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In hi8 relatively short life of fifty-seven years, Erned t  O r l ~ d o  

L ~ w r e n c e  accornplitihed rnore than one might bulieve postlibla in a lite 

twice as long, The important ingredients af his succeas  were native 

irigeiiuity arid basic good judgment in science, great s tamina,  ELYA en*' 

thusiast ic  and outgoing personality,  and a senole of integrity that was 

Q v B r whelming , 

Many ar t ic les  on the life and acconzplivhments of Ernetic 

Lawrence have been published, arid George Herbert Childo ha$ written 

a book-length biography, 'I'his biographical memoi r ,  however, has 

nut made M E !  of any sources other than the author' Y menzury of 

Ernes t  Lawrence and of thirib;tj learned from him, 

picture  wi l l  emerge when Harbert Childu'. biography io pub* 

A m o r e  La1ui)ccCt 

l ished;  this sketch tijinply showrj how Ernedt; Lawrence loolcdd to one 

of his many friends, I 

! 

I 

Lawrence wad born iu  Cai i to~ ,  South Dakota, wlier& his Patlrcr 

wa8 rruperiaterident of B C ~ I O O ~ Y ~  

pavion was Merle Tuve, who went on to establ ish a reputatiorl for , 

scient i f ic  ingenuity and daring,  much l ike  that of hiti boyhood chuni,~ 

Together, Lawrence and Tuve built and flew glidcr8,  and they C O X -  

lhborated in the construction of a v e r y  early short-wave radio trans- 

As a boy, Lawreneel s consttiit  coni-  
I 

I 



naitting station. 

work--Lawrence was the f i r s t  man ,to acce lera te  par t ic les  to  high 

energy  by the application of short-wave radio techniques,  and Tuve, 

with S r e i t ,  was the f i r s t  to  re f lec t  short-wave radio pulses from the 

ionosphere, a technique that led direct ly  to  the development of radar. 

In tlic e a r l y  th i r t ies ,  Lawrence and Tuve were l eade r s  of two energet ic  

t e a m s  of nuclear  physicists.  

with his e lec t ros ta t ic  acce le ra to r ,  c a r r i e d  the friendly r iva l ry  of ' 

the i r  boyhood days into the formative s tages  of American nuclear  

physics,  and al1,nuclear physicists have benefited great ly  fi-om it, 

This experience can be seen  reflected in the i r  later 

Lawrence with his cyclotron, hlld Tuve 

Lrawrence began his college work a t  St. O la f ' s  i n  Northfield, 

MinJlesota, and then went back to the University of South Dakota for 

his 3. S. degree.  

kitchciiwarc to f a r m e r s  wives in the surrounding counties,  V e r y  few 

of the scielltific colleagues who admired  his effectiveness in se l l ing  new 

scieat i f ic  projects to foundation presidents  and government agencies  

knew that he had se rved  an apprenticeship in prac t ica l  salesmanship,  

many years befqre ,  And hdeecl,  it would be quite wrong t o  at t r ibute  

his l a t e r  successes  in this field to  any ea r ly  t ra ining - -  it was always 

obvious that he convinced his l i s t ene r s  by an infectious enthusiasm, 

born uf a s ince re  belief that his ideas were  sound and should be sup- 

ported in the best  in te res t s  of dcieizce and of the couiitry. 

He worked his way through college by soll ing 

\ 

I 

L 

Altllough Lawrence s t a r t ed  his college ca ree r  as a premedica l  

etudcill:, he switched to  physics under the guidance of, the talented 

teacller one so often finds in the background oE a famous sc imt i s t '  s 

c a r e e r .  In Lawrence ' s  ca se ,  this ro le  was played by Dean Lewis E. 

------ 
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Akelcy, who *,utored him. privately and sent him on t o  the 1Jnivc;rzity of 

Minnesota as a graduate stu.dent, 

.Dean Akelay'  3 pictuuc a?ways had the pla.ce of honor in  a gal le ry  thae 

included photographs of Lawrencc 6 sciexttifii: heroes  : Arthur  Coinpton, 

Niels Sohr ,  aid ETncst Ruthc:rford. 

I 

On the wall of .I.,awYence' Y office, 

At: nlirinesotit, L a , w r a n c e  Carrie undp,xb the ii~fl.uence of' P r o f e s u o . ~  

W. F. C. S w u m ,  arid when Swanxi. moved t o  Chicago and then went on t o  

Yale ;  Lawrence moved Imth times wi.th him. Law.reiice yeceived his 

first as a NationafIi.eaearch6 ~ ' e ~ o w ,  and finally a s  an ass i s tan t  

professorD 

little remained on the surface in ?6.s later years. 

E'r&xn this period of' his forimal training in physics, very 

T o  mozt .sf his col- 

l e a p e s ,  Lawrence appei-lrec.! to  have almost  an aversion TO mathe- 

mat ica l  thought. He had a. mast, u n u s u a J  intuitive approach t o  invoJ;ved 

physical  problems and when expl.aining new i d e a s  to him, one quickly 

learned not to befog the issue by wricing b W n .  ths clifferr:ntisl. equation 

that might appear to clar i fy  the situa.tiori. Lawreiice would s a y  sosne- _1 

, thing to the effect that he d.id.n' t want to  be bothered by the mathe- 
1 

' matical details, but "explain t h e  ~2?xai2j of the problem t o  :ne, " One 

coni5:etely he retained 'his  ski l l  i n  the rnatlieunati.cs of classical e l e h  ** 

t r ic i ty  and magnetismi. m his wa.9 one of 'the few heri tages  he brought 

from Lis apprenticeship with Wm E'" C. Swarm and the physics depai;t* 

i 
I 

ments of the .2920i s p  

m o r e  particularly,  the way h4e, did it - -  came from Iijrnse.lf8 nat from 

A.lmnast cvcrything that Jdawrence did - - #  and 

his t eache r s ,  



In 1928 Lawrence Ineft Y a k  for Serkel.c-y, where, two yea r s  

later at the age of 29 ,  he became the youngest f u l l  p ro fes so r  on t h e  

Dcrkeley  faculty, Xt is diflcu1.t lor one startirig on a YcientiIic cixyeer 

today to  appreciate  the courage it tooli f o r  him to  leave the securi ty  of 

a r i ch  and distinguished university and movt :  into what was 

a arnall'and only recent ly  awakeaed physics clepaz.tnzent. 

\dim he needed to  reassure himself that his judgment was good. even 

though it d i sagreed  with the clpinioiis o f  most  of his friends, he would 

r e c a l l  the universal ly  d i r e  predictions of his &stern friends; they ar 

greed  that his future was bright i f  he +tayed at Yale, but that  h,e wou1 

quickly go to seed  in  the ,l~unsC3.entiTic cJ.lj-na.tc 0.f the FVest. ' I  

but cofitrast', 

In l a t e r  l ife,  

The predictions OF a bright future  f o r  E rnes t  L,awrence w e r e  

Hi3 d.octor I s thesi B was in plzatoelectricity, solidly based. 

made the most prec ise  determination, t o  thai time, of the ionization 

potential. of the rnescu:gy atom,. 

he often depreciated this highly regarded .measurement, 

conceived ' l cor rec t  va1u.e" of the ioniza.tion potential. in. mind, and he 

would s a y  in a contri te rasnner  that he I.onked f u r  possible e r r o r s  O f t  

c o r r e c t  sign and magnitude ?,a xnake his  preconception come t rue .  

Later, ha 

'f;z Izi s charactaristi.cally candid manner ,  

We had a p r e -  
- ,  

1 

Every 

scient is t  has fought this battle with hirriaclf, but few have used them- 

selves as an example to  impress their students with the necess i ty  of 

absolute honesty in scientific inquiry.  Lawrence' s val.ue fo r  the ion 

i a t i o n  potential has stood the tes t  of time, hut he always shrugged it 

I 

. I  

off by saying lie was lucky; if he had looked h a r d  for  e r r o r s  of the 

opposite sign, he would have found them, ,tooU After this ea r ly  expcri-  

ence with looseness  in science,  Lawrence farmed the habit of c r i t i ca l ly  

I I 

I 

I -I---_- , 
I 
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examining any scientific rcsul.t, regardless of i t s  ori.gin, Hc applicd the 

saine rigid s tandards of c r i t i c i sm to his own work,  to t1ia.t of his a s s o c i -  

ates,  and tu the reports  f rom other laborator ies ,  Visitors sarrietirnes 

formed an early impress ion  that Lawrence was ovePly c r i t i cz l  of: the e k -  

pcr imenta l  results of others 

juniors to  cr i t ic ize  'his own worlc.with equal vigor,  

scienxific cbmmunity that did not encourage i ts  rnexnbcrs to c r i t i c ize  

each other '  s findings in an apen manner would quickly degenera te  into 

but they spon found he cncouraged his 

M e  believcd that a 

5 

an association of dilettantes. 

personal  reaction; he gave it UY r e c e i v e d  it without any feelings of 

hostility. 

of the profession who, in his opinion, drew unwarranted concPi~sions 

from each l%unip and wigg1.e" of a curve  obtained with poor  counting 

s ta t i s t ics ,  

ScientiSic criticism was wit11 hiin. an  j.m- 

I-Xe did, however, r e s e r v e  a bit of scorn f o r  some members 

Lawrence ' s  name is so  closely assoc ia ted  with the field of nuclaay 

physics in the minds of most  physicists today that it often comes as a 

s u r p r i s e  to  them to find that he hac1 a distinguished career  in  other 

branches of physics before he invented the cyclotron, M t e r  he n ~ ~ o d ,  

t o  California, he continued his work in  photoelectricity, snd together  

with his students published a number a% papers in this field,  It i s  dif- 

ficult for one not intirnately fami l ia r  with a pavtic:ular area of physics 
I 

to appra ise  the value of ano the r ' s  work in that  a r ea ,  But one can 4 a . h  
1 

s o m e  idea of the esteem in  which the work was held by examining the  
I 

' l i terature of the period, and seeing how often the work was r e fe r r ed  Lo 
1 

, by the exp'erirnenter' 5 peers, Fortunately f o r  tihis p'~l,rpose, an authorita- 

tive t r ea t i s e  on photoelectricity was published shortly af ter  Lawexice 

I 
I , 
I 





hig!i-spced osciPXoscopes and il host o f  auxil.iary equiprnwt,  such. as 

coaxial  cables and shielded connectors --none of which was availab!a to -- . i  

Beams and Lawrence, 

" In this period, Lawrence and Beams per fo imed their  wc?l-!cnowrr 

esper imant  of "clzupping up a photon. I t  The uncertainty pririciplrs states 

that the energy o f  a sys t em cannot be determined inore  accurately than 

about h./At2 where h is Planckls constant and At is the t ime  available , 

for  the -measurement, A nar row line in the optical spec t rum is n system, 

with a. very  small energy spread; each light quantum, o r  photon, h a s  the 

I 

sa.me energy  to within an uncertainty AE. Xdawrence and B e a m s  s lmwad  

I that i f  they dec reased  the ,time svsi lsble  for thc energy measurement 

(by turning the light on and off again in a snzall. t ime At) ,  the  width OS the 

spectral  line increased  as predicted by the uncer'tainty principle. 

not general ly  known that Lawrence played an important part in t h e  evo1.u.- 

t ion of the high-speed rotating top which  earns la ter  cleveloped S G  

beautifu1l.y. 

the f irst  refere'nce to the high-speed rotor i s  in an  abs t rac t  by Lawrencel  

I 

I 

1 ~ 

I 

! 

