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High-spin states in ' Te were populated in the reaction 32Se(**Ca, @4n)!?*Te at a beam energy of 200 MeV
and y-ray coincidences were measured with the Gammasphere spectrometer. The previously known level scheme
was extended to considerably higher spin. Maximally aligned states and several high-energy transitions feeding
into some of these levels were observed. In addition, seven collective high-spin bands were discovered for the first
time in this nucleus. The experimental results are compared with cranked Nilsson-Strutinsky model calculations

and possible configuration assignments to the new high-spin structures are discussed.
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I. INTRODUCTION

The mass region around A = 120 is known for shape
coexistence and the associated interplay between collective
and noncollective degrees of freedom. Deformation changes
are induced by the alignment of high-j nucleons, in particular
protons and neutrons in k11, orbitals, which have opposite
shape-driving effects [1]. The proton Fermi surface lies in the
lower part of the /1y, subshell and the neutron Fermi surface
is located in the middle to upper region of that shell. Thus,
alignments of protons in low-£2, i1/, orbitals induce prolate
shapes, while the aligned neutrons in high-£2, h,, orbitals
drive towards oblate shapes. The coexistence of prolate and
oblate shapes leads to a competition between collective and
noncollective excitations [2,3]. These phenomena have been
studied in a variety of nuclei; e.g., in neutron deficient Sn [4],
Sb [5-7], and Te isotopes [8—10].

For the nuclei in this mass region with a small number of
particles outside the ''*Sn core, the total angular momentum

0556-2813/2013/88(4)/044335(13)

044335-1

PACS number(s): 23.20.Lv, 23.20.En, 27.60.4j, 21.60.Ev

obtained by coupling the individual spins of all valence
particles is limited. Recently, maximally aligned states with
8 to 11 particles were observed [10—13]. Moreover, states with
one or two particles antialigned with respect to the rotation axis
of the other valence particles were discovered in '>°Te [10]
and 21251 [11,12]. In 2T [13], '21 [12], '%3Cs [14], and
124Ba [15], low-intensity, high-energy y-ray transitions were
found to feed the maximally aligned states. These transitions
result from core-breaking excitations.

In several recent studies, high-spin rotational bands with
large deformation were observed in nuclei with neutron num-
ber N = 68-72; i.e., in 12°Te [10], 'ZI [12], %I [16], *°Xe,
[17], '%6Xe [18], and '*Ba [15]. Some of these sequences
extend into the spin-60 region. For '»Xe [17] and '*°Xe
[18], quadrupole deformation parameters of &, = 0.25-0.35
were deduced from Doppler-shift attenuation measurements
(DSAM).

In this paper, the results of a spectroscopic investigation of
the high-spin structure of '*2Te are presented. The previously
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known level scheme [19-22] is extended to considerably
higher spin. Maximally aligned states and high-energy tran-
sitions originating from core-breaking excitations have been
observed. Moreover, seven rotational bands with character-
istics similar to the high-spin bands in neighboring nuclei
have been discovered. Possible configurations for the observed
structures are discussed within the framework of the cranked
Nilsson-Strutinsky (CNS) model.

In Sec. II, details of the experimental procedure and the
data analysis are given. The experimental results and the
level scheme are presented in Sec. III. Possible configuration
assignments to the new structures are discussed in Sec. IV,
which is followed by a brief summary in Sec. V.

II. EXPERIMENTAL DETAILS AND ANALYSIS

Excited states in '?>Te were populated in the reaction
82Se(*8Ca,a4n)'*>Te with a nominal beam energy of 205 MeV.
The *®Ca beam, with an average current of 1.5 nA, was
provided by the ATLAS accelerator at Argonne National
Laboratory. The target consisted of a 0.5 mg/cm? thick, 99.8%
enriched, #?Se foil, evaporated on a 0.5 mg/cm? Au backing.
A protective Au layer of 0.08 mg/cm? covered the 32Se foil.
The backing faced the beam and reduced the beam energy
to 200 MeV at mid target. The target was mounted on four
quadrants of a rotating wheel and the beam was slightly
defocused and wobbled horizontally by a few millimeters to
prevent heating and evaporation of the Se layer.

