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High spin states have been populated¥Rh using the reactioA®Zn(**S,p3ny) at 130 MeV. They rays
have been detected with the EUROGAM2 array. The level structut84@h 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 ¥zacore:gg,, protons(andN=3 proton holesandds,,
972, andhy,, neutrons. Aftet%%Pd, 1°%Rh 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.
[S0556-28189)50502-5

PACS numbgs): 21.10.Re, 23.20.Lv, 21.60.Ev, 27.69.

Transitional nuclei withZ<50 and massA=100 are spins in thel =30-4G: range for nuclei withZ=45 andA
characterized by a small quadrupole deformation and a very=100. In this Rapid Communication, we present results on
y-soft potential at low and moderate angular momenta. Théand terminations observed in the odd-odd nucféRh. In
doubly odd nuclei have configurations with the odd proton inthe first part, band structures established over a wide range of
orbitals situated below the=50 gap and the odd neutron in spin are described. Then an interpretation of the bands is
orbitals situated above thé=50 gap. This induces complex given in terms of terminating configurations. Preliminary
level structures for which the proton and the neutron occupylata have been presented elsewlidie
high-Q and low{) orbitals, respectively. In addition, the co-  The reaction’%Zn(*¢S,p3n) at a bombarding energy of
existence of near-spherical and deformed shapes increasé30 MeV has been used to populate states®@Rh. The
the complexity of the level structures. target consisted of two stacked self-supporting foils of Zn,

Both the low-spin and high-spin domains for nuclei in this enriched to 70% if°Zn and 13% irféZn, each with a thick-
mass region are poorly known. Using a powerful instrumentness of 44Qug/cn?. The beam was provided by the Vivitron
namely, the EUROGAM2y-ray spectrometer, a study of accelerator at IReS, Strasbourg. Theays were detected by
Pd(Z=46) and RhZ=45) isotopes at high angular mo- using the EUROGAM2 spectrometer equipped with 30 ta-
menta has been undertaken, mainly focusing on predictepered coaxial Ge detectors and 24 clover-type detectors, all
terminating structurefl]. The terminating states have spinsin Compton-suppression shield$]. Coincidence events
built solely from the angular momentum of the valence parwere collected when at least four suppressed Ge detectors
ticles and valence holes. They have noncollective oblate ( fired. A total of 6x10° Compton-suppressed events were
=+60°) or prolate ¢=—120°) shape and correspond to written onto magnetic tapes. A total and several gdigd
the highest spin states of configurations which have some-E ,—E.; cubes have been analyzed using tiEITsR
collectivity at low spin but gradually lose it with increasing graphical spectrum analysis packdéé
spin. Excited levels int%Rh were previously observed in-beam

Contrary to other regions, data on terminating bands arg the reactions®Ru(p,ny) [7,8] and *®o("Li,3nvy) [9].
very scarce belowZ=50. In theA=100 transitional region From a decay study of the'=6",T,,,=1057 d isomer, the
there was only an indication of band terminatic@] before  existing level schemes were modified and a new scale was
our results on'%Pd [3]. This nucleus is the first in which fixed for the excitation energies of the levfl®)]. These data
terminating bands built on valence-space configuratamgs  together with results from other decay studig$] have been
core-excited configurations, respectively, have been obused as a starting basis for our level scheme presented in Fig.
served. This confirms the theoretical predictidi$ about 1.
the existence of many yrast configurations terminating at The level scheme of°Rh was obtained using arguments

based on triples and quadruplegay coincidence relation-
ships, y-ray intensity and energy balances, multipolarities of
*Permanent address: Horia Hulubei National Institute of Physicgransitions, andy-ray linear polarizations. Examples of spec-

and Nuclear Engineering, Bucharest, Romania. tra showing transitions in the main bands are presented in
"Permanent address: Nuclear Research Center, Latvian Acadenfiig. 2. They were obtained by setting double gates on gated
of Sciences, Salaspils, Latvia, LV-2169. cubes which were made by requiring coincidence conditions
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FIG. 1. Partial level scheme df?Rh above the 141 keV, Bstate. Level and-ray energies are given in keV. The width of the arrows
is proportional to they-ray intensity.

with the strongest low-lying transitions in the level scheme.character of band 4 is established by angular correlation
Prior to the present work, only the nine lowest levels of bandatios.

