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PREFACE 

The Subcommittee on NUclear and Radiochemistry is organized unde r the 
Committee on Chemical Sciences to maintain awareness of the chemical 
aspects of nuclear phenomena , to stimulate scientific and technical 
progress and to identify opportunities for research. nte remarkable 
progress in the study and utilization of the actinide elements during 
the past 40 years has been reflected in seve ral monographs and meetings 
sponsored b¥ the SNR. This seemed an appropriate time to prepare a 
brief review of the many achievements as well as of the promise of 
further  progress in this vital field of nuclear and radiochemical 
research. 

On behalf of the SNR, Dr. R. G. Wyme r and Dr. 0 .  L. Keller con
tacted a number of scientists from DOE and unvieraity laboratories to 
p rovide brief summa ries which were then collated and edited for the 
f inal report . The SNR is grateful to all of these scientists for their 
role in documenting this record of significant accomplishments .  
Without the support of the AEC , ERDA and DOE for actinide research, 
these accomplishments could not be recorded as most would not have 
occurred . 

G. R. Choppin, Chai� 
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I 

INTRODUCTION 

It has been just  ove r 40 years since the identification of plutonium 
by Seaborg,  MCMillan, Kennedy , and Wahl at the Unive rsity of California, 
Berkeley. This discove ry ,  and the isolation of plutonium-239 a year 
late r � Kennedy , Seaborg ,  Segre , and Wahl , laid the corne rstone of one 
of the most exciting and productive eras of tesearch in Ame rican 
history - research on the transplutonium elements .  This tesearch was 
to span all fields of natural science , and indeed was to have many 
implications and applications in the biological sciences . In this 
brief document , we have attempted to touch on only some of the many 
achievements of the u.s. heavy element program. Many of those whose 
work has been at the heart of this tesearch have cont ributed to this 
report . They have summarized some of what was scientifically important 
and exciting and they have suggested some of the topics of important 
resea reb temaining to be done . 

Out of this tesearch has come new insight into the basic st ructure 
and stability of the nucleus itself . Hew unde rstanding of the organiza
t ion of elements in the pe riodic table - the single most important con
ceptual tool in all of chemistry - has been gained with the discove ry of 
1 5  new elements and the production of weighable amounts of them up 
through einsteinium. Long-lived isotopes such as 2 48em and 2 4 9cf made 
available through the High Flux Isotopes Reactor (HFIR) and Transuranium 
Processing Plant (TRU) production program serve as targets in heavy ion 
accele rators to produce still heavie r elements up through atomic number 
1 07 ,  as well as for studies on themselves . Chemical studies have been 
possible on elements up to the 104-105 tegion.  These elements give us a 
last chance to unde rstand the symmet ry  of the pe riodic table in this 
region of filling of Sf and 6d elect ronic orbitals in which significant 
elect ronic telativistic effects can occur. Indeed , the studies in the 
t ransplutonium tegion of chemical prope rties , spect roscopic and magnetic 
p rope rties , supe rconductivity ,  new synthetic routes to metals , alloys , 
and compounds , thermodyn81Dic and st ructural studies at ext remes of 
temperatures and pressures , aqueous and non-aqueous chemistry - all 
have enriched the field of inorganic and physical chemistry in an 
unp recedented way. 

Yet there are many exciting frontie rs for today and toiDOrrow. For 
eX81Dple , production of such isotopes as 2 46em and 2 SOcf will provide 
important possibilities in new nuclear st ructure and teaction studies . 

1 
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The needed tesearch to map the st ructure of the pe riodic table in the 
critical tegion where the actinide se ries ends (element 103 ) and the 
new 6d transition series begins (element 104) has already been 
aentioned . The discove ry of superconductivity in americiua suggests 
new frontiers for explo ring important phenomena , including the effects 
of elect ronic density of states at the Fermi surface varied b¥ high 
p ressures . No less important is the opportunity to advance our 
unde rstanding of fission , in which great st rides have been made in the 
last  five or six years , showing that it is ext remely important to study 
f ission properties of the heavier isotopes of fermiua (element 100) 
and mendeleviua (element 10 1 )  and , when possible in the future , neutron
rich isotopes of still highe r Z in orde r  to unde rstand nuclear fission 
and the liaits of nuclear stability . 

P ractical uses such as medical applications , radio�raphy , oil well 
logging , and reactor start-up have been developed for 2 2cf . It is to 
be expected that additional uses will be found for this isotope , as 
well as othe rs .  

Selected teferences have been included b¥ some authors of sections 
of this document ; others have included bibliographies . These b¥ no 
means exhaust the extensive literature in the field of heavy element 
research, but rather are indicative of the significance of the tesearch 
that has made the United States the world leade r. 

Because of the preeainence that u.s. scientists have achieved in 
f ields of tesearch utilizing the isotopes made available to thea through 
the u.s. Transplutoniua Production Prograa, thei r active collaborat ion 
has been sought � preaier tesearch groups in nuclear and actinide 
cheaist ry and nuclear physics , such as those at Mainz , GSI ,  Karls ruhe , 
Heidelberg , Munich, Liege , Orsay,  Fontenay-aux-Roses , Grenoble , and 
Dubna . This worldwide teputation has been achieved and maintained b¥ 
u.s. scientists primarily because they have had access to these unique 
aaterials froa the HFIR/TRU and because the scientists in the field 
have exhibited skill ,  ingenuity , and imagination in using these iso
topes to explore the nuclear and cheaical properties of the heaviest 
elements . This is not a tesource that can be stockpiled for the future 
s ince many of the isotopes are telatively short-lived . It is conse
quently of greatest importance to continue producing this tesource that 
has proved so fruitful in the past and that holds so much proaise for 
future cont ributions . 
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II 

HISTORICAL ACCOUNT 

We have just passed the fo rtieth annive rsary of the synthesis and 
identification - i . e . , the "discove ry" - of the fi rst transuraniua 
elements , neptunium and plutonium.  The intervening years have seen 
the addition of a dozen transplutonium elements whose nuclear synthe
s is (with two exceptions ) has been based on the use of source isotopes 
p roduced bf neut ron irradiation in nuclear reactors . (The thi rteenth 
and last of the known t ransplutonium elements , atomic numbe r 107 , was 
synthesized bf anothe r method . ) 

Thus , the addition of the transuraniua elements to mankind ' s  
natural heritage of elements has led to an expansion by about 1 5% in 
the fundamental building blocks of nature.  Investigation of these man
made elements has led to a tremendous expansion of our  knowledge of 
atom1c and nuclear st ructure.  Of particular interest are the unusual 
chem1stry of these elements ,  thei r impact on the organization of the 
periodic table and thei r sometimes unique nuclear properties . 

A key to the leade rship of the United States in the t ransplutonium 
field has been the

.
widespread availability of the long-lived isotopes 

in macroscopic quantities as a result of thei r production by neut ron 
i rradiation in nuclea r reactors .  

Availability of transplutonium isotopes to • limited group of 
investigators began as early as near  the end of World War II ,  when the 
nuclear reactors at Clinton Laboratories (Oak Ridge ) and Hartford were 
used . Use of these reactors for this purpose continued for a few 
years after the war. In the late 1940 ' s  the high flux NRX reactor at 
the Chalk Rive r Laboratory in Canada was made available to u.s. 
investigators to make possible substantially highe r yields of heavier 
isotopes from multiple neut ron capture reactions . 

When the newly built Materials Testing Reactor (MTR) at ARCO, 
Idaho , was made available in 1952 , an interlaboratory program for 
neutron irradiation of plutonium on a large scale led to a substanti
ally augmented supply froa this source for the next decade . 

The u.s. Transplutonium Production Program got unde r way in 
1 959 with neut ron irradiation of plutonium in Savannah Rive r reactors .  
This led to a coordinated program involving chemical ext raction facil
ities at Savannah Rive r and Oak Ridge and the Oak Ridge Research 
Reactor (ORR )  in orde r to maximize the output of a numbe r of products 

3 
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of special inte rest because of thei r practical importance . This 
p rograa expanded as the possibilities for very useful practical 
applications of such isotopes as 244Cm and 2 52cf came to be more 
widely recognized . Possibly of greater importance was the growing 
unde rs tanding of the scientific importance of having an adequate 
supply of isotopes to make it possible for u.s. scientists to study 
the nuclear prope rties and reactions , chemical prope rties , optical 
p roperties , and solid state prope rties of this interesting group of 
t ransition elements . 

Recognition of the potential importance of this field of research 
led to the building, at Oak Ridge National Laboratory,  of the High 
Flux Isotopes Reactor (HFIR) and its sister facility , the Transuraniua 
P rocessing Plant (TRU) . These started to operate in 1966 , using as 
input the products froa the Savannah Rive r t ransplutonium programs , 
and have continued to ope rate eve r since as the mainstay of the u.s. 
T ransplutonium Production Prograa. An important part of the program 
bas been the operation of Electromagnetic Separators to separate 
individual isotopes froa elemental mixtures of isotopes . The prograa 
bas been characterized froa the beginning by a high degree of 
interlaboratory coope ration ,  and this was formalized in 1964 by the 
creation of a Transplutoniua Program Committee consisting of repre
sentatives froa the Argonne National Laboratory ,  Oak Ridge National 
Laboratory,  Lawrence Radiation Laboratory,  Live rmore Laboratory ,  
Los Alamos Scientific Laboratory,  Savannah Rive r, and Brookhaven 
National Laborato ry .  This committee , which bas played an important 
adviso ry role in di recting the program, is still active . The trans
plutonium isotopes have been made available to laboratories since 196 1. 
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III 

PLUTONIUM 

This �eport is about the elements beyond plutonium - the transplutonium 
elements . Yet plutonium is whe re our story begins . All the elements of 
highe r atomic numbe r yet to be discove red we re  to be synthesized and 
investigated in ways that were foreshadowed � the approaches developed 
in the early days at Be rkeley when plutonium itself was discove red and 
in those intense days at the beginning of the Manhattan Project when the 
nuclear and chemical properties of plutonium first  began to unfold . 

