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Since 19@ ten  transuranium elements have been discovered. Several 

books have been written which contain much information about these elements. 1,2,3 

I n  this l ec tu re  it i$ possible t o  discuss only a very l imited portion of the 

available subject matter. I shal l ,  therefore, confine my remarks largely t o  the  

interest ing history of these elements. 

A sui table  beginning for  the  s tory seems t o  be the discovery of a 

number of radioactive substances produced by the i r radiat ion of uranium with 

neutrons. This discovery was made i n  1934 by E. Ferrmi, E. Amaldi, 0. DIAgostino, 

I?. Rasetti ,  and E. ~ e g & . ~  This group was l ed  toeassign the radioact ivi t ies  t o  

trawuranium elements. These radioact ivi t ies ,  however, l ed  t o  the discovery of 

the  f i ss ion  process instead of transuranium elements. %r ly  i n  1939 Hahn and 

Strassmann described experiments which mde it certain thdt  they had observed 

radioactive isotopes of barium and other ' light" elements a s  the  r e su l t  of the  

bombardment of uranium with  neutron^.^ Subsequent work shoved that pract ical ly  

a l l  of t he  radfoact i+i t ies  previously ascribed t o  transuranium elements were 

actual ly  due t o  f i ss ion  products. 

The actual  discovery of the f i r s t  transuranium element resulted from 

experiments aimed a t  understanding the  f i s s ion  process. Several experimenters, 

including E. M. &Millan of the University of California, measured t h e  energies 

of the two m a i n  f i s s ion  fragments by observing the  distances they traveled 
L 

from each other a s  a r e s u l t  of t h e i r  d i a a l  r eco i l  when the nucleua explodes. 

&Millan noted tha t  there was another radioactive product of the  reaction, with 

a half l i f e  of 2.3 days, which did not recoi l ,  a t  l e a s t  not suf f ic ien t ly  t o  

escape from the th in  layer  of f iss ioning uranium. He suspected t h a t  this was 

I 
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a product formed by simple neutron ,capture  r a t h e r  than .by f i s s i o n .  . In  t h e  
6 

sp r ing  o f  1940 McMillan and .P. H. .Abelson deduced .by chemical means t h a t  t h i s  

product was a* i so tope  o f  element 9 3 ,  a r i s i n g  b y  beta  decay  from . ELement 

.93 was given theiname:..neptunium (symbol lip), because it i s  t h e  next  element 

. a f t e r  uranium, j u s t  a s  t h e  p lane t  Neptune l i e s  beyond.Uranus. 

McMillan ' s and..Abelson ' s t r a c e r  invest igatQ3.n~ of t h e  chemical pro- 

p e r t i e s  of neptunium . showed . t h a t  i t . h a s  a.chemica1 resemblance td uranium, and 

not.rhenium, a s  was previously pos tu la ted .  This #was t h e  f i rs t  d e f i n i t e  1 . .  . 

1 . recognized.evidence.that  t h e  5f e l ec t ron  s h e l l  undergoes f i l l i n g  i n . t h i s  region.  

Thus the .d i scovery  of neptunium.was extremely important,  not  on$y from t h e  

standpoint  of ogening t h e . t r a n s u r a n i u m . f i e 1 d . b u t  a l s o  provided t h e  first clue:. 
. . . . t o  t h e  eventua1;"understanding of t h e  e l e c t r o n i c  s t r u c t u r e s  a n d . t h e  p lace  i n . t h e  
i 

per iodic  system .of the .heav ies t  elements. 

The. . ea r ly  inves t iga t ion  .of neptunium, a s  of a l l  t h e  transuranium 

elements, was rqade by t h e  t r a c e r  technique. I n  t h i s  method, an .element having 

chemical p r o p e r t i e s  s imi la r  . t o  . those of t h e  element being s tud ied  i s  used t o  

fol low t h e  behaviour of t h e  r ad ioac t ive  element, which can be present  i n  
-10 amounts a s  small a s  1 0  grams, o r  even l e s s .  .The element i s  de tec ted  i n  . the  

various react iol is  by mkans, of i ts  r a d i o a c t i v i t y  r a t h e r  than by chemical 

ana lys i s .  In  s p i t e  of t h e  smallness of t h e  q u a n t i t i e s  present ,  much can b e  

deduced.about the.chemica1 p roper t i e s  of  an element -- f o r  example, t h e  

s o l u b i l i t y  of i t s  compounds, i t s  oxidation.-reduction p o t e n t i a l s ,  and i t s  

Iformation of complex .ions -- .by t h e  c a r e f u l  use of such methods. 

Plutonium 

The search  f o r  element 94 began . i n  1940 with experiments by Seaborg, 

McMillan, ' Kennedy,. .and.'Wahl i n  which uranium oxide .was bombarded .with 16  Mev 

deuterons f rom. the  60-inch cyclotron.  .Alpha r a d i o a c t i v i t y  was found t o  grow 

i n t o  t h e  chemically separated element 93 f r a c t i o n ,  and t h i s  alpha a c t i v i t y  was 

chemically separated from t h e  neighboring elements, e spec ia l ly  elements 90 t o  

93 inc lus ive .  These experiments, which c o n s t i t u t e  t h e  p o s i t i v e  i d e n t i f i c a t i o n  

I .of element 94, showed t h a t  t h i s  element has a t  l e a s t  two oxidat ion s t a t e s ,  d i s -  

I t inguishable  by t h e i r  p r e c i p i t a t i o n  chemistry, and t h a t  it requ i res  s t ronger  

oxicLizing,agents t o  oxidize  element 94 t o . t h e  upper s t a t e  than i s  t h e  case  f a r  



element 93. The p a r t i c u l a r  i so tope  i d e n t i f i e d  has been shown,to be of mass 

number 238.and t h e  r eac t ions  f o r  i t s  prepara t ion  .are shown . i n  t h e  f i r s t  s l i d e  

( ~ i g .  1 ) .  ! 

238 x> ,238 (90 years,  a )  93NP 2 .1  days 94 

Figure 1. 

The chemical p roper t i e s  of elements 93 and .94were  s tud ied-by  t h e  

t r a c e r  method. a t  t h e  Universi ty of Cal i fornia  . fo r  t h e  next  year  and .a .half. .  

