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In his relatively short life of fifty-seven years, Ernest Orlando
l.awrence accomplished more than one might believe posaible in a life

twice as long, The important ingredients of his success were native

ingenuity and basic good judgment in science, great starnina, an en=

thusiastic and outgoing personality, and a sense of integrity that was

. overwhelming,

Many articles c;n the life and accomplishments of Ernest
Lawrence have been published, and George Herbert Childs has writ{:en
a book-length bidgraphy. This biographical memoir, however, has‘
not made use of any sources other than the author's memary of
Ernest Lawrence and of things learned from him, A more bulanced
picture will emerge when Herbert Childs'. biography is pub- |

lished; this sketch simply shows how Ernest Lawrence looked to ox{e

of his many friends, | . |

Lawrence was born in Canton, South Dakota, where his futhcér
was sdperiﬁtéhdent of schoolsf As a boy, Lawrence' s constant con'{-
paaion was Merle Tuve, who went on to establish a reputation for : _
scientific ingenuity and daring, much like that of his boyhood chum.g'

Together. Lawrence and Tuve built and flew glxdera, and they col-

'laborated in the conutructmn of a very early short-wave radio transs
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mitting station. This elgperience can be seen reflected in their later
work--Lawréncé was- the first man to ac'celerate particles to high |
energy by the'application of short-wave radio techniques, and Tuve,
Witl.l Sreit, was the first to reflect short-wave radio pulses from the
ionogphere, a t’ech.r':.ique that led directly to the development of radar,
In the early thirties, Lawrence and Tuve were leaders of two ensrgetic
teams of nuclear physicists; ‘Lawrence with his cyclotron, and Tuve
with his electrostatic aécelerétor, car‘ried the friendly rivalry of
their boyhood days into the formative stagevs of American nuclear
physics, and all,nuc'lelar physicists have benefited greatly from it,

Lawrence began his c‘ollege work at .St. Olaf's in Northfield,
Minngsota, andbthen went back to the University of South Dakota for
his B. S. degree. He worked his way through college by sclling
kitchenware to farmers' wives in the surrounding counties, Very few
of the scientific co}leé.gt_leg who admired his effectiveness in selling new
scieatific projects to foundation presidents and government agencies
knew that he had sexl'ved an apprenticeship in practical salesmanship,
many years\ befo,ré. And indeed, it would be quite wrong. to attribute
his later successes in this field to any early training -- it was always
obvious that he convinced his listeners by an infectious enthusiasm,
born of a sincere belief that his ideas were sound and should be sup-
ported in the best interests of science and of the country.

Although Lanrence sta.rted his college career as a premedical
student, he switched to physiqs under the ‘guidance of the talented

teacher one so often finds in the background of a famous scicntist's

‘career. In Lawrence's case, this role was played by Dean Lewis E,
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’ Akeley, Who *:u.torcci him pﬁrivatc:ly ancl sen’f hi.m; on to the Univers lty of
: Miﬁnesota. as a graduate stu.deh_t. On the wall of [,awrence,' s off ’ice,?
Dean Akeley's pic"i:ux*e; alx‘x./‘ayss bad the place of honor in a ga.llery- that
included photographs of I;awrc—:nce’ﬁ scientific heroes: Arthur Comfpton,
Niels Bohr, and Ernest Rutherferd, .
At ancsotca,, Lawreuce came uudar the influence of 'Profes.%sor ‘
W. F. G. Swann, and 'when Swann moved to Chn.a.go and then went on to
| Yale, .Lawrence moved both times with him. Lawrence received his
Ph, D, degree at Yale,'in 1925‘, and renmi.ned ‘them;e three years more,
first as a Nav‘mnc\,l R eaearcb Fellow, and ima.lly as an assistant |
professor Erom this period of his formal training in physics, very.
little remained on the surface in his 1ater,years. To most of his col~
leagues, lLawrence appeared toha.ve a.lmpst an aversion to rnathe~ ‘
matical thought. He had a most uausual intuitive approach to involved
physical problemé, and when explaining new ideas to him, one _quiclﬁly
learned not to befog tize issue by writing down t.he differential, équa.tion
that might appear to clarify the situa.ti'o:x, Lawrence would say some-
, fh.ihg to thé effect that he .d.idn‘ t want to be bothered by the mathe- ‘
matical details, but ”explain the physics of the proAbl‘em to me. ' One
could live close to him for years, and think of him as being almost
. ; ‘
mathernatically illiterate, but then b‘e_ brought up sha"rply* to see how
completely he retained‘his? skill in the mathernatics of classical eleé:w

. . _ !
tricity and magnetism, This was one of the few heritages he brought

|
from his a'pprenticeship with W, F. G, Swann and the physics depal'?tw_
ments of the 1920 s, Aimoat everythmg that Lawrence did «- and

more particularly, the way he dlcl 11; -~ came from hims elf not from

‘his teachers, . . - ‘
' N . N L .. , l




ence with looseness in science,_ lawrence .formed the habit of critically
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In 1928 Lawrenée left Yale for Berkeley, where, two years
later at the age of'29, he became the youngest full Drofeésor on the‘
Berkeley faculfy.' It is rllfhcu]’c for one ata.rtlngr on a ¢c.1c,n‘t1£1c career
today to appreciate the courage it took for him to leave the secyrity of}'

a rich and distinguished umverslty and move into what TR but c.ox:’cra.qt.
a small and .only recently "uvakened PthnlC‘b clﬁpartment In later llfe,‘
when he needed to reassure himself that his judgment was good even
though it disagreved with the ‘ollz)i.nions of most of his friends, he would |
recall the universally dire predi’cﬁoﬁs of his Fastern friends; they a~-
dreed that his futu:re was bright if he :;‘rayed at Yale but that he would
quickly go to .seed in the "unsc:ennhc clirnate of the West, "
The predictions oi a bmg,ht future for Ernest I..awrence were
SOlldly‘ based., His doctor's thesis was in photoelectricity. Later, he;
made the most prec:,sa de termmat: on, to thd.c time, of the ionization ‘
potential of the mercury atom., In his characteristically candid manner,
he often depreciated this l'lighly regarded measurement, \He' had a prej;
conceived “corréct value' of the ionization poten’tial in mind, and he
would say in a contr:te manner tha.t he looked for possible errors of the
correct sign and magnitude to make his preconceptlon come true. }:,very
scientist has fought this battle with himself, but few have used them-
selveg as an éxampié to bi‘r.npress their students wit.h the necessity of
‘ ;
absolute honesty in scientific inquiry. Lawrence's value for the ioni-
zation poten’cié.l has stood the test of time, but he always shrugged it .
off by saymg he was Jucky, if he had looked hard for errors of the \

opposite sxgn, he would have found thern tooa After this ea.r.y cxpgru

T
i




exarnining any acxenmfu result, rcgardlc,ss of ita orugm. He ;mphc,d the
same rigid sta.ndards of crltlcwm to his own work, to that of his associ~

ates, and to the reports from other laboratories, Vis,itc:rs sometimes

formed an early impression that Lawrence was overly critical of the ek~

perimental results of others, but they soon found he encouramd his:

. '

juniors to criticize his own work with equal vigor, He believed that a
sciem.ific: community 'thdt_did not encourage its memberé to criticize
each other's ﬂx;dings m an open manner would quickly degenerate i.nté
an association of dilettantes, Sk:.ienﬁi_ﬁc C‘;riticism was with him an im-
personal reaction; he gave it or received it without any feelings of '
hostility. He did, however, reserve a bit of scorn for some members
of the profession _who, ip his opinion, drew unwarranted conclusions
from each ”qup’ and wiggle" of a curve o‘bt-a,ined with podr c:ounting'
statistics, | |
_Lawrencé’ 8 name is 50 closely associatéd v&ith the field of nuclear
physics in the minds of most physicists today that it often comes a.s a,
surprise to them to find that he had a distinguished career in othexr
branches of physics before he invented the cyclotron, After he moved
to California, he ébnti;augd his work in photoelectricity, and together
with his students published a nu.ﬁ}ber of papers in this field, It is dif-
ficult for one not intirna:tely familiar with a particular area of physma
to appraise the value of another's wofk in that'.area.. But one can gain |
some idea of the esteem in which the work was held by examining the
ﬂ

literature of the period, and seeing how often the work was referred to

by the experimenter's peers., . Fortunately for this purpogc, an authoritas

i
e

tive treatxse on photoelectricity was published shortly aftexr Lawrence




a biographical index of about 700 names. A quick examination of the

closely associated with Jesse Beams, who is now Professor of Physice

of the order of _10'9'second. He and his students investigated time lags

3 porticn of his distinguished scientifi¢ career to the study of short times,

 the photoelectric surface. .Although these measurements were made

! N
' rena.1ssance is a dlrect result of the expenditure of vast sums of mone}'r‘

Ses . UCRL~17359

left the field to concentrate his efforts on the ‘Cyclotro_n. Hughes and

DuBridge's Photoelectric Phenomena appeared in 1932, and it contains = = = -

"multi-lined entries" sho.Ws that only twelve of the 700 experimenters
‘Wer“e referrecl to mere often than Ernest Lawrence, His contributions;
were referred to in all eight of the chapters that dealt with non-solid- B
state photo’electficit.y, -wliic.lm is a measure of Lawrence's breadth of
coverage of the,field in the few years he'devoted to it. .

