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EXPERIMENTAL EVIDENCE WHICH CALLED INTQ QUES
THE CONCEPT OF PARITY: THE 7 - ¢ PUZZL TION

The 7 - 0 puzzle began to dominate the atten%ion of elemen,
tary particle physicists in 1953."2. A charged particle cajeq the
7 - meson, which disintegrated into t-hree T - mesons, was foung ;
have a mass, lifetime, and spin identical to another partic]e calleg
the 0 - meson, which disintegrated into only two 7 - mesong, It
were not for the different decay modes, one could belieye that th,
two particles were actually the same. How./ever, a single partjc|,
could not disintegrate into both of these final states (2 7 anq 5 )

without violating parity conservation. :
The 7 - meson or pion was known to have odd intringjc parity
)

i (1

The parity of a system consisting of two particles, whose intringic
parities are P, and P, and whose relative orbital angular momenty,
is®,, =0, 1, 2,...,is given by the product:

P, =P P ('1)!!“' (2)
One obtains the parity of the three-particle system by treat.

ing any two of the three particles as one entity whose parity is P,

and by including the orbital angular momentum of the third particle
with respect to the two-particle system, £(,5)3, in the product:

Pis = Py Py (-1)412)3 (3)
where P; is the intrinsic parity of the third particle and P,, is
given by Equation (2).

Analysis of the measured angle-energy correlations in the § |
and 7 decays produced the conclusion that in the 6 - decay £,, =0
and in the 7 - decay both £, =0 and £(,5)3 = 0. This gives the
parity of the 6 - decay mode:

P12 = (-1)2 =+1]1 (4)
For the 7 - decay mode:
Py = (1)3=-1 (5)

The 7 - 6 puzzle led Lee and Yang to first suggest that physi-
cists were dealing with a new phenomenon: the existence of ‘parity
doublets’? for all strange particles of odd strangeness. Later, after
examining evidence for parity conservation both in these decays and
in other processes, the two physicists hypothesized that parity might
be violated in weak interactions® , as they could find no evidence that
it was conserved in these interactions. '

The puzzle was resolved experimentally as reported in this chap-
ter. Only a single particle with two decay modes, 6 - mode and -
mode, is now recognized. It is called the K-meson, or kaon.

ik jons
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oL ANATORY PHYSICS NOT
%g NON-SPECIALISTS @ >

wThe situation that.the physicist found himself in at that time Ty
e] has beca R S in a dark room groping for an :l-

is awarc of the fact that in some direction there must be :ud et.

oor

which would lead him out of his predicament. But in which direction?”

the symmetry Rri}lFiplcs, the symmetry between the left and the
b is38 old as human civilization. The question whether Nature exhibits
o cymmetry was dc.batr:d at 1c1_1gtl1 by philosophers of the past! .Of coursc,
in daily Jife, left and right are quite distinct from cach other. Our hearts, for
sample, are on OUr left SlfICS- The language that people use both in the
oricnt and the occident, carrics evena connotation that right is good and left
& evil. However, the laws ?f physics have always shown complete symmetry
petween the left and the right, the asymmetry in daily lifc being attributed
1 the acaidental asymmetry of the environment, or initial conditions in
organic life. To illustrate the point, we mention that if there existed a mirror-
jmage man with his heart on his right side, his internal organs reversed com-
- pared to OUTS, and in fact his body moleculcs, for example sugar molcculcs,
 the mirror image of ours, and if he ate the mirror image of the food that we
ear, then according to the laws of physics, he should function as well as we do.
The law of right-left symmetry was used in classical physics, but was not
of any great practical importance there. One reason for this derives from the
~ forchat right-left symmetry is a discrete symmetry, unlike rotational sym-
- mewywhichiscontnuous. ‘Whereas the continuous symmetries alwayslead to
- conservation laws in classical mechanics, a discrete symmetry does not. With
" the introduction of quantum mechanics, however, this difference between
.~ the discrete and continuous symmetries disappears. The law of right-left
~ symmetry then leads also to a conservation law: the conservation of parity.
g < The discovery of this conservation law dates back to 1924 when Laporte?
~ found that energy levels in complex atoms can be classified into « gestriche-
3 ‘;:ﬂdCHngsu'ichcncr types, or in more recent language, even and odd
o In transitions between these levels during which one photon is emitted
orabsorbed, Laporte found that the level always changes from even to odd
versa. Anticipating later developments, we remark that the evenness
ddness of the levels was later referred to as the parity of the levels. Even
sare defined to have parity + 1, odd levels parity — 1. One also defines
hoton emitted or absorbed in the usual atomic transitions to have odd
Laporte’s rule can then be formulated as the statement that in an
i€ transition with the emission of a photon, the parity of the initial state
to the total parity of the final state, i.c. the product of the parities
atomic state and the photon emitted. In other words, parity is

ed, or unchanged, in the transition.

Onc Of
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cONCEPT OF PARITY AND ITS FAILURE IN WEAK INTERACTIONS

by

C. N. Yang
(Excerpt from
Nobel Lecture,
1957.)

1. Sce, for example, the interesting
discussion on bilateral symmetry
by Weyl, H., Symmetry, (Princeton
University Press, 1952.)

2. Laporte, O., Z. Physik, 23, 135
(1924).
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3. Wigner, E. P., Z. Physik, 43,624
(1927). For references to these
developments see also: Wigner,

E. P., Proc. Am. Phil. Soc., 93, 521
(1949).

4. Klein, O., Nature, 161, 897 (1948);
Tiomno, J., and Wheeler, J. A.,
Rev. Mod. Phys., 21, 144 (1949);
Lee, T. D., Rosenbluth, M., and
Yang, C. N., Phys. Reuv., 75, 905
(1949).

Four Classes of Interactions
in Nature and Their Relative
Strengths

Interaction/Strength
1. Nuclear or Strong -

2/hc = 1
(responsible
for produc-
tion and
scattering of
nucleons,
pions, hyper-
ons, and
kaons).

2. Electromagnetic -

P
c/l'lc—137 10

3. Weak -
g2 fhc = 1074
(includes all
non-electro-
magnetic decays
and absorption
of neutrinos
by nucleons).

4. Gravitational -
G e =107 B
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In 1927 Wigner? took the critical and profound step to proy, A
empirical rule of Laporte is a consequence of the r.eﬂcction inVarignc, ;s
right-left symmetry, of the electromagnetic forces in the atom, This
damental idea was rapidly absorbed into the lan‘guage (?f physics. Since ¥
left symmetry was unquestioned also in or.th interactions, the idea s
ther taken over into new domains as the subject matter of physics exee
intonuclear reactions, f-decay, meson interactions, and strange-particle
ics. One became accustomed to the idea of nuclear parities as we]| 3
parities, and one discusses and measures the intrinsif: paritics of the p,
Throughout these developments the concept of parity and the law of
conservation proved to be extremely fI.'Llltffll, and the success had
been taken as a support for the validity of right-left symmetry.

fun.
ght.
fUr.
ndeq
P}l)’s-
tomje
esons,
parity
1 tury

Against such a background the so-called #—r puzzle developed in ¢he B
few years. Before explaining the meaning of this puzzle it is best to 20 a litgle
bit into a classification of the forces that act between subatomic particles, 5
classification which the physicists have learned through experience to use i,
the last 50 years. We list the four classes of interactions below. The strength
of these interactions is indicated in the column on the right.

1. Nuclear Forces 1

2. Electromagnetic Forces 10-2
3. Weak Forces (Decay Interactions) 1014
4. Gravitational Forces 10-38

The strongest interactions are the nuclear interactions which include
the forces that bind nuclei together and the interaction between the nuclei
and the = mesons. It also includes the interactions that give rise to the
observed strange-particle production. The second class of interactions are
the electromagnetic interactions of which physicists know a great deal. In
fact, the crowning achievement of the physicists of the 19th century was
a detailed understanding of the electromagnetic forces. With the advent of
quantum mechanics, this understanding of electromagnetic forces gives in
principle an accurate, integral and detailed description of practically all the
physical and chemical phenomena of our daily experience. The third class of
forces, the weak interactions, was first discovered around the beginning of
this century in the f-radioaetivity of nuclei, a phenomena which especially
in the last 25 years has been extensively studied experimentally. With the
discovery of 7-u, u-¢ decays and p capture it was noticed independend)'4 by
Klein, by Tiomno and Wheeler, and by Lee, Rosenbluth and me, that these
interactions have roughly the same strengths as p-interactions. They 3¢
called weak interactions, and in the last few years their rank has been con-
stantly added to through the discovery of many other weak interactions
responsible for the decay of the strange particles. The consistent and striking

- jons
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£ their almost uniform strength remains today onc of the most tan-
henomena — 3 topic which we shall come back to later. About the
of forces, the gravitational forces, we need only mcn;ion that in
. and nuclear interactions they are so weak as to be complctcly neg-
;tofl:;‘c in all the obscrvations with cxisting techniqucs, % &
i

Now to return to the 9—7 puzzle. In 1953, Dalitz and Fabris
decay of the 9 and © mesons

P;(tcfn 2
plizing P

pointed out

;]ntiﬂd‘c
6—>:l: -I—n
T>a+a+4xn

;onlc information about t..he spins and pariticst of the v and 9 mesons can be
obtaincd. The argument 1s very roughly as follows. It has previously been
determined that the parity of a = meson is odd (i.e. = — 1). Let us first
olect the effects due to the relative motion of the 2 mesons. To conserve
l‘i'y in the decays, thc & mcson must have the total parity, or in other
ds, the product parity, of two @ mesons, which is cven (le. = + 1).
;‘ﬁﬂnly, the r meson must have the total parity of three 2 mesons, which
,-Q?d‘ Actually because of the relative motion of the 2 mesons the argument
not as simple and unambiguous as we just discussed. To render the ar-
B‘i‘i““‘ conclusive and definitive it was nccessary to study cxperimentally
momentum and angular distribution of the & mesons. Such studies were

F gﬂ; in many laboratories, and by the spring of 1956 the accumulated cx-
enimental data scemed to unambiguously indicate, along the lines of rea-
g discussed above, that & and r do not have the same parity, and con-
sently are not the same particle. This conclusion, however, was in marked

e same time. The contradiction was known as the #—z puzzle and
idely discussed. To recapture the atmosphere of that time allow me to
a paragraph concerning the conclusion that # and  are not the same
from a report entitled « Present Knowledge about the New Par-
which I gave at the International Conference on Theoretical Physics®
le, in September 1956.
ever it will not do to jump to hasty conclusions. This is because ex-
y the K mesons (i.e. v and &) seem all to have the same masscs
same lifetimes. The masses are known to an accuracy of, say, from 2
ectron masses, or a fraction of a percent, and the lifetimes arc known
racy of, say, zo percent. Since particles which have different spin
ity values, and which have strong interactions with the nuclcor}s and
not expected to have identical masses and lifetimes, onc is forced
P the question open whether the inference mentioned above that the
2 0% are not the same particle is conclusive. Parenthetically, I might add
€ inference 1would certainly have been regarded as conclusive, anff in_fact more
jounded than many inferences in physics, had it not been for the anomaly of
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—_—
————————ar

5. Dalitz, R., Phil. Mag., 44, 1068

(1958); Fabri, E., Nuovo Cimento,

11, 479 (1954).

6. Yang, C. N., Rev. Mod. Phys., 29,

231 (1957).
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8.

. Lee, T. D., and Yang, C. N., Phys.
Rev., 104, 254 (1956).

Lee, T. D., and Orear, J., Phys.
Rev., 100, 932 (1955); Lee, T. D.,
and Yang, C. N., Phys. Rev., 102,
290 (1956); a general discussion of
these ideas can be found in the
Proceedings of the Rochester Con-
Jference, April 1956, Session VIII,
Interscience, New York, 1957.

. Yang, C. N., and Tiomno, J., Phys.

Reu., 79, 495 (1950).
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mass and lifetime degencracies.»
The situation that the physicist found himsclf in at that time by fis
n

likened to a man in a dark room groping for an outlet. He is awar, of th
fact that in some dircction there must be a door which would Jead ki ouc
of his predicament. But in which direction? ;

That direction turned out to lic in the faultiness of the law of parity cop.
servation for the weak intcractions. But to uproot an accepted concep g,
must first demonstrate why the previous evidence in its favor were insuffi-
cient. Dr.Lec and 17 examined this question in detail, and in May 1956 e
came to the following conclusions: (A) Past experiments on the weak inge,.
actions had actually no bearing on the question of parity conservation, ( B)
In the strong interactions, i.c. interactions of classes 1 and 2 discussed above,
there were indeed many experiments that established parity conservation to
a high degree of accuracy, but not to a sufficiently high degree to be able ¢,
reveal the effects of a lack of parity conservation in the weak interactions

The fact that parity conservation in the weak interactions was believed for
so long without experimental support was very startling. But what was more
startling was the prospect that a space-time symmetry law which the phys-
icists have learned so well may be violated. This prospect did not appeal to
us. Rather we were, so to speak, driven to it through frustration with the
various other efforts at understanding the 9— puzzle that had been made 8,

As we shall mention later there is known in physics a conservation law -
the conservation of isotopic spin - that holds for interactions of class 1 but
breaks down when weaker interactions are introduced. Such a possibility of
an approximate symmetry law was, however, not expected of the sym-
metries related to space and time. In fact one is tempted to speculate, now
that parity conservation is found to be violated in the weak interactions,
whether in the description of such phenomena the usual concept of space and
time is adequate. At the end of our discussion we shall have the occasion to
come back to a closely related topic.

Why was it so that among the multitude of experiments on f-decay, the
most exhaustively studied of all the weak interactions, there was no informa-
tion on the conservation of parity in the weak interactions? The answer de-
rives from a combination of two reasons. First, the fact that the neutrino
does not have a measurable mass introduces an ambiguity that rules out’
indirect information on parity conservation from such simple experiments as
the spectrum of f-decay. Second, to study directly parity conservation in
p-decay it is not enough to discuss nuclear parities, as one had always done.
One must study parity conservation of the whole decay process. In other
words, one must design an experiment that tests right-left symmetry in the
decay. Such experiments were not done before.

Once these points were understood it was easy to point out what were the
experiments that would unambiguously test the previously untested assump-
tion of parity conservation in the weak interactions. Dr. Lee and I propos¢

Discovery of Parity Violation in Weak Interactions




,ummer of 1956 a number of these tests concernip
\ge-particle decays. The basic principles involved in these exper-
are all the same: One constructs two sets of experimental arrangements
sirror images of each other, and which contain weal interactions. One
mites whether the two arrangements always give the same results in terms
b of their meters (or counters). If the results are not the same, one
_ve an unequivocal proof that right-left symmetry, as we usually
- d it, breaks down. The idea is illustrated in Fig.1 which shows the
¢ proposed to test parity conservation in B-decay.
seriment was first performed in the latter half of 1956 and finished
ar by Wu, Ambler, Hayward, Hoppes, and Hudson!®. The actual
tal sctup was very involved, because to eliminate disturbing out-
aces the experiment had to be done at very low temperatures. The
of combining A-decay measurement with low temperature ap-
unknown before and constituted a major difficulty which was
solved by these authors. To their courage and <heir skill, phys-
the exciting and clarifying developments concerning parity con-
the past year.
ts of Drs. Wu, Ambler, and their collaborators was that there
e difference in the readings of the two meters of Fig. 1. Since
r of the other parts of their apparatus observes right-left sym-
e asymmetry that was found must be attributed to the f-decay of

y rapidly after these results were made known, many experi-

performed which further demonstrated the violation of parity

g p-decay, m-p, pu-e

Mirror

5

Counter 19inuod

Fig. 1.

Undation
P Mlishing Co., Ltd., 1964

Experimental Physics Y Volume

10. Wu, C. S., Ambler, E., Hayward,
R. W., Hoppes, D. D., and Hudson,
R. P., Phys. Rev., 105, 1413 (1957).
Reproduced p. 119.

11. See p. 138 of this chapter.
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EXPLANATORY PHYSICS NoTEq
FOR NON-SPECIAL|STq

Elementary Formal Introduction to the Concept of p
arit

The concept of parity can be understood from a simple ¢
the one-dimensional , time-independent Schrodinger equatjoy, ase;
e d* v (x)
-a + V(x) ¥(x) = E ¥
T (x) ¥(x) (x) 0
Let us now write the same type of equation for the miry,,

image position by changing the sign of x:

o - &
= L3 4 v(x) W) = E () )

If the potential energy function V(x) is symmetric about the
center, x = 0; thus,

V(-x) = V(x). (4

Hence, Eq. (3) becomes
e d? ¥(x) _
g T + V(x) ¥(x) = E ¥(-x) (5)

By comparing Egs. (1) and (4) we see that for the same potential
functions V, there are two solutions, ¥(x) and ¥ (). The solutions
of Schrodinger equations are called eigenfunctions. Unless there
are two or more linearly independent eigenfunctions that correspond
to this energy level, these two solutions can differ only by a multi-
plicative constant P, i.e.,

Y(-x) = P ¥(x) (6)
Now, if we change the sign of x as above (2),

¥(x) = P ¥(-x) (7
Solving (6) and (7) in P we obtain

P2 =1 (8)
or

P = ] ()

Fro”m the double sign of (9) we conclude that the solutions of
the Schrodinger equation are either even or odd under a change of
sign in the space coordinates if the potential energy function is un-
changed by the parity transformation. This property defines the
parity of the state: the even solutions are said to have even pan'fy,
under space reflection; the odd solutions correspond to odd panty,

and it means that the eigenfunction is antisymmetric under spac¢
reflection,

i . jons
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Chien-Shiung Wu—

discoverer of parity violation.
Photo: [Courtesy of

The American Institute of Physics].

D URING the years 1946 to 1952, I was completely submerged
in the experimental studies of beta decay. It was an exciting
period indeed for all who worked in this field. The excess low en-

ergy electrons of the allowed beta spectrum were, at last, eliminated. One Researcher’s
The observed discrepancies standing in the way of the acceptance of
the Fermi theory of beta decay were finally removed. Furthermore, Personal Account

some ‘forbidden’ spectra, radically different from the allowed shape,
were uncovered in rapid succession. It was good to see a real forbid-
den spectrum after seeing so many allowed ones! The whole exu- by
ber‘anl mood of triumph was quite apparent in several of my review Chien-Shiung Wu
articles and talks on beta decay in that period.
Although from 1952 my interest was gradually turning away
from beta decay, to me it was still like an old friend; there would
dlways be a place in my heart especially reserved for it.
This feeling was rekindled when, one day in the early spring
of.1955, Professor T. D. Lee came up to my little office on the
thirteenth floor of Pupin Physical Laboratories. He asked me a

Ad !
YeNtures in Experimental Physics 7 Volume 10



Nuclear Polarization

If the spins of nuclei are oriented
predominantly in one direction, the
nuclei are said to be polarized. Static
end dynamic methods have been de-
veloped which make it possible, in
principle, to polanize any nucleus.
Nuclei with an odd number of nu-
cleons have a magnetic moment p #
Q. Those with an even number of nu-
cleons have a zero moment in the
ground state (e.g., *** Sm), but may
have u 7 0 in an excited state.

The brute force method of achiev-
ing a large degree of polarization is to
apply a large static magnetic field (H)
at low temperatures (T). The polari-
zation (P) will then be given by

uH
P=t e
anh T

where k is Boltzman's constant. This
method is impractical if the nuclei
are in a region of low thermal con-
ductivity. Adiabatic demagnetization
of copper nuclei polarized by this
method has achieved a temperature
of 20 microdegrees Kelvin.

Another method (the Rose-Gorter
method) uses a moderate external
field to orient the paramagnetic elec-
trons. This induces a polarization of
the nuclei through a hyperfine cou-
pling and produces a local field of sev-
eral hundred kilogauss. This is the
method that was used to polarize
the ©°Co nuclei in CMN crystals. The
field used was less than a kilogauss at
a temperature of several millidegrees
Kelvin. By measuring the anisotropy
in the emitted -y radiation, the nu-
clear polarization was found to be

60%.
In the dynamic polarization meth-

od, a resonant magnetic field whose
frequency is usually near the electron
resonance is used. In the Overhauser
effect, transitions between the spin
states of the unpaired electrons are
induced. This in turn induces transi-
tions between nuclear spin states, due
to a hyperfine coupling between nu-
clei and electrons. At low tempera-
tures (< I° K) and high magnetic
fields ( ™50 kilogauss) polarizations
of 95% may be achieved.

