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TEE TRBP!SURAMITJM ELIQ4EET.S PRESETST STATUS 

:Jobel Lect-me, Decenber 12, 1951. 

By Glenn To Seaborg. 

Mina Daaer och Herrar : 

Jag 8,r i n t e  van  id kemiska ord p8 Svenska, och de t  & far a t t  mina 
f8r8ldrar  a ld r ig  t a l ade  keni i hemrnet. Jag sku l ie  g-&na &-id8 ;sefat h%l la  
hela dlnna fdrelllsning p8 Svenska. Men-om jag ta lade Svenska s8 sku l le  
nina Tanner McMillan och Lawrence i n t e  f8rstR mer gn ha l f t en  ~ T T  vad jag 
s&er. Jag ska dr f8r  t a l a  engelska, och jag ve t  a t t  ni a l l a  f8rstEk dec 
sprgket mycket b ra ,  

A s  I continue, speaking i n  English, I want t o  assure my B r i t i s h  and 

American colleagues here, Sir John C x k c r o f t  and Prcfessors I h l t o n ,  

Lawrence, and WcMillan, t h a t  they h a ~ ~ e n ? t  missed anything y e t ,  I want 

t o  begin by sa;i-ng that I am for tunate  i n  being a member o f  a Chemistry 

Department which has a long standing t r a d i t i o n  of great breadth of re- 

search i n t e r e s t s ,  leading t o  an ear ly  program 2n ~ u c l e a r  chemistry 7mder 

t h e  ac t ive  leadership of men like G, N, Lewis and W, H, L a t h e r ,  The 

work on the  t r a n ~ ~ a n i u m  elements which I am about t o  descr ibe  was made 

possfble by t h i s  eircumstasce and because of t h e  unusual and exce l len t  

s p i r i t  of cooperation which e x i s t s  at t h e  Radiation Laboratory, under 

t he  d i rec t ion  of Professor E, 0, h ~ m e n c e ,  -where the cyclotron bombawl- 

ments so c ruc i a l  t o  t h e  f i n a l  r e s u l t s  were made, I s h a l l  t r y  i n  the course 

of my l e c tu r e  t o  po in t  o u t  t l e  cont~.ibutioi is  t o  t h i s  ~ m r k  cl f  my many col- 

leagues but  unfortnnately it dl1 not be poss ible  t o  do %his  adequately 

i n  the time available.  

Beginning a t  e s s e n t i a l l y  the poinL, where Professor McM2Uan l e f t  

off i n  h i s  lec ture ,  I s h a l l  first descr ibe  om work on p lu ton im,  The 

beginning of t h i s  can be considered t o  have taken place i n  t h e  f a l l  of 

1940 when I asked a graduate student, Arthur C ,  %hi, f o  consider the  

-2- 



passibilit-,. of studying t he  t r a c e r  chemical proper t ies  o f  element 93 a s  

a t h e s i s  problem, a suggestion which he was happy t o  accept, This, and 

r e l a t e d  work on element 94, was carr ied on i n  col laborat ion with D r ,  

Joseph W, Kennedy who, l i k e  myself, was a t  t h a t  tine an i n s t ruc to r  i n  

t h e  Department of Chemistry a t  t he  University of California.  After 

D r ,  McMillanb departure from Berkeley i n  November, 1940, and h i s  gra- 

cious assent  t o  our continuation of the  search fo r ,  and possible ident i -  

f i c a t i o n  of element 94, our  group turned i t s  major e f f o r t s  t o  t h i s  pro- 

blem, 

A bombardment of urani~xn oxide with t h e  16 Mev deuterons from t h e  

60-inch-cyclotron was performed i n  December, 1940, Upha r ad ioac t i v i t y  

was found t o  grow in to  the  chemically separated element 93 fract ion,  and 

t h i s  alpha a c t i v i t y  was chemically separated from t h e  neighboring ele- 

ments, especia l ly  elements 90 t o  93 inclusive,  i n  experiments performed 

during the  following months, These experiments, which const i tu ted t h e  

pos i t i ve  iden t i f i ca t ion  (1,2) of element 94, showed t h a t  t h i s  element 

has a t  l e a s t  two oxidation s t a t e s ,  d is t inguishable  by t h e i r  precipita-  

t i o n  chemistry, and t h a t  it requires  stronger o,ddizing agents t o  oxi- 

d i z e  element 94 t o  t h e  upper s t a t e  than i s  t he  case f o r  element 93, The 

p a r t i c u l a r  isotope i den t i f i ed  has been shown t o  be of mass number 238 

and the  react ions  f o r  i t s  preparation a r e  shown i n  t h e  f i r s t  s l i d e  

(Figure 11, 

92 u~~~ + 1 ~ 2  > 93~p238 + 2n 

Figure 1 



The chemical p roper t i es  of elements 93 and 94 were studied by t h e  

t r ace r  method a t  the  University of Cal i fornia  f o r  t h e  next year  and a 

half ,  These f irst  two transuranium elements were referred t o  by our 

group simply a s  rlelement 93" and dtelement 94" u n t i l  t h e  spring of 194.2, 

a t  which time t he  f i r s t  de ta i l ed  repor t s  concerning these elements were 

wri t ten  (3, 4, 5 ) -  I n  order t o  write t h e  r epo r t  (4) on t h e  .chemical 

propert ies,  it became necessary t o  have chemical symbols f o r  t h e  two 

elements, It was remembered t ha t  McMillan had suggested t he  name "nep- 

tunirmn (symbol ~ p )  f o r  element 93 a f t e r  Neptune, t he  planet  immediate2y 

beyond Uranus, which gives i t s  name t o  uranium, and, therefore,  it was 

thought proper t h a t  element 94 should assume t h e  name nplutonium" 

(symbol Pu) a f t e r  the  next p lanet  Pluto, These names and symbols have 

been adopted o f f i c i a l l y  by t h e  In te rna t iona l  Union of Chemistry and 

w i l l  be used here. 

