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Directional correlations of the strongly hindered 501-keV p ray with subsequent 832-
and 215-keV y rays from polarized ~ Hf showed an average time-reversal-invariance-
violating asymmetry of (2.8+ 5.1) & 10, indicating no substantial effect. The phase angle
between the 501-keV EB and &~2 components was sing =+0.048+ 0.087 and the out-of-
phase components of the multipole matrix elements were, respectively, (+1.1+2.1) X 10 6

and (- 2.1+8.8) &&10 ~ Weisskopf units.

The question of time-reversal invariance is
basic to the understanding of the fundamental in-
teractions governing physical processes, not
only in a macroscopic (thermodynamic) sense,
but particularly in a microscopic (quantum me-
chanical) sense. The possibility of violation of
time-reversal invariance raises questions of the
reversibility in time of the rate equations de-
scribing physical processes, or indeed of the oc-
currence of certain processes in a time-reversed
frame of reference. ' ' If CI'T is invariant, evi-
dence for such T-invariance violations follows
from the CP (charge conjugation-parity) noncon-
servation observed in the decay of the long-lived
neutral K meson. 4

It has been well established' that appropriate
selections of electromagnetic transitions in nu-
clei can result in magnifications of observables
arising from broken symmetries in nucleon-nu-
cleon interactions. In particular, nuclear struc-
ture effects occasionally serve to inhibit the "reg-
ular" (non-symmetry-breaking) transitions, so
that, as a. result, the "irregular" (symmetry-
breaking) transitions a,re relatively enhanced and
more easily observed.

Such enhancement effects have been well dem-
onstrated with regard to violations of spatial sym-
metry (parity). " Only recently has this enhance-
ment concept been applied to considerations of
time- reversal-invariance violation (TRIV) mea-
sured in nuclear electromagnetic radiation. "
This report describes what is apparently the first
nuclear y-y YRIV test utilizing the enhancement
concept.

This test was made on the 501-keV transition
in "OHf (Fig. 1). The 8 intrinsic state decays to
the 6' level of the ground-state rotational band
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I"IG. 1. Decay scheme of 8 Hf, showing the radia-
tions p&, y„and y3 discussed in the text.

with the emission of y„with mixing ratio 5(E3/
M2) = 5.3. A parity-nonconserving E2 contribu-
tion has been observed. "Although the parity-
nonconserving E2 matrix element is very small
(only 4x10 'o times the Weisskopf single-particle
estimate), the strong K hindrances (~=8) of the
M2 and E3 matrix elements (1.3x10' and 0.5x10',
respectively) permit the E2 to be easily evidenced,
with 6(E2/M2) = —0.04.

An angular correlation test of TRIV was per-
formed by measuring the resulting asymmetry in
the average value of the scalar quantity ((I kxk')
x (k k')). ' Here k represents the momentum of

k' represents the momentum of either the
succeeding y, or y, (see Fig. 1), and I is the nu-
clear polarization. Time- reversal symmetry re-
quires that this scalar average to zero.

Hafnium enriched to 87% '"Hf was arc melted
in ferromagnetic ZrFe, to form (Zro»Hf, 0,)Fe,.
The sample was cut into needle-shaped pieces 1
x1 x'7 mm' which were irradiated with thermal
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neutrons. Individual radioactive samples were
attached to a 'He-'He dilution refrigerator with
the principal axis vertical, and cooled to 20-35
mK. A vertical magnetic field of 5 kate, pro-
duced by a pair of superconducting approximate-
ly Helmholtz coils, was applied to polarize the
ferromagnetic host and thus the '""Hf (the hyper-
fine field on Hf in Zr Fe, is —200 + 20 koe)." The
results reported are from eight separate sourc-
es, each providing about 20 h of useful data be-
fore becoming too weak.

Two 3-in. x3-in. NaI(T1) detectors were typical-
ly positioned at initial distances of 7 cm from the
source, and moved in to 4.25 cm as the source
decayed. The average initial source activity at
the beginning of "cold" data accumulation was
2.5 pCi with initial coincidence rates of 12/sec.

For each of the two detectors, full singles and
coincidence spectra were recorded; the coinci-
dence spectrum from one detector was gated (2r
=0.8 p, sec) by a y, pulse in the other detector.
These data as well as those discussed below were
accumulated and recorded by a minicomputer-
based data acquisition system" over a 5- to 10-
min period, following which the magnetic field
was rotated through 180' by means of auxiliary
coils for the next counting period; this cycle was
continuously repeated for several hours.

