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Terminating bands in the doubly odd nucleus102Rh
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High spin states have been populated in102Rh using the reaction70Zn(36S,p3ng) at 130 MeV. Theg rays
have been detected with the EUROGAM2 array. The level structure of102Rh has been investigated. Several
bands have been identified and established over a wide range of spin. They are interpreted using the Nilsson-
Strutinsky cranking formalism and explained in terms of band terminations. Their configurations are built from
the valence particles and valence holes relative to a90Zr core:g9/2 protons~andN53 proton holes! andd5/2,
g7/2, andh11/2 neutrons. After102Pd, 102Rh is the second heavy nucleus and the first odd-odd nucleus in which
configurations in the valence space are followed from low spin up to their termination.
@S0556-2813~99!50502-5#

PACS number~s!: 21.10.Re, 23.20.Lv, 21.60.Ev, 27.60.1j
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Transitional nuclei withZ,50 and massA.100 are
characterized by a small quadrupole deformation and a v
g-soft potential at low and moderate angular momenta. T
doubly odd nuclei have configurations with the odd proton
orbitals situated below theZ550 gap and the odd neutron i
orbitals situated above theN550 gap. This induces comple
level structures for which the proton and the neutron occ
high-V and low-V orbitals, respectively. In addition, the co
existence of near-spherical and deformed shapes incre
the complexity of the level structures.

Both the low-spin and high-spin domains for nuclei in th
mass region are poorly known. Using a powerful instrume
namely, the EUROGAM2g-ray spectrometer, a study o
Pd(Z546) and Rh(Z545) isotopes at high angular mo
menta has been undertaken, mainly focusing on predi
terminating structures@1#. The terminating states have spin
built solely from the angular momentum of the valence p
ticles and valence holes. They have noncollective oblateg
5160°) or prolate (g52120°) shape and correspond
the highest spin states of configurations which have so
collectivity at low spin but gradually lose it with increasin
spin.

Contrary to other regions, data on terminating bands
very scarce belowZ550. In theA.100 transitional region
there was only an indication of band termination@2# before
our results on102Pd @3#. This nucleus is the first in which
terminating bands built on valence-space configurationsand
core-excited configurations, respectively, have been
served. This confirms the theoretical predictions@1# about
the existence of many yrast configurations terminating
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spins in theI 530– 40\ range for nuclei withZ.45 andA
.100. In this Rapid Communication, we present results
band terminations observed in the odd-odd nucleus102Rh. In
the first part, band structures established over a wide rang
spin are described. Then an interpretation of the band
given in terms of terminating configurations. Prelimina
data have been presented elsewhere@4#.

The reaction70Zn(36S,p3n) at a bombarding energy o
130 MeV has been used to populate states in102Rh. The
target consisted of two stacked self-supporting foils of Z
enriched to 70% in70Zn and 13% in68Zn, each with a thick-
ness of 440mg/cm2. The beam was provided by the Vivitro
accelerator at IReS, Strasbourg. Theg rays were detected by
using the EUROGAM2 spectrometer equipped with 30
pered coaxial Ge detectors and 24 clover-type detectors
in Compton-suppression shields@5#. Coincidence events
were collected when at least four suppressed Ge detec
fired. A total of 63108 Compton-suppressed events we
written onto magnetic tapes. A total and several gatedEg1
2Eg22Eg3 cubes have been analyzed using theLEVIT8R

graphical spectrum analysis package@6#.
Excited levels in102Rh were previously observed in-bea

in the reactions102Ru(p,ng) @7,8# and 98Mo(7Li,3ng) @9#.
From a decay study of theI p561,T1/251057 d isomer, the
existing level schemes were modified and a new scale
fixed for the excitation energies of the levels@10#. These data
together with results from other decay studies@11# have been
used as a starting basis for our level scheme presented in
1.