The isotope of plutonium which i s  of major importance i s  the  one 

with mass number 239. The search f o r  t h i s  isotope, a s  a decay product 

of IJp239, was going on almast simtltaneously, and these  experiments were 

being ca r r ied  on by the  same group with t h e  added collaboration of D P ~  Eo; 

~egr:. The isotope ~u~~~ was iden t i f i ed  and i t s  p o s s i b i l i t i e s  a s  a 

nuclear energy source were established during t h e  spring of 1941 (6) 

using a sample prepared by t h e  decay of cyclotron produced ~ ~ 2 3 9  and 

l a t e r  pur i f i ed  by M n g  advantage of t he  then known chemistry of pluton- 

ium, 

Once t he  value of the isotope pu239 was thus established,  t he  para- 

mount problem was that of producing it on a l a rge  sca le  and i s o l a t i n g  it 

a f t e r  production, !The production problem was solved through t he  



development of the  chain react ing uni ts ,  or  p i l es ,  u t i l i z i n g  t h e  neutron 

induced f i s s i on  reaction on $35 in na tura l  uranium, i n  which t h e  extra  

neutrons beyond those needed t o  perpetuate the  chain reacticm a r e  ab- 

sorbed by 

t i o n s  a r e  

$35 

$38 

$38 t o  form the  desired isotope pu239, These well-known reac- 

summarized i n  t h e  f o l l o d n g  s l i d e  (Figure 2 ) ,  

+ n -> f i s s i o n  products + energy + neutrons 

Figure 2 

The i so l a t i on  of the  plutonium was t o  be done by chemical means, 

and i n  t h e  spring of l9U, I and a number of my colleagues moved t o  t he  

Metallurgical  Laboratory a t  t he  University of Chicago t o  work on t h i s  

problem. Among the people who made outstanding contributions t o  t h i s  

separation program, both a t  Chicago and a t  other s i t e s ,  was D r ,  I, PerP- 

man, who, it i s  in te res t ing  t o  note, before t h i s  time had made an out+- 

standing reputation i n  another f i e l d ,  t h e  application of radioact ive  

t r a c e r s  t o  physiology and biochemistry, Investigations continued a t  the  

University of California under the d i rec t ion  of W, M, Latimer and A .  C, 

Yahl, leading t o  fur ther  discoveries of importance t o  t he  program, 

During t h e  first months a t  t h e  Metallurgical  Laboratory in tens ive  

e f f o r t  was directed toward def ining t h e  process which was t o  be used i n  

t h e  production plants which were then being planned, Although it uas 

f e l t  t h a t  t he  separation process would depend on t h e  use of t h e  two oxi- 

dat ion s t a t e s  of plutonium which had been discovered during t h e  ea r ly  

work a t  the  University of California,  t h e  ac tua l  de t a i l s ,  such a s  t he  



bes t  c a r r i e r  compounds and bes t  oxidizing and reducing agents, had not 

ye t  been discovered. D r .  S. G. Thonpson is  k r g e l y  responsible f o r  t h e  

' conception and ear ly  development of the  process which vas f i n a l l y  cho- 

sen, I cannot, of course, give recognition individually- t o  t h e  l a rge  

group of s c i e n t i s t s  who par t i c ipa ted  so successful ly  i n  t h e  d iverse  

phases of t h i s  over-all problem. I n  addition, although t h i s  l e c t u r e  

is concerned primarily with t h e  basic  cliemistqr and physics of t h e  trans- 

uranium elements, mention should be made of tne  o u t s t d i n g  contr ibut ion 

of the  chemists and engineers of t h e  du Pont Conpany i n  t h e  adaptation 

of the  plutonium process f o r  i ndus t r i a l  operation and i n  t h e  p l an t  de- 

sign, construction and operation. 

The l a b o r s t o l ~  invest igat ions  were conducted on the  t r a c e r  scale ,  

and it soon became apparent t h a t  t e s t s  would be necessary under condi- 

t i ons  where the  plutonium concentration would be t he  same as t h a t  an t i -  

cipated i n  t h e  production plant .  This proved a g r ea t  d i f f i c u l t y  s ince  

no one had actual ly  seen any p lu ton im  up t o  t h i s  time, and t h e  design 

of t he  separation p lan t s  had t o  begin immediately so t h a t  t h e  construc- 

t i on  of these  plants  could t ake  place n t  the  same time a s  t h e  construc- 

t i on  of the  chain react ing uni ts .  This problem was solved by producing 

an ac tua l  weighable amount of plutoniwn by bombarding l a r g e  amounts of 

uranium v i t h  neutrons frola t he  cyclotron, the  f i rs t  time a weighable 

amount of any transmutation product had been produced with a p a r t i c l e  

acceleration machine, and by working v i t h  t h i s  mater ia l  i n  such extremely 

small vo lmes  t h a t  ordinary concentrations would prevai l ,  The f i e l d  

which embraces the  study of chemical material  on this, t he  micropan  

sca le  of operation, has been given the  name o f  ~u l t rmicrochenis t@'  



by P. La Kirk, a pioneer invest igator  i n  t h a  f i e l d  of qdan t i t a t ive  chem- 

i s t r y  on t he  microgram scale .  

This work was ca r r ied  on ch i e fp i  by D r .  E. B, Cunningha and L, 5 ,  

Werner, ~o had previously been working i n  the  biochemical f i e l d ,  and t he  

next s l i d e  (Figure 3)  shovs a photograph of t he  room at the Metal lurgical  

Laboratory where they t,rorked, The small mount of space i n  which they 

worked, apparent from the  photograph, i s  a l l  t h e  more remarkable dien one 

considers t h a t  >Jerner i s  a n2n who Is nore than two meters t a l l ,  The 

f i r s t  puye chemical compound (7) of plutoniuii f r e e  from c a r r i e r  mater ia l  

and a l l  other fore iga  matter was prepared by Cunningha and Verner on 

August 18, 1942, and t he  first weighing o f  such a conpound o c c u r ~ e d  on 

Septem3er 10, 1942 when 2,77 micrograms of the 07xide was weighed, A pic- 

t u r e  of t h i s  oxide is  shown on the  following s l i d e  (Figure 41, Not only 

was it possible  t o  t e s t  t h e  separation processes a t  the  a c t u a l  concentra- 

t i ons  which were going t o  be used i n  the  plant ,  t e s t s  which were of ines- 

timable importance, but  a g r ea t  number of pure chemical conpbunds of plu- 

tonium were produced and its chemical p roper t i es  were well  s tudied a 

number of invest igators  working oil t he  ult,ramicrochemical scale ,  The 

next s l i d e  shows an ea r ly  photograph of a compound of plutoni~un (Figure 5). 

