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Time reversal (T) invariance in the nuclear interaction was investigated by observing the
directional correlation of the strongly hindered 501-keV y ray of %Hf with the subsequent
332- and 215-keV 7y rays from a source of 180ggem polarized at low temperatures. The asym-
metry of the correlation was measured to be (2.8+ 5.1)x 10~¢, corresponding to a phase angle
between the 501-keV E3 and M2 multipoles given by sinn =0.048+ 6.087, consistent with the
assumption of T invariance. Upper limits on the out-of-phase components of the E3 and M2
matrix elements were determined to be 3x 10~¢ and 1x 10~% Weisskopf units, respectively;
these extremely small upper limits result from the use of a strongly hindered ¥ ray. In
addition, based on these results, estimates of the magnitude of the T -odd potential were
deduced, from which we conclude that the millistrong or electromagnetic interactions are

unlikely to be a source of T violations.

RADIOACTIVITY ®Hf™. -y directional correlation, time-reversal test; 501-
keV vy, measured sin7, sin?; deduced T -odd parts, E3, M2 transition matrices;
estimated T-odd component, Hamiltonian.

I. INTRODUCTION

The use of fundamental symmetries in deriving
elementary conservation laws in quantum mechan-
ical calculations is a well-known means of simpli-
fying the equations describing physical processes.
It is generally assumed that such equations can be
expressed in a representation consistent with the
assumption of time-reversal symmetry (T); this
is generally manifest as matrix elements and
their Hermitian conjugates appearing with equal
amplitudes, and leads to the conclusion that the
phases of the Hamiltonian and state vectors may
be chosen such that various matrix elements are
relatively real. A theoretical and experimental
survey of the implications of T violation is given
in the work of Henley.!

A possible violation of T is suggested by the ex-
periment of Christenson et al.? who observed evi-
dence for CP (simultaneous charge conjugation and
spatial parity)—violation in the decay of the long-
lived neutral K meson. This implies violation of
T if CPT conservation is assumed; the CPT theo-
rem is fundamental for all processes which can be
described by local field theory, and the present-
day formulation of theoretical physics is such that
one would prefer to maintain the validity of CPT
even at the expense of T. The evidence for CP
violation has prompted a number of investigations
for more direct evidence for T violation, particu-
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larly in nuclear y decay.*™® No evidence for T
violation has been found in previous studies to the
limit of effects of the order of 107%; however, the
use of complex nuclei for these studies introduces
considerable difficulty in interpretation and neces-
sitates rather detailed computations to attempt to
separate the T-violating from the T -conserving
matrix elements and to compare the former with
predictions of possible T -violating Hamiltonians.
In only one previous case has such a computation
been attempted.™

A number of possible origins for the 2x 1073
amplitude CP-violating interaction appearing in
the K} — 27 decay have been suggested, which have
been summarized, for example, by Blin-Stoyle.!
These may be roughly classified into three groups,
according to the hypercharge (Y) selection rules
they satisfy. (1) AY =0. Here the T violation may
arise from the so-called “milli-strong” interaction
or else from the electromagnetic interaction itself,
and effects of order 1072 might be expected in nu-
clear electromagnetic transitions. (2) AY =1.
Here the T violation is associated with weak forc-
es, and occurs with amplitude 1073 relative to the
weak interaction and is hence referred to as “milli-
weak.” Many of the milliweak models of CP viola-
tion contain a CP-violating AY =0 component as
well. Thus we might expect effects in y decay of
order 107% or 107°. (3) AY =2. Here some as yet
unknown “superweak” interaction produces 7 vio-
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lation of relative amplitude 1072 in y decay, but
cancellations give rise to an anomalously large
effect in K} decay, an effect of such magnitude not
being expected in any other case. Clearly it is de-
sirable to attempt experiments at the 1073 limit of
the strong interaction in y decay in order that the
possibility of T violation of the type (1) above may
be investigated.

In order to obtain a meaningful interpretation of
the results of a y-decay T experiment, one must
know the extent to which the T -conserving interac-
tions affect the laboratory observables. Here it
seems advisable to choose a case for study in
which the y transition is greatly retarded. In this
case it may be possible to obtain a relative en-
hancement of any T-violating component. This pos-
sibility has been recently discussed by Steyert and
Krane.? The use of retarded transitions has
proved effective in studies of P violation'*!* and
has been suggested by Clement and Heller'® to be
of use in studies of T violation in ¥ decay and by
Barroso and Blin-Stoyle® in 8 decay. The present
work reports on the first test of T violation in nu-
clear y decay using the enhancement concept. The
study was undertaken on the 501-keV transition of
180Hf, in which the same enhancement considera-
tion gives rise to the largest observable case of
irregular parity multipoles yet observed.'*>!* An
abbreviated report of the present work has been
given previously."

II. "Hf™ DECAY SCHEME

The decay scheme of **Hf™ is shown in Fig. 1.1
The 5.5-h isomer is assigned as an intrinsic excita-
tion having eight units of spin projection on the nu-
clear symmetry axis (K =8); the large value of the
magnetic moment of this state [ =(8.6£1.0)py 19]
identifies it as a two-proton configuration. The
isomer decays to the 8" and 6" rotational states of
the ground-state band (K =0) with total branching
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444 y 501 S(E3/M2)=+5.3
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FIG. 1. Decay scheme of 80Hf™.
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intensities 86 and 14%, respectively. The transi-
tion of interest for the present work is the 501-
keV y ray, which is of mixed M2 + E3 multipolarity.
The amplitude mixing ratio E3/M2 has been mea-
sured to be +5.3.2%2° The K-selection rule for y
transitions (L = AK) results in the strong retarda-
tion of the 501-keV y-ray multipoles relative to
single-particle Weisskopf estimates; the M2 and
E3 transition probabilities have hindrances rela-
tive to Weisskopf estimates of H,(M2)=1.3x 10
and H,(E3) =2.0x 10° (the y-ray matrix elements
are reduced relative to Weisskopf estimates by the
respective square roots of these numbers).