The level scheme of102Rh was obtained using argumen
based on triples and quadruplesg-ray coincidence relation-
ships,g-ray intensity and energy balances, multipolarities
transitions, andg-ray linear polarizations. Examples of spe
tra showing transitions in the main bands are presente
Fig. 2. They were obtained by setting double gates on ga
cubes which were made by requiring coincidence conditi
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FIG. 1. Partial level scheme of102Rh above the 141 keV, 61 state. Level andg-ray energies are given in keV. The width of the arrow
is proportional to theg-ray intensity.
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with the strongest low-lying transitions in the level schem
Prior to the present work, only the nine lowest levels of ba
1 were known@9#. Bands 2–6 are newly identified. Due
the large number of observed excited levels and to the
that, in this Rapid Communication, we concentrate on
properties of band structures at high spin, the full le
scheme has been simplified. Only the band structures
cussed in the text and the levels which are necessary to
tablish the positions and the connections of these bands
shown in Fig. 1. For example, the decay of band 1 wh
proceeds via nineE1 transitions to lower excitation-energ
levels is represented by the strongest transition only.

Among the observed levels, a strongly populated and v
well developed band structure~band 1! based on theI p

562 state at 682.7 keV excitation energy@10# has been
established. It is made of levels populated and deexcited
stretched quadrupole and mixedM1/E2 transitions whose
multipolarities are unambiguously determined by angu
correlation and linear polarization measurements.

Bands 2 and 3 are also ofDI 51 type but the bottom
stretched quadrupole transitions are not observed in ban
There are many links between them and with the rest of
level scheme. Most of the connectingg rays are weak and/o
composite which precludes preciseg-ray angular correlation
measurements. The tentatively proposed spin and pos
parity assignments are the most probable supposing stret
character for the transitions connecting the bands to e
other and to the other bands.

Band 4 is a cascade of eight transitions placed above
I p5101 level at 1599 keV excitation energy. The dec
mode of this level is totally shown in Fig. 1. TheDI 52
.
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character of band 4 is established by angular correla
ratios.

Two other cascades ofg rays ~bands 5 and 6! which are
very likely electric quadrupoles are also assigned to102Rh.
They decay to the negative-parity band 1 only but, due t
likely complex decay, their links have not been observ
The fact that they feed band 1 in the spin rangeI 515
219\ suggests a lower limit ofI'20\ for their lowest lev-
els.

The full level scheme will not be discussed in detail in t
present publication. Only the well developed bands are a
lyzed. Calculations have been performed for102Rh using the
cranking Nilsson-Strutinsky formalism. These calculatio
are analogous to those performed for other nuclei in theA
5100 region, i.e.,100Ru and Pd isotopes@1# and more re-
cently for 102Pd @3#. In our formalism@12# the configurations
are determined by the number of particles in theN shells of
the rotating basis. An additional feature@13,14# is that after
the diagonalization, we identify the orbitals of dominant hi
j character and thus we can also distinguish between
ticles in the intruder high-j shells and in the otherj shells.
The different configurations are then labeled by the num
of particles in the differentj shells or groups ofj shells
relative to a90Zr core. For simplicity the shorthand notatio
@(p0)p1p2 ,n# is used. In this notation, (p0) is the number of
proton holes inN53 orbitals,p1 the number of protons in
g9/2 orbitals,p2 the number of protons inh11/2 orbitals, andn
the number of neutrons inh11/2 orbitals. (p0) and p2 are
omitted for configurations with no proton holes in theN
53 orbitals and no protons inh11/2 orbitals, respectively.
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FIG. 2. Examples of double-gatedg-ray spectra from gated cubes showing transitions in band 1~a!, ~b!, band 3~c!, and band 4~d!. The
transition energies are given in keV.
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Note that our labeling of the configurations in terms of a c
and particles in the valence shells is approximate. In
numerical calculations, no core is introduced and all orbit
~up to N58! are treated on the same footing. The energy
each configuration at each spin is minimized in the deform
tion space («2 ,«4 ,g) which allows the development of co
lectivity to be traced within specific configurations as a fun
tion of spin. For each configuration, the lowest ener
solution is searched and followed with spin. Thus, a la
number of configurations are found; however, only a limit
number in the yrast region. These low-energy configurati
are compared with the experimental bands in Fig. 3. Pai
correlations are neglected in the calculations which co
thus be considered as realistic only at high spin, say, ab
I'20\. As the single-particle parameters are not very w
known in theA5100 region, we have used standard para
eters of Ref.@12# for the Nilsson potential.

