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The odd-4 Ru isotopes with 4 = 101-105 are studied in a semimicroscopic model which couples the
neutron quasiparticle motion in the N = 50-82 shell to the quadrupole vibrations of the neighbouring Ru
core. The agreement between the calculated and available experimental data on energy spectra,
spectroscopic factors, moments and transition rates is found to be reasonably good.

NUCLEAR STRUCTURE 1103, 105Ry; calculated levels, J, 7, S, @, &, B(E2),
B(M1), quasiparticle-phonon coupling.

1. INTRODUCTION

The odd-mass ruthenium nuclei have drawn con-
siderable attention in recent years. The latest
Nuclear Data compilations'=® on these isotopes and
the subsequent published reports on their level
structure reveal that these nuclei are rather com-
plex and are characterized by both rotational and
vibrational types of nuclear excitations. Some of
the notable features of the low energy spectra of
these nuclei are (1) high density of low-lying
“phonon” levels (excited by Coulomb excitation),
(2) close occurrence of levels of same j which have
completely different characters, (3) a steady de-
crease in the energy of the first excited 3+ state
which is very weakly excited in (d, p) reaction and
which becomes the ground state in the case of
193,19%Ru, (4) a low-lying 2} state in neutron rich
nuclei which is interpreted as the 3~ [505] Nilsson
orbital. Sheline® has suggested that the neutron
rich nuclei of Mo, Ru, and Pd might have stable
quadrupole deformation which was later supported
by the fission product decay studies’ and by the
two neutron transfer reaction experiments.®
Prompted by the success of the Coriolis-coupling
rotational model® in explaining the so-called “de-
coupled bands” observed in nuclei belonging to the
transitional region, Imanishi et ql.'° calculated the
level structure of 1°%+!%Ru in a similar model.
Their calculation, however, appears to be in
rather poor agreement with the experimental data.
Recently, Rekstad'! has recalculated the level
structure of !°Ru in the Nilsson model with Coriol-
is coupling wherein he has treated the “recoil ef-
fects” separately in a manner analogous to the
treatment of other collective effects. This author
has got good agreement with respect to energy
spectra, spin parities, and spectroscopic strengths
in transfer reactions but has not quoted any values
with regard to moments and transition rates. How-
ever, Fortune ef ql.}? in an attempt to study the
neutron single-particle strengths in *°*Ru and *®Ru
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by (d, p) reaction, did not get conclusive evidence
of any stable deformation in these nuclei. Very
recently, Hollas et ql.'® also arrived at a similar
situation while studying °¢+*°°Ru(d, p)*"***'Ru reac-
tions. Both of the above authors observed appre-
ciable splitting in the single-neutron strengths up
to 2 MeV in these nuclei, which, as suggested by
Mottleson,'* may result from coupling of the odd-
neutron motion with the quadrupole vibration.

The quasiparticle-phonon-coupling model has
been applied successfully earlier by several work-
ers!®:% to explain the low energy electromagnetic
properties of several odd-proton as well as odd-
neutron nuclei in the mass-100 region. Goswami
and Sherwood!’ calculated the level structure of
the nearly spherical Ru nuclei, i.e., *+*°Ru in an
extended quasiparticle coupling model where they
treated the core vibrations in a microscopic way.
The agreement obtained was, however, poor and
the ground state was not reproduced at all. In the
present work, we have tried to calculate the level
structure of some of the neutron rich odd-4A Ru.
isotopes, i.e., !®Ru, *®Ru, and !®Ru, in a quasi-
particle-phonon-coupling model which couples the
odd-neutron quasiparticle motion in the 24, ,,
31,25 187,25 2dy;5, and 1h,, ,, orbitals to the quad-
rupole vibrations of the corresponding even-Ru
core. In doing so, we have used the available ex-
perimental data on the (d,p) reaction as a guide-
line, From energy considerations, core excita-
tions up to two quadrupole phonons have been con-
sidered. It has been found that the inclusion of
three quadrupole phonons does not significantly
alter the spectra. As the model used in the pres-
ent work has been widely discussed, we will men-
tion only the important features necessary for sub-
sequent discussion ‘