" I 
It: is 

I 

I 

I 

I 

1 
I 

But the bibliographies of Beams and. Lawrence show .ihaC 
- 

Beams, and Garrnan, dated I 9 Z S .  

As a resu l t  OS their  scientific col.labol*ati(>n, Lawrence and 3earrls I 
I 

became ve ry  c l o s e  personal  friencls, 

the i r  work, and toured Europe together, 

They took orre summer away f r o m  
I , 
I ! 

" 1  

Lawrence often r e f e r r e d  
I 

I nostalgically to  that period in his life, when he could t r ave l  and see1 the 
~ 

I sights without the responsibil i t ies of the speeches a.nd recepxions wlxich 

m a r k e d  his la te r  tours  in foreign lands, 

t I 
I 

Shortly before  Lawreqce left Yale, $e had an experience that i s  
I 

~ 

known to only a few of'his clove associates, but which, was ~l?zost; 
I ,  

I 
I I 
I 1 



\vas considered to  be a ra ther  irnpractica; d r e a m ,  because the basic 

e lement  was the rotatink scanning wheel., It was obvious to  everyone 

d 

I 

1 ,  

that this mechanical  device would limit the development of picture quality 

by res t r ic t ing  the n y i b a r  of "picture linqs" t o  Less than 100. 

esper ience  with. photoelectricity and the qewly developing cathode - r a y  

tube led h im30  believe that he could rna.ke a n  all-electronic television 

' system without rotating wlieels.. Ere quic$~.y put together a rudiwientary 

electronic television sys t em,  and being q u i t e  stire that he was not only 

the f i r s t  to  have the idea,  but also the f i r  t: to I'reduce it t o  pract ice ,  ' I  

he contacted a fr iend at tlze Bell Telephone Laborator ies .  

Lawrence say that he had, an,irnportant new idea in the fie1.d of televisiqn, 

his f r iend invited him down to the Bell Lhborator ies  to  ta1.k about it. The 

f r iend  took him through what Lawrence l i t e r  descr ibed  as a "whole f1aoT" 

full of electronic t,elevi.sion apparatus ,  with excellent pictures on cathade- 

r a y  tubes that were  beyond. anything he had imagined might ex is t .  

LawrenCe' s 

I 

I I 

I 

I 

. .  

I After hear ing 
I 

I 

I 

After 
I 

d r e a m s  of the financial reward  his invention would br ing him, i t  was a 

r e a l  shock for him to see  how far ahead a good industrial  laboratory 

could be in a field that was important  t o  i t ,  

t o  concentrate  on the thirigs thai; he ltnewlmost a'bout, and not to  dilute 

his effort  by competing in the cornmerciAl a r e a ,  He kept f i r r n l i  to  this I 

resolve until',the las t  decade o:f his l i fe ,  when he had received all the 

honor3 that were  available in the sci4ntifj.c world, 

of his crkativc ability to  the problenll c of color television, a field in which 

he contributed many new ideas,  

He resolved then and there  

I 

He then tu rned  some .. 
I 

' Paramount Pictures  supported an e k  
I *  

tensive development I of the llLawrenc,e tube, II OF vlCkromatron.  h the 
1 

I .  

I *  

tensive development I of the llLawrenc,e tube, II OF vlCkromatron.  h the 
1 
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last few years b l  his life, 1,aw:rence way issued (Xszeiis of p t e r i t S  on 

his iiiveiitions in t h e  ficld of culos  tc:l.ewision.. 

Since i t  hats m l ' j r  recertt1.y been considered ~ l respcc tab lc ' f  for I z. 

scient is t  to  hold pater?ts, i t  i s  worth  reviewing E ~ n e s t  L a w r e n c e '  s ;tttitud.a 

toward patents and the Iinsaci,alM rewards f r o m  inventions The cyclotron 

and the otlicr ~awrer r t ie  inventions of t he  prewar era were pacmted in 

Lawrence '  s name,  a d  assigned by him t o  the Resea rch  Corporn,tiov., No 

royai t ies  weye ever askaC by tlae Research Corporation,, and Lawrepcc 

encourage4 and helped scienti5t:J t!iraughout the world. t o  build cyclotrons. 

Lawrence wa5 legs1.ly the inventor of the Calutron isotope separator,  

but he assigncd the patent to the government fo r  the nomiaal onc dollar. 

Some of his coll.eagues i.n the atomic bomb project were av~b.rdecl l a r g e  

sums of money by the govsrnmc?nt fa r  the inl'rixigsnricnt of thei xi patents 

but Lawrence never  allswed his name t o  be used in any litigation, and 

thcrefare received no eompcn5at:on f o r  his w a r t h e  inventive e f for t s  

beyor ie  his nornml salary.,  Altlzuugh he grea t ly  enjoyed the luxuries 

that came with wealth, and encot raged  others t o  follow his example of 

inventing far profit: i n  peripheral  areas, he felt  that  i t  was unwise to  I 

fos te r  the patenting of scientific d i~cov ' e r i e s  or developments fo r  personal  

profit.  One 01 his greatest  acco-mplislunents was the encouragemcnc of 

s ~ i : ~ n t i f i c  colleagues 'to work cl:oscly together in an stmosglicre of complete I 

f r ec tom for  exchanging ideas ,  

L,awrencE: method, one can recall th:..t Roentgen spent severs1 weeks l in 

a detailed study of the psoperiies of x rays before he told the men in  

the adjacent research room8 of his d iscova ry ,  ) 

1 (As an ex t r eme  example of the p re  

Lawrence w a d  
I 

I 
I 
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acutely aware  of the change he had wrought in the; methods of doing 

physics, and was worried that patent consciousness might t u rn  back 

the pages of p rogres s ,  As he expressed  i t ,  a man would he very c a r e -  

ful how he talked over his new idaas if  the person  to  whom h e  was tal 

ixigh?. en large  on them aiid subs ccluently make a fortune from ir pa.tr;nt. 

\'Vhilc a t  New Haven, Lawrcnce was a frequcnt vis i tor  in the 

honw of Dr ,  George Blumor, Dean of the Yale  Medical School., 

soon obvious that he par t icular ly  enjoyed the company of the cldest  of 

the f o u r  Blurner g i r l s ,  sixteen-year-old Mary; o r  Molly a s  she is known 

It was 

' t o  all h e r  friends. '  They were  engaged i n  1 9 3 i ;  he returiied to  New 

Haven the next yea r  and brought her as his br ide to  Live in  8erke ley .  

Two y e a r s  l a t e r  Eric, the f i r s t  of the s ix  Lawrence children, was horn;  

h e  was followed b y  Margare t ,  Mary ,  Robert ,  Barbara, ancl Susan. I With 

E r n e s t  ancl the childi-en, Mo1l.y Lawrence c rea t ed  a horn-e that  was'faamous 

throughout the world of.physics Tor i t s  warmth  and hospitality. In it, 

they enter ta ined the steady parade of v i s i to rs  to  the Radiation Laboratory.  

In i 9 4 I a  Molly'  s s i s t e r  Els ie  became the wife .of Eclwin McMillan, the 

p resen t  d i r ec to r  of the .Laboratory. Completing the family group in  

Berkeley were  E r n e s t '  s parents ,  who set t led there when th.e e lder  Dr, 

Lawrence r e t i r e d  f r o m  his distinguished c a r e e r  in education, and 

E r n e s t ' s  b ro ther ,  John, whose pioneering ro le  in the medical  aspects  . 

of radiatioq is mentioned l a t e r  i n  this memoir .  

Lawrelice' s grea tes t  satisfactions must  have come from the knowledg 

that his m o t h e r ' s  l ife had been saved by radiation therapy, using the 

one-Arnil.2ioriwolt "Sloiln-Lawrence" x-ray machine at the University of 

' California Medical School. M t c r  Mrs. Lawrence had been told by many 

Surely one. of Ernes t  

, 

I 

I 



distinguished specialists that  she had an inoperable tumosp, shc was 

t r ea t ed ,  i1zorc: or l e s s  in desperat ion,  with the novel resonance tr'ans- 

f o r i z e r  device: which Lawrence and his co-workers ,  in the incredibly 

b c s y  clays of the early 1930' s t  had. ixista.lled in the Ssn Franc i sco  

Xospita;. 

Berke ley ,  twenty-one years a f t e r  Dr.  Robert  Stone treatecl her. ,with 

tlic only million-volt x r a y s  then available in  the world. 

At the ti'me of he r  s o n ' s  death, she  was still. living i n  

In the period when Ernes t  Lawrence was moving from New 

Haven to  Berkoley, physicists were excited by the news of the z l u d e a . ~  

t rmsfo rn ia t i ans  being achieved in  Lord Ruth.erfo:d' s C a v e d i s h  

L ~ ? m r ~ t o ~ y ,  a t  Cambridge, England. 

ar, important  segment of the future  of physics lay in  the. study of nu.- 

It was general ly  recognized that  

c l e a r  reac t ions ,  'but the tedious nature  of Rutherforc!' s technique (using 

the alpha particles f r o m  yadiuin) repel led must prospective nuclear 

physicis ts ,  

t r l ca l ly  acce le ra t ed  light nuclei  would, be rriore valuable than the world '  5 

total  supply of radium--if  the nuclear  par t ic les  had energies  in the 

ncighborhoad o.E, a nzillion electron volts. 

Simple calxulations showed that one microampere  of e?ec .. 

-4s a result: of such calcu- 

.Xztions, several  teams of physicis ts  set  about to  produce beams of 1 ' 

' 'A~i l l io?n-vol t  particles;, 'I Coclccroft and Walton at t!ie Cavendish 

LaSo=.atory used a cascade r ec t i f i e r  ~ 1 . ~ 5  a s imple  accelerat ion tub 

and although they  never  reached  the i r  initia.1 goal of a mill ion volts 1 'I 

they found that nuclear  react ions took place copiously at a few huil6fed 

kilo clcctsoxi volts. 
I 
I 

I 

Lawrence had spcnt enough t ime in  the study of s p r ! ~ .  dis-  ' 

charges  with the K o r r  e lcdtroapt ical  shut te r  t o  develop a v e r y  healrhy 

I 
I 



r e spec t  for  the spark-breakdown mechanism a s  a voltage Limiter, Ee 

followed the ear ly  work of Vnu de Graaff, whose e l ec t ros t  a t '  IC generator  

made spzc tacular  high-vol.tage s p a r k s ,  and the work of Brasch  and 

LanSeJ who at tempted to ha rness  lightning d ischarges  to  the a c c e k r a t i o n  

of charged part ic les .  A.lt?Lough he wallted to "get i n t o  the nuclear iSus1- 

n e s s ,  " tlrc avenues then. avai!.ab!c c'cidnl t appeal to  him, because they 

. all involved high voltages and spark  breakdown. 