The very sociology of the transplutonium research community was 
established in those early days of plutonium research. For example , of 
i ts very nature ,  plutonium discovery ,  production ,  and research demanded 
the complementary talents and cooperation of teams of physicists and 
chemists . 'lbe invention at Be rkeley by E.  0 .  Lawrence of the cyclot ron 
brought together an inspired group of physicists and chemists devoted 
to studying prope rties of nuclei and to discove ring new elements and 
isotopes . 'lbese associations led to the discove ry of plutonium � 
Seaborg ,  MCMillan, Kennedy , and Wahl late in 1940 and early in 194 1 .  
The 6Q-in. cyclot ron at Be rkeley furnished a 16-MeV beam of.deuterons 
for bombarding a U30s target to produce 2 38Np, which decayed to 2 3 8Pu .  
The vanishingly small amount of plutonium produced had to be chemically 
separated in orde r to investigate its nuclear characteristics and iden
t ify it as a distinctly new element . Since the chemical prope rties of 
p lutonium were unknown at the time and its supposed placement in the 
periodic table was actually erroneous , conside rable chemical ingenuity 
was needed to develop these separation procedures . 

As a �esult of trace r level expe riments on cyclot ron-produced 
plutonium, it was soon shown that plutonium had at least two oxidation 
s tates . 'lbe speculation arose that the highe r oxidation state might 
be like U(VI ) and the lowe r like U( IV) and 'lb( IV) . 'lbese were the 
earliest signs pointing towards Seabo rg ' s  late r pivotal developaent of 
the actinide concept , which reshaped the periodic table . 

The critical measurement of the fission cross section of the newly 
discovered 2 3 9Pu was mde at Be rkeley in 194 1 by Kennedy , Seaborg ,  
Segre, and Wahl. 'lbese measurements established 2 3 9Pu as a potential 
source of nuclear ene rgy like 2 3Su. 'lberefore ,  a wartime Plutonium 
P roject was set up to produce and separate plutonium on a large scale 
for weapons . 'lbe large-scale production of 2 3 9Pu would have to be from 

5 
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the neutron irradiation of 2 38u in a teaetor.  The development of the 
technology of the chain teaetion producing excess neutrons froa the 
f ission of 2 3Su to allow sueb production was largely the domain of the 
physicists . The separation of pure 2 39Pu found at the level of 250 
parts per million or less in the discharged irradiated uranium plus 
f ission products was the domain of the chemists . 

In 1942 , working with c:yelot ron-produeed plutonium, Stan Thompson 
of Seaborg ' s  group made the unexpected discovery that Pu( IV) is carried 
quantitatively by bismuth phosphate in aeid solution . In a very short 
t ime ,  the "Bismuth Phosphate Process"  for separating plutonium was 
developed to the pilot plant stage using teaetor-p rodueed plutonium at 
Oak Ridge and then sealed up at Hanford to industrial seale . 

The developaent of ult ramieroebemieal methods for investigations 
of plutonium was a distinguishing characteristic to be carried forward 
t o  the transplutonium elements as they wete discovered. The methods 
developed by Burris B .  Cunningham and eo-worke rs in the early 1940 ' s  
led to the preparation of the fi rst pu te  compound of plutonium and to 
the elucidation of many of the new element ' s  ebemieal properties . 

The scientific literatute on plutonium is vast ,  and no attempt 
bas been made in this document to summa rize the highlights of pluto
nium teseareb. Howeve r, it bas been from the beginning , and continues 
to be, a key element in the heavy element story.  
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IV 

SYNTHESIS OF TRANSPLUTONIUM ISOTOPES 

The nuclear synthesis of nearly all of the isotopes of the elements 
beyond plutonium has depended on the availability of target nuclei pro
duced by the neut ron irradiation of precursor isotopes . The neut ron 
i rradiations to produce such nuclei were performed in the Oak Ridge 
( Clinton) and Banford reactors in the 1940 ' s ,  in the NRX �eaetor at the 
Chalk Rive r Laboratory in Canada in the late 1940 ' s ,  and in the 
Materials Testing Reactor (MTR) at Areo , Idaho , in the 1950 ' s .  This 
led to the product ion and identification of about 50 transplutoniua 
nuclear species cove ring the atomic nUJDber range through 103 and mass 
numbe r range through 257 ,  including those produced through neut ron 
i rradiation (the heavies t has the mass numbe r 257 )  and those produced 
through boabardment of the neut ron-produced nuclei by charged 
particles . (A number of these were identified for the fi rs t  time as a 
result of thei r product ion in the "Mike" thenaonuelear device test 
s taged in Novembe r of 1952 , but thei r production in large r amounts 
followed through the u&e of the MTR. ) 

Neutron irradiations in the Savannah Rive r �eaetors and the High 
Flux Isotopes Reactor (BFIR) at the Oak Ridge National Laboratory • 

followed by chemical separations in the attendant ext raction 
facilities , led to the large-seale production of transplutonium iso
topes in the 1960 ' s  and 19 70 ' s .  The use of such isotopes as target 
materials for bombardments with charged particles , especially heavy 
ions , allowed the synthesis and identification of three more elements 
and an additional 50 transplutonium isotopes (the vast maj ority of 
which were fi rst identified in the United States as a di rect result of 
the U. S .  Transplutonium Production Program) . 

Since it is not feasible to describe the discove ry of 100 nuclear 
species , this account will be confined to very brief descriptions of 
the discovery of the fi rst isotope of each transplutonium element . 2 

The fi rst transplutonium elements , ame ricium (No .  95) • and curium 
(No .  96) , were diseovered 1 4 in 1944- 1945 at the wa rtime Metallurgical 
Laboratory of the Unive rsity of Chicago . Curium was synthesized fi rst  
as  the msult of the boabardment of newly available 2 3 9Pu with helium 
i ons in the Be rkeley 60-in. cyclot ron, and ame ricium was synthesized as 
the result of neut ron irradiation of 2 39Pu in the reactors at Clinton 
Laboratories (Tennessee ) and Banford (Washington) .  The key to their  
chemical identification was the �eeognition 1 5 that the transplutonium 
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elements were part of an act inide transition se ries (second rare earth 
series ) , which was also the key to the chemical identification of the 
following elements . 

Be rkelium (No.  97)  was discove redl3 as the result of the helium 
ion bombardment of 24 1Am,  produced through the irradiation of plutonium 
in Hanford reactors , and californium (No .  98) was discove red 12  follow
ing the helium ion bomba rdment of curium, produced bJ the irradiation 
of ame ricium with neut rons in the NRX reactor. 'lbe bombardments 
( 6Q-in. cyclot ron ) and chemical identification took place at Be rkeley 
in late 1949 and early 1950 . 

Eins teinium (No .  99 ) and femdum (No .  100) were discove red 10 in 
the debris from the "Mike" test in late 1952 and thus did not involve 
the use of targets produced � neut ron irradiation . 

Mendelevium (No .  10 1 )  was first produced 1 1  as the result of the 
helium ion bombardment (in the Berkeley 6Q-in. cyclot ron) of a minute 
amount (approximately 10-6 microgram) of 2 5 3Es , which was produced as 
the result of neut ron irradiation in the Ml'R. 'lbis was the first 
instance of an identification (chemical in this case ) of a new element 
on the "one-atOJD-at-a-time" basis . 

Nobelium (No .  102 ) was the fi rst transplutonium element to be 
discovered9 through the use of heavy ions . Curium, produced � neut ron 
i rradiation in the Ml'R, was bombarded with 1 2c ions in the newly con
s tructed Heavy Ion Linear Accele rator (HILAC) at Be rkeley . 'lbe actinide 
t ransition se ries was completed with the synthesis and identificationS 

of lawrencium (No .  103) by the bombardment of califo rnium, produced bJ 
neut ron irradiation in the Ml'R, with boron ions in the HILAC . 

Although there are competing claims for the discove ry of the next 
three transplutonium (which are transactinide ) elements ,  criteria for 
the discove ry of elements defined � an inte rnational group of 
expe rts4 indicate that the discove ries should be credited to the u.s. 
teams .* On this basis , element 104 was first identified7 as the result 
of carbon ion bombardment in the Berkeley HILAC of aonoisotopic 2 49cf 
furnished bJ the Oak Ridge National Labo ratory .  Similarly , element 105 
was identified6 through the nit rogen ion bombardment of the same 249cf 
target , and element 106 (unnamed as yet )  was identified5 by the oxygen 
ion bomba rdment of additional 249cf furnished � the Oak Ridge National 
Laboratory . 

On the basis of the knowledge we have gained about the yields and 
mechanisms of heavy ion react ions for the production of actinide and 
t ransactinide isotopes bJ the bombardment of the available supply of 
t ransplutonium target nuclei ,  we can be assured that a continued and 
expanded ·supply will lead to the discove ry of many new isotopes and 
quite possibly to new elements . 'lbe possible approaches are r.lch and 
varied . One method, which is applicable with the more widely available 
lighte r heavy ions , is that of transfe r reactions; these lead to a wide 
variety of product nuclei extending in mass numbers ove r the entire 

*At present , International Union of Pure and Applied Chemist ry  
( IUPAC) has no t  officially accepted any discove ry claim fo r the 
elements , and no official names have been designated . 
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region from that of the target nucleus to that of the compound nucleus 
corresponding to the sum of the mass numbe rs of the target nucleus and 
the heavy ion projectile . ! Anothe r reaction mechanism is that of deep 
inelastic scatte ring in which the heaviest projectiles (uranium ions 
a re  a good example) transfer large numbe rs of neut rons and protons to 
the target nucleus . 3 Pe rhaps the compound nucleus mechanisa,  in which 
the heavy ion projectile amalgamates with the target nucleus resulting 
in a potentially inte resting product after the loss of excitation 
ene rgy b1 particle evaporation, holds the most promise . Each of these 
mechanisms can only lead to obse rvable actinide or transactinide 
p roduct nuclei if a sufficient fraction of them survives loss b1 the 
p revalent competitive fission reaction .  An especially int riguing goal 
is the production and identification of "supetheavy elements "  (composed 
of nuclei stabilized b1 closed shells of 1 1 4  protons and/o r 184 neu
t rons ) ;  the compound nucleus and the inelastic transfe r  mechanisms 
offer hope for reaching this goal .  