. MODEL

The total Hamiltonian of the coupled system is
given by
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H=H +H +H,,. (1)

where H_ describes the core vibrations and A is
the usual single-particle shell model Hamiltonian.
The basis states used are of the type |j; NR;IM) in
which H_+ H_ is diagonal; j is the particle angular
momentum; R is the core angular momentum for a
state of N phonons; andI=R+j with the z compo-
nent equal to M. The eigenfunction of H at an en-
ergy E, can be expanded as

|E2,1M)= 3" C,(j; NR;I) |j; NR;IM). (2)
JiNR

The core-particle interaction is described by
Hint= —Ehwz(ﬂ/5)1/2 Z Qzu. Y2u(9y ¢) ’ (3)
"

where @,, is the quadrupole operator for the core
and Y,,(6, ¢) is the angular part of the quadrupole
operator for the particle, The parameter & de-
scribes the strength of the coupling. The pairing
effects are introduced to the calculations through
the interaction Hamiltonian whose matrix elements
are

ji2j
(j3 N'R%IM | H,, | j; NR3IM) = (=1)T*R*/ 20, [£(25 + 1)(257 + 1) F/2 ( )

1 1
2 0 -3

x{ I R j}(N’R'IIQleNR>(U,~Uy-Vij')' @

2 ]'I RI

Here sz and Vf represent the nonoccupation and
occupation probabilities in the state j, respective-
ly. The reduced matrix elements for the phonons
have been calculated following the method of Ford
and Levinson.*®” The static electric and magnetic
moments of different levels and E2 and M1 transi-
tion rates for several transitions are also calcu-
lated. The corresponding expressions are almost
identical to those given by Heyde and Brussard,'®
except for a multiplicative factor in the particle
part involving U, and V,. This factor is usually
taken to be (U,U} + V,V}) where upper (lower) sign
refers to the magnetic (electric) operator.

II. RESULTS AND DISCUSSIONS

There are several parameters in this calcula-
tion, viz., the phonon energy Zw,, the quasiparti-
cle energies € J’s, the nonoccupation probability
factors U, and the coupling strength ¢&. The pho-
non energies for the respective cases have been
taken from the excitation spectrum of the neighbor-
ing ';'IX y-1 €ven core and are kept fixed in the cal-
culation. The trial values for U and ¢,’s are es-
timated from the available experimental data on
(d, p) reactions.'?'®* The Hamiltonian is diagonal-
ized for each isotope for different values of j. The
€ j’s and ¢ are adjusted to obtain the best fit with
the experimental data. A minor adjustment in trial
U,2 values was necessary. The parameter values
for which fairly good agreement with the experi-
mental data has been achieved, are given in Table
I. It is clear from Table I that the best fit param-
eters conform well with the experimental data on
transfer reactions within the limits of uncertainty
in the experimental measurements. The calculated
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energy spectra and spectroscopic factors are
shown in Figs. 1-3 along with the corresponding
data obtained in (d, p) reaction studies. For com-
pleteness, the information obtained from other
studies and as compiled in the Nuclear Data Sheets
are also included in the above figures. From the
systematics of the energy spectra, it is seen that
there is a low-lying 5* state in all these nuclei,
which is very weakly excited in the (d, p) reaction.
This state is believed to be a state with a dominant
multiparticle configuration and is not reproduced
in our calculation. Excitation energies and spec-
troscopic factors for the 3; state, the first few 3*-
states, the %1" and l,‘,l: states are more or less cor-
rectly reproduced in this calculation. The calcu-
lated 3; state is obtained at a lower excitation en-
ergy in all these isotopes with a spectroscopic

TABLE I. Parameter values used in the calculation.
Experimental values are from Refs. 12 and 13. Quasi-
particle energies are relative to the 2d;,, state.

Nucleus
101 py 103py 105y
Parameter Cale. Exp. Cale. Exp. Cale. Exp.

£ 2.75 4.0 4.0

€172 (MeV) 0.500 0.444 0.150 0.258 0.100 0.256
€772 (MeV) 0.600 0.599 0.250 0.227 0.250 0.300
€372 (MeV) 0.830 0.870 0.600 0.780 0.400 0.581
€11/3 (MeV) 1.690 1.695 0.250 0.237 0.200 0.186

Us)q? 0.36 0.35 0.30 0.29 0.30 0.26
Uy /o 0.77 0.78 0.60 0.59 0.60 0.61
1720 0.45 0.60 0.30 040 0.23 0.23
Ugo 0.96 0.92 0.72 0.72 0.72 0.75
Uy ot 0.18 0.18 0.30 0.27 0.28 0.28
Fw, 0.540 0.540 0.475 0.475 0.360 0.360
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FIG. 1. Calculated and experimental level schemes of 1™Ru. The excitation energies and spin parities of the levels
are shown. The spectroscopic factors are given provided (2J+1)S >0.01. The experimental data are taken from Refs.

