6 ) 
(exo) 

� '!her� Dn TcGYr Drplants 
No .  

293* 1 xl 

278• 1 x2 

1a:a.1 1 xl 

2401 I xl 

2481 I xl 

4141 I x2 

1381 I xl 

POOt:oo 'lberapy 

��bon 
no/days 

4900 (1600) 14F s6d 

'lbtal 
Ik)se 
(req) . 

6658 

5000 (1519) 6668 
25F 45d 

6000 (1741) 7086 JOF 46d 

6000 (1733) 30F 46d 7440 

6000 (1729) 7488 30!' 48d 
6000 JOF 46d (1741) 

4500 (1723) 9F 37d 

8484 

5328 

Response 

CR 

CR 

CR 

CR 

CR 

CR 

* Nl1ttler of anatanic sites include the following : tonsil ,  lMl' (ret:ratolar triangle , soft palate , pharynx ,  talgue, 
alveolar ridge , anterior faucial pillar, lingual tonsillar sulcus ,  tertp>ro mandibular joint + Massive , ulcerative and invasive, and destroyed the medial mandible . 

o Karnofsky �omanoe status 

I exo = exoptyticJ ulc = ulcerative 
a flo18 = nucous mE!Itbrane breakdown lt:req = rad equivalent. where neutron RBE = 6 . 0 

(see 38 ) 

Deceased . NED 
14 m::mths 

Deceased 9 m::me 
NED 

Recurred 10 DPn . 
surgeey . De-
ceased of sur-
gical. cx.apli-
cation . 

flo!Ba, healed 
NED 25 DDnths 

w 

flliJii1 , healed G\ 0 
Nm 17 IIIXlths 

flliJii1 1 healed I 
Recurred in base 

of skull at 9 
IIIXlths 

'n:lnsillaJ:y fossa 
cleared, re-
curred and de-
ceased @ 13 nPn . 
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margins were all po sitive . She was referred for post-operative 
r adiotherapy . An early Cf- 2 5 2  neutron implant was done , fol lowed 
by 5 0 0 0  rad of pelvic i rradiation to thi s  cut-across  tumor . The 
patient had CR response of  the tumor and i s  2 years NED s ince 
treatment . She has ful l bladder control , but is minimally incon
tinent wi th sneez ing . 
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CONCEPTS IMPORTANT IN USE 

Many properties of neutron rad iations are dif ferent from 
photon rad iation . Some of  those which are important have been 
identi fied . 

Re lative B iological E f fectivenes s  ( RBE ) • The identif ication of  an 
accurate value for RBE has been studied in extenso and predicted and 
found to be high for Cf- 2 5 2  ( 1 9 ,  2 5 , 4 3 ) -. - Our studies have found 
that RBE value depends upon t i s sue and end point being studied . RBE 
value is higher under hypoxic ( 1 4 )  than oxic conditions �  hence , a 
larger gain factor and advantage ex ists for the therapy of  oxygen 
deprived hypoxic tumor s ( 4 3 ) , e . g . , human cervix cancer s  ( 6 5 ) . 
There i s  no s ingle s imple value for RBE for use in clinical therapy . 
The most  important organ for determining a re ference value i s  pro
bably the most sens itive normal t i s sue in the irradiation field . 
For the pelvi s ,  we use the small  bowe l where the RBE i s  5 . 2  ( 11 ,  
7 3 ) , but the tumor value i s  probably very close to 6 . 0  
( 1 4 , 6 5 ) . The RBE for hematopoietic RBE was found to be 2 in our 
studies ( to be publ i shed ) elsewhere ( 1 7 ) . 

Oxygen Enhancement Ratio (OER) . Very important to the use of C f- 2 5 2  
for pelvic tumor brachytherapy i s  its e fficacy against hypoxic tumor 
( 4 3 ) . The OER for neutrons i s  small , probably about 1 . 4 -1 . 5  ( 2 6 ) . 
S ince the OER for acute photon radiation i s  approximately 3 . 0  ( 6 1 ) , 
an oxygen gain factor o f  two- fold may exi st relative to acute 
radiation and 1 . 4  for LDR radiation where OER is 2 . 0  ( 3 ) . Compared 
to LDR photon radiation , sign i ficant gain factors may exist  ( 3 9 )  • 

Dose Rate Independence . An important cons ideration from neutron 
radiobiology is that the shape of the dose response curve i s  expo
nential and no SLD repair i s  pos s ible ( 3 9 ) . Radiation can be g iven 
at rapid or very low dose rates ( e . g . , 4 0  rad equivalent dose per 
hour ) . Since dose rate makes no d i f ference ( 1 3 ,  · 1 4 ) , the prescribed 
dose can be g iven rapidly for greater convenience and safety ( e . g . , 
2 0 0  rad per hour ) at re ference tumor site s . 

