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Recent experiments have con6rmed the hypothesis of Lee and Yang that there exist terms in the beta
interaction which destroy the invariance of the theory under space inversion and charge conjugation; the
possibility of the lack of invariance under time reversal had not yet been tested conclusively. We explore
further consequences of these additional interactions, limiting the discussion to experiments involving the
detection of polarized electrons and gamma rays from unpolarized nuclei. In particular, formulas are
derived for the longitudinal polarization of electrons in beta decay, and for the correlation of the transverse
polarization of electrons with the direction of a gamma ray. Such experiments would lead to an independent
verification of the violation of selection rules for parity and charge conjugation, and to a possible test of
the invariarace under time reversal.

I. INTRODUCTION

HE recent experiments of Wu, Ambler, Hayward,
Hoppes, and Hudson' ' have proven conclusively

that there are beta transitions in Co" and Co' which
violate parity selection rules; that is, they observed a
correlation between a pseudovector (the nuclear polar-
ization) and a vector (the electron momentum).
Measurement of the magnitude of the correlation also
proved that charge-conjugation invariance was violated.
The experiments in principle could have yielded infor-
mation on the time-reversal invariance as well, but
were not conclusive.

It is the purpose of this work to investigate further
experiments with nuclear beta decay which can provide
an independent verification of these results, and can
also reveal violations of time-reversal invariance, if
present. Clearly the generalization of the beta-decay
interaction to include terms which violate these invari-
ance requirements suggests many new experiments. In
particular there will be extra terms in the transition
rate for beta decay and in the beta-gamma correlation
function. We shall restrict the discussion to only those
experiments involving the detection of electrons and
gamma rays emitted by unpolarized nuclei. To observe
nonconservation of parity one must then detect the
polarization vector of either the electron or the gamma
ray; we shall (rather arbitrarily) select the measurement
of electron polarizations as being more feasible. The
problem then splits rather naturally into the discussion
of the experiments arising from a measurement of the
loegitmdieal electron polarization, and of the transverse
polarization. Accordingly, we shall discuss in Sec. II
the information which can be obtained by measuring
the longitudinal polarization of electrons from unpolar-
ized beta emitters. It will be shown that a situation
very similar to that of the experiment of Wu et al.
pertains; the detection of a polarization will prove

nonconservation of parity, while the measurement of
the magnitude and energy dependence of the polariza-
tion will provide possible proof of the violation of
charge-conjugation invariance and of time-reversal
invariance, respectively.

In Sec. III we discuss the information gained from
the measurement of transverse electron polarizations
in coincidence with gamma rays. By measuring the
magnitude of the polarization alone, both in the plane
of the electron and gamma ray, and perpertdicular to
the plane, it is possible to observe violations of charge-
conjugation invariance and of time-reversal invariance,
respectively.

II. LONGITUDINAL POLARIZATION

Suppose we measure only the momentum p arid the
spin direction l of an electron emitted in the decay of
an unpolarized beta source. Since there are only two
directions specified, the rotational invariance of the
theory requires that the transition rate has the form

N a+b(p l).

Because the second term is a pseudoscalar, it could not
appear in a theory in which parity is conserved, and
hence the electron spin would have no correlation with
its momentum; i.e., the electron would be unpolarized.
If conservation of parity is not required, then the
expression (1) pertains, and the electrons can be
polarized along their directions of motion. It seems
surprising at first that this polarization could escape
detection for so long, until one recalls that a longitudi-
nally polarized beam of particles does not give rise to
an asymmetry on single scattering, but only on double
scattering. ' For example, the experiments4 utilizing
beta sources to check the validity of the Mott scattering
formula, would not be inQuenced by the presence of a
longitudinal polarization of the electrons. To analyze
the longitudinal polarization by scattering, ' one could

*On leave of absence from the University of Notre Dame,
Notre Dame, Indiana. Research supported in part by U. S.
Atomic Energy Commission.

Wu, Ambler, Hayward, Hoppes, and Hudson, Phys. Rev.
105, 1413 (1957).' T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956}.