A second dynamic method, the
Jeffries-Abragam method, relies on
the states of the coupled system to
provide the transition. The magnetic
field oscillates at a frequency which
is the electron spin frequency plus
or minus the nuclear magnetic reso-
nance frequency. This method can
produce polarizations similar to the
Overhauser method.

102

series of questions concerning the statys ¢
ledge of beta decay. He explained to me first €xp e

g oL 7 H » th eny
how it led to the question: is parity conserveq ; L ) DUy alkn
the answer to the 7-0 puzzle is violation of o In we & e a::
then the violation should also be obseryeq 2 :;ltY~he ch?y'
of the f-decay of polarized nuclei: one myg; 3 € Space =
scalar quantity (o * p) where p is the electron measure the p:l llti%
spin of the nucleus. If parity is not conseryeq i:ment an:udu
should be asymmetry in respect to the sign of (ot.he decay' tho
helicity (see page opposite). P, €re

Unfor;unat:;y, I coul.d noi‘.‘\su;;ply him wi;
on the pseudo-scalar quantity. At that time Tat;
no cxptl:rimental data on this point. All the l;rzh;;il;”as absol::::
on B-decay investigated essentially only the scala, qut:xp.cri enty
example: the shape of the B-spectrum (i.e., energy :L\}lty: for

People not only took it for granted that pa"it;rw Ich jg,
served in all interactions, but this untested notion was"“:] con.
discourage others from doing any experiments to tes mSO Used 1,
challenge, the validity of this concept. I was told by D’r ;Ich less

R s - M. Mor
who joined our group in October, 1956, that this actually |, Tita,
at an International Conference in Japan in 1955, Ppened

Before Prof.essor Lee left my office, I asked him whethe,
anyone had any ideas about doing this research. He said some o
had suggested using polarized nuclei resulting from nuclear real:ﬁul:,,k
or using a polarized slow neutron beam from a reactor. Somehoy|
had great misgivings about using either of these two approaches.|
suggested that the best bet would be to use a 90Co B-source polar-
ized by the demagnetization method by which one could attaina
polarization as high as 65%. Professor Lee was very much interested
in the possibility of such a strongly polarized 90Co f-source and
asked me to lend him a reference book on the method.

I should probably explain here that for several yemjustpﬁﬂf
to 1956, I was very much attracted to the possibilities of the mag-
netic h.f.s. polarization method. It is based upon the fact thaﬁtm
certain paramagnetic salts there are large magnetic fields (Al
gauss) at the nuclei of the paramagnetic ions due t(:the unp gt
electrons and, at temperatures of the order of 0.01° K, theﬁ!:
magnetic moments become oriented with respect to these Mt ‘
Since the electron magnetism is easily saturated at lowm:w ]
a field of a few hundred gauss suffices. Nuclear oneni?"“a]‘)
matically follow. Because of my familiarity with the ﬁﬁn
limitations of this technique, it was only natgral thstce. soul
which came to my mind was to use the POlanz.cd tfect
have some slight reservations about the possible €t

f the Xper;
i

h any info
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PLANATORY PHYSICS NOT
CORNON-SPECIALISTS

HELICITY

Helicity is ? term Use;l to dC.SCribe tl.‘le intrinsic ‘left-handed’ Pseudoscalars and
¢ ht-handed rfat_u s o hal pﬁ‘lde. I-t 1s generally believed that Axial Vectors
;}gtuﬂ? does not distinguish left from right; a mirror image of a phys- A pseudoscalar is & quentity

N henomenon should also depict a possible e
lcalll;ﬂ, however, it was shown that this ‘rule’ is vio
In Thus, electrons and neutrinos emitted

cal occurrence. which, unlike a scalar, changes sign

lated in weak under space inversion. Fc?r example,
(0 - p is a pseudoscalar since, under

mtcmcuon'sx.ltriﬂSiC handedness. 1 Deta decay space inversion o — ¢ and p e -P;
g an'l i fi i hence (o - -p) = -(a - p). Axial vec-
P Helicity (H) is defined mathcmatlcally as tors also behave unusually. L (angu-
o'p lar momentum) is an axial vector
5 since L = p x r and under inversion
lO'p | p—'-pandr—»-nmd-px-r=(pxr).
i i 1 Thus L does not change under this
where 0 1 the‘parncle spin ?.nd P 1ts momentum. It is the compo- transformation. Spin (o) is also an
aent of the spin along the direction of the particle’s momentum. axial vector.

Consider, as examples, the neutrino and antineutrino. Both
pave near Z€ro proper mass and thus move at the speed of light.
Both have a well-defined momentum vector, which is independent
of the frame of reference. For the antineutrino, its spin is along
the direction of its motion; thus it has positive helicity. The spin
of the neutrino is antiparallel to its momentum vector and it there-
fore has negative helicity. The neutrino is left-handed, the anti-
neutrino right-handed.

The terms left and right are used in terms of a screw. If one
twists the head of a right-hand screw clockwise, the point moves
away from one. A left-hand screw would move toward one if this
operation were performed. '

POLARIZATION

_ Polarization of a beam of particles consists of lining up the
Spins 9f the particles along a single axis either parallel to the
dlfech.on of motion along the axis (positive helicity) or antiparallel
(negative helicity). The polarization P is defined as:

& N+"-N_
- N,+N

wh . i
i t:: N, is the number of particles with positive helicity and N_
Mumber of particles with negative helicity.

Vemu : .
"es in Experimental Physics ¥ Volume 103



R R R R R R R ROy """+ -
D

Cont. from p. 102

magnetic polarizing field on the angular distribution of the bet,
particles. It turned out that this was no concern at all because the
low energy beta particles were tightly spiralled along the lines of
magnetic field in either parallel or antiparallel directions, In rety,.

spect, it was a very lucky decision as the reader will discover,

My Decision To Go Ahead

F ollowing Professor Lee’s visit, I began to think things through.

This was a golden opportunity for a beta decay physicist to perform
a crucial test, and how could I let it pass? Even if it turned out thap
the conservation of parity in beta decay was valid, the experimenta]
result would, at least, set an upper limit on its violation and thuys

stop further speculation that parity is not violated.
As an experimentalist, I was also challenged by two things

which had never been tried before and were difficult. One was to
put an electron detector inside a cryostat at a liquid helium tem-
perature and make it function; the other was to have a f-source
located in a thin surface layer and polarized for a time period long
enough to obtain sufficient statistics.

That spring, my husband, Chia-Liu Yuan, and I had planned to
attend an International Conference on High-Energy Physics in
Geneva and then proceed to the Far East on a lecture tour. Both of
us had left China in 1936, exactly twenty years earlier. Our passages
were booked on the HMS Queen Elizabeth before I suddenly real-
ized that I had to do the experiment immediately, before the rest
of the Physics Community recognized the importance of this experi-
ment and did it first. Although I felt that the chances of the parity
conservation law being wrong were remote, I urgently wanted to
make a clear-cut test. So I asked Chia-Liu to let me stay and go
without me. Fortunately, he fully appreciated the importance of
the time element and finally agreed to go alone.

Reassigned Spin of 600 Scare

I have a habit of browsing through my newly arrived books
and journals. One day in the spring of 1956, as the new issue of
Nuclear Data sheets was delivered to my office, I immediately
opened to the page on 60Co. To my %reat consternation, I found
that the spin of the ground state of 60Co had been reassigned to 4
instead of the well-known value of 5. As I mentioned before, the
reason I chose 60Co was because its beta transition is given by the
spin change I =1 -1 (5 = 4) and no parity change. Under these

Cont. P. 108
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actions, Couplings and Selection Rules in ﬁ-Decay
Intef

rocess involved in the creation of le

Thzsrstood only from a quantum field t

;nrmi suggestcd that the beta interactio
e

the simplest form

=Gy [(%p Ov %) (YO %) + (%,0,%,) (T, 0,9, |

Ptons in beta decay can
heory viewpoint.
n had a Hamiltonian of

e €, is the. coupling constan.t measuring the strength of the inter-
vion, W’s are field operat'ors Wh-lch destroy theii subscripted par-

a.cles or create corresponding antiparticles. The ¥’s perform the

-::;erse operation oi: the \I”s;_i.e., they create Particles and destroy

antipaftides‘ Thc f1rs% ter'm in the expression is B” decay; the second

s 5. Fermi’s interaction is vecft?r couPled, as suggested by electro-

dynamics. It allows only transitions with no spin or parity change

and is scalar in space and spin. When the SHe 8~ decay was shown to

involve a spin change, the original vector coupling alone was shown

to be inadequate.

Gamow and Teller generalized the interaction by pointing out that
five possible invariant interactions could be obtained by using the
proper combinations of quantum field operators. These five inter-
actions would involve scalar (S), pseudoscalar (PS), vector (V), axial
vector (A).and tensor (T) coupling. The most general interaction is :

PS
alinear combination of these. The Gamow-Teller interaction allows v
spin changes, but no parity changes, and is scalar in space but vector A
LR T
in spin.

The most general expression, we now know, must include parity
nonconserving terms. The Hamiltonian can thus be written:

H=2.:ci(‘ip0iq’n) (.‘I_’eoi\Pv) + ZC (Epoiq’n)(ﬁeoi'“ )+
i i

Hermitian Conjugate

where the conjugate terms represent §* decay. The first term is
parity conserving, the second is parity nonconserving. The C; and
C/represent the coupling constants and the O; are the conventional
‘operators of quantum field theory (see, for example, J. Bjorken and
8. Drell, Relativistic Quantum Fields, McGraw-Hill, 1965).

Three of the possible couplings, (V, A, T) contain a large part
and a small part (proportional to the nucleon velocity). The small

» along with the PS interaction, have selection rules requiring
aParity change. However, S and the large V term obey Fermi selec-
tion Tules, while the large T and A terms obey Gamow-Teller rules.

Adventyres i, Experimental Physics 7 Volume
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Vector Models of Interaction Types

Subscripts represent the components
of the vector.
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These define the ‘allowed’ transitions (for ‘forbidden’ transitions,

see below).
Fermi interactions have been shown to proceed entirely

through vector coupling (no scalar), while Gamo_w-TeIIer are axial
vector coupled (no tensor coupling). The coupling constants have

been measured and are found to be

CS=Cé=CT=C'i'=CPS=CI')S=O

1.418 x 10 ergcm®

Cy = Cy

Cane Ca -1.18 (Cy)
The fact that the C;’s have been shown to be real is of great impor-
tance to the question of invariance. While the general theoretical

expression allows complex coupling constants, time reversal invari-
ance requires that the coupling constants be real. Under the CPT
theorem, time reversal invariance further implies invariance under
the combined operation of parity and charge conjugation (CP in-
variance). Both are thus shown to hold in beta decay.

‘Forbidden’ Spectra

If the matrix elements for allowed transitions vanish, the lepton
wave functions must be expanded in a series. First ‘forbidden’
transition elements now arise from: (1) first order lepton wave
function expansion terms; (2) the previously neglected small terms
in V, A and T interactions; (3) any PS interaction present. Higher
order “forbidden” transitions arise from higher order lepton ex-

pa.nsion terms.

106 i ,
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The selection rules depend on the exact .
as well as whether a particular coupling sche
approximation to the wave function.

Fermi and Gamow-Teller Selection
Rules

ture of the interaction
me provides a good

ALLOWED TRANSITIONS
46, FERM_I GM(OW-TELLER
% : scalar in space, scalar in space
25 - ’
ANCE scalar in spin vector in spin
AJ =0 AJ 2okt
e sl Hiange J=0 -‘*J = 0 forbidden
no parity change
" AL =0
LS AL=As =0 As =0, 1
coupling no change of 2-values S =0— S =0 forbidden
no change of 2- values
no change of 2 - value
i no changes of at most one j - value changes
coupling 2- or j - values P 2t fo -1
Or vice versa

i Forbidden transitions occur for A J = n (parity unfavored) or AJ = n + 1 (parity
- favored or “unique”) and parity change (-1 )". First order forbidden transitions are
- xceptional in that A J = 0 is possible. [Encyclopaedic Dictionary of Physics,
-'-'Mlu.l'lditor, Pergamon Press 1961].
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conditions the transition is not only allowed but is given by 3 pure
Gamow-Teller type interaction. If tl.lel spin change were of the type
11 (4 4) then the allowed transition could be given by hotp
Gamow-Teller and Fermi type interactions. Under these mixed ip.
teractions, not only would the asymmetry effect t')e greatly reduceq
but one would also have to take into accour}t the interference effect
between these two types of interactions which had to be evaluateq
or estimated from other methods.

It was explained in the Nuclear Data sheets that the spin
I = 4 was assigned to 60Co because the spectrum of t]:le very weak
outer beta group (from ground state of 60Co to the first excited
state of °YNi) was in better agreement with 4 = 2 (no)t transition
rather than 5 = 2 (no) transition. Apparently they had observed
excess electrons in the outer beta group. In order to clarify this
situation, I knew I had to carry out a precision measurement of the
beta spectrum of 60Co. I suspected that the excess electrons which
they observed were actually due to the Compton electrons from the
two strong y-lines (1.17 and 1.33 MeV). With the }églp of Mrs.
Marion Biavati, we electroplated an extremely thin ®*Co source on
an aluminized formvar film (to avoid charging effect) and carried
out a thorough study of the entire beta spectrum under various source
conditions. We found the outer beta group could be satisfactorily
explained by Al = (5 > 2), (no). This detailed study of the beta
spectra of 60Co was never written up for publication because soon

1 (no) means no parity change.

ASYMMETRY DEPENDENCE ON THE TYPE OF TRANSITION

The strong dependence of the asymmetry on the type of
transition is seen from the following beta - gamma circular polariza-

tion data, obtained after the demonstration of parity violation in
weak Interactions.

A. In Allowed Gamow-Teller Beta Transitions:
Asymmetry Cocfficient A

N2 (BE(SEa00) +0.35

B. In (4" 4") Transitions, the Value of A is Greatly Reduced:

Net (094 st) ~ +0.07
Co®® (B7) (4" > 4) ~ 0.00 * 0.03
L : Discovery of Parity Violation in Weak Interactions
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parity nonconservation. [,

ut the same timgb Dobrowalski et qf, Published} their deter-
f %hc spin of ®YCo by pal:mnagnetic Te€sonance hyperfine
which showed clearly 11 lines, thereby definitely assignin

- 60Cco equal to 5. What a close call! 8

b, we had a small but fine low temperature research
had no elaborate equipment but were familiar with

iques. I benefited greatly from talking to a com-
man, Mr. Bruce Biavati, who was about to receive his
ee with Professor Henry Boorse. | learned from him var-
of ingenious techniques to insure good thermal contact

the United States, there was only a handful of low
laboratories which were equipped to do nuclear orien-
ents. The one nearest Columbia was the National Bu-
ards in Washington, D. C. Dr. Ernest Ambler, a pioneer
orientation field, had moved from Oxford University
temperature lab at NBS several years earlier. I decided to
im by phone to determine whether he would be interested
ration. It was on June 4, 1956 that I called and put the

ion directly to him. He accepted enthusiastically.

On The Long Road to Planning

on as the spring semester ended in the last part of May,

work in earnest in preparing for the experiment. From the

g of June until the end of July, two solid months were spent

our beta particle detectors. What type of scintillator would

 for this use? What shape should the head of the light guide

W could we bring the long lucite light pipe (4") with small

eter (1”) out of the cryostat? Could one leave the scintillator or

photo-multiplier inside the helium cryostat? How would the

1zing magnetic field affect the counting rates? If we had known

- observed asymmetry effect would be so large, we wom'xld have

L spared some of these worries, but the thorough preparation was

rth all the effort.

mJﬂy 24th, I wrote to Dr. Ambler to inform him that the

Timentation on the detection of B-particles at liquid helium tem-

ture was progressing satisfactorily. If no unforeseeable technical

e were to arise, I suggested that he and I sho_u_ld get together
“also make proper arrangements with the authorities at the NBS.

Ntures in Experimental Physics 7Y Volume
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Ermest Ambler
with Chien-Shiung Wu
at the time of the expenment
at the National Bureau of Stendards
in Washington, D. C.
—where parity violation was first observed.
The equipment in the background
was used in the experiment
reported by Professor Wu
in her Discovery Story.

Photo: [Courtesy National
Bureau of Standards]
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A week later on July 31st, I received a letter from Dr. Ambler
including a rough sketch of the cryostat to give me an idea of the
dimensions involved. However, he said he would be away on vaca-
tion for two weeks beginning August 4th. So during the month of
August, we made detailed studies of the magnetic field effects on
the B-countings and also the backscattering of beta particles from
the cerium magnesium nitrate (CMN crystal) source backing. This
correction amounted to approximately 30-35% which diluted the
observed asymmetry effect.

In the middle of September, I finally went to Washington, D.C.
for my first meeting with Dr. Ambler. He was exactly as I had imag-
ined from our numerous telephone conversations: soft-spoken,
capable, efficient, and above all, inspired confidence. He took me
to his lab and introduced me to Dr. R. P. Hudson, who was his imme-
diate supervisor at that time. The two of them had been working
closely together. Hudson’s subsequent decision to join our exciting
experiment was indeed welcome.

In the beta particle counting and the gamma ray anisotropy
measurements we required a great deal of electronics. Dr. R. W.
Hayward of the Radioactivity group of the NBS had offered us
(through Mrs. Betty Frota-Pessaa, one of my former students who
was working at the NBS) the use of his 10-channel, pulse-height

Discovery of Parity Violation in Weak Interactions
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analyser and other equipment. The eventual joining of Dr. Hayward
and his half-time research assistant, D. D. Hoppes, added further
strength to our group; and during the exciting yet exasperating

days and nights when we had hardly any sleep, we wished we had
more such able collaborators.

By the time of my third trip to Washington, D. C., I had grown
two 60Co specimens. One was made by taking a good single crystal
of CMN and growing on the upper surface only an additional crystal-
line layer containing 0Co. The thickness of the radioactive layer
used was about 0.002 inches and contained a few microcuries of
activity. The other had the 60Co evenly distributed throughout the

crystal for the study of the anisotropy of the gamma rays.
A E"_‘Wthi{lg worked as well as could be expected. The 4-feet
HZ"B: Linch diameter lucite light pipe gave the Cs conversion
wa:fiﬁz‘! KeV) a fine resolution of 17%. This excellent resolution
machiuf mostly to the careful selection of a clear lucite rod, the
er g of the lucite head to a logarithmic spiral for maximum

t i 2 T :
to; collection and, above all, Marion Biavati’s personal attention

1t surface polish.
Cont. p. 114
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Members of the National Bureau
of Standards staff, codiscoverers of
parity violation, at the

Bureau of Standards

laboratory, 1957.

Left to right: R.P. Hudson,

E Ambler, R, W. Hayward,

D. D, Hoppes. Ambler holds the container
for the crystal sample,

while Hudson prepares to replace
the dewar, prior to cooling

the sample with liquid helium.
[Photo: Courtesy National Bureau
of Standards, ]
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EXPLANATORY PHYSICS NOTEg
FOR NON-SPECIALISTS

PARITY — THE REFLECTION SYMMETRy,

The statement that a physical law is invariant under certyjy,
operations means that this law does not change as a result of
change in physical conditions. The basis of this belief in the jny,y;.
ance of physical laws lies in the credence that certain symmetries
exist in Nature and these invariant transformations lead to a state-
ment of some conservation law. For example, invariance under lin-
ear transformations (homogeneity of space) yields conservation of
momentum; invariance under time displacement leads to a conserv-
ation of energy; invariance under rotations (isotropy of space) leads
to conservation of angular momentum.

The conservation of parity is the conservation law correspond-
ing to invariance under reflections in quantum mechanics. The law
requires that the symmetry, or parity of a physical system remains
unchanged by any physical process. Parity is simply a formal ex-
pression of the behavior of the wave function of a particle (or sys-
tem of particles) when the spacial coordinates x, y, z are inverted
through the origin to become -x, -y, -z.

Parity conservation has no classical analogue, so it is difficult
to visualize. One can describe this symmetry as requiring any ex-
periment to look identical to its mirror image.