Gamma-ray coincidence events were detected using the
Gammasphere spectrometer [23] consisting of 100 Compton-
suppressed Ge detectors in this experiment. A total of 2.8 x 10°
events with Ge fold >5 were recorded in seven days of beam
time and stored on magnetic tape. In the reaction, the dominant
channels were 4n, 5n, 6n, p4n, and a4n, populating 126e,
125K 124%e 1251 and '22Te, respectively.

In the off-line analysis, the calibrated and gain-matched
coincidence events were sorted into y-y matrices, y-y-y
cubes, and y-y-y-y hypercubes using the RADWARE software
package [24].

Two matrices were sorted for the angular distribution
analysis. The first one included the events detected in detectors
at forward and backward directions (fb), with average angles of
~35° and ~145°, respectively, on one axis and those detected
in all detectors on the other axis (all). The second matrix
consisted of counts registered in detectors near 90° on one
axis (90) and those in all detectors again on the second axis.
Angular distribution ratios, Ry, were determined by setting
gates on these matrices with events detected in all detectors.
The intensity ratio

1(v”. ")

Ry = —+—+
1(r°, vs")

distinguishes between stretched dipole and stretched
quadrupole transitions with values of about 0.75 and 1.4,
respectively. As usual, stretched quadrupole transitions were
assumed to be of E2 multipolarity.
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III. RESULTS AND LEVEL SCHEME

The level scheme of '?’Te, based on both present and
previous results [19,20], is displayed in Fig. 1. The positive-
parity ground band was established up to I = 10" and 12+
in investigations by Chowdhury ez al. [21] and Lee et al. [22],
respectively, and was later extended up to I* = 16" by Paul
et al. [19]. Nag et al. [20] reported positive-parity levels up to
I = (25) and several side branches.

In the present investigation, the previously observed transi-
tions and the spin and parity assignments of the low-spin part of
the level scheme are confirmed. The level scheme is extended
up to states with spins close to I = 50. The highest-spin
states are reached in the seven new rotational bands, labeled
bl to b7 in Fig. 1. Gamma-ray energies, relative intensities,
angular distribution ratios, deduced multipolarities, and spin
assignments are summarized in Table 1.

In the following, only the placements of the more strongly
populated new levels in the medium- and high-spin part of the
scheme of Fig. 1 will be explained.

A. Medium-spin states

Three examples of triple-gated y-ray coincidence spectra
with transitions from the low- and medium-spin regions are
presented in Fig. 2. The spectrum in the upper panel (a) was
created with gates on transitions of the ground band, labeled
a in Fig. 1. It highlights its extension by a cascade of E2
transitions up to the I* = 22% level at 8268 keV as well as
the presence of the side band labeled b. The positive-parity
band continues further up in the irregular sequence labeled e.
The center (b) and lower (c) panels highlight transitions of the
negative-parity sequences c and d, respectively.

The I™ = 227 state decays into the ground band and via a
rather strong cascade b of transitions with energies of 1185,
417, 558, 394, 424, and 609 keV into the I™ = 147 level
at 4681 keV. This sequence was reported already by Nag
et al. [20]. The intensity ratios, Ry, for the 1185-, 417-, 394-,
and 609-keV lines are compatible with a stretched dipole
nature, whereas stretched E2 multipolarity is assigned to
the 558- and 424-keV y rays; see Table 1. The ordering of
the transitions within cascade b is based on their intensities
and is further supported by the presence of several decay-out
branches. Prominent cascades are the sequence with energies
of 961, 874, and 719 keV, linking the 19 state of branch
b to the 14* level of ground band a, and that with energies
of 194, 613, and 627 keV, which establishes a decay path
from the 187 state of branch b to the 16% level of band a;
see Fig. 1. Furthermore, sequence b decays into branches ¢
and d through the 661- and 232-keV transitions, respectively,
feeding the (167) and (177) states. A cascade with an E2 y
ray of 540 keV and three dipole transitions of 700, 605, and
521 keV was placed on top of sequence d.

The stretched dipole transitions with energies of 669 and
324 keV feed into the ground band at the I™ = 16% level. The
intensity of the 626-keV line could not be determined due to
the presence of other close-lying transitions. The 7026-keV
state of this sequence is connected by the 745-keV y ray with
the I™ = 20%, 7771-keV level of the ground band.
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FIG. 1. Level scheme of '*Te.