Since plutonium has become ava i lab le  on a production scale from the  chaih 

r eac t i ng  un i t s  t h e  chemical proper t ies  have been thoroughly invest igated 

until they a r e  a s  well-known as those of  numerous eleinents t h a t  have been 

studied f o r  a great  many years, A contr ibut ion of importance was made by 

W. H, Zachariasen of the  Universi ty of Chicago, who ms ab le  t o  use h i s  

x-ray technique t o  iden t i fy  o r  help i d e n t i f y  a number of t h e  compounds 

which were synthesized, and i n  many cases, thus t o  i den t i fy  t h e i r  s t ructure ,  



Fig, 3 

First laboratory for the study of pure 
plutonium, Metallwgic 
Chicago, 19u0 



Fig, 4 

This h igh ly  rcagnified plutonium compound i s  
the f irst  t o  be ~ e i g h e d  by man and is here 
shown on a pla t inum shovel held by forceps .  
Xagni f i ed  20-fold,  ( ~ h o t o g r a p h  cour tesy  of 
L i f e  Yagazine , ) 



Twenty inicrograms of e 2P-rborx9~ hydroxide in 
capillary babe ( m g n i f ~ e d  about 15-f old) isolated 
in September, I-9L2. The p21tonim i s  the cloud- 
Like m s s  8-5 the 'oo%",om of the capillary " t e s t  
J;l&e" , 



Before proceeding with a discussion of t h e  other  transuranium ele- 

ments, I should l i k e  t o  say a few raore gords about neptunium, Another 

isotope, Np23?, was discovered 

Wahl (8), This isotope i s  t h e  

known approximately 7-day be ta  

the  r e s u l t  of an _n,2n reac t ion  

ea r ly  i n  1942 i n  col laborat ion wim 

decay product of t h e  previously Qg2 .l.Q) 

p a r t i c l e  emitt ing ~ ' 3 ~  which i s  formed a s  

on T338, The r eac t i ons  f o r  i t s  production 

a r e  shown i n  the  next s l i d e  (Figure 61,  

92~237 F 1 93i~P237(2 .20 x LOP .year+ a) 
6,6 days 

Figure 6 

This isotope i s  of pa r t i cu l a r  importance because it has a very long 

ha l f - l i fe  and because it i s  avai lable  i n  weighable amounts, The first  

pure neptunium i n  the  form of compounds of the isotope IJp2J7 was i so la -  

t ed  by L, B ,  Magnusson and T,  J. LaChapelle (11) a t  t h e  w a r t h e  Metallur- 

g i c a l  Labora toq  i n  October, 1 9 4 ,  and a p i c tu r e  i s  shown i n  t h e  follow- 

ing sLide ( ~ i g u r e  ?), 1% 5s fortunately produced as a by-product i n  t h e  

chain react ing p i l e s  which has l ed  t o  the  i so l a t i on  of gram amounts f o r  

research purposes, The ehenical  proper t ies  of neptunium i n  t h e  macro- 

scopic s t a t e  have been s tudied w5.a such mater ia l ,  and t h i s  has l e d  t o  

a thorough knowledge of t he  chemistry of t h i s  element. 

After  t he  completion of the most e s s e n t i a l  p a r t  o f  t h e  investiga- 

t i ons  concerned v i t h  the  chemical processes involved i n  t he  production 

of plutonium a t  t he  xartime Metallurgical  Laboratory, our a t t en t i on  

t u h d  t o  the  problem of synthesizing and iden t i fy ing  t he  next trans- 

uranium elements, A s  col laborators  i n  t h i s  endeavor, I turned t o  



Ten micrograms of pure neptunium oxide a t  bottom 
of capi l lary tube (magnification about 20-fold) 
isolated i n  l9,!+4.. Above the sample i s  a U.S. ten- 
cent piece (dine) and below i s  a millimeter scale. 



Albert Ghiorso, t ra ined i n  e l e c t r i c a l  engineering, who played a dominant 

r o l e  i n  the  development of t h e  e lect ronic  instruments ~ i c h  were used i n  

our rad ioac t iv i ty  invest igat ions ,  and t o  two young chemists, R. A. James 

and L, 0, Morgan, who had been especia l ly  p ro f i c i en t  i n  t h e  investiga- 

t ions. involving the  chemistry of the  transuranium elements. These in- 

vestigations,  supplemented by l a t e r  work a t  t h e  University of California,  

served as  t he  t h e s i s  mater ia l  f o r  James and Morgan i n  connection w i t h  

the graduate work which they ude r took  a t  t h e  Universi ty a couple of 

years l a t e r .  

There followed qui te  a period during which t h e  attempts t o  synthe- 

s i z e  and iden t i fy  elements 95 and 96 bore no f r u i t ,  These msuccess fu l  

experiments were based on t he  premise t h a t  these  elements should be 

much l i k e  plutonium i n  t h a t  it should be poss ible  t o  oxidize them t o  t h e  

(VI) oxidation s t a t e  and u t i l i z e  t h i s  i n  t h e  chemical i so l a t i on  proce- 

dures, It was not u n t i l  t h e  middle o f  t h e  summer of 1944, upon t he  

first recognition t h a t  these  elements were p a r t  of an ac t in ide  t r a n s i t i o n  

ser ies ,  about which I will s ay  more l a t e r ,  t h a t  any advance was made, and 

then progress came quickly, 

A s  soon a s  it was recognized t h a t  these  elements should be olddized 

above t h e  (111) s t a t e  only with extreme d i f f i cu l ty ,  i f  a t  all, t h e  iden- 

t i f i c a t i o n  of an isotope of element 96 followed immediately. Thus t h e  

isotope CrnU was iden t i f i ed  (12) i n  t he  summer of 194~4. a s  a r e s u l t  of 

the  bombardment of pu239 with 32 Mev helium ions  i n  t he  Berkdey 60-inch 

cyclotron. The reaction involved was ~ n ~ 3 9 ( a , n ) ~ m a ~ ,  and the  bombardment 

took place i n  t h e  Berkeley 60-inch cyclotron a f t e r  which t h e  material  

was shipped t o  t he  Metallurgical  Laboratory f o r  chemical iden t i f i ca t ion .  



