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Angular distributions have been measured for y rays emitted following the decays of "' " 'Ru and '"Rh
oriented in an iron matrix at temperatures down to 4 mK. Magnetic moments of the decaying states were
deduced to be ~p,("Ru)~ = (0.687 + 0.027)JLt,„, ~p.(' 'Ru)~ = (0.67 ~ 0.11)p,~, ~

p,(' 'Ru)~ & 0.3JLi,~, and

~p,(' 'Rh)~ = (4.61 + 0.16)p,„.Values for the E2/M1 mixing ratios were deduced for numerous y rays in the
daughter nuclei. The spin assignment of the 442-keV level of ' Pd is deduced to be 7/2.

NUCLEAR MOMENTS ' ' 5Ru, Rh [from Ru (n, y)); measured y(0) from
polarized nuclei; ' Ru, "5Rh —deduced nuclear magnetic moment p;
'Tc, ' "'Rh, ' 'Pd —deduced E2/M1 y-ray multipole mixing ratios 5;

5Pd —deduced spin assignment I.

I. INTRODUCTION

The energy levels of odd-mass nuclei in the mass
range 50 &A &150 have been described by a variety
of models, most of which involve the coupling of
a single particle (or hole) in a shell-model state to
a core which can be excited by surface vibrations
(phonons). The various models are distinguished
by the manner in which the particle-core interac-
tions are treated, and by the strength of those in-
teractions. In practice, low-energy spectra of
odd-mass "spherical" nuclei show more states
than can be accounted for in the independent parti-
cle shell model. However, the multiplet structure
corresponding to independent core and particle
excitations is also seldom seen. This indicates
the necessity of considering more complex config-
urations involving weak coupling of the particles
to the core.

Since the energy spectra alone are not sufficient
to determine the details of the nuclear wave func-
tions, we must look at other nuclear properties.
Among these, the electromagnetic multipole mo-
ments (both static and dynamic) play the greatest
role in distinguishing among the various descrip-
tions. In order to obtain values for the static mag-
netic moments and E2/Ml y-ray multipole mixing
ratios, we have undertaken a study of the angular
distribution of y radiation emitted following the
decays of oriented "' ""Ru.

II. DECAY SCHEMES

A. 97Ru

A partial decay scheme of "Ru to levels of "Tc
is shown in Fig. 1. The branching intensities are

taken from the work of Phelps and Sarantites, '
who also determined the multipolarity of the 216-
keV y ray to be Ml + (10+4)% E2, based on the
measured K- conversion coefficient. The anisotropy
of the 569-216-keV angular correlation was re-
ported in preliminary form by Bord and Jha, ' and
has been recently remeasured by Krane and Sho-
baki. '

l03R

The decay of '"Ru to '"Rh is illustrated in Fig.
2. Various investigations of the decay have been
summarized in the Nuclear Data Sheets. 4 Angular
correlations of the 444- and 557-keV y rays in
coincidence with the 53-keV y ray have been mea-
sured previously, with conflicting results. 4 Un-
fortunately neither the 444-keV nor the 557-keV
radiations were sufficiently intense to be observed
in the present work, and thus we are unable to
resolve these conflicts. We have observed the 497-
and 610-keV transitions, the multipolarities of
which have not been determined previously with
precision. The P-y correlation involving the 497-
keV transition has been measured previously'; the
results cannot be analyzed unambiguously to yield
the 497-keV mixing ratio owing to the uncertainty
in the Fermi-to-Gamow-Teller mixing ratio of the
P decay.

C. ' Ru

The decay of '"Ru to levels of '"Rh is illustrated
in Fig. 3. There are uncertainties in the '"Rh
level scheme, especially with regard to the y-ray
multipolarities, owing to the lack of agreement

14 1183



BARCLAY, ROSENBLUM, STEYERT, AND KRANE

785

5/2 2.9 day
+ finger of the low temperature apparatus. For de-

termination of the sample temperature, foils of' CoEe and '"Sb¹ivrere soldered to the cold finger
along vrith the sample.

The low temperatures necessary to polarize the
sample nuclei were achieved using a 'He-'He dilu-
tion refrigerator coupled to a cerium magnesium
nitrate demagnetization stage. Further details of
the lovr temperature apparatus have been given
previously. ' Polarizing fields of up to 0.3 T were
applied to polarize the Fe; two mutually perpendi-
cular pairs of Helmholtz coils were used to estab-
lish tvro orthogonal axes of polarization. Previous
experiments have suggested that 0.3-T fields are
sufficient to saturate Sb¹ifoils, as well as irnpuri-
ties in Fe.