One of the references in Hughes and DuBridge's ‘book is to
Lawrence s 1nvest1gat10n of pos sible time lags in the photoelectrlc
etfect. I-Ie publlshed several papers in the field of ultrashort ~time~

interval measurement while he was at Yale, and in this work he was

at the University of Virginia., Beams was a pioneer in the use of the
Kerr electrooptical effect as a light shutter capable of opehing in times

in the Faraday (magnetic rotation) effect, and he has devoted a major

high accelerations; and other related phenomena. Lawrence and Bedms_
showed that photoelectrons 'appeared within 2><1O"'9 second after light hit

| v
more than thlrty -five. yea.rs ago, they are modern in every other sensé
of the word Only in the last few years has the measurement of time 1p— : _:‘ o |

tervals of 10° -9 second come" mto routme use in the la.boratory. This

on the development of photomultlpller tubes, wideband amphflers,




high-speed oécillos colt;es, and a host of auxiliary e_quiprrieht, SUCH a‘p‘s
. coaxial cables and sl1i¢'lded connectors--none oflwhié,h Was avail‘ablfe to
. Beams and Lawrence, | | | ’

In this 'period, La'wr‘encé 'a,nd Beams performed their well»sz«.own
~experiment of ''chopping up a plﬁoton. ¥ The uncertainty pri:néiple stiates
that the energy of a systém c&nnot be determined mére accurately t?_ﬁan
- about h/At, where h is Planckv‘s constant and At is the time a.vail;a,ble
for thé measurement. A narrow line in the optical spectrum is a system,,
with a very small enefgy spr;ad; each' light quantum, or photon, has the
same energy to within an uncertainty AE Lawrence and Beams showed
that if they decreased the time a.va,ilablé for thevénergy_ measuremcﬁt
(by turning the light on and off again in a small time At), the iviclthiof the
sPectral line incréased as predicted by the uncertainty principle. It is
not generally known. that Lawrence played an important part in the évolu.é
tion of the higH-speecl rqta‘ting top which Beams later developed so
beautifully. But the bibliogfaphies of Bearﬁs and Lawrence show that
the first reference to the high»s.peed roto¥ is in an abstract by Lawrence,
Beams, and Garman, da.ted 1928, |

- As a result of their scientific coilé.boration, Lawrence and Bea,ms
became very ciose personal friends., They took one summer away ?rom
" their work, and toured Europe together, Lawrence often referred

nostalgically to that period in his life, when he could travel and sece the

sights without the responsibilities of the speeches and receptions which

" marked his later tours in foreign lands, - ‘ }

Shortly before Lawrér;ce left Yale, he had an experience that is

“known to only a few of his close associates, but which was most




P8 ‘ - UCRL~-17359
important in his de*'ve_lopmehtlas a scientist, At that time, television

‘was considered to be a rather impractical dream, because the basic

element was the rotating scanning wheel., It was obvious to everyone
_ : L :

that this mechanical device would limit the devrelopment of picture qua’lity
by restricting the numb’er of "picture lines" to less than 100. ILawrence's

xperience w1th photoelectmmty and the newly developmg cathode~ rcLy j

i,

tube led hlm to belmeve tha.t he could make an all- electromc television

f

System w1thout'rotating wheels.« I-Ie qulckly put together a rudimentary
eluctromc television system, and bemn qulte sure that he was not only
‘the flrst to have the 1dea., but also the fxx-st to "reduce it to practme,“ 5 ’

he contacted a frlend at the Bell J,‘elephone Laboratomes. After hearmg '

t

Lawrence say that ‘he had an,impprtant new idea in the field of television,

~ his friend in'vitedvhim down to the Bell Le‘mboratories to talk about it. The

friend took him throug,h what Law-v’em,e later desc ribed as a 'whole floor"

i

full of electromc *relevmlon apparatus, thh excellent pictures on cathode-'_

ray tubes that were beyond anything he had imagined Inl&ht e\clst. Affer

dreams of the fmanual reward his mventwn would bring hlm, it was a

i

real shock for him to see how far ahead a good industrial laboratory

could be in a field that wa:s important to it. He resolved then and there

to concentrate on the things that he knew» most about, and not to d:lu(.e

his effort by competlng in the commenrcial area, He kept fl]’mly to thls

resolve unti‘l'l the last decade of his life, when he had received all the :
honors that were available in the sciqi:ntific world, He then turned some

| sl

‘of his creative ability to the problem of color television, a field in which
v m = »
he contributed many new ideas. Paramount Pictures supported an ex-

tensive development of the “Lawrencle tube, ' or “"Chromatron,' In the
: ’ . ' . : jo. . o




“Qu . UCRL-17359

last few .yaafs'bf his life, Law:y:énce wag issued dozens of i:atv:nts on
l}ié in.:ventions in the fi'eld of color television, | |
Since it has only recently been considéréd trespectable! for a
scientist to hold patents, it.is worth reviewing Ernest- Lawrence's é.ttitudel
toward patents, vaxixc_l the financial rewards from inventions,  The cygilot_ron
and the other Lawrence inventions of the prew.a.f era were patented ir&
Lawrence's name, and assigned by him to the Research Corporatioﬁ. No
royaities were ever asked by the Research Corporation, and Lawrence |
encouraged and helped scientists throughout the world to build cyclétrons.
Lawrence was legally the inventor of the Calutron isotope s'epa,ratol",
but he assigned the patent to the governme.nt for the nominal one doila,r.
Some of his colleagues m the atomic bomb project were awarded la.rge

sums of money by the government for the infringement of their patents, ;

- but Lawrence never allowed his name to be used in any litigation, and
therefore received no compensation for his wartime inventive efforts
beyond his normal salary,. Although he greatly enjoyed the luxuries

that came with wealth, and encouraged others to follow his example of

inventing for profit in peripheral areas, he felt that it was unwise to

foster the patenting of scientific discoveries or developments for personal |
profit. One of his greatest accomplishments was the encouragement of : |

sciantific colleagues to work closely together in an atmosphere of c:‘iomplete

L : |
freecom for exchanging ideas, {As an extreme example of the pre- }
: |

Lawrence method, one can recall thet Roentgen spent several weel'f? in

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

the adjacent research rooms of his discovery,) Lawrence was




‘phyblc.,, and was worried that patent consciousness mlgrxt turn back

.the po,ges of progress, As he expressed it, ’a man woulcl ba very ca.re—“ '

_ﬂ) UCRL~-17359

| -acutely aware of the change he had wrought in the methods of doin'q |

ful how he talked over lns new ideas if the pcrson to whnm he was tall\mg

might e nlarge on them and subb equentl 7 make a fortunc. from a patent.

. While at New Flaven, Lawrence was a frequent visitor in the
home of Dr. George Blumer, Decm of the Yale Medical buhool It was
soon obvious that he pa.rtwula.rly en)Oyed the company of the cldest of |
the four Blumer glrls, sixteen-year-old Mary;, or Molly as she is known

to all her friends.’ | They were engaged in 1931;: he returned to New

Haven the next year and brought her as his bride to live in Berkeley.

Two years later Eric, the first of the six Lawrence children, was born;

he was followed by Margaret, Mary, Robert, Barbara, and Susan, . With

1

" Ernest and the chi'ld.ren,u Molly Lawrence created a home that was'famous

throughout the world of. physics for its warmth and hospitality In it,

tney entertamed the steady parade of v1sxtor= to the Radiation I.abora.tory.'

in 1941, Molly s sister Elsie became the wife.of Edwin Mc Millan, the

present director of the Laboratory. Completing the family group in
Berkeley were Ernest's parents, who settled there when the elder Dr.
Lawrence retired from his distinguished career in education, and ‘ ' .

Ernest's brother, John, whose pioneering role in the medical aspects

of radiation. is mentioned later in this rh_emoir., Sgrely one of Ernest
Lawrence's greatest satisfactioné must have come from the knowledge .
that his mother's life had been saved by radiation therapy, using the |

one-million-volt ''Sloan~Lawrence' x-ray ma.ch.ihe at the University of |

.California Medical_SchooL After Mrs, Lawrence had been told by many

B
|
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transformations being arhlnvcd in Lord Ru*hemomd‘ Cavendish

distinguished specialists that she had an inoperable tumor, she was|
treated, more or less in desperation, with the novel resonance trans-

former device which Lawrence and his co-workers, in the incredibly

busy days of the eariy 1930 s, had installed in the San Francisco
Hospital. At the tlme of hu' son s death, .she wag still living in
Berkeley, twenty-one year s after Dr. Robert Stone treated her wuh
the only million-volt x rays then available in the world,

In thé period when Ernest Lawrence was moving from New

Haven to Berkeley, physicists were excited by the news of the nuclear

- Laboratory, at Cambl'ldge, Lngland It was genera.ily recognized tha.t

an important segment of the future of physics lay in the study of nu-
clear reac‘tiOns, but the tedious nature of Rutherford's technique (uﬁmrr
the alpha particles from radium) repelled most prospective nuc'ear

physicists, Simple calculations showed that one microampere of e.gec»

