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Angular distributions have been measured for a number of y rays emitted by 6' ' Sb
polarized at low temperatures in iron. From the 0-90' anisotropies of the angular distribu-
tions, taking the proposed spin values J=8 (

' Sb) and J= ~
( ~Sb}, the ground-state mag-

netic moments have been deduced to be: ~p, (l Sb)) =1.28+ 0.07 p, g., (p( Sb)( =2.59+ 0.12 pN,
~p(l Sb)~ =1.31+ 0.19 pz. Based on the anisotropies of the Te y rays the following YTe

spin assignments are favored (level energies in keV): 2' (0), 2 (61), ~ (88), 2 (341),
(473), 2 (632), 2+ (686), 2 (784), T (786), 2+ (924), 2+ or T+ (1077), 2+ (1142),

(1290). Based on these spin assignments, E2/M1 mixing ratios have been deduced for a num-
ber of Te y rays.

I. INTRODUCTION

In a number of recent publications, ' ' we have
reported investigations of the angular distribution
of y rays emitted by i22, ue, i2sSb nuclei polarized
in Fe at low temperatures. Among the parame-
ters which were deduced from these measure-
ments were the angular momentum multipolarities
of the P- and y-radiation fields and the Sb ground-
state magnetic moments. We report here similar
investigations of the decays of "'"' "'Sb.

the present work included. P and y spectra from
the 8.6-h "'Sb decay were investigated by Kiselev
et al. ,' ' and y-ray coincidence and conversion-
electron studies were done by Kerek. '

Additional investigations of the "'Te levels have
been done through the (d, p) reaction by Graue
et al. 'o and through the (n, 2n) reaction by Kerek. "
The "'Te levels have also been studied by Graue
et al." through the (d, P) reaction. The reaction
data are consistent with the level identifications
proposed in the above decay studies.

II. DECAY SCHEMES

The decays of "'"' "'Sb to levels of "'"'"'Te
are illustrated in Figs. 1, 2, and 3, respectively.
P and y radiations and conversion electrons emit-
ted in the decay of the 12.4-day "'Sb have been
investigated by Orth, Dropesky, and Freeman, 4

and spin assignments for the higher-lying "'Te
states have been proposed by Kiselev et al. '; the
decay scheme of Fig. 1 is based primarily on the
latter work. P and y radiations from the decay of
3.9-day "'Sb were studied by Ragaini, Gordon,
and Walters (RGW)' and by Takemoto, Iwashita,
and Kageyama. ' The measurement of RGW' pro-
posed several spin assignments; the level scheme
of Fig. 2 is taken primarily from that work, with
additional spin and parity assignments based on

III. EXPERIMENTAL DETAILS

A. Sample Preparation

The Sb isotopes were produced by o. -induced
fission of U. Following chemical separation of
the Sb, a small amount of "'Sb was added; the
well-understood decay of "'Sb' permits its use
as thermometer and also as a verification of the
success of the Sb diffusion into the Fe. A quantity
of this solution was placed on the surface of a
0.1-mm 99.99%-pure Fe foil, and the Sb was al-
lowed to diffuse into the Fe by annealing at 1100'C
for 2 h in a H, -Ar atmosphere. During annealing,
"Mn and "Co activities, which had previously
been adsorbed onto the walls of the annealing cru-
cible, diffused into the foil. The low-energy y
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rays emitted by "Co did not interfere with the
measurement, and the only effect of the "Mn y

ray was to increase the background under the Sb

y rays of energies less than 835 keV. Both iso-
topes provided independent measurements of the
sample temperature. Following the annealing,
the outer 10% of the foil was etched away to re-
move surface activities.

The actual sample employed in the experiment
was a disk of diameter 6 mm, and at the start of
the experiment consisted of the following activities:
"'Sb, 3x10 ' pCi; "'Sb 5x10 p, Ci; "'Sb,
Bx10 '

p.Ci; "'Sb, Sx10 '
p. Ci; ' Mn, 0.4 p.Ci;

"Co, 2x10 '
p, Ci..

