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(Received 5 November 1971)

Angular distributions of 26 y rays in W have been measured following the P decay of Ta
oriented at low temperatures in iron. Triple multipole mixing (E1+M2+ E3) of the 1189-keV
y radiation was inferred by comparison of the present results with those of y-y directional
correlations and internal-conversion measurements; values deduced for the mixing ratios of
the 1189-keV radiation were 6(M2/E1)=+0. 49 +0.03 and 6{E3/E1)=-0.64+ 0.05. E2/Ml multi-
pole mixing ratios deduced for other y transitions were (energies in keV): 5(85) =~0.30 +0.02;
6(114)=+0.31+0.02; 4(179)=+0.92 0'07, 6(1002)=-{8.9+(.'~8); 6{1121)=+21~, 4(1157)
=-(7.6+4"8); 6(1231)=-(60+20 ). The M2/El mixing ratios deduced were 6(222) =+0.007+ 0.005;
6{1274)=+ 0.42 + 0.04. The E3/M2 mixing ratio of the 960-keV transition was deduced to be
-3.6 «5(960) «+ 0.3. The allowed p transition populating the 1374-keV level was determined
to be (38 +23)g Fermi (L =0) and 62+23)% Gamow-Teller (L =1). In the first-forbidden P
transition populating the 1443-keV level, probably all, but at least half, of the P transitions
carry one unit of angular momentum, with the remainder carrying two units. The hyperfine
splitting of Ta in iron was found to be 21 + 2 mK, cox responding to a ~8 Ta ground-state
magnetic moment of 2.6 +0.2@~. Measurements of the parity-nonconserving 0-180' (forward-
backward) asymmetry of the 1189-keV p-ray angular distribution indicated an asymmetry
of (-2.8+1.7) x10~; vanishing asymmetries were found for the 222-, 1121-, and 1274-keV
y rays. These results would seem to be in reasonable agreement with the vanishing circu-
lar polarization of the ' W y rays measured elsewhere.

I. INTRODUCTION

The nuclei with mass numbers 180(A(200 are
in a region in which the nuclear shapes are in
transition from the strongly deformed nuclei with
A ( 180 to the spherical nuclei in the region of the
doubly magic ' 'Pb. This transition is a gradual
one (as contrasted with the rather sharp onset of
deformation near A = 150). Thus a systematic
study of the nuclei with 180(A& 200 should show a
gradual variation of the properties associated with
the competing modes of nuclear structure.

A theoretical interpretation of the structure in
this region has been accomplished with consider-
able success by Kumar and Baranger. ' Using a
microscopic description of the nuclear interaction
in terms of a quadrupole force coupled to a pairing
interaction, they have computed the collective pa-
rameters of the Bohr Hamiltonjan, and have ob-
tained predictions concerning the energy levels
and static and dynamic multipole moments of the
positive-parity states of even-even nuclei in the
mass region 182(A & 196. In addition, magnitudes
and relative phases of the M1 and E2 matrix ele-
ments have been computed and have been found
to be in excellent agreement with F2/I 1 mixing

ratios extracted from directional-correlation mea-
surements. '

In order to investigate the structure of the nucle-
us ' W, which is at the deformed side of the tran-
sition region, we have observed the angular dis-
tribution of y radiations from '~Ta oriented in
iron at low temperatures, and have deduced mul-
tipole mixing ratios of the various y radiations.

The presence of the weak nucleon-nucleon inter-
action' in the nuclear Hamiltonian gives rise to a
small (order 10 '}parity impurity in nuclear
states. Such parity impurities may be detected
through a forward-backward asymmetry in the y
radiation field from polarized nuclei" or by mea-
surement of the circular polarization of y radia-
tions from unpolarized nuclei. ' The size of the
laboratory effect produced by such a parity impu-
rity is in large part dependent upon the retarda-
tion by nuclear-structure effects of the "regular"
part of the y transition; previous studies of the
angular distribution of y radiation from polarized
nuclei" have revealed forward-backward asym-
metries of greater than 1.5% in the case of ' Hf
and less than 10~ in the case of "9Gd. In order
to continue the study of parity-violating effects,
we have investigated the forward-backward asym-

1104



NUCLEAR STRUCTURE AND PARITY MIXING. . . 1105

metrics of the strongly hindered 222-, 1189-, and
1274-keV transitions in ' W; recent results of
circular -polarization measurements' indicate a
vanishing parity-violating effect for the '"W y rays.

