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In his relatively short life of fifty-seven years, Ernest Orlando
llawrence 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 starina, an en=

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

. overwhelming,

)

Many articles An the life and accomplishments of Ernest
Lawrence have been published, and George Herbert Childs has writtize;x
a book-length bidgraphy. This biographical memoir, however, hasf
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 futhcf;r

was superintendent of schools, As a boy, lLawrence's constant con'i-
' ' ' |
panion was Merle Tuve, who went on to establish a reputation for _

{.
scientific ingenuity and daring, much like that of his boyhood chum,

Together, Lawrence and Tuve built and flew gliders, and they col-

laborated in the construction of a very early short-wave radio trans-




mitting sﬁation. This elzfperience can be seen reflected in their later
work--Lan;@ncél was- the first man to ac'celerate particles to high |

energy by the'application of short-wave radio techniques, and Tuve,
with Bfeit, was the first to reflect short-wave radio pulses from the

ionosphere, a t'ech,ﬁique that led directly to the development of radar,

In the early thirties, Lawrence and Tuve were leaders of two energetic

teams of nuclear physlicists; ‘Lawrence with his cyclotron, and Tu.ve
with his electrosta_tic aécelerétor, car‘ried the friendly rivalry of
their boyhood days into the fofmative‘stage's of American nuclear
physics, and all,nuc‘le'ar physicists have benefited greatly from it,

Lawrence began his céllege work at vSt. Olaf's in Noxrthfield,
Minnesota, and-then went back to the University of South Dakota for
his B. S. degree., He worked his way through college by selling

kitchenware to farmers' wives in the surrounding counties, Very few

of the scientific colleagues 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 physics under the ‘guidance of the talented
teacher one s0 offen finds in the background of a famous scicntist's

‘career. In Lawrence's case, this role was played by Dean Lewis E,




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

‘his teachers,
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’ Alxeley. Who ,m,orcd ’um prlvatuly and sent him on to the Univers lty of

: anesota. as a gradua.te stu.dent. On the wall of .I.,a.w:rence' 3 of;-‘.lce,i

Dean Akeley's pic"i:ux*e; alx%}ays had the place of honor in a géllery- that
i"’ncluded photographs of I;awrc—:nce’ﬁ scientific heroes: Arthur Comfpton,
Niels Bohr, and Ernest Rutherford, .
At Minnesota, La'\x:/lferlce came under the influence of Professor
wW. F. G Swann; and when Swann moved to Chicago and then went on to
Yale, .Lav{rrence moved both times‘with him, Lawrence received his
Ph, D, degree at Yale,'in 1925'; and remained 'thez;e three years more,
first as a N’ational‘R.e.«zearch Fellow, and finally as an asaistant
pfofessor. 'Frém this period of his V:fp‘rm.al training in physics, very
little remained on the bu.rf ace in his 1atér,years§. To most of his col~ -
leagues, Lawrence appeared toha.ve a.lmpst an aversion to mathe- ‘
matical thought. He had a most unusual intuitive approach to involved
physical problemé, and when explaining new ideas to him, one ‘quiclﬁly
learned not to befog time issue by writing down t.he differential équa.tion

that mxgh* appear to clamfy the situation. Lawrence would say some-~

, thma to the effect that he didn't want to be bothered by the mathe-~

matical details, but ”explain the physics of the problem to me,'" One
could live close to him for years, and think of hin as being almaost
. ; ‘

mathexnatically illiterate, but then be_ brought up sharply to see how

N ) - ' » 13 . o * 2 t
completely he retained his skill in the mathernatics of classical eleg:w

|
from his a'pprenticeship with W. ¥. G, Swann and the physics depal'?tw_

ments of the 1920' s, Aimoa:t everythmg that Lawrence did -~ and

more particularly, the way he dlcl 11; -~ came from lnmaelf not from
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In 1928 Lawren&:a left Yale for Berkeley, where, two yéars ,
later at the age of 29, he became the youﬁaest full profeésor on the‘
Bev'keley faculfy.' It is rllfhcu]’c for one starting g on a acxcntiflc career
today to appreciate the courage it took for him to leave the security of
a rich and distinguished umversxty and move into what was, but c.ox:’cra.qt.
a small and only recently awakened physmc:s depariment. In later ,hfc.,‘

when he needed to reassure hirnself that his judgment was good even
though it d*sagreed with the obinions of most of his friends, he would |
recall the universally dire prc.dmnons of his Fastern friends; they a~
greed that his future was bright if he gtayed at Yale, but that he would
quickly go to :.eed in the "unsczenmhc clirnate of the West. "

The predictions ot a bfle,ht future for Ernest Lawrence ware
solidly based. His doctos! s thesis was in photoelectrluty Later, he
made the most precu;e de termmatn on., to tthL time, of the ionization
potential of the mercury atormn. In his characteristically candid manner,
he often depreciated this highl& regarded measurement, \He had a pre*

~'c:'onceived “corr:-:‘ect value! of the ionization potential in mind, and he '
.would say in a contrite manﬁ.er t.haf,lxe looked for possible errofs of the
correct sign and magnitude to rnake hi.s_'prelconception come true. Ever*}
scientist has fought this battle with himself, but few have used them-
selves as an example to impress their students wnh the necessity of |

i
absolute honesty in scientific inquiry., Lawrence's value for the ioni-
zation potén‘ciél has stood the test of time, ‘but he always shrugged it .
off by saymg he was Jucky, if he had loékéd hard for errors of the |
oppo:mte sxgn, he would have found them, tooa After this earlf cxjmﬁrb

ence with Jooseness in science,_ lLawrence formed the habit of crltxr'c.lly

.1'




éxvamining any sciantific ;rcs‘ult,'.‘regardlc—,ss of its ori.‘gv'in.' He applied the
sarme rigid standva.lrds of’criticisnm to his own work, to that oi ilis as;&:?)c:h
ates, and to the reboz;ts fro‘m other laboratoriesu Vis,itdfs sometimes
formed an early impression that Lawrence was overly critical of Lhe ek-
perimental results of others, but they soon found he encoura.aud hls
juniors to criticize his own work with equal vigor, He believed tzhat a
bClenI‘lfI.C community Lhat did not encourage its members to criticize
each other's fmchngs in an open manner would quickly degenerate ;mt§
an association of dlle’ctantes. Scientiﬁc critxclsm was with him an im-
personal reaction; he gave it or recewed it w1thout any feelings of
hostility. He did, however, .rese‘rve a bit of scorn for som.e_membe;rs
of the profession _who, ip his opinion, drew unwarranted conclxmioné
from each "bL}n1p and wiggle' of a curve c‘bt.a.ined with podr counting
statistics, | |
ALawrenc'e' s name is so closely associated with the field of nuclear
'physics in the minds of most physicists today that it often comes as? a
surprise to them to find that he had a distinguished career in other
branches of physics before he invented the cyclotron, After he moved
to California, he ‘c'onti‘nued his work in photoelectricity, and together
with his btudent.: published a number of papers in this field, It is dif-
ficult for one not 1nt1rna.tely fa.mxllar w1th a partlc'ula.r area of physma
to abpz-a.1se the value of another's work in that area, Dut one can gam »
some idea of the esteem in which the work was held by examining the

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

by the experimenter's peers. . Fortunately for thxs purpo.,e, an authorita~

i
e

tive treatise on photoelectricity was published shortly after Lawrence




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

~ the photoelectric surface. .Although these measurements were made
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left the field to'.concentrate his efforts on the ‘Cyclotro_n_. Hughes and

DuBridge's v?hbtc;e'léctric Phenomena app‘earedvin 1932, and 1t contains
a biographical index 61‘ about 700 names. A qu%ck examination of the
nmul‘ci'-.lined entries" sho.Ws that only twelve of the 700 experimenters
vWer“e referreci to m.c;re often than Ernest Lawrence, His contributions;
were referred to in all eight of the chapters that dealt with non-solid- B
state photdel.ecti‘icit;r, -wliicllm is a measure of.Lawrence' s breadth of
coverage of the field in the few years he’ dévoted to it. .