The unusually large hindrances associated with
the 501-keV transition (or rather with its “regu-
lar” P- and T -conserving multipoles) may aid the
observation of “irregular” P- and T -violating mul-
tipoles in the radiation field if they are not also
similarly hindered. Previous studies have indeed
confirmed the presence of a P-irregular E2 multi-
pole with an E2/M2 amplitude mixing ratio of
—0.04.'>1% Although this E2 multipole produces
quite a substantial laboratory effect (a 1.6% 0°-180°
asymmetry in the decay of polarized '®°Hf™), the
E2 multipole is also rather strongly hindered, with
H,(E2)=2%x10°, However, here most of the hin-
drance is associated with the weakness (relative
strength about 107° or 1077) of the parity violating
interaction. Thus, nuclear-structure effects pro-
vide only an additional hindrance of 2x 10% or
2% 10% in this case. It is likely that the weak inter-
action force responsible for the P-irregular multi-
poles is similar in character to that of the normal
strong nuclear interaction, and thus it is not too
surprising that the irregular y transition is hin-
dered by intrinsic nuclear-structure effects. How-
ever, T-violating interactions are probably not at
all similar to the regular strong or weak interac-
tion operators and thus it is extremely unlikely
that the T-violating transition intensities will be
similarly hindered. Thus '®*Hf may provide a test
of T violation even more sensitive than that of P
violation.

In the present work we observe the angular cor-
relation from the polarized initial level at 1142
keV between the mixed E3 +M2 501-keV y ray and
either the subsequent pure E2 332- or 215-keV
v rays. Since the sequence of transitions depopu-
lating the 6 level constitutes a basic sequence,
the 332- and 215-keV transitions have identical
angular correlations (neglecting perturbations) in
coincidence with the 501-keV transition.

III. THEORY OF THE METHOD

The various observables necessary to test T in-
variance in v decay, all of which involve a search
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for interference between the L and L +1 multipole
components in the radiation field, have been sum-
marized by Jacobsohn and Henley?! and by Boehm.??
The effect of the T violation is to negate the as-
sumption that the phases can be chosen so that the
multipole matrix elements are relatively real, and
the amplitude mixing ratio of the L +1 and L com-
ponents becomes complex, characterized by the
phase angle n, as

6=6le'". 1)

One of the possible tests mvolves the measure-
ment of the scalar quantity (- kxk')(k-&’)). Here
T represents the nuclear polarization, k repre-
sents the momentum of the mixed-multipole y ray,
and k' represents the momentum of a subsequent
(cascade) ¥ ray. The measurement thus involves
a y-y directional correlation from a polarized ini-
tial state. The general theory for such correla-
tions has been recently described by Krane, Stef-
fen, and Wheeler,?® and the relevant details will

—J

FM(LLLI) +2| 6| cosnF 32 (LL'IL,) + | 8|*F 2 (L' L' L)
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be briefly summarized here. The polarization

axis is chosen as the z axis, 6, and 6, describe,
respectively, the polar angles of emission of vy,

and y, with respect to z, and ¢ gives the azimuthal
angle between the (y,z) and (y,z) planes. The direc-
tional correlation may then be written as

W(6,6,0)= 3 @x(r)@,(r2)Byr,(NARR 1 (y))

INTEW
XA)‘Z(')’z)H)\l)\xz(elez‘p)- ()

The orientation parameters By, the angular distri-
bution parameters sz of the second y ray, and

the solid-angle correction factors @, and @,, are
identical with those generally employed in angular
distribution and correlation studies. The general-
ized angular distribution coefficient Al2M(y ,) for

=1

is given for T even (X, +X +}, =even) by

Adeh -
A 1+]6)?
and for T odd (A, +X +X, =odd) by
A= 2:]0] sim FRM(LL'LI,), (3b)

T+ I

where 6 is the y-ray mixing ratio in the phase con-
vention of Krane and Steffen.?* The generalized F
coefficients F32™ have been tabulated for cases
relevant to T -violation studies by Krane.?*

The angular function H , is given by**

Hx1>\Xz(9192¢) = E {2 B 640} (A,0nq| 7‘2‘1)(-1))\

a0 | =27

2 +1 \V2[(A =)l (A, — )1 ]*2
X<2x2+1) [(A+q)l(x:+q)l]

X P{(cos6,)P5,(cos 62){cosq<p}
sing¢ )’

4)

Of the two pairs of quantities in braces, the upper
member refers to cases in which A, +X +, is even,
while the lower member is for odd values of that
sum; the latter case is the one of interest for stud-
ies of time-reversal invariance. The Pj are the
associated Legendre polynomials.

For directional y-ray distributions (no polariza-
tions are measured), A and A, are restricted to
even values, and hence A; must be odd for studies

(3a)

of T violation (i.e., the initial state must be polar-
ized).
The angular distribution may then be written as

W=W,+W o +W', (5)

where W, and W contain the T-conserving and T -
violating terms (or, equivalently, the A, =even

and A, =odd terms), respectively. An additional
term W’ has been included to account for possible
polarization-sensitive 7 -nonviolating effects dis-
cussed below. By periodically reversing the direc-
tion of nuclear polarization we compute the asym-
metry @, defined by

W) -WE)
C=Tm W 6)

W(t) and W (¥) indicate the measured correlation
with nuclear spin up and down, respectively. Since
the A,-odd terms in W, change sign under this re-
versal while the A -even terms in W, do not, this
may be written, assuming W< W, as

Wo+W'
At a temperature of 20 mK, W,=1.297, for both
the 501-332- and 501-(332)-215 keV cascades,
while the lowest-order nonzero (A, =1, A =1, =2)
T -violating term, corresponding to

(- kxk)(k-&)),



10 APPARENT ABSENCE OF

is given for either case by

WT =Qz(71)Qg(‘)'z)B)Fgl(71)

><2|6|smn

_IWFz(Yz)(—O-6124 sin2¢), (8)

where b is the 501-keV mixing ratio. Inserting
the appropriate factors, and including the higher-
order terms which cancel roughly one-third the
magnitude of the above expression for W, we
obtain

W »=+0.0076 sim . 9)