II. lhl' LEVEL SCHEME

The decay scheme of '~Ta to levels of ' W is
shown in Fig. 1. Recent Ge(Li)-detector y spec-
troscopy measurements9, xo have placed a large
number of transitions in the level scheme corre-
sponding to a ground-state rotational band, a y-vi-
brational band, a possible P -vibrational band, and
a number of negative-parity bands. The internal-
conversion-electron spectrum has been thoroughly
investigated" '~ revealing the multipole intensi-
ties and characters of many of the transitions. A
number of y-y directional-correlation measure-
ments" '7 have been performed using Naf(Tl) de-
tectors, which are unfortunately not able to re-
solve many of the lines in the y-ray spectrum. Re-
cent high-resolution directional-correlation mea-
surements" using Ge(Li) detectors, however,
have eliminated some of these difficulties.

A summary of the levels of ' W populated by the
decays of '~Re and '~Ta and by '~Hf(a, 2n} reac-
tions is given in Ref. 9. The K assignments given
for the levels in Fig. 1 were made' on the basis

of reduced transition probabilities from the states
populated in the P decays of '~Re and ~Ta. These
assignments include the K= 0 ground-state rota-
tional band [populated up to the 10' level in (n, 2n)
reactions]; a K= 2 y-vibrational band composed of
the 1221-, 1331-, and 1443-keV levels; a K= 2
negative-parity band (levels at 1289, 1274, and

1487 keV); and the band head of a K= 4 negative-
parity band at 1553 keV. The transition probabil-
ities for the 1257-keV level would be consistent
with K = 0 or 1, and this level has been postulated
to be the 2' state of the K= 0 p-vibrational band. '

III. EXPERIMENTAL DETAILS

A. Source Preparation

Radioactive '~Ta was obtained by subjecting nat-
urally occurring Ta metal (99.99% '"Ta) to an in-
tegrated thermal-neutron flux of 10"neutrons/
cms. An alloy of 0.07 at.$ '~Ta in iron was pre-
pared by melting the irradiated Ta with 99.9%/p

pure iron; the alloy was then rolled to a foil 0.1
mm thick. An oval-shaped sample 8 mm x4 mm
was then cut from the foil and used for the experi-
ment. Before melting, a small amount of MMn

(from HC1 solution) was placed on the surface of
the iron so that the 835-keV ' Mn y ray could be
employed for thermometry. ' The final sample
consisted of 25 p, Ci of '~Ta and 0.7 p.Ci of '«Mn.
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B. Apparatus

The '~Ta nuclei were polarized by subjecting
the sample to an external polarizing magnetic
field at ultralow temperatures. The external mag-
netic field of 2 kG was produced by a pair of super-
conducting Helmholtz coils. Two pairs of coils
with their axes oriented at right angles to one an-
other were used.

A 'He-4He dilution refrigerator was employed to
achieve the low temperatures necessary for ob-
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FIG. 1. Decay scheme of fs2Ta to jeve].s in is2W.
FIG. 2. Ge(Li) detector y-ray spectrum of the decay
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servable anisotropic angular distributions of y
rays. Our sample was maintained in thermal
equilibrium at 24+ 2 mK. At this temperature,
with the large hyperfine field of Ta in Fe (-656
kG"), a nuclear polarization of 75% was achieved.
More complete discussions of the experimental
low-temperature apparatus have been published
previously. "'"

The y rays were observed using two 40-cm'
coaxial Ge(Li) detectors oriented at right angles
(each detector along the axis of one of the pairs of
Helmholtz coils). The output of the shaping ampli-
fier for each detector was digitized using a pair of
analog-to-digital converters (ADC} operating in
the 1024-channel mode. The digitized pulses were
stored in the memory of a minicomputer, and the
complete spectrum could be printed out at the end
of each counting interval using a standard Teletype
printer. A sample y-ray spectrum is shown in
Fig. 2.

