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M1 bands and intruder bands in *3n
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High spin states if*3n have been established up to 6.2 MeV in excitation energy and to a tentative spin of
(43/27) through the reactiort*®d(’Li, 4n)'*in at a beam energy of 40 MeV. In-beam measurements in-
volved y-y coincidences, angular distribution of emitted gamma rays, and directional correlation of oriented
statesM 1 bands consisting okl =1 dipole transitions have been observed. Possible quasiparticle configura-
tions suggest that these bands are similar to the shears bands observed in Pb nuclei. Two intruder bands based
on therh,4, orbital andwg-, orbital have been observed. Results of the total Routhian surface and cranked
shell model calculations are compared with the experimental data. Alignment features of the intruder bands in
the N=62 and 64 isotones are discussgsi556-28137)06201-9

PACS numbses): 21.10.Re, 27.66:j, 23.20.En, 23.20.Lv

. INTRODUCTION els [3,23,37. In 5fn Backlin et al. [23] and in *7n

Nuclei bordering thez=50 shell closure have been Pandharipandet al.[32] have suggested that the low spin
known to exhibit rotational bands coexisting with single par-POSItiveé parity states are members of a band built on the
ticle state§1—4]. The occurrence of deformed states is dueK =1/2" [431] Nilsson state. Extensive experimental and

to particle-hole(p-h) excitations of theZ=50 Sn core to the theoretical studies by Heydet al. [3] were done in several

deformation driving orbitals that intrude from above the sheIIIn isotopes. They have developed a unified theory to under-

an. The low excitation enerav of the intruder states is astand the properties of low-lying states in these isotopes that
9ap. 9y were not understood within the hole-core coupling model.

. ! isting vibrational states. The rotational states are due to the
mass region have resulted in a wealth of data for the collecy, o, excitations across tie=50 proton closed shell. Total
tive bands that extend to very high spins, in particular, in-potential energy calculations of In isotopes by Heydel.
truder b.ands mvol\(lng proton p-h excitation have been ob{33] predict a oblate deformed minimum & = —0.18
served in several isotopes of $7-10], Sb[11-15, and  associated with the 11/2[505] orbital, while calculations
Min [16]. More recently, such intruder bands have also beety Dietrichet al.[34] predict a prolate minimum &, = 0.2
found in 1*%, *2114e[17-19 nuclei involving 4p-2h exci-  due to the 1/2 [431] orbital for *4n. The intruder band-
tations of the Sn core. Interesting features of very low dy-head excitation energy has Andependence and is lowest at
namic moment of inertia were observed at high rotationathe mid-shell regiorN=66, when the neutron shell is half
frequencies in the spectra of these nuclei. This feature wafilled. It is expected that the intruder bandhead Ytin
interpreted as a smooth termination of a collective rotationashould be at a lower excitation energy compared to the
band[20,21]. lighter isotopes of In.

In the case of the In nuclei, it is expected that the excita- The motivation of the present experiment was to search
tion of the odd proton occupying the upslopiggj, orbital to for collective structures in"*3n for which very little high-
the steeply downsloping deformed orbitals will lead to a de-Spin data exists. In the previous study'dfin by Tuttleet al.
formed state. The essential difference between the rotation,36 the low-lying levels up to17=(23/2") and
bands in In and Sn nuclei is, in Sn nuclei the bands involvd "=(17/2") have been observed. In this work, we report the
m2p-2h excitation, whereas, in In nuclei it #&Lp-2h excita- o_bs.ervanon of two |nt.ruder rotatllqnal bands and_ bands con-
tion, thus leading to a smaller quadrupole moment. Such aﬁlstmg of magnetic dipole transitions. The rotatlonal bands
effect has been observed in the study¥fin by Mullins ~ &® interpreted to be based on thh,,;; and 7gy, orbitals.
etal. [16], where thewh,;, band was found to have a Ihe d|p9le bands_ haye similarities with the recently ot_)served
smaller deformation value8,=0.18, compared to the shears” bands in singly closed shell nuclg87]. Qualita-

1133h 7rh44, band that was deduced to have a deformatior@/e arguments are given for the structure of these bands.
“ onfiguration-dependent crossing frequency has been ob-
value of 8,=0.32[13]. . . ; o
: ) . . served in the intruder rotational bands and is discussed
Extensive experimental and theoretical studies have been.., . :
. . . within the total Routhian surface and cranked shell-model
done to understand the properties of low-lying levels in Incalculations
isotopeq 22—31]. The low energy excitations of odd-mass In '
isotopes cannot be described as being due to pure single hole
character or single hole states coupled to theqadrupole
vibrational state in the Sn isotopes. Experimental evidence High spin states in**®in were populated using the reac-
exists for the presence of collective phenomena in these levion *%Pd(’Li, 4n)**3n, at the 14 UD TIFR-BARC Pelletron

II. EXPERIMENTAL DETAILS
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FIG. 1. The level scheme of'3n from the present experiment. Transition energies are marked in keV. The discrete transitions
connecting band 3 and band 5 to the low-lying states have not been observed—only the feeding into those states has been indicated by
dashed lines.

