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Experimental test of time reversal invariance
using beta-polarization-gamma angular correlations

in beta decay
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A measurement of the transverse beta spin polarization in a P-y nuclear cascade gives informa-
tion on time reversal invariance. Results from a preliminary experiment, using Hg decay, are
presented. The one previous experimental investigation, which used ' Au decay, is also reanalyzed
in light of more recent information on Mott scattering polarization analysis. No time reversal viola-

tions are indicated in either experiment.

I. INTRODUCTION

There has been a recent upsurge of theoretical interest
in descriptions of CI' violation CI' is closely related to
time reversal invariance ( T) through the CPT theorem.
There is also the older question of the observed CP viola-
tion and T violation in neutral kaon decay. These phe-
nomena have been observed only in neutral kaons and
there are several current theoretical models' that describe
all data equally well. This has motivated us to look for
other experiments where CI' and T violations might be
directly observed. In this article we reanalyze the results
of a nuclear beta decay T test ' in light of more recent in-
formation on Mott scattering beta polarization
analysis, and present the results of a preliminary
remeasurement using a different nucleus.

Curtis and Lewis' first pointed out that it is possible to
perform a T test in nuclear beta decay by measuring a
beta-gamma angular correlation and looking for a trans-
verse spin polarization of the beta particle. They showed
in this case that the beta-gamma angular correlation func-
tion for a first-forbidden, nonunique beta decay is of the
form:4'o

8'(p, &,k) =1+—,
' A22[3(p. k) —1]+F(&k)(p k)

+G(& pXk)(p k),

where p and & are the beta direction and spin, respective-

ly, and k is the gamma ray direction. 222 is the ampli-
tude of the bets-gamma directional correlation, and I'
measures transverse beta polarization in the plane and G
that perpendicular to the plane of the beta and gamma
momenta. Determination of E is sensitive to the type of
weak interaction coupling (V —A or scalar-tensor); pres-
ence of a nonzero G indicates violation of T, neglecting
possible final state effects. Shortly after the Curtis and
Lewis article, a Letter by Simms and Steffen (hereafter
SS) was published, followed by a comprehensive article,
in which the measurements of F and G were reported for

Au decay. These appear to be the only such measure-
ments for any nucleus.

The value of G is proportional to a T-violating complex
coupling

M(r)M(~ Xr)Im(C, C,*+C,'C„'*)
G oc (2)

[M(r)] +g[M(tr &&r)]

where the C's are leptonic couplings for vector and axial
vector interactions, M(r) and M(o &&r) are first-
forbidden nuclear matrix elements, .and g =0 (1). It is the
quantity Im[C&C&+Ci Cz*] that is related to T viola-
tion. This term gives rise to a non-Hermitian Hamiltoni-
an that does not conserve T. The matrix elements M(r)
and M(tT)&r) appear in leading order for first-forbidden
decay only in P transitions with b,J=1." Consequently,
we have chosen to use the decay of Hg (b,J=1) for our
measurement since the previously used ' Au decay has
AJ =0.

II. THE PREVIOUS EXPERIMENT

S,„=A/P, (3a)

where I' is the transverse beta polarization and A is the
observed right-left scattering asymmetry:

(3b)

S,„ is tabulated for elastically scattered electrons from in-

finitely thin foils as a function of beta energy and scatter-
ing angle by Sherman' and by Lin. The energy-averaged
analyzing power used by SS is'

S,„=0.38 . (4)

It is clear from more recent investigations of Mott scatter-
ing, in particular Brosi et al. at high energy (616 keV)
and Van Klinken at low energy (264 keV and lower), that
the contribution from multiple, inelastic electron-electron
collisions in the 1.47 mg/cm Au scattering foil used by
SS significantly reduces the value in Eq. (4). We have re-
calculated the energy-averaged analyzing power appropri-
ate for the SS investigation and find:

The technique used by us and by SS to measure the
transverse beta polarization is "Mott scattering:" elastic,
large-angle scattering of electrons from high-Z nuclei. '~

Thin Au foils typically provide the target nuclei. The
Mott scattering polarization analyzing power is given by:
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S„,g, ——0.18+0.03,
about a factor of 2 degradation.

Relating the measured transverse polarizations to the
quantities F and G is done through Eq. (1). Note in the
correlation G(&.p)&k)(p k), that the beta and gamma
directions have a cross product and then a dot product be-
tween them. To maximize the resulting quantity
sinOpycosL9py, the angle Op&

——135' was chosen by SS, giv-
ing a factor of —0.500 between G and the measured
transverse polarization. Actually, finite detector size
reduces the factor —0.500 to some degree. We have cal-
culated the proper factor for SS by averaging over detec-
tor angles and obtain —0.436+0.003, a relatively small
correction to —0.500.