One of the're'ferénces in‘I-‘Iughes and DuBridge' s book is‘to‘
Lawrence s mvestlgatlon of pos sible, tlme lags in the photoelectric
eifect. ‘He publlshed several papers in the field of ultrashort-t1me-

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

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

at the University of Virginia, Beams was a pioneer in the use of the

Kerr electrooptical effect as a light shutter capable of o‘pehing in times

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

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

high accelerations,; and other related phenomena. Lawrence and Beams.

showed that photoelectrons 'appeare'd within 2><1O"'9 second after light hit
: ‘ o ;
more than thirty'-five years ago, they are modern in every other sensé
of the word Only in the last few years has the measurement of time 1p—

tervals of 107 -9 second come" mto routme use in the la.boratory. This

! B
renaissance is a dlrect result of the expenditure of vast sums of monejfr‘

on the development of phofomul’ciplier tubes, wideband ampliﬁers,




high-speed oécillos copés, and a host of auxiliary gq-uipmeglt, such @S
. coéxial cables and sl1i¢'lded COnnectors-~-none oflwlliéh was avail‘ablfe to
- Bearms and Lawrence, | |

In this 'period, La'wr‘encé 'a,nd Beams performed their vvell»lczf«.oxvn
cexperiment of "'chopping up a plﬁoton. '" The uncertainty prinéiple stiates
that the energy of a systém cénnot be determined mére accurately tixan
- about h/At, where h is Planckv‘s constant and At is the time available
 £01- thé measurement. A narrow line ih the optical spectrum is a aystem
with a very small enei«gy spr:aad; each' light quantum, or photon, hés the
same energy to within an uncertainty AE, Lawrence and Bearms showed
that if they decreased the 'ti‘me‘a.va,ilablé for the énergy measuremexﬁt
(by turning the light on and off again in a small time At), the w;lclthiof the
spectral line incréased as predicted by the uncertainty principle. It is
not generally known_ that Lawrence played an important part in the évol,u.é
tion of the higlri«-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 rotof 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 éu.mmer away grom
" their work, and toured Europe together, Lawrence often referred

nostalgically to that period in his life, when he could travel and see 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
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important in his development as a scientist. At that time, television

;o

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

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

i

that this mechanical device would limit the development of picture qua'lity
by restricting thc numbﬁr of “'picture lines' to less than 100 Lawrence's

experience . with photoelectmmty and the newly developing cathode~ rd.y j

[

tube led h1m to belleve thdt he could make an all- electromc television

|
!

'System w1thout rotatmg wheels. I-Ie qulckly put together a rudimentary

lx.ctromc telewsmn system, and be;.na qulte sure that he was not only
the flrst to have the 1dea., but also the ﬂrst to 'rx educe it to practmce," 5 '

he comacted a frlend at the Bel.l Tclephone Laboratomes. After hcarmb

Lawrence say that he had an.im,pprtant new idea in the field of telev1swn,

b)

~ his friend invited-him down to the Bell Laboratories to talk about it. The ‘

friend took him throug,h what Lawvenc,e later desc ribed as a "whole floor!

1

full of electromc telev1~31on apparatus, thh excellent pictures on cathode-'_

ray tubes that were beyond anything he had imagined mlbht enst. Affer

dreams of the financial reward his mventwn would bring h1m, it was ak

!

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

could be 1n a fleld that wa.s important to it. He resolved then and there

to concentrate on the things that he knew» most about, and not to dilute
his effort By cdmpeting in the commercial area, He kept. firmly‘ to‘thi"s
resolve unti;l'l the last ~decade of his life, when he hadlrec'eivéd all the :
hc'mors that were a'vailable in the‘ sciqi:ntific world, He thén turﬁed sonjie

, , , ;

‘of his creative ability to the problem of color television, a field in which
. [ ' . E

he contributed many new ideas. Paramount Pictures supported an ex-

tensive development of the “Lawrencle tube, ' oxr "Chromatron,' .In the
: ’ . ' . : P . !
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J.ast few .yéafs'bf his 1ife.‘ .Lawre‘nce was issued dozens 0f i:utents or;
l}ié ‘injventions in the field of color television, :
Since it has only recently been cpnsidéréd “respeda’blc" fora
scientist to ho‘ldlpatents, it.is worth reviewing Ernest‘ Lawrence's f:;.ttitudhe'
toward patents, vaxlxgl the financial rewards from inventions, - The cy@lotron
eLnd the other Lawrence inventions of the prewaf era were patented in'
Lawrence's name, and assigned by him to the Research Corporatioﬁ. No
royalties were ever asked by the Research Corporation, and Lawrence
encouraged and helped scientists throughout the world to build cycl@trc)ns.
Lawrence was legally the inventor of the Calutron isotope s'epau:atorj,
but he assigned the pa.tent.éo the governme.nt for the nominal one doilg;xr.
Some of his colleagues in the atomic bomb project were awarded large
sums of money by the govefnment for the infringement of their patents, \
»vbut Lawrence never allowed his name to be used in any litigation, and
therefore received no compensation for his wartime inventive efforts
beyond his normal sa;lary.. Although he greatly enjoyed the luxuries
that came with wealth, and enc:ourage& others to follow his exaxnple; of
| inventing fb:v: profit in pefipheral areas, he felt that it was unwise t%)
foster the patenting of scientific discoveries or developments for pejzrsonal_

profit, One of his greatest accomplishments was the encouragement of

I
: |
freecom for exchanging ideas, (As an extreme example of the pre-

sciantific colleagues to work closely together in an atmosphere of complete

Lawwence method, oné 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 mlga‘t turn back

.the pages of progress, As he expressed it, a man would be very care=

_ﬂ) - UCRL-17259

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

ful how he talked over his new ideas if the person to whom he was‘tall\:i‘r'xg

might enla.rge on them and subb equentl ty malke 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 enQOyed the compa.ny of the cldest of |
the four Blumer glrls, sixteen-year-old Mary;, or Molly as she is known

to all her friends. 'I‘he_y were enga‘ged'in‘ i93'i;' he returned to New

‘Haven the next year and brought her zs his bride to live in Befkeley.

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 children, Molly Lawrence created a home that was'famous

throughout the world of. physics for its warmth and ‘1ospitality In it,

tney entertamed the steady parade of v1sxtor= to the Radiation Laboratory.'

in 1941, Molly s sister Elsie became the wife .of Edwin McMillan, the
present director of the Laboratory. Cpmpleting the family group in
Bericeley were Ernest' 8 parents, who settled there when the elder Dr ‘
Lawrence retired from hié distinguished career in education, and - ' .
Ernest' s brbthe_r,’ ‘Jo'hn, .Whose pioneerinlg role m the medical aspects
of radiati.on_. 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 thérapy; using the |
one-million.-r:volt ‘'Sloan~Lawrence' x-ray ma.ch.ihe at the University of |

.California -Me'dical_SchooL After Mrs, Lawrence had been told by many

B
|
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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 dé.ys ofvt'he eariy 1930' s, had installed in the San Francisco
Hospital. At the t:Lme of hu' son s death, .she wag still living in
Berkeley, twenty~one year s after Dr. Robert Stone 'c'ceatcd her W’lU‘\
the only million-volt x rays then available in the world.

In the period when Ernest Lawrence was moving from New

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

transformations being amlnnved in T_.ord Ru*herfomcl' Cavendish

- Laboratory, at Cambmdge. bngland It was genera.ily recognized that

arn important segment of the future of physics lay in the study of nu~
clear rea.c‘tions, but the tedious nature of Rutherford's technique (uqmﬂ
the alpha particles from radium) repelled most prospective nuc'ear

physicists, Simple calculations showed that one m:i,c:roarnpere 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

.

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

""million- volt partlcles." Cockeroft and Walton at the Ca.vendish
O“atory used a ca:.cadua rectifier plus a simple acceleration tub
and alth wough they never reached their 1n1t1al goal of a million vo”cb,1
th(.y found that nuclear reactions took place copiously at a few hunc.:’F
| |

kilo clectron volts,
' i

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

charges with the Kerr electr optlca.l shutter to develop a very hea."nhy
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respect for the spark-breakdown mechanism as a voltage limiter, He

ig

followed the early work of Van de Graaff, whose electrostatic generatbr
made spectacular high-voltage sparks, and the work of Brasch. and

' Lapge, whovattemptéd to harness lightning discharges to the acceleration
of charged particles. Although he wanted to ’;gct into the nuclear busi-~
ness, ' the avenues then avai‘j..able didn't appeal to him, bécat},sa they
-all involved high voltages and spark breakdown, | |

In his early bachelor days at Berkeley, Lawrence spent many of

his evenings in thé library, :‘eadi..ng widely, both pr'ofess_igna.lly and for
recreation, Although he had‘pa.sse_d his French and German require-
ments for the doctor's d_e‘gree by the slimmaét of margins, and con-
sequently had almost no facility with either language, he faithfully ‘
leafed through the back issues of the foreign periodicals, nigh'; after

night. On one memorable occasion, while browsing through a journal;