B. Apparatus and Procedure

The sample was maintained in thermal equilib-
rium at T = 15 mK using a 'He-'He dilution re-
frigerator, and was polarized in an external mag-
netic field of 2-3 kG produced by two pair of per-
pendicularly oriented superconducting Helmholtz
coils. The y rays were observed using two 40-
cm3 coaxial Ge(Li) detectors oriented at right
angles, each detector along the axis of one of the
Helmholtz pairs. In this way, simultaneous mea-
surements of the 0 and 90' counting rates could
be made, and by alternately powering first one
and then the other Helmholtz coil pair, alternate
measurements of the 0 and 90' counting rates

could be obtained for each detector.
The data were analyzed using two 1024-chan-

nel analog-to-digital converters and stored in
the memory of a minicomputer, which also con-
trolled the external magnetic-field direction. At

the end of each counting period (—,
'

h for the short-
lived "'Sb, 1 to 1-,' hours for the longer-lived iso-
topesj, the data were transferred to punched paper
tape and the field direction was changed. Approxi-
mately 8 days of data were accumulated in this
configuration. A typical y-ray spectrum is illus-
trated in Fig. 4.

The punched paper tape was converted to punched
cards for subsequent computer analysis. The peak
counting rates were determined using a weighted-
summing procedure, and were corrected for a
linear background. The anisotropies of the angu-
lar distributions were computed by comparing the
peak counting rates for each run with those for
the perpendicular field runs immediately previous
and subsequent. The procedure involved in this
computation has been described previously" for
the case of the 0-180' asymmetry associated with
parity mixing; the application to the 0-90' an-
isotropy of the present work is straightforward.
The normalized X' value was computed as de-
scribed in Ref. 13 in order to test the statistical
spread of the data; values obtained ranged be-
tween 0.5 and 2.0, indicating the lack of large
nonstatistical fluctuations.
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FIG. 1. Partial decay scheme of 12.4-day Sb to lev-
els of Te, taken from the work of Kiselev et c2. (Ref. 5).
Only those transitions relevant to the present investiga-
tion are shown.

FIG. 2. Partial decay scheme of VSb to levels of Te,
based on the work of RGW (Ref. 6). Spin assignments de-
rived from the present investigation have been included.
Only those transitions relevant to the present investiga-
tion are shown.
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C. Theory

The angular distribution of y radiation from
polarized nuclei is described by

contribute, and only two independent measure-
ments, the unnormalized 0 and 90' counting rates,
are required to extract all the desired nuclear-
structure information.

W(8) =Q Q, B, U,A„P,(cos8),

where the geometrical factors Q, correct for the
finite-detector solid angle, the orientation pa-
rarneters B„describe the orientation of the initial
level and depend on the hyperfine splitting 4 = pH/
Jk~ and on the temperature, the depolarization
coefficients U, describe the effect of unobserved
intermediate P and y radiations, and the angular-
distribution coefficients A~ describe the properties
of the observed y ray. The latter depend on the
y-ray mixing ratio 5, defined according to the con-
vention of Krane and Steffen. " The Legendre poly-
nomials P, are evaluated at the angle 0 between
the orientation axis and the direction of the y ray.
Equation (1) is normalized such that Q, =B,= U,
=A, =1. The various parameters are defined and
tabulated by Krane. "

The index k is restricted to even values due to
the absence of parity-mixing effects in the pres-
ent experiment, and the relatively small polariza-
tions achieved at 15-mK temperatures cause B,
to be negligibly small; thus only the k = 2 terms

IV. RESULTS

TABLE I. y-ray angular distributions from the decays
pf 126, f27, 128sb

Parent nucleus
y-ray energy

(keV) Bp U~Ag

The use of Mn, Co, and Sb y-ray thermometers
has previously been discussed by Sites, Smith,
and Steyert. " For the present work, the mixed
E2/M 1 428-keV "'Sb y ray was employed, ' as
well as the pure-E2 835-keV "Mn and 136-keV
"Co transitions. The "'Sb and "Mn transitions
indicated essentially the same temperature, each
with an uncertainty of 0.5 mK; the "'Sb generally
indicated perhaps a 1-mK lower temperature.
The temperature deduced from the "Co y ray like-
wise was in agreement, but with a larger uncer-
tainty of 1 mK.

As a by-product of the use of "Co as a ther-
mometer, the E2/Ml mixing ratio of the "Fe
122-keV transition was deduced, by comparison
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FIG. 3. Partial decay scheme of 8.6-h Sb to levels
of Te, taken from the work of Kerek (Ref. 9). Only
those transitions relevant to the present investigation
are shown.