I should l i k e  t o  digress  f o r  a moment.here t o  point  out t h a t  our research 

program owes much t o  t he  e f fo r t s  of D r .  J. G. Hamilton, T. M. Putnm, Jr., 

G. B. Rossi, and t h e i r  col laborators  who have operated t he  60-inch cyclo- 

t r on  and made the bombardments which l e d  t o  t h e  discoveries of elements 

96, and elements 97 and 98 t o  be mentioned l a t e r .  I n  f a c t ,  I should 

l i k e  t o  pause fu r ther  and r e c a l l  a t  t h i s  time t h a t  f i v e  of t h e  six pre- 

sen t ly  known transuranium elements were f i rs t  i den t i f i ed  a s  a r e s u l t  of 

t h e i r  i n i t i a l  production through the use of t h e  Berkeley 60-inch cyclo- 

tron.  

The iden t i f i ca t ion  (13, l.4) of  element 95 followed soon t he r ea f t e r .  

This came in  t he  v e r j  l a t e  f a l l  of 194.4. a s  a r e s u l t  of t h e  bombardment 

of ~ ~ 2 3 9  with p i l e  neutrons, the  production reac t ions  being a s  shown i n  

t h e  following s l i d e  ( ~ i g u r e  8), 

Figure 8 

A t  t he  same time the  isotope ~ 1 0 ~ ~ ~  i s  formed as shorn i n . t h e  f o l l o d n g  

s l i d e  (Figure 91, and t h i s  i s  present ly  t h e  b e s t  method f o r  i ts production. 

16 hours upper s t a t e )  
e a r s  lower s t a t e )  

Figure 9 

' > 96~mz2(162, days, a)  



There a r e  a c o ~ ~ p l e  of comments which should be wide here  concerning 

the  r a r e  ea r th l i ke  p roper t i es  of these  t.do elements, Our h-ypothesis t h a t  

they should have a s t a b l e  (111) oxidation s t a t e  and g rea t l y  resemble t h e  

r a r e  ear th  elements i n  Yneir chemical proper t ies  proved t o  be so t r u e  

t h a t  f o r  a time it appeared t o  be most unfortunate, The b e t t e r  pa r t  of 

a year was spent i n  t r y ing  t o  separate chemicall;~ t he  two elements from 

each other and from t h e  r a r e  ea r th  elements but  without success, and al- 

though ve f e l t  en t i r e ly  confident, on t he  ba s i s  of t h e i r  radioact ive  

proper t ies  and t he  methods of production, t ha t  isotopes of elements 95 

and 96 had been produced, t h e  c h d c a l  proof remained t o  be demonstrated, 

The elements remained unnamed during t h i s  period of f u t i l e  attempts a t  

separation, although one of ow: group ins i s ted  on r e f e r r i ng  t o  them by 

the  names fapandemonium" and "delirium" i n  recognit ion of our di.fffcul- 

t i e s .  However, they were f i n a l l y  separated and completely i den t i f i ed  

chemically, and, i n  f a c t ,  t h e k  present names were eventually proposed 

on t he  bas i s  of t h e i r  chemical proper t ies  but  with a more ser ious  basis ,  

The name nanericiumfl (symbol Am) was suggested f o r  element 95, thus 

naming i t  a f t e r  the  Bmericas by analogy with t he  naming of its r a r e  ea r th  

homologue europium a f t e r  Europe, and t he  name "curium"i (symbol Cm) was 

suggested f o r  element 96 a f t e r  P i e r r e  and Marie C u r i e  by analogy ~ 5 t h  t h e  

naming of i t s  homologue gadoliniun a f t e ~  Gadolin, These names and symbols 

wil l  be used here and were used i n  t he  preceding s l i de s ,  

Americium was f irst  i so la ted  by Cunningham (15) in t he  form of a pure 

compound i n  t he  fall of 1945 a t  the  wartime Metallurgical  Laboratory, and 

a photograph i s  shown on t he  next s l i d e  ( ~ i g u r e  10)- It can be prepared 

i n  milligram amounts by the  neutron bombardment of plutonium according t o  



F i r s t  airericium compomd i n  bottom of tube (center). 
I so la ted  i n  the f a l l  of 19.45. Eye of sewing needle 
below ind ica tes  mgn i f i ca t i on  of 15-fold. 



react ions  shown on a foregoing s l i d e  ( ~ i g u r e  8 ) ,  and thus it has been 

possible t o  inves t iga te  i t s  chenical p roper t i es  extensively through t h e  

use of inacroscopic quan t i t i e s ,  

Curium was f i r s t  i so l a t ed  i n  the  form of a pure compound of cma2 

by L, B, IJerner and I, Perlman (16) a t  the  University of Ca l i fo rn ia  

during t he  f a l l  of 1947, A photograph i s  shown i n  t h e  following s l i d e  

(Figure ll), The isotope cmZ2 i s  so highly  radioactive,  due t o  its 

shor t  hal f - l i fe ,  t h a t  chemical invest igat ions  with it i n  macroscopic 

concentrations a r e  very d i f f i c u l t ,  Nevertheless a l a rge  number of  such 

invest igat ions  have been ca r r ied  on and nuch has been learned about i t s  

chemical proper t ies ,  

More recent work has l ed  t o  the  i den t i f i c a t i on  of a number of heav- 

i e r  isotopes of m e r i c i m ,  curium, and plutonium which present in te res t -  

ing p o s s i b i l i t i e s  f o r  t he  fu r ther  nuclear and c h e ~ i c a l  inves t iga t ion  of 

242m formed by t he  neutron bombardnent these  elements, The nuclide Am 

(12, 13, 17) of ha' decays p a r t i e l l y  by e lec t ron  capture (18) t o  t h e  iso- 

tope of plutonium, ~u~~~ The l a t t e r  nuclide (19) i s  an alpha emit ter  with 

t he  comparatively long half - l i fe  of 5 x 105 years  and, therefore,  may be 

important i n  fu tu r e  invest igat ions  of t h e  chemical proper t ies  of plutonium 

since it has a spec i f i c  a c t i v i t y  sone twenty times lower than t h a t  of ~ u ~ ~ ~ .  