' See for example R. Oehme, Phys. Rev. 98, 147 (1955).
4N. F. Mott and H. S. W. Massey, Theory of Atomic CollisiorIs

(Oxford University Press, New York, 1949), second edition, p. 83.
5 See for example H. A. Tolhoek, Revs. Modern Phys. 28, 277

(1956).
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polarization is just +s/c, "and therefore complete for a
fast electron. Since this is the assignment of coupling
constants suggested by the experiment of Wu e( al. , let
us make clear the origin of this result. Under the above
conditions, the interaction Hamiltonian contains the
light-particle wave functions in the form pt8(1 —ys)P,
where 8 is any of the operators appearing in the various
interactions. For S, T, and P, we find that y~ commutes
with 8, while for V and A, it anticommutes. Therefore
we can write it as ft (1&ps) 8&. But it has been empha-
sized that if the mass of a Dirac particle is zero (or
negligible, as for a fast electron), the operators —', (1+ps)
acting on positive energy states, are projection operators
for states with spin parallel or antiparallel to the mo-
mentum. " Therefore fast electrons, as well as the
neutrino, are emitted in only one of the two possible
spin states, and are completely polarized. Notice that
this should be true for the basic differential process,
before averaging over the neutrino directions, or making
the expansion into degrees of forbiddenness, etc.

The polarization arising from a pure interaction will
therefore approach a constant for high electron energies;
the same result is true for the polarization arising from
the interference between S, T, and P, and between V
and A. The polarizations arising from S-V and T-A
interference, however, will vanish like 1/W for fast
electrons. This difference in the energy dependence of
direct and interference terms is characteristic of beta
decay, and is very important in deciding the form of
the beta interaction from experiment.

Examination of the formula (3) for the polarization
shows that it provides exactly the same information as
is obtained by the experiment of Wu et al.

J
see Eq.

(A.6) in reference 2j. The detection of a polarization
proves the violation of parity conservation; a non-
vanishing value for the first (energy-independent) term
in d violates charge-conjugation invariance, while a
nonvanishing value for the second (energy-dependent)
term violates time-reversal invariance. " There is the
further possibility of studying pure Fermi transitions
(0—+0, no), for which there is no analogous experiment
with polarized nuclei.

As is well known, the only interference terms for an
allowed beta transition of an unpolarized source are
between S and V and between T and 2 (the Fierz
interferences). Since it is generally concluded that V
and A are both absent in nuclear beta decay, this
would prevent the observation of terms violating time-
reversal invariance in an allowed transition. "For this

first rotate the polarization into a transverse direction
by passing the electrons through an electrostatic field,
and then perform a single Coulomb scattering. Alter-
natively, one could perform a double Coulomb scatter-
ing, and search for an asymmetry in the plane per-
pendicular to the plane of the first scattering. lt is
interesting to note that this experiment was attempted
many years ago, and a positive result obtained, indi-
cating the existence of longitudinally polarized beta
rays. Subsequent experiments failed to reproduce the
effect in the light of present knowledge about the
magnitude of such asymmetries, it is unlikely that the
effect was due to the polarization of the beta rays.

Using the beta-decay interaction proposed by Lee
and Yang, one can calculate the transition rate for an
allowed beta decay into a state in which the electron
has momentum p and spin in the direction of the unit
vector I, which is chosen either parallel or antiparallel
to p. The result is'

N(p, l)dWdOr = F(Z,W)pW(Ws W)sdWd—fi„
Sm4

vis p 1

Xsg 1+b +d—
8" 8" (2)

We are using a notation identical to that of reference
2, with the additional definition

Pd= f JMFJ'J CsCs *—CvCv *+c.c.j
+ Jm„J [C,C,'*-C CA'*+c.c.])

ZQZ

J
Mp J'LCsCy'*+Cs'Cv* —c.c.