9/2

accelerator in Bombay, India. This reaction was chosen bedrogen furnace and was subsequently electron-beam melted
cause of its large cross section for the production*tfn  to remove absorbed moisture and other gases. The purified
between beam energies of 35 to 45 MeV, with relativelyPd pellet was rolled to the desired thickness. Gamma rays
little competition from other channels. The target consistecemitted in this reaction were detected using five Compton-
of a 4 mg/ent 1%Pd (enrichment 98%) rolled onto a 120 suppressed high-purity germanium detect¢@S-HPGe,
mg/cm? Pb backing, thick enough to stop the recoiling nu-used in conjunction with an eight element Nal multiplicity
clei. The enriched'%d powder was first annealed in a hy- filter. In the y-y coincidence experiment the five CS-HPGe
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TABLE |. Gamma rays assigned t33n.

Multi-

E,(keV)? (e b Initial state— Final state® AylA, AlA, Raco? Reco® polarity’
68.6 172) 2.851-2.783
91.8 1222) (23/127)—(21/2%) -0.241) 0.022) 0.93) 0.575) (M1/E2)
131.8 331) 2.783-2.652
163.2 4434) (17/27)—(15/27) -0.321) 0.072) 0.93) 0.491) (M1/E2)
169.5 2542) (23/27)—(21/2") -0.2411) 0.073) 0.863) 0.454) (M1/E2)
170.2 44(3) 3.049-2.879
171.5 13/% —11/2* 0.93) 0.575) M1/E2
183.3 1941) (25/27)—(23/2") -0.3411) 0.0413) 0.93) 0.553) (M1/E2)
189.7 2282) (21/27)—(19/2") -0.291) 0.01(3) 0.81(8) 0.584) (M1/E2)
199.1 391) 3.247-3.048
211.7 172) 2.652-2.441
226.79 23(2) 3.048-2.821

2.879-2.652
236.1 172) (25/27)—(23/27) 1.2622) (M1/E2)
256.9 1672) (25/27)—(23/2"7) -0.27(4) 0.01(3) 1.0(4) 0.595) (M1/E2)
267.5 3492) (19/27)—(17/2"7) -0.2411) 0.022) 1.043) 0.575) (M1/E2)
27110 12(2)
278.2" 56(1)
284.5 122) (29/127)—(27/27) 0.8722) (M1/E2)
326.2 <10 5.121-4.795
340.8 252) (35/27)— (33/27) 0.8619) (M1/E2)
362.1 162) (39/27)—(37/27) 1.0510) (M1/E2)
377.2"
379.1 1%2) (37/27)—(35/27) 1.1536) (M1/E2)
386.5 45%2) 3.048-2.662 0.9%7) 0.5510) (M1/E2)
388.9 632) 2.652-(17/27) 1.1411) 0.4712) (M1/E2)
390.9 1673) (27/2%)—(25/2%) -0.151) 0.0411) 1.1314) 0.525) (M1/E2)
395.8 191) 3.247-2.851 1.0618) 0.5310) (M1/E2)
401.8 742) (19/2F)—17/2* -0.223) 0.084) 0.61(20) M 1/E2
409.79 24(2) 5.121-(29/27) 0.93) (M1/E2)
420.4 423) 2.652-(15/27) 0.9417) 0.4915) (M1/E2)
474.3" 10(2)
483.9 232) 2.879-2.395 0.8422)
497.3 903) (11/27)—(7/2%) 0.202) -0.084) 0.91) E2
507.1 2%2) (23/27)—(19/2"7) 0.274) 0.01(3) 0.93) E2
525.9 352) 3.187-(19/27) 0.9712)
564.89 23(2) (23/127)—(21/27) 1.23) (M1/E2)