Due to the proximity of detector photomultiplier
tubes to the magnet field, elaborate shielding
measures were necessary. The 2-cm-diam mag-
net coils were surrounded with a hollow soft iron
cylinder 5 cm in diameter and 3 mm thick, al-
most closed on the ends, which was in turn
wrapped with a superconducting lead foil. Addi-
tional conventional Conetic shielding was placed
around the outside of the refrigerator Dewar.
The resultant field exterior to the Dewar was
less than 0.01 Oe.

The integrated singles counting rates, centroid
positions, and the outputs of the single-channel

analyzers used for coincidence counting were
continuously monitored to avoid false asymme-
tries which might have resulted from phototube
gain shifts or other systematics. Measured gain
shifts were less than 1 part in 5000 and gating
count rate changes were less than 1 part in 3000.

A detailed description of the formalism neces-
sary for analyzing directional correlations from
oriented nuclei has recently been presented"
with applications to time-reversal studies dis-
cussed in a subsequent work. " The correlation
may be represented by the expression W= S',
+ W~, where Wo is the correlation function" of
the two y rays in the absence of TRIV, depending
on the alignment (B„B„.. . ) of the sta.te I and
not on the polarization (B„B„.. . ); Wr is the
TRIV term, which does depend on polarization
and is maximized for the presently employed
geometry k J.I, k' J.I,

and/�

(k, k') =3m/4. "
By reversing the direction of nuclear polariza-

tion, we search for asymmetries of the form a
= [W(&) —W(&)]/[W(&) + W(&)]= Wr/W„assuming
Wr«W, . W(&) and W(&) indicate the measured
correlation with nuclear spin up and down, re-
spectively, and with y, in the detector at azimuth-
al angle 0 and y, at + 3v/4.

Spurious contributions to W~ may arise from
the perturbed angular correlation (PAC) of the in-
termediate state, or from a parity-nonconserv-
ing (PNC) component in y, . The case of '"Hf
provides a favorable situation with respect to the
PAC effect, since the anisotropy of the angular
correlation almost vanishes for both oriented and
unoriented" '"Hf. The PNC contribution may
represent a serious drawback to the use of" Hf,
since there is a large PNC effect on the 501-keV
y ray; however, this effect can be minimized by
careful alignment of the source-detector geome-
try [(kxk') ll I ] and may be accurately estimated
from the asymmetry of the y, (501 keV) singles.

For the y, -y, (and also y, -y, ) correlation, we
obtain W, (T =20 mK) =1.297,

Wr = Q2(y, )Q2(y, )B,(I)F,"(y,)F,(y, ) 2 (- 0.61 sin2y) +. . . ,
215 I sing

W~ =+0.0076 sing,

with @ =3m/4, !51=5.3, and T =20-35 mK.

(2)

where we assume (kxk') III. The various param-
eters are defined and discussed in Refs. 13 and

14. The dots indicate higher-order terms in the
indices, the effect of which is to cancel about
one third of the leading term.

The TRIV term is thus given by

Contributions to W~ from a PAC effect may be
estimated from the azimuthal shifts b, y(6') = —0.2',
ay(4') = —1.5'; for the y, -y, correlation, Wp„c
=+4x10 ' with an uncertainty of -10/o due to the
uncertainty in the angular- correlation coeffi-
cients. We can also estimate the PNC contribu-
tion: WpNc = 1.8a5o„where a,oy ls the 501-keV
singles asymmetry. "
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After correcting the raw measured asymme=
tries (1) for the 501-singles asymmetry by the
addition of (2.8+1.4) x10 ' a.nd (2.2+0.8) x10 '
to the warm and cold asymmetries, respectively,
(2) for a small asymmetry in the background of
the coincidence spectrum by -0.3 &10 ', and

(3) for the measured true-to-accidental coinci-
dence ratio of 6.5, we have the following correct-
ed correlation asymmetries (in units of 10 '): for

Im(L) =(L) sing, (3)

where (L) is the transition matrix element of mul-
tipolarity L in units of sec ' '. From the present
work, the magnitudes of any imaginary compo-
nents of the M2 and E3 transition matrix elements
are, respectively, (- 1.0 + 1.8) x 10 ' and (+ 1.1
+1.9) x10 4 sec '"

In order to make a meaningful comparison of
these results with previous work" "we should
remove (1) final-state density effects (essentially
energy dependence), (2) effects of the radiation
field at the origin (L dependence), and (3) nuclear
size effects (A dependence). All of this can be
accomplished conveniently by a direct compari-
son of the measured Im(L) with the Weisskopf
single-particle estimates" for the transition ma-
trix, written (L),~. From this work we find

a(cold) = 2.8~ 6.1, a(warm) =0.9~ 7.9;

for Xz 'Y3~

a(cold) =12.0+ 5.5, a(warm) =9.1~ 7.6.

