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Thank you for the honor of presenting the Lee Historical Lecture. In thinking about this
opportunity, | considered two candi dates-- first the 1957 denonstration that parity is
not conserved-- that a mrror universe can readily be distinguished in the case of the nmu
nmeson. The second possibility would be to present ny involvenent in observations from
1950 to the present regarding defense against ballistic mssiles. | chose the parity
experiment, but | would be glad to take questions at the end on any subject in which

have been invol ved.
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| begin with a wonderful experinent | had the good fortune to conduct in January 1957
with Leon Lederman and Marcel Weinrich at the Nevis Cyclotron Laboratory of Col unbia
University. | want to tell briefly the story of that experiment and another which
followed it, and then to describe a couple of the sinple techniques involved, which I had
i ntroduced years earlier to particle physics.
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e January 1957 “Observations of the Failure of Conservation
of Parity and Charge Conjugation in Meson Decays: the
Magnetic Moment of the FreeMuon,” R.L.. Garwin, L.M.
Lederman., and M. Weinrich.

¢ Some technology of particle physics experiments from the
1950s.

¢ September 1961 “The Anomalous Magnetic Moment of the
Muon,” G. Charpak, F.J.M. Farley, R.L. Garwin, T. Muller,
J. C. Sens, and A. Zichichi.

¢ A bit about GPS and other applied technology

I then | eave physics for technology and policy (both in my talk and in ny personal
history) and touch lightly on a few topics sinple in concept and incredibly conplex in
i npl enentation with which I was invol ved.

First the nuons. Mions first came on the scene (as "nesotrons" because their nass of 207
el ectron masses was i nternedi ate between that of the electron and the proton) in the
1930s as the penetrating conponent of the cosm c radiation. Copiously produced by
protons interacting with air nuclei, nmuons were strangely diffident about nuclear
interactions thenselves. Only their mass fit the requirenent of the Yukawa neson.

The puzzle was solved with the discovery of the pi meson or pion, which in the fullness
of time (20 nanoseconds) decays to the muon, which itself has only a weak interaction, in
addition to the electromagnetic interaction of its electric charge. Cosnic ray nuons
contribute significantly to the radiation dose received by humans at sea | evel -- about
twi ce as nuch annually as the dose received fromthe potassi um40 radioactivity built
into our bodies with the stardust fromwhich we are all nmade. Colunbia University
Physicist I.l. Rabi fanmously said about the nuon, "Who ordered that?"

In the summer of 1956, T.D. Lee and C. N. Yang explored seriously the observable
consequences of violation of the | aws of conservation of parity and of charge conjugation
in weak decays, as would potentially explain the ability of the theta neson to decay into
two particles and the tau neson into three particles-- no problem- unless the tau and

the theta were the same, as seened increasingly likely. To their surprise, they found

that although it seened entirely feasible to investigate parity violation in the case of
ordinary radioactive materials, such experinents had not been done. |In fact, | recall ny
nmentor, Enrico Ferm , probably around 1950 telling me that he had heard from Ed Purcel

of his experinment (with Norman Ransey) to detect the electric dipole noment of the

neutron, which Ferm explained would have to be zero if parity were a good quantum nunber.

Lee and Yang in their theoretical publication of sumer 1956 showed that if a sanple of
pol ari zed Co-60 nuclei emtted nore el ectrons along the polarizing magnetic field than in
t he opposite direction (or vice versa), this would be proof of parity nonconservation.

They al so calcul ated that parity violation in the decay of the positive pion would | ead
to a polarization of the nmuon along its direction of travel, and that if the nuon spin
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direction were retained while the nuon stopped i n photographi c enmul si on about a
mllineter away, the decay electrons fromthe nmuon decay (two m croseconds |ater) m ght
simlarly be nmore numerous along the direction of flight than in the opposite direction
or vice versa. Prof. Chien-Shiung Wi of Colunbia University in the spring of 1956
resolved to do the Co-60 experinent and that summer recruited Ernest Anbler and his

col | eagues at the National Bureau of Standards in Washington, DC

Many groups began | ooking at pi-nu-e decay in photographic enulsion, where it was all too
easy to find "effects" caused by scanning bias. To nake a long story short, on Friday,
January 4, 1957 when | returned fromny IBMday |eading a programw th about 100 people
to build a superconducting conputer based on thin-filmcryotrons, | received a call from
ny good friend and Col unbi a physics col | eague, Leon Lederman, with news that Anbler, Wi,
and conmpany were obtaining positive results. Leon and | agreed to neet at the Nevis
Cyclotron of Colunbia University in 15 mnutes, at 8 p.m

Necessity (and even adversity) being the nother of invention, we benefited greatly from
the fact that the machi ne shop and the stockroom were closed and that the cyclotron would
begin its weekend rest Saturday norning.

Leon and his graduate student Marcel Weinrich had a setup in the external beam of the
cyclotron, investigating the decay of nuons, plus and m nus. The nmuons were stopped in a
bl ock of graphite or other nmaterial to be investigated, and the el ectron decay product of
each muon detected as a function of tine after the nuon(s) stopped. The muons ori gi nated
fromthe decay in flight of pions copiously produced in an internal target in the
cyclotron by a 400 MeV proton beam The 85- MeV pions brought out fromthe cyclotron
vacuumin a thin wi ndow have a range of about five inches of graphite. Ei ght inches of
graphite thus bl ocked the pions and put the peak of the nuon stopping distribution in the
target under investigation. The counting rate in the electron telescope was typically 20
per mnute for nu-plus and about 100 per mnute for nu-mnus with a background of about
one count per mnute.