During t h i s  time . the  f i r s t . . t r ansuran ium elements were r e f e r r e d  t o  ,simply a s  

"element 93" and.  "element 94". . I n  t h e  sp r ing  of 1942, when . the f i r s t  d e t a i l e d  

, repor ts7  concerning t h e s e  elements w e r e w r i t t e n ,  it became necessary t o  have 

chemical symbols f o r  the . two  elements. Since.McMillan had. suggested the  . name . 

"neptunium" (symbol .Np) f o r  element 93 a f t e r  Neptune, t h e  ,p lanet  immediately 

beyond.Uranus, which gives i t s  name t o  uranium, i t . w a s  the re fo re  thought proper 

t h a t  element .94 should ' assume t h e  :name "plutonium" (symbol .PU)  a f t e r  t h e  next 

p lane t  Eluto . 
The:,plutoniwn .isotope of major importance i s  t h e  one with mass number 

239. The search  f q r  t h i s  isotope,  a s  a decay product of . N ~ ~ ~ ~ ,  was a l s o  i n  

progre.ss a t  t h i s  time, and .these experiments were being performed by the 'same 

group with t h e  added co l l abora t ion  of D;. E .  ~ e g r h .  The i so tope  P L ~ ~ ~ ~  was 

i d e n t i f i e d . a n d  i t s  p o s s i b i l i t i e s  a s  a nuclear  energy source were es t ab l i shed  

during the  spr ing  of 1941 using a sample prepared by t h e  decay of cyclotron 

produced Npi39 which had A been p u r i f i e d  using t h e  few f a c t s  known about  t h e  

chemistry of plutonium. 6 

Once t h e  value of the  i so tope  ~u~~~ was es t ab l i shed ,  t h e  paramount 

problem was t h a t  of producing it on .a l a r g e  s c a l e  and i s o l a t i n g  .it a f t e r  pro- 
,-. 

duction.  The production problem was solved, a s  i s  wel l  known, through t h e  

development of t h e  c h a i n . r e a c t i n g  u n i t s ,  o r  p i l e s ,  u t i l i z i n g  t h e  neutron 

induced f i s s i o n  r e a c t i o n  on . u ~ ~ ~  i n  n a t u r a l  uranium, i n  which the  ex t ra  neutrons 
') beyond those  needed t o  perpetuate t h e  chain reac t ion  a r e  absorbed by U238 t o  

239 form t h e  des i red  i so tope  Pu . 



:.. . . 
. :.. :The r e a l i z a t i o n  t h a t  plutonium, a s  ~ u ~ ~ ~ ,  could serve a s  a nuclear  - .  

weapon and t h a t  it might be .created i n  .quanti ty i n  a nuclear  chain r e a c t o r  made 

.it imperative t o  ca r ry  ou t  chemical inves t iga t ions  of plutonium ,+iith microgram 

quan t i t i e s .  I n  August 1942,.B..B..Cunningham and L. B..W;erner succeeded i n  

i s o l a t i n g  about a microgram o f  Pu239 which had been prepared b y  cyclo t ron 

i r r a d i a t i o n s .  Thus plutonium was t h e  f i r  st man-made element t o  be obtained i n  

v i s i b l e  quant i ty .  

Plutonium .is t h e  only syn the t i c  element t h a t  has been produced .and 

i s o l a t e d  i n  kilogram q u a n t i t i e s .  The l a r g e  p l a n t  a t  .Hanford, Washington, ww.1 

.constructed on the  b a s i s  o f ' i q v e s t i g a t i o n s  performed wi th  about 2 mg of 

plutonium; t h e  scale-up between ultramicrochemical experiments t o  t h e  f i n a l  
r. 

Hanford p lan t  corresponded t o  a f a c t q r  of about l o Y ,  su re ly  a scale-up of 
3 unique proport ions.  

Af ter  t h e  completion .of t h e  most e s s e n t i a l  p a r t  o f . t h e  inves t iga t ions  

concerned .with the  .chemical processes involved . i n  .the' production .of plutonium 

,a t  the  wartime.Metallurgica1 Laboratory, Seaborg and h i s  co-workers undertook 

the  problem .of synthes iz ing ,and iden t i fy ing  t h e  next transuranium elements. 

Americium and ..Curium 

There followed q u i t e  a period during which t h e  .attempts t o  synthesize 

and i d e n t i f y  elements 95 and 96 were not  f r u i t f u l .  These unsuccessful experi-  

ments were based on t h e  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 ib le  t o  oxidize them t o  t h e  (VI) oxidat ion 

s t a t e  and u t i l i z e  t h i s  i n  t h e  chemical i s o l a t i o n  procedures. It was not  u n t i l  

t h e  middle of t h e  summer of 1944, when it was f i r s t  recognized 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  s e r i e s  t h a t  any advance .was made, 
. I 

and .then progress came quickly. 

. A s  soon.as  i t . w q s  r e a l i z e d  t h a t  the;welements could be oxidized above 

t h e  (11)) s t a t e  oply wi th  extreme . d i f f i c u l t y ,  i f  a t  a l l ,  t h e  i d e q t i f i c a t i o n  o f  

an i s o t o p e  of element 96  followed immediately. Thus  t h e  isotope ~m~~~ was 

identified1' i n  t h e  summer of 1944 as a result  of t h e  bombardment of Pu239 with 

32 Mev helium ions  i n . t h e  Berkeley 60-inch.cyclotron.  The reac t ion  involved..::. 

w a s  ~ ~ i ~ ~ ~ ( t r , n ) C m ~ ~ ~ .  The mate r i a l  was then shipped t o  t h e  -Metal lurgical  : .  
Laboratory f o r  chemical i d e n t i f i c a t i o n .  



.The i d e n t i f i c a t i o n  of element 95 followed s o o n . t h e r e a f t e r .  l1 This came 

i n  t h e  v e r y  l a t e  f a l l  o f  1944 a s  a  r e s u l t  o f .  t h e  bombardment of PuZ3' with 

p i l e  neutrons, t h e  production , r eac t ion  .being a s  shown . i n  . the  fol lowing s l i d e .  

( ~ i g .  2 ) .  

- m239 + n - > Pu240 + y 

2 41 
> P u  + y  .fi240 + n - 

~u~~~ . (13 yea r s )  9 4 
-@I-> ,95~m241 . (458 years,  a) 

.Figure 2. 
. . 