ReoxySenation ( 2 7 ) . A tumor become s hypoxic with progres sive tumor 
growt ( 61 ) . By crowding and by competition for nutr ients , o2 , and 
blood supply , a tumor becomes more and more severely hypoxic . The 
proce s s  i s  reversed by destroy ing tumors with , e . g . , radiation . This 
reduction in the tumor cel l  population allows previously hypoxic 
cel l s  to become reoxygenated ( 3 9 ) . Rapid tumor debulking and shrinkage 
may al low tumor to become reoxygenated more e f fective ly . However ,  
there may be real d i fferences in our abi l i ty to deal with acute 
versus chronic hypoxia ( see 3 6 ) . Other factors may also contribute 
to radiore s i s tance in ulcerated , deeply infiltrated and infected 
tumors wi th extens ive t i s sue destruction . 
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Neutron Brachytherapy : Princ ipal Postulates . Our clinical experience 
and observations suggest that the rules governing cl inical application 
o f  neutrons are greatly d i fferent when compared to photon emitting 
i sotope s . These are summar i zed in  Table 2 ,  where delayed photon 
emitting isotopes i s  cons idered conventional .  Ear ly scheduled NT 
brachytherapy , i . e . , be fore external beam radiation , appears to be 
important i f  the intent of therapy i s  to attack and de stroy hypoxic 
tumor ( 3 4 ) . Thi s  more e f fective de struction of tumor bulk ( and 
hypoxic tumor)  leads to rapid reduction of the quanti ty of tumor 
and of  tumor s i ze . Thi s may allow more e f fective reoxygenation to 
occur . By adding low LET radiation a s  tumor i s  reoxygenating , 
greater e f fectivene s s  was observed ( 5 1 ) . Thi s  means that greater 
l ike l ihoood of  achieving tumor destruction and regional tumor 
clearance of  tumor i s  pos s ible with the added low LET ( 2 )  radiation 
in high dose . Some of these parameters represent important 
d i f ferences between photon and neutron brachytherapy and need 
to be apprec iated and appl ied in order to obtain good tumor clear
ance . Microdos imetry of  C f- 2 5 2  events has been proposed by us to 
be important ( 2 )  to our observed cl inical results . 

Need for Photon Radiation in Neutron Brachytherap� . Neutron 
radiation produce s a small number of highly ioniz 1ng events in the 
ce l l  target and produces  lethality very e f ficiently , even wi th a 
s ingle event . Some of  the cel lular les ions may be potentially 
lethal or o f  the PLD type ( 3 9 ) . Probably it would be useful to 
cal l  these s ing le-event neutron PLD le s ions . Such a postulated 
le s ion could perhaps be made lethal by the addition of further 
dose us ing photon rad iation ( 2 ) . Photon radiation produces a 
large number of les ions of  the s ingle strand break type in DNA , 
and more o f  the SLD or photon PLD type in  the cel l . 
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PROTECTION AND Cf-2 5 2  

One o f  the princ ipal problems i n  the use o f  any radioactive 
material for implant therapy i s  the rad iation expo sures o f  humans 
occupat ionally or inadvertently exposed to the emitted rad iations . 
We know a great deal about the sa fety , containment , permi s s ible 
dose s , acute and late e f fects , carcinogene s i s , leukemogenes i s  
and epidemiological consequences o f  acute o r  chronic exposure to 
sparsely ioni z ing radiations such as X- and y -rays . No such l iter
ature or knowledge is available for the person occupat ionally , 
accidentally , or otherwise exposed to neutron rad iat ion . Recently , 
Ke lleher and Ros s i  ( 3 0 )  and Ros s i  and Kelleher ( 5 6 )  cons idered the 
hazards and b iological e f fects of neutrons ba sed upon a cons idera
tion of the basic biological les ions and factor s involved , such as 
low dose and low dose rate ( 5 7 ) .  The data suggest  that late 
e f fects RBE i s  high ( 5 8 , 6 8 , 7 2 ) . Current radiat ion protect ion 
guidelines a f f ix a higher biological e f fectivenes s  for neutrons by 
adding a qual ity factor of 1 0  for neutron dose . Thus , one of the 
principal concerns in the c l inical use of neutron emitters for bra
chytherapy is to ensure adequate personnel protection and environ
mental safety . S ince the biolog ical e ffect ivenes s  of neutrons 
relat ive to gamma rays may reach values as h igh as S O X  or even l O O X  
at low doses and low dose rates ( 5 7 ) , cl inical studies have been 
few throughout the world . Among those who carried out 
the first  trial s , the work was soon abandoned after a few 
years because o f  the concern for personnel sa fety and the hazard s 
in use . I t  was a l so felt that C f- 2 5 2  had no advantages over 
Ra- 2 2 6  or its substitutes . We were not inattentive to th i s  
concern as w e  began our research . 

