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RECENT DEVELOPMENTS IN PARTICLE PHYSICS*

When I recelved my B. S degree 1n 1932 only two of the funda- ,

mental particles of physics were known. Every bit of matter in the

universe was thought to consist solely of protens and electrons. But in

. that same year, the number of partlcles was suddenly doubled  In two

_ beautlful experlments, Chadw1ck showed that the neutron existed, 1 and

Anders on photographed the flrst unmlstakable positron track. 2 In the

years since 1932 the list of known partlcles has: 1ncreased ‘rapidly, but

-not steadlly. The growth has 1nstead been concentrated into a series of

spurts. of act1v1ty.

Following the traditions of this occasion, my task this afternoon

is to describe the latest of these periods of discovery, and to tell you

of the development of the tools and techniques the.t made it possible.
Most of us who become experimental physicists do so for two reasons;
we love the tools of physics because to us they have intrinsic beauty,

and we dream of finding new secrets of nature as important and as
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c;xcitipg as those un§o_vered by our scientific heroes. But we walk a
narrow pAth with pitfalls on either sidg. If we siaend all our timé de- |
veloping quipment, we risk the appellation of ' plumbe’r,"' and if we
merely use the tools developed by others, we risk thé_censur‘e of our
peers for being pérasitic. For these reasons, fny colleagues and I
are grateful to the Royal Swedish Académy of Science for citing both
aspects of our work at the Lawrénce Radiation Laboratory at the
Unive.rsity 6f California--the observatibns. of a new group of particles
and the 'lcreati‘on of the means for making those observations.

As a person'aI:OPinion, I would suggest that modern pa'rticie
physiéé started 1n the .l.ast days of. World War II, whén a gréup of |
young Italians, Con‘\:rersi, Pancini, and Piccioni,w}ié wevr-e hiding from "
the Germ‘a;m'o'ccupying forces, initiated ‘a vremarkable e#perifnent. " In
' 1946, they s',ho{;ved3 that the " mesdtron, " Whic'h had been dis'covefed
in 1937 by Neddermeyer and Anderscfm4 and by Str;et énd Stevens on,-5
was not the particle vpredicted by Y.ukavva6 as the mediétor of nuclear
' forées; ‘but was ”i'nstead »alnlmst completely unreactive in a nuclearb sense.
Most nuclear physicists had spent the war years in militv:ary-‘-i'.elantevd'
activitiés, secure in the belief that thg Yukawa meson Was évaila.ble '
for study.as soon as hostilities ceased. But they weré wrong.

The physics comniunify had to éndu;e less than a year of this
nightmarish sta'te;v Powell and his coilabofatérs7.discovered in 1947
a_sihgly charged particle (now knowﬁ as the pion) that fulfilled the
Yukawa prediction, ancll' that decayediinto the ''mesotron,' now known
é.s the muon. Sanity w_#s restored to particle physics, and the pion was

found to be copiously produced in Ernest Lawrence' s 184-inch cyclotron,

T B ijﬂ
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by Gardner and Latte38 in 1948. The c.osmixc ray studies of Powell' s
group were made poesible by the elegant nuclear emulsion teehnique
they developed in collaboration With the Ilford laboratories under the
direction of C. Waller.

In 1950, the pion femily was _fi_lled out with its neutral component.
by three independent experimente. .In Berkeley; at the 184-inch cyclotron,

9

Moyer, York, et al. “ measured a Doppler-shifted y-ray spectrum that

could only be explained as arising from the decay of a neutral pion, and

Steinberger, Panofsky, and S‘celler10 made the case for this particle
~ even more convincing by a beautiful experiment using McMillan' s new

.300-MeV synchrotron. And independently at Bristol, Ekspong, Hooper,

and King11 observed the two-y-ray decay of the m° in nuclear emnlsion,
and showed that its lifetime was less than 5X107'% second.

In 1952 Anderson, Fermi, and their colla.bo:x.-ators12 at Chicago
started theif classic experiments on the pion-nucleon interaction at what
we would now call low energy. They used ;che external pion beams from

the Chicago synchrocyclotron as a source of pafticles, ‘and discovered

‘what was for a long time called. the pion-nucleon resonance. The iso-

topic spin formalism, which had been discussed for years by theorists
since its enunciation in 1936 by Cassen and Condon, suddenly struck a .

responsive chord in the experimental physics community. They were

impressed by the Way Brue'ckner14 showed that "' I-spin'' invariance

could explain certain ratios of reaction cross sections, if the resonance,
which had been predicted many years earlier by Pauli and Dancoff15
were in the 3/2 isotopic spin state, and had an angular momentum of

3/2.
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By any test we can now apply, the " 3,3 resonance" of Anderson,
Fermi, et al. was the first of the "new pvar'ticl‘es" to be dis'c‘!overed.'_
But since the rules for determining what cdnstitutés"a’-dis‘covei'y in -
physics have never been codified--as they have been in v'p:atent‘law--it
is probably fair to say that it was not customary, in the days when the
p'r‘oi.)erties of the 3,_3 resonalllce"v&‘/e;'e 6f paramount importance to the

" particle. "

Vhigh.'energy-physics community, to regard that resonahcé as a
~Neutron spectroscopists study hundreds of resonances in neutron-nucleus
systems which they do not regard as separate entities, éven though their
lives are billions of times as long. I don't believe that an early and

- general recognition that the 3, 3 resonance éhbul& be listed in the ''table ..
of par.ticies" would in any way haveb speeded up the deveiopme'n‘t of high
energy physics.

.Althou"gli the study of the production and the inte raction of pions
had passed- in a decisive way frém thé cosmic ray groups to the 'accelera;'
tor laboratories in the late 1940' s, the cosmic-ray-oriented physicists
soon found two new families of '""strange particles” --the K mesons é:nd
the hypei'ons. Tile existence of the strange particies has had an enorm-
ous inpact on the work done by our group at Berkeley. It 1s iromnic that
the parameters of the Bevatron were fixed and the decision to build
that acc’;eleratoi had been made before a single physicist in Berkeley
really believed in the existence of strange particles. But as we look
“back on thé evidence, it is obvious that the observations ;N.ére'well :
made, and the conclusions were properly drawn. - - Even if we had
accepted the existence--and more pertinently the importance--of thése

particles, we would not have known what energy‘ the Be\_}atron'needed
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to produce strange pérticles; the assvoci.ated production mechanism of
Paislb and its experimental proof by Fowler, Shutt, et al. 17 were still
in the future. So the fact that, with a few notable exceptions, the
Bevatron has rha.dé its greatest contributions to physics in the field of
strange particles must be attributed to a very fortunate set of accidents.
The Bevatron' s proton ene.rgy of 6.3 GeV was chosen so that it
would be able to produce antiprotons, if such ﬁarti‘c:les could be .produced.

Since, in the interest of keeping the ''list of particles! tractable, we

‘no longer count antiparticles nor individual members of I-spin multi-

- plets, it is becoming fashionable to regard the discovery of the anti-

proton as an ''obvious exercise for the student''. (If we were to apply the

'""new rules' to the classical work of Chadwick and Anderson, we would

"conclude that they hadn' t done anything either--the neutron is simply

anothér.I-'-spin' state of the proton, and Anderson' s positron is siinply
the obvious antielectron! ) In support of the nonobvious nature of the
Segfé group' s discovery of the antiprbton18 I need only recall ghat one
of the 'rhost distinguished high energy physicists I know, who didn' t be-
lieve that antiprotons could be producved, was obliged to settle a 500~
dollar bet with a colleague who held the now universally accepted be-
lief that all particles can exist in an antistate. |

I have just discussed in a very brief way the discovery of some
particles that have been of 'impbrtance in our bubble chamber studies,
é@d: I will continue the discussion throughout my lecture. This account
should not be taken to'be authoritative--there is no authority in this

area--but simply as a narrative to indicate theAimpact that certain ex-

- perimental work had on my own thinking and on that of my colleagues.
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I will now return to the story of the very important strange
particles. In contrast to the ‘diZScovery of the pion, which was accepted
immediately by almost everyone--one apparent exception will be related
later in th1s talk--the dis covery and the eventual acceptance of the exist-
ence of the strange part1c1es stretched out over a period of a few years. .
" Heavy, unstable part1c_1es were f1rst gseen in 1947, by Rochester and‘-
Butler, 19 who photographed and properly interpreted the first two
"V partlcles" in a cosmic- ray -triggered cloud chamber.‘ One of the :
.V''s was charged, and was probably a K meson. - The other was'neutral,
and was ‘probably a K°. For having made these observations, ‘Rochester
and Butler are generally credited with the discovery of s.tran'gevparticles..:
There was a disturbing period of two years in which Rochester ‘and
Bntl_er operated their‘chamber and no more V particles were found.

But in 1 9.50 Anderson, Leivg‘hton, et al. 20 took a cloud chamber to a
mountain top and showed that it was possible to observe approximately
one V p'ar_ticle per day undevr such conditions. They ‘r‘epo_rted, ”_To_.
interpret these photog'raphs, one must come to the same remarkable
conclusion as that drawn by Roche's'te.r and Butler on the basis of these
two photographs, viz. , that these two types of events represent, re-
spectwely, the spontaneous decay of neutral and charged unstable
part1c1es of a new type. "

Butler and his collaborators then took the1r chamber to the Pic-
du'_-lvﬁd1 and confirmed the h1gh event rate seen by the CalT.ech group
on W.h.ite“ Mountain.’ Inll952.they reported ‘t.he first cascade d'ecayz.‘l.- -

now known as the = ~ hyperon. _
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‘While the cloud chamber physicvis.ts_were slowly m;aking progress
- in understanding the strange particle"s,. a parallel efflort was under way
in the nucleé.r emulsion-oriented laboratories. Although the first K
meson was undoubtedly observed in Leprince-IRi‘nguet? s cloud cham-
berzz. in 1944, Bethe23 cast sufficient doubt on its authenficity that it
had no influence on the physics com.rnun‘ity and on the work th'a.t'f0110wed.
The first overpowering evidence for a K meson appeared in nuclear
emulsion, in an expériment by Brown and most of the Bristol group, 24
in 1949. This so-called ;J'+ meson decayed at rest into thfee coplanar
pidns. - The measured ranges of the three pions gave a very accurate .
_.-xnas.s value for the 7T meson of 493..‘6”MeV...  Again there was a distﬁrbiﬁg _
period of mor;z than a year and._a half before another T meson showed up. "
In 1951, the year after the 7 mesovn and the V vparficles weJre
finally seen again, O' Cea.llaigh25 observed the first of his kappa mesons
in nuclear e::rnulsion.‘ Each such event.ihvolved fhé decay at rest of a
heavy meson into a muon with a different energy. We riow know these
particles as K mesons decaying into. P,'++ w0+ v. so the explanation of
the broad muon energy épectrum is now obvious. But it 'tovok some time
to understand this in the early 1950' s, when these particles appeared
one by one i’nidifferent laboratorjes. In 1953, Menon and Of Cééllaigh26

found the first K“_ or 0 meson, with a decay into at4m0 The identi-

2
fication of the 0 and T mesons as different decay modes of the same K |
meson is one of the great stories of particle physics, and it will be men-.
tioned later in this lecture.

- The identification of the neutral A emerged from the combined

efforts of the cosmic ray cloud chamber groups, so I won' t attempt to
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assign credit for its =disco'very. But it does seem clear-that Thompson
ét al. 27 were the first to establish the -\“de‘cay scheme of what we now
know as the K‘i mévson; K’lo-» wtnT. The first examplg of a charged
= hyperon was seen in emulsion by the Genoa and Milan groups, 28 in .
1953, And after that, the smdy of strange ‘particlé"s' passed, ".cro a iarge
'ext.ent, from the cosmic ray gr'oupé to the accelerator 1aborato‘ries.‘

" So by the time the Bevatron first operated, 1n 1954, a number
of different strange particles had been identified; several charged-
pa"rticles and a neutral one all with masses in the neighborhood of'SOO
MeV, and three kinds of parti'cles heavier than the proton. In order of
incfeasing mass, these were the neutral A , the fon charged E "‘s
(plus and minus), and the negative cascade (Z ), which dec‘aYe‘d into a
A anda negative pion.