It should be noted that the summation over the
X’s in Eq. (2) is equivalent to the simultaneous
measurement of the observables corresponding
to a number of vector products, although the dom-
inant contribution is that given by Eq. (8). The
geometry is chosen such as to maximize any ef-
fect arising from this term; however, all of the
vector products contain the vectors f, E, and Kk’
in toto an odd number of times, and hence all are
odd with respect to T. Thus the measurement of
any nonvanishing correlation of the form of W, is
sufficient to establish the presence of T violation.
It should also be noted that lower-order correla-
tions of the form I+ kxk’ may also be observed;
this form has been suggested, for example, by
Blin-Stoyle.!! Such a correlation requires the
presence of either parity violation or circular
polarization detection efficiency in both y, and v,.
Although v, does indeed contain a parity-violating
multipole (of order 1072), it is not expected that
¥, does likewise; furthermore, we estimate the
sensitivity of our system to the circular polariza-
tion of v, to be less than 107%. Thus such correla-
tions are not expected to contribute above the 107°
level which is beyond the scope of the present
work.

The effect of temperature variation on the val-
ues of W, and W ; is small (about 1% per mK in W,
and about 0.2% per mK in W;). The small varia-
tion in W, arises from the lack of cancellation
among the leading order terms (those proportion-
al to By) in W; it is these identical terms which
result in the isotropy of the directional correla-
tion when the initial state is random.* The small
variation in W, results from cancellation between
the temperature variations of the B, and B, terms.

The quantity W’ included in the expression for
W signifies polarization-sensitive effects which
simulate T violation. For the present case, these
may be ascribed to two causes, such that

W’ =Whae +Why - (10)

The asymmetry W, results from precession
of the intermediate state due to the perturbation
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of the angular correlation by magnetic hyperfine
interactions.?® This effect results in an azimuthal
shift A¢ which may be computed from the known
hyperfine field of Hf in ZrFe, and from the g; fac-
tor of the '*°Hf ground-state rotational band ( gz
=0.26),%" resulting in

Ap(6*)=-0.2°,

1
Ap(4*)=-1.5°. (1)

The negative sign indicates that the correlation
pattern shifts toward smaller values of ¢, and
thus the effective value of ¢ is slightly larger than
im. Such an azimuthal shift introduces a spurious
asymmetry which can be computed as

Woac (¥y —7vz) =+0.4x107¢,

12)
Whac(yy —vs) =+3.3xX 1074, (

The uncertainties of these values are about 10%,
resulting from the uncertainties in the 501-keV
mixing ratio. It should be noted that the small
magnitude of this correction is a fortuitous result
of the isotropy of the angular correlation from the
random initial state.?®

The effect of Wy results from the rather large
asymmetry of the 501-keV v ray due to parity mix-
ing in the 8~ level.!* This effect would vanish if
6, were exactly equal to 37, and hence small mis-
alignments of the detectors produce this effect. A
measure of the magnitude of Wi, may be obtained
from the value of the asymmetry @,,, computed
according to Eq. (6) for the 501-keV y-ray singles
counting rates; this asymmetry should likewise
vanish for 6, =37. The effect of this perturbation
on the angular correlation is computed to be

Wiy =1.8G,, . (13)

IV. EXPERIMENTAL DETAILS
A. Sample preparation

As in the measurements of parity nonconserva-
tion in the y decay of *°Hf™ ! the Hf was arc-
melted with Zr and Fe to form the cubic ferro-
magnet (Hf, ;Zr,4)Fe,. Crystal bar Hf enriched
in '7°Hf was used (87% '"°Hf, 8.5% '®°Hf, 3.3% "®Hf,
1% Y""Hf, 0.2% '"Hf) in order to minimize con-
tamination with '®'Hf decay y rays. In ZrFe,,

Hf experiences a magnetic hyperfine field of —200
+ 20 kOe, resulting in an energy difference A

= uH /I between the adjacent magnetic hyperfine
levels (corresponding to different values of /,) of
the 8~ state of —-7.9+0.5 mK. At dilution refriger-
ator temperatures of 20 to 35 mK, polarizations
approaching unity are achieved. The nuclei align
in a direction which is opposite to that of the

(Hf, Zr)Fe, polarization. The (Hf,Zr)Fe, polar-
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ization is in turn parallel to the direction of the
modest magnetic field applied to polarize the fer-
romagnet (in these experiments, a generous 5 kOe
was used). Thus, the nuclear polarization is op-
posite to the applied magnetic field.

For ease of polarization, and in order to mini-
mize y-ray absorption, the samples (after anneal-
ing at 950°C for 16 h) were cut into 7-mmX1-mm
X 1-mm needles and were activated in the Los Ala-
mos Omega West Reactor, receiving total inte-
grated fluxes of 4x10'S neutrons/cm®. They were
mounted and polarized vertically in the cryostat,
while the detectors observed vy rays emitted nor-
mal to the long vertical sample axis.

B. Cryogenic apparatus

Figure 2 shows the cryogenic assembly. The
sample is soldered with high purity indium onto a
copper fin, the upper end of which is threaded.
This is inserted through the bottom of the refrig-
erator vacuum can and screws into a split copper
receptacle which is in turn indium-soldered to the
cold finger coming down from the mixing chamber
of the *He-*He dilution refrigerator. Adequate
thermal contact is provided from the sample to
the refrigerator: (1) through the indium solder
which is driven normal by the high applied field,
(2) through the copper-to-copper screw joint which
is very tight at low temperatures because of con-
traction in the nylon collar, and finally (3) through

OCH, AND W. A. STEYERT 10

the cold finger. The cold finger is fabricated from
15 0.04-cm diam high purity annealed copper
wires spot-welded to the mixing chamber which
contains a sintered copper disk for thermal con-
tact to the mixture. Electrical resistance at li-
quid N, temperature across this screw joint was
measured as 7 uQ. This design is predicated on
requirements of good thermal contact, minimiza-
tion of eddy current heating due to the periodic
magnetic field reversals, and convenience of sam-
ple changing. The time involved in inserting the
sample, soldering the 1.3-cm cap on the bottom

of the refrigerator vacuum bulb, replacing the He
and N, Dewars, and cooling to 35 mK is about 6 h.
The operating temperature of the refrigerator
mixing chamber in the absence of any heat load is
14 mK.