12 and 13.

factor slightly more than that obtained experimen-
tally. The calculated density of levels within the
excitation energy under consideration is in good
agreement with the experimental data though lack
of unique spin-parity assignments forbids proper
identification of them.

Static electromagnetic moments for some of the
levels and E2 and M1 transition rates for several
transitions are also calculated. The magnetic mo-
ments and transition rates are calculated with
8,20, (85)0ss™0.42(g5)spee=1.6, and g~ Z/A
=~ 0.43. The g4 value has been adjusted for all
cases to obtain better agreement with the ground-
state magnetic moment data. The value turned out
to be slightly lower than the suggested!® value of
0.58(2s)¢ree- The electric quadrupole moment and
transition rates are calculated with e, =¢,,
eZ(iw,/2C,)" 2=Ke,, where K=4.2, 5.1, and 5.6,
respectively. In evaluating K, the stiffness pa-
rameter C, relating to the core vibrations has been
obtained from the tabulations of Wong.?° The ra-
dial matrix elements are calculated in the har-

monic oscillator basis, and R, is as usual taken to
be 1-2A/3 fm, The calculated results are shown
in Tables II and III, along with the very little ex-
perimental data?"2 available for °+!%Ru, We
shall now discuss the agreement between the cal-
culated and experimental results for each individ-
ual isotope. i -

101 Ru

This isotope has been studied mainly through the
decay of '™Rb isomers,? °'T¢ isomers,?® by Cou-
lomb excitation,?? and by (a,x%) reactions.?® The
results published prior to July, 1973 have been
reviewed in the Nuclear Data Sheets by Todd et al.?
Very recently, Hollas et al.'® studied the
1%°Ru(d, p)**'Ru reaction at E,=11.5 MeV and as-
signed ! values and spectroscopic factors to 17
states observed below 1.9 MeV. The calculated
energy spectrum (Fig. 1) is in fair agreement with
the experimental spectrum observed in (d,p) reac-
tion as well as with that given in the Nuclear Data
Sheets.? The calculated and experimental spec-
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FIG. 2. Calculated and experimental level schemes of !%Ru. The experimental data are taken from Refs. 14 and 12.

For other details refer to the caption of Fig. 1.

troscopic factors for the 3* ground state, the first
three 3* states, and the 4L state are in excellent
agreement with one another. The calculated 3
state at 0.425 MeV having maximum single-neutron
strength is slightly lower than the corresponding
state observed in (d,p) reaction, though from con-
siderations of energy and B(E2) value this state
corresponds well with the 0.422 MeV observed in
Coulomb excitation.?? The (d,p) reaction!® sug-
gests a state at 0.408 MeV with J"=3*, 3* and
spectroscopic factors 0.17 and 0.20, respectively,
and another state at 0.127 MeV with J"=%* and
spectroscopic factor 0.08. This latter state is
suggested to be a state with multiparticle configur-
ation and is beyond the scope of the present work.
The calculation predicts two £* states, one at
0.515 and the other at 0.582 MeV, ‘where the latter
is predominantly due to 1g,,, neutron-quasiparticle
excitation in agreement with (d,p) data.'* The
lower member is identified with the %‘ state, ob-
served in Coulomb excitation,?? at 0.545 MeV, on
the basis of good agreement in the B(E2) value.
Similarly, the calculated §* at 0.540 MeV is cor-
related with the 0.720 MeV (%*, 3*) state observed
in Coulomb excitation.?? The calculation predicts

a cluster of states, mostly collective in nature be-
tween 0.950 and 1.200 MeV with spins ranging from
3* to 12—“. The low decay energy of the neighboring
isobars and their high spin values do not allow
these states to be populated in the decay work.

The observed density of states at this excitation is
quite low, though some of these states may be
identified with the calculated ones from energy and
spectroscopic factor considerations. The agree-
ment in the calculated B(E2) values for some of
the states with those of the corresponding Coulomb
excited states seems to be remarkable (cf. Table
).