By passing current through the appropriate pair
of coils, the field could be oriented in the direc-
tion of either detector. In addition "warm" (T
) 150 mK) data were taken to be used for normal-
ization. In this way, the normalized counting
rates W(0 } and W(90') were obtained for each de-
tector.

For measurements of the forward-backward
asymmetries, the two detectors were placed 180'
apart, and the magnetic field direction alternated
between pointing at either detector in 5-min inter-
vals. (Between counting intervals the field was
rotated by 180' in approximately 1 min, with the
source foil kept in magnetic saturation; in this
way hysteresis and eddy-current heating were
avoided. ") Data analysis was performed on-line
by the computer which analyzed the peak counting
rates, corrected for background and gain shifts,
and computed the 0-180' asymmetries.

C. Data Analysis

The angular distribution of y radiation from an
ensemble of oriented nuclei is given by"

W(e) =gQ~, U,A+,(cos8},

the work of Krane. " Equation (1) is normalized
so that W(e) =1 at high temperatures.

The limits on the summation index k are deter-
mined by the angular momenta of the nuclear lev-
els and radiations; for the present case 0 & k (4.
For 0-90 anisotropy measurements, only even
values of k need be considered; parity impurities
are revealed by nonvanishing odd-k terms.

The orientation parameters B, for a state of
spin I depend on the ratio of its hyperfine splitting
energy 6 = p, H/Iks and the temperature T The.

temperature could be determined independently
from the angular distribution of the "Mn y ray,
and the hyperfine field H of Ta in Fe is known. 20

Thus a determination of the B» provides a mea-
sure of the magnetic moment p. of the parent state.
An unambiguous determination of B» may be ob-
tained from the angular distribution of a y ray for
which U, and A, are uniquely determined. In the
case of ' 'Ta, the 264-keV y ray of ' % is a pure
E2 transition (A, = -0.448, A, = -0.304) which fol-
lows a pure Gamow-Teller P transition (U, = 0.905,
U, = 0.681). The orientation parameters of the par-
ent nucleus, and hence the magnetic moment of
'~Ta, were thus determined from the angular dis-
tribution of the 264-keV y ray.

The deorientation coefficients U» in general de-
pend on the multipolarities and intensities of a/l
unobserved intermediate (P and y) radiations lead-
ing to the observed transition. In the case of unob-
served y transitions, it is necessary to include
the intensities of the competing internal-conver-
sion mode of decay, as well as to consider the to-
tal mixing amplitudes (from internal conversion,
as well as y radiation). Values of U, are then com-
puted by considering a weighted average of the U,
for each branch leading to the observed radiation;
the U» for each branch is the product of the indi-

TABLE I. Deorientation coefficients computed for un-
observed transitions leading to levels in W. The co-
efficients U» were computed for all transitions (y, as
well as internal conversion) populating the appropriate
level; the uncertainties are due to uncertainties in
branching intensities, multipolarities, and conversion
coefficients (Refs. 9-14).

in terms of orientation parameters B, which de-
scribe the orientation of the initial level, deorien-
tation parameters U, which correct for effects of
unobserved intermediate radiations, and ar~ular-
distribution coefficients A» which describe the
properties of the observed y ray. The Q» correct
for the finite solid angle of the radiation detector. "
The I egendre polynomials P» are functions of the
angle 8, defined with respect to the direction of nu-
clear polarization. Explicit expressions and nu-
merical values for the B», U», and A» are given in

Level
(keV)

100
329

1221
1257
1289
1331
1374
1487

0.048 + 0.025
0.397 + 0.038
0.441 + 0.032
0.469+ 0.047
0.758 + 0.038
0.772 + 0.051
0.826 + 0.093
0.780 + 0.039

-0.132 + 0.039
-0.056 + 0.050
-0.118+ 0.038
-0.118+ 0.062
0.337+0.017
0.388 + 0.113
0.496 + 0.309
0.367 +0.018