It1 his e a r l y  bachelor days a t  Berkeley,  Lawrence spent many of 

his evenings in thk Iibrar.i/, reading widc!.y, both profesaionally and f o r  

recrea t ion .  Although Le had passed ?Gs French. and Ces.lrlzan r equ i r e -  I 

rnonts for  %he doctor's degree  by the slirnmest of .margins,  and con- 

sequent1.y had almost no facil i ty with ei ther  language, ha faithfully 

leafed through the hack i s s u e s  of the foi-eign per iodicals  ~ night after 

night. 

s e ldom consulted by physicis ts ,  'IArkiv f ir  E lec t ro t eh ik . ,  

across an  a r t i c l e  by R. Wider5c. enti t led,  I f h e r  e in  neues Prii izip ZUP 

HersteUung boher Spannungcn. 

understood t i t le  , and immediately,  looked at the i l lustrat ions.  

On one rnernorabla occasion, while browsing through a. jou-rnal 

he ca.me --- -(__--_I-.----*-."I 

J a w r e n c e  was excited by the eas i ly  
. I  

One 

showed the ,arrangement WiderGe had employed to  accel.era.te potassilnni 

ions to  50,000 electron volts,  usirig EL double acceleration f r o m  ground' 
I 

to  p*o~-ixl.d, through a "drift tu3et1 at tache4 to  a radio -frequency s o u r c e :  
I 

of 25,909 vo1.t~. Lawrence immediately sensed the importance 01 the 1 

I 
idea ,  and decided to  t r y  the obvious extension of the idea  ~ C J  many ac -  , 

cc lera t ions  through drift  tubes  a t tache4 al ternately to  two rad io- i re -  

cluency "bus bars. I '  Since he could do his own thinking fastcr than he 

could t r ans l a t e  W i d e r h ' s  classic paper ,  Lawrence had the p leasure  of 

I 
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I .  

independently a r r iv ing  at many of Widerije' s conclusiuns. It s t ruck 

' him alniost immediately that one might "wind up" a l inear  sccererq tor  

into a spiral. acce le ra tor  by putting it i n  a magnetic field. 

pa red  to  a r r a n g e  the rnagnetic fie12 to v a r y  in some znanncr with the 

rad ius ,  in o r d e r  that  the t ime of  rsvnlution of an ion wsuXd remain c o n -  

star,t as i t s  a rb i t  increased  in radius.  

showed that no rad ia l  var ia t ion of the magnetic field was needed--ions 

ir, a constant magnetic field c i rculate  with constant frequency, r e -  

gardless of the i r  energy. 

I-Ie >vas p r e -  

A simple calculation, on the spot, 

One of m y  most cherishec! xnemories is of a. Sunday afternoon 

in  the Lawrence living room, about fifteen y e a r s  ago, 

came  in t o  t e l l  his father that his *high school physics teacher  

Young Eric 
1 ,  

had assigned h im the responsibil i ty of explaining the cyclotron t o  his 

class. His fa ther  produced a pad of paper and a pencil, and while I 

pyetended to  r ead  a magazine,  but l istened twit11 o:ie ear,  he explained 

the cyclotron t o  his eldest  son. 

going slowly, they went around i n  little c i r c l e s ,  and when they were 

going f a s t e r ,  the magnet cou1dn't bend them s o  easi ly ,  so  they went 

134 told how when the par t ic les  were '  

in  'bigger c i r c l e s ,  and had f a r the r  to go, 

t h a t  the slow ions in tbe ' l i t t le  c i r c l e s  took the s a m e  time to go aroun6 

LSS t11c fast ions in  thc big circles, so  oiic c d u ~ .  pus11 iinc.I p1.1 on a.1.1 , OB 

thEm at the same r a t e ,  aad speed them all up. 

€0: a shor t  while, looked at his father  with adrr-iration, and said, ''Gee, 
I 
I 

Dac!dy, tha t '  s neat J l v c  always thought that  the Nobel Coinmitteq 

n?,ust have had something of that feeling when they voted the prize to 

E r n e s t  Lawrence, i n  l939. 

The intereesting thing was,  

PS Eric thought about 



According to  Lawrence,  an ion with a charge-to-mass ra t io  of '  

e/m will c i rculate  in  a magnetic field H, a t  an angular velocity u, given 

w = 2 ~ f  = (H/c) (e/nl) ; 

hore f is the rotatiohal frequency o f  the ion, i n  cycles per secondp  

anc! c is the velocity of light. 

c i rcu la tes  in a magnetic fisld,  one must impose on it a.n a l ternat ing 

e l ec t r i c  field of the aame frequency. 

"luck" in  Lawrences  s c a r e e r ,  i t  was the ready availabi.l.ity in  the 1 9 3 0 1  , 

of e lectronic  components appropriate  t o  the frequency range of about 

10 megacycles .  This is the freyukncy one obtains by substi tuting into 

the cyclotron equation the e/m 'value fo r  the hydrogen rmlecu la r  ion. 

1.f an  joii is to, be acce lera ted  as it 

If t he re  was any element  of 

. (or  the soon-to-be"-discovered deuteron) together wit11 the magnetic 

field s t rength  that i s  mos t  easi ly  obtained with an i ron-cored  e lec t ro-  

magnet.  

g rea t  (as it is f o r  the e lec t ron) ,  cyclotrons would probably not have 

appeared on the scene  until World W a r  TI had fathered the necessary: 

rnicsPowave osc i l la tors ,  

qualifying word "probably, ' I  but inserted,  it a f te r  recal l ing the many 

other  technical  innovations c rea ted  by Lawrence in his dr ive  to make 

Fad the calczzlated frequency turned. ozzt to  be 4.000 t imes  as 

I origi.nally wrote the last sentence wi.thout the 1 

, the cyclotron a; reali ty.  *He and his co-workers ,  M. Stanley Livingston 
0 

I 
1 
I 

' and David Sloan, found i t  necessa ry  to  develop and build the i r  own 

vacuum pumps and high-power osci l la tor  tu'bes , hecaus e none with the 

r equ i r ed  capacity was commercially availzble at a pr i ce  they could pay 

They w e r e  soon using the l a rges t  high-vacuum pumps in  t h e  world,  the 

' highest-power radio osci l la tors  e v e r  seen,  and t h e  Isrges'i magnet  then I 
' 

I 
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The' 27-inch cyclotron was  built with increc?iblc snccc! in an old.  

wooden buildix~g near  Le Cox~tc "all, the ho-me of the Fhysics  3c?n1-t- 

ment ,  and the birthplace of the smaller cyclotrons.  

Radiation Laboratory,  which was final1.y torn  d.own in 1959, was the 

first of the niaclern nuclear physics lcbora tor ies  --insti tutes IR which 

The old wooclen 

csperirnenta.l ists  collaborated on joint p ro jec ts ,  or workec? on t l leir  

own research  pro jec ts ,  as ,they saw f i t .  The, p e a t  ca thus iasm for  

physics  with which Ernes t  Lawrence charged  the a tmosphere  of the 

Labora tory  will  always l ive in the m e m o r y  of those who experienced i t ,  

The LeSoratory operated around the clock, seven days a week, and those 

w!lo worked. a mere seventy liaurs a week were  considered by the i r  

f r i w d s  to  be  llno'i very in te res ted  i n  physics.  

tor:J was r ea l ly  deser ted was for two hours every ,Monday night, when 

Lawrence! s beloved " ~ o u r n a !  ~lul0 '1  w i s  meeting. 

/ 

I 

The only time the La'bo*.a- 

~ c :  initiate?& this 

weekly meet ing when the cyclorron :ooked as though it might beco.me 

useful i n  nuclear  physics;  he .?.ncl '?is assoc ia tes  repor ted  t o  e a c l ~  orher  

. the  l c t e s t  ?uSlications i n  nuclcar physics,  s o  they would know what to  do 

when tlieir 3 e w  tools were  rezc2y. S 7 ~ t  soon the Sournal C1u.S became a 

f o r w n  in which the rapidly grcwing Laboratory staff discus sed their O L V ~  

d i scove r i e s  i n  radioactivity and. a l l ied fields. 

i The 27-inch cyc lo t ron- - la te r  converted to  a 3'7-inch pole dia- , . I 

meter -  --was originally used in studies of a r t i f ic ia l  t ransmutat ions in-  I 
I 

duced by high-energy nrotons. 

d.euterium by Urey in 1932, PrGfessor G. N. Lewis of the Chemis t ry  

Department  supplied the*laborntory with a few drops of heavy water', 

and Lawrence,  Lewis,  and Livingston observed the f i r s t  react ions 

Imimedistely a f te r  the  discovery OS 

a .  



! 

induced by deuterons.  

experiAments was a "thin iorrization cham,berti plus a l inear  an~pl i f i s r ,  

Such 3. clictmber *respo?mds to fas t  atonrlic iotzs (protons and u par t ic les )  

but not to  t h e  ,O r ays  f r o m  radioactive substances; t o  dctcct  13 r z y s ,  

onz needs a more  sensi t ive device,  for  example,  i t  Geiger counter.  

Lawrence and his col laborators  mzde several  a t tempts  t o  mmnufac-cure 

Geiger ~ ~ ' L I X ~ C C X - S  in the Radiation Laboratory,  but all t he i r  counters  sur"- 

fered f r o m  excessive1.y high t%ackgrou.ncl r a t e s  * I '  Today, when Geiger 

c o u n t e r s  a r e  cornniercia1l.y available from d.ozens of companies ,  it  is 

difficct:." t o  believe that Lawrence and b.is assoc ia tes  could have ove r -  

looked tL-e 'r'zct that  the high hackgrocnds were the resul t  of & genera l  

high level of radioactivity in the whole labora tory-  -&rt i f ic ia l  radioect i  

to b e  m o r e  exac t !  

fl'he detecting device used in  a11 t h e s e  ea r ly  

Sut in those days,  the ra.re experimental is ts  who 

could make good Geigcz countcrs  were  looked upon. as pract i t ioners  of 
! 

