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Level schemes of*'Rh and'*®Rh are proposed from the analysis gfy-y coincidence data from 2°Cf
spontaneous fission source with Gammasphere. These schemes have the highest excitation energies and spins
yet established in these nuclei, as well as weakly populated bands not reported in earlierfigsidénFrom
these data, information on shapes is inferred. By analogy with lightél5 odd-even isotopes, tentative spins
and parities are assigned to members of several rotational bands. In this region triaxial nuclear shapes are
known to occur, and we carried out calculations¥oRh and*'3Rh with the triaxial-rotor-plus-particle model.

The 7/2mgqe;, bands of both nuclei, as well as lighter isotopes studied by others, show similar signature
splitting. Our model calculations give a reasonable fit to the signature splitting, collective sidebands, and
transition probabilities at near-maximum triaxiality with=28°. For theK=1/2"[431] band, experiment and
model calculations do not fit well, which is accounted for by greater prolate deformation kfthé2* band,

a case of shape coexistence. Our data'8A'Rh show no backbending and thus support the idea of the band
crossing in the ground band of the odd-A neighbors being due to alignmentgf,aneutron pair. In"*11Rh

above the band crossingpins =21/24) the ground band appears to split, with two similar branches. We
consider the possibility that chiral doubling may be involved, but there are not enough levels to determine that.

DOI: 10.1103/PhysRevC.69.024315 PACS nuner23.20.Lv, 21.10-k, 25.85.Ca, 27.6&:]

I. INTRODUCTION with three different target-projectile combinations at Gam-

The fission-producZ=45 Rh isot fi tons be- Masphere. They showed in the conference abstract level
low tﬁelzsc;?grgtrc?n uclosed she:f%r?geri%rv(\a/ay ?nprt?]ec:) nso_%zschemes for06.198.110-1_h and published in 2003. In 2002

neutron shells. They are in a region where nuclei are charac/enkova et al [8] published another paper on high-spin
terized by shape coexistence, including triaxial shaigés Structure of =% Rh isotopes. Our collaboration had

imi 1-11 i
There has been considerable knowledge on the lower-spfloWn preliminary level schemes fot**Rh in a poster

level schemes foB-decay studies of fission products, but we S€SSIoN gt'the ',NPCT%OM %or?fef(er[% 4bUt Itheshe have nodt
shall not try to review this except for relevant work more @PP€ared in print. Thus, their fissignievel schemes an
recent than the last Table of Isotopi, namely Lherson- ours were developed independently of each other. They show

1 good agreement on the main band, though our data reveal
neauet al. [3] on levels of "'Rh and Kurpeteet al. [4] on . more bands and extra levels. We also have some disagree-

levels of *“Rh. Rather, we Sh.a" concentrate on the.high'Sp'%ents, as will be discussed later. After seeing’tf&h level
yrast or near-yrast levels directly populated by fission. INscheme of Fotiadest al. [7], we were able to extend it. We

1997 Gilat presented a papgs] for our CO”a?i)lr?;[iZOﬂ €N- probably have better statistics than the others and are able to
titled “Prompt Gamma Emission by>**f and 1*"1121Rh  o)end the bands higher in energy and spin.

Fission Fragments.” The abstract of this paper notes transi- | this paper, using our August and November 2000
tions in*'Rh (24 transitions, from 162 to 792 keMn ™Rh  mytiple-coincidence 2°°Cf spontaneous-fission Gamma-

(8 transitions, from 61 to 621 keyand **Rh (11 transi-  sphere data, we concentrate on the level structures of
tions, from 212 to 718 ke)/ In 1999 Venkovaet al. [6]  11111Rnh to extend the yrast/near-yrast level systematics for
published studies d”1°Rh isotopes from fission following odd-even Rh isotopes frol=62 through 68. Spin and par-
fusion of 28Si and 1’%vb. In 2002 Fotiadeset al. [7] pre- ity assignments and configuration interpretations are pro-
sented a paper with results of similar fusion-fission workposed for the observed levels, and level schemes are pre-
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sented. We also show data and present level schemes for tba transitions within the Rh nucleus of interest. An effort
neighboring odd-odd isotopéd®!'Rh. The level systemat- was made to determine transition energies and relative inten-
ics and trends of level structure f@r=45 odd-even isotopes sities as accurately as possible._The energy calibration was
are discussed. Graphs of kinetic moments of inertia vs rotaderived from known, well-determine@sually fromg-decay
tional frequency are shown to illustrate band-crossing feastudies of individual fission fragments as evaluated and cited
tures. Graphs of spin vs rotational frequency are shown, ant the 1996 Table of Isotop€®]) energies of transitions in
they facilitate the analysis of the particle alignment associOUr own spontaneous-fission data set. These results are in
ated with the bands. The bands in odd-dd8ilRh do not 900d agreement with those determined from separate calibra-

i ; ; i ith familiar standards. Various double-
show any backbendingpand crossingup past the rotational oN Measurements wit .
frequency of backbending in the ground bands of the Oddgated spectra, generated using Radfordevcode[16] on

even neighbors. Thus, we will argue that the backbending i ier:gfbvev"e(r)ef tzgfrzir?g:jn(cvc:ﬁ\niﬁz flrggt‘il fS;C:ZSOf tg;i?ﬁ%n
likely the result of alignment of th&é,,,, neutrons. gnefr, q P 9

For ground-band and collective sideband levels below th code 'ft n” of Radford’s gf3 program[16]. Transition ener-

%ies and relative intensities were determined. For the differ-

backbending we carried out model calculations with theent double gates showing a particular transition we made a

quasiparticle + triaxial-rotor model for a range of shape payejghted average of energy measurements to determine the

rametersB and y thus deriving best-fit values for the shape fjnal values of energy.

parameters. _ . _ Tables | and 1l list the energies and relative intensities
The odd-odd Rh isotopes are of great interest in that gh,s optained for the assignéd-1'Rh transitions, respec-

similar high-spin band is seen across a large range of neutragyely. Tables Il and IV are similar lists fot11Rn transi-
numbers from'®Rh with 55 neutrons, according to Duffait {jons, From residuals of the energy calibration fit, a system-
et al. [10] and Fotiade®t al. [7], to **Rh with 67 neutrons.  atic error of +0.1 keV is estimated. The statistical standard
At the light end the bandhead is &nd likely attributable to  yeviations except for the weakest peaks are probably less
the stretched-minus-one coupling of a half-filleggroton  than this, but we are not able at present to obtain reliable
subshell and an4h;, neutron. For 57 neutrons the b_andheadvames from the fitting programs, probably because of the
becomes § slightly lower than the 8and with a 7 inter-  gata compression built into the standard Radware cube soft-
mediate state. Figure 10 of Duffat al.[10] shows a similar ware that we usedWe hope eventually to be able to obtain
behavior in the 47-proton Ag isotones. Above spin 10 theang fit less compressed spectra and determine statistical stan-
bands take on a more rotational character with generally ingzq deviations, resolve close-lying doublets, and examine
creasing transition energies. The neutron-fidk>56) nuclei  |ine shapes for Doppler broadeningVe report two signifi-

of this region show bands indicative of deformed triaxial cant figures after the decimal point in the keV energy values
shapes or softness toward triaxiality. Indeed this high-spirhecause they may be useful in testing energy sums and dif-
isomeric band in the odd-odd nucletfRh appear§11] to  ferences in the proposed level schemes, even though the sys-
show characteristics of chirality doubling proposed and detematic standard deviation is probably around 0.1 keV. In

veloped theoretically by Frauendorf and co-workgi2].  our figures of level schemes, however, we round to the near-
Other examples put forth as chirality doubling are in theest 0.1 keV.