~

: trically‘ accelerated light nuclei would be more valuable than the world's

total supply of radium-=--if the nuclear particles had energies in the

neighborhood of a million electron volts, As a result of such calcur

0

”1ations, several teams of physicists set about to produce beams of |

ftmil l*on-volt partlcles." Cockeroft and Walton at the Cavendish
o*atory used a cascade rectifier plus a simple acceleration tub
anc although they neveL" reached their 1n1t1al goal of a million vo”cb,1
th(.y found that nuclear re:u.*tllona took place copiously at a few hunc.:’F
| |

kilo clcctron volts,
' i

P R
Lawrencc had suc—nt cnoubh time in. 'Lhe study of spark dis- |

cha.rgcs with the Kerr electr optlca.l shutter to develop a very hea."nhy
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respect for the épark-breakdown mechanism as a voltage limiter, He
followed the early work of Van de Graaff, whose electrostatic gc neratbr
made spectacular high-voltage sparks, and the work of Bra,sch_. and
' Lange, who atwmpted to harness lightning dlscharﬂeb to the acceleration
of charged particles. Although he wanted to "gc,t into the nuclear busi-

ness, ' the avenues then avalm.bw didn't appeal to him, beo'mr thc,y

@

-all involved high voltages and spark breakdown,

In his early ba.che;or days at Berkeley, Lawrence spent many of
his evenings in theé library, reading widely, both profesolonally and for’
E ccreation. Althbugh he had passed his French and Ger-:man require- .
ments for the doctor's d_e‘gree by the sli;mn‘ue_"st c;f margins, aricl con- ‘
sequently had almost no facility wi‘th either language, he faithfully y
leafed through the back issues of the foreign PETLOdealo, night after |

night, On one memorable occasion, while browsmg through a journal

seldom consulted by physicists, "Arkiv fir Electroteknik, "he came
across an article by R, Widerde entitled, n{ber ein neues Prinzip zur

i

“iHerstellung hoher Spannungen. " Lawrence was excited by the easily
understood title, andl iﬁlmediately' looked at the illustrations. One
showed the arrangement WiderSe had employed.to accelerate potassium
ions to 50,000 eler'tron volts, using a double acceleration from groundf
to ground, through a vdrift tube'' attached to a radio-frequency source,
of 25,000 volts. Lawrence immediately sensed the importance of the
idea, and decided to try the obv‘ious extension of tize idea to many ac-
celerations throuﬂh dmft tubes “attached altc:rna.fel-y to.two radio-fre-

quency “bus bars, ' 8ince he could deo 111 5 own thinking faster than he

could uransla.te Wlderoe S. classﬂc paper, Lawr :ince had the pleasure of\
Hl
il
i

ig
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_ *ndcpendently a.rrwlﬂg at md.ny of chmroe s concluswn It st1~uci<

him wlmost :.mmedmatoly +hat one mi gh* ”wmd up' a linear acce lcra,tor

into a spiral acbelerator by puthma it in a magnetlc fzeld. He was pre-=

pared to arrange the magnetic field to van'y in some manner thh the
radius, in ordexr that the time of revolutlon of an ion would remain con-

stant as its orbit increased in radius. A simple calculation, on thc% spot,

showed that no radial variation of the magnetic field was z1eéded~~i§ns

in a constant maunetic fieﬂ}.d. circulate with constant frequency, re-

gardless of theixr energy.

One of l'ny most cherished memories is of 2 Sunday afternoon

in the Lawrence living room, labout fifteen years ago.: } Young Bric :
came in %o tell his fa.tﬁe_r ‘that his high school vphysics teacher |
‘had assigned him the responsibility of explaining the cYciotron to his
class, Hié father p‘roduced- a pad of paper and a pencil, ,anci while I
pretended to rea,d; a maga,ziné, but listened with one ear, he ex.pla.ix‘zed‘
the Cyclotrotn to his ;aldest son, I’Ie‘ told hbw when the particles were"
geing slowly, they went around in llttle circles, and when they were
_going faster, the magnet couldn' t bend th'em so easﬂy, so they wen‘*
in bi.&ger circles, and had farther to go, The interesting thing wa;sl
that the slow. lons’m the little c1rcles took the same time to go around

5 the {ast ions in Lhc blt‘; c.xrc.los,‘ so one could push and pu‘l on «,Lll1 of
them at the same rate, and speed them all up. Erlc thought about ..T[his
for a éhort while looked at his father wiﬁh ad.rr;.iration, and said, "JGee,

- Daddy, that's ncat"‘ I've always thought that the Nobel Commxtteq

must have had somet‘nng of that feehng when they voted.the prize tq

Ernest Lawrence, in '1939.




58S

N

e

- UCRL-17359

According to Lawrence, an ion with a charge-to~-mass ratio of’
e/m v};ll_ circulate in a magnetic field H, at an a.ngula"r veiocity- W,
by S
w= 2mf = (H/c) (e/m); | . SR
here £ ’isit_‘he :;'otational frequency of the ion, il.n_‘c‘ycl‘es per second, |
‘and ¢ is the vélocity'_of light., If an 5,011'5.‘3' to b’e‘a,cc’elera.te'd as it
circulates in a magnetic field, one must impose on it é.n’ alternating i

electric field of the same frequency. If there was any element of

"luck" in Lawrence's career, it was the ready availability in the 1930! s :

&

- of electronic components appropriate to the frequency range of about g i

i

1O.r‘neg.a0yc1es.‘ """.I,‘his is “_‘che frequency one ,obta..insv T:y’ substituting into
~the cyclotron equation the- e/m ‘value for the hydrogen raolecular ion
:.. (o the soon~to~Be~-diécovered déu‘tex'on) together with the magnetic |
field strength thé\.ﬁ‘is most'eaéil,y obtained with an iron-cored electro~
| ‘magnet, Had the ca..lcu-]l.'atéd frequen'}:y turned oﬁt to be 4OOQ times as
.great (as it is foﬁ the elé‘ctr'on), cyclotroxj.s would probably not ‘ha}ve
a—ppeared,on the scene:‘until_Worlc‘l War' II had fathered the necessary
microwave oslcillators, | I brigi.rxélly wrote the last sentence wi’ghmit the;
qualifying word "probably, "‘ but ins erted it _aft'ex; rgcalling the many

other téchnical innovations created by Lawrence in his drive to make

. the Cyclotrb'n a reality. He and his co~workers, M. Stanley Livingston'

!
~and David Sloan, found it necessary to develop and build their own 4
|

|
1

vacaum pumps and high-power oscillator tubes, because none with the

required capacity was commercially available at a price they could pay.

' s ! y - . ' . Y ‘ ;
They were soon using the largest high-vacuum pumps in the world, the |

highest-power radio oscillators ever seen, and the largest magnet then |

E
il
I




in operatvon. I—Tad they needed hwh -power mlcrowa,ve oscillators, tlhey

|
'

would probably have 1nventecl dnd bullt thcm, just as I-Tcmsen and hig co~

- workers did a deca.de later at Stanford.

Lawrence is best known for his application of the c’Yclotron' e;qua-—
tion to nuclear physi cs, but he also used the eqw..att1 on 'co help devxse thc

most accura.te method of 3 measurmg ‘he specific charge, e/m, of the

‘ electron. The method 'was employed by Frank Dunnington, one of

Lawrence s students, in what remalned for many years the most precxse
meesurement ‘of th‘lS important fundamental constant,

The flrst demonstra.tlon of the cyclotron resona.nce pvlncmlc was

: reuorted a.t the Berkeley meetmg of the Na.tmonal Academy oi bcxences, ‘

~in the Fall of 1930, by E. O, Lawrence and N. E, Edlefson, Their

‘original apparatus is on permanent exhibit at the Lawrence Radiation

)

. Laboratory, together with the brass vacuum chamber of the first 4-inch-

diameter cyclotron of Lawrence and Livingston, ‘which accelerated hydro-

. . f

gen molecular 1ons to : an energy of 80,000 electron volts. Lawrence and -

lemaston went on at once to build an ! i-wnch cyclotron, whwh they hoped
would be the flI'St accelerator to ylelo "art1f1c1al dlsmtegratlon“ of llorht
nuclei. "The dev1ce was gwmrr p*'otons with an enerdy of veverr.tl hunorea
keV (wlnch we now know would have been qulte adecuate for the Job) in the

spring of 1932, but. Lawrence and Livingston pressed on to thewr aoal of
|

1 million electron volts, which app;eared to be well W:Lthm reach. ’IIhey

had no countmg equlpment in their la.boratory, but two fr:.encls i'vom Yale,

Donald Cooksey and Franz K‘urle, were to bring counters to Berkeley in
the summer of 1932. to help w1th the observatlons. . When the v1eltors.

i
arrived, they made it possible for -the Berlieleyi team to repeat the now
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famous work of lC;oc'lcoroft and ‘W‘altori; .wh‘o hadannouncéd_thelr dis -

covery of the divsinteg'ration of lithium by protons in ear'ly. 1932, Thié
was thé first of several ifhpo;"tant discoveries in nuclear physics that .
could almost as well have been made in Lawrence's l‘aboratory. But,
of course, many'laboratories in the world, includilng all the accelerator

laboratories, missed these same later discoveries., l‘he fn' st Ymiss!

at BerAeley--the d151ntearat10n of llt'1111m~-1nvolved the same mistake .

Cockeroft and Wa.lton had also md,de earller, neither group had looked

at the lower energies we now know were sufficient to have done the job.fj“

i

The successful Beflceley‘éxpefimerit was planned for the surnmer of
, 193'2 whentcountlng equipment would be'a.va.ila.ble,' a.nd‘i’t was Ca.rvn‘."i'ed‘
off on schedﬁle. " Cockeroft and Walton simply got their experiment

done first,

But for those who became pPhysicists after World War II and who i

may be unacquainted With the.'primitive world of the. early accelerator
'la‘*toratory, a few wo.i'ds ‘will provide an understanding of how Lawrence,
a:nd his co-workers mlssed artificial radloactwmty,b and after that, the
‘discovery that neutrons can produce artificial radloacnwty. We oqox.ld‘
keep in mind that the de.}’/elo;oment of the cyclotron, whi'ch actually had
been ridiculed by 50;:11e,physicists as impractical, was an extremely dif:-
ficult 'technologic.:a'.l taslc that onlyv va man of Lawrence's daring would“
have undertaken., To make it work req_ulred the development of tech~ ;
nologies and arts that were not then known, What seems so easy today
‘was won onl';.rlwlth sweat and long hours 'by Lawrence and his assocmtes‘
in the ear'ly 30's. In tho early years most of the time of the Berkeley :
group was concentra.ted on deveiopmg the cyclotron into the efficient

‘tool tha.t was subsequently us ed wmth such profzcmencY in rna.ny research

arecas.

|

o
|
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he 27-inch cyclotron was built with incredible gneed in an old.

wooden building near Le Conte Hall, the home of the Fhysice Depart-

ment, and the birthplace of the smaller cyclotrons. The old wooden

3

Radiation Laboratory, which was finally torn down in 1959, was the
first of the modern nuclear physics laboratories-~institutes in which |

experimentalists collaborated on joint projects, or worked on their
N ; * .

own research projects, as they saw fit. The great enthusiasm for

physics with which Ernest Lawrence charged the atmosphere of the

i
1

Laboratory will always live in the memory of those who experienced it,
The Laboratory operated around the clock, seven days a week, and those

who worked a mere seventy hours a week were considered by their

friends to be 'mot very interested in physics." The only time the Labora-~

‘torv was r'eally deserted was for two hours every Monday night, when%
La:wre::ce’ s beloved '"Journal Club” was meeting. He initiated this v
weekly meeting wher;_ the cyclotron looked as though it might become !
useiul in nuclear phys~ics_; he and his associates reported to each other

" the latest publications i'n ﬁuclear physiés, so they would know what tojdo
when their new tools were ready., DIut soon the Journal Club became a.

forum in which the rapidly growing Laboratoﬁf staff discussed their own
discoveries in radibacti\}ity and allied fields.