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

Herstellung hoher Spannungen.' ILawrence was excited by the easily

i

understood title, and immediately looked at the illustrations, One

b

showed the arrangement Wider8e had emploVed.to accelerate potassium
ions to 50,000 élec_tron volts, using a double acceleration from ground;
to ground, through a vdrift tube'! attached to a radio-frequency sourcevf
of 25,0C0 volts, Lawrenc¢ immediately sensed the importance' of the
idea, and decided to try the obvious extension of t.he idea to many ac-

celerations through drift tubes attached altc:rna.fel-y to.two radio-fre-

quency 'bus bars,' Since he could do his own thinking faster than he

-

could translate Wideroe's.classic paper, Lawrence had the pleasure of

i
B
1
i

{
| .
|
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_ *ndcpendently a.rrwmg at md.ny of chmroe s conclus:.on:-,. If st1~uci<
him wItmost :.mmedmatoly +hat one mi gh* ”wmd up' a linear acce lcra,tor
into a spiral acbelcrator by put ing it in a magnetm fleld. He was pre- |
pared to arrange the magnetic field to van'y in some manner thh the 1

radius, in order that the time of revolutlon of an ion wou,ld 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 neéded-«—i;ons
in a constant maanetic fieild. circulate with constant frequency, re-
gardless of their energy.

One of my most che ished mmemories is of 2 Sunday afternoon

.

in the Lawrence living room, Iabout flfte,en years ago. | Young Eric, =
came in to tell his fa.tixe_r that his high school vphysics teacher |
had assigned him the responsibility of expiainirlg the cyciotron to his
class, Hié father p;z'oduced- a pad of paper and a pencil, _an(i while I
pretended to reaxi a maga,ziné, but listened with one ear, he expla.ix‘zed‘
the cyclotrotn to his ;aldest son, I’Ie‘ told hbw when the particles \vere"
geing slowly, they went around in llttle circles, and when they were
_going faster, the magnet couldn' t bend th'em so easxly, so they wen‘*
in biéger 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 ‘xnd pu‘l on «,Lll1 of
them at the same rate, and speed them all up. Erlc thop.ght about ..T[his
for a éhort while looked at his father wiﬁh ad.rr;.iration.,' and said, "JGee,
- Daddy, tha.t' 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.
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Accordmvf to Lawrence, an jon with a charge-to-mass ratio of’
e/m \:‘./llll‘ circulate in a magnetic field H, at an a.ngula."r velocity- w, give':n
by S
w= 2mf = (H/c) (e/m); | , R
hgre £ Lb.the rota.tlonal 1”rc,quency of the 1on, in Cy'ClPs per second, |
‘and ¢ is the vcloc:.ty of light, If an ion is to be acce-erated as it
circulates in a magnetic field, one must impose on it an alternating |
electric field of the -sa,m'e frequency. If there was ba.ny'» eil'errient' of

"luck" in Lawrence's career, it was the ready ava.ilabi.li,ty in the 1930's

" of electronic componenfs a.pproprla.te to the frequency range of about

‘10 medaoycles. ".Cha.s is the frequency‘one ,obta.ms, bY, substitutinginto
“the cyclotron equation the. e/m ‘value for the hydrogen molecular ion
:.. (or the soon~to-be-discovered déuteron) together with the magnetic |
field strength that'is most'eaéil,y obtained with an iron-cored electro~
| ‘magnet. Had the ca.lcu-]‘:atéd frequen;:y turned ou‘t to be 4OOQ times as
.great (as it is fof the elé‘ctr'on), Cyclotrogs would probably not have
appeared on the scene until World War- II had fathered the necessary
microwave osmllators 1 origi.nally wrote the last sentence wit}mxit the;
qualifying word ""probably, " but inserted it aftle.f rgcalling the many
other t.e'chhical’innovatidns created by Lawrence in his drive to make
“the cyclotron a reélity‘. He and his co~workers, M. Stanley mewston]
~and Davi‘d Sloan, found it neéessary to develop and build their own j
|

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

'
1

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

’ s . y - . . ’ X e
They were soon using the largest high-vacuumn pumps in the world, the |

highest-power radio oscillators ever seen, and the laxrgest magnet then
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' ,in operat*on. I—Tad they needed hwh -power rmcrowa.ve oscillators, tlhey

i
'

would probably have mventecl dnd bullt thcm, just as I-Td.nscn and hig co~

workers dld a cleca.de later at Stanford.

Lawrence is best known for his application of the c'yclotron' e;ciua-—
tion to nuclear physi cs, but he also used the eqw..al‘c1 on to heln devxse tho

most accurate method of ) measurmg ‘he specific charge, e/m, of the

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

Lawrence s students, in what rcmalned for Thany years the most precxse
meesurement ‘of thlS important fundamental constant,

The flrst demonstra.tlon of the cYclotron resona,nce princ1p1c was

v reoorted at the Berkeley meetmg of the Na.tlonal Academy oi bc1ences, ‘

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 cy’clotron of Lawrence and Livingston, ‘'which accelerated hydro-

. . f

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

Livinaston went on at once to build an * i-wnch cyclotron, which they hoped
would be the flI‘St accelerator to ylelc "art1f1c1al dlsxntegratlon" of llorht
nuclei. “The dev1ce was gwmrr p*'otons with an eneray of severr.tl hcncrea
keV (whlch we now know would have been qulte adequate for the Job) in the

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

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

had no coun,tlng equlpment in their la.boratory, but two fmencls i'vom Yale, .

Donald Cooksey and Franz K‘urle, were to bring counters to Berkeley in
the cummer of 1932. to help w1th the observatlons. Wnen the VlbltOl“S

arrived,— they made it possible for-the Berlieleyi team to repea.t the now
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famous workof lC;ocllcéroft and ‘W‘altori; .who hadannouncéd t‘ne;‘.r dis~
covery of the d*smtegz atlon of lithium by protons in early 1932, ThlS
was tne first of several 1mp01tant dlscoverles in nuclear Dhy31Cs that
could almost as well have been made in Lawrence‘. s laboratory. - But,
of course, many'vlaboratories in the world, includihg all the accéieratof
laboratories, missed these same later diécover*es. l‘he fn' 5t 'miss' ‘
at Ber;\eley--the dlsﬂntearatlon of lltv1111m~-1nvolved the same mlsvtd.ke
Cockeroft and Walton had also md,de earller, neither group had lookéd
at the lower energies we now know were suffici'ent to have done the job.3}“
The sﬁccessfui Befke‘ley‘éxpe'rimer‘it wa.'s. planned for the surhmer of
, 193'2 when«cdunting equiprﬁent would be..a.vaii,able;,' and it was carried
offvcn schedﬁlé; " Cockeroft a.nci Waltob. simply g‘ﬂot‘their ;experir'nen‘.t‘
done first.‘ »
But forb those who became physicists after Vv’orid War II and who i

may be unacquainted With tlile.'primitive world of th,e. early accelerator »
'la‘:oratory, a few wo.i-ds ‘will provide an understanding of how Lawrence,
a:nd his co-workers mlssed artificial radloactwmty,b and a.fter that, the
’dlscovery that neutrons can produce artificial radloacn\rlty. We .mox.ld‘
keep in mind that the de.}’/el'oﬁment of the cyclotron, whi'ch actually had
been ridiculed by 50;:11e,physicists as impractical, was an e‘xt:remely dif:-
ficult ‘technologic.:al.l' taélc that onlyv va man of Lawrence's daring would“
have undertaken. To make it work req_mred the development of tech~ :
no.logies and a'i:ts ‘that were not then known, What seems so easy today '
‘was won only-rlwith sweat aﬁd long hours 'by Lawrence and his assocmtes‘
in the ea:c-.ly 30's. In thé early years most of the time of the-Berkeley :

group was concentrated on deveiopmg the cyclotron into the effxcxent

‘tool tha.t was subsequently us ed wmth such profzcmencY in mary research
. ‘! i
areas. g
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he 27-inch cyclotron was built with incredible gpeed in an old.
wooden building near Le Conte Hall, the home of the FPhysics Depart-

i

ment, and the birthplace of.the smaller cyclcﬁtrons. The old wooden |
Radiation Laboratory, which was finally torn down in 1959, was the
first of the modern nuclear physics laboratories~-~institutes in which
experimentalists co'llaborated on joint prloject-s., or worked on their

., ,

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

‘physics with which Ernest Lawrence charged the atmosphere of the

Laboraﬁory will a.lwa'.y_s_livev in the memory of those who experienced it,
The Laboratory c;pereit_ed arouna,the "clock", seven days a week, and those
who worked a mere seventy hours a week were considered by their
friends to be '"not very_”intereste'd in physics. ' The only time the L&'bioraw
“tory was really deserted was for two hours every Monday night, when%
Lawrence's beloved "Journal Club” was meeting, He initiated this v

weekly meeting when the cyclotron looked as though it might become 1
uselful 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. 2Zut 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
er

Department supplied the:Laboratory with a few drops of heavy water, |

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

ot
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t
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 a particles) |

but not to the £ rays from radioactive substances; to detect f ré.ys,

one needs a movre sensitive device, for example, a Geiger counnter.