In planning our proj ect I felt it important to not regard Cf-
2 5 2  as jusf a radium substitute . Thi s  wa s one of theima j or problems 
o f  the ear ier workers and much thought was given to equivalent 
doses and time-dose schedules chosen to match raqium exper ience 
( 1 9 ) . For example , sublethal damage ( SLD ) recovery i s  a maj or 
concern in  photon use in radiotherapy , and it  i s  wel l  known that 
there are marked d i f ferences in biological e f fects at d i f ferent low 
dose rate s ( lower the dose rate , the more reduced the e f fects ( 3 fl. 
For neutron rad iation , no SLD repair should occur because o f  one-hit 
cell  inact ivation by the neutrons .  There fore , regardle s s  of  dose 
rate , no d i f ferences in cellular dose response were ant icipated ( 1 3 , 
1 4 ) . To capita l i ze on thi s  e f fect , we obta ined heavily loaded 
sources and u sed the absence of a dose rate e f fect to our advantage .  
That i s , s ince i t  did not make any d i f ference in e f fect whether a 1 
week appl ication or a 1 hour appl icat ion were performed , I used the 
shorter period and settled on a very practical period of �a hours . 
Thi s  made the duration of  the implant a very convenient time per iod , 
and all  treatments could be given and completed in a single work 
shift . To accompl i sh thi s , we obtained the most heavi ly loaded 
sources then available and used 5 0 - 2 0 0  micrograms per appl ication . 
Afterloading appl icators were routinely used , and we used commercia l ly 
available devices but al so des igned and built  a large number for 
d i f ferent problems . Dur ing this  time period we planned to del iver a 
therapeut ic dose o f  about 1 5 0 - 2 0 0  neutron rads de livered at point A 
and a larger dose to a reference tumor point ( po int T )  in the para-
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cervical region of the uterus ( 4 6 , 4 7 ) . Allowing for RBE it was 
estimated that thi s  was a dose equivalent to about 1 0 0 0  reqs ( cGy 
equivalents , i . e . , cGyn X RBE0 + cGyy X 1 . 0 ) . As exper ience evolved 
we learned to work very rapidly with thi s  material , to use luc ite or 
steel tanks f i l led with water as personnel shie lds , lucite source 
transporting carts , and also the patient ' s  body as a shie ld for the 
neutrons . A large room was used in our work from the start , and a 
s imi lar room wa s des igned by Onai et  al . ( 5 3 ) . When the sources are 
placed in the patient ' s  body ( mostly water ) , neutrons are absorbed 
and the rad iation f lux around the patient becomes largely photon 
rad iations . 

Table 9 presents the cadre o f  personnel that we developed to 
de l iver neutron brachytherapy to the patient . Each of these per
sons has a d i f ferent and important role in the appl ication of 
neutron brachytherapy . The physician needs to be a rad iotherapist  
who i s  princ ipally concerned with patient problems and treatment . 
S ince my principal interests at Kentucky have been gynecological 
tumors , it was natural that Gyn tumors were treated with highest 
pr ior ity in our early studies in conj unction with my Gyn colleagues 
( Drs . J .  R .  van Nagel! , Chief  o f  Gyn Oncology , E .  s .  Dona ldson and 

M .  Hanson ) . The radiation safety o f f icer , Mr .  L .  c .  Wilson , i s  an 
important member of our team and wrote and implemented the proce
dural protocols  for persons working in the neutron program . An 
implant procedure nurse (Mrs . Ann Martin ) supervised the implant 
suite and its procedures , and attended to the patients ' needs for 
medication , meals , and procedures whi le in the neutron therapy 
suite . The radiological technologists (Mrs . Jackie Sims and Janet 
Sanford ) were invo lved in loading and unloading the patients .and 
providing back-up . The neutron curator ( and radiobiologi s t )  became 
an important member o f  our team ( Dr .  Jose Feola )  and 
recorded and s igned out all  C f- 2 5 2  sources , analyzed the configur-
ation and loadings of the Cf- 2 5 2  prescribed , transported the arrangement 
to the nurse-radiographers to place in the patient and returned them 
to the safe . He also recorded data in our f i les on each patient 
treated , and f i lm recorded the Cf- 2 5 2  sources used . Our neutron 
therapy physicist  ( Dr . J .  Lawrence Beach ) cal ibrated our sources , 
directly measured neutron dos imetry and microdos imetry , established 
and monitored the dos imetry system and wrote our treatment p!annlng 
and i sodose plotting programs . The problems of  neutron dos imetry 
and mea surement are very complex and very much ongoing for inhomogeneous 
media and t i s sues ( 4 ) . A summary of personal characteristics of  
this group would show that they were mostly older persons . Many 
persons were invo lved and were permitted l imited partic ipation to 
handle certain steps in the procedure s ,  but only for very l imited 
and highly restricted t ime interval s .  