"'Sb 314
526
743
754

—0.053+ 0.017
—0.089 + 0.040
-0.038 + 0.015
+0.010 + 0.020

Deduced from the compound peak with components
from two different isotopes; relative intensities of the
components are deduced from the effective decay con-
stant of the peak as well as from intensities of other
peaks in the spectrum.
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of the 122- and 136-keV angular distributions,
with the result

5(122) =+0.120 s 0.004,

in excellent agreement with the values 0.124
+0.001" and 0.120+0.003" obtained in similar
investigations.

The deduced values of the product B,U, A, (cor-
rected for detector solid angle) are presented in
Table I for the ' ' ' ' ' Te y rays. The results
will be discussed individually below.

Sb. Due to the small polarization obtained for
this isotope, the angular-distribution anisotropies
were deduced with large relative uncertainties.
The interpretation of the data is further compli-
cated by the fact that, for large angular momenta,
the various coefficients of Eq. (1) rapidly approach
a limiting value; for example, the difference be-
tween the A, coefficient for an 8'-6' F2 transi-
tion and that for a 6'-4' E2 transition is only 5%,
with similar results holding for the B, and U, co-
efficients. Thus the present results are not suf-
ficient grounds for accepting or rejecting any of
the "'Te spin assignments. The results are in
qualitative agreement with the level scheme of
Fig. 1, with the E2 transitions of the 8'-6'-4'-
2'-0' cascade exhibiting nearly equal negative
anisotropies, and the E1 7 -6' and 5 -4' transi-
tions showing anisotropies of the opposite sign,
as expected.

which corresponds to

= 0.094 + 0.005,

assuming a spin of 8 for the "'Sb ground state. At

a temperature of 14.5 mK (deduced from the "'Sb
and "Mn y-ray anisotropies), and assuming H
= 231 kG, "we obtain for the magnetic moment
of the "'Sb level

i p. (' 'Sb)I = 1.28+0.07 p, „.
The above value of p. again assumes spin 8 for
the "'Sb ground state. It should be noted that for
large spins, the deduced value of p. is only weakly
dependent on the value of the spin. For small
n. /T, B, may be approximated as

2 1/2

B (J)=Cp.' 1+—+ ~ ~ ~

2 J (2)

where C depends on the hyperfine field and on the
temperature. Thus for large angular momenta J,
B, is not strongly dependent on J. For example,
if the "'Sb level had spin 7, the deduced value of
p, would be reduced by only 1%.

Based on the spin assignments of Fig. 1, each
of the anisotropies may be used to compute a val-
ue of B„with the average of the six transitions
yielding

B,("'Sb) = 0.088 + 0.009 1
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FIG. 4. y-ray spectrum from the decays of 7' Sb. Peaks labeled vrith A, B, C, D result from the decays of
i25 ~ 126, i27 ~ 128Sb, respect&vely.
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Sb. The above discussion regarding the de-
pendence of the measured anisotropies on the "'Te
spin assignments also holds for the "'Te y rays.
The relative uncertainties of the "'Te y-ray angu-
lar distributions are larger than those of the "'Te
transitions, due to the smaller amount of "'Te
activity and to its shorter half-life. Negative an-
isotropies consistent with the 6'-4'-2'-0' spin
sequence were obtained for the 314-, 754-, and
743-keV y rays; however a positive anisotropy
would be expected for the 526-keV y ray if it were
indeed a 7 -6' E1 transition. Since this transition
seemed to exhibit a substantial negative anisotropy,
there is perhaps some evidence for the presence
of another transition of the same energy. An ad-
ditional indication in support of this interpreta-
tion was obtained by comparing the radioactive
decay constant of the 526-keV peak with that of
the other peaks from the "'Sb decay; the 314-,
743-, and 754-keV peaks all decayed with the
expected 8.6-h half-life, while the 525-keV peak
decayed with a half-life of 11 h, suggesting the
presence of a weak (-15'fc) longer-lived component.
It was thus decided to employ only the 314-, 743-,
and 754-keV transitions to compute the "'Sb B„'
from the average anisotropy of the transitions
(since the anisotropies are expected to be identi-
cal) we obtain

B ("'Sb) =0.075+0.025,

corresponding to

= 0.087+ 0.013.