"The strange particles all had lifetimes shorter. than any known
-paxiticles except the neutral pion. The hyperons all had lifetimes of approxi-
mately'ioﬁio second, orless than1% of the charged pion lifetime. WhenIsay
that they were called strange particles because their observed lifetimes |
o presented such a puzzle for theoretical physicists to explain, I can’
imagine the lay members in this audiencé saying to themselves., "Yes,

I can' t see how anything could come apart so fast.' DBut the s‘trangénesé
—of t_;he strange paf;:icles is not that they decay so rapidly, but that they | .
last almosta million'millibn times longer than they shdﬁld-Qphysicists |
couldn' t éjgplain why they didn' t come apart in about 10-21 second. g
) I.won' t go into the details of the dilemma, but we can note that

'a similar problem faced the physics c'omfnunity when the muon was

found to be so inert, nuclearly. The suggestion by Marshak and
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29 that it was the daughter of a stirongly interacting particle was pub-
lished almost simultaneously with the independent experimental demonstration
by Powell et al. mentioned earlier. Although invoking a similar mechanism
to bring order into the strange-particle arena was tempting, Pai516 made
his suggestion that étrange.partic’les were produced ' strongly" in pairs,
but .decayedA" weakl?”_ when separat.:ed from each other.

_Géll_-Mann?O (and. independently Nishijima31) then made the first
of his several major c_ontributioﬂs to particle physics by correctiy guessing
the rules that gover‘n‘ the production and dec.ay of all the strange pérticles.

I use the word " guessing' with the same sense of awe I feel when I say

- that Champollion guessed the méanings of the hieroglyphs on the -

Rosetta .Storie. Gell-Mann had first to assume that the K meson was not -

an I-spin triplet, as it certainly appeared to be, but an I-spin doublet

~ plus its antiparticles, and he had furthef to assume the existence of the

neutral X 'and of the neutral =. And finally, when he assigned appro-

priate values of his new quantum number, strangene'ss, to each family,

his rules explained the one observed production reaction and predicted
a score of others. And of course it explained all the known decays, and
predicted another. My research group eventually conﬁrmved ali of
Gell-Mann' s and Nishijima' s early predictions, many of them for the
first time, and we continue to be inﬁpressed by their simple elegance.
This was the state of the ért iﬁ particle physics in 1954, when

William Brobeck turned his bfainchild, the Bevatron, OVeir to his
Ra.\dviation Laboratory associates to use”as a 'source of high energy pro-
tons. I had béen' using the Berkeley proton linear.a.c_celerator in some

studies of short-lived radiocactive species, and I was pleased at the
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chance to switch to a field that a'ppéa‘red to be more in’te'.res:ting. :My
. first Bevatron experiment was done in collaboration with'Sﬁla Goldhabver;32 x
it gave the first real measurenient of the T meson lifetime,. My next ex- i
v'p'eriment ‘wa's done with three talented young postdoctoral fellows, , -
"Frank S. Crawford, Jr., Myron L, Good, and M. Lynn Stévens on. - An

’veal"'ly puzzle in K-meson physics was that two of the particles (the €

a.nd 7)-had similar, but poorly determined lifetimes and masses. That

story has been told in this auditorium by I'_)ee33 and Yang, 34-50 I w.on' t
V’ ._r'epea't it now. But I do like to think tha.t‘mir demonstration, 35 s’imui-
taneously with and independently from one by Fitch and Motiey, 36 that.
: fhe two lifetimes were not measurabiy diffefeht, plus s.imilax_' small

limits -on possible mass differénces, set by von Friesen et ai. 37 and

by Birge et al. ,-38 nudged Lee and Yang a bit toward their revolutibnary
‘conclusion.

Our experiences with what was_theh a very complicated array of

scintillation counters led me and my colleagues to despa;ir of -makihg

meaningful measurements of what we perceived to be the basic reactions

of strange particle physics:

T+ p>A + KO
p+'1r' 7wt
the production reaction is indicated by the horizontal arrows, the._sub- :
seqﬁevnt decays by the vertical ar:OWs. | Figure 1 shows a typical ex- - ‘-
émple of this reaction, as we saw it later in the 10-inch bubble chamber.

We concluded, correctly I believe, tha__t none of the then known techniques

was well suited to s"tudy this feaction. Counters appeared hopelessly

-
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inadequate to the task, and the spa.rk chamber had not yet been invented.

The Brookhaven diffusion cloud chamber grou'p1.‘7 had photographed only"

.a few events like that shown in Fig. 1, in a period of two years. It

s‘eemed to us that a track-recording technique was called for, but each
of the three known track devices had dra;wbacks that ruled it out as a
serious contender fokr the role we e‘nvisa;ged. vNiJ.'cllear emulsion, which
had been so spectacularly successful in the hands of Powell's group, |
depended on the contiguous nature of the successive tracks at a pro-
duction or decay vertex. The presence of neutral and therefore non-
ionizing particles between related chargéd particles, plus lack of even
a rudimentary time resolution, made nuclear e.mulsion techniqﬁes
virtually unusable' in this new field. The two known types of cloud
chambers appeared to have equally insurmountable’ difficulties. The
older Wilson expansion chamber had two difficulties that rendered it

unsuitable for the job: if used at atrnOSphéi'ic pressure, its cycling

" period was measured in minutes, and if one increased its pressure to

‘compensate for the long mean free path of nuclear interactions, its

cycling period increased at least as fast as the pressure was increased.
Therefore the number of observed reactions per day started at an al-
most impossibly low value, and dropped as " corrective action" was

taken. The diffusion cloud chamber was plagued by " background

- problems, ' and had an additional disadvantage--its sensitive volume

was confined in the vertical direction to a height of only a few centi-

meters. What we concluded from all this was simply that particle
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physicists needed a track-recording device with solid or liéuid density
(to inc.rease the rate of production of nuclear events by a factor of 100), :
‘with uniform sensitivity (to avoid.the problems of the sensitive layer in |
~ the diffusion chamber), and with fas_t cycling time (to'avoid the Wilson
chamber probléms‘).' And of course, any cycling detector would permit v
the association of charged tra_cks. -jo.ined by neutral tracks, which was
denied.to the user of nuclear emulsion.

In late April of 1953 I paid my annual visit to Washington, to
attend the meeting of the American Physical Society. At lunch on the
first day, I found myself seated at a large table in the garden of the
Sho‘r_ehar_n Hotel. All the seats but one wei';s: occupied bsr old»frie,nds
from World War II da.y.s‘, and we reminisced about Qurvexpev_riences at
-the MIT radar laboratory and at Los Alamos. A young chap who }‘1ad
: ‘:fiot e;ﬁperienced those excitiﬁg days was seated at my le.ft,‘ and we were
soon talking of our'interests in physics. ‘He expresséd.cohce-rn thét no
'~ one would hear his 10-minute contributed paper, becausé it was ‘s‘cheduled
_‘a's'thé final paper of the 'Sat_urday' afternoon session, and therefore the
last talk to be presented at the meeting. In those days of slow airplanes,
there Qere even fewer people in the audience for the last_pai)er of the
- meeting than there é.re now- -if that is pos'sible. I admitted that I
vwo’u.ldn' t be there, and asked h1m to tell me what he would ﬁe re- B
porting. And that is how I heard first hand ffom Donald Giaser' how he
had invented the bubble chamber, and to what 'sfate he .hé.d brought its
development. And of course he has since described those achievements

39

from this platform.~’ He 'showed me photoig‘raphs of bubble tracks in

"a small glass bulb, about 1 centimeter in d.iamete'r and 2 centimeters |
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long, filled with diethyl ether. He stressed the need for absolute

cleanliness of the glass bulb, and said that he could maintain the ether

in a superheated state for an average of many seconds before spontaneous

vboiling took place. I was greatly ixnpreséed by his work, and it immedi-

ately occurred to me tha_t' this could be'the _;" big idea' I felt was needed
in.p.article physics. .

- That hight in my hotel room Idis cuesed what I had learned with
nﬁy oolleague'from Berkeley; Frank Crawford. I told Frank that I hoped

we could get started on the development of a 11qu1d hydrogen chamber,’

" much larger than anythlng Don Glaser was th1nk1ng about, as soon as I

~ returned to Berkeley. He volunteered to stop off in M;chlga.n on the

way back to Berkeley, which he did, and learned everything he could about

'Glaser ] techn1que

I returned to Berkeley on Sunday, May l ‘and on the next day
Lynn Stevenson started to keep a new notebook on bubble chambers.'

The other day, when he saw me wr1t1ng this talk he showed me that

‘0ld notebook with its f1rst entry dated May 2, 1953 w1th Van der Waal'

equation on the first page, and the isotherms of hydrogen traced by hand

onto the second page. Frank Crawford came home a few days later,
- and he and Lynn moved into the ' student shop' in the synchrotron

building, to build their first bubble chamber. They were fortunate in

enlisting the help of John Wood, who was arl accelerator te.chxriciah at

thev .synchrotrBOn. The three of them put thelr first efforts into a duph-
catmn of Glaser' s work with hydrocarbons. When they had demonstrated
-radlatxo'n sen51t1v1ty in ether,; they built a glass chamber in a Dewar flask

to try first with liquid nitrogen and then with liquid hydrogen .
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I remémbér that on‘ several 6;:casiohs I télebhéned to the late
Earl Long at the University of Chicago, for advice on cryogenic Iproblems.
Dr. Long gave active support fo the liquid hydrogen bubblg chamber that
‘was being built at that time by Roger Hildebrand an’d'D'é.rragh Nagle
at the Fermi Institute in Chicago, In Aug\ist of 1953 Hildebrand and
Nagle40 showed that supe,rheateci hy.drog'eh boiled faster in the fresence
of a ‘gamma-r'ay source than it did when thé source was removed. This
is a hecessary (fhoughi not .silfficient.) condition for successful operation”
of a liquid hydrogen bubble chamber, and the Chicago work was therefore
.ah important step in the development of such vch'a'mber"s.. ‘The impo‘rtavnt
unanswered question cohcerneci the bubble density--was it sufficient to.
‘see tracks of " minimum ionizing" particles, or did liquid hfdrogfen’-—
~as my c‘olleagu.es had just shown that liquid nitr_dgeh did-"-produ(;.e. bub -
bles but no visible tracks? |

John Wood saw the first tracks in é 1.5-inch-diameter liquici '

1 The Chicagvd group

hydrogen bubble chamber in Febfua.ry of 1954. 4
cbuld certainly h"a.v.,e done so earlier, by rebuilding their apparatus,
but they switched their efforts to hydrocafi;on chambers, and were re-
wé.rded- by beiﬁg tize first physicists to pub_lish.experimenta.l results ob-
tained by bubble chamber techniques. Figure 2 is a photog:a’b_hbf |
Wood' s first tracks. - |

At the Lawrence Radiation Laboratory, we ﬁavé iong had a
. tradition of close cooperation between physicists and technicians. The
resulting atmosphere, which contributed so markedly t_o.the rapid de-

vve10pfnent.o_:f the liquid-hydrogen bubble chamber, led to an unusual |

‘pPhenomenon: nbne: of the scientific papers on the development of |
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bubble chamber techniques in rﬁy research group were signed by ex-
perimenters vs?ho We.re trained as ,physici.sts or who had had previous
cryégenic experience. 'I‘hé papers all had authors who were listed on
thé Laborat'ory rec!ords as technicians, but éf course the physicists con-
.cgrned knew what was going on, and offéred many suggestions. Nonethe -
less, our fecimical as_s'ociates cax;xlied the main responsibility, |
a;ld published their findings in the vs.cienti‘fic literature. I believe this

is a healthy change from practiées that were common a generation‘ago;
we»alil-reme’mber papers signed by a éingle physicist that ended with a
paragraph saying, "I wish to thank Mr. ., who built :the apparatus
| aj_nd took muc_‘h of the data." | | _