. There a r e  .some comments which should b e  made .here concernkhg t h e  r a r e -  

. e a r t h l i k e  p roper t i e s  of '  t hese . two  elements. The .hypothesis t h a t  . they should have 

a s t a b l e  .(III) oxidation s t a t e  .and g r e a t l y  resemble t h e  r a r e  e a r t h  elements i n  

t h e i r , c h e m i c a l  p roper t i e s  proved t o  be  so  t r u e  . t h a t  f o r  a  , t ime it appeared . to 

.he  most unfortuqate.. . The b e t t e r  p a r t  of a  yaar  was spent unsuccessful ly i n  .to- 
ing  t o  separa te  .chemically t h e  .two elements from each o ther  and from . the r a r e  

e a r t h  elements, and .although t h e r e  was confidence .on . the  b a s i s  of t h e i r  radio-  

a c t i v e  p roper t i e s  and . t h e  methods of p roduc t ion , . tha t  i so topes  of elements 95 

,and .96 .had .been produced, t h e  chemical proof remained t o  be demonstrated. 

. Americium w a s  f i r s t  i s o l a t e d  b y  cunningham12 i n  t h e  fo rm o f  a  pure 

.compound in . the f a l l  of 1945 a t  t h e  -wartime .Metal lurgical  Laboratory. It i s  now 

prepared i n  gram .amounts by the  neuicron .bombardment of plutonium, and thus  it 

.has been .possible t o  inves t iga te  i t s  chemical p roper t i e s  extens ively  using 

macroscopic q u a n t i t i e s .  

~ u r i u m  was first i s o l a t e d  i n  t h e  form of a  pure compound o f  ~m~~~ b y  

L.  B. Werqer and I .  p e r l q d l 3  a t  t h e  U n i v e r s i t y  of C a l i f o r n i a  d u r i n g  t h e  f a l l  
2 42 

of 1947. The i so tope  Cm i s  so h ighly  radioact ive ,  due t o  i t s  s h o r t  h a l f -  

l i f e ,  t h a t  chemical inves t iga t ions  wi th  it i n  .macroscopic con.centrations a r e  

r,! 
. .very d i f f i c u l t .  .Nevertheless,  a  l a r g e  number of such inves t iga t ions  have been 

c a r r i e d  .on .and .much has been . learned .about i t s  chemical p roper t i e s .  A t  t h e  

present  time most of t h e  research  wi th  macroscopic q u a n t i t i e s  of curium i s  done 

with Cm244 which has a  much lower s p e c i f i c  a c t i v i t y .  



.Berkelium and ... Cal i f  arnium 

After  t h e  r e t u r n  .of a number of us to .  t h e  .Universi ty of :California i n  

l a t e  1945.and e a r l y  1946, an inves t iga t ion  . o f . t h e  production.and i d e n t i f i c a t i o n  

. o f .  f u r t h e r  transuranium elements was begun. . Many problems had . t o  be  solved, 

mostly i n  connection .with . the small amounts of ma te r i a l  a v a i l a b l e  . fo r  i r r a d i a -  

t i o n  and.intense.radioactivity of t h i s  rgatgrial.  .To he lp  counterbalance t h e  

many d i f f i c u l t i e s  were . the  advances which had been -made i n  .the. p o s s i b i l i t y  of 

p red ic t ing  t h e  , r ad ioac t ive  p roper t i e s  of t h e  expected i so topes  and .especia l ly  

t h e  exact  p red ic t ions  of  t h e  .chemical p roper t i e s  made p o s s i b l e  on . the  .bas i s  o f  . 
, the.  . 'act inide concept .  . According t o  t h i s  view,. the  . e lu t ion  pos i t ions  of t h e  

transcurium elements should be analogous t o  those  of  t h e  transgadolinium 

elements i n  t h e  ion exchange column separa t ion  method. This knowledge proved 

of inest imable b e n e f i t  i n  planning t h e  u l t imate ly  successful  experiments. In 

t h e  case of berkelium, however, t h e r e  was some uncer ta in ty  a s  t o  whether i t s  

most s t a b l e  oxidat ion s t a t e  would .be (111) o r  (N).  Two approaches t o  t h e  

problem of producing, the i so topes  were undertaken: namely, t h a t  of neutron 

i r r a d i a t i o n  df  t h e  .chain , reac t ing  p i l e s  and . tha t  of charged p a r t i c l e  bombard- 

ment i n  the ,  60-inch ..cyclotron. 

The neutron i r r a d i a t i o n s  d id  not  y i e l d  p o s i t i v e  r e s u l t s .  The reason 

i s  now c lea r ;  t h e  product of  cross-sec t ions ,  3eutron f l u x )  and time were simply 

not  l a r g e  enough. I s h a l l ,  t he re fo re ,  go on t o . d e s c r i b e  t h e  cyclotron i r r ad ia -  

t i o n s  by which i t . .was  f i n a l l y  poss ib le  i n  .December, 1949 f o r  a group which 

incl.ude8.Ghiors0, Seaborg, and the  author,  t o  i d e n t i f y  an . i so tope  of the .e lement  

w i t h  atomic number 97 formed i n  t h e  bombsrdment of ~m~~~ w i t h  35 Mev helium 

i o n s  .I5 T h i s  was f ~ l l o w e d  a s h o r t  t i m e  l a t e r  by t h e  i d e n t i f i c a t i o n  b y  : s t r e e t  ,' 
Ghiqrsn, , Seaborg, and t h e  aut,hor, of- an i so tope  of element 98 prepared . i n  t h e  

16 bombardmept of ~ n i ~ ~ ~  w i t h  35 Mev helium i o n s .  .The . f i r s t  i d e n t i f i c a t i o n  

;experimeqt i n  t h e  .case  of element .98 involved t h e  production a n d  separa t ion  .of 

only a few thousand atoms. The reac t ions  involved a r e  summaritzed i n  t h e  follow- 
?, 

ing  s l i d e  ( ~ i ~ .  3 ) . 
Am2" + He 4, -> 95. 2 '  978k243 + 2n 

. (4.6 ,hours,. ~ / c E 1 0 3  ) 

(45 minutes, a) 
Figure 3 

g .  f ~ ' 4 1  



.Berkelium was found t o  have oxidat ion  s t a t e s  (111) and (IV) of 

s t a b i l i t y  qui te  similar t o  t h e  .corresponding s t a t e s  of cerium.16 T t  should be 

mentioned t h a t  t h e  success fu l  handling i n  .a sa-fe manner of t h e  - l a rge  amounts 

of r a d i o a c t i v i t y  i n  t h e  t a r g e t  mater ia l  was made poss ib le  through t h e  use of 

t h e  exce l l en t  p ro tec t ive  equipment provided by Nelson Garden and t h e  members 

of t h e  Health-Chemistry Group a t  our Laboratory. 