If a crystal of cobalt is kept at a very low temperature and then
placed in a strong magnetic field directed upward, the cobalt atoms
will line up in the direction of the field. When a 60Co nucleus under-
goes f-decay, conservation of parity demands that there be no pre-
ferential direction of electron emission. If one were to observe this
experiment in a mirror (reflection transformation) the magnetic
field would be reversed (see diagram) and the cobalt atoms would
line up in the opposite direction. This experiment can then only
appear identical if the number of particles emitted upward is equal
to the number emitted downward. If there are more particles emit-
ted in either direction, the experiment would appear reversed in a
mirror (see diagram). This is, in fact, what happens, i.e., there are
more particles emitted in the direction opposite to that of the mag
netic field. The experiment, therefore, is not symmetric under re-
flections, and thus parity is not conserved.

Notice, however, that if we replace all the mirror image par-
ticles involved by their antiparticles, the experiment now looks the
same as in real life. Thus the combined operation of parity and
charge conjugation holds (CP invariance).

Discovery of Parity Violation in Weak Interactions




L is the direction of the angular momentum vector, e’s represent the electrons
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Parity Violation

a) The mirror image (center) of
particle 1 (left) emits electrons
in the same direction as part-
icle 1, but its spin L is in the
opposite direction. Configur-
ation 2 (right) is simply con-
figuration 1 under rotation. If
parity is to be consevvedthere
should be no difference expen-
mentally between 2 and the
mirror image of 1. Panty vio-
lation manifests itself by the
fact that the electron direction
is correlated to L (indsicating
the presence of the o -p term).

Parity Conservation

b) The mirror image of part-
icle 1 willonly be identical
to particle 2 if the number
of electrons ejected upward
is equivalent to the nume-
berejected downward. This
is the case of panty conser-
vation and is shown in the
figure at left.
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Cont, from p. 111
Our Fear Confirmed

The polarization of the thick 60Co Y - ray source was obtainegq
with no difficulties, but we had no such luck for the thin surface
60co source. The polarization lasted no more than a few seconds
then completely disappeared. What we had feared all along ﬁnaII):
happened: the polarization of a thin layer on the surface did o
last long enough for actual observation. The reason for this gjsa,.
pearance of nuclear polarization on the surface was probably gye
to its sudden rise in temperature caused by heat that reached the
surface of the specimen by means of radiation, conduction, or
condensation of the He-exchange gas. The only remedy was to
shield the thin CMN crystal in a cooled CMN crystal housing. Byt
where could one obtain many large, single CMN crystals in a hurry?
I decided to return to Pupin Laboratory and try to find ways to
grow some CMN crystals.

Beautiful Sight of Those Large Single CMN Crystals

| consulted some professional crystallographic experts and,
unfortunately, they confirmed my fear that professional care would
be needed to grow large-size CMN crystals (1” dia.). Both elaborate
equipment and plenty of patience were required and we had neither
the funds nor the time. I sent our chemist, Herman Fleishman, to
gather all the information he could on the crystalline properties of
CMN from the chemistry library. Fleishman came back with a tre-
mendously thick book on the subject published a half century ago
in Germany. Until then this enormous work had been just gathering
dust on the top of alibrary shelf, but to us it proved a great source
of information. Armed with this new knowledge, Marion Biavati
started to seed the CMN crystals in the Pupin basement lab. These
seeds generally grew easily to the size of a few millimeters but never
much more than that.

One evening Marion took a small glass beaker and some CMN
chemicals home with her. While she was cooking dinner, she left the
beaker containing some CMN on the stove. As the solution warmed,
more CMN dissolved in it. She kept adding more CMN until the
solution was supersaturated.

The next morning, Marion brought to the lab a piece of clear
CMN crystal about one centimeter in size. I could not believe my
eyes when I saw it! I immediately thought we should try to mass
produce the CMN crystals in a similar but improved manner. With
the help of Fleishman, we first purified large quantities of CMN of
commercial quality. We then laid out a large number of glass beakers
containing supersaturated CMN solution. The temperature inside

Discovery of Parity Viofation in Weak Interaction®
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Lrein which these beakers were
e enclo ~oup of heat 1amps. By reducing

# by :ﬁy’we obtained about ten large, perfect, CMN sing

o SIOthe end of three weeks. The day I carried these Precious crys-

als M'th e back to Washington, I was the happiest and proudest
wi he world.

placed was being control-

the temperatyre evenly

le crys-

rson 1 © ke a housi

P how could one make a 2 s of these CMN crystals?
NOVSM arystal 8 kr.mown to have highly anisotropic g-values:

11\; 2y One must line up the crystal axis perpendicular to the ge.
g 7 vation field. The way to build the house was to carve a large
M each crystal, then to glue them one on top of the other. How
olcld Jne carve a large hole in a thin, brittle crystal without causing
fou rack? We were 50 happy when a crystallographer suggested to
it t:)h e usea dentist’s drill (which is designed so that it exerts
“’mgum inwardly).

To glue the CMN pieces together, Dr. Ambler used Du Pont
ement. This time, we saw an unmistakable effect when the polari-
B o field was tum?d on. l-.lowever, the effect was not only emi-
ently clear but also irreversible! The counting rates never returned
1o their original values even when the source was warmed up. The
pouse had caved in!

When the cryostat was warmed up and opened, we saw exactly
what had happened. As already mentioned, the CMN crystal has a
highly anisotropic g-value. The axis of the crystal had not been set
eactly parallel to the magnetic field, a strong torque developed, the
iquid helium temperature caused the Du Pont cement to completely

lose its adhesive property; and the CMN housing—under the torque—
ame tumbling down!

Genuine Asymmetry Effect Observed

The second time the housing was put together, fine nylon

threads were used to tie the pieces together and, for the first time,

we finally saw a genuine asymmetry effect which coincided exactly

with the y - ray anisotropy effect.That was already in the middle of

December, 1956, one half year after the beginning of our planning.
femember the mood then was more cautious and subdued. The

discovery would be big if our observation was real, but we cautioned

ourselves that more rigorous experimental checks must be carned

%tbefore announcing our results to outsiders.

% Betw?en cxperimental runs in Washington’.l.h.ad to dash back
Columbia for teaching and other research activities. One Thurs-
Ymoming, a5 | was hurrying to the seminar room at Pupin, I

Pssed Professor [ ee’s office; the door was open and both Lee and

Nitres ; 4
& in Experimental Physics Y Volume

Alignment & Polarization

The words alignment and polar-
ization are sometimes used inexactly-
Alignment generally means an orien-
tation along an axis without prefer-
ence of direction, while polarization
specifies a preferred direction along
the axis.
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Yang were there. As I stuck my head in to say hello, they inquire
about the 60Co experiment. I casually mentioned that it seemed ‘
there was a huge asymmetry effect. They were excited ang Pleaseq
As I passed their room again, after the seminar, they wanted ¢,
know more. I told them the effect was large and reproducible, by,
it must be regarded as preliminary because some systematic chegk
were not yet completed. I remember on that occasion, Yang a5,
wanted to know whether anyone had calculated the interference
term between the G-T and Fermi interaction. I told him that Dr. M
Morita had carried out these calculations in detail and the interfer.
ence term might be destructive, depending on the signs between C
and Cy; . Isaid I was pleased that the beta transition in 60¢, Wasl:
pure G-T transition. We know now that the observed asymmetry
parameter A in 60co (5 > 4) is nearly -1, but it is much reduced jn
mixed transitions such as n neutrons (%2 = %), Ais -0.11 and in lgNe

(*2 > %), Ais-0.057.
Rigorous Experimental Checks

One week later, after some modifications on the glass dewar

were completed, we began to follow through intense experimenta
checks on the asymmetry effect observed. First, we had to prove
that this symmetry effect was not due to the strong magnetic fields
of the CMN crystals produced at extremely low temperatures. We
also needed to show that this effect was not due to the remnant
magnetization in the sample induced by the strong demagnetization
field. The most clear-cut control experiment would be one in which
a beta activity would be introduced into the CMN crystal, but in
which the radioactive nucleus would be known not to be polarized.
No asymmetry effect should be detected. To carry out all these
experiments would take many weeks.

On Christmas eve, I returned to New York on the last train; the
airport was closed because of heavy snow. There I told Professor
Lee that the observed asymmetry was reproducible and huge, but we
had not exhausted all experimental checks yet. When I started to
make a quick rough estimate of the asymmetry parameter A, I found
it was nearly -1, Professor Lee realized it immediately and said

that this was very good. The result of A = -1 was the first indica-
tion that the interference between parity conserving and parity non-
conserving terms in the G-T interaction Hamiltonian was close to
maximum or, C4 = Cj. This result is just what one should expect
for a two-component theory of the neutrino in a pure GamOW"Fenfr
transition. It also implies that, in this case, the charge conjugation ]
noninvariant. Lee then told me that during the summer of 1956,

Discovery of Parity Violation in Weak Intefactions
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and Yang worked togetl.lcr at Brookhaven National Labor-
Jhen ey had R0t only entertained the idea of the two-component
st e neutrino, but_had also worked out some detajls of the
{heo HoweveT, they felt it was too rash to publish it before the
dl“’r?'n of the law of parity was experimentally observed. Con.
v;olaﬂ:b the clear evidence of the two-component theory of the
ﬁont? Bt discussed possible experiments one could do. One of
nf‘-lwia ; the measurement of electron polarization; the other was
t R parity experirr')ent. It was not too clear how to actually
the them out. At that time [ was still hesitant to have them quote

urrcsults but promised to give them our affirmative answer soon.
o

Law of Parity Overthrown

n January 2nd, I went back to the Bureau to continue with
g cxpcﬁmcmal checks. Some of thcs<? checks had not gone as
cmoothly as we had expected. The period between January 2nd and
January 8th was probably the most tense in our whole experimental
ventyre. Our cryostat at tl.le NBS was made of glass and the glass
joints were put tOgcthe_r with low-temperature vacuum grease which
was concocted by melting together glycerine and Palmolive soap.
(Later on, we changed to Ivory soap.) The trouble which plagued us
repeatedly was the superfluid leak below the lambda point (T=2.3°K).
Each time this happened, it took at least 6-8 hours to warm up, re-
grease and then cool the cryostat down again. To save time, Hoppes
gdept on the ground near the cryostat in a sleepingbag. Whenever
the cryostat reached liquid helium temperature, he would telephone
each of us to go to the lab, no matter what time of the night it was.

During the week of January 7th, rumors started to come in
fast about the Nevis o - £ - e parity experiments. Very much alarmed
and excited, the director and the high administration officials of the
NBS came to call on us and wanted to know more about our experi-
ment which was rumored to be as important as the Michelson-

Morley one.

We were as vigilant as ever. Even after the muon decay had
thown the violation of the law of parity, we still did not relax. We
had to be totally convinced ourselves.

After we finished all the experimental checks which we had
*tout to do, we finally gathered together around 2 o’clock in the
moming of January 9th to celebrate the great event. Dr. Hudson
"Bllfngly opened his drawer and pulled out a bottle of wine* and
PUtit on the table with a few small paper cups. We finally drank
© the overthrow of the law of parity.

Iremember vividly several research workers in other sections

Adve, . )
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Two Component Theory
of the Neutrino

The experiments which t-\‘lab.l'-"lff’
parity nonconsérvation in weak inter
actions led to the formulation ofa
simple and appealing theory of the 3
neutrino. Proposed independently 0Y
Lee and Yang', Landau®, and Salam ",
this theory requires that the spins of a
neutnno and antineutrino can only be
aligned antiparallel or parallel, respec-
tively, to their momentum vect?r:. As
aresult, the four-component Dl.rac
equation (relativistic generalization of
the Schrodinger equation) can be‘re—
duced to a two~component equation.
The theory also requiresa massless
neutrino, which is compatible with
present experimental data.

The two-component theory of the
neutrino violates both charge conjuga-
tion and parity invariance separately.
However, it does retain invariance un-
der the combined operation CP. !

For a more complete discussion,
see Explanatory Physics Note:
“ppenomenological Aspects of the
Two-Component Theory of the
Neutrino,” p. 144.

1. Lee and Yang, Phys. Rev. 105, 167
(1957).

2. Landau, Nuc. Phys. 3,127 (1957).

3. Salam, Nuovo Cim. 5, 299 (1957).

* According to R. P. Hudson, the
bottle of wine he opened was
actually a Chateau Lafite-
Rothschild, vintage 1949,
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of the low temperature laboratories stopping by our lab the pey
momning and being surprised by the silent and relaxed atomospher,
They suddenly turned around to take a look at our waste paper bas:
ket and nodded to themselves, “All right, the law of parity in b,
decay is dead!”

I hurried back to the Pupin Laboratories on the night of Jan-
uary 10th and on the morning of the 11th, a Saturday, there vy g
meeting in room 831. Lee, Yang, the Nevis group, and I were 4]
there. The discussion lead by the two brilliant theorists was enthral-
ling. Before that meeting our results had already been written up to
be submitted to Physical Review. What a great shock to the world
of physics!

On the afternoon of January 15th, the Department of Physics
at Columbia University called a press conference to announce the
dramatic overthrow of a basic law of physics, known as the conser-
vation of parity, to the public. The next day, the New York Times
carried a front page headline “Basic Concept in Physics Reported
Upset in Tests.” The news burst into public view and quickly spread
around the world. As Professor O.R. Frisch of Cambridge University
described it in a talk at that time, “The obscure phrase ‘parity is pot
conserved’ circled the globe like a new gospel.”

As usual, following an important discovery, we were asked to
give symposia, colloquia, and lectures on our experiments. Finally,
the American Physical Society held its annual meeting in New York
around the end of January. A post-deadline paper session was as-
signed to the topic of the nonconservation of parity. Later, K. K.
Darrow recorded the event with his lively and witty pen in The
Bulletin of A. P. §. 2 (1956-57):

On Saturday afternoon to boot—the largest hall normally at
our disposal was occupied by so immense a crowd that some
of its members did everything but hang from the chandeliers.

The sudden liberation of our thinking on the very structure of

the physical world was overwhelming. Activities along these lines
advanced at an unprecedented pace. First, the nonconservation of
parity was also observed in the decay of the muon (see Garwin’s
and Telegdi’s stories pp. 124 and 131). The asymmetry effect of the
beta particles from the polarized 60Co was also used to examine the
validity of time reversal and it was found sound. Therefore, in weak
interactions, the charge conjugation “C” and the parity “P” were
both violated and the time reversal “T”’ was still intact. This sug-
gested the combined “CP” invariance.

118 Discovery of Parity Violation in Weak Interactions
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Expen'mental.Test of Parity Conservation
in Beta Decay*

C. S. Wy, Columbia University, New York, New York
AND

E. AuBLRR, R. W, HAywazp, D. D. Horpes,

AND R. P. Hunsoy,

National Bunau. of Stondards, Washingion, D. C.
(Received January 15, 1957)

t paper® on the question of parity in weak
IN mons. Lee and Yang critically surveyed the
+ental information concerning this question and
conclusion that there is no existing evidence
dther to SUpport or to refute parity conservation in weak
ipteractions. They proposed a number of experiments on
beta decay® and hyperon and meson decays which would
:de the nccessary evidence for parity conservation
or ponconservation. In beta decay, one could measure
the angular distribution of the electrons coming from
beta decays of polarized nuclei. If an asymmetry in the
dssrbution between 8 and 180°— 6 (where 6 is the angle
between the orientation of the parent nuclei and the
mementum of the electrons) is observed, it provides
mequivocal proof that parity is not conserved in beta
decay. This asymmetry effect has been observed in the
ase of orieated Co®.

It has been known for some time that Co® nuclei can
be polarized by the Rose-Gorter method in cerium
magnesium (cobalt) nitrate, and the degree of polari-
ation detected by measuring the anisotropy of the
@xrading gamma rays.? To apply this technique to the
prsent-problem, two major difficulties had to be over-
me. The beta-particle counter should be placed inside
the demaguetization cryostat, and the radioactive
auclei must be located in a thin surfoce layer and
polarized. The schematic diagram of the cryostat is
tl_lown im Fig. 1.

:l‘o dﬂtct beta particles, a thin anthracene crystal

0. M diameterX ¢y in. thick is located inside the
menm chamber about 2 cm above the Co® source.
°¢ delntillations are transmitted through a glass

Ow and a Lucite light pipe 4 feet long to a photo-

.

Ty (6292) which is located at the top of the
Y98tat. The Lucite head is machined to a logarithmic
mﬁ‘:&lx for maximum light collection. Under this
motai B, the Cs™ conversion line (624 kev) still

8 resolution of 179,. The stability of the beta
tem Was carefully checked for any magnetic or
&mlure effects and none were found. To measure
__8mount of polarization of Co®, two additional NaI

Sdntillation counters were installed, one m
Mti:z“ﬂtonal plane and one near the polar
€ observed gamma-ray anisotropy was
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F16. 1. Schematic drawing of the lower part of the aryostat.

used as a measure of polarzation, and, effectively,
temperature. The bulk susceptibility was also mon-
itored but this is of secondary significance due
to surface heating effects, and the gamma-ray ani-
sotropy alone provides a reliable measure of nuclear
polarization. Specimens were made by taking good
single crystals of cerium magnesium nitrate and growing
on the upper surface only an additional crystalline layer
containing Co®. One might point out here that since the
allowed beta decay of Co® involves a change of spin of
one unit and no change of parity, it can be given only
by the Gamow-Teller interaction. This is almost im-
perative for this experiment. The thickness of the
radioactive layer used was about 0.002 inch and con-
tained a few microcuries of activity. Upon demagnetiza-
tion, the magnet is opened and a vertical solenoid is
raised around the lower part of the cryostat. The
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2 LETTERS TO

whole process takes about 20 sec. The beta and gamma
counting is then started. The beta pulses are analyzed
on a 10-channel pulse-height analyzer with a counting
interval of 1 minute, and a recording interval of about
40 seconds. The two gamma counters are biased to
accept only the pulses from the photopeaks in order to
discnminate against pulses from Compton scattering.

A large beta asymmetry was observed. In Fig. 2 we
have plotted the gamma anisotropy and beta asym-
metry us time for polarizing field pointing up and
pointing down. The time for disappearance of the beta
asymmetry coincides well with that of gamma ani-
sotropy. The warm-up time is generally about 6 minutes,
and the warm counting rates are independent of the
field direction. The observed beta asymmetry does not
change sign with reversal of the direction of the de-
magnetization field, indicating that it is not caused by
remanent magnetization in the sample.

The sign of the asymmetry coefficient, a, is negative,
that is, the emission of beta particles is more favored in
the direction opposite to that of the nuclear spin. This
naturally implies that the sign for Cr and Cz' (parity
conserved and parity not conserved) must be opposite.

The exact evaluation of o is difficult hecanse of the

13 T T T T T T T T
GAMMA-ANISOTROPY
(V] b~ —
@) EQUATORIAL COUNTER
. b) POLAR COUNTER
z )
w| ¥ <
l‘; A
e =
et
g @
= o o
£z
=
k4
§ =
v
! ] &9 I 1 ' ]
1 i 1 I I ] I ]
GAMMA-ANISOTROPY CALCULATED FROM (o) &(b)
v 6. MR):-wO)
w(%)
& o} * |

FOR BOTH POLARIZING FIELD
UP & O0WN

m p—
A 1 gy o SefE
i 1 i I I I ! ]
120 B ASYMMETRY (AT PULSE ]
HEIGHT 10V)
H{ EXGHANGE
wo GAS| IN ]

E §

COUNTING RATE
<COUNTING RATE D, ny

g

o 1 T
h(’] 2 4 6 8 10 12 4 16 18
TIME IN MINUTES

Fi16. 2. Gamma anisotropy and beta asymmetry for
polarizing field pointing up and pointing down.

THE EDITOR

many effects involved. The lower limit of @ can be
estimated roughly, however, from the observed valye
of asymmetry corrected for backscattering. At velo city
v/c=0.6, the value of a is about 04. The value o
(I)/1 can te calculated from the observed aniSOtrOpy
of the gamma radiation to be about 0.6. These two
quantities give the lower limit of the asymmetry
parameter B(a=$(,)/I) approximately equal to g3
In order to evaluate a accurately, many supplernentary'
experiments must be carried out to deternine e
various correction factors. It is estimated here only ¢,
show the large asymmetry effect. According to Lee and
Yang?® the present experiment indicates not only that
conservation of parity is violated but also that invar-
ance under charge conjugation is violated.* Furtper.
more, the invariance under time reversal can also pe
decided from the momentum dependence of the asym-
metry parameter 8. This effect will be studied later.

