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We have further studied the parity admixtures in nuclear y transitions by measuring the
circular polarization of y rays from five nuclei with a technique different from that of our
work I and II in this series. The experiments were performed with a forward-scattering rap-
idly reversing Compton polarimeter and a phase-sensitive detection system. The analyzing
efficiency of the Compton polarimeter, including effects of multiple scattering, was deter-
mined by Monte Carlo calculations. It was necessary in most experiments to apply correc-
tions for polarized bremsstrahlung associated with P decays. Calculations of bremsstrahlung
effects were verified by experiments on ~ Au and 7 Lu. The residual asymmetry of the po-
larimeter itself was determined by control experiments on Ru. The values of P obtained
were Hf 501 keV, P =(-23+6)&&10; '~Tb 363 keV, P =(-1+5)&&10 ~ ~Tl 279 keV, P
= (-Q.Q4 ~0.10)&&1p . 8 Ta 482 keV, P = (-0.031+0.025) &&10 . W 1189 keV, P = (-p.25
+0.40) &10 4. A survey and a discussion of these results is presented.

I. INTRODUCTION

In two prior communications' ' (herein referred
to as I and II) results were presented on measure-
ments of the circular polarization of y rays in
'"Ta, '"Lu, ' 'Tl, and "As. The observation of
a net circular polarization was reported, sup-
porting the presence of parity-nonconserving
(PNC) nuclear forces as predicted by weak-inter-
action theories of the current-current form. The
measurements had been performed with a Compton
polarimeter using a technique of integrating the
detector current. A specially designed switching
pattern was used to suppress effects of drifts
such as that due to source decay.

In this paper we report on studies of the nuclei
"'Tb and '"Hf, a preliminary account of which
has been communicated earlier, ' as well as '"W.
These nuclei were chosen because of the presence
of close-lying states of opposite parity which are
expected to enhance the parity admixture. For
comparison, measurements of the previously re-
ported cases "'Ta and '"Tl were undertaken.

II. EXPERIMENTAL CONSIDERATIONS

To analyze the y-ray circular polarization a
forward-scattering Compton polarimeter was

built. Just as in I and II, the statistical limita-
tions were surmounted with an integral detection
technique. In contrast to our earlier current-
integration system, which used a complex switch-
ing pattern' at relatively low frequency to sup-
press drifts, the present system uses ac coupling
and fast switching.

A block diagram of the system is given in Fig.
1. A 10-Hz reference sine wave from the lock-
in amplifier (LIA) is converted into a square
wave in the magnet control unit, controlling the
power amplifier which in turn drives the forward-
scattering magnet. y rays reaching the detector
after scattering in the magnet produce a detector
current, which has dc and ac (10-Hz) components,
the latter being a measure of circular polariza-
tion. The dc component is retained in the inter-
face and the ac component is passed to the LIA
which measures the amplitude of the in-phase
10-Hz component of the signal by synchronous de-
modulation. The output of the LIA is long-term
averaged by means of a bipolar voltage-to-fre-
quency converter and a pair of scalers which are
read out every 100 sec onto a magnetic tape.

In Fig. 2 we show the Compton polarimeter. y
rays originating in the source material within the
titanium capsule scatter off electrons in the inner
region of the magnet and are detected by the coax-
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FEG. 1. Block diagram of system.

ial lithium-drifted germanium detector. The for-
ward-scattering magnet was assembled from
eight rectangular cores wound from a 4-mil
tape of grain-oriented silicon iron. ' The purpose
of this laminated material was to suppress eddy
currents and thereby permit fast switching. The
magnet was surrounded by magnetic shielding
foils in order both to contain the 10-Hz stray
field and to help isolate the magnet from the
earth's magnetic field.