Also schematically shown in Fig. 2 are the ver-
tical superconducting magnets which were used to
provide the vertical polarizing field on the sample.
They were 2 cm in diameter with 1.8 cm separat-
ing the two coils of 1000 turns each. The field at
the sample was 0.54 kOe per ampere. The hori-
zontal coils, 2 cm in diameter and 2.5 cm apart
had 500 turns each and provided 0.1 kOe per
ampere. Both sets of coils were fabricated from
0.013-cm diam Supercon®® type T48B Formvar in-
sulated copper-clad NbTi wire. The current leads
from the magnet power supply were 0.05-cm diam
copper-clad NbTi wire.

Lead foil
~ Iron cylinder
NN N ] B AN NN Copper magnet
\ <\ AN N Tt \ mount
N AN
P rz 1~ Glass bulb
AN ]
AN \\ NP J?Refrigermor
N /: coldfinger
N AN \\ /:( \/Indium solder joint
&2
AN \\\ Y e 7| Two-piece threaded AN
N > 1 7copper source mounting
=[] ﬂﬂﬂ.gg a1 e N
. N NS /\<" N Nylon compression ring
N N D’ AN N Vertical field coil pair
NMAN __""'\\QQ
\ = D/N N Source
N N N M|~ TAuxiliary coil pair
N7 BN AN "\ (horizontal field)
AN
~ N 1K He bath——— — \_
O N/ N
N
ANy \L y A [4 - \ Vacuum
NN yF ~ ~
fcm
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FIG. 2. Schematic representation of interior of cryostat,
magnetic shielding, and a portion of the cryogenics.

showing source mounting arrangement, polarizing coils,
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To reverse the nuclear polarization, the mag-
netic field is rotated by gradually turning on the
horizontal coils while the vertical coils are grad-
ually being turned off. When the vertical coil cur-
rent is zero, the leads are reversed via a double-
pole~double-throw relay, and the vertical coils
are again gradually energized while the 90° coils
are gradually turned off. Each 90° rotation takes
20 sec. Because the magnetic field is rotated rath-
er than reversed magnetic hysteresis energy dis-
sipation is much smaller. Also the nuclei are able
to follow the slowly rotating field, and no nuclear
relaxation is required before the nuclei assume
their new opposite polarization (nuclear spin lat-
tice relaxation times at these temperatures are
typically many seconds). Many of these cryogenic
considerations are discussed in further detail in
Ref. 29.

C. Electronics

Data are accumulated in and the experiment is
controlled by a Nova® minicomputer-based data
acquisition system® which is shown in Fig. 3.
With the aid of the block diagram in Fig. 3 and the

A
MAGNET
POWER
SUPPLY

]
POLARITY MAGNET
SWITCH l' tower

T

MOTOR
CONTROL o

coincidence and singles pulse height spectra shown
in Fig. 4, we can discuss the types of data which
are accumulated by the system. The detector
pulses are digitized by the analog-to-digital con-
verters (ADC’s) and through the data channel the
appropriate memory location in the computer is
incremented. However, in order to keep the ADC
dead time small (=10%) only 1 in 10 singles pulses
is stored (the ADC’s are operated such as to re-
quire a logic pulse into the coincidence input to
digitize the pulse). But if the other detector reg-
isters a pulse from the particular peak of interest
(501 keV) in coincidence (resolving time 27 =0.8
psec) with this pulse, the pulse is always digitized
and it is stored in a different memory location to
form the coincidence spectrum.

The computer records the number of seconds
that the ADC has been alive for the preset real-
time counting period. It also records the number
of times that the “particular peak” (501 keV) tim-
ing single-channel analyzers (SCA’s) have been
triggered. At the end of the preset counting period,
and while the nuclear polarization is being rotated,
the computer calculates the required counting

10 (GEQSCIENCE
TIMING] ADC-1
COINCIDENCE] —
DETECTOR
PREAMPLIFIE AMPLIFIER>+d ~={DELAY}—
CRYOSTAT /
ASSEMBLY
. " nNova
MINI
COMPUTER
| £ INTERFACE
DETECTOR
PREAMPLIFIE AMPLIFIER [DELAY INTERFACE
FAST PAPER
SCALER SARE

LIVE
Timen —fscaies]

O ok
Y

SCOPE

HOUSTON
PLOTTER

FIG. 3. Block diagram of electronics. Computer controls magnet currents and polarity of vertical (B) coils. Linear
signals into the ADC’s are gated by coincidence and every 10th singles pulse. Digitized pulse height information (when
gated) increments a memory location in a computer memory block determined by the presence or absence of a coinci-
dence signal. The computer turns the ADC’s on and off. Scalers, fed by the timing SCA’s which are set on the 501-keV
peak, monitor these SCA’s output rate. The divide-by-10 circuits are fed by SCA’s set on the entire spectrum. The
spectra can be monitored on a scope or plotter; the horizontal (x) signal is used to turn the plotter on and off. The
plotter signals the computer when it has completed each point plot.



846 K. S. KRANE, B. T. MURDOCH, AND W. A. STEYERT 10

rates. Knowing the approximate position of a peak
of interest, it will calculate the centroid to the
nearest 1/10 channel and add up the counts in a
preset number of channels above and below that
center. It will also add 3 the number of counts in
a preset number of channels further away from
the center (this avoids a sharp cutoff, and the ar-
bitrariness of giving one channel full weight and
the one next to it zero weight). The total number
of counts calculated in this way is then divided by
the live time to form the counting rate. Back-
grounds in a particular region of the spectrum are
also integrated. For four of the peaks the comput-
er calculates at the end of a series for field-up
and for field-down runs the exact average center
of the peak to the nearest 1/100 of a channel. Any
systematic gain changes with field direction would
be readily apparent from these numbers. With the
magnetic field directed upward, for example, data
are accumulated for a preset period of time 7,
typically 5 to 20 min, following which the comput-
er turns off the ADC’s and the monitor scalers,
sends out a magnet power supply motor control
command to gradually turn on the horizontal mag-
nets (magnet power supply A in Fig. 3), outputs
the requested data on the tape, reverses the polar-
ity switch, and turns supply A off and supply B
(vertical coils) back on, so that current now flows
in the opposite direction. This process continues
automatically until manually stopped. After the
third such computer period, the computer com-
pares the results of a particular counting period,
for example, the second period when the field was
pointed downward, with the average counting rate
of the previous and following counting period when
the field was directed upward. It outputs, on paper
tape, the difference and the square of this differ-
ence. As the data series progresses, the differ-
ences and their squares for the field down A, (and
similarly for the field up) periods are summed as
they are accumulated. When the series is manual-

