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Level structures of 96,97,98Ru at high angular momentum
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The high-spin level structures of 96,97,98Ru (Z544) have been investigated using the
65Cu(36S, pxn)96,97,98Ru (x54,3,2) reactions. About 130 new transitions have been observed and unambigu-
ously placed in the decay schemes of these nuclei. The level schemes have been extended up to spinJ'22–
34\, and excitation energiesEx'20224 MeV. Spherical shell model calculations have been performed and
theoretical level energies compared with experimental values. Calculations using88Sr as the core give a
reasonable agreement for the observed energy levels up toJ<16\ ~the maximum angular momentum possible
within this restricted model space!. The higher angular momentum states are dominated by then(g9/2)

21

configuration, associated with breaking of theN550 core. The experimental indications for this ‘‘core break-
ing’’ are ~i! the observation ofg rays with energiesEg' 2 MeV at intermediate spins and~ii ! the fragmen-
tation of g-ray intensity into a number of branches. A cascade ofE2 transitions of nearly equal transition
energies has been observed in98Ru after the core breaking (J>16\), possibly manifesting vibrational behav-
ior. @S0556-2813~98!00501-9#

PACS number~s!: 27.60.1j, 23.20.Lv, 21.60.Cs
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I. INTRODUCTION

Several experimental studies of Ru isotopes at mode
spins have been devoted to the search for the onset of
lectivity near theN550 closed shell@1–4#. These studies
revealed interesting information on the low-spin structure
these nuclei. From the theoretical point of view, seve
models, such as the shell model@5#, the vibrating core mode
@6#, and the interacting boson model@7# have been used to
describe the nature of the low-lying levels in these nuc
Until recently, only limited information was available on th
high-spin structures in these nuclei, making it impossible
extend the tests of these models to higher-angu
momentum states. With the advent of heavy-ion accelera
and Compton-suppressed Ge detector~CSGe! arrays, the ex-
perimental situation has improved and information is n
available on the high spin states in nuclei in theN;50 re-
gion @8,9#. The low-lying states~up to Jp5141) of the
nucleus94Ru (N550) have been interpreted as being dom
nated by proton excitations within thef 5/2,p3/2,p1/2,g9/2 or-
bits @10#. Beyond that, levels up to spin 20\ were assumed to
be dominated by the excitation of a single neutron across
N550 shell closure, coupled to the protons in thef pg sub-
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space. Furthermore, it was suggested that levels with s
greater thanJ522\ are dominated by the excitation of se
eral neutrons across theN550 shell gap@10#. For the low-
lying states of95Ru (N551) @11#, the dominant proton and
neutron configurations werep(p1/2,g9/2) and n(d5/2,s1/2);
the higher-angular-momentum states were generated by
breaking of the neutronN550 core in this case as well. O
the other hand, collective degrees of freedom seem to pl
dominant role in heavier Ru isotopes as the valence neut
fill up the 50–82 subshell occupying, in particular, the sha
driving h11/2 orbital. For example, collective excitations
band crossings, and quasiparticle alignments are now
established in99Ru (N555) and100Ru (N556) @12# and the
level energies indicate that a transition towards band ter
nation might occur at the top of the yrast cascade of100Ru
@12#.

Located between these two modes of excitations, i.e.,
tween single particle behavior (N<51) and collective behav
ior (N>55), the nuclei96,97,98Ru are very attractive candi
dates to search for the onset of collectivity above theN550
closed shell. Theoretical calculations have predictedg soft-
ness and shape coexistence persisting to high spins in t
nuclei. Recent total Routhian surface~TRS! calculations of
Wyss et al. @13# predict the existence of deformed neutro
configurations with negative parity, associated with t
n(h11/2) orbital, in 96298Ru. These configurations correspon
to a near-prolate shape (g;0°), but theexpected deforma-
tions are small (b2, 0.13! and the local minima in the
TRS’s are rather shallow. However, these deformed min

,
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84 57B. KHARRAJA et al.
can be stabilized by the addition of alignedg9/2 protons to
the configuration. Also, a half-filledn(g9/2) orbit was found
to be deformation-driving in theA;80 region@14# and the
Ru nuclei (Z544) correspond to the half-filledp(g9/2) shell.
A detailed investigation of these nuclei, therefore, could h
explore the deformation-driving characteristics of a ha
filled g9/2 proton orbit.

II. EXPERIMENTAL METHODS

The g decay of the excited states in96,97,98Ru has been
investigated using the early implementation phase of
Gammasphere spectrometer@15# which at that time com-
prised 36 large (>70% relative efficiency! CSGe detectors
The experiment was carried out at the 88 in. Cyclotron of
Ernest O. Lawrence Berkeley National Laboratory. T
96,97,98Ru nuclei were populated via the65Cu(36S, pxn)
(x54,3,2) reactions at a bombarding energy of 142 Me
Two stacked, self-supporting target foils of thickne
;0.5 mg/cm2 each were used. A data set of approximat
400 million events, each requiring at least a triple prom
coincidence between CSGe detectors, was recorded du
the measurement; the final data consisted of approxima
73% triple-, 19% quadruple-, and 4% quintuple-coinciden
events. The most strongly populated nuclei were the96298Ru
isotopes~corresponding to 16.3, 20.4, and 18.3 % of the to
g-ray flux, respectively! reported herein. Several other rea
tions channels, such as those leading to94,95,96Tc ~8.2, 12.2,
and 4.1 %!, 94,95Mo ~8.0 and 4.3 %!, and 97,98Rh ~4.7 and
3.5 %! final nuclei, were also populated in the experime
with significant intensities; these nuclei are the subject
separate investigations@16#.