The precision square wave from the magnet
control (Fig. 1'j has adjustments for the amplitude
and time symmetries in order to eliminate false
asymmetries arising from terms quadratic in the
magnetization (see below). The bipolar power am-
plifier is programmed to deliver +5 A to the mag-
net, except during reversal when the output volt-
age clamps at ~39 V. As a consequence, the mag-
netization is reversed linearly in 7.4 msec, and
thus possesses a trapezoidal waveform. The mag-
net current of +5 A produces a magnetic field of
+6.5 Oe and saturation induction of +17.5 kG. At
saturation the net electron polarization f = ~f,
with f, = 0.067.

The asymmetry of the detector current is de-
fined by A =(I —I, )((1 +I ), where I, (I ) is
the current when the electron spins in the polar-
imeter are forward (backward). For convenience
we abbreviate the numerator and denominator,
—,'-(I —I.) =I„, and -', (I +I, ) =ID. Thus I» and ID can
be identified as the ac and dc components men-
tioned above'

ID, which had negligible fluctuations, was mea-
sured during the course of each experiment with
a differential voltmeter across the load resistor
of the detector. In the experiments, ID ranged
from 10 nA to 100 IU. A; it was corrected when nec-
essary for leakage and dark currents which
amounted together to about 0.5 nA.

I„, buried in noise mainly due to the random-
ness of the source decay, was separated from ID

by ac coupling and passed to the remote preampli-
fier of the LIA. The "interface" circuitry be-
tween the detector and LIA included detector bias
and a filter with passband 1 to 100 Hz.

III. DATA ANALYSIS AND SYSTEMATIC

ERRORS

The data were analyzed to allow for source de-
cay, including contributions from radioactive con-
taminants with various half-lives. 1„(t)and 1~(t)
were fitted separately by least squares to deter-
mine initial amplitudes for each isotope. Then the
asymmetry A could be deduced for the isotope of
interest. For a more formal account the reader
is referred to Lipson. '

Because the asymmetries observed in these ex-
periments were generally A & 10 ', we were vul-
nerable to a number of phenomena that could imi-
tate or distort the sought effect. In order to elim-
inate such "false asymmetries*' or in a given case
determine their magnitude, we performed a num-
ber of control measurements. In I we discussed
the sources of experimental error as they applied
to that particular apparatus. We now consider in
turn the various causes and relative importance
of false asymmetries for the present experimen-
tal arrangement. Spurious asymmetries arising
from source decay, magnetostriction, geomag-
netic field, and electromagnetic pickup were all
found to be negligible. ' In the following we dis-
cuss the remaining sources of false asymmetries.

B~emsstrahlung. In all cases except '"Hf the
y-ray transition is fed from a P-decaying parent.
The internal and external bremsstrahlung (IB and
EB, respectively) following these decays, al-
though weak in intensity is highly circularly po-
larized and thus contributes to I„, and to A. In
cases where the P end-point energy is not much
greater than the y-ray energy, the bremsstrah-
lung could be suppressed somewhat by lead filters.
Also, the EB could be reduced by diluting the
source material with a low-Z material such as
carbon. We have calculated IB and EB intensities
and polarizations for our cases and checked our
calculations with measurements on the P-decaying
isotopes "'Lu and "'Au. The method of calcula-
tion was basically similar to that described in I,
which also contains references to the formulas
used. However, for the EB calculations we have
introduced a parameter & to account, in an aver-
age way, for depolarization of the P particles in
collisions preceding the creation of the brems-
strahlung quantum under consideration. A reduc-
tion factor 1/g is applied to the "polarized brems-
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strahlung energy spectrum, " Ps(k)kdN~/dk, where

Ps(k) is the polarization of photons of energy k.
The value of g is determined experimentally, as
discussed in Sec. IV. In Fig. 3 we show the re-
sults of our calculations of the IB and EB (g =1)
energy spectra and polarizations for "'Au and
'"Lu. Calculations were also carried out for