Above the I™ = 22" state, the lines with energies of
454, 1108, 1101, 438, 1074, and 988 keV form the con-
tinuation e of the positive-parity yrast levels. A stretched
dipole character is obtained for the 454-, 438-, and 1074-
keV transitions, whereas the 1108- and 1101-keV y rays
exhibit a stretched E2 character. The angular distribu-
tion ratio for the 988-keV line could not be determined.
The 665-, 1197-, and 751-keV transitions connect the

I =29 level at 12443 keV with the I =25 state at
9830 keV.

Three low-intensity y rays with energies of 1329, 1348, and
1722 keV feed into the level with spin I = 25 of sequence e;
another one, with an energy of 1689 keV, populates the I = 23
state. Some of these lines lie close to in-band transitions of
the high-spin bands, see below, and have to be regarded as
tentative.
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TABLE I. Gamma-ray energies, intensities, angular distribution ratios, spin assignments, level energies, and y-ray multipolarities for

transitions in '?*Te.

Energy Intensity Intensity ratio I —I7 Level energy Assigned
E,* (keV) I, Ry E; (keV) multipolarity
100.5 — 3072.5

160.2 35(10) 0.79(4) 167 — 15 5406.3 MlorEl
161.8 15(6) 0.69(8) 23 — 22+ 8429.9 Mlor E1l
194.2 17(6) 0.71(8) 17 - 16% 5600.5 MlorEl
224.9 4(1) 147 — 14* 4905.8

2325 0.49(19) 189 — (177) 6840.8 (M1)
241.6 187 — 17 6630.6 MlorEl
253.2 — 16" 5659.5

259.5 9" — 8 3332.0

273.4 5(2) 8 — 7 3072.5 M1
282.9 18(7) 1.20(20) 219 — 19¢) 7658.7 (E2)
293.0 117 - 10~ 4036.8 M1
(304.4) — 12~ 4743.5

324.2° 23(5) 0.61(4) — 7025.7 MlorEl
324.2° 8(3) 0.61(4) 20 — 199 7558.6 Mlor E1l
329.4 10(4) 0.75(20) 24 — 23 9051.7 MlorEl
340.3 18(6) 0.64(20) 15 — 14+ 5246.1 MlorEl
341.5 4(2) 137 - 12° 4780.6 Mlor E1l
349.9 11(4) 0.43(20) 27 — 26 10930.5 MlorEl
361.2 13(4) 0.63(4) 16 — 15 6227.5 MlorEl
376.4 2(1) — 8273.6

393.6 79(14) 0.91(7) 199 — 180 7234.4 (M1)
402.3 127 — 11~ 4439.1 M1
411.8 100 - 9~ 3743.8 M1
416.8 21(7) 0.87(6) 169 — 15 6283.1 MlorEl
421.6 21 —» 219 8080.3 MlorEl
4243 75(11) 1.38(30) 210 — 19 7658.7 (E2)
438.0 24(8) 0.54(21) 28 — 27 11368.5 MlorEl
451.8 187 — 17 6840.8 MlorEl
454.2 82(12) 0.77(4) 23 — 22+ 8722.3 Mlor E1l
455.8 14~ — 13~ 5236.4 M1
497.5 77(12) 1.46(20) 22+t — 20" 8268.1 E2
500.5 167 — 14* 5406.3 E2
520.6 23(5) 1.24(30) 24) - (22) 9205.8 (E2)
(521.3) — 8155.8

521.7 23(5) 0.66(32) 21) - 20 8080.3 (M1or El)
532.9 14(4) 1.30(9) 9" — 77 3332.0 E2
539.5 24(6) 1.67(9) 20 — 18 7380.3 (E2)
557.7 31(9) 1.32(18) 187 — 16 6840.8 (E2)
564.0 2t - 0f 564.0 E2
565.2 15 — 14* 5246.1 MlorEl
570.0 1.26(10) 6t — 47F 1751.0 E2
604.9 46(11) 1.00(20) 22) - (21 8685.2 (M1lorEl)
(608.8) — 7634.5

609.4 64(13) 0.73(16) 22t — 210 8268.1 (E1)
613.3 180 — 16 6840.3 (E2)
613.4 — 17 6213.9

617.0 1.16(10) 4t — 2* 1181.0 E2
621.6 216(11) 1.60(14) 10T — 8* 3291.2 E2
(621.8) 24 — 23 9051.7 Mlor E1l
623.6° 160 — 6283.1

626.3¢ 80(18) — 16" 6032.6

626.9¢ 187 — 6840.8

660.0 — 7" 3459.1

660.6 3(1) 1.38(55) 18) — (167) 6840.8 (E2)

044335-4



COLLECTIVE AND NONCOLLECTIVE EXCITATIONS IN ...