T ime was strictly l imited to approximately 1 . 5  minute s per 
person per day in the neutron therapy room . We started out with 
more liberal time al lowances ( e . g . , 3 minutes ) but a fter noting that 
the staff could work at reduced t imes , reduced the al lowed t ime . 
Al l room times were strictly recorded and personnel were badged with 
neutron sens itive badges . For each per son we have data right back 
to the very first  t ime we used Cf-2 5 2 . 
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TABLE 9 

SPECIAL PERSONNEL REQUIREMENTS FOR 
Cf- 2 5 2  NEUTRON BRACHYTHERAPY 

1 .  Phys ic ian Radiotherapist - Requires special training and 
experience in neutron therapy . 

2 .  Physicist  - Knowledge o f  neutron physics , measurement and 
cal ibration . 

3 .  Rad i at ion Safety Off icer - Authority to control personnel 
expo sure time . 

4 .  Nurse ( s ) - Implant suite exper ience . Pat ient care in neutron 
therapy holding s u i te . 

5 .  Neutron Curator - Mon itors source s , source selection , source 
strength in each appl ica t ion . Keeps records .  

6 . Radiotherapy Techno logist ( s )  - Knowledge of special handl ing 
requ irements of neutron emitting sources . 

7 .  Radiobiologist - Neutron and high LET ,  RBE ,  safety knowledge. 
8 .  Engineer - Bui lding and maintenance of special equipment , 

devis ing and con structing special equipment requirements .  

9 .  ( And )  Other Surgeons , Gynecologists , and Physicians - Col laboratoi 
on j o int study us ing protoco l s  and orderly approach to therapy . 
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The Neutron Therapy Room for UKMC has a lways been one of our 
unused megavoltage therapy rooms . The se are large rooms with 
heavily shielded wal l s  and mazes des igned for photon therapy use . 
The rooms are provided with a hospital bed , TV monitor cameras and 
TV sets , personnel shields and area survey meters ( Table 10 ) . The 
room i s  large so that neutron scatter o f f  the wal l s  i s  minimi zed . 

Whi le there were few interstitial or intracavitary implants that 
we did not try at least once , we have thus far continued only those 
that were e f fective and led to good re sults . To pursue the more 
diff icult implants wi ll  require better and smaller sources of high 
activity . I t  wi l l  require automatic a fter loading machine s and 
probably some robotic support . A single afterloading machine wi l l  
not b e  suitable for all  implant procedures ,  e . g . , Gyn implants 
require one type o f  machine whi le oral , brain , interstitial , body 
cavity , and lung imp lants wi l l  require others . A department engi
neer has worked with me extens ively on  designing and bui lding 
appl icators . At the same time we have not had the support to bui ld 
all  the adequate and properly designed machines we would have l iked 
for thi s  proj ect . 

S ince one o f  the princ ipal problems in the use o f  C f- 2 5 2  i s  
the protection o f  the medical , nurs ing and technical staff , radia
tion safety must be provided by any user who contemplates a human 
cl inical trial . We have we lcomed external reviewers to evaluate and 
view our safety procedures repeatedly to ensure compl iance wi th 
sa fety in neutron use . It i s  apparent that C f- 2 5 2  use i s  expensive 
in terms o f  space , personnel , and monitoring equipment . Personne l 
mus t  also be badged with standard and neutron sens itive 
detectors . Current ly , track etch f i lms appear to be most suitable 
for routine use . S ince these personnel detectors are not very 
sens itive to neutron radiations , it is essential that , in addition , 
t iming , barrier , and remote handl ing devices be avai lable . The 
d i f f iculties  are real and s igni f icant but certainly not insurmount
able . Wh i le the safe usage of  C f- 2 5 2  has been accomplished , it i s  
ve ry important that the safety o f f icer be granted · the author i ty to 
control acce s s  to the room and t ime l imits on all who handle 
C f - 2 5 2 . Those individual s  are sometimes not apprec iated but are 
very important to thi s type of work . 
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TABLE 1 0  
CHARACTERISTICS OF Cf- 2 5 2  NEUTRON THERAPY ROOM 

1 .  Large 2 0 ' x 2 0 ' room . 