The double nitrate cooling salt has a highly aniso-
tropic g value. If the symmetry axis of a crystal is not
set parallel to the polarizing field, a small magnetic
field will be produced perpendicular to the latter, T,
check whether the beta asymmetry could be caused by
such a magnetic field distortion, we allowed a drop of
CoCl: solution to dry on a thin plastic disk and cemented
the disk to the bottom of the same housing. In this way
the cobalt nuclei should not be cooled sufficiently to
produce an appreciable nuclear polarization, whereas
the housing will behave as before. The large beta asym-
metry was not observed. Furthermore, to investigate
possible internal magnetic effects on the paths of the
electrons as they find their way to the surface of the
crystal, we prepared another source by rubbing CoCl:
solution on the surface of the cooling salt until a
reasonable amount of the crystal was dissolved. We then
allowed the solution to dry. No beta asymmetry was
observed with this specimen.

More rigorous experimental checks are being initi-
ated, but in view of the important implications of these
observations, we report them now in the hope that they
may stimulate and encourage further experimental
investigations on the parity question in either beta or.
hyperon and meson decays.

The inspiring discussions held with Professor T. D.
Lee and Professor C. N. Yang by one of us (C. S. Wu)
are gratefully acknowledged.

* Work partislly supported by the U. S. Atomic Energy
Commission.

) T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956).

2 Ambler, Grace, Halban, Kurti, Durand, and
Mag. 44, 216 (1953).

3 Lee, Ochme, and Yang, Phys. Rev. (to be published).

¢ Their arguments are as follows: From the He® recoil L
ment and from Eq. (A-? of reference 1 one concludes that
({Cal+C4'[H/(ICr|3+[Cr'}) S4. Hence, by comparing Eq.
(16) of reference 3 (see also Eq. TA-é) of reference 1], oné coa-
cludes that the present large asymmetry is possible only if both
conse'nll:ttizn of parity and invariance under charge copjugstion
are violated.

Phil.

e et U

Discovery of Parity Violation in Weak Interactions

B



PLANATORY PHYSICS NOTE
%n NON-SPECIALISTS .

CPT Invariance

symmctn'cs in Nature are expressed in physics as principles of
invariance. Three such ‘reflection symmetries® are: the invariance
of space inversion, or pari.ty P; invariance under charge conjugation,
C; and time reversal invariance, T.

P conservation is an inversion of all three space axes. Under
this transformation, a right-hand screw becomes a left-handed one.
The fundamental physical laws should look the same in either the
arigmal or the inverted system. :

C invariance is an interchange of particles with antiparticles.

It reflects the symmetry of matter and antimatter as proposed by
Dirac. Charge conjugation implies that for every state of a particle
system, there exists a corresponding antiparticle system state iden-
tial in every way.

T invariance involves a change in the temporal axis and implies
that for every state of motion of a system, the laws of physics per-
mit a2 corresponding reversed state where particles move with reversed
welocities and spins.

Each of these symmetries was thought for many years to be
exact. The experiments described in this chapter showed, however,
that P is not conserved in weak interactions and neither is C. For
several years following these experiments, CP combined was thought
to be the correct invariant, i.e., if all particles are replaced by anti-
Particles in their mirror image, then a symmetry still remains.

If one applies all three transformations CPT, one then obtains
a transformation that is invariant, although it may not be invariant
under the separate transformations C,P,T, or any combination of
two of these. In beta decay, for example, the T operation and the
@mbined CP operation are invariant. More recent experimentation
has produced strong evidence that even the CP symmetry is not
ﬁtoact in weak interactions. The decay of the K’ meson violates
] the combined CP invariance and T invariance, but not the

invariance,

. If the combined operator CPT were shown not to be an in-

,:—:’.Ibzntv then the whole thcory of clcmcnta_ry particlcs would have
€ drastically revised,

"Yentures in Experimental Physics 7 Volume
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SUBSEQUENT DEVELOPMENTS

: Immediately after the news was announced, I received a letter
from Wolfgang Pauli in which he pondered on this combined “Cp”
invariance after learning the results of our experiments:

Ziirich
Jan. 19, 1957
Dear C. S. Wu:

Exciting news is coming from the States (Blatt wrote
it to me in a letter from Princeton) about an asymmetric
angular distribution in your beta-decay experiment with
directed nuclear spins, indicating a restriction of the left-
right asymmetry of the theory in such a way that the left-
right interchange must be coupled with a change of sign of
the ‘lepton-charge’ (means neutrino 2 antineutrino, ¢* & ¢7).
So it is, if 1 understood Blatt correctly.

When I considered such formal possibilities in my
paper in the Bohr-Festival Volume (1955), I did not think
that this could have something to do with Nature. I con-
sidered it merely as a mathematical play, and, as a matter
of fact, I did not believe in it when I read the paper of
Yang and Lee. I did not believe Salam either, when I
read this proposal to establish a connection between the
above restriction in parity and the vanishing of the rest-
mass of the neutrino. Salam’s proposal has a certain
beauty in itself; namely, it is equivalent with the description
of the neutrino with a two-component spin only.

What prevented me until now from accepting this
formal possibility is the question why this restriction
of mirroring appears only in the ‘weak’ interactions,
not in the ‘strong’ ones. Theoretically, I do not see any
interpretation of this fact, which is empirically so well
established. Do you know somebody in the States, who
has real ideas about that?

Can you write me more about your work—of course
only when you have time for it and when you are suffi-
ciently sure about the results—and can you send me a pre-
print, when there will be one?

That Professor Pauli was perturbed by these dramatic events
can be seen from the follo\wing lines:

In any case, I congratulate you (to the contrary
of myself). This particle neutrino—on which I am not
innocent—still persecutes me. On Monday, I have to give
a more general lecture on old and new history of the neu-
trino. I have read much literature this autumn, including
your article in K. Siegbahn’s Handbook. It is fine, but I
di.sagree with your discussion of the upper limit of the neu-
trino rest-mass which seems to me too high.
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ponths later, the observation of the lon
 beta particles was first reported by H, Frauenfelder’s

on the precision determinations of the longitudinal

tions of negative and positive beta particles by different

were reported from numerous laboratories. The other

ty experiments like the § - y circular polarization

ere independently reported by H. Schopper, F. Boehm

Japstra**. It was, indeed, a most productive and ex-

d. This can be seen from the Proceedings of two import-

ces: the Rochester Conferencet (May 195 7), and the

ference} (Sept. 1957).

gitudinal polari-

hrow of the parity law drives home once again the

ence is not static but ever growing and dynamic. It in-

just the addition of new information but the continuous

1d information. From a flat earth to a round sphere,

al Newtonian mechanics to quantum mechanics, there

ations. It is the courage to doubt what has long been
incessant search for verification and proof that

of science forward.[J

Chien-Shiung Wu

imental Physics 7 Volume

%

Frauenfelder, H., et aL, Phys. Rev.
106, 386 (1957).

Appel, H., and Schopper, H.,
Zeit. Phys. 149, 103 (1957);
Boehm, F., and Wapstra, A. N,
Phys. Rev. 106, 1364 (1957),
Phys. Rev. 107, 1202 (1957),
Phys. Rev. 107, 1492 (1957), and
Phys. Rev. 109, 456 (1958). :
Edited by G. Ascoli et al, section
VII “Weak Interactions” (Inter-
science, 1957.)

Edited by H. Lipkin, section VI,
p. 319 (North-Holland, 1958.)
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DISCOVERY STORy

T,

Richard L. Garwin, f
August, 1961 \A 2

. 4
one Resear Cher S M UCH of the physics and direct communication in the Physics
Personal Account Department at Columbia takes place around the lunch table

of a Chinese restaurant on Fridays. It was at such a luncheon, toward
the end of December 1956, that we learned of the positive results
indicating nonconservation of parity in the cobalt-60 experiment
b of Professor Wu. Ideas of parity violation in decays involving the
Richard Garwin p-meson, however, centered on studying the 7 - 4 - € decay chain
in photographic emulsion—or else working with the submillimeter
range of the y-meson to separate the u’s from the 7’s—since it was
also predicted, under certain assumptions, that the p would be po-
larized along its direction of emission from a pion at rest. ]
se

On Friday, January 4, I had been at Poughkeepsie and mis
our weekly luncheon. Shortly after I returned home amf"lld,
8 o’clock, I received a phone call from Leon Lederman. He quict?

i . tions
4 Discavery of Parity Violation in Weak Interac



hat he had thought of a way to gba; 4
;hmking advantage of_ the wEll-knownnf:clt)i;:lt ::foolanze_d
4 from a beam of pions in flight have higher en gt
) those emitted backwards. In fact, for man ergy and
:ments had been done at Nevis* Wiing such gez:;ars,fcount-
muons produced in the fringe field of the cyclo tro:;: Slehp-
decay of pions in flight. Thus there was the possibili‘tj '(i:‘
really not conserved, that th Y, 1

. €S€ muons in our standard
e already polarized! Leon continued by saying that il'r we
k of a reliable way to measu

re the asymmet 5
ry of the emit-
ns from these muons, then we could actually do the ex-

1 S“Sges_ted that we meet at the cyclotron in fifteen min-
Leon quickly agreed.
at the cyclotron, we mulled over the
\uons afld w_orried t:hat either the muon spin would not
tial dll‘CCllOl} during the stopping process, or that the
ht be depolarized in the microsecond or two before decay.
o the problem of detecting an electron asymmetry
t be small even in the case of fully polarized muons.
_matters worse was the fact that we had no guarantee
on beam was anywhere near fully polarized.
Neinrich had been doing his thesis with Leon Lederman.
olved the stopping of positive or negative muons in var-
als and the determination of the rate of emission of elec-
lunction of delay time (with a view to measuring the life-
[ the negative muon). It was therefore natural that we first
hysically swinging a counter around a block in which
e to be stopped. But we immediately noted that false
k asymmetries would be introduced by a nonsymmet-
g distribution of muons, by the fringe field of the cy-
odifying the gain of the photomultiplier tubes, etc.
e about 1953**, I had been working in nuclear magnetic
on He3 liquid, so that I was quite familiar with the ex-
ch one could rely completely on classical concepts-in
nuclear spins and their interactions with magnetic
erefore occurred to me that the best arrangement by. far
to leave the counters fixed and to move the spins (if, in-
was a magnetic moment associated with tpe muon spin,
nitude of the muon spin, itself, being uncertain at that time).
ld sweep any electron decay asymmetry past a fixed
lescope. A3 Y _
r problems were to choose a stopping mat(_fﬂal which would
ize the muons in the slowing-down period of about two
nds, and to produce a uniform magnetic field throughout
ing material. The system also had to be compatible with
on of electrons by an electron telescope. ;
machine shop at Nevis was locked by that time on Friday

possibility of stop-

n Experimental Physics 7 Volume

* Nevis Laboratories,
high energy physics
laboratory of
Columbia University,
at Irvington-on-
Hudson, 20 miles N.W.
of New York City.

** Before joining IBM in New York -
in 1952, Dick Garwin worked at the
University of Chicago in beta-gamma
angular correlation and on some
cyclotron experiments, He developed
first a twofold, and then a multiple-
input coincidence-anticoincidence
ana[yzerl and subsequently arranged
for IBM to purchase one of the latter
instruments from the University of
Chicago that he had made there.

This instrument and similar devices,
which had been built at Nevis, were
major components of the equipment
used in 1957 for the m - u - e experi-
ment.

In 1950, a flexible coincidence-
anticoincidence set of10_8 sec
resolution and good stability was a
major advance, and the Garwin
coincidence circuit was in standard
use for over a decade.

1. Rev. Sci. Instr,, 24, 618 (1953).
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night, so, using what was on hand, I selected a standard one-inch
carbon block for the stopping material. A lathe served to trim ,
hollow cylindrical lucite shell and to wind upon it a uniform soleng;
which we could connect to some nominal counter signal leads & id
order to control a precession field from the counting room, 45 well
as being able to leave the experiment unattended on the counting
floor.

The Appearance and Disappearance of the Effect

As I remember now, the cyclotron closed Saturday morning

for the weekend, but by approximately 6 AM. we had observeq ,
substantial influence of solenoid current on the electron counting
rate—a significant effect. Such an effect could only mean that the
muon beam was strongly polarized and that the electron asymmetry
about the muon spin direction was large. Furthermore, we had
selected the magnitude of solenoid current to give the largest effect
if the muon spin was one half, and the muon g-value was 2,

There was no initial basis for assurance regarding any of these
assumptions, so our experiment required a small amount of hunting
for the best g-value, and thus the best magnetic field to produce the
largest amplitude of precession curve. As our counting rate was
quite low, the counts during alternate 20-minute cycles were re-
corded manually and differenced to give an indication of the
asymmetry. Unfortunately, by 9 A.M., when the cyclotron shut
down for the weekend, our effect seemed to have vanished. We
verified the connections and the counter calibration. Finding
nothing amiss, we went down to the experimental area to turn off
the power supplies to the counters. Here, unhappily, we noticed
that the lucite coil form had overheated and that the copper wire
was lying at the base of the form, instead of being wrapped around
its surface.

Over the weekend, we considered better ways to produce the
magnetic field, and finally decided to uniformly wind wire in the
form of a solenoid of rectangular cross section directly onto the car-
bon stopping block and to provide a ferromagnetic return path which
would not interfere with either the incident beam or the electron
telescope.

A 22 Standard Deviation Effect

Monday was maintenance day, consequently the cyclotron did
not come on until evening. We set up the new apparatus, checked
counters, and about midnight began taking data. At around 3 AM.
when Leon went home, it was still not certain that there was any
effect. I continued the run. Three hours later I was on the phone
to tell him that the effect was now 22 standard deviations and that
there was absolutely no doubt that we had established the non-

Discovery of Parity Violation in Weak Interactions



. n of parity and charge conjugation i
scn,aﬂon gation in the case of th
8 50‘:‘ Jecay and the subsequent u - e decay! Leon returned imr::edi-
';l ins ected the data, and recorded a few more points. Shortl
Y we called T. D. Lee and gave him the good news 4

at
- reaftels ki h terieg
riking characte :
The most st g ristic of the experiment was that our

e b .
5 ‘?Polanzatlon of the muon beéam; 'the magnitude of the electron
: WY asymmetrys and the preservation of the muon spin direction
. Jowing down and stopping before its decay. But the sinusoidal
of the effect. It was exciting to have such a prompt and
ous result which at once confirmed all three working hy-
.. We were ready to publish by Tuesday afternoon, by which
had worked out the theoretical curve for the experimental
and had also found a way of obtaining from the experimental
the g-value as corrected for the decay of the u-meson, the an-
adth of the electron telescope, and the effect of the gate
n smearing the curve. It would not, however, have been ap-
for our results to precede in print the work of Professor
her collaborators. There followed intensive exploration of
ty of the asymmetry to both electron energy and stop-
ial. These results are also reported in our paper (repro-

128).

tion

.

New Avenue for Adventure Opens

hic nature of our muon results left no room for skepticism.
our Letter, we had convincingly demonstrated a tool
tions far beyond the exhibition of nonconservation
Much work followed immediately at N evis and else-

ergetic and clever physicists raced to exploit this new

henomenon which had been right under our noses for six
s which had sometimes

ears. Indeed, nonexponential decay
(irreproducibily) for muons stopped in matter had
n the precession of polarized muons in the cyclotron

1 esult of our experiment, sleepy cyclotron laboratories
ht work became common. Our own work extended to
t of some solid state effects, to the precision meas-
magnetic moment of the muon, and much later to
nt, in which I participated at CERN, that involved th'e
larized muons in a six-meter-long static magnetic field
‘direct measurement of the departure of the muon’s
irelessly, I worked twenty hours a day for weeks,
yuilding multimegawatt rf pulsers, nursing them
and integrating equations of spin motion. All of us
th the amount we could accomplish.[J

Lo and intuition had su'cceeded in persuading us of the feasibility
rming such an experiment in the face of three major unknowns:

§ our results left us with no doubts as to the reality and inter- -
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Observations of the Failure of Conservation
of Parity and Charge Conjugation in
Meson Decays: the Magnetic
Moment of the Free Muon*

RicHARD L. GARwWIN,{ LEON M. LEDERMAN,
AND MARCEL WEINRICH

Physics Depariment, Nevis Cycloiron Laboralories,
Columbia University, Irvinglon-on-Hudson,
New York, New York
(Received January 15, 1957)

LEE and Yang'™ have proposed that the long held
 space-time principles of invariance under charge
conjugation, time reversal, and space reflection (parity)
are violated by the “weak” interactions responsible for
decay of nuclei, mesons, and strange particles. Their
hyppthesis, born out of the 7—0 puzzle,* was accom-
panied by the suggestion that confirmation should be
sought (afnong other places) in the study of the succes-

sive reactions
)

@)

They have pointed out that parity nonconservation
implies a polarization of the spin of the muon emitted
from stopped pions in (1) along the direction of motion
and that furthermore, the angular distribution of
electrons in (2) should serve as an analyzer for the muon
polarization. They also point out that the longitudinal
polarization of the muons offers a natural way of
determining the magnetic moment.® Confirmation of
this proposal in the form of preliminary results on
B decay of oriented nuclei by Wu e al. reached us
before this experiment was begun.®

By stopping, in carbon, the s+ beam formed by for-
ward decay in flight of x* mesons inside the cyclotron,
we have performed the meson experiment, which
establishes the following facts:

1. A large asymmetry is found for the electrons in
(2), establishing that our x* beam is strongly polarized.

IL. The angular distribution of the electrons is given
by 1+a cos, where 8 is measured from the velocity
vector of the incident g’s. We find a= —4% with an esti-
mated error of 10%,.

ITI. In reactions (1) and (2), parity is not conserved.

IV. By a theorem of Lee, Ochne, and Yang,? the
observed asymmetry proves that invariance under
charge conjugation is violated.

V. The g value (ratio of magnetic moment to spin)
for the (free) ut particle is found to be +2.00+0.10.

VI. The measured g value and the angular distribu-
tion in (2) lead to the very strong probability that the
spin of the ptis§?

VII. The energy dependence of the observed asym-
metry is not strong.

T

ut—et+2».

. 85 MEV
PION'BEAM

CARBON ABSORBE|
T0 STOP PIONS

GATE-INITIATING
COUNTERS (4"X4")

%
XK
l'____ MAGNETIZING
- | CuRRENT
|
o ™ L _JCARIOII TARGET
Eor P
Ng \
( [
' *e~;’u’"fn, MAGNETIC SHIELD

Fic. 1. Experimental arrangement. The magnetizing coil was
close wound directly on the carbon to provide a uniform vertical
field of 79 gauss per ampere.

VIII. Negative muons stopped in carbon show an
asymmetry (also leaked backwards) of a~—1/20, i.e.,
about 15%, of that for ut.

IX. The magnetic moment of the u~, bound in
carbon, is found to be negative and agrees within
limited accuracy with that of the u*.#

X. Large asymmetries are found for the ¢" from
polarized u* beams stopped in polyethylene and
calcium. Nuclear emulsion (as a target in Fig. 1) yields
an asymmetry of about half that observed in carbon.