(a)
;‘E 2001 (5CI-keV coincidence counts)
S
> 100 -
g
a Ot e
] 4 215 zL
" (b) !
€ (Singles counts)
3 50000} -
(&)
S 444
_ 30000~ | 501 —
_QD 1
€ 10000} .
z I L

Ey (keV)

FIG. 4. Single y-ray spectrum and 501-keV gated
coincidence spectrum.

ly terminated after n such A,’s have been obtained,
the computer calculates and outputs the raw asym-
metry @,, the average difference in a particular
counting rate for field up or down divided by twice
the mean counting rate C.

A
A “EnTD' (14)

The computer also prints out the experimental un-
certainty in @,, 9,.

JE
5, ‘_c\f%‘ (15)
The vV comes from the fact that each Aj, is the
difference between one number and the average

of two other numbers with the same uncertainty
which are counted twice in the sequence. The com-
puter also puts out the normalized x® for the data

2 =E(AD - Ap)ir?

X 3C1(n-1) (16)

The 7% in the numerator makes the numerator the
sum of the squares of the fluctuations in the counts,
and the denominator is the expected squared fluc-
tuation in each A, times n -1 (required to make
the expected % =1).

D. Detector configuration

For this experiment two 7.6-cmX7.6-cm Nal(T1)
detectors mounted on the Dewar were used to pro-
vide high photopeak efficiency € for the coincidence
experiments. The upper limit on the source
strength and counting rate was imposed by detec-
tor pulse pileup considerations rather than by cryo-

I
8,=90° j;Detector
oo >/
$=135°

k Horizontal

plone

|

|

|

|
'
Detector I

FIG. 5. Geometrical relationship between polarization
axis and detection position. I represents the direction of
nuclear polarization, and Kk and & represent the momenta
of the vy rays. The azimuthal angle ¢ is always measured
from the direction of v, in a right-hand sense referenced
to the polarization axis.
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genic or coincidence true-to-accidental considera-
tions.

The 135° interdetector angle was chosen so as to
maximize the magnitude of the scalar

T kxk)(k- &)

(at 45° the detectors are too close together to fit
conveniently, and detector-to-detector y scatter-
ing could be a problem). The geometry is shown
schematically in Fig. 5. The detector distance is
a compromise between the requirements for a
high-coincidence counting rate (which goes like
product of the two detector efficiencies) and the
need to keep the solid angle correction factor @,
near unity (the T'-odd effect is decreased by the
product of the two detector @,’s). When the source
was strong, the detector distance was 7-9 cm, €
was about 0.03, and @, was about 0.85 for y’s in the
range of interest. As the source decayed and the
detectors were moved to within 4.2 cm from the
source, € grew to about 0.08 and @, fell to about
0.17.

The superconducting coils provide a 5-kOe field
at the sample, and to prevent this fringing field
from causing a systematic gain shift, sensitive
to field direction, which would provide a false
asymmetry in the counting rate of the 501-keV
v ray in the timing SCA, extensive shielding was
required. First, the coils were surrounded by a
soft-iron cylindrical shell 8 cm long, 5 cm in
diameter, with 3-mm walls. The ends of the cyl-
inder were almost closed as well (see Fig. 2).
Even with shielding wrapped around the outside
of the Dewar, and with standard magnetic shields
on the detectors, field-sensitive gain shifts and
SCA counting rate changes were observed. This
problem was solved by the addition of a thin (0.005
cm) lead foil enclosure around the iron cylinder.
This superconducting shield, soldered together
with superconducting indium, prevented the escape
of any stray field which would penetrate the iron
except at the 2-cm-diam openings at the ends
where the refrigerator sample tube entered. No
stray fields in excess of 0.01 Oe were measured
outside the Dewar. With the lead shielding in
place, no gain or count rate changes correlated
with field direction were observed to precisions
of 1/5000 and 1/3000, respectively.

E. Evaluation of experimental method

This T -invariance test is designed to be a “dif-
ference” experiment, looking for differences in
counting rates with the nuclear spins pointed up
compared to when they are pointed down. Obvious-
ly this simple method eliminates some sources of
error, but can cause some problems as well. The
prime advantage of this method is that the experi-
ment looks for counting rate differences with no
changes in the source or detector positions, and
no changes in the electronics. The difference tech-
nique not only searched for small asymmetries
upon field reversal, but also accumulated simulta-
neous gated coincidence spectra accepting the 501-
keV y ray in either detector 1 or detector 2 (see
Fig. 3). This symmetric detector method is equiva-
lent to observing the correlation at ¢ and 27 - ¢,
and referring to Eq. (3) we see that Wy(¢) =W,(27 — ¢),
while W (¢) =-W (27 - ¢). A similar transforma-
tion ¢ -~ 27 — ¢ results from reversing the field
direction (dashed line in Fig. 5). The source and
detectors are rigidly mounted so as not to be
moved by magnetic forces (which should not
change with field reversal in any event, since
the force is proportional to H? on nonpermanent
magnets). Elaborate shielding previously de-
scribed prevents a magnetic field influence on the
experiment. Effects of drifts in the electronics
are averaged out by frequent field direction
changes (every 5 min at high count rates, every
20 min at low count rates). Most sources of sys-
tematic error can be examined with the source
at or above 1 K where there would be no nuclear
polarization and therefore no T-odd effect. Tests
for systematic error in the higher counting rate
parity violation tests carried out with this equip-
ment show no problems above the 107* level.