The arrangenent that Lederman and Weinrich had used is shown in the first figure. Ignore
the coil!
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Fie. 1. Experimental arrangement. The magnetizing coil was
close wound directly on the carbon to provide & uniform vertical

field of 79 gauss per ampere.

Leon's brilliant idea that night was to depart fromthe suggestion to study nuons
originating from stopped pions, that would be polarized along their direction of flight.
Their range was less than a mllinmeter, and so it was difficult to separate a popul ation

of polarized nmuons from the stopped pions, which had a nuch broader distribution in range.

Qur beam of cyclotron nuons, however, originated fromthe decay in flight of pions.

Muons emitted forward woul d have the velocity of the pion in its rest frane plus (roughly
speaki ng, since the velocities add relativistically) the relatively snall additiona
velocity of a muon which is born with an energy of 4 MeV in the rest franme of the pion
The forward em tted nmuons have greater nmonentumthan the pions, and those enmitted
backward have |less, so that the forward-em tted muon "contam nation" of the pion beam
woul d be strongly polarized if parity conservation were maxi mally viol at ed.

So it remained only to try to neasure the relative nunbers of electrons in different
directions fromthe stopped nuons. Easier said than done, because we could not stay in

t he beam room because of radiati on background, and our electronics were 150 neters away
(and 30-mdifference in altitude). W would need to shield the muons fromthe fringe
field of the cyclotron so that their (unknown) magnetic nonment would not lead to
precession during their decay lifetine, and we woul d need to nove a counter tel escope
around t he muon popul ation. Furthernore, electrons emtted in different directions would
traverse different amounts of the stopping block, so that the expected snall asynmetry

m ght be masked by such dirt effects.

In ny work at the IBM Laboratory at Col unbia University, | had been studying |iquid and

solid helium3 for several years, by the methods of spin echoes. | judged that we could
nmake a virtue of necessity and apply a uniformmagnetic field to the rmuon popul ation so
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that any asymretry in decay probability would precess with the muon spin, in the

hori zontal plane. Wthin a couple of hours we had fashioned fromscrap a lucite cylinder
surroundi ng the graphite stopping block, and a coil of fine enanel ed copper wi re wound on
the cylindrical lucite coil form W started taking data with different val ues of
applied current (hence precessing field) and found substantial effects on counting rate
as a function of coil current for the tel escope set at a fixed position. Unfortunately,
when the cyclotron shut down for the weekend at 9 a.m Saturday, the effect seenmed to
have vani shed. Returning to the beamroom we found that the copper w re had overheated
and expanded and was lying at the base of the coil form no |longer serving its function
of precessing muon spins.

Monday was mnmi nt enance day at the cyclotron so we were runnng agai n only Mnday night,
this time with a rectangul ar sol enoid wound directly on the graphite stopping block. |
had chosen graphite for positive nmuons, because its |ow atom ¢ nunber would mnimze the
scattering of the decay electrons, and its quasi-netallic nature would prevent the
formati on of muoni um which would subject the muon to the enornous magnetic field of its
partner el ectron.

O course, we did not know that parity was viol ated—+that was the purpose of the
experiment-- and to what extent. W did not know the spin of the muon-- 1/2 and 3/2 were
candi dates. And we did not know the magnetic nonent or g value, which for the electron
is 2.00 (al nost).

We began taking data about mdnight, with 20-m nute counting intervals and by 6 a.m we
had the curve shown in Fig. 2. W wote up the paper that day and were ready to publish
by Tuesday afternoon January 8.
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Observations of the Failure of Cons.erva.tion
of Parity and Charge Conjugation in
Meson Decays : the Magnetic
Moment of the Free Muon*

Ricmarp L. Gazwmy,f Leowt M. LEDERMAN,
AXD MARCEL WEINZIGH
Physics Depariment, Nevis Cyclotron Laboratories,
Columbia University, Trvinglon-on-Hudson,
New York, New York
(Received Jamuary 15, 1957)

LEE and Yangt™ have proposed that the long held
space-time principles of invariance under charge pEE MEY
conjugation, time reversal, and space reflection (parity)

are violated by the “weak” interactions responsible for chRBoN AgsuRsEs
decay of nuclei, mesons, and strange particles. Their

hypothesis, born out of the +—@ puzzle,' was accom-
panied by the suggestion that confirmation should be
sought (among other places) in the study of the succes-

sive reactions

GATE=INITIATING
COUNTERS ("X 4%)

wr—ptt, (m
. pr—et+2p, (2) .
! 2
They have pointed out that parity nonconservation . [ A= maaeniziv
implies a polarization of the spin of the muon emitted s | |
from stopped pions in (1) along the direction of motion ok A L jenneon TARGET
and that furthermore, the angular distribution of ’L*?:,:,, o ~7
electrons in (2) should serve as an analyzer for the muon X g gy MAGNETIC SHIELD

rizati i itudinal
pol]aanzatlon. They e pomt out that the longitu Fie. 1. Experimental arrangement. The magnetizing coil was
polarization of the Tuons offers a natural way of close wound directly on the cnibon to provide a uniform vertical
determining the magnetic moment.® Confirmation of feld of 79 gauss per ampere.