Lawrence and his collaborators made several attempts to manufacﬁtﬁre;
Geiger counters in the R’adié.ti.on Laboratory, Eut all their counters suf-
ered from'exces'sivelyvhigh "background rates, ' Today, when Geiger;
counters are commércially ava.ila.ble from dozens of companies, it is »
difficult to believe that Lawrence and his associates could have over-
looked the fact't‘hat the high backgrounds were the result of 2 general ¥
high level of radioactivity .iI’.l the whole l'abox-atdry:m -a.rti.ficié.1 ra;dioactiyity,'
to be moré exact! But m thoss days, the rare expefimentalists who !
could make good Geiger counters were looked upon as practitioners of
.witchcraf’:;‘ their‘ le‘ss ';f:'_ortunate friends might t;:'y for months without
hitting the magic formula. So after several abortive. attempts to make
useful counters, the Berkeley’group went back to the linéa:rAa.mplifier ‘
‘technique that others considered even more difficult, but which was
nonetlr.r;less one that t‘hey had mastered. So it was not until the an~
nouncement in 1934 of the discovery of artifiéial gadioactivit‘y by Curir%
and Joliot that Ernest Lawrence and his associates realized why they -

couldn't make a decent Geiger counter; their whole 1aborato£y was ‘
radicactive! | o \’ o , | |
- The ,dis.cove‘ryA of artificial radioactivity had been missed by al}:
the a._ccelera.tor'feamé then operating th}oughout the world, so the nextr

few months saw the discovery of dozens of radioactive species by mem-="

1

bers of the accelerator fraternity. The fact that none of the ‘'machine

H




- quarter of a century, doctors all ,ov'er the world had taken pleasure in -
spect. From many thousands of. these otherwise useless glass tubes,
' I

' sample of the_ element in the world,’ I—Ier'daughter and son-in-law put

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

let two big discoveries go unnoticed in his La.bora,tory, )

_the discovery. of artificial radioactivity.” The fact that poionium does;

‘target. Accelerator physmci sts were denied this clmple technique, be

" this advanta.ge, the Curle Joliots almost missed their great discove:qy;

.they almost dlsmnssed the chanrm in countlnv ':'ate of their fir

builders" had n;t?iced the phénoménon of arfificizil radi Oc.ctwnv puts

the évé.rsight by the cyclotron group in p'x"oper verspective. It was
symptomatic of the general unreliability of all detection ue;ﬁmﬁs in
those days, coupled with the great comp lexity of u..e "Lccel ators them-

selves, rather than a deficiency in the men as scientists, o |

It is interesting to note that Irene Curie and Frederic Joliot had

the largest source of '"trouble-free' polonium in the world. For a

i

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

she had i solated more tha.n a curie of polonmmw-—by far ‘rhe f'trongest‘;'

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

. : N ‘
that the neutron existed. ' (So Lawrence was in good company when he

_The Curie-Joliots used their unique source two years later in

i
' ' ) . Y i 1
no: 2mit 8 or v rays mad‘e it possible for them to observe the Minduced

activity'" cduri g the txme the o particles were bombarding their a.lum.mum

’ X s : . * .1
cause of the background radiation from their machines. But even witl

1

st artificially
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radioactive source as being due to the erratic behavior of their Geiger
counter! It was only after the builder of the counter had insisted for L
several days that hi; hahdiwork was reliable that the Curie«]’olbts be-~
came convinced that the phenomenon of artificial radioactivity really
did exist, |

That Lawrence's g'xjoup, and all the other accelerator teams,
did not anticipate the work of Fermi and hi&; collatorators in the field
of neutron-induced radioaétivity is a different story, but again one which
has an easy explanafion in terms of its setting in time. Calculations of‘
"'yields' of nuclear reactions were made every da;y, and it was painfully
obvious that one had to bombérd a target with more than a million fast
particlés in order to observe one nuclear rea;tioh, Everyone héltd.
thought of the possibility of using the high~energy o particles from the

artificial disintegration of lithium as substitutes for the slower a particles

from the decay of polonium, But ""that factor of a million" always stood

in the way, and it finally led fo a firmly held conviction that “secondary
reactions can't be observed,!" Certainly, Lawrence and others éonsidefad
the use‘ of neutrons to produce artificial radio'activity, but the factor of a
million alwéys made thém yturn 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 wnords, |
secondary reactions would be as preval_ent aé primaries, if neutrons ; R
were involved. The story of his succeés 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

'

.




|

of the néutroﬁ 1nduced radloa.ctlwty of si ,.ve;:, within a minute or two
He nﬂevely tOOl\. a fifty cent piece from his pockeu, mé.('ed near the
cyclofv-on, and then watched it mstantaneously discharge an elect ros«,ooc
after the CyClOt"O"l had been turned off. - R o | !
Oqe nermally doesn't. dwell so long.in a sﬁienh ic obituary oﬁ ‘
those occasions*wheh the subjebt failed to find what he was apparc.nt’ly
equipped to find, But Ernest La.wrence wouldn t want such 1ntc*‘ebt1nff
“bits of history to be swept under a rug. He was so accus’comed to hv‘ ?
own success and tcs that of his 1a.bora.tory colleagues, that he enJOyed
.. recounting ms m’stakes, w*tnout ever mentlon*ng the mv‘wavncf factérg
Just recounted. brom 1931 untll 1950 La.wrence s laboratory was thc
home of the hlohest energy beams of particles in the werld, ‘and for |
| several years in tne mid-fifties, the Bevatron was the hlgheat eneray
ma.chme in opera,tlon. buch figures by thems elves mean nothing, ou‘r
they do mcuc,a.te that in that pevlod the Radiation La.boratory could c.o;
important experiments that were difficult, if not impossible, at othex"‘
) institutions; Ernest Lawrence was always consc;iOus of the importan;e
. ~ |

. of beam intenbsity in addition to beam energy, and worked diligently uo

.see that all hls accelerators 1\cpt produc*no larger currents of accclc,M

' |
) |

ated ions, I-Ie often spoke with satisfaction of the proven va.l_ue of his

|
.Y'long campaign to increase beam current (often in the face of opposi’cic?n
from his younger colieag'ues,f wllmov Waﬁted to "'uls e. what we have" ra;thefr
.than shut dowﬁ for improvements). o : o L ;

By 1937 Lawrence had bucceeded in pushing the cYc1otron cur--

“rent up to 100 mlcroamperes, at 8 million electron volts, Othor ‘.cceler“

ator builders of thls perlod were conten‘ with 1 microampere at 4




million electron -volts. . Lawrence's young associates felt sure that the
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cyclotron had re a.ched its peak in ’cne "beam intensity cle'oartmc*’l "

«

but
Lawrence soon found that the cyclotron was doing ten times as well a3

anyone had sus’pected. Lawrence was always the best CyClOtrOn oper--

. ator in this erlOd he could ''get more beam'" than anyone else, One

day, he not:.ced that as ‘the magnetlc field passed through the resonance
value, the meters in the osc1llator power supply showed a '] Od.dln“”
ten times as great as the 800 wau.'-:s one would predict (400 micro-

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

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

reaching the detector. It"was soon after this that Lawrence ent:ouragec‘l
Martin Kamen to install two water-cooled probes to intersect the cir-
culating beam that had formerly been lost. So now, in addition to the
100 microamperes of "external beam, " é.n_other rhilliampere was al-
ways at work producing .ra.c‘.ioactive isotopes for Dr, Jol;n Lawrence's
medical program,

One of the.incport'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 procuced. A phy51c1st can o*una.rlly compensate for a lower mtenslty

by bullalnd more sensmwe detectors. But in medlclne, one must accept:

- . 3 ' ‘
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- |

ve°t1rf’1+10n. - o

Lawrence persuaded his brother John to come to Berkeley at ;

first as a visitor, to, advise him on the potential hazards of the neutrons -




- tracers and as sources of radiation. He committed his Laboratory to
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from the 27-inch Cyclotr()n.' Later, John Lawrencc headed a stron