There are, however, some cryogenic problems
associated with this difference experiment tech-
nique. Each field rotation puts a few ergs of heat
into the sample, primarily through magnetic hys-
teresis heating, and tests have shown that a con-
tinuous rotation of 0.05 Hz causes a 5 mK increase
in source temperature. A field reversal instead
of rotation would be intolerable. The twisted high
purity (99.999%) copper wires in our refrigerator
system can handle 0.6 erg/sec for AT =1 mK

TABLE I. Some raw measured asymmetries (x10%).

Singles peaks
E, (keV) 215 332 444

Coincidence peaks
(w/501 keV)

501 215 332 444

T =20-35mK 0.9+0.5
T=2K

0.3+0.6 0.6+x0.6 0.1+0.9
0.9£0.8 —-0.6x0.9 1.5+x1.0 2.6x1.7

7.6x4.3 0.0+x4.8 —-1.3+ 8.9
4.7+5.9 -1.9%6.3 10.4+10.0
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(there are 15 wires, 0.04 cm in diameter).

Another aspect of the rotating field method is
the problem of nuclear phase lags between the
field rotation and the nuclear rotation; this is
found to be 1 sec for ®°Co in Fe compared to 1 min
for the nuclear spin lattice relaxation times. Thus,
the nuclei are found to follow the nuclear rotation
very nearly adiabatically.?®

V. RESULTS

The raw experimentally measured asymmetries
for various singles and coincidence peaks are list-
ed in Table I, after being averaged appropriately
for both analyzer systems (see Fig. 3). Several
experimental corrections were made to the 215-
and 332-keV coincidence peaks as follows, in de-
creasing order of importance: (1) The effect of a
small systematic residual asymmetry, as mea-
sured in the 501-keV singles peak and in the single-
channel-analyzers set for that y ray, was removed
by an additive factor determined to be (1.4+0.9)
x107* for the warm data and (1.7+0.5)x 10"* for
the cold. However, as discussed above, these fac-
tors were first multiplied by a factor of 1.4 to al-
low for a possible parity-violating contribution
from misalignment of the source and other errors.
We choose a factor less than the value 1.8 pre-
viously calculated, since previously the residual
effect had been assumed to be purely from mis-
alignment, whereas we feel that misalignment is
unlikely to be the sole contributor to the residual
asymmetry. (2) A 15% upward correction was
made to compensate for a representative true-to-
chance coincidence ratio of 6.5. This ratio was
found by statistically weighing periodically moni-
tored true-to-chance measurements taken during
the experiment. (3) The asymmetry in a back-
ground region lying just above the 501-keV peak
in the coincidence spectrum was measured and an
appropriate correction, less then 10% upward for
each of the asymmetries of interest, was per-
formed.

The 215-, 444-, and 332-keV singles peak asym-
metries served as monitors of systematic prob-
lems.

After these systematic corrections were per-
formed, the warm and cold asymmetries used in
the remaining discussion were as listed in Table II.

TABLE II. Corrected experimental asymmetries (x10%).

Coincidence peaks
(w/501 keV)

E7 (keV) 215 332
T =20-35 mK +12,0+5.5 +2.8%6.1
T=2K +9.1+7.6 +0.9x7.9

As discussed in a previous section, a nonnegligi-
ble but uncertain amount of precession effectisex-
pected to appear in the 501-215-keV asymmetry.
In order to remove most of this effect, the warm
asymmetry was subtracted from the cold to obtain
the resultant value (2.9+9.4)x 1074, This value
was then averaged with the low temperature asym-
metry for the 501-332-keV correlation to obtain
the over-all asymmetry @ =W /W, from Eq. (7)

@=(+2.8+5.1)x107.
With W, =1.297 and using Eq. (9) for W we get
sinn =+0.048 + 0.087.

VI. COMPARISON WITH PREVIOUS RESULTS

Similar investigations of possible T violation in
y radiation have been performed previously on a
number of different isotopes®™®; these are sum-
marized together with the present results in Ta-
ble III. All previous experimental studies have
been done on mixed E2/M1 transitions; the present
work uses a mixed E3/M2 transition. Although
the upper limit of sinn deduced in the present work
is somewhat larger than that of previous studies,
the large hindrances of the y-ray transition prob-
abilities of the present work result in a greater
sensitivity to any possible out-of-phase contribu-
tion to the multipole matrix elements. Although
the absolute hindrances in many of the previous
studies are unknown, the relative hindrances of
the E2 and M1 components may be determined
from the E2/M1 mixing ratios, and the E2 compo-
nent may be assumed to be enhanced by roughly a
factor of 10 in accordance with the systematic be-
havior of E2 transitions.

The phase angle n which characterizes the T
violation is given by (assuming sinn to be small)

o1 _Im(L+1) Im(L)
simn =57 1mC) = T T - T {an

In order to obtain meaningful relative comparisons
of the matrix elements it is necessary to normal-
ize with respect to density of final state effects
(essentially energy dependence), effects of the
radiation field at the origin (L dependence), and
nuclear size effects (A dependence). This can be
most conveniently done by expressing the matrix
elements in Weisskopf units, denoted by the sub-
script W. We then obtain, choosing (L +1) to be
real,

[Im (L), | =,—<£<>7§—:,m—' = |sim | [Hy(L)] 772, (1g)
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where Hy denotes the Weisskopf hindrance of the
transition probability. Thus |Im(M2),|=(4.2£17.5)
x107®, A similar expression may be obtained for
Im(L +1),, assuming (L) to be real. We obtain
|Im(E3)y| =(1.1£1.9)xX 107, The results for the
out-of-phase components for this and previous ex-
periments are shown in Table III. We have used a
value of sinn for each case corresponding to the
upper limit allowed by the experimental uncertain-
ty; the deduced results thus represent the upper
limits on the out-of-phase matrix elements per-
mitted by each investigation. The large hindrances
of the transition used in the present work yield an
upper limit for the matrix elements some four or-
ders of magnitude smaller than the best previous
results.