A particularly hopeful approach for reaching both supetheavy and 
new isotopes in the actinide and near transactinide region is through 
the use of the heaviest potentially available isotope , 2 54Es . Use of 
this as a target nucleus might lead to the production and identifica
t ion of new isotopes b1 any of the three heavy ion reaction mechanisms . 

Also of special value as target nuclei for this purpose are the 
isotopes of californium and curium.  Particularly useful would be 
enriched 2 S lcf (i . e . , separated as much as possible from the difficult
to-handle spontaneously fissioning 2 52Cf ) and the ult rara re ,  long-lived 
2soem. 
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NUCLEAR FISSION AND STABILITY , HEAVY ION REACTIONS , 
AND NUCLEAR STRUCTURE 

A. NUCLEAR FISSION AND STABILITY 

As described earlie r, isotopes of the transplutonium elements we re  
p roduced and made available to tesearche rs through the u.s. Trans
plutonium Production Program (TPP) beginning in 1959 . As a tesult it 
became possible to study the spontaneous fission (SF)  of the isotopes 
of elements beyond plutonium, including telatively short-lived rare 
isotopes such as 2 55Es (40 days ) and 257rm ( 100 days ) .  Because of the 
unique availability of such isotopes in this count ry ,  American 
researche rs soon took the lead in the measurement of spontaneous 
f ission prope rties 4 7 , 5 0  even though spontaneous fission had fi rst been 
discove red bf the Russian scientists Pet rzhak and Fle rov5 1 in 1940 . 
Early studies of spontaneous fission were hampered � the low specific 
activity of the available nuclides , e . g . , 2 3 8u ( SF half-life • 

1 0 1 6 years ) , 24 0Pu ( SF half-life • 10 11 years ) ,  but with the increasing 
availability of high specific activity sources of the transplutonium iso
topes and the development S O of solid-state detector techniques for 
measuring fission fragment kinetic energies , information conce rning 
details of mass , Charge , and kinetic ene rgy dist ributions and neut ron and 
photon emission was obtained . These tesults illust rate one answe r to the 
question : What ean one study expe rimentally in the transplutonium tegion 
of nuclei with stable deformation that cannot be studied , or is ve ry  
difficult to study , in more accessible tegions of the chart of the 
nuclides ? 

Until about 1970 , it was believed that all low-energy fission 
resulted in very asymmetric mss division and that the SF prope rties 
of heavier nuclides could teadily be ext rapolated from the known system
atics of lighte r nuclides . Howeve r, with the teport4 7  in 197 1  of much 
enhanced yields of symmetric mass division accompanied b1 unusually high 
total fragment kinetic ene rgies in the SF of 2 57rm,  a "renaissance" of 
interest in SF and low-energy fission occurred . (A �eview of post
f ission phenomena studied b1 the end of 1973 is given in tefe rence 45 . 
Of the 227 teferences cited , nearly half we re  dependent on isotopes 
furnished through the u.s. Transplutonium Production Program. ) 

1 1  
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The wide availability of high specific activity sources of 2 52cf 
to tesearehers outside as well as inside the United States has also 
been an important factor in promoting detailed studies and an unde r
s tanding of the fission process using sophisticated inst rumental and 
radiochemical techniques . With the increasing availability of sources 
of othe r transplutonium isotopes , studies of fission yields from SF 
and thermal neut ron-induced fission of additional isotopes have been 
made . 3 , 5 , 3 1 , 4 5  

Since 1973 t information conce rning the SF of the short-lived iso
topes 2 56cf , 2 56Fm, 2 59Fm, 2 5� , 2 52No , 2 59 104 , and 2 62 105 has been 
obtained . All of these studies we te  di rectly dependent on isotopes 
furnished � the Transplutonium Production Program. These new data 
permitted a comparison bf Hoffman28  of the data for the fermium 
isotopes with both heavier and lighte r nuclides . This 1979 teview 
lists some 54 tefe rences , and the productivity of the field is shown 
by the fact that 40 of these we re  published after 1973 .  Because of 
these studies , a teassessaent of the theory of low-ener.gy fission has 
been necessa ry ,  and new attempts have been made to develop a comp re
hensive , dynamic theory of fission that ean explain the descent from 
saddle to scission point , nuclear viscosity , and the time scales 
involved . It appears that the prope rties of the heavy fermium iso
t opes are unique and ean qualitatively be explained on the basis of 
f ragment shell effects due to the products of symmet ric fission,  which 
ate near to the doubly magic 1 3 2sn configuration.  No longe r ean it be 
said that all low-energy fission tesults in highly asymmet ric mass 
division while high-energy fission tesults in symmet ric mass division . 
No r ean the properties of heavie r nuclides be smoothly ext rapolated 
f rom those of the lighte r isotopes . These tesults have also had a 
s t rong effect on our ideas conce rning nuclear stability and the prop
erties of a possible island of superheavy elements around atomic 
numbe rs 109 to 1 14 . It should be noted that elements through 107 have 
now been produced , so that tegion does not seem so far away as it once 
did . 

In addition to the prope rties of the fission fragments ,  the 
systematics of the stability of the heaviest isotopes toward SF have 
also been of interes t . l O The availability of 109 atoms or so of 
2 57Fm made it possible to produce 0. 38-ms 2 58Fm, which signaled rapid 
dectease of SF half-lives for the heavier fe rmium isotopes . It also 
made it possible to produce4 3b 1 . 5-s 2 5 9Fm, the most neut ron-rich 
isotope so far known. Use of the exceedingly rate target , 60-d 2 54cf , 
p roduced unde r the TPP program, tesulted in the fi rst preparation2 0 of 
1 2 . 3-min 2 56cf (containing the same number of neut rons as 2 58Fm) for 
s tudy of its SF properties . Its half-life showed that the SF 
"disaste r" did not set in until Z • 100 and its fission prope rties 
were similar to those of lighter isotopes . The only othe r N • 158 
nuclide known is 95-min 2 59Md,  produced � bombardment of 2 48em with 
l Bo . Its half-life and properties suggest Changes in stability and 
p rope rties telative to fe rmium, perhaps due to the effect of the odd 
p roton in Md. The SF prope rties of 2"59Md are quite unusual inasmuch 
as it fissions symmet rically but with a total kinetic energy that 
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is  not anomalously high as in the case of 2 58rm and 2 59rm .  '!be width 
of the total kinetic ene rgy dist ribution is unusually large , pe rhaps 
indicating a r.ange of fragment shapes at scission from sphe rical to 
highly distorted .  It was suggested that the telatively low total 
kinetic ene rgy might be due to the emission of a Z • 1 particle at 
s cission , but Hulet et a1 . 2s showed that this was not the case . 
Anothe r possibility is that because of the odd proton,  one of the 
f r.agments is highly distorted and the num.be r of pro11pt neut rons 
emitted is 1111ch large r than for 2 59rm,  thus accounting for the addi
t ional ene rgy . Neut ron emission in the SF of Cf and Fm isotopes has 
been investigated , and it was found2 3 that for the highest  total kinetic 
energy events the ave rage pro11pt neut ron emission was less than 1 .  It 
is ext remely important to measure the fission prope rties of still 
heavie r Md isotopes and to measure prompt neut ron emission fo r the SF 
of both the heaviest Fm and Md isotopes . Again, these studies are 
vital to our unde rstanding of nuclear fission and the limits of nuclear 
s tability . It will be i11pe rative in the future to examine the proper
t ies of the neutron-rich isotopes of othe r elements with Z greate r than 
1 00 if we are to unde rstand these phenomena. 

Fission barrie r parameters for a host of heavy element isotopes 
have been deduced from experiments utilizing heavy element targets and 
such charged particle fission teactions 2 2  as 2 5�Es ( t , pf; d, pf; 3Be , df) . 
Britt 2 7 reviewed the status of such measurements at the 4th Inte rna
t ional Conference on the Physics and Chemist ry  of Fission in fulich in 
1979 . Extension of such studies is dependent on target availability . 
Transplutonium targets have also made it possible to extend the 
investigation of fission isome rs into the transplutonium region. � 2 , � 6 

Coulomb fission studies have been carried out � Backe et al . l 3 
using 1 8�w and 2 38u beams on heavy targets including 2�8em. 'Ibis 
method can be a valuable probe of the fission mechanism because a 
purely elect rostatic interaction can be selected . '!be current results 
are not in oo11plete agreement with theory ,  and fu rthe r studies are 
needed . 