+
J
~GT

J
$+TCA +CT CA c.c.j (3)—

J

&

where "c.c." means "complex conjugate. " Defining
the polarization as

&(p,p/P) —&(p, p/P)—P-
&(1,u/P)+&(11, —P/P)

we find that
'v~( d

c L1+bm/W)

Let us note here that under the special conditions as-
sumed in the Lee-Yang neutrino theory' (C=—C'), and
with a single term in the interaction Hamiltonian, the

'0 Perhaps we should point out here that, if one assumes the
Lee-Yang neutrino theory, time-reversal invariance implies
complete polarization, but the converse is not true. The polar-
ization in an allowed transition would be complete even if there
were no time-reversal invariance, but ii

~
Cs

~ ~
Cv

~

=0 held.
"We are neglecting the Coulomb field here.
'2 Lee, Oehme, and Yang, Phys. Rev. 106, 340 (1957).
"We should note that the Fierz condition, which now reads

LCsCv*+Cs'Cv'~+c. c./=0 does not necessarily imply the van-
ishing of the S-V and T-A interference terms in the polarization,
which contain LCsCy'~+Cs'Cy* —c.c.j.

'Cox, McIlwraith, and Kurrelmeyer, Proc. Natl. Acad. Sci.
U. S. 14, 544 (2928).

7 C. T. Chase, Phys. Rev. 34, 1069 (1929).
SThis same result has been derived in references 14 and 16,

as well as by M. E. Ebel and G. Feldman (unpublished preprint).' T. D. Lee and C. ¹ Yang, Phys. Rev. 105, 1671 (1957). See
also L. Landau, Nuclear Phys. 5, 127 (1957); A. Salem, Nuovo
cimento 5, 299 (1957).



ELECTRON POLAR I ZA T I ON I N p PROCESSES

reason, it may be important to examine a forbidden
transition, where S-T interference can occur; the case
of RaE may be a good example.

In this case (first-forbidden, 1-+0, yes) we obtain for
the polarization"

where

~ =~»
I (IIJ'rll) I'[Lr+lq'Lo+s~o+sPo]

+-'~»
I (Il J'~ «Il) I'[Li+ sq'Lo+2~o —lP o]

+-:--I (IIJ ~-II) I'[L.]
—

s {i~»(llJ'rll) (Il J'~Xr[I)*+cc }[Li—~o]
+ l {i (IIJ'rff) ([IJ'(} II)*+c.c.}[lqLo+&o]
—-'{~»(llf~Xrll)(l[f V~I[)*+c.c }[lqLo—&o]

and

~=4
I (IIJ'rll) I'LL '+lq'Lo'+:~o'+lP'o']

+sP» I (IIJ'&Xr[I) I'[Lt'+ sq'Lo'+2~o' —sq&o']

+sP» I (IIJ'V~II) I'[Lo']
—-'{iPsr(IIJ'r II) ([IJ'&Xr[f)*+c.c.}[Li'—&o']

+i{i@»(llJ'rll) (II J'yell)*+'c. }[-;qLo'+&o']

{P»([IJ'~X rff ) ([IfI3trfI)*+c.c.}[-'qLo' —&o']

+{P»(llJ'rfl) (llf~Xrll)*+c c }[-;q&o']
—{P»(IIJ'rll) (llf 5~[[)*+cc }[Ps']
+{iP»(fI

J'a'Xr fl) ([IfI}nII)*+c.c.}[-',Ro'].

We have made the useful abbreviations u;, =C,C,.*
+C C *and P,;=C,C,'*+C,'C,*.The functions Li, Lo,
Mo, So, Ly, Jo, Mp, Ep, Ro are defined in the ap-
pendix. The symbol (ff J'8[f) is an abbreviation for the
reduced matrix element of a vector operator for the
nuclear transition being considered, and the assumption
has been made that only the scalar and tensor forces
contribute.

If time reversal is valid for the nuclear forces, then

(IIJoXrff)(ff J'I}nff)* is real and the last term in the
expression for 8 is zero. The preceding two terms will

be nonvanishing only if time-reversal invariance is
violated in P decay. These terms are proportional to
rrZ/p and thus are a Coulomb effect.

For a heavy element, the functions Mo and Mo' are
very large and approximately energy-independent. In
general one would therefore expect the P spectrum to
have an allowed shape, and the polarization to be
independent of the terms violating time-reversal invari-
ance. However, RaE does not have an allowed shape,
owing to cancellation of the terms containing Mo. If, as
seems likely, C;=WC, then a similar cancellation

occurs among the terms containing Mo'. In this event,

' This result has also been obtained by Alder, Stech, and
Winther, Phys. Rev. (to be published).

the terms violating time-reversal invariance might be
observable. It seems unlikely that this experiment will
prove useful in checking the invariance under time
reversal in the theory; however, polarization experi-
ments on RaE can provide new information on the
S, T coupling constants.