The y rays were observed using two Ge(Li) de-
tectors, each aligned with the field direction of one
of the Helmholtz pairs. The y-ray counting rates
vrere determined by integrating the accumulated
y-ray spectra for each peak above an assumed
linear background. The intensities so determined
vrere normalized by the isotropic "vrarm" counting
rates and then analyzed according to the relation-
ship

W(8) =1+ Q QQ, U,A,P,(cos8),

E(keV) X ( /c)

FIG. 1. Partial decay scheme of 9~au to ~YYc.

5/2 40 day

gs-
44 59

(5/2, 7/2} u)

among the angular correlation data. "' Unfortunate-

ly, the present investigation vras not able to ob-
serve with sufficient precision any of the y rays in
question. The ground state of 'o'Rh undergoes P
decay to levels of '"Pd vrith a half-life of 35 hours
(Fig. 4). The y-ray multipolarities of '"Pd have
been studied in the '"Ag decay by internal conver-
sion' and by angular correlations. '

III. EXPERIMENTAL DETAILS

0.2

The Ru nuclei vrere oriented at low temperatures
in an iron matrix. A dilute alloy of RuEe vras pre-
pared by melting 99.99 jg pure Fe vrith Ru metal to
form an alloy of 0.2 at.%. The resulting alloy was
rolled to a thickness of 0.10 mm from vrhich a
disk of diameter 6 mm was cut. This disk vras
annealed at 800 C in H, for 45 min and in vacuum
for 15 min. The sample vras then activated with
thermal neutrons at the Los Alamos Qmega West
reactor and soldered with pure indium to the cold

7/2

I/2

I
l05
45R"58

40

E()tev}

FIG. 2. Partial decay Scheme of ~03Ru to ~"3Rh.
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FIG. 4. Partial decay scheme of Rh to Pd

l30
Table I. The individual results averaged over the
temperature range will be discussed below.

I05
45 60

FIG. 3. Partial decay schexne of "~Hu to H,h.

where Q~ are the solid-angle correction factors
which account for the finite detector angular reso-
ultion, B„are the orientation parameters which

depend on the hyperfine energy splitting & = pH/I

(p is the nuclear magnetic dipole moment, H is the
effective magnetic field, I is the spin of parent state),
U, are the deorientation coefficients which correct for
effects of unobserved intermediate radiations, and

the A~ are the angular distribution parameters which

depend on the y-ray multipole mixing ratio (de-
fined using emission matrix elements according to
the phase convention of Steffen").

IV. RESULTS

The anisotropies of the y rays emitted in the"'"""Ruand '"Rh decays were determined from
a number of measurements taken at a range of
temperatures between 4 and 25 mK. A typical set
of anisotropies, taken at 5.5 mK, is shown in

TABLE I. y-ray anisotropies following the decays of
oriented ""'"'Hu(T= 5.5 mK).

Parent
isotope (ke V) (units of 10 3)

"au

1058h

216
325
569
497
610
676
725
280
306
319
442

306{3)
-81(8)
198(91)
-20(l)

18(13)
-3(22)
-4(9)

147(82)
276{4)

-687(1)
390(100)

Includes (65+ 5)$ contribution of 444-keV transition
from Bu.

A. "Ru

The pure E2 325-keV transitions can be used to
determine the alignment of the "Ru, assuming the
—,"-—,"electron capture decay to be a jure Gamow-
Teller type of decay. From averaging data ob-
tained between 5 and 9 mK, we deduce

h(9'Ru) = 5.02 + 0.17 mK .
Taking the value of the hyperfine field of Ru in Fe
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(Ref. 11) to be -50+ 1 T we obtain

I
p(~'Ru)

I
=(0.687+ 0.027)p„.

(A Fermi component of intensity 5% in the decay to
the 325-keV level would result in a deduced mo-
ment within the quoted uncertainty of the above
value. )

The 216- and 679-keV transitions can be analyzed

by comparison of their anisotropies with that of
the 325-keV transition over the same temperature
range (5 to 9 mK), yielding

A, (216}= 0.536 ~ 0.018,

A, (579)=0.304+0.071.

For the 216-keV transition, the measured A,. yields
E2/Ml mixing ratios of +0.27+0.02 or + 6.2+ 0.5.
The K-conversion coefficient' of the 216-keV
transition yields

I
6I=0.33+0.08, in agreement

with the former value. For the 569-keV transi-
tion, the measured A, yieMs mixing ratios of
+ 0.12 ~ 0.05 or 161)16. The angular correlation
data' are in agreement only with the smaller of
these values.

The deduced mixing ratios are summarized in
Table II.