U» for all transitions populating level
U2 U4



NUC LEAR S TRUC TURE AND PARITY MIXING. . . 1107

vidual U, for each member of that branch. " The
values of U, computed for levels of ' W are listed
in Table I; the error limits are due to uncertain-
ties in experimental conversion coefficients,
multipolarities, and branching intensities of the
unobserved transitions. ' '4

The angular-distribution coefficients A~ are
written in terms of the multipole mixing ratios de-
fined by Krane and Steffen. ~ In the case of a tran-
sition from I, to I& containing a triple multipole
mixture (El+M2+Z3) the A, are given by

A» = [E»(11lgI() + 25~F»(12I~I, ) + 25»F»(131~I,}

+ 26»5 F»(23I~I)) + 6» F»(22I~I()

+5, F»(33IfI,)](1+5, +6 ) ', (2)

where

(I, IIM2 III,&

&I IIE1III,&
'

(I, IIE3 III,&

*=&I,llzlllf, &

'

W(0'} —W(180 )
W(0 }

2 1 1 1A1 @3 3U3A3
1 +Q2B2 U2A2 +Q4B4 U4A4 (4)

The denominator of Eq. (4) is known from the
0 -90 anisotropy of the angular distributions, and
all terms in the numerator except A, and A3 are
known. Thus the parity -nonconserving asymmetry
depends on the odd-k angular-distribution coeffi-
cients, which are given for the case of the 2 -2'
1189-keV transition by

A» =1 5»»», -», [F»(1122)+ 5,5E»(2222)1+51 +~2 +6 (1+/ )

+(5~+ 5)E»(1222) + 5»E»(1322)+ 5»5F»(2322)]

(5)

The E coefficients of Eg. (2} are defined and tabu-
lated in Ref. 25.

[Since the results for the triple multipole mix-
ture will be compared with y-y correlation results,
it is useful to point out that in a directional-corre-
lation measurement in which the triply mixed
transition is the first member in the cascade, the
B» are given by a relationship similar to Eq. (2)
with the two terms linear in 5, changing sign. ]

The computation of the parity-violating odd-k
terms has been described in detail previously. '
In brief, the forward-backward asymmetry 8 is
calculated (by the computer) as

where 5, and 5, are defined by Eq. (3), and

&I, IIM1III,&

&lg IIEl lily&
'

- &IyllE2III&&

(I, III 1III,&

(6)

at a temperature of 24+ 2 mK (deduced from the
angular distribution of the '4Mn 835-keV y ray).
Taking the magnetic hyperfine field'0 for Ta in Fe
to be -656 kG we compute for the Ta ground-state
magnetic moment

li»I=2 6~0 2u

(Since the magnetic moments of the ground states
of a number of odd-odd nuclei in this region are
positive, "we assume the moment of '~Ta to be
positive. } Other than the measurement of p, , the
results deduced in this paper do not depend on the
value of the hyperfine field.

The above value of B, corresponds to a value of

B4 ——0.082 s 0.005 .
These values of B, and B, may then be used to ob-
tain values of the product U,A„from the measured
anisotropies of each y ray; results for U, A, and
U4A4 are presented in Table II. The large values
of U, A, (with correspondingly large uncertainties)
result from the small value of B4. Because of
these large uncertainties, only the U, A, values
w'ere used to extract the mixing-ratio information.

For cases in which the observed y ray is a pure
multipole, the value of A2 is uniquely determined,
and a value of U, may be deduced from the experi-
mental value of U, A, and compared with the com-
puted values given in Table I. If the observed y
ray is a mixed multipole, the value of A, can be
deduced from the experimental U, A„using a val-
ue of U, obtained either from the analysis of a
pure multipole y ray which depopulates the same

IV. RESULTS

A. Nuclear Structure

From the measured counting rates W(0') and
W(90') (normalized by the isotropic "warm"
counting rates), the P, and P, terms in the angular
distributions could be obtained. The correction
for the finite solid angle for each detector was ap-
plied and the results for the two detectors were
averaged. From the angular distribution of the
264-keV y ray, values of B, and B4 were deduced,
as described above; the value deduced for B, was

B2 = 0.705+ 0.023,

corresponding to a hyperfine energy splitting of

b, =21+2 mK
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level, or from the computed values given in Table
I. Values of U, and A, thus deduced are tabulated
in column 4 of Table II.