The observation of very weakg transitions, of the order
of 1023 in relative intensity when compared to the mo
intense transition, has been made possible by the comb
tion of the high statistics and the superior efficiency
threefold and higher coincidence events provided by Ga
masphere. Two symmetrizedEg-Eg-Eg cubes, in the Rad-
ford @17# and Kuehner@18# formats, have been used durin
the data analysis. The Radford-format cube was analy
using theRADWARE analysis package@19#, which uses a gen
eralized background subtraction procedure@20# for extract-
ing double-gated coincidence spectra from the cube. In
Kuehner-format cube, these spectra were obtained using
FUL background subtraction algorithm@21#. Many new tran-
sitions have been observed and placed in the decay sch
of these nuclei. The selectivity afforded by ‘‘double gating
and the presence of many crossover transitions in the l
schemes of96,97Ru provide many checks of the placeme
and ordering of transitions, and serve to bolster confidenc
the correctness of the proposed level schemes. The s
holds true for the multipolarity assignments which are ba
primarily on the intensity ratios extracted using angle-sor
matrices. In our procedure, coincidence gates are place
spectra of the forward-angle~32° and 37°) detectors, and th
g rays measured at 90° and at backward angles~143° and
147°) are sorted along the two axes of the matric
Although such directional correlation ratios,R
5I g(backward)/I g(90°), have their limitations~for ex-
ample, the stretched quadrupole transitions cannot be di
guished fromDI 50 dipoles or certainDI 51 transitions!,
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reliable spin assignments can be made, nonetheless, by
paring the ratios of the newg lines with those of previously
known g rays whose multipolarity is already firmly estab
lished. Supporting evidence for the spin assignments is p
vided, in many cases, by the presence of crossover tra
tions observed in these nuclei. The highest spins assigne
the present work are somewhat less certain since crossch
from parallel cascades are not available. Tables I–III list
g rays assigned to96Ru, 97Ru, and98Ru, respectively, along
with their intensities, the intensity-ratiosR ~where available!,
and the suggested placements in the level schemes.

III. EXPERIMENTAL RESULTS

A. Level scheme of96Ru

The level scheme of96Ru, as deduced from this work, i
shown in Fig. 1 and a typical double-gatedg-ray coincidence
spectrum is shown in Fig. 2. The high sensitivity of the Ga
masphere array has enabled the observation and placeme
about 40 new transitions.

The previously known level scheme of96Ru consisted of
two independent sequences~1 and 2 in Fig. 1! of opposite
parities @9#. The positive-parity sequence~sequence 1! was
known up to spin~221). The change made with respect
the high-spin levels reported in Ref.@9# is that the 600-keV
transition placed in this sequence@connecting the~201) and
~181) levels# is not observed in our data; we do observe
595-keV dipole transition, however, which has been plac
at the top of this sequence. The previously known~181)
level is now fed directly by the 1043-keV transition and tw
new dipole transitions of 748 and 595 keV. Also, the 44
keV transition placed parallel to the 112-~110 keV in Ref.
@9#! and 337-keV transitions is now located higher in t
scheme, below the 822-keV transition, and links the~121)
and~111) levels. AnM1 character has been assigned to
new dipole transitions in96298Ru, based on mass systemati
@11,22# and shell model comparisons~see below!. The DCO
ratios of these transitions indicate values higher than the
ues generally associated with pureE1 transitions, and are
similar to those forM1 transitions with strongE2 admix-
tures. AboveJ516\, sequence 1 is fragmented into seve
cascades with the same highest-observed spin (J522\) for
each of these.

Severalg transitions of energies around 2 MeV~1744,
1746, 1765, 1817, 2058, 2111, and 2289 keV! feeding the
(161) level have been observed in the present work. Th
significance is discussed later.

The main negative-parity branch~sequence 2! has been
extended to the~232) level. The new transitions in this se
quence are of energies 601 and 1609 keV, respectively.
sequence ofg rays of energies 781, 747, 1000, and 584 ke
feeding the 9(2) state in Ref.@9#, has been slightly modified
and extended to higher spins by the observation of the 2
1429-, 678-, and 499-keV transitions~sequence 3 in Fig. 1!.
These two cascades~sequences 2 and 3! are linked by four
crossover, dipole transitions of 1155, 476, 265, and 218 k
The important change with respect to the high-spin lev
reported in Ref.@9# is that the 781-keV transition in the
negative-parity sequence has been placed at a higher
and excitation energy @deexciting the (172) level#.
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TABLE I. Energies, initial and final spins, relative intensities, and directional correlation ratiosR ~as defined in the text! for 96Ru.

Eg ~keV!a Ji→Jf
b I g

c R d Eg ~keV!a Ji→Jf
b I g

c R d

112.1 ~101) →101 2.0 ~4!

150.2 ~141) → ~131) 1.5 ~4!

217.7 132→(122) 6.0 ~1.0! 1.6 ~2!

222.7 ~91) →81 1.0 ~4! 1.5 ~3!

227.0 ~212) → ~192) 1.2 ~3!

237.3 →161 < 1
265.1 ~112) →102 1.0 ~3! 1.5 ~3!

292.7 ~121) → ~121) 1.0 ~3!

328.2 →161 < 1
337.2 ~111) → ~101) 1.2 ~4!

446.7 ~121) → ~111) 1.4 ~4!

447.0 ~141) → ~131) 1.0 ~4!

475.6 152→142 17.6 1.6~2!

499.4 162→142 17.8 2.2~2!

501.0 ~181) →182 1.0 ~5!

528.8 142→132 15.0 1.6~2!

584.1 102→92 28.0 1.6~2!

595.4 ~221) → ~211) 1.0 ~2!

597.2 142→(141) 5.0 ~8! 3.1 ~3!

601.3 ~121) →101 47.0 1.8~2!

601.4 ~181) → ~171) 1.0 ~4! 1.5 ~3!

601.0 ~212)→(192) 10.1 1.9~2!

632.1 61→41 85.0 1.9~2!

660.4 9 2→72 63.0 2.0~2!

677.9 182→172 16.8 1.5~3!

685.1 41→21 96.0 1.9~2!

703.9 7 2→52 58.0 2.0~2!

735.2 122→112 8.4 1.5~2!

746.5 142→122 5.0 2.0~3!

748.3 211→201 1.8 ~4! 1.6 ~3!

751.2 ~201) → ~181) 1.0 ~5!

761.1 ~161) → ~141) 12.0 2.2~2!

779.4 9 2→(91) 1.1 ~6!

781.4 172→162 21.1 1.5~2!

781.2 ~181) → ~171) < 1
780.8 ~181) → ~161) 1.0 ~5!

801.2 81→61 67.2 2.1~2!

822.0 ~131) → ~121) 2.0 ~6! 1.5 ~3!

831.6 21→01 100.0 1.8~1!

849.2 112→92 50.0
850.2 ~201) → ~181) 1.0 ~3! 2.1 ~3!

867.3 101→81 57.0 2.2~1!

893.9 ~121) → ~101) 1.1 ~4!

952.9 132→112 36.1 2.0~2!

973.4 171→ ~161) 1.0 ~5!