The experimental arrangement is shown in Fig. 1.
The meson beam is extracted from the Nevis cyclotron
in the conventional manner, undergoing about 120° of
magnetic deflection in the cyclotron fringing field and
about —30° of deflection and mild focusing UpoR
emerging from the 8-ft shielding wall. The positive
beam contains about 10% of muons which originate
principally in the vicinity of the cyclotron target by
pion decay-in-flight. Eight inches of carbon are used
in the entrance telescope to separate the muons, e
mean range of the “85-”Mev pions being ~3 -
carbon. This arrangement brings a maximum numbef
of muons to rest in the carbon target. The stoppiié of
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5 is signalled by a fast 1-2 coincidence co
;h?:lbsequent beta decay o.f “che muon is detecte;ll]);
o electron telescope 3—4 which normally requires a
particle of range >8 g/cm*(~25-Mev electrons) to
..ter. This arrangement has been used to measure
he lifetimes of p* and 4~ mesons in a vast number of
elements.* Counting rates are normally ~20 electrons/
min in the u* beam and ~150 electrons/min in the u-

peam with background of the order of 1 count/min,
In the present investigation, the 1-2 pulse initiates a
te of duration T=1.25 psec. This gate is delayed by
1,=0.75 psec and placed in coincidence with the electron
detector. Thus the system counts electrons of energy
>25 Mev which are born between 0.75 and 2.0 usec
after the muon has come to rest in carbon. Consider
now the possibility that the muons are created in
reaction (1) with large polarization in the direction of
‘motion. If the gyromagnetic ratio is 2.0, these will
maintain their polarization throughout the trajectory.
‘Assume now that the processes of slowing down, stop-
ping, and the microsecond of waiting do not depolarize
 the muons. In this case, the electrons emitted from the
target may have an angular asymmetry about the
polarization direction, e.g., for spin } of the form
1+a cosd. In the absence of any vertical magnetic field,
the counter system will sample this distribution at
§=100°. We now apply a small vertical field in the
magnetically shielded enclosure about the target, which
causes the muons to precess at a rate of (u/s#)H
radians per sec. The probability distribution in angle is
_ carried around with the p-spin. In this manner we can,
with a fixed counter system, sample the entire distribu-
tion by plotting counts as a function of magnetizing
- current for a given time delay. A typical run is shown
Fig. 2. As an example of a systematic check, we have

—a
L

x

';%

1 1
=20 -0 +.20

AMPERES - PRECESSION FIELD CURRENT
Variation of gated 34 counting rate with magnetizing

solid curve is computed from an assumed electron
ldtégt.i‘m 1—% cosf, with counter and gate-width
ded in.

s | e 4

+40 +.60

~AD

the absorber in the telescope to S in. so that the
f'ra.nge of the main pion beam occurred at the
D target. The electron rate rose accordingly by a
of 10, indicating that now electrons were arising

'es in Experimental Physics Y Volume
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from muons isotropically emitted by pions at rest 1n
the carbon. No variation in counting rate with mag-
netizing current was then observed, the ratio of the
rate for I=+0.170 amp to that for I=—0.150 amp,
for example, being 0.989--0.028. The highest field pro-
duced at the target was ~50 gauss which generates a
stray field outside of the magnetic shield of <7&o the
cyclotron fringing field of 20 gauss. The only conceiv-
able effect of the magnetizing current is the precession
of muon spins and we are, therefore, led to conclusions
I-IV as necessary consequences of these observations.

The solid curve in Fig. 2 is a theoretical fit to a
distribution 1—% cosf, where

(1) the gyromagnetic ratio is taken to be +2.00;"

(2) the angular breadth of the electron telescope and
the gate-width smearing are folded im, as well as (fo
first order) the exponential decay rate of muons within
the gate;

(3) the small residual cyclotron stray field (up for
Fig. 2, the positive magnetizing current producing a
down field) is included. This has the accidental effect of
converting the 100° initial angle (H=0) to 89° as in
Fig. 2. We note that this experiment establishes only a
lower limit to the magnitude of @, since the percent
polarization at the time of decay is not known. If
polarization is complete, = —0.33+0.03.

Proof of the 2x symmetry of the distribution and the
sign of the moment was obtained by shifting the
electron counters to 65° with respect to the incident
muon direction. The repetition of a magnetizing run
yielded a curve as in Fig. 2 but shifted to the right by
0.075 ampere (5.9 gauss) corresponding to a precession
angle of 37°, in agreement with the spatial rotation of
the counter system. Thus we are led to conclusions V
and VI.

A specific model, the two-component neutrino theory,
has been proposed by Lee and Yang® in an attempt to
introduce parity nonconservation naturally into ele-
mentary particle theory. This theory predicts, for our
experimental arrangement and on the basis of 1.86
for the integrated spectrum (Fig. 2), a ratio of the
order of 2.5 for energies greater than 35 Mev. We have
increased the amount of absorber in the electron tele-
scope to exclude electrons of less than ~35 Mev. The
resulting peak-to-valley ratio was then observed to be
1.924:0.19.1

We have also detected asymmetry in negative muon
decay and have verified that the moment is negative
and roughly equal to that of the positive muon.? The
asymmetry in this case is also peaked backwards.

Various other materials were investigated for ut
mesons. Nuclear emulsion as a target was found to have
a significantly weaker asymmetry (peak-to-valley ratio
of 1.402-0.07) and it is interesting to note that this did
not increase with reduced delay and gate width. Neither
was there any evidence for an altered moment. It seems
possible that polarized positive and negative muons will
become a powerful tool for exploring magnetic fields in
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LETTERS TO

nuclei (even in Pb, 2% of the u~ 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. Wu* for reports of her preliminary results in the
Co®™ experiment which played a crucial part in the
Colurfmbia. discussions immediately preceding this
experiment.

* Research supported in part by the joint program of the
Of.ﬁc‘e of Naval Research and the U. S. Atomic Energy Com-
mission,

1 Also at International Business Machines, Watson Scientific
L‘lb'?‘ult)mﬁé Ne;vg'ork, New York.

. D. and C. N. Yang, Phys. Rev. 104, 254 (1956).

* Lee, Ochme, and Yang, Phys. Rev. (to be published).

!T. D. Lee and C. N. Yang, Phys. Rev. (to be published).

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

*T. D. Lee and C. N. Yang (private communication).

* Wu, Ambler, Hudson, Hoppes, and Hayward, Phys. Rev. 105,
1413 (1957), preceding Letter.
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1 The Fierz-Pauli theory for spin 4 particles predicts a
of {. See F. J. Belinfante, Phys. Rev. 52 997 (foss). § value

s V. Fitch'and J. Rainwater, Phys. Rev. 92, 789 (1953),

* M, Weinrich and L. M. Lederman, Proceedings of the CERy
Symposium, Geneva, 1956 (European Organization of Nuclear
Research, Geneva, 1956).

1 The field interval, AH, between peak and valley in Fig. 2
gives the magnetic moment directly by (pAH/,!'ﬂ)([l.f.*T)n_'
where §=1,06 is a first-order resolution correction which takes
into account the finite gate width and muon lifetime. The 507
uncertainty comes principally from lack of knowledge of the
magnetic field in carbon. In.degcndent evidence that g=2 (to
~10%) comes from the coincidence of the polarization axis
with ‘the velocity vector of the stopped #'s. This implies that
the spin precession frequency is i entical to the u cyclotron
frequency during the 90° net magnetic deflection of the muon
beam in transit Prom the cyclotron to the 1-2 telescope. We haye
designed a magnetic resonance experiment to determine the
magnetic moment to ~0.03%.

A Note added in proof—We have now observed an energy de-
endence of & in the 1-+a cos 0 distribution which is somewhat
ess steep but in rough qualitative nireement with that predicted

by the two-component neutrino theory (;1—9le+y+;) without
derivative coupling. The peak-to-valley ratios for electrons
traversing 9.3 g/cm?, 15.6 g/cm?, and 19.8 g/cm? of graphite are
observed to be 1.80+0.07, 1.844-0.11, and 2.202-0.10, respec-
tively.

The Muon
Muon Electron
Mass 105.6595 0.5110041
(in MeV/c?) +3 + 16
A muon has all the properties of
an electron, except that it is about 4
210 times heavier and is unstable opa A %
against decay into an electron and
neutrino—antineutrino pair. Its Mean Life 2.1994x107° stable
mass, spin, mean life and magnetic (seconds)
moment are compared below to
those of the electron. Errors indicated 3
i S Magnetic Moment 1.00116616 1.0011596577
di h val
are in the last digits of each value. (o Bobrmagnctons + 81 ;55

ch =«

e

* m  represents the mass of the muon
for the muon’s magnetic moment;
and the mass of the electron for its
magnetic moment,
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D|5C0VERY STORY |

WHEN I first arrived at the University of Chicago in 1951, my
main interest was in photonuclear reactions_,_and the sole
xperimental technique with which I was really famlllfar was that of
Nuclear emulsions. Although the excitement at the university cen-
tered on pion work with the then new 450 MeV cyclotron, I pre-
ferred 10 work with the local betatron, and began by simpl.y elabo-.
Tating my thesis topic. Later, I branched out into cl-ectroruc experi-
- Ments. To learn these latter techniques, I also did a little work on
Positronjum, S
By the summer of 1956, I was pretty tired of working with
the betagroy _ Chuck Oxley and I had just spent much effort on
- - Proton Compton effect (at 60 MeV) merely to ccfnfirrr% the
s n formula! Fortunately, at about the same time, life

tures in Experimental Physics Y Volume

Valentine Telegdi (left)
 and Wolfgang Pauli
at Padua - Venice Conference in 1957.

One Researcher's
Personal Account

by
Valentine Telegdi
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Nuclear Emulsion Technique

Emulsions are often used to gather
taformation in nuclear scattening ex-
periments. In this process, & film
coated with silver hakde crystals (the
emulsion) is used to ‘photograph’
the event. As & charged payticle pases
through the emulsion, it ionizes the
atoms of the sllver halide crystats,
producing a ‘line’ which shows the
trajectory of the charged particle.
The number of ionizanoRs per unit
length is directly proportional to
the square of the chavge end awersely
proportional to the square of the vel-
ocity. The number will also be pro-
portional to dE /dx (enevgy loss per
distance for the incident particle).
Informotion may also be gathered
from a measurement of the track
length, provided the range-enevgy
curve of the particle is well-known.

In some instances, enough energy
will be transferred to electrons of the
silver habide crystals to enable them to
travel several microns across the film.
The tracks thus produced are called
& (delta) rays. Their number also
measures the ionization. The pro-
duction of 5-rays depends strongly
on conditions which include emul-
sion grain density, emulsion matersals,
particle energy and the charge Z of
the incident particle,
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around the cyclotron had grown less competitive and I considereq
switching to it. I decided to work on muons, Except for one

brave radiochemist, nobody at the Chicago cyclotron had used
them for anything. They were merely a known contamination of
the pion beams. As a specific topic, I decided to concentrate on
muonic X-rays, hoping to resolve the question of the muon spin.
With the help of several graduate students, I began building electrop,.
& Around August 1956, I ran across a preprint on Leona
Marshall’s desk: Lee and Yang’s now classic article on parity violatiog
and the 0 - 7 puzzle. It instantly struck me as an extraordinarily ex.
citing paper. It was obvious that the 7 - u chain could rcz}dily be
studied in emulsions, and I also felt that the parity-violating effects
could not be small if they were the explanation of the 6 - 7 puzzle.

I gave a seminar on the Lee-Yang paper, vainly trying to com-
municate my excitement to others. I met with little enthusiasm
from senior colleagues who tried to tell me that we would be wast-
ing our time. I replied that I would be willing to risk wasting three
months on such an exciting possibility.

Two facts had a great impact on my next steps. The first was that

I was (unfortunately, perhaps) familiar with the behavior of posi-
trons in solids and I knew that in many amorphous materials they
formed positronium. The second was that Professor Allison (then
director of our Institute) was working on the capture and loss of
electrons by particles slowing down in matter. During the Ph.D.
exam of one of Allison’s students, Sol Krasner, I asked the candi-
date what would happen if muons (rather than protons) were slowed
down. I believe that I invented the word “muonium” during that
exam. Thinking more along this line, I expected that positive muons
would probably form muonium in emulsion. If the muon lost and
captured an electron repeatedly, it would be depolarized; in any
case, triplet muonium should precess in a given external field (eg.,
the stray field of a cyclotron) about 100 times faster than a free
muon; and I thought it would be necessary to shield the emulsions
against even very weak fields. This idea, good or bad, delayed us

by about two months.

Jerry Friedman had just gotten his degree on emulsion work
related to polarization in pion-nucleon scattering and was working
as a postdoc in the emulsion group. I invited him to work with me
an this project, since he had invaluable experience in *“confusing
scanners,” i.e., excluding biases due to them. Jointly we started
building a magnetically shielded region for the emulsions, and a
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tive mp-coil to check it out. We alsq decided on our goal: to
st . ¢ 2000 mpe decays and then quit whether o ot 4 effect
fouﬂd‘ 9 . J
was Other interesting thlngs RUETC haPPCnmg in parallel. I could

undchtand how a scalar.or pseudo-scalar coupling of 7y
no'ld ‘polarize’ the muon; it seems like a very stupid question
"" pm sure. I turned to R. Oehme, then a postdoc, for advice.
;‘:d’id not say much at first, but the next day told me that it was

atter Of phases !Jctween coupling constants, Perhaps it had
:o mething to do with some work that Pauli (my own teacher in
Ziixich) had recently published in _thc Niels Bohr Festschrift*. To
qake a long story sho_rt,_Och.me ‘hlt upon the CTP theorem and
worked out many of its implications in weak interactions. He soon
went to Princeton and published a now famous paper jointly with
Lee and Yang*‘- Around this time, Landau’s preprint on CP arrived;
init he mentioned that the “formation of mesonium” would prob-
ably mask the P-violating effect. I felt quite proud, but even more
discouraged about the chances of our experiment.
Jerry and I made the exposure and started scanning in October.

(We also provided some of our ‘shielded’ emulsions to two European
physicists who had asked M. Schein for such exposures.) There was
amodest group of scanners at our disposal, headed by Elaine
~ Garwin, Dick Garwin’s sister-in-law.

e
On September 3 1956, a sad event occurred: my father died in
- Milan. [ could not go to Europe before the Christmas vacation. Be-
my departure, we had accumulated a sizeable decay asymmetry
- from 1300 events, but had not yet reached our full quota of 2000.
[wrote Oehme in Princeton about our status. We knew from him
hat Professor Wu was very active at the National Bureau of Stand-
ards, but knew nothing of any muon experiment at Columbia.(since
thad not yet been designed!). y
\ ISWOI'CJerry to secrecy and left for Milan to assist my mother.
! ‘. my way back, I stopped at CERN and gave a talk about work in
‘380- but I carefully omitted any reference to our parity experi-

At.On January 11 (I especially remember the date because it’s
1Y birthday), my wife and I returned via New York. From the air-
Pt T called Dick Garwin, who had become a close friend during

y °mmon years in Chicago; this was purely a personal call, since
“ Mo idea that Dick (on the IBM staff) was involved in any cy-
°R work. My call was transferred from one place to another. In
41 was told that Dick was “not out of town, but unavailable.”
"By return to Chicago, I found a note from Ochme hinting at

g

T T g, S Ay

* Niels Bohr and the Development
of Physics; essays on the occasion
of his seventicth birthday, edited
by Pauli, W., Rosenfeld, 1,
Weisskopf, V; Chapter 3, (McGraw-
Hill, 1955.)

** Ice, T. D., Ochme, R., and
Yang, C. N., Phys. Rev., 106,
340 (1957). For further infor-
mation on the CPT theorem,
see Explanatory Physics Note
*“CPT Invariance” p. 121.

Muonium

An unstable atom of muonsum
(called “mesonium” by Landau) is
formed when an electron is captured
in a Bohr orbit around a positive
muon {u').

See: V. Hughes, Ann. Rev. Nucl
Sci,, 16, 445 (1966).
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Mesic X-Rays

A slow-moving meson may be
captured by the Coulombd field of a
nucleus The captured meson will
cascade to the lowest available ener-
(s lcv.el. &iving off photons with
energies in the X-ray region of the
electromagnetic spectrum, The
frocess ts similar to the emission
Specirum in normal atoms., The
&vound state energy of the atom is
lower un'th the captured meson than
it was previousty with an electron
due to an increase in the reduced
mass, which results from the large
meson mase, The radius of the
energy lcvels will also be reduced in
inverse propartion to this factor.
That is, for the mesic atom system,
wheve the reduced mass u is given by:

- m
pivn 2 (1)
m, + m
(M, &s the mass of the nucleus; m
s the meson mass) The energy E
and ragius r of the n'h energy level
are give as:

E cx_n“T 2)
X ®
m
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the 60Co result, and there were rumors (propagated by ples, at MIT
to Hildebrand here) about an electronic 74 experiment at Colump;
I again called Garwin, and this time I reached him. [ told him thay 1a,
we did have an effect, and asked him what his group had foyp, d. He
somewhat jocularly, invited me to tell our asymmetry firsg. Once| ’
had done this, he replied that what we had seen was in good

ment with their observations! I told him we would send a Leyge, .
The Physical Review right away, to appear simultaneously with
theirs. Dick added that there was a closing date (about Janyary

15) at the journal and that we might be late.

The Letter was sent off, and we soon received Preprints of the
two crucial Columbia experiments. I instantly mailed photostats of
the experimental data of all three experiments to my revered teach.
er, Pauli, in Zirich (he received them just an hour before giving
lecture *“Old and New Neutrino Problems!”).

A short time after it was submitted, our Letter was rejected,
According to the editors, it was “unclear, confusing,” etc. As
Professor Wentzel, one of my highly distinguished colleagues, was
then associate editor of The Physical Review, I showed him the
letter of rejection and asked whether he concurred with that
evaluation. He did not, and readers of these lines can judge for
themselves (see p. 136 for a reproduction of this Letter). Professor
Wentzel, along with Joe Mayer, tried to contact the editor who was
always “‘unavailable.” In despair, I called up Eugene Wigner. He
did come to the telephone, and said (in Hungarian): “What do
you want me to do? Iam only the president of the A.P.S.”

Meanwhile, a cyclotron run had been scheduled for our mesic
X-ray run. Aware of the Columbia experiment, we instead repeated
and extended their work, using a time-converter. By the time of the
New York A.P.S. Meeting on January 25, we had some very pretty
precession curves.

Jerry and I went to that meeting. Wu, Lederman, I and Yang
(in that order) spoke at the post-deadline session—to an audience
of at least a thousand people. The excitement was unbelievable and
unforgettable. I must add that Jerry and I were still disturbed by
the way The Physical Review had dealt with us. Since we felt
that doing something relevant gets you into trouble, we seriously
discussed quitting physics.

During the meeting, several older physicists came over to quiz
me about our experiment. One of them, Martin Deutsch, asked me
to have dinner with him. From his remarks during that meal, it be-
came clear to me that there had been a rumor not only that we had
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ed our answer after the group at Columbia

"bwsincc scanning takes time), but that we had

tio™ 1 the whole result. Martin
L

(a difficult proposi-
of course, did somlfl;ow SO
i =¥ » did not beljeve thi
€0 iy wanted details; he certainly must have done his ;h‘;n:l::: :2:
. others of our i1ntegrity,
ccl was, at tha.t tim?, very impressed by the fact that many
owned physlt.:lsts (hlse Deutsch) stood up for Jerry and myself;
el rcmaincd in phys.lcs. However, I considered the impartial
ﬁ-; ation of learned journals the mdin job of the A.P.S., and
cel felt that I had suffered some injustice, I left the Society in
1g57. 1 am not sure that I did the right thing by not rejoining,
4o I recommend this approach to others.
" also ran into the editor of The Physical Review at that
Meeting. He insisted that our Letter had not been published in
' the same issuc as the two Columbia papers “for purely technical
" reasons,” and that it would be published in the next issue. I said
ﬂ,,_ he should add a footnote indicating the presumed reasons for
' the d ‘lay—and that’s the way it was printed. I believe that it is the
 only é’{lysicaf Review Letter ever published with such a footnote.
[ might add, as an aside, that not long afterward I had a
fferent problem with The Physical Review. I had learned only
the summer of 1955 (from Murray Gell-Mann on his honeymoon
to Copenhagen) the difference between V and A. By July
52, 1 was ready to sign a paper as “V.-A. Telegdi.” That Letter
not rejected—but the editor altered my name!
ollowing the New York Meeting, I started working with an
e group on the B-decay of polarized neutrons. That experi-
t was most exciting, and did a lot to clear up -decay. Later
 year, Lee and Yang got the Prize, and in their Nobel lectures
ppropriate credit to all three groups.
Despite the unpleasant publication problems and rumors
inding our experiment, my boundless admiration for Dick
h and my deep friendship with him remained undiminished;
were they affected by our subsequent competition in muon
nments. In fact, we worked jointly on the first conclusive
1 (g-2) experiment at CERN in 1960.
he change in our thinking which accompanied the discovery
violation has enabled us to do many quick and simple ex-
ats. Perhaps particle physics will bring other excitements of
ble intensity again, but I believe that the technical simpli-
f th ose days is lost forever. Few young men today can
€ “only three months’ for such a big stake.O

i

roary 1978,

n Experimental Physics Y Volume

et
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Nuclear Emulsion Evidence for Parity
Nonconservation in the Decay Chain
ﬂ+ — v"’ —e +‘T
JERoME 1. Frieoman anp V. L. TELEGDI
Enrico Fermi Institute for Nuslenr Studses, Universily of Chicago,
Chicago, Illincis
(Received January 17, 1957)

EE and Yang! recently re-examined the problem as
to whether parity is conserved in nature and
emphasized the fact that one actually lacks experi-
mental evidence in support of this most natural
hypothesis in the case of weak interactions (such as
B decay). Violation of parity conservation can be
inferred essentially only by measuring the probability
distribution of some pseudoscalar quantity, e.g., of the
projection of a polar vector along an axial vector, and
measurements of this kind had not been reported. Lee
and Yang suggested several experiments in which a
spin direction is available as a suitable axial vector;
in particular, they pointed out that the initial direction
of motion of the muon in the process #—u+» can serve
for this purpose, as the muon will be produced with
its spin axis along its initial line of motion if the Hamil-
tonian responsible for this process does not have the cus-
tomary invariance properties. If parity is further not
conserved in the process u—e+2v, then a forward-
backward asymmetry in the distribution of angles W (6)
between this initial direction of motion and the momen-
tum, p., of the decay electron is predicted.