Tb, Ta, and Hg, and their results are in-
corporated in Figs. 4 and 5. For "'Tb and '"Ta
where bremsstrahlung was important, the source
material was diluted with carbon. Since the EB
then contributed only about 15/~ to the total brems-
strahlung asymmetry, accuracy in the value of &

was not crucial.
Quadratic effects. These effects arise from the

nonlinear polarization dependence of absorption
and multiple scattering processes [see second-
order term in Eq. (1) below]. They give rise to
"false asymmetries" only if the magnetization
waveform is asymmetrical in amplitude or time.
Thus precise symmetry is required in the magnet
current. On the other hand, the quadratic effects
do provide an alternative technique for calibrating
the system with an unpolarized beam of monochro-
matic y rays (as opposed to the continuous spec-
trum of polarized bremsstrahlung). ' The residual

asymmetry from quadratic effects in our experi-
ments was determined to be less than 5 ~10 '.
This was corrected for implicitly by control ex-
periments.

Right-left asymmetry. In a scattering experi-
ment of unpolarized y rays on polarized iron,
Bock' has measured an asymmetry of the form
A =Re k, xk /(k, xk, (, where s is the electron po-
larization and k, and k, are the initial and final
photon momenta. Using a rectangular magnet
core and a source of ' 'Ru with y energy k=497
keV, we veri6ed Bock's early measurements, ob-
taining R =(1.7+ 0.2) x10 ' at 8=45 (resolution 68
=10 ) and R=(-0.7+0.1) x10 ' at 8=85'(F8=20').
More recently Bock' and Lobashov and Smotrit-
skii' have reconsidered these effects and interpret-
ed them as due in large part to double scattering.

In our parity experiment s was practically in
the plane of k, and k, and the asymmetry was thus
reduced by orders of magnitude; moreover the
noncoplanarities tend to cancel when averaged
over the geometry. However, slight misalign-
ments or nonhomogeneities may lead to a nonzero
resultant asymmetry for our polarimeter.

With '"Ru sources (497-keV y ray) and our po-
larimeter we have observed a net asymmetry AR„

gg I ln.

I 1

i%

END VIEN/ OF
IVIAG NET

I

FZlPPZ&XXXPZ~

SOURCE CAPSULE

SOURCE MATERIAL GERMANIUM

CRYSTAL

LEAD FILTER MAGNETIC

SHIELDING

FORWARD-SCATTERING MAGNET LEA BEAM STOPPER

FIG. 2. The Compton polarimeter. Photons from the source are detected in the germanium diode after scattering off
electrons in the magnet.
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= (-0.20+ 0.03) x10 ' after a, small correction for
bremsstrahlung, while expecting a negligible con-
tribution from parity effects in this case of a fast
E2 transition. After additional tests we concluded
that this persisting result was due to the right-
left asymmetry.

Final data reduction. It remains to deduce the
y-ray polarization from the observed asymmetry
A ~ In general A includes effects from polarized
and unpolarized y rays and from polarized brems-
strahlung. The discrete spectrum is composed of
fractions N, of y rays with energy k, and polariza-

tion P, . To account for attenuations of photons in

the source material and capsule we include a fac-
tor S(k). We define the polarimeter intensity de-
tection function D(k) =(kD)/k, where (kn) is the ex-
pectation of the energy deposited in the detector
by the resultant scattered photon, assuming ini-
tially P(k) =+1. We expand D(k) in a power series
in f, the net electron polarization in the analyzer,

D(k) = Do(k) +D, (k}f+D2(k)f'+ ~ ~ .

Then the observed asymmetry is given by

Q D, (k, )S(k, )P, k(N, + fD, (k)S(k)Pe(k)k(dN8/dk}dk
A. = —f

+Do(k()S(k()k(N, + fDo(k)S (k)k(dNs/dk)dk
(2)

neglecting terms of order f'. In most eases of in-
terest only one y ray (say i = 1) will have appre-
ciable net polarization. We then write

A =A~+A~

with

and

f D, (k)S(k)Pe(k)k(dNs/dk)dk

denom
(4)

D, (u, )s(u, )I,x,
A =-fP

denom

where denom is the denominator of Eq. (2) and P,
=P, is the polarization of the y ray. The functions

D„(k}have been evaluated for each value of w, the
lead filter thickness, by Monte Carlo calcula-
tions" including effects of multiple scattering and

linear polarization of the y rays. Given this infor-
mation, Pz may be unfolded from Eqs. (2) to (5).