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

. c i t y  where - the  work was done, in .analogy w i t h - t h e  naming of i t s  chemical homo- 

logue .terbium, which w a s  named a f t e r  t h e  town .of .Yt terby in,,Sweden ,where t h e  

. r a r e  e a r t h  minerals were .first  .found. . The name :"californium" (symbol .Cf) was 

suggested f o r  element 9 8  i n  honor of t h e  Universi ty and . .S ta te  where. . t h e  work 

was done, thus  abandon ing , in . th i s  case the.custom of naming an element i n . t h e  

same.way a s  i t s  chemical homologue. 

Shor t ly  a f t e r  the.  .discovery of - berkeliuni: it became poss ib le  t o  produce 

i so tdpes  of cal ifornium using heavy ions  .17 , These experiments, i n  which 

uranium i s  bombarded with carbon ions,18 l e d  t o  t h e  production o f  ca l i fo rn ium 

, isotopes according t o  t h e  r eac t ions  given i n  t h e  fol lowing s l i d e  ( ~ i g .  4) .  

(45 minutes, a )  

. (36 hours, a)  

Figure 4 

The . f a c t  t h a t  t h e  transuranium elements a r e  members of a t r a n s i t i o n  

s e r i e s  s i m i l a r  t o  t h e  r a r e  ea r th ,  o r  lanthanide ,  s e r i e s  i s  use fu l  i n  p red ic t ing  

t h e  ,chemical p r o p e r t i e s  of . t /hese elements be fo re  they a r e  a c t u a l l y  de tec ted .  

This p a r t i c u l a r  p a t t e r n  .of s i m i l a r i t y ,  was t h e  key t o  t h e  discovery of elements 

95 and 96 (americium and ,curium) and has been e s s e n t i a l  t o  t h e  discovery of  the  
r 

t ranscurium elements. ,S ince  . a l l  . the  elements beyond act inium seem t o  belong t o  
. . 

t he  . a c t i n i d e  group. (a name .chosen -by analogy with t h e  lanthanide  group), t h e  

.elements thorium, protactinium, and .urani.um have been .removed from t h e  pos i t ions  

they occupied i n  t h e  I?eriodic,Table before  1939 and placed i n  . t h i s  t r a n s i t i o n  



family; a s  we sha l l  see, elements 104 ,  105, and 106 w i l l  presumably take over 

t he  posi t ions  previously held .by thorium, protactinium, and uranium. Thus we 

have t he  i n t e r e s t i ng  r e s u l t . t h a t  .the newcomers have affected t h e . f a c e  of the  

.Periodic Table, and .a change .has been made a f t e r  many years  during which it 

seemed t o  have assumed i t s  f i n a l  form. 

Last year :B. B. Cunningham and t h e  .author . succeeded i n  . i so la t ing  

,berkelium .(atomic number 97) and californium (atomic number 98) i n  .macroscopic 

or  weighable.amounts f o r  t h e  f i r s t  time. In.Apri1, .1958 we i so la ted  0.23 micro- 
249) grams of berkelium . (as  Bk . which had .been .formed .as a . r e s u l t  of t h e  

i r rsdia t , ion .of abourt .8 grams of PuZ3' and i t s  transmutation products with 
. . 

neutrons f o r  approximately f i v e . y e a r s  in . the .Mater ia l s  Testing :Reactor (MTR) a t  

Arco, , Idaho. The f i r s t  macroscopic quanti ty of ,cal ifornium . i so la ted  was 

obtained i n  Ju ly  1958 and consisted of 0.06 micrograms of a mixture of the  

isotopes ~ f ~ ~ ~ ,  , ~ f ~ ~ ~ ,  Cfa51, and ~f~~~ which had been prepared by t h e  same 

method a s  the  berkelium. 

With these  materials  we measured the  magnetic s u s c e p t i b i l i t i e s  of t he  

t r i p o s i t i v e  ions of berkelium and californium over the  temperature range 77 t o  

298' K. The r e s u l t s  obtained i n  both invest igat ions  agree very well with those 

expected fo r  berkelium and californium and a r e  consis tent  only with t h e  f i l l i n g  

of t he  "5f" e lect ronic  s h e l l  i n  t he  ac t in ide  elements. 

The absorption spectra of the  ions ~ k ' ~  and ~ f + ~  i n  aqueous solut ion 

have been studied a l so .  Visual observation f a i l e d  t o  reveal  absorption f o r  

e i t h e r  ion i n  t h e  region from about 4600 t o  7400 A, but  a photographic method 

has shown tha t  broad and quite f a i n t  absorption bands occur i n  californium 

around 7800 and 8300 A. 

Einsteinium ,and .Fermium 

Another example of t h e  unexpec,ted i n  science i s  i n  .the discovery of 

elements 99 and 100. The. seventh.and eighth.transuranium elements were found 

i n  debris  from t h e  "Mike" thermonuclear e ~ ~ l q s i o r i ~ ~  which took place i n  t h e  

Pac i f ic  i n  .November of 1952. Debris from the  .explosion was col lected f i r s t  on 

. f i l t e r  papers at tached t o  drone.airplanes which flew through the  clouds and, 

l a t e r  in.more s u b s t a n t i d  quantity, gathered up .as  f a l l o u t  materials  from t h e  



surface  of a  neighboring a t o l l .  This  debr i s  was brought t o  t h e  Uni ted 'S ta tes  

f o r  chemical . inves t iga t ion  i n  a  number of l a b o r a t o r i e s .  