4.428-3.864
571.8 632) (27/127)—(23/27) 0.21(4) -0.023) 0.93) E2
589.4 722) (29/127)—(27/2%) -0.292) 0.021) 0.93) 0.492) (M1/E2)
617.2 45%3) 3.864-3.247 1.1116)
625.3 282) (21/27)—(19/2") 1.1(3) (M1/E2)
637.8 312) (27127)—(23/2") (E2)
641.1 1%2) 3.303-(19/27)
677.7 172) (31/27)—(29/2") 1.0830) (M1/E2)
684.6 472) (31/2%)—(29/2%) -0.274) 0.01(3) 0.4816) (M1/E2)
686.1 <10 3.348-(19/27)
692.6 682) (27/127)—(25/27) 1.0413) 0.5717) (M1/E2)
697.1 122) (31/127)—(27/27) 0.92) E2
700.4 8%2) (15/2%)—(11/2%) 0.92) E2
728.2 312) (33/27)—(31/2%) -0.233) 0.052) (M1/E2)
731.6 <10 5.442—(29/27)
742.4 252) (29/27)—(27/2"7) 0.8923 (M1/E2)

744.6 192) 3.595—(21/27)
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TABLE I. (Continued.

Multi-
E,(keV)? e b Initial state— Final state® AylA, A4lA, Rco Raco® polarityf
772.9 513) (23/27)—(19/2") 0.232) -0.062) E2
788.2 1242) (19/27)—17/2* -0.24(1) 0.022) 0.692) (M1/E2)
803.2 8@2) (19/2")—(15/2%) 0.182) -0.062) 0.92) E2
818.2 234) (35/27)—(31/27) 1.1(3) E2
826.3 <10 4.795—(27/27)
838.9 872 (21/2+)—17/2* 0.202) -0.104) 0.958) E2
888.7 51%3) (15/27)—(13/2) -0.2756) 0.0123) 0.8003) 0.442) (ED
919.2" 31(3)
928.4 <20 (39/27)—(35/27) (E2)
938.7 2562) 17/2* —13/2* 0.2978) -0.0726) 0.994) E2
980.2 <10 (29/2*)— (25/2%) (E2)
991.5" 56(1)
1014.6 383) 5.725-(29/27)
1028.36) <20 (43/27)—(39/27) (E2)
1097.9 242) 2.44113/2%
1173.2 2%2) 11/2F —9/2* 1.41(35) M1/E2
1191.3 883) (712*)—(9/2*) (M1/E2)
1274.2 <5 (31/2+)—(27/2") (E2)
1324.6 812) 17/2* —13/2* 0.264) -0.052) 0.899) E2
1344.5 1000 13/2—9/2* 0.2604) -0.0452) 1.778) 1.076) E2
1390.3" <10
1406.7 142) (27127)—(23/27) 1.95) E2
1418.6 143) (31/27)—(27/27) (E2)
1434.9 3)) (29/27)—(25/2"7) 0.164) -0.156) 1.7(5) E2
1444.5" <10
1518.3 143) 4.795—(25/27)
1583.5" 14(3)

&The errors are given on the last digit. Transition energies accurate to withi@ keV, unless otherwise quoted.
PIntensities are normalized to 1000 for the 1344 keWtansition.
For y transitions having no spin-parity assignments, the initial and final excitation energies are given in MeV.
9The gating transitiofs) is a dipole.

®The gating transitiofs) is a quadrupole.
*Multipolarity for known transitions adopted from previous works.

9Intensity quoted for doublet.
Mransition identified as belonging t33n, but not placed in the level scheme.

detectors were at angles 15*45°, and=* 75° to the beam were used to construct the level scheme.

axis. The individual counting rates in each of the CS-HPGe The angular distribution of the gamma rays were mea-
detectors were less than 10 kHz at a beam current of 1.8ured with the five CS-HPGe detectors at angles 15°, 30°,
p nA. The excitation function was done between beam enerd4°, 60°, and 90° with respect to the beam axis. These were
gies of 35 and 45 MeV, and the relative cross section ofnalyzed by fitting the efficiency-corrected intensities to the
113n was found to peak at 40 MeV in agreement with thedistribution function of Legendre polynomial

statistical model codeASCADE.