Here is our paper (Fig. 3). This was the first in the new field of muon physics and
opened the door to the substantial current field of muon spin rotation (or nuon spin
resonance) - - MISR

Qur first experiment was not suitable for a high-precision neasurement of the spin
rotation rate of the muon in a |arge magnetic field because of the snearing on the
distribution in a finite gate width. Accordingly, we used nagnetic resonance

i ntervention by flipping the muon spin, which necessitated applying an rf pulse to the
sample. This neant that because of the short lifetime of the rmuon, the coincidence

sel ection of the nuon needed to be in the experinental room | used a “high power” rf
triode to supply a large pulse of rf to flip the presumed | ongitudinal nuon spin fromthe
forward to the back direction. This necessitated an insulating material for stopping the
muons, and we chose a dense |i qui d—bronof orm

In turn, this approach could not be scaled to ever higher precision, and James Rai nwater,
active in physics at the cyclotron, inplied that he knew a different way, not subject to
that limtation. He said that he would carry out the experiment if we didn't think of

t he new approach, so we did, and found it good.

This did not require intervention with the nuon spin, but only the use of a couple of
decay tel escopes with the muon stopped with spin transverse to a steady, intense magnetic
field. This “stroboscopic” experiment was done in two flavors, both of which succeeded.
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nuclei (even in Pb, 2% of the y~ decay into electrons?),
atoms, and interatomic regions.

The authors wish to acknowledge the essential role of
Professor Tsung-Dao Lee in clarifying for us the papers
of Lee and Yang, We are also indebted to Professor
C. S. Wut for teports of her preliminary results in the
Co® experiment which played a crucial part in the
Columbia discussions mmediately preceding  this
experiment.

* Research supported in part by the joint program of the
Office of Naval Research and the U, 5. Atomic Energy Com-
tnission. ‘

t Alsa at International Business Machines, Watson Scientific
Labarataries, New York, New York.

1T, . Lee and C. N. Vang, Phys. Rev. 14, 25¢ {1956).

tLee, Ochme, and Vang, Phys. Rev. (tobe published).

ST D). Lee and C. N. Vang, Phys. Rev. (to be published).

4R, Dalitz, Phil. Mag, 44, 1068 (1953).

§T. 1), Lee and C. N. Yang (private ‘communication).

¢ Wu, Ambler, Hudsor, Hoppes, and Hayward, Phys. Rev. 105,
1413 (1957), preceding Letter,

THE EDITOR 3

7 The Fierz-Pauli theory for spﬁn i es predicts a g value
of 3. See F. . Belinfante, Phys. Rev. I2, 997 (1953).

£'V. Fitch and J. Rainwater, Phys. Rev, 92, 780 (1933).

oM. Weinrich and L. M. Lederman, Proceedings of the CERN
Symposium, Genevs, 1956 (Buropean Organization of Nuclear
Research, Geneva, 1956),

1 The field interval, AH, between peak and valley in Fig, 2
gives the magnetic moment directly by (xaB/sh){h+4T)e=x,
where =106 is a first-order resolution correction which takes
inte account the finite gate width and muon lifetime. The 5%
uncertainty comes principally from Jack of knowledge of the
magnetic field in carbon. Independent evidence that g=2 (to
~109) comes from the coincidence of the polarization axis
with ‘the velocity vector of the stopped g's. This implies that
the spin precession frequency i identical to the p cyclotron
frequency during the 00° net magnetic deflection of the muon
beatn in transit from the cyclotron to the 1-2 telescope, We have
designed 2 magnetic resonance experiment to determine the
magnetic momént (o ~D003%.

If Note odded in proof.—We have now observed an energy de-
Fendence of @ in the 14-acosf distribution which is somewhat
ess steep but in rough qualitative agreement with that predicted
by the two-component neutring theory (u—¢-w+¥) without

derivative coupling. The peak-to-valley ratios for electrons

traversing 9.3 g/cm®, 15.6 g/c?, and 198 g/cm® of graphite are
observed to be 1.80::007, 1.84::0.11, and 2.20:=0.10, respec-

tively.
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Discovery of > \®
Parity Violation
in Weak Interactions

Wthin days of our pi-nu-e discovery, | resigned ny |eadership of the superconducting
conputer programat IBMto pursue the new field opened by the discovery of parity

nonconservation and the properties of mions. Here is the result of an experinment we soon
did on precision neasurenent of the nuon nagnetic nonent.
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The decay electrons emerging in the backward direc-
tion after the rf pulse was over were counted ; the “peak”
rate was obtained for no transition, a decrease in rate
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I was much involved at that time not only with ny spin-echo research into liquid and
solid helium3 and helium4, but on national security matters in WAshington as a
consultant to the President's Science Advisory Conmittee. Wen |I received a Ford
Foundation Fell owship to spend a year at CERN 1959-60, | wanted nothing nmore than to sit
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inthe library at CERN to re-learn physics. But | was dragooned into | eading a snal

group pursuing a suggestion Leon and | had nade in our first paper-- the direct
neasur enent of the nuon g-2.