I n i t i a l  inves t iga t ion  . a t  the.Argonne National.Laboratory in.Chicago and 

a t  t h e  Los-Alamos S c i e n t i f i c  Laboratory of the  .University of:California i n  New 
- 

Mexico l e d  t o  t h e  unforeseen observat ion  of heavy iso topes  such a s  Pu244 and 
. . 

~ u ~ ~ ~ .  A t  t h a t  tirne,th& :heaviest known isotope  of plutonium was Since 

t h i s  pointed . to ' . t he  capture of many successive neutrons by t h e  u~~~ i n  t h e  

device .and .thus t h e  presence ..of neutron-excess i so topes  i n  g rea te r  abundance 

than .expected, a  group a t  t h e  .University of :California Lawrence .Radiation 

.Laboratory under took. to  look f o r  i so topes  of t ranscal i fornium elements i n  . t h i s  

ma te r i a l .  Ion-exchange experiments of t h e  type based upon the .analogy between 

t h e  .chemical behavior of a c t i n i d e  .and -1anthanide elements immediately demons'. 
* 

s t r a t e d  the  exis tence  of a  new element. La te r ,  i n  order  t o  secure a l a r g e r  

amount of source mater ia l ,  it .was necessary t o  work up many hundreds of pounds 

. o f . c o r a l  from one of t h e  a t o l l s  adjo in ing t h e  explosion area .  Without going 

i n t o  t h e  d e t a i l s ,  it may be pointed out  t h a t  subsequent .experiments involving 

t h e  groups a t  t h e  t h r e e  l a b o r a t o r i e s  l e d  t o  the  p o s i t i v e  i d e n t i f i c a t i o n : o f  

i so topes  of elements 99 and ,100. . A  twenty-day a c t i v i t y  emi t t ing  a l p h a ,  

p a r t i c l e s  of .6.6 Mev energy wa's i d e n t i f i e d  a s  an isotope of  element 99, (E 253) 

and .a 7.1 Mev alpha a c t i v i t y  of 16 hour  ha l f  . l i f e  was i d e n t i f i e d  . a s  an . isotope 

of element 100 ( ~ m ~ ~ ~  ) .   he successive instantaneous capture of many neutrons 

by,  U238 i s  i l l u s t r a t e d  i n  t h e  next  s l i d e  (Fig. 5 ) .  The heavy uranium i s o t o p e s  

decayed i n t o  t h e  i so topes  above them.by t h e  emiss ion.of  negative beta  

. p a r t i c l e s .  The o r i g i n a l  data a r e  p l o t t e d  i n  . the  usual  -method i n  s l i d e  6 i n  

.which it can .be seen .by comparison .with s l i d e  7 t h a t  element 100 f a l l s  very 

approximately i n  . the predic ted  eka-erbium pos i t ion  and element 99 f a l l s  i n  t h e  

eka-holmium pos i t ion .  -The f i r s t  i d e n t i f i c a t i o n . o f  element 100 was made wi th  

about 200 atoms only. The most s t r i k i n g  previous accomplishment i n  . t h i s  

category was t h e  p o s i t i v e  i d e n t i f i c a t i o n . o f  element 98 wi th  a t o t a l . o f  about 
I 

7OOOatoms. 

The .two elements were discovered by Ghiorso, t h e  author and co-workers 

a t . t h e  t h r e e  l a b o r a t o r i e s .  .We suggested f o r  element 99 t h e  name e i n s t e n i u m  

(symbol .E)  i n  . the honor of t h e  g r e a t  phys ic i s t ,  :A lbe r t -E ins te in ,  and f o r  element 



100 t h e  name fermium (symbol . ~ m )  i n  honor of t h e  f a t h e r  of t h e  atomic age, 

Enrico ,Fermi. 

Before d e c l a s s i f i c a t i o n  and t h e  subsequent announcement of t h e  

o r i g i n a l  discovery experiments could.be.accomplished, i so topes  of elements 99 
and 100.were ' syqthes ized by a number of o the r  methods. . .Chief  among these.was 

t h e  method.of successive neutron capture a s  t h e  r e s u l t . o f  . intense neutron 

. i r r a d i a t i o n  . in . the  .high-flux .Materials  Tes t ing  .Reactor (MTR) a t  t h e  National  

Reactor Tes t ing  S t a t i o n  i n  Arcb, 1daho. 20 J 21 A diaeram which i l l u s t r a t e s  t h e  

. m u l t i p l i c i t y  of nuclear  r eac t ions  which take  place i n  t h i s  method of producti.m 

i s  shown . i n  ,Sl ide .8 ( ~ i g .  8). The d i f fe rences  between t h i s  method of produc- 

t i o n  .and . t h a t  of  t h e  Mike .thermonuclear explosion . a re  of time requi red  and .of 

s t a r t i n g  mater ia l .  I n  a r eac to r  it i s  necessary t o  bombard gram q u a n t i t i e s  of  

plutonium .for  two o r  tin-ee yeais; .thus t h e  s m r t - l i v e d  intermediate i so topes  of 

t h e  various e3emeqts have an .opportunity t o  decay. I n  t h e  fus ion- f i s s ion  

.device l a r g e r  amounts of uranium were subjected t o  an extremely h igh neutron 

. f l u x  . fo r  a period of microseconds; t h e  .subsequent beta-decay of . t h e  ultra-heavy 

isotopes of uranium l e d  t o  t h e  nucl ides  found i n  t h e  -debr is .  

. S l i d e  No. g . ( ~ i g .  9 )  gives a n l n d i c a t i o n  of t h e  time requi red  t o  prepare 

t h e  nuc l ides  ~ m ~ ~ ~ ,  ~f~~~~  and..^'^^. It c a n  b e  seen t h a t  by s t a r t i n g  wi th  oqe 

kilogfam o f  Pu239' i t  would requ i re  approximately f i v e  t o  t e n  years  t o  produce 

about one milligram o f  . ~ f ~ ~ ~  u s i n g  a neutron f l u x  o f  3 x 1014 neutrons p e r .  

square .centimeter per  second. I n  . the  .United .S ta tes  we .have a program i n  

progress f o r  t h e  production.of  milligram amounts of berkelium and cal ifornium, 

and microgram .amounts of einsteinium. Einsteinium i s  probably t h e  only 

remaining transuranium element capable of being i s o l a t e d  i n  macroscopi? 

amounts ( a s  t h e  280-day i so tope  E~~~ o r  t h e  20-day i so tope  E ~ ~ ~ )  b u t  no t  y e t  

so  i s o l a t e d  by t r a d i t i o n a l  methods. Fermium and higher elements a r e  not  

expected t o  have i so topes  with s u f f i c i e n t l y  long h a l f - l i v e s  t o  permit t h e i r  

i s o l a t i o n  i n  macroscopic quant i ty ,  although new techniques permi t t ing  s p e c i a l  

.measurements a r e  poss ib le .  

