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' ERNEST ORLANDO LAWRENCE

August 1, 1901 - August 27, 1958

A Biographical Memoir for Publication
by the National Academy of Sciences

Luis W, Alvarez /

In his relatively short life of fifty-seven years, Ernest Orlando
‘Lawrence_ vaccompli‘shed more than one might believe possible in a life
t\yicé as long. .The' important ingredients of his success were native
ingénu;ty and baéic good judgment in science, great stamina, an en-
thusiastivc aﬁd outgoing persohality, and a sense of integrity that was
, overwhelming. |
Many‘ articles oﬁ the life and accomplishments of Ernest ‘
Lawrence have b_éen‘ published, and Ge‘orge Herbert Childs has written
a book-length bic;gré.phy. This biographical memoir, however, has
notlma_..de ase of any sources other than the author's memory of
vErnést Lawrence ana of things learned from him. A more baianced
pic‘ture will erﬁer‘ge when H‘erbevr‘t Childs‘.'.bi‘ography‘is pub- .
lished; this zskétch simply shows how Ernest Lawrence looked to one
of his Il'nany friends. - | : ‘.“

Lawrence _was‘ born in Canton, South Dakota, where his fafher
was sdperiﬁté_hdent ,of schools, v'A,s'a bosr, La.wrence"s constant com-
. éanion was Merle Tuve, who v‘venf on to establish a reputation for
scientific ingenuity and daring, much like that of his boyhbod chum,
Together, Lawfe_nce and Tuve bgilt' and flew giiders, and they col-

laborated in the construction of a very early short-wave radio trans-
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mitting station. This e‘xperience can be seen reflected in their later
w_ork—-Lawrence was-the first man to acoelerate particles to high
energy by the.application of short—wave radio techniques; and Tuve, o 4
witll Bfeit, was the first to reflect- shoft-wave vradio pulses from the
ionosphere, a ’gechnique that led directly to the development of radar.
In the early thirties, Lawrence and Tuve were leaders of two energetic
teams of nvaelear plhys.icists.v lLawrence with his cyclotron, and Tu\'re
with his electrostatic aocelerétor, carlried the friendly fivalry of A"_
their boyhood days into the formative stages of A.rnerican nuclear .
physics, and all nuclear physlclsts have beneflted greatly from it.

Lawrence began hlS college work at St OClaf's in Northfield,
Minnesota, and then went back to the Umver51ty of South Daxo*a for
his B. S. degree._ He work'ed his way through college by selling
kitchenware to fa’rmers"w'ives in the sui'rounding counties. Very few
 of the scientific colleagues who B.dmlred his effectlveness in selling new
scientiﬁc_ projects to founda.tion presidents and government agencies
knew that l'ze had senved an apprenticeship in practical salesmanship,

\ , 4

many years befofe,_ And indee‘d, it would be quite wrong to attribute
his later successes ‘in this fielgl to any early tl'ainin'g -~ it was alwa.yé
obv‘iouls that he convinced his listeners'by an infectious enthusiasm,
born of a s:inc_ere belief that his ideas were sound and should be sup-
ported in the best interests of science and of the counti'y.

Although La.vui-ence stalrted his college career as a nremedical, » Y
etudent, he switchecl to physics under the.auidance,of the talented
teacher one so often finds in the back crround of a famous sc1ent1:, t's

‘career. In La_wrence’ s case, this role was played by Dean Lewis E,
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Akeley, who tutored him pfivately and senf him on to the University of
Minnesota as a graduate studént. Cn the wall of Léwren;e’ s office,
Dean Akeley's piéturg al\'vays had the place of honor in a gallery that
included photographs of Lawrence's scieptific herces: Arthur Compton,
Niels Bohr, ;nd Ernest Rutherfo'r_d.
At Minnesota, Lawrence came under the influence of Professor

W. F..G. Sw,ann,‘ and when Swaﬁn moveci to Chicago and then went on to
Yale, La»xv/rex.xce. xﬁoved both timeslwith him, Lawrence received his
Ph, D. degree at Yale, in 1925', and remained thefe three years more,
first as a NationallResearch' Fellow, and finally as an assistant
professof. From this pex;iod of his 'fqrmal training in physics, very
iittle‘ remained on the surface in his la.tér years, To most of his col-

eaguesv,‘ Lawrence appeared to have alfnost an aversion to mathe-
matical thought. He had a most unusual intuitive approach to involved
physical probleins, and -when expla'ining new idéas to him, one .qui‘ckly
learned not to befog thé issue by.writing down fhe differential équa‘cion
that might é.ppear_ to clarify the situation. Lawrence would say some-
thing to thé, effec,t that he .didn’ t want to be bothered by the mathe-
matical details, but "expié.in the physics of the problem to me." One
could live close to hirh for years, 'and think of him as being almdsj:

b

mathematically illiterate, but then be brought up sharply to see how
completely he retained'his., 'skill in the mathemé.tics of classical elec-
| tricity and mégﬁetisfn. This was one of the few heritages he brought
from his apprenticeship with W. F. G. Swann and the phys’ic's‘depart-
_m‘ents of the 1920's., ’Almost everything that Lawrence did -- and
more particularly, the way he aid it -- came from himself, not from

‘his teachers.,



In 1928 La.’wrenée left Yale fo'r Berkeley, where, two years
later at the age of 29, he became the youhgest full professér on the
Berkeley faculty. It is d‘ifficult for one starting"on a scientific career
today to appreciate the couré.ge it tqok‘for him to leave the security of
a2 rich and distinguished university ahd move into what was, but contrast,
a small and only 'recently aWai(ened ph?sics department. In later life,
when he needed to reassuré himself that his judgment was good even
though it disagreed with the oi)inions of most of his friends, he would
recall the universally dire pfedictior;s of his Eastern friends; they a-
gi'eed that his future was bright if he stayed at Yale, but that he would
quickly go té s eéd in the ”unsc/ientifi.c climate of the West. !

The predictions é.f a bright future for Ernest Lawrence were
solidly b;sed. His doctor s thesis was in photéelectricity. Later, he
made the most precise detlermination, to that time, of the ionization
potential‘Aof tvhe' mercury atorﬂ. ~In his cha.ra.cteristicallyr caﬁdid manner,
he often déprecia_.ted this highly rega;ded measurement. He had a pre-'
‘conceived '"correct value! of the ioniza.fion potential in mind, and he |
;vould say in a contrite ma.n;ﬁer tha-t'he looked for possible errors of the
correct sign and magﬁitude to make his preéonception come true. Every
.scientist has fought this battle with himself, but few have used them-
selves as an éxampie to iﬁnpre'ss their students wit.h the necessity of
absoiute_ honesty in scientific inquiry. Lawrence's value for the ioni-
zation potentié.l has stood the test of time, but he always shrugged it
off by saying he was lﬁéky; if he had ].OOkéd hard for errors of the
oppositei_sign, he would have found them, too. After this early experi-.

ence with looseness in science, Lawrence formed the habit of critically
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éxamining any scientific result, regardless of its‘ori'g‘in. He applied the
same rigid ‘standalrds of criticism to his own work, to that of his associ-
: ate;, and to the reboﬁs from other laboratories. Visi‘cofs sometimes
formed an early impression that Lawrence ;zva.s overly critical of the ex-
perimental results of others, but they s,oon'fo‘und he ‘encouraged his
juniors to criticize' his own work with equal x}igor. He bélieved that a
scientifiq community thét did not encourage its members to criticize
each other's findings in an open manner would quickly degenerate into

an association 6f dilettantes. Scientific ériticism was with him an im-
personal reaction; he éave’ it or received it without any feelings of
hostility.- He did, ‘however, reserve a bit of scorn for some mémbers

of the profession who, in his opinion, drew uhwarranted conclusi&ns
from each "qup and Wiggle" of a curve obtained with poor counting
statistics. '

Lawrence'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
surlprisé to them to find that he had a distinguished career in other
‘branches of physi_cs before he invented the cyclotron. After he moved

to California, he conti.nue‘d his work in ph.otoelectricity, and together
| with his students published a number of papers in this field. It is dif-
ficult for one not intim,a't.ely familiar with a particular area of physics

to appraise the value of another's w0r‘k in thatv_area. ‘But one can gain
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 referred to
by the exp’erim'enter’ls peers. Fortunately for fhisvpurpose, an authorita-

tive treatise on photoelectricity was published shortly after Lawrence



left the field to concentrate his efforts on the cyclotron. Hughes and

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

a biographical index of about 700 names. A quick examination of the
"multi-lined entries' shows that only twelve of the 700 experimenters
were referred to 'mére often than Ernest Lawrence. His contributions
were referred to in all eigﬂt of the chapters that dealt with non-solid-
state photo’electfici_t&r, whic}h is a measure of_Lawrence' s breadth of
coverage of the,-field in the few years he’ dévoted to it.