III. TRANSVERSE POLARIZATION

If another direction is introduced into the problem by
measuring another particle, the electron can have
components of its polarization transverse to its mo-
mentum, as well as longitudinal. 's For example, Jack-
son, Treiman, and Wyld" have suggested experiments
in which nuclear recoils or nuclear polarizations are
measured in addition to electron polarizations. We shall
consider the case in which a gamma ray is detected;
that is, the measurement of P polarization-gamma
correlation functions. One easily discovers that no such
correlations exist for allowed beta transitions; we
therefore consider first-forbidden transitions. For sim-
plicity we shall also neglect Coulomb effects, and
consider only those beta transitions involving the scalar
nuclear matrix element J'r and the tensor matrix
elements J'eXr. It is our main purpose to present
illustrative examples, rather than an extensive tabu-
lation of correlation functions.

A similar argument to that of Sec. II, based on
rotational invariance, leads us to expect the following
terms in the transition rate:

N a+b[3(p k)' —psk']+c1 kp k+dI pXkp k. (7)

Here p is the electron momentum, I is a unit vector
orthogonal to y in the direction of the electron spin, "
and k is a unit vector in the direction of the photon.
The first two terms are the ordinary P-y correlation
function; the third term leads to a polarization ie the
plane of p and k, and the last term leads to a polar-
ization perpendicular to the plane. A calculation of the
transition rate for the emission of an electron p, I and
a photon k gives

X(P,I,k)dg'dQ~dQs~PR'(II'os —II~')dQ dQ„

X{A+f(Ji,J's,Js,L)[B(3(p k)' —p')

+cp kl. k+Dl pxkp k]}d~, (g)
"We shall drop longitudinal polarization terms in this section;

we take p 1=0.
I Jackson, Treiman, and Wyld, Phys. Rev. 106, 517 (1957).
"The transverse polarization of a beam of relativistic particles

is usually defined as the ensemble average (Pe) in the rest frame
of the particles. Defining the polarization to transform like a
four-(pseudo) vector, it is given in an arbitrary frame by (fy&y„)
An electron polarized in its rest system in the direction 1, is thus
in an eigenstate of Po" I, and in an arbitrary frame is in an eigen-
state of ignis&l„. Formula (8) gives the transition rate into such a
state. Here l„ is defined to transform like a four-(pseudo) vector,
and is (1,0) in the rest frame, and satisfies l„/„=1,p„l„=0.Note
that a unit vector transverse to p is unchanged by a Lorentz
transformation along p.
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where f(JiJsJs,L) is a numerical coefficient and

A=~ssl(Jsll J"rll Ji)I'{s(P'+6 k—P'/'W}

+~»I (Jsll J'~xrll Ji) I'{-:(p'+v')+kp'/w}
B=Qss] (Js]IJ'rl]Ji)

I {(2q—3W)/8W}

+&TT I (Jsll J'~xrll Ji) I
'{(4v+3w)/»w}

ST(Js]IJ'rf] Ji) (Jsll J'O'Xrll Ji)*{3@/16W}

+c.c., (9}
&=pssl (Jsll J'rll Ji) I'{3&/4W}

+p»l (Jell J'~xrll Ji) I'{3v/gw}
—ipsr(Jell J'rll J» (Jsl]J'irxrll Ji) {9q/16W}+cc,

nsT(J2]]fr]lJi) (J2]IJirx r]l Ji)*{9/16W}+c.c.

The transition is Ji—s~Js—&—+Js, where the p
transition is through the matrix elements given above
and the y-transition is through 2 -pole radiation. For
I.= 1, 2 we have

f(JiMs1)
2 W(JsJs11; 2Ji)W(JsJs11) 2Js)

3 W J2J211 OJg 8' J2Jp11 OJ3(, ) (, )

f(JiJsJo2)
2 (5) ~ W(JsJs11; 2Ji)W(JsJs22; 2Js)

3 E7) W(JsJs11; OJi)W(JsJs22! OJs)

Here W(abed; ef) is the Racah coefficient.
We defme the polarization in the direction 1 as before.