Mendelevium 

The synthes is  of element 101  was planned and accomplished wi th  only 
9 about 1 0  atoms of t a r g e t  einsteinium (E 253), too  small an amount t o  be 



.weighable. . A r e c o i l  .technique .was used . t o  achieve t h e  primary separa t ion  .of 

element 101  from t h e  einsteinium .in . the . t a r g e t .  . The. .einsteinium .was e l e c t r o -  

p la t ed  .on .a gold f o i l  i n  an invisibEy t h i n  . layer .  . The helium-ion .beam was . skn t  
-. . through t h e  back .of t h e  f o i l  s o  t h a t  the .a toms of element l O l , . r e c o i l i n g  

because of t h e  momentum .of . t h e  .impinging helium .ions, could .be caught .on .a 

second t h i n  gold f o i l .  This second gold . f o i l ,  , conta in ing , r e c o i l  atoms, y e t  

r e l a t i v e l y  f r e e  of t h e  . t a r g e t  einsteinium, was dissolved .and t h e  .chemical 

, separa t ions  were performed. Very s e n s i t i v e  methods were a v a i l a b l e f o r  t h e  

detectioni..of i so topes  decaying by a lpha-pa r t i c l e  emission .or  by spontaneous 

f i s s i o n .  These methods were so e f f i c i e n t  t h a t  a s  l i t t l e  a s  one o r  two atoms 

1 .  of element 101 per  experiment were detected.  

The experiments r e ~ u l t e d  i n  . the  observation of l a r g e  pulses  due . t o  

spontaneous f i s s i o n .  .Chemical .experiments showed t h a t  the.spontaneous f i s s i o n  

counts occurred i n  chemical f r a c t i o n s  corresponding approximately t o  element 

,100 o r  101. . The spontaneous f i s s i o n  . a c t i v i t y  i n  .both '  t h e  element ,101 and ,100 

f r a c t i o n s  decayed .with a ha l f  -1if e of  about . th ree  .hours. It .was proved t h a t  

t h e  i so tope '  of element 1 0 1  .has t h e  mass number 256 .and decays by e lec t ron  

c a p t u r e  wi th  a h a l f - l i f e  of t h e - o r d e r  of an hour ,  t o  t h e  i so tope  Fm256 which 

is  responsible f o r  t h e  :spontaneous f i s s i o n  .decay. 

.The .discoverers2'  coqs i s t ing  of A. G h i o r q  B. G. Harvey, G. R .  choppin, 

.G.  T . .  Seaborg, and .the .author gave t h e  new element t h e  name mendelevium .in . , 

recogni t ion  of the. pioneering r o l e  .of Dmitri.Meqdeleev, who was t h e  f i rs t  t o  

use the  per iodic  system.of t h e  elements t o  predic t . the .chem*al  p r o p e r t i e s  of 

uqdiscovered.elements. .Subsequent experiments using l a r g e  amounts of 

einsteinium i n  . the  . t a r g e t  .have . l e d  . t o  t h e  production o f .  over one thousand .atoms 

.of mendelevium. Mendelevium .is a . t y p i c a l  t r i p o s i t i v e  a c t i n i d e  element and a 

t r u e  eka-thulium, . a s  i l l u s t r a t e d  . i n .  Sli .de .10 ( ~ i g .  1 0 ) .  

Element 102 

The discovery of  element 102 was announced i n  1957 a s  t h e  r e s u l t  of 

work done a t  t h e  Nobel I n s t i t u t e  f o r  Physics i n  Stockholm by a team of 

s c i e n t i s t s  from Argonne National  Laboratory, The Atomic-Energy Research 

Establishment a t  Hamel l ,  and t h e  Nobel I n s t i t u t e .  23 An i so tope  of. t h e  element 



w a s  repor tedly  produced .-by bombardiqg ~8~~ with cyclotron-produced C 13  (+4) 

ions and .which .decayed with a h a l f - l i f e  of  about t e n  minutes by the.  emission 

of 8.5 Mev alpha p a r t i c l e s .  It has not  -oeen poss ib le  t o  confirm t h i s  discovery 

i n  experiments performed a t  t h e  University o f . C a l i f o r n i a  Lawrence Radiat ion 
- 

Laboratory. In  Apr i l  1958, a group cons i s t ing  of Ghiorsq T. Sikkeland, J. R.  

. . 
.- Walton, .and .Seaborg a t  t h e  .Lawrence .Radiation .Laboratory i d e n t i f i e d  t h e  i so tope  

. - . . 
. . 1 0 2 ~ ~ ~  3s a product of t h e  bombardment of .Cm246 w i t h  ,c12 ions acce le ra ted  i n  

- - .  246 1 2  
. . . t h e  new Heavy Ion .Linear Accelerator  the re .  25  h he r e a c t i o n  i s  Cm ( C  ,4n) . . . ." . . .. 