One of the're.férénces in Hughes and DuBridge" s book is to
La.wfencé' s inve_stigatioh of po‘ssible‘ time lags in the photoélectriq
effect. He .pub'lis‘ged. several papers in the field of ultrashort-time-
interval mea,suremént WhileAhe was at Yale, and in this work he was
~closely associated.wit;h Jesse Beams, who is now Professor of Physics

at 'the Universi:ty of Virginia, Beams waé a pioneer in the use of thg
errr electrd'optical"effect as a light shutter capable of opening in times
of thé order of '10-9_éecond. He and .his students investigated time ’la'gs
in the Faraday (magnetic. rdtation) effect, and he has devoted‘ a ma;j‘orl '
portio‘.n of his distinguished scientific careér to the study of short times,
high acc;élerations; and other rel_a‘éed Iphenomena.‘ L'awrenlce and Beams
showed that'photoele_ctrons 'appear.el'd wit.'hin' .?.><'10"9 sgcond after light hit
the photoelectric suffa.ce. Although these measurements were made
more than thirty'—five_years‘v ago, theyv are modern in every other sense
of the word. Only in the last few years h’avs thé measurement of time in-
v'tervals o'f.,i'O'-,9 second come into rdutine use in the iaboratory. This
‘renaissance is a direct result of tkl'.xe‘ expenditure of vast sums of money

on the development of photomultiplier tubes, wideband amplifiers,



high-speed os'cﬂloscopes, and a host of auxiliary equipment, such as

coaxiel cables and shielded connectors--none of which was available to
- Beams and Lawrence. |

.In this period, Lanr,ence vand Beams perfoi'med fheir well-known
experiment of "chbpping up a pHoton. H _The uncertainty principle states
that the energy of a system‘cennot be determined mere accurately than
- about h/At, where h iis Planck's constant and At is the time available
for.th‘e measurement. A narrow line in the optical spectrum is a system,
x\}ith a very small enefgy spread; each light quantum, or phofori, has the
same energy to within an uncertainty AE., Lawrence and Beams showed
that if they decreased the tilr;ne available for the energy measurement
(by turning the light on and off again in a small time A4t), the width of the
séectfal line increased ae predicted by the uncertainty principle. It is
not generally knownl that Lawrence played an important part in the evelu-.
tion of the high-speed rotating top which Beams later developed so
beautifully. But the bibliogfaphies of Beams and- Lawrence show that
the first reference to the hi_gh-svpeed roto;t' is in an abstract by Lawrence,
Beams, and Garman, dated 1928.

- As a result of their scientific coilé.boration, Lawrence and Beams
"became very ciose personal friends. They took one summer away from
" 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 toursl in foreign lands.

‘Shortly before Lawrence 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\és é. scientist. At that time, television
‘was considered to be. a rather impractical dream, because the basic
v'element was the.rotatin'g scanning wheel, | It was obvious to éve;yone
that this mechanical device would limit the development of pictﬁ_re quality
by restrictiné the nur’nbfer of '"picture lines' to less fhan 100'. Lawrence's
experience with photoelectricity and the newly developmg cathode-ray
tube led h1m té believe that he could make an all- elec'rromc television
system without-rota’;ing wheels.' He quickly put together a rudimentary
electronic television system, and being quite sure that he was not only
the f1rst to have the idea, but also the first to ''reduce it to practlce,
_he conta.cted a'fri.end at the Bell Telephone Laboratories. After hearing
Lawrehce say that ihe had a,n.imp_ortan{: new idea in the field of television,
- his friend inVited him down to the Bell Laboratories to talk about it. The
friend took him through what Lawrence la.tér desciibed as a "whole floor"
full of electfonié teievision appafatus, with excellent pictures on cathode-
'ray tu’beé that were beyond anythinQ he hé.d imagined might exist After
dreams of the fmanmal reward his 1nventwon would bring him, it was a
real shock for him to see how far ahead a good industrial laboratory
could Be .'in a field that wa'vs impoftant to it. He fesolved then and there
to'conce'ntraté on the things that he knew most about, and not to dilute
his effq.rt By cdz;npeting in the commeréial area. He képt firmly/ to this

resolve untilllthe last -decade of his 1ife, when he had received all the

honors that were available in the scientific world. He then turned some . - L

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

tensive development of the ""Lawrence tube, " or "Chromatron.' In the
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last few years of his life, Lawrence was issued dozens of patents on
l}is inveﬁtions in the field of color televilsion.

Since it has onlyvrecelntly been chsideréd ""respectable" for a
scientist to hold’patents, it is worth reviewing Ernest Lawrence's attitude
toward patents, aﬁd the financial rewards f:om inventions. The cyclotron
a.nd the other Lawrence inventions of the prewar era wefe patented in
Lawrence's name, and assigned by him to the .Research Corporation. No
royalties were ever asked by the Research Corporation, and Lawrence
encouraged and helped scientists throughout the world to build cyclotrons.
;awrence was legally thé inventor of the Calutron isotope separator,

‘but he assigned the patent to the governmelnt for the nominal one dollar.
‘Some of his colleagues .in the atomic bomb project were awarded large
sums of money by the goveinment for the infringement of their patents,
but Lavs}rence never allowed his name to be used in any litigation, and
theréfore 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 fdr profit in pefipheral areas, he felt that.it was unwise to
foster the patenting of scientific discoveries or developments for personal
profit..v One of his greatest accomplishments was the encouragement of
‘scientific colle'aguesvto work closely together in an atmosphere of complete

freedom for exchanging ideas. (As an extreme example of the pre-

- Lawrence method, one can recall that Roentgen spent several weeks 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
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| acutely aware of the change he héd wrought in the methods of doing
physics, and was worried that paten’cvconsciousness’ might 'turn back
-the pages of progi-ess. As he éxpress'ed it, a man would be.very care- .
ful 11§\v he talked over lﬁ; new ideas if the éérson to ‘whom he was talkihg |
: - might .enla.fge on them and éubs equently make a fo¥tﬁne from a patent.

. While at New PIaveﬁ, Lawrence lwas a 'frequenf visitor in fhe
home of Dr George Blumer, Dean of the Yale Medical School. It was
soon obvious that‘he'pa.'rticularly enjoyed the company of the eldest of |
the four Blumer girls, sixteen-year;old Mary, or Molly as she is knvown
to all her friends.' They were engaged in 1934; he returned to New
Haven the next year and _brought her‘ as his bricie to li\}e in Berkeley.
Two years later Eric, the first of the six Lawrence children, was born;
he was followea by Margafejt, Méry, Robert, Barbara, and Susan. . With
Ernest and the‘ child;'en,‘. Moliy Lawrence created a home that._w’as“;famous‘
throughout the world of physic.s for its warmth and hospita.lifty. In it,
they gntértained th‘e'v steady'paradé. of visitors to fhe Radiatién Laboratoi'y.'
In 1941., Méliy' s sis£er Elsie beéame _thé w"ife.pf Edwin'McMillan, the
present director of the Laboratory. Completing the family._group in
Berkeley were Ernest' s parents, whb settled there when the elder Dr,
Lawrence retired from hié distinguished career in education, and
Ernest's brother, John, .Whose pvi‘oneerin'g role in the medical aspects
of radiation; is mentioned later in this memoir. Surely one of Ernest
Lawrence‘g .grea;test satisfactiOn; must have come from the knowledge . ' ",
that his mothef’ s lifve-hAad been saved by radiation therapy, using the
one-million=volt "'Sloan-Lawrence' x-ray machine at the University of

California Medical School. After Mrs. Lawrence had been told by many



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 of the early 1930's, had installed in the. San Francisco
Hospital. At the ti_'me of her son's death, she was still living in

Berkeley, twenty-one years after Dr. Robert Stone treated her with

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 achieved in Lord Rutherford's Cavendish
Laboratory, at Cambridge, England. If was generally recognized that
an important segment of the future of physics lay in the study of nu-
clear reactions, but the tedious nature of Rutherford's techllrlique (usihg

the alpha particles from radium) repelled most prospective nuclear

physicists. Simple calculations showed that one microampere of elec-

trically' accelerated light nuclei would be more valuable than the world’
total supply of radium--if the nuclear particles had energies in the

neighborhood of a million electron volts. As a result of such calcu-

‘lations, several teams of phy‘siCist‘s set about to produce beams of

"million-volt particles." Cockcroft and Walton at the Cavendish
Laboratory used a cascade rectifier plus a simple acceleration tube,
and al;chough they never reached their initial goal of a million volts,

they found that nuclear reactions took place copiously at a few hundred

kilo electron volts.

Lawrence had spent enough time in the 'study of spark dis-

charges with the Kerr electrooptical shutter to develop a very healthy _ '
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respect for the spark-breakdown mechanism as a voltage limiter. He
followed the early work of Van de Graaff, whose electrostatic generator
made spectacular high-voltage sparks, and the work of Brasch and
“Lange, who_'attemptéd to harness lightning discha:rges to the ahceleration
of charged particles. Although he wanted to ”l'get into the nuclear busi-
ness, ' the avenues then avai’lahle didn't appeal to him, bécause they v
‘all involved high voltages and spark breakdown. . |
In his early bachelor days at Berkeley, Lawrence spent many of

his evenings in the iibrary, rleading widely, both pr.ofess_ionally and for
recreation. Although he had passed his French and German require--
ments for ‘th'e doc’tof‘ s degree by the sli;mm_e‘.st of margins, and con-
sequently had almost no facility with either language, he faithfully
leafed through the back issues of the foreign periodicals, night after
nighf. Oh one memorable occasion, "while brolwsing through a journal

seldom consulted by physicists, "Arkiv fiix Electroteknik, '"he.came

across an éxl'ticle by R. Wider3e entitled, 'v'ﬂ'ber ein neues Prinzip zur
Herstellung hoher Spannungen. " Lawrence was excited by the easily
unders";ood title, and. i‘rAnm‘ediately‘ looked at the illus;crations.‘ One

- showed the arrangement Widerde had employed‘to accelerate potassium
ions to 5Q,OOO .elecvtron volts, using a double acceleration from ground
to ground, through a tdrift tube' attached to a radio-frequency source
of 25,000 volts. 'Lawrence immediately sensed the importancé of the
idea, and decided to try the obvious extension of the idea to many ac-
celerations through drift tube_s‘ attached al’cernaf:ely to two radio-fre-
cl-Llexléy "bus bars." Since he could do .hi's own thinking fastér than he

could translate Wideroe's classic paper, Lawrence had the pleasure of
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ix1depeﬁde11tly arriving at many of Widerde's conclusions. It struck

~ him almbst immedi'ately that one might "wind up" a linear accelerator
into a spiral acceleratbf by putting it in é magnetic ‘fie.ld-. He was pre-
pared to arrange the magnetié fielé. to vary in some manner with the
radius, in order that the time of revolﬁtion of an ion would remain con-
stant as its orbit increased in radius. A simpie calculation, on the spot,
showed that no radial variation of fhe magnetic field was needed--ions

in a constant magnetic fietlc.i circulate with constant frequency, re-
gardless' of their eh‘ergy.