odd-oddN=75 isotoneq13] and specifically for'*Nd, an The tables also list transition energies reported in previous
even-odd nucleugl4]. We will discuss these chiral bands pyplications or conference contributions, one by our collabo-
further in the Discussion section of this paper. ration at the INPC2001 conference in July 20[®, two
(2002 and 2008by Fotiadeset al. [7], and another by Ven-
Il. EXPERIMENT AND DATA ANALYSIS kovaet al. [8]. Note that the first report of our collaboration

(1997 [5] assigned 29 transitions t3'Rh, whereas Table |

Itis clear that measurement with a fission source, spontdists 72, which are 43 and 35 more transitions assigned than
neous or induced, and with a mulfi-detection array is a in Refs.[7,8], respectively. Likewise, Gilat al.[5] assigned
powerful method for studies of the high-spin structure of11 transitions to'**Rh, whereas Table Il lists 61 now. We
neutron-rich nucle[15]. For two weeks each in August and find 48 more transitions i**Rh than reported in Ref8]. In
November 2000 we made spontaneous-fissiomeasure- 1°Rh our 1997 report, Gilatt al. [5], assigned 8 transitions;
ments in Gammasphere with 102 Compton-suppressed Geotiadeset al. [7] reported 10 transitions, whereas Table IV
detectors. A fission source &fCf with a strength of 62.Ci, now lists 20. This illustrates the dramatic enhancement over
sandwiched between two Fe fo{ls0 mg/cnf) was mounted  six years in the spectroscopic knowledge on these isotopes.
in a 7.6 cm diameter polyethylene ball centered in the Gam©ur older work was based on a 1995 Gammasphere experi-
masphere. More than 5710 triple and higher-fold events ment, and the present paper makes use of a year 2000 Gam-
were accumulated. The Radware software uses all folds ahasphere experiment of more than three times the duration
three and higher to create a "“Radware cube” of triple coin-and with a complement of a third more Ge detectors.
cidenceq16]. Some transition energies frogd-decay work[3,4] are

We used typicalcf. Luo et al. [17]) methods of analysis also listed in the tables, but only where they are also seen as
of triple-y coincidence, double gating first on knowrtran- ~ prompt fissiony’s in our fission work. In the abovg-decay
sitions in the complementary fission fragments, in our casework the energy uncertainties were listed as twice the stan-
Z=53 iodine, then cross gating to include previously knowndard deviation, which is about the 90% confidence level. We
transitions in the Rh nucleus. Finally, we did double gatingare generally in agreement with previously reported energies
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TABLE I. (Continued)

E, Rel.Int. EJJ9] EJ8 EJ7] EJ3] E, Rel. Int. EJ9] EJ8 EJ7] EJ3] Band
78.57 3.2 78.7 629.34 1.8 629.3 1
91.41 1.3 91.3 653.29 2.0 653.3 6
107.42 657.66 2.3 657.8 658 658 6-1
136.75 2.9 136.9 661.01 0.6 660.9 1
161.24 15 161.4 667.32 9.1 667.3 667 667 1
161.79 12.3 161.8 161 162 667.68 6.6 667.7 667.0 668 1
172.45 29 173 172.6 668.33 0.6 668 5
185.54 0.5 185.5 674.66 0.8 675 7
189.0 188.8 725.35 1.1 725.4 1
189.22 189.1 729.32 1.3 729.2 7-1
211.70 100 211.7 211 211 211.4 737.79 6.6 737.8 738 1
223.04 0.7 2229 765.36 55 765.2 765 765 6
223.73 223.9 224 773.26 7.4 773.3 774 1
224.39 224 .4 224 224 773.84 1.7 773.8 774 773 1
224.83 23.2 224.8 224 225 778.0 7
240.14 2.1 240 240.0 791.34 0.4 5
242.65 9.9 242.7 242 242 791.94 3.7 791.8 792 792 6-1
251.58 1.9 2515 251 800.4 0.6 800.3 1
268.42 0.9 268.1 807.72 0.4 6-1
279.67 31.2 279.7 279 280 882.81 12 883 6-1
295.44 5.1 2954 295 295
303.69 238 3036 within a standard deviation of energies from {Beecay and
313.58 4.3 313.6 313 313 . L o
316.02 316.0 fusion-fission work except for the strong transition from
9/2* to 7/2" ground state int*'Rh. Lhersonneaet al. re-
354.38 3.9 354.4 354 354 ported 211.4 keV, our earlier work posted at INPC2001 re-
355.43 0.9 355 ported 211.7 keV, the fusion-fission work of Venkostal.
355.66 355.7 [8] gave 211.2 keV, and our Table | of this paper gives
361.03 361 361 361 211.70 keV. This discrepancy is not sufficiently large to up-
377.82 3.2 3778 378 set any theoretical model comparisons, but it is instructive to
381.79 0.5 examine the problem to try to understand it. Fortunately,
382.21 7.2 382.0 there are a number of higher levels that decay to both the
395.1 0.3 395.0 initial and final states of the 9720 7/2" ground state tran-
397.15 23.3 397.1 397 397 sition, so we can compare differences and check. Table V
402.04 4.1 402.0 402.0 402 lists such differences for all papers reporting energies to
409.54 409.4 0.1 keV. The 211.B)keV measurement of Venkowet al.
410.76 16.9 4108 411 411 [8] is within one standard deviation of the Lhersonneaal.
41722 [3] direct value but lower than our measurement and differs
435.63 13 436 fro_m ours by nearly two standarq d_eviations. It should _be
442,86 128 4429 442 443 pomted out that our spontaneous flsspn work and the_: fusion-
fission work suffers from possible interference with the
491.36 14.8 491.4 491 491 nearly identical energy for the same transition iHRh.
504.49 228 504.5 504 504 Thus, it is necessary to take considerable care in setting the
522.53 0.7 522 double gates. Although we probably have considerably better
529.31 4.7 529.3 529 529 statistics than either of the fusion-fission studies, our direct
538.14 13 538 value of 211.70 does seem a bit high. We then went back to
539.22 539.2 redetermine a strong calibration point, the 2-0 transition in
549.53 35 549.4 550 549 1007y in the same fission data set. The Table of Isotopes
567.65 567.5 reports an energy of 212.5@)keV, and our redetermination
576.32 1.2 576.4 gave 212.54 keV. It is worth noting that the energy values of
576.94 6.5 576.9 577 577 Ref. [8] for most transitions below 500 keV are systemati-
589.56 0.9 591 cally lower by around 0.5 keV compared to our values for
608.76 15 the same transitions. Thus, we have not modified our own
609.06 12 608 determinations in the data tables and for the level scheme.

There are too many complexities of these rhodium spectra
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TABLE Il. Fission-y transitions in***Rh. TABLE Il. (Continued)

E, Rel. Int. E,[9] E,[8] E 4] Band E, Rel. Int. E [9] E,[8] E [4] Band
88.17 5.4 88.1 8 686.57 0.3 687 2
185.82 4.5 185.8 5 694.87 1.4 695 1
206.10 0.6 206.2 3-8 699.76 2.5 700 699 1
211.70 100 212 212 211.7 1 713.40 0.6 714 6
227.68 0.7 227.6 8 717.66 5.0 717 718 1
232.28 20.7 232 232 232.3 1 724.60 2.2 725 6-1
233.69 2.2 233.9 5 724.95 0.3 6
236.0 1 737.34 1.1 737 476 6
240.65 15.8 241 240 1 740.95 0.3 6
244.0 1 785 785.0 3
244.48 7.3 245 245 1 840.3 6-1
252.95 1.1 253 1 949.61 0.9 6-1
262.55 2.2 262 1
263.17 20.3 263.2 8
313.35 27 313 2 for the standard deviations on intensities to be meaningful,
315.73 8 so they are no_t listed. Furthermore, there are several transi—
33045 0.9 5 tions so cIo_se in energy as to be unres_olvable, and no inten-
33297 0.3 5 §|ty value is !lsted in a tqble. We estimate that Fhe more

' ‘ intense transitions have intensity standard deviations of
22;'23 gé 248 248 3376 5;_)8 around 20% and the weaker transitions around 80%.
351.44 6.9 351.2 8 IIl. RESULTS AND DISCUSSION
351.65 13 6 A. Coincidence spectra
2:3:(137 51 358 5_1 _Figures 1-4 show a sample of the many double-gated
350,26 6.2 359 358 6-1 coincidence 1slpectra used to analyse these data. _They are

spectra from''Rh, 1°Rh, 19Rh, and'7Rh, respectively.