. F .  C 
''.2 5 4 

. . _ .  . . 
. 2 ). . The element 102 isotope decay.s by a lpha-pa r t i c l e  emission with a ha= 

- , - . .;. ", 

. .::.!a ''z;....:.&~~'s'.~life of about 3 seconds. It .was detec ted  by t h e  chemical i d e n t i f i c a t i o n  .of its , . ..,.v.,L2,. 
z... :.w.:'?;** -,g:-:., 7;+crz. . - 

1% .:..:-.'" :7/" ._, .,...known , da ughter . F '  z 50 
.a,q. ,.+.:; ; . . . , t h e  atom of t h e  daughter element being separa ted  from t h e  

lp9kp~T;,;;~;~;;y: : - , , . ' .. .. - . . -.. .) 
' . .. ~ 2 . .  .. .:.. parent  element 102 by t ak ing  advaqkage of t h e  r e c o i l  due t o  element 102 .alpha- 
=, : ''- -. -. : ,.,. , 'i.. ' .:; ' . . j ' i  

ht. .a,* zC-'.. '  .+.... decay. . :  
e. 

i. ' . .F lerov and h i s  group i n  t h e  USSR have produced an isotope,  emi t t ing  

8.8 ,* 0.5 Mev alpha parMcl6s ,  i n  t h e  bombardment of  ~u~~~ w i t h  h igh energy 

.0l6 ions  accelera ted  i n  t h e i r  cyclo t ron.  25 T h i s  product was separa ted  from t h e  

t a r g e t  by t h e  r e c o i l  technique and t h e  energy of t h e  alpha p a r t i c l e s  was 

measured by use of a photographic emulsion technique. No chemical i d e n t i f i c a t i o n  

was made. This alpha a c t i v i t y  observed i n  t h e  USSR i s  due t o  t h e  i so tope  

1 0 2 ~ ~ ~ ~  according t o  experiments by Ghiorso and co-workers a t  Berkeley. 

Future .Developments 

. 1 t . p r e s e n t l y  appears poss ib le  t h a t  new t ranspanium.elemeqts  can .be  

prepared and i d e n t i f i e d .  S tudies  of t h e  known isotopes  of  t h e  transuranium 

.elements have permit ted t h e  p red ic t ion .o f  t h e  decay: ,propert ies  of new isotopes. 

Pbr d.ecay by bnt%algha-pakticle  emission ,and spontaneous ' f i s s i o n ,  t h e  
ee 

r e g u l a r i t i e s  haveAfound t o  be  g r e a t e s t  f o r  nuc le i  which c o n t a i n . a n e v e n  number 

of neutrons and.an.even.number of protons, thus  making p red ic t ions  of t h e  

p roper t i e s  f o r  undiscovered i so topes  of t h i s  type  more c e r t a i n .  The ratescdf 

decay by a lpha-par t ik le .emiss ion and by spontaneous f i s s i o n  a r e  slower f o r  

isotopes having an .odd number of protons o r  an .odd number of both  protons and 

neutrons. ~ n f o r t u n a t A 1 ~  . f o r  t h e  prospect  of producing even higher elements, 

t h e  p red ic t ioqs  suggest shor te r  h a l f - l i v e s  a s  atomic number increases .  By t h e  



time elements 104 and ,105 a r e  reached, we s h a l l  probably f i n d  t h a t  t h e  longes t -  

l i v e d  i so topes  t h a t  can b e  made may not  e x i s t . l o n g  enough f o r  chemical 

. i d e n t i f i c a t i o n .  I n  . the  .case of .':element 104, t h e  predic ted  .ha'lf - l i v e s  of t h e  

longes t - l ived . isotopes a r e  .measured i n  seconds o r  minutes and . fo r  element 105 
r' 

in- 'seconds. It should.be mentioned, however, t h a t  any of these  nucl ides  can 

. . - - have a , s p e c i a l l y  hindered.decay, leading t o  longer h a l f - l i v e s  t h a n . t h o s e  

predicted.  It seems t h a t  t h e  time .has come .when . the  .bas ic  c r i t e r i o n  f o r  t h e  
. . 
, ..- -discovery of a  qew element, namely chemical ident  i f  icat i ,on .and separa t ion  .from 

.,, . . , a l l  previously known .elements, must .be khanged. Careful  .measurements of decay 

p roper t i e s  and producticol y i e l d s  and mechanisms, .and. t h e  .c lever  use of r e c o i l  
? -.: 
*... . -? . . .  

techniques, should eventual ly al low t h e  extension .of e f f e c t i v e  i d e n t i f i c a t i o n  
, ,< 
r . .  
!..-" . . . 
-, -. - beyond . the heav ies t  now known. - 

The p red ic t ion  of the  chemical p r o p e r t i e s  o f  elements beyond mendelevium 

seems t o  be qu i t e  s traightforward,  and I s h a l l  give a very b r i e f  summary of 

t h e i r  expected p roper t i e s .  Element 103 should complete t h e  a c t i n i d e  s e r i e s ,  

and it i s  expected t h a t  elements 104, 105, -106, e t c . ,  w i l l  be f i t t e d  i n t o  the  

.Periodic Table under hafnium, tantalum, tungsten,  e t c .  The f i l l i n g  of t h e  6d 

e lec t ron ic  s h e l l  should be followed by t h e  add i t ion  of e l ec t rons  t o  t h e  7p 

s h e l l ,  with the .a t t a inment  of t h e  r a r e  gas s t r u c t u r e  by hypothet ica l  element 

118. . Element ,102 .might 3.be .expected t o  have a s t a b l e  . t r i v a l e n t  oxidat ion  . s ta te  

and a somewhat uns tab le .b iva len t  s t a t e .  T h e . s t a b i l i t y  of t h e  b iva len t  s t a t e  may 

be r e f l e c t e d  i n  t h e  p roper t i e s  of t h e  me ta l l i c  s t a t e  of t h e  element, r e s u l t i n g  

i n  an unusually low densi ty and a r e l a t i v e l y  high v o l a t i l i t y .  Element 103 m i g h t  

be exp'ected %,a have only a t r iva lea i t  oxidatiion,stdte':(-. Element 104 should be 

lexcluslvely t e t r a v e l e n t  i n  aqueous so lu t ion  and should resemble i t s  homologue hafnium. 