977.2 ~191) → ~181) < 1
1000.3 122→102 19.0 1.9~2!

1002.1 92→81 1.0 ~3!

1004.4 152→132 26.9 2.1~2!

1043.3 201→181 2.0 ~6! 1.8 ~3!

1071.1 52→41 47.0 1.3~3!

1093.2 171→(161) 1.0 ~4!

1134.0 221→201 1.3 ~3! 2.0 ~3!

1155.0 192→182 10.0
1197.4 172→152 26.0 1.9~2!

1229.1 181→171 < 1
1262.3 141→121 25.0 2.0~2!

1299.1 ~182)→172 1.0 ~5!

1382.4 ~221) →201 < 1
1429.2 ~192)→182 1.0 ~3! 1.6 ~3!

1440.4 192→172 5.0 ~1.0! 1.9 ~3!

1447.0 ~161) → ~141) 1.0 ~5!

1459.3 182→162 1.0 ~6!

1609 ~232)→212 1.0 ~4! 2.1 ~3!

1744 161→141 1.0 ~4!

1746 ~171) → ~161) 1.0 ~4!

1765 181→161 3.5 ~8! 1.8 ~3!

1817 ~221) → ~201) < 1
2058 ~171) → ~161) 1.0 ~2!

2111 ~221) → ~201) < 1
2289 ~181) → ~161) 1.0 ~2!

aThe transitions of energies< 1500 keV are known to; 0.4 keV; for the higher energies the uncertainties are; 1 keV.
bThe Jp of the levels for which the ratioR could not be extracted and which are not fixed by other interband transitions are giv
parentheses.
cExcept where stated, the uncertainties in intensities are less than 10%.
dA blank is kept for all the transitions for which no ratioR could be obtained.
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The positive-parity and negative-parity cascades are c
nected at low spins by three crossover transitions~1002, 223,
and 779 keV!, and at high spins by the 597-, 1459-, a
501-keVg rays. The 7(2) level appears to feed the positive
parity sequence at spin 81, but the ‘‘linking’’ transitions
could not be identified.

B. Level scheme of97Ru

Figure 3 illustrates a typical double-gatedg-ray spectrum
for 97Ru and the level scheme obtained for this nucleus
displayed in Fig. 4. This was the most intensely popula
nucleus in this work and about 50 new transitions have b
on-
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observed and unambiguously placed in the level sche
which has been extended up toJ . 53/2\ andEx'18 MeV.
Most of the intensity feeds through the level sequence~se-
quence 1! shown on the left of the level scheme. In gener
there is a good agreement with the results obtained pr
ously @9#; however, some discrepancies have been no
The major change compared to Ref.@9# is the observation of
an 876-keVM1 transition linking the levels~35/21) and
~33/21). Above this transition, the main positive-parity s
quence splits into two parallel cascades. Another fragme
tion of g-decay strength occurs 4\ higher. Also, as in the
case of96Ru, many newg rays with energies around 2 MeV
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TABLE II. Energies, initial and final spins, relative intensities, and directional correlation ratiosR ~as defined in the text! for 97Ru.

Eg ~keV!a Ji→Jf
b I g

c R d Eg ~keV!a Ji→Jf
b I g

c R d

155.1 ~19/21) → ~17/21) 3.0 ~5! 1.5 ~3!
193.4 21/21→17/21 40.0 2.0~2!
207.1 ~51/21) → ~49/21) 4.0 ~7! 1.6 ~2!
216.0 →39/21 1.0 ~5!
217.7 ~19/21) →17/21 4.2 ~6! 1.6 ~2!
230.1 e < 1%
267.2 33/21→ ~31/21) 6.0 ~1.0! 1.5 ~2!
306.7 ~23/21) →21/21 2.0 ~4! 1.6 ~3!
316.7 → ~51/21) 1.0 ~3!
320.4 11/21→9/21 15.0 1.5~2!
330.0 ~41/21) → ~39/21) 1.0 ~4!
343.5 ~31/21) → ~29/21) 2.0 ~5!
376.5 ~31/21) →29/21 2.0 ~6!
422.1 7/21→5/21 100.0 1.5~1!
430.1 ~53/21) → ~51/21) 4.0 ~7! 1.6 ~3!
457.2 9/21→7/21 9.0 1.6~2!
468.1 29/21→27/21 13.0 1.6~2!
491.0 ~39/21) → ~37/21) 2.1 ~5!
501.1 ~29/21) →27/21 2.0 ~5!
525.0 ~47/21) →45/21 < 1
594.2 27/21→25/21 13.0 1.6~2!
632.5 ~35/21) → ~31/21) 7.0 2.1~2!
642.1 ~37/21) → ~35/21) 16.0 1.5~2!
643.2 ~21/21) → ~19/21) 2.0 ~6! 1.6 ~3!
642.6 ~27/21) → ~23/21) 15.0 1.9~2!
643.7 33/21→29/21 23.0 1.8~2!
648.2 15/21→11/21 89.0 2.0~2!
673.3 ~19/22)→(15/22) 4.0 ~9! 2.1 ~2!
674.3 ~15/22)→(11/22) 3.0 ~1.0! 1.8 ~3!
695.0 ~53/21) → ~51/21) 1.0 ~2!
698.2 ~39/21) → ~35/21) 6.0 1.9~2!
699.9 17/21→15/21 68.0 1.6~2!
716.9 ~23/22)→(19/22) 3.0 ~7! 2.0 ~3!
721.1 17/21→ ~13/21) 1.0 ~4!
727.1 ~15/22)→ ~13/21) 1.0 ~4!
736.7 ~45/21) → ~43/21) 15.0 1.5~2!
753.3 ~27/22)→(23/22) 2.0 ~6! 1.9 ~3!
772.7 ~13/21) → ~9/21) 16.0 1.8~2!
777.6 11/21→7/21 88.0 2.1~1!
796.1 ~31/22)→(27/22) 1.0 ~4!
801.7 ~47/21) → ~43/21) 4.0 ~9!
823.2 ~35/22)→(31/22) 1.0 ~3!
830.4 ~43/21) → ~39/21) 16.0 1.8~2!
842.0 ~47/21) → ~43/21) 1.0 ~5!
844.6 ~31/21) →27/21 15.0 1.9~2!
855.4 ~17/21) → ~13/21) 7.1 1.8~3!
862.4 ~23/21) → ~19/21) 17.0 2.0~2!