365.33 5.2 366 365 6 Transitions of these rhodium isotopes and their iodine fission
367.25 0.2 367.1 81  partners are seen in the figures. When we began these
367.67 1.0 368 1 rhodium studies several years ago, we had the advantage of
373.09 05 6 prior knowledge of lower-spin states frof+decay studies
389.36 1.7 389 6 and close analogies with studies of lighter-mass rhodium iso-
391.18 8.4 391 391 1 topes. In the meantime there have appeared publications by
424.26 1.2 5 other independent groups, as cited in the Introduction. We
432.26 1.9 433 have been able to cross-check and build on their results or
433.82 3-8 modify them.
435.24 1
443.95 18.9 444 444 443.9 1 TABLE llI. Fission-y transitions in1Rh.
455.34 6.6 455 454 1
472.93 19.3 473 472 1 E, Rel. Int. Ey[7]02 Ey[7]03 Band
483.04 0.6 482.0 5-8 5g.88 =180 1
560.54 8 6582 >130 1
571.0 0.9 6 15926 100 159.1 1
571.07 1.8 5741 58 48680 53.1 187 186.6 1
599.45 1.2 600 6-1 258.02 13.1 258 257.8 1
22215 g; 612 6005 i 299.88 23.9 300 299.5 1
620.35 0.4 621 1 346.14 13 L
631.65 5.2 632 631 1 362.34 7.9 362 362.2 1
635.55 14.4 636 636 1 375.34 2.8 375 374.8 1
643.66 05 2 486.65 5.6 486 486.0 1
671.27 0.3 1 557.85 5.9 558 557.5 1
679.33 0.3 1 620.33 10.9 620 620.1 1
685.32 1.6 686 1 737.54 1.4 737 737.3 1
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TABLE IV. Fission-y transitions in''?Rh. TABLE V. y-ray energy difference tests f'Rh.

E, Rel. Int. E,[9] E,[7]02 E,[7]03 Band Gammal Gamma 2 Diff. Ref. Comments

60.58 >200 1 382.0 170.6 211.4 Lherssoneau98

159.16 100 159 158.9 1 567.5 355.7 211.8 Lherssoneau98

183.03 55.9 183 183 182.8 1 6324 420.9 211.5 Lherssoneau98

241.98 8.4 242 242 241.7 1 1038.9 827.4 211.5 Lherssoneau98

268.55 29.5 269 268 268.3 1 1898.1 1686.3 211.8 Lherssoneau98 Weak

327.96 6.9 328 328 327.8 1 2034.1 1822.3 211.8 Lherssoneau98

335.4 1 490.7 279.2 211.5 Venkova02

342.42 3.7 1 491.36 279.67 211.69 Present work

343.68 2.0 343 1 608.76 397.15 211.61 Present work Weak

362.43 3.1 363 362 362.1 1 567.65 355.66 211.99 Present work Weak

399.66 3.1 400 2-1

427.52 15 427 2 three levels of itsa=+1/2 branch are newly observed for

451.46 5.1 451 451.2 1 fission data. Ban@) reaching 2604.2 ke\23/2") and band

486.47 1.6 487 1 (7) reaching 3742.5 ke\29/2,31/2 differ from those re-

510.7 511 510.0 510.2 1 ported in Ref[8]. Since the rotati;gﬁl Seﬁliﬁncfoi;obu”tdm
band(6) up to the 2604.2 ke\{23/ evel, the .0 an

569.86 103 570 570 569.7 1 576.9( k)evptransitions definitgly belong to ba@@), which

690.56 51 691 690 690.2 1 were reported to be decay-out transitions of béfdn Ref.

706.08 4.4 706 1 [8]. Band(7) consists of two signature partners with four

821.77 822 1 weak crossover transitions identified. Thus, the bandhead

830.10 830 1 of band (7) is 2112.7 keV(19/2,21/2 level. The

1950.9 keV(19/2") level shown in Ref[8] as the bandhead
of band(7) is found to be a level of ban@). Our fission data
B. Level schemes added two more levels, 1168.6 and 1758.2 keV, to h@nd

By using the high statistics afforded by a month of Gam-SPin/parity assignments are based on the decay &4
masphere running in year 2000 our collaboration has beefpr the low-lying levels and the assumptions of rotational
able to enhance and extend our previous level schemes. Wiigduences for those built on them. Spin 7/2 or 9/2 could be
our transition-energy data of column 1 of Tables I-IV, we @sSigned to the new 1168.6 keV level of baBgl However,
have used the least-squares programoL [18] to give a 9/2 is more likely, since a 7/2 level would be expected to
statistically optimum set of energy values for the levels ofdecay also to the 3/2band member at 681.9 keV. Ba#),
our proposed schemes, given in Figs. 5-7 ¥9Rh, 11Rh, known from B-decay work with two levels, is observed here
and 11011Rn, respectively. The numbering of the bands fol-for the first time using fission data.

lows that of Venkovaet al. [6] for 19719Rh wherever Now look more closely at the differences between the
possible. level scheme of our Fig. 5 fdf'Rh and Fig. 3 of Venkovat
al. [8], which is more extensive than that of Fotiadssal.
1 11Rp [7]. They define a bantband 3 of two levels, decaying into
the 25/Z level of ground band1), whereas we have those
Band (1) of Rh reaches 3933.4 keV(31/2") («=  two levels, now with crossover transitions, as a continuation

-1/2) and 4249.3 keV(33/2") (a=+1/2). These are the of band(1). We have an additional weak transition from our
highest spins and excitations so far observed in thesdesignated bandhead of ba(®), namely a 729.3 keV tran-
neutron-rich Rh isotopes. Band crossings are thus clearly olsition to the 17/2 state of ground bandl). Our scheme
served for the first time in both signature members of thisequires there being two pairs gfrays that would be unre-
Jgs» band. Band5) extends to 2905.1 keY23/2") level, and  solvable in a singles spectru(d76.4 and 576.9 kefand

35000f N

TC’ § Gates at 211.7 and 279.7 keV transitions
= :
S 250001 § g Rh—i
3 (8T N P
S 15000 4 che’g M ¥ o . FIG. 1. A double-gated, triple-coincidence
£ e Ty i, 3 2 N 58 spectrum for*'’Rh analysis.
g So%e Be ¥ .5 no yed 5z
Seany ) JESE S | 35§ B

Y VLR INTOO I Y R i I . . s

100 300 500 700 900 1100

E. (keV)
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35000 o ;
T) g Gates at 211.7 and 232.3 keV transitions
£ - 8 Rh—113
B 25000t 5 B
(] L «Q
5 H 5 &
S 15000 i % gm g% 8 FIG. 2. Alijouble-gate_d, triple-coincidence
€ E 3 HLp 5 s spectrum for'’*Rh analysis.
3 N P | n2 B o 28
O 5000f g | 2gr g ,i