.witckcra.CC; 

nittic;; 5 e  :xRgic formula.  

the i r  less fortunate frien2s might t r y  f o r  ,months without 

So a f t e r  s e v e r a l  abortive attempts to ,make 3 .  

useful cozriters, the Berkeley group went back to  the 1irrea.r am.pli,&ei- 

technique that  o thers  considered even more, difficult, but which w a s  

none:l..e:ess one that they had -r=lastered. So i t  was not until  the an-  

nuunccnex t  in I 9 3 4  of the discovery of a r t i f ic ia l  radioactivity by Curie  

and JoXot that, Ern.est Lawrence a d  his assoc ia tes  real ized why they , 

couldn ' t  make a decent Geiger counter ;  the i r  whole laboratory was 

radioact ive ! , 

The discovery or̂  a r t i f ic ia l  'i*adioactivity had been m i s s e d  by a??, 
I 

the acce le ra to r  teams then operating throughout the wor.ld, so  t h e  rnex 

few months  saw the discovery of dozens of: radioactive s p e c i e s  by mc, 

bers of the acce le ra to r  fraternity. The fact  that none of the lb-rmchine 
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builders  ' I  had noticed t h e  pheno-menon of artificia! :radiosctivlt;r ~ c t s  

the oversizht by the c y c l o t ~ o n  group in Troper p c r s p e c t i v c .  Tr; was 

symptoinatic of the general  unrelisbil i ty of a?i iktcct ion ,devices in 

those days "' coupled with. t h e  grea t  complexity of the  acce!erators them- 

s e l v e s ,  r.t~,t:ker than a deficiency in t h e  .mer1 a s  sc ien t i s t s .  I 

It is interest ing to note that Irene Curi3 and F r e d e r i c  Jol iot  had 

the l a r g e s t  source  of "troizble,-~irec~1 polonium in the world. 

quarter of a century,  cloctors all, over the world had taken pleasure iq . 

secding the i r  old "radon needles" t o  Madame Curie, as a token of re- 

spec:. F r o m  many thousands of these otherwise use l e s s  glass tubes,  

she hac! isolated rnore than a curie  of pdoni*um--by- Ear the s t r o n g e s t  

sample o f  the eleimmt i n  the .world, Her daughter and son-in-law put 

this prcci0u.s sam-ple to  good u s e  in their nucZear Investigations in the 

ear ly  1*930t s. 

%'or a 

I 

~ 

I 

~ They used t he i r  polonium to  generate neutrons, Sut they 
I 

. d i d n ' t  r ea l i ze  w1ia.t they had. dofie. Chadwick re+? the i r  repor t  and iq.1- 

mediately recognized its significar,cc; a few days l.atcr, he had proved 

that  the neutron existed. 

l e t  two big discoveries  go unio t iccr~  in his Laboratory, ) 

I . ,  

(So Lawrence was in'good company when >.e 

The Curie-Jol iots  used the i r  unique SOUYCB two years later in 

The fact  that polonium does 

I 

the discovery of a r t i f ic ia l  raeioaccivity. 

90: er.1: 9 or y rays m-ade i t  possible for  them to observe the "iiiddce6. 

I 

I *  

~ 

\ I  &,,,g the time the a par t ic les  were  bomSarding their alum. n ~ m  , I  acJ.iv:Cyl' ' C  * L  CU--'" ' 

' target .  

' c a ~ s e  of the backgroun.d radiation from their mschir,es. 

Acceleyator physicists were denied this simple technique, be-  l 

3 u t  even w:',fh 

this  advantage, the Curie -Joliots nlmost rnisscd their grea t  discovery; 
, 

I 

they Llrnost d i smis sed  the change i n  cowitin!; rate of their first artificial1.y 



radioactive source as being due ta  the e r r a t i c  behavior o f  thair  Cieiger 

counter!  

s e v e r a l  day= that his handiwork was rel iablc  thctt the Curie  -.Joliots: be., 

caine canvihcc:ri that  the phenomenon of art.ificia1, radioactivity really 

did exist .  

It was only a f te r  the builder of the counter had insis ted for  

That L a w r e n c e ' s  groupc and all the other acce lera tor  teams, 

did not anticipate the W ~ r k  of Fermi aud his col la torators  in the field 

o f  neutron-induced radioactivity is a different s tory ,  but again one, which 

' 

has an e a s y  explanation in t e r m s  of its sett ing in t ime. Calculations of: 

'lyields'l of nuclear  react ions were  made every  day, and it was painfully 

obvious thdt one h.ad to  horrrbard a t a rge t  with m o r e  than a million fas t  

par t ic les  in order to  observe one nuclear  reaction, 

thoyght, of the possibil i ty of using the high-energy n par t ic les  f r o m  the 

a r t i f ic ia l  disintegration of lithiurn as substi tutes for the, s lower u par t ic les  

Everyone h7d 

from tlie decay of polonium, .But 'Ithdt factor  of a rnilliontl always stood 

in the way, and i t  finally led to  CL firrrlly held conviction that Ilsecondary 

react ions can'  t be observed,  1 '  Certdinly,  Lawrence and o thers  considered 

the u s e  of neutrons to  produce ar t i f i t - ia l  radioactivity,  but the factor  of a 

rnilliun always made  thim tu rn  their  minds to  other  things. 

who was f a r  rernovad f r o m  the p r e s s u r e s  af an acce lera tor  labora tory ,  

looked at the problem fram f i r s t  pr inciples ,  and real ized immediate1,y 

8 

I 

Hut F e r m i ,  

1 ,  
, 

that ---I e v e r x  neutron would make a nuclear  reaction, In other  wosds ,  

secondary  react ions would be as prevalent a s  pr i rnar ies ,  if neutrons 

were  involved. 

rr;per;cted here ;  

E'erriu' s c laas ic  exper imentso  and how he ver i f ied F e r m i ' s  d i scovery  

The s t o r y  of his success  is well known, and needn ' t  be 

Lawrence often spoke of the day he f i r s t  hea rd  of 
I 

. I 



I 

I 
I 
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I 

or" the neutron-induced radioactivity of s i l ve r ,  withic a minute or two. 

Ee m e r e l y  took a fifty cent piece f r o m  his pocket, placed i t  n e a r  the '  I 

cyclotron, c?nd then watched i t  instantaneously discharge an electroscope 

% af te r  the cyclotron had been turned off. 

One normal ly  doesn ' t  dwell s o  longsin a scientific o'oituzry on 

those occasions when the subject failed to  find what he was apparently 

equiFpe2 to  find. But Ernes; Lawrence wouldn' t want such intc?:es tin= 

. bits of h i s tory  to  be swept under a rug. He was . .  s o  accustomed to  his 

owii success  and to  that of his laboratory colleagues,  that  he enjoyed, 

recounting his mis takes ,  without ever  mentioning the mitigating factors  , 

jus t  recounted. 

home of the highest-energy beams of par t ic les  in the world,  and f o r  

From 1931 until 1950,  Lawrence ' s  laboratory was the 
, 

s e v e r a l  y e a r s  in the mid-fift ies,  the Bevatron was t2m highej  t-energy , 

machine in operation. SuFh f igures  by themselves  mean  nothicg, but 

they 'do indicate that in  that period the Rediatiorl Laboratory could 60 I 

important  experiments  that  were  difficult, i f  not impossible ,  a t  othef 

institutions. E rnes t  Lawrence was always conscious of the importance 
1 

of beam intensity in addition to  beam energy, and worked diligently t o  

. s e e  that  all his acce le ra to r s  kept producing l a r g e r  cu r ren t s  of accc le ' r -  

s t e d  ions. 
. ,  I 

a .  He often spoke with satisfaction of the proven value of h i s ,  I 

, 1 0 ~ g  caripaign t o  inc rease  beam cur ren t  (often in  the face of opposition I , 

I . '  
from his younger colleagues,  who wanted to  ! 'use what we have" r a the r  I ! 

By 9937 Lawrence ha2 succeeded in pushing the cyclotron c u r -  

than shut clown for  improvements).  
\ 

r en t  up to  100  mic roamperes ,  at 8 million e lec t ron  vo?.tss, Cthcr rtcceler: 
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mill ion electron ,volts, Lawrence ' s  young assoc ia tes  fe!.t sure that  the. 

cyclotron had reached i t s  peak in the "bearc intensity departiv.cnt, ' I  but 

Lawrence soon found that the cyclotron was doing ten times as w e l l  a s  

anyone hzd suspected. Lawrence was always the best  cyclotron oper-  

a to r  in this  period; he could f lget  m-oye beami i  than anyone else .  One 

day, he notice'd that as t h e  magnetic field passe2 through the resonttnce ' 

value,  the m e t e r s  in the osci l la tor  power supply showed a "loadingft 

. I  

a .  

t en  t i m e s  as grea t  a s  the 800 wi~,ts one would predict  (100 micro- 

a m p e r e s  t imes  8 m-illion volts = SO0 watts). Lawrence knew at once 

that  this power r-nust be going into an  acce lera ted  bea-m that wasn '  t , 

reaching the Zetector. 

Martin %men to  ins ta l l  two water-cooled probes to  in t e r sec t  t h e  c i r -  

culating beam. tjiat hac! fo rmer ly  Seen los t .  So now, i n  addition to  the 

100  mic roamperes  of "external  beam,  

ways at work producing .radioactive isotopes for  Dr. John Lawrence '  s 

-medical program. 

Xt was soon af te r  this that Lawrence encoriraged ' 

another mi l l iampere  was al- 

One of the important  reasons  for Lawrence ' s  concern with high 

intensity was his grea t  i n t e re s t  in the medical  and biological apldications 

of the radiations f r o m  the cyclotron 2nd f r o m  the radioactive substances 

i t  proiuced.  

. 

A physicist  can ordinar i ly  compensate for  a lower intendit). 

. by building ,more sensit ive detectors .  But in medicine,  one must  zccep 

the human body as it i s ; '  i f  the radiation levels  a r e  too low, the body'  

u s e s  its healing mechanisms to minimize the effects that are  under in- 

vestigation. 

, 
I 
I 

Lawrence persuaded his bro ther  John to come t o  Berkeley at 

f i r s t  as a v is i tor ,  to  advise h im on t h e  potential hazards of the neutrons 



! 
from thc 27-inch cyclotron. 

r e s e a r c h  t e a m  that investigated many phzzses of the new radiation rn?di- 

cine aid biology. 

Late?, John Lawrence headecl a s t rong  
i 

L 

E r n e s t  Lawrence,  who had abandoned a medical  

c a r e e r  for  one in  physics ,  now had the vicar ious p leasure  of a "second 

life" in  medica l  physics. 

s t ronges t  support ,  often in  the f a c e  of keen <isappointment on the  part  

He gave thc  Laboratory n~cc':ica? progya.Cn h i s  

' .  

of s o m e  of the physicists who worked s o  hard  to  keep the cyclotron in  , I 

oscratiag condition and whose research, efforts had to  be curtailed.  