875.9 ~35/21) →33/21 7.0 1.6~2!
879.3 ~9/21) → ~5/21) 68.0 1.8~2!
882.1 ~47/21) → ~43/21) 1.0 ~3!
915.6 ~19/21) →15/21 21.0 2.1~2!
917.4 ~47/21) → ~45/21) 2.0 ~7! 1.5 ~3!
933.4 25/21→21/21 22.0 2.0~2!
945.1 ~43/21) → ~39/21) 1.0 ~5!
947.4 ~13/21) → ~9/21) 22.0 1.9~2!
949.9 ~23/21) → ~19/21) 8.8 2.1~2!
960.7 ~49/21) → ~47/21) 4.0 ~8! 1.5 ~3!
1000.2 ~11/22)→ ~9/21) 8.0 1.3~2!
1029.1 f 2.0 ~1.0!
1028.0 ~31/22)→(27/22) 1.0 ~4!
1040.2 ~47/21) → ~43/21) 1.0 ~5!
1044.3 ~27/21) → ~23/21) 13.0 1.9~2!
1062.3 29/21→25/21 10.0 1.9~2!
1079.7 ~43/21) → ~39/21) 1.0 ~4!
1109.4 ~41/21) → ~39/21) 14.0 1.5~2!
1143.1 ~45/21) → ~41/21) 1.0 ~5!
1164.4 ~47/21) → ~45/21) 6.0 ~1.0! 1.6 ~3!
1198.1 ~49/21) → ~47/21) 6.0 ~1.2! 1.5 ~3!
1204.4 ~51/21) → ~49/21) 6.0 ~1.0! 1.5 ~3!
1230.1 → ~53/21) 5.0 ~9!
1270.1 ~39/21) → ~37/21) 3.0 ~8! 1.6 ~3!
1275.4 ~45/21) → ~41/21) 8.0 2.2~2!
1341.2 ~51/21) → ~49/21) 1.0 ~5!
1388.3 ~49/21) → ~47/21) 4.0
1391.0 ~39/21) → ~35/21) 16.0 2.1~2!
1419.2 ~47/21) → ~45/21) 1.0
1457.3 ~53/21) → ~51/21) 1.0
1479.1 ~51/21) → ~49/21) 1.0
1481.2 ~31/21) → ~27/21) 7.0 2.2~3!
1523 g < 1
1567 g < 1
1601 ~41/21) → ~37/21) 17.0 1.9~2!
1620 f < 1
1626 ~47/21) → ~45/21) 1.0
1638 ~43/21) → ~41/21) 6.0
1653 ~47/21) → ~43/21) 1.0
1795 → ~53/21) 1.0
1845 ~41/21) → ~37/21) 1.0
1879 ~49/21) → ~45/21) 1.0
1883 h 1.0
1901 → ~47/21) < 1
2083 i < 1
2153 → ~51/21) 1.0

aThe transitions of energies< 1500 keV are known to; 0.4 keV; for the higher energies the uncertainties are; 1 keV.
bThe Jp of the levels for which the ratioR could not be extracted and which are not fixed by other interband transitions are giv
parentheses.
cExcept where stated, the uncertainties in intensities are less than 10%.
dA blank is kept for all the transitions for which no ratioR could be obtained.
eThe 230-keV transition feeds the 216-keV transition.
fThe 1029- and 1620-keV transitions feed the 1230-keV transition.
gThe 1523- and 1567-keV transitions feed the 1620-keV transition.
hThe 1883-keV transition feeds the 1204-keV transition.
iThe 2088-keV transition feeds the 1883-keV transition.



en in

57 87LEVEL STRUCTURES OF96,97,98Ru AT HIGH . . .
TABLE III. Energies, initial and final spins, relative intensities, and directional correlation ratiosR ~as defined in the text! for 98Ru.

Eg ~keV!a Ji→Jf
b I g

c R d Eg ~keV!a Ji→Jf
b I g

c R d

277.2 ~261) → ~241) < 1
399.4 ~251) → ~241) 10.0 1.6~2!

406.9 ~232)→(222) 1.5 ~3!

456.3 ~291) → ~281) < 1
500.1 ~291) → ~281) < 1
652.9 21→01 100.0 1.9~2!

725.7 ~181) → ~161) 22.0 2.0~3!

746.2 41→21 81.0 1.8~2!

800.3 ~112)→(92) 5.5 ~9! 1.9 ~3!

810.9 ~92)→(72) 2.5 ~1.0!
821.3 ~121) → ~101) 23.0 2.1~2!

825.3 61→41 57.0 2.0~2!

826.1 ~201) → ~181) 19.0 1.9~2!

848.4 ~101) →81 31.0 2.1~2!

875.2 ~92)→81 1.0 ~4!

876.7 ~221) → ~201) 28.0 2.0~2!

888.8 ~261) → ~251) < 1
904.1 81→61 26.0 1.9~2!

905.0 ~222)→(212) 1.5 ~4!

912.1 ~212)→(202) 3.0 ~8! 1.5 ~3!

969.4 ~72)→61 7.1 1.3~3!

989.8 ~252) → ~242) 1.0 ~6!

995.1 ~132) → ~112) 14.0 2.0~2!

995.4 ~202) → ~192) 4.1 ~9!

1017.2 ~242) → ~232) 1.2 ~5!

1024.3 ~281) → ~261) 3.6 ~8! 2.1 ~3!

1032.2 ~141) → ~121) 30.0 1.9~2!

1050.1 ~272) → ~252) 1.0 ~2!

1070.1 ~161) → ~141) 34.0 2.0~ 3!

1075.6 ~261) → ~251) 9.5 1.6~2!

1107.2 ~272) → ~252) 1.0 ~4!

1223.2 ~252) → ~242) < 1
1230.4 ~152) → ~132) 10.0 1.9~3!

1281.1 ~271) → ~261) 1.0 ~4!

1287.3 ~172) → ~152) 12.5 2.2~3!

1403.7 ~192) → ~172) 5.7 ~8! 2.1 ~3!

1442.9 ~281) → ~271) 1.0 ~3!

1465.3 ~281) → ~261) < 1
1475.0 ~261) → ~241) 15.0 2.1~2!

1481.6 ~241) → ~221) 21.0 1.9~2!

1509 ~291) → ~271) < 1
1738 ~301) → ~281) 5.2 ~8! 2.1 ~3!