One of my most cherished memories is of a Sgnday afternoon
in the Lawrence living room, about fifteen years ago. Young Eric
came in to tell his father that his high school physics teacher
had assigned him the responsibility of explaining the cyclotron to his
class. Hié father plroduced a pad of paper and a pencil, .and while 1
" pretended to reaci al maga.ziné, buf listened with one ear, he explained
the cyclotro-n to his eidest son. Hé told how when the particles were
going élowly, they went around in little circles, and when'they were
_going fa’stevr,' the magnet couldn't bend thl_em so easily, so they went
in bigger circles, and };ad farther to go. The interesting thing was
that the slow ‘ions'in the little .circle‘s took the same time to go around
as the fé.st ions in the big‘ circl.es,l so one could push and pull on all of
them‘ at thé s'a,rne.raté, and speed them all up. ‘Eric thought about this
for a éhort whilga, looked Aa;c' his father with admiration, and. said, '""Gee,
Daddy, thé.t' s heat‘,!'.'f .Iv’v'e'al'ways thought that the Nobel Committee
must have ha_cl'something of tha‘t,feelin'g Whén they voted.the prize to

Errest Lawrence, in 1939,
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According to Lawrence, an ion with a charge-to-mass ratio of’
e/zn will circulate in a magnetic field H, af.an angular veiocity w, given
by |

© = 27f = (H/c) (e/m);

here is the fotational fraquency of the ion, in cycles per second,
‘and c is the vélocity‘of iight. If an ion'iAs to be acc"elerated as it
circulates in a rﬁagnefic field, Qhé rmust impose on it an alternatingv
electric field of the 'sa.mle fr'equency. If there was any element of

‘ "Tuck! in Lawrence" s career, it was the ready availability in the 1930's
of elec_:troni‘c cpmponehté appropriate to fhe frequency range of about

10 megacyclas. This is the 'freque'ncy one obtains by substituting into
~the cyclotron equationv the. e/m ‘value for the hydrogen molecular ion
:,V (or the soon-to-be-discovered dauterdn) together .with the magnetic
field stréngth that is most'veasi‘ly obtained with an iron-éore_d ele"ctro_
.magnet. Had th'q caic.uiated frequen;:y tufne'd oﬁt to be 4OOQ times as '
great (as it is fox; the electron), cYclotr0g§ would.probably not ha{re
appeared on the scene: unt';l World War  II had fathevred t.he necessary
microwave osvcillators_. I originally wfote the last sentence without the |
qualifying word "probably, ' but inserted it aft‘er racallin’g the many
other t‘e'chnicaliinnovatio-ns created by Lawrence in his drive to make
the cyclotron & reality. ‘He and his co-workers, M. Stanley Livingston
and DaviAd Sloan, found it neéessary to develop and build their own
Qacuum pumps and high-power oscillator tubes, because none with the
required capacity was commercially available at a price they could pay.
They were soon using tHe largest high—vacuum pumpsA in the wérld, the

highest-power radio oscillators ever seen, and the largest magnet then
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" .in operation. Had t.fley needed highv-'power microwave oscillators, they
~would probably have invented and built them, just as Hansén and his co-
" workers dici a decade later at Stanf;)rd.

Lawrence is best known for his application of the c‘yclotron'equa_
tion to nyuclear physics, but he élso vusved the equafion to -help devise the
most ‘accuratev method of 'measufing th; specific ‘charge, e/m, of the
el,ectrbp'.' The method was employed by Frank Dunnington, one of
Lawrence's students, in what remained for many years the most precise
' rneésurementbf tI;iS important fundamental constant.

.The _firs'tv demonstration of the cyclotron resonance principle was
reported at the Berkeley meeting of the National Academy of Sciences,

" in the Fallv of 1930, by E. O. Law;c'ence and N. E. Edlefson. Their
‘original apparatus is on perrﬁanent exhibit at the Lawrencev Radiatioh
Laboratory, to/gethe'r' with th.e brasé vacuum chamber of the Afirst 4-inch-"
diameter cyclotron of La\.xfreric‘e and Liviﬁgston, ‘which accelerated hydro-
geﬁ molecular ,ibns to an energy of 80,0001 electrfOn vol‘ﬁs.l " Lawrence ;nd .
Livingstoﬁ_ Qent on ét once to ’buil_d an 1i-inch cyclotron,' which they.hoped
would be the fir.st' accelerator to yield "artificial disintegration' of light
nuclei. The device was giving p.‘r.otlorxs with anvenergy of séveral hundr_ed
keV v(whi(‘;h we ﬁow know Would have beeﬁ quite adequate for the job) in the-
spring pf 1932, but Lé.wrénce and Livingston pressed on to their goal of

1 million electron volts, wiqich éppeared to. be well within reach. They
‘had no.cou'nting equipment in their laboratory, but two friends from Yale,
Donald Co?;ksey and fré.né_l Kurie, were t o bring counters to Berkeley in
the summer of 193‘2; té help Qith the 'observa-tions.' . When the visitors

arrived, they made it possible for the Bérkeley team to repeat the now



-16- v UCRL-17359

famous work of Gockcroft é.ﬁd Walton, who had announced their dis-
covery of the disintegiation of lithium by protons in early 1932. This
was the first of several i.'mpo:tant discoveries in riuclea.r. physics that
could almost as well have been maae in Lawrence's laboratory. DBut,
of course, lmany‘_laboratories in the world, includihg all the accelerator
laboratories, missed these same later discoveries. The first "miss"
at Ber,kéley—jthg disintegration of lithiurﬁ-—involved the .same mistake
Cockcroft and Walton had also‘madve earlier; neither group had lookéd
at the lowef energies we ﬁow knon were sufficient to have done the job.

¢ - .
The successful Befkeley expei‘iment was planned for the surhmer of
4932 when‘co'unting equipment 'woulvd be'available,' and it was cari;ied'
off on schedule. Cockcroft and Walton simply got their experiment

done first,

But for those who became physicists after World War II and who

may be unacqué.inted with the primitive world of the.-early accelerator
laﬁoratory,, a few wo.rds will provide an understanding of how Lawrence
and his co-workers fnis s.ed artificial radioactivity, and after that, t'hei
‘discovery that neﬁtron's can produce artificial radioactivit?. We should
keep in mind that the de'\v/el;afy)ment of .the cyclotron, whi‘ch actually had
been ridiculed by éo;ne physicists as impractical, was an extremely dif-
ficult technologic;é.l, taék that only ‘a man of Lawrence's daring would
have undertaken. To make it work required the development of tech-ﬂ
nologies and arts that were not then kno’wn.‘ What seems so easy foday
‘was won only with sweat and long hours .by Lawrence and his a’ssocia:.tes
in the early 30's. In thé early years most of the time of the Berkeley
group %;va‘s c.o_ncent.rated on dev'eloping the cyclotron into the efficie},r'lyt
‘tool that.vwa.s subéeqﬁ.en’fly used with such proficiency in maﬁy research

areas.
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The 27-inch cyclotron was built with incrédible speed in an old-
wooden building near Le Conte Hall, the home of the FPhysics Depart-  °
ment, and the birthplace of.the smaller cYclétrqns. The old wooden
Radiation Laboratory, which was finally torn down in 1959, was the
first of the modern nuclear physics laboratories-~institutes in which
experimenta.iists coilaborated on.joint prbvjectas., or worked on their
own resear;h projects, as they saw fit. The great enthusiasm for
physics with which Ernest Lawrence charged the atmosphere of the
Laboratory will a.lwa'.y:s live in the memory of those who experienced it.
The Laboratory operated around the clock’v, seven days a week, and those
who worked a,.mere seventy hours a week were considered by their
friends to be 'not very_lintereste‘d in physics." The only time the Labora- |
'tory.was r'eally deserted was for two hours every Monday night, when |
La:wrence’ s beloved "Journal Club" was meeting. He initiated this
weekly meeting wheﬁ the cyclotron looked as though it might become
useful in ,nu;:lear physics; he and his associates reported to- each other
the latest publications i-n nuclear physics, .éo they would know what to do
when their new tools were ready. . But soon the Journal Club became a
forum in whiéh the rapidly‘growing I_‘aboratofy staff discussed their own
discoveries iﬁ radioactis}ity and ailied’ fields.