TABLE 1. (Continued.)

PHYSICAL REVIEW C 88, 044335 (2013)

Energy Intensity Intensity ratio I — I Level energy Assigned
E,* (keV) I, Ry E; (keV) multipolarity
662.4 9~ — 8* 3332.0 E1l
664.6 29 — 12442.6

668.9 42(10) 0.93(16) — 6701.5 M1or El
671.3 5(2) 100 — 8 3743.8 E2
684.5 206(16) 1.39(30) 14T — 12* 4680.9 E2
695.3 4(1) 127 — 10~ 4439.1 E2
700.0 0.76(10) 21) — 209 8080.3 (M1or El)
704.0 — (22) 9389.2

704.8 12(4) 117 —- 9~ 4036.8 E2
705.2 215(16) 1.49(10) 12t — 10* 3996.4 E2
718.9 199 — 18+ 7234.4 (E1)
7254 74(4) 1.36(11) 167 — 14* 5406.3 E2
743.8 5(2) 137 - 11~ 4780.6 E2
744.9 2(1) 20" — 7770.6 Mlor E1
750.8 31(9) 0.78(2) 26 — 25 10580.6 M1or E1
(765.2)¢ 28(5) 1.50(30) 230 — 219 8423.9 (E2)
(765.2)¢ 1.50(30) 250 — 230 9189.1 (E2)
767.5 4(2) 199 — (177) 7375.8 (E2)
778.1 15(5) 0.77(20) 25 — 24 9829.8 MlorE1l
787.9 15(5) 28 — 26 11368.5 E2
797.3 2(1) 14~ — 127 5236.4 E2
807.6 — 16 6213.9

(830.8) — 250 10019.9

860.4 190 — 18+ 7375.8 (E1)
871.5 3(1) — 7897.5

873.8 22(11) 1.55(25) 187 — 16™ 6515.5 E2
893.7 3(1) 177) — 15° 6608.3 (E2)
909.4 11(8) 1.50(22) 147 — 12* 4905.8 E2
918.6 250(17) 1.33(9) 8t — 67 2669.6 E2
934.0 3(1) 15— — 13~ 5714.6 E2
943.4 — 22t 9211.5

943.8 3(1) (167) - 14~ 6180.2 (E2)
960.7 25(10) 1.15(14) 167 — 14* 5641.6 E2
982.7 7(3) 0.48(8) 17 — 16* 6389.0 MlorE1l
987.5 — 29 13430.1

(1020.0) — 9175.8

1048.1 26(8) 7~ — 6" 2799.1 E1l
1074.1 34(3) 0.32(25) 29 — 28 12442.6 M1or El
1100.7 33(10) 1.32(27) 27 — 25 10930.5 E2
1107.5 65(6) 1.38(23) 25 - 23 9829.8 E2
1140.0 84(9) 1.35(10) 20" — 18* 7770.6 E2
1185.4 37(4) 0.80(10) 15 — 14% 5866.3 MlorE1l
1197.4 18(3) — 26 11778.0