IV. RESULTS

'8 Hf. The results for the three series of '"H
experiments are summarized in Table I. All Hf
sources were irradiated for 5,5 h in a flux of 1.2
x10" cm 'sec ' at the General Electric Test Re-
actor in Pleasanton, California, and the experi-
ments commenced at t =6-10 h. In the '"Hf
sources, there were contaminants of 43-day "'Hf
(suppressed somewhat in the enriched sources ll
and III). These contributed slightly to I„and more
so to ID at t» 5.5 h. In addition, there were con-
taminants from the titanium capsule requiring cor-
rections to both I~ and ID. Such contaminants
were monitored both by y spectroscopy of the
sources and by analysis of In(t).

The "numerator" data. I„(t)were fitted as de-
scribed to determine initial amplitudes I'„(0) and

I'„(0) corresponding to half-lives T, =5.5 h ('"Hf")
and T, = 43 day. The "denominator" data ID(t)
were fitted for three components ID(0), ID(0), and
ID(0)with T, =5.5 h, T, =43 day, and T, =40 h. The
value of T, was selected by X' tests to accommo-
date small amounts of capsule contaminants with

decay rates in this intermediate range. Two con-
trol experiments were performed with capsules
(irradiated 5.5 h) containing no Hf powder. Values
for this raw asymmetry, A„„=I'„(0)/In(0)„p, are
given in the second to last column of Table I. Fi-
nally we subtract from A„„the asymmetry from
the capsule, A„„, yielding A„.„„,given in the last
column of Table I.

The presence of a large Na contaminant in the
enriched material of series II was established
quantitatively by y spectroscopy. The relative y
intensities indicated the ratio of initial activities
of "Na to '~Hf to be 0.25+0.06 corresponding
to about 27 mg Na. We calculated that the "Na
bremsstrahlung contribution would produce an ap-
parent a.symmetry of AN, =(-8.1+2.0)x10 '. The
corrected final asymmetry is consistent with the
other results. The purity of the enriched powder
in series III was checked doubly by chemical anal-
ysis (flame photometry) and by activation analysis
and found to contain &1 ppm of Na. Furthermore,
y spectroscopy of the sources in all three series
established the absence of any other appreciable
contaminants.

We considered also the possibility that the ob-
served asymmetry might be due to bremsstrah-
lung from 4.6-h ' Lu produced by "'Hf(n, P)"'Lu
in the reactor fast flux. A control experiment
with a Hf source irradiated within a cadmium
shell (to absorb thermal neutrons and thereby sup-
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TABLE I. Results for Hf experiments. All measurements were performed with a 1-mm lead filter around the
source.

Series

Source material
isotopic composition '
P/ 179Hf) (q i80Hf)

Chemical
form

Mass
of Hf

(g)

Number of
experiments

Raw Final
asymmetry asymmetry "

(units of 10 6) (units of 10 6)

14

75

58

14

30

Hf rod
Hf02 powder

HfO& powder

HfO) powder '

50
15

0.75

1.0
5 c

2.1

4.8

—3.5+1.4

—9.6+ 1.8
—2.6 + 1.8

-5.1+1.5

-3.1+2.8 d

—3.9+2.0

Mean asymmetry
Asymmetry referred to 501-keV y ray (units of 10 6):

—4.4 +1.1
-46 + 11

' Isotopic abundance prior to irradiation. Series I used natural abundance material; II and III used enriched material
in order to suppress Hf.

"Corrected for ~ 3Ru control A.R„-—(—0.20+0.03) x 10 6 and for capsule control &,zp (1 6+0 5) x 10
Successive irradiations of one sample.