In the analysis of the 68-keV transition, correc-
tions were applied to account for the 67- and 69-
keV Kp x rays of tungsten; the observed Ka inten-
sity and the known KP/Kn ratios" were employed
for the correction.

The amplitude mixing ratios deduced from the A
coefficients (using the phase convention of Ref. 26)
are tabulated in column 5 of Table G. For the var-
ious y-ray multipole mixing ratios deduced, in all
cases one of the two roots obtained could be dis-
carded upon comparison with results of internal-
conver sion measurements. '

From the angular distributions of the 152- and
1343-keV transitions, the U, values were deduced
for the P transitions populating the 1374- and
1443-keV levels, respectively; from the values
of U„the intensity of the multipole component of
the P-radiation field carrying L units of angular
momentum,

~ n~ ~2, was obtained (normalized such
that +~~a~ ('=1). Values presented in Table II
indicate that most of the allowed P transitions
populating the 1374-keV level are probably of the
Gamow-Teller type; for the first-forbidden P
transition populating the 1443-keV level, our re-
sults indicate that all of the transitions carry one
unit of angular momentum, but the large experi-
mental uncertainty of the deduced U, allows ( a, ('

to be as small as 0.5.
The deduced y-ray multipole mixing ratios are

summarized in Table IO.

B. Parity Mixing

Table IV lists the parity-nonconserving forward-
backward asymmetries 8 [Eq. (4)] observed for a
number of y transitions in ' W. Data were accu-
mulated for approximately 200 h in thermal equi-
librium at 24 mK and for 50 h at 65 mK; the latter
warmer data were taken in order to eliminate ef-
fects due to the B, term in the angular distribution.
Results given in Table IV are the averages of re-
sults using the two individual detectors.

As a measure of the dispersion of the experi-
mental results, both within a run (lasting about
12 h) and from run to run, the normalized y' value
was computed. In general, the y' results ranged
between 1 and 2, and thus no significant nonstatis-
tical fluctuations were present.

In order to check for the presence of systematic
effects which might give rise to spurious asym-
metries (such as source motion or magnetic field
effects on detectors and preamplifiers} the for-
ward-backward asymmetry of the 1121-keV radia-
tion was measured. No measurable parity-non-
conserving effect is expected in this case, and the
vanishing measured asymmetry indicates the lack
of systematic errors.

TABLE III. Multipole mixing ratios of W y transitions.

y-ray
energy
(keV)

Spin
sequence
iKt I fKf

Multipole
mixture

Mixing ratio
6

Kumar-Baranger
calculations

114

179

222

960

1002

1044

1121

1157

1189

1231

1274

3 2~2 2

42 32
44 32
4 4 3+2

2 2~4+0

3+2-4+0

3 2 4+0

2+2-2+0

2+0 2+0

2 2 2+0

3+2 2+0

3 2 2+0

E2/M1

E2/M1

E2/M1

M2/E1

E3/M2

E2/M1

M2/E1&
E3/E1 &

E2/M1

E2/M1

M2/E1'
E3/E1'
E2/M1

M2/E1

+0.30 +0.02

-0.31 +0.02

+0 92'-o.oz

+0.007+ 0.005

-3.6 & 6 & +0.3

(8 9+2 pi)

+0.4 + 0.3
-0.3 + 0.2
+21+ is

-(7 6'-4.8)

+0.49 ~ 0.03
-0.64+ 0.05

(60+ ioo)

+0.42 + 0.04

5b

' See discussion in Sec. V.
Assuming appropriate Kumar-Baranger assignments for the 2' vibrational levels.
Assuming 62(E3/E1) =0. See discussion in Sec. V.
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The possibility of an asymmetry in the brems-
strahlung or other background radiations was in-
vestigated by measuring the asymmetry of both

low-energy (250 keV) and high-energy (1140 keV)
background regions. The results indicate a van-
ishing effect for the high-energy background, with

the possibility of a small effect in the low-energy
background. Because of the large intensities of
the 222- and 1189-keV peaks above the background,
possible background asymmetries are not expect-
ed to be significant.

