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Properties of the collective bands 171, populated in'?®Sb(a, 2ny) 29 reaction atE=30 MeV, have been
studied fromy-ray angular distributions and excitation functions. Spins and parities are inferred for several
states. NewE2/M1 mixing ratios are deduced for five transitions. A three-quasiparticle collective band is
proposed on the basis of these and earlier results. The shapes of the ground state yrast banghaicice
are discussed, providing evidence for the coexistence of prolate and oblate collective states.
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I. INTRODUCTION (99%) elemental*?3Sb with a thickness of 10 mg/&nAn-
gular distributiong y(6)] of y rays were measured at 35°,

Transitional nuclei withZ>50 andA~110-130 have 45° 60°, 75°, and 90° with respect to the beam direction,
been a subject of much interest as they exhibit significanfor multipolarity and spin assignments. Two HPGe detectors,
variations of shapes and deformations with the configurationvith relative efficiency of about 25% and energy resolution
of the valance quasiparticles. The odd-mass iodifre $3)  of ~2.6 keV at 1.33 MeV, placed at a distance of 25 cm
nuclei, lying between the spherical £50) and the well from the target, were used. One of these detectors was lo-
deformed Z=57) nuclei are representative of the charactercated at 55° to the beam for normalization purposes. The
istic features of these transitional nuclei. Calculations of Li-angular distribution coefficient&, /A, (k=2,4) were deter-
anget al.[1] for the low-lying single particle excitations for mined from the least squares fits of the normalized data to
a range of iodine isotopes predict competing oblate and prahe Legendre expansion
late shapes for thés, and g, configurations of protons.
Experimental results int'?112¢ jsotopes, however, show W(0)=1+(A,/Aq)P,(cosh)+(A,/A)P4(cosh), (1)
evidence of oblate shape being associated with the bands
based on these configuratiofs-4]. Three-quasiparticle ro- Where theP, (cos6) (k=2,4) are the Legendre polynomials
tational sequences have also been identified*ih!'%12t  [9]. The experimental angular distributions were compared
[2,3,5 and *?>1?Cs nuclei[6,7]. with the theoretical onegL0] using x analysis procedure.

The relatively neutron-rich?¥ is difficult to populate up ~ The codeTHDST [11] which incorporates the definition pro-
to high spins and is less studied compared to the lighter oneposed by Krane and Steffei2] for the y-ray multipole
Our recent work on the structure &f3 [8] shows the posi- Mixing ratio &, was used for this purpose. The width of the
tive parity bands based on theg,,, andds, configurations ~assumed Gaussian distribution of the substate populatjon
to be closely similar to those iA%1?112%¢ jsotopes. An ex- determined for prominent stretchefi2 transitions, was
cited sequence of states built on the 2350.3 keV was found ttound to lie in the range 180<2.4, in close agreement
be similar to three-quasiparticle bands observe®igs[6]  with the average valuer,,=2.2+0.3, reported previously
and 11%12} [2,3]. Although, significant additions and alter- for light ion reactiong13]. The x? analyses were carried out
ations were made to the level scheme in this widkand  for probable spins of the initial stalg deexciting to a final
states were observed up to 3868.2 keV, spin and parity astate with a predetermined spin valuge Spin hypotheses
signments, mostly based on the systematics of similar bandsading tox? distributions lying above the 0.1% probability
in neighboring nuclei, remain uncertain. A better understandlimit were rejected 14]. The E2/M1 mixing ratiosé were
ing of the structures of the various bands’fl is possible  extracted from the minimum in thg? distribution. The er-
only with definite information on the spins and parities of therors in the values o5 were taken at 1% probability limit
levels and the nature of the transitions, both in band andll4]. Relative excitation functions were studiedgat 25, 27,
interband. The motivation of the present work is to provide30, and 33 MeV to provide supportive evidence for the spin
further experimental data on the tentatively proposed threeassignments.
quasiparticle band and the other low-lying sequences based
on different configurations of the odd proton 1 in order . EXPERIMENTAL RESULTS AND DISCUSSIONS

to infer structural details.
Parts of the level scheme df, reported in our earlier

work [8], are reproduced in Fig. 1, along with the new results
obtained in this work. The bands are labeled by the band
Excited states of'?% were populated in the reaction numbers. They-ray and level energies and the intensities of
1233h(a,2ny)1?3 at E=30 MeV at the Variable Energy the transitions are also taken from our previous wiBk
Cyclotron Centre, Calcutta. The target consisted of enrichedhe results of the angular distribution measurements and