In the comparison between experiment and calculation
Fig. 3, anI (I 11) rigid rotor reference has been subtracte
Band 1 is the only observed negative-parity band and i
strongly fed because of its yrast character. Its bandhead
the pg9/2nh11/2 configuration @9#. In the calculations, the
negative-parity configuration@5,1# is yrast above spin 16\
and terminates atI p5302 and I p5292 for the a50 and
a51 signatures, respectively. We propose that band 1
high spin can be identified with this configuration. Th
measured and calculated signature-splittings at h
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spin (I .25\), where the pairing correlations are o
small importance, are very similar ('0.5 MeV). The
a51 signature branch of band 1 reaches terminat
at the I p5292 level which has the configuration
p(g9/2)12.5

5 n(d5/2g7/2)11
6 (h11/2)5.5

1 . Thea50 signature branch
however could be established only up toI p5282, i.e., one
step before the predicted terminating state of the@5,1# con-
figuration. This is due to contaminations even in the ga
cube, although theg-ray intensities at the top of this branc
are larger than at the top of the other branch in accorda
with the favored character ofa50 signature.

The fact that theI p5282 state deviates from the smoot
trend, see Fig. 3, makes its interpretation more difficult. O
possibility is that an alignedI 526\ state is formed in an
analogous way as the alignedI 540\ state is formed in158Er
@15,16# in the configuration which has a maximum spin
I 546\. In the calculated@5,1# negative-parity band of
102Rh, the sixd5/2,g7/2 neutrons couple to their maximum
spin value, i.e.,I 512\, in the terminatingI 530\ state. This
state is then understood as having threeg7/2 neutrons with
aligned spinsm57/2, 5/2, and 3/2 and threed5/2 neutrons
with m55/2, 3/2, and 1/2~where in reality,d5/2 and g7/2
subshells are strongly mixed!. If then one neutron is shifted
from g7/2,m53/2 to d5/2,m525/2, these six neutrons con
tribute with eight spin units and the total maximum sp
becomesI 526\. Such a state would be favored if the spl
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ting between thed5/2 andg7/2 subshells was larger than ob
tained with the present single-particle parameters. Howe
there are also problems associated with this increased s
ing. Thus, also the other signature which appears to te
nate atI 529\ might become disturbed so that, when plott
as in Fig. 3, the 292 state comes at a considerably high
energy than the 252 state.

One could also note that negative-parity bands are ca
lated in the@~1!6,2# configuration which are not too hig
above those in the@5,1# configuration. The lowest state o
this kind is drawn in Fig. 3. Considering general uncerta
ties, it cannot be excluded that it is that configuration wh
should be assigned to the negative-parity bands. If so,
292 state does not correspond to a termination. Howe
also with such a scenario, it is as difficult to explain the ki
in the observed band when going fromI 5262 to I 5282. It
is thus clear that at present, there are some difficulties
understanding the details of the negative-parity bands wh
is probably at least partly associated with uncertainties of
single-particle parameters.

FIG. 3. Excitation energy relative to anI (I 11) reference as a
function of I for the experimental~top! and calculated~bottom!
bands. The orbitals are labeled as described in the text, full
dashed lines are used for positive and negative parities; closed
open symbols for signaturesa50 anda51, respectively. Calcu-
lated terminating states and observed states assigned to them
encircled. In the upper panel, bands 5 and 6~dotted lines! are drawn
with arbitrary excitation energies and spins as these quantities c
not be determined in the present experiment. To indicate the se
tivity on the spin assignments, band 6 is drawn with two assum
tions assumingI 522\ and I 527\, respectively, for its lowest
states. The drastically different slopes in these two cases shows
the configuration assignment is highly sensitive on the spin ass
ment.
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As band 2 is not well developed, no conclusion can
drawn concerning its configuration. On the contrary, ban
extends over a wide range of spin and can be compare
calculations. It becomes yrast atI 527\ as shown in Fig. 1.
This is the situation for the@5,2# configuration relative to the
@5,1# configuration as indicated by the calculations. We p
pose that band 3 at high spin corresponds to the@5,2# con-
figuration which is built from fiveg9/2 protons and twoh11/2
neutrons. The@5,2# configuration is calculated to terminate
I p5341 and I p5331. The structure of the terminating
states isp(g9/2)12.5