The 27-inch Cyclotron-flatef converted to a 37-inch pole dia-
‘meter"_wa.s‘origina'lly used in studies of artificial transmutations in-
duced by high-energy protons. Immedi.ately after the discovery of
deuterium by Urey in 1932, Professor‘ G. ‘N.’ Lewis of the Chemistry
Deparfment suprlied the Laboratory with a few drops of heavy water,

and Lawrence, Lewis, and Livingston observed the first reactions



induced by deuterons. The'de’cectina device used. in all these early
experiments was a. ""thin ionization chamber!' plus a linear amphﬁe
Such a oharnber'responds to fast afomic ions (protons and a particles)‘
but not to the f rays from radioactive substances; to detec.t B r‘ays,"
one neeas a m_ore s-e.nsitive device, for example, a Geiger counter.
- Lawrence and his oolla’:boi'ators made severa._l attempts to manufacture
Geiger counters in the R’adi‘ati‘on Laboratory, but all their countefs suf-
fered from'exces’sivelyv.high"‘baokgfound rates.' Today, when Geiger
coun_ters are commerca;.'al.ly available from dozens of companies, it is
difficult to believe that La.wrence and his associates could have.'ove*-
looked the fact that the hlgh backgrounds ‘were the result of a crenera.l
high level of rad10act1V1ty in the whole labovatory-—artlflcml radloactlwty,
to be .m,ore exact! DButin those days, the rare experimentalists who
.could make good Gelger counters were looked upon as practltloners of
-witchcraft; thelr less fortunate friends might try for months W1thout
hitting fhe rnagic formula.v So after several abortive. attempts to make
useful conntef.s, the Berkeley group went back'to the lineerl amplifier
‘technique that others considered even more difficult, but which wa.s
none'.chelessv one that t-hey nad mestered. So it was not until the an-
nouncement in ‘1934 of the discovery of artific'ial gadioactivity by Curie
and Joliot tha.é_ Ernest La.wrence and nis é.ssociat_es realized why they
couldn't make a. deeent Geiger counter; their whole 1aboratofy was
‘radioactive! |

- The disvcovery' of artificial 'fadioactivity had been missed by all
the accelerator teams then operating throughout the world, so the next
.few months saw the discerry o.f dozens of ra-dioactive species by mem--

bers of the accelerator fraternity. The fact that none of the 'machine
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builders' had _ngticed the phéﬁomenon of artificial radioaétivity puts
the éversight by the cyclotron group in 'pfoper perspective. It was
symptomatic of the general unreliability of all detection .de*l\'/ices in
those days, coupled with the great complexity‘of the accelerators them-
selves, r,a.the_r.than. a deficiency in the men as scien{isté. '

CItis ihteresfing to note that Irene Curie and Frederic Joliot had
the largest source of "troublle—free” polonium iﬁ the world., For a
quarter of a century, doctors all over the world had ta1.<'en pleasure in
sending their old "'r;’a.don ne‘edles” to Madame Curie, as a token of re-
spect. ,Frc'>m many thousands of these otherwise useless glass.tubes;
~she had isoléted mqfe' than a curie of polonium--by far the strongest
. sample.of the.‘ element in the world. -Her daughter and son-in-law fnit
'this precious sample to good use in their nuclear investigations in the
early 19’30“5‘. They used their'polqnium to geherate neutrons, but their
didn't realize what .the-y"hal.d_. done. Chadwick read their report and im-
mediately recognized its significance; a few déys later, he had proved
that the neutron existed. ' (.So Lawrence was in good company when he
let two big discoveries go unnoticed in hlS Labor.a.tory. )

AThe{Curie—JolicSts used théir unique source two years later in

,t};e discovery of artificial f.adioacti\}ity,' The fact that polonium does
not emit B' or y ra'ys made it possible for them to observe the "induced
activity" duriﬁg the‘_ti‘rﬁe the a particles were bombarding their a.luminurp ,
‘target. Accelerator physicists vwerev denied this simple technique, be-
cause of the Background radiation from their machines. .Sut even with
this"advantage, ‘the ‘C'urie-Joliots almost -missé.d.their greaf discovery;

.they almost dismissed the change in counting rate of their first 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
several days that his handiwork was reliable that the Curie-Joliots be-
came convinced that tlhe phenomenon of a.rtifici.al radioactivity really
“did exist.. | |
That La\r;/rence' s group, and all the other accelerator teams,‘

1id not anticipate the virork_ of Fermi and hi; collatorators in the field

of n_eutron-induéed radioaétivity is a different story, but again one which
has an easyl explana..tion in terms ‘of its éetting in time. Calculations of
v”yields”'of nuclear reactions were made every da:y, and it was painfully
obvious that one had to BOmbé.rd a target with more than a million fast
particles in order to obse'rve one nuclear reactio.ﬁ. Evéryone hal.d'
thought of the possibility of using the high-energy a pé.rticles from the
artificial disinteg:ation of lithium as substitutes for the slower a particles
from the décay of p(v)lonilimr. But "that factor of a million'" always stood
in the way, and it finally led fo é firmly héld conviction that "secondary
reactions ;an't be observed. " _Certainly, LaWrence and others considered -
the us e' of neutrons to produce artificial radioactivity, but thé factor of a
ﬁillion alw#ys made t1‘1e"m turn their.minds to other things. But Fermi,
who was far removed from the press‘ureS' of an accelerator laboratory,
looked at the pr,oblemb from first principles, and realized immediately
tha;c every neutron woulld make a nuclear reaction. In other words,
secon.da.ry reactions would be as prevalent as primaries, if neutrons
~ were involved. ;I‘Ihe story of his succegs is well known, 'a.nd needn't be
repéated here.j Lawrence often séoke of thé' day he. first heard of

Fermi's classic experiments, and how he verified Fermi's discovery
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of the 11eutfon-indu§ed radioactivity_ of silver,» within a minute or two.
He merely tc;ok a fifty cent piece from his pocket, placed it near the
cchlotro'n, and then watched it instantaneously discharge an electroscope
after the cyclotlron had been turned off.

-O n.e normally does‘n't.dwell so long .in a scientific obituary on
those occasions when the subject failed to find what he was apparently
equipped to find. j But Ernest Lawrence wouldn't want such interesting
‘bits of history to be sweét under a rug. He was so accustomed to his
own success and t; that of his laboraﬁory collea.gues, that he enjoyed
recounting his mistakes, without ever mentioning the mitigating factors
just‘recounted; "From '1931’unti1 19'50,‘ Lawr‘ence's laboratéry was the
home of th_eA highest-evnergy bea'.msvof particles invth'e world; and for
sgveral years in thé mid-fifties, the Bevatron was the highest-enei:gy -
ina.chine'in op‘era.tion. Such figures by themselves mean nothing, buf |
they do iﬁdica‘tﬂe that in t.ha.t period the Radiation 'Laboratory could do
impoftant experiments.tha‘g‘were.' difficult, if nof impossible, at other
instituﬁions. Ernest Lawrence was always conscious of the importance
of beam inten'sity in é.ddition to béa.m energy, and worked diligently to
see tvhat all his a_ccele‘ra.tovrs‘i<ept'producing larger currents of acceler-
a.ted‘ ions, .Hé often spoke Wi‘ch satisfaétioh of the proven value of his
‘v'long cazhpaign fo increase be.am curre‘nt (often in thé face of opposition
from his younger colleagues, who wanted to ”u.se. what we have'' rather
‘than shut down for improvements).

By 1937'vlfa..wrence' ha&. succeeded in pushiﬁg the cyclotron cur- )
rent up to iOO_miéroa;mperes, at 8 rﬁiilion evlectr.on volts. Other acceler-’

ator builders of this period were content with 1 microampere at 1
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million electron volts. Lawrence's ‘youn_g associa.teé felt sure thé.t the
cyclotron had ;ve'ached_its péak in the '"beam ihtensity department, " but
Lawrence soon found that the cyclotron was doing ten times as well as
anyone had suspected. Lawrence was 'élways the best cyclotron oper-
ator in this period; hé céuld ""get more beam" than anydhe else. Onme
day, he noticed that as ‘the magnetic field pass ed through the resonance
value, the meters in the 65‘ciiiator power supply showed a ”loa.dihg”
ten times as gr‘eat_ asb the 800 waits one would predict (100 micro-
amperes tifnes 8 miilion Q_olts = 800 wattsj. Lawrence knew at once
t:t"lat.this power must be going into an _a.cceierated beam that wasn' t
reaching the'det'ector.' It was soon after this that Lawrence encéuraged
Martin Kamen to install two Water_-cooled probés to intersect the cir-
culating beam that had formerly been lost. So now, in addition to ;che
100 microamperes of ""external beam, " égother fnilliarriperé was a;l-
ways at work produéing raéioactive isotbpes for Dxl'; Joll;n Lawrence's
i’ﬁedica'l program., |

One of the_in:lport'ant reasons for Lawrence's concern with high'
intensity waé his -g.reat interest in the m'vedi'cal and biological applications
of the radiations from tﬁe lc:yclot:on and frofn the radioé.ctive substances
it produced. A phyéicist can ordinarily compensate for a lower intensity
b;lr building more 'sensitivé detectc.)Ars.‘ But in medicine,‘ one must éccept
the human body as it is;" if the radi-atioln levels are too low, the body’
uses its healing mechanisms to minimize the effects that are under in-
.vestigation. | |

Lé.v;'rence pefsuéded his bfothef John to come to Berkeley-at

first as a visitor, ‘to advise him on the potential hazards of the neutrons
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from the 27-inch cYciotron. Later, John Léwrence headed a strong
research team that investigated many phaées of'fhe new radiation medi-
cine.e..nd biology. ‘Ernest Lawreace, .w"ho had abéndOned a medical
career for one in physics, now had the vicarious pleasure of a "second
life" in medical physics. | He gave the lL.aboratory medical prograh;l his
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 in
operating conditioh and whose research efforts had to be curtailed. In
1938 and 1é39, all éhys;cs‘ at the cyclotron was suspended for a full day
‘each week, so that terminal cancer patients could be treated with néu-
trons from the 37-inch cyclotron. The oil-stained cyélotron was
cleverly disguised with a set of white panels, and the patients were led.
through a side door into what appearéd to be an immaculéte hospital
room.