It is easy to observe the pertinent correlation by
bringing =t mesons to rest in a nuclear emulsion in
which the g* meson also stops. One has only to bear in
mind two facts: (1) even weak magnetic fields, such as
the fringing field of a cyclotron, can obliterate a real
effect, as the precession frequency of a Dirac 4 meson is
(2.8/207) X 10% sec'/gauss; (2) pg* can form “muon-
ium,” ie., (u*e¢”), and the formation of this atom
can be an additional source of depolarization, both
through its internal hyperfine splitting and the preces-
sion of its total magnetic moment around the external
field. In the absence of specific experiments on muonium
formation, one can perhaps be guided by analogous
data on positronium in solids.?*?

With these facts in mind, we exposed (in early
October, 1956) nuclear emulsion pellicles (1 mm thick)
to a * beam of the University of Chicago synchro-
cyclotron. The pellicles were contained inside three
concentric tubular magnetic shields and subject to
<4X107? gauss. Over 1300 complete x—u—e decays
have been recorded to date, and the space angle 4
defined above has been calculated for each. From these
preliminary data we find*

| f :.IW(o)Idﬂ— f wlww)ldn] 4 f., “Wom

=0.062+0.029,

i W (6) =1—0.12 cosé,

i.e., the presence of an excess in the backward hemis-
phere to a 95%, confidence level. This effect agrees in
sign and magnitude with one observed in a recent
analogous experiment® ‘performed electronically a¢
Columbia University.

In connecting our result with basic theoretical
principles, one has to remember (a) that the asymmetry
observed here is only a lower limit owing to the possi-
bility of muonium formation® and other conceivable
depolarization effects; (b) that existence of an asym-
metry implies the joint violation of parity conservation
and charge conjugation invariance rather than of parity
conservation alone.”

In view of the intrinsic importance of the subject,
we consider it worthwhile to present our data at this
preliminary stage.

We would like to thank the Columbia workers, in
particular R. L. Garwin, for communicating their un-
published results to us. We are grateful to R. Oechme
for illuminating theoretical discussions and to R. Levi-
Setti for criticism of the experimental techniques.

¢ This work was sugported by a joint program of the Office of
Naval'Research and the U. S. Atomic Energy Commission.

f For technical reasons, this Ietter could not be published in
the same issue as that of Garwin, Lederman, and Weinrich,
Phys. Rev. 108, 1415 (1957).

I'T.D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956).

1S, Berko and F. Hereford, Revs. Modern Phys. 28, 299 (1956).

3 Telegdi, Sens, Yovanovttch and Wacshaw, Phys. Rev. 1M,
867 (1956).

{ Note added in_proof.—From 2000 events, we get for this ratio
0.091+0.022.

¥ Garwin, Lederman, and Weinrich (private communication
from R. L. Garwin, January 13, 1957).

¥ The Columbia workers fmd that the observed asymmet
appears to depend on the material stopping the u* mw)ns.
is consistent with (u*e~) formation and suggests the use
mesons for absolute measurements, in low-Z materials wnb no
nuclear magnetic moment.

7R. Oehme (private commumcatlon) Lee, Oehme, and Yang,
Phys. Rev. (to Ee published).

Reprinted from 7he Physical Review, Vol 105, No. 5, 1681-1682, March 1, 1957.
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2REPLY FROM THE EDITOR OF THE PHVSICAL REVIEW

pr. Telegdi severly criticizes the handling of his Letter about
ion by me as editor of ; y
2 NonConservatlon y ! editor of The Physical R
P,mysi ed from the American Physical Societ / it
sblished two weeks.later .than the two Letters on the same
biect from tl.\e Columblf\ University and Bureau of Standards
! . The history of this adventure in experimenta physics is

B ercfore not complete without hearing the editorial side of the

‘.'71 could tell about deadlines and scheduling, about five to six

: ks delays in the publication of the journal and about Sirlar
nicalities. That would miss the point. In principle, we could
bably have pulled out th.e two earlier Letters and postponed
ppearance so as to coincide with that by Dr. Telegdi. We did
0 SO.
The obstacle encountered by Dr. Telegdi was of a different
A careful study of his Letter shows clearly that at the time
pitted it the work was unfinished. He had obtained an asym-
of 0.062 £ 0.027 with 1300 events, that is (690 - 610)/ 1300
andard deviation of 35 in the difference. The effect is
ttle larger than two standard deviations. This should be
{ with the overwhelming and compelling evidence presented
p other Letters as seen especially clearly in their graphs.
of less than three standard deviations is quite insufficient
l important and subtle experiment. A very similar more
mple is the Columbia - Stony Brook work of 1966 on the
he 7-meson, where an asymmetry of 0.072 + 0.028 in
s wasreported. This was widely heralded as proof of
of charge-conjugation invariance. Later experiments
| that there is no asymmetry in the 5-decay.
eral weeks after submission, Dr. Telegdi added a note in
? t,lter, stating that a total of 2000 events had now
mmetry of 0.091 £ 0.022, that is (1091-909)/2000.
e 2 jlilprovement. Note, however, that the 700 addi-
s must have shown a surprisingly large asymmetry, namely
/700 or 0.146 £ 0.039, as compared to the original
27. These large statistical errors (27%-43%) definitely
ninary nature of the initial result submitted for publi-l

Y because his paper

. ¢

erimental method chosen by Dr. Telegdi, the use of
8,5 a slow process. According to his narrative the work
own further by very unfortunate circumstances be-
trol. Thus the timing of events seems regrettable to
ince he began his experiments before the other groups
owever, I do not believe that what happened de-

| from the value of his work,
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By
T. D. Lee

*Excerpt from Nobel Lecture 1957

1. Wu, C. S., Ambler, E., Hayward,
R_W., Hoppes, D. D., and Hudson,
R. P, Phys, Rev., 105, 1413 (1957),
(Reproduced p. 119.)

2. lee, T. D., Oehme, R, and Yang,
C. N., Phys. Rev., 106, 340 (1957);
Ioffe, B. L., Okun, L. B., and Rudik,
A P JETP (US. S R.) 32,
396 (1957).

3. If the neutrino is described by a
two-component theory, then the
result of the large angular asymmetry
in ®°Co decay establishes in a
trivial way the noninvariance
property of 8-decay under the
charge conjugation operation.
However, this noninvariance
property can also be proved under
a much wider framework. In this
section we take as an example the
case of a four-component theory
of neutrino to illustrate such a
proof. Sce Explanatory Physics
Notes: “Phenomenological Aspects
of the Two-Component Theory of
the Neutrino,” p. 144.

4. For notations and definitions of
4 matrices, sce, c.g., W. Pauli,
Handbuch der Physik, Julius
Springer Verlag, Berlin, 1933,

Vol. 24.
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EXPLANATORY PHYSICS NOTgs
FOR NON-SPECIALISTS

PHENOMENOLOGICAL DISCUSSION OF PARITY VIOLATIQN»

60co —=Ni + 6™ + ¥

Mirror reflection

Fig. 1
(1) p-decay

The first experiment that conclusively established the nonconservation of
parity was that on g-angular distribution from polarized ©Co nuclei! (see
Fig. 1). The %Co nuclei are polarized by a magnetic field at very low tem-
peratures. Indeed in this experiment, the circular direction of the electric
current in the solenoid that produces the polarizing magnetic field together
with the preferential direction of the p-ray emitted, differentiates in a most
direct way a right-handed system from a left-handed system. Thus the non-
conservation of parity or the non-invariance under a mirror reflection can be
established without reference to any theory.

Furthermore from the large amount of angular asymmetry observed it
can also be established? that the g-decay interaction is not invariant under a
charge conjugation operation. That this can be concluded without perform-
ing the extremely difficult (in fact, almost impossible) experiment using
anti-69Co is based on certain theoretical deductions under the general frame-
work of local field theory. In the following we shall try to sketch this type
of reasoning?

Let us consider the g-decay process, say

n>p+ec +v (1)
in which each particle is described by a quantized wave equation. In partic-
ular the neutrino is described by the Dirac equation*

4 0
Z vmw=o0 (2)
p=3 y"@xﬂw
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ya Y3 Yo are the four (4x4) anti<<ommuting Dirac matrices and
2 x, = ict arc the four space-time coordinates. For cach given mo-
3 e exists two spin states for the neutrino and two spin states for

- ) thcre :
o o. These may be denoted by v, v, ¥p, ¥;. If we define the

ﬂ'd,neuﬂ'in
> . Htobe 3y
FJ!HO HEO”}) (3)

tp 7 asthe spin opcrator and p the unit vector along the momentum dircc-
¥ then thesc four states have, respectively, helicities equal to + 1, — 1,
L .nd + 1 (Fig. 2). Mathcmatically, this decomposition of states corres-
{0 a scparation of w, into a right-handed part y g and a left-handed

v=vp+v (4)
where wyp=1(r— ) w (5)
vpL=%(I+75)'Pv (6)

and  yg = 7172737,

y to see that both pg and v scparatcly satisfy the Dirac equation
2)}. With this decomposition the g process of a nucleus A can be rep-
madcally as

CPvp (H=+1) (7)
A”B+°_+(C{'vf (H=—i) (8)

Fig.2
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5. For a summary of these experi-
ments see, e.g., Proceedings of the
Seventh Annual Rochester Confer-
ence, (Interscience, New York,
1957.) Updated in References
10 and 11.
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with C{! and C? as the various probability amplitudes for emission of vgand
v respectively. The suffix i represents the various possible channels for such
emissions. If the theory is invariant under proper Lorentz transformation,
then there are five such channels: namely scalar S, tensor T, vector V,
pseudo-scalar P and axial-vector term A. According to the general rules of
quantum field theory with any interaction term representing the decay of 2
particle, there exists a corresponding hermitian conjugate term which rep-
resents decay of the antiparticle. Thus, the decay of the anti-nucleus A can
be schematically represented by

s Ci*yg (H=—1) (7)
BBt +|coe (H=+1) ()

with C?* and CZ* as the corresponding amplitudes for emission of ¥ and
v;. Under the charge conjugation operator we change a particle to its anti-
particle but we do not change its spatial or spin wave functions. Conse-
quently it must have the same helicity. Thus, if the f-decay process is in-
variant under the charge conjugation operator, then we should expect pro-
cess (7) to proceed with the same amplitude as process (8’). The condition
for invariance under charge conjugation is, then

CleClr (9)

foralli =S, T, V, P, A.

In the decay of ©Co, because there is a difference of spin values between
60Co and %N, only the terms i = T and i = A contribute. From the large
angular-asymmetry observed it can be safely concluded that for both i =
A

|G *|CE|

which contradicts Eq. (9) and proves the non-invariance of g-interaction
under charge conjugation. For illustration purposes, we assume in the above
the neutrino to be described by a 4-component theory and further we assume
that in the f-decay process only neutrino is emitted. Actually the same con-
clusion concerning the non-invariance property under charge conjugation
can be obtained even if the neutrino should be described by a, say, 8<om-
ponent theory, or, if in addition to neutrino, anti-neutrino may also be

emitted.
Recently many more experiments® have been performed on the longi-

tudinal polarization of electrons and positrons, the f-y correlation together
with the circular polarization of the y radiation and the f angular distribu-
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th various polarized .nuc]ci oth_er than °°C_0. The results of all these
00V s confirm the main conclusions of the first 60Co experiment, that
che partty operator and the charge conjugation operator arc not con-
botth in ﬂ'dccay proceSSCS.
Anothcr interesting quc:r.tion is whether the.ﬁ—chay interaction is invariant
¢ the roduct 0P.Cf3“0n ;:f (charge conjugation X mirror rcﬂcctionl.
ysder such an (Tper;tlc.)rf we ST(l)luld.compare t}%e ficcay_ of A with that of A
o with opposite el1C{ues. Thus if ﬁ-dccay is invariant under the joint
Hon of (charge conjugation X minor reflection) we should expect pro-
K. (7) 3 Procccd V:'lth the same ampll.tudc as p.rc‘)ccss (7') and similarly for
ocesses (8) and (8'). The corresponding conditions are then

Paf@ne
and Cf=C* (10)

g;g n-p-C decay

e nt meson decays into a u* meson and a neutrino. The ut meson, in
wm, decays into an et and two neutrinoes (or anti-neutrinoes). If parity is
pot conserved in a-decay, the 4 meson emitted could be longitudinally po-
Jarized. Ifin the subsequent u-decay parity is also not conserved, the electron
(or positron) emitted from such a 4 meson at rest would in general exhibit a
forward and backward angular asymmetry with respect to the polarization
of p meson (Fig. 3). Consequently in the #-u-¢ decay sequence we may ob-
serve an angular correlation between the momentum of u* meson measured
in the rest system of  meson and the momentum of et measured in the rest
system of u. If this angular correlation shows a forward backward asym-
metry, then parity must be nonconserved in both z-decay and u-decay. The
experimental resules® on these angular correlations appeared within a few
days after the resulss on g-decay were known. These results showed con-
dusively that not only parity is not conserved but the charge conjugation
operator is also not conserved in z-decay as well as in pu-decay.

w‘g“)‘ﬁl?"‘

6. Garwin, R. L., Lederman, L. M.,
and Weinrich, M., Phys. Rev.,
105, 1415 (1957); Friedman,
J. L, and Telegdi, V. L., Phys.
Rev., 105, 1681 (1957); (Repro-
duced pp. 128 and 136 respectively.)
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7. Culligan, G., Frank, S. G. F., Holt,
J. R, Kluyver, J. C, and Massam,
T., Nature, 180, 751 (1957).

8. Coombes, C. A., Cork, B.,
Galbraith, W., Lambertson, G. R,
and Wenzel, W. A,, Phys. Rev.,
108, 1348 (1957).

9. Crawford, J., et al, Phys. Rev.,
108, 1102 (1957); Eisler, F.,
et al, Phys. Rev., 108, 1353
(1957); Leipuner, L. B., and
Adair, R K, Phys. Rev., 109,
1358 (1958).
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B. Schopper, H., “Weak Interactions
and Nuclear Beta-Decay,” (North-
Holland, 1966.)

C. Wy, C S., and Moszkowski, S. A.,

Beta Decay, (Interscience, 1966)
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Later, dircct measurements” on the longitudinal polarization of the posi-
tron from u*-decay was donc cstablishing the same conclusion concerning
,u-dCCay.

(3) K-u—< decay

In this case we have instcad of the = meson the heavier K meson which de-
cays into a u meson and a neutrino (Fig. 4). Experiment® on the angular
correlation between the u* momentum from the decay of K+ meson and the
positron momentum from the ut-decay cstablishes that in K-decay the par-
ity as well as the charge conjugation operator is not conserved.

(4) A°~decay
The A° particle can be produced by colliding an energetic z~ on proton. The

K ut+ 7

prf—=t+ » + ¥

h ]

Fig. 4

A° subscquently decays into a proton plus a =~ (Fig. 5). The obscrvation of
an assymetrical distribution with respect to the sign of the product pow
(Pin X Pa) formed from the momentum of the incoming pion pin, the mo-
mentum of the lambda particle, p4, and that of the decay pion powr would
constitute an unequivocal proof that parity is not conscrved in this decay.
Recent experiments® on these reactions demonstrates that in these reactions
there is indecd Such an angular correlation betwcen Pow and (pin X Pa)-
Furthermore, from the amount of the large up-down asymmetry it can be
concluded that the A°-decay interaction is also not invariant under the
charge conjugation operation.

From all these results it appears that the property of nonconservation of
parity in the various weak interactions and the noninvariance property of
these interactions under charge conjugation are well established. In connec-
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. gon with these properties we find an enticely new and rich domain of nat-

1 chenomena Which, in tum, gives us new tools t i
1 alcl:ul\‘-' of our physical world. *t0 probe furtherinto the

T+ oy O

© =
N—=n4

Pout
~
A
g y
Pn S
Pout * (.l;h xBA)
i
Fig. 5

1 1 I

e
Tess. of science has always been the result of a close interplay be-
-concepts of the universe and our observations on nature. The for-
/ evolve out of the latter and yet the latter is also conditioned
e former. Thusin our exploration of nature, the interplay be-
ncepts and our observations may sometimes lead to totally un-
s among already familiar phenomena. As in the present case,
oroperties are usually revealed only through a fundamental
c concept concerning the principles that underly natural
| this is well-known, it is nevertheless an extremely
expedience to be able to watch at close proximity in a
mutual influence and the subsequent growth of these two
t and the observation. :
e o
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1. H. Weyl, Z. Physik, 56 (1929) 330.
2. See, for example: W. Pauli,

Handbuch der Physik, Julius
Springer Verlag, Berlin, 1933,
Vol. 24, pp. 226-227.

. The possible use of a two-compo-
nent theory for expressing the
nonconservation property of
parity in neutrino processes was
independently proposed and dis-
cussed by T. D. Lee and C. N.
Yang, Phys. Rev., 105 (1957)
1671; A. Salam, Nuovo Cimento,
5 (1957) 299; and L. Landau,
Nucl Phys., 8 (1957) 127.

. The possible existence of a con-
servation law for leptons has been
discussed before the discovery of

EXPLANATORY PHYSICS NOTES
FOR NON-SPECIALISTS

Phenomenological Aspects of the Two-component Theory of the Neutrino*

Before the discovery of nonconservation of parity, it was customary to
describe the neutrino by a four-component theory in which for each definite
momentum there are the two spin states of the neutrino YR and v, , plus the
two spin states of the antineutrino g and v;. In the two-component theory,
however, two of these states, v, and v, simply do not exist in Nature. The
spin of the neutrino is then always antiparallel to its momentum, H = -1,
while the spin of the antineutrino is always parallel to its momentum, H = +1.
Thus in the two-component theory we have only half of the degrees of freedom
as in the four-component theory. Graphically, we may represent the spin and
the velocity of the neutrino by the spiral motion of a left-handed screw and
that of the antineutrino by the motion of a right-handed screw, as shown in
the figure at left.

The possibility of a two-component relativistic theory of a spin % particle
was first discussed by H. Weyl' as early as 1929. However, in the past, because
parity is not manifestly conserved in the Weyl formalism, it was always rejected?,
With the discovery of parity violation, such an objection becomes completely
invalid®.

To appreciate the simplicity of this two-component theory in the present
situation, it is bestif we assume further the existence of a conservation law
for leptons®. This law is in close analogy with the corresponding conservation
law for baryons. We assign to each lepton a leptonic number L equal to +1
or -1 and to any other particle the leptonic number zero. The leptonic number
for a lepton must be the negative of that for its antiparticle. The law of con-
servation of leptons then states that in all physical processes the algebraic sum
of leptonic numbers must be conserved.