Corrected values for F and G can now be calculated
and compared to theoretically expected values, viz. ,

'

F~b, ———0.053+0.026

for '"Au .

Gobs = —0.145+0.039

By "theoretically expected values" we mean there are final
state interaction effects (sometimes called "Coulomb" ef-
fects) that have a polarizing effect on the f3 particle and
thereby give rise to small, nonzero values. These can
mimic a T-odd effect in the case of G since the final state
effects, electromagnetic in origin, do not violate T.

This effect of final state interactions on F and G can be
found (assuming the usual V-A coupling and no T viola-
tions) using the "g approximation"' for first-forbidden
beta decay (see the Appendix). The g approximation re-
lates, in a simple way, the P-y directional correlation to
the expected values for F and G. ' ' Using the well-
established P-y directional correlation for ' Au decay'
we find:

paratus. We have converted this to a T-test experiment
by adding two plastic scintillator gamma-ray detectors,
appropriate shielding, and a =300 pCi Hg source. The
geometry of our apparatus, similar in principle to that of
SS, is shown in Fig. 1. Our new design has a four detec-
tor arrangement that is used to minimize instrumental
asymmetries and compensate for drift instabilities in, for
example, detector gains. SS used only two detectors and
moved the y detector to generate an asymmetry. In our
arrangement the four possible combinations of P-y coin-
cidence counting rates Rp& are measured simultaneously.
Two polarization asymmetries, defined as in Eq. (3b), are
formed:

R )) —R2)
A) ——

R))+R2)

R )2 —R22
A2 ——

R )2+R22

effectively one asymmetry for each y detector. The asym-
metry due to a T-violating polarization changes sign be-
tween A j and A2. Instrumental asymmetries will not
change sign between /I

&
and A2, so forming

(10)

cancels instrumental asymmetries leaving the true asym-
metry. Since A~ and A2 are obtained simultaneously, a
polarization "reversal" occurs on the average at one-half
the data rate, which greatly minimizes the effects of any
drift instabilities. The cancellation of instrumental asym-
metries in A

&
and A2 has occurred in our preliminary ex-

periment using this technique. We also periodically ex-
change the position of the two y detectors to average out

F,h„———0.014

for '"Au .

Gth„——+0.007

Thus, it turns out that our corrections do not alter the
conclusions reached by SS (Refs. 4 and 5) but only revise
the numerical quantities presented by them. Our special
interest is in the value of G, the T-odd correlation coeffi-
cient, and whether it differs from the theoretically-
predicted value. This difference,

Gobs Gtheo = —0.152+0.039 for ' Au,
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is a 3.9o. disagreement. But as SS assert (their result had
a 4.1cr difference), "Within limits of error. . . agree satis-
factorily. " We concur with their conclusion that this
difference is probably experimental in origin, but we also
feel it is of interest to reinvestigate the G term using a dif-
ferent nucleus to enhance the T-violation sensitivity and
at a hopefully much better level of precision.

III. THE NEW EXPERIMENT

A preliminary experiment to repeat the SS investigation
has been performed using an existing Mott scattering ap-

f3 DETECTORS

(22mm X22mm X ).Omm)
SH ELDlNG yH~g A~ FOIL
(Al CLAD) (l6()p9/Cm 2}

FICx. 1. Schematic diagram of the T-test apparatus. Two ICl

detectors and two y detectors, all made from plastic scintillator,
are positioned to measure the T-odd angular correlation

(& p&&k)(p k). Betas that are emitted downward and Mott
scatter in the Au foil are detected in back-angle thin scintillator
detectors. This determines the transverse spin polarization.
Gamma detectors are placed above the source so Op~

——135'.
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differences in their efficiency. The analyzing power has
been calculated in the same manner as before: '

G,b,
——+0.018+0.032 for Hg . (12)

This result has been corrected for further calculated
systematic effects that do not cancel in Eq. (10): (1) depo-
larization of betas in the 6 mg/cm source, ' (2) brems-
strahlung of betas, and (3) the P-y directional correla-
tion. ' Effects due to spin precession of the daughter nu-
cleus before gamma emission or spin precession of the
beta particle in-flight in the earth s or atomic electrons
magnetic fields are negligibly small. As a final check for
instrumental effects we also periodically replace the Au
scattering foil with an Al foil. This reduces the polariza-
tion sensitivity by about a factor of 10 (Ref. 7). No asym-
metry has likewise been observed with the Al replacement.