The y-y coincidence data was collected at a beam energy
of 40 MeV comprised of twofold Ge events, detected within
a time window of 400 ns and qualified by a hardware trigger
of multiplicity greater than one in the Nal detectors. A total The relative efficiency of the detectors was obtained by col-
of 40 X 1¢° coincidence events were accumulated. The entecting the radioactive data during the experiment. The ratio

ergy and efficiency calibrations of the CS—HF1>SGe detectorsf directional correlation of oriented stateR4,) of the y
were done using radioactive sources'dBa and'>Eu. The  transitions was constructed by the following procedure:

y-v coincidence data from the five CS-HPGe detectors were
sorted off-line by gain matching each of the detectors using
the ®%Eu and **Ba data. The background-corrected pro-
jected spectra generated with gates on the gamma transitions

W( 0):A0+A2P2(CO$)+A4P4(CO$). (1)

B (1,,@15° gated byy,@75°)
4o (1,,@75° gated byy,@15°)°

@
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A relatively weak set ofy transitions, viz. the 236, 564,
where the gating transitiory,, has either a pure dipole or and 625 keV feed thé™=(19/2") energy level. TheRy,
quadrupole multipolarity. When gated by a quadrupole tranvalues for thesey transitions when gated by dipole transi-
sition theRy,, value was close to 1.0 for stretch&® tran-  tions is close to unity, hence they have been assidviéd
sitions and close to 0.5 for stretched dipole transitions. Simi£2 multipolarity. This band extends to a tentative spin of
larly, with a dipole gating transition, th®y., values was (25/2#4. Approximately 2.73)% of thetotal intensity is car-
close to 2 and 1 for quadrupole and dipole transitions, reried by this band. Figure 3 shows the 236 keV gated spec-
spectively. TheR, ratios were calibrated using known tran- trum.
sitions. TheRy, values for band 4 were obtained using the
sum gate of 163 and 267 key transitions and for weaky B. Band 2
transitions the sum gate of 163, 267, and 256 keYfansi- o .
tions was used. ThRy., value for band 6 was obtained using The coincidenty transitions 564, 617, .1.99’ and 386 kev
the sum gate of 1344 and 938 keMransitions, which are of are me_mbe_rs of this band. Sevesalransitions depopulate
E2 multipolarity. Similarly, y transitions deduced to be of s}Tates in this ba”‘i[ and feed the energy levels of band 4 at
E2 multipolarity from the angular distribution data were | —(17/2) and 17=(19/2'). The gated spectra do not
used as gating transitions to obtain g, values in band 7. show any comudencefs.wn.h the mer.nberls of band 1, so a
The multipolarity ofy transitions, which were contaminated second 564 keVy transition is placed in this band.
in the singles angular distribution data could be extracted
from the Ry, values. The spin assignments have been made C. Band 3

assuming that the high spin states subsequently decay to lev- The set of coincideny transitions 341, 379, and 362 keV
els with a lower spin. decay into states of band 4. ThRy, values support their
assignment as dipole transitions. From this data set no cross-
lll. EXPERIMENTAL RESULTS over E2 transitions were observed in this band. Figure 4
i shows the projected spectrum with the gate set on the 341
The level scheme deduced from the present experiment {8, ., yransition. Two decay paths of this band were identi-
shown in Fig. 1. Table I contains the details piransition  fieq hyt it was difficult to place the exact excitation energy

energies, relative intensitied, andA, values, spin assign- o this hand. The spin-parity assignment for this band is ten-
ments, and th&y., values. They-ray intensities have been (4iive.

obtained from the total projection of the list mode data with
full time window and for overlapping transitions the inten-
sities were obtained from the 1344 keV gate and normalized.
Low energy transitions with the assumed multipolarity gave The previously known series of intense dipole transitions
the correct intensity balance, since in this mass region theomprised of 163, 267, 189, and 169 keMransitions has
M1 andE1 conversion coefficients differ considerably. been extended in spin from=(23/2") to 1"=(31/27). A

The two dominant cascades in the decayGfn are built ~ representative spectrum for these transitions is shown in Fig.
on the previously known 888 and 938 ke transitions. 5, which shows the spectrum gated by the 257 ke¥fan-
Angular distribution data assigns a dipolar character to théition. The multipolarity of the band members has been de-
888 keV y transition deexciting from the negative parity duced from both the angular distribution aRg, data. Most
level atl "= (15/2"). Parity assignment is based on compari-of the population of**4n comes through this band. The
son with neighboring nucldivhere negative parity states are | "=(25/2") state in this band is fed by a sequence compris-
excited with more intensijyand is tentative. Figure 2 shows ing of 692, 742, and 677 key transitions. The observation
angular distribution plots of few transitions in'3n. The  of high-energyE2 crossover transition$1435 and 1419
level scheme is ordered numerically from band 1 to band 7keV) has helped to extract theB(M1;l—I1-1)/
The discussion of each of the bands is given in the followingB(E2;I —1-2) ratio (see Table . Since the transition prob-
subsections. ability is proportional toEiI+l the high-energy intraband