If we introduce a coordinate system such that y lies
along the z axis, k in the xz plane, and the y axis along
yXk, i.e., p= p(0,0,1), k= (sin8, 0,cos8) then the polar-
ization in the x direction is

fpC sin8 cos8
P )

A+ f(JiJsJsL)Bp'(3 cos'8 —1)

and in the y direction is

fP'D sin8 cos8
P„=

A+ f(JiJsJsL)Bp'(3 cos'8 —1)
(12)

A detection of P proves that. parity is not conserved
and, if the Coulomb effects are negligible, "that charge-
conjugation invariance is also violated. If the Coulomb
effects are negligible, P„will be present only if time-
reversal invariance is violated. Of course P„will vanish
unless there are both S and T matrix elements present
and only such beta emitters should be chosen. If
Coulomb effects are not negligible, one cannot neces-
sarily conclude that the existence of such a polarization
component will violate time-reversal invariance, and
the analysis of the experiment is more difFicult. It might
then again be necessary to study the energy dependence
of the polarization to identify the terms present.

'8 The conditions for the validity of neglecting Coulomb sects
are that aZ«1 and (nZ/pE)«1, where R is the nuclear radius

The magnitude and energy dependence of the trans-
verse polarization cannot be estimated as easily, since
they depend on the assignment of nuclear matrix
elements, spin values, etc. However, we can say in
general that polarizations are rather small. This comes
about mainly because some of the electrons are emitted
in j=—,'states, which show no correlation with the
gamma ray. The energy dependence for fast electrons
shows an inverse behavior to that of the longitudinal
polarization: the terms arising from pure interactions,
and from S-T-P interference and V-3 interference, are
proportional to m/W, and the terms arising from S-V
interference and T-2 interference, etc., are proportional
to 1.This is clearly associated with the fact that, if the
lomgitldzna/ polarization is large, the trarIsverse must be
small (and vice versa).

The authors would like to express their thanks to
Professor C. N. Yang for suggesting this work, and are
grateful to Professor R. Oppenheimer and the Institute
for Advanced Study for their hospitality.

APPENDIX

Certain combinations of Coulomb radial wave func-
tions continually reoccur in the discussion of p decay.
Before considerations of parity nonconservation were
made, the functions defined by Konopinski and Uhlen-
beck" and tabulated by Rose and Perry" were suK-
cient. These are the unprimed functions in Eq. (5).
However, there is now a need for new combinations,
denoted by the primed functions in Eq. (6). For
convenience we tabulate the definitions of these func-
tions and their limiting value for crZ&&1, pE«1,
uZ/pE 1, where R is the nuclear radius. The functions
f, and g„are the radial wave functions given by Rose"
normalized to one particle per unit sphere, and Fo(Z, W)
is the Fermi function. Here k=

] s I, A =uZ/p, )=crZ/2E,
and S(p,k) =

I 2(2p)s 'k!/(2k)!)'

s—i = (2p' p o)
' (fs + g s)g '~+'~S (p k)—

~s i=(2p'Fo) '(f s'+gs')& "~
( p'& p'

s(p, k) —d+ —IH-
k' k(2k+1) EW) (2k+1)'

&s i=(2p'Fo) '(f ~g-s —fsgs)~ '"+'~

1 1 pp'~
-s(p, k) -&+

k 2k+1 I W)
"E.J. Konopinski and G. E. Uhlenbeck, Phys. Rev. 60, 308

(1941).
"M. E. Rose and C. L. Perry, Phys. Rev. 90, 479 (1953)."M.E. Rose, Phys. Rev. 51, 484 (1937).Dr. Rose has pointed

out that the bilinear combinations of radial functions which occur
are always independent oi the (arbitrary) choice oi signs of the
radial functions f&, g&. This ambiguity of signs arises from the
possibility of adding an arbitrary multiple of m to each phase shift.
In this appendix we have chosen the phase shifts to satisfy

k
coo(ak a—s) (~s+~s)i

A
sill (as —a s) = —

(ks+~s) i.
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La i'= (2P'Fo) '(2fag a) R 'a+-'—+S(P k)
(ks+A') a W

iM a,'= (2PV'o)-i( —2f,g„) R-»~
(k'+A') 1

P '1 2W ps
S(p k)——P+

W k' k(2k+ 1)