~ Corrected for effects of ~Na contaminant present in this sample alone: &N, =(—8.1~2.0) x 10 6.
e Diluted 1:3 by mass with carbon powder.

press "'Hf) gave an effective asymmetry [rela-
tive to the usual ID'(0)«] of A«~&=(+1.4+2.3)
& 10 '. This result together with y spectra of the
Hf(Cd) source indicated the absence of "'Lu.

After correction for a small background asym-
metry, A„„=(-0.20+ 0.03) x10 ' from the '"Ru

control (see above) we find a mean final asymme-
try (-4.4+ 1.1) x10 ' [displayed in Fig. 4(a) below
the decay scheme] corresponding to a polarization
of the 501-keV y-ray '"Hf given by P z

= (-2.3*0.6)
x10 '.

' Au brenzsstrahlung control. We chose "'Au
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FIG. 3. (a), (b) Internal (IB) and external (EB) bremsstrahlung energy spectra and polarization. Tz denotes the P-
decay end-point energy. (&=1 in the EB spectra. )
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specifically to check the bremsstrahlung asymme-
try calculations for '"Gd, because of their simi-
lar P end points and y energies [see decay schemes
in Figs. 4(b) and 4(c)]. To this end we prepared a
source of 100 mg Au, O, diluted with 3 g C powder,
the same composition as the Gd, O, source. In ad-
dition we used an undiluted Au, O, source to deter-
mine the parameter g in our EB calculations. Us-
ing these results we calculated the respective
asymmetries (referred to the 412-keV y ray) A,~

and AE~&&». Then we evaluated f by comparison
to the experiments on the undiluted source: A,"„„,
=A„+A~EB~~ »/r, with lead thickness w =0, 1, 2

mm. This gave g = 1.5. The fit is shown in the
dashed curve and crosses in Fig. 4(b). Using g

= 1.5 for the undiluted source we find very good
agreement between calculations and experiment.
This gives confidence in our calculations for '"Gd.

'~ Tb. The Gd source (irradiated three times

for 18 h for three successive experiments) was
composed of 100 mg Gd, O, enriched to 92% in
'"Gd mixed with 3 g C powder. The dilution
served to suppress EB and to provide a large sur-
face-to-volume ratio for the Gd powder to mini-
mize self-shielding effects by "'Gd and "'Gd
which have resonances in the thermal-neutron
range.

The "numerator" data l„(t) were fitted with only
one component I„(0}with half-life T = 18.6 h for
is9Gd Just as with isoHf we ran an empty capsule
control (irradiated for 18 h}. The capsule contri-
bution to In(t) was considerable here on account of
the lower y intensity from "'Gd. The results
were corrected for this capsule asymmetry, which
for t=0 was found to be A„= (-0.8+1.6}X10 ',
and are displayed in Fig. 4(c) and Table II. Sub-
tracting the bremsstrahlung calculations from the
data points we obtain the three values for Gd list-
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ed in parentheses in Table II. The mean asymme-
try for the 363-keV y ray of "'Tb is found to be A
= (-2+ 10)x10 ' corresponding to a circular polar-
ization Pz ——(-I+ 5) x10 '.

Tl. The 100-Ci '"Hg source was prepared by
irradiation of 7 g HgO powder for one month at
the Experimental Test Reactor (Arco, Idaho). An

earlier assembly of the magnet polarimeter was
used for the measurement of the "'Tl 279-keV y
transition. A Ru control experiment performed
with this magnet gave a right-left asymmetry as-
sociated with ' Tl y ray of (-4.20+0.15)x10 ',
after corrections for bremsstrahlung and energy
dependence of the right-left asymmetry. All Hg
runs were performed with zero lead filter thick-
ness (w =0), since the bremsstrahlung contribu-
tion was minor. In the earlier runs there was a
fast decaying ' 'Au component in ID and I„. In the
analysis we readily separated the "'Hg component
from this short-lived contaminant.