D. Band 4
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quadrupole transitions compete with that of lower energyy transitions, which are members of this rotational band.
dipole transitions and therefore the crossol@rtransitions Figure 7 displays the sum of the background subtracted co-
are more probable at the top of the bafsimilar features incidence spectra gated by all the band members. This band
exist in band & The presence of crossovER transitions has a relative intensity of less than 4%. The angular distri-
also pins down the magnetic character of the dipole transibution of the 507 and 571 keV transitions is indicative of
tions (this argument assumes that there is no octupole defol=2 multipolarity. Using the sum gate of these twdransi-
mation in this mass region tions theRy, values of 697 and 818 keYy transitions were

Severaly transitions feed into levels of band 4. The pre-found to be close to unity. It has not been possible to extract
viously known cascade comprised of the 1097, 211, and 13the multipolarity of the higher-lyingy transitions in this
keV v transitions[36] has been confirmed in the presentband due their weak intensity or of contamination in the
work. Based on the intensities from the coincidence data wangular distribution data. The 377, 409, and 669 ketan-
infer the presence of second 170 and 227 keWansitions. sitions are involved in the decay of this band but firm links to
The 484 keV transition is in coincidence with the low- the low-lying levels could not be established. In addition,
lying energy levels and differs from the earlier placements

reported in Ref[36]. The 420 and 389 keWy transitions
depopulate from states of this cascade and feedl the
(15/27) andI™=(17/2") energy levels of band 4. Also, the
525, 641, and 686 ke\y transitions feed thé™=(19/2")
state, and the 744 key transition feeds thé™= (21/27)
state. While, the 326, 826, and 1518 keMransitions feed
the |™=(27/2") and1™=(25/2") levels, differing from the
placements of the earlier wofB6]. Figure 6 shows the spec-
trum gated by the 1518 key transition. Furthermore, the
1199 keV vy transition feeds into thé™=(27/2") state and
the 731 and 1014 keVW transitions feed thé™=(29/2")
state. The multiple branches make the coincidence spectra
complex, but also provide consistency checks on the level
scheme. On this basis, many of theransitions have been,
unambiguously, placed in the level scheme.

n
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o}
o
(&)

COUNTS

E. Band 5

The analysis of the data has revealed a coincident se-
guence comprising of 507, 571, 697, 818, 928, and 1028 keV
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TABLE Il. Branching ratios in theM 1 bands. ©
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where

1518 keV gate

CT(—1-2)
ST (1-1-1)"

COUNTS

is the y-ray branching ratio between thel =2 andAl=1
il P d e A i ud = transitions in a band. This assumes thatAlie=1 transitions
150 300 430 800 750 900 1050 1200 1350 are pureM1 transitions(i.e., mixing ratio 6=0).

ENERGY (keV) G. Band 7

FIG. 6. Gated spectrum with the gate set on the 1518 ke The set ofy transitions 497, 700, 603, 773, and 638 keV
transition. constitute members of band 7. Figure 9 depicts the spectrum
gated by the 497 keV transition. The previous study due to
this band feeds into band 7 via the 669 ke\transition. The [36] has identified the 1191 kel transition depopulating
spin of the decay-out state of this band has been tentativelne | 7=7/2" state. This state was identified by them to be-
assigned to b€19/27). long to the Nilsson state originating from the[413]1/2*
orbital. The tentatively placed 497 and 700 ke\fransitions
F. Band 6 have been confirmed in this experiment and, in addition, this
band has been extended in spin frofi=(15/2") to
27/2"). The spin assignments for this band are based on the
ngular distribution and., data.

The set ofy transitions consisting of 92, 183, 391, 589,
685, 728, 980, and 1274 keV constitute band 6. Figure
shows the spectrum gated by the 589 kgWansition. From
the angular distribution of the 938 and 838 keMransitions
a positiveA, value was deduced. Thus, thegdransitions
were inferred to be oE2 multipolarity. For intensity balance A. Total Routhian surface
the 92 keVy was deduced to be i 1/E2 transition, hence and cranked shell model calculations
for the remaining members of this band a positive parity has
been assigned. This positive parity rotational-like dipole
band decays through the 788, 838, and 401 keYfansi-
tions. Coincidence conditions among 838 and 788 keV gat
require an unobserved 50 key/transition. The angular dis-
tribution of 183, 391, and 589 ke transitions indicate .50y jations are described in RE39]. For the positive parity
their dipole M1/E2) nature. In addition, weak crossover cnfigurations, at low frequencies a noncollective prolate
y-transitions, viz. 930 and 1274 keV, ha\{e peen observedyinima is predicted 88,=0.09 andy= — 120° [Fig. 10a)].
The deduced experimentB(M1)/B(E2) ratio is presented s is consistent with the low-lying levels, which are vibra-
in Table I, using the formula, tional in nature. Athw=0.495 MeV a prolate shape with
B(M1) ES(1—1-2) B,=0.116 andy=—2° is yrast{Fig. 10b)]. For the negative