0 30 50 700 900 1100

E, (keV)

(161.3 and 161.8 ke We have, however, done careful 3. 110112Rp

background subtractions and used several combinations of gised on the work of Fotiadest al. [7], the level
double gates to convince ourselves of the correctness of 0W-hemes of1%11Rh are extended to both high'er— and lower-

level scheme. o spin levels and crossover transitions are identified in both
We also see four crossover transitions in band 7 not re-

- : - nuclei. Three low-energy transitions 58.9, 65.8, and
ported in Ref[8] but given in the 2002 abstract of R¢7]. g0 g ke are observed. Total internal conversion coefficients
We see one more level, the spin 3/&f band (3) at

. ; (ICCo of these low-energy transitions were determined
681.9 keV, previously reported ig-decay. There may be 5564 on the intensity balance of two cascading transitions in

some unc;ertainty in our relative intensities for those _trans"spectra gated at the feeding transition above. From the ratio
tions in triple cascades populated Bylecay, but we believe ot yhoton intensities in the coincidence spectra we can de-
that the transitions in our level scheme of Fig. 5 all arise, folarmine total conversion coefficients if we know the multi-

the most part, from prompt fissiop-{ransitions. polarity of one of the transitions. The only consistent solu-

2 1133p tion for 119Rh is to assume the 58.9 keV transition at the
The level scheme of%Rh is well developed in compari- bottom of the band to b&1, which has a theoretical total
son with other reports and quite similar to that BfRh. ICC of 0.665. From that we determine a total ICC of 159
o for the 65.8 keV transition above it and 0(69 for the
Venkovaet al. [8] report (their Fig. 4 only band (1) to 159.3 keV transition above thafThe numbers in parenthe-
(21/2') and band®) to (17/2') with only one depopulating ses.are rough statistical standard deviatmﬁsompthis we
f;ig?;t'g?é 'Qoﬁg?r;rzgt é?(czu; ?g;’?ﬁ;ﬁﬁ;ﬁ?}dbgl dog thelrdetermine that the latter two transitions are mixdd-E2
where we do not observe tﬂeir 476 keV transition B((at)n),d transitions. By gating on our Radware cubes with different
of 1Rh now reaches t(33/2"), almost the same e;<citation time gateg(time to digital convertorwe determine that the
’ owest transition, the 65.8 keV, has a half-life o s, a
as does bandl) of ''Rh. Band (6) now extends to ! i he 65.8 keV, h half-life of(4f

(19 X
2398.5 keV(21/2"), with four weak crossover transitions retardedEL. By the same method if*Rh, assuming the

; - ; 60.6 keV transition at the bottom of the band B4 with
identified. Bandg2), (5), (8), and possibly also ban@®) are  naoretical total ICC of 0.614, we obtained a total ICC of

observed for the first time using fission data, previous report§_1q4) and 0.063) for the 159.2 and the 183.0 keV transi-
having come fromB-decay work. Note that our spontaneousy;q, * respectively. The latter two transitions are thus also

fission evidently populates this isotope more heavily than\;1 /e mixtures. Multipolarities of these low-energy transi-

NN : 20
does the fusion-fission reaction froffO on =°%Pb. tions confirm the spin/parity assignments to the lowest-lying

Band (2) is remarkable in that its three upper levels aréjg q|s The assignments for higher-spin levels are based on
very close in energy to levels of the same spin in béhd analogies to those of lighter isotopes
This behavior suggests it as a candidate for chiral doubling, '

but there is insufficient evidence. The only identified decay .

out of band(2) is to the 19/2 level of band(1), and the C. Interpretations for the bands of *Rh and **Rh
multipolarity of the transition is undetermined. Thus, the par- The most prominent feature in both nuclei is the ground
ity could be negative if the transition weEel. The spins in  band(1), where we show the two signature partners horizon-
band(2) could also be one unit higher if the transition were tally displaced for clarity. This band is quite similar in both

pure E2. nuclei. The lowest transition is nearly identical in energy for
_ 26000(F|x 1
2 so000l |° . Gates at 159.3 and 186.8 keV transitions |
£
5 - 8 Rh—110
5 18000} g v
+ [ 88 g
T 14000 5 8 _ .
a 3 38 = FIG. 3. A double-gated, triple-coincidence
£ Toooor "‘gg" g g spectrum for*'Rh analysis.
@ 2 |
§ 5000: "g '% '5\7) § ?g
2000 =
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Q L 8 ;’E ,% 5 LIE FIG. 4. A double-gated, triple-coincidence
< o ] L o B
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the two nuclei, and higher-level spacings are also similarabove the 21/2 levél'Rh) or the 19/2 leve(*'3Rh). Figure
The sign of the signature splitting is that expected for a ban® is a backbending platkinetic moment of inertia vs rota-
based on an oddg;, proton. As we shall discuss in a later tional frequency for the Rh nuclei studied here, where we
section, the signature splitting of bands and(6) is indica-  have included®Rh from Venkovaet al. [6], augmented by
tive of a shape slightly on the prolate side of maximal triaxi-one additional higher transition we measured, establishing
ality. The cascade transitions are of comparable intensity tthe backbending point fa?’®Rh. The backbending frequency
the competing crossover transitions. We cannot use thmoves monotonically lower with increasing neutron number.
simple Clebsch-Gordan branching ratios 2 transitions The lack of backbending in out?Rh main band, where
where the angular momentum projectikinis a good quan- there would be blocking by an odd neutron, suggests that the
tum number, since the nuclear shape for béahdis so tri-  backbending signifies a neutron pair breaking in the odd-A
axial as to cause consideraldamixing. For*''Rh and''®Rh  isotopes of Rh. Comparison with nearby even-even and
we have neither internal conversion nor angular correlatioreven-odd nuclei suggests that the pair breaking is irhthg
data to determine th& 1/E2 ratios in the cascade transi- orbital, since the backbending frequency and aligned angular
tions. However, for the low-energy transitions at the bottommomentum is comparable to that in the odd-even rhodiums.
of the main bands if'Rh and*?Rh we have been able to This suggestion is also supported by the aligned angular mo-
measure total ICCs and determine multipolarities and a lifementum, which is deduced from Fig. 9.

time, as we discussed above. For the éddotopes the raw Next we call attention to band$) and(8). In both oddA
cascade-to-crossover intensity ratios make it likely that theauclei that we studied band6) have 11/2 bandheads close
cascades are predominantyl. The strongM1’s are to be in energy to the 11/2excited level in the ground bands).
expected given the fact that the odgl, proton will have a  The 3/2 bandheads of band8) lie even lower. At first we
much larger magnetig factor than the collective rotatiop  thought of bandg6) and (8) as y-vibrational bands. How-
factors. In both nuclei there is a backbending that sets irever, one notes a strange behavior in that the l§gndand-

+
Y] ®) (1) FAeEE @) ® 6)
6
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29/2, B 7254 |(1.1) [ ] L ]
X 1/2) |
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2650542 12 273328 FIG. 5. Proposed level scheme
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538.1 i A% 800.3 populated by prompty rays fol-
21127} e B 127) 2113.81912%) lowing spontaneous fission of
1o500 252Cf. That is, we do not show
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Yy (74) 1758.2 (1302 668.3(0.6) '
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1019.6013/2 ©.1 contrast tog decay.
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(6) 2) (1) 3) 8) 5)

1/27301] 1/21[431]

©.3) i_l

4006.0 (33/2%)

3770.2

679.3/(0.3)

.3¥(2512%)

> 685.3(1.6)

.
008 227) FIG. 6. Proposed level scheme

for 1Rh. See Fig. 5 legend for
further remarks.