(G

. fj
research team tha.t investi crated many phases of the new radiation rzmch
cine >1~d 010100’y "Ernest Lawrence, who had abanconed a medical :
career for one in physics', now had the vicarious pleasure ofva ‘-’sec;onél
life' in medical ph‘ysics. | He gave the Laboratory medical prog: d.“l’l m

strongest support, often in the face of keen disappointment on the part-’

of some of the physicists who worked so hard to keep the cyclotron ini

o)
'C

verating condition and whose research efforts had to be curtailed. Ir

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

P

‘each week, so that t_erminal cancer patients could be treated with neu-

trons from the 37-inch cycléﬁi‘pn“."_ ’I‘he :c_D‘iJ‘.-"‘sta.ined cyclotron 'I\ava.s ‘

cleverly disguised with a set of white panels, and the patients were led .
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
furnishing the materials for experimental programs in many Uhiversifty
of California departments, and he o‘.erived 'great satisfaction fr»om thei
indportant discoveries bnbnade by his Colleagues in other scientific
disciplinesl. The édllabofation between physicists and biologists
naturally Blpssomed after the de{/e\loprr;.ent of the nuclear reactor,

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

wrence, who shared the hard-—ea.rnec’-.

!
I

pioneer in this area waQs Ernest La

fruits o*’ his labor w:.th his Unwer31ty collcaﬂl..es becauae he thought it

was in the best interest o£ science.
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Eve”yone recoamzed ‘ch t Lawrence .wa,s respon31b1e for the
bteacy increase in the peak’ energy of the accelerated oeamc available.
in the Rad*fation Laboratory, and throughout the world, But 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

' 14
obsession with higher intensities. "°C could not have been discovered
at any other 1aboratory in the world with the detection techniques then

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

a'ssociates,, he was convinced that his great concern for beam intensity

‘was what had really made.the whole' Manhattan District program possible. :

Physicists ‘on both sides of the Atlantic had spent a great deal

of effort in theoretical and experimental design studies for nuclear ,c‘r‘w.i'ril
reactors, but these‘devices ap p rently had no relevance to the ""war ‘
effort. " It was not untll the discovery of plutomum and its fissionable
properties by La.wrerice;"s co~workers at the Radiation La.b‘o‘ratory‘tha.t
the reactor program had a clearly defined role in the military program.’
And as was'true in the case of 14C, élutonium couldn't have been found
anywhere but a.t-_Berkeley‘; its dis cévery ?equiréd the enormous.particle:
fluxes that came from Lawfénce‘ s long campaign to incre‘asé both the ‘
energy and the\‘intensiﬁy of his ion beams.

I

As is well known, the Manhattan District's program was three- |
. : . . I

pronged; uranium-235 for bombs was made by two isotope separation |

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

o

Lawrence sperit'sever'al of the war years perfecting the Caluiron, or

235, ve .
mass-spect rometer method of separatlng U from ordinary uranium,

.
.
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t is probably true that no one but Ernest Lawrence could have made a
- success of the Calutron process; the ion currents required were |

i

millions of times as grea.t as an.‘yon'e had even dreamed of be*‘ore. So
Lawrence's concern with beam" intensity was the key element in two ot'
the three successful attempts to produce fissionable material in the wa.r
period, | | | ’

In believing tha.t hls own pion eeriho work' in two of the three rrrajo_r '
processes was the’ key to the accepta.qce of the. Atormc Bomb Project by |
the government, Lawrence in no way depreciated tne accompllshmen s
'of the reactor designers or of the gaseous diffusion experts. v’ He snnply
felt, from a great deal of experience with high-level Government offifcials,"
that the project couldn't have 'been eold” unless there was one “sure‘? wa.y"
to make fis siohable materia.lfbef_ore the Qar was over., (The three.t o‘fj.' |
postwar Congres smna.l J.nvest1 gations into the waste of money on
"boondoggles' hung over the scientific policy makers in those days )

The Calutron process was comphcated and expenslve relative to the |
- gaseous diffusion process; but once a single unit had worked, there was -

i

no doubt that the application of large amounts of money could produce; )

: enough material for a bomb. Lawrence, who was persona,lly mvolved

\
© ind many of the key sessions that culmlna.ted in the establishment of the
Manhattan DlSt‘rlCt always felt that this argument convmced the dec:.e:.on :
_ma.kers in Wa.shington .to,a.uthorize all three approaches to the production
problem. : | o .
To. return to the cyclotron development, we can note two mile tones :
| tne initial opera.t:.on of the 60-inch cyclotron in 1939, and the a.uthorlz‘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 corxti‘_ibution to
the discovery of plutonium has already been mentioned. The Rockefelléf
Foundation gave the Umvers*ty of Ca“;a.orn*a 1.25 rmlllon aollavs 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, internatiohal- events conspired
ta ché.n'ge the character of the Labora.tory. In the summer of 1940,
| 'La.wrence returned to Berkxel e;lr from a New York v131t with ? ms longtlme
friend, Dr. Alf'red Loomis. Loomis had played a key role in the dis-
. cussions with the Roc«efeller Foundatlon o£f1c1als, ‘and Lawrence had
| gi‘eat respect for his counsel, Loomis had been active in the establish=
n‘ienfc of the Nationé,l Defense Research Committee, which was headed i
by Vannevar Bush, Karl Compton, and‘J'a,.mes Conant. Loomis intro- ‘
duced Lawrence to ‘;he members of the Br;’.tish Scientific Mission, who :
were visiting the éountry at fhat time., " From his old friend, Sir John

i

" Cockcroft, Lawrence learned for the first time of the outstanding.

scientific contributions to the British war effort, many of them made by ]
. . . il

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

.Microwave Committee,l ur%der the chairmanship of Alfred Loomis, He
. as sﬁmed the. responsibility for recruiting a group of young experimental
nuclear }physics’ts to help the British "fight the scieﬁtific waxr,' He ‘
.persuaded Lee DuBridoe 'to iéavé his own cyclotrlon at Rochester, ‘ Néw 1,

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

Institute of Technology ('I‘he name of the labora.tovy, together w1tn its

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

curious into bellevmg that its mission was in the field ov" nucleax f»ssxon.i




|

, i

In those_d&ys, fission was not treated seriously as a war project, but

the mere idea that planes could be detected by radio echoes was con-
sidered to be exceedingly secret information. )

Lc.wrencc recrﬂlted a fine staff of young ohynmsts, many of

them his former students. Most of them gave up t he ir ex cumg caree s

:in nuclear’ physics, more ‘mn a year before Pearl Harbor, for th ; mple
reason that Erriest Lawrence came to see them e.zm told them it wa.s jthe
vm‘ost impoxrtant thing they could do. 'F1;61n. his‘ own Laboratory he re:'-
cruited McMillan, Salisbury, and Alvarez. The MIT Rediation Laboratory
came into being in ’\Iovembe* of 1940, and i ..ts ‘contributions to radar ;are
too well known to be recounted here, La.wrence visited the laboratofy
frequeqtly in its fa.rst yea.r, and kept abreaat of its activities in that

perlod.' But it was soon obvious that the laboratory could stand on its

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

In the summer of 1944, Lawrence became involved in the anti-

i
!

submarine warfare program; German submarines were then close to

destroying the convoy system that was supplying Great Britain from i‘che
United States, Lawrence again acted as the chief recruiting agent for
the new underwater sound laboratories, and persuaded McMillan to lieave

MIT for San Diegd.. Shortly thereafter, he converted the 37-inch

/”
cyclotron into a mass spectrometer for separating small a_.mounts of

235 oy . . . — 1 .
U from ordinary uranium. This work convinced him that the electro

magnectic separation technique could be expanded to become a large- scale

. . . 235 ! . . : - 2 3 -
- process for producing U. In his characteristic style, he immediately

-‘ ' ‘ ’ } 13 ‘s - 3 ' '
- committed his Laboratory and his reputation to the project. Although he _

had recently staffed two laboratories with many of his best studenw:? ne
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'still could call on a number of his top-flight 'protegfes( to restaff the v

Berkeley Radiation Laboratory.

From the summer of 1944 until the summer of 1945, the Radia=-

tion Laboratory worked around the clock on the technical problems in~'
s . . 235,
volved in the electromagnetic separation of
magnet, assembled in a new laboratory high above the Berkeley campus,
served as a working model for the hundreds of mass spectrometers

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’
235

U that made up.the Hiroshima bomb. The thermal diffusion p‘roces‘s

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

overall separation of the isotopes 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 peaéetime PrO=
| duction ofA 235(}.)