II. EXPERIMENTAL METHODS
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FIG. 1. Proposed level scheme & from
this and our earlier work reported in R§8]. The
transition and level energies are given in keV and
the widths of the arrows indicate their relative
intensities.

TABLE I. Results ofy-ray angular distribution measurements'fil. The multipolarity assignments for
mixed transitions are based on tAg/A, values and the multipole mixing ratia% presented in Table II.
Spin and parity assignments are discussed in the text.yfitegy and level energies are from RE8).

E, (keV) Ejever (keV) Ay lAq AylAq Multipolarity I7—17
204.3 2554.6 —0.59+0.04 —0.06+0.06 M1+E2 D), 1)
308.0 3099.1 —0.63+0.11 —0.09+0.12 M1+E2 2B+, 2(+)
334.2 1269.8 —0.05+0.05 0.010.08 M1+E2 U+ 9+
346.9 1616.7 —0.06+0.05 0.02:0.06 M1+E2 B+ U+
380.6 1084.9 —0.18+0.01 0.02:0.03 E1l U-_, 9+
435.6 1203.7 —0.70=0.05 —0.04+0.06 M1+E2 B+ U+
482.0 595.5 —0.62+0.03 —0.01+0.03 M1+E2 A o
506.0 2784.1 0.280.05 —0.06+0.05 E2 - 0-
536.0 536.0 —0.43+0.05 0.14-0.06 M1+E2 Tt 2+
579.6 1664.5 0.230.03 0.02-0.04 E2 L-_4-
590.7 704.3 0.160.07 0.06-0.06 M1+E2 33t
608.2 1203.7 0.380.04 0.06-0.04 E2 B+ 9+
613.6 2278.1 0.250.04 —0.05+0.04 E2 D-_ -
637.0 1173.0 0.2£0.09 —0.03£0.11 E2 U+ I+
654.5 768.0 0.370.04 —0.07+0.06 E2 U+r I+
666.8 2554.6 —0.380.15 0.26-0.25 M1+E2) Do
697.7 1870.7 0.280.05 0.01-0.06 E2 o3t
704.3 704.3 0.270.02 0.16-0.03 E2 3t 37
786.1 1554.1 0.180.06 —0.04+0.06 E2 o3t
822.1 935.6 —-0.11+0.07  —0.05+0.09 M1+E2 3t 2t
850.3 2738.2 0.230.06 —0.03+0.08 E2 d+_ i+
890.7 3674.8 0.2£0.09 0.03:0.13 E2 a-_,23-
947.8 2501.9 0.390.08 0.16:0.11 E2 D+ Lo+
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TABLE Il. Results of E2/M1 mixing ratio () for the transi-

tions in 49, 108
E, 5
(keV) Present Previods
2
204.3 -0.23"553 "
308.0 -0.317913
334.2 0.14:0.01 0.110.05 01 70 CONFIDENCE LEVEL
346.9 0.1%+0.04 0.12-0.05 100
380.6 0.04°5% Bz
435.6 —-0.34°5%7 0.33+0.08
482.0 —0.23-0.03 —2.0<6<0.4 R 100
536.0 -0.13+0.06
590.7 0.157°3%¢ 0.28+0.08 _
666.8 -0.19'%% . T e
736.3 —0.07<6<+0.12 '
822.1 012553 0.20+0.07

482.0 keV

3Previouss values are taken from Ref13]. 102

spin and multipolarity assignments are summarized in Table @ }-——-—--——4-f—-—- TN v
I. The multipole mixing ratioss deduced for transitions of 10° '
mixed multipolarity are given in Table II.