1773 ~262) → ~252) < 1
1789 ~341) → ~321) 1.3 ~6!

1827 ~301) → ~281) 1.0 ~5!

1863 ~301) → ~281) 1.0 ~5!

1941 ~281) → ~271) < 1
1970 ~261) → ~241) 1.3 ~5!

1985 ~242) → ~222) 1.1 ~5!

2055 ~281) → ~261) 1.0 ~5!

2065 ~301) → ~281) 1.2 ~5!

2085 ~271) → ~251) 1.3 ~5!

2160 ~301) → ~281) < 1
2125 ~281) → ~261) 1.0 ~5!

2181 ~381) → ~361) 1.0 ~5!

2192 ~321) → ~301) 1.0 ~5!

2215 ~361) → ~341) 1.0 ~5!

2223 ~321) → ~301) 1.0 ~5!

2227 ~292) → ~272) < 1

aThe transitions of energies< 1500 keV are known to; 0.4 keV; for the higher energies the uncertainties are; 1 keV.
bThe Jp of the levels for which the ratioR could not be extracted and which are not fixed by other interband transitions are giv
parentheses.
cExcept where stated, the uncertainties in intensities are less than 10%.
dA blank is kept for all the transitions for which no ratioR could be obtained.
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have been observed at higher spins, i.e., at ab
J > 37/2\. This common feature of the level schemes w
be discussed below.

In the second positive-parity sequence of the level sche
~sequence 2!, the earlier work@9# had placed the 155-keVg
ray below the 855-keV transition; the present data indic
the opposite ordering, based on intensity considerations.
thermore, there is no indication in the present data for
882-keVg ray which was placed above the 773-keV tran
tion in Ref. @9#. An 882-keV transition is present, but it ha
now been placed at higher spin and excitation energy@i.e.,
above the (43/21) level#. This sequence has now been e
tended to~47/21) due to the observation of the 1080- an
842-keV transitions. Two additional cascades of two tran
tions each@~945-, 1040-keV! and~216-, 230-keV!# were ob-
served parallel with the uppermost part of this sequence
low spins, two coincident dipole transitions~307 and 643
keV! are found to be parallel to the 950-keVE2 transition.

A DJ52 cascade built on the~11/22) state, consisting of
three transitions~717, 673, and 674 keV! had been previ-
out
ill

me

ate
Fur-
the
si-
s

x-
d
si-

. At

ously reported@3#. This cascade~sequence 3! has been ex
tended by three newE2 transitions~753, 796, and 823 keV!.
The highest spin reached in this band is (35/22). The inten-
sity of this band is very weak compared to the positive-pa
bands:; 3% of the total intensity as obtained from the 42
and 879-keVg rays. The ~11/22) state is linked to the
positive-parity branch via the 1000-keVE1 transition to the
9/21 level and the~15/22) level feeds the~13/21) level
through the 727-keV transition.

There are indications of linking transitions between
quence 1 and the negative-parity sequence at high spin
that the 1143- and 1845-keV transitions depopulating
(45/21) level appear to feed the negative-parity sequenc
spin (31/22). Unfortunately, the linking transitions~presum-
ably very weak! could not be observed in this experiment

C. Level scheme of98Ru

A representative coincidence spectrum obtained for98Ru
is given in Fig. 5 and the level scheme for this nucleus
shown in Fig. 6. Above the 81 state, and parallel to the mai
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FIG. 1. Level scheme of96Ru obtained from
the present work. The energies are labeled
keV. The widths of the arrows are approximate
equal to the relative intensities of the observedg
transitions.
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level structure~sequence 1!, a regular cascade of quadrupo
transitions is observed up to spin~192). Theg-ray energies
of theseE2 transitions increase monotonically with spin b
tween (92) and (192). This sequence~marked 2 in Fig. 6! is
then followed by a number of dipole transitions, of energ
995, 912, 905, 407, 1017, and 990 keV. A total of ten n
transitions have been placed in sequence 2, extending it u
s

to

Ex'18 MeV. This cascade is fragmented at high spins, a
among the new transitions are threeEg'2 MeV g rays
~1773, 1985, and 2227 keV!.

In a previous investigation of98Ru, several transitions
had been reported at low spin using the98Mo(a, 4ng) re-
action @23#. Some of these transitions belong to nonyra
sequences which are not populated in heavy-ion-induced
-

e

FIG. 2. Representative double
gated coincidenceg spectrum for
96Ru. The transition energies ar
marked to within6 1 keV.
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FIG. 3. Representative double
gated coincidenceg spectrum for
97Ru. The transition energies ar
marked to within6 1 keV.
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actions, and could not be observed in the present work.
placement of a few transitions has been revised as comp
to the earlier results. The most important change is tha
opposite-parity assignment has been proposed in Ref.@23#
for all states above 81, and for some low-spin states. Fo
example, anE2 character has been assigned to the 969-k
line, while the present data indicate a dipole~most likely an
E1) character. However, the authors of Ref.@23# have stated
that in most cases no unique spin and parity assignm
could be made on the basis of strong arguments. They
reported many discrepancies in reproducing the branch
ratios, using IBA calculations, for the states above the1

level. In addition, a study of the nonyrast states of98Ru via
the 97Mo(a, 2ng) reaction@24# also had disagreements wit
Ref. @23#, in both spin and transition assignments.

The present data indicate also certain discrepancies
respect to the latest investigation of this nucleus@9#. There,
two transitions of 644 and 1148 keV were proposed as c
necting the 72→52→41 levels; these have not been o
served in the present work. Transitions of these energies
present in95Tc @16# and could have been erroneously attr
uted to98Ru earlier. Furthermore, the placement of the 10
and 1773-keV~1016 and 1771 in Ref.@9#! transitions in
sequence 2 has been revised, based primarily on coincid
and intensity considerations; theseg rays are now placed a
higher spins and excitation energies. A negative parity
proposed for this sequence on the basis of~i! comparisons
with the shell-model calculations presented below and~ii !
energy-level systematics in this mass region~see discussion
below!.