B .  HEAVY ION REACTIONS 

In the past , the maj or impetus for the study of nuclear reactions 
using the transplutonium isotopes has been the desire to produce , 
identify , and study the properties of new heavy isotopes and/o r new 
elements . Recently , howeve r, conside rable interest in studying the 
various inte raction mechanisms themselves has been developing , and many 
theoretical as well as expe rimental studies are emerging that link 
observations in this tegion to those for lighte r elements .  In addition, 
i t  now appears that heavy-ion transfe r teactions (Lee et al . , ref . 1 ,  
section on Synthesis/Transplutonium Isotopes) , as well as deeply 
inelastic and 0011pound nucleus teact ions , offe r hope for producing new 
heavy elements and isotopes with telatively low excitation ene rgies so 
as to avoid oo11plete loss � prompt fission . 'Ibis field appears par
t icularly fruitful for future exploitation in making new isotopes for 
systematic studies of thei r prope rties and the limits of stability . 
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In the area of production of heavy element isotopes , one of the 
classic early articles is that of Sikkeland et al . , � 9 which gives 
excitation functions for the synthesis of nobelium isotopes in bo� 
bardment of 2�� , 2 �6 , 2�8em targets with 1 2c and 1 3c .  'lbey pointed out 
that the cross sections depend critically on the value of the r.atio of 
the partial widths for neut ron emission and fission,  and they gave 
values of these r.atios as a function of Z and A fo r even trans
berkelium nuclides ,  that are still in use . In 1974 , Hahn et al . � �  

presented experimental data conce rning transfe r  and compound-nucleus 
reactions leading to 2�Scf and 2��Cf in bombardments of 2 39Pu and 2 38o 
with 1 2c ions . 'lbey pointed out that noncompound processes (such as 
t ransfe r of an aggregate from projectile to target followed by neut ron 
evaporation) must be important . 'lbe cross sections for the (C , a2n) 
and (C , a3n) react ions were too high to be accounted for simply by the 
evaporation of charged particles , which is expected to be negligible 
in such heavy nuclei . 'lbey measured the tecoil r.anges and angular 
dist ributions as well as the cross sections and excitation functions 
of the products . 'lbere have been essentially no published teports of 
s imilarly thorough studies utilizing transplutonium targeter although 
a study of actinide yields from the teact ion of 2 �8cm with l6 , 1 8o and 
2 0 , 2 2Ne projectiles has tecently been teported by Lee et al . l 9 Some 
unpublished data on tecoil r.angea l 8 and energies are available1 and 
s tudies of excitation functions for heavy ions on 2 �8em and 2 ��Cf 
targets are in progress . 1 9 

C .  NUCLEAR STRUcrURE 

Nuclear st ructure theories , whethe r fully self-consistent or based 
on St rutinsky ' s  macroscopic-microscopic method , contain parameters 
whose values are adjusted to tep roduce prope rties of known nuclei .  By 
conf ronting predictions of such theories with expe rimental data on new 
nuclei , we are able to both test the unde rlying theories themselves and 
also better dete rmine the values of the input parameters . 'lbe tegion 
of high-Z short-lived isotopes is ve ry  critical in this tespect because 
of the smooth variations of the liquid drop model associated with 
increasing charge and the r.apidly changing single-particle effects . 
For example , small changes in the numbe r of protons or neut rons can 
lead to large changes in spontaneous-fission and alpha-decay half
l ives , a transition from asymmet ric to symmet ric fission-f ragment mass 
dist ributions , and anomalous behavior in the ave rage fission-f ragment 
kinetic ene rgy . 

Some experimental probes are quite selective as to which nuclear 
s tates they populate , whereas others are not ve ry  selective but offer 
assurance of completeness , i . e . , that all nuclear states of a certain 
range of angular momentum and parity values are being populated. In 
testing nuclear models , this question of completeness can be a ve ry  
important feature .  2� One example of a nuclear probe that offers 
completeness is the tesonance-ave raged neut ron capture gamma-ray spec
t roscopy , which can be pe rformed with filtered neut ron beams of 2 and 
24 keV at Brookhaven National Laborato ry .  6d ,  2 6 Anothe r probe that is 
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24 keV at Brookhaven Nat ional Laborato ry . 6d, 2 6 Anothe r probe that is 
reasonably complete is thermal neut ron capture gamma-ray and 
conversion-elect ron spect roscopy. A ve ry  important feature of this 
kind of spect roscopy is that one obtains an extensive list  of secon
dary gamma t ransitions along with multipolarities for a significant 
f raction of the total numbe r of transitions . 6b Just  three nuclides , 
244Am, 249em, and 2 5 0sk , have been investigated so far b¥ use of a 
technique offe ring completeness , namely , neut ron-capture measurements 
with the high-resolution spect rometers at the Institut Laue-Langevin 
in Grenoble , France . 

One of the limitations in applying various expe rimental tech
niques is the question of target size . Measurements of transfe r 
reactions , Coulomb excitation , and inelastic scatte ring require only 
micrograms of targets . Hence , these techniques are applicable to the 
widest range of transplutonic species . In the transplutonic elements ,  
the only isotopes available in multi-gram quantities and in mode rately 
good isotopic purity are 24 1Am, 24 3Am, and 244em. In addition ,  gram 
amounts of multi-isotopic Om mixtures (predominantly mass 244 ,  
although they may also contain significant amounts of mass 246) also 
can be produced. In the milligram range , the three isotopes 248em, 
249sk , and 249cf are ext remely important products of the HFIR-TRU 
complex. Part of thei r importance is due to the fact they are pro
duced in isotopically pure form b¥ means of chemical manipulations , 
all of which can be done with ve ry  good efficiencies ; isotopic purity 
does not have to be obtained via elect romagnetic isotope separation 
with its attendant low efficiencies and high losses of mate rial. It 
would be very desi rable to have available supplies of isotopically 
pure isotopes such as 245em, 24 6em, 247em, 250cf , and 2 S lcf in 
quantities up to a few milligrams to permit the extension of ce rtain 
nuclear st ructure studies . Of these ,  pe rhaps it is most important to 
p roduce as much as possible , up to seve ral milligrams , of the two 
even-even species 246em and 2 5Ucf . For production of 2 46em, some 
means of isotopic enrichment must be employed . The odd-mass membe rs 
of this set are particularly difficult to produce in quantity due to 
thei r fissionability with thermal neut rons . Filtered neut ron spect ra 
a re  of some utility in trying to increase the effective product ion-to
dest ruction ratios of these odd-mass nuclei . Again, howeve r, isotopic 
enrichment will be required . 

Although essentially no nuclear st ructure studies have been done 
in the actinide region using in-beam gamma-ray spect roscopy at an 
accele rator, presumably because of seve re interference from fission 
p roduct gamma rays ,  it appears the ( t , xn) reaction may prove useful . 
Maier et al . 7 in studying this question conclude that since neut ron
rich nuclei have lower fissionability paramete rs ,  fission competition 
may not be too seve re for in-beam gamma studies . Thei r statistical 
model calculations show that fission is a smalle r fraction of the 
c ross section of the (t , xn) reaction as compared with the (cx ,xn) 
reaction targets of 2 3Bu and 2 32Th.  

Expe rimental nuclear st ructure studies in the actinide region 
have been an important feature of recent conferences . For example , 
the 4th International Transplutonium Element Symposium4 3 held at 
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Baden-Baden in Septembe r 1975 featuted a session on the nuclear 
s tability and synthesis of transactinide elements .  E .  K. Hulet4 3a 
reported on the discove ry of element 106 and on the identification of 
2 5lJFm. R.  w. Hoff4 3C teported on the level st ructute of 2 49Bk from 
2 5 3Es alpha decay . Two symposia featuring the nuclear properties of 
the t ransplutonium elements took place in 1977 and 1980 at national 
meetings of the Ame rican Chemical Society . At the most recent 
meeting ,  the August 1980 meeting in Las Vegas , the te we te  a numbe r of 
papers presented on the product ion of heavy actinides and search for 
superheavy elements in heavy-ion react ions , including the expe riments 
of Hulet and co-worlte rs at GSI , Darmstadt , West  Germany , using the 
near-ultimate combination of 2 3Bu projectiles and a 2 4Bcm target . B 
Anothe r pape r in this symposium by Bemis et al . 3 2 reported the use of 
laser-induced nuclear polarization in a study of the 2 40� spontan
eous fission isome r produced with the ORNL isochronous cyclot ron .  

At  the two most  recent inte rnational symposia on neut ron captute 
gamma-ray spect roscopy , the latest held in Septembe r 198 1 in Gtenoble6 

and the other in Septembe r 1978 at Brookhaven, 3 9 seve ral nuclear 
s tructure studies of actinide nuclei were reported. Among these 
papers were reports on the level st ructure of 249em.,  2 5 0Bk , and an 
interesting series of very precise measurements of actinide K r-rays . 

The attached bibliography is not intended to be comp rehensive , 
but r.athe r to give examples of new worlt published since the last 
comp rehensive review on a given topic. A computer  search that 
selected only Nuclear Properties of the Transplutonium Isotopes 
yielded 472 tefe tences for the years 1975-1981  alone . 
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VI 

CHEMISTRY OF 'mE TRANSPLUTONIUM ELEMENTS 

The impact of transplutonium element studies on the chemical community 
is pe rhaps most clearly seen through how such studies have changed our 
unde rstanding of the pe riodic system of the elements .  The formulation 
of the pe riodic system of the elements not only gave chemist ry an 
incomparably useful systematics but pointed the way for other fields to 
develop in analogous ways . [A tecent example is "the eightfold way" 
patte rns of elementary particles that ate explained b¥ the quark 
model . ]  The significance of the pe riodic system to chemical sciences 
in particular, and to human thought in gene ral , warrants our unde r
s tanding it thoroughly . A major cont ribution of transplutonium element 
research ove r the last  3S years has been the substantiat ion of 
Seaborg ' s  actinide hypothesis , Which teformulated the symmet ry  of the 
periodic system and brought out new truths about the elect ronic systems 
of the elements that cause pe riodicity in thei r properties . In 1944 , 
Seaborg boldly moved thorium, protactinium, and uranium f rom thei r long 
accustomed places in the pe riodic table to an "actinide " se ries of 
heavy , mostly undiscove ted elements that would be analogous to the 
well-known "lanthanide " se ries . The properties of this new se ries 
would be dictated b¥ the filling of a Sf shell of elect rons so that the 
elements would tesemble the 4f lanthanides . This was a cont rove rsial 
p roposal for many years since Th, Pa, and U we te  gene rally conside red 
to be the fi rst three membe rs of a 6d se ries rathe r than a Sf . The 
confusion occurs because the Sf and 6d elect rons in the early actinide 
series have similar energies and the chemical properties of these 
elements are not gove rned b¥ the elect ronic configurations in a simple 
way as in the 4f lanthanide se ries . By elements 9S and 96 , howeve r, 
the rare-earth-like character of the actinides becomes prominent• 
Using his actinide hypothesis , Seaborg co rrectly predicted the chemical 
p roperties of elements 95 and 96 , Which was the key to thei r discove ry 
in 1944 . Similarly , Seaborg predicted pertinent chemical properties 
needed for the discove ry of the test of the actinide se ries through 
element 103 .  