heads have a very wedk? transition to the ground state. and of an opposite sign to that of the main band. They simply
Band (8) decays by enhanced2 to the ground state. We called it the yrare band. In the odd+hodiums the 11/2
claim that bandgl), (6), and(8) are a collective family with  yrare bands both have weak signature splitting of opposite
triaxial deformation. The triaxiality produces mukhmixing  sign to the main band. In our model calculations in a later
and different transition branching ratios from those in purelysection we show that the signature splitting, bandhead ener-
spheroidal nuclei. In the analysis of Gelbergal. [19] on  gies, and branching ratios for the oddhodium isotopes are
125¢e the signature pattern of the yrast band could benatural consequences of the triaxial shape, slightly on the
matched by two triaxial shapes, one on the prolate side angrolate side.

another on the oblate side. The yrare band was used to decide Bands(6) and (8) we would suggest are collective bands
between triaxial solutions on prolate and oblate sides ofssociated with the ground band and the strongly triaxial
maximum triaxiality. In the xenon case the sideband analoshape; they would correlate tg-vibrational bands in the
gous to our 11/2band had a very weak signature splitting, axially symmetric limit. Lhersonneagt al. [3] in their Table

2769.2 (167)

H(14)
1603.7Y (13° @)
) ) )
690.5|\(5. 4 02) 12300 (1) FIG. 7. Proposed level scheme f51%11Rh.
103) 427.5(1.5) See Fig. 5 legend for further remarks.
' 802.4Y (10)
5106 09 e
]
(5.1) _
7 (8)
60.6 .
0.0(+y) %)
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% 7 bands in a collective family\,,[j(j +1)-0?], wherej is

the particle(hole) angular momentum, in this case 9/2,
and () is its projection on the long axis, here 7/2. There-
fore, our first-order calculation using E¢l) estimates the
rotational constanty,,from the spacing between ground
and the average of the two lowest 11/2 states, assumed

304 . degenerate before mixing. We g8}, of 27.5 keV for
111Rh and 25.4 keV fotRh. It is easy to show from Eq.
% (1) that degeneracy dictates a ratio Af./Aper Of 4.5,

20 independent of particlg. For comparison the even-even
‘ ‘ ‘ triaxial nucleus®Mo, based on the energies of the first
0.25 03 0.35 04 045 two 2" states and Eq1), hasA,, of 28.6 keV and aatio
ho/2r (MeV) Apad Agerp OF 5.7. If we apply Eq.(1) and these rotational
constants to calculate the energy of the first 3¢fate, the
FIG. 8. Band-crossingbackbendingplot for 19%11111Rn that  energies come out too high>400 ke\). However, the
is, kinetic moment of inertia vs frequency. The plot is for the +1/2 triaxial-rotor model calculations we present later show the
signature partners in all cases. Data #8fRh are from induced- 3/2* band (5) at about the energy observed experimen-
fission-y work in Eurogam, except for our one additional transition tally.
at the top of the band. Note that the band crossing tends toward Band(5) is well populated in‘*'Rh up to spin 23/2, but
lower frequencies as the mass number increases. only levels up to 9/2 are seen int™Rh. This irregularly
spacedK=1/2 band in°Rh has been nicely fitted by Ven-

IV show E2 transitions from band8) to the ground band kovaet al.[6] and shown in their Fig. 10. Kurpelta al. [4]
enhanced by factors of six or more over the single-particle} n their Table Il give a fit for this band in both*'Rh and

Rh. Their best-fit parameters are rotational constants of
lifetimes. This strongly suggests that barilsand(1) are in
a collective family. Before presenting our computer model-19-6 and 20.0 keV, respectively, and staggetiiecoupling

ing results for a single quasiproton in a triaxial well, it may 23;?:2:&;{2'0[]‘3]_ %%ggu?en(;jlif_ezt%ii lé?\t/ﬁerzi%?gt'gigbgzgf'
be useful to look at rotational moments of inertia within the g

old model of an odd-proton hole coupled to a prolate s hehead in_the™™""Rh isotopes to shovE2 transitions to
P P P P ground 7/2 as retarded. This information makes clear that

roidal core, ignoring th& mixing mduced by the triaxiality. band(5) is the intruder state 1f231] from the major shell
The rotational energy may be written as above. The decoupling parameter indicages predominat-
) ing overds,, in the composition of this odd-proton state. This
E(1, Kiot Kgam = Aperd (1 + 1) = K&l + ApaKgam (1) intruder orbital is strongly prolate driving, and thus we
wherel is the total angular momenturi, is the total pro- would expect the total deformation of this band to be greater
jection on the longcylindrical) axis, Kganis the collective than that of the other bands, another case of shape coexist-

) X nce.
(rotationa) angular momentum along the long axis, and®"¢®

Averp @nd A, the rotational constants perpendicular and In **Rh our data reveal five levels of l&=1/2" band,
perp par X . Perp ) designated ban). The 8-decay work of Lhersonneaat al.
parallel to the long axis, respectively. We omit a rota-

. ; . 3] shows the lowest three levels of this band, and they mea-
tional energy term that is the same in all members of th ured the half-life of the 1/2bandhead at 492.9 keV as
6.8(4) ns. They calculate that this half-life corresponds to

o
(=]
,

113Rh

N
o
L

111Rh

rN
o
L

112Rh

JO 1 h/2m)? Mev]
w
(3,

22 6.5x 10 single-particle units forEl decay to the 3/2
20 1 bandhead of th&K=3/2 band at 303.7 keV. ThiK=1/2"
18 - 1133n 11RA band is probably the prolate I801] band. The spacing is
16 - irregular, as usual, fdK=1/2 bands with close-lying 3/2 and
o4 109%h 5/2 members. If the band were pupg,, the 3/2 and 5/2
c12 4 would be degenerate. As discussed in Sec. 4.2.2 of Lherson-
B0 | neauet al.[3], the 3/2 and 5/2 were also measured in earlier
81 studies. Some admixture p§,, andfg, into band(3) is to be
6 expected and would account for breaking the doublet degen-
eracy of the 3/2 and 5/2 members. There are too few known
41 levels in this band to determine possible triaxiality.*fiRh

20 2% 0 ‘30 0‘34 0 ‘38 0.42 we tentatively assign one level at 785.1 keV to b&Bi the
’ ) he/2m (MeV) ' ' 1/2[307]] be}nd, but the spin and band a_SS|gn_ment is uncertain.
Extrapolation from the level systematics Fig. 4 of Lherson-
FIG. 9. Plot of spin vs frequency fot*:*'Rh ground band Neauet al. [3] supports this idea. Earlier authors sometimes
+1/2 signature partner. This type of plot shows about eight units ofliscuss band3) as a spherical coupling qf;, proton with
aligned angular momentum from the spin displacement at th&ore vibrational states. Our identification of the 1168.6 and
middle of the backbend. We believe the data confirm the idea that i1758.2 keV states ift''Rh as members of the band would
is alignment of a neutron pair in the, orbital that is responsible argue more for a spheroidal shape, since the band spacings
for the band crossing. are not constant but increasing with spin.
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a=-172 o=+1/2 model. Triaxial-rotor-plus-particle calculations fot’’Rh
gz — have also been carried out in R¢6]. The details of the
4+ —_— ngeiz model we used can be found in RgR1]. We will only
U sketch the main features of the model. The nuclear shape is
N described by the conventional deformation parameseaad
2t - v [23]; we did not assume a hexadecapole deformation. The
3 — . rotor-plus-particle Hamiltonian is
R— ~25/2
- ezt 72
3 —— H=Hept Hopart 2 oo (lk=ji)?, (2)
éz_—\,_\_\ . T— 212" k=1,2,3 20k
u;% 22 whereHg, is the single-particle Hamiltonian in a triaxially
The— et deformed mean field anH; is the pairing Hamiltonian.
e 152t - I andj are the total and particle angular momenta, respec-
IF - tively. The hydrodynamical moments of inertia
—_—— e _13/2
—_——— 11/2*
T ot O = ®0ﬂsin2 ('y+ Z—Wk) (3
oL 72* 3 3
A 107 109 111 113 107 109 111 113 have been used. The so-called Lund conventior( ) is

used[21]. In order not to confuse the reader, the parameters
given in the results of the fit respect the more widely used
“Copenhagen” convention, according to whi@=0 and