103py

The experimental data on this isotope have been
reviewed in a recent Nuclear Data compilation by
Kocher.* It has been studied by (d,p) stripping and
(d,t) pickup reactions.'? Further information on
its level structure has been obtained from (x,7)
experiment?” and from the studies of Tc— *Ru
decay.?® Recently, Klamra and Rekstad?®® studied
the 1Mo(a,#)***Ru reaction and made a number
of unambiguous spin-parity assignments from y-
ray angular distributions. The assignment of $*
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FIG. 3. Calculated and experimental level schemes of %“Ru. The experimental data are taken from Refs. 15 and 12.

For other details refer to the caption of Fig. 1.

to the ground state and 3* to the 2.7 keV have been
proposed in (n,y) work?®” and is further supported
from (a,ny) experiment.?® That is why, the cal-
culated and (d,p) excitation energies, displayed in
Fig. 2, are shifted by 2.7 keV. The calculated and
experimental energy spectra, are in good agree-
ment (cf. Fig. 2), except that the calculation can-
not reproduce the complicated 3* ground state.
Within the experimental uncertainties, the agree-
ment between the calculated and experimental
spectroscopic factors for most of the low-lying
levels seem to be satisfactory. Though the calcu-
lated level density is in reasonable agreement with
that observed experimentally, the correspondence
between levels particularly in the higher-energy
part cannot be established due to absence of unique
spin assignments. From spectroscopic factor
considerations, the observed 0.541 MeV (I =2)
level is assigned 3* spin-parity whereas the 0.589
MeV seems to be 3*. In the high energy part, the
1.105 and 1.245 MeV levels are identified with the
calculated levels at 1.060 MeV (3*) and 1.100 MeV
(3*), respectively, from similar arguments. The
calculation predicts a good number of states be-
tween 1.0 and 1.5 MeV with spectroscopic factors

=0.05, which seem difficult to observe in the (d,p)
reaction. The calculated ground-state magnetic
moment is in good agreement with the result ob-
tained in a recent measurement with oriented nu-
clei.?

lOSRu

This isotope has been recently reviewed in the
Nuclear Data Sheets by Bertrand.® Information on
its level structure comes mainly from (d,p),'?
(2,7),%° and **Tc decay measurements.?* Very re-
cently, Stimmerer et al.’ studied the decay of
105T¢ to levels in !%Ru by B-y spectroscopy and
suggested spin-parity assignments to several
states on the basis of available information.
Hrastnik et al.?° pointed out that the lowest-energy
state observed in (d,p) work!? corresponds to 20.5
keV in !%Ru. Therefore, we have added 20.5 keV
to the levels observed in (d,p) work in accordance
with the Nuclear Data Sheets and shifted our cal-
culated level spectrum to the same extent. The
calculated and experimental energy spectra and
spectroscopm factors for the 3¢, 33, ¥, 1, and

1 states are in good agreement with one another.
From a spectroscopic factor consideration, the
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TABLE II. Calculated and experimental @ and p values.

E, Q (eb) M (k)
Nucleus (MeV) JT Theo. Exp. Theo. Exp.
11gy 0.0 # +0.27 0.44(4)? -0.76 —0.7152(60) ®
0.325 L 0.0 .e- -0.72 oee
0.625 1 0.0 -0.51
0.545 1 ~0 e +1.1 e
0.599 o +0.08 “oe +0.58 .o
0.422 3 -0.35 .. +0.48 e
0.535 3 -0.02 oo -0.14 e
105gy 0.003 & +0.55 cee —0m -0.67 (11)°
0.177 £ 0.0 “ee -0.70 ‘oo
0.435 £ 0.0 -0.711 .o
0.216 ' +0.58 oee +0.59 ‘e
0.502 ' +0.13 “oe -0.05 “ee
0.408 & -0.17 “ee +0.72 .
0.740 ar +0.21 oo +0.04 .
105y 0.020 & +0.62 . -0.71 e
0.160 $ 0.0 .. -0.70 .o
0.228 I +0.76 e +0.60 .o
0.465 3 -0.26 .o +0.77 e
2 See Ref. 22. b See Ref. 23.

0.423 MeV (I =2) state observed in the (d,p) reac-
tion is identified with the calculated 0.422 MeV (3*).
The 33 and -}; states are obtained at a lower exci-
tation though their spectroscopic factors are in
reasonable agreement with those obtained in (d, p)
reaction. The (d,p) reaction'? suggests several
states with =2 transfers some of which may be
correlated with the calculated ones.

+

For this nu-

cleus there exist no measurements of moments
and transition rates.

The aim of the present calculation has been to

IV. CONCLUSION

show how good the quasiparticle-phonon-coupling
model is in describing the odd-A Ru isotopes with

TABLE III. Calculated and experimental B(E2) and B(M1) values.