One of the greatest difficulties one encounters in writing of
Ernest Lawrence's career is that so much must be omittea in order to
keep the manuscript within reasonable bounds. It is also a pity 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

|
|
{
solved in that period. Because of this, there is an apparently comprer
:“

hensive book on the electromagnetic separation 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 foresight,

U. The 184-inch cyclotron,
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darmd

D77

leaacrshrp, ' a.nd +e<‘hmca.1 mfrenulty were the key -r-ffrccb ents m
! . _ |

i

the ::uccess of the venture. ,

In early 1945, when the completed Qak Rld“c plant was in full
oroduc*lon, Lawrence turned his thoughts towa.rd the pos;war perrocl.‘. :

| He persuaded General Groves (for whom he had a oreat respect that wa:/

apperently recvprocated) to authorrze tn.e converslon or tne ._,aboratory to

its peacetxme mlssxon. Mc.nha.ttan Dlstrlct funds were a.ccorclmgly made

1

~available to- completc the 184- -inch chlotron, and to build a proton lmear

accelerator and an electron synchrotron. The syncnrotron had just been :

mvented by McMa.llan, a.nd A.lvarez‘ s ra.dar experlence had corvmced
. . . i \

him that a proton lmea.r accelerator could be bullt. P, S

{ >

In the fall of 194:5 the prewa.r Berkeley team was reassembled

- together with some talented new,comer-s' who,se abilities had flrst come

i

‘to light in the wartlrne effort One of r.he fJ.rst ma_]or dec:.srons
Lawrevxce had to make concerned the 184—1nch cyclotron.' It had beev.\
: |
planned as a "c0nventlonal cyclotrOn, " but 1ts performance under tn.oee
v'v'vc:.rcm.m.stances would have been margmal at best, ’\/Iclvhllan s tneory of .
' phase stablhty mdlca.ted that the 184—1nch machine would Derform more '
satlsfactorlly as a eynchrocyclotron, its proton energy shoulcl rise to

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

’the other hd.nd no-one had ever bullt a svncnrocyclotron, ‘and the problerns
foreseen were formlclable.-v Lawrence and McMJ.llan called for the 1m‘-
mediate rebuilding 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 s:.mpler to build and operate’ than the orzdmallv proposed

conventlona.l cycl-otron, As 2 resul‘ of these earry model tests, the




H
L2
(@]
1]
G
(@]
P
. t -
H
>
3
Lo
O
O

iS-‘&—inclt synchrOCyclotr'on was zi.ccelerating deuterons to '130 MeV, and
helium nuclei to 360 MeV, in late 1946, | ‘
' Siz}ce' this- is the story 6f Ernest Lawrence's car‘éer,- véry little
| will be said about the new laboratory activities that were primarily thc
responsibilities of his yoﬁnger colleagues, In addition tc; the two ac- ‘
celerators built under the supervision of McMillan and Alvat’ez, thé;:e
{vere two important new chemical projects under Seaborg-and Calvih.
- Seaborg rettlrﬁed to Berkeley from his successful wartime duties "a‘s‘
directo}; of the chen;.ictal phases of the Plutonium P-:oje}ct' in Chicago.
Calvin had played several i‘mporta.nt roles in the OSRD Ch.emistr,y =
Section, and was anxw‘oué to study p‘motoéynthesis with 140 which was
soon to be in plg,ntlful supply as a direct result of the huge neutron f‘m.es
now available from nuclear reactors. In effect, all of us had ''gone a.we'ty
as boys, and come back as men, " We had all initiated large technical |
projects, and carried tbem"to completion é.s directoré of large teams
.of scientist_s and t;—:chnicians. We were all pr.e'pa.:ce.d~ to reassume our
.s"ubordin‘ate roles,’witltErnest La.\;vrence as our 'leader" once again,

But 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 lea.st we ha.d. unlimited fin-
ancial oa.clong.i It was not until the ""blank check.” from the Manhattan |
DlStl'lCt. was replaced by more normal budgetmg procedures that any ]
of us felt any limitations on our ability to do whatever we thought shoulci
be done in our own a.reas of resnon51b lity, Ernest Lawrence showed é.‘
keen 1nterest in what we ‘were wmg, but in +hese early postwar years

he never gave any sign that he tnouwh‘c his function was to give us a.dv*ce '
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of any kind; Wxse pareﬂtb let their children solve all the prool

they can, but tney stand by to help when the problems are too C.lfflCL’t‘
of sQ*ution, Ernest Lawrence was alwa.ys a wise "sc1enf1f1c paj.rent";
all,of us Qho were fortunate enoutfh to be his "'scientific eiqil,dren” wiil

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

needed it, as we11 as the freedom he rrave us to solve our own problems
j .

when it seei’ned_. tha.t‘we could eventually succeed,
With the completion of the 184-inch cyclotron, Lawrence once,
again became an active research worker., He had not been directly in-

volved in any particular experiment s‘ince his 1935 work on deuteron-}
induced radioactivities. As soon as the 184-inch cyclot*on was ouera.‘tﬂna,/'
Lawrence be}cam‘.‘e an act‘ive participant in experiments using the re-
cently discovered high-energy neutrons "pfpduced by "'deuteron s.trippiﬁrw. "

He personally discovered the delayed neutron activity that he and his |

colleaoues soon'showe’d wa.s due to nitroaen-’l?.' It was a refresh"nfr

L
N

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

2
\

as a La.boratory director and as.a person with great skill in diagnosing

troubles in cofnplicated scientific tools, to see the complete devotion
he now showed te personal'invorlyement in basic scientifie research.
Soon 'after the 17N mystery was unraveled, La.wre‘nlce became bconvinCEed
that the 184-inch cyclotron could prodlice the newly discovered T mesons.
Edward Teller had pointed out that even though the cyclotron's energy.
seemed too low to Ieroduce‘ pions, there was some hopethat with the aid

of the Ferm1 momentum of an mc:.c.cnt o particle, and of a carbon target

nucleus, the JOb could be done. Lawrence worked closely with T"uﬂene

©

Gardner in thls perlod <:Les1gnm(y experimental setups using nuclear

emulsions as det_ectors, but these effo,rts were unsuccessful.
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Shortly'after- these early experiment's,‘ C M. I, Lattes arrived;

I . . . i} - . ‘vl B ‘ * . ) |
in Berkeley - He 11ad been a member of the Bristol team that, under the
leader np of C F, Powell, had recently dlscovered the ™ meson. I’Te;

quickly sbowed that the difficulfies encountered by Gardner and Lawrence

had been due to improper processing of the nuclear emulsions. I..attes :

immediately corrected the Berkeley development technlques, and a new.
‘set of exposures was made soon after his arrwal using the apparatus |
designed by Lawrence and Gardner. . Lattes also brought a familiarity
with the tracks of ™ mesons in emulsxon that was available to only a few
pn.ystcz.sts in the world at that tlme, and he appl:.ed his. keen eyesight to/
the tedious scannmg of the exposed plates.., I'I.‘.S dlhgence was rewarded
wzth success, one evening, when he observed tracks of the first art1f1c1-
ally produced negative pion coming to rest lin an exposed nuclear emulsion
-plate, He and Garcner 1mmed1ately called Lawrence, who was enter-~
taining v131tors at an Oakland restaurant. Lawrence left the dmner,

and as soon as he looked througn the mtcroscope, he experienced one

of the greatest thrills of his life. Although he had played a maJor role ,
in the discovery, both by h1s activities in procuring the money for and i
desiﬁnind the 184-—inch cyclotron and, more partlcularly, in the ceslgn |
of the apparatus used in the experiment, he eharacterrstzcally insisted
that the historical papcr should be signed "Gardner and Lattes, '

For a perlod of several years after the war, Lawrence devoted

.all his wa.kmg hours to the pursuxt of basm science at the Rc.dnatlon o

‘Laboratory. Lawrence was fortunate in havmg an administrative staff

that had learned to cope w1+n the problems of a much larger wartvme :
i

organization, so he was»relat:.ve ly free to concentrate on the scrcntrllc
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activities of the many sectiOns of his Laboratory. He' took a great
|

perbonal mtere.»t in the prorrrams on photos;rnthesxe, medmm physlcs,
- and nuclear chcmlstry, but the mtcnsxty of 1 ﬂlb 1nvolvemev1t in uhe v r
physics program was a source of a.ma.zement to his younger colleauues;
It was a rare week that he didn't snend several hours each evening and
' much of Saturday and Sunday in the cyclotron bux’emg, or wc.nec,rmrr,