This material  can be transmuted by neutron bombardment (20, 21) t o  t h e  corn- 

parat ively  long l ived  Ama3 (about 1&   ears) and, therefore,  following 

chemica1,separation t h i s  l a t t e r  isotope can be made available comparat i t re l~~ 

f r e e  of other isotopes of americium. Similar ly ,  such A,m243 can be 

transmuted by neutron borntar*-ent (22, 23) t o  t h e  comparatively long 

l ived  C M ~  (about 10 years)  ~ d ~ i c h  can thus be made available i n  a 



Fig. 11 

Photograph sf ourium hydroxide in bottom of micro- 
centrifuge cone, Yagntf ied 5-f old. 



comparatively pure s t a t e  following chemicd separation, These reactions 

are summarized on the following s l ide  (Figure E), 

9 5hw ' 5 9 6  ~ m ~ ( - 1 0  years, a) -25 minutes 

Figure 12 

Thus the  isotope Am2@, with a specific ac t iv i ty  some twenty times lower 

than t h a t  of hZ1, may supplant f l  for  use i n  the chemical s tudies  

of the future; it i s  not ye t  known whether Amz3 is beta s table ,  but if 

it i s  not, i t s  p a r t i a l  half-l ife f o r  beta emission appears t o  be longer 

than 1& gears so tha t  these considerations would not be al tered,  Due 

t o  the d i f f i cu l t i e s  i n  studying the chemical properties of curium through 

the use of the isotope cma2, the  isotope  mu with twenty times lower 

specific ac t iv i ty  produced as just  indicated, offers great  hope f o r  the 

simplification of future,chemical studies of curium, 

After the return a t  the eonclusion of the war of a number of us  t o  

the University of California l a t e  i n  1945 and ear ly 1946, a pa r t  of the 

e f for t  was put into the problem of the possible production and ident i f i -  

cation of fur ther  transuranium elements, S. G, Thompson, who had done 

so much i n  connection wtth the  development of the sepanition processes 

f o r  plutonium during the w a r ,  undertook t o  collaborate on the search fo r  



element 97 a s  t he  bas i s  f o r  h i s  t h e s i s  research problem, and the further 

coliaboration of Albert Ghiorso was a l s o  sought. Many problems had t o  

be  solved, mcstly i n  connection with t h e  small amounts of mater ia l  avail- 

ab l e  f o r  i r rad ia t ion  and the  intense r ad ioac t i v i t y  of t h i s  mater ia l ,  To 

he lp  counterbalance t h e  many d i f f i c u l t i e s  were t he  advances which had 

been made i n  t he  p o s s i b i l i t y  of predic t ing t h e  radiaact ive  p roper t i es  of 

t h e  expected isotopes and especia l ly  the  exact predic t ions  of t h e  chemi- 

cal propert ies made poss ible  on t he  basis  of t h e  ac t in ide  concept, 

According t o  t h i s  view, t he  e lut ion posi t ions  of the  transcurium elements 

should be analogous t o  those of t h e  transgadolinium elements i n  the i o n  

exchange column separation method. This knowledge proved of inestima- 

b l e  benef i t  i n  planning t he  ult imately successful  experiments. Two 

approaches t o  the  problen were undertaken: namely, t h a t  of neutron i r r ad i -  

a t i o n  i n  the  chain react ing p i l e s  and t h a t  of charged p a r t i c l e  bombardment 

Ln t he  60-inch cyclotron, The d i f f i c u l t i e s  at tending the  neutron i r r ad i a -  

t i o n  a r e  i l l u s t r a t e d  i n  thk following s l i d e  (Figure 13). 

Figure 13 

The prediction t ha t  curium must have a mass number a s  high as 249 before 

a negative beta p a r t i c l e  emitter  i s  reached i s  based on considerations 

hvo lv ing  the  nuclear energy surface and t h e  systematics of r a d i o a c t i v i t y  



which cannot be described here because of t h e  lack of time, These consi- 

derations are ,  of course, not  exact and it i s  qu i t e  possible t h a t  negative 

beta p a r t i c l e  m i s s i o n  w i l l  be reached a s  ea r ly  a s  emwe The considera- 

t ions  a r e  negated if t he r e  should ex i s t  a  pronounced closed subshel l  a% 

l4.2 neutrons t r ~  which case t h e  isotopes of curium above ~rnu night be 

qu i te  shor t  l ived.  