Lawrence was actively engaged in promoting the use of radio-

active isotopes throughout the biblogical and chemical fields, both as

racers and as sources of radiation. He committed his Laboratory to
furnishing the materials for experimental progral;ns in many University
of California departments, and vhe derived great satisfaction from the
important discoveries vmac.le by his éolleag_ues in other scientific
disciplines. The éollaboration between physicists and biologisté
naturally blossomed after the developrﬁent of the nuclear reactor,

when radioactix)é isotopes became widely available. But the real
pioneer in this area was Ernest Lawrence, who shared the hard-earned
fruits of his labor with his University colleagues because he thought it

was in the best interest of science.
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Everyone recognized ’cizat Lawrence 4was responsible for the
steacdy increé.se in the peak enérgy of the acc.elerated beams available.
in the Rad%ation Laboratory, aﬁd throughout the world. But Lawrence
himself seemed to derive even more satisfaction frofn his steady drive
toward higher beam intenéi_ties. He could point to the discovery of
carbon-14, by Rubin and Kamen, as an immediate dividend of his
obsession with higher intensities.’ 1'4C could not have been discovered
at any other labqratory in fhe world with ;che detection techniques then
available. | And althéugh_ Lawrence never said so to anyone but his closest -
a'ssociates:, he was ;onvinced that his great concern for beam intensity - |
‘was what had really made the whole’ Manhatt_aﬁ 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'zain
reactors, but these devices apparenﬁly '.had no relevance to the "war
effort." It was not uﬁtil the discovery of plutonium and its fissionable
properties by Lawrencg‘ s co-workers at the Radiation Laboratory that
the reactor program had a clearly defined role in the military program.
And as was*true in the ééée of 14C, i)luto'nium couldn't have been found
anywhere ‘but at Berkeley; its dis cévery ?equiréd fhe enormous.particle
fluxes that came from Lawi'énce’ s long campaign to increase both the
cnergy and the .intensity of his ion beams.

As is well anown',. the Ma.nhattan District's program was three-
pronged; uranium-235 for bombs was made by two isotope separation
processes and plutonium-239 was created in the chain reactors. '
Lawrence slgeﬂt sever'ai of the war years perfecting the Calutron, or

» ' . 235 . .
mass-spectrometer method of separating U from oxrdinary uranium.
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tis prob_a.bly true that no one Eut Ernest Lawrence could have made a
success of fhe .Calutron process; the ion currents required were -
millions of times as great as anyone had even dreamed of before. So
Lawrence's concern with beam intensity was the key element in two of
the three successful attempts to produce fissionable material in the war
period,

In b'el_ieving tﬁat his 6wn pioneeriﬁg work in two of the three majof
processes was the key to 1;he accep.tanc:e of the Atomic Bomb Projectvby
the government, Laﬁfencé in no way depreciated .t’rie accomplishment.s
- of the reactor designers or of the gaseous diffusion éxperts. He simply
felt, from a great deal of éxperience with high-level Government officials,
that fh_e project couldn't have '"been ;old” unless there was one ''sure way'!
to make fissioﬁable material before the war was over. (The threét of
postwar Congres sionai investigations into thé waste of money on

"“boondoggles' hung bver the scientific policy makers 'in those dayé.)

The Calutron process was'co':nplicated and exéehsive relative to the
gaseous diffusion process,‘ but once a single unit had worked, there was
no doubt that the' application of large amounts of money could produce

4 enough material fqr a2 bomb. Lawrénce, IWho was personallyvinvolved

© in many of the key sessions that culminafed in the establishment of the
Manhattan. District, always feit that this argument convinced thé decision .
makers in Washington .tc').authorize‘ all three apprdaches to thé_ production
problem.,

To return to tﬁe cyclotron development, we can note' two milestones:
the initial operation of 'th.e 60-inch cyclotron in 1939, and the authorization

of the 184~inch cyclotron in 1940. The 60-inch cyclotron was installed
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in the new Crocker Radiation Laboratory; its historic contribution to

the discovery of plutonium has already been mentioned. The Rockefeller

Foundation gave the University of California 1.25 millioh dollars in 1940 ‘T

to build the 184.-inch'Cyclotron on the hill behind the Berkeley Campus.
‘Before work cduld be .start.ed on the ''giant cyclotron,' as
- Lawrence r'eferred tvo it in thqse days, international events conspired
tQ ché.née the character of the Laboratory. In the summer of 1940,
Lawrenée retﬁrned'to Berkcleleir from a New York visit with his longtime
friend, ‘Dr. -Alfreci Loomis. Loomis had played a key role in the dis-.
. cussions wit.h .the Rc}ckefeller Foundation officials, 'and Lawrence had
great respect'-for his counsel. Loomis had been active in the establish-
ment of the Nationél Defénse Reseaxfch Committee, which was headed
by Vannevar Bush, Karl Compton, an.dJ'a.brnes Conant. Loomis intro-
duced Lawreﬁce to the members of the British Scientific Mission, wl;lo
were visiting the country at Vtha.t time.  From his old friend, Sir John
" Cockcroft, Lawrence learned for the first time of the outstanding.
scientific contr.ibutions to the British war effort, many of them made by
nuclear physicists. Before returning to Berkeley, he joined the NDRC
.Microwave Committee,. vur‘xlder the chairmanship of Alfred Loomis. He
assu;m.ed the. responsibility for recruiting a gr‘oup-of young experimentai
nuclear Aph'ysicsts to help the_British "fight the scieﬁtific war.'' He
persuaded Lee DuBridge 'to 1éave his own cyclotron at Rochelster, New
.York, and head the embryonic Radiation'Laboratdry at Massachusetts
Institute of Technology. (Thé' name of the laboratory, together with its
staff of nuclear physicists, was intended.as a '"cover' to mislead the

curious into believing that its mission was in the field of nuclear fission.

e
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In those days, 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.)

Lawrence recruited a fine sfaff of young physicists, many of
them his former s’;ﬁdents. Most of them gave up their exciting careers
in nucleér physics, more than a yéar before Pearl Harbor, for the simple
reason that Ernest Lawrence came to see them a.’nd told them it was the
‘m‘\oist importanf thing they could do. From his own Laboratory he re-
crpited McMillé.n,b Salisbury, and Alvarez. The MIT Radiation Laboratory
came into being in November of 1940, and its contributions to radar are
too'well known tio be recounted here. Lawrence visifed the laboratory
frequently in its '_first yéar,‘ and kept ’abr.ea..s_t of its activities in that
period. But it was soon obvious that the laboratory could stand on its
own fee}t,rand» Lawr-gnce had other demands on his talents.

In the summer of 194:1‘,' Lawrence Bec‘ame involved in the anti-
submarine warfare program; German submarines were then close to
destroying the convoy ‘system that was "supplying Great Britain from the
United States. Lawrence again acted as the chief recruiting agen£ for
the new underwater souﬁd 'lab_oratories, and persuaded McMillan to leave
MIT for San Die'go.v Shortly theréafter, he_ coﬁverted the 37-inch
cyclotron into a mass spec'tr.ometer for separating small amounts of
235U from ofdinary uranium. This workvconvinced him that the electro-
magnetic separation' technique could be expanded to become 2 large-scale
: procesé for producing 235U.’ In his characteristic style, he immediately
committed his Laborato.ry'and his reputation to the project. Although he

had recently staffed two laboratories with many of his best students, he
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ges to restaff the

still could call on a number of his top-flight prote
Berkeley Radiation‘ Laboratory.

'From the summer of '194.1‘until the summer of 1945, the Radia-
tion Labcln-atoryr worked around the clock on the technical problems in-
volved in the electromagnetic separation of 235U. The 184-inch cyclotron
magnet, assembleci in a n.ew laboratory high above the Bérkeley campus,
served_as a working rﬁodell 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 Hiroshifna bomb. The thermal diffusion process
. and the gaseous diffusién process' contributed only in a minor way to the
ovérall separvatioln of the isotopes for the first bomb; Lawrence's
fantastic mass spectrqmetiér plant at Oak Ridge bore the brunt of the
effort. (Shortly aftér the war, Lawrence's plant was shut down, and
the mo;‘ev efficient gas;eous diffusion plant took over the peaéetirﬁe pro-

235y,

. duction ofl
One of the greatest difficulties one encounters in writing of
Ernest Lawrence's career is that so much must be omitteci in order to
keep the manuscript within reasonable bounds. It is also a pity that
Lawrence himself wrote nothing of the exp’eriences 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 Iapparently compre- -
hensive book on the electromagnetic s eparétion 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,
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daring, leadership, and technical ingenuity were- the key ingredients in
the success of the yanture. |

In early 1945, when the completed Oak Ridge plant was in full
production, Lawrence turned his thoughts toward the postwar peridd.
He persuaded General‘ Groves (for whom he had a great respect that was
.apparéntly reciproaated) fo authorize th_é conyefsion of the Laboratory to
its péacetime mission. Manhattan Districf funds were accordingly made
available -tq complete the 184-inch Cy-clotron,. and tl) build a proton linear
accelerator and an electron synchrotron. The synchrotron had just been
invented by McMillan, and Alvarez's radar experience had convinced
hi;n that a‘p‘rotc‘an linear accelerator could be built.