B(E2) (€°b?) B(M1) (uy)?
Transition ~ A=101 A=103 A=105 A=101 A=103 A=105
IJI—~J] cale. exp.? calc. exp. calec. exp. cale. exp.? calc. exp. calc. exp.
%_:_.‘21: 0.019 0.018 0.015 <+ 0.014 =+++ oo  ses  oos  see  ses  cas
.H.,g: 0.102 0.021 0.156 <++ 0.200 <++ o=
# —%; 0.040 0.025 0.017 -+ 0.006 -*- 0.060 <0.09 0.044 >+ 0.06 -
.21;’_.‘21: 0.072 oo 0.102 e+ ece  ese 0.058 +e+ 0,108 coo ses  eee
$/—%; 0.084 0105 0.010 -+ 0.018 -+ 0.008 0.10 0.002 -+ 0.002 -
L —~%]  0.028 0.009 0.132 e+ e+ cer 0,003 <0.02 0.028 e+ cee e
-29-;’_.-21: 0.114 0.061 oo  cee  ses  ees  eee ses  eee  see  ase  sas

2 See Ref. 22, experimental B(E2)! values are reduced to B(E2)+ values.
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A=101-105. It is evident from the previous dis-
cussions that our calculation is quite successful

in reproducing the energy spectra, spectroscopic
factors, known electromagnetic moments, and
transition rates for these nuclei in spite of the
simplicity of the model used. It would have been
interesting to compare our calculation with other
model calculations for these nuclei. Unfortunately,
the work of Goswami and Sherwood!” and that of
Imanishi et al.'° are qualitative in nature, re-
stricted to the calculation of energy spectra only.
Rekstad,'! also, did not report any data on the cal-
culation of moments and transition rates though he
has been successful in explaining other data on
15Ru. Under these circumstances, we state below
some of the important points which seems worth
mentioning.

(1) Though we have varied both U2 and €, in
order to obtain a better fit with the experimental
data, this variation led to values for these param-
eters which conform well with the physical situa-
tion in all the cases studied (cf. Table I).

(2) In the case of ®'Ru, for which a considerable
amount of experimental data is available by now,
the agreement seems to be remarkable. Besides
reproducing the energy spectra and spectroscopic
factors, our calculation for this nucleus has been
able to reproduce the B(E2) data obtained from
Coulomb excitation experiments?? and the magnetic
dipole moment and electric quadrupole moment of
2* ground state. Similar agreement has been ob-
tained for “Ru though such data for %Ru are yet
to come.

(3) Our calculation could not reproduce the first
excited 3* state at 0.127 keV in Ru which is very
weakly excited in (d,p) reaction and this is further
depressed in case of 1°1%Ru to become the ground
state. As mentioned by Hrastnik et al.,’° the ex-
perimental data on M1 transition rates support an
interpretation of these states as states with multi-
particle configuration of higher seniority. States

at 0.307 MeV (£*), 0.325 MeV (3*) in **Ru, 0.090
MeV (3%, 3*) in 1°-"Ru, and 0.108 MeV (3*, "’*),
0.164 MeV (3, %), 0.246 MeV (3*) in 1"“"Ru also
appear to arise from similar a type of configura-
tion. The inability of our calculation to reproduce
these states is a natural consequence of the very
restricted configuration used by us.

The depression of the 4" states in higher mass
Ru isotopes and the observation of negative ~parity
states with J"> &7 in (a, xn) reaction with & 3 as
the bandhead could not be explained by our calcu-
lation. Similar bands have been described by
Hagemann and D8nau® for Pd nuclei in terms of
Coriolis-decoupled band theory. Rekstad!! also
tried to describe these decoupled bands in °*Ru by
his model. However, as observed by him, the
poor energy fit to the members of the band sug--
gests that a more realistic approach for the rota-
tional band is needed. From a systematic point
of view it will be worthwhile to see how his model
is successful in explaining other Ru nuclei, e.g.,
10Ru and !®Ru. This is more so because of the
poor agreement of Imanishi’s work. In this re-
spect our calculation has demonstrated the trend
in a systematic way in these nuclei.

It is felt that the present calculation may help
in stimulating further experimental and theoretical
investigations. In particular, the experimental
work on measurements of magnetic and quadrupole
moments for the low-lying state in these isotopes
would be highly desirable.
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