The 27-inch cyclotron--~later converted to a 37-inch pole dia-

meter--was originally used in studies of artificial transmutations in-

duced by high-energy protons. Immediately after the discovery of
deuterium by Urey in 1932, Professor G. N. Lewis of the Chemistry |
ar

Department supplied theLaboratory with a few drops of heavy wap. »

and Lawrence, Lewis, and Livingston observed the first »cactions

Tt
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induced by deuterons. The detecting device used in all these early
experiments was a '"thin ionization chamber" plus a linear amplifier,

Such a chamber 'responds to fast atomic ions (protons and o particles) |

but not to the £ rays from radioactive substances; to detect p rays,

one needs a more sensitive device, for example, a Geiger counter.

0

Lawrence and his colldbora'fors made b(’Vel‘:‘l a+tempts to manu*’acmrc
Geiger counters in the R’adiati.on Laboratory, but all their counters suf-
ered from excessively high '"background rates.!' Today, when Geiger,

counters are commercially available from dozens of companies, it is |

t

difficuit to believe that Lawrence and his associates could have over~ |
looked the fact that the hxgh backaroundb were the result of a aeneral

high level of radioa.ctivity in the whole la,boratorywa.rtlﬂual radmactlwty,
) &l

to be more exact! But in those days, the rare experimentalists who

could make good Geiger counters were looked upon as practitioners of

\

-witchcraft, thelr 1e~.:, fortunate frlumu might try for months without

Py an
oo

hitting the ma g ic formula. So after several abortive. attempts to make
useful counters, the Berkeley’group went back to the linea..r. amplifier ‘
‘technique that others considered even more difficult, but which was
nonetl:.(;less one that t‘hey had mastered. So it was not until the an~
nouncement in 1934 of the discovery of artifiéial gadioactivity by Curir%

and Joliot that Erneést Lawrence and his associates realized why they
L !
couldn't make a decent Geiger counter; their whole laboratory was
, ' ' = i
. . . . ! . . . . ,l
radioactive! | _ » , |

- The dlscovery of art*flclal radxoacthty had been missed by all
‘!

the accelera‘tor teams then opcra’cm*r +hr ughout the world, so the next

few months saw the dlscovery of dozens of radloactlvb species by mem-="

bers of the accelerator fraternity. The fact that none of the "machine

1

of




spect. E‘rom many thousands of these otherwise useless glass tubes,
. |

" sample of the‘ element in the world, Her'daughter and son-in-law out
: |

this precious sample to good use in their nuclear investigations in the

let two big di scovames go unnoticed in his Laboratory,)

_the discovery of artificial radioactivity.” The fact that polonium does,

“target. Accelerator physicists were denied this simple technique, be

* this advantage, the Curle Joliots almost missed their great discovery,

‘they lmost dlsmnssed the chanrm in countlnv ':'ate of their first

K}
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builders" had n;t?iced the phéﬁoménon of arfificﬁ.zil. :radioadivity puts
the ovve‘rsight by the cyclotron group in p'x"oper verspeactive. It was
symptomatic of the general unreliability of all detection qew‘n ces in
those days, coupled with the great comp lexity of u..e 'M:ce1 rators them-~
selves, r.athe::l'than‘ a defi‘ciency in the men as scientists, |

It is ihteresfing_to note that Iren_e Curie and Frgderic Joliot hétd i
the largest source of "'troub‘le»'free” polonium iﬁ the world, For a |
gquarter of a century, doctors all over the world had mken nlcasure in -

1

sending their old radon ncedles" to Madame Curie, as a token of re-~

she had *solated more than a curie of polonmm»-by far ‘rhe strongest

early 1930's. They used their polonium to generate neutrons, but they
didn't realize what they’ihz’xd, done. Chadwick read their report and 1m~
mediately recognized its significance; a .few days later, he had proved

. . ‘ \
that the neutron existed. " (So La.wrenc was in good company when he

2
. The Curie-Joliots used their unique source two years later in
|
' ' ) Y * 0ng i 1
no- 2mit & or v rays made it possible for them to observe the '"induced

. } °
o . A

activity' curing the“ti'me the a particles were bombarding their a.lum.mum

But even with

cause of the background radiation from their machines.
i

st artificially

fir
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radioactive source as being due to the erratic behavior of their Geigex
counter! It was only after the builder of the counter had insisted for
several days that lna ha.ndlworls was reliable that the Curie~Joliots be-
came convinced that the phenomenon of artificial radioactivity really
did exist.

That Lawrence's group. a,nd‘all the other accelerator teams,
did not anticipate the work of Fermi and hu; collatorators in the field
of neutron- mduced radloac.tlwty is a different story, but again one which
has an easy explanatlon in terms of its setting in time., Calculations of‘
'vields'' of nuclear reactions were made every da;y, and it was painfully
obvious that one had to bombard a target with more than a million fast
particlés in order to observe one nuclear rea;tioﬁ. Everyone ha}d.
thoyght of the possibility of using the high~energy o particles from the
artificial disintegration of lithium as substitutes for the slower u particles
from the decay of polonium, But ""that factor of a million" always stoodd
in the way, and it finally led fo a firmly held conviction that secondary
reactions can't be observed," Certainly, Lawrence and others ‘considexj'ed
the use‘ of neutrons to produce artificial radio'activity, but the factor of a
million alwéys made them turn their minds to other things, But Fermi,,
who was far removed from the pressures of an accelerator laboratory,

looked at the problem from first principles, and realized immediately
that every neutron wouid make a nuclear reaction. In other words. |
secondary reactions would be as pruvalent as prlma,rles, if neutrons |
were involved. The story of his success is well known, and needn't be

repeated here, Lawrence often spoke of the day he first heard of :

Fermi's classic experiments, and how he verified Fermi's discovery

'

.
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of the neutron-induced radicactivity of silver, within a minute or two.
He merely took a {ifty cent piece frorn his pocket, placed it near the

cyclotron, and then watched it mstantaneously discharge an e’eCuI'OSk.ODC

after the cyClOt"‘O"l had been turned off.
On_e normally doesn't dwell so long.in a scientific obituary on
those occasions when the subject failed to find what he was apparentliy

equipved to find, But Ernest Lawrence wouldn't want such interesting
'b*t:. of history to be swept under a rug. "He was so accustomed to hié

i

own success and to that of his laboratory colleagues, that he enJOyed

i
1

.. recounting his mistakes, without ever mentioning the mitigating factors

.‘ just r’ecounted.. From:'1.931 um»:i'l‘ 1950, La.wrenée’ s la.bora.‘toi:y Was thc
home of the hmohest energy beams of particles in the woerld, “and for :
several yec.rs in the mid-~fifties, the Bevatron was the ‘mgheat enerdy
machme in operatlon. buch figures by themselves mean nothmv, ou‘r
they do mau-a.te that in that pemod the Radiation Laboratory could 0‘
important e;\perlment% that were difficult, 1f not impossible, at other}
institutions. Ernest Lawrence was always conscmus of the 1mDortanc<~:

]
Jof beam intensi ty in ac.gxta.on to beam energy, and worked diligently to

see that all hxs accelera.tors kept produc*no larger cw..rrents of a.ccelc,*-« =

[y

: «
ated ions, He often spoke with satisfaction of the proven value of his :
"long campaign to increase beam current (often in the face of oppositi c%
from his youngex colleagues,f whov want ed to ”use what we have" ratbe’(
'than shut clowﬁ for improvements). : - B $o

“

By 1937 Lawrence' had succeeded in pushinn the ¢,yclotron cur«

‘rent up to 100 m1croamperes, at 8 million electron volts, Other accelers

ator builders of this' period were c;onte_nt with 1 microampere at !




million electron volts, Lawrence's young associates felt sure that the

_ator in this period; he could ''get more beam' than anyone else, One
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cyclotron had reached its peak in the '"bearmn intensity department, ' but
Lawrence soon found that the cyclotron was doing ten times as well as

anyone had suspected. Lawrence was always the best cyclotron oper~

day, he notlced that as ‘the magnetlc field passed through the resonance
value, the meters in the os’cilla.tor power supply showed a ”’oa.chnrv”
ten times as great as the 800 waits one would predict (100 micro-

amperes times 8 million volts = 800 watts). Lawrence knew at once

‘that this power must be going into an accelerated beam that wasn't

reaching the detector. Ilt‘_was soon after this that Lawrence enCourageci
Martin Kamen to install two water-cooled probes to intersect the cir-
culating béam that had formerly been lost. So now, in addition to t‘ue
100‘ microamperes of “external beam, " é.npther milliampere was ai-
ways at work produéing .ra&ioactive isotopes for r. Jo}‘l_n Lawrence's
medical program.