At a temperature of 16 mK (again based on the
"'Sb and "Mn y rays), and under the same as-
sumptions as for the case of the "'Sb discussed
above, we obtain

[ p, (' Sb)~ =1.31 +0.19 p, „.
The above deduced value of B, corresponds to an
anisotropy (B,U, A, ) of +0.020+ 0.007 for the 526-
keV transition, which is 2-, standard deviations
outside of the measured value.

Sb. In order to determine the B, of the "'Sb
ground state, the pure-E2 686-keV transition has
been employed. The 686-keV level in "'Te is
populated by an allowed P decay, as well as by the
3S2-keV y ray. The U, for the P decay may take
values between 1.00 (corresponding to a pure
Fermi transition) and 0.810 (corresponding to
pure Gamow-Teller). Systematics in this region'
indicate the dominance of the Gamow-Teller com-
ponent, as expected for P decays to particle-plus-
phonon levels; thus we choose U, =0.87~0.06,
an intermediate value with the Gamow-Teller corn-
ponent weighted twice as heavily as the Fermi

= 0.431 + 0.020.

At a temperature of 14.5 mK (based on the "'Sb
and "Mn y rays), and assuming J= —,

' and H = 231
kG, we obtain

i
p(' 'Sb)

i
= 2.59+ 0.12 p~ .

This value is in excellent agreement with sys-
tematics of other g„, levels in the odd-mass Sb
isotopes. "

Using the above value of B„values of U, A, for
each of the "'Sb y rays may be computed, and the
results are presented in Table II. From the known

spin assignments and branching intensities, ' values
of U, were computed for transitions populating the
various levels, and hence, values of A, for the y
rays were extracted. These values are listed in
column 3 of Table II, and the E2/M1 mixing ratios
derived from the A, values are given in Table III.
The lack of a measured P, term in the present
experiments, as well as the lack of internal-con-
version or angular-correlation data for the "'Te
transitions, makes it impossible to choose be-
tween the two values deduced for 5. Those values
which are favored on the basis of systematics in
this mass region are indicated in Table IV.

TABLE II. Derived angular-distribution parameters
of the Te y rays.

y-ray energy
(keV}

252
291
392
412
445
473
543
604
686
699
722
784
924

1142
1290

U2A~

—0.345 E 0.028
+0.391+ 0.069
+0.701 + 0.147
—0.414 + 0.057
-0.533 + 0.051
+0.684 + 0.050
-0.158 +0.060
-0.372 + 0.060
-0.407 + 0.028 b

—0.122 + 0.036
—0.353 ~ 0.133
-0.023+ 0.011
—0.309*0.098
+0.543 + 0.182
+0.296 + 0.138

Derived parameter

A2 (252) = —0.462 + 0.049
A 2 (291) =+0.54 + 0.22
A2(392) =+0.77 + 0,17

A (445) = —0.682 + 0.142
A2(473) =+0.834 + 0.069

A2(604) = -0.415 + 0.065
B2( 7Sb) =0.331+ 0.024
A, {699)= —0.147 0.047'

A2(784) = -0.026+ 0.012
U2 =0.66+ 0.21
A~(1142) =0.62 + 0.21
A2(1290) = 0.34 + 0.16

~ Assuming spin assignments derived in the text.
Theoretical value assumed in the analysis.

component. The 392-keV y-ray feeding introduces
a 1/p uncertainty into U„and may be neglected
within the uncertainty of the assumed value. We
thus compute, for the "'Sb ground state

B,("'Sb) = 0.331 + 0.024,

corresponding to
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TABLE III. E2/M1 mixing ratios of Te y transitions.

y-ray energy
(keV)

ga
E2/M1

252

291

392

445

473

—0.56 ~ 0.10 or

+ (0 27+0 2~)b or

+(o 55'-0: js')

—0.29+ 0.14

or

or

+0.4 *0.2
—0.29 + 0.06 b or

-1.53 ~ 0.24

+(6+68)

+(2.8+2'5) if 4 (1077) =$
-2.1+0.7 if J (1077) =$

-1.56+ 0.19

604
0.00 + 0.07 or

pure E2

+1.65+0.25 if J~(1077) =$
if J~(1077) =$

784

1142

1290

(p 14 0.14)

+(p p2+0. 07)

or

or

—0,21 + 0.03

+0,21 + 0.01 b or

(3 3+0.7)

—11.7 + 0.9

(2 2+0.9)

—(3.6' 0'6)

Phase definition of Ref. 14.
"Value favored on the basis of systematics.