And speaking of:acknvowlédgr'ne'nts, John Wood' s first publicatioﬁ,
in addition to thanking Crawford, Stevénson, ‘and me for our adﬁc_e
~and ‘helvp, said, "I am indebted to A. J. Schwemin for help_vwith the
| eléctronic circuits. " o Pete" .Scthenslin, the‘most verﬁatile teghniciah
I have ever known, became so excited by his. initial contact with John
Wood' s 1.5-inch-diameter all-glass chamber that he immediately |
started the construction of the first metal bubble chamber with glass
winddws. . All earlier chambers had been made completely of smooth
gla'.vs.s‘, without joints, to prevent.accidem‘:avl Boiling at shé.rp points;
s‘uch“boiling of course éestroyed the superheat and made the chamber
insensitive to fé.diation. :Bofh Glaser and Hildebrand stressed the
long'times their liquids could be held in the superheated condition;
Hildebrand and Nagle averaged 22 secvonds., and observed one super-
heat period of 70 seconds. John Wood reported,41- ""We were dis-

couraged by our inability to attain the long times of superheat, until the
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track photographsv showed that it wasxn'ot: imiboi'ttant in thé successful
operation of a large bubble"chamber. " I have alxr}afs felt that second to
Glaser' s discovery of tracks this .’was the 'key'ébs'ervation in the whole
development of bubble cﬁamber ‘techniq.ue. As 1ong as ohe”expanded the
l chamber”rapidly, bubbles férming on the wall didn' t destroy the super- .
hea.tea condition of the main volum;: of the liquid, and it rerﬁained seilsi-.
tive as a track.-reCording medium. |
Pete Schwemin, with the help of Douglas ,Parmentier, built the
2.5-inch-diameter hydrogén ‘chamber-in i‘ecord time, a.é the world' s
first '"dirty chamber.' .I' ve never liked that expressioﬁ, but it v?as used
for a while to distinguish chambers with windows gasketed to metal bodies
" from all-glass chambers. Because of its " dirtiness', the 2,5--inch
Vcham'ber boiled at its walls, buf still showed good traci(s thrdgghout‘ its
volume. Now that " clean" chambers are of historical in_fé_resf only, we
can be pleas ed fhat the modern chambers néved. no longer be stigmatized
_‘by‘ the adjective '""dirty. "

- Lynn Stevenson' s notebook shows a diagram of John Wood' s
chamber dated January 25, 1954, with Polaroid bictures of tracks in .
hydr_ogen. A month later he recorded details of_SchW'emin' s. 2.5-inch
chamber, and drew a coﬁiplete diagram dated March 5; (That was the‘dé'y
after the Physical Review re'cveivved Wood' s letter announcing the first
obserVa.tidn of tracks.) On April 29, Schwemin é.nd Parmentiér photo-
gfaph;ed their first trac’ks._; .these é.'re shown in Fig. 3. (Things were
happening so fast at this time that the 2.5-inch system\nas never photo--

graphed as a whole before it ended up.on the scrap pile.)

A
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In August, Schwemin and Parmentier separately built two dif-
ferent 4-inch-diameter chambers. Both were originally expanded by
internal bellows, a;ﬁdt Parmentier' s 4-inch chamber gave tracks én
Octobér 6. Schwemi.,n"l's chamber produced tracks three weeks la.terf
and survived as the 4-inch chamber. Siee F1g 4.’ The bellows systems
.in :both chambers. faile&, but it furl:led out to be easier to convert
Schwexnini s chamBer to the vapor expansion.system that was used in
- all our subsequent chambers until 1962. (In that year, the 25-inch cham-
,_bef intréducéd the '""Q2-bellows' that ié now standard for large chambers.)

Figure 5 shows all our chamber‘sfdviASplayed together a few weeks
ago, at the r.equest of Swedish Tele\}iéion. As yoii can see, we all look
 pretty pleased to see s0 many. of our "oldfriends' side by side for the
first time.

Figure l6 shows an early pi‘ctui'e of muiti'ple meson produétion
in the 4;-inch chamber. This chamber was sbon_equipped with a pulsed
magnetic field, and in that configuration it was the first bubbl‘e. ,charﬁber
of any kind to show mvagnetically curved tracks. It was thén set aside _ |
by our group as we pushed on to larger chambers. But it ended its
: careef as a useful research tool at the Berkeley electron synchrotron,
after almost two million photographs of 3QO—MeV bremsstrahlgng passiné |
through it ha;d, been t'aken and analyzed by Bob Kefmey et al. 43

| I.n thé y.eér. 1954, as'I have just recounted, variéus. members of -
myv research. group had been responsible for the succe‘ssful operation
of four separ.ate.liquid hydrogen bubble chambers, increasing in diameter
from 1.5 inches to 4 inches. By the end of that eventful \.year, it was clear

. that it would take a more concerted engineering-type approach to the
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problem if we we;é to progress to the larger chambers we felt were

essential to the solution of high energy physics problems. I therefore

enlisted the assistance of three close associates, J. Dbna.ld Gow,

Robert Watt, and Richard Blumberg. Don Gow and Bob Watt had taken

over full responsibility for the development and operation of the 32 -MeV

linear accelerator that had occu_piéd all my attention from its inception |

" late in 1945 until it first operated in late 1947. Neither Qf.them had

axjy gxperience with cryogenic techniques, but they learned rapidly,

and were soon leaders in the new technelogy of hydrogen bubble cham-

bers. Dick Blumberg had been train_éd as -a mechnical engineer, and he

" had designed the equipment used by Crawford, Stevenson, and me in

~ our experiments,; then in progress, on the Compton séattering of y

rays by protons. ‘ | |
 Wilson Powell had built two large magnets to accommodate his

Wilson Cloud Chambers, pictures from which adorned the wal.ls of every

‘cyclotron lab:o'ratory in the world. He very generously placbed one of

" these magnets at ourl di)sposa‘l, and Dick Blumberg immediately started

the mechanical design of the 10-inch chamber-v-theclarvgest size we felt

could be accémmodated in the well of Powell' s magnet. _Bl’umberg' s

drafting table was in the middle of the single room thatv‘contained the

desks. of all the members of my research group. Not many engineers

will tolerate such working conditions, but Bl_uinberg was able to dosoand

he produced a design that was quickly built in the mainmachine shop.  All

. earlier chambers had been built by the experimenters themselves.

The design of the 10-inch chambef turned out to be a much larger job |

than we had foreseen. By the time it was..completed, eleven members
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-of the Laboratory'k s Mechanical _Engineering Department had worked on 'it,
including Rod Byrns'and thn Mark. .The electrical engineering aspects
of all our large chambers were formidable, and we are indebted to Jim
Shand for his leadership in this work for many years. |

Great difficulty was exp:e‘r_ienced'with the first operation ‘of the
10-inch chamber; too mﬁch hydxoéen ;;v;s ﬁaporize_d at each ' expansion. "
Pete Schwemin quickly diagnosed the tréuble and builf a fast-acting valve
that permitted the-‘c}.lamber to be pulsed every 6 seconds, to match the -
Bevatron' s cycling itirne. : | |

If Would be aipprofyfiate_ to interrupt this description of the bubble -
chambé_r development program to describle‘thé. important observations |
made possible by the operation of the 10-inch chamber early in 1956, but
instead, I will preserve the continuity by describing the further develop-
‘ment of the hardware. In De.cember of 1954, shortly after the 4-inch
chamber had been operated in the cyclotron building for the first time,
it became evident to vme that the 10-inch chamber we had just started |
to desi’gh W_oﬁldn' t be néarly large eﬁough to tell. us what we wanted _to‘
| know about £he strange particles. The tracks of the_s.e'_objects had been
' phd_’_cographed at Brookhaven, 17 and \'ve.v knew they were produéed copiously
by the Bevafron. | |

| The size of the "' big chamber" was set by several dﬁferent o

cfitéria; afxd fortu.na.tel.yvall of them could be s;tisfied by one design.
('I'ob often, a dbesigneir of néw equipment finds that oné essential cri-
terion can be met only if the object is vei’y llarge, while an equally im-
portant criterion' demands that it be very small.) All "dirty cﬁémbefs".

so far built throughout the world had been cylindrical in shape, and were
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characterized by the_ir-ciiameter measurement. By studying.the rela-
tivistic kinematics of strange particles ‘produced by Bevatron beams,
and more particularly by studying the decay of these particles, I con-
vinced myself that the big chamber should be réétangula_r, with a length
of at least 30 inches. This length wa’.s’ﬂ’éxt increased to 50 incvhes in
érdér that the1;e would bg adequate .arn'ounts of hydrogen ups'tre.am from
' the required decay fegion, in which produ’ction reactions could take placé.
Later the length was changed to 72 inch'esv, when it Wzi.s r_ealizved that the
depth of the chamber could properly be less than its width and that the
c5anée could be made without altering th'ev\‘rolurn'e. The prbductiéﬁ region
corresponded to about 10% of a fypical pion-proton me‘a.n free path, and
- the size of the decay region was set by the_relativistic tixne-diiated decay;
lengths of the strange particles, plus the requirement that there be a- |
sufficient f:rack length available in which to measure magnetic curvature
in a " practical magnetic field" of 15 000 gauss. In summary, then, the
width and dépth of the chamber came rather simply from an examination
of the shape of the ellipses that characterize relativistic transformations
"~ at Bevafron energies, plus the fact.thaiv: the magnetic field spreads the
particles across the width but not along the depth of 'the éhamber,

' The result of this straightforward analysis was a father frighten;hg
set of numbers: The chamber length was 72 inches; itsvwidt.h was 20
inches, and its depth was 15 inches. It had to Be pervaded by a mag-u
netic field of 15000 gauss, so its magnet would weigh at least 100 tons and
would require 2 or 3megawatts to energize it. It would require a window 75

inches long by 23 inches wide and 5 inches thick to withstand the (deuterium)

operating pressure of 8 attmospheres, exerting a force of 100 tons onthe glass. No
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one had aﬁy experienc..e with such large volumes of liquid hydrogen;
the hydrogen-oxygen‘ r.ockgt engines that now power the upper stages of
the Saturn boosters were still gleams in the eyes of their designers--
these were pre -Sputpiic days. The safefy aspects’ o_f the big chamber
were particularly wq;r:is ome. Low temperature laboratories had a
repx;tation for being dangerous.placés in which to v}ork, ‘and they didn' t
deal with such la.rgev quantities of liquid ﬁydrogen, and whatvsupplies
they did use were képt at atmoépheric p'ressuré. |
Fvor some time, thé'glassvwindow problem seerﬁed insurﬁounfable;-
no one had ever cast and poliéhe’d such a large piece of optical glass.
Fortunately for the eventual success of the project, iwaé able to per-
~ suade myéelf that thev chamber bo.dy could be constructed of a trans-
parent plastic cylinder with metallic end plafes. This notibn was later
) derﬁolished by my érigineering colleagues, but it ‘played an importan_t
.r_olé in keeping the project alive in my own mind until I was convinced
-that the glass window could be built. As an indication of fhe_ cryogenic
'""state of the art" at the time we worried about the big window, I
can recall the following anecdote. One day, while looking through
a iist of titles of talks at a recent cryogenic conference, 1 s.potted one
thgt read, '"Large glass window for’vie_\&in.g liquid hydrogen..“ "Eagerly
I tur%xed to the paper--but it described a metallic Dewar vessel equii)ped _
with a glass window 1 in‘c.h‘in diameter! |
Don Gow was now devoting all his time to hydrogén bubble chambers,
and in January of 1955 we interested Paul Hernandez in taking a good hard
eﬁgineering look at the'probvle‘ms involved in building and housiﬁg the 72-
inch bubble chamber. We were also extfemely fortunate in being able to

interest the cryogenic engineers at the Boulder, Colorado, branch of
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the National Bufeau of Standards in the prdjevct. Dudley Chelton, Bascomb
Birmingham and Ddug Mann’ spent a great- deal of time with us, first
educatihg us in large_-séale liquid hydrogen techniques, and later c00pér-
ati.ngb.with us in the '.design ah;i initial operaﬁon of the big chamber.