A consequence of the actinide hypothesis is that the 6d se ries of 
t ransition elements should start at element 104 . Expe rimental evidence 
gathered so far supports this conclusion .  Further tesearch into the 
chemical prope rties of elements 104 , 105 , and 106 is important in 
defining Whethe r the temarkable symmet ry  of the pe riodic table will 
persist into this highly telativistic tegion . 

1 7  
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In keeping with Seaborg ' s  teformulation of the pe riodic table , the 
t ransplutonium elements (with varying numbers of Sf elect rons) , in 
gene ral , are found to be closely telated in Chemical behavior to the 
lanthanide elements (with varying numbe rs of 4f elect rons) . The dif
ferences in the Chemist ry of the two groups of elements arise mainly 
f� less effective shielding � oute r elect rons and lower binding 
energies of the Sf elect rons of the actinides relative to the 4f 
elect rons of the lanthanides .  As a tesult , the Chemist ry of the 
t ransplutonium elements is more diverse than that of the analogous 
lanthanides . 

One example of this greate r dive rsity is the large numbe r of oxi
dation states in which the actinides can be found . Oxidation states of 
I I  through VII are known in aqueous solution for different trans
plutonium elements .  Ame ricium(VI) , for example , in phosphotungs tate 
solution , teduces so slowly that Am(VI) , Am(V) , Am( IV) , and Am( III) can 
all be present for ove r 20 hou rs .  As with the lanthanides ,  the Ill 
oxidation state is the most common for the elements Am through Lw 
(except NO). Howeve r, for Am through Cf , .  the IV state is stable enough 
to  be used in separations . At the high Z end,  No( II) and Md( II) must 
be studied � fast , radiochemical techniques since the nuclear half
l ives are very short. It should be noted that No is the only element 
in the lanthanide and actinide se ries that is most stable in the 
divalent state.  

Although there is evidence of some covalent interaction in the 
bonding of transplutonium elements , thei r bonding is st rongly 
elect rostatic.  As a tesult , these elements are useful in testing 
models of ionic interaction. Also , due to the ionic nature of the 
bonding , the number and geome t ry  of the bonding groups around the 
t ransplutonium metal cation are not dete rmined � the necessity for 
o rbital ove rlap . Coordination numbers from 4 to 12 are known with a 
cortesponding dive rsity of symmet ries . Obviously , such systems can 
p rovide us with a wealth of information on elect ros tatic interactions 
in a wide variety of conditions . The transplutonium cations of oxida
t ion state ( III) have been studied with a variety of inorganic (e . g . , 
Cl- , N03-, 804-2) and organic (e . g . , alkyl and aryl carboxylate& , 
EDTA, beta-diketones) anions and the data interpreted successfully � 
a model of ionic inte raction.  Much more needs to be done with the 
other oxidation states . Also, despite the importance of separations 
involving liquid-liquid ext ractions , transplutonium chemist ry  in non
aqueous solvents is a telatively unexplored field with much promise as 
it  provides information unperturbed � the st rong hyd ration effects in 
aqueous systems . 

Many of the Chemical studies of the transplutonium elements 
historically have been telated to pragmatic problems of separation and 
purification .  Howeve r, these elements are unique probes for a variety 
of Chemical phenomena that can be investigated in some cases � radio
t race r and in others � macroscopic techniques . In the radiot race r 
s tudies , no elaborate safety or inst rumental tequi rements are 
involved , and the use of these elements to advance our knowledge of 
chemist ry  should continue to expand . 

From the early days of the Manhattan Project , the properties of 
t ransuranium metals have been a source of curiosity because of their 
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unusual crystallographic and elect ronic behavior. The preparation of 
high-purity transplutonium metals is mo re  difficult than making many of 
the compounds of these elements ,  partly because the metals themselves 
a te  so teactive , and partly because of the limited quantities of the 
i sotopes and the unusual tequi rements of the metal syntheses . 
Recently , it has been possible to prepare mult imilligram (5-10  mg) 
amounts of 2 �8em, 2�9Bk, and 2�9cf metal ; large r amounts of 2 � 1Am or 
2 � 3Am metal ean be prepared , but pure einsteinium metal f ree of a 
supporting subs trate has not been produced to date , even at the micro
gram level .  As a tesult of these limitations , especially those of the 
effects of impurities in small samples ,  the preparation of 2 �8em and 
the transcurium metals often becomes the most critical phase of experi
ments ,  with eithe r the maj or  portion or the entire preparat ion being 
needed or consumed (i . e . , dissolution of the metal in acid for heat of 
solution measurements) in the study . 

In principle , the t ransplutonium metals could be prepared by 
seve ral different synthetic methods , but the teactions outlined in 
equations ( 1) and (2 )  have been the most successful . 

An oxide + La or Th metal + An metal t + La or Th oxide ( 1) 

AnF3 or AnF� + L1 metal + An metal + LiF t (2 )  

The first teaction consists of volatilizing and subsequently condensing 
the act inide metal , whereas in the second method the excess teductant 
and lithium fluoride are volatilized . Each method has advantages and 
disadvantages , and the method of choice depends on seve ral factors ,  the 
most important of which is the volatility of the transplutonium metal .  
Normally 1 2 � 3Am, 2�9cf , and 2 5 3Es metals are prepared by teaction ( 1) ,  
while 21t6em and 2�9Bk 'metals are prepared by teaction (2 ) . Such 
contaminants as hyd rogen, oxygen, and nit rogen are difficult or even 
impossible to dete rmine in the milligram amounts of metal , and special 
p rocedu res are tequired to avoid thei r presence in the products .  

A great deal of information has been acquired on the transplutonium 
metals in tecent years ,  but much mo re data are needed to fully unde r
s tand thei r ehemieal/physical nature.  Significant differences are 
found between the first five (Z • 90-94) and the next five (t rans
plutonium) actinide metals . To explain these differences , and to 
ext rapolate the data to even highe r members of the se ries , fo r which 
experiments may neve r be feasible , tequires a complete unde rstanding 
of the available actinide elements . 

A good deal of information has been obtained on the vapo r pressure 
and heats of vaporization of the fi rst four transplutonium metals , but 
only qualitative information is available for einsteinium metal . Heat 
of solution data for ame ricium, eurium, and be rkelium metals are 
established , and preliminary data are available for californium metal . 
Magnetic measurements have been made , and additional magnetic work will 
be done on these metals , to help unde rstand thei r metallic bonding and 
energy levels . The observance of superconductivity in ame ricium has 
cont ributed to unde rstanding actinide metallic bonding . 
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The metals are used for preparing many compounds such as 
chalcogenidea , pnictidea , bydridea , etc.  of these elements .  Recently, 
high-pressure x-ray diff raction studies have revealed that interesting 
changes in metallic bonding occur in ame ricium metal as a function of 
pressure ,  although such changes had not been observed for califomiUJD 
metal . Extension of this wotk to curiUJD and berkeliUJD is in progress . 

A variety of expe riments is planned , such as preparation of 
t ranaplutonium monoxides � reacting the metals with oxides unde r high 
p ressure and temperature. 'lbeae studies on metals are a rather limited 
selection illust rative of many needed on the tranaplutoniUJD metals to 
fully unde rstand these elements and the actinide ae ries to which they 
belong . 
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VII 

OPTICAL AND MAGNETIC PROPERTIES 

The optical spect ra of the actinides are like finge rprints . They 
uniquely identify not only the element ,  but also its state of 
ionization. Spect ros copic measurements consequently play an important 
analytical role in the whole of actinide research. Also,  the fine r 
details of such spect ra zeveal a great wealth of information, as shown 
below. 

· 

Exciting developments in atomic theory are making possible sig
nificant advances in ou r  ability to interpret actinide spect ra .  The 
result of this inte raction between theory and experiment is a growing 
unde rstanding of the elect ronic st ructure in both the neut ral and 
ionized species of these elements ,  and new insight into the nature of 
the bonding in actinide molecular species . It is on the basis of the 
interpretation of spect roscopic st ructure that the only estimates of 
the rmodynamic quantities ( redox potentials , ionization potentials , 
enthalpies of sublimation , cohesive ene rgies , etc . )  essential to the 
p rediction of chemical behavior have been made for some of the actinide 
elements . The elect ronic t ransitions zesponsible fo r the importance of 
the lanthanides in phosphors and in lase r technology are also charac
teristic of the actinides; such transitions are found in these two 
series of elements but nowhe re in the pe riodic table . Optical 
spect roscopic studies are thus providing a unique key to the 
unde rstanding and use of the actinides in science and in technology . 