Some simple consequences follow immediately if we assume that this
law is valid and that the neutrino is described by the two-component theory.,

1. The mass of the neutrino and the antincutrino must be zero. It is
important to note that the two-component theory, by itself, does not
require the mass of the particle to be zero. The two-component
theory, together with the lepton conservation law, always requires
the physical mass of the particle to be zero, even with the inclusion
of all interactions. 1f either of the two types of neutrinos, V0TV
has a small but nonzero mass, then its helicity could deviate from -1.
Such smal! deviation cannot be ruled out by the existing accuracy in
the present helicity measurements.

2. The theory is not invariant under the parity operator P which by
definition inverts all spatial coordinates but does not change a
particle into its antiparticle state. Under such an operation one in-
verts the momentum of a particle but not its spin direction. Since
in this theory these two are always parallel for a neutrino, the parity
operator P applied to a neutrino state leads to a non-existing state.
Consequently, the theory is not invariant under the parity operation.

3. Similarly, one can show the theory is not invariant under the charge
conjugation operation which changes a particle into its antiparticle
but not its spin direction or its momentum.

*Updated from T. D. Lee's Nobel Lecture, 1957. For the complete review of the Two-
Component Theory of the Neutrino, the reader is referred to Lee, T. D., and Wu, C. S.,
Ann. Rev. Nucl Sci, 15, 391 (1965).

nonconservation of parity.

Cf. E. Konopinski and H. M,
Mahmoud, Phys. Rev., 92 (19583)
1045.
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1ORY OF TP'|E Ii'XPER'MENT ON DOUBLE SCATTERING OF ELECTRONS
ks parity Violation Observed Three pegggeq Before its Actual Discovery?

TO physicists beginning their vocation in the mid-twenties, the

¥ demonstration by Davisson and Germer*, in 1926, that electrons,
like X-rays, could be diffracted by crystals suddenly gave substance

to what had seemed rather ghostly in the wave mechanics by which

de Broglie and Schrodinger had described the atomic model of Bohr
and Sommerfeld. At the same time, it gave incentive to other experi-
ments: were these electron waves longitudinal or transverse, or did
they exhibit the characteristics of both? .

It was with scarcely more theoretical guidance than this that
Charles G, Mcllwraith, Bemhard Kurrelmeye: and I carried out an
€Xperiment during the year 1927 and the first months of 1928. We
described the results in an article entitled “Apparent Evidence of
Polarization in a Beam of f-Rays,” published in the Proceedings of
the National Academy of Science, July, 1928. (Reproduced p. 150.)

Adventures in Experimental Physics ¥ Volume

Richard T, Cox

at the time of his beta ray
scattering experiments
(about 1928).

One Researcher’s
Personal Account

by
Richard Cox

* Phys. Rev. 30, 705 (1926). This
experiment verified de Broglie’s
hypothesis that electrons should
exhibit wave, as well as particle,
characteristics,
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#+ Uhlenbeck, G., and Goudsmit, S.,
Naturwisseaschaften 18, 953 (1925).
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Our work was done on the University Heights campus of New
York University, in Butler Hall, a former residence overlooking the
Harlem River which had been converted years earlier for the use of
the Department of Physics. After receiving my Ph.D. from Johns
Hopkins in 1924, I joined the department at NYU as the youngest
of its four faculty members. Mcllwraith came for graduate study in
1925, with an A.B. from Reed College in Portland, Oregon. He was
one of many students who followed their teacher, Professor A. A.
Knowlton, into the profession of physics and he accepted my sug-
gestion to make this research the subject of his doctoral thesis.
Bernhard Kurrelmeyer had been my friend and fellow student at
Hopkins, where his father and my stepfather were members of the
faculty. We had received our doctorates the same year. From 1925
to 1927, Kurrclmeyer was at Harvard on a National Research Council
Fellowship. In the spring of 1927, he received permission to complete
the term of his fellowship at NYU—and he quickly accepted the
invitation of Mcllwraith and myself to work with us.

The department in which we were working was not committed
to any one field of research, and its equipment was as meager in one
field as in any other. But at least within the limits set by our means,
we were free to let our curiosity direct our research. Our immediate
incentive was the experiment of Davisson and Germer. Our model
was the experiment of Barkla, in which he found that X-rays could
be polarized by scattering. Our anticipation of a positive result was
heightened by Uhlenbeck and Goudsmit’s introduction of electron
spin to quantum theory**.

T he reason for our choosing a beam of B-particles rather than one
of electrons from a hot filament for our experiment, I don’t remem-
ber after a passage of forty-five yeais. I am sure that we didn’t ex-
pect them to behave any differently from other electrons of the
same energy. We had not heard of the conservation of parity, much
less of its nonconservation or of the helicity of §-particles. I suppose
that the possibility of counting ’s by means of a Geiger counter

was appealing. Otherwise we were only looking for the simplest way
to determine whether a beam of electrons could be polarized.

WC bought a milligram of radium and designed a small steel
cylinder, with windows for the ingress and egress of -particles, gold
targets to scatter them twice at right angles, and an airtight joint

for turning the upper part (to which the radium and the upper tar-
get were fastened) about the line joining the midpoints of the two
target faces. The apparatus was carefully constructed by Mr. Hermann
Beck, the kindly, old Alsatian machinist for the Department of
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ics Wh had once been an ins.tr-um.cnt maker for Kohlrausch.
~ cud quote Gocthe for our edification and Alexander von

HumbOIdd for our instruction.

qatcd o the university some years before when a nearby electric

Bmp Y '

roisy PUmP because t.hc.transmlssmn belt from its motor was a
rocket-chain. Our timing was done with a ship’s chronometer

ohich had once belonged to a member of the faculty and had been

donated to the university by his heirs; it served us very well. Once,

when it needed attention, Mcllwraith took it to the firm where it

had been purchased. This company was still in business in Jower

Manbattan. An elderly gentleman there consulted a worn ledger

and said: “Yes, we sold this to Professor Draper on..."” It was some

date in the eighteen-cighties!

The minutes which were ticked off by the chronometer and
the amplified discharges of the counter were recorded as pips on an
inked line traced on a fast-moving paper tape. This contrivance,
though strictly amateurish, was entirely serviceable.

The Geiger counters we used were not the improved tubular
type developed by Geiger and Muller in 1928, but an earlier form in

foil. With different counters there must have been agreat deal of
vanation in the size of these points and some random variation in
their placement. Consequently, there must have been corresponding
Yariations in the size and location of the sensitive area. A point had
0 be replaced after an hour or two of use, and different points gave
ifferent counts,

rul Lf:;"““ling (as well as I can remember) some 10° discharges,
E 4 score or more points, we found one asymmetry }'ccurring
altho?::Ugh regularity that we believed it real and significant,
B bcg we had been surprised when we first noticed it. It could
i d‘i:ilrlbutcd to any asymmetry in the design of the apparatus,
Symme not appear to be a likely consequence of any accidental
try. Unfortunately, its magnitude could vary greatly when
Wag “::lg["d counter points. With some it was large, wilh. othc.rs it
Othery j, rtnough to be within the probable error; and with still
. “C?b" sed, though never by so much that the reversal could
the p"’bab; ¢d to a random fluctuation. We decided at length that
Publisheq d:' Cause was an actual polarization of the f-particles. We
doup “ '8 as the most likely inference and acknowledged our
the word “Apparent” in the title. To account for the

ant
Ures j .
r "% 0 Experimentg| Physics ¥ Velume

To evacuate the cylinder, we used a pump which had been pre-

factory had gone out of business. It was an efficient, but very

which the discharge occurred between a ‘point’ ( in our experiments
aminute knob fused on the end of a fine, platinum wire) and a metal

t von Humboldt, Alexander

(Baron Friedrick Heinrich)
(1769 - 1859)
German naturalist, traveler and
statesman—who considered his
service to the state to be merely
an apprenticeship to the seruice
of science. Travels led him across
Europe and throughout the Amenicas,
The Baron laid the foundations
for the study of physical geography
and meteorology and was the first
to delineate isothermal lines and
investigate the variation of tem-
perature with altitude. Crowning
achievement, the wnting and
publication of a treatise on the
physical world, the Kosmos, at
the age of 77.

147



148

e TSI S L e i)

observed discrepancies, we proposed tentatively that some of the
counter points were sensitive only to the slower p-particles, and
that the asymmetry appeared only as the faster f-particles were
counted.

One conclusion seemed beyond doubt, namely that Mcllwraith
had vividly demonstrated his ingenuity, skill and devotion to experi-
mental physics. He was awarded his Ph.D. from New York University
in June, 1928, His interest and insight in instrumentation and ex-
perimentation lead him first to the National Bureau of Standards,
then to the U. S. Coast and Geodetic Survey and, later, into a
variety of agencies and achievements in research above and below
sea level. Kurrelmeyer, on the expiration of his fellowship, joined
first the faculty at Columbia and later at Brooklyn College, where
he continues as professor emeritus, well-remembered by former
students now at many institutions, who learned from his teaching

and his example.

I the fall of 1928, Carl T. Chase came to New York University

as a graduate student in physics. He had received his B.S. from
Princeton University in 1924, his M.S. from the California Institute
of Technology in 1926, spent a year in astronomy at Harvard and
taught a year at Dartmouth. Iinterested him in working on our prob-
lem, although I could not spend as much of my own time on it as
previously. He took up the work with a great deal of interest and,
working mostly alone, published his findings in three papers.

Chase first made some highly desirable and well-contrived
improvements in the scattering chamber. With these improvements,
he measured and then greatly reduced the counting of electrons
ejected from the walls by 7y - rays. Chase also enhanced the propor-
tion of B-rays to 7 - rays by replacing our milligram of radium with
Ra E (from old radon tubes) in sufficient quantity to provide a
large increase in the emission of f-rays. As a result of these changes,

- Chase was able to reduce the voltage on the Geiger counter to a value

which gave the points a much longer life and still left him with enough
counts for valid statistical reasoning. Under these conditions, he
found that the asymmetry which Mcllwraith, Kurrelmeyer and I had
observed virtually disappeared. These observations were the subject of
his first paper.

In Chase’s second experiment, he found (as Mcllwraith, Kurrel-
meyer and I had conjectured) that counters such as all of us had been
using were selective with respect to the speed of the electrons counted-
Most importantly, he found that the selectivity depended on the volt-
age. With the voltage lowered to prolong the life of the points, as in
Chase’s first experiment, only the slower electrons were counted and

Discovery of Parity Violation in Weak Interactiofs



metric scattering disappeared. With the volt

jhe 3Y e faster electrons, the asymmetric scatter;
10 cou:1 oints did not last long.
put In his third paper, Chase described experiments in which the

™ countCT was rcplaccd by a sensitive ClCCtl’OSCOpC. A small but

Sistent asymmetry was obseryed.
¢°“ Thus, at the end of these three experiments, Chase had evidence
- th to confirm the real existence of the asymmetry which Mcllwraith,
grelmeyer and I .had observed an.d to explain its puzzling appearance
ma disappearance in accordance with the replacement of the counter-
_r.n:)nly one other attempt was made by any of us to demonstrate
. Pluization ina bFam of f-rays. In analogy with the polarization of
ﬂa‘t by a tourmaline crystal, Frank E. Myers and I, at Mcllwraith’s

age high enough
Ing reappeared

stion, counted the f-particles passing through two thin iron foils

~ magmetized in different directions. No change in the count was ob-
~ erved when the angle between the directions of magnetization was
o nged.
~ Chase and Myers remained at New York University after receiving
heir Ph.D.’s and, with the aid of a succession of graduate students, car-

"o_n other experiments on the polarization of fast electrons. But
se experiments, though well worthwhile and well-executed, could
show the helicity of B-particles, since the electrons they used were
ted from hot filaments and accelerated by high voltage.
This later work by Chase, Myers and others left me quite puzzled.
nd it difficult to reconcile our observations of f-particles with
prevailing theory and observations on artificially accelerated elec-
| never published a retraction of our findings, but I probably
some doubts about the reality of our effect in conversa-
friends.

y Chase, have ever been replicatedf. Our observations were t For a report on a replication of

onfirmed until a number of experiments in 1957 conclusively these experiments, see: “A

fated parity nonconservation in weak interactions. During g‘:’;’:‘;;‘:;?:;ﬁ;';:a°;m,,,
thirty years which passed between our experiments and p. 154, :

Wu, Garwin, and Telegdi, many doubts were expressed about

on. These doubts can be easily understood when one

theoretical models which prevailed before Lee and Yang,
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APPARENT EVIDENCE OF POLARIZATION IN A BEAM or
B-RAYS

By R. T. Cox, C. G. McILwRArTH AND B. KURRELMEVERY
NEw YORK UNIVERSITY AND CorLumBIA UNivERsiTy!

Communicated June 8, 1928

The already classic experiment of Davisson and Germer! in which the
diffraction of electrons by a crystal shows the immediate experimental
reality of the phase-waves of de Broglie and Schrodinger suggested that
it might be of interest to carry out with a beam of electrons experimenty
analogous to optical experiments in polarization. It was anticipated that
the electron spin, postulated by A. H. Compton?® to explain the systematic
curvature of the fog-tracks of §-rays, and recently so happily introduce
in the theory of spectra by Uhlenbeck and Goudsmit? might appear i,
such an experiment as the analogue of a transverse vector in the optical
experiments. This idea has lately been theoretically developed by C. G.
Darwin. Experiments in this line were undertaken over a year ago.
Since they are soon to be interrupted, it seems advisable to make a pre.-
liminary report of the results obtained thus far, although they are somewhat
inconclusive in spite of a great accumulation of data.

Since the equivalent wave-length in the wave mechanics of even slowly
-moving electrons is of the order of that of x-rays, it seemed preferable to
attempt an experiment analogous to optical polarization by scattering or
absorption rather than by reflection or double refraction. We have been
chiefly occupied by an experiment analogous to that in which Barkla
demonstrated the polarization of x-rays by double scattering. In our
cxperiment S-particles, twice scattered at right angles, enter a Geiger
counter. The relative numbers entering are noted, as the angle between
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ol and final segments of the path ; h
he :f(:ned later the angles at which ,:0::1 (:; ‘;laned' For reasons to be
gt e those indicated in figure 1(q) as ‘J“(:°e observations have heen

o the configurations of the three SEgme-n‘t and 00°. The difference

as the difference between ri s of path at these ¢
4 d;e s rlght- and le[t-h WO aﬂg‘es
6 The apparatus 1n its latest form js shown j &flded Tectangular
tion being supposed removed. Jts ]a,n “ deta‘,‘ in figure 1(5), a
q,ithﬂ cylindfical passage along the axis and two g:;t part isa steel cylinder

_ grial passage is closed at either end with o ers at right angles toit.
na gold scattering target set opposite gne ofScrew pl'ug. Each plug

10 the axes of the two passages at the jyncti the rad’{ﬂ Passages and

. of radium, which is the source ojf the pac) wh'ch.it is placed.

oo dial passages and the counter in the AR

iy form the three segments of the path of the r. The three passages
 the auired variation in angle between the initial i cenilohisn
 ffinder i made in two parts, so that the upper a:tnd ﬁm! SegaueRls;ithe
uod the first target, can be rotated with respectpto ihcarllymg te gadi
" omop axis. ‘The parts fit together at a ground j e lower about their

B e o closed it wica v - D
N '._"u ow the entrance and exit of the B-particles butw :Il;?c(;(ws' gials
ain ,‘... pressure; the plugs in the axial passage ar:::a‘;f: t - s“;
. he cylmdef is thus made nearly air-tight and the cavity :: 1?1 tt
vacuated by continuous pumping to a pressure at which th o

R acticle is large i ) ; e mean free

: : rge in comparison with the length of its path

gh th 'f‘:l‘:‘tY- alTh? counting chambet is a hollow ebonite cylinder.
R
s ge battery. The ionization
hich.oce :f;vvhen a p-particle passes through the foil into the chamber
oy .a'dls?hzrge between the foil and a platinum point a few milli-
Bgfsisbel ad it. The point is a platinum wire two mils in diameter end-
giaca ?e&nob about six mils in diameter. This point is connected
Rgvehak gh resistance to ground and directly to a four-stage amplifier.
ipaany ier operates a sensitive relay, which in turn actuates a recording
; moving tape. Discharges are produced not only by f-particles
0 photo-elechrons ejected from the apparatus by the y-rays of
dium. The high penetration of these rays makes it impossible to
ainst them without interposing so much material that the path of
es would be too much lengthened. Their effect is considerably
making the counting chamber of ebonite, from which com-
y few photo-electrons are ejected. Their number, however,
it be neglected, but there is no reason to expect that it would vary

e tWO settings at which most of the counts were made.
bed were found the best of several

h the platinum points desci
terials that were tried, they are far from satisfactory. They
c 3t results after an hour or two of use and have to be

oreover, the counts obtained with (w0 different points do not
his reason and on account of the uncertainty of the effect of
secmed jnadvisable to attempt counts all around the circle.

siven jnstead to taking counts to test an early observation
; varticles were cecorded with the radium at 90° than at 270°.
re taken as follows. A count is taken at one setting for a definite
en minutes) and then at the other setting for an equal time.
nued ysually as long as the counter gives self-consistent re-
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sults. To offset the effect of small gradual changes in the characteristics
of the counter and in the voltage of the battery, the count at one setting is

compared with the counts immediately preceding and following it at the
other setting. Thus, for example, from eleven counts five values are ob-
tained for the ratio of the count at one setting to the count at the other.
The mean of these values is taken and the probable error computed in the
usual way. It is these means and probable errors that are given in the
following table. It must be admitted that the probable error in many
cases is reckoned from too few values to give it great validity. The table
shows the results of ninetcen sets of data.

Count at 90° b 1 " .. 0.76 0.90 0.94 0.87 0.98 1.03
Count at 270°
Count at 90°
Count at 0°

0.78 0.62 0.65

Countat0° ol b i 0.87
Count at 270°
Probable crror 0.01 0.02 0.01 0.02 0.0L 0.07 0.0l 0.02 0.01 0.03

Count at 90° 1.03 0.91 0.85 0.99 1.01 1.08 1.05 0.55 0.91
Count at 270°
Probable error 0.02 0.02 0.05 0.03 0.04 0.05 0.02 0.05 0.03

It will be noted that of these results a large part indicate a marked
asymmetry in the sense already mentioned. The rest show no asymmetry
beyond the order of the probable error. The wide divergence among the
results calls for some explanation, and a suggestion to this end will be
offered later. Meanwhile a few remarks may be made on the qualitative
evidence of asymmetry. Since the apparatus is symmetrical in design as
between the two settings at 90° and 270°, the source of the asymmetry
must be looked for in an accidental asymmetry in construction or in some
asymmetry in the electron itself. The following possibilities may be sug-
gested in the former case. The radium and the point in the counter were
doubtless not exactly centered. But they were removed and replaced
repeatedly in the course of the observations, and it seems unlikely that their
accidental dislocations could be so preponderantly in one direction as are
the observations. Any effect due to this cause could be offset by turning
the counter and the rod that carries the radium through 180°. The ap-
paratus with which these data were obtained was not designed to make
this convenient, but in the latest apparatus these rotations can be made
without disturbing anything else. The results thus far obtained with this
apparatus do not lead us to believe that this factor is effective. There was
doubtless some asymmetry in the targets as regards their orientation and
surface condition. These also were several times removed and replaced
after their surfaces had been freshly filed bright. A magnetic field inside
the cavity due either to the slight penetration of the earth'’s field through
the steel walls or to an accidental magnetization of the cylinder itself
would introduce an asymmetrical factor. It seems highly unlikely, how-
ever, that any deflection so caused could be great enough to produce ef-
fects of the magnitude observed. It seems possible, on the other hand, that
a spinning electron might be oriented by even a weak field by a kind of
space quantization and that this orientation might combine with the
scattering to produce the observed asymmetry. This explanation, of

Discovery of Parity Vialation in Weak Interactions




rce, @SSUMES & polarity in the electron

. plain the' (?bservations as due to double
+ o supposition that the beam of B-parti
! ing through the mica windows, gimil

1 pl&ﬂi“g through a to'unnaline crystal,
 refully in an experiment auxiliary to t
ot found.