We had established that the muon had spin 1/2 and g very nearly 2. Because the nmuon is
207 times as heavy as the electron, the contributions to its anonal ous magneti c nonent
probe energi es that nmuch higher than are involved in the el ectron anonmaly. So this would
be a significant experinent, despite the fact that it would yield only a single nunber.
After my initial reluctance, | threw nyself into this experinent, where we all had a | ot
of fun. Here is a sketch of the experinment and just a nmention of the wonderfu

techni ques and sone of those who had primary responsibility for different aspects of the
work. HR Crane at the University of M chigan had perforned hi gh-precision neasurenents
of the electron g-2, taking advantage of the fact that for g=2 the | ongitudina

pol ari zation of the electron spin does not change with tine in an arbitrary static
magnetic field. But the anonal ous magnetic nmonent (i.e., the deviation fromg=2) can
result in a secular precession of the spin relative to the nmonentum
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Fig. 1. - General view of the apparatus, showing magnet of pole surface (600X 52) em?. Muons, deflected by the bend- g
ing maguet M and focused by the guadrupole pair @ enter the magnet via a shielded channel. After slowing down in‘ ‘1
the beryllium moderator Be they describe many turns in the field. The quasi-circular orbit is slowly displaced by the B
field gradient (2 em/turn in the injeclion region, 0.4 cin/turn in the storage region, and 11 em/turn in the final ejection ﬁ
region). Muons ejected from the magnet are stopped in target T of the polarization analyser where the spin direc- g

tion is determined by recarding the decay electrons. Injected muons are indicated by the counter signature 123. Ejec-
ted muons by the signature 466’ 57. Decay electrons by 66' 4(77') and 77 3(66'). The time of ﬂxght of muons between
counters 2 and 4 is recorded.

Prelimnary explorations of this nmuon g-2 experinent had been carried out under the

| eadershi p of Leon Lederman the previous year at CERN. The paths of nuons in conplicated
magnetic fields could be mnmcked by al pha-particle trajectories fromnatural sources,
and we did put alpha particles in our 6-mnmagnet. |Ironically, a far better vacuumis
required for al pha particles than for nmuons, because al phas are lost if they snatch an

el ectron fromany residual gas-- a process with an atonmic cross-section rather than a
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much snal | er nucl ear cross-section. So our vacuum system for the 6-m nagnet was desi gned
for this sinmulation rather than for the nmuch easier conduct of the actual experinent.
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G. CHARPAK, ¢ al.. ' ' ' | |?3'FSA

18 Giugno 1985
Il Nuovo Qimento
_Serie X, Vol. 37, pag. 1241-1363
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The Anomalous Magnetic Moment of the Muon.

G. CuaRPAK ("), F. J. M. Fariuv, R. L. GARwWIN (*), T. MULLER (™)
J. C. SENs and A. ZICHICHI

CERN - Genevan

(ricevuto il 18 Settembre 1964)

Summary. — The anomalous part of the gyromagnetic ratio, a=1(g—2)
of the muon has been measared by determining the precession
0 = aw,Bt for 100 MeV/ec muovns as a function of storage time ¢ in a
known statie magnetic field of the form B=B,(1+ ay-+by2+cyd+dys).
The result is a.,={116245)'10~* compared with the theoretical value
Ay =027+ 0.76¢(n?*=1165-10-%. This agreement shows that the muon
obeys standard quantum electrodynamics down to distances ~ 0.1 fermi,
Details are given of the methods used to store muons for ~ 10* turns
in the field, and of measuring techniques and precautions necessary to
achieve the final accuracy. Some of the methods of orbit analysis, magnet
construction shimming and measurement, polarization analysis, and
digital timing electronics may be of more general interest.

e Antonino Zichichi accepted the responsibility of shimm ng the 6-m magnet in order
to obtain the trajectories as shown in Foil 11. This was preceded by work by
Panof sky on the orbit stability. The magnetic field perpendicular to the plane of
the paper, Z, in Foil 11 needed to have a gradient in the transverse Y direction
to provide the orbit drift along X (left to right in the figure, fromthe injection
end of the magnet to the extraction end). The drift per orbit needed to be
substantial--2 cmturn in the injection region-- in order that the second orbit
should m ss the Be block in which the orbital radius was reduced to remain within
the magnet. But in order to use the space efficiently and to obtain thousands of
turns in the magnetic field, the gradient was reduced by a factor five to provide
orbit drift of 0.4 cniturn in the storage region. The orbits would sinply have
drifted to the right end but would not have emerged had the field gradient not been
i ncreased to the point where the muon orbit encountered the rapid falloff in
magnetic field in a non-adiabatic fashion. W designed the nagnetic field, but it
was Zichichi’s job to produce it in reality by a succession of neasurenents
t hr oughout the magnet and by tailoring the field primarily with nagnetic shins,
except in the extraction region, where the large field gradient required mlling
15 mminto the renovabl e pole face.
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Fig. 19. ~ Shims for ejection field. In order to establish the desired gradient while
maintaining the field constant at y=0, it was neeessary to cut away iron from the pole
face on the weak-field side.