:0_696%\2)7(“%/53%2), parity configurations involving a proton in thg,,, orbital, a
B(E2) EXI=1-1) prolate deformed minima witjg,=0.191 andy=5.0° is ap-

IV. DISCUSSION

The total Routhian surface calculatigiRS) based on
Woods-Saxon potential using monopole pairing interaction
was performed38]. Figure 10 shows results of this calcula-
€fon at various frequencies in the rotating frame of the
nucleus. The universal set of parameters employed in the
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= 800 - FIG. 7. Sum ofy-ray spectra gated by the
=) o members of therh,,, intruder band. Gating tran-
) 5 . 100 200 300 400 500 600 sitions have been marked as an asterisk. The inset
O 600 e ° o g ENERGY (keV) depicts y transitions up to 600 keV. The other
3 5 8 unlabeled y transitions are the contaminant
400 A - rays due to the overlap of some of the gating
transitions withy decays from other nuclei.
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FIG. 8. Gated spectrum with the gate set on the 589 kev ~ FIG. 9. Gated spectrum with the gate set on the 497 keV
transition. transition.

parent athw=0.495 MeV [Fig. 10c)]. The cranked shell- and more generally in nuclei near closed shgis], due to
model calculations with the TRS calculated deformationthe interaction of high- particle and hole configurations of
value predict the first alignment due to a pairhgf, neu-  protons and neutrons. More importantly, even the presence
trons athw=0.40 MeV. The calculated neutron Routhians Of a deformed field is not necessary for its appearance.

are shown in Fig. 11. In 113, for states above 3 MeV it is expected that qua-
siparticle excitations become important. The lowest band
B. Low-lying levels crossing in this mass region is due to alignmenthef,,

_ ) i _neutrons. Potential energy surface calculations predict a

Nuclei near closed shells are near spherical in theigma) prolate deformationd,=0.09 for this configuration
ground state. In these nuclei the high angular momentumyz) - At such low deformations, the neutrons occupy the
states are built by aligning the |nd|V|duaI particle _angular|OW_Q states of theh,, orbital. A shear mechanism is one
momenta along the symmetry axis and the resulting level,ossipility to account for the positive parity states. Hence,
schemes are charactgrlzedlby |_rregulflr level spacings. Theynq 6 may possibly involve a configuration of aligned
ground-state spin parity ofin is 9/2 » due to the odd 1, neutrons in lowe) orbitals coupled to argq, hole. In
proton in thegg, subshell. The branching ratio of the 171 g ;ch 4 coupling scheme, the higiparticle and hole angular
keV M1/E2 to the 1344 ke\E2 transition is 0.06L), which 1o mentum vectors are approximately perpendicular at the
was obtained from the 938 keV gate. Tutieal. [35] have  panghead. This allows one to estimate the bandhead spin
reported a value of 0.02) from their Coulomb excitation empirically, which for this configuration is 19/2(assuming
measurement. Similarities exist between the low-lying stateg, ;¢ aligned neutrons contribute 0 In the level scheme
of Sn nuclei, which are near spherical or vibrational, and thg o pand begins at a spin value of (21)2 supporting this

. : . 05,107,109,111,133 : i .
In nuclei. The |0Wé|y'”g stat;s in thé th IS0~ approximate geometry. We rule out proton excitations across
topes, viz. the 11/2 and 13/2" [40] states have been inter- o 7 _ 50 shell gap for these states, as this will lead to oc-

preted as gue_to the coupling gf, proton hole to the adja- ¢ pation of the deformation driving orbitals and manifest in
cent Sn's 2" vibrational statg30,31. However, this model 5 rotational band oE2 transitions. Alternatively, configura-
does not take into account quasiparticle excitations, which igong giving rise to the same spin value would involve a fully