One of the.in:xport'ant reasons for Lawrence's concern with high
intensity was his great mterest in the medlcal and biological applications
of the radiations from the cyclotron and from the radloactlve subbtances
it procduced., A phyéicist can ordinarily compensate for a lower intenéity
by building more 'sensitivé detectc;rs. But in n;ledicine,l one must e:.ccept‘
the human body as it is;" if the radiation levels are too low, the body’ :
uses its healing mechanisms to minimize the effects that are-under in- |

tlrfl'rmn. : -

Lawrence persuaded his brother John to come to Berkeley at

first as a visitor, to, advise h;m on the potential hazards of the neutrons

[N




- tracers and as sources of radiation. He committed his Laboratory to
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lfro‘m' the 27-inch cyclotron. . Later, John Lawrence headed 2 strong
research team that investi.gdted many phases of t‘h'e new radiation medi-
cine er owloofy ‘Ernest Lawrencé,: who had abé;ﬂconed a medical :
career for one in physicsl, now had the vicarious pleasure of a ‘»’seconél
life'" in medical ph‘ysics. | He gave the Laboratory medical progr 4‘fn n‘

strongest support, often in the face of keen disappointment on the partf

of some of the physicists who worked so hard to kcep the cyclotron inj

o]

verating condi tion and whose research efforts had to be curtailed, Ir~

1938 and 1939, all physms at the cyclotron was suspended for a full aay

.each week, so that termmal cancex Da.tlents could be treated with new-

trOns‘from,the 37‘;inch‘ cycloti"on. ’_I‘he oil-sta.ined c";"rqlotron'wa.s .
cleverly disguised with a set of white panels; and the patients were l‘e:d :
through a side door into what appeared to be an immaculate hospital

room.

La.wreqce was actlvely endarred in promoting the use of radio-
. |

active isotopes throughout the biological and chemical fields, both as |
. » |

i

furnishing the materials for experimental programs in many Ui‘ziversizty
of California departments, and he o‘.erived 'great satisfaction from thei
indportant discoveries bnbnade by his Colleagues in other scientific
disciplinesv. The édllaboiation between physicists and biologists
naturally ‘blpssomed after the de{/e\loprr;.ent of the nuclear reactor,

when radioacti\}é isotopes becarne widely available. But the real

awrence, who shared the ha rd ~earned

!
[

pioneer in this area was Ernest L
fruits of his labor with his University colleagues because he thought t
) ‘ ) v !

was in the best interest of science.
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Everyone recognized that Lawrence 'wa,s responsible for the
steady increése in the peak'enérgy of the accelerated beams available.
in the Rad%ation Laboratory, ahd throughout the world, éut Lawrence
himself seemed to derive even mofe satisfaction from his steady drive
toward higher beam ilztenéi_ties. He could point to the discovery of
carbon-14, by Rubin and Kamen, as an immediate dividend of his

EEC .

obsession with higher intensities. C could not have been discovered

at any other laboratory in the world with the detection technigues then

available. And although Lawrence never said so to anyone but his closest -

associates, he was coavinced that his great concern for beam intensity

was what had really fna.de'v.the whole  Manhattan District program possiblé. :

Physicists .on both sides of the Atlantic had spent a gr‘ea.t‘deal
of effort in theoretical and experimental design studies for nuclear ,clixai'ri
reactors, but these devices apparently had no relevance to the "'war |
effort." It was not untll the disﬁovery of plutonium'and its fissionable
properties by La.wrer'lce."s co-workers at the Radiation Laboratory that

the reactor program had a clearly defined role in the military program.,

1

And as was'true in the case of C, plutonium couldn't have been found,

anywhere but at‘_Berkeley‘; its dis cévery ?equiréd the enormous particle,‘
fluxes that came from Lawfénce‘ s long campaign to increase both the
energy and the“intensiﬁy of his ion beams.

As is yvéll 4known‘,. the Manhattan District's prografn was three- |
pronged.; uraniu¥n~235 for bombs ‘wa;s made bjr two isotope separation |

processes and plutonium-239 was created in the chain reactors.

Lawrence spent several of the war years perfecting the Calutron, or

' - ‘ . 235 . :
mass-spectrometer method of separating U from oxrdinary uranium,

‘
.
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t is probably true that no one but Ernest Lawrence could have rra.de a

. success of tne Calutron process; the ion currents requlred were' .

millions of times as great as an‘yon'e had even dreamed of before. Sog‘
Lawrence's concern with beam intensity was the key element in two‘c;i."
the three successful attempts to produce f{issionable material in the v;ar
period, | | | |

In b'elteying that his own pioneerixﬁg work in two of the three rr%ajo_f '
processes was the key to the accepta.nce of the_Atornic Bomb Project by |
the government, La.wzl'enc‘e in no way depreciated tfme a.ccom;plishmen*és
’ef the rea.ctor. designers or of the gaseous diffusion exper.ts. " He almply
felt, from a great deal of experience with high-level Government ofﬁmals,'
that the pro_)ect couldn't have '"been sold“ unless there was one ”su“e‘ wa.y"
to make fis smonable material before the war was over, ('I‘he threat of
postwar Congres s:.ona.l 1nvest* gations into the waste of money on
"boondoggles' hung over the scientific policy makers in those da.ys )
The Calutron process was comphcated and expenswe relative to the
“gaseous diffusion process; but once a single unit had worked, bthere was -
no doubt that the’ application of large amounts of money ceuld produce'-‘
. enough material for a bomb. La.wrence, who was personally.involvec{

\

in many of the key sessions that culmlna.ted in the establishment of the
Manhattan DlSt‘rlCt always felt that this argument convmced the decxelon :
_ma.kers in Wa.shington .to,a.uthorize all three approaches to the production
problem. : . o

’I‘o return to the cyclotron development, we can note two m:.;.eTtones :
| tne initial opera.t:.on of the 60-inch cyclotron in 1939, and the authorlz‘a...:.ovz

l

of the 484-inch cyclotron in 1940, The 604inch_ cyclotron was Linstalled
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in the new Crocke:& Radiation Laboratory; its hisfo:;ic contribution to

the discovery of plutonium has already been mentioned. The Rockefelléf

Foundation gave the Ur\ivers*ty of Californ*'a 1.25 millibﬁ dolia*s in 1940

to build the 184 inch cyclotron on the hill behind the Berxeley Ca.mpus.

Before work could be started on the ”giant cyclotron, ' as

Lawrence ‘referred to it in those days, international events conspired

ta ché.nge the character of the Labora.tory. In the summer of 1940,

| 'I_.awrence returned to Berkel e§‘r from a New York visit with } ms longtlme
friend, Dr. AlFred Loomis. Loomis had played a key role in the dis-

. cussions with the R.ockefellei; Foundation officials, ‘and Lawrence had

: gfeat respect“for his counsel. Loomis had been active in the establish"?- j

mén"c of the Nationé,l I?efense Research Committee, which was headed |

by Vannevar Bush, Karl Compton, and‘J'a,.mes Conant, Loomis intro- 4

duced Lawrence to ’;he members of the Br;’.tish Scientifid Missiofx, who

weré visiting the country at that time.  From his old friend, Sir John

. Cockcroft,v Lawrence learn‘ed’for the first time of the outstanding. ' ‘

scientific contributions to the British war effort, many of them made by ]
: : : i

" nuclear physicists. Before returning to Berkeley, he joined the NDRC |

.Microwave Committee,l ur%der the chairmanship of Alfred Loomis, He
- as st%med the. responsibility for recruiting a group of young experimental
nuclear }physicsts to help the British "fight the scieﬁtific war, ' He ‘
.persuaded Lee DuBridoe 'to iéavé his own cyclotron at Rochester, ' Néw 1,

York, and head the embryomc Radlatlon La.boratory at Massa.chusctts |

Institute of Technology ('I‘he name of the labora.tovy, together with its

staff of nuclear pnysu.c:.sts, was 1ntendea as a Neover! to mislead tne i

curious into bellevmg that its mission was in the field ov" nuclear f»ssxon.i
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In those days, fisSion was not treated seriously as a war project, b\:r
thc mere idea that ola,qes could be detected by radio echoes was con-ﬁ
s;o.erec. to be exceedingly secret information. ) |

Lay.vrence‘lrecr 1ted a fine staff of young UhySI.ClSts, many of
them his former s ‘udents. Most of them gave up helr exciting caree rs

:in nuclear’ physi'cs,‘ more bh‘m a year before Pearl I-Iarbor, for the s;mple

reason that Errie,st Lawrence came to see them a:ncl told them it wa.s ilue

| .m\ost important thing they could do. 'Frvem. his‘ own Laboratory he re;'-

cruited Mcl\AilleLn, Salisbury, and Alvarez. The MIT Radiation Labojrator};
came into being in ’\Iovembe* of 1940, and i -ts confrlbutlons to radar iare

too well known to he recou.nted here, Lawrence visited the labora.tofy

frequently in its fJ.rst yea.r, and kept abrea;t of its activities in that

.pe; iody But it was soon obvious that the laboratory could stand on 1ts

own feet, and Lawrence had other demands on his talents., :

In the summer of 1944, Lawrence Bec‘ame involved in the anti-
submarine warfare program; German submarme were then close th
destroying the convoy .system that was supplymd Great Britain from tbe
Unitecd States. Lawrence adaiﬁ acted as the chief recruiting agent fozr
the new underwater sound laboratovlcs, and persuadea Mec Millan to leave
MIT for San Dleﬂ’o. Shortly thereafter, he converted the 37- lnC,/l’J’.]

cyclotron into a mass epec:tremeter for separating small amounts of

235 . . . . . -
U from ordinary uranium. This work convinced him that the electro-

scale

magnctic separation technique could be expanded to become a large-

. 3 235 ‘ s P o1 g 3
- process for producing U. In his characteristic style, he immediately

N 5 ' ‘ I ) 3 e - 1
- committed his Laboratory and his reputation to the project. Altnou_g}h he

he

had recently staffed two laboratories with many of his best students,,
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still could call on a number of his top-flight protegfes/ to restaff the o

Berkeley Radiation Laboratory.