' Assumes spin assignment derived in the text.

The "'Te spin assignments made on the basis
of the present work are discussed below for the
individual levels.

341 keV. The value —,
' was suggested by RGW'

based on branching intensities and odd-mass Te
systematics. Other values allowed by the branch-
ing intensities, —,

' and '-,', are not consistent with
the present results, and thus the —,

' assignment
is confirmed.

473 ke V. Only a —,
"assignment is consistent

with the present results for the 412- and 473-keV
y rays.

632 ke V. RGW' assign possible spins of —,
' or

based on branching intensities and on sys-
tematics. The —,

' choice was rejected based on
the failure to observe the expected 10' enhance-
ment of the transition to the 341-keV level. Since
the assumption of this enhancement is somewhat

model-dependent, we choose to allow the ~7 possi-
bility for this level.

The present investigation has measured the angu-
lar distributions of the 291- and 543-keV transi-
tions which depopulate this level. The 543-keV
results would be consistent with any of the spin
assignments v7, —,', or —", with appropriate E2/
M1 mixing ratios for the ~ and '-,' choices; for
a ~ choice, the results would be consistent with
a pure-E2 multipolarity. The results for the 291-
keV transition favor the —,

' choice. Poor agree-
ment is obtained for a ~ spin assignment and the

choice would require that the 291-keV y ray
be either 99.9/0 M 1 or else 95% E2, and neither
of these choices are in good agreement with the
magnitudes of E2/M 1 mixing observed in other
transitions in this mass region. We thus favor
the —, choice, which is in agreement with the

TABLE IV. Comparison of E2/M1 mixing ratios of transitions in 5 ~ 7Te.

y-ray energy
(ke V)

125Te

E2/M1
y-ray energy

(kev)

127Te

E2/M1

177

204

428

636

—0.624 + 0.034

+0.47 ~ 6 ~ +1.36 "
—0.542 + 0.016

+(p 34 1+0.005) a

252

291

473

784

—0.56 + 0.10

+(p 27+0.2f)

-0.29 + 0.06

+0.21 + 0.01

a Reference 3. "Reference 28.
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accepted spin assignment of the corresponding
"'Te level; the question of this spin is discussed
below.

686 keV. The present data permit a —,
" or —,

"
assignment to this level, but the —,

"assignment
of RGW' is strongly favored based on the branch-
ing intensities.

784 ke V. The present data strongly favor spin
&' for this level; this spin was assigned by RGW'

based on their studies, as well as on (d, P) and

(d, t) reaction data
786 ke V. This level was assigned by RGW' to

be of spin —,
' or —,', with no conclusive evidence

as to the parity. The present data rule out the
possibility of even parity; for either the 445- or
699-keV transitions to be of E1 multipolarity
would require A, &0 which is not observed for
either transition. In order for the —,

' choice to
be correct, the ~J =2 component would neces-
sarily constitute at least 80%%u9 of the intensity of
the first-forbidden P decay populating this level.
As such large contributions of the &J =2 com-
ponent are not consistent with systematics, this
choice may be discounted and we favor a —,

' assign-
ment for the 786-keV level.

924 ke V. The present data are consistent with
the —,

"assignment of RGW, ' but do not rule out
other assignments. Based on the —,

"assignment,
with a pure E2 924-keV transition, the present
data yield

U2 = 0.66+ 0.21

for the P decay populating this level, indicating
that the Gamow- Teller component (U, =0.81) is
favored somewhat over the Fermi component (U,
= 1.00), in agreement with systematics in this
region.

1077 ke V. The present results for the 392-keV
transition are inconsistent with odd parity for this
level, which was assigned as -', ', &', or —,

"by
RGW. ' The 392-keV angular distribution is not
consistent with the —,

"choice, but either of the
remaining choices (&' or v') are permitted by
both the 392- and 604-keV angular distributions.