The spin and parity assignments for the states dgG0D
113.5, 536.0, 595.5, 704.3, 768.0, 1203.7, and 1887.9 ke\ W77 1
(see Fig. 1are already established from previous studies and -80 -40 0 40 80
compiled in Ref[15]. The presenty-ray angular distribution arctan 8
studies for the 637.0 and 697.7 keV transitions in band 1, £ 2 ,2(s) fits to the 435.6 and 482.0 keV transitions belong-
establish their stretched quadrupole nature. With a previpg {5 the ground state yrast band.
ously established spin df* for the bandhead at 536.0 keV,
the present results provide firm spin assignment§t6fand  factor[ ~Z/A]). Therefore, the negative sign of the mixing
2% for the 1173.0 and 1870.7 keV states, respectively. Théatios for the interband 435.6 and 482.0 keV transitions may
E2/M1 mixing ratio for the 536.0 keV transition from the be related to an oblate shape for this band, as in the other
bandhead, hitherto unreported, is found to be negative. Alneighboring*®2112f jsotopes[2-4].
though reported to be puid 1 in naturg15], the 536.0 keV The strong interband transitior(@35.6 and 482.0 keM
transition is found to have significaf2 admixture. Based between bands 2 and 3 suggest that these bands have similar
on the observed regularity of thgeray energies within the configurations with a large overlap in their wave functions.
band, the highest state at 2713.1 keV is assigned a tentatif@ther interband transitions are also observed connecting
spin of (). states up to 2501.9 kepM8]. Based on this and the systemat-

Similarly, the spins of the levels in bands 2 and 3 areiCS of similar bands in the neighboring iodine nudl2+-4,

confirmed up to 2738.2 keV from the present work, estab—the WwoAl=2 bands, bands 2 and 3, may be interpreted as

e - - the a=+3% and — 3 signature partners, respectively. A plot
lishing their Al=2 nature(Fig 1). The sequences are con- 2 2 ' ;

nected by several interband transitions, of which the 4358 {[E()—E(I=1)]}/2] il 2l shows that the signature
and 482.0 keVy rays are strong. The angular distribution splitting for th_|s banc_zl n 1 IS small (Fig. 3. This is com-
measurements on these two transitions show k- E2 mon for the lighter iodine isotopes as well, for which the
nature. TheE2/M1 mixing ratios of 6= _0-34+8'(ﬁ and energy splitting plots are also included in Fig. 3 for compari-

. son. Cranked-shell-moddlICSM) calculations reported by
—0.23+0.03 were estimated for the 435.6 and 482.0 keV . . L
rays, respectivelyFig. 2. These two results disagree with Liang et al.[3] have reproduced the small signature splitting

those reported by Shragt al.[13], one of which has a posi- opserved in the pgsnwe-panty yrast ban?iﬁﬁ bY assqu—

tive sign (Table I). However, the preserE2/M1 mixing &ting the band with the oblaterg;{404]; " orbital with
ratios are similar with respect to their sign to the mixing possible admixture ofrds, 402]3 *. A similar configuration
ratios reported for transitions in the ground state bands in thenay be attributed to the positive-parity yrast bandfl,
other 11123177 isotopes[3,13,16. As reported previously guided by the similarity in the signature splitting in the band
[3], for strongly coupled bands based on a single-quasiprotofor the two nuclei(Fig. 3).

configuration, the sign of thE2/M1 mixing ratio § is the An interesting feature which emerges from Fig. 3 is the
same as the sign of the intrinsic quadrupole mon@@nfor  reversal of the phase of the energy staggering in this band for
Z=53, since @x—gr)>0 for the relevant proton orbitals the odd mass!® 129 isotopes. While the inversion occurs at
(gk is the single-particley factor andgy, is the rotationaly ~ a spin of $£4 in 1912} it shifts to ¥4 for the heavier

9221772
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FIG. 3. [E(1)—E(I—1)]/2 vs 2| plots for the states of the
postive parity yrast bands in the odd-ma$% 29 nuclei. The ar-

rows indicate the position of the signature inversion.
19/2 > 17/2

123123 nuclei. The observation of signature inversion at low 80 40 0 40 80
spins has been previously interpreted to indicate a deviatio arctan §
from the axially symmetric shagdd.7]. 9k -