The 222-keV transition shows a vanishing effect.
This El transition is singly K-forbidden (&K= 2},
and is hindered relative to Weisskopf estimates by
H~~'= 2 x10'. For such a relatively small hin-
drance, parity-nonconserving effects are not ex-
pected to appear, since the "regular" E1 transi-
tion is not hindered sufficiently to allow the "irreg-
ular" M1 radiation to compete favorably. The
small hindrance is also apparent in the small M2
amplitude deduced above.

Using the 5, and 5, values deduced below for the
1189-keV transition (Hsv'= 0.4 x10'), as well as B,
and B, values deduced from ~ and T, the forward-
backward asymmetry 8 of the 1189-keV transition
can be written

T = 24 mK: 8(1189)=+@[(0.23+ 0.11)

ular radiation field. For the relative M1 contri-
bution, we thus obtain

e(1189)= -(12+ 9) x10~.
Results obtained from measurements' of the cir-
cular polarization of y rays from unpolarized
'~Ta yield P~ = -(0.25 + 0.40) x 10~; assuming all
existing parity mixing comes from the 1189-keV
transition, this result is equivalent to e = -(0.2
+ 0.3}x 10~. Although the circular-polarization
experiment could be observing an accidental can-
cellation of effects from two or more y rays, it
appears more likely that the present 1189-keV re-
sult is experiencing a statistical fluctuation of
slightly more than the expected error.

From the 24 mK forward-backward asymmetry
of the 1274-keV transition (Hsv' & 3 x 10'), we ob-
tain

c(1274}= -(1+ 4) x 10~ .

V. DISCUSSION

The 1189-keV transition is expected to be pri-
marily of E1 multipolarity, for which A2 = -0.418,
and no amount of M2 admixture could bring the ob-
served data into agreement with the conversion co-
efficient"" "and directional-correlation's results
However, an analysis in terms of M2+E3 admix-

+ 5(0.08+ 0.18}],

T = 65 mK: a(1189)= +a[(0.02 + 0.03)

+ 5(0.15+ 0.06}],

(7)

l.0—

0.8—

I I I I } I t ] / t } } t }

r I82
W

I I89 keV

where e and 5 are defined in Eq. (6). (The posi-
tive values for the asymmetries are obtained as-
suming 8, and B, are positive, which follows from
the negative nuclear hyperfine field and the as-
sumed positive magnetic moment. } The vanishing
effect at T = 65 mK indicates that the 5 term is not
the dominant one; that is, the g2 radiation prob-
ably does not contribute substantially to the irreg-

04—

0.2—
UJ

CV~ -02-

(e)

TABLE IV. Parity-nonconserving forward-backward
asymmetry of y transitions in 182

-04—

-06—

8 a+0.49
2*-0.64

y-ray
energy
(keV)

Asymmetry ~

(units of 10 )
p =24 mK T =65 mK

-1.0—
222
250 b

1121
114P c

1189
1274

0.14 +0.64
3.9 + 2.4

0.16+ 0.72
2.0 + 5.2

-2.8 + 1.7
2.6+ 10.4

-1.1 + 2.1

-2.2 + 2.0

1.0 +3.5
-48 +24

~ Defined with respect to the applied field.
b Low-energy background.
~ High-energy background.

I I ] I I I I I ( I ] ] ] I } I I ]"i.0 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 I.O

S, (MarEI)

FIG. 3. Relationship between 6&(M2/E1) and 42(E3/El)
of 1189-keV y radiation based on the two roots obtained
from the results of the present investigation [y(8)J, di-
rectional-correlation studies [yy(8), Ref. 18], and K-
conversion-coefficient measurements (ez, Ref. 12).
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tures produced a striking solution, in agreement
with all data. Figure 3 shows the results of plot-
ting the relationships between 6, (M2/E1) and

6,(E3/E1) obtained from the internal-conversion"
(n, ), directional-correlation" [yy(0)], and nuclear-
orientation [y(8)] measurements. A unique solution
is obtained from the region in which all three
curves intersect, at which point

6, (1189)=+0.49+0.03,

6,(1189)= -0.64+0.05,

where 6, is the M2/El mixing ratio and 6, is the
E3/E1 mixing ratio.