&a-t'=(2p'~o) '(faf a g—ag a) R sa+-t

(k'+h. ') &

p 1 W—S(p»)—-8+
W k 2k+1

A.
Ra-i'= (2P'I" o) (fa-f a+g,g a) R--+'~

(ks+h. ') &

S(p,k)—
W 2k+1
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Measurements of the Proton Strength Function*
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The thick-target yield of gamma rays from the (p,p'y) reaction has been used to calculate values of the
strength function (y')A„/D, of states in the compound nucleus for the channel of s-wave inelastic protons.
Measurements of inelastic scattering to the 2+ first exciied states of nine even-even nuclides, ranging
from Ca44 to Zn'4, indicate a constant value for (ys)A„/D of 2.7&&10 '4 cm, within experimental error. This
may be compared with the resonance in neutron strength function near atomic weight 55 as found in neutron
elastic scattering.

INTRODUCTION

''N comparing theories for various nuclear models,
~ - certain average properties of nuclear levels are of
considerable interest. One such property is the average
strength of levels in a nucleus as measured by the
strength function, (y )A,/D. ' ' Here (y')A, is the average
reduced width, for a particular reaction channel, of
levels with the same quantum numbers m and J, and
D is the average spacing of such levels.

Previous measurements of the strength function have
come primarily from experiments utilizing neutrons
from nuclear reactors4 or neutrons in the kev region
obtained from the Lir(p, n)Her reaction by use of
electrostatic accelerators. ' The centrifugal barrier limits
most of the resonances in such experiments to those
formed by s-wave neutrons. It has become customary
to define a modified reduced width, I'„o=I' /E„&, where
both 8 and F„are measured in ev. This P„', de6ned
only for s-wave neutrons, differs from the customary
reduced width p' only by a constant factor.

Feshbach, Porter, and Weisskopf2 have discussed two
~ Supported in part by the U. S. Atomic Energy Commission.
t At The Rice Institute for a portion of these experiments.
' T. Teichman and E. P. Wigner, Phys. Rev. 87, 123 (1952).
s Feshbach, Porter, and Weisskopf, Phys. Rev. 96, 448 (1954).
3 Lane, Thomas, and Wigner, Phys. Rev. 98, 693 (2955).' R. Cote and L. M. Bollinger, Phys. Rev. 98, 1162(A) (1955);

Carter, Harvey, Hughes, and Pilcher, Phys. Rev. 96, 113 (2954).' Karriker, Marshak, and ¹wson, Bull. Am. Phys, Soc. Ser. II,
2, 33 (1957).

models for the variation of the neutron strength func-
tion with atomic weight. Assuming very strong absorp-
tion of the neutron in nuclear matter, they expect the
strength function to stay constant with atomic weight
and to have the value of 1/(orE) =2.3X10—'4 cm. ' This
is sometimes called the "black nucleus" model. Here E
is the wave number of the neutron inside the nuclear
potential well and is taken to be about 1.4)&1013 cm—'.
If less absorption is assumed for the neutron, they And
that maxima in the strength function would be expected
at values of the atomic weight for which the nuclear
radius is (tt+st)s./E, where ts is an integer. The data
from neutron experiments were found to be consistent
with this latter assumption. A maximum at A =55 was
found both by Bollinger, 4 using slow neutrons on nuclei
of odd Z, and by Newson, s using neutron energies in
the kev region. Even better evidence has been obtained
for a second maximum at A =150.4 Lane, Thomas, and
Wigner' also have explained these results by a more
detailed treatment where they consider the maxima in
the strength function to be due to independent particle
states whose strength has been spread out to neigh-
boring levels.

Recently an experimental technique has been used in
which a large number of resonances in the compound
nucleus are analyzed, and their reduced widths deter-

e J. M. Blatt and V. F. Weisskopf, Theoretical Xttclear Physics
(John Wiley and Sons, Inc. , ¹wYork, 1952), Chap. VIIL