2 .  H igh ce i l ings - intermediate absorper 

3 .  Thick wal l s  ( 3 ' )  

4 .  Per sonne l $hields 

a .  Beds ide 
b .  Source 

5 .  Pat ient fac i l i ties  

a .  Bed with TV monitors 
b .  TV set/radio 
c .  Bathroom/to i let 
d . Meal service 
e .  Voice communicator 

6 .  C f- 2 5 2  storage photon therapy 

7 .  Cf- 2 5 2  source s e lect ion and de l ivery system 

8 .  Transport cart 

9 .  Afterloading machine ( s )  

1 0 . Handl ing tongs 

1 1 . Room monitor ( s )  for neutron 

1 2 . Door interlocks 
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PROBLEMS FOR FUTURE STUDIES OF CANCER US ING Cf- 2 5 2  

· The rules for the use of neutron brachytherapy for human 
cancer treatmen t are sti l l  evolving . They c learly are not l ike 
Ra- 2 2 6  rule s , and thi s means the average radiotherapist  does not 
know how to work with neutrons s ince he knows only photon e f fects . 
We have s tud ied a suf fic ient number of  cases that a few general 
rules have become apparent . I t  is c lear that Cf- 2 5 2  allows new and 
more e f fective therapy against bulky local i zed hypoxic and radio
res istant tumors .  Whi le such antihypoxic tumor therapy in our 
hands has had dramatic e f fects and produced remarkable tumor c lear
ance rates and frequencie s for advanced gyn tumors that we had not 
seen be fore , it has a l so become c lear that there are other bases of 
tumor radiores i stance that do not appear to be based solely upon 
hypoxia . A number of these relate to the tumor itsel f , but in 
general we have noted that the tumor bed and the extent of infil
tration and ulceration of  tumor , and infection is also  very impor
tant , as  are the characteristics of the vascular supply . Several 
factors appear to be of importance , as fol lows : 

Hypoxia Which Doe s Not Reoxygenate . In some patients with severe 
arteriosc lero s i s , hypertens ion and sma l l  ves sel d i sease , very poor 
tumor responses were observed because tumors were perhaps incapable 
of revascular i z ing and reoxygenating . In a review by Bel l , myse l f , 
et  al . ( 4 0 ) , we d iscussed some of the se factors . In these tumors 
muc�more neutron radiation therapy i s  probably required , or perhaps 
neutron beam therapy combined with hypoxic rad iosens iti zer s . 
We have s cheduled more implants now ( up to 5- 6X)  with some , but not 
with outs tanding succes s  for the far advanced s tages of cervix 
cancer . 

Rapid Tumor Growth . In some patients , tumors responded rapidly and 
gro s s ly d i sappeared . Tumors then reappeared and very rap idly regrew [see Young ( 7 4 )] • To get ahead by radiotherapy , thi s group of 
patients probably requires adj uvant therapy and a means to recogni ze 
the rapid growth and DNA-synthetic activity of  tumor ( 3 3 )  by some 
non-invas ive diagnostic test . In the se patients ad j uvant chemotherapy 
may be needed ( probably antimetabolite in type ) and a schedule to 
sequence and combine chemotherapy and radiotherapy once thi s  pattern 
i s  recogn i zed ( 3 7 ) . 

Infection and Deeply Ulcerating and Necrotic Tumor s . These tumors 
are clearly severely hypoxic and very resistant to radiation , including 
neutrons . I have tr ied Metronida zole (MTZL)  in large systemic , oral 
and i ntravaginal doses to treat both the hypoxia and the infection 
in conj unction with the Cf- 2 5 2  neutron implants . I have also combined 
MTZL with broad spectrum antibiotics  and Clindamyc in in order to 
treat what I believed to be anaerobic infection . The results were 
sati s factory for low s tage tumor s , but were not as satis factory as 
I would have liked to see for high stage tumors . Further study of  
comb ination therapy with antibiotics and hypoxic sens i t i zers is  
needed to determine whether the infections and the extreme radio
res i s tance o f  these type s of  tumors can be overcome . Both hypoxic 
radiosens itizers  and antibiotics need to be developed to addres s  
thi s  d i f f icult group o f  tumors ,  and to be tested for e f ficacy in 
contro l l ing the se infected tumor s . 
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REQUIREMENTS AND PROSPECTS FOR NEUTRON BRACHYTHERAPY 