1221.0 — 67 2972.0

12243 102(12) 1.22(10) 187 — 16* 6630.6 E2
1247.9 — 8273.6

1293.2 — 16" 6699.5

(1328.7) — 25 11158.5

(1347.7) — 25 11177.5

(1688.7) — 23 10411.0

(1721.7) — 25 11551.5

Band b1

1165 86(16) 27) — (25) T+11665 (E2)
1268 100 29) — (27) T+412933 (E2)
1382 62(10) 31 — (29 T+14315 (E2)
1507 41(11) (33) = (31) T+15822 (E2)
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TABLE L. (Continued.)
Energy Intensity Intensity ratio IT — I Level energy Assigned
E,* (keV) I, Ry E; (keV) multipolarity
1634 59(10) (35) — (33) T + 17456 (E2)
1785 66(11) (37) — (35) T 419241 (E2)
1859 (39) — (37) T 421100 (E2)
Band b2
979¢ 87(13) 27) — (25) U 412395 (E2)
1092°¢ 71(12) 29) — (27) U 413487 (E2)
1218 109(15) 3B — (29) U 414705 (E2)
1351 100 33) — (31) U + 16056 (E2)
1486 83(13) (35) — (33) U+ 17542 (E2)
1621 83(13) (37) — (35) U 419163 (E2)
1749 70(12) 39 — (37) U +20912 (E2)
1909 45(9) (41) — (39) U 422821 (E2)
2011 (43) — (41) U 424832 (E2)
Band b3
1108°¢ 27) — (25) V 412368 (E2)
1183¢ 29) — (27) V 413551 (E2)
1261 100 31 — (29) V 4+ 14812 (E2)
1348 83(14) (33) = (31) V 416160 (E2)
1448 72(9) (35) — (33) V 417608 (E2)
1562 65(11) (37) — (35) V 419170 (E2)
1659 37(6) 39 — (37 V +20829 (E2)
1796 44(8) 41 — (39) V 422625 (E2)
1904 (43) — (41) V +24529 (E2)
(2016) (45) — (43) V 426545 (E2)
(2138) 47) — (45) V 428683 (E2)
Band b4
1183¢ (28) — (26) W + 12752 (E2)
1402°¢ 105(24) (30) — (28) W + 14154 (E2)
1310 100 (32) — (30) W + 15464 (E2)
1417 93(40) 34) — (32) W + 16881 (E2)
1490 85(15) (36) — (34) W+ 18371 (E2)
1596 87(15) (38) — (36) W + 19967 (E2)
1712 70(10) (40) — (38) W +21679 (E2)
1836 58(12) (42) — (40) W 423515 (E2)
1965 62(11) (44) — (42) W + 25480 (E2)
2053 (46) — (44) W + 27533 (E2)
(2137) (48) — (46) W +29670 (E2)
Band b5
1049¢ 78(11) (28) — (26) X +12849 (E2)
1177¢ 94(15) (30) — (28) X 414026 (E2)
1295 100 (32) — (30) X + 15321 (E2)
1419 83(15) (34) — (32) X +16740 (E2)
1544 73(12) 36) — (34) X 418284 (E2)
1665 71(12) (38) — (36) X 419949 (E2)
1777 60(11) (40) — (38) X +21726 (E2)
1887 56(10) (42) — (40) X 423613 (E2)
1969 51(10) (44) — (42) X +25582 (E2)
Band b6
1015 100 (26) — (24) Y +11215 (E2)
1109 (28) — (26) Y +12324 (E2)
1221 (30) — (28) Y + 13545 (E2)
1338 117(15) (32) — (30) Y 414883 (E2)
1462 156(21) (34) — (32) Y + 16345 (E2)
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TABLE 1. (Continued.)

Energy Intensity Intensity ratio I — I Level energy Assigned
E,* (keV) I, Ry E; (keV) multipolarity
1587 197(30) (36) — (34) Y +17932 (E2)
1714 74(16) (38) — (36) Y + 19646 (E2)
1843 86(18) (40) — (38) Y +21489 (E2)
1968 87(18) (42) — (40) Y 423457 (E2)
2051 (44) — (42) Y 425508 (E2)
(2157) (46) — (44) Y 427665 (E2)
Band b7

1007 100 (26) — (24) Z+ 11150 (E2)
1151 101(25) (28) — (26) Z 412301 (E2)
1293 81(20) (30) — (28) Z 413594 (E2)
1442 91(27) (32) — (30) Z 415036 (E2)
1580 60(19) (34) — (32) Z 416616 (E2)
1716 69(19) (36) — (34) Z 418332 (E2)
1847 (38) — (36) Z 420179 (E2)
(1973) (40) — (38) Z +22152 (E2)

#Uncertainties of y-ray energies lie within 0.2 to 0.6 keV depending on intensity. The uncertainties of y-ray energies in bands b1-b7 lie within

2 keV.
®Combined angular correlation ratio for both 324.2-keV transitions.
¢Combined intensity for 623.6-, 626.3-, and 626.9-keV transitions.

dCombined intensity and angular correlation measurement for both 765.2-keV y rays.