B 103Ru

Neither the 497- nor the 610-keV y rays showed
sizable anisotropies. This could result from a
small value for the 'O'Ru magnetic moment, or
else from mixing ratio values which cause small
A, 's for both of these E2+M1 transitions. From
the L-subshell conversion ratios of the 497-keV
transition, Pettersson, Antman, and Qrunditz"

a]ue of I5(497) I
= 0

this gives A,(497) = —(0.20'", 0), which would be

consistent with the small, negative values of the
anisotropy observed in the present work. The P-y
circular polarization correlation was measured
by Behrens and Zernial, ' with the resulting asym-
metry A = -0.107 + 0.011. The 497-keV mixing
ratio cannot be calculated from this result, owing
to the uncertainty in the Fermi-to-Gamow-Teller
mixing ratio, y, for the P decay. Under the rea-
sonable assumption thai the Fermi component is
vanishingly small ( Iy I

(0.04),' we compute 6(497)
= -0.12 +0.08, which would correspond to A,
= -0.03+0.10. Thus both the conversion coeffi-
cient and P-y correlation are consistent with a
small A., value.

An estimate of the '0'Ru moment can be obtained
from the temperature dependence of the 497-keV
anisotropy. From the ratio of the 4- and 8-mK
anisotropies we obtain

~=4.9~0.8 mK

from which we compute

I I ('03Ru)
I
=(0.67+ 0.11)I „.

The E2/M1 mixing ratios can be determined
from the y-ray anisotropies to be

6(497) = —0.125+ 0.010

and, depending on the spin assignment of the 650-
keV level,

6(610}= 0.07+0.02 or -4 7t 0.6.
for I'(650) = —,",

6(610)=—0.55+0.05 or +4.2+0.07

for I'(650) = ~7 .

At present there is not sufficient information
available to distinguish between these possibilities.

TABLE II. Deduced E2/M1 mixing ratios.

Nucleus E& {keV) ~(E2/m1}

105Rh

105pd

610

725
280
306
319
331
442

+0.27 + 0.02
+0.12 + 0.05
-0.125+ 0.010

-0.07+ 0.02 or -4.7 + 0.6
-0.55+ 0.05 or +4.2+ 0.07

-0.12 + 0.05
+0.07 +0.07
+0.055+ 0.002
+0.091+ 0.013
-0.077+ 0.010
(0 8+0.7)

If I = 5 for the 650-keV level.
7If ~"=
&

for the 650-keV level.
Based on angular correlation data given by Behar and

Grabonski (Ref. 8),

C. '"Ru

In this case, the anisotropies are vanishingly
small. However, here we believe the small parent
state magnetic moment to be the cause. Based on
an analysis of the 676-keV transition, which we
take to be pure E1, we conclude B,&0.20 at 5 mK,
and thus

I
p, ('"Ru)

I
&0.3p„.

This result is not inconsistent with the results for
the magnetic moments of low-lying ~' states in
"Ru and '"Ru(p = —0.3p~}." Assuming the "'Ru
moment to be nearly identical to those of the near-
by nuclei, our result for the 725-keV transition
yields

6(725) =-0.12+0.05.



14 NUCLEAR ORIENTATION OF ~
'

~
' ' Ru AND ' ' Rh 1187

D. '05Rh V. DISCUSSION

The anisotropies of the 306- and 319-keV radia-
tions showed the effect of saturation at the low
temperatures attained in the present study. From
the saturated anisotropies, the relevant y-ray in-
formation can be deduced. For the 319-keV transi-
tion we obtain

A~(319) = 0.514+ 0.011,

corresponding to 5=+ 0.091+0.013 or 5=+ 1.35
+ 0.03. The lack of an observable P4 term at satu-
ration suggests a preference for the former value;
the M1 multipolarity deduced from the observed
conversion coefficient supports this choice.

For the 306-keV transition, we obtain

AB(306) = 0.223 + 0.004,

assuming the p decay to the 306-keV level to be
primarily Gamow-Teller type ((5% Fermi). This
A, yields 5=+0.055+0.002 or -6.3+0.1, and again
both the lack of a P4 term and the measured con-
version coefficient support the choice of the
smaller value of 5.

An identical analysis in the case of the 280-keV
transition yields

A, (280) = 0.180+ 0.080,

from which we obtain

6=+ 0.07+ 0.07.

Based on a comparison of the saturated aniso-
tropies with those in the 20-25-mK range, the
hyperfine splitting of the '"Rh ground state can be
deduced, and we obtain

&('05Rh) =26.9+0.9 mK.

Using the measured hyperfine field of Rh in Fe
(Ref. 11) of H= 56.0+ 0.1 T, we deduce for the mag-
netic moment of '"Rh.

i p ("'Rh)
i

= (4.61+ 0.16)p,„.