In the fall of 1945, the prewar Berkeley team was reassembled,
- together with some talented newcomers whose abilities had first come
to light in the wartin_‘le effort. One of the first major decisions
Lawrence had to make concerned ’-che 184-inch cyclotron. It' had been
plannéd as a "con\fehtional cyclotrén, " but its performance ﬁnder those
circumatances would hava been rﬁarginal at best, Mchlan' s theory of
phase stability indicated that thé 184-inch machine would perform more
satisfactorily as a syn_chrocyclotfon; its proton energy should fise to
l‘350 MeV, from' the earlier desigﬁ figure of perhaps 70 MeV. 3ut, on
the other hand, no one had ever built a synchrocyclotron, and the problems
foreseen were formidable.j Lawrence and McMillan called for the im-
meciiate rebuiiding of the old 37-inch cyclotron; 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 originally proposed

conventional cyclotron. As a result of these early model tests, the
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184-inch synchrocyclotron was accelerating deuterons to 180 MeV, and
helium nucléi to 360 MeV, in iate 1946,

Since this is the story of Ernest Lawrence's car’éer, very little
" will be said about the new labor‘atofy activities that were primarily the
responsibilities of his yoﬁnger colleagues., In addition to the two ac-
celerators built under the supervision of McMillan and Alvarez, there
were two important new chemical prbj‘ects under Seaborg-and Calvih.
Seaborg returned to Berkeley from his successful wartime duties as
directopx; of the cherﬁiéal phases of the Plutonium Project in Chicago.
Calvin had played sgVeral important roles in the OSRD Chémistry
Section, and was anxious to study photosynthesis with 14C, which was
soon to be in plen'tiful supply as a direct result of the huge ‘neutron fluxes
now ayailable frbm nuclear reactors. In effect, all of us ha'd "gone éWay
as boys, and come back as men.'" We had all initiat‘éd la.rge.te_chnical
_projects, and carried them to completion as directors of large teams
.of scientists ar;d téchnicians. We were all pr.e'pa.re.d to reassume our
subordinate roles, with Ernest Lav;/rence as our "leadgr‘_’ once again.
-But he made it clear b\j his actions, if not by his words, that we were
to bé free _agents_. We made all our own fechniéal and personnel decisioﬁs,
| and .f.or the first few years_‘:after the war, at lea.st‘,‘ we had unlimited fin- |
ancial bavcking.‘ It wa.s not until the "bldnk c'hecl;” from the Manhattan
District was replaced by more normal budgeting procedures that any
of us felt any limitations on our ability to do whatever we thought should
be done in our ow'n‘a‘reas of‘rvespon‘si_bility. Errest Lawrence showed a
keen interes't ih'what \x_/ve weré doinlg‘, but in these ea'rly postwar years

i

he never gave any sign that he thought his function was to give us advice
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of any kind. Wise parents let their children solve all the problems
they can, but they stand by to help when the probie_ms are too difficult
of sQlutionT Ernest Lawrence was alwa&s a wise "scientific parent';
all of us w‘ho were fortunate enough to be his 'scientific children will
remember with gratit@de the help and uhderstanding he gave us when we
needed it, as well as the freedom he gave us to solve our own problems
when it seemed that 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 since his 1935 work on deuteron-
induced radioactivities. As sooﬁ as the 184-inch cyclotron was operating, -
Lawrence bévcam_e an active participant in experiments using the re-
cently discovered high-energy neutrons "pr\oduced by ""deuteron stripping."
I—ie personally discovered fhe delayed neutron activity that he and his
'colleagues soon sho.we'd.wa.é due to nitrogen-17. It was a refre;hihg
experience for many of his young colleagﬁes, .whd had known him largely
as a Laboratory director and as-a peréon with great skill in diagnosing
troubles in complicated scientific tools, to see the complete devotion
he now showed to personal involyement in basic scientific research.
Soon 'aftér the 17N mystery was unraveled, Lawren.ce became convinced
that the 184-inch cyclotron could produce the newly discovered T mesons.
Edward Teller had pointed out that even though the cyclotron's energy
seemed too 'lov‘v‘ to éroducei pions, thére was some hope that with the aid
of the Fermi‘.m.omentum of an incident a particle, and of a carbon target
nucleus, the job could be done. vLawrence worked closel;Ir with Eugeﬁe
Cardner ‘n this period, designing experimental setups using nuclear

emulsions as detectors, but these efforts were unsuccessiul.
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Sh01*’;1y'afte;f- these early experiments, C. M. J. Lattes arrived

in Berkeley. He had been a membe‘r of the Bristol team that, under the
léadership of C. F. Powel’l, lhad rece.ntly discoveried'thev T rneson. ;{e
quickly showed that the difficulties encéunteréd by Gardner and Lawrence
had been due to im?roper processiﬁg of the nuclear emulsiéns. Lattes
immediately corrected the Berkeley development techniques, and a new
set of exposures was made soon after his arrival, using the apparatus |
designed by Lawrence and Gardner.‘v Lattes also brought a familiarity
with the tracks of w meéons in e.rnulsio’n that was available to onl a few
physicists in the world at that time;_ and he applied his keen eyesight to -
the tedious scanning of the exposed,plat%es.  His diligence was x.-ewa.rded
with success, '_one evening, Qhen he observed tracks of the first artifici-
‘ally produced negative pion coming to rest in an exposed nuclear emulsion
-plate. He and Gardner immediately called Lawrence, who was eﬁter_—
taining visitors at’an Oakland resfaurant. Lawrence left the dinner,
and as soon as he looked througf; the microscopg, he exper‘ienced one
of the grea.te.st thrills of his life. Aithough he had played a major role
in the dis co'very, both by his a'ctiviti..es in pr'o'c.ur_invg the money for and
' deéigning the 1_84-inch cyclotron and, m-ore particularly, in the deéign
of the appa_rafus used in the experi‘rhent, he characteri_sticaliy insistédv
that the histox.‘ical‘pa-per should be signed ."Gardrier and Lattes."

For a period of several years after ther;ra.r, La&rence devoted

.all his waking hoﬁrs to.the pursuit of basic science at the Radiétion S
‘Laboratory. Lawréncé'was fortunate in hé.ving an administrative staff
that had learned to co?e With the probiems of a much larger wartime

i

organization, so he was relatively free to concentrate on the scientific
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activities of the many sections of his Laboratory. He took a great
personal interest in the programs on photbs-ynthesis, medical physic's,
and nuclear chernistrﬁr, but ’che intensity of\h.is involvement in the
i)llysics progrém was a source of amazement to his younger colleagues.
t was a rare week that he didn't spend several hours each evening and
much of Saturday and Sunday in the cyclotron buiiding, or wandering
through other labbratories, talking to everyone from research assistants
to visiting. professo‘rs.' Even though the Lab‘oratofy was now almcgst a
hundred times as large .in manpower as it had been 15 years earlier,
- everyone still had the feeling that he was a "member of Ernest ., |
B LaWrénce' s team''~-not simply an employée of the Radiatilon, Laboratory.
Even at prese'nf, almost twenty yeé.rs after ';his exciting phase 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 my.éhoulder at 3:00 a. m. and asked what I was doing. "

‘In 1948, Wil_lia.m Bll‘obeck convinced the Laboratory staff thaf a
proton synchrotrbn-could be built in the multibillion-electron-volt range.,
Lawrence immediately as sdmed the re’spoﬁsibility of securing financial
backiﬁg for the ”-Bevatron, " from the AEC and the Congress. The
Brookhaven National Laboratory had recently been established, and it
was simultaneously asking for support for a similar accelerator. The
Atomic Eriergy Commission eventually authorized the 6.2-BeV Bevatron
at Bérkeley, -anci the .3-BeV Cosmotron on Long Island, The .Cosmotron
came into operation before the Bevatron, for two reasons. Lawrence,

with a conservatism that many of his associates had not observed before,

decided to build a quarter-scale model of the Bevatron, to be sure that
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thAe untried principle of "external injection” into a synchrotron would
work. The model, as designed by Brobeck, worked within 9 months
of the d.ecision' to build it, and the '"go-ahead signal' for the Bevatro.n
‘was ir‘nmediatélyv gi‘}én;by. Lawrence. But soon after this decision had
been made, the USSR exploded its first nuclear device, and Lawrence
turned his atltention once again to problems of national security.
Lawrence played a key role in the U. S. decision to embark on a
program leading to the develo.pment of a thermonuclear bomb. Soon
after President Tfurﬁan made thedecision to build fhe hydrogen bomb, .
Lawrence beéame coml:érned with the serious shértage of uranium re-
serves available to'.the United States. He fel-t that the country might
soon be plagued. with a neutron shortage, occasioned by ‘the dwindling
supply of' 235U. His sdlution‘to the problem was the construction of a
high-energy, high—c_urfent d‘euteron iinear accelerator that would produce
neutrons by imp.act on heévy targets. Experiments at the 184-inch cyclo-
tron had shown'surpriéingly high '""neutron multiplicities' in such collisions.
A 6C-foot-diameter 60—foot-iong test section of the accelerator was built
at the Laboratory's newly acquired Livermore site, and it accelerated
‘unprecedented cgrrerits of close to one ampere .to several million electron‘
volts. The project was abandoned when ano_thér' soiution to the neutron
shortage problem provéd successful; the AEC offered substantial cash
payments for uranium finds in the continental United States. A flood of
p.rospect'ors with G.eiger counters promptly showed that there were enormous
and previously upknoWn reserves of uré.nium in the Rocky Mountain states. -
(At .nc present date, the Canadian gox.ferrim'ent is considering a program

patterned after Lawrence's scheme of electronuclear neutron production,

e
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as an effective competitor to nuclear reactors. An advantage of the
accelerator method is the lower power vdensity‘ in the neutron—pfoducing
target, per ‘unit of neutr‘on flux, than in n_uélear reactors. )