Whatever t he  reason for  it nay be, the  neutron i r r ad i a t i ons  d id  ne t  

~ i e l d  pos i t ive  r e su l t s ,  and, therefore ,  I w i l l  go on t o  descr ibe  t h e  

cyclotron i r r ad i a t i ons  by t&ich it was f i n a l l y  possible i n  December, 1949 

t o  i den t i fy  (a) an isotope of t he  element with a t o d e  nzmber 97 as a  

r e s u l t  of t he  i r r a d i a t i o n  of h241 with 35 Mev helium f ons, This was 

followed within a  month by t he  i den t i f i c a t i on  (25) of an isotope of 

element 98 through t h e  i r r ad i a t i on  of c&~ with 35 Mev helium ions,  in 

a research ca r r ied  on by t h e  same invest igators  with t he  addi t ion of a  

young colleague, K, S t r ee t ,  Jr, who had a l ready contributed very much t o  

our  knot~ledge of t h e  chemical proper t ies  of t he  transuranium elements, 

The first i den t i f i c a t i on  experiment i n  t he  case of  element 98 involved 

the  production and separation of only a  few thousand atoms, The reac t ions  

involved are smiar iaed  i n  t he  following s l i d e  (Figure U ) ,  

cj5Ama1 + 2 ~ &  d 97 ~k~~ + 2n 
(4.6 hours, ~ / a  2 103) 

96~m242 + Z ~ &  -> @f + 2n 

(45 minutes, a) 

Figure 1L, 



It should be mentioned t h a t  t h e  successful  handling i n  a safe  manner of 

t h e  huge amounts of r ad ioac t i v i t y  i n  t h e  t a rge t  mate r ia l  was made possi- 

b l e  through the  use of t h e  excel lent  p ro tec t ive  equipment provided bg 

Nelson Garden and the members of h i s  Health Chemistry Group a t  our Labora- 

to ry ,  

The name "berkeliumn (symbol ~ k )  was suggested f o r  element 97 a f t e r  

t h e  c i t y  where the  vork was done, i n  analogy with t he  naming of its 

chemical homologue terbium, which was named a f t e r  t h e  tolm of Ytterby 

h e r e  i n  Sweden where the  r a r e  ea r th  minerals were found. The name 

"californium" (symbol ~ f )  was suggested f o r  element 98 i n  honor of t h e  

Universi ty and S t a t e  &ere t h e  knrk was done; thus  t he  name does not 

r e f l e c t  i t s  strong homology t o  dysprosium, These names a r e  used i n  t h e  

p resen t  t a l k  including t he  various s l ides ,  

Soon following t h i s  work, it became possible  on the  ba s i s  of t h e  

i n t e r e s t i n g  pioneer carbon i on  bombardment experiments of Mil ler ,  Hamilton, 

Putnam, Haymond, and Rossi (26) i n  the  60-inch cyclotron t o  produce iso- 

topes  of californium i n  b e t t e r  y ie ld  by this method. These experiments, 

i n  which uranium i s  bombarded 16th  carbon ions, l e d  t o  t he  production (27) 

of californium isotopes according t o  t he  reac t ions  given i n  the following 

s l i d e  (Figure 15) ,  

92 u~~~ 4- 6~12 -> 9gGf 
244 + 6n 

(45 minutes, a)  

Figure 15  



There are,  of course, many more transuranium nuclides lxnobm t h a t  I 

have not been ab le  t o  describe i n  the  tiiae avai lable .  For "be sake of 

completeness these  a r e  s m a r i z e d  i n  t he  following s l i d e  (Figure 16). 

It should be emphasized t ha t  these  nuclides a r e  t h e  product of t h e  

investigations of a number of laboratory groups besides our own. I 

should l i k e  t o  mention especia l ly  t h e  work of W. M. Manning, M. H, Studier  

and co-workers of t h e  Argonne National Laboratory i n  Chicago, I l l i n o i s ,  

a s  well as the  work of t he  United S t a t e s  Atomic Energy Commissionfs Los 

Alamos Laboratory, and the  Chalk River Laboratoq of the  Canadian 

National Research Council. I f e e l  t h a t  I should espec ia l ly  s ing le  out 

t h e  contributions of my colleague Albert Ghiorso whose name, as  you may 

have noticed, has come up t i a e  a f t e r  time a s  I have gone through my des- 

c r ip t ion  here of t he  work on t h e  transuranium elements, Ghiorso has  been 

. a keg man throughout and i s  one of those individuals  without whom a 

laboratory such a s  ours simply could not run. 

I suppose t h a t  I should say a few words with respect  t o  t h e  poss ibi l -  

i t y  f o r  future  production and iden t i f i c a t i on  of add i t iona l  transuraninm 

elements, especia l ly  i n  view of t he  p o s s i b i l i t y  of t h e i r  production by 

heavy ion bombardment of transuranium elements, A s  an aid t o  such a pro- 

gram the  radioactive proper t ies  can be estimated, as I have a l ready indi- 

cated, on the  assumption of a smooth nuclear energy surface and the  sys- 

tematics of radioact iv i ty .  Again, I must emphasize t h a t  such considera- 

t i ons  a re  negated i n  t he  event t h a t  a s t ab l e  subshel l  of l4.8 neutrons 

should be found t o  ex i s t ,  and t h i s  must be regarded as a d e f i n i t e  possi- 

b i l i t y .  It i s  i n t e r e s t i ng  t o  note t h a t  our considerations on t h e  systema- 

t i c s  of spontaneous f i s s i o n  (28) ind ica te  t h a t  t h i s  method of decay :KLl 
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not corzpete seriously with radioact ive  decay u n t i l  the  region j u s t  be- 

yond element 100. The follol-ring s l i d e  ( ~ i g u r e  17) shows a number of 

predicted half- l ives f o r  radioact ive  decay, 

Predicted Half-Lives 

years  

years  

minutes 

months 

minutes 

hours 

days 

minutes 

ninut  es 

Figure 17 

These considerations i l l u s t r a t e  c l e a r l ~ r  t h a t  one of the  problems i s  

tha t  of conceiving neans f o r  producing nuclides of su f f i c i en t l y  high 

mass numbers with half?-lives long enough. f o r  chemical iden t i f i ca t ion .  

Thus, the  serious problem i s  again the pauci ty  of s t a r t i ng  mater ia ls .  