We have applied the g approximation, as used before, to
Hg decay to get the expected value of the final state in-

teraction effects:

S,„=0.20+0.03 .

Also, the finite detector angles dilute the sin8prcos8~& fac-
tor from —0.500 to —0.422+0.004.

Careful investigations on the origins of noise and back-
grounds in this system have been performed. These in-
clude: (1) cosmic-ray background, (2) accidental, random
coincidences due to finite coincidence 'resolving time
(v„„=7 nsec), (3) the scattering of gamma rays, (4) the
scattering of beta particles from surfaces other than the
Au scattering foil, and (5) the presence of conversion and
Auger lines in the beta spectrum and x-ray lines in the
gamma spectrum.

Corrections have been applied to the data to account for
these backgrounds. The accidental, random coincidence
background is counted during data acquisition. A 50 nsec
delayed y signal is used for coincidence with the P signal
in exactly the same manner as prompt Ig-y coincidences
are counted. This directly measures the rate of accidental
coincidences which is then subtracted from the observed
coincidence rate. Corrections for the effect of scattered
betas and gammas and the effect of cosmic-ray events are
made by periodically running the system with no Au
scattering foil in place. The primary noise contribution is
due to scattered betas. The signal/noise that is observed
is 8/1 and the prompt P-y true coincidence rate is 10 Hz.
After 20 days of continuous running we have obtained the
result:

Our result, consistent with zero, indicates no violation of
time-reversal invariance. The level of sensitivity to the
T-violating coupling Im(C&C&+Ci Cz*) [see Eq. (2)] ob-
tained in this experiment is far poorer than that obtained
for exactly the same coupling in a recent polarized ' Ne T
test. Because, even in the optimal case where the nu-
clear matrix elements M(o &&r)=M(r) in Hg decay,
our limit on the coupling is still at least an order of mag-
nitude larger than the limit [elm(C&C& +CvC~*)

i

(0.003] obtained in the allowed decay of ' Ne (Ref. 20).
This might seem to discount the significance of our result;
there are two reasons why this new result is still of in-
terest: (1) The investigation of the 4cr T-violating signal
of SS has been a major motivation for this work. (2) For-
bidden beta decay may have enhancement inechanisms for
T-violating signals.

IV. CONCLUSION

Transverse lepton polarization has been an observable
in four previous T tests, including SS. One is in kaon de-

cay, ' another one in muon decay and the final one in
' Ne decay. No positive results for T violation have been
found in any of the above, nor anywhere except with neu-
tral kaons. The possibility that lepton (electron) polariza-
tion may be an observable with enhanced sensitivity to T-
violating effects over previous T tests is discussed by Hol-
stein in the case of ' Ne decay. The 3.9cr SS result is
also theoretically tantalizing, but most probably experi-
mental in origin. We intend to continue our Hg experi-
ment in a new, dedicated apparatus where we plan to
reach the (2—3) &&10 level and hopefully resolve these
questions.
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G,h« ———0.002+0.002 for Hg . (13)
APPENDIX

The uncertainty here is due to conflicting measurements
of the P-y directional correlation' (see Fig. 1 of Ref. 19),
the input data used by the g approximation to predict
G,h„(see the Appendix). No uncertainty is assigned to
the g approximation and its use here. It is assumed that
the experimental uncertainty in the P-y directional corre-
lation dominates the error in G,h„. This error is more
than an order of magnitude below our experimental result
and so refined estimates of G,h„will probably not signifi-
cantly change our final result:

G,b, —G„h„——+0.020+0.032 for Hg . (14)

3 ~6~22 9 ~8F= —— G= —aZ2t, p
'

8
(A1)

The "g approximation" is a high-Z nuclear approxima-
tion since the quantity g=aZ/2R is supposed to satisfy
g) 1 for the approximation to work well. This is also
sometimes called the "quasiallowed" approximation. The
g approximation expresses the beta spin correlation coeffi-
cients, F and G as functions of the relatively-easily mea-
sured P-y directional correlation Aq2. '
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where A,;=A,;(Z,p) are Coulomb coefficients defined in
Ref. 16, a= », , Z-daughter nucleus atomic number, and

p is the magnitude of the momentum. It is not clear from
from the available experimental data' ' if Hg decay

I

satisfies the g approximation. Consequently, the value for
G,q„derived for Hg decay [Eq. (13)] is only a crude
approximation, but appropriate for this work due to the
size of the experimental uncertainty.
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