The question remains as to whether this small
upper limit of the T-odd y-ray matrix element
results from a hindrance of the T-odd operators
in 2 manner similar to that of the T-even opera-
tors, or whether it results from the intrinsically
small strength of the T-odd Hamiltonian. As dis-
cussed in Sec. II, nuclear structure effects prob-
ably do not strongly hinder the P-odd matrix ele-
ment. Since the P-odd operators are likely to be
of a two-body nature, as are the P-even operators,
only a modest net enhancement is obtained. How-
ever, the T-odd nucleon-nucleon interactions may
be of a three-body character,'® and at very least
are momentum-dependent, so that transition oper-
ators associated with such interactions are unlike-
ly to be hindered in a manner similar to those as-
sociated with the T -even interactions. Similarly,
if T violation arises in the electromagnetic field
itself (as opposed to in the nuclear Hamiltonian),
the T -odd transition operators will be two-body,
while normal transition operators are one body.
Again the T-odd matrix elements may not be hin-

dered as much as are the T-even matrix elements.
We therefore conclude that, in the absence of de-
tailed calculations of T-odd matrix elements, the
hindrance concept is expected to be at least as
effective in the T-odd case as in the P-odd case,
and that the above-deduced out-of-phase matrix
elements are probably not strongly hindered by
nuclear-structure effects, but rather represent a
measure of the strength of the T -odd potential.

VII. DISCUSSION

In the following discussion, estimates of the
magnitude of the T -violating Hamiltonian will be
obtained based on the present results. Such a dis-
cussion must of necessity be of a somewhat qualita-
tive nature, as a number of crude estimates are
required. However, as we are not interested in
determining the exact magnitude of the T -violating
interaction, but rather in distinguishing among
order-of-magnitude estimates provided by various
theories, such a discussion will suffice for these
purposes. As the following calculation is rather
phenomenological, we wish to stress the impor-
tance of detailed theoretical calculations based on
the previously proposed theories of T violation.

We make the following assumptions: (1) We con-
sider the case in which T violation occurs in the
nuclear Hamiltonian rather than in the electro-
magnetic radiation field operators discussed in
the previous section. There is no sound physical
basis for this assumption, and one could easily
carry through the discussion including both possi-
ble origins of T violation, yielding finally a com-
parison between an empirical result and the sum
of two terms each associated with one of these two
origins of T violation. One then must, as was for
example done by Blin-Stoyle and Coutinho,™ as-

TABLE III, Summary of experimental studies of T invariance in vy decay.

sinn Im(L)y Im(L+1l)y
Nucleus Method 2 6b (Units of 10'3) Hy (L)€ Hy (L +1) (Upper limits) Ref.
361 n-y +0.21 0.8+ 2.3 (0.26) (0.1) 6x1073 1x1072 3
9Ty n-y +0.053 17 25 (21) (0.1) 1x107? 1x107! 4
%Fe B-v +0.23 4 26 (2.5) (0.1) 2% 1072 1x107! 5
®Ru M-E -1.6 1.0+ 1.7 6 x10° 2x1072  4x107° 2x1072 6
106 pg B-vy +0.21 4 18 (3.5) (0.1) 1x1072 6x1072 7
180y¢ I-y +5.3 48 87 1.3x10% 2% 10° 1x1078 3%x1078 Present work
192p¢ iy -2.1 4 25 (5 x10%)  (0.1) 5%107%  3x1072 8
1831y M-% +0.56 1.1+ 3.8 1100 5x1072  2x107* 3x1072 9

2 Method used to achieve polarization of initial level (8—previous 8 decay; f—low—temperature orientation; M —MGos-
sbauer scattering; n—polarized neutron capture) and to observe final orientation (y—angular distribution of subsequent

vy ray; €—y-ray linear polarization).
b E2/M1, except E3/M?2 for BOHf,

¢ Hindrance of y-ray transition probability relative to Weisskopf estimates; values in parentheses are estimated by

assuming the E2 transition to be enchanced by a factor of 10.
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sume that the two term s do not cancel and use the
empirical result as an estimate of either term.
We choose to simplify the ensuing discussion some-
what by considering only the possibility of T viola-
tion in the nuclear Hamiltonian. (We note in pass-
ing that Siegert’s theorem may be used to eliminate
the cancellation problem for electric multipoles
only.’) (2) We assume the validity of first order
perturbation theory for treating the state vectors,
and include only one of the possible states which
can mix with the unperturbed state. The latter
question of which states can mix with the unper-
turbed states such as to maximize the T-violating
effect is one which requires calculations beyond
the scope of this investigation.

The nuclear Hamiltonian may be decomposed in-
to its T-even (invariant) and T-odd parts as

H =H o +H 044 (19)
where
T Heyeo T =H pyen » (20)
T 'HogqT =~H ogq (21)

J

assuming sinm to be small)

|6] sinp
1+]6]2°

with T being the operator of the time-reversal
symmetry (t—- —t). Under the assumption of T
invariance, the phases of the state vectors are
defined in a consistent way, such as

T|Im)=(=1)""I-m), (22)

but under H 4, that is no longer possible, and the
perturbed state vector becomes

“)’—‘II)cven""ie“)odd' (23)

Here the complex phase is written explicitly such
that € is real. This may be written as

1) =11+ 3 st e 7, (24)
I=r

where the sum is carried out over all states I of

the same angular momentum as I (except the un-

perturbed state). We consider only a single state

I, dropping the summation, and following a pro-

cedure similar to that of Ref. 12, we obtain (again

E

{<e* le3)80 - e el 6 gz gy« S el 8 g sz )|

~(6* a2 o[- el 6 3 ) A el S g3 ) }

or equivalently,

sinn =

E E E |
x[[6* |M2]|87)|% + [(6* | E3]|87)|2] -2 (25)
(8™ |Hogg| 87) [(6" [ M2]|87) (6" [|E3||87)] i(B" |H,oyl6") [ (B [lM2[87) (B"[E3]8)
Eq- - Eg- [<6*IIM2Hs‘>’<6*HE3118'>] Ee+-gd1§g+ [‘<6*JIM21|8'>+<6*|153M8'>]' (26)

Here we have considered out-of-phase admixtures
to both the 6* and 8~ levels, and we have dropped
the subscript “even” with the understanding that
state vectors without the tilde are taken to be T
even (i.e., unperturbed). In Eq. (26), the y-ray
matrix elements are all real, since the complex
phase has been incorporated by means of the ma-
trix elements of H 4, which are purely imaginary.