1 9 3 s  and $ 9 3 9 ,  all physics a t  the cyclotron was suspended fox a full day 

each  week, s o  that t e rmina l  cancer  patients could b e  t r ea t ed  with neu- 

t r o n s  from the 37-inch on. The oil-stained cyclotron was 

c lever ly  disguised with a s e t  of white panels ,  and the patients were  led 

h 

I 

t h rough a s ide door into what appezred to be an immaculate  hospital  

room. 
I .  

Lawrence was actively engaged in promoting the use  of radio-  

both as 
i 

act ive isotopes throughout the biological and chemical fields 
I 

. t r a c e r s  and a s  sou rces  of radiation. He commit ted his Laboratory to  

furnishing the materials f o r  cxperirnental  p rog rams  in  many University 

of California depar tments ,  and he der ived g rea t  sat isfact ion from the I 

im1Jortant d i scover ies  made  by his colleagues in  other  scientific 

discipi ines .  The collaboration between physicis ts  and biologists 

naturz1l.y blpssomed af te r  the dev&lopn?,ent of the nuclear  r e a c t o r ,  

when rzdioact ive isotopes became widely available. But the real  
~ 

pioneer in this area was Ernest Lawrence,  who shared the : lard-carnbd I 

I 

f ru i t s  of his labor  with his University colleagues because he thoxght it 
I 

WAS in the bes t  interest  of science.  

, i  

I 
I 

http://progya.Cn
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2-t any other  labora tory  in the world with the detection techniques then 

available.  And although L a w r e x e  never  sa id  so  to  anyone but his c loses t  

\ 

Everyone recognize6 that Lawrence was responsible  f o r  the 

s teady ir ,crease in the peak energy of the acce lera ted  beams’zvzi1aSle 

in the Radiation Laboratory,  and throughout the world. Su% 1;;Lwrence 

himself  s eemed  to  der ive even m o r e  satisfaction froAm his stesCly clrive 

toward higher beam intensit ies.  He coulc! point to  the cliscovery of 

3.4 
And a s  w a s t r u e  in the case  of C ,  plutonium couldn’t  hzve been found 

anywhe2re but a t  Berkeley; its discovery requi red  the enormous par t ic le  

fluxes Chat came  f r o m  Lawrence’  s long campaign to  inc rease  both the 

ciicrgy and the intensity of his ion bcams. 

As is well  known’,. the Manhattan Di s t r i c t ’ s  p r o g r a m  was th rec -  

prongeci; uranium-235 fo r  bombs was made by two isotope separat ion 
I 

‘ I  
p r o c e s s e s  and pl~koniurn-239 was c rea ted  in the chain rerrctors. 

4 -  a 

Lawrence spent s e v e r a l  of the w i ~ r  yea r s  perfecting the Calutron, o r  I 
2 3 5 .  

mass -spec t rometer  method of s e p ~ r a t i n g  t‘ from ordinary ui-anium, I 

I 
1 
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It is proSably t rue  that no &e but E rnes t  Lawrence could have made a 

s u c c e s ~  of the Calutron process ;  the ion cu r ren t s  required were  ' 

millions of t imes  a s  grea t  as anyone had even dreamed of before. 

Lawrence' s concern with bcam intensity was the key elernent in  two qf 

the t h r e e  successful  attempts to produce fissionable m a t e r i s l  in the war 

p c r i od . 

So' 

In believing that his own pioneering work in  two of the three  major 

p rocesses  was the key to the acceptance of the Atomic Bomb Pro jec t  by 

the government,  Lawrence in  no way deprecieted the accompliskments 

of the reac tor  designers  or of the gaseous diffusion experts.  

felt., f r o m  a grea t  deal  of experience with high-level Government officials, 

that the project couldn't  have "been sold" unless  t he re  was one !!sure1 way!' 

to  make fissionable ma te r i a l  before the war was over.  

2ostwzr Congressional investigations into the waste of money on 

llboondoggles" hung over the scientific policy maker s  in those days. ) 

The Calutron process  was complicated and expensive relat ive to  the 

gaseous diffusion process ,  but once a single unLt had worked, t he re  was 

no doubt that  the application of large amounts of money could producel 

enough ma te r i a l  for  a bomb. Lawrence, who was personally involved 

in many of the k,ey sess ions  that culminated in  the establishment of the 

He simply 

(The threa t  of 

I '  

I 

I 
Manhlsttan Distr ic t ,  always felt  that  this argum-ent convinced the deciTion 

I 
makers in Washington t o  ,authorize all th ree  approaches to  the produckion 

problem. 
I '  
! 

To re tu rn  to  the cyclotron development, we c m  note two m-ih 7 tones:  
I 

the init ial  operation of the 60-inch cyclotron in 1939, an6 the authorization 
I 

of the 184-inch cyclotron in  1940.  The 60-inch cyclotron was in s t a l l ed  

i 
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in the new Cracker  Radiation Laboratory; its h is tor ic  contribution to 

the discovery of plutonium- has aiready been mentioned. 

Foundation gave the University of California 1.25  -million dollars in 1940 

The Roclcefeller 

. 

' to'build the 1S4-inch cyclotron on the hil l  behind the Berkeley Campus. 

Sefo re  work  could be s t a r t ed  on the "giant cyclotron, 1 1  as 

Lawrence r e f e r r e d  to  i t  in  those days,  international events conspired 

t~ change the cha rac t e r  of the Laboratory.  

Lawrence re turned  to  Berkeley from a New York visi t  with his longtime 

fr iend,  Dr.  *Alf red  Loomis. Loomis hzd played a key role in  the d is -  

cuss iozs  with the Rockefeller Foundation officials, and Lawrence had 

g rea t  r e spec t  for his counsel. 

ment  of the National Defense R e s e a r c h  Committee,  which was headed 

by Vannevar Bush, Karl Compton, and J a m e s  Conant. Loomis intro-  

duced Lawrence to  the m e m b e r s  of the 2ritish Scientific Nission, who 

were  visit ing the country at that t ime. 

Cockcroft, Lawrence learned  for  the first t ime  of the outstznding 

scientific contributions t o  the Br i t i sh  war  effort ,  many of t hem made by 

nuclear  2hysicists.  Before returning to Berkeley, he joined the NDXC 

Microwave Committee,  under the chairmanship of Alfred Loomis,  He 

Lq the s u m m e r  of l 9 4 0 ,  
,+ 

b 

Loomis had been active in the establ ish-  

From his old fr iend,  Sir  John 
I 

i 
I a s s u m e d  the responsibil i ty for recrui t ing a group of young experimental  

nuclear  physicsts  t o  help the Bri t ish "fight t h e  scientific war. 

persuaded Lee DuSriclge to  leave his own cyclotron at Rochester ,  New 

York, and head the embryonic Radiation Laboratory at Massachusetts 

Institute of Technology. 

staff of nuclear  physicists,  was intended as a "coverfl  to  mis lead  the 

curious into believilig that its miss ion  was in  the field of nuclear  fission. 

He 

(The' name of the  laboratory,  together with its 

' I  I .  . .  
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h those days,  f iss ion was not t rea ted  ser ious ly  as  a v m r  project ,  but 

the m e r e  idea that planes could be Letected by radio echoes was con- 

* s i d e r e 6  to  be exceedingly s e c r e t  i do rma t ion .  ) 
I 

Lzcvrence recru i ted  a fine s t a 3  of young physicisrs ,  many o 

Most of them. gave up their  exciting c a r  tlieni his form-er students. 

in nuclear physics,  more than cz yoar before Pearl Harbor,  f o r  the simple 

reason that  Errie.st Lawre5ice came to  s e e  them 2nd told them- it was the 

m o s t  important  thing they could do. ' From. his own Laboratory he r e -  

cru i ted  -McMillan, Salisbury,  and Alvarez. The MIT Radiation Laboratory 

c a m e  into being i n  Kovernber of 1940, and its contri'butions to  radar a r e  

too.wel l  known to  be recounted here .  

frequently i n  its first y e a r ,  and kept ab reas t  of its act ivi t ies  in that 

I 

Lawrence vis i ted the labora tory  

period. 

ow= fee t ,  and Lawrence had other de-mands OIL his talents.. 

In the s u m m e r  of I 9 / ? ; l ,  Lawrence becamme involved in the ant i -  

a u t  it was soon obvious that the laboratory could s tand on its 

submar ine  warfare  program;  Gery.ar? submarines  were  then close to 

. destroying the convoy system- that w a s  supplying G r e a t  Bri ta in  f r o m  I the  

unitec States. 

the n e w  xnderwater  sound labora tor ies ,  and persuaded McMillan to  leave 

-VIT fo r  San Diego. 
~ 

cyclotron into a mass spectroAmeter f o r  separat ing small amounts of1 
23su 

Lawreace again actecl as the chief recru i t ing  agent for  

Shortly thereaf te r ,  he converted the 37-ir?ch I '  

f r o m  ord inary  uranium. This work convinced him that the e le  ' t r o w  c 
magnct ic  separation'  technique could be expanded to  become a l a r g e - s c a h  

p rocess  for  producing ' 235U. 

comm-itted his Laboratory and his reputation to  the project.  

In his charac te r i s t ic  s tyle ,  he irnnncqiately 
I 

Although he 
I 

hh2 reccnt ly  staffed'two labora tor ies  with many of his best students ~ he 



/ /  s t i l l  could ca l l  on a number of his top-flight proteges to  restanii'the 

3 e  rke ley  Radiation Laboratory.  

F r o m  the sumAmer of 1941 until the s u m m e r  of 1945>  the Radia 

tion Laboratory worked around the clock on the technical. problems in-  

volved in the electromagnetic s eparst ion of 

magnet ,  assembled  in a new laboratory high above the Berkeley cempus, 

s e r v e d  as a working model f o r  the hundreds of mass spec t romete r s  

235 U. The 184-inch. cyclotron 

soon to  'De constructed in Oak Ridge, Tennessee.  Lawrence himself, 

and a11 his assoc ia tes ,  worked twelve hours  a day, seven Zays a week. 

It was a Herculean effort ,  and it was a lmost  solely responsible  f o r  the '  

235U that  made  up the Hiroshima bomb. The t h e r m a l  diffusion p rocess  
I 1 

and the gaseous diffusion process  contributed only in  a minor  way to  the 

o v e r d l  separat ion of the isotopes for  t h e  f i r s t  bomb; 

fantastic. m a s s  spec t rometer  plant at Oak Ridge bore  the brunt  of t.he 

effor t .  (Shortly a f te r  the w a r ,  Lawrence ' s  plant was shut down, and 

the m o r e  efficient gaseous diffcsion plant took over  the peacet ime pro-  

L a w r e n c e ' s  4 

235, 
ductioz of J. 1 

One of the grea tes t  difficulties one encounters in writ ing of 

E r n e s t  Lawrence ' s  c a r e e r  i s  that  s o  much mus t  be omitted in o r d e r  to  

keep  the manuscr ip t  within reasonable  bounds. It i s  also E pity that 

, LLwrence himself wrote nothing of the experiences he had in his f ive 

intensely busy war y e a r s ,  nor  of the technical problems he met  and 
v 

i .  