needed to account for the high spin states. aligned (rggsvds;,rg7,,) configuration, for which no band
_ would be observed. Iftlin, a similar positive parity struc-
C. Dipole bands: Band 4 and band 6 ture has been recently identified, beginning at= 21/2"
The dominant feature present in band 4 and band 6 is th43]. In the same nucleus a second 21/&ate is also known
sequence of transitions that do not extend to high spins andue to the fully alignedfrgg,zlvdg,,zvgm) configuration44].
are characterized by larg&(M 1)/B(E2) ratios. These two The configuration of this state is supportedd¥yactor mea-
facts indicate that the intrinsic structure of band 4 and band 8urement{45]. As expected no bands are observed on this
is not that of a well-deformed nucleus. It is to be mentionedsomeric level. In*33in this second 21/2 has not been iden-
here that in theA~200 mass region, rotational-like se- tified.
guences of levels have been observed that are connected by An upper limit on the spin can be obtained for the prolate
unusually strongv 1 transitiond B(M 1)~1—10,u,2\,] having (g§,§® him) configuration in the shears mode. The closing
almost noE2 strength[ B(E2)~ 10 W.uJ. The tilted axis of the two spin vectors generates the angular momentum and
cranking calculations suggest that in these bands the spins tfis would result in a maximal spin of 2972for this con-
the valence protons align along the symmetry axis, while thdiguration. The additional units in spin observed in this band
spins of the valence neutrons align along the axis of rotationcan be due to collective rotation. In the tilted axis coupling
With increasing spin, these two components tilt towards eacscheme[37], the M1 transition probability becomes appre-
other, while the direction of the total spin remains unchangediable due to the combination of a small prolate deformation,
[37]. Such structures are expected to appear in the Sn regiam significantk value for this configuration andg, proton
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hole and thus account for the predominant dipole transitionsrossing is not complete even at the highest observed
observed in this band. Higk{K=8) Al =1 prolate bands (greater than 0.5 MeMrequencies in therh,,,, bands of the
have been observed in tH8%10911¢d [46-49 isotopes in-  N=64 odd proton*'3n and **°Sb nuclei. Thevh,y, cross-
volving the highK proton holes ingg, orbital coupled to ing frequency is correctly reproduced using the spin pro-
neutrons in the low states of thén,,, orbital. The bands in  jected Hartree-Bogoliubov calculations for the even-even
Cd isotopes are inferred to be due to four and six quasipart!®!1211&n nuclei[8], whereas it is underpredicted for the
ticle configurations, occurring at higher excitation energiesodd proton nuclei by the present cranking calculations using
than the ones in*t14n, the universal set of parameters. Such shifts in crossing fre-
The negative parity states of band 4 do not show a regulaguencies have been inferred by Janzatral. in the 13Sb
band structure and they can be generated with an odd numrh,,, band as signatures of residump interaction between
ber of neutrons in thl, 4, orbital, having a possible configu- the hy;,, proton and the alignindp;1,, neutrong 13].
ration of v(g7,) ~*(h110)1m(gg) 1. The fully aligned con- In the previous study36] two vy transitions of band 7
figuration will give rise to a spin value of 2772 in the  were identified to be members of theg,, intruder rota-
experimental spectrum there is a break after 25#@th the  tional band. The present study extends this band to higher
transitions of higher energy feeding the compressed spespins. Interestingly, in contrast to band 5, the alignment plot
trum, it is possible that the remaining angular momentum iof band 7 shows a sharp upbend7ab~0.39 MeV. The

generated due to some collectivity. observed upbend is attributed to the alignmenhgf, neu-
trons, being the lowest band crossing in this mass region.
D. Intruder bands: Band 5 and band 7 The crossing frequency and gain in alignment is, as ex-

. . . _. pected, close to the one observed in the 2p-2h band of
The alignment plot of band 5 and band 7 is shown in Fig 11ag, “31,0 sharp upbend implies a weak interaction between

12. Band 5 starts at~5.7 # and the aligned spin increases . : :
gradually over the frequency range 0.3—-0.5 MeV. The gair;[he aligned and the nonaligned structures. Unlike i, ,

in alignment is about/3. The gain in alignment for band 7 in orbital, the mgz, orpltal hasllesser spatial overlap with the
. . h,1;» neutrons, which possibly accounts for the observed

the observed frequency range is abofit & is proposed that sharp alignment feature in this band

band 5 is a rotational band due to thé,,,, orbital. This is '

based on comparison of the dynamic moment of inertia

(J®@)y of the hyy, intruder band in'°Sb [14] and *3n E. Cor:m:son thtge _intruderl bands
(Fig. 13, as was done in the case &fin by Mullins et al. with the neighboring nuclel
[16]. The single proton irh,y;, orbital has ani, approxi- It is instructive to compare the alignment features of the

mately 5 and the three quasiparticle configuration shouldintruder bands in the neighboring nuclei. In Table Ill, the
have an aligned spin of aboutf4Since in the present data known vhy,, crossing frequencies of the bands in Sn, In, and
set the gain in alignment is only about 3vhich is far below Sb nuclei are presented. The intruder band dataNfei66 is