It should be noted that both the matrix elements
of H 44 and the y-ray matrix elements connecting
T-odd with T -even states are pure imaginary; the
former follows from the properties of H 44 under
T, Eq. (21), while the latter is a general charac-
teristic of the electromagnetic multipole moments
and is independent of the phase convention used
(see for example the discussion by Steffen and
Alder).%

The y-ray matrix element ratios may be esti-
mated from the systematics of y-ray hindrances

—
with respect to AK, as tabulated by Lobner.*® We
wish to maximize the y-ray matrix elements of

the various numerators of Eq. (26), and hence it

is desirable to admix collective states, which
characteristically show enhanced y-ray transition
probability. Conversely, the matrix elements of

H 44 will probably be small for collective states,
but may be particularly large for states differing
by two quasiparticles from the unperturbed state.®
A number of low-lying, high-K two quasiparticle
states is available in '*°Hf,** but the y-ray branch-
ings are such that none is expected to have particu-
larly large y-ray matrix elements connecting with
the appropriate levels. We thus choose to admix
collective states, in particular the K =2 y vibra-
tion into the 6* state and K =2 or K =3 octupole
vibrations into the 8~ state. We assume that such
a choice does not result in too great a reduction

in the matrix elements of H 4, since the collec-
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tive state may be treated as a coherent superposi-
tion of quasiparticle pairs, (i.e., as the lowest-
lying random-phase-approximation state) with at
least some of the paired states having reasonably
large matrix elements of H 44 With the unperturbed
states. The matrix element ratios may then be
expressed as ratios of Weisskopf hindrances, with
M,, indicating the appropriate Weisskopf estimate
for the matrix element:

(6* [|M2]|8~)  2x1072M,(M2) _ s

& 2le) ~0.8x10 M, (az) 20X 0% (2Ta)
(6*|E3||87) . 3Mu(E3) _ 5 27b
153 8')‘2><10'5M,,(E3)'1‘5X1°’ (270)
6*|M2]|8™)  107*M,(M2) s 97
& T2]es “oBx 10, o) - 2X10%, (81O
(6*||E3[|87)y  1073M,(E3) _ 1 (274d)
G TE3[8 " 2x10-M,(E3) > <10

The hindrances of the electromagnetic matrix ele-
ments connecting the T-odd and T -even states
have been estimated from the compilation of Lob-
ner,* assuming the 6* state to be K =2 and the 8~
state to be K =2 or K =3. On the basis of the mag-
nitudes of the transition matrix elements, the sec-
ond term of Eq. (26) may be neglected; further,
the negative sign appearing in the quantity in brack-
ets of the first term is meaningless unless we
know the relative phases of the 7-odd ¥ -ray ma-
trix elements. Since this sign is unknown, we es-
timate the bracket at 2x 10°, Assuming the octu-
pole band head to be at 1.5 MeV, the energy differ-
ence in the denominator is estimated to be 1.5
MeV, and hence

8- - . 1.5 MeV
|(8 IHml8 )|~SIH’I]W. (28)

Using the present value for sinm, we obtain:
[{8™|Hoqq|87)|=0.420.7 eV. (29)

This may be compared with the value 90+ 110 eV
deduced by Blin-Stoyle and Coutinho® in '#Pt; the
smaller upper limit in the present case results
entirely from the large hindrance of the transition
studied in the present work.

An interpretation of the above result in terms
of suggested T-odd potentials is difficult, owing
to the lack of information on the form of such po-
tentials. The general forms of T-odd single-parti-
cle and nucleon-nucleon potentials have been sug-
gested by Herczeg,* and Huffman® has indicated
the form of T-violating potentials originating in
the electromagnetic interaction. Clement'® has
discussed T -violating potentials based on two-
nucleon electromagnetic transition operators (real

photons) and also on three-nucleon potentials cor-
responding to the exchange of virtual photons.
Once a specific form of the potential is assumed,
it is then necessary to evaluate the matrix ele-
ments of that potential between the nuclear state
of interest (in the present case, the 8~ level of
180H4f at 1142 keV) and other states which might be
admixed by H,. It is probable that simple poten-
tials such as those of the single-particle type are
likely to have strongly inhibited matrix elements
between the low-lying levels; for example, a po-
tential of the form T+ D has matrix elements be-
tween states A and B proportional to (E, - Ejp)
x{A|r|B), and the matrix elements of the opera-
tor 7 between the low-lying levels may be inferred
(from the systematics of E1 transition moments
compiled by Lobner®®) to be retarded by at least

a factor of 10°. On the other hand, while more
sophisticated potentials involving additional mo-
mentum-dependent terms might not suffer from
this inhibition, such additional terms are intrin-
sically smaller due to the small nucleon momenta
involved (v/c<0.1). It seems safe to assume that
effects of this sort contribute a reduction of at
most 10°~10° to the matrix elements of H4, and
thus we may conclude that the “intrinsic” magni-
tude of H44, excluding nuclear structure effects,
is at most 1 keV. This estimate is considerably
smaller than the energies normally associated with
the strong (100 MeV) or electromagnetic (1 MeV)
interactions, suggesting that the source of any T
violation may lie elsewhere.

VIII. CONCLUSIONS

Based on considerations involving effects of pos-
sible T -violating internucleon interactions, an up-
per limit on any observable effect in '®°Hf associat-
ed with T violation in nuclei has been shown to be
sufficiently small to suggest that T violation is un-
likely to arise from the strong or electromagnetic
interactions. Definitive conclusions regarding the
source of T violation require calculations, based
on more realistic potentials, beyond the scope of
the present work. However, the above considera-
tions demonstrate clearly the advantages of using
strongly hindered y transitions to obtain a relative
amplification of small effects in nuclear interac-
tions.
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