The zecent expe rimental measurement of the atomic spect I'UDl of 
einsteinium represented in a sense the culmination of many years of 
effort as well as the beginning of an exciting new era.  Einsteinium 
is the heaviest  element that will be amenable to the high-resolution 
techniques that were used to obtain benchmark spect ra of all of the 
lighter  actinide elements .  This unde rtaking was a tour de force in the 
field of atomic spect roscopy because it put the level of documentation 
of the einsteinium specti'UDl (using the highly radioactive isotope 
2 5 3Es , with a 20-day half-life) on a par with that of many lighter, 
inactive , and more zeadily available elements .  It would not have been 
possible without the collabo rative inte raction of scientists from many 
national laboratories (ANL, LBL , LLL, LASL,  ORNL) and unive rsities , who 
p rogressively zefined the measurement and handling techniques and 
cooperated in the actual experiment . 

2 1  
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With this type of high-resolution spect ra as a st rong unde r
pinning , the path is now open to challenging new and more complex 
s tudies using mode m elect ronic and lase r technology. Int·ensity 
measurements of complex spect ra are now being mde for the fi rst time ; 
the re  is a new emphasis on spect ra of highe r ionization states of 
interest  in plasma research. 'lbese new di rections also requi re the 
continued development of the theoretical basis for inte rpretation of 
the spect roscopic results ,  a separate but interactive effort with its 
own unique challenges . On the practical side , the theoretical and 
experimental aspects of actinide spect roscopy meet in attempts to 
develop new viable techniques for isotope separation. 

The study of actinide ion spect ra in condensed phases offers 
unique challenges for inte rpretation since valence states ranging f rom 
2 to 7 are known. Opportunities to discove r particular t ransplutoniua 
ions stabilized in higher (o r lowe r) oxidation states for the fi rst 
time still exis t .  'lbe bonding relationships and types found in some 
of these compounds are not observed in any other part of the pe riodic 
table . While characteristic spect ra have been measured , theoretical 
models of the elect ronic st ructure are gene rally eithe r in an early 
s tage of development or nonexistent . In addition to optical 
spect roscopy , laser  Raman spect roscopy is being exploited as a 
particularly valuable means for studying bonding and complexation in 
solution ,  such as that revealed in the cation-cation complexes of 
Am(V) and U(VI ) . 

New areas of photophysics are being opened up in recent investi
gations designed to explore both the storage of optical ene r.gy in 
c rystals and liquids containing actinide species , and the dynamics of 
ene r.gy transfe r. Ult rasensitive methods of detection that reveal not 
only the identity of the element but its valence state in solution are 
eme rging from this work. Important applications are found in waste 
management and envi ronmentally related investigations . 

In a se ries of innovative new expe riments ,  changes in the crystal
lographic st ructure and oxidation state of heavy actinide compounds 
( EsCl 3 , BkCl 3 ) induced � radioactive decay are being sensitively 
monitored � spect roscopic techniques . 'Ibis work shows that while the 
absence of long-range orde r in a crystalline envi ronment my preclude 
obtaining st ructural informtion from x-ray pattems , the sho rt-range 
o rde r  dete rmined � the arrangement of nearest neighbo r ions about a 
cent ral actinide ion can be characterized spect roscopically . 

A milestone in actinide solution chemistry was recently achieved 
when the fi rst emission spect ra and fluorescence emission lifetimes 
for a transplutonium ion, em3+, in aqueous solution were recorded 
using selective lase r excitation and digital signal ave raging. 
Closely following this initial success , similar results we re  obtained 
with Bk3+ and Es 3+. It was concluded that the fluorescence lifetimes 
of aquo actinide ions obey a simple exponential ene rgy gap law. 
Changes in the coordination sphere were found to be sensitively 
related to changes in fluorescence lifetimes . For example , in st rong 
carbonate solution ,  the fluorescence quantum yield of em3+ was 
imp roved b¥ a factor of 4 ove r that in dilute aqueous solution. Such 
results are relevant to the ext remely sensitive detection of actinides 
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in ground waters , as well as to the 
ene rgy t ransfe r in solution .  These 
the availability of macroamounts  of 

The monitoring of both the ene rgies and lifetimes of the 
f luorescing states of actinide ions in solids has provided the basis 
for uniquely ascribing fluorescence& to a particular ion in a r.adio
active decay chain where interfe rence arises f rom the daughte r or 
g r.anddaughte r of a short-lived parent . New lase r-based methods have 
also enabled detailed investigations of the elect ronic st ructure of 
highly r.adioactive elements at low temperatures , even though the 
crystals unde r study r.apidly become opaque to t ransmitted light . 

C rystal field calculations were recently carried out for the fi rst 
time with lighte r trivalent actinide elements in a well-characte rized 
crystal lattice (LaC1 3 ) .  This significant breakthrough is now pro
viding the basis for developing a similar  detailed analysis of the 
crystal-field in the spect ra of the heavie r actinides , such as Es 3+. 

Elegant microchemical techniques have been highly successful in 
making possible the measurement of the spect ra of divalent actinide 
compounds such as CfCl 2 and EsCl2 • This wotk is ext remely impo rtant 
because it provides the fi rst evidence for the magnitude of the 
crystal-field inte raction in the fN configu ration for divalent acti
nides (and lanthanides ) ,  and thus the fi rst experimental basis for 
estimating a complete set of interaction parameters in this valence 
s tate . Similar t r.ans itions in the lanthanide se ries and in most 
lighte r actinides are completely masked by intense absorption bands 
that arise from other types of elect ronic t ransitions . 

Spect roscopic characte rization of elect ronic st ructure and the 
influence of bonding in higher-valent actinide compounds is poorly 
unde rstood and rep res�nts an important new frontie r. Not only does it 
offe r the potential for increasing our unde rstanding of the relation
ship of ene rgy level st ructure and dynamical processes in compounds 
that are unique in the pe riodic table , but there is reason to believe 
that there are many mo re  classes of compounds containing heavie r  acti
nide ions in unusual valence states that remain to be characterized -
an equal challenge to the synthetic inorganic chemist .  

The use of lase r sources with high resolution to explore the 
photochemical consequences of selective optical excitation will be an 
important area of future studies , particularly in volatile higher
valent actinide compounds . The potential for isotope separation 
associated with the coupling of vibronic st ructure to elect ronic t ran
sitions in visible , near-inf rared spect ral range has already been 
demonst rated with lighte r actinides . 

Magnetic studies provide information about actinide ions and 
materials complementary to that obtained by optical spect roscopy . 
Elect ron paramagnetic resonance expe riments also provide a finge rp rint 
of the actinide ions and allow identification of oxidation states and 
localized site symmet ries of the ions . In addition,  nuclear informa
aation can be obtained from hyperfine st ructure .  These types of 
s tudies provided the fi rst microscopic clues for the identification 
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of the divalent state in the Sf se ries . Earlier wo dt  has been con
s t rained only to the ground state and pe rhaps one or two close-lying 
levels . Co•bining optieal laser methods with aagnetic techniques will 
allow the detailed information to be obtained for highe r-lying excited 
s tates . Questions about bonding in the actinide se ries and relati
vis tic effects for heavy Z ions should be answe red by the analysis of 
this type of data. These studies are co.pletely dependent on a 
continuing supply of transplutoniua isotopes in aacrolevel quantities . 
Hos t would be pe rfor.d 110 re  safely and with greater likelihood of 
success with such isotopes as 2 1t8c. and 2 1t9Cf froa the RPIR./TRU 
p rogra.. 
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VIII 

ELECTRONIC STRUCTURE AND SOLID STATE PROPERTIES 

The last 10 years have witnessed some temarkable advances in our unde r
s tanding of the elect ronic st ructure and prope rties of the actinides . 
The availability of experimental quantities of protactinium, ame ricium, 
curium, be rkelium, and californium, together with the application of 
many expe rimental techniques to probe the Sf elect ron behavior  in the 
more well known elements in the se ries (thorium, uranium, neptunium, 
and plutonium) ,  has been inst rumental in providing the basis for the 
development of theoretical unde rs tanding of the elect ronic st ructure of 
the actinide series . It also becomes possible to mlate the actinide 
series to the other transition se ries of the pe riodic table and to 
obtain a unifying picture of the telationships among the elect ronic 
s t ructures of the actinides , rare earths , and transition metals . 

Theoretical . energy band st ructure calculations l , 2 suggested that 
the actinide metals can be separated into two groups - the "light " (Th 
to  Pu) and the '"heavy" actinides (Am and beyond) . '!be Sf elect ron 
o rbitals in the light actinides must be conside red from the itine rant 
o r  band point of view. By cont rast ,  the Sf elect rons in the heavy 
actinides form ve ry  narrow bands that do not hybridize greatly with 
the 6d and 7s bands . Further, since the coulomb correlation ,  U (the 
ene rgy mquired for a Sf elect ron to hop from one atomic site to 
another) , is larger mlative to the effective bandwidth , W, the local
ized description of the ionic Sf elect rons appears mo re  approp riate.  
Thus the Sf  elect rons in the light actinide metals are similar to the 
itine rant 3d elect rons of the transition metals , while at Am,  the local 
character of the ram-earth 4f states is almost at tained . However, the 
degree of localization of the Sf elect ron (as indicated by the ratio of 
U/W) even in the heavy actinide Bk (U/W -7) is much less than that of 
the 4f elect rons in the rare earths (U/W increases from roughly 20 to 
about 1 00 across the se ries ) .  