Tt T i 0= y=60° define the shape of a triaxial rotor with collec-
Band (7) in *'Rh and band?) in **Rh we originally jye rotation. The triaxial rotor is called “rigid” becaug

assigned in analogy to bands of those numbers in the lighte{,q y are constant throughout the calculati@numbers
rhodiums identified in the work of Venkovat al. [6]. It o “in other words, there is no vibrational motion. As a
seems likely that these are three-quasiparticle bands Closeébnsequence, the core has no excitédstate. Although
related to the ground band) and yrare bangb), into which {14 codes employed in this wof4,25 allow the use of
they feed. The close proximity of levels of the same spin and, ariaple moments of inertif20], in order to reduce the
parity raise the intriguing question whether the bands could,,mper of free parameters, we used only a constant mo-

partly be chiral doublets of the part of bandy above the  ant of inertia. The basis states of the Hamiltoniahare
backbend. [23]

FIG. 10. Systematics of level spacings in the ground b@dnd
for odd-A rhodiums 107-113.

D. Level systematics of theZz=45 odd-even isotopes |IMKV) - ZI—:T;L[DII\/IKQS +(- l)'+KD'M K<~i> ] (4)
16 g e

Figure 10 shows the systematics of rotational spacings in
band (1) in oddA rhodiums from mass 107 through 113. where ¢, is the single-particle wave function. It contains
This is an extension of the ground-band part of Fig. 4 ofNilsson orbitals with different values of the particle projec-
Lhersonneauet al. [3]. There seems to be a great similarity, tion quantum numbef). Due to the triaxial deformatior{)
with gradually decreasing spacing as the mass number irand the projectiolk of the total angular momentuiare not
creases. The smooth evolution of the levels with changingiood quantum numbers aritl# Q; @ is the time reversal
neutron numbers supports the spin/parity assignments. lgonjugate of¢. The single-particle states are the eigenfunc-
197Rh the measurements do not go high enough to observgons of a deformed harmonic oscillator potential. We used
the backbending, but the systematics of the other three nucléhe so-called stretched intrinsic coordinaf@$]. The stan-
show a monotonic lowering of the backbending frequency aslard Nilsson parameteys and « [24] have been used. The
the mass increases. single-particle basis contains 15 deformed basis sthlis
son orbital$. They include all the Nilsson orbitals originat-
ing from 1gq/5, 1975, 2ds,5, and 2, Pairing is introduced
via standard BCS. The Fermi energy and the pairing gap are
determined as functions of the isoscalar and isovector pairing
A. The model strengthq 23], i.e., they are not free parameters. The model
- ontains also a Coriolis attenuation factor. The model is able
lll_AlI;t?qohugge%:&)pﬁqrgig:tleIcs)torgngtc(t)k::apliyr/lrga?stth: ?séaedgisén(;fo calculat.eEZ. andM1 tra_nsition _matrix elements. Only the
ture splitting and a few unusual branching ratios point to core contrl_bunon tcB(_E2) is considered. In th&1 calcula-
the presence of triaxial deformation. To see whether at lead{on the sping factor is quenched by a factor of 0.75.
the properties of the yrast states of bahybelow the back-
bend, a few yrare states in ba(®), and the collective side-
band (8) can be described by the rigid triaxial-rotor-plus-  The main fit parameters are the deformation parameters
particle model[20-22 we tried calculations based on this and+y and the energy of the first excited core statg*). The

IV. TRIAXIAL-ROTOR-PLUS-QUASIPARTICLE
MODEL CALCULATIONS

B. Results
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latter is equivalent to the moment-of-inertia param@gr It
would of course be naive to tak&(2") just equal to the MRh
excitation energy of the closest Ru or Pd core, since a qua 2.5}
siparticle is a mixture of a particle and a hole state. Besides, 210t
we may expect that the core is polarized by the last valence - 272t .
particle. The parameteis, y, and E(2*) have been fitted to 1012* - Lz
the excitation energies and to several important branching 20 _ 92t
ratios. The Coriolis attenuation has been fixed=60.8. The 152t
usual values of the pairing paramet&sl;=19.2 andGN; = - 52t
=7.4 have been taken. No effective chargeE@ftransitions 2| 1502*
has been considered. During the fit particular attention hasvg /7 st a7t -
been paid to the_ S|gnaturg spl|tt|_ng f_unct@fi), which is S - 152*
extremely sensitive tg. This function is defined as ol st 3¢ _opt
: 112% +
gty = ED=E0 D10+ == -1 - e e
= -1. . + a3i2% +
EN)-E(1-2) 1(01+1)-(-2)I L ﬁ./Z+ —:’/; e lz+_/z
We explored thes-y plane for several plausible values of 5 Uz - z* ot _azt 2
E(2*). We tried to achieve an acceptable compromise in re- = — e,
producing the absolute values of the excitation energies, the ot 372 £
signature splitting, and several branching ratios. As men- oL 2t 2t
tioned in Sec. IlIC, the small values oB(E2;11/2 Theory Experiment

—7124), the transition from the bandhead of yrare b&éy
is a peculiar feature of both investigated nuclei, as well as FIG. 11. Theoretical and experimental excitation energies of
lighter-mass oddk nuclei. Therefore, we tried to obtain a '*'Rh. The parameters used &€&*)=0.31 MeV, 8=0.28, andy
good fit of the branching ratios of the yrare 1] Kates. The =28° for 1*'Rh.
fitted parameters arée(2*)=0.31 MeV, £=0.28, and vy
=28° for 1™Rh andE(2*)=0.3 MeV, 8=0.27, andy=28° trix element, which vanishes for=30°. On the contrary, the
for 113Rh. The half-life of the 9/2 state at 212 keV }#¥Rh,  main core component of the 9y 8tate is the O state of the
namelyT,,,=0.21(13) ns is given in Ref[4], with a conver-  core, thereford(E2;11/2—9/2)) is large. As a rule, tran-
sion coefficienta,=0.06. AB(E2;9/2—7/2,)=100 WU sitions between the unfavored yrare and unfavored yrast lev-
was extracted. Our calculation predi&&E2)=86 WU. This
shows that our choice gB was realistic. As expected, the
parameters for the two Rh isotopes are nearly the same. /£ 113RAK
comparison of theoretical and experimental excitation ener- 25
gies of 1*'Rh and**Rh can be seen in Figs. 11 and 12,
respectively. The fit of yrast states in both nuclei is rather
good, although there are a few discrepancies!fRh, in ALk R
which several yrare states are known, the fit is satisfactory ug 2.0
to 15/2, but the theoretical energies of higher-lying states
are too large. Anyway, we should keep in mind that we deal 1712
with a one-quasiparticle model, so that the calculation is% asi2*
valid only below the backbending region. =151
The signature-splitting function for the two nuclei can be % gt 18/2* Azt
seen in Figs. 13 and 14. A better fit 8fl) would have been w il
obtained for slightly smaller values af, but the agreement | 13t
of the other observables would have deteriorated. One car A2 Lt
notice an anomaly at th beginning of the experimental
signature-splitting plot of*3Rh (Fig. 14). The value ofS(l) 32t g 132
for I=13/2 is very small, in contrast t4'Rh. 05k at .
The branching ratios are shown in Table VI. The model 52t 50+
reproduces only roughly the branchings!Rh, while the Tt Y
agreement is better in the case'diRh. The weakness of the -
11/2,—7/2; transition is satisfactorily reproduced in both oL e et
nuclei_. We can understaqd the reason for this quenching by Theory Experiment
examining the wave functions. It happens that the main core
component in the wave functions of both the initial and final  FIG. 12. Theoretical and experimental excitation energies of
states is the 2 core state. Therefore, thE2 transition  113Rh. The parameters used a@€2*)=0.3 MeV, 8=0.27, andy
strength is mainly dictated by the diagoriz2 reduced ma- =28° for 1*°Rh.