42 G. CHARPAK, F. J. M, FARLEY, B. L. GARWIN, ETC. [1282]

— Fig. 23. — Overall view of the magnet show-
- ing the removable iron blocks (20 x 20x%
£ Pz % 31 em®) in the yokes, and the removable
- Pk top and bottom pole pieces (5 em thick).
|~ A= To remove the poles the lower pole was
- e ] first raised by hydraulic jacks via vertical
él/ push rods passing through the lower half

' of the magnet. An assembly of rollers was
then introduced below this pole, and finally
the upper and lower poles were rolled out of the magnet together onto a special table
also equipped with rollers. Arrows indicate those parts of the magnet which can

be taken out.

Managi ng injection, transition, storage, and ejection—arley
The required field was cal cul ated by Francis Farl ey,

exquisitely sensitive nmeasurements of the muon gyromagnetic ratio.

All
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who went on to make further

Theo Mull er and Hans (J.C.) Sens accepted responsibility for the el ectronics.
this is described in great detail in our 123-page paper®
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Fig. 48. - Final layout of experiment, showing cyclotron, solenoid, pipe through shielding
wall with the possibility of dividing each end of the pipe into quadrants to study beam
structure. Note the lead scattering foil added to scramble the muons into different;
beam cells, thus reducing spin-angle/position correlations. 1) target; 2) solenoid;
3) lead foil; 4) polarization analyser; 5) storage magnet; 6) bending magnet; 7) quad-
rupole lenses.

e Polarization detection tel escope—€har pak
The spin polarization was determi ned for each nmuon by an anal ysis tel escope for which
CGeorges Charpak was responsible. It measured the number of electrons emitted forward and
backward with respect to the trajectory of the nuon entering the counters shown as “4” in
Foil 16. Many neasurenents needed to be made in order to investigate and conpensate
smal |l effects due to non-uniformty of rmuon beam etc.

Char pak was so enthusiastic about the results of the experinent and the quality of
col l aboration that he concentrated his career on inventing and inproving particle
detectors for physics, biology, and nedicine, which won himthe Nobel Prize in 1992.

e As for myself, | provided an end-to-end simulation of the experinent so that |
could put in an assuned anomaly, a, such that g = 2(1+a) so that a = (g-2)/2 and a
si npl e conputer programthat woul d produce nock results such |ike those shown in
Foil 18. These nock results were supplied to Francis Farley just as if actual nuons
had been detected by Charpak’s polarization telescope and their counts stored in the
el ectronics of Muller and Sens.

Farl ey would give ne the resulting (g-2), and after a fewtries, we got it right—n that
the analytic result fromthe sinulated counts reproduced the input value of “a” that |
had provi ded.

We published in Nuovo C nento because the Physical Review declined to allow us enough
pages to present what | strongly believed were inportant experinmental details of

neasur enent of magnetic field, trinmng of the nagnet, analysis of uncertainties, and the
l'ike.
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By the tinme data were being obtained fromthis experinment, | had returned to ny nornal
work at the I BM Laboratory at Colunbia University. In those pre-ennil days, the data
were provided by telegraph. |1 fit themby | east squares and al so by a maxi mum i kel i hood
nethod to the curve of expected form as shown in Foil 18.

G. CHARPAK, F. J. M. FAKLEY, R. L. GARWIN, ETC, {1318]

noid of length 200 cm (see Fig. 48). The field and length of the solenoid are
chosen to rotate the transverse component of the muon spin by 90°, whereas
the component along the axis of the solenoid is not affected. For our 150 MeV/e
muons and 200 em available length, a magnetic field B=23950 G is required
to obtain 90° rotation.

The polarization was re-measured with the solenoid on as a function of
range with the results of Table VI, which are plotted in Fig. 49. The results
of & least-squares fit to this data are

f,.. (at range X =10 cm carbon) =-—{ 0.5 4+ 12) mrad ,

and slope (d6/dR),. =— (19 +412) mrad/cm.

Foil 17*
76
(86)
(87

Foil 18*
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-
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-02L
Fig. 4. Electron asymmetry A(f) for + 90° flipping (com-
bined data from forward and backward telescopes)
as a function of storage time ! with curve show-
ing the best fit obtained by varying A, and @ in
eq. (8).
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Foil 19*

Table 3
Anomalous moment evaluation for separate runs of A(f)
vs. {. The distribution of the individuyal results about the
combined value 1162 is statistical, x“ = 20,3, expected
value 19.3,
2
Difference .
Run Zexp for t)l(lis fit from final Statistical
x 106 | (expectation value of erro¥
Va-lue = 58) aexp S 10
1 1169 65 + 7 13
2 1155 70 -7 14
3 1135 58 -27 15
4 1165 49 + 3 16
5 1149 76 -13 19
6 1183 50 +21 14
7 1162 53 0 13
8 1154 61 -8 15
9 1197 68 +35 16
10 1132 72 -30 14
11 1162 86 0 19
12 1178 50 +16 16
13 1133 62 -29 23
14 1160 63 -2 13
15 1154 50 -8 36
16 1174 71 +12 16
17 1150 57 -12 26
18 1145 51 -17 17
19 1146 48 -16 23
20 1181 70 +19 19
21 1173 66 +11 27
. ~—> J/I6Z £ 5§

Needl ess to say, we were all pleased with this result, to be conmpared with the quantum
el ectrodynam cs prediction of 1165, as shown in Foil 12.