The raw asymmetry for '"Hg was A„„=(+0.12
+ 0.06) x10 '. Subtracting the Ru control and the
contribution A„„=-0.01 x10 ' (5% error) we ob
tain the asymmetry listed in Table II. The value
A „, and the curve A„„are shown together with

the decay scheme in Fig. 5(a). Finally, we ob-
tain the circular polarization of the 279-keV y ray
of ' Tl, P~ = (-4+ 10)x 10 ~."Lu bxemsstxahlung consol. '"Lu was chosen
to check the efficiency and bremsstrahlung calcu-
lations, in particular for "'Hf. The 100-Ci
source was composed of 1 g of Lu, O, mixed with
2 g of carbon powder. The p decays for "'Lu and
'"Hf may be compared by inspection of the respec-
tive decay schemes in Figs. 5(b) and 5(c). Curves
for the spectra and polarization of IB and EB (g
= 1) are given in Fig. 3 for the 497-keV P branch
of '"Lu. The calculated and measured asymme-
try results (f= 1.5) are shown in Fig. 5(b) and Ta-
ble II. The good agreement between calculation
and experiment supports the bremsstrahlung cal-
culations used for "'Hf.

'8'Ta. The measurements with a 50-Ci '"Hf
source consisting of 0.3 g HfO, enriched 98% in
'"Hf mixed with 0.6 g carbon were performed
with 0- and 2-mm Pb filters. The results, cor-
rected for A„„=(-0.20+ 0.03) x10 ' are given in
Table II and Fig. 5(c). The circular polarization
was found to be P = (-3.1~ 2.5) x10 '.

This nucleus for which one might expect a
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TABLE II. Summary of experimental results.

Isotope
y-ray energy

(keV) w=p
Final asymmetry' (units of 1P )

K —2
Py

(units of 10 4)

~soHf

9 Au-Hg"
i9sAu-Hg c

'"Gd-Tb

203Hg- Tl

'"I.u-Hg

s1Hf- Ta

"2Ta-W

501

279

482

1189

(—4.4 + 0.2)

(—10.6 + 0.3)

(-38+ 16)
—4+ 16

(-0.08 ~ 0.16)
-0.07 + 0.16

(—7.7+0.4)

(—0.20 + 0.13)
0.02 + 0.13

(0.1 + 0.2)
0.2+ 0.2

-4.4 + 1.1
(—3.5 ~ 0.2)

(-9.3+0.3)

(—13+ 19)
20+19

(-10.2 + P.6)

(-0.33 + 0.15) d

-0.17 +0.15 d

(-3.3 + 0.2)

(-8.6 + 0.3)

(-53 + 17)
-19+ 17

(-12.7 + 1.1)

(-0.10 + 0.05)
—0.06 + 0.05

—1+5

-0.04 + 0.10

-0.031+0.025

-0.25 ~ 0.40

Values in parentheses include corrections for zero-
asymmetry controls, but not for bremsstrahlung. Val-
ues not in parentheses include bremsstrahlung correc-
tion. The lead filter thickness (in mm) is denoted by w.

"Diluted with carbon.' Undiluted.
d Results obtained with apparatus described in I.

TABLE III. Circular polarization of nuclear y rays, comparison with other experimental results.

Nucleus

y-ray
energy
(keV)

Py
(units of 10 4) Authors

soH 501 —23+6
—28 +4.5
—18+6

—24+3

This work
Ref. 11
Ref. 13

mean [Xp =1.8, v=2, P(X & Xp ) 0 4]

159Tb

203Tl

isf Ta

is2~

363

279

482

1189

-1+5

-0.04 ~ 0.10
0.02+ 0.05

—0.02 + 0.3
0.03 + 0.08

-0.30 + 0.18

-0.01+0.04

-0.031 + 0.025
-0.06 + 0.01

—0.039+ 0.012
—0.041 + 0.013

0.02 + 0.04
-0.1+0.4
+0.7 ~0.7
—0.9 + 0.6

—0.21 + 0.11
—0.28 + 0.06

-0.049 + 0.006

—0.25 ~ 0.40

This work

This work
Ref. 2
Ref. 12
Ref. 13
Ref. 14

mean [Xp2=3.6, v=4, P(X') Xp') =0.5]