The Sf elect ron behavior  in the light actinide metals has been 
investigated by many experimental techniques : magnetization ,  elect ri
cal transport properties , MOssbauer effect , de Haas-van Alphen effect , 
x-ray and neut ron scattering, heat capacity , and photoelect ron spec
t roscopy measurements (comp rehensively compiled in Ref . 3) . '!be 
results indicated that the filling of the Sf elect ron shell starts in 
p rotactinium ; the Sf elect ron in the light actinide metals (Th to Pu )  
can best be described in the band picture , and the t ransition from 
itine rant to localized Sf elect ron behavior occurs in ame ricium 
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aetal . It The Sf elect ron behavior in heavy actinide •tala , Cm1 Bk , and 
Cf ,  has been studied by means of magnetizat ion •aaurementa . s-� 

The results , although preliminary,  confirmed the localized Sf elect ron 
model . The ease of delocalizing the Sf elect ron in heavy actinide 
metal (as suggested by the small U/W ratio) , has been nicely demon
s t rated by the st ructural phase t ransformation of AID JEtal fro• the 
rare-earth-like double-hexagonal close-packed st ructure to the ortho
rhombic u-type unde r preaaure. 9-l l  The possibility of phase t ransi
t ion in Cm JEtal unde r pressure was studied , 1 2 but the experimental 
result was not conclusive . 

In the formation of inte rmetallic compounds by light actinide 
e lements , the actinide-actinide (An-An) spacing can be expanded to 
decrease the overlap of neighboring Sf orbitals . When the ove rlap of 
neighbo ring Sf orbitals is relatively small,  so that the effective 
bandwidth is smalle r than the coulomb-correlation energy ,  the Sf 
elect rons are , essentially , localized . The magnetic property of binary 
intermetallic compounds of the light actinides (U, Np, and Pu) can 
indeed be divided into two groups that are separated by a "critical" 
range (-3. S A) of An-An distances . Compounds with An-An separation 
leas than the critical values are nonmagnetic,  except for a small group 
of compounds with magnetic 3d elements as partne rs .  Compounds with 
An-An spacing large r than the critical values eXhibit a va riety of 
magnetic properties and can be roughly subdivided into two groups .  One 
subgroup has An-An separation close to the critical value . These com
pounds eXhibit localized spin-fluctuation behavior and itine rant 
elect ron magnetism. The othe r subgroup has An-An separation much 
large r  than the critical value , and the magnetic prope rties of these 
compounds exhibit localized Sf elect ron magnetia•, except for compounds 
with Cu3Au-type st ructure .  Application of pressure to these compounds 
can drastically alte r the magnetic properties through the change of 
An-An separation .  Since the Sf elect rons are more localized in the 
heavy actinides , the rare-earth-like magnetic prope rties are expected 
in thei r intermetallic compounds . This expectation seems to be con
firmed bJ preliminary magnetization results obtained on NaCl-type 
compounda . S , 6 , 1 3 

The research in the solid state prope rties of heavy actinides is 
in ita infancy . More systematic studies are requi red to disce rn the 
role of Sf elect rons in cont rolling the physical and chemical properties 
of their alloys and compounds . Application of othe r expe rimental tech
niques in addition to magnetization measurements to probe the various 
aspects of the Sf elect ron inte ractions in the solid is becoming 
feasible with the increasing availability of the heavy element . The 
p rospect is exciting and challenging since our unde rstanding of 
elect ron-elect ron and elect ron-lattice interactions in solid cannot be 
coapleted without expe rimental inputs from the actinide ae ries in the 
periodic table . 
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IX 

· ENVIRONMENTAL AND BIOLOGICAL BEHAVIOR OF 
TRANSPLUTONIUM ELEMENTS 

Almost all of the envi ronmental investigations with transplutonium 
elements have been done with ame ricium and curium. The transplutonium 
element isoto�es used in the various investigations we re  2 � 1Am, 
2 � 3 , 2��0., 2 5 Cf , and 2 5 3Es . P. w .  Du rbin , in Handbuch de r Experimen
tellen Pharmakologie ( 1 973) , has summarized pre-1973 data for the 
metabolism and biological effects of transplutonium elements .  
Plutonium research per !! is not addressed he re.  Howeve r, because 
of the large existing body of knowledge on plutonium, comparisons 
between the transplutonium elements and plutonium will be made where 
app ropriate to establish a continuity of unde rstanding. 

Because of the possible health hazard to man through ingestion 
of transplutonium nuclides , nume rous plant studies have been done to 
determine the ratio of nuclide activity in plants to nuclide activity 
in soils . The range o} concent ration ratios is 1 x 10-2 to 1 x lo-s . 
The availability of these nuclides to plants decreases in the orde r: 
ame ricium > curium > plutonium. Chelation of the nuclides with DTPA 
o r  EDTA gene rally increases the availability and uptake of these 
nuclides , while addition of organic matter or lime gene rally decreases 
the uptake . Different classes of plants take up different amounts of 
the nuclides (for example ,  legumes take up ten times mo re  nuclide than 
grasses ) .  The activity in plant parts gene rally follows the orde r: 
roots > leaves > stems > fruits > seeds for greenhouse expe riments . 
Field studies and deposition studies have shown equal or greater 
amounts of activity deposited on leaf surfaces than that taken up 
through the roots .  Submicron-size particles containing the nuclide 
enhance ae rial transport but also are not easily dislodged f rom leaf 
surfaces , bringing about an incorporation of the nuclide into the 
plant with translocation occurring to other plant parts . The signifi
cance of this difference in uptake , whethe r through roots f rom the 
soil or through leaves from deposition ,  lies in whethe r or not a 
difference i& found in the gast rointestinal absorbability of the 
nuclides causing a change in the dose to man. Ingestion by animals of 
plant tissues containing the incorporated nuclides may result in 
greater  transfer across the gut than that obtained expe rimentally by 
forcing inorganic nuclide solutions by tube into the gut area. 
Experiments with animals fed plants containing nonchelated nuclides 
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have shown an increase in nuclide activity in the body , while other 
expe riments , using plants grown on soils to which the DTPA chelator 
has been added , did not , even though the nuclide content of the plants 
was increased with chelation .  

The chemist ry of t ranaplutoniua elements in aquatic environments 
is complex in relation both to element selectivity and to stability of 
associations formed. In a river ayatea, leas than SO% of nuclide 
activity was associated with particles > 1  pa. In tracing the 
Medite rranean wate r movement , 2 � 1Am was found to behave more as a 
particle-associated nuclide than as a soluble nuclide , and was r.apidly 
deposited in the sediments .  An increase � a factor of 3 of ame ricium 
ove r  plutonium was found in particulates in surface waters of the 
Mediterranean. 'lbe ve rtical t ransport of ame riciua is also signifi
cantly greater than that of plutonium. 'lbe aggregation of particles 
appears to be an important mechanism in accele rating the removal of 
surface particulates . An examination of 2 � 1Am/2 3 9 , 2 � 0 Pu  r.atioa in 
deep ocean water and sediments showed an increase in the r.atio , 
suggesting that ame riciua sinks more quickly than plutoniua. 

Ame ricium has been found to have an especially high affinity for 
organic det ritus in aquatic systems . Separation of the det ritus into 
acid-soluble and acid-insoluble fractions showed ten times more 
nuclide activity was associated with the acid-insoluble fraction. 

Reaobilization processes for sediments in marine systems indicate 
an increased availability and accumulation of these nuclides in marine 
invertebrates and fish. In one study of the concent rations of ame ri
cium and plutonium in fish, the concent ration of ame ricium was greater 
than that of plutonium for all organa analyzed . 

Very little information exists for curium in natural aquatic 
envi ronments ,  making this a wo rthwhile area for research.  

The common (+3)  valence state of the tranaplutoniua elements and 
decreasing ionic r.adii as the atomic DUDlbe r increases confer seve ral 
general properties to this group , i . e . , significant hydrolysis of 
aqueous ions , low solubility of the compounds , and stability of complex 
ions . 'lbia is demonst rated � the increased ability of ame ricium to 
fora stable co.,lexea with pa rticles and det rital material in aqueous 
systems as compared to plutonium. In soil testa , anionic ame ricium 
co.plexation,  especially with hydroxyl and carbonate anions and/or 
chemisorption ,  was determined to be playing a mo re  significant role 
than eithe r precipitation or ion exchange reactions . When organic 
subs t rates were added to well water  containing ame ricium, the sorption 
of ame ricium decreased. Soluble anions of ame ricium we re  found in a 
s oil teat , and these fo� we re  not retained on the soil column. 'lbua 
the significance of particle sizes is again shown to be important . 
Particles <I J.l1ll are suggested as being responsible for the diat ribution 
patte rns found between aqueous and soil phases . 

The biological impact of the t ranaplutonium elements has been 
given more attention than the envi ronmental impact , but the primary 
emphasis has been placed on ame ricium, curium, and einsteinium, with 
leas emphasis on californium. A wide r.ange of responses has been 
observed in the va rious animals used for expe rimental purposes . In 
gene ral , the tranaplutonium elements are absorbed in lesser amounts 
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f rom the gast rointestinal t ract and are temoved faster from the lungs 
than corresponding doses of plutonium. The age of animals used in the 
experiments causes diffe rences in the amounts of nuclides taken up , and 
in thei r deposition sites . In general , the skeleton and the live r are 
the two primary sites of deposition. The ame ricium concent ration in 
the skeletons of cows originally int roduced into a contaminated area 
showed little increase with increasing time of exposure , while the 
skeletons of those animals born in the study area showed a continued 
upward t rend with time . The dist ribution of ame ricium within dog 
skeletons is dependent on the state of development of the individual 
bones . The difference in amount of ame ricium deposited in neonatal 
skeletons was three times greate r than for young adult dogs ( 1 8  months ) .  
With increasing age of animals , curium absorption decreases . Americ:iua 
and curium are less embryoc:idal than plutonium ; the suggested reason is 
that there are lowe r concent rations of these nuclides in the placenta 
and fetal membranes . Using comparable doses of californium and 
ame ricium, more californium than ame ricium is found in the bones of 
rats and hamsters .  In comparisons of inhaled ae rosols of einsteinium 
and ame ricium, two times as 1111c:h ame ricium is excreted as einsteinium. 
Inhalation of californium aerosols results in a nonuniform dist ribution 
pattern in lung tissues leading to pneumosc:le rosis and lung tumors . 
The rapid movement of curium f rom the lungs following an inhalation 
exposure is thought to be associated with the formation and t ransport 
of hyd roxyl particles about 0. 001 pm diameter. These small negatively 
charged particles are assumed to diffuse passively through the alveolar 
walls into the blood with elimination in ·the urine. Like curium, the 
metabolic: behavior of the oxide of ame ricium more closely resembles a 
soluble rathe r than insoluble compound. Injected ame ricium is more 
uniformly dist ributed on bone surfaces than plutonium. Curium and 
ame ricium are less efftc:ient in inducing bone tumo rs in rats than 
plutonium. 