Three-quasiparticle bands have been previously reported FIG. 4. x“(6) fits to the 204.3, 308.0, and 666.8 keV transitions
in several odd mass iodine and ceasium nufe8,5-7, oM the states of band 4.
built upon an excited isomeric state. The bandhead energies
are all above 2 MeV and the spin varies frdgghto 32. In  citing via the cascade of 308.0, 236.5, and 204.3 keV transi-
129, the 2350.3 keV stateT(,,=1.6+0.3 ns[18]) with a  tions, is identified as &l =1 band(band 4.
tentative spin of(17/2) and the sequence of states up to The spin and parity assignment for the bandhead at
3497.0 keV built upon this level, has been interpreted as 350.3 keV cannot be obtained from the angular distribu-
rotational band(band 4 in our earlier work[8]. The se- tions of the 685.9 and 796.1 keV transitions which depopu-
guence was also tentatively described to have a thredate this state, since both rays are doublets in the levels
quasiparticle structure as in the other neighboring odd massdcheme(Fig. 1). However, it is noted that the 685.9 and
and Cs nuclei. 796.1 keV y rays decay to states with spin and parify

In the present worky(6) and excitation functions have =%~ and 3", respectively(thesel ™ assignments are dis-
been measured for the in-band 204.3 and 308.0 keV transeussed elsewhere in this texFurthermore, both 685.9 and
tions of band 4 and the interband 666.8 ke\fay from the  796.1 keV transitions are strong and observed with equal
2554.6 keV level feeding the 1887.9 ke¥,* state of the relative intensitieg8]. It follows, therefore, that the spin of
yrast bandFig. 1). While no information is available on the the 2350.3 keV state is restricted 9,32, or &, since oth-
multipolarity of the 666.8 keVy ray, a dipole character is erwise, one of the two transitions depopulating the bandhead
tentatively assigned for the other twp rays[13,19. The  would be predominantiyM2 in nature, which is unlikely.
presentA, /A, coefficients and the multipole mixing ratids  The spin of the next higher state in the band at 2554.6 keV,
for the three transitiongFig. 4) are consistent with their deexciting via the 204.3 ke\| =1 transition(Fig. 1), is
M1+E2 assignment. The(6) for the in-band 236.5 keV then limited to%2, %, or 2. The y?(8) analysis for the 666.8
transition could not be measured in this work due to interkeV transition from the same state rules éfitand favors a
ference from the strong 238.2 key/ray (from °Ne). How-  spin of ¥ for the 2554.6 keV statéFig. 4). The lowest
ever, the previously reported, /A, values for the 236.5 keV  possible spin ofy is ruled out from the relative excitation
transition are also consistent with M1+ E2 assignment function for the 666.8 keV transitiofFig. 5. Accordingly, a
[19]. Hence, the sequence of states up to 3099.1 keV, deespin assignment o is proposed for the 2554.6 keV state
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TI1>1; K (keV) E2 transitions are observed. Considering the similarities in
i Ags Loy . . .
the properties of the three-quasiparticle bands'df and
21/2 » 17/2; 850.3 129 it is possible that band 4 in the latter nucleus also has a

similar configuration as for*?ll. Three-quasiparticle se-
quences have not been reported'f.

Kostovaet al. have estimated lifetimes of several states in
band 4 from the delayedy—rf method [18]. The level
scheme for band 4 has since been altered in our earlier work
1972 > 1712; 666.8 [8] where the placements of the 204.3 and 236.5 keV transi-
tions have been interchanged. In the present level scheme,
the 2791.1 keV state is fed by the prompt 308.0 keV transi-
tion (no discernible centroid shift observed for thjsray
according to Ref[18]) and decays via the 236.5 key/ray.
1712 > 13/2; 684.2 Therefore, the lifetime of 0.2 ns, corresponding to the cen-
troid shift measured by Kostowvet al. for the 236.5 keVy
ray, should be attributed to the 2791.1 keV state. The 2554.6
keV state is then fed by the delayed 236.5 keV transition and
the shift measured in Refl8] for the 204.3 keVy ray,
which depopulates this state, would reflect only the upper
13/2 - 9/2; 608.2 limit of the level lifetime. Thus, the 2554.6 keV state is
expected havéd ,»,<0.3 ns.