ﬁhiyldsb:hl::ntt;:da:i several of these suggested explanations of the
ounti i ";:r the discre amcieptance = ?ﬁer greater difficulties in ac-
ounting Pancies among the different results than would the
eptance of the WPOtheSlS that e have here a true polarization due to
double scattering of asymmetrical electrons. This latter hypothesis
B _,t‘he most t.enable at the present time. The discrepancies observed
asc be tenta.txvely to a selective action in the platinum points, whereby
o points r.eglstenr only the s!ower f-particles. Observations in apparent
agreement with this assumption have recently been made by N. Riehl.?
L is necessary to suppose further that the polarization is also selective, the
ect being manifest only in the faster f-particles. In support of this it
1y be 'rem?rked that a few observations we have just made seem to show
at zﬁlmeh'y is more consistently observed when a piece of celluloid or
lophane is placed in front of the counter to stop the slower B-particles.
haps the simplest assumption here is that only -particles which are
ed without loss of energy show polarization.

e made no attempt ata theoretical treatment of double scattering
onsideration of the question whether the results here reported
| a0 asymmetry of higher order than what might be expected of a
ing el . The following suggestion is then offered not at all as a
 the phenomenon but merely as a remark on the geometry of the
at. If it be supposed that the spin vector of a moving electron
at right angles to its velocity vector, and that when the electron
 at right angles its new velocity vector lias the direction of the
of its former velocity and spin vectors and its new spin vec-
sction of its former velocity vector, then the observations
ribed will be qualitatively accounted for.
ish to acknowledge gratefully our indebtedness, for help
he construction of Geiger counters, to Dr. C. W. Hewlett of
ectric Company, to Mr. A. E. Loomis of the Loomis Labora-
r. L. F. Curtiss of the Bureau of Standards. We are under
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A COMMENT ON THE HISTORY OF DOUBLE SCATTERING OF BETA RAYS

BOTH THE ANALYSIS AND AN (UNPUBLISHED) EXPERIMENT, PERFORMED AT M.L.T. IN 1960,
INDICATE THAT THE SIGN OF THE ASYMMETRY REPORTED BY COX AND CHASE WAS WRONG

It has been more than a decade since I've done an experiment
on parity violation. I have long since swept my files clean of the
scores of reprints and pounds of notes and calculations that had
amassed.

My memory may undoubtedly distort the history of that time
as may my attempts to correct for personal bias. It is, therefore,
with a feeling of some uneasiness that, at the request of the editor
of Adventures, I set forth my recollections of a confused footnote
to the history of early experiments on double scattering of beta
particles—a confusion which I helped to confound.

In the late spring of 1958, while still a staff member at
Brookhaven National Labs, I was asked by Otto Frisch to write a
review article on the measurement of parity violation. Maurice
Goldhaber, Andrew Sunyar and I had completed several experiments
which measured the extent of parity violation in beta decay inter-
actions and had found a way to measure the longitudinal polariza-
tion of the neutrino. Frisch allotted me little time in which to
complete the article and even with extended deadlines it was a
racking labor which I recall with little pleasure.

As the research for the writing unfolded, I read the early papers
on the scattering of beta decay electrons and positrons. My own
thesis, completed in 1954, was on the single and multiple scattering
of 2.5 MeV positrons from various thin foils. Thus, I was only too
aware that a relatively minor modification of the experimental ap-
proach would have led to observable parity violating effects. My
readings of the early papers had, therefore, a definite direction. Had
anyone seen effects which, in hindsight, could be interpreted as evi-
dence of parity violation?

A description of my thesis approach and the modifications
which I alluded to may be useful. I had used a 90° bending magnet
to select a nearly monochromatic beam of positrons from a radio-
active source. The selected beam was then scattered by a gold or
aluminum foil and the angular distribution of scattered positrons
measured. I noted in my thesis that as many positrons scattered
through a given angle to the left as to the right of the beam axis.

I stated, therefore, that the instrumental asymmetry in my experi-
ment was negligible. After the historic paper by Lee and Yang was
published, I knew that symmetry was expected since the magnetic
selector had left the polarization of the positrons essentially un-
changed and the scattering distribution should be symmetric for
longitudinal positrons. If, however, I had used an electrostatic
rather than a magnetic selector prior to the scattering, the longitu-
dinal polarization would be transformed to transverse and the scat-
tering would have resulted in an observable left-right asymmetry.

Discovary of Parity Violation in Weak Interactions
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unter. They then continue, A few remarks should be made
nalitative evidence of asymmetry. Since the appara-
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Grodzins, L., Progress in Nuclear
Physics, Vol 7, (Pergamon Press,
1959.)

. Cox, R. T., Mcllwraith, C. G.,

and Kurrelmeyer, B., Proceedings
of the National Academy 14, 544,
(£928}) - reproduced p. 150.



3. Chase, C. T., Phys. Rev. 34, 1069
{1929).

4. Chase, C. T., Phys. Rev. 36, 984
(1930 a).

5. Chase, C. T., Phys. Rev. 36, 1060
(1930 b).
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only beta particles which are scattered without loss of energy
show polarization.’

The problem was then taken up by Chase, a student of
Cox. He improved the apparatus in several essential ways.
Path lengths were lengthened, mixed radium was replaced by
RaE, lead shields were placed further to reduce gamma-ray
counts in the counter, provision was made to block the beta
rays conveniently and obtain the background rate, and, most
important of al], the counter sensitivity was investigated
(1930a)®. Chase showed that the Geiger counters were unreli-
able for counting high-energy betas, and he replaced the
counters with an electroscope (1930b)*. This latter change
made it very difficult to determine the true errors in counting
but did give reproducible data. Chase was able to show that
the negative results he obtained in one experiment (1929)°
were due to the low voltage on the Geiger counter which
made it insensitive to energetic betas, so that ‘with the Geiger
counter used as it had been before, at lower voltages, the
results were negative as before, but with high voltages on the
counter, high enough to ruin the point within an hour or two,
the effect was very likely to appear. Making no changes except in
the voltage on the counter, the effect could be accentuated or suppressed.’
With the improved apparatus, using an electroscope, he con-
cluded, ‘the asymmetry between the counts at 90° and 270°
is always observed . . . not only in every single run, but even
all the readings in every run, with few exceptions, show the
effect.’ While some difference in counting rate was observed
between the 0° and 180° positions, in agreement with the
theory of Mott published while the investigation was being
conducted, the evident asymmetry in the geometry of the
apparatus in these two positions was realized by the experi-
menters and Chase concludes: ‘The position of the point at
180° on the curve must therefore be regarded as the least reli-
able of the set.” The effect obtained in this last experiment
was N,,, /N,, =1 - 08.

The objections to these experiments were realized
partially by the investigators and in greater degree by subse-
quent writers. The scatterers were thick so that scattering was
multiple and plural and should not show any Mott polarization.
The beta rays were uncollimated so that wall scattering was
present and the scattering angles were ill-defined. The velocity
of the beta rays was defined loosely by absorbers and was
essentially uncontrollable. For all of these reasons subsequent
experiments were done with thin scatterers, better collimation,
and electron sources from high-voltage accelerators (where, of
course, the electrons would not be helical and where, indeed,
no asymmetry was observed). Experimenters checked their
apparatus by showing that no asymmetry existed between 90°
and 270°. Nevertheless, from the point of view of present
understanding, these original experiments contained three
essential features:
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1, The second target was of a high z material
9. The geometry was symmetric between 9(°

3. Relativistic beta rays were ysed, and 27¢°,

it appears in retrospect that these earl
the first expenments showing evidence fo
of puity in weak interactions!

Y investigations were
r the nonconservatjon

The pages written f?r the review paper were expanded and
published asa separat}:! hls(t:orical nO‘te6 in th_e Proceedings of the
National Academy where Cox had first published his findings in
1928. The Pr oce.edmgs paperappeared in early 1959; the review

er was not printed until the summer of 1960, So much for
deadlines.

When I transferred from Brookhaven to the faculty of MIT in
early 1959, 1 still did not know that the Cox and Chase work gave
the wrong sign; Nazo© should have been less than Nygo for negative
elicity of beta particles. Of course I had checked the sign of the
asymmetry against what was to be expected. I remember Otto
Frisch asking me about this point and I assured him that it had
been done by myself and others. I wasn’t to find out for almost a

year that my analysis was wrong. Thus, when I decided to duplicate

the Cox experiment at MIT using modemn detection techniques, it
was simply a fun project of pedagogic interest.

In the fall term of 1959, Sidney Altman, a senior physics
major, was enthusiastic about completing his undergraduate thesis
requirement by duplicating these historic experiments. We had the
apparatus built, and he carried out a series of experiments which
were written up as a senior thesis’.

Sidney’s thesis was submitted on May 23 1960, months be-
fore the review article appeared. In the meantime, though, I had
leamed of the error in my analysis in aletter from Dr. Waldmann
of theMax Planck Institute, who wrote me in early 1960 after
teading a preprint of the review paper. In the best teacher-student
tradition, I didn’t tell Sidney. He conducted the experiment with-
out bias. Of course, by the time he wrote up the work, he knew
full well of the comedy of errors—for his results were the opposite
10 those of Cox and Chase—in their terms he got Nggo greater than
Nyypo.

Sidney’s thesis is a model: logical, analytical, thorough. His
leng?hy introduction is followed by a novel calculation of the in-
fensity of the asymmetry expected from an unpolarized source.

mlt apparatus is described in terms of design problems and instru-
“0tal uncertainties. He includes an analysis of instrumental

Mtures in Experimental Physics ¥  Volume

6. Proceedings of the National

78

Academy 45, 399 (1959).
Altman, Sidney; Senior Thesis,
Massachusetts Institute of Tech-
nology, 1960, (unpublished). Itis
believed that this was the last of
Altman's rescarch in physics. He
did his graduate work in micro-
biology and is now on the biology
faculty at Yale University.
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No Asymmetry With
Low Energy Electrons

Our present understanding of
beta decay enables us to understand
why the asymmetry effect disappeared
at low energies. The two component
theory of the neutrino predicts (and
it has been confirmed experimentally)
that the polanization of electrons, P,
from beta decay is: P = tyjc. At
zero velocity, P = 0, since there is
no momentum vector to which one
can refer. As v —>c, P —> 1, since the
mass of the electron becomes unim-
portant and it behaves like a neu-
trino. One can see that for low
velocities, the electrons are not highly
polanized and hence no asymmetry
would be observed.

Fig. 1

Counting rate as a function
of scattering angle with both
targets made of copper. The
energy of the @-particles is
0.95 MeV (April 26, 1960).

Counts 104 /8 min.
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asymmetries, energy losses during flight, multiple scattering, col-
limation, etc. In the section on procedure, Altman writes that:

The experimental procedure was very straightforward.
Integrated counting rates were recorded for specific time inter-
vals at 15° intervals around a circle; that is, rotating the upper
target and source with respect to the detector position. Depend-
ing upon the Z of the first and second target, the counting
rate was higher with high Z and lower with low Z as the
Coulomb scattering cross section predicts. The total counting
time was fixed so that the statistical error would be small. In
some cases much more data were taken at the 90° and 270°
positions since that is where we expected the greatest asymme-
try. Background readings were taken by reversing the top tar-
get. Calibrations were made by removing the bottom target
and inserting the bismuth source on a stand so that it faced the
crystal detector directly.

His discussion on results is lengthy with many graphs and

tables. He writes:

We are mainly interested in data taken at a baseline
setting at 0.95 MeV since the helicity, and therefore the
asymmetry in counting rates at 90° and 270°, will be greater
at higher energies. At the 0.37 MeV setting we should see a
much reduced asymmetry or no asymmetry at all. Since the
asymmetry is also dependent on Z* we should observe this, as
the Z of the bottom target is changed.

The angular distribution for a Cu-Cu scattering combination

is shown in Fig. 1. The difference in counting rates between 0° and
180° is not due to Mott scattering effects but, as Altman explains

o i
i t
; !

Counting rate vs. scattering angle
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g scpardte section, is due to a geometrical effect. Except for
B cet, there is no obvious asymmetry between any two data
s 180° apart. Altman goes on to say:

k Now, Pb was used as the second target, Z = 82 in this
..  ase. Ingraph 9 (not shown) the baseline of 0,37 MeV shows
 apasymmetry of approximately 2 per cent at the 90° - 27¢°
. position that increases slightly when we look only at higher
y energies (see Fig. 2). Alikhanov® had reported that effect of
plural scattering (depolarizing) in the first target was negligible.
9 Jt was decided to make the first target Pb to see if this was so.

'l. ~ Grapbs 11 -13 (not shown) show that difference in counting 5. Alikhanov, A. I., Nuclear Physics
rates at all positions is now negligible, certainly less than 1 per 6, 588 (1958).
rent at 90° - 270° position for all energies. At a baseline of
1.20 MeV there is practically no difference at all. This indicates
hat changing the Z of the first target by making it higher does
se some effect in depolarizing the electron beam.

In confirmation of this, the first target was now changed
toAl,Z=11. Wenow expected a larger asymmetry than with
Cu as the first target since Al would depolarize the beam less.
' Graphs 14 and 15 (not shown) bear this prediction out. These
re the results of runs made with concentration about the 90°
270° points. The statistical accuracy for the other points is
very g0od. Even so, there is about a 2 per cent difference
 the 0.37 McV baseline setting which rises to 3 per cent at the
.95 MeV setting. For the first time also, one can see the de-
osion in counting rate around 90° and heightening around

. Fig. 2
2 Counting rate as a function
I X-lnC|LIdES |OI'\Q runs of scattering angle where the
T et is lead; the second
| at these positions { Sl e e

o (-} energy of the f’s is again 0.95
(90 ] 270 ) MeV. Data include longer
{ i runs at 90° and 270°(April 30,

1960).

o 1 1 1 |
35° 180° 225° 270° 3i5°

rate vs. scatfering angle
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6. See Fig. 1, p. 150 for Cox’s
apparatus.
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Altman, after a discussion of instrumental asymmetries in
light of the results, displays the data to reduce those asymmetries.
He then considers further tests which should be undertaken with
improved equipment. He concludes with the following paragraphs:

This experiment can only be considered as groundwork
for more exhaustive and more conclusive tests. Preliminary
results indicate a 8 per cent asymmetry in counting rates at
90° and 270’(3); = 1.032) scattering angles for a thick first
target of Z = lﬂnd thick second target of Z = 82. This
asymmetry seems to vanish when the Z of the second target is
29. Raising the Z of the first target has an appreciable effect
in depolarizing the electron beam, seemingly in contradiction
with the results reported by Alikhanov. The asymmetry ob-
served is greatest at energies above 0.95 MeV and decreases for
energies below 0.95 MeV. The sign of the asymmetry reported
by Cox appears to be wrong.

Unfortunately, no further tests were made. None of my
students in the succeeding years wanted to continue the work and
my own energies were channeled into investigations using the
Mossbauer effect. I recall ambivalent feelings about the entire
affair. On one hand I wanted to tell the story, on the other hand
I wanted to wait until the story was right; there seemed little point
in publishing unfinished work. As projects do, this one kept getting
pushed further and further back until it no longer troubled my
thinking, though it never dropped completely from my conscious-
ness.

It has long been my view that Chase and Cox did correct
experiments, but that between the investigation and the write-up
the sign got changed. This view is buttressed by Altman’s write-up.
The alert reader has no doubt realized that, with essentially the
same apparatus, Altman got what appears to be the same sign for
the effect as Cox did; i.e., Nyjgo greater than Nggo. Yet Altman
states that his results are opposite to those of Cox and Chase. The
resolution of this point is simple enough, but does require a close
reading of the papers. In Altman’s apparatus, the source in the 0°
position is directly above the detector while in Cox’s apparatus
the source in the 0° position is 180° away from the detector; the
respective geometries were 180° out of phase®. Did Cox mislabel
his angles? Did he use aright-handed coordinate system instead
of the left-handed one shown in his figure? If, as I suspect, he did
make some such slip then the error would undoubtedly have been
retained in subsequent papers. Such errors are neither difficult to
make nor particularly rare. Many a researcher and at least one
former historian of science have erred similarly.0]

Cambridge, Massacbusetts, October 1973
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eXPLANATORY PHYSICS NOTES

fee and Y RIE, 00 ;{h?" hlsto‘r gpap e_rl suggesting the possibility of nonconserva-
yion of parity In wea interactions, pointed out that an experimental test of parity
violation must involve the observgtion of o pseudoscalar. The pseudoscalars they
considered in b;ata ‘de"“{ of nuclei were ¢ t'f_’.) and (J /$,), where J,and J ,are the
jnitial and final spins of the nucleus and , is the momentum of the beta ray. In
that Paper they conc}gded that none of the then existing experiments measured
ither of these quantities. I.t was lM&}r realized? that another observable pseudo-
sealar w9uld be the |0nglt.udlnnl polarization of electrons emitted from unoriented
puclei; i€, (3P}, 2. being the spin of the electron. This prediction has been
confirmed by a number of experiments.d ¢
In 1929, Mott s?xowed that the spin orbit coupling in Coulomb scattering could
be used as a polarizer or analyzer of electron spin. The spin orbit coupling is
largest when the energy of the electrons is relativistic, the Z of the scatterer is high,
and large angle scattering occurs; most calculations consider single scattering
through 90° by nuclei of Z = 80. Mott double scattering is illustrated in Figure
14, where an unpolarized beam of relativistic electrons is first polarized and then
analyzed by being scattered singly twice by very thin high Z scatterers; #; is a unit
vector in the direction from the source to scatterer 1, A; is a unit vector in the
direction of ecatterer 2, a; is a unit vector in the direction of the detector. The
spin orbit term in the cross section is of the form a-(f:1 X #), 8o that only a spin
dicular to the plane of scattering is affected. The single scattered beam
~ at #, wil! be partially polarized along the +X direction. In the second scattering
ﬂbe spin orbit part of the cross section, 24x-(72 X #3), will add to the Coulomb
erm, while o.x-(: X #s) will subtract, so that a greater counting rate will be
sheerved when the source is at the 180° position compared to that observed at the
® position.  No difference in counting rate should be observed when the 90° and
210° positions are compared.
" The double scattering of an initially longitudinally polarized beam also results
n strong asymmetries. However, the term 2., (A1 X fi3) is zero, 8o that the asym-
7 at 0° aud 180° is small and the main effect is observed between the 90°
210° positions.® A double scattering experiment on beta rays in which both
first and gecond scatterers are so thin that only single scattering takes place is
7y difficult. No such experiment has been reported. Experimenters have,
ever, measured beta helicities by first transforming the polarization from longi-
inal to transverse and then utilizing Mott scattering. The transformation may
omplished by an electric field? or by multiple scattering since small angle
ng is spin independent. In the latter case, if t:he first scatterer is a thick,
low Z, material, the spin direction will remain unchanged as the momen-
o and the beam at #2; will be transversely polarized in the n;, n; plane, along
direction in Figure 1, B. When the beam is scattered through 90° by a thin
catterer, the large spin-orbit term will lead to different intensities along the
,or for s fixed detector, a difference in intensities for the source positions at
orne
periment; just described— double scattering first by a thick low Z and then
high Z acatterer—has been performed recently by several groups. De
sasured 6 to 8 per cent asymmetries by scattering electrons of energy
300 kev through 65° by 2.5 mg/cm? thick gold foil (the first scatterer

w0oedings of the NaTioKaL ACaDEMY OP SCIENCES
p. 40u—405. March, 1959

poUBLE SCATTERING OF ELECTRONS AND pOLARIZATION OF BETA RAYS®



was thick aluminum). Alihanov ef al.8 observed asymmetries as large as 40 per
cent (and never less than 18 per cent) when 150 to 400 kev beta rays were back
scattered through 115° by gold foils ranging from 0.34 to 1.97 mg/cm?®. They
also showed that the asymmetry is essentially independent of the Z of the first
scatterer. Heintze ® obtained 6-12 per cent effects by backscattering ~1 mey

o
A 4 90
S, - THIN, HIGH Z e Y
1. Lee, T. D,, and Yang, C. N., UN pOLAmBzEEADM INCIDENT 0° \ / 180° SARE
Phys. Rev., 104, 254 (1956). Ry ‘4 B
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betas through 135° by Au and Pt foils.'®

Lee Grodzins
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