Table 1 1  l i sts the requirements for a C f- 2 5 2  treatment program .  
Bulky , loca l i zed and acces s ible tumors , appl icator s for therapy and 
capability for afterloading a l l  applications is needed . Thi s could 
be machine a fterloaded , but need not be . A spec ial small  operating 
room ( implant suite )  s ituated close to the neutron holding room i s  
needed . One does not wish to wait  for surgeons to f ini sh and then 
fol low them late in the day . One must have radiographic rooms and 
implant loca l i z at ion facil ities run by exper ienced radiographers , 
phys ici sts and treatment planning personnel , who must be immediately 
avai lable . The cadre of personne l involved i s  extremely important 
and needs to be educated and experienced in C f- 2 5 2  use and safety . 
In our new cancer center we are bui ld ing a neutron brachytherapy 
suite . 

Table 1 0  l i sted the characteri stics of our neutron therapy 
ho lding room . I t  i s  a large room with heavi ly shie lded wa l l s . The 
neutrons scatter readily , so personne l shields are needed to 
protect against the neutrons . Creature comfort fac i l ities are 
needed for the approximate ly 8 -hour implant procedure , as are 
s torage and transportation fac i lities for the Cf- 2 5 2  source s , hand l ing 
trays , room moni tors and foor inter locks . Our NT facility will be 
in the UK Lucille  Parker Markey Cancer Center to be bui l t  next year 
in Lexington , Kentucky . It wi l l  represent the first fac i l i ty 
planned for C f- 2 5 2  neutron therapy in thi s  country . The plan of 
thi s  large fac i l i ty wi ll  allow us to apply either neutron or photon 
brachytherapy . There are beds in the new center for holding patients 
for photon implants or for several serial one -day implants .  We can 
do two implants per day , and thi s  re flects our view that our present 
approximate 1 0 0  NT implants per year wi ll  double to approximate ly 
2 0 0  NT implants  per year and that we can provide an important reg ional 
spec ial i zed cancer therapy center . The cost per treatment wi ll  be 
much less  than conventional Ra- 2 2 6 , Co- 6 0  or Cs- 1 3 7  therapy s ince 
the therapy only takes a couple of hour s , and the - patient need not 
be hospi tali zed . Three to seven days o f  hospitalization are needed 
with s tandard gamma emitter s .  We also do not need general anesthes ia 
or recovery room time ( 4 5 ) . 

At the present time one can only con j ecture about the national 
needs . The NCI has not a s s igned the C f- 2 5 2  neutron brachytherapy 
program any pr ior ity for study , but it i s  clear that more exci t ing 
observat ions are be ing made in our cl inical NT therapy program than 
in many o f  the wel l  funded cancer pro j ects . What i s  needed now are 
c l inical research institutions who wi sh to conduct studie s  of 
Cf-2 5 2  neutron brachytherapy and who have quality c linical and 
research s ta f f s  and c l inical material to begin to develop fac i l i 
t i e s  o f  thi s  type ( 3 5 ) . Radiation biology , rad iation physics and 
radiation safety staff are needed to provide support for a succe s s ful 
program to evolve . 

In Kentucky we have had excel lent cooperation from our Gyn 
oncologi sts ( under Dr . J .  R . van Nagel l )  and neurosurgeons ( Dr .  A .  
B .  Young ) , who have been es sential and . .  respons ible for our large 
patient exper ience and for special categor ies of  tumors be ing made 
ava i lable for s tudy . Without support from col leagues , no neutron brachy 
therapy program could have made much progress . 
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Radioprotection of Normal Structures .  We have also cons idered 
radioprotector& combined with radiosensitizers in order to increase 
gain factors and normal tis sue tolerance ( 2 2 )  • In our Kentucky 
region , c .  P .  Sigdestad of the Univers ity of Louisville ( persona l 
communication) has been tes ting radioprotector& against neutrons and 
found that radioprotection i s  pos s ible albeit the dose modi fying 
factor ( OMF )  are small  and better for low dose s of neutrons . 

Distant Metastases . While our therapy i s  directed at local tumor 
bulk , one failure pattern has become very evident , e . g . , with small  
cell  carcinomas ( 7 1 ) . This  i s  di stant metastatic spread . Thus , 
while local tumor was be ing controlled , failure was occurring 
in , e . g . , para-aortic lymph node s , lung , bone and liver . To combat 
this , e ffective ad j uvant chemotherapy is required , but is not yet 
avai lable ( 4 7 ) . When to use this  type of  therapy and how to combine 
it with a very potent and potentially highly toxic form of radio
therapy are ques tions for future research . Small cel l  carcinoma 
of  the cervix ( 7 1 )  in Kentucky i s  an anaplastic , highly metastatic , 
rapidly growing tumor in  need o f  e ffective adj uvant chemotherapy . 