T

1
-
©
=
N

+
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0.6 TABLE VI. y-ray intensity ratios; spins without index refer to
- yrast states.
= 044
n
2 5. Ratio 1IRh 1Rh
E Theory Expt. Theory Expt.
[«

0.0
%:, 1(11/2—9/2)/1(11/2—712) 1.33 2.1 1.3 1.1
% -0.2 1 1(13/2—11/2/1(13/2—9/2) 0.45 1 0.80 0.84
5 04 1 1(15/2—13/2)/1(15/2—11/2)  0.82 1.9 0.66 1.61
o 1(11/2,—9/2)/1(11/2,—712) 10.0 155 6 6.9

'0.6 T T T T T T !

5 6 7 8 9 10 11 12

Spin (1) =0.406) € fm4, i.e., the transition is further hindered by
one order of magnitude. Moreover, the fit of the excitation
FIG. 13. Signature-splitting functios(l) of 11IRh; dashed line €nergies of this band is not good. These features are in agree-
experiment, continuous line theory. ment with the hypothesis that this band has a different defor-
mation (see Sec. Il . A band with the 3/2 bandhead at

. ) . .
els are hindered. For instance, #HRh, the model calcula- 263-2 keV is present if*®Rh. According to the calculation,

; ; : — the 5/2 state of the band could not be populated if it were
tion givesB(E2;15/2,—11/2)=8 € fm*. For the sake of X . .
comparison, B(E2;15/2,—13/2)=44 € fm* and dominated byK=1/2. Thecalculation shows a 3/2band-

. . : head with Ky,,,=3/2, which has the same main intrinsic
B(E2;15/%— 17’3/2.2)_2048(32 f_m“'. This effect is also a sig- component ;gn][he ground state Witly,,=7/2. This intrinsic
?hituArf_cf ttrhaen;riltﬁyxrﬁl t?eet]:/?/:ergr?“c;gszt].s g tgeinv(\a/i?k: ;eatg;ieogi configuration is 7/4413]. This unexpected feature is due to
natures is the cleavil dominan)(;e If we examine tﬁre)z single-gthe different alignments of the_core_rot_ational angular mo-
. e . entum.(In a quantum-mechanical triaxial rotor, the angular
particle structure of the wave functions, we notice that mos

. : omentum must not be oriented along an intrinsic autfs.
yrast states are dominated by components K&7/2. The we look at the projectioiR; of the core angular momentum

strongest component of the intrinsic wave function of the L . . >
bandhead is théﬂljﬂ>=|44§%) Nilsson orbital(asymptotic on the quantization axis, we find thg(R3) has the values

; ; 1.87 for the 3/2 state and only 0.59 for the ground state.
gg:grt#g]l : c:jlg bseors mﬁ?ﬁ 1“?(]; ;?;ge)gjg:;gvg ;h:p:]eevrzli d a‘|’his is consistent with the above interpretation. As a matter
shape. As far as the yrare states, bé)dare concerned, the ﬁf fact, t_he states Of tlhe yr?re band W.nﬁ'%'rz 11/2 alrs;o
lower ones are dominated b=11/2, but the structure ave an intrinsic particle configuration with 7/{213) as the
changes gradually when we go higher in spin. In both nucle/" compor)ent. .
we ngticegthe pregence of Iov?/ Iyin% 37 gtate?s(bandhea@s The questllon may be asked whether the fitted values of

In 111Rh, as mentioned above, the 3/Q@ate at 395.1 key € deformation parameterare unique. In the case of odd-
belongs to &K=1/2 band. Our calculation shows suchKa A Xe and Ba isotopefl9] the yrast signature splitting was
=1/2 band based on the 17231] orbital. The 3/2 correctly described not only foy= 24°, but also for a value

. ) . o A
—7/2" transition to the ground band is strongly hindereds'tuate‘j in the 30 y<60° interval. However, the yrare

[3]. The calculation givesB(E2:3/2—7/2)=6 € fm? signature splitting was correctly described only by the lower

which is at least two orders of magnitude smaller than for thevalue of y, and thus the ambiguity was removed. In order to

) . answer this question, we started increasjnip the calcula-
strong E2's. However, the experimental value B(E2) o, of 11150 At the beginning, this led to a deterioration of

the signature splitting. Aty=36° the 9/2 state became

06 ground state. We managed to bring back the ground state at
= 04 712" by increasing theg deformation, but the signature split-
€ ting got even worse. Increasimgto 0.4 did not help. We did
2 02 not try to further increas@ to physically unrealistic values.
%_ This procedure was repeated fer-40°, 50°, and 60°, re-
0 00- spectively, and the result was always the same. Apparently,
S 02 1 the data cannot be fitted with 382y<60°. A final remark
§ ' concerning the deformation parameteiis that the idea of
-(%’ 0.4 rigid deformation is a bit too simple. The properties of non-

axially-symmetric nuclei are better describedJpgoft mod-
0.6 : ‘ ‘ w ‘ ‘ els. It has been proposed to consider the fitted valug as
5 6 7 8 9 10 11 12 an effective parametdR7].

Spin (1) C. Possible chiral doubling effects int*'Rh and 1%Rh

FIG. 14. Signature-splitting functio&(l) of 113Rh; dashed line Above spin 21/2 in the ground bands BfRh and''®Rh
experiment, continuous line theory. there is a backbendin@and crossingcontinuing at higher
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spins as two bands. One branch we have somewhat arbi- 0.3

trarily labeled as ban@ll). The other in*''Rh is labeled band ~ 0271

(7). There are similarities if*Rh, but there are fewer levels @ 011

above the backbend. If these higher bands showed a spacing 2 00

pattern in which the members of the same spin systemati- £ -0.11

cally approached degeneracy with increasing spin, we might @ 027

think that they constituted a chiral doubling, as defined by g -0.3 1

Frauendorf[12]. While the best candidates for chiral dou- 8 041

bling are odd-odd nuclei, we have the theoretical conditions S 051

for chirality in the three-quasiparticle bands wittgg, pro- @ -06 -

ton (hole) and alignedh,,, heutron(particle) pair within a 0.7 ‘ : * '
triaxial well. That is, the proton hole angular momentum 6 10 14 18 22 26
should align along the longest axis, the neutron pair along Spin (1)

the shortest axis, and the rotational angular momentum along
the axis of intermediate length, along which the moment of FIG. 15. Signature-splitting functiof(1) of 1*Rh; solid and
inertia is greatest. The chiral doubling is by no means théjas_hed lines are for th_e dlf_ferent isotopes, no theoretical calculation
only way to generate such similar high-spin bands. With2vailable for two-quasiparticle systems.
three large particle-angular-momentum vectors and a
rotational-angular-momentum vector there are many slighb.8 to a 3 state, and this would not seem to permit a spin
changes in coupling that can generate close-lying levels withigher than 4. Thus, it is possible that the lowest level in our
the same spin and parity. The chiral doubling may thus béevel scheme fot1%Rh can be this state. The same consider-
obscured by configuration mixing of many couplings. ations apply to"'?Rh, except that ng@-decay branch goes to
a daughter state with definitely claimed spin, and we are left
with the Table of Isotope$2] tentative assignment c£4.
V- INTERPRETATIONS OF ODD-ODD RHODIUM Let us look at the level diagram of Skalski al. [1] in the
ISOTOPES 110 AND 112 prolate region for higlj- orbitals that might make up the