The y, -y, correlation is subject to uncertainties
associated with precession of the intermediate
4' state and the warm results suggest a possible
false asymmetry. Thus, for only that correla-
tion the warm results were subtracted from the
cold results to yield a(y, -y, ) =(2.9+9.4) x10 4.

Averaged with the y, -y, cold data (which are not
expected to suffer significant precession), this
yields

a = (+ 2.8 + 5.1)x 10 '
for the average asymmetry. If the py 7 3 result
is not corrected by the warm data, the average
result is a =(+7.9+4.1)x10 ', indicating possible
TRIV which we discount because this result in-
cludes the uncorrected, relatively less reliable

x 'Y3 data.
From Eq. (2) we obtain sing =+0.048+0.087.

This result may also be expressed in terms of
the magnitude of the imaginary part of the multi-
pole matrix element as

1m~2) I Qf 2),~ l

' = (—2.l + 3.8) x 10 ', and Im(E3)
x~ (&3)~ '= (+1.1+ 2.1) xl0 ', while from previ-
ously published" "results on Ml-E2 transitions,
one finds upper limits on I im(L) l(L)~~ ' ranging
from 10 ' to 10 '. Thus it can be seen that any
TRIV contribution to the y-transition amplitudes
is small, both for the previously studied M1-E2
transitions and especially for the presently re-
ported M2-E3 transition.

In the present work, even in a transition where
hindrance of the "regular" transition results in
enhancement of a 10 ' parity-nonconserving,
presumably two-body, nucleon-nucleon interac-
tion to produce a large (10 ') parity-nonconserv-
ing effect, no TRIV effect was observed. Parity
nonconservati. on is thought to be associated with
a two-body interaction which could be partially
hindered as are normal two-body operators, But
TRIV is thought to occur through three-body nu-
cleon-nucleon interactions and through two-body
transition operators. ' (Normal transition opera-
tors are one-body. ) In either case, these unusu-
al TRIV operators would not be hindered in the
same way as are normal or parity-nonconserving
operators, and we may conclude that TRIV en-
hancement from hindrance could be a larger ef-
fect than the previously described PNC enhance-
ment. It would seem a reasonable supposition
that an effect of intrinsic relative magnitude 10 '
in the nuclear Hamiltonian might be enhanced to
a measurable effect in the observed radiation.
Since this is not seen, the possibility of a TRIV
arising from hypercharge-conserving (b, Y =0,
"millistrong") or electromagnetic interactions
(relative intrinsic amplitude 10 ') may perhaps
be discounted in favor of hypercharge-changing
(AY' = 1, "milliweak, " amplitude 10 ', or b,I' = 2,
superweak, amplitude 10 ") interactions. " Mod-
el-dependent estimates of the nuclear and elec-
tromagnetic multipole matrix elements which
support these conclusions will be discussed in a
more detailed description of the present work
currently in preparation. " Clearly, very careful
and detailed theoretical analysis of these results
should be undertaken to see precisely what forms
of TRIV potential can be rejected, based on the
experimental results.
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The level structure of Qs and 9 Qs has been investigated by the (P,t) reaction at 19.0-
MeV proton energy. New 0+ states were seen at 1480 and 1705 keV in Qs and at 1551
and 1784 keV in ' Os. Additional evidence is presented for describing the lowest excited
&=0 and K =4 bands as two-phonon p vibrations.

Important information has been obtained from
(t,p) and (p, t) reactions for the soft nuclei around
N= 8S where there occurs a rapid change in the
average nuclear shape from spherical to axially
symmetric prolate as the neutron number in-
creases. The most interesting experimental re-
sult is the strong population of excited 0+ states
in the residual nucleus which have average
shapes similar to that of the target ground state.
Thus deformed excited 0+ states are seen in
'"Sm and '"Sm in (p, t) reactions' and a spheri-
cal excited 0+ state is seen in '"Sm in the (t,p)
reaction. ' In the shape transition region, the
usual tendency for pair correlations to force the
two-particle transfer strength to the ground state

is inhibited by the small shape overlap of the&
and A. + 2 ground states as has been calculated by
Takemasa, Sakagami, and Sano. ' This results
in the excited 0+ strength being a maximum
(~100% of the ground-state strength) between'
= 88 and 90 where the variation of the quadrupole
deformation of the ground state (P) with neutron
number is greatest, and where excited states of
the residual nucleus exist which are similar in
shape to the target ground state (shape isomeric
states). In order to study this effect in the some-
what different and more gradual shape transition
region around%, Os, and Pt, we have studied
(p, f) reactions on" Os and '"Os. For these nu-
clei the parameter P is changing much more