VWi ch rem nds nme why our first hydrogen bonb "experiment" Novermber 1, 1952 was the test
of a full-scale explosion—+t was just easier than to do than a convincing experinent at a

smal l er scale. But that is another story.

joined IBMin Decenber 1952, but that had been ny
field at the University of Chicago since 1949. And the experiments at Col unbia and

t hr oughout the physics community were done with technol ogy I had hel ped pioneer at
Chicago. | will nention two aspects here-- fast, flexible coincidence circuits and
"adi abatic light pipes" for efficiently gathering light fromscintillation counters and
transferring it to the cathode of a photomultiplier tube.

| had left particle physics when |

thesis in 1949-- the first study of beta-ganma angular correlation in the
decay of radioactive materials-- | wanted to take advantage of the new techni que of end-
wi ndow photorul tiplier tubes and fast organic scintillators. But ny experinments would
have gone slowly had | been limted to the existing Rossi-type coincidence circuits with
coi nci dence wi ndows of about a microsecond. | needed sonmething better, and so did the
entire nucl ear and high-energy physics field. So | began first with a convenient

| aboratory pul se generator capabl e of sub-nanosecond pulses. As shown in Foil 20, |
could in this way conveniently produce square pul ses of duration a fractional nanosecond
up to a good fraction of a microsecond, and split the pulse into three channels, each of

whi ch coul d have i ndependent cabl e del ays.

For my Ph.D.
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Foil 21°
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If now the copper shield diameter is so chosen as to
make an approximate impedance match with some

Fic. 1. Rapid co-
axial switch.
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1The glass-enclosed switch is taken from a Western Electric
D-168479 synchronous relay.
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system is matched in impedance at each point. Thus, if
an output is not being used, it must be terminated in
its characteristic impedance to avoid reflections. The
system impedance used in the pulser here constructed is
75 ohms, for which no constant-impedance connectors
are available. Accordingly, the AN-83 series connectors
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FiG. 2, Pulser schematic,
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A Useful Fast Coincidence Circuit

R. 1. GARWIN

Institute for Nuclear Studies and Depariment of Physics,
University of Chizage, Chicago, Ilinois

February 17, 1950

. 6, 569, June, 1950
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Fie. 1. (a) Modified Rossi coincidence circuit. (b) Same
with self-biased discriminator.
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The Design of Liquid Scintillation Cells*

R. L. GarwiN
Inustitule for Nuclear Studies, The University of Chicago, Chicago, Iilinosis
(Received April 18, 1952)

EW types of liquid scintillator cells have been developed
here, of such excellence that they have entirely supplanted -

ast crystal scintillators. The new cells are made possible by the

iiscoveries that the scintillation fluid (3 g terphenyl and 10 mg

et i s
)

Fic. 1.

ilphenylhexa.tnene'-’ per liter of phenylcyclohexane) does mot
iissolve appreciable amounts of Lucite (first observed here by
G. Yodk) and that small amount that does dissolve has no effect
>n the scintillations, The diphenylhexatriene increases the photo-
multiplier response by a factor two, by changing the emitted
spectrum from the invisible ultravxolet to the blue, thus reducing
self-absorption in the liquid and in the Lucite light pipes and
matching the 5819 photosensitivity more accurately. Clearly, any
>henylcyclohexane sample that looks water-white in the depth to
be used does not absorb appreciably the spectrum emitted from a
scintillation.

Figure 1 shows a 2-in. diameter by 1-cm thick liquid cell with
#z-in. Lucite windows. The windows are attached with glacial
iwcetic acid, which makes an optlcally clear joint unaffected by this
,cmtlllatlon fluid. The cell shown is polished on all surfaces and
1cts as a light pipe to conduct the light from the scintillation to the
5819 photomultiplier which is attached by means of a film of
rrease to the spherical depression at the left. It is easy to show that
»ne can conduct essentially all the light traveling by total internal
-eflection along a light pipe of any cross-sectional shape into
wnother light pipe of any other cross-sectional form, so long as the
ross-sectional oreas of the two light pipes are equal® The only

requirement on the transition section is that it be adiabatic, i.e,.
have small angles of taper and maintain constant area. The con-
struction of Fig. 1 is an approximation to the adiabatic taper
between the rectangular cross section and the circular. It is
estimated that 25 percent of the light emitted in a scintillation
arrives at the photocathodet (with aluminum foil attached by a
film of grease to the transverse sutface at the right end). Figure 2
shows the success of this type of construction. We plot the relative
dc current observed at the anode of the photomultiplier as a
function of position of a beam of gamma-rays perpendicular to the
cell. The gamma-rays are from 150 mc of Co® collimated by 4 in,
of lead to a F%-in. diameter beam,

It is evident that the optical efficiency is uniform to 1 percent

over the volume of the cell. The fali-off at the edge is the result of

the finite size of the gamma-ray beam and the finite range of the
Compton recoils. The pulse-height spread from minimum ionjza-
tion particles passing through thecell isabout -5 percent, allowing
one to discriminate among particles by their velocity, i.e., specific
ionization. This pulse-height spread is entirely a result of the

@
(=]
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N WA
0 O ©
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o
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Fic. 2.

statistical ﬂuctuatlons in the finite number of photoelectrons
from the multiplier cathode.