Inhaled doses of ame ricium, curium, and einsteinium show a pro
pensity for induction of tumors in the lung tissue , followed by bone 
t issues . The degree of homogeneity of deposition has been suggested as 
making a difference in tumor formation. 

Absorption of organically bound nuclides is twice that of inor
ganic: forms . In vit ro studies with ame ricium oxide and serum produces 
an increase in-solubilization of ame ricium. Mac:rophages produce an 
increase in the solubilization of ame ricium oxide particles (<0 . 1  pm 
diamete r) through cell-mediated phagocytosis . 

Information on the impact of curium in the envi ronment is lacking. 
Particle size and parti�e formation have appeared in all aspects of 
this teview, yet very little is known about formation,  chemical 
c:harac:te ristic:s , effects on the envi ronment and biological systems , 
and effects of the particles in these systems . In light of the 
possible influence of particle size on dist ribution coefficients in 
soil systems , a reevaluation of the standard Kd ' s  seems warranted. 

In the area of biological studies , informat ion is lacking on 
multi-gene ration effects of chronically exposed animals . Differences 
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have been noted for uptake, deposition sites , and r.ates of removal 
between young and old animals . 

Since significant amounts of americiua and , possibly ,  some curiua 
will be present in processed reactor wastes , greatly expanded knowledge 
of the envi ronaental and biological behavior of the transplutoniua 
elements is a necessary component of a nuclear energy program. 
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X 

HEAVY ELEMENT PRODUCTION 

In the ea rliest days of heavy element research , each expe rimente r  had 
to  prepare the nuclide or nuclides being studied , often in conjunct ion 
with the actual measurements .  By the 1950 ' s ,  seve ral radiochemical 
groups at the major national laboratories had developed joint programs 
in which batches of mate rial would be prepared and then dist ributed to 
seve ral laboratories whe re complementary investigations would be 
carried out . This more efficient procedure evolved into the present 
U . S .  Transplutonium Production Program. 

The main objective of this progr.am is to supply transplutonium 
elements for use in research throughout the United States . This cur
rently involves joint operation at ORNL of the Transuranium Processing 
Plant (TRU) , and the High Flux Isotope Reactor (HFIR) . Target rods 
i rradiated in the HFIR are processed at TRU for separation , recove ry ,  
and purification of the heavy actinides up through 2 57Fm. Radioact ive 
target mate rials are �so prepared at TRU and fabricated into suitable 
form fo r irradiation in the HFIR. Such mate rials include recycled 
ame ricium and curium fabricated into HFIR targets , and heavy isotopes 
in special forms ,  including "rabbits"  for short-term irradiation.  In 
addition to the normal production functions at TRU, which is the 
p roduction ,  storage , and dist ribution cente r for the research program,  
cooperative programs are carried out with research laboratories (both 
at ORNL and elsewhere)  to assist them in thei r work.  When feasible , 
special isotopes , se rvices , and product forms are supplied at thei r 
request . These arrangements have allowed even broade r participation 
in heavy element research by laboratories unable to operate thei r own 
p roduction facilities . The re remains a maj or rest riction,  however, in 
that all these materials are highly toxic and can be safely handled 
only � qualified worke rs  in properly designed facilities . 

Othe r facets of the program at TRU include development of chemi
cal separations processes and development of methods for remotely 
fabricating and inspecting HFIR targets . 

Since ope rations in the ORNL facilities we re  begun in 1966 , 
p roduction of the transplutonium elements has grown steadily , and bJ 
the end of 1981 , a total of 600 mg of 2 49sk ,  5 . 4  g of 2 52cf , 24 mg of 
2 5 3Es , and 13 pg of 2 57Fm had been produced . MOre than 1 100 shipments 
of these and othe r isotopes such as 2 48cm or 2 SOcf , which are produced 
in special project s ,  have been made to about 30 laboratories in the 
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United States and several foreign count ries . Currently about 500 mg of 
2 5 2cf and �elated amounts  of the othe r materials are produced annually.  

In  addition to  the tesearch-oriented production program described 
above , there have been a numbe r of othe r programs in the United States 
to produce large quantities of t ransplutonium elements for various 
purposes . Chief among these we re  the production of 3 kg of 2 44em for 
the Space Nuclear Systems program;  the irradiation of multikilograma of 
2 4 2Pu ,  24 3Am, and 2 44em at Savannah Rive r to produce ove r 2 g of 2 52cf 
for the Market Evaluation ,  De•onst ration Cente r, and Unive rsity Loan 
Programs ; development and de•onst ration of the tecovery of 2 4 1 -2 4 3Am 
and 2 44em as by-products of nuclear power fuel processing ; and the 
recove ry of comme rcially valuable 2 41Am f rom decayed 2 4 1 Pu  in the 
weapons stockpile . The re has been technical collaboration among these 
p rograms fro• which the tesearch program has benefitted greatly , along 
with the di rect benefit of obtaining a numbe r of valuable by-products 
f rom the Savannah Rive r califomium programs . At the present time ,  the 
research program is tetuming the favor and supplying 50-100 mg/year of 
"by-product " 2 52cf to Savannah River for dist ribution wo rldwide into 
the industrial , educational,  and medical communities . 

Future efforts of the heavy element production program will be 
t o  continue fumishing needed amounts of transplutonium elements to 
qualified tesearchera .  A special effort will be made to develop 
techniques of irradiation and/or processing to produce an orde r-of
magnitude increase in the quantity of 2 54Ea and 2 5 7Fm available . Such 
samples would open the door to new experiments in the formation of 
superheavy elements and in studying the details of the fission process . 
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XI 

APPLICATIONS OF CALIFORNIUM-252 

When 2 52cf was discove red , in 1953 , ita high rate of spontaneous 
f ission immediately suggested the possibility of developing miniature 
neut ron sources of high intensity that might have a multitude of 
applications in research, in induat ry1 or in education.  When the 
p romise of large-scale production of z 52cf began to be realized in the 
mid-1960 ' a 1  development of some of these uses began. By the time of 
the first  z 52cf Symposium, in Octobe r 1968 , the AEC had in place a 
formal indust ry-gove rnment coope rative program for development of co� 
mercia! uses . Similar programs we re  set in place for development of 
medical applications and for use of returned sources by educational 
ins titutions . 

One of the moat exciting fields of development was in the health 
s ciences . Various arrangements of small sources were tested to deter
mine the moat effect ive procedure for radiothe rapy of cance r with the 
least exposure to the � therapiat .  Seve ral hospitals we re  licensed to 
use these techniques but interest has decreased in favor of othe r 
t reatment modalities . Prototypes we re  also tested to demonst rate 
in vivo activation analysis for calcium in bone and also the prepara
t ion of small quantities of short-lived radioisotopes at the hospital 
s ite by act ivation with californium neut rons . A total of 5. 5 mg of 
2 52cf has been loaned to the medical community for development and 
application of these techniques . 

Applications in the indust rial sector can be grouped into four  
general areas : natural resources exploration ,  process cont rol , quality 
cont rol , and safeguards . Devices that have been developed make use of 
several techniques , but mainly neut ron activation analysis , neut ron 
radiography , and neut ron gaging (of either transmitted or backacattered 
neut rons ) .  The following specific devices have been developed at least 
to  the prototype stage , and many are now in routine use : uranium
borehole analyze rs ,  coppe r and nickel ore analyze rs ,  oil-well logge rs ,  
sulfur meters for coal or oil , analyzers for vanadium in crude oil ,  
moisture monitors , cement analyze rs ,  fuel rod scanners ,  fissile waste 
monitors , and inst ruments to measure the neut ron absorbe r content of 
cont rol rods and the hafnium concent ration in zi rconium. 

Neut ron radiography has been applied to detecting the explosive 
content of detonators , bonding in aluminum ai rcraft st ructu res , and 
evidence of corrosion on operating ai rcraft .  Othe r applications 
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within the nuclear industry include calibration of neut ron-detec\ing 
instrumentation and se rving as teactor start-up sources . Altogether 
1 , 535 mg of 2 52cf has been sold or loaned for these applications . 

The final category considered is education and tesearch .  'Ibis 
includes basic tesearch on biological effects of neut ron radiation,  on 
the 2 52cf neutron spect rum, on the fission process itself , and on the 
identity and ene rgy spect rum of the fission products .  Also,  sources 
have been loaned to educational institutions for teaching students to 
do neut ron flux monitoring and neut ron activation analyses , and also to 
p roduce short-lived isotopes to be used in teaching techniques of 
radiochemist ry and radio-t racing. 'lbrough 198 1 , 134 mg of 2 52Cf has 
been loaned to educational and tesearch institutions for these 
purposes . 

Annual distributions of 2 52cf are approaching the level of 
1 00  mg .  'lbe Department of Energy as well as its predecessor agencies 
has repeatedly assured its clients that 2 S2cf would continue to be 
available at a reasonable price . Clearly , the future extent of appli
cation will depend on tha� price , but it will also depend on •ny 
institutional factors , such as problems of licensing, the availability 
of qualified pe rsonnel,  and the degree to which •nagement is willing 
to innovate . 
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