“Probable decay-out transitions from band.

B. High-spin bands

InFigs. 3 and 4, triple gated y -ray coincidence spectra of the
seven high-spin rotational bands observed in this experiment
are displayed. Band 6 is the most intense, gathering about 3.5%
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FIG. 2. Sample, summed triple-gated y-ray coincidence spectra.
The spectrum in panel (a) was produced with gates from a list of the
570-,919-, and 622-keV transitions of the ground band. The spectrum
in panel (b) was created with a gate on one y ray from each of the sets
of two transitions with energies of (1048 and 533 keV), (564 and 570
keV), and (394 and 424 keV), respectively. The spectrum in panel (c)
was produced with a gate on one transition from each of the sets with
(1048 and 273 keV), (564 and 570 keV), and (394 and 424 keV),
respectively. Unresolved transitions are marked by asterisks.

of the channel population. The other bands are weaker: their
intensities are estimated to lie between 1 and 2%. Due to their
low intensity, a determination of angular distribution ratios for
the in-band transitions was not possible. It was assumed that
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FIG. 3. Summed triple-gated y-ray coincidence spectra of bands
b1-b3 produced with a single gate from the list of the 564-, 570-,
919-, 622-, 685-, 705-, and 725-keV y rays and with double gates
on all transitions of the respective bands. Lines marked by # signs
are possible linking transitions; those marked by * are medium- or
low-spin transitions.
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FIG. 4. Summed triple-gated y-ray coincidence spectra of bands
b4-b7 produced with a single gate from the list of the 564-, 570-,
919-, 622-, 685-, 705-, and 725-keV transitions and with double
gates on all y rays of the respective bands. Lines marked by # signs
are possible linking transitions; those marked by * are medium- or
low-spin transitions.

they are of E2 multipolarity. The ordering of the transitions
within the bands is based on their expected rotational behavior
as well as their relative intensities in the coincidence spectra.
Some y rays at the bottom are weaker due to (unobserved or
unplaced) decay branches to lower-spin levels; see Table I.

All seven bands are in coincidence with '??Te transitions.
However, they are not firmly linked to the lower part of the
level scheme. The decay paths are probably fragmented, with
low-intensity branches to different regions of the level scheme.
A major part of the decay appears to proceed via the I = 23
and 25 states of sequence e.

First estimates of excitation energies of b1-b7 were made
assuming that weaker bands are located at higher energies and
band head spins were chosen to lie about 27 above those of
levels observed in coincidence. These energy and spin values
are similar to those of known connected bands in neighboring
nuclei; see below. With these starting values, the behavior of
the bands in the excitation energy vs spin plane was compared
with results of CNS calculations, see below, which leaded to
minor adjustments. Spin values are uncertain by at least 2i
and excitation energies may vary by about 2 MeV.

IV. DISCUSSION

The structure of the low-spin levels in '*2Te was investi-
gated in previous work [19-22]. Here, only the configuration
assignments to the new high-spin states will be discussed.

Of special interest are the terminating states, where all
spin vectors of the valence particles outside the ''*Sn core
are aligned. Several high-energy transitions feeding these
levels are observed. They are suggested to originate from
core-excited states.

The seven unconnected high-spin bands exhibit features
similar to those of the long collective bands discovered recently
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in several nuclei of the region with neutron numbers between
N =68 and 72 [10,12,15-18]. Configurations for the new
high-spin structures are suggested on the basis of comparisons
with the results of CNS calculations.

A. CNS calculations

Within the framework of the CNS approach [25-27], no
distinction is made between valence orbitals and the core.
The configurations are labeled by the number of particles
or holes in orbitals with their main amplitudes in different
J shells. Particles in high-j intruder orbitals and in the
other j shells can be distinguished [25,28]. Each group of
orbitals is further divided according to signature o = 1/2
and @ = —1/2, respectively. The configurations are labeled as
[p1p2, ni1(nan3)], where p; is number of proton holes in go/»
levels and p; is the number of protons in /11, orbitals, whereas
the number of neutrons occupying %112, (ho2 f7/2), and i13/2
orbitals are represented by n|, n,, and n3, respectively.