' solved in  that period. Because of this ,  t h e r e  is an appareritly compre  

her,sive book on the electromagnet ic  'separation of isotopes with 'out , 

a single mention of his name.  Eowever,  in  the minds of those who 

worlccd with h i m d u r i n g  the war  the re  is no question that his  foresight ,  

:i 
I 
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dar ing ,  leadership,  and technical ingenuity were  the key hg red ien t s  

thc success  of the venture. 
I 

i 

I In ea r ly  1945, when the completed Oak Ridge plant was in ful l l  
1 

. 5  production, Lawrenc urned his thoughts toward the postwar period. . 

H e  persuaded General  Groves (for whom he had a g rez t  respec t  that  was 

. appzrently reciprocated)  to authorize the conversion of the  Laboratory to 

i t s  peacet ime mission,  Manhattan Distr ic t  funds were  accordingly q a d e  

available to  complete the t84-inch cyclotron, and to  build a proton l inear 

acce le ra to r  and an electron synchrotron. The synchrotro2 had jus t  been 

invented by *MciMillan, and Alvarez '  s r ada  

him that a proton l inear  acce lera tor  could 

I . .  

1 

1 

, 

In the fall of 1945, , t h e  prewar  Berkeley t e a m  w 
I 

together with some talented newcomers  wh 

t o  light in the warti-me effort ,  

Lawrence had to  make concerned the 184-inch cyclotron. 

planned as a "conventional cyclotron, I t  but its performance under those 

- c i rcumstances  would have been margina l  at best ,  Mc1Wllan's theory of 

phase stabil i ty indicated that the i84-inch machine would pe r fo rm mdve 

sat isfactor i ly  as a synchrocyclotron; i t s  proton energy should r i s e  to  

350 MeV, f rom, the  e a r l i e r  design figure of perhaps 70  -UaV. Su t ,  on 

the other  hand, no one had ever  built a synchrocyclotron, and t h e  prqblems 

e abil i t ies had f i r s t  come 
I 

One of the f i r s t  ma jo r  decisions 

It had been 
1 . . -  

* 
I 

I 

I 

' foreseen  were  formidable.  Lawrence and McMillan called for  the i I -  
It .was soon operating 

7 mediate rebuilding of the old 37-inch cyclotron. 

as the w o r l d ' s  f i r s t  synchrocyclotron, and it showed that  the new <e-j 
I 
I 

vice was much s impler  t o  build and operate  than the originally pz0poqe2 I 

conventions!. cyclotron. & a result of these  ez r ly  mode!. t e s t s ,  t h e  

I 
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iS-l-inch synchrocyclotron was a.ccelerating deuterons to  180 -MeV, ancl 

hel ium nuclei to 360 MeV,  in la te  1946, 

Since this is  the s to ry  of E rnes t  Lawrence ' s  c a r e e r ,  ve ry  l i t t le  

will be sa id  about the new laboratory activit ies that  were  p r imar i ly  thc 

responsibi l i t ies  of his younger colleagues,  

c e l e r a t o r s  built under the supervis ion of McMillan ana Alvarex, t h e r e  

were  two important  new chemical  projects  under Seaborg.mil  Calvin. 

In addition to  the two ac- 

I Seaborg re turned  to  Berkeley froin his successfu l  war t ime dut' l e s  as 

d i r ec to r  of the chemica l  phases of the Plutonium Projec t  in Chicago, 

Calvin had played s e v e r a l  important  ro les  in the OSRD Chemis t ry  

Sec.tion, and was anxious to  study photosynthesis with ' * C ,  which was 

soon to  be in  plentiful supply as a d i r ec t  r e su l t  of t h e  huge neutron fluxes 

now available f r o m  nuclear  r eac to r s .  

as boys,  and come back a s  men,  I t  We had all init iated large technical  

p ro j ec t s ,  and c a r r i e d  them to completion as d i r ec to r s  of l a rge  teams 

In effect ,  a11 of us had "gone a w  

of sc ien t i s t s  and technicians.  We were  all prepared  to  r e a s s u m e  our  

subordinate r o l e s ,  with E r n e s t  Lawrence a s  our  " l eade r t t  once again.  

3u t  he made it c l ea r  by his act ions,  i f  not by his words,  thzt  we were  

to  be f r e e  agents. 

ancl f o r  the first few y e a r s  a f te r  the war, at least, we had unlimited fin- 

ancia l  Sacking. 

Dis t r ic t  was rep laced  by more norma l  budgeting procedures  that  any 

We made all our own technical and personnel  decis ions,  

It yas not until the "blank check" f r o m  the Manhattan 
I 
I 

of u s  felt  any l imitations on our ability to do whatever we thought should 
I 

b e  done in our o& a r e a s  of responsibil i ty.  

keen in t e re s t  in what we were  Going, but in these  ea'rly postwar y e a r s  

Err,est  Lawrence showcd ai 

h e  never  gavc any s ign that he thought his function w a s  to  give us  advice 

I 

http://Seaborg.mil
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af any kind. 

they can, but they stand by to  help whcn the problems arc  too difficult: . 

of solution. 

W i s e  parents Lot the i r  children solve all  !%,e psoblcms 
I 

Ernes t  Lawrence was always a wise "scientific p e r a t " ;  , 

a11 of us who w e r e  fortunate enough to be his "scientific childrmll will 

r e m e m b e r  with gratitude the help and understanding he gave us when w e  
, 

needed i t ,  as well as the f reedom he gave us to  solve OUY own problems 
I 

when it seemed that we could eventually succeed. I 

With the completion of the 184-inch cyclotron, Lawrence once ,  
I 

agaizi became an active r e s e a r c h  worker.  )He h.ad not been direct ly  in- , 

' volved in any par t icular  experiment since his 1935 work  on deuteron- 
1 

induced radioactivit ies.  

Lawrence became an  active participant in experiments  usi1.g the r e -  

cently discovered high-energy neutrons produced by "deuteron stripping. ' I  

He personally discovered the delayed neutron activity that he and his 

colleagues soon show6d was due to  nitrogen-17. It was a refreshing 

experience for  many of his young colleagues, who had known hi-m la rge ly  

as a Laboratory d i rec tor  and 2s.a person with g rea t  skill in  diagnosing 

t roubles  in  complicated scientific tools,  to  s ee  the 'complete devotion 

he now showed to  personal  involvement in  bas ic  scientific research .  

As soon as the 184-inch cyclotron was operating, 
I 

1 

I 

I 
I , 

* .  
1 

. .  

17 
Soon 'after the 

that the 184-inch cyclotron could produce the newly discovered n mesons,  

Edward Tel le r  had pointed out that even though the cyc lo t ron ' s  energy 

seemed  too low t o  produce pions, t he re  was some hope that with the 

of the F e r m i  momentum of an incident a par t ic le ,  and of a car5on taarget I 

nucleus,  the job quid be done. 

N mys te ry  was unraveled, Lawrence became convinced 

ai2 

. I  

Lawrence worked closely with Eugene 

C-ardner in this period, designing cx?erimental  setups using nuclear  

ezr*ulsions as det,ectors, but these  efforts were unsuccessful. 
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I *  

Shortly a f te r  these ear ly  experi-rnents, C M. J, Lattej: a r r ived  

He.had been a me-mber of the Bristo:! t e a m  that,  under the 
I 

in Serkeley.  

l eadersh ip  of C.' F. Powell, had recently discover'ed the 7: meson. 

quickly showed that the difficulties encountered by Gardner  and Lawrence 

had been due to  improper  processing of the nuclear  emulsions,  

immediately co r rec t ed  the Berkeley development techniques, and a new 

set  of exposures  was made soon af te r  his a r r iva l ,  'using the apparatus 

designed by Lawrence and Gardner ,  Lattes a l so  brought a famil iar i ty  

with the t r acks  of TT mesons in emulsion that was availab1.e to  only a, few 

phy,sicists in the world at that time, and he 

the. tedious scanning of the exposed.plates.  

with success, one evening, when he observed t r acks  of the f i r s t  ar t i f ic i  

He 

Lattes 

His diligence was rewarcle 

a l ly  produced negative pion coming to  r e s t  in an  exposed nuclear  emulsion 

plate. 

taining v is i tors  at an  Oakland res taurant ,  

and as soon as he looked through the microscope,  he experienced one 

of the grea tes t  th r i l l s  of his life. 

in the discovery,  both by his activit ies in procuring the money f o r  and 

designing the 184-inch cyclotron and, m o r e  par t icular ly ,  in  the design , 

He and Gardner  immediately called Lawrence,  who was en te r -  

Lawrence le+ the dinner ,  

Although he had played a ma jo r  ro l e  , 
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act ivi t ies  of the many sections of his Laboratory.  

personal  in te res t  in the p ro&rams  on photosynthesis, ,mcclica? physics,  

and nuclear  chemis t ry ,  but the intensity of 'his involveikent in  t'hc 

pliysics p rogram was a source  of amazement  to  his youzger colleag 

It was a r a r e  week that he d idn ' t  spend s e v e r a l  hours  each  evening'apd 

lnuch of Saturday and Sunday in the cyclotron building, o r  wandcrin 

through other  labora tor ies  talking to  everyone from r e s e a r c h  asqi 

t o  v is i t ins  professors .  Even though the Laboratory was now a lmost  B 

hundred times as 1,nrge ,in manpower as it had been 15 years' earlier,  I 

everyone still had ,the feeling that he 

. L a w r e n c e ' s  team"---iiot s imply an e 

& took a, grea t  

1 

I 

' 
I 

, 
I 

I 

, '  mber o f  Ernes  

the Radiation Laborator  

I 

I 

Even at present ,  a lmost  twenty yea r s  a € t e r  this  exciting phase of  the^ 
Labora to ry ' s  his tory,  tech i ic i sns  a s  well as senior  staff m e m b e r s  

tinue to  swap the i r  favori te  s to r i e s  of "the t ime  P ro fes so r  Lawrence 

looked over  m y  should,er a t  3 : O O  a. M. and asked what I was doing. 

In 1948, William Brobeck convinced the Laboratory s t a f f  tha 
1 

proton synchrotron could be built in the niultibillion-electron-volt range ,  
, I 

)I Lawrence immediately a s sumed  the responsibil i ty of secur ing  financ 

backing for  the "Bevatron, 1 1  f r o m  tXi:: AEC and the Congressp  The 

Brookhaven National Laboratory had recent ly  been established, and i t  

was simultaneously asking for  support  for  a s imi l a r  acce lera tor .  