From the summer of 19441 until the summexr of "94 5, the Radia~

tion Laboratory worked around the clock on 'the technical problems in~
volved in the electromagnetic separation of 23 U. The 184-inch cyc,.o*':ron
‘magnet, absembled in a new laboratory high above the Berkeley cempu

e*-ved as a working model for the hundreds of mass spectrometers

b

soon to be .constructed in Oak Ridge, Tennessee. Lawrence himself,

and all his associates, worked twelve hours a day, seven days a week,.

It was a Herculean effort, and it was almost solely responsible for the

"35U that made up.the Hiroshima bomb. The thermal diffusion procesg

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

overall separatlon of the 1sotopes for the first bomb; Lawrence’ s

fantastic mass spectrometer plant at Oak Ridge bore the brunt of the

effort. (Shortly after the war, de_rence'é plant was shut down, and !

the more efficient gaseous diffusion plant took over the peacetime pro-
3 . - 235 '
duction of U.)

One of the greatest difficulties one encounters in writing of

Ernest Lawrence's career is that so much must be omitted in ovrder to

keep the manuscript within reasonable bounds. It is also 2 pPity that

Lawrence himself wrote nothing of the experiences he had in his five

‘ » |
intensely busy war years, nor of the technical problems he met and |
' ' |

olved in that period. Because of this, there is an apparently compre-
hensive book on the electromadnevlc sepa*at*on of isotopes with but ;

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

worked with him during the war there is no question that his foresigh‘c,_j
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darmd leaacrshlp, , and +e<‘hmca1 ndenulty were the key ingredi ents m

i

the :,uccess of the Venture.

n early 1945, when the completed Oak Rld“c plant was in fu‘l

oroductlon, Lawrence tt.rned his thoughts towa*d the poetwar perlod.‘ :

x‘

He persuaded General Groves (for whom he had a oreat respect that wae'

apperently rec~proeated) to authorrze to.e converemn of tne uaboratory to

its peacetlme mlssmn. Mc.nha.ttan Dlstrlct tunds were a.ccorchngly m,a.ce

1

available to completc the "84 -inch cy(‘lotron, a.nd to build a proton lmear

accelerator and an electron synchrotron. The syncnrotron had just been

1nvented by McMJ.llan, -and A.Ivarez s radar experlence had corvmced
}

. \
him that a proton lmear accelerato'r -could be buﬂt |
In the fall of 1945 .the prewa.r Berkeley team was reassemblecl
- together with some ta.lented newcomers whose abilities had first come

{

‘to light in the wartime effort Oﬁe of the fJ.rst ma_]or dec1srons

Lawreuce had to make concerned the 184 mch chlotron. It had been
. J

planned as a "comrentlonal cyclotrOn, " but 1ts performance under tnoee
v'v'vc1rcumstances would have been margmal at best, ’\/Ichllan s tneory of .
' phase stablllty mdlcated that the '184—1nch machme would perform more ’
satlsfactorlly as a- eynchrocyclotron, its proton energy should rise to

[}

350 MeV, from, the earlier design fwure of perha.ns 70 \/ch ‘ ,.)ut, on

’the other hand, no one had ever bL'Lllt a svncnrocyc’otron, ‘and the prqblems
foreseen were formid.able.-v Lawrence and McMillan called for the mr:_r
mediate rebuiiding of the old .37*inch_cy_clotron; It was soon operating

as the world's first synchrocyclotron., ‘and it showed that the new de=

vice was much simpler to build and operate than the oridinally proposed

conventional cyclotron, As a result of these early m -.rodo’ teste, the
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184-inch synchrocyclotron was zi.ccelerating deuterons to 180 MeV, and -
helium 11ucléi to 360 MeV, in iate 1946, ;
| Six}ce this‘ is the story 6f Ernest Lawrence's ca.r'éer,. véry littlej
' will be said about the new laboratory activities that were primarily the
responsibilities of his yoﬁnger colleagues, In addition to the two ac= ‘
celerators built under the supervision of MecMillan and Alva‘.fez, thefe
{vere two important new chemical projects under Seaborg-and Calvin. ‘
Seaborg returned to Berkeley from his successful wartime dufies "a's‘
directo_}; of the chen;liéal phases of the Plutonium Proje'ctl in Chicago,
Calvin had played sgveravl important roles in the ‘OSR'D Ch.emistry o
Section, and was am{ioué to study photosynthesis ‘with 146, which was
soon to be in pleﬁtiful supply as a direct result of the huge .neutro'n fluxés
now available frbrn nuclear reactors, In effect, all of us had 'gone a.way
as boys, and come back as men. " We had all initiat'éd large technical |
projects, and carried t].aem"to completion é.s directoré of large teams
.of scientists and téchnicians. We were all pz;e'pa.re.d to reassume our

subordinate roles, with Ernest Lawrence as our ''leader' once again.

‘Baut he made it clear by his actions, if not by his words, that we were

to be free agents. We made all our own technical and personnel decisions,

t

and for the first few years after the war, at least, we had unlimited fin-
ancial backing, It was not until the "blank éhecl;” from the Manhattan
District was a;'eplaced by more normal budgeting procedures that any

y
|
of us felt any limitations on our ability to do whatever we thought should
be done in our own areas of responsibility, Ernest Lawrence showed a

keen interest in what we were doing, but in these early postwar years

he never gave any sign that he thought his function was to give us advice
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of any kind. WJ,se pareﬂtb let their children solve all the prool

they can, but tney stand by to help when the problems are £0o QlfilCL.’t\ '
of sQ*ution, Ernest Lawrence was alwa.ys a wise "'scientific parent";
éll,of us Qho weré fortunate enoutfh to be his "scientific children” wiil

remember. w1th ara.tl‘fude the help and understanamg he gave us when we

needed it, as well as the freedom he gave us to solve our own problems
when it seei’ned tha.t‘we could eventually succeed.
With the completion of the 184-inch cyclotron, Lawrence once

S |

again became an active research worker. He ha.d'not been directly in-

volved in any partlcular experlment since his 1935 work on deutcron-f
induced radioactivities, As soon as the 184-inch cyclot*on was oneraJtm
: g ) ' |

Lawrence became an active participant in experiments using the re- |
cently discovered high-energy neutrons “prpduced by "deuteron s-trippiino. "

]

He personally discovered the delayed neutron a.ctivity that he and his

co;leao'ues soon showed wa.s due to nitrogen- -17. It was a refreshin(r

i
S

experience for ma.ny of. his young collea.rrues, who had known him ldecly

&
\

as a Laboratory director and as.a person with great skill in diagnosing

troubles in compla".cated scientific tools, to see the complete devotion
he now showed té personal'invorlyement in basic scientificb research.
Soon 'aftér the 17N mystery was unraveled, La.wre‘nlce became convincEed
that the 184-inch Cyclotron could prodlice the newly discovéred T mesons.
Edward Teller had pointed out that even thouoh the cyclotron's energy.
seemed too low to produce‘ pions, tnere was some hope that with the aid

of the Fermi momentum of an incident a particle, and of a carbon target

nucleus, the job could be done. Lawrence worked closely with Eugene

C

Gardner in this period, designing experimental setups using nuclear

emulsions as detectors, but these efforts were unsuccessful. g
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Shortly after these early experlments, C M. T, Lattes arrived

o 2" ]

in Borkeley. He 11ad been a member of the Bristol team that, under the
leade r:ﬂnp of C F, Powell, had recently dlscovered the 'I“meson. I—Te;

qulckly showed that the difficulfies encountered by Gardner and Lawrcnce

ad been due to improper procebsmg of the nuclear erm.ls:.ons. Lattes =

~immediately corrected the -Berkeley development techniques, and a new,
set of exposures wae made soon after his arri\‘/al, using the apparatus |
designed b}r Lawrence and Gardner.‘. Lattes also brought a familiarity I
with the tracks of m meeons in enmlsion that was available to .on‘y a fewﬁ
P.ly:lClSta in the world at that time, and he applxed his keen eyeswht to
the tedious scannmg of the exposed pTates. d His dlhgence was rewarded
with success, one evening, when he observed tracks of the first artifici‘-\‘-‘
ally produced negative pion com*ng to rest tn an exposed nuclear cmulsxon
‘plate, He and Garcner 1mmed1ately called Lawrence, who was enter -
taining visitors at an Oakland restaurant, Lawrence left the dinner,
and as soon as he looked througn the rmcroscope he experienced one
of the greatest thrills of his life. Although he had played a major role , |
| in the discovery, both by his activities in larocnring the money for and
desivﬁninﬂ the 184-—inch cyclotron and, more particullarly, in the design |
of the apparatus used in the experiment, he characterlstlcally insisted |
that the historical papcr should be signed "Gardner and Lattes,'

For a period of several years after the war, Lawrence devoted .
.2ll his wakmg houre to.the pursuxt of basm science at the Radwatlon o
'Laboratory. Lawrence was fortunate in havmg an administrative staffi |
that had learned to cope with the probiems of amuch larger wartime :

o ) a’c ,
. . . ' I3 . ;:-
organization, so he was -relatively free to concentrate on the scientiiic




. everyone still had the feelmg that he was a "member of Ernest
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activities of the many sections of his Laboratory. He took a great

personal interest. in the pforri'ams en photeSynthemw, _’ledICaL.a. physlcj‘sv,
- and nucled.x chcmlstry, bt the mtcnsxty of ﬂlb 1nvolveme*1t in uhe : '

physms program was a source of a.ma.zement to his yOunner'colleauues;
It was a rare week that he didn't snend several hours.each evening and

" much of Saturda.y and Sunday in the cyclotron building, or Wanacrxnﬂ,

~through other la.boratorles, talking to everyone from research a.ss‘lst;ants

|
N i

]

to visiting professors. Even though the Laboratory was now almost-a
' g

hundred times as large.in manpower ag it had been 15 years earlxer,

a Hawrence S team"—--not 51mply an employee o*‘ the Radlatlon L,aboratory.