In April of 1955; after sevéiral months of discussion '6f the large
chamber, I wrote a document gntitled "' The Bubble Chainber Program at
UCRL. '" This pé.per showed in some detail why it was important to build
the large chamber, and outlined a whole new way of doing high energy'
physics with such a device. It stressed the need for semiautomatic
meaéufing devices .(which' had not pre\fiduély been propd.sed), and
described how ele;:tfohic' computers would reconstruct tracks in space,
conﬁpute momenta, and solve problems in relativistic mechanics. All
these techniques are now part of the " standard bubble chamber method, "
but in April of 1955 no one had yet applied them. Of all the papers I
have written in my life, none gives me so much satisfaction on re-
| » r_éading as does fhis ﬁnpublished prospectus.

Aftér Paul Herna:ndez and Don Gow had estimated that the big |
chamber, inclﬁding its building and power supplies, would cost about
2.5 million dollars, it was clear thata special AEC appropriation was
required; we could no longer build our chambers out of ordinary laboratory
operating money. In fact, the document I've just described was written
as a sort of proposal to the AEC for financial support--but without meﬁ-

tioning money! I asked Efnest_Léwrence if he would help me in requesting
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extra funds f‘l;ovm the AEC. He read the document, and agreed with thé
poiﬁfs I had made. ‘He thén asked me to remind him of the size of the
world's largest hydrog'en chamber. Whén I replieclE th;f it; was 4 inches
'in.diameter,' he said he thought I was making too lvarge an extrapolation
ir.t one ste‘ﬁ, to 72 inches. I told hin} that the 10-inch chamber was on
the arawing bdard, ‘and if we could 'maké it work, the operation\of the
7Z—inch‘ chamber was assured. (And if we couldn' t make it work, we

could refund most of the 2.5 million.) This wasn' t obvious until I ex-

- plained the hydraulic aspecté of the expansion system of the 72-inch

chamber; it was arranged so that the 20-inch wide, 72-inch long chamber
could be considered to be a large collection of essentially indépendeﬁtly
expanded 10-inch-square chémbérs. He wasn' t convinced of the wisdom
of the progrém, but in a characteristic gesture, he said, "I don' t believe
in your big chamber, but I do believe in you, ‘a,n‘d I' 11 help you to obtain
the money.'" Itherefore accompanied him on his next trip to Washington,
and we talked in one day to three of the five Commis sionefs: Lewis -
Strauss, Willard Libby (who later sboke from this podium), and thelate John
V{on Neumann, the greatest mathematical physigisf théﬁ 1ivif1"’g. That evening,
at a cocktail party at Johnny Von Neumann' s home, I was told that the
Commission had voted that afternboﬁ to gi‘ve the laboratory the 2.5 million
doilars we had requested. All we had to do now was build the thing and
make it work! | |

Design work had of course been under way for some time, but it
was now rapidly accele"rated.. Don dow assumed a new role that_‘is not
cd_mrhon in physics laboratories, but is well known invx'nilitar.y organizations;

he became ‘my " chief of staff." In this position, he coordinated the efforts
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of the physicists and ’engineers;’.he had full res pénsibility for thé-_care.fui
spending of our precious 2.5 million dollars, and he undertook to become

- . an expert second to none in all the technical phases of the opefati_on, from

' low temperature thermodynamics to safety engineering. His success in
this difficult task can be recogn.ized' most easily in the success 6f the whole
proéram, culminating in the fact th;'a.t Iam speaking here this aftefnoon. |
Iam sorry that Don Gow can't be here today; he died several years ago,
but I am reminded of him evefy day—-:my .thr.ee—yearv-vold son is némed
Donald in his memory.

The ‘engineering team under Paul Hernandez' s direction pro-
ceeded rapidly with the design, and in the process solved a number of
difficult problems in ways that have become standard '"in thev industry. "

A typica.l problem involved the very considerable differential expansion

~ between the__stéinless steel chamber and the glass window. This could be
lived with in the 10-inch chamber, but not in the 72-inch. Jack Franck' s
”inﬂat':able gﬁ.s}cet" allowed the glass to be seated against the cvhamber
body only after both had been cooled to liquid hydrégen tempé rature. -

.Tus_t‘bef_oré leaving for S_tockholm, I atfended a ceremony at

which Paul Hernandez was prles ented with a 'trophy honoring himas a
”.Master Designer' for his achievements in the engineering of the 72-
: inch chamber. I had the pleasure of telling in more detail than I can
today of his many contributibns to the success of our program. One of
. his associates recalled a special serviée that he rendered not Ionly to
our group but to all those who ‘fo>110wed us in building liquid hydrogen |
bubble chambers. Hernandez and his associates wrote a series of

"Engineering Notes,'' on matters of interest to designers of hydrogen
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bubble chambers, that soon filled a seriés,of notebooks that spanned 3
feet of shelf space. Copies of these were sent to all interested parties on
both sides of the Atlantic, and I am sure that they resulted in a cumulative
savings to all bubblé ;:hamber builders of several million dollars; had not all
this information been readily available, the test programs and calculations
of our engineering group woﬁld havé required duplicat_tiqn at many lab-
oratories, at a large expense of .movney and tﬁﬁe. 'Ox_n" program moved

so rapidly that there was never time to put the Engineering Notes into
finished form for publication in the regular literature. For this reason,
one can now read review articles on bubble /%:hamber »-tvechnology, and be
quite unaware of the part that oﬁf .Labofafdry played.in its development.
There are no references to papers by members of our group, since those

papers were never written--the data that would have been in them had

~ been made available to everyone who needed them at a much earlier date.

And just to show that I was also deeply involved in the chamber

design, I might recount how I purposely " desig‘ned myself into a corner'’

because I thought the results were important, and I thought I could invent

a way out of a severe difficulty, if given the time. All previous chambers
had had two windows, with ' straightthrough" illumination. Such a config-
uration reduces the attainable magnetic field, because the existence of a’
rear pole ‘piece would interfere with the light-projection ‘system. I madle»
the decision that the 72-inch chamber would have only a top window, there-
By permitting the magnetic field to be increased by a lower pole piéce and
ét the same time saving the cost of the extra glas.s window, and also pro-
viding added safety by eliminating the péssibility that iiquid'hydrogen could

spill through a broken lower window. The 6niy difficulty was that for more
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than a year, as the design was firmed up and the parts' were fabricated,
none of us cquld invent a way both to illuminate and to photograph the bubbles
through the same window. Duane Norgren; who ﬂas been responsible
for the design 'of_.' all our bubbie chamber cameras, discussed the matter
with me at least once a week in that critical year, and we tried dozens
of s;:hemes that didn' t quite do t‘he. 5ob. But as a result of our many
failures, we finally vcame to understand all the prdblei’hé, and vs}e eventu-~ -
'ally hit on the retrédirecting ,syitem known as coat hangers. This solutiop
came none too soon; if it had been delayed by a month or more, the in._.itiakl
operation of the 72-inch chamber would have been. correspondingly de-
layéd. We took many‘ other calculated risks in designing the systerﬁ; if
we had postponed the fabrication of the major hardware until we had solved
all the problems on paper, the project might still not be completed.
Engi_neefs afe conservative people by nature; it is the. ultimé.te disgrace
to have a‘boiler explode or a bridge collapse. We were therefore fozftunéte
to have Pa‘.ulv Hernandez as our chief engineer; he would se‘ribusly consider
any-thing his physiés colleagues might suggest, ‘no matter how outlandish
it might‘ seem at first sight; ‘He would firmly reject it 1f it couldn' t be
made éafe_, but before rejecting any idea for iack of safety he would use all
the _ingenuity he possessed to make it safe. |

We felt that we needed to build a test chamber to gain expérience
with a single-window sy“stem, and to learn to 'opefate_with Ia hydrogen re-
frigerator;. our earlier chambérs had all used liquid hydrogen as a cool-
ant. We thérefore built and operated the 15'_-inch chamber in the Poweli'

magnet, in place of the 10-inch chamber that had served us so well.
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The 72-inch chamber operated for the first time on March 24, 1959,
very ﬁe'arly four yeafé f1forri the time it "v./as first seriously proposed. |
Figure' 7 shows it at about that time. Tile " start-up team" conéistea of
Don Gow, Paul Hernaﬁdéz‘, and Bob Watt, all of whom had played key roles
" in the initial operation of the 15-inch cha.mbrer. Bob Watt and Glenn Eckfhan
have been 'reSp’ovnsible-' for the operation of all our chambers from the
earliést days of the 10-inch chamber, and the success of the whole pro-
gram has rhost often rested in their hands".'. They have maintained an ab-
solutely safe vzope rating record in the face of very severe hazards, and
' they have supphed their colleagues in the physms community w1th approxi-
mately ten m1111on h1gh quality stereo photographs. And most recently,
they have shown that they can des1gn chambers as well as they have oper-
ated them. The 72-inch chamber was »recently enlarged to an 82-1nch size, .
' incorpofatihg to a large'. extent the design concepts of Watt and: Eckman.

Al though I haven' t domne juétice to the contributions of many close
friends and associates who shared in our bubble chamber developmeat
program, I must now turn to another important phase of our activities--
the data-analysis program. Soon after my 1955 prospectus was finishea,
Hugh Bradner.unde rtook to implement the semiautomatic measuring
machine ‘.propos'al. He first made an exhaustive study of commercially
available.measuring machines, enching techniques, etc., and then,
with Jack Franck, designed the first " Franckenstein." This rather .
revolutionary device has been widély copied, to such an extent that 6b-

jects of its kind are now called " conventional' measuring machines



‘o - -28- UCRL-18696

(Fig. '8). Our fii'sf Franckenstein wa..vs‘ (6peratihg ‘reliabl'y in 1957, and
in the summer of 1958 a duplicate was installed in the U.  S. exhibit at
the " Atoms for Peace' expovsition in Geneva. It excited a great deal of
intere‘st in the high energy physics ‘cOmniu‘hity.'vand a nufnbér of groups
set out to make si.t_nilartﬁa'.éhiries_ based on its design.. Almost everyone
thoilghi: ét first that our provision f'or automatic "tra;gﬁk following was a-
needless waste of money, but over the yea;rs,l that feafure has also
come to be. " conventional. " |

Jack Franck then went on to des.ign the Markv I FranckenSteiﬁ,
fo measure 72-inch bubble cha’.mb'er. film. He had the first one ready
to operate just in time to match the rapid turn-on of the big chamber, and
he eventually built three more of the Mark II' s. Other members of our
group then designéa and perfecte_a thé faster and less bexpensive SMP
system, which added significantly to our '_’measuring power.'" The
'mov_ing:forces in this develoiament were Pete Schwemin, Bob Hulsizer,
Peter Davey, Ron Ross, and B-ill'Hmnphrey. 45 "Our final and i’nosf re-
warding effort to improve our measuring ability was fulfilled several
: ryears. a‘go', when our first Spiral Reader became ope rational. This
single machiné has now measured -rnore than one and a half million high
energy interactions, and ha.s';' together with its almost,identiéal twin,
___measured one and a quartelr»milvlion.-ever‘lts in the last yeaf. The SAA‘B
VCOmpahy h,ebre in Sweden is now building and s_eli_ing Spjral Readers to
European laboratories. | |