Hyperthermia . By virtue o f  the bulk of cervix cancers ,  hyperthermia , 
or heat therapy , in  conj unction with neutron brachytherapy appears 
reasonable and obvious ly needs to be tested . Thus the rapid tumor 
shrinkage produced by Cf- 2 5 2  may be further aided by heat therapy 
appl ied shortly after the NT treatment . So far , equipment to accompl ish 
thi s for deeply s i tuated tumors is  not comple tely satisfactory 
for , e . g . , deep pelvic heating . There i s  the danger that local
reg ional shr inkage of  a tumor mas s , if accomplished too rapidly , may 
create tis sue defects leading to complications or the need for ma j or 
surgical intervention to correct those complications . The combination 
of heat and NT treatments should be tested . 

Our plans are to te st intracavitary probe a�tennas for central 
pe lvic hyperthermia therapy1 with LOR NT , for recurrent cervix cancers . 
The other group where its  use can be j ustified is  the poor responder 
and per s i s tent cancers o f  high stage tumors . That group has been 
seen even with LOR NT and exhibits a form of radiore s i s tance not 
overcome by the LOR NT, even when combined with metronidazole . 
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TABLE 11 

BAS I C  TOOLS FOR NEUTRON BRACHYTHERAPV 

1 . CoN F I NED HoLD I NG RooM 

2 .  VAR I ETY APPL I CATORS 

3 .  PHOTON THERAPY 

4 .  OPT I M I ZED TREATMENT PLANN I NG 

5 .  OPT I M I ZED LOAD I NG SYSTEMS 

6 .  AFTERLOAD I NG 

7 .  VER I F I CAT I ON BY PHANTOM/ I N  V I VO DOS I METRY 

8 .  RBE oF TuMoR/NoRMAL T i ssuE 

9 .  MON I TORS OF RES PONS E 
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Should there be further development o f  neutron brachytherapy 
centers? The enormous cost o f  medical cyc lotron beam therapy can be 
overcome by the development of C f- 2 5 2  for medical neutron 
therapy ( 3 5 ) . I f  5 0- 1 0 0  centers of cl inical research exce l lence in 
the United States and the world cooperated and carried out the 
needed trial s , I expect that in 5 - 1 0  years we could establi sh many 
o f the properties and characteri stics o f  neutron brachytherapy and 
expand the scope , varieties and e f fectivenes s  of cancer treatments 
avai lable . There i s  a need for both protocol and feas ibil i ty studies 
and a lot of  imaginative brachytherapy developments .  Nuc lear engineers 
would need to fabr icate small  sources o f  high activity in needles , 
narrow diameter sealed source s ,  beads and wires for after loading 
into narrow diameter applicators . We need a fterloading machines and 
robotic developments to avoid personnel exposures and reduce hand-
l ing times to the lowest pos s ible levels . 

Each center would need new source s  approximately every 1 . 5 
years . We now have about 5 0 0  �g of C f- 2 5 2  in mostly 7 . 5 - 3 0  P9 
loadings and f ind that that i s  a good array o f  source strengths for 
our c linical treatment dose s and times . We could use a l inear 
flexible arrangement for intrauterine use . Our cervix and vaginal 
loadings were initial ly a tandem only ( 6 2 )  but are now highly individ
ual ized ( 4 6 ,  4 7 )  and optimi zed ( 11 ,  6 3 )  and re flect our general 
approach to treatment of  this  disease ( 4 0 ) . I f  we begin to treat 
lung , e sophagus , pancrea s ,  bladder , prostate and bowel as wel l  as  
head and neck s i tes ( e . g . , 3 8 )  and brain ( 4 1 ,  4 2 ) regular ly , we 
would be treating many of the more common cancers  o f  humans .  For 
some of the latter s ites we would have to uti lize combined chemo
radiotherapy as  the frequency of extens ive tis sue infiltration and 
distant metastases require that adj uvant systemic chemotherapy be 
administered ( e . g . , 7 1 ) . Fi fty patients acce s sioned per year per 
institution with 1 0 0  partic ipating institutions could mean study 
o f  5 0 , 0 0 0  patients with cancer in 1 0  years . Cervix , uterus , vagina , 
tons i l , f loor o f  mouth , alveolar ridge , urethra , and some brain 
tumors may be much better controlled by neutron brachytherapy than 
by currently available modal ities o f  treatment . I f  the cancer s  were 
advanced pr imary female pelvis cancers ,  about 2 0 , 0 0 0 - 3 0 , 0 0 0  ( appro
ximate ly 4 0- 5 0% )  would be al ive NED 5+ years later as our earl iest 
schedule showed ( Tables 4 and 5 ) . The economic value of saving 
human l i fe from a d i sease such as cancer is not easi ly calculable , 
but i s  worth the inve stment . 