We have been able to identify only one bandiRh and  band we observe in the odd-odd nuclei. The proton candidate
a very similar band in?Rh, plus a sideband of two mem- is the 7/2[413]. The neutron orbital would be 57(532).
bers. Above the 8Blevel there is a remarkable series of simi- Those orbitals would make K=6" bandhead. One would
lar bands in odd-odd rhodium and in silver isotopes all theXpect that such a band might barely start with regular
way down to 55 neutrons, close to the 50-neutron closed1) level spacing above which thievectors would align.
shell. See Fig. 10 of Duffaiet al. [10]. Fotiadeset al. [7] ~ That could produce a band with very close spacing at the
measured heavier odd-odd rhodiums up througfRh, bandhead. There is, however, no clear interpretation of the
showing the similarities of this band with spacings graduallylevel scheme, as it stands. Figure 15 shows the signature
decreasing with mass number. Duffait al. [10] show a  splitting of the odd-odd rhodium isotopes here studied. As is
continuation of the band for two transitions below spin 8.often observed in similar cases, there is a reversal of sign in
Fotiadeset al. [7] showed only the transitions above spin 8. the signature splitting going up the band*Rh. The'%Rh
We show in our level scheme three lower-energy transitionss similar, but its band is not observed high enough to see the
below spin 8 for''®Rh and two for!'2Rh. With the new reversal. That would suggest to us at the upper end of the
crossover transitions the bandsif1'Rh have a different band that Coriolis couplinghighly spin dependeptnto an
appearance. irregularly spacedK=0" band dominates and at the lower

The band at higher spins is thought to be a case where &nd a spin-independei,, coupling term from triaxial de-
odd gy, proton and oddh,;,, neutron and the core collective formation or soft vibration dominates to couple intoKa
angular momentum are all aligned. The structure problem is 0~ with opposite signature splitting to the one reached by
complicated by the fact that th@,, proton orbital is about Coriolis coupling. Thenp force between the odd nucleons
half filled at Rh(Z=45). The hy;/, neutron orbital is unfilled should not couple states of differekt but they can couple
up to N=70 for spherical shape and somewhat filled forstates in which the projection quantum numb@rand pari-
spheroidal shapes. Explaining the persistence of a base liigs of the odd-nucleon orbitals simultaneously change, keep-
spin 8 in a spherical basis might need a spin 7/2 configuraing an overallK and parity the same. The triaxial-rotor-plus-
tion of three proton holes in thgy,, with the particle-hole particle model was extended to axially-symmetric odd-odd
coupling giving one less than the maximum spin lowest innuclei in [28] and also to odd-odd nuclei with a triaxially-
the multiplet of coupling a 7/2 vector with an 11/2 vector. deformed core iff29].
We shall not here further speculate on spherical-basis cou-
pling schemes. The heaviest nuclei of the series surely are
deformed, probably prolate spheroidal with uncertain triaxi-
ality. The Table of Isotopef2] shows for'!°Rh that there is We have proposed near-yrast level schemesd*féth and
B decay from two isomeric states, with ground state undeter!'3Rh, finding many similarities and some differences from
mined. The higher-spin states is denoted as $pid). The  earlier literature ont®’Rh and 1°Rh. Further evidence of
best constraint on the spin is@decay branch with log ft of shape coexistence in Rh isotopes is provided from the high-

VI. SUMMARY

024315-13



Y. X. LUO et al. PHYSICAL REVIEW C 69, 024315(2004)

statistics fissiony data of the present work. From comparing tory, and ldaho National Engineering and Environmental
energies and relative intensities with model calculations we aboratory was supported by U.S. Department of Energy
determined that the lowest bands of these odd-even rhodiuginder Grant No. DE-FG05-88ER40407 and Contract Nos.
nuclei are triaxial, namelyy=~28°, but slightly on the pro- \\.7405-ENG48, DE-AC03-76SF00098, and DE-ACO7-
late side. The very small values BIE2;11/2,—7/2)) also  g9|p13727. The Joint Institute for Heavy lon Research is
indicate triaxiality. The signature splitting in the Rh ground supported by its members, U. of Tennessee, Vanderbilt, and

l(VZ(SjD ::r‘ﬂef[%e] b\;avgdﬁaavr: SLTZQ?CJS tt?aenﬁaiisfﬁft;f:f: the U.S. DOE through Contract No. DE-FG05-87ER40311
Y | -with U. of Tennessee. The work at the Joint Institute for

bending with both branches above the crossing observed ”Nuclear Research in Dubna. Russia. was suoported in part b
111Rh and'™*Rh, and we have added one higher transition to ’ ’ PP part by

109Rh, showing the beginning of a band crossing there alsot.he U.S. Department of Energy Contract No. DE-ACO11-

We propose that backbending results from alignment of £#O0NN4125, BBW1 Grant No. 349€RDF Grant No. RPO-
neutron pair from thén,,, orbital. Above the backbend the 10301-INEED and by the joint RFBR-DFG GrarRFBR
two branches show a closeness of levels of the same spin afgfant No. p2-02-04004, DFG Grant No. 436RUS 113/673/
parity. This is a hint of possible chirality effects, though con-0-1(R)]. The work at Tsinghua University in Beijing was
figuration mixing may make a firm determination unlikely. supported by the Major State Basic Research Development
For the odd-odd rhodium nuclei in the work of Fotiad#s Program under Contract No. G2000077400 and the Chinese
al. [7] and the work here reported, only one band is ob-National Natural Science Foundation under Grant No.
served, analogous to a high-spin isomé#c) band observed 19775028. The authors here are indebted for the production
to as low mass number as 102. We report some lower-energyf 25°Cf to the Office of Basic Energy Sciences, U.S. Depart-
transitions below the 8level and determine their multipo- ment of Energy, through the transplutonium element produc-
larities from total conversion coefficients. We also measure gion facilities at the Oak Ridge National Laboratory. The
half-life for anE1 transition. The dynamic moment of inertia authors would also like to acknowledge the essential help of
above this alignment is nearly the saméifRh and'*®Rh as  |. Ahmad, J. Greene, and R.V.F. Janssens in preparing and
in the odd-even neighbors"Rh and ***Rh. However, the lending the?>’Cf source used in the year 2000 runs. Dr. K.
odd-odd bands do not exhibit any higher band crossing up tGregorich was instrumental in design of the source holder
frequencies above where the odd-even neighbors backbenaind surrounding plastic absorber ball and in mounting the
This behavior supports the idea that the band crossing in thsource. Dr. A. Macchiavelli provided valuable help in setting
odd-even nuclei is due to alignment of a neutron pair fromup the Gammasphere electronics for data taking. The authors
the hyy), orbital. would like to thank Professor I. Ragnarsson and Professor P.
Semmes for kindly providing the computer codes for triaxial
nuclei and for stimulating discussions. Ms. |. Stefanescu’s
The work at Vanderbilt University, Lawrence Berkeley valuable help on the theoretical model calculations is ac-
National Laboratory, Lawrence Livermore National Labora-knowledged with thanks.
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