The Spiral Reader had a rather checkered 'ca:eer,' and it was on.
several occasions believed by most workers in the fielvd .to have been

abandoned by our group. The basié concept of the spiral scan was
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supplied by Brﬁce McCc;rmick, in 1956. Our attertlpt's to réduce his -
ideas 'to. practice 1">'esulted' in 'fai‘lure, énd shortly after that; | McCormick
moved to Illinois, where he-h'asl since been é'ngagedrin computer develop-
ment. As the cost of'tra;nsistor"ized circuits droppéd'rapidly in the next
years, we trie.d.a._ second timé to ir’npiement the Spiral Reader concept,
usir;g digitai‘techniques to replace the.ana.log devices of the earlier
vma.ch'ine. The second device showed promise, but its "hardfwired ~
Alogic" made it too inflexible, ‘and the unre'liability.of‘its‘ electronic co.m-]
ponents kept it in repair most of the time. The mechanical and optical
components of the second Spiral Reader were excellent, and we hated to.
drop.the whole project simply because the ci—‘-’rcuitty didn' t come up to
the same standard. In 1963 Jack ‘Lloyd suggested that we use one of
the new breed of small h1gh speed, inexpensive computers to supply the
log::Lc and the control circuits for the Spiral Reader. He then demonstrated
grea.t qualities of ieaderShip ‘by'delivel.'invg to our researchk group a m;;chirie
that hta.s performed even better than he had promised it would. In additibn
to his ‘dévvelop‘lrnent of the hardware, he initiated :PCOH, the Spiral Reader
filtering program, which was brought to a high degree of perfection by
Jim Burkhard. The smooth and rapid transition of the Spiral Reader
from a developmental stage into a us eful operétional toél vs)as 1arv’ge1y
the result of several years of hard work on the part of ‘Gerry Lynch and -
Frank Solrmtz. Flgure 9, from a talk I gave two and a half years ago, 46
;hows how the me}_.asuvringvpowex.' of our group has increased vove“r the years,
with .only a modest irtcrease in perstmnel. |

Accordmg to a sxmple extrapolation of .the exponentlal curve we
had been on from 1957 through 1966, we would expect to be measurlng
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1.5 million events per year some time in 1969. But we have alréady
reached that raté and wé will soon be ieveli’ng off about tilére be- |

v’cav'u.se we have _stopi:ed our development wdfk in this ar‘ea. |

The third key ingredient of our deve'ldpinen't.pr'ograrh has B‘eeri

the continually increasing s'dph'isf:icat;ib'n in our utilization of cbmpUters,
as they have increased in c':ompu’ca.'ti.or:lajl.' speed and mémofy cépacity. .
While I can speak from a direct invo.l’verr'i'e'rit iﬁ'the déveiopment of b{1b-'
ble chambers bandr measujrihg' machines, and ‘i.n.thbe physics done with those
't.ools, my relationship to our computer prograrrirﬁing efforts is bla;.rgely
that of an amazed spectator. We were most fortunate that in 'i956:

Frank Solmitz elected to join our .gro_up. Although the rest of the group
‘fhought'of themselves- as exi)erimental physicists, Solrnifz had been
 trained as a thedrist, aLn_d had shown great aptitucie in the deveblopn'ient ‘

" of ’stétistigal methods of evvaluav.tiné'e;cperimrental data. When he saw
that our first Franckeﬁstein was about to oi)e rate, and no compufer i
pr(_)'gfﬁhﬁ Qére ready to handle the data 'i"t'vv“oﬁid::gene'raée , he immediately
‘set out.to r.emedy ﬁhe sitvation. He Wrote HYDRO, our firstv.system’ |
: pfogram for use on the IBM 650 compﬁter. In the succeeding twelve
years he has continued to carry the heavy résponsibility for all our : .
programming efforts. A fnajor breakthrough in the analysis of bubble
chamber events was made in thé years 1957 through 19.59.‘ a In thig pe riod,
Solmitz and Art Rosenfeld, together with Horace Taft from Yale University
and Jim Snyder from Illinois, wrote the first 'fitting routine," GUTS‘,'
whivc_h was the core of our first "'kinematics. program, KICK." To ex-
plain what KICK di(i, it is easiest to””descri‘be what physicis‘ts had to do

Before it was'writ_ten. HYDRO and its successor, PANG, listed for
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each vertex the momentum and space; angles of the t:raé_ks ente'ring or
leavbing that vertex, vtog‘ether witH the calculated errors in these measure-
menfg. A physicist w;)'uld plot the angular coordinates on a stereographic
projeétion of a unit sphere known aé. a Wolff-plot; If he was dealing with
a three-track vertex--and that was ‘all we could haﬁdle_ in those days--

he would move the poin.ts on the spl.lere, within their errors, if pos_sib‘le,A
'~ to make them coplanar. And of course he would simultaneously change
the- momentum va'luesl,. wit_hin.their errors, to insure that thelm'omentuxn
vector triangle closed, and energy was conserved. Since momentum is '
a vector qﬁantity, the various cphditidns could be simultaneously satisfied
only after thé angles and the absolute values of the momenta had been
cha‘nged a nun;lb'er of times in an iterative procedure. The end result N
Qv“as a more reliable set of momenta and angles, constrained to fit the -
conservation laws of energy and momentum.. In a typical éase, ‘an experi- -
enced physicist could solve only a few Wolff-plot problems in a day.
.(Lynn Stevenson had written a specific progr;m, C'OPL_AN,. that solved
- a..' particular Probl_er.n'of interest to him that was 'later-handlediby the
more versatile GUTS.)

GUTS was being written at a time when one highly respected

.visitor to the group saw the large pilé of PANG printout that had gone
unanal‘yzetd because so many of our group members wére writikng
-GUTS--a program fhat'was planned to do the job automatically. Our
visitor was very u"pset. at what he told me was a '""foolish deployment of
our forces.'" He said, ""If you would only get all those people away
from their program writing, and put therh to work on Wolff-plots,

we' d have the answer to some really important physics in a month or
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two." I said I was sure we' d end up with a lot more physics in the
next years if my colleagues continued to write GUTS and KICK. I'm
sure that those who wrote ‘theée pioneering ' fitting and kinematics
programs' were subjecféd to similar pressures. Everyone in the high
ene‘rgy physics community has léng been indebted t‘o these farsighted men
becéuse'thev knew. that what thévaere doing was righf. KICK was sodn -
developed so that it gave an overall fit to several intercvci)nnec't‘e‘d' ver.tices,
with various hypothetical identities of the several tracks av.ssur‘r'ied in a
sex;ies of attempts at a fit. 'The relationship between energy and mo-
mentum depends on mass, so a highly consfraineci fit can be obtained
only if the particle responsible for each track is properly identified.
If the dégree of constraint is not so‘high, .more fhan one "hypqi:hésis'l
(set of track ide’ntifi'cations).rha.y give a fit, and the physicist must use
his judgr;lent in making the identification. |
As another example in this all—toé -brief sketch of the computational
aspects of our work, I will me'ntion an important program, initiated by
Art Rosenfeld and-Ron Ross, that has removed much of the remaining
drudgery from the bubble chamber physicists'. 1ife. SUMX is a program
that can easily be instructed to search quickly through large volumes of
o kinema;.tic‘s program outpuf, " printing out summaries and tabula’tiohs of.
interesting data., (Like all our pioneering pi;ograms, SUMX wa's replaced
by an irnpfoved and more versatile program—in this case, KIOWA, But -
I will continue to talk as though SUMX were still used.) A typical SUMX
printout will be a computer-printed document 3 inches thick, with

hundreds of histograms, scatter plots, etc.
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" Hundreds of histograms are éimiiarly px;infed showing numbers
of events with effective masses for many different combinations of
paréicles, with Vvafious '""cuts'' -on momentum transfer’, etc. What all
thié amounts to is sindply that a physicist is ﬁo longer rewarded for his
ability in deciding whé,t hiétograms ‘he should tediously plot and then
exar.nine; ‘'He simply tells the"éomp;lter to plot all histograms of any
possible significance, and then flips the pages to see which ones have
interesting features.
' One of my few real interactions with our programming effort
cz;me when. I sﬁggested to Gerry Lynch the need for a program he wrote
that is known as GAME. In my work as a nuclear physicist Be;fore
World War 1II, I had often been skeptical of the significance of the
""bumps' in histograms, to which importance was attached by their
authors. I developed my own criteria for judging statistical signifi-
~cance, by plotting simulated histograms, assuming the curves to be
smooth; I drew several samples of ”'_Monté'»Carlo distributions, ' using
a table of random numbers as the generator of the sémples. I usually
found that my skepticism was well founded because the ''faked' histo-
grams showed as much structure as the published ones. There are of
course many statistical tests designed to help one evaluate the reality
of bumps in histograms, but in my experience nothing is more con-
vincing than an examination of a set of simulated histograxhs from an
assufn_'ed sm'ootfl distribution.- |
GAME made it possible, with the aid of a few control cards, to

generate a hundred histograms similar to those producéd in any partic-

ular experiment. All would contain the same number of events as the
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~ real experiment, 'aﬁd_ wéulci ~bé. Ba‘s'ed'br;_l‘ a émooth curve “through the ex-
perimental data. The standard procedi;re is fo ask a group ><.3f physiéists
t§ leaf thro'ugh the l;OOhiétogra’fns--WithI the experimeﬂtal histogram
somewhere in the pilé—-and vote .on the apparent s‘ignificanvce of the .
statistical fluctuations that appear. Thev'fir_st.time thi_é- was tried, the
expérimenter--who had félt édnﬁde;’lt‘t?:hvat hiév bump was significant--"
didn' t know that his own histogram was in the pile, and did.ni t pick it
out as convincing; ‘vhe picked out two .of the corhputer-gen_erated histo-
grams as looking s_ignifiéant, ’arvxd pronounced all others-b-including his
own--as of no significance! In ‘viéw of thvis example, one can appf’eci_ate
how many retrac-tilons of discovery claims have beén avoided in our‘
group by the liberai use of the GAME 'program.

As a final,exﬁmple from our pvrog‘ram ‘l'ibrary, I' 11 mention
FAKE, ‘which, like'SUMX, has been widely used by bubble chamber
groups all ovéxf the world. FAKE, written by Gerry Lyync':h, -generates
simulé;ted measurements‘ 'o_f bubble chamber events to provide a method
of testing the analysis pfograméto determine h_ow~ frequently they arrive
at an incorrect answer. | ‘. |

| Now that I hé.{re brought you up fo date on our parallel develop-
ments of hardv.v_are. and softwaré (cémpﬁter programs), I can tell you
what rewards we have Areaped‘,‘ a.é physicists, from their ﬁsé. The
| work we did with the 4-inch _charr#be'r at the 184-inch cycldfron and at
the Bevatron cannot be dignified by th"e "des.ignat.ion' " experiments, " but
it did show examples of"n'—p-.e de_céy and neutral strange-particle deca.y.
The expériences we had in s,c;anning the. 4-inch film merely whetted our

v vappefite for the excifing physics we felt sure would be manifest in
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the 10-inch chamber, when it came into operation 1n Wilsbn Perll' s
big magnet. ‘
"Robert Tripp joined the group in 1955, and as his first ctor}t;rib'u-
tion to our program he designed at Sépa_rated'beam" of negativé K
mesons thét would stop in the lO-inch 'E'chamvber. We had two different
reasons for sta"rting our bubble .lcha;nber' physics program with obser-
vations of the behaQior of K ‘mesons stopping in hydrogen. The firét
 reason involved physics: The 'behaviof-'of stopping ™ mesons in hydro-
gen had been shown by Panofsky47 and ‘his co-workers to be a most
fruitful source of fundamental knowledge concerning pa.rticle. phys.ics.
"The second reason was of an engineering nature: Only one Bevatron
""straight section'' was avaﬂable for use by physi’c'ivsts,. and it was in
constant use. In order not to interfere with other users, we decided té
set the 10-inch chai'r_lber close to a curved section of the Bevatron, and
usé secondary particles, from an internal target, that penetrated the
wall of the vacuum chamber and passed between neighboring iron vblo>cks
in the return yoke of the Bgvatron magnet. This physical arrangement |
gave us negative particles (K~ and = mesons) of a well-defined low
momentum. By introducing an abs_orber into the beam, we brought the
K~ mesons almgst to rest, but allowed the lighter # mesons to retain
a major fraction of their origivnal rﬁomen@m. Thg Powell magnet pro-
vided a second bending that brought the K™ mesons into the chambef,
but kept the 7~ mesons vout. That was the theory of this first separated
beam for bubble chamber use. But in pracfice., the chamber v;ras filled
with tracks of pions ané muon‘s , and we ended up with only one stqujed