New neutron emitting i sotope s for future brachytherapy studies 
are needed . While C f - 2 5 2  is the best i sotope found so far , pos s i
bly others o f  the transplutonium series can be tes ted , e . g . , C f-
2 5 4 . Tandem transplutonium i sotope s should be studied for the ir 
potentia l for neutron therapy . Perhaps beryllium may be use ful com
bined with an a lpha emi tter s imilar to the or iginal experiments of 
Chadwick ( 8 ) . With some o f  these tandem combinations ,  long-lived 
combinations , small con f igurations and s i ze s , and high dose rates 
may be pos s ible . The other important need i s  for a greater var iety 
o f  neutron energies . For example , an isotope with 4 Mev or 8 Mev 
neutrons could be ( 2 1 )  very use ful , although it could lead to a 
higher frequency o f  late complications ( 6 8 ) . Sti l l  another pos s i
bility i s  to have sources that produce low energy neutrons that can 
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be thermali zed in tis sue . Under those conditions , chemicals to 
enhance the capture event and enhance energy re lease in tis sue such 
as the boron capture compound s could be of great value in increas ing 
the therapeutic e f fectivene s s  of the neutron at greater distances 
from the primary tumors and source s .  I f  the appl ications o f  C f - 2 5 2  
can b e  extended , i t s  potential ultimate va lue for human cancer 
therapy alone would j usti fy a continuing active inve stigat ional and 
production proj ect as wel l  as biomedica l research into human use . 

Table 1 2  lists some pos s ible goa l s  for the study o f  neutron 
brachytherapy with Cf-2 5 2 . This repre sents the obj ective s in our 
continuing s tudie s . 

Recommendations 

1 .  E s tabl ish a national/international neutron brachytherapy 
demons tration center which should be provided with a wide 
variety o f  neutron emitting sources ,  detectors ,  robotic or 
automated handl ing device and appropriate equipment . It 
should have the nece ssary personnel and sta f f  to thoroughly 
inve stigate and to demonstrate the use and appl ications of C f -
2 5 2  neutron brachytherapy in human cancer therapy . 

2 .  Establ ish 5 0- 1 0 0  C f - 2 5 2  neutron brachytherapy proj ects through
out the world in academic cl inical research centers which 
have adequate fac i l itie s , personne l ,  
profes sional physics  and radiobiology s ta f f  a s  we ll  as number s  
and var ieties o f  cancer pat ients t o  carry out cl inical 
research trial s . Each center wi l l  require � 5 0 0  pg  of  Cf-2 5 2  
a s  small sealed sources . 

3 .  Prepare and provide a variety o f  sources of  suitable s i ze , 
activi ty and shape to carry out trials  o f  human cancer treatment 
using Cf- 2 5 2 . 

4 .  E stabl ish a C f - 2 5 2  product ion program which wi l l  renew the 
sources of the neutron brachytherapy centers at a 1 . 5  year 
frequency . 

5 .  E stabl i sh a Biomedical committee to advise the Department o f  
Energy o n  cl inical appl ications of  C f- 2 5 2  and other trans
plutonium i sotopes and on biological and cl inical research 
s tudies .  

6 . Conduct research into other neutron emitting i sotopes with 
suitable propertie s for human cancer therapy , spec i fically 
those wi th d i f ferent ha l f  l ives and neutron energies .  

O p p o r t u n i t i e s  a n d  C h a l l e n g e s  i n  R e s e a r c h  W i t h  T r a n s p l u t o n i u m  E l e m e n t s :  R e p o r t  o f  a  W o r k s h o p
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TABLE 12 

GQALS I N  NEUTRON BBACHYTHERAPV 

1 .  OPT I MAL COMB I NAT I ONS W I TH EXTERNAL BEAM THERAPY 

2 .  AccURACY I N  DOS I METRY 

3 .  REPRODUC IB I L I TY 

4 .  Dos E D I STR I BUT I ONS TO MATCH TUMOR BULK 

5 .  PERSONNEL SAFETY I N  USE 

6 .  I NS I GHT I NTO TUMOR RESPONSE 
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