Atomic E&rgy Cominission eventually authorized the 6.2-SeV Bevat on 

at Berkeley, .and, the 3wBeV Cosmotron on Long Island. The C O S m O t '  011 

c a m e  into operation before the 'Bevatron, for two reasons. 

v/ith a conserva t i sm that many of his assoc ia tes  hac! not observed bc lore ,  

deci4ed to  build a qua r t e r - sca l e  i-nodel of the Bevatron', t o  be s u r e  that 

I 

'"" 

e I 
1 
f 

I 



th5 tintried principle of tloxternal. injection" into a synchrotron would 

work. Tho model,  a s  dcsigned by Brobeck, worked within 9 -months 

of the decision to  build it, and the "go-ahead signall '  for  the Scvat ron  

. was immediately given by Lawrence. But soon af te r  this  decision had 

been i i qde ,  the USSR exploded i t s  first nuclear  device,  and Lawrence 

turned  his attention once again to  problems of national securi ty .  , 

Lawrence played a key role  in  the U, S, dec'ision to  embark  on a 

p r o g r a m  leading to  the development of a thermonuclear  bomb, 

a f te r  Pres ident  Truman niade the decision to  build the hydrogcii bomb, 

Lawrence became concerned with the ser ious  shortage of uranium re- .  

serves  available to the United S%ates. 

soon be  plagued with a neutron shortage,  occasioned by the dwindling 

supply of 

Soon 
' 

He felt 

2 3 5  U. His solution to the problem was the construction of a 

high- energy,  high- cu r ren t  deut e r a n  l inear  acce ler  at o r  that  would pr  ocluc e 

neutrons by impact  on heavy ta rge ts .  

t r o n  had shown'surpr is ingly high "neutron multiplicit ies I I  i n  such  coll.isions I 

A 60-foot-diameter 60-foot-long tes t  section of the acce le ra to r  was built 

at the Labora to ry ' s  newly acquired Livermore  s i t e ,  and i t  acce le ra ted  

unprecedented cu r ren t s  of c lose to one ampere  to  several. mill- ion electron 

volts. 

Experiments  at  the SS4-inch cyclo- 

I 

.. 
The project  was abandoned when another solution to  the neutron 

shor tage  problem proved succ.es sful; the AEC offered substantial  cash1 I 

payments for  uranium finds in the continental United States,  A f!ood o f  1 
p rospec tors  with Geiger counters+ promptly showed that t he re  were  enormous 

and pi*eviously unknown r e s e r v e s  of uranium i n  tho Rocky Mountain s ta tes .  , , 

(At tilc p resent  date,  tho Canadian government is consihcring a p r o g r a m  

pat terned a f t e r  Lawrence '  s schcme or' electronuclear  neutror_ production, 
1 

I 



a s  an 

acce lc ra to r  method is the lower power density in the neutron--prod.ucing 
" 

* t a ryc t ,  per  unit of neutron flu.x, than in  nuclear reac tors .  ) 
I 

I 

In l 9 5 2 ,  Lawrence expressed concern that all the U, S. n u c 1 . e ~  I 

wcapom design effort was concentrated in  a single gavernm-etit laboratory.  

I-Iz had g rea t  respec t  for  the members  of the ,Los  Alamo 

and f o r  their  extraordinary accomplishments,  

experience as' a scientific consultant to  many of the l a rges t  U, S. tcc1iniw 

c a l  coi*porations gave him, f i r s t -hand  experience with the benefits of; i3 

healthy competition between independent development labora tor ies ,  

therefore  urged th.e AEC and the Joint Congressional Conzrnittee oi? 

Atomic Energy to se t  up a second weapons laboratory.  He offered the 

L ive rmore  s i te  as a suitable location, and pledge2 his personal, ovcr- 

sight of the new project ,  

$ 

Nonetheless, his extensive 

f 

I 

I k  
I 

, 

The Laboratory was establ ished in 1 9 5 2 ,  with 

Kerbe r t  York a s  d i r ec to r ,  and Edwzrd Tel ler  as a senior  mem.ber gf the 

stafr'. 

and. engineers  t ra ined  in  the Berkeley Laboratory. 

of his remaining t ime and effort on the affairs of the Livermore La5oratory 

until his death in 1958. 

weapons "stubbed its toe" s e v e r a l  t imes  in  the ea r ly  y e a r s ,  but latc,r  it 

made  the substant ia l  contribution,s to  the design of nuclear  weapons ithat 

Lawrence had foreseen as its destiny, 

E r n e s t  Lawrence in,' the difficult ea r ly  yea r s  I the Livermore  Laboratory 

might easi ly  have failed in  its purpose, and the country as a whole would I 

Most of the key group leaders  were  young physicis ts ,  chemis ts ,  

Lawrence spent ,  ,most 

i 

The young competitor in the field of nuclear  

~ 

I 
I Without the steadying hand of 

! I  8 .  

! .  
, have been the loser .  Lawrence'  Y l a tes t  protc'ge's, the first t!iree 6:- I 

rec tors  of the Livermore  laboratory,  a r e  a r emarkab le  group of ybung I 

men ,  Each  of them, in tu rn ,  went from Livermore  to  a position of I 





.. 

337"  

Lawrence ' s  untimely death at  the endrof his fif ty-seventh p a r  
I 

' was a $:reat shock to his wide c i rc le  oE friend-s in sc iencc ,  government,  

d industry.  He had. led a life 01 enormous usefulness to  science and 

t o  his cocntry; his .influence was l a rge ly  by examplep and by the s t rength  

or' his cha rac t e r ,  He had grea t  admiration for  his scientific coXleagws 

who could influence national po1i.cies through high adminis t ra t ive office, 

or by wri t ings,  01' ili public speeches. 

:for him t o  be useful was t o  le t  policy nr~a'kers know that he was avail* 

able f o r  consultation on his own personal  opinions 

man fo r  a p r e s s u r e  group. 'Leade r s  in government and industry r e - ,  

spected his d i s tas te  fo r  the limelight, and sought his counsel. Eis 

long r e c o r d  of success  in the difficult tasks he s e t  for himself ,  and 

the accuracy  of his prognostications in  d iverse  €ielcts, made %is ad- 

vice most compelling to those who sought it, 

But he fe l t  that  the proper  way 

never  a s  a spo!ces-. 

For  those who had the good fortune t o  be close t o  him both 

sonally and sc4entifically he will always s e e m  a giant among ~v.en. At: 

c p resent ,  when governrnent 'support  fo r  basic  science appears  t o  be on 

the wane, one h e a r s  m o r e  a.nd m o r e  frequently the lament ,  "The real 

difficulty is that t he re  i s n ' t  an Ernes t  Lawrence a n y  m o r e ,  " 

Lawrence '  Y place in  the h is tory  of science is secure .  He will  

always be  remeembered as the inventor of the cyclotron, but x~iorc  in{- 

' portantly,  he .should be rcmern.3ered as the inventor of thb K L O C ! ~ ~ ~  way 
I 

I 
,of Zoing sciehce.  Element  1 0 3  was named Lawrencium 5y his young' 

assoc ia t e s  who discovered it short ly  after his death. .Aftor his dzat+, I 

his f r iends endowed the .Lawrence Hall of Science,  to w3.ich science I ~ 

. #  

tcachers  fromz all o v e r  t h e  country will c o m e  on  yeez*-long fellowships 
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Duddell. Medal  of Royal Physical Society, l940 
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I-iolley Medal, American Society Mechanical Engineers , 1942 
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$ 1  
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American Cancer Society Medal, A954 

"Enr ico  Fermi Award, 1957 
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The Charging Effect Produced by the Rotation of a Pro la te  Iron 
Spheroid i n  a Uniform Magnetic Field, Phil ,  Mag, , Vol, 47, 

I) 

S 4 Z - 8 4 7 ,  'May 1924, . 

2. The Photo-Electric 'Effect in Potass ium Vapour as a Function of t h  
Frequency of the Light (Thesis) .  Phil. Mag, , 'Vol. 1, 3 4 5 - 3 5 9 ,  
August 1925. 

The Role of the Faraday  Cylinder i n  the Measurement  of Ele'ct.ro:i 
Curren ts .  Proc .  Natl .  Acacl, Sci. U, S., Vol, 12*, No. 1, 23-31, 
January  1926.  

Transi t ion Probabili t ies : Their  Relation to Thermionic  Ernis si on 
and the Photo-Electric Effect. Phys. R e v , ,  Vo l ,  2'1, No. 5 ,  
555-561, May 1926. 
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1 3,  

4, 

5. A Principle  of Correspondence. 
August 6 ,  1926. 

The Ionization of Atoms by Electron Impact. Phys,  R e v , ,  V o l , ~  28, 

Science, Vol, 64, No, 1649, 142, 
I 

I 

6. 
NO. 5 ,  947-962, N0vem'be.r 1926, 

(3n the Nature of Light (with, 5 .  W. Beams). 
Sci. U. S,,' Vol, 13,' No. 4, 207-212, April  l 9 2 7 ,  

I 

7 .  

8. Ultra-Ionization Potentials of Mercury.  J. Franklin'Xnst, , $ l - 9 4 ,  

Proc .  Na.tl. Acad, 
, 

. .  July 1927. 

9, On the Lag of the K,err Effect (with J, W. Beams).  
Acad, Sci. U,  $. , Vol. 13, No, 7 ,  505-510, July 1927, 

On Relaxation of Elec t r ic  Fields in Ker r  Cells and Apparenc Lags 
of the Kerr Effect (with J. VI. Seams). 
90. 2, 169-179, August 1 9 2 8 .  

Element  of Time in the Photoelectric Effect (with J.. w. Bealns). 
Pllys. Rev . ,  Vol. 32, No. 3 ,  478-485, September 1928, 

Photo-Ionization of th.e 'Vapors of Caesium and Rubidium (wi th  N. E* 
Edlefsen),  

Rev . ,  Val. 34, No. '7, 1056-1060, October i, 1929,  

Effect  of lntense Elec t r ic  Fields on the Photoelectric Behavior of 

NO. 11, 140.2, December 1, 1929. 

Prac. Natl. 
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J. Frankl in  h s t ,  I Vol. 206, 
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Rhys, R e v , ,  Vol, 34, No. 2, 233-242, July 15, 1929,  I 

13,  photokIorlization of Potassium Vapor (with N, E. Edlefsen).  Phys 

14, 
I JjJka1.i Films on Tungsten (with L. B. Linford). PhyS. R.eV. I V O l  

15, 
' .  

Ear ly  Stages of Electric S p r k  Discl~trgcrr (with F, C. Dunnington.)* 
Physo  R.ev,, Val, 34, No, 1 2 ,  1624-1625, December 15, 1929,  1 
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c A ? ,  Abstract :  Broadening of Spectrum Lines During Ea r ly  Stages bf 

Spsrk Discharges  (with F, G. Dunnington), Phys. v, ~ Val, 3 5 ,  
13-1, JTsnusry 1.930. 