I have not  ye t  discussed t h e  methods by which these  new elements may be 

synthesized.  The p o s s i b i l i t y  of preparing transfermium elements by the  process 

of mul t ip le  neutron capture  a s  a  r e s u l t  of in tense  neutron bombardment over 

long periods of time i s  almost precluded by t h e  f a c t  t h a t  some of t h e  i n t e r -  

mediate i so topes  have h a l f - l i v e s  so  shor t  a s  t o  p r o h i b i t  t h e i r  presence i n  such 

appreciable  concentra t ions  a s  a r e  required.  There i s  however, another  type  of 

nuclear  r e a c t i m  t h a t  o f f e r s  promise f o r  t h e  production of elements h igher  i n  

atomic number than those  now known. This i s  t h e  method of bombardment w i t h  



heavy ions  which-was mentioned e a r l i e r  i n  my t a l k .  Reactions of t h i s  type have 

a l ready been observed i n  many l abora to r i e s ;  i so topes  of cal ifornium, einsteinium, 

and fermium have been produced by t h e  bombardment of uranium with carbon ions, 

n i t rogen ions,  and oxygen ions r e spec t ive ly .  These ions can be acce le ra ted  i n  

conventional cyclo t rons .  A l i n e a r  a c c e l e r a t o r  capable of producing s u b s t a n t i a l  

beams of al l tkietheavy ions up t o  neon and, possibly,  usable beams of ions  a s  

heavy a s  those  of argon has been const ructed  a t  the  Univers i ty  of Cal i fornia  a t  

Berkeley. A s imi la r  a c c e l e r a t o r  i s  i n  operat ion a t  Yale Universi ty.  Sbviet  

s c i e n t i s t s  have alsoghown a g r e a t  i n t e r e s t  i n  heavy ions  and t h e i r  app l i ca t ion  

t o  t h e  syn thes i s  of transuranium elements and acce le ra to r s  f o r  heavy ions  a r e  

under cons t ruct ion .  Even with t h e  use of heavy ions,  however, t h e  source of 

t a r g e t  mater ia ls  w i l l  p resent  se r ious  problems. New, expensive, high-flux 

reac to r s ,  producing 1015 t o  neutrons per  square centimeter  per  second a r e  

needed i n  order  t o  prepare even mil l igram amounts of berkelium, cal ifornium, 

and einsteinium with a reasonable space of time. 

This s h o r t  l e c t u r e  has, of neceskity,  omitted even reference  t o  many 

of t h e  important a spec t s  of the  transuranium element f i e l d .  I n  p a r t i c u l a r ,  

it has not  been poss ib le  t o  capture t h e  i n t e r n a t i o n a l  f l a v o r  of t h e  work which 

has gone on i n  r ecen t -yea r s .  The emphasis has been on t h e  h i s t o r i c a l  aspects ,  

and t h e  p o s s i b i l i t i e s  f o r  f u t u r e  advances i n  t h i s  f i e l d .  Much of i n t e r e s t  

could be  t o l d  of t h e  methods of production and of t h e  many new long-l ived 

i so topes  which a r e  becoming a v a i l a b l e  i n  .weighable ,amounts. The nuclear  
I 

proper t i e s ,  which were-barely mentioned, a r e  of  grdat  i n t e r e s t .  Over 80 i so topes  

of t h e  transuranium elements a r e  now known. The decay p r o p e r t i e s  of these  have 

been of g r e a t  importance f o r  t h e  development of t h e  Copenhagen schoo l ' s  un i f i ed  

model of the  nucleus, and t h e  induced and spontaneous f i s s i o n  p roper t i e s  of 

such i so topes  a r e  very important t o  t h e  f u t u r e  development of a s a t i s f a c t o r y  

understanding of t h e  f i s s i o n  process.  In  t h e  l a t t e r  connection, I would l i k e  

t o  emphasize t h e  advantage of using i so topes  such  a s  ~f~~~ which decay by spon- 

taneous f i s s i o n  and can be produced i n  r e l a t i v e l y  l a r g e  amounts a s  sources f o r  

t h e  inves t iga t ions  of t h e  f i s s i o n  process.  S ign i f i can t  break-throughs i n  our 

understanding of t h e  f i s s i o n  process may r e s u l t  from experiments now i n  progress 

and t h e r e  may be many important app l i ca t ions .  
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MASS NUMBER (A) 

,?. Fig .  5 Tluclear r e a c t i o n s  f o r  t h e  product ion of elements 99 
and 100 i n  t h e  "Mike" thermonuclear explosion.  The heavy 
uranium i so topes  ~ 2 3 9  t o  ~ 2 5 5  were formed by t h e  
ins tan taneous  a d d i t i o n  of neutrons t o  ~ 2 3 8 .  I so topes  of 
higher  atomic number r e s u l t e d  from t h e  emission of 
nega t ive  be t a  p a r t i c l e s  from t h e s e  uranium i so topes .  
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Fig .  6 E lu t ion  of elements 99 and 100 r e l a t i v e  t o  o t h e r  
a c t i n i d e  elements.  The cation-exchange r e s i n  Dowex-50 
was used and t h e  e l u t i o n  was performed a t  87Oc us ing  
ammonium c i t r a t e  s o l u t i o n .  
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Fig .  7  R e l a t i v e  e l u t i o n  of homologous a c t i n i d e s  and l an than ides  
i n  an experiment performed i n  1950. The p o s i t i o n s  p r e d i c t e d  
f o r  t h e  then  undiscovered elements 99 through 103 a r e  
shown by d o t t e d  l i n e s .  The ca t ion -exchange . r e s in  Dowex-50 
was used, and t h e  e l u t i o n  was performed a t  8 7 ' ~  wi th  
ammonium c i t r a t e  bu f fe red  w i t h ' c i t r i c  a c i d  i n  t h e  case  
of t h e  a c t i n i d e  elements.  The da t a  on t h e  l an than ide  
elements were obta ined  us ing  t h e  same r e s i n  and e luan t ;  
t h e  e l u t i o n  was c a r r i e d  ou t  a t  100°C. 
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Fig .  8 Nuclear r e a c t i o n s  f o r  t h e  producti'on of heavy i so topes  
by i n t e n s e  neutron i r r a d i a t i o n  i n  t h e  Mate r i a l s  Tes t ing  
Reactor  a t  Arco, Idaho. 



TIME (YEARS) 

Fig.  9 Production of heavy nucl ides  by  t h e  i r r a d i a t i o n  of Pu 239 

a t  a f l u x  of 3 x l 0 ~ 4 ' n e u t r o n s  per  square centimeter  per  
second. 
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Fig .  10 '  E l u t i o n  of  t r i p o s i t i v e  l a n t h a n i d e  and a c t i n i d e  i o n s  
from Dowex-50 ion-exchange r e s i n  w i th  a.monium a-hydroxy- 

' . i s o b u t y r a t e .  The p r e d i c t e d  p o s i t i o n s  f o r  e lements  102 
and 1 0 3 , a r e  ind ica ted . .by  d o t t e d  l i n e s .  
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