Lower limits of reduced transition probabilities of
J 912 - 5/2; 595.6 B(E2)=5.0 W.u. andB(M1)=5.7x10"2 W.u. have been

N
T

Relative Intensity ( arbitrary units)

I
l

estimated for the 204.3 keV transition usifig,<0.3 ns for
the 2554.6 keV state and the present multipole mixing ratio
| | | 5=—0.23"33 for the 204.3 keVy ray. TheB(E2) result
25 27 29 31 33 indicates the presence of collectivity in the structure of the
E (MeV) proposed three quasiparticle bafiidnd 4. However, cross-
over E2 transitions from the 2791.1 and 3099.1 keV states,
FIG. 5. Relative yields of the 666.8 key ray from the 2554.6  \yjth calculated relative intensities of about 4 uriitgth re-
keV state of band 4 with respect to the transitions in band 2. spect to 100 for the 654.5 keY ray[8]), were not observed
) ) _ clearly enough in the relevant gated spectra for their place-
and the spin of the bandhead at 2350.3 keV s restricteghent in the level scheme. The relative intensities were cal-
to 2 ) ) culated usingé=—0.25 (assumed to be similar to other
With the M1+ E2 assignment already established for the, 5 es in the bandand — 0.31 (present work for the 236.5
higher-lying 236.5 and 308.0 key rays in this sequence, and 308.0 keVAI=1 transitions, respectively, and an effec-
spin values of%* and 5’ are assigned to the higher band tjye K =15/2, as for the 3-gp band it [2]. It is expected
members at 2791.1 and 3099.1 keV, respectively. A tentativghat experiments using more efficient detector systems will
spin of (%) is proposed for the highest state at 3497.0 keVpermit the observation of the crossod&? transitions in the
on the basis of the observed regularities within the band. three quasiparticle band as 4 and '?°Cs where such
The E2/M1 mixing ratio for the interband 666.8 keV transitions have indeed been reporf@eb].
transition, feeding thél ™ state of band 3, is found to b& The spin assignments for all levels belonging to the fa-
=—0.19"32 indicating sizable quadrupole admixture. Al- vored negative-parity sequen@eand 5 are confirmed from
though with large errors, this result indicates that the paritythe present work. The presept(S) analysis[Fig. 6a)] for
of the 2554.6 keV state is likely to be positive. A negativethe 380.6 keVy ray, which predominantly deexcites the
parity for this state would imply a-4% M2 admixture in  bandhead at 1084.9 keV to té state at 704.3 keV, yields
the 666.8 keVy ray. Hence, the 2554.6 keV state, as well asé= 0.04f8j8§, supporting theE1 nature of the transition, as
the other states in this band, are tentatively assigned a posifready proposed by Hagemasnal. [19] from conversion
tive parity, considering the errors in th& value. Positive- electron measurements. The analysis further favors a spin of
parity assignment has also been previously suggested fdf for the bandhead, although the sgifis not ruled out. The
similar three quasiparticle bands in the lighté?'?} nuclei  relative excitation function for thig/ ray, however, clearly
by Liang et al. [3]. The same authors have proposed theindicates that the bandhead spin must be greater H#ig.
three-quasiparticle configurationrh,,,® vg,,® vhyy, for  6(b)]. Hence, a firm spin assignment §f~ is proposed for
the analogous band if?4. The configuration includes the the 1084.9 keV state. The effects of the interference due to
high-K [404]7/2" neutron orbital from therg,, shell and the weak 380.6 keW ray in band 7 is not expected to be
explains the strong\|1 =1 transitions and the lack of signa- significant in these measurements. The stretdd2chature
ture splitting in the band. The states of band 44A are also  of the inband transitions within band 5, obtained from the
found to decay by strond | =1 transitions and no crossover presenty(6) studies, then provide the spin assignments for
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10t (Table ) which deexcites the bandhead at 935.6 K&\g.