On the Ea r ly  Stages of Elec t r ic  Sparks (with F, C, Dunnington), 
Phys. Rev, , Vol. 35, No. 4, 396-407, Februa ry  15, 1930. 

1s. 

19. Effect of Intense Elec t r ic  Fields on the Photoelectric P rope r t i e s  
of  Metals (with L. B. Linford). Phys. Rev .  Vol,  3 6 ,  No. 3 , ,  
482-497, August I,  1930. 

2.0. On the Direction of Emiss ion  of Photoelectrons from Potassium 
Vapor by Ultraviolet Light (with M, A. Chaffee). Phys. Rev. ,, 
Vol, 36, Nd. 6, 1099-1100, September 15, 1930. 

I 

21. On the Production of High Speed Protons (with N, E, Edlefsen 
Science,  Vol. 72 ,  No. 1867, 376-377,  October 10, 1930, 

Production of High Speed Canal Rays without the Use of N.gh 
Voltages (with D. 1-1. Sloanj. Proc.  Natl. Acad, Sci, I Vol. 
No, 1, 64-70, Janixary I 9 3 i .  

Froduction of High Speed Protons without the Use of I-Iigh 
Voltages (with Wl. S. Livingston). Phys. Rev, VOX. 38, NO, 4, 

22, 

I 

I 23. 

834, August 15, 1.931.. 1 

24. Production of Heavy High Speed Ions without the U s e  of Hig 
Voltages (with L), H. Sloan). Phys. Rev, Vol. 38, No. 11, 
2021-2032, December i, 1931. 

Production of High Speed Light Ions without the ’(Jse of Hig 
Voltages (with M, S. Livingston), Phys. R e v , ,  Val.  40, No, 1, 
19-35, April  il, 1932, 

Disintegration o f  Lithium by Swiftly’Moving Protons (with M. $. I 

150-151, October 1, 1932. 

25. 
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I 

* ,  

26. 
. Livingston and M, G. White), Fbys, R e v . ,  Vol, 42, No, 1, 1 

27. Disintegration of Boron by Swiftly Moving Protons; Phys, Re J , , 
Vol. 43, No. 4, 3 0 4 ~ 3 0 5 ,  Februa ry  15, 1933. 

The Disintegration of Aluminum by Swiftly Moving Pra tons  (with 
M. S. Livingston), Phys. R F V , ,  Vol. 43, No. 5, 369,  Marcld. ,  
1933. 

The Emiss ion  of Protons from Various Ta rge t s  3 o r n L r d e 4  by1 
Deutons of High Speed (with G. N, Lewis anc! bl, S, .Livin,nstonl), 
Phys, Rev , ,  Vol ,  44, No. L, 56, July 1, 1133, 
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The Emission of +lilphrz-Partic:les f r o m  Various ~ t r . r g e t s  EOrii+. 
bardud by j hu tons  of High Speed (with C, N, Lewis  arld ,M4 S. 
Livingston). Fhys. R e v , ,  Val. 44, No, i, 55-50,  Ju ly  %, 1933, 

Neutrons  f r o m  Deutons and the Mass of the Neutron (with hf, S. 
Livingston and Mq C. Henderson). Phys,  Rev, 'Vol, 44, No, 

Neutrons f r o m  Beryl l ium Born'barded b y  Dauto'ns (with M, S, 
Livingston and M. C. Henderson), Phys, Rev. Vol, 44, No, 
78L-'783, Novernber 1, i 9 3 3 ,  

The Erniksion of Protons and Neutrons f rom Various Targe ts  
E3ombarcled b y  Three Million Volt Deutonsi (with Ma S o  Livingstarr), 
Phys.  Rev, , Vol. 45, No. . 3 ,  220, Februa ry  1, 1934, 

The Disintegration of beutons by High Speed Protons ,and. the 
h s t a b i l i t y  of the Deuton (with G,,  N, Lewis , Tvl Livingstan. ,, 
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.hr t i  f i  c i a 1 R a di o a c t ivit y Pr o duc e d by De ut on 53 omh a r d rrie nt (with 
A& C. Efenderson and M, S, Livingston), PlIytj. Rev, , VO!.. 45, 
No, 6, 4i48-429, March 15, 1934. 

On the Hypothesis of the Instability of the Deuton (with Gr N. L,evcris, 
M.' S. Livingston, and M, C,  Hendersan),  
No, '7, 497 ,  April 1, j.934, 

The lviultiplc Acceleration of Ions t o  Very High Speeds (with Mq S, 
Livingston), Phys. k o v , ,  Vol. 45, No, 9,  608-612,  May I, 'L93-i" 

The Transmutat ion of Fluorine by Proton Bornba,rdment and the 
Mass  of Fluorine 1 9  (with M.. C. Henderson and M, S, Livingston}, 
Phys, Rev. I Vol.  46, NO, 

Radioactivity Artificially h d u c c d  by Neutron Bombardment (with 
M. S, Livingston and. M. C,  Henderson). Pxoc, Natl, Acad, S C i a  
U, S., ,Val. 20, NO, 8, 470-475,  August 1934. I 

1 

78.1-782, Noven1bar 1, 1733, 

and Tvf, C,  Henderson). Phys. Rev, +, Vol. 45, , 4, 242-2424 t 

Phys, Rev, I Vol,  45, 

1, 36-42, July 4, 1934. * 

Radioactive Sodium Produced by Deuton Bombardment, 
Vol. *46, No. 13, 746, October 15, 1934, 

Transmutations af Sodium by Deutons, Phys, Rev. Vd.' 47, NOu 
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Transl-fi\itai;ions of Nitrogen by Deutons (wit11 E, McMilhn  a d s  

M, C, Henderson),  
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The Biological Action of Neutron Rays (with John €3, Lawrence) ,  
Proc. Natl, Acad. Sci. U, S. Val. 22, No. 2, 124-133,  I 

F e b r u a r y  1936.' 

Phys. Rev. ,  Vol ,  49, No. 11, 788-792,  June 1, 1936, 

Cornpzrative Effects of X-Rays and Neutrons on Normal  and7umor 
Tissue  (with John EL L,awrence and P. C. Aebersold),  Proc .  hati, 
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On the Apparatus fo r  tho Multiple Acceleration of Light Ions to1 
Xigh Speeds (with Dona,ld Cookscy),  .Phys. Rev, Vol, 50, NO! 12, 
4131-1140, December 15, 4.936, 

The Comparative, Effects of Neutrons and X-Rays on Normal  and 
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Occasional Publ. A.m. Assoc. Advan, Sci, No. 4, 2 i 5 - 1 9 ,  1 
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43. The Transmutat ion of Platinum by Deuterons (with J. M, Cork), 
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52. The Biological Action of Neutron Rays.  
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I 
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September 1937. I 
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October I ,  1937, 

No. 2236, 411, November 5, 1937, 
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Radioactive Iron and Its iMatabolism in Anemia (with r3. F. Haltn 
W. .F. Bale, and G. H. Whip:ple). J. Am, Med, Assoc, Vol .  1 
2285-2286,  December 1.7, 1938. 

.!4tonzs, X e w  and Old, Signna Xi lecture .  Science in P r o g r e s s ,  
First  Se r i e s ,  Yale IJniversity P r e s s ,  1-34, i .739: 

Arn, 

Radioactive Iron and Its Metabolisrn in 'Anemia- -Its Absorption, 
Transportat ion,  and Vtilization (with P. E'. Hahn, Wq E. Bale, 
and G. 1-1. Whipple). I J. Exptl. Med, ,  Vol. 65,  N o ,  5 ,  739-753, 
iMay 1, 1939. 

Initial Perfor'mancc of the 60-Inch Cyclotron of the William H:. 
Croclicr Radiation Laboratory,  University of California (wi-clz 
Luis W. Alvarez,  Wm, M. Brobeck, Donald Cooksey, Dale R, 
Corson,  Edwin M. McWllan ,  W. W. Salisbury,  Robert  L. 
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Yuc1ea.r Physics  and Biology, Molecular Films - -The Cyclotron 
and The New Biology. Rutgers  University P r e s s ,  63-31>, 1942, 
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Califorriia (with W, M, Sro5eck ,  IC,, 3. MacKcnzie, E. X. &;chS.llan, 
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I 

6Sb. I-Iigh Energy  Physics.  Science in  P r o g r e s s ,  Sixth Se r i e s ,  Yalc 
University P r e s s ,  55-79, 1949. 

1 
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70, Address- -The  Associated Harvard  Clubs, Proceedings and 
'Repor ts  of the Annual Meeting, September 9,  10, and 11, i949,  , 
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' 75 ,  

76. 

72, A High Vacuum High Speed Ion Pump {with John S. Foster and 

May 1953. 
' E. J. Lofgren).  Rev, Sci. I n s t r . ,  VOX. 24, No. 5 ,  388-390, 

High-Current  Acce lera tors ,  Science, V O ~ .  122, No, 34-80, 
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I 

Men and Atoms, California Monthly, Vol, 66,  No, 4, 24-27, 
December 1955. 

I 

Science and the National Welfare, 
A. Welch Foundation Conferences on Chemical Resea rch ,  I. 
The Structure  of the lVucleus, 163-168, November 20-22, 1957. 

Proceedings of The Robert  
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T h i s  r e p o r t  was p r e p a r e d  a s  an a c c o u n t  o f  Government 
s p o n s o r e d  work.  N e i t h e r  t h e  U n i t e d  S t a t , e s ,  no r  t h e  Com- 
m i s s i o n ,  n o r  any  p e r s o n  a c t i n g  on b e h a l f  o f  t h e  Commission: 

A .  Makes any w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  o r  
i m p l i e d ,  w i t h  r e s p e c t ,  t o  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  
o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  
r e p o r t ,  o r  t h a t  t h e  u s e  o f  any i n f o r m a t i o n ,  appa-  
r a t u s ,  method,  o r  p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t  
may n o t  i n f r i n g e  p r i v a t e l y  owned r i g h t s ;  o r  

B .  Assumes any l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  u s e  o f ,  
o r  f o r  damages r e s u l t i n g  from t h e  u s e  o f  any i n f o r -  
m a t i o n ,  a p p a r a t u s ,  method,  o r  p r o c e s s  d i s c l o s e d  i n  
t h i s  r e p o r t .  

A s  u s e d  i n  t h e  above ,  "pe r son  a c t i n g  on b e h a l f  o f  t h e  
Commission" i n c l u d e s  any employee o r  c o n t r a c t o r  o f  t h e  Com- 
m i s s i o n ,  o r  employee o f  such  c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  
s u c h  employee or c o n t r a c t o r  o f  t h e  Commission,  or employee 
of  s u c h  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o v i d e s  a c c e s s  
t o ,  any i n f o r m a t i o n  p u r s u a n t  t o  h i s  employment o r  c o n t r a c t  
w i t h  t h e  Commission,  o r  h i s  employment w i t h  s u c h  c o n t r a c t o r .  
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