K~ per roll of 400 stereo pairs. It is now common for experirnentefs
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to stoi) one million K~ mesons in hydrogen, in a single experimental
‘run, but the ‘13'7:£‘I.{-'r‘nésonvs we >st‘oppc‘ad in 19568 gave us.a remarkable
pré_viéw of what Has_ now been learned in the much longer exposures. We
megsuréd the relative bf#nc#ing ratio lof K™+ p into
=7+ as Z)+1t": 29 40, A + w0,

And in the process, we made a good méasu_remént of the Z° mass.
We plotted the first decay curves for the >Z+ and Z - hyperqns, and
we observed for the fixfst time the interactions of =~ hype'rons and
protons at rest. 'We felt amply rewarded for our years of developmental
work on bubble chambers by the véry intergsting observations we We.re
now brivﬂe'ged to make.

| We had a most exciting experience at this time, that was the
‘result of two ciréumstances that no longer obtain in bubble chémber
phyéics. In the first place, we did all our own scanning of the photo-
graphic film. Such tasks arev now carriéd out by professional scan-
ners, who are carefully trained to recognize and record " interesting
events." We had no professional scanners at the time, be:cvause we
wouldn' t.have known how to t:air} them before this first film Became
available. And even if they had been trained, we would not have let
. them look af the film--we found it so completely absorbing.that there
‘was always someone standing behind a person using one of our few film
viewers, 'feady to take over when the first person' s eyes tired. The
second circumstance that made possiblé the accidental-dis'coveryv I
am about to describe was the very poor quality'of our se';iarat'ed K~

beam--bir modern standards. Most of the tracks we observed were
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rﬁade by negative pioné or muons, but we also saw many positively
'éharged parti..cles‘«--protcins, pions; and muons. :

At first we ke"pt no'rc;cords of any events except‘those ‘involving
strange particles; we Would look quickly at each frame in turn, and shift
‘to the next one if no " intereéting event''" showed up. In doing this scan-
mng, we saw many examples of 1r+;p+-e+ decays, usually frqrn a pion
at.x_'est, and we soon learned about how long to expect the p.+ track to
be--about 1 centimeter. I did my scanning on a stereo viewer, so I :
probably had a better feeling for the length of a'p.+ track in space than
did my collegues, who looked at twoe projections of the stereo views,

- sequentially. Don Gow, Hugh .Bradbne'r, and I often scanned at the same
time, and we showed each other whatever interesting events came into
view. Each of us showed the others examplés of what we thought was

‘an unusual decay scheme: m > u~ —e". The decay of.a - at rest
into an e, in hydrogen, was 'expecte& from-f;he early observations by
Conversi et al., 3 but Pa.nofsky47 had shown that a m meson couldn't
decay at rest in hydrogen. Our first explanatibn for our observations
was simply that the pion had decayed just before stbpping. - But we
gradﬁally became convinced that this ‘_explana'tion really didn' t fit the
facts. There were too many muon tracks of about the same length, and"

.none that were appreciably longer or shorter, as the decay-in-flight

'hlypothesisvwould p'redict. We now.began to keep records of these |
" anomalous decays,".' as we still called them, and we found occasional

| examples in which the muon was horizontal in the éhamber, so its length

- could be measured. (We h‘a‘d as yet no way of reconstrﬁcting tracks in

space from two stereo views.')n By comparing the meastred.length of
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the negative muon track with that of its ‘more normal positive counter-
'part, we estimated that the vrié_ga'tive' muons had an energy of 5.4 MeV,
rather than the well-known positive muon 'énergy "('from_-'pbsifive piqi_1 '
decay at rest) of 4.1 MeV. Thi.s confirmed our earlier suspicion that -
the long prlmary negatlve track couldn' t be that of a pion, but it left
us Just as much in the dark as to the nature of the prunary. v

After these observatmns had been made, I gave a seminar
'describing.what we had obsez;ved; and.sugg.est.in.'g that the prim#ry might’
be a previoﬁsly unknown weakly interacting particle, heavier than the
‘pion, that decayed iﬁto a muon and a neutral pafticle, either neutrino
or photon. We had just made the surprising observation, shown in -
Fig. 10, that there was often a gap, measured in r'r_ﬁ_llimeters‘, between
the end of the prifhafy and the beginning of the secondé.rjr. - This finding
N sug_gested diffusion by.a. rather long-lived negative particlg that orbited
around and neutralized one of the protons in the liquid hydrogen.. We had
missed many tracks with these " gaPS" ‘because no one had seen such a
thing before; we simply ignb_red such track configu'ration's by s.ubcon-‘ ‘
sCiouslf assuming that.they were uhas sociate.c.i events in a baaly éluttered
. bubble chamber.

One evening, one of the members of ou;; research team, 'Harol.ci
Tichb from our Los Angeies campus, was dining with Jaé:k Crawford, a
~ Berkeley a.str0physi:cist he had known when .they were stﬁdents- togéther.
- V'I'hey discussed our observatiéns at.some length,. and Cra;wfo_rd suggested
the possibility that a fusion reaction might somehow be respon.sibl'e for the
, phevnomenon. They calculated the energy released in several such re-

actions, and found that it agreed with experiment if a stopped muon were
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to be‘v binding together a proton and a deuteron into an HD p_—moleéular
ion. In‘sucha " mulecule" the proton and deuteron would be brought
into such close plroximity for such a long time that they would fuse into
3'HAe, and could deliver their fusion energy to the muon by the process

of internal conversion. However, they couldn' t think of any mechanism
thai would make the reaction'happe.n so ofte‘n-—the fra_ction of deuterons
in liquid hydrogen is only 1 in 5000. They had, however, correctly
identified the reaction, but a key‘.ingredient-in the theoretical explana- -
tion was still missing.

The next day, when wé had all accepted the idea that stopped
muons were catalyzing the fusion of protons and deutéron‘s, our whole
gfoup pai.dv a visit to Edward Teller, at his home. After a ‘shért period
of introduction to the observations and to the proposed fusion reaction,
~ he ‘explained the high probability of the reaction as follows: the stép‘ped
muon radiated its way into the lowest Bohr orbit around a proton. The
resulting muonic hydrogen atom, pp , then had many of the properties
of a neufron, and could diffuse freely through the liquid h}‘rdrogen. When
it came clo;e to the deuteron in an HD molecule, the muon would trans-
fer to the deuteron, because the .ground state of the p d atorﬁ is lower
than that of the B p atom, in consequence of ' reduced fna.ss” effeét.
The new ' heavy neutron' dp- might'then recoil some distanée as a re-
sult of the exchange "r’ea'.iction,v thus exPl#ining the '"gap. " The final
stage of captﬁre of a protoh into a pdp” molec.ular ion was also energeti-
cally favo_fable, so a proton and deutéron cpuld now be confihed. close
cnough together by the heavy negative muon to fuse into a 3He nucleus

plus the energy given to the internally converted muon.
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We had a short but exhilal}'ating’“éxperience when we thought we had

solved all of the fuel problems of mankind for the rest of time. . A few
hasty calculatio_ﬁs indicatea that in liquid HD a single ﬁegativé muon
would catalyie enough fusion reactions before it decayed to supply the
energy to operate an ac'celeré,tor to produce more muons, with 'eriérgy
left over after making the liquid HD from sea water. While eve ryone
élse had been trying to solve this problem by heating hydrogen plasmas
to millions of dégrees, we had apparently stumbled on the solution, in-"

volving very low temperatures instead. But soon, more realistic esti-

mates showed that we were off the mark by several orders of magnitude--

|
a ""near miss' in this kind of physics! o [

Just before we published our results, 49 we 1earneLi that the
"W-catalysis' reaction had been proposed in 1947 by Fraﬁkso as an
alternative bexpla'nation of What Powell et al. .had éésiuned '(cor'rectly)
to be fhg decé,y of TIL+' to p.+. Frank suggesféd that it 'might be the re-

action we had just seen in liquid hydrogen, sta‘rting with a p, rather

than with a ot Zeldovitch51 had extended the ideas of Frank concerning

this reaction, but because their papers were .not‘ known to anyone in
Berkeley, we had a great deal of f)ersonal pleasure that we otherwise
would have missed.

I will conclude this episode by Anoting that we immeciiately in-
creased the deuterium concentfation in 'our'liquid hydrogen and observed
the exﬁected incréase in fusion reactions, and saw t1Wo examples of suc-

cessive catalyses by a single muon (Fig. 11). We also observed the

3

catalysis of ‘D+D - “H+ 1H in pure liquid deuterium.
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A few months after we had announced our P-catvalysis' results,
the world of particle .physic.s’was shaken by the discovery that parity
was not conserved in Beta deca}vr.‘ Madame Wu and hef collaborators, >
acting on a suggestion By Lee and Yang, 53 showed that the  rays fr.om
tile-decay of oriented 60Co nucleilwere‘evrnittedf preferentially in a di-
rection opposite to that of the spin.- Lee and Yé.ng suggested that parity
noncoﬁservation might alsomanifesf:vitgself in the weak decay of the A
hyperon into a proton plus a negative pion. Crawford et al. had moved
the 10-inch chamber into a negativé pion beam, and were analyzing a
large safnple of A' s from associated production events. They looked
for an '""up-down asymmetry' in the emission of pions from A’ s, rela-
tive to the ''normal to the productidn plane,' as suggested by Lee and

Yéng. As a result, they had the pleasure of being the first to observe

' - parity nonconservation in the decay of hyperons.

In the winter -of 1958, the 15-inch chamber had completed its

engiheex"ing test run as a prototype for the 72-inch chamber, and was

- operating for the first time as a physics instrument. ‘Harold Ticho,

Bud Good, and Philippe Eberhard>> had designed and built the first
separated beam on K~ mesons with a momentum of more thén 1 Gev/e.
Figure 12 shows the appearance of a bubble chamber when sucfl a beam
is passed through it, and when one or both of thé electrostatic separators
are f:urned off.. The ingenuity _Which ‘has been brought to bear on the
problem of beam separation, la_.r‘gely by Ticho and ,,Murr‘ay,v is difficult

to irhagine, and its-importance to the success of our program ca,nnét

be overestimated. >3 Joe Murray has recently joined the Sta‘nfor_d

Linear Accelerator Center, where he has in a short period of time
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built a very succes’sf,ﬁl radiof_requency-_separatedvK beam and a back-v
scattered laser beam. "

The first prdblem we- atta.CkedIIWit'h the 15-inch chamber was
that of the E.‘d . Gel_l—Ménn had predicted th‘af thé = 'was_ one member
of an I-spin 'doublét_, with strangeness .mi:nus 2, - The p'redic'tedv‘-partner

of the = “would bea neutral hyperb.n that decayed into a A and a 79 --

both néutra_l particles that would, like the E°, leave _nb track in thé
bubble vvch'a‘rnber. A few yéars, earlier, as an after-dinner speaker.at

a physics cc;nferehce, _Victo{r'lVrV‘e‘isskopf had"?brough’c down the ﬂoﬁse"
by exhibitihg an absolutely blvar‘ik éléud chamber photograph, and saying
-that it represented pfoof of j:he decay of a new neutral pa'rticle into two ‘
ot};ervnéutral particlgs! And nov.v we were ‘seriously .‘planning to do what
had been éo__nsideréd patently ridiculous ohly»a fe_i:v_y'ears earlier.