A hopeful aspect  t o  t he  problem o f t h e  production and t h e  i den t i f i -  

cation of transcalifornium elements i s  t h e  f ee l i ng  t ha t  t h e  chemical pro- 

pe r t i e s  can be predicted with confidence, Thus it i s  expected t h a t  t h e  

(111) oxidation s t a t e  ~ L l l  predominete f o r  t he  next few elements. Of 
. . 

especia l  importance i n  planning experiments i s  t he  confidence t h a t  t h e  

e lut ion sequence w i l l  continue t o  follow t h a t  of t he  analogous r a r e  ea r ths  



as wiBP be described i n  a few rainutes, 

U n f ~ r ~ ~ n e t e l y ,  there  is not suff ic ient  time t o  say a s  much a s  I 

wo~d.13 l i k e  about t he  i n t e r e s t i ng  chsmical pxoperPties of t h e  transuranium 

group of elements, As P have already mentioned, t h e  chemical evidence 

Lndicates tha t  it i s  the  t r i p o s i t i v e  o d d a t i o n  s t a t e  which i s  importan'k 

he re  and 2oints t o  a beginning wLth actinium of an "actiniden transi-Lion 

s e r f e s  i n  the same seZase t h a t  the  r a r e  ea r th  "lanthaniden s e r i e s  begins 

%i'iS;h lanthanum (29, 3 0 ) .  There i s ,  however, t h e  -hpor tant  d i f ference 

tbaS the f i rs t  elements i n  t he  heavj  s e r f e s  exh ib i t  the property of 

mfda t i on  t o  higher s t a t e s  with much grea te r  ease than i s  t h e  case f o r  

t-he zosr5sponding elemencs I n  the  r a r e  ea r th  s e r i e s ,  The nost important 

x i t a E o n  f o r  t h i s  c lass i f2cat ion i s  the  probable presence of seven 5f 

e lect rons  (analogcus t o  t he  s t ab l e  gado l in im  s t ruc ture  ) in tri;3ositive 

sur iun  (element 96) r ~ t h e r  than the  presence of t h e  f i r s t  5f e lect ron i n  

%horfunn, 5x3 f ac t ?  there  might not be any such e lect rons  i n  thorfuln with, 

f o r  example, t h e i r  f i r s t  appearance i n  protactinium (two 5f electrons) 

ar i n  uranium ( th ree  5f e lec t rons) ,  An important aspect  of these  consi- 

derat ions  is the f a c t  t h a t  t he  5f and 6d s h e l l s  of t he  elements i n  t h i s  

heavies t  region l i e  so c lose  together that t h e  energy necessary f o r  t h e  

s h i f t  from one s h e l l  t o  t he  other is  i n  some cases wi$hfn the  range of 

zhemical binding energies, 

The e a r l i e s t  element f n  t h i s  s e r i e s  which c l ea r ly  exh ib i t s  the  char- 

a. ; terist ia oxidation s t a t e  of (111) i s  uraniun, t h e  t h i rd  element in the  

seoias, I n  going tap the  s e r i e s  from uranfum, each of the successive el* 

ments exhibi ts  a more s t ab l e  (111) oxidation s t a t e  than the  preceding 

element. %en the  elements americium (atomic number 95) and curium 



(atomic nmber 96) a r e  reached, the  (111) s t a t e  i s t he  predoininant one, 

and, i n  f ac t ,  seems t o  be t he  only s t a t e  of these  l a t t e r  elenents which 

i s  thermodynamically s t ab l e  i n  ac id ic  aqueous solut ion,  En t he  cases of 

berkelium (atomic number 97) and californium (atomic number 98) only 

t r ace r  e,xperiments have been done and, therefore,  t h e  information 2s 

l e s s  ce r ta in ,  These experiments show %hat b e r k e i i m  exhibi ts  s t ab l e  

(111) and (N)  oxidation s t a t e s  (31) and fnd ica te  t h a t  z a l i f o r n i m  e x i s t s  

so le ly  i n  t h e  (111) s t a t e  (32), which behavior i s  ?in e n t i r e  confornity 

with t h e i r  expected analogy v i t h  t h e i r  r a r e  ea r th  honologs-les, terbium 

and dysprosium, respect ively ,  

Perhaps the  nost s t r i k ing  cheni-a1 evidence as t o  the  course taken 

i n  the  f i l l i n g  of t he  5f elect ron s h a l l  i n  t h i s  region i s  t h a t  offered 

by the  work on the  separaLion of the  t r i p s s i t z v e  a c t h i d e s  an6 lanthan- 

ides by the  ion  exchange c o l m  inethod, The nse of a cat ion exchange 

r e s i n  ~5th an e lu t ing  agent such as ammonfim c i t r a t e  solution,  a s  devel- 

oped on the  Plu-ionim Project  (331, has l ed  t o  a s a t i s f  ae to ry  s o l u t b n  

of the  d i f f i c u l t  problem of separating f n  pure f o m  the r a r e  ear th  el- 

ments from each other,  The tr2posft'ive ae';inide elements are e q u a m ~  

d i f f i c u l t  t o  separate froin each other and from t h e  r a r e  ea r ths  because 

of t h e i r  g rea t  srimilarftp t o  the l a t t e r ,  B 9 w e ~ e ~ ,  the  a n a l ~ g y  i n  behavfor 

of the  ac t in ide  and lantharA.de elements here i s  much greater  than re- 

s u l t s  fron a s imi l a r i t y  i n  t he  d i f f i c u l t y  of separation,  as can be seen 

from the  following s l i d e  ( ~ i g n l r s  18). The s f n p l i s i t y  05 the  a3parab.t~ 

used i s  i l l u s t r a t e d  i n  t he  next; s l i d e  (~igurz 193, 

A remarkable analogy i n  +he spacing ear, be seen between the  gro'up 

californi~berkelf~cu~im-meYiciwn and t h e i r  rare ear th  hono%sgues 
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Fig. 18 

Relative elut ion of homologous actinides and lanthanides. The data 
f o r  the actinides shown here are  those of K. Street ,  Jr., So G o  Thompson, 
and G. T. Seaborg (32) i n  which the cation exchange r e s in  Dowex-50 was 
used and the elution performed a t  87O C with ammonium c i t r a t e  buffered 
with c i t r i c  acid t o  a pH of 3.5 ( to t a l  c i t r a t e  concentration 0.2 $1 . 
The data on the lanthanide elexents are those of B. H. Ketelle and G. E. 
Boyd (34) i n  which the same res in  was used i n  a somewhat longer column 
and the elut ion performed a t  loo0 C using a similar c i t r a t e  buffer 
solution ( p ~  3.28).  h he dotted l ines  show the predicted elution posi- 
t ions f o r  elements 99 and 100.) 