In the present calculations, the ¥ and u parameters derived
for the A = 110 region have been applied [29]. Total energies
are calculated as the sum of the rotating liquid drop energy
and the shell energy using the Strutinsky method [30,31]. The
Lublin-Strasbourg drop (LSD) [32] with a diffuse surface has
been used to estimate the static liquid drop energy. The rigid
body moments of inertia are calculated with a radius parameter
of ro = 1.16 fm and a diffuseness of a = 0.6 fm [27]. An
absolute energy scale based on mass excess has been applied
so that different nuclei can be compared. The calculation
minimizes the energy for different configurations with respect
to the deformation parameters (¢;, &4, ) at different spins.
Pairing is neglected. Thus, the results of the calculations are
applicable in regions where pairing is quenched. However,
agreement with experiment is often achieved also in the
intermediate-spin region, for / > 15 [10,11,33].

B. Medium-spin range

Favored aligned neutron states, involving the particles
available outside the ''*Sn core, are

v[d3 . bty pls I = 167,187
v[d33/2, h?l/z]; I =157

m

1)|:d3/2a h?[/z]Q I:nrax =19".

The maximum spin values given here can be inferred from
the tilted Fermi surface diagram presented in panel (b) of Fig. 5
where the calculated single-particle energies, e;, are plotted as
a function of the spin-projection quantum number, m;. The
orbitals below the straight lines are occupied and the total spin
is obtained as the sum of all projections m; below the lines.
Note that the state referred to as 17, = 167 is formed when
four /11,2 neutrons couple to spin 16 while the two neutrons
in d3, orbitals are paired to spin 0. They are drawn as filling
the m; = £1/2 states in Fig. 5(b).

The favored proton configurations are

nl(gr2. dsp) s 1L =675
mlgrp, hupls Iy =9
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FIG. 5. (Color online) Calculated single-particle energies, e;, as
a function of the spin-projection quantum number, m;, calculated
at &, & (0.16, y = 60°: (a) for protons and (b) for neutrons. Some
low-lying aligned configurations are defined by “straight-line Fermi
surfaces,” where the orbitals below the lines are occupied and the
total spin is obtained as the sum of the projections m; below the lines.

In this case as well, the maximum spin values are the sums
of the projections m; below the straight lines [panel (a) of
Fig. 5]. Coupling these configurations to those for the neutrons
provides the /™ quantum numbers for the favored aligned states
expected in '?*Te.

The experimental excitation energies, relative to a rotating
liquid drop energy, for the medium-spin states are plotted
in panel (a) of Fig. 6. The calculated energies for the
configurations mentioned above are displayed in panel (b) of
the figure. Aligned states are highlighted by large open circles
and labeled by their spins.

The 16" state at 5406 keV may be explained by coupling
the protons in (g7,2, ds/2) orbitals with 17, = 6™ to a neutron
configuration with 17 = 10%. This state is formed from
two fully aligned A1/, neutrons and is a typical feature of
calculations with pairing, but it does not appear in the present,
unpaired CNS calculations.

When the neutron configuration with /™ = 16™ is coupled
to the (g7/2, ds;2) proton configuration, it may describe the
experimentally observed 22 state at 8268 keV. The CNS

PHYSICAL REVIEW C 88, 044335 (2013)

1~ ®-o Branch a
L@ r}gﬂ»@—iﬂ N o0 Branch b
r ﬂ;l"j / NN22 25 n -0 Branch ¢
Olt ! o =u Brarlcfl1 d
T O 5% .| =8 Branch e []
‘E/” 16 21 ) 2324 28 ¢ Branch
L L L L | L L L L | L L L L
= eh OO o /|88 [00,4(00)]
o [ N ) NA/ | oo [00,4(00)]
S A / W @ |50 [003(00)
—~ e a ! /I -0 [00,5(00)]
I NI Ao /
% 1» A N N y/ ¢ =-m [00,5(00)]
< [/ 2w X/a &) ) \3\ 1l o [01,4(00)]
»_/E [/ y — \ \ \ /@ =—u [01,5(00)]
Lﬂk ) / N /®/ oo [00,6(00)]
CooL 16 S K@
ISA[E 21 e 28
L ) 23/55 ©
-1 PN E 24 A BT T
10 20 . 30 40
Spin, I (%)