According to the Gell-Mann and Nishijima strangeness rules,

the =9 should be seen in the reaction

K +p—+E° + K°
o,
N+w Comotme,
'n'7-+p_

In the one example of th}isI reaction that we observed, Fig. 13, the
charged pio‘ns_ from the decay.of'ﬁherneuti;al K?° yielded a mé§Suremeﬁt

_ 6f the energy and direction bf. the unobserved K° . 'Through the consefva-
tion laws of energy and ?nomenfum (plus a measurement of the momentum
of the interacting K-‘ track) we coulvd’calcuvlatevthe ma_'s.s‘ of the coproduced
'E °v hYperon plus its velocity and direction of motion. Similarly, meas-

urements of the m~ and proton gave the enei‘gy and direction of motion

vy
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of the unobserved A, and proved that it did not come directly from the
“point at which the K~ meson interacted with the proton. The calculated
flight path of the A intersected the calculated flight path of the E°,
" and the angle of intersection of the two unobserved but calculated tracks
-gave a confirming measurement of the mass of the =° hyperon, and
pr(;_.ve.d that it decé,yeci into a A plu‘s a w%. This single hé.rd -won event
was. a sorf: of tour de force that demonstrated clearly the power of the

.liquid hydrogen bubble chamber plus its associated data-analysis

techniques.

0 was observed in the short time the 15-,

Although_ only one 5
iﬁch chamber was in the separated K~ beam, large numbers of events
showing strange-particle production were available for study. The
Franckensteins werek kept busy around thé clock measui‘ing these events,
and those of us who had helped to buil.d and maintain the beam now con-

‘ ceﬁtrated our attention on the analysis of these reactions. The most‘
copious of the simple ' topologies" was K p— two charged prongs plus
a neutral V-particle. {&ccording to the strangeness rules, this ’Eopology
could represent either |
K +p—-A e
T 4+ P
or |
K> p- RO ptn
nes |

The kinematics program KICK wés now available to diétinguish

between these two reacﬁons,.'and t<; eliminate those examples of the

0

same topblogy in which an unobserved m° was produced at the first
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vertex. SUMX hafdtr‘iot. yet been wri.tt.'en,'iso the labor of él‘otting histo-
-grams’was as sumed by the two very able graduate students who had Been
associated with the K~ beam and its ex'posu.re"' to the 15-inch chamber
since its planning stages: Stanley 'Wojcicki and Bill Graziano. They
first concentrated their attention on the energies of the charged pions
fror'n the production vertex in the first of. the two reactions listed above.
Siﬁce there were thfe_e pe.'rficles produced at the vertex--a charged pion
of ecach sign plus a !'A‘--"one» expeCted to find the energieé .of'eiach of the
three pé.rtié‘l_e's distribﬁted in a smooth aﬁd"ealculable way from- a mini-
mum value to a inaxirﬁum value. The calcﬁlated curve is known in -
particle physics as the " phase-spac:e dietribution. " The decay of a

T meson into fhre_e charged pionsv'was ‘a well known " three-pé.#‘ticle re-
action" in which the di.ete.fe_'s' of phase space were rathe'i' precisely fol-
lowed. |

But when Wojcicki and Graziano finished tran_scribihg their data
from KICK printout in.to histogfams, ‘they found that phase-spa}ce distri-
butions were poor approximétiqns to wh'atbthey' observed. Figure 1\5
shows the distribution of energy of both positive ‘and negative mesons,
together wifh the corr‘esvpohding " Dalitz élot, '" which Richard Da.litz5.6
hed originated to elucidate the " 'r-9'lpuzz1e, " whieh had in turn led to
Lee and Yang's i)arity-nohconse;vation hypefhesis.

The peaked dep.artufe from a phase-space distr-iﬁution. had been
observed only once before in partiele physics, where it had distinguished
the reaction p+ ia—— n'+ -}-_d'_from th_'e '""three-body reacti’ox}" ptp— 7T++p+ n.
(Although no new particles were discovered in these reactions , they did

contribute to our knowledge of the spin of the pion. 57) But such a peaking
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had been observed in the earliest days of experimentation in the artificial

disinfegration of nuciei, and its explanation was Known from that time.
Oliphant 'and"Rutherford58 observed the réaction pt 11B - 3 4He. This
is a three-body reéction, and the enérgieS' of the a particles had a phase-
space-like di.stributibn except Vfrqr..the'fé.ct.: that there was a sharp.'spike

in the energy diétributibn at the hig};est a-particle éne‘rgy.b This was

>8 to the reaction

‘_p+llB»8Be +4He

4He+4He

In other words, some of the reactions proceeded via a _tWo-body reaction,
in which one « particle recéil»edIWithv unique energy against a quasi-
stable" sﬁe ‘nucleus. But the 8Be' nucl‘eus was itself unsfable, coming
apart in 10"16 secoﬁd into two « particles of low relati\}e energy. The
proof of the fleeting existehcevof 8Be was the peak in the high energy
a-particle distribution, showing that initially only two particles, 8Be

and 4He, participated in the reaction.

The peaks seen in Fig. 14 were thus a proof that the 7* recoiled
against a combination of A + 'n':i:' that had a unique mass, broadened by
the .vef'fects of ';he uncertainty principle. The mass of the A combination’
was‘ easily calculab'le. as 1385 MeV, and the I-spin of the system was ob-v

viously 1, since the I-spin of the A is 0, and the I-spin of the m is 1.

- This was then the discovery of the first " sfrange resonance, ' the

YT(1385). ~ Although the famous Fermi 3, 3 resonance had been known
for years, and although other resonances in the m nucleon system had

since shown up in total cross section experiments at Brookhaven and
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Berkeley, CalTech and Cornell59 the impact of the YT'resonance on the

thinking of particle thsicists was quite different--the Y1 really acted

hke a new particle, and not 51mp1y as a resonance in a cross sect1on

We announced the Yl at the 1960 Rochester ngh Energy Physms
Conference, 60 and the hunt for more short-lived partxcles began in
earnest. ‘The same team from our bubble chamber group that had found
the Y (1385) now found two other strange resonances before the end of
1960-the K*(890),°! and'the Y} (1405). 62

~ Although the authors of these three papers have for years been
referred to as " Alston et a1. ,"" I think that on this occasion it is proper
that the full list be named explicitly. In addition to Margaret Alston
(now Margaret Garn_]ost) and LulS W. Alvarez, and still in alphabe’ucal
order, ‘the authors are:

Philippe Eberhard, .Myron.‘L." Good, William Graziano,

Harold K. Ticho, and Stanley G. Wojcicki.

Frguree 15 and.16 show the hisfograms from the papers announcing
these th new particles; the K#= was the first exarnple of a ""boson
‘resonance'' found by any tecihnique.‘ Instead of plotting these histo-
grams against the energy of one particle, we introduced the now I ,
sally accepted technique of plotting them against the effective mass of '
| the composite system: Z +m for the Yz(1405) and K + m for the
K (890). F1gure 17 shows the pres»ent state of the art relati_ve to the
K {890); f:here is esse"ntially no phase-space background in this histo-
gram,..and the width of the resonance is clearly measurable to give the

lifetime of the resonant state via the uncerfainty principle.
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These three earliest examples of strange-particle resonances
all had lifetimes of the order of 10™2> second, so the particles all de-
cayed before they could traverse more than al few nucl'eé.r radii. No one
had foreseen that the bubble chamber coulyd ‘t.J‘e used to investigate par-
ticles with such short lives;. our chambers had been designed to investi-
gat;a the strange par__ticles with lifet'imes ovaO-.l~(-)_ seco‘nd—-lol-:.3 time‘s..
as long. |

In the summer of 1959, .the 72finch chamber was used in its

first planned physics experiment. Lynn Stevenson and Philippe Eberhard

‘designed and constructed a 'separated beam of about 1.6-GeV/c antiprotons,

and a quick scan of the picturés showed the now famous first example of

- antilambda production, via the reaction

ptp>A + A
1r++-f3- Tf-ip
| Figure 18 shows this photograph, with the antiprdton from the
antilambda decay annihilating in a four-pion event. I believe that évery-
one who attended the 1959 High Energy Phyéics Conference in Kiev wili
remember the showing of this photograph--the first interesting event
from the newiy operating 72-inch chamber.
| Hofstadter's classic experiments on the scatteriﬁg of high ené'rgy
electrons by protons and neutrons()3 showed for the first time how the
electric charge was distributed throughout the nucleons.. vThe theoretical
interpretationv -of fhe experimental results64 required the existence of two
new particles, the vector mesons now known as the w and the p. The

adjective ''vector' simply means that these two mesons have one unit

of spin, rather than zero, as the ordinary v and K mesons have. The
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w was pqstulaféd to have I-spi'x;' = 0, ahci:__the 'plnto.‘hvva’.vq 'I;.spin = 1; the
w would theréfore exist only in the ﬁeut;al state, wh‘ile' the p would - L
6ccur in thé_ +, -, and 0 charge'd“st-ates." |
Many experirn'entalis-;cs, uSing_ a hul;nber of tec’hniqu'es; set out to
find these important patti_cl_es, whose masses were only roughly pfedicted.
'I_‘hé first sueéess came to Bo.gd.an Magli&, a visitor to our group, ‘who
analyzed film from the 72 -inch chamber' s antiproton exposure. He
made the important cieci’sioh to concentrate his aftentiori on proton-
antiproton 'annihilatidns into five /piqns_ --two negative, two -ébs itive, and
_one n_eutral._; KICK gavé him a selected sample of such events; the
‘tracks of the 70 couldni t be seen, of course, but the constraints of _-
' the conservlation laws pernﬁtted its enefgy and direction to be computéd.
Maglit then plbtted a l;liStogram of .the efféctivé vmass of all neutral
threke-pion comi)inations. ,Ther'e wére four such néutral comﬁinations
-for each event; fhé néutral. pion was fakeri each time togethéf with all
four possible pairs of oppositely »c'harg‘evd pions. SUMX was just be-
ginning to work, and still had bﬁgs in it, so the preparation of the e
_ histogram was a Very t'eciioﬁs and time_-clonsuming chore, but as it |
slowly emerged, M.aglif: had the thrill of seeing a Bump appear in the
side of his phése—spa'ce d‘i.s'tribution. Figure 19 shows a sfnall portion
of the whole diétributions, with the peak that signaled the discovery 'o:f L
_the Qery irriportant-: © meson. o | N '
Althouglh Bogdan Maglif:_ originated tl-l‘ve. plan for this search, and
pushed through the vmea.s‘uremen‘ts by himself, he graciously iﬁsisted
that the paper announcing his discoveryés should be co‘-au.thored by
three of us who had developed the chamber, the bea'm, and the analysis

program that made it poésible‘.-
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The 'p meson is the only one from this exciting period in the
development of particle physics whose> discovery cannot be assigned
uniquély. In our group, 'th€ two Franckensteiﬂs were being used full
tixﬁe on problems that the sénio_r members felt had higher priority. But
a team of junior.~ physicists and graduate students, Anderson et al., 66
foux;d that they c-ould make aécurate; enbbugh measurements directiy on
the scanning tables to accomplish a " Chew-Low extrapolation.'" Chew
and Low had described a rather complicated procedure to 1ook for the
prédicted dipion resonance now known as the p meson.i Figure 20
shows the results of this work, which convinced me that the p existed
and had its predicted séin of 1. The mass. of the p wa.s. givén as about
650 MeV, rather than its now aéceptéd value of 765 MeV. (This low
value is now explained in terms of the extreme width of the p resonance. )
The evidence for the p seemed to me even more convincing than the early
evideh_ce Fermi and his Co-wdrkers produced in favor of the famous 3, 3
pion-nucleon resonance.