' Even at present almost twenty yea.rs aftev this exciting pha.se of the

‘Laboratory's history, technicians as well as senior staff members con-~
tinue to swap their favorite stories of "the time Professor Lawrence: '

looked over miy shoulder at 3:00 a. m. and asked what I was domg. _

‘In 1948, William Brobeck convinced the Laboratory staff that/a

proton synchrotron could be built in the multibillion-electron~volt range,

- Lawrence immediately as sumed the responsibility of securing financial

backmg for the ”Bevatron, " from the AEC and the Congress, The = :

P

Brookhaven National La.boratory had recently been established, and it

was simultaneously asking for support for a similar accelerator. The

Atomic Erlefgy Commission eventually authorized the 6.2-BeV Bevatron

at Berkeley, .and the 3~BeV Cosmotron on Lohg Island, The CosmotTon ‘
came into operation before the Bevatron, for two reasons. Lawrence,

E

decided to build a quarter-scale model of the Bev tron, to be sure t‘qat

Lo

with a consérvatism that many of his associates had not observed be fore,
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the untried principle of ”external injection' into a synchrotron would
work, The model, as doszgned by Brobeclc, worked within 9 months
of the decmsion to build it, and the ''go-ahead signal" for the Bevatron

was immediately given by Lawrence. But soon after this decision had

been made, the USSR exploded its first nuclear device, and Lawrence

turned his attention once again to problems of national security,

, Lawrence played a key role in the U, S, decision to embark on a

pfoafam leading to the development of a thermonuclear bomb. Soon
after President Truman made the decu,lon to build the hydrogen bomb,
Lawrence became concerned w1th the serlous shortage of uranium re-
serves available to the Unltecl Sfa.tes. He felt that th-e country mlght

soon be plagued with a zie‘ut_r'on shortage, océa‘s‘ioned by the dw‘ind.ling

supply of 235U. His solution to the problem was the construction of a

i

high-energy, high-current deuteron linear accelerator that would produce

neutrons by impact on heavy targets. Experiments at the 1{84-inch cyclo~,

tron had shown 'surprisingly high '!neutrdn.multiplicities“. in such collisions.

A 60-foot-diameter 60-foot-long test section of the accelerator was built

at the Laboratory's newly acquired Livermore site, and it accelerated

unprecedented currents of close to one ampere to several million electron

volts, The project was abandoned when another solution to the neutron
shortage problem proved successful; the AEC offered substantial cash

payments for uranium finds in the continental United States. A flood o

b
|

o
£

prospect‘ors with Geiger counters promptly showed that there were enormous

1

and orekusly unlxnown reserves of uranium in the RO(‘I\Y Mountzun aw.t,es. ‘

(At the pmsen‘c date, the Canadlan rrovernmem is con51der1ng a program

patterned after Lawrence's scheme of electronuclear neutron production,

|
i
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a.s an effective competitor to nuclear reactors, ,. An advaﬁtage of .
.a‘c‘cell'erator method is the lower power.dcnsityl in‘th‘c‘-: neufrbn--produrj:ing
target, per unit of neutr\on flu.x., than in nuéleaf reactorsu ) i
. : s
In 1952, La.wrence ex pressca concern that all the U. 8. nuc]car
\'veaponé desigﬁ é.ufort was concentrated in a smgle government laooratory.
.Hg had great reepect for the members of the, Los Alamos La.bora.tory,
and for their extraox dlna.ry a.ccompln.shmentu, Nonetheles his ext;ensive
; experignce- as a scientific consultant to many of the largest u. s te’;chni- |
cal coz*poratioﬂs ga;/e him first-hand experience with“theﬁbenefits ofi a
healthy cofnpetition between independent development laboratories. He .
fherefore ﬁrge'd‘th.e AEC‘ and ;t}le Joint Congfeésion‘al Cbmmittlee 0151
Atomic Energy to set up a second weapons laboratory. He offered the
.leermore 31te,as a suitable location, and pledged his oersorml over—
.bldht of the new progect. The Laboratory was estabhshed in '19)& Wlth
| ;.‘erbert York as dlrgctor,‘and Edward 'I‘eller as a senior member Qf’ the

staff. Most of the key group '1eaders were young physicists, chemists,

and engineers trained in the Berkeley Laboratory. Lawrence spent most

of his remaining time and effort on the affairs of the Livermore Laboratory

“until his death in 1958, The young competitor in the field of nuclear
‘weapons ''stubbed its toe' several times in the early years, but later it
made the substantial contributions to the design of nuclear weapons jthat

- Lawrence had foreseen as its destiny, Without the steadying hand‘of‘

' E*nest Lawrence in the dlff:,cult early yedrs, the Livermore Laboratory

' |

a whole would
\ .

have been the loser. Lawrence's latest Droteges, the' fzrst three d*-

- might easily have failed in its purpose, and the country as

rectors of the Lwerrnore labo*atory, are a rema.rk“ble group of you

men, Each of them, i.n turn, went from leermore to a pOSLthn of
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~ great responsibility in thel"ehtagon -~ the Director of .Defens‘e Re-
search and Engiﬁeering. ' Herbert York‘left Washington to becomek
Chancellor of the San Diego carnpus of the University ot' California,
Harold Brown became Secretary of the Air Force at the age of 38,
and John Foster is still WDDR and E.

Concurrently w1th the establlshment of the Ln.vermore Laboratory,
| . Lawrence developed what he called his ”hobby, '?-to divert his mind from, :
the enormous pressures to which 1t was subjected in these years. He
became fascinated with the technical challenaes of color telev:.s*on, c.nd
invented s0me very mgemous solutlons to the dlfflcult problems of tha.t
field, Unfortunately, the business problems 1nvolved in the flnancmg of
initi_ally unprofxtable color television tube production lines ,were‘mor
difficult than the technical problems Lawrence tackled and selvecl,
largely by himself, For these reasons, the Lawrence "chroma.tron"

Wwas never put into productlon in this country, But it is now being sold.
in Japan, and the Sony Co'rnp‘any‘has announced plans to introduce it
into the U, S. market in 1967 . v |

In the rmddle 50's. John La.wrence and Dr. Albert Snell, Ernest'
personal phy31c1an, urged him to shecl some of the orrea.t burdens he was .
carr;im On one occas:.on Ernest a.ncl Molly La.wrence ‘took a lelsurely
ocean voyaae to I.ndla., and it seemed that the perlod of rest had greatly

4

relieved the mtestmal problems that were aggravated by the pressures : A

under Wthh he ha.d worked for so long ‘But the problems wexre only ‘
temporarlly amellorated surnlcal treatment was recommended but 1t ;

- was unsuceessful Ernest Lawrence died in a Da.lo Alto hospital on
August 27 '1.938 w1thout recovering consciousness after mu_)or’ surgery.

i
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Lawrence‘ s untimely déat‘h at the endrof his' fifty—-seventh yea ‘r
v -

was a ffrcat shoc.zc to his wide czrclc of friends in S(.lGl”CC, frovcrnment,

and industry, He had led a life of enormous usefulness to science and -

to his country; his influence was largely by exa.mple, and by the strfength

" of his character,. He had great c~dm1rat10n for hxs br,mn.tlflc. collea.guc::
who could mfluence national DOlJCle through ‘high admmxstratwe offlce,
or by wmtmgs, or in public speeches. But he felt that the»prower waby
for him to be useful was to let policy makers know tha.t he was avail-

able for consultatnon on his own personal opmlons -wnever as a bpo.cos‘- :

.man for a pressure group. Leaders in government and. mdostry rve»-;; : |

spected his distaste _for the limelight', and éoug'ht hv-‘is' c‘o‘uﬁsyel; ,Hi's ‘
long record of success iﬁ the difficult tasks he. set for himself, and
the accuracy of his prognosticafionls in diverse fields, _vma.de his ad~
vice most compellins:f to t'hose who sought it »

For those who had the good fortune to be close to him both per-"
sonally and scientifically he will always seem 2 Eiant among men., Ar
- present, when government support for basic science appears to be on
the wane, one hearb more and more frequcntly the lament, »”'1 he rcaal
difficulty is’ that there isn't an Ernest Lawrence any more, " l
Lawfénoe‘ s place in the history of science is secure, He will

always be remembered as thevinventor of the cyclotron, but more im‘r-v
|

I

por*antly, ‘he should be remembex ed as the nwentor of the modern \v‘ay;
of coing science, Element 103 was named Lawrencmm by his young|

associates who discovered it shortly after his death. After his dsath,

his friends endowed the Lawrence Hall of Science, to which science

teachers from all over the country will come on year-long fellowshil?s
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to lea.rn the' most fhodern met.}io‘dsl df teab_h‘iri‘g'their sﬁbjéct?s.‘ Tke :

" Lawrence Hall of ;Science_ will so'o‘:‘r_m'be'in' opératiorvx‘, j_L-IS't above the - 1 T P
Laboré,tdry that 'Ernest, ‘I;abwrence founded and .zlaurtur.ed- énd loved for .
so long, and that is now alipropria;tely"knowrl as the Lawrence Radiation i
Laboratory, o ' ' _ ' a Bt %, ; A EPR o :

. -
: 1
g D : ] - :
s : ' ! | "
| '
' : “[ s
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Honorary Decgrees

Universit_y

" University of South Dakota

. " Stevens Institute of Technology'f ‘

Yale University

" Princelton University

University of Michigan

‘University of Chicago -

Harvard University

Rutgers University

University of Pennsylvania
‘MecGill University ‘
~ University of British Columbia LT

University of Southern California: R,

University of San Francisco

University of Glasgow
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| ' Awards and Medals .
Elliot Cresson Medal of Franklin Institute, 1937

Research C orporatlon Prize and Flaque, 4937 .-

Com:.tocl\ Prize of National Academy of Science, 1937
Hughes Medal of R0yal Society (England), 1937 .