This work
Ref. 15
Ref. 1
Ref. 16
Ref. 13
Ref. 12
Ref. 17
Ref. 18
Ref. 19
Ref. 20

mean [Xp = 26, v = 9, P (X & Xp ) = p.pp3]

This work
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large polarization of the 1189-keV y ray was stud-
ied with the present ac system as well as with the
dc system described in I. A 20-Ci '"Ta source
was produced by neutron irradiation of a 67-g rod
of natural abundance Ta. With the present ac sys-
tem we obtained (for u = 0 mm) a raw asymmetry
of A„„=(-0.19+ 0.08) x10 '. This result, cor-
rected for an energy-adjusted right-left asymme-
try of (-0.3+ 0.2}x10 ', and for a calculated
bremsstrahlung asymmetry of (-0.09+ 0.01)x10 '
leads to A. z

= (0.2+ 0.2) x10 ' corresponding to a
polarization for the 1189-keV y ray of Pz = (0.8
g 0.9) x 10 '.

We have also studied the same transition with
the apparatus described in I. With the dc system
we obtained A„„=(-0.31+ 0.15) x10 ' for w= 1 mm.
In this system the right-left asymmetry was found
to be A~„= (0.02+ 0.03) x 10 '. With Ab„= -0.16
s 0.02 we find A» ——( —0.17s 0.15) x 10 ' leading to
P» = (-0.50+ 0.44) x10 '. Combining these two in-
dependent results we have finally P& = (-0.25
+ 0.40) x 10-4.

V. DISCUSSION

The results of Sec. III are now compared to val-
ues from other experiments and to theoretical es-
timates. For reference we present in Table III a
summary of experiments"'" "measuring P~ for
the five nuclei studied here.

'8 Hf. The 501-keV transition in ' Hf has the
largest P~ yet observed in (nonleptonic) parity ex-
periments. Our value P» = (-2.3+ 0.6) x10 ' is in
good agreement with the values reported by Jen-
schke and Bock,"P~ =(-2.8~ 0.45) x10 ', and by
Kuphal, Daum, and Kankeleit, "P» =(-1.8+0.6)
x10 '. The decay scheme is shown in Fig. 4(a).
The 5 10- ekVyr yabetween the 1142-keV S (K=8)
isomeric state and the 641-keV 6' (K= 0) state
has multipolarities M2, E3, and E2 with regular
mixing ratio

~

5 ~= 5.5. Transitions from the iso-
meric state to the ground-state rotational band
(K =0) are strongly hindered by virtue of their
high K forbiddenness.

The unusually large polarization observed here
is due presumably to two main features: (a) The
amplitude of the irregular E2 multipole is en-
hanced by a factor of 10 compared to the regular
M2; and (b) in perturbation theory, the closeness
of the 8 (K=8) and 8 (K=O) levels (58 keV) en-
hances the admixture by the PNC force. How-
ever, since the PNC potential itself (lacking col-
lective character) would not mix states of differ-
ent K, we must invoke another mechanism, such
as Coriolis (rotation-particle) coupling. Vogel"
using such Coriolis mixing in eighth order has es-
timated ~P„~&2x10 '. This is in agreement with
our observation.

A number of related experiments are possible
in "Hf. The 58-keV transition between the 8
and 8' states should show a comparable polariza-
tion. It is more difficult to measure because of
its low energy. The present limit for this transi-
tion is

~ P»~& 5$."Another possibility is to search
for anomalous internal-conversion coefficients
for this y ray; however, the interpretation is com-
plicated by penetration effects. " Finally, for the
501-keV y ray, Krane et al. '4 have recently re-
ported a large E3(E2) interference in an angular-
distribution experiment from oriented nuclei.
They find a mixing ratio ~(E2)/(M2) ~

=0.038+0.004
from which one would derive a circular polariza-
tion of ~P»~=(2.6+0.3) x10 ', in good agreement
with our result.