1 were known[9]. Bands 2—6 are newly identified. Due to  Two other cascades of rays (bands 5 and 6which are

the large number of observed excited levels and to the fagjery likely electric quadrupoles are also assigned%&h.
that, in this Rapid Communication, we concentrate on therhey decay to the negative-parity band 1 only but, due to a

properties of band structures at high spin, the full leveljkely complex decay, their links have not been observed.
scheme has been simplified. Only the band structures disrhe fact that they feed band 1 in the spin rangel5
cussed in the text and the levels which are necessary to es-q g, suggests a lower limit of~

tablish the positions and the connections of these bands a
shown in Fig. 1. For example, the decay of band 1 which

roceeds via nin€&1l transitions to lower excitation-ener S
IF:aveIs is represented by the strongest transition only. 9y present publication. Only the well developed bands are ana-

Among the observed levels, a strongly populated and Verl@/zed: Calcglaﬂons ha\{e been perfqrmed TR using th?
well developed band structuréband 3 based on thd ™ ranking Nilsson-Strutinsky formalism. These calpylatlons
—6~ state at 682.7 keV excitation energ0] has been are analogous.to Iglose performgd for other nuclei inAhe
established. It is made of levels populated and deexcited by 100 region, 1., Ru and Pd isotopefl] and more re-
stretched quadrupole and mix@d1/E2 transitions whose cently for **#d[3]. In our formalism{12] the configurations
multipolarities are unambiguously determined by angula@re determined by the number of particles in Mehells of
correlation and linear polarization measurements. the rotating basis. An additional feature3, 14 is that after

Bands 2 and 3 are also dfl =1 type but the bottom the diagonalization, we identify the orbitals of dominant high
stretched quadrupole transitions are not observed in band 8.character and thus we can also distinguish between par-
There are many links between them and with the rest of théicles in the intruder high)-shells and in the other shells.
level scheme. Most of the connectingays are weak and/or The different configurations are then labeled by the number
composite which precludes precisaay angular correlation of particles in the differenj shells or groups of shells
measurements. The tentatively proposed spin and positivelative to a®Zr core. For simplicity the shorthand notation
parity assignments are the most probable supposing stretchgtho) p1p2,n] is used. In this notationp) is the number of
character for the transitions connecting the bands to eagbroton holes inN= 3 orbitals,p; the number of protons in
other and to the other bands. Joyp Orbitals,p, the number of protons ihy4,, orbitals, anch

Band 4 is a cascade of eight transitions placed above thine number of neutrons ih, orbitals. (py) and p, are
I"=10" level at 1599 keV excitation energy. The decayomitted for configurations with no proton holes in the
mode of this level is totally shown in Fig. 1. Thel=2 =3 orbitals and no protons ih,,, orbitals, respectively.

20# for their lowest lev-

The full level scheme will not be discussed in detail in the
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FIG. 2. Examples of double-gatedray spectra from gated cubes showing transitions in ba&l, 1b), band 3(c), and band 4d). The
transition energies are given in keV.

Note that our labeling of the configurations in terms of a corespin (I >25%), where the pairing correlations are of
and particles in the valence shells is approximate. In thgmall importance, are very similar~0.5MeV). The
numerical calculations, no core is introduced and all orbitalsy=1 signature branch of band 1 reaches termination
(up toN=8) are treated on the same footing. The energy ofat the 1"=29~ level which has the configuration
each configuration at each spin is minimized in the deforma’ﬂ(gg/z)i2_5V(d5/297/2)?1(h11/2)é_5- The a=0 signature branch
tion space £5,e4,7) which allows the development of col- q\yever could be established only uplfe=28", i.e., one

lectivity to be traced within specific configurations as afunc-Step before the predicted terminating state of [Bid] con-

tion .Of spin. For each conﬁguratlo_n, thg lowest energyfiguration. This is due to contaminations even in the gated
solution is searched and followed with spin. Thus, a large