The previously known positive-parity sequence~sequence
1! included 12E2 transitions decaying from the~241) level
to the ground state@9#. The ordering ofg-ray transitions of
848 and 821 keV in this sequence has been changed, b
on the observed intensity pattern. A total of 23 new tran
tions have been identified and placed in this sequen
Above spinJ524\, a fragmentation of strength occurs, as
e
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the case in96,97Ru. The most intense branch is fed by tw
dipole transitions of 399 and 1076 keV, followed by a ne
sequence ofE2 transitions. These transitions, in order
increasing spin, are of 1738-, 2192-, 1789-, 2215-, and 21
keV energy. All of them are very weak and it is possible th
the ordering of the 2181- and 2215-keV transitions could
reversed. A second fragmentation appears at the~281) level
and several new cascades appear in parallel with sequen
A total of 14 transitions of'2 MeV energy have been iden
tified at high spins. Overall, the level scheme has been
tended up toJ538\ and excitation energyEx'24 MeV, the
highest spin and excitation energy observed in this exp
ment, and represents a gain of 14\ in spin and'14 MeV in
excitation energy in comparison with the previous work@9#.

The positive- and negative-parity branches appear to
linked at low and high spins. However, the linking trans
tions could not be identified from the coincidence spectra

IV. DISCUSSION

As mentioned above, the low-lying levels inN>50 nuclei
are well described by spherical shell model calculations w
88Sr as the inert core and a@p(p1/2,g9/2);n(d5/2,s1/2)# va-
lence space@25#. Such a small configuration space is ina
equate to describe the higher-angular momentum state
these nuclei. For example, using the above basis, the m
mum angular momentum possible for nuclei withN>50 is
typically around 16\. To obtain a more appropriate descri
tion of the observed high-spin level sequences, large-b
shell model calculations are necessary. These hig
angular-momentum states could be dominated by~i! the ex-
citation of the neutrons into higher orbitals, such
n(h11/2,g7/2), ~ii ! the excitation of theg9/2 neutrons across
the N550 core into the next major oscillator shell, or~iii !
most likely, a combination of these two processes. In
earlier study of the high-spin states in94Tc @22#, a compari-
son of the experimental excitation energies with the sh
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FIG. 4. Level scheme of97Ru
obtained from the present work
The energies are labeled in keV
The widths of the arrows are ap
proximately equal to the relative
intensities of the observedg tran-
sitions.
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model calculations using88Sr, 66Ni, and 56Ni as the core has
been reported. It was noted that the inclusion of then( f 5/2)
orbitals in the core (56Ni) resulted in a somewhat bette
agreement with the experimental energy levels. It would
pear, therefore, that to adequately describe the obse
higher-angular-momentum states in these nuclei, shell m
calculations would need to be performed using a mo
space comprising the p( f 5/2,p3/2,p1/2,g9/2) and
n( f 5/2,p3/2,p1/2,g9/2,d5/2,g7/2,h11/2) valence orbitals outside
a 56Ni inert core. Such unrestricted, large-basis calculati
are not feasible at present due to computational limitati
and a truncation scheme has to be devised. The details o
such truncation procedure are given in Ref.@10#. In the next
sections, we will present results of shell-model calculatio
using both small and large configuration spaces for96Ru. For
97,98Ru, results of the shell-model calculations using only
-
ed
el
l

s
s
ne

s

e

small model space, as well as those from a weak-coup
scheme will be presented.

A. 96Ru: Single particle configurations

Shell model calculations for96Ru were performed within
the model space named GL in the codeOXBASH @26#. This
model space encompasses thep(p1/2,g9/2) and n(d5/2,s1/2)
orbits outside the88Sr inert core. The two-body matrix ele
ments were taken from the work of Gloeckner@27# and in-
clude no contribution from core excitation.

Figure 7 compares the experimental excitation energ
with the calculations. Within the restricted model space us
the maximum angular momentum possible for96Ru, with six
valence protons and two valence neutrons outside88Sr, is
J516\. The experimental results and the shell model cal
lations are in good agreement up to spin 16\ for the positive-
parity sequence~Fig. 7! and up to spin 15\ for the negative-
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FIG. 5. Representative double
gated coincidenceg spectrum for
98Ru. The transition energies ar
marked to within6 1 keV.
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parity sequence. The excitation energy predicted by the s
model code for the 162 state is markedly higher than th
experimental value. This discrepancy could be a resul
significant contributions to this level from configuration
other thanp(p1/2,g9/2) ^ n(d5/2,s1/2).

The level schemes of96298Ru show the presence ofg
rays with energies of the order ofEg'2 MeV at and above
the level J516\. These transitions are indicative of th
breaking of theN550 core. This conclusion is based on t
following observations:~i! no such high-energy transition
exist at the lower spins,~ii ! several;2-MeV transitions ap-
pear in parallel with each other—such fragmentation of
tensity suggests a profound change in structure whereby
eral competing excitation pathways become available,~iii !
these transitions appear at spins that are consistent with
maximum spins possible from the available orbitals witho
breaking the core, and~iv! these spins and excitation ene
gies are in agreement with the shell-model predictions
core breaking. A similar feature had been reported pre
ously in theA; 150 region: for example, in the nucleu
150Dy, two parallel cascades were observed and were at
uted to the simultaneous breaking of theZ564 andN582
cores @28#. Further, Rothet al. @8# and Ghugreet al. @11#
have observed a similar feature in95Rh and 95Ru as well.

Because of this core breaking, the higher-angu
momentum states are likely to be dominated by the exc
tion of g9/2 neutrons across theN550 magic shell@10#, and
could involve the

p~p1/2,g9/2! ^ n@~g9/2!
21,~d5/2!

11#

p~p1/2,g9/2! ^ n@~g9/2!
21,~g7/2!

11#

p~p1/2,g9/2! ^ n@~g9/2!
21,~h11/2!