In 1952, Lawrence expressed concern that all the U. 5. nuclear
weapons design effort was concen‘crat-ed in a single government laboratory.
‘He had great respect for the members of the Los Alamos Laboratory,

‘and for their ext'raordinary. accomplishments. Nonetheless, his extensive
experience as a scientific consultant to rﬁany of the largest U. S. techni-
cal cor_povration's ga&e him first-hand experience with the benefits of a
“healthy cofnpetition between izﬁdependent development laboratories. He
therefore urgéd.the AEC and the Joint Congression‘al Committee on
Atomic Energy t'o_ set up a second weapons laboratory. He offered the
Livermore site as é suitable location, and pledge‘d his personal over-
sight of the new prcj‘ect. The Laboratory was established in 1952, with -
Herbert York as di:lrector‘,v‘ and'Edwar‘d Teller as a senior member of the
staff. “Most of the key group leaders were young phyéicists_, chemists,
and enginee.rs .trained‘in the Berkeley Laboratory. Lawrence spent most
of his reméining 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 substantia.lw.contr'ib‘utions to the design of nuclear weapons that
Lawrencé had foreseen as its destiny. Withouf the sfeadying hand of
Ernest Lawrence in the difficult early years, the Livermore Laboratory
might easily have failed in its purpose, ‘and the country as a whole would
have been the loser. Lawrence's latest protege’s, the first three di-
rectors of the LivermOrevlaboratory,. are a.. remarkable group of young

men. Each of them, in turn, went from Livermore to a position of



great responsibility in the Pentagon -~ the Director of Defense Re -
search and Engine.ering.  Herbert Yorklleft Washington to become
Chancellor of the San Diego campus of the University of California,
Harold Brown be;ame Secretéry of the Air Force at the age of 38,
and John Fosier is still "DDR and E.I' '

Concurrently with the esta'-blishm:ent of the Livermore Labobratory,
Lawfence developed what he called his ”rhobby, " to divert his mind from
the enormous pressures to which it was subjected in these years. He
became fascinated ;zvith the technical challengés of‘color television, and
invented some very ingenious solutions to the difficult problems of that
field. .Unfortunately, the 'business problems involved in the financing of
initiz_a.lly uniorofita_ble color television fube production lines were more
difficult than the technical problems La.wr'ence tackled and solved,
largely by himself, f‘or these reasons, the Lawreﬁqe "chromatron'.
Wwas never put into prodﬁction_in this couﬁtry. But it is now bei‘ng‘sold
in Japan, and the Sony Covmpany‘has announced plans to introduce\'it
into the U. S. market in 1967. . |

Ifl the r.niddleb- 50's.John Lawr'en'ce and Dr. Albert Snell, Ernest's
personal physician, u'rged him t‘o- shed some of 'the gréat burdens he was
carrying. On one OCéas_ion Ernest and Molly Lawrence took a leisurely
ocean vbyage 'tq India, and it séeméd that thelperiod of rest had greatly
vrelieved. the 'in'te'stinal"problems that were aggravated by the pressures
“under which he had wo;ked for so long. -But the problems were only o
temvporarily:ameliorated; surgical treatment was recorﬂmended, but it
“was unsuccessful, Er'mlast' Lawrence died in a Palo Alto hospital on

August 27, 1958, without recovering consciousness after major surgery.
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Lawrence's .untimely death at the endsof his fifty-seventh year
was a great shock to his wide circle of friends in séience, government,
“and industry. He had led a life of enormous usefulness to science and
to his country; his influence was largely by example, and by the strength
of his character. He had great ad.miration for his scientific colleagues
who could influence national 'policies through high administrative office,
or by writings, or in public speeches. But he felt that the vprope'r wa..y
for him to be useful was to let policy malkers know that he was avail-
able for conéultatioﬁ on his own personal opinions --never as a spokes-
man for a pres sﬁre group. .' Leaders in gqverxﬁrﬁent ana industry re-

- spected nis distaste for the limelight, and sought his counsel. His

long record of succes’s. in the difficult tasks he. set-for himself, and
the accuracy of his prognostications in diverse fields, made his ad-
vice most com‘pelling to t'hése who sought it.

For thoe_ﬁe who had the good fortune to be. ciose to him both per-
sonally and scientifically he will always seem a giant among men. At
- present, when government-‘support for basic science appears to be on
the wane, éng he‘a'rsv more and more frequently the lament, '""The real
difficulty ié tha.t theré isn't an Ernest Lawrence any more. "

Lawrence's place in the history of science is secure. He will
always be rerhembered as the inventor of the cyclotron, but more im-
| porfantly, he should be remembered as the inv_'entor'of the modern way
-of doing écience. Element 103 was naméd Lawrencium by his yoﬁng
associates who discovered it shértly ;ftef his death. After his death,
his friends endowed the Lawrence Hall of Science, to which science

teachers from all over the country will come on year-long fellowships

f
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to learn the most fn’odern methodslof teaching their subjects.‘ The
La\v1'en¢e Hall of Sciencé will soon be in operation, just above the
Laboratory that Ernest Lé.wr.ence founded and nurtured énd loved for

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

Laboratory.



lonorary Degrees

University
.'University of South Dakota
Stevens Institute of Technology
Yale University

" Princeéton University
University of Michigan
University of Chicago -
Harvard University

Rutgers University

University of Penhs;&vania
‘McGill University

University of British Columbia

University of Southern California

University of San Francisco

University of Glasgow
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Awards and Medals .

Elliot Cresson Medal of Franklin Institute, 1937
'Research‘Corporatlion Prize and I—flac‘;ue,v 1937 . ’
Comstock Prize of National Academy of Science, 1937
Hughes Medal of Royal Society (England), 1937

Nobel Prize in DhyalCS, 1939

Duddell Medal of Royal Physical Society, 1940
William 5. Dunn Award, Amerlcan Legion, 1940
‘National Association of Manufacturers Award, 1940
Holley Medal, American Society Mechanical Engineers, 1942
Copernican Citation, 1943

Wheeler Award, 1945

Medal for Merit,: 1946

Medal of Trasenster, Association of Graduate Engineers, University of

Lidége, Belgium, 1947 |
Officer de la Légion 4' Honneur,. France, 1948
Phi Delta Epsilon Annual Serv1cé Awa.rd 1948 _ v
William Proctor Prize of the SC1ent1f1c Research Soc1ety of America,
1951 ’
.day Medal, 1952 |

American Cancer Soc1ety Medal, 1954'
Enrico Fermi Award, 1957

Sylvanus Thayer Award, 1958



Memberships

Membex |
American Representative at Solvay Congress, Brussels, 1933

‘National Academy of Science, 1934

American Philosophical Society, 1937

-Phi Beta Kappa

Sigma Xi |

Gamma Alpha

American Scandinavian Foundation, 1942

Board of Foreign Scholarships, Department of State (Fulbright
Act-=79th Congress), 1947

Newcomen ‘Society, 1948-514

Fhysical Society of Japan, 1954

Board of Trustees: Carnegie Institution of Washington, 1944

Rand Corporation, 1956

Board of Directors: Yosemite Park & Curry Company

Monsanto Chemical Company, 1957

Foreign Member

Royal Swedish Academy of Sciences, 1952

Honorary Member

Bohemian Club (California), 1940

California Academy of Sciences, 1940
Academy of Science, U.S.S.R. , 1943
Royal Irish Academy of Science, 1948
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American Physical Society

American Association for the Advancement of Science

American Academy of Arts & Sciences

Honorary Fellow

Leland Stanford Junior Univéréity,. 1941
National Institute of Sciences of India, 1941
The Institute of Medicine of Chicago, 1941
Royal Society of Edinburgh, 1946 -
The Fhysical Society, 1948

Indian: Academy of Sciences, 1953
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Appointments

-National Defense Research Committee, June 1940.

National Academy. of Sciences, National Research Council Reviewing
Committee, V'April 1941, v

Oifice of Scientific Research and Develooment 1941,

Program Cbu.f S-1 Section of the Office of Sc*enmf*c Rebearch and
Development (Uranium Section), November 1941 - May 19/:2.
S-i.Executivve Committee of the Office of Scientific Research and

Development, May 1942 - March 30,. 1946,

‘Scientific Ad\}isor and Project Leader, Manhattan District, May 1,

1943, .
Research Board for Nat10na1 Security, 1 1945-46,

Elector; The Hall of Fame of New York University, 1947.

- Advisor on the U. S. Delegation to the International Conference on the

Peaceful Uses of Atomic Lnergy, Geneva, Switzerland, August 1955,

Physical Science Administration Officer (Consultant), Brussels

Universal International Exhibition of 1958, Department of State,
1956-58, J |

U. s. Delegation to the Conference of Experts to Study the Possibility
of Detecting Violations of a Possible Agreement on Suspension of
Nuclear Tests, Geneva, Switzerland, July 1958 (three-member

committee appointed by President Eisenhower).