X . ) . .2 tube, although the-ray intensities at the top of this branch

number of configurations are found; however, only a limited | th t the t f the other b hi d
number in the yrast region. These low-energy configurationglr.e arger than at the top ot the oIner branch in accordance
are compared with the experimental bands in Fig. 3. Pairing"Ith the favored ChiraCtef at=0 signature.
correlations are neglected in the calculations which could 1N€ fact that thé”=28" state deviates from the smooth
thus be considered as realistic only at high spin, say, abov&end, see Fig. 3, makes its interpretation more difficult. One
| ~20%. As the single-particle parameters are not very wellPossibility is that an aligned =264 state is formed in an
known in theA=100 region, we have used standard param&nalogous way as the alignee 407 state is formed irt>%r
eters of Ref[12] for the Nilsson potential. [15,14 in the configuration which has a maximum spin of

In the comparison between experiment and calculations ih=46%. In the calculated[5,1] negative-parity band of
Fig. 3, anl (I +1) rigid rotor reference has been subtracted.’*Rh, the sixds,,g7,, neutrons couple to their maximum
Band 1 is the only observed negative-parity band and it ispin value, i.e.| =124, in the terminatind = 30% state. This
strongly fed because of its yrast character. Its bandhead hatate is then understood as having thgeg neutrons with
the wggrhiy, configuration[9]. In the calculations, the aligned spinsm=7/2, 5/2, and 3/2 and thregs, neutrons
negative-parity configuratioh5,1] is yrast above spin #  with m=5/2, 3/2, and 1/2where in reality,ds;, and g7/»
and terminates at™=30" and|17=29" for the «=0 and subshells are strongly mixgdf then one neutron is shifted
a=1 signatures, respectively. We propose that band 1 dtom g,,,m=23/2 tods,,m=—5/2, these six neutrons con-
high spin can be identified with this configuration. The tribute with eight spin units and the total maximum spin
measured and calculated signature-splittings at highbecomed =26#. Such a state would be favored if the split-
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0.5 - 5.2120152] E drawn concerning its configuration. On the contrary, band 3
- | [(‘)5"21': extends over a wide range of spin and can be compared to
o 2'0 % 10 calculations. It becomes yrast lat 274 as shown in Fig. 1.

This is the situation for thgs, 2] configuration relative to the
[5,1] configuration as indicated by the calculations. We pro-
FIG. 3. Excitation energy relative to difl +1) reference as a pose that band 3 at high spin corresponds to[##2] con-

function of I for the experimentaltop) and calculatedbottom)  figuration which is built from fiveggy;, protons and twd, 4,
bands. The orbitals are labeled as described in the text, full andeutrons. Th5,2] configuration is calculated to terminate at
dashed lines are used for positive and negative parities; closed and=34" and |"=33". The structure of the terminating
open symbols for signatures=0 anda=1, respectively. Calcu- gtates iS77(99/2)?2.5”((15/297/2)?0.5,11.£h11/2)%O' The experi-

lated terminating states and observed states assigned to them &ffantala=1 branch of band 3 is observed up to the termi-
encircled. In the upper panel, bands 5 and@ited line$ are drawn ating state while two levels are missing in the=0 signa-

with arbitrary excitation energies and spins as these quantities coulgh . "y - - b This is consistent with the fact that the

not be determined in the present experiment. To indicate the senst|- L _ . . .

= . . . . erminating state of the=1 signature is favored in energy
tivity on the spin assignments, band 6 is drawn with two assum in the calculations. However, contrary to experiment, the cal-
tions assuming =22k and | =274, respectively, for its lowest lati .h I‘te=0 b hy h Ig be f ’ di
states. The drastically different slopes in these two cases shows that ations suggest that t ranch shou € Tavored in

the configuration assignment is highly sensitive on the spin assignenergy at lower spin. A pOSSible origin of this discrepancy is
ment. that the parameters of the Nilsson potential for the neutron