11#
ell

f

-
v-

he
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configurations. Hence, shell model calculations we
performed using an enlarged configuration spa
which encompassed eight proton orbita
@p( f 5/2,p3/2,p1/2,g9/2,g7/2,d5/2,d3/2,s1/2)# and nine neutron
orbitals@n( f 5/2,p3/2,p1/2,g9/2,g7/2,d5/2,d3/2,s1/2,h11/2)# out-
side an inert56Ni core. This model space is named SNE
the OXBASH code@26#. A combination of schematic and ex
perimental two-body matrix elements, provided for inOX-

BASH, was used. Due to computational limitations, the lar
model space was internally truncated by considering only
most dominant configurations for a given angular moment
state. The details of this truncation procedure are descr
in Ref. @10#. For levels withJ<16\, no neutron excitations
were allowed across theN550 magic shell and the
p( f 5/2,p3/2) orbitals were completely occupied~i.e., proton
excitations were allowed only within thep1/2,g9/2 orbitals!.
For the higher-angular momentum states, calculations w
performed by incorporating the excitation of a singleg9/2

neutron across theN550 core into the next major oscillato
shell ~i.e., the @(g9/2)

21,(d5/2)
11#, @(g9/2)

21,(s1/2)
11#,

and @(g9/2)
21,(g7/2)

11# configurations!. Due to com-
putational limitations, calculations incorporating th
@n(g9/2)

21,(h11/2)
11# configuration could not be carried ou

Figure 8 shows the comparison between the experime
excitation energies and the ‘‘extended basis’’ shell mo
calculations. Once again there is a reasonable agreemen
tween the experimental and theoretical excitation energ
for the low-lying levels (J'16\). The inclusion of the
n(h11/2) orbital results in a better agreement for theJ5162

state, which reinforces the interpretation that this state is
deed dominated by the occupation of then(h11/2) orbital.
However, there is a distinct discrepancy between the sh
model predictions and the experimentally observed exc
tion energies for the higher-angular momentum states@domi-
nated by then(g9/2)

21 configurations#: the calculated energy
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FIG. 6. Level scheme of98Ru
obtained from the present work
The energies are labeled in keV
The widths of the arrows are ap
proximately equal to the relative
intensities of the observedg tran-
sitions.
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gap between the lower states and those that appear
breaking theN550 shell is much larger than seen in th
data. This discrepancy could possibly be attributed to eit
~a! the truncation scheme used or~b! the effective interac-
tions used. The effect of the former could, perhaps, be si
lated empirically by normalizing the theoretical excitatio
energy of one of the high-lying states~say,J517\) to the
experimental value~such a normalization procedure has p
viously been adopted by Kabadiyski and co-workers for
case of90Mo @29#!. Clearly, the ‘‘post-normalization’’ agree
ment between the theoretical and experimental energy le
would, then, be rather good. As for~b!, the experimental
effective interactions used in the calculations were deri
by fitting the low-spin data. However, in the absence of a
previous experimental information on the states involv
the breaking of theN550 core, these values have so far n
been tested for higher spins. It is hoped that the present
will lead to the development of better effective interactio
in this region, especially for those states involving t
n(g9/2)

21 configurations.
It is also possible that the negative-parity states are do
fter
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nated by other configurations than those considered ab
such as the excitation of neutrons within the (g7/2,d5/2,d3/2,
s1/2,h11/2) orbits coupled to proton excitations withinf pg
subshell. Unfortunately, these configurations could not
incorporated in the calculations, due to the large dimensi
ality of them subspace when high-j orbitals such ash11/2 are
involved. Nevertheless, the shell-model calculations invo
ing both these model spaces indicate qualitatively the sin
particle nature of the observed level sequences in96Ru: par-
ticle excitations within thep(p1/2,g9/2);n(d5/2,s1/2,h11/2)
dominate the low-lying levels (J<16\); the higher angular-
momentum states appear to be dominated by the excita
of a g9/2 neutron across theN550 magic shell.

Another noteworthy result of these calculations perta
to the negative-parity sequence observed in96Ru, consisting
of six stretchedE2 transitions and feeding into the 72 state.
These states are well reproduced by the shell model calc
tions, although the regularity of the energy spacings, and
relatively strongE2 transitions, are quite suggestive of co
lective degrees of freedom@9#.
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B. 97Ru and 98Ru: Shell model description and beyond

As stated above, the nuclei97,98Ru lie in a region where a
transition from spherical, single particle behavior to collec
tive phenomena is quite likely to occur.

In a previous attempt at understanding the nature of98Ru,
IBA calculations were performed for the low-lying levels~up
to spin 101). Such calculations have led to the conclusio
that 98Ru can be described by the IBA-1 model~in its vibra-
tional limit! with good results up to spin 81, beyond which
the experimental excitation energies begin to deviate fro
the calculated values@23#. The authors of Ref.@24# have
suggested another explanation, using the surface-delta
sidual interaction in a two-quasiparticle-plus rotor mode
Skouraset al. @5# have already demonstrated that in this tran
sitional region, various approaches, such as the shell mo
and the particle-rotor model give similar results, and the e
ergy level systematics are insufficient to arrive at any defini
conclusions regarding the underlying microscopic structur
highlighting the need for more complete spectroscopic info
mation.

The success of the shell model calculations at low an
moderate spins in96Ru makes an extension to97,98Ru im-
perative. Shell model calculations for these nuclei were fir
performed using the GL model space described above. F
ures 9 and 10 show the comparison between the experim
tal excitation energies for97Ru and 98Ru, respectively, and
the shell model predictions up toJ'17\, the maximum an-
gular momentum possible within this restricted model spac
As seen from the figures there is a reasonable agreem
between the theoretical and experimental values, up to t
highest spins. However, the agreement between the theo
ical and experimental excitation energies for th
J57/21, 11/21, 15/21, 27/21, and 31/21 levels in

FIG. 7. Comparison of the observed states up to spinJ516\ in
96Ru with spherical shell model calculations, using the small con
figuration space GL~see text for details!.
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97Ru is markedly poorer than for other states~Fig. 9!. Again,
this may be attributed to the contribution from other config
rations such asn(g7/2,h11/2) which were not included in the
calculations.

The weak-coupling model has also been quite succes
in interpreting the level sequences in theN'50 nuclei. The
levels of the ‘‘N11’’ @e.g., 97Ru(J)# nucleus could be ob-
tained by coupling thed5/2 or g7/2 neutron orbitals to the
‘‘ N’’ @96Ru(J)# core. The level structures of Nb, Tc, and R
isotopes were well described by this model@16,30#. Figure
11 illustrates the weak-coupling scheme for97Ru. Levels up
to J549/21 and 35/22 can be qualitatively explained in this
weak-coupling approximation. The levels in97Ru dominated
by the@96Ru(J) ^ n(g7/2)# coupling would lie about 420 keV
higher in excitation energy than the corresponding levels
96Ru. This is attributed to the fact that then(g7/2) orbital has
an excitation energy of about 420 keV with respect to t
n(d5/2) orbital ~as seen from the excitation energy of 42
keV for the 7/21 level!. The coupling gives good agreemen
for the excitation energies of theJ57/21,11/21,15/21,
27/21,31/21 levels~which could not be explained satisfac
torily by the shell model!, implying that these levels are in

-

FIG. 8. Comparison of the observed states for the higher sp
in 96Ru with the spherical shell model calculations, using the mod
space SNE~see text for details!.
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deed dominated by then(g7/2) orbitals which were not in-
corporated in the shell model calculations. However, sim
excitation energies were obtained for theJ519/21, 23/21

levels in both the shell model, and the wea
coupling scheme using the@96Ru(J) ^ n(d5/2)# and
@96Ru(J) ^ n(g7/2)# configurations. Also, theE2 ‘‘band-
like’’ sequence in97Ru is well reproduced within both mod
els.