:{.x

oo

40,

11.

42,

15.

-44 - UCRL-17359

PUBLICATIONS OF ERNEST O. LAWRENCE

The Charging Effect Produced by the Rotation of 2 Prolate Iron

Spheroid in a Uniform Magnetic Field. Phil. Mag., Vol. 47,
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 _Farada.y’CylAinder in the Measurement of Electron
Currents. Proc. Natl. Acad. 3ci. U. 3., Vol. 12, No. 1, 29-31,
January 1926. ' :

Transition Probabilities: Their Relation to Thermionic Em.is sion
and the Photo-Electric Effect. Phys.. Rev., Vol. 27, No. 5,
55-561, May 1926. '

A PrmC1p1e of Correspondence Sciejnce, Vol. 64, No. 1649,'142,

August 6, 1926,

The Ionization of Atoms by Electron Impact. Phys. Rev., Vol.“‘: 28,

No. .5, 947-9641, November 1926,

On the Nature of Light (with J. W. Beams). Proc. Natl. Acad.
Sci. U. S., Vol. 13, No. 4, 207-242, April 1927, :

Ultra-Ionization Potentials of Mercury. J. Franklin Inst., §1-94,

July 1927

On the Lag of the Kerr Effect (Wlt_h J. W Beama) Pr‘oc.‘ 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, 169-179, August 1928.

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

Photo-Ilonization of the»Va;poré of Caesium and Rubidium (with N. E.
.r.,dlefsen) Phys. Rev , Vol, 34, No. 2, 233-242, July 415, 1929,

Photo- Iomzatlon of Potaosmm Vapor (with N. E. Edlefsen). ‘P‘hys.
Rev., Vol. 34, No. 7, 1056-1060, October 1, 1929. :

Effect of Intense Electric Fields on the Photoelectric Behavior of |
Alkali Films on Tungsten (with L. B. meorc.\ Phys. Rev., Vol. 34
No. 41, 1192 December 4, 1929,

Early Stages of Eleculc Spa.rk Dlscn.a.l ges (\Vlch F. G. Dunnington).
Phys. Rev., Vol. 34, No. 12, 1624- 1625 December 15, 1929,
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Intense Source of Continuous Ultraviolet Light {(with N. E., Edlefsen).
~Rev. Sci. Instr., Vol. 1, No. %1, 4£5-48, January 1930.

Abstract: Broadening of Spectrum Lines During Early Stages of
Spark Discharges (with ¥. G. Dunnington). Phys. Rev., Vol. 35,

134, January 1930.

On the Early Stages of Electric Sparks (with F. G. Dunnington).

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

Effect of Intense Electric Fields on the Photoelectric Properties

of Metals (with L. B. Linford). Phys. Rev., Vol. 36, No. 3,
482-497, August 1, 1930.

On the Direction of Emission of Photoelectrons from Potassium
Vapor by Ultraviolet Light (with M. A. Chaffee). Phys. Rev.,

Vol. 36, No. 6, 1099-41100, September 15, 1930.

On the Production of High Speed Protons (with N. E. Edlefsen)..

Science, Vol. 72, No. 1867, 376-377, October 10, 1930.

Production of High Speed Canal Rays without the Use of High

Voltages (with D. H. Sloan). Proc. Natl. Acad. Sci., Vol. 17,

No. 1, 64-70, Ja_nuary 1931.

 Production of High Speed Protons without the Use of High

Voltages (with M., S. Livingston). Phys. Rev. Vol. 38, No. 4,

334, August 15, 1934,

Production of Heavy High Speled Ions without the Use of High
Voltages (with. D. H. Sloan). Phys. Rev., Vol. 38, No. 11,
2021-2032, December 4, 1931, '

Production of High Speed Light lons without the Use of High

Voltages (with M. S. Livingston). Phys. Rev., Vol. 40, No.

19-35, April 1, 1932.

Disintegration of Lithium by Swiftly Moving Protons (with M.

- Livingston and M. G. White). Phys. Rev., Vol. 42, No. 1,

150-154, October 41, 1932,

Disintegration of Boron by Swiftly Moving Protons. Phys. Rev.,

Vol. 43, No. 4, 304-305, February 15, 1933,

The Disintegration of Aluminum by Swiftly Moving Protons (with
M. S. Livingston). Phys. Rev., Vol. 43, No. 5, 369, March 1,

1933,

The Emission of Protons from Various Targets Bombarded by

1,

Deutons of High Speed {with G. N, Lewis and M. S. Livingston).

Phys. Rev., Vol. 44, No. 1, 56, July 4, 1933,
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The Emission of Alpha-Particles from Various Targeté Bom-

" barded by Deutons of High Speed (with G. N. Lewis and M. S.

Livingston). FPhys. Rev., Vol. 44, No. 1, 55-56, July 1, 1933,

Neutrons from Deutons and the Mass of the Neutron (with M. S.
Livingston and M, C. Henderson). Phys. Rev., Vol. 44, No. 9,
781-782, Novermnber 1, 1933, . ‘

Neutrons from Beryllium Bombarded by Deutons (with M. S.
Livingston and M. C. Henderson). Phys. Rev., Vol. 44, No. 9,
782-783, November. 1, 1933, o ' : .

The Emission of Protons and Neutrons from Various Targets
Bombarded by Three Million Volt Deutons (with M. S. Livingston).

- Phys. Rev., Vol. 45, No. 3, 220, February %1, 1934,

The Disintegration of Deutons by High Speed Protons.and the
Instability of the Deuton (with G,.N. Lewis, M. S. Livingston,.
and M. C. Henderson).- Phys. Rev., Vol. 45, No., 4, 242-244,
February 15, 1934, ' .

Artificial Radioactivity Produced by Deuton Bombardment (with
M. C. Henderson and M. S. Livingston). Phys. Rev., Vol, 45,
No. 6, 428-429, March 15, 1934, ' o

Cn the Hypothesis of the Instability of the Deuton (with G. N. Lewis,
M. S. Livingston, and M. C. Henderson). Phys. Rev., Vol. 45,
No. 7, 497, April 1, 1934, - '

The Mulfiple Acceleration of Ions to Very High Speeds (with M. S.

‘Livingston). Phys. Rev., Vol. 45, No. 9, 608-612, May 1, 1934,

The Transmutation of Fluorine by Proton Bombardment and the
Mass of Fluorine 19 (with M. C. Henderson and M. S. Livingston).-
Phys. Rev.,, Vol. 46, No. 1, 38-42, July 1, 1934,

Radioa,ctivity.Artiﬁcially Induced by Neutron Bombardment (with
M. S. Livingston and M. C. Henderson). Proc. Natl. Acad. Sci.
U. S., Vol. 20, No. 8, 470-475, ‘August 1934, ‘

Radicactive Sodium Produced by Deuton Bombardment. Fhys. Rev.,
Vol. 46, No. 8, 746, October 15, 1934,

Transmutations of Sodium by Deutons. Phys. Rev., Vol. 47, No. 1,
17-27, January 1, 1935, I

Tran‘srﬁutations of Nitrogen by Deutons (with E. McMillan and
M. C. Henderson). Phys. Rev., Vol. 47, No. 4, 273-277,
February 15, 1935, ‘ . _ S

.
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Transmutations of Aluminum by Deutons (with E. McMillan).
Phys. Rev., Vol. 47, No. 5, 343-348, March 1, 1935,

A New Type of Excitation Function for Nuclear Reactions (with
E. McMillan and R. L. Thornton). Science, Vol. 841, No. 2105,

The Transmutation Functions for Some Cases of Deuteron-Induced
Radioactivity (with E. McMillan and R. L. Thornton). Phys. Rev.,
Vol. 48, No. 6, 493-499, September 15, 1935.

Artificial Radioactivity. Ohio J. Science, Vol. 35, No. 5, 38§-405,
September 1935, :

The Biological Action of Neutron Rays (with John H. Lawrence).
Proc. Natl. Acad. Sci. U. S., Vol. 22, No., 2, 124-133,

- February 1936,

The Transmutation of Platinum by Deuterons (with J. M. Cork).
Phys. Rev., Vol. 49, No. 11, 788-792, June 1, 1936,

Com'parati\/e Effects of X~Rays and Neutrons on Normal andTumor
Tissue (with John H. Lawrence and P. C. Aebersold). Proc. Natl.

- Acad. Sci. U. S., Vol. 22, No. 9, 543-557, September 1936,

On the Apparatus for the Multiple Acceleration of Light Iéns to
High Speeds (with Donald Cooksey). Phys. Rev., Vol. 50, No. 12,
1431-1140, December 15, 1936.

The Comparative Effects of Neutrons and X-Rays on Normal and
Neoplastic Tissue (with John H. Lawrence and Paul C. Aebersold).
Occasional Publ. Am. Assoc. Advan. Sci., No. 4, 215-19,.

’ June 1937,

The Biol‘ogical Action of Neutron Rays. Radiology, Vol. 29, No, 3,
343-322, September 1937. '

Science and Technology. Rev. Sci. Instr., Vol. 8, 311-313,
September 1937, )

Science and Technology. Science, Vol. 86, No. 22341, 295-298, -
October 1, 1937, o

An Improved Cyclotron (with Donald Cooksey). -Science, Vol. 86,
No. 2236,-411, November 5, 1937.

Response to Presentation of Comstock Prize. Science, Vol. 86,
No. 2236, 4056-407, November 5, 1937,
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