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The linear polarization of the E2-M1 122-keV p ray of 5 Fe following the electron cap-
ture decay of polarized 57Co was measured with a Compton polarimeter. An average
time-reversal-noninvariant counting asymmetry of (-0.4+ 0.8) x 10 was obtained. This
corresponds to a phase angle between the E2 and M1 matrix elements of sing = (-3.1
+ 6.5) x 10, consistent with time-reversal invariance.

The phenomenon of CP nonconservation has so
far been observed only in the neutral A meson
system. A compilation of the CP-nonconserving
parameters furthermore reveals that the observed
CP-nonconservation is mainly due to a CPT -con-
serving, T -nonconserving interaction. ' This
raises the question of whether one expects to ob-
serve T nonconservation in other systems, es-
pecially in the broad class of nuclear phenomena.

In the particular case of electromagnetic tran-
sitions, time-reversal noninvariance will mani-
fest itself by the presence of a relative phase g
other than 0 or & between reduced matrix ele-
ments of interfering multipoles in a mixed tran-
sition. Experimental limits pn sing so far are a
few parts in 10', and are close to the limits of P-
even, T-odd observables predicted by the classes
of ~F =0 millistrong and electromagnetic theories
proposed to account for the observed CP noncon-
servation. ' ' It is thus of interest to push down
the experimental limit by an order of magnitude
to clarify this situation. The purpose of this Let-
ter is to describe the results of a new experiment
which provides a considerably lower limit on T
nonconservation in nuclear physics.

Experimental measurements of q must involve
at least three vectors, such as the nuclear polar-
ization J, the y-ray momentum k, and the y-ray
linear or circular polarization (E, Pz). Recent
experiments using angular correlation techniques
measured T-odd quantities of the form (J k, xk, )
x (k, k,),' ' k, and k, being y-ray momenta in a
cascade. Polarization of the initial state was
achieved by either capture of polarized thermal
neutrons or low-temperature nuclear orientation.
The precision obtainable by this method was lim-
ited by the inherent low count rate in a coinci-
dence experiment. If, however, the linear polar-
ization E is determined in addition to the direc-
tion of a y ray, terms of the form (J kx E)(J k)
x (J E) can be measured. By measuring the ab-
sorption of linearly polarized recoiless y rays in
a magnetic medium, several authors' ' have es-
tablished good limits on sing. This method is un-
fortunately hampered by multiple scattering, Far-
aday rotations, and large final-state effects.

We report here a new approach to the measure-
ment of the quantity (J kx E)(J k)(J E) based on
nuclear polarization by means of low temperature
and strong magnetic field. The case chosen is
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scheme is shown in Fig. 1. Nuclear orientation
of "Co in iron is well understood from a previous
work. "

The angular and linear polarization distribution
for a mixed electromagnetic transition from ori-
ented nuclei can be written as a sum of three
terms"' ":

W(9, y) = W, (9) +W (9,y) + W, (9, cp),

l4.4 keV

FIG. 1. Decay scheme of Co.

the 122-keV Ml-E2 transition in "Fe emitted fol-
lowing the electron capture of "Co. The decay

where 0 is the angle between the momentum vec-
tor k of the y ray and the orientation axis J, and

y is the angle between the linear polarization vec-
tor E and the plane formed by J and k. W, (9) is
the usual directional distribution term if the line-
ar polarization is not measured. W, (9,y) is the
usual T-even linear polarization distribution term
and W3(9, p) is the T-odd linear polarization term
of particular interest to us. Explicitly, &, is giv-
en by

Ws(91&) = Z Q~B~&~&~2'(- ») t' P&'(cos9)»n2q,(a-2)! '"

with

4»' = —i E~f, F[&l(sing)/(1+ I& l'). (3)

In Eqs. (2) and (3), B„is a function of !JH/kT
characterizing the nuclear polarization, U~ is the
deorientation parameter, A. »' is the angular dis-
tribution coefficient, I',' is the associated Legen-
dre polynominal of order (k, 2), Q„ is the solid
angle correction, and f„and F, are the usual coef-
ficients in an electromagnetic transition. "'".
—= l6l e'" is the complex mixing ratio for the mixed
transition and E~ is the efficiency for mea, suring
linear polarization. Note that the lowest nonvan-
ishing term in W, is proportional to sin'6 cos9
x sin2y which is in turngroportional to the T-odd
quantity (J kx E)(J k)(J.E). The magnitude of this
term is a maximum for 0 =0 = 54.7 and y =+ 45'.