~through other laboratories, talking to everyone from research assvlstants

[ o
U i

to visiting professors., Even though the Laboratory was now almost a
' . . N ¥
|

hundred times as 1.ax'ge.in manpower as it had been 15 yearg earlier,i
everyone still had the feelmg that he was a "member of Ernest ;
|
'».Even»a.t present‘, almost twenty _yea.xf‘s after this exciting phase of the
‘Laboratory's history, feehzl,icians as well as senior staff,merﬁbers cfoh—
tinue to swap their favorite stories of ''the time Professor Lawrenc:.. |
looked over my 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 assumed the responsibility of securing financial

backiﬁg for the "Bevatron,' from the AEC and the Congress, The = |

Brookhaven Nationel La.boratory had recently been esta.blished; and if:
wa.s simulta.neously asking for support for a similar aceelera‘cor. T“e
Atomic Eneray Commlssmn eventually authorized the 6,2-BeV BevatTon
| 'a.t Berkeley, and the 3 BeV Cosmotron on Lona Ibland The Cosmotfon ‘
came mto onera.tlon before the Bevatron, for two reasons, La_.wrenc
with a consé'rva’cism that many of his assoc:.a.tes had not obsei-vecl b *fore,

|-

decided to build a quarter-scale model of the Bevatron, to be sure thgt,,
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the untriéd principle of ”e.xternal injcct’ion” into a synchro'trc;n.. w'oulcl‘
work, The modél, as designved by Blﬁdbeclc, ‘worked within 9 rr";onths‘
of the d;‘ec_:ision td build it, and the ''go-ahead signal' for thé Bevatron
was irynrnediately“ gixv/ér.x-by' La.wrence%' But soon after this decision had
been made, the USSR _exploded its first nucleva.r' 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
pfogi‘am leading to the development 6f a thermonuclear bomb. Soon
~ after President Truman made the decision to build fhe hydrogen bomb,
Lawrence became concerned V‘)ith, the‘s_e:;iéué éhérvtage of uranium re-=
serves available to‘the‘ Unitécl Stafeé. - He flelt ‘ihat fhe’éoﬂntry mighﬁ
sooﬁ be plagued with a rieﬁtr;m shortage, océa‘s‘ioned by the dwindling
squly of 235U. His sblution'to the problem was the construction of a J
high-energy, hlgh ~current deuteron linear accelerator that would produce
neutrons by impact on hea.vy targets. Experiments at the 184-inch Cyclo-,
tron had shown‘surprisingly high “neutron.multiplicities". in such collisions.,
, A 60-foot—diametef 60~foot—iong test section of the accelerator was built
at the Laboratory's newly acquired leermore 31te, and it accelerated
‘unprecedented currents of close to one ampere to several million electrOn
volts. The project was abandoned when another solutlon to the neutron
shortage problem proved successful; the AEC offered substantlal casn;
payments for uranium finds in the continental United States.'_ A f_lood of t
prospect‘ors with G‘eirre'r counters promptly svhowed‘ that thefe were enormous
and orekusly unlxnown reserves of uranium in tho Roley Mountzun aw.tes. ‘
(At the pmsent date, the Canadlan rrovernmem is consxdermg a program
‘patterncd after Lawrence's scheme of elcctronuclear neutron odL.ctlon, |

|
i
'l
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a.s an effective competitor to nuclear reactors, ,. An a.dvan'ta.'ge of the

.a‘clc‘el.ér‘ator method is the lower power.dcnsityl in-th‘c‘-z ‘neui;rv«':')n--produrj:ing

target, per unit of neutr\on flu.x., than in nuéleaf reactofé.) -
Lo . . \'

In 1952, La.wrence ex pressca concern that all the U. S, nuc]car
\'veapons desigﬁ é.ufort was concentratcd in a smgle govc,rnrpcvmr laooratory.
.E-L. had great reepect for the members of the, Los Alamos Laboratory,
and for their extraox dmary a.ccompln.shment.;. NOnethelesu, his eytéxxswve
. experlence as a sc1ent1f1c_ consultant to many of the largest U, 3. techm-
cal corporatlons gave him first-hand experience wmth»the benefits of; a
healthy coinpetition between‘ind’e_p.e‘:‘ndentdevelopme}n‘c laboratories. ‘ He -
therefore ﬁrgédthe AEC and "t“he‘ Joint Cong'reésionval 'C'Qmmittee oxfm
Atomic Energy to set up a second weapons laboratory. He offered tfhe
.I_.;vermore site as a suitable location, and pledged his oersozml ove?— ‘
.all’ht of the new pro;ect. The Laboratory was establlshed in 1952, W1th
| ;Herbert York as dlrgctor,‘and Edward 'I‘eller as a senior membc—*r Qf' the
stafi. Most of the key group '1eaders were young phy31C1sts_, chemists,
and engineers trained in the BerkelefLaboratory.. vLJawreﬁce sperxtmcst
.c_)f his remaining time and effort on thelaffétirs of the Li:%iermore La?fsoratc’;ry
“until his death in 1958. The young corﬁpetitor in the field-of nuclea.i;
_weapons nstubbed its toe' several times in the early years, but later it

made the substantlal contrlbutlons to the design of nuclear weapons tb.cL*

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

v E*nest Lawrence in the dlfflcult early YEdlt’S, the Livermore Labora to*y
' d

- might eas;ly have failed in its purpose, and the country as a whol@ \Lvould

have been the loser. Lawrence's latest Droteges, the' flI‘.‘:t three d*-

rectors of the Lwerrnore labo*atory, are a rema.rk“ble groum of youn

men, Ea.chv of them, i.n turn, went from leermore to a position of
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- great 1espon31b111ty in the Pcntarrop -~ the Dll‘CCtOI‘ of Defense Re-

search and Englneermg Herbert Yor:c lei't Washmgton to become

Chancellor of the San Dlego carnpus of the Umver51ty of Cahforma,
Hax o’d Brown became Secretary of the Alr Force at the age of 38

and John Foster lS still "DDR and E

Concurrently w1th the establlshment of the leermore Laboratory,

Lawrence developed what he called his ”hobby, ”-to’ divert his mind from -

the enormous pressures to which 1t was sub;ected in these years. He
became fascinated with the technical cha.llencres of color televrs*on, c.nd
invented some very mgem_ous s_ol_utrons to the difficult p'r}oblems of that
field. Unfortﬁnately, the .'bu'siness preﬁlems involved in the finanleing of ‘
initially unérofita_ble color television tube production lines ‘were‘more !
difficult than the technical problems Lawrence tackled and solveci,
largely by himself, For these reasons, the Lawrence "chromatron"
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 ‘ . |

In the mlddle 50's.John Lawrence and Dr. Albert Snell, Ernest'
personal physxc1an, urged him to shecl some of the orrea.t burdens he was .

carr;im On one oc:cas:.on Ernest and Molly Lawrence took a lelsurely

ocean voyage to I.ndla., and it seemed that the perlod of rest had greatly

4

. '!
- relieved the mtestmal problems that were aggravated by the pressures
~under Wthh he had worked for so long ‘But the problems were only ‘

!

temporarlly amellorated surnlcal treatment was recommended but 1t

‘was unsuccessful Ernest Lawrence died in a Da.lo Alto hospltal on

Augusr. 27 1938 w1thout recovering consciousness after maJor surgery.

l

' ?
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qui-ence' s :uﬁti@ely déat‘h at the endsof his' fift)‘rvsevenvth yca;r_

" was a great shock to his wide \cifclc of friends in scie‘nc"c-.;_' govél-nme.éat,
. a;ld industry. He had led a life of enormous usefulne‘ss "to‘ sc@en.ce‘ and

to his country; his influence was largely by exa.mple, and byvthe strfength
" of his chara.cte.r. He had great c~dm1rat10n for hxs scientific col lea.guc.::

who could 1nfluence national OOlJCle through ‘high admmwstra.twe offwe,

or by writincrs, or in public speeches, But he felt that the-propex- waLjy

for him to be useful was to let policy makers know that he was avail-

able for c.onsultatnon on his own personal opmlons =wnever as a upolc‘es«“
~man for a pressure group. ‘Le‘a.‘der‘s in government and industry r‘e-;; .
“spected his distaste for thé‘ lirnelight, and ébug'ht his counsel, His

long *‘eco*'d of success in the difficult tasks he set for himself, a.nd.