Nobel Prize in Physics, 1939 T

Duddell Medal of Royal Physical Society, 1940

William S. Dunn Awa.rd American Legion, 1940.

‘National Association of Manufacturers Award, 1940

Holley Medal, American Society Mechamcal L‘nglneers, i94&
Copernican Citation, 1943~ '
Wheeler Award, 1945

Medal for Merit, 1946 e e L e \
Medal of Trasenster, Assocmtlon of Graduate Engmeer», Umveralty of :

Liége, Belgium, 1947 _ ,

Cfficer de la Légion d! Honneur, France, 1948

Ehi Delta Epsﬂon Annual Servu.é Awa.rd 1948 ‘
William Proctor'Prize of the Scientific Research Socxety of Amerxca,
1951 | |
Fa:..day Medal 1952

American Cancer Socxety Medal, 1954 B

"Enrico Fermi Awa.rd 1957

Sylvanus Thayer Award, 1958
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Memberships

Member o

American Représen;ative at Solvay Congress, Brussels, 1933
-National'Acaderr;y of Science, 1934 S ’
‘American Philbsophical Sc‘)ciety,' 1937

-Phi Beta Kappa a '

. Sigma Xi ‘ |

- Gamma Alpha

American Scandinavian Foundatlon, 194-2

‘Board of Foreign Scholarships, Department of State (E‘u’brlghf B

Act=79th Congress) 1947
Newcomen ‘Society, 1948-51
I3hys1c~al Socxety of Japan, '1954:

'Boa‘rd of Trust_ees: Carnegle Instltutlon of Washmgton, 194.-4&‘;{'.' i

.~ Rand Coruoratlon, 1956

Board of Directors: Yosemite Park & Cu;«ry Company
" Monsanto Chemical Company, 1957

Foreign Member
Royal Swedish Academy of Sciences, 1952

Honoré.ry Memb_(_emr

Bohemian Club (California), 1940
California Academy of Sciences, 4940
Academy of Science, U.S.S.R., 4943
Royal Irish Academy of Science, 1948
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Fellow

~American Physical Society

American Association for the Advancement of Science

American Academy of Arts & Sciences -

Honorary Fellow

Leland Stanford Junior U‘nivérsity,' dga -
National Institute of Sciences of India, 1944 g :
The Institute of Medicine ‘of Chicago, 19441 B
Royal Society of Edinburgh, 1946 . .
The Fhysical Society, 1948 o
Indian- Academy of Sciences, 1953
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‘ Physmal Science Administration Officer (Consultant), Brussels: - |
' Umversal International .uXhlblthn of 1958, Department of Sta.te, ; \ '

: Natlonal Defensu Research Committee, June '1940 Bl o S R |

-~ Development (Uranium Section), November 1941 + May 19&&
‘Scientific Adv1bor and Progect Leader, Ma.nhatta.n DlStI‘lCt. Ma.y ‘1.,

"~ “Elector, The I-Ia.ll of Fame of New York Unlversn;y, 1947 L ‘ :
i Advisor on the U. S. Delegation to the International Conference on the

- of Detectmg Vlolatlons of a. Possible Agreement on Suspension of

. . v S L .
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APDOlntments o a s ‘

H
ik

'National A.cademy of Sciences, National Research Councxl Rev:.cwmg

Committee, Aprll 1944,

Oifice of Scientific Research and Development, 1941

Program Clncf s-1 Section of the Office of Scientific Rebearch anc. |

S-1. E\ecutwe Committee of the Qffice of Sc1ent1£1c Rebearch and
Development,. May 1942 - March 30 1946, i

1943, ,
Research Board for National Securmty, 1945- 46

Peaceful U:.es of Atomic Lnergy, Geneva, watzerland, August 1955

1956-58. _ :
U, S. Delegauon to the Conference of Experts to Study the Pos:xbxlxty» E

Nu.clear Tests, Geneva., Switzerland, July 1958 (three-member '

committee appomted by President Elsenhower)
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_ PUBLICATIONS OF ERNEST O, LAWRENCE .
The Charging Effect Produced by the Rotation of a Prolate Iron -

Spheroid in a Uniform Magnetlc Field. Phxl Mag., Vol, %7,

842-847, May 1924,

The Photo-Electric Effect in Potassium Vapour as a Function of the
Frequency of the Light (Thesis). Phil, Mag., Vol, 4, 345-359,

+ August 1925,

The Role of the Faraday.Cylinder in the Measurement of Electron
Currents. Proc. Natl, Acad. Sci, U, S,, Vol, 12, No, 1, 29-34,

January 1926,

Transition Probabilities: Thelr Relation to Thermionic E.rms sion -

. and the Photo-Electric Effect. Phys, Rev,, Vol, 27, No, 5,
- 555-561, May 1926, -

A Prmc:lple of Correspondence, Scie'nce‘, !Vol. 64, No, 1649, '142.,_

. August 6, 19?6

The Iomzatmn of Atoms by Electron Impact. Phys. Rev. R Vol 28,‘; iy

Nao., .5, 947 961 November 1926,

On the Nature of nght (Wlth J. W, Bea.mé) Proc, Natl, Acad.
Sci. U. S., Vol, 13, No. 'x, 207-242, April 1927, L
Ultra-lonization Potentla.ls_of Mercury. J. Franklin Inst,, 9‘i-9‘$,
July 1927, ' :

On the Lag of the Kerr Effect (wnh J. W. Beams), Proc, Natl,
Acad, Sci, U, S., Vol. 13, No. 7, 505-510, July 1927,

'On Relaxation of Electric Fields in Kerr Cells and Apparent Lags
of the Kerr Effect (with J. W, Beams), J. Franklin Inst,, Vol. 206,

No. 2, 169'179, August 1928,

Element of Time in the Photoelectric Fffect {with J. W Beams)
Phys. Rev,, Vol, 32, No. 3, 478-485, September 1928,

Photo-Ionization of the Vapors of Caesium and Rubidium (with N, L. :

Edlefsen), Phys, Rev., Vol, 34, No., 2, 233-242, July 15, 19’),}

Photo-Ionization of Potassium Vapor (with N. E. Edlefsen). Fhys!
Rev., Vol 34, No. 7, 10‘56-—1060 October 1, 1929,

Effect of I_ntense Electmc Fields on the Photoelectrlc Behavior of

. Alkali Films on Tungsten (with L. B. L.mi'ord) Phys. Rev., Vol, 34,

No. 11, 1494‘ December 4, 1929,

Early Stages of Electrlc Sp.xrk stchardeg (with F., G, Dunxnnr»ton}
Phys. Rev., Vol. 34, No. 12, 1624 1625 December 15, 4929, g

'. .
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" On the Early Stages of Electric Spa‘rks (w1th F, G. Dunmngton".

 The Emlb310n‘0f Protons‘ from Various Targets Bombarded by
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: Intensc Source of Contmuous Ult]d.VlOlCt me (with ‘\, . Edlc.f:aen).

Rev, Sei. Instr., Vol, 1, No, 1, 45- 48, J'd.nuary 1%0

Abstract; Broadenlnp ‘of Spectrum Lines During Early Stages of -

Spark Discharges (w1th P G Dunnlnm‘on) Phys. Rev,, Veol, 35,
134, January 1930. : g il .

Phys. Rev,, Vol. 35, No. 4, 396-407, February 15, 1930, |

Effect of Intense Flec_trlc Fields on the Photoelectric Pronertles :
of Metals (with L. B. Linford), Phys. Rev , Vol, . 36, No. 3,‘[

482-497, August 1, 1930. : ]
On the Direction of Em19s1on of Photoelectrons +~rom Potaa smm
Vapor by Ultraviolet Light (with M. A. Chaffee). Phys, Rev.,
Vol, 36, No. 6, 1099-414100, September 15, 1930, o . ‘

_ ‘ : 1%
On the Production of High Speed Protons (with N, E, Edlefsen),

Science, Vol 12, No 1867 376~ 377 October 10 1930 ’ :

" Production of Hl"’h Speed Canal Rays w1thout the Use of High [

Voltages (with D H. Sloan). Proc. Natl, Acad Sciy Vol 17\,
No, 1, 64-70, January 1931. L

Production of High Speed Protons without the Use of High D ge
Voltages (with M. S. Livingston). Phys, Rev, Vol. 38, No, 4, -

- 834, August 15, 1931 . ‘ BET g

Production of Heavy High Speed Ions without the Use of ng,h ‘
Voltages (with. D, H. S1oan) l—’hys. Rev., Vol. 38, 1\0. 11,
2021~ 2032 December 1, 1934,

Production of High Speed nght Ionb without the Use of High |
Vo‘tages (with' M 8. Livingston), ' Phys, Rev,, Vol. 40, I\o 4,
19-35, April 4, 1932, . : :

' Dlsmtegratlon of Lithium by Swiftly Moving Protons (with M, ?
- Livingston and M, G. White), Phys, Rev,, Vol, 42, No, &, |

150-151, October 1, 1932,

Disintegration of Boron by Swiftly Moving Protons; Phys. Rev.,
Vol. 43, No. 4, 3O4~305 February 15, 1933 : -

The stmtegratlon of Aluminum by Swiftly Movmg 'Drotons (thh
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