1142 keV, 1290 keV. These levels were both
assigned to be ~' by RGW. ' On the basis of the
branching intensities, a ~' assignment would also
be possible; however, this would require U, A,
= -0.41, in disagreement with the measured val-
ues. We thus confirm the —", assignment for both
of these levels.

V. DISCUSSION

The spin-parity assignments of the "' "'Sb
ground states are both currently believed to be
8,' ' ' "resulting from the coupling of a h»„
neutron with either the d», or g„, proton. The

magnetic moment resulting from such a coupling
is given by"

X Ii 9(i 9 + I) -i.(i. + I)~ (3)

d„, proton: (119, 121Sb)

h„neutron: p = -1.08 y,„('"'"' '"' "'Cd).

Inserting the appropriate spins and g factors
into Eq. (3), we compute

i1 =+1.09 p, „(g„2proton+ h»„neutron),

p = +2.27 p„(d»2 proton+ h»„neutron) .
The presently measured experimental values for
the "'Sb and "5Sb magnetic moments (i2 =1.28
+0.07 p„and i7. =1.31+0.19 p,„, respectively)
indicate a preference for the g„, state as the
major proton component of the 8 Sb levels. In
the neighboring odd-mass Sb nuclei, the g„, state
appears some 300 keV lower in energy than the
d„, state, which supports its choice as the major

Sb ground-state prptpn cpmppnent.
It should be noted that Eq. (3) is not sufficiently

sensitive to the angular momentum J in order to
be able to confirm the 8 assignments of the

Sb grpund states.
As discussed by RGW, ' the "'Te levels are very

similar in structure to the "'Te levels. In Table
IV, the presently measured "'Te y-ray mixing
ratios are compared with those of their '"Te
counterparts measured previously, and reasonable
agreement is obtained, with the appropriate choice
of 5 from the pair of values obtained in the present
work. In particular the 177-keV "'Te and 252-keV
"'Te transitions, which deexcite the low-lying —,

'
three-quasiparticle level predicted by Kisslinger, '
appear to have similar E2/Ml mixing ratios; how-
ever in both cases the E2 multipole does not ap-
pear to dominate as strongly as might be expected,
since vanishing M 1 transition probabilities are
expected for transitions involving a change of two
quasiparticles.

The 632-keV "'Te level has been tentatively
assigned by the present work as &, although nei-
ther the —,

' nor ~ assignments, favored by RGW, '

where J is the resultant spin obtained from the
addition of the neutron and proton spins j„and j~;
g„and g~ are the neutron and proton single-parti-
cle g factors (p.9 „=g9 „j9 „), obtained from neigh-
boring odd-mass nuclei. From the compilation
of Ref. 20, the magnetic moments of the single-
particle states in the odd-mass nuclei are ob-
tained as follows:

proton. ~ 2 88 ~ (121, 123. 125, 127Sb)
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can be eliminated with certainty. The spin of the
analogous "'Te 525-keV level has likewise been
the subject of some disagreement, ' with the nu-
clear orientation experiments of Andrews et al."
and Stone, Frankel, and Shirley" indicating a
preference for —,

' or '-,', but on the other hand

with the observation of a transition to the ~' 443-
keV level by Mazets and Sergeenkov" favoring
the ~ assignment. The y-y angular-correlation
data of Inamura" likewise showed a preference
for the & assignment, and this data has been re-
cently confirmed by Rots, Silverans, and Cousse-
ment"; thus a strong preference is indicated for
the choice of —,

' for the "'Te 525-keV level. (It
should be noted that the nuclear orientation data
of Andrews et al."and Stone, Frankel, and Shirl-
ey" would be consistent with the —,

' assignment
within 2 and 1-,' standard deviations, respectively,
of the results for the 380-keV angular distribu-
tion. Our previous data' were consistent with the

assignment as well as with the —,
' or '-,

' assign-

ments. } The confirmation of the -,'assignment
for the "'Te case and the similarity of the "'Te
and "'Te level schemes support the —,

' assign-
ment for the 632-keV level of "'Te. Although
ROW' rejected this assignment based on a com-
parison of the probabilities of single-particle y
transitions to the —,

' and '-,' levels, we believethat
the nature of the 632- and 341-keV levels is not

yet well enough understood to draw such a model-
dependent conclusion.
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