.

the accuracy of his proanostlcatlons in dwerse fields, mado his ad« %
vice most com.pelln_lg to those who sought it,

For thoée who had the good fortune to bev close to him both peirf
sonally and scientifically };e will always seem 2 giant afnong men, Ar
- present, when government support for basic science appears to be on
the wane, one hearb more and more f‘cequcntly the lament, »"‘1 he real
difficulty is that there isn't an Ernest Lawrence any more, ' |

Lawfénoe‘ s place in the history of science is secure, He wi}l .

always be remembered as thc inventor of the cyclotron, but more m}-v
\

por*antly, ‘he should be remembex ed as the nwentor of the modern way

«of coing scxence. Element 103 was named Lawrencium by his young

~

associates who dlscovered it shortly after hlS death, After his dezath

his frlends endowed the Lawrenm. Hall of Sc1ence. to which scicnce

“teachers from all over the country wall come on year-long fellowshlz.?s
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to learn the most modern methods of teachirig their s‘ubj'ect's.' The
" Lawrence .HaJ_.'I ovf Science will soon be in operation‘, j’_uét above 'thev'-
Laboratory that Ernest Lawrence founded and nurtured and loved for

so long, and that is now appropriately known as the Lawrence Radiation

Laboratory,
¢
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Honorary Degrees

Un_i’\_/_ersit_y

' University of South Dakota

. " Stevens Institute of Technology-v _

Yale University

" Princelton University

University of Michigan

‘University of Chicago -

Harvard University

Rutgers University

University of Pennsylvania

‘McGill University | |
~ University of British Columbia i
University of Southern California

University of San Francisco

University of Glasgow
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, ‘ ‘ Awai;ds and Medals -
Elliot: Cresson Medal of Franklin Instltute, 1937

Research’ (_orporatlon Prize and Flaque, 41937 .-

Com:.tock Prize of National Academy of Science, 1937
Hughes Medalv of R0yal Society (England), 1937 .

Nobel Prize in Physics, 1939 AT

Duddell Medal of Royal Physical Society, 1940

William S. Dunn Awalrd American Legion, 1940.

‘National Association of Manufacturers Award, 1940

Holley Medal, American Society Mechamcal Engineers, _1942
Copernican Citation, 1943 ‘
Wheeler Award, 1945

Medal for Merlt, 1946 SR o S e \ ‘
Medal of Trasenster, Assocmtlon of Graduate Engmeer», Umveraxty of o

Liége, Belgium, 1947 . _

Officer de la Légion 4! Honneur, France, 1948

Fhi Delta Epsilon Annual Servu.é Awa.rd 1948 ‘

William Proctor'Prize of the Scientific Research Socxety of Amerlca.,
1951 ' |
Fa: ..day Medal 1952

American Cancer Soc1ety Medal, 1954 B

"Enrico Fermi A.ward 1957

Sylvanus Thayer Award, 1958
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Memberships

\/Iemoei

L —

American Repz esentatlve at Solvay Congress, Bruasels, 4933

-N‘tzonal Academy of Scxence, 1934

American Fhilosophical S Society, 1937

-Phi Beta Kappa ’ '

. Sigma Xi , |

- Gamma Alpha

American Scandinavian Foundatlon, 194-2

Board of Foreign Scholarships, Department of Sta.te (Pu‘brlghf
~Act-79th Congress) 1947 L e :
Newcomen ‘Society, 1948~ 51

"Zhyslcal Socxety of Japan, 1954:

’Boavrd of Trustees: Carnegle Instltutlon of Washington, 194451‘_«,‘

Rand Coruorata.on, 1956

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

Foreign Member
Royal Swedish Academy of Sciences, 1952

I—Ionoré.ry Memb_e_ﬁ

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

Royal Irish Academy of Science, 1948

17559
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. American .Phyvsical Society

American Association for the Advancement of Science

American Academy of Arts & Sciences

Honorary Fellow

Leland Stanford Junior University, 1944
National Institute of Sciences of India, 1944, : :
The Institute of Medicine of Chicago, 1944 ~ '
Royal Society of Edinburgh, 1946 . '
The Fhysical Society, 1948 S
Indian- Academy of Sciences, 1953
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Appomtments

Committee, Aprll 19441,

} QOifice of bc1ent1f1c Research and Development, 1941

1
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' 'Ns.tlonal Academy of Sciences, National Research Councxl Revmwmg

Pr owram Clncf s-1 Section of the Office of Scientific Research anc. |

- Developrnent (Uranium Section), November 419441 +« May 19&&

sS-1. E\ecutwe Committee of the Office of Sc1ent1f1c Rebearch and

Development,. May 1942 - March 30, 1946,

‘Scientific AdVlbOI' and Progect Leader, Manhattan DlStI‘lCt, May 1,

1943 .
Research Board for National Securmty, 1945~ 46

- Elector, The Hall of Fame of New York Umverslty, 1947 o
S Advisor on the U. S. Delegation to the International Conference on the s

g Peaceful Uaes of Atomic Energy,' Geneva., Sw1tzerla.nd, August 1955

- Physical Science Administration Officer (Consultant), Brussels:
~ Universal International Exhibition of 1958, Depa.rtrnent of State, \ '

1956 58.

U, S. Delegamon to the Conference of Experts to Study the Pos;.xblllty ;

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

Nuclear 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 Proldté Iron =

Spheroid in a Uniform Magnetic Field. Phil, Mag,, Vol, 47,

1 842-847, May 1924,

The Photo-Electric Effect in Potassium Vapour as a Function of the
Frequency of the Light (Thesis). Phil. Mag., Vol, 1, 345-359,

- August 1925,

The Role of the Faraday Cylinder in the Measurement of Electron
Currents. Proc. Natl. Acad. Sci. U, 3,,.Vol, 12, No: 1, 29-3%1,

January 1926,

Transition Probabilities; Their Relation to Thermionic Emis sion -
and the Photo~Electric Effect, Phys.. Rev., Vol, 27, No. 5, |
555-561, May 1926, e

A Principle of C01-1'espondei;ce).. _ Science, Vol, 64, No. 1649, 142,

August 6, 1926,

No, .5, 947-964, November 1926, . :

On the Nature of Light (with J. W. Beams)., Proc. Natl, Acad.
Sci. U, S., Vol, 13, No. 4, 207-212, April 1927, :
Ultra-Ionization Potentials of Mercur'y. J. Franklin Inst., Cji» 4,
July 1927, | o

On the Lag of the Kerr Effect (with J, W. Beams), Proc, Natl.
Acad, Sci. U, 8., 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+4179, August 1928, ' : Lo

Element of Time in the Photoelectric Effect (with J. W. Beams). -
Phys. Rev,, Vol. 32, No. 3, 478-485, Septem.ber 1928, ‘

Photo~-Ionization of th.e.‘Vapor.s of Caesium and Rubidium (with N. E, -
Edlefsen). Phys., Rev., Vol. 34, No. 2, 233-242, July 15, 1929,

Photo-Jonization of Potassium Vapor (with N. E. Edlefsen). ; “hys,
Rev., Vol, 34, No. 7, 1056-41060, October 1, 1929,

Effect of Intense Electric Fields on the Photoelectric Behavior of |

. Alkali Films on Tungsten (with L. B. Linford). Phys. Rev., Vol, 34,

No. 141, 1492, December 1, 1929.
Early Stages of Electric Spark Discharges (with F. G, Dunnington),
Phys. Rev., Vvol. 34, No. 42, 1624-1625, December 15, 4929, ‘

L

The Tonization of Atoms by Electron Impact. Phys, Rev., Vol 28;; S




20,

21,

22,

24,
25,
26,

27,

28,

29'

; 1:»».& January 1930,

- On the Early Stages of Electric Sparksv (Wifh F. G. Dunnington*'
Phys. Rev,, Vol. 35, No, 4, 396-407, February 15, 1930, -

" Production of High Speed Canal Rays without the Use of High |

2021~ 2032 December 4, 1934,

 Production of High Speed nght Ionb without the Use of H.lcb.

" The Emmsxon‘of Protons‘ from Various Targets Bémbazjded by

Phys. Rev., . Vol, 44, No, 1, 56, July 1, 1933,
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' 'Intensc Source of Contmuous Ult]d.VlOlCt me (w11.h 1\ k., Edlc.f:aen).

Rev. Sci. Instr., fol 1, No, 4, 45~ 48, Jdnuary 1930

Abstract: Broadenlnp of Spectrum Lmes Durlng Larly Stages of o
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