Conclusive evidence has been obtained in sup-
port of triple multipole mixing in the 1189-keV
transition, yielding relative intensities of the
multipole components to be 60% E1, 15% M2, and

25% E3. The reduction in the E1 transition prob-
ability is due to the K-forbiddenness of the transi-
tion (nK= 2). An octupole vibrational nature of the
1289-keV level would tend to enhance the E3 tran-
sition probability relative to the M2; in addition,
a two-quasiparticle contribution to the 1289-keV
level also would have the effect of reducing mag-
netic transition probabilities relative to electric. '

This is consistent with the observed dominance of
the E3 over the M2 multipole in the 1189- and 960-
keV transitions. Additional evidence for E1-M2-
E3 mixing in 2 -2' transitions in deformed nuclei
has been obtained in the cases of "'Hf' and "%'."

The present data were examined for the possi-
bility of E3 admixtures in the 1044- and 1274-keV
transitions from the 3 state to the 4' and 2' mem-
bers of the ground-state band, respectively. Fig-
ures 4 and 5 show the results of comparisons of
the present data with those obtained from internal-
conversion measurements. "" For the 1044-keV
transition, Fig. 4, the possibility of nonzero 5,
values is not excluded. Calculations by Lobner,
Smith, and Bunker, ' based on partial lifetimes
and K conversion coefficients, result in the esti-
mates 5,' =0.04",'~ and 5,' =0.49"'„'for the 1044-
keV transition. Based on that estimate, we favor
the intersection in Fig. 4 having the larger value
of 6» and conclude

6,(1044) = 0.4+ 0.3,

6,(1044) = -0.3 ~ 0.2 .

In the case of the 1274-keV transition, Fig. 5, re-
sults of the present investigation run nearly par-

1.2

1,0—

0.8—

182

l044 keV

1.2

182+
10—

1274 keV

0.8—

I

y(e)

0.6— 0.6—

0.4—

0.2—
LLI

0
LLj

CU

-0.2—

y(e)
Lal

0.2—

CcP
-0.2—

-04— -0.4—

-0.6— -0.6—

-0.8— -0.8—

-1.0— - I.O—

-1,2—
I I

-0 8 -06 -04 -02 0 02 04 06 0 8
3'I ( M2/ El )

-1.2—

-0.8 -0.6 -0,4 -0.2 0 0,2
S (M2ZEl)

I

0.4 0.6 0.8

FIG. 4. Relationship between 6&(M2/El) and 4&(E3/El)
of 1044-keV y radiation, based on the present investiga-
tion [y(0)J and E-conversion-coefficient measurements
(a~, Ref. 9).

FIG. 5. Relationship between 6&(M2/E1) and 6&(E3/E1)
of 1274-keV y radiation, based on the present investiga, —

tion h (6)J and E-conversion-coefficient measurements
(G.~, Ref. 9).
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allel to those of internal-conversion measure-
ments, and values of 5, between -1.0 and +0.5
would not be inconsistent with either measure-
ment. However, Lobner, Smith, and Bunker"
have concluded, based on Alaga intensity rules,
that 5,(1274) = 0.0, and we have adopted that value,
for which 5,(1274) =0.42+ 0.04.

The mixing ratios measured for the 1121-,
1157-, and 1231-keV transitions are in excellent
agreement, in terms of magnitude as well as sign,
with the predictions of the Kumar-Baranger the-
ory. ' The apparent agreement in the cases of the
1121- and 1157-keV transitions is dependent on
choosing the 1221- and 1257-keV levels to be the
Kumar -Baranger 2" and 2'" states, respective-
ly. However, Kumar and Baranger' identify the
1221-keV level as the 2'" level, in which case the
presently measured mixing ratios would disagree
with the theory; the latter interpretation is sup-
ported by B(E2) values observed following Coulomb
excitation of ' W. Imposing the choice of the2" state as the y-vibrational state, as is done for
the other isotopes considered by Kumar and Ba-
ranger in this mass region, good agreement for
the E2/M1 mixing ratios is obtained. In the case
of the 1002-keV transition, the theory predicts
the correct sign but the calculated magnitude of 5
is a factor 4 too large. The Kumar-Baranger cal-
culations thus find agreement with experiment
(with the appropriate interpretation of the 2' lev-
els) for the '"W mixing ratios, as is the case in
the osmium and platinum isotopes. '