the expected value for a fully aligned configuration, it is scarce and foN<60 the observed bands do not extend to
obvious that the alignment is gradual. This behavior is inlow frequencies and are thought to be built on aligned neu-
complete contrast to theh,;,, band in'*in, which has an trons [7,8,11. Figure 13 depicts the dynamic moment of
aligned spin of about 7 [16] at similar frequency. The inertia (7(?), as a function of rotational frequency, for in-
gradual alignment in band 5 can be due to a large interactiotruder bands in the&N=62 and 64 isotopes. The intruder
strength between the ground band and the aligned band. Thimnds in'*21Sn nuclei display sharp crossings, whereas in
results in the alignment being spread over several frequerthe *3115ph and'*'n isotopes this feature is gradual and
cies. In odd proton nuclei, in this mass region, tie;;,, the crossings are shifted to higher frequencies than in the
alignment occurs at much higher frequency and with a largeorresponding core Sn nuclgi2,14 (Table Ill). Within the
interaction strength when compared to similar crossing in théramework of the cranked shell model, the crossings can be
core Sn nucleu$l2]. The vhyq, crossing in the core Sn shifted to higher frequencies due to a variety of effects, such
nucleus {*“Sn) occurs at~0.4 MeV; in contrast, the same as changes in deformation, pairing, and higher multipole mo-
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ments like B,. If one compares theg7® plots of 1%14n, ol & Sb™
which have the same deformations but different behavior in o Mgy
their alignments[Fig. 13b)], also *in and *'3Sb, which 0 ’ ‘ * : .
: . 02 03 04 05 06 07 08
have been experimentally shown to have different deforma-
tions but similar alignment behavigd.6], then clearly the hw (MeV)

first alignment in these nuclei, which is always due to the

vhyy» is independent of changes in deformation. It is to be FIG. 13. The dynamic moment of inertia plots®)) of the

noted here that the total Routhian surface calculation predictstruder bands in thél=62 andN= 64 isotones.

correctly the deformation in*lin, and the value predicted

for *3n is not very much different. Changes in the otherfor. Schematic singl¢-shell cranking calculations including

parameters will not result in such large shifts in the crossinghen-p interaction also predict shifts in the crossing frequen-
frequencies[13]. In general, cranked shell-model calcula- cies for the mass-80 and mass-110 nuclei when protons and
tions do not fully take into account the residual interactionsneutrons simultaneously occupy tg, andh;,,, subshells,

and hence do not seem to reproduce the alignment behaviesspectively{50,51].

for intruder bands in odd protoneutron nuclei correctly.
Recent calculations by Satuéd al. [49] involving explicitly

the quadrupole-quadrupole-p interaction could account
partially for the shifts in the crossing frequencies, although,

V. SUMMARY AND CONCLUSIONS

High spin states have been investigated'tAin. Bands

as pointed out by them, large shifts in crossing frequencies dfonsisting of predominantly magnetic dipole transitions and
about 0.1 MeV and gradual alignment are difficult to accountwo rotational bands due to theg, and mhy,, orbitals

ALIGNMENT i_(h)

FIG. 12. Alignment plot of therh,y, intruder band(band 5
and mgy., intruder band(band J. The reference parameter was 64

_2 T T T
0.3 0.4 0.5

fiw(MeV)

0.6

Jo=22h?IMeV, similar to the''ln value in Ref[16].

have been observed. In theh,,,rbased band the first neu-
tron alignment is delayed with respect t6°Sn within the
framework of cranked shell-model calculations. In this mass
region, this delay is a feature of the odd proton nuclei, when
the odd proton and the aligning neutrons are occupying the
samehq, orbital. In the heavier odd proton nuclei such
features have been accounted for due to the quadrupole type
of pairing [52]. Wu points out that the anomalous delay of
the band crossing in decoupled bands of odd proton nuclei is
due to the decoupling term in the particle rotor mog&s].
However, in theA~110 mass region the reason for the odd

TABLE IIl.
nuclei.

vhyq crossing frequencies for the Sn, In, and Sb

Neutrons S w(MeV) In A w(MeV) Sbiw(MeV)

60
62

<0.38
0.37
0.41

0.41
0.46
>0.5

0.46
>0.53
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proton nuclei showing different alignment behavior than thesuch as in In nuclei, the “shears” mechanism dominates to
core even-even nuclei seems to be due to neutron-protagenerate angular momentum for such configurations.

(n-p) type of pairing. It would thus be of interest to probe
the effects oh-p correlations on the electromagnetic transi-
tion rates andy factors in the backbend region.
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