A 2-mCi source was prepared by diffusing "Co
into an iron disk 3.2 mm in diameter and 12.7 pm
thick at 890'C in a hydrogen atmosphere. The an-
nealed disk was soldered with gallium in the hori-
zontal plane to the tip of a cold finger, the upper

end of which was screwed into the mixing cham-
ber of the 'He-'He dilution refrigerator, details
of which are described by Becker, Henrikson,
and Cook." The source was located at the center
of two pairs of superconducting magnet coils in a
Helmholtz-like geometry providing the relatively
small magnetic field (2 kG) to magnetically satu-
rate the iron disk. "Co nuclei were oriented by
the large hyperfine field of the polarized elec-
trons (287 kG).'

A Compton polarimeter was used to measure
the linear polarization of the y rays. It consists
of an aluminum scatterer and four NaI(T1) detec-
tors to observe the 90' Compton-scattered y rays.
The experimental setup is shown schematically
in Fig. 2. The angle between k and the polariza-
tion axis, 9, was set at 54.7 . The NaI(Tl) detec-
tors No. 1, 2, 3, and 4 were set up at y =45',
135', 225', and 315', respectively. By switching
the external magnetic field (thereby flipping J),
the count rates for l9 =l9 and 0 =&-0 were
compared. For each detector,

= —0.0164Q,B,P,'(cos9 ) sin2p sing E~/D,
W(9, y) —W(m —9,y)
~' ~~~V +& 7t-~~, v

(4)

where D =1+0.0058Q,BP,(cos9 ). Because the
pure E2 136-keV line (11% intensity) cannot be re-
solved from the 122-keV line (89%%uo intensity), D
was replaced by D' =1.124 —0.039Q,B,P~(cos9~).
With four NaI detectors placed symmetrically
around the scatterer, most of the first-order sys-

tematic errors such as those due to deviations
from the precise scattering angles can be elimi-
nated.

A Ge(Li) detector was set up at 180' from the
polarimeter (Fig. 2) to measure the source tem-
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FIG. 2. Schematic diagram of experimental setup.

perature and to monitor the stability of the sys-
tem against temperature changes, drifts in elec-
tronics, etc. The temperature was measured
every 24 hr from the directional distribution of
the 136-keV y ray using the Ge(l i) detector. The
nuclei were oriented parallel (8 =0') and then per-
pendicular (8 =90') to the axis of this detector.
From these count rates, pH/kT was evaluated.
All B, values can then be determined. "

The polarization efficiency E~ of the polarime-
ter can be determined with an incident beam of
known polarization, such as the photons from the
oriented "Co nuclei. In this case E~ can be de-
duced by measuring the quantity

W(8 = 90', y =0') —W(8 = 90', y = 90')
W(8 =90', y =0')+W(8 =90', y =90 )

0.492B2Q, —0.024B4Q4
~ 1.124 —0.034'~ —0.014Qjf,

The result at T =16.5 mK is E~ = —0.456+ 0.009.
This was checked by a Monte Carlo calculation
and also by measuring the 121-280-keV cascade
polarization-directional correlation in the "Se de-
cay in a manner similar to that described by Van
den Bold, van de Geijn, and Endt."

With this new level of precision, care must be
exercised to identify and eliminate different sys-
tematic effects, four of which will be briefly dis-
cussed:

(i) The asymmetry due to the influence of switch-
ing magnetic fieM on the photomultipliers was
eliminated by inserting 30 cm of light pipe be-
tween the NaI crystal and the photomultiplier.