As discussed above, the breaking of theN550 core in
96Ru occurs aboveJ5161, as evidenced in the level schem
by the presence ofg rays withEg'2 MeV and the onset o
several parallel pathways. A similar feature can be see
97Ru aboveJ537/21 @ 96Ru(J516)^ n(d5/2)#, suggesting
that the higher-angular-momentum states in97Ru are, again,
dominated by the excitation of an(g9/2) neutron across the
N550 magic shell. Thus, the shell model calculations a
the weak-coupling scheme qualitatively suggest sing
particle nature for the observed levels up to high spins
excitation energies (J'22\, Ex'12 MeV! in 97Ru.

As seen from Fig. 10, levels up toJ5161 and 172 in
98Ru are well reproduced within the shell model calculatio
~using the restricted GL model space!. In this case also, the
shell model calculations reproduce the sequence ofE2 tran-
sitions observed in the negative-parity part of the le
scheme. This lends support to the negative-parity assignm
for this ‘‘band.’’ The weak-coupling scheme@ 98Ru(J8)
597Ru(J) ^ n(d5/2)# is also reasonably successful in repr
ducing the observed positive-parity sequences up toJ5161,
as illustrated in Fig. 12. However, this scheme cannot rep
duce the level sequences above this state~which corresponds

FIG. 9. Comparison of the observed excitation energies and
spherical shell model predictions within the GL model space up
spin J'16\ for 97Ru.
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to the J537/21 state in 97Ru! where the breaking of the
N550 core is expected. This difference between97Ru and
98Ru could be because of major contributions from oth
intrinsic configurations@such asn(h11/2)# for the higher-
angular momentum states in98Ru, before the breaking of the
core. The weak-coupling approximation could not be e
tended to the negative-parity band in98Ru, due to the fact
that experimental information on the corresponding state
97Ru is not available.

The nucleus98Ru has a ‘‘band’’ built on the 92 state,
consisting of fiveE2 transitions with energies monotonical
increasing with spin, followed by dipole transitions with i
regular level spacings and a fragmentation of the inten
into different branches. Within the rotational model, th
would typically be an indication of a ‘‘band termination.
As stated before, the ‘‘band’’ in96Ru exhibits almost the
same general trend and the ‘‘band termination’’ occurs at
same spin~192) in both nuclei.

A weak DJ52 ‘‘band,’’ consisting of sixE2 transitions,
and built on the 11/22 state, is observed in97Ru as well.
This also is suggestive of the onset of collectivity and co
be interpreted as a ‘‘decoupled’’ band built on theh11/2
quasineutron state@3#. Similar DJ52 bands also have bee
observed in99,101,103Ru @12#; however, the band observed i
97Ru is found to be much weaker than that in the heavier o
Ru isotopes.

This observation of bandlike characteristics brings fo
the need for a more detailed study of the intrinsic structure
these levels. As pointed out earlier, these bandlike casc
in 96,98Ru can be reproduced rather well in the framework
the shell model and also in the weak-coupling calculatio

e
o

FIG. 10. Comparison of the observed states up to spinJ517\
in 98Ru with the spherical shell model calculations, using the
stricted model space GL.
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57 95LEVEL STRUCTURES OF96,97,98Ru AT HIGH . . .
Lifetime measurements have been undertaken to further
cidate the true nature of theseE2 cascades, and will be re
ported in a separate publication@31#.

An intriguing aspect of the observed level structure
98Ru is the presence of a cascade ofE2 transitions with
energiesEg'2 MeV linking the very high spin (J>28\)
yrast states~see Fig. 6!. This cascade of energies 1738, 219
1789, 2215, and 2181 keV is built on the~281) state, i.e., it
occurs after the core breaking. In spherical nuclei, harmo
vibrational motion results in an excitation spectrum cons
ing of equally spaced degenerate phonon multiplets. Ba
on the observed level spacings, this band could be descr
as ‘‘vibrationlike.’’ Incidentally, a similar ‘‘quasivibra-
tional’’ cascade has been observed previously in154Ho, a
nucleus located near the region of the onset of collectivity
the rare-earth regime. It was interpreted as indicative o
transition to soft triaxial shapes and of an increasingg de-
formation at high spins@32#.

V. SUMMARY

Extensive level schemes have been established
96,97,98Ru from data obtained with the early implementati
Gammasphere array. A total of about 130 newg transitions
have been identified in these nuclei and, as a result, t
level structures have been extended to high spins and e
tation energies (J'22\, Ex'12 MeV!. Shell model calcu-
lations within the small configuration space using88Sr as the

FIG. 11. Comparison of the energy levels in96Ru and 97Ru
assuming the: ~a! @97Ru(J8)596Ru(J) ^ n(d5/2)# and ~b!
@97Ru(J8)596Ru(J) ^ n( f 7/2)# stretched configurations. The leve
corresponding to the configuration~b! have been plotted after sub
stracting 422 keV from their excitation energy@the excitation en-
ergy of then(g7/2) orbit with respect of then(d5/2) orbit. See text
for details#.
lu-
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core agree reasonably well with the experimental energy
els up toJ'16\ ~the maximum angular momentum possib
within this restricted space!. The use of a larger configuratio
space shows that the higher-angular-momentum states
dominated by the excitation of ag9/2 neutron across the
N550 magic shell. The observation ofg rays with Eg'2
MeV, and the associated fragmentation of theg-ray flux into
many competing pathways, provide a clear experimental
nature for the breaking of theN550 core. The core-breaking
picture is also supported qualitatively by the shell-model c
culations and by the weak-coupling scheme. The obser
level structures of these nuclei exhibit single-particle nat
even at the highest spins and excitation energies. Sev
cascades ofE2 transitions of approximately equal energi
(Eg'2 MeV! appear after the breaking of theN550 core in
98Ru. These cascades are suggestive of a ‘‘vibrational’’ ch
acter.
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