ALUMINUM  FOW.:

F1G. 3.
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The Collection of Light from
Scintillation Counters

Ricaaen L. Garwm*
IBM Watson Laboratory, Columbia Universily,
New York 27, New York

(Received June 14, 19600
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FiG. 1. Light from the light-pipe or scintillating vat (A) strikes the
converter (B}, in which it produces fluorescent light of slightly lower
photon energy. Some of this light, being isotropic, can now he piped
along the converter without further loss; and, in principle, can be
used a second time to produce fluorescence in the zecond converter
(C) to concentrate further the light onto a small phototube.

Foil 21 shows a typical circuit | used with the photomultiplier tubes, and ny

contribution to nodifying the Rossi circuit. 1In Foil 21 and nore clearly in Foil 23, the
Rossi approach would be to cut off with one pulse or two the current in each of the two

tri odes. However, as explained in the paper (Foil 22), a long single pulse mght result

in the rise of the common anode ("plate") by 30 volts, while a short coincidence m ght
result in arise of 20 volts. The diode shown on the left side of Foil 23 from an
essentially fixed voltage at (d) will not allow (b) to drop nore than about one volt

below (d). Nor will (b) rise nore than one volt when the current to one plate is cut off.
But as soon as current to both plates is cut off, (b) begins a rise toward the power
supply vol tage, B+.

In a later innovation published in 1952 the diode (c) was added (Foil 23). No pulse is
conmuni cated to the output tube until (b) has risen above (d), thus inproving
di scrimnation agai nst single inputs.

The six-fold three-channel coincidence-anticoincidence anal yzer shown in Foil 24 was that
which | used in ny experinents at Chicago and which | thought was so neritorious that not
only did | publish it, but I had I1BM pay the University of Chicago $350 (as | recall) to
make anot her copy which | then brought to IBMin Decenber 1952, even though | was | eaving

particle physics. | contributed that circuit to the group at Nevis, and it was that unit
on which we later did our pi-nmu-e parity experinent in 1957.
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Foil 25 shows the “adiabatic” lightpipe | introduced in 1952. 1In “Fig. 1.”, we see on
the left a thin cylindrical scintillator through which charged "beant particles pass and
give rise to light. The light is conducted down the lucite |ightpipe toward the right,
where optical contact is nade via a grease filmwith the glass outside the photocathode
of an end-w ndow photonultiplier tube (PMI). The PMI needs to be shielded fromthe
fringe field of the accelerator, and that is one of the reasons for length of the
lightpi pe so that the PMI can be imrersed in a cylindrical magnetic shield. The
contribution of this paper was an anal ysis that showed that efforts to reduce the cross-
sectional area of a lightpipe in order to view larger scintillators or use smaller

phot ocat hodes were dooned to failure (because of phase-space considerations or
(equi val ently) conservation of brightness). More positively, an "adiabatic"
transformati on of the shape of the |ightpipe could allow essentially all of the Iight
channel ed fromthe edge of a thin scintillating disk (as in Fig. 1) to be conducted to an
equal - area photocathode. In Fig. 1 we see a two-inch diameter scintillator, 1-cmthick
The performance is shown in “Fig. 2.”

Fig. 3 shows a proposed 8-inch diamscintillation cell 0.5 cmthick, in which the
"gradual transformation of the shape of the |ightpipe is proposed to be done essentially
by a large nunber of small lightpipes in parallel. This is often realized in the nodern
era by having individual strips of plastic |ightpipe, about 2-cmw de by 0.5 cmthick
and twi sting and bending them so that they approximate the cylinder at the |eft.

Havi ng denmonstrated in 1952 that one cannot concentrate scintillation |ight (and hence
increase its brightness) it proved to be awkward to have to obey this limt, so in 1960
showed how the Iinmt could be avoi ded by changi ng sone of the assunptions. In Foil 26
one sees a mmssive lightpipe or scintillator tank on the left 50-cm high by 70-cm wi de
coupled via an air gap to a lightpipe 70-cmwide by 0.5 cmthick. But this is not just a
lightpipe; it is an additional scintillator with a converter which absorbs the
scintillation light for Vat A and down-shifts it a bit toward the red. Thirty percent of
that |ight can be trapped and conducted indefinitely dowward in |ightpipe B, and the
sanme trick can be perforned again with a different scintillation material in |ightpipe C

In the nodern era, one often sees |large-scale scintillation detectors in particle physics
experiments which are "read out" by what seens to be a thin cable, which is actually the
doubl y wavel engt h-shifted |ight concentrated in an optical pigtail on the way to a
photonul tiplier tube.

| promised in the title that | would talk about GPS and radar, and | will do so but very
briefly.

| spent the first of many sumers at Los Al anpbs in 1950 wor ki ng on the devel opment and
testing of nuclear weapons, and especially the first hydrogen bonb. Wen | joined IBMit
was only a very short tine before | was asked to work half-time with the Harvard-M T
crowmd in your fair city, Canbridge, on extending the air defense of the United States to
the sea lines of approach for Soviet bonmbers-- the Lanp Light study |led by Jerone