(ii) Immediately after a temperature measure-
ment, each NaI detector registered a large asym-
metry of -8&10 '. The asymmetries for succes-
sive 12-hr runs then decreased gradually provid-
ed that no more temperature measurements were

made. This was thought to be caused by the rem-
anent magnetization in the 90' direction resulting
from the foil having been magnetized in this di-
rection for temperature measurement. To verify
this a controlled magnetic field of a few gauss
was applied in the 90' direction in addition to the
0'-180' switching field and the same result as
that obtained after a temperature measurement
was reproduced. With the cause of this asymme-
try established, the iron foil was carefully de-
magnetized in the 90' direction by a sinusoidal
magnet current of 0.25 Hz with a logarithmic de-
caying envelope.

(iii) A residual magnetization in the vertical di-
rection (perpendicular to the plane of the disk) al-
so contributed to an asymmetry in the count rate
of individual NaI detectors. Unlike case (ii), by
taking the average of four detectors, the asym-
metries cancelled out. To further reduce this
asymmetry, the iron disk was demagnetized in
the vertical direction using a vertical field before
a long series of runs was started.

(iv) A 12-hr periodic drift in count rate was
observed giving rise to spurious asymmetries.
This was due to the liquid nitrogen boiling off,
causing the center of gravity of the cryostat to
change, and hence causing a slight movement
which changed the solid angle of the polarimeter.
This drift was eliminated by fastening the cryo-
stat to the polarimeter.

At an average temperature of 17.6 mK (B,
=0.33), 27 runs, each of 12-hr duration, were
made, giving a mean raw asymmetry A' =(-0.35
+ 0.74) X 10 '. This raw asymmetry was correct-
ed for the x rays which contributed to 6% of the
area of the 90' Compton-scattered peak, giving
a corrected asymmetry of A = (- 0.37+ 0.78) && 10 '.
This corresponds to the final result sing = (- 3.1
t 6.5) &10 ', with y' per degree of freedom of
o.95, I h„'&o.95) =o.55 ~

At this level of asymmetry, attention must be
paid to any nuclear and atomic effects that might
mask the genuine effect we are seeking. One pos-
sibility was the rotation of the polarization vec-
tor E as the y ray passed through a ferromagne-
tic medium, giving rise to a net asymmetry. Us-
ing the experimental value of Bock and Luksch, "
it was estimated that this would contribute an
asymmetry of -6&&10 ', which is an order of
magnitude below the precision of the present ex-
periment and can thus be neglected.

More important is the final-state interaction
arising from higher-order terms of the transi-
tion operator, as a result of which the mixing ra-
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tio 6 is modified by an extra phase $ to 6' =De'
= ~5 ~e'(i "'. Hence, the measured tluantity will be
sin($+g) rather than sing. Goldwire and Hannon"
have made detailed calculations of the phase $

arising from internal conversion and Thomson
scattering of the atomic electrons. Their results
for a 122-keV Ml-E2 transition are $(conversion)
=- V.VX10 ' and $(Thomson) =+1.VX10 ', yield-
ing $„„~=(- 6.0+ 0.4) X10 ', where the error is
the cumulative computational error as cited in
Ref. 17. However, in view of the present experi-
mental precision, no conclusion can be drawn as
to the presence of the final-state interactions. If
one accepts the above value of f, the measured
value then becomes sing =(2.9+ 6.6) &&10 '. Be-
fore one can use the computed value of g with con-
fidence it is important that an independent experi-
mental check on the calculations be carried out.

In view of the present experimental result, it
is unlikely that the observed CI' nonconservation
is due to the classes of millistrong and electro-
magnetic theories, although the precision is still
not sufficient to draw any conclusion with certain-
ty. The new level of precision achieved in the
present experiment indicates that the single-
counting linear polarization technique is a power-
ful tool for studying small T-odd asymmetries.
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