'~ Tb. "Tb has similarly to '"Hf an opposite-
parity state very near the initial state [see the
partial decay scheme shown in Fig. 4(c)]. The E1
transition between the 363-keV -'„-,' [532] state
and the ground-state —,', —,"[411]has a hindrance h

= 4x104. The neighboring 348-keV state has quan-
tum numbers —,', —,'[413]. Admixture of this into
the 363-keV state would permit an M1 component
as well as E2. All three multipolarities E1, M1,
and E2 are hindered by asymptotic selection rules.

Using Nilsson-model wave functions, Vogel"
has estimated Pz for the 363-keV y ray. He finds
that the —,

"348-keV state gives the dominant con-
tribution to the parity mixing if compared with the
two other known —,

"states present. Furthermore,
the M1 reduced matrix element should exceed the
E2. Vogel's estimate is ~P»~& 4x10 ~, consis-
tent with our measurement P» = (-1+ 5) x 10 '

In an experiment with nuclei polarized by cryo-
genic techniques, Krane et al."have reported an
asymmetry 1+A,P, (cos0) in the angular distribu-
tion of the 363-keV y ray. They obtained a value
A, =(-1.6 +4.2) x10 '. Assuming ~(E2)/(M1) ~«2,
we can write the relationship g, = -1.50 P~. The
observed anisotropy then would correspond to Pz
= (+1.1~ 2.8) x 10 4, in agreement with our result.

TL. The partial decay scheme for '"Tl is
shown in Fig. 5(a). The 279-keV y ray has regu-
lar multipolarity M 1, E2 (6'= 1.6), and irregular
multipolarity El. The single-particle (proton-
hole) assignments for the initial and final states
are (2d, &, )

' and (3s,», ) ', respectively. Thus the
regular M1 is hindered (h= 10') by l forbiddenness.
Szymanski" has estimated for this transition Pz
= (-0.9+ 0.3) x10-'. More recently McKellar" pre-
dicted P~ = -(0.3 to 0.45) &10 4.

In Table III we compare our result P~ =(-0.04
+ 0.10)x10 4 with four other experimental results.
The over-all trend indicates that the theoretical
estimates are somewhat high.

"'Ta. This transition has been very popular
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for such studies (see Table III). The decay
scheme is shown in Fig. 5(c). The transition of
interest proceeds from the 482-keV —„-,'[402]
state to the ~, &"[404] ground state. The regular
M1 is strongly hindered, as indicated on the fig-
ure.

An account of the estimates of the circular po-
larization based on various models is presented
in I. More recently, Vinh Mau and Bruneau" ob-
tained Pq = -0.8 &&10 ', much smaller than previ-
ous estimates, and Gari et al."reconsidering
short-range correlations predicted P~ = +0.3
&10 '. Gari and Huffman" have since demon-
strated the need for incorporating interaction cur-
rent contributions required by gauge invariance.
The net effect on the latter value would be to ele-
vate it roughly to the observed value.

In Table III we note the excellent agreement
among the first five quoted "'Ta experiments.
All of these have achieved small statistical errors
by means of integral detection techniques. The

last three experiments listed (which used singles-
counting techniques) seem to claim a larger effect
but have lower precision. An over-all average is
also presented in the table.

'8~W. The 1189-keV transition proceeds from
the 1289-keV 2 state to the 100-keV 2' state
with regular multipolarity EI +25/p M2. (For de-
cay scheme see Ref. 31.) Vogel" has considered
the contribution of the dominant irregular E2
multipole and estimated ~Pz~= 5 x10 ~. Recently
Krane et al."have measured the forward-back-
ward asymmetry from cryogenically polarized nu-
clei for this transition, obtaining a value W(0')
—W(180=)= (-2.8~ 1.7) x10 '. This would corre-
spond to Pz =(-14+11)x10 ', which is not incon-
sistent with our value Pz = (-0.25+ 0.40) x10 '.
It would appear from our value of Pz that any pari-
ty mixing in this case lies below the estimate giv-
en above.
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