But one of the unwritten laws of physics is that one really hasn't
made a discovery until he has convinced his peers that he has doné SO0.
We had just persuaded high énergy physicists that the way to find new -
particles was to look for bumps on effective-mass histograms, and

some of them were therefore unimpressed by the Chew-Low demonstra-

tion of the p. Fortunately, Walker and his vc':ollaborato'rs(ﬂ at Wisconsin

soon produced an effective-mass ideogram with a convincing bump at
765 MéV, and they are therefore most often listed as the discoverers

of the p.
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Ernest Lawrence very early 'establis‘h'ed the tradition ._t'hat'his
laboratory would’sha're its 'resources with others ontside 'bits walls. He
supplied short-lived radi'Oactiye materials to scientists in all depart- |
ments at Berkeley, and he vsentvlong‘er-‘-:lived sarnples to laborato‘ries :
throughou_t the world. The first artiﬁcially created elerne'nt, 'tech‘netium,
was found by Perrier and Segre, 68 who.did the_ir work in Palermo,
S'icily.' They'analyzed the radioactivity ina molybdenum 'deflector strip
- from the Berkeley 28 1nch cyclotron that had been bombarded for many
mornths by 6-MeV deuterons.

We followed Ernest Lawrence's example, and thus part1c1pated
vicariously in a number of important discoveries of new particles. The
first was the n found at Johns Hophins, by a group headed by
Aihud Pevsner. 69 They analyzed f1lm from the 72- 1nch chamber, ‘and
found the mn with a mass of 550 MeV, decay1ng into Tr+1r w0, W1th1n a
few weeks of the'dis covery of the ‘M, Rosenfeld and his co -workers70
at Berkeley, who had 1ndependently observed the m, showed quite
unexpectedly that 1 sp1n was not conserved in its decay. Figure 21

shows the present state of the art w1th respect to the w and

1 mesons; the strengths of the1r-51gnatures in this smgle hlstograrn is-
in marked contrast to their first a.pi)earanc'es in 72‘-lnc’:h bubble chamber.
experiments. | |

| 'In the short interval of timebetween the first and second publi- |
cati_ons on the uts the discovery of the Xz(ISZO) was announced by Fer_ro—
Luzzi, Tripp, and_AWatson,‘_n_"usin‘g_ a new and ele__gant method. Bob
Tripp has continued to beAa.l'eader in the application of powerful methods
of analysis to the study of the n.ew particles. |

_ The discovery of the = >,:(1530) hyperon was accomplished in

Los Angeles by Ticho and his associates, ?2 using 72-inch bubble_ chamber
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film. Harold Tieho had spenf most of his time in Berkeley for several
years, working tire.lessly oh evefy- phaée of our work, and many of his
colleag'ues had helped prepare the 'high energy lsepara"'ced. K~ beam for
what came to be known as the K72 exﬁeriment. The UCLA group analyzed
the two highest#momentum K~ e#posufes in the 72-inch chamber, and
fotind the = *(1530) just in fimevto xleport 1t at the 1962 High Energy"
Phy,svics Conference in Gene.va. (anfirming evidence for fhis: ‘resonance
soon came fro¥n .Brookhaven.’73) |

 Murray Gell-Mann had reeentIY'e_nuneiated his importaﬁt ideas
concerning the " Eightfold Wa.y,"’74 but his paper had not gene:ated the
interest it deserved. It was soon learned that Ne'eman had pu_blished
the eame suggestions, independentif. 5 |

The announcement of the = *(15.30) fitted exactl}‘r with their pre-‘ |

dicfions of the mass and other properties of that particle; One of their

suggestions was that four I-spin multiplets, all with the same spin and

- parity, would exist in a "decuplef" with a mass spectrum of " lines"

shewing an eqhal spacing. They put the Fermi 3,3 resonance as the

lowest mass member, at 12.38 MeV. The se.co4nd member was the

Y::(1385), so the third member should have a mass of (1385)+ (1385 - 1238)

= 1532, - The strangeness and the multiplicity of each member of the

'spectrun'l was predicted to drop 1 unit per member, so the = *(1530)

fitted their predictiens completely. " It was then a matter of simple
arithmetic to set the mass, the ét;‘a-ngeness, 'a.‘nd‘the 'charée of the final
member--the 2. The realization that there was now a workable theory
in partiele physics was probably the high point of the 1962 International

Confe rence on High Energy Physics.
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Since the second and thi,rd members of the series—-fhe one:s thai:
permitted the predicfion.of the-properties of the 2 to be made--had come
out of our bubble ch_am'be.r, it was a matter of grveat'dis_apvpoihtment to us
that the Bevatron energy was insu.ffic.i'ent to permit us to look for the Q_.
Its. widely acclaimed discqve ry76 _hva_.d to Wait' ah’no_s"t. two years; until the
80-i'nch chamber at Brookhaven ‘canjle into operatioh. ‘

| Since the name of the © had been -pic}eed to indicate .thé.f it was
the last of the particles, the mention of its discovery is a logical éoint
at which to conclude this lecture. I will do so, but not because the dis- .
covery of the {2 signaled time end df. what is sometimes called fhe popﬁlation
vexplosion in particle physics--the latest lis_t'77 contains 'vb.etwe‘eﬁ 70 and
100 Vparticle multviplet‘s, | depending upon the degreev of certainty one de-

mands before "

ce'r'tifieation. " My reason for stopping at this point is
Simply.j;hat I have dis.cus'sed most of the i)articlee found by 1962--the
v o_hes that were used by Gelll-Mann and Ne'eman te formulate their SU(3)
theories--and things became‘ much to,ovbvinvolved' after that time. Se many
groups were then in fhe‘ "b'ump'—huxﬁting bl;s'i;les's?' th_at‘ mo-ét discoveries
of new resonances were made simulte.neously in tvs./o or more laborateries.
Iam sorry that I have neither the time nor the ability to tell you ef
the great beauty s}_nd the povvwer that has been brought to particle physics |
b;)r our theoretical friends. But I hope that before iong, you ﬁll hear it
difectly from theni. |
In conclusmn, I would like to apeloglze to-those of my colleagues
| and my fr1ends in other laboratones, whose unportant work could not be

mentioned becauae of time limitations. By making my pubhshed lecture

lonber than the oral presentatmn, I have reduced the nu.mber of apolooles
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" that are necessary,.but- ‘u_nfortunately I could not completely eliminate
such debt's..' o |

The three main features of the annual Nobel Festival are the
presentation ceremonies at t_h‘e 'C'onc_e‘.rt'Hall on December 10th, the
banquet directly following at thé Town Hall, and the Nobel Lecture the
ne:ét day, ;;vhich I have just fin_ishecil., At fhe conclusion of the banquet,
each Laureate is allotted three -minutes for any remarks he may wish
to make. These are'.normally to be found o.nly in " Leé Prix Nobel, "
but I would like mine té vbe. éppendea to my published lecture, as a. |
part thereof: | |

_Your Majesty, your ‘royal hi‘ghhes.ses, your excellencieé, ladies
and gentlemen: I learnéd- much of the Physics I know fr.:omvtwo men who
preceded me to this banquet ta'ble--Arthur C_omptori and Ernest Lawrence.
Because Ernest La.wrence's award came in'the war years, I had the vun-
usual opportunity of attending his Nobekvl Prize pfe'sentation ceremony. -
The Swedish Ambassador to our country came to California té represent
his King. I remember the pleasuré and satisfactionI had in.‘hearing my
friend and Laboratory director mention some of my own work, that had
contributed in small measure to the broﬁd picture of Ernest Lawrence's‘
great influence on mcv)de'rn Physics.

One indicator of Ern‘est Lawrence's influence is the faét that ‘I
am the eighth member of his laboratory staff to receive the highest -
award that can come to a scientist--the Nébel Prize. I am deeply
grateful to the'Royal. Swedish'ACademyvof Science for judging me
worthy to be associated in this way with my esteemed colleagues, and
with the “'ovthe-r distinguished :physicists who have sat at this table in

years past.
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Iam particulafly happy that a _riufnb'ér of my young célieagues
- are here tonight to shar'e with me the great recognition that our joint -
éffqrts over ;the years has juét been aécorded. We all appreciate that
the Prize must be given.to a pér“son, rather than to a group, but we are
all honest enough with each bthér _fo understand just how much of a group
eff.ort ouf work reaily was, I was.afrai'd that this knowlgdge. might be a
sort of private Secfgt between u's, so I was delighted tolhe‘,avr my old
friend Sten von Friesen refer this afternoon to " a whole series of
discoveriés made :by Alvarez' group in Berkeley.'" That is the way I
renmem'berl it, and because of my previous experience at fhe ceremony
in Berkeley almost thirty yéé.fs z;go, Ifeel particularly close to my
| colleagues assembled here tonight. ‘. .

In addition to my teachers and my colleagues, I would like to:
mention ohe other pei‘son whé sha.re.s eéually in the reépo_nsibility for
my présencé here tonight. Janet Landis came to work invmy group in
the summer of 1957 when our first bubble chamber was churning out
its earliest pictures. | She scanned and measured the phofographs, she
vope.rated the compufer, and she later frained and supervised fhe people
who did that work. Almost exéctly tén years ago, she 1;:ft the Laboratory
to be;:ovme my wife. Sihce then, sile'has fearrangéd our livihg room every
_;Monday night to entertain fofty of my young associates who arrive on |
schedulerfor our weékly _semi'_nar.. She has provided the warmth and
understanding that a scientist'ﬁéeds to tide him over the periods of
frustration ai:xd despair that seem té be part of our waf of li.fe;‘ I know
it'is an old Swedish custom that a man mﬁst Sk&l his wife at a banguet
under penalty 1of dire éonsequeficeé for failure. So with your permission,

I will now Skl my Jan.
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Fig. 2. First tracks in hydrogen.



—b4- UCRL-18696

Bub Ch-9

Fig. 3. Tracks in 2.5-inch bubble chamber; left, neutrons;
right, gamma rays.
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Four-inch chamber. D. Parmentier on left,
A, J. Schwemin on right.
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XBB 691-19

Fig. 5. Display of bubble chambers, November 1968.
From left to right: 1.5-, 4-, 6-, 10-, 15-,
and 72-inch chambers; Hernandez, Schwemin,
Rinta, Watt, Alvarez, and Eckman.
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Bub Ch-13

Multiple meson production in 4-inch bubble
chamber.



Fig. 7.

_68- UCRL-18696

Bub Ch-720

Seventy-two-inch bubble chamber in its building.

*c



-y

wt

Fig. 8.

-69-

"Franckenstein. "

UCRL-18696

Bub Ch-1393



Events per year

“ T~ UCRL-18696
55 57 9 6l 6 6 7
I,OO0,000 [ L T 5] | [ T |3 T 15 T 6]
800,000 -
GOQOOOr
400,000} E
Pea(l; Spiral =
Reader rate =
200,000 - (Individual)—] 200, 2
4 o8
~
25
100,000 — _Jm)ga
80,000 i . :,g
60,000 - e 60 8
i i ] 50 ot
40,000} First Franckenstein Spiral Reader I —— 8
Spiral Reader I —— <
Estimate SMP 6 —m—
1 S —
20,0001 48/day SMP 4 ———
SMP 2 8 —i
uese!
10,000 — ) ] —10
* MP2BF
ey MP2A — 8
MPIDFH——— g =
MPIA F MPIB —m : 6 3
Q
Measured events 13 2
per hour o s
(All scanning & &
measurin
personnelg
1 | | ] | [ By 4| | | ] | I
55 57 59 ol 63 65 67
Years
MUB 12506
Fig. 9. Measuring rates.

¥



UCRL-18696

7T

Bub Ch-137

Muon catalysis (with gap).
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Double muon catalysis.
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Fig. 12. K beam in 72-inch bubble chamber.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. '

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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