Ion exchange column with elut ion apparatus and 
automatic sample collection rcechanism for s e p -  
ration of actinide and lanthanide elements, 



dysprosium-terbim-gadolinium-europium. The spacings here r e f l e c t  t h e  

r e l a t i v e  changes i n  i on i c  r a d i i  vhich determine t he  r e l a t i v e  separat ions  

i n  the  ion exchange azsorption xethod. It can be seen t h a t  t h e  same 

sequence of changes i n  t h e  ion ic  radius i s  encountered on f i l l i n g  i n  t h e  

5f e lect rons  a s  occurs on f i l l i n g  the  4f she l l ,  and, therefore,  i t  seems 

qu i te  c l ea r  t h a t  curium represents  t'ic midway point  i n  the  ac t i n ide  trans- 

i t i o n  s e r i e s  of elements i n  view of i t s  pos i t ion  analogous t o  gadolinium. 

Kssnetic su scep t ib i l i t y  ne~su renca t s  on conpounds of t h e  heav ies t  

elements idea l ly  should lead t o  the  r e su l t an t  magnetic moments i n  fbn- 

dsnental  un i t s  and i n  t h i s  way give infornat ion on t h e  quantum s t a t e s  of 

the  responsible electrons.  Ac tud ly ,  a s  encountered with t h e  rare ear th  

elenents,  the  s i t ua t i on  i s  rathey corqle:: and t he  exact  behavior expected 

f o r  the  heaviest  e l a e n t s ,  on t he  bas i s  of t he  presence of e i t h e r  5f o r  

6d electrons,  cannot be, o r  a t  l e a s t  has not  been, predicted. Neverthe- 

l e s s ,  such neasureinents should give, and have given, some information on 

t h i s  point .  

The following s l i d e  ( ~ i ~ u r e  20) shows a p l o t  comparing t he  room 

tenperature experimental magnetic s ~ : s c e p t i b i l i t i e s  of the lanthanide and 

ac t in ide  cations i n  such a way as t o  sliow t h e i r  remarkable analogy i n  

t h i s  propertjr. This p l o t  i s  a 2 ~ i t t e d l y  rough because data  a r e  used from 

both aqueous solut ions  and so l i d  co~pounds; these  a r e  not s t r i c t l y  con+ 

pzrable and even data  from d i f fc ren t  so l i d  cor.ipounds of the  same oxidation 

s t a t e  o f  an element d i f f e r  sonelhat due t o  t h e  e f f e c t s  of t he  c r y s t a l  

f i e l d s .  Nevertheless, t he  c o ~ ? p r i s o g  i s  sufficientLy r e l i a b l e  t o  show 

t h a t  t he  magnetic measurements polnt  toward t h e  f i l l i n g  of t h e  5f s h e l l  

i n  t he  manner expected. 
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Fig. 20 

Plot of molar magnetic susceptibilities of some 
aqueous actinide and lanthanide ions. 



The next siLde (Figure 21) shorn in an extreme&- rough and Wal f ta -  

t i v e  way a p i c t o r i a l  representa t ion of the  binding energy of the nos t  

eas i ly  removable 5f and 6d e lect ron (of those present)  f o r  each of  he 

heaviest  elements. 

The best  nethod of presenting t h e  ac t in ide  elements Bn t h e  periodic 

t ab le  seems t o  be i n  a manner s h i l a r  t o  t h a t  i l l u s t r a t e d  i n  t h e  fol.10~- 

ing s l i d e  (Figure 22), Here a r e  shorn the  fourteen el6rnents of atomic 

numbers 90 t o  103 inclusive,  ~ L t h  az t inPm (element 89) a s  t h e  prototype, 

l i s t e d  a s  a s e r i e s  below, and fn  a manner s imi la r  to ,  t h e  common l i s t i n g  

of the  fourteen r a r e  ear th  elements of atomic numbers 58 t o  71 inc3,us i~e,  

f o r  which lanthanum (element 57) i s  t h e  prototype, ft i s  no t  proposed 

t ha t  t h i s  pa r t i cu l a r  form of t he  periodic %able has anymore merit  than 

any of a number of others which place these  elements i n  pos i t ions  homo- 

logous t o  the  r a r e  ea r th  elements, s ince it i s  obvious t h a t  they can be 

analogously placed i n  a nmber of other types of tables o r  char t s ,  

The elements 90 t o  96 inc lus ive  o r  t h e  f irst  few of them could, i n  

addition, be l i s t e d  separate ly  below the  5d t r ans i t i on  elements f n  recog- 

n i t ion  of t he  resemblance of the  f i r s t  few of these t o  5d el.ements, Thfs 

appears to  be undesirable, however, s ince  t he  last members of this grmp 

bear no such resemblance and it i s  probably %npossible t o  draw a Efne as 

t o  jus t  where t h e  resemblance ends, It should be noted t h a t  cerium, ter -  

bium, europimn, e tc ,  could be put in two places 2n the per iodic  t a b l e  i n  

recognition of t h e i r  two oxidation s t a t e s ,  but  t h i s  p rac t fee  i s  not usua2ly 

f 0110 wed. 

The group probabb  could have been j u s t  as w e l l  described by some 

other term r a the r  than "actinide," whfch i s  derived from s t r a i g h t  analogy 
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Fig. 22 

I 

' Periodic table  showing heavy e l e ~ e n t s  a s  members 
of an actinide series. 



with the term nlanthanide." Irrespective o f  t he  name which usage w i l l  

f i na l ly  assign t o  t5is group of elements, however, it seems tha t  the  out- 

standing character is t ics  of the group, namely the "eka-gadolinium" char- 

ac ter  of curium (and the presumed ff eka-lutetium" character of element 103), 

together with the regularly increasing trend toward actinium-like char- 

acter  i n  going from thorium t o  curium, a re  best  represented by l i s t i n g  

these elenents i n  corresponding positions under the  rare earth elements 

if it i s  desirable give each element only one place in the periodic 

table. 
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