The mixing ratios of the 85- and 114-keV transi-
tions, which connect states of the K=2 rotational
band, are identical, a result expected for transi-

tions within a rotational band. The 85- and 114-
keV transitions both have multipolarities of ap-
proximately 10%%uo E2 and 90%%uo M1, while the 179-
keV transition from the 4 band to the 2 band
(n, K=2) is 50% E2 and 5 P/q Ml. These mixing ra-
tios are thus in qualitative agreement with the K
assignments of the negative-parity levels.

Excitation of the 1257-keV level by inelastic deu-
teron scattering" favors a %=0 P-vibrational as-
signment for that level; this is in agreement with
our choice of the larger value of 6 for the 1157-
keV transition, since collective vibrational levels
deexcite through enhanced E2 transitions.

The present results for the parity-nonconserving
amplitude e reveal no effects large enough for def-
inite conclusions at present. The asymmetry mea-
surement technique, however, is thought to be
quite free of systematic error, and the results
reported can be taken to establish upper bounds
on the parity -nonconserving amplitudes.
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Decay of a New 5.8-min Tb Activity*
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A new short-lived isomer of ' Tb has been identified. The mass assignment was confirmed
by excitation functions and cross bombardments. The 5.8+ 0.2-min activity is probably a 9+

state (eh&&2vf, &2) and decays chiefly to an (8+) state at 2554.4 keV in '~ Gd with a logft value
of 4.1. No isomeric transition to the 3.1-h 5 Tb was observed. The p-ray spectrum was in-
vestigated with Ge(Li) detectors. The 19 p rays observed were assigned to 10 excited levels
(in keV) at 638.05, 2+; 1134.35, 3; 1288.4, (4+); 1700.9, (5 ); 1936.8, (6+); 2116.1, (6');
2211.2, (7 ); 2392.5; 2554.4, (8+); and 2906.0. The energy spacing of the positive-parity
states in Gd suggests a close correspondence to a vibrator model although low-spin mem-
bers of multiplets corresponding to multiphonon states are not observed. The quasiband rep-
resentation of Sakai appears also to be a useful way of interpreting these states. Three nega-
tive-parity states form a sequence which may correspond to a combination of octupole and
quadrupole phonons or an octupole quasiband.

I. INTRODUCTION

Isomerism among Tb nuclides is a common oc-
currence. ' For spherical nuclei of Z=65, the
Ay] /2 proton orbital lies relatively low in energy,
while in the deformed region the ~ [505] neutron
orbital is available to produce low-lying, high-
spin odd-odd isomers. At the time this work was
begun, only a 3.1-h '"Tb was known' '; its spin
was believed to be low, since its decay to "Gd
strongly populated states of spin 4 or less."
Hence it appeared profitable to search for a high-
spin, presumably short-lived isomer of '"Tb.

In addition to gaining insight into the systematics
of the odd-odd Tb species, we felt that the decay
study of a high-spin "Tb might reveal interesting
new structure information on higher-lying states
in '"Gd. A recent y-ray and conversion-electron

study of the reaction' '"Eu(P, 2ny) '"Gd has estab-
lished levels of spin possibly as large as 5. Insuf-
ficient information is available, however, to estab-
lish quasiband structure' or other evidences of the
systematics of collective states in '"Gd. This 86-
neutron nucleus might show vibrational character'
or perhaps resemble the transitional 88-neutron
nucleus "'Gd.

In this paper we report the discovery of a 5.8-
min '"Tb. Its decay strongly resembles that of
4.2-min '" Tb in which a large fraction of the P-
decay intensity goes to a single high-lying level of
high spin in the daughter Gd nucleus. ' As this
manuscript was being prepared, we learned of the
work of Arlt and co-workers' at Dubna, who have
also identified the same nuclide. Their results
are in good agreement where the two sets of data
overlap. They propose only a partial decay scheme.