The magnetic moments of the odd-mass Ru nu-
clei are summarized in Table III. The present re-
sults are in agreement with the systematics of the
moments of both —,

"and &' levels. The —,
"levels

can be associated with the d», neutron configura-
tion, for which the Schmidt moment is -1.9p.„.
Deviations from this value can be ascribed to
numerous causes, particularly to configurations
involving the g, i, state, which lies only 300 keV
above the d», state. In fact, the substantial de-
viations from the single-particle moments are
not at all surprising, especially in this mass re-
gion; what is most surprising is the apparent con-
stancy of the moments as six neutrons are added to
the d», and g, i, shells. It should be emphasized
that the &' state results from a coupling of
d», and Z, i, neutrons, the details of which may
change substantially with changes in neutron num-
ber. The value of the magnetic moment would be
rather sensitive to the nature of the coupling, and
thus it is possible that the '"Ru moment may differ
substantially from the corresponding values in
9'Ru and '"Ru; our deduced value of 6(725) would
be correspondingly affected.

The value we measure for the magnetic moment
of ' 'Rh is in agreement with the more precise val-
ue reported by Wese et al. ,

"
p, ("'Rh) = (+ 4.428

+ 0.013)p„, using the technique of nuclear magnetic
resonance on oriented nuclei. This agreement can
also be considered as a substantiation of the spin
assignment for this nucleus.

The 280-keV mixing ratio is in agreement with
the value 5=+0.132+0.008, reported by Behar and
Grabowski' based on their y-y angular correlation
measurements. However, our value for 6(319)
differs from their value -(0.110",',",;). Behar and
Grabowski derived this result from the 331-319-
keV angular correlation by assuming the 331-keV
transition to be pure M1. If we use the present

TABLE III. Magnetic moments of odd-mass Ru nuclei.
The anisotropy of the 442-keV transition can be

deduced from the measured anisotropy of the com-
bined (442+ 444)-keV peak to be

U, A, (442) = 0.95 + 0.20,

assuming that the contribution to the intensity from
the 444-keV transition of 'D~Ru is (65+ 5)%, based
on the measured intensities of the 497- and 319-
keV transitions and on the branching ratios. '
This result is not consistent with. a &' spin assign-
ment for the 442-keV level of '"Pd, for which the
maximum possible value of A, is 0.48. For a —,

'+

assignment, the A, value yields

Nucleus

"Ru

"Ru

ioiRu

i03R

"Ru

oiRu

105Ru

Energy level
E (keVj I"

5+0
2

5+0
2

+
0

2

5+0
2

90
+

2

127 3+
2

0 3
2

Magnetic mount

(VN)

(-)0.687+ 0.027

-0.623 + 0.019

-0.698 + 0.024

(—) 0.67 + 0.11

-0.284 + 0.006

—0.311+ 0.026

i p )
( 0.3 '

5(442) = —(0.8'0 ~7).
Present work.
Values taken from Ref. 13.
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value of 5(319) together with the measured 331-319
angular correlation, the value of 5(331) given in
Table II is derived. This value is consistent with
the multipolarity determined by Kawakami and
Hisataki from interval conversion data. '

The -" spin assignment deduced above for the
2

442-keV level of '"Pd is consistent with '"Ag de-
cay studies. " The deduced value of the mixing
ratio of the 442-keV transition can be compared
with that deduced from direct measurements of the
transition probabilities. The 442-keg level has
been observed to be strongly Coulomb excited, ""
with B(E2)t =0.18+0.01 e'b'. The half-life of the
442-keg level has been measured to be 3.8 ps."
The B(E2)0 value yields a value for the partial E2
decay probability which, when compared with the
total decay probability, gives a measure of the in-
tensity of the E2 component. The remaining inten-
sity must be due to the Ml multipole. Such an
analysis yields

~
5(442)

~

=0.47+0.05, where the
error limit includes a contribution resulting from
the uncertainty in the spin assignment of the 442-
keg level. This result for 5 is consistent with our
value deduced above.

A direct comparison of the measured y-ray

mixing ratios with theoretical predictions requires
a detailed calculation of the nature of the excited
states. However, estimates can be made of the
magnitudes expected for transitions between levels
representing various possible states of the weak
coupling between the particle and the phonon-ex-
cited core. One representation of the formalism
necessary for such an analysis was given by
de Shalit. " The model can be applied by using pa-
rameters for the M1 and E2 moments characteris-
tic of the appropriate single-particle or collective
states (derived from the neighboring even-even
nuclei). Such an analysis indicates' that, depending
on the value of the mixing parameter describing
the weak coupling, typical values for the magnitude
of 6 lie in the range of 0.1-0.2 for transitions cor-
responding to the deexcitation of the core. It is
thus expected that the E2 collective core excitation
does not give rise to substantial E2 components;
this expectation is consistent with the values of 5

observed in the present work.
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