5 n(d5/2g7/2)10.5,11.5
5 (h11/2)10

2 . The experi-
mentala51 branch of band 3 is observed up to the term
nating state while two levels are missing in thea50 signa-
ture branch. This is consistent with the fact that t
terminating state of thea51 signature is favored in energ
in the calculations. However, contrary to experiment, the c
culations suggest that thea50 branch should be favored i
energy at lower spin. A possible origin of this discrepancy
that the parameters of the Nilsson potential for the neut
N54 shell related to the relative positions of theg7/2 and
d5/2 spherical subshells are not optimal. Another possi
reason could be the residual proton-neutron interac
which is known to be important at low spin in odd-odd n
clei in general and which is not accounted for in the pres
calculations.

Band 4 is ofDI 52 type and its parity is positive. It could
correspond to thea50 favored signature of a configuratio
lying close to yrast, the other signature being much highe
energy. This is the case of the calculated@~1!6,1# configura-
tion for which thea51 unfavored signature lies about 0
MeV above the favored one, see Fig. 3. Based on this a
ment, band 4 might correspond to the@~1!6,1# configuration
which terminates in theI p5321 state having the structur
p(N53)2.5

21(g9/2)12
6 n(d5/2g7/2)12

6 (h11/2)5.5
1 .

Because the absolute spin values and the excitation e
gies of bands 5 and 6 are unknown, any configuration ass
ment will be associated with large uncertainties. Even
these bands are drawn in Fig. 3 with some reasonable
sumptions. If both bands are assumed to have lowest
values ofI 522\, the slope suggests that band 6 might

FIG. 4. Calculated shape trajectories for the two signatures
configuration@4~1!,1# ~open and closed triangles! and for thea
51 signatures of configurations@5,1# ~circles! and @5,2# ~squares!
discussed in the text. The data points~each separated by 2\! are
shown for the ten highest levels in the bands, i.e., for the spin ra
@ I max218,I max#.
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assigned to some configuration with a proton hole in theN
53 shell and band 5 to the@5,3# configuration. As an alter-
native band 6 is then also drawn in Fig. 3 with the somew
unlikely assumption that its spin values are increased by\,
in which case it might be associated with the unfavored s
nature of the@5,3# configuration. Note that the assignment
bands 5 and 6 as having three neutrons inh11/2 is consistent
with their deexcitation modes only towards band 1, int
preted as having oneh11/2 neutron. To get some idea abo
the possibility that bands 5 and/or 6 are associated wit
proton-core excited, the lowest calculated configuration
this kind, @~1!51,2# having oneh11/2 proton, is also shown in
Fig. 3.

The shapes associated with the terminating configurat
evolve drastically with the angular momentum. The term
nating states are calculated to be oblate. Calculated s
trajectories in the («2 ,g) plane are shown in Fig. 4 for con
figurations discussed above. Note that all configurations
associated with rather small deformations and that the dif
ent bands terminate at maximal spin values close to sphe
shape. Furthermore, increasing the number ofh11/2 neutrons
drives the termination to larger oblateg5160° deformation
in agreement with our general understanding of these higj
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particles as mainly rotating around the equator of
nucleus.

In conclusion, six band structures extending up to h
spin have been established in the doubly odd nucleus102Rh.
From a comparison with theory, three of these bands
assigned as terminating configurations. Two of them app
to terminate atI p5292 and I p5(331). The terminating
states are built fromg9/2 protons~and N53 proton holes!
andd5/2, g7/2, andh11/2 neutrons. After102Pd, 102Rh is the
second heavy nucleus and the first odd-odd nucleus in w
configurations in the valence space are traced up from
spin up to their termination.
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