W esner and Jerrold Zacharias of MT. There | contributed to various broader el enents of
nati onal security, including the invention (with Wesner and Dave Sunstein) of a

nmul ti pl e-access single-frequency radi o comuni cati on systemin which each second of
speech woul d be conpressed by a factor hundred (and its bandwi dth broadened

correspondi ngly), so that 50 users could share the sanme frequency.

| becane fanmiliar at this time with the magnificent 28-volunme MT Radi ati on Laboratory
Series, edited by Louis N. Ridenour-- a record of the radar science and technol ogy
devel oped during World War I1. So | had a great appreciation for the individuals

i nvol ved, and the effectiveness of the organization of scientists and engi neers. M
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1953- 1954 invol verent with the Canbridge comunity led to my becoming a consultant with
the President's Science Advisory Conmittee under President Eisenhower, initially chaired
by JimKillian, my nmenbership on that Conmttee 1962-65 and 1969-73, and ny chairing a
good nunber of national security-oriented panels such as the Mlitary Aircraft Panel
the Naval Warfare Panel, and the like. In 1958-59 | was again with Jerry Wesner in
CGeneva for the 10-nation "Conference for the Prevention of Surprise Attack," and there
was pronoting GPS-1ike navigation and nonitoring systems. |In July 1958 | had proposed a
systemusing tinme-difference-of-arrival of radio pulses fromaircraft, relayed by
nmultiple satellites to a ground station. This "inverse GPS" system woul d al | ow gr ound-
based conputers to determ ne the position of 30,000 aircraft (and 500,000 ships) to a
fraction of 1 kmor so, and also to relay these positions to the individual vehicles.

By Decenber 1960, | was proposing to EER Piore, then IBM D rector of Research, that |BM
depl oy a systemfor civil aircraft navigation "using difference in arrival tinmes" and,
with typical caution, I wote

"Shoul d one doubt the feasibility of relay satellites (which would be a great

nm stake) one could still have a system which would protect and | and airpl anes
automatically by siting about a dozen relay receivers within about 30 niles radius
of the nmjor airport "

Natural ly, when | headed the PSAC aircraft panel and then an Air Traffic Control Panel

it was no accident that our 1971 report on air traffic control cane down firmy on a
proposal to deploy an all-satellite systemfor aircraft navigation, conmmunication, and
surveillance. This panel included recogni zed experts, including Charles Zraket, later to
head t he M TRE Cor poration

An engi neering study in support of our activity showed that one could build the airborne
tranceiver for $900 to obtain navigation accuracy on the order of 100 ft. This would
provi de conputation on the ground, with relaying of the position to the light aircraft.
Airliners would carry a box capable of doing the conputation, which would cost about
$2100.

Rat her than criticize our design, the governnent chartered a study fromthe Institute for
Def ense Anal yses whi ch | ooked not at how we proposed to do the job but at the results--
about 0.1 seconds to obtain position information, and an accuracy of 100 ft. Looking at
all other approaches to accuracy and "time to obtain a navigation fix," the | DA study
esti mated $200, 000 per unit user equipnent. This is not a prescription for progress!

O course, the real work on GPS was done by many others, one of whom- Col onel and now

Pr of essor Brad Parki nson—+ast nmonth received the Charles Stark Draper Award fromthe

Nati onal Acadeny of Engineering. 1In 1980, | had pressed the head of the uniformed Air
Force, Ceneral Lew Allen to nove ahead with GPS; instead, he reprogrammed the entire $2 M
GPS allocation to another purpose. But in 1996 he characterized these and ot her

interventions as "... given with vigor and a unique style which is inmpossible to
i gnore ..."
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. 7 F"r “| 1.0 ana 3Z29E
GPS Nominal Constellation
24 Satellites in ¢ Orbital Planes

4 Satellites in each Plane

20,200 km Altitudes, 35 Degree Inclination

Now you can buy fingers-size GPS systens which not only give your coordinates to an
accuracy of a few nmeters, but also place your location on a digital map, which is usually
what you want to know.

In 1999 the U.S. first enployed the Joint Direct Attack Munition--JDAM -a bonb which uses
GPS and an auxiliary inertial navigation systemto guide it to the specified coordi nates

of a target. This finally realizes the prom se highlighted by the PSAC Mlitary Aircraft
Panel of the 1960s to strike targets on the battlefield by their coordinates on a

navi gation grid. Instead of mllions of tons of bonmbs, 1% as nany will do a better job,

with far [ ess wanton destruction.

And it shows the degree to which once difficult problens of guiding | ong-range mssiles
to their targets are nowtrivially solved. Qur own cities nay be those targets, as my
US forces abroad.

| hope that | have conveyed not only the joy of experinental physics, but also sone
ent husi asm for practical applications of technology in science, comerce, and nationa
security.
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It is difficult to provide in cold print the flavor of a talk, but | have attenpted to do
so here by the use of the actual foils presented in the Lee Lecture. Most of the text is
that of the lecture, but since there was no recording, some of it has been reconstructed.
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