1). The x?(8) analysis and the relative excitations for this
transition confirm the spin assignment of 9/Ror the band-
head. They?(5) plots for the 334.2 and 346.9 keV inband
transitions, support the spin assignments for the two higher
levels at 1269.8 and 1616.7 keV. The positive sign of éhe

10%

) values for these transitions corroborates the ealliét in-
: Ve, N terpretation of a prolate shape for thg, band. The absence
102 > v ) 380.6 keV ; I :
NS ! of signature splitting in the band suggests that the configu-
' ration includes the high proton orbitalm(gg,)[404]3 .
0.1% CONFIDENCE LEVEL Several noncollective states, all above 2 MeV excitation
10" - V P o ?Qergy, feed the.states Qf the positive—parity yrast band in
— 9 (band 2. S!mllar fe_edlngs_ frqm n_oncollectlve states are
80 40 0 40 80 also reported in the lighter iodine isotopes. Noncollective
arctan 6 oblate states have been observed in these nuclei leading to
band termination at spins of 3 [3,20—23. These features
can however, only be studied if the bands are extended to
_ higher spins.
2 5L 1,21 F (keV)
E (b) 2772 5 23/2; 8907 V. SUMMARY
© .
g 202195 %000 The structural aspects of thHé3 nucleus, not reported in
s 192 > 1525 6156 much detail in the literature, have been attempted to be stud-
2 2 ' ied in the present work fromy-ray angular distributions and
8 excitation function measurements. Definite spin and parity
< 182> 11725 5796 assignments are proposed in six bands, reported earlier in
£ 12— 92; 3808 this nucleus. They-ray multipolarities have been deduced
2 1L : : ; 92525 7043 for several transitions and nela2/M 1 mixing ratios are re-
| | | | | ported f_or flve_y rays. Three o_f these mixing ratios provide
25 27 33 the basis for inferring the spin and parity assignments for

29 31
E (MeV) band 4. A three-quasiparticle structure is proposed for this

FIG. 6. Plots of(a) y2() fits to the 380.6 keV transition deex- band on the basis of the observed characteristics and their

citing the bandhead of band 5 afig) yields of the 380.6 keV and  Similarity with 121 The earlier lifetime results for states of
the in-band transitions of band 5 relative to the yield of the 704.3this band have been revised following an alteration in the

keV transition. level scheme. The deduc&{E2) value indicates the pres-
ence of collectivity in the band. Bands 2 and 3 are inter-
all levels up to 3674.8 ke\(Table ). preted as ther=+3 and o= — 3 signature partners of the

The close agreement of the experimental level schemstrongly coupledrds,, yrast band. The sign of thé values
with that predicted from the core-quasiparticle model of Ko-for the strong 435.6 and 482.0 keV transitions connecting
stovaet al.[18] suggests that the band is probably based orbands 2 and 3, which differ from those reported earlier, and
the configurationsr(h415) with a prolate deformation. The for the Al=1 transitions in band 7, have been used to infer
identification of the unfavored = 3 signature partner of this the shapes associated with these single-quasiparticle bands.
band in our earlier work8], labeled band 6 in Fig. 1, shows This leads to evidence for the coexistence of both oblate and
the presence of large signature splitting leading to an inverprolate shapes if?3, as in several other odd-nuclei in this
sion in the level ordering. This favors the rotationally alignedmass region.
nature of thewrh,,, band and indicates that it is associated
with the prolate w(h44,)[550]5~ Nilsson orbital. Previ-
ously, the unfavored band has been reported onf*thbut The authors express their sincere thanks to Professor
not observed int?14, probably due to their weak intensity. Bikash Sinha for his interest in the work and the first author
The gg, band in 124 (band 7 has been observed up to is grateful to him for providing the facilities. The authors are
2814.9 keV[8]. The present(6) studies confirm the previ- also thankful to the operating staff of the Variable Energy
ously reportedV 1+ E2 nature of the 822.1 keV transition Cyclotron Center, Calcutta.
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