N=4 shell related to the relative positions of tge, and

ting between thals;, and g, subshells was larger than ob- ds;, spherical subshells are not optimal. Another possible
tained with the present single-particle parameters. Howevergason could be the residual proton-neutron interaction
there are also problems associated with this increased spaghich is known to be important at low spin in odd-odd nu-
ing. Thus, also the other signature which appears to termiclei in general and which is not accounted for in the present
nate al =29 might become disturbed so that, when plottedcalculations.
as in Fig. 3, the 29 state comes at a considerably higher Band 4 is ofAl =2 type and its parity is positive. It could
energy than the 25 state. correspond to thee=0 favored signature of a configuration

One could also note that negative-parity bands are calcuying close to yrast, the other signature being much higher in
lated in the[(1)6,2] configuration which are not too high energy. This is the case of the calculafét6,1] configura-
above those in thg5,1] configuration. The lowest state of tion for which thea=1 unfavored signature lies about 0.5
this kind is drawn in Fig. 3. Considering general uncertain-MeV above the favored one, see Fig. 3. Based on this argu-
ties, it cannot be excluded that it is that configuration whichment, band 4 might correspond to tf{&)6,1] configuration
should be assigned to the negative-parity bands. If so, thehich terminates in thé™=32" state having the structure
29" state does not correspond to a termination. Howeverr(N=3),2(de/) 5o#(ds297/2) S h112) 5 5.
also with such a scenario, it is as difficult to explain the kink Because the absolute spin values and the excitation ener-
in the observed band when going frdr¥ 26 to1=28". It  gies of bands 5 and 6 are unknown, any configuration assign-
is thus clear that at present, there are some difficulties iment will be associated with large uncertainties. Even so
understanding the details of the negative-parity bands whicthese bands are drawn in Fig. 3 with some reasonable as-
is probably at least partly associated with uncertainties of theumptions. If both bands are assumed to have lowest spin
single-particle parameters. values ofl =224, the slope suggests that band 6 might be

Angular momentum (h)
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assigned to some configuration with a proton hole inkhe particles as mainly rotating around the equator of the
=3 shell and band 5 to thé,3] configuration. As an alter- nucleus.

native band 6 is then also drawn in Fig. 3 with the somewhat In conclusion, six band structures extending up to high
unlikely assumption that its spin values are increasedfy 5 spin have been established in the doubly odd nuctéth.

in which case it might be associated with the unfavored sigfFrom a comparison with theory, three of these bands are
nature of th¢5,3] configuration. Note that the assignment of 3ssigned as terminating configurations. Two of them appear
bands 5 and 6 as having three neutronfip, is consistent  to terminate atl™=29~ and |™=(33"). The terminating
with their deexcitation modes only towards band 1, inter-giates are built frongg, protons(and N=3 proton holes
preted as h_aving onk,,,, neutron. To get some i_dea abc_>ut andds,, g7, andhyy, neutrons. After'2Pd, 1Rh is the

the possibility that bands 5 and/for 6 are associated with @cond heavy nucleus and the first odd-odd nucleus in which

proton-core excited, the lowest calculated configuration ofqnfigurations in the valence space are traced up from low
this kind,[(1)51,2] having oneh,4;, proton, is also shown in spin up to their termination.

Fig. 3.

The shapes associated with the terminating configurations Four of us(A.J.B., D.T.J., N.J.O., C.M.Packnowledge
evolve drastically with the angular momentum. The termi-U.K. EPSRC for financial support. A.V.A. and |.R. are grate-
nating states are calculated to be oblate. Calculated shajel for financial support from the Royal Swedish Academy of
trajectories in the £,,vy) plane are shown in Fig. 4 for con- Sciences and from the Crafoord Foundatibond, Swedeh
figurations discussed above. Note that all configurations arEUROGAM was funded jointly by the French IN2P3 and the
associated with rather small deformations and that the differ. K. EPSRC. This work was supported in part by the ex-
ent bands terminate at maximal spin values close to sphericahange programs between CNRS and the Hungarian Acad-
shape. Furthermore, increasing the numbehgf, neutrons  emy of Sciences, IN2P3 and IFBucharest by the Hungar-
drives the termination to larger oblaje= + 60° deformation ian Scientific Research Fund, OTK&ontract No. 20655
in agreement with our general understanding of these high-and by the Swedish Natural Science Research Council.
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