FIG. 6. (Color online) Excitation energies, relative to a rotating
liquid drop energy, for observed (a) and calculated (b) valence-space
states in '?>Te. Calculated states with spin vectors aligned along the
oblate symmetry axis are highlighted by large open circles; states
corresponding to experimentally observed levels are labeled by their
spins.

calculations do not show this state (which has a deformation of
€; ~0.16 and y = 60°) as a favorable excitation; see Fig. 6(b).
However, states with I” = 22 involving four A, /2 heutrons
are observed in neighboring '?°Te [10] and with ™ = 55/2~
in 1251 [11]. In these nuclei, the tilted Fermi surfaces give an
empty and a filled d3/, shell, respectively, consistent with their
lower energy compared with the 227 state in '**Te.

The maximum spin that can be generated by the full
alignment of the angular momenta of all valence nucleons
in the configuration 7T[g7/2, d5/2]% ® V[d32/2, (h11/2)4]13, or
[00,4(00)] in the shorthand notation is 24". In the calculation
of Fig. 6(b), a minimum in energy is found at this spin value.
Experimentally, the I = 23 levels of sequences e and f at 8429
and 8722 keV, respectively, and the I = 24 state at 9051 keV
of sequence f lie low in energy. A minimum with / = 23 in
the CNS calculation corresponds to the maximum-spin state
of the [00,4(00)] configuration, where the two d3,, neutrons
have signature o = 1; i.e., they couple to / = 1.

The negative-parity branches c¢ and d are established
experimentally up to spins / = 17 and 16, respectively. They
may correspond to the two signature partners of the con-
figuration 7 [(g7)2, ds/2)*16 ® vIds/2, (h11/2) 119, or [00,5(00)]
in shorthand. The CNS calculations, see Fig. 6(b), show
similarities with the observed bands.

In sequence b, a favored level is observed at I = 21".
A corresponding low-lying state is obtained in the CNS
calculation for the configuration [00,3(00)]; see Fig. 6(b). It is
built from the 67 state of Fig. 5(a), and the 15~ state in panel
(b). A similar configuration was found to be favored in the spin
range between I = 19 and 21 in '*°Te [10].

Sequence e exhibits a low-lying level at I = 28, as can
be seen in the upper panel of Fig. 6. In the calculations, the
I™ = 28" state of the configuration 7 [(g7/2, ds2), hi1y2]o ®
v[ds2, (h11/2)5]19, or [01,5(00)] in shorthand, is favored. This
configuration is proposed for branch e.
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FIG. 7. (Color online) Calculated excitation energies relative to
a rotating liquid drop reference for core-breaking configurations.
Aligned states are highlighted by open circles and labeled by their
spins.

C. Core-excited states

Several high-energy transitions feed levels around I = 25;
see Fig. 1. Their large energy, between 1.2 and 1.7 MeV,
indicates that they deexcite core-breaking states. They may
involve neutron excitations across the N = 64 subshell gap
from (g7/2, ds;2) into (dsj2, s1/2) or hyy, orbitals or proton
excitations across the Z = 50 shell gap from (g72, ds/2) into
(d3/2, $172) or hyy states. However, spin values above I = 25
can also be built in configurations with protons excited from
(g7/2, d5/2) into h11/2 orbitals.

In general, low-j orbitals of the Ny = 64 shell are
not distinguished within the CNS approach. However, for
a discussion of core-excited states, a distinction should be
made between (g7/2,ds;2) and (d3,2, s1/2) orbitals. For this
purpose, the configurations are labeled as [p;, nldg/zz], where
p1 is the number of protons in hyi/, orbitals, and n; and n,
are the numbers of neutrons in sy, and (d3)2, s1/2) states,
respectively.

Figure 7 compares calculated excitation energies for the
states generated by core excitations of this type. For reference,
the valence space configurations terminating at / = 241 and
25~ with configurations [0, 4d32/2] and [0, 5d31 /2], respectively,
are also provided. Neutron excitation across the N = 64
gap result in, e.g., the [0, 5d32/2], [0, 6d31/2], and [O, 4d§’/2]
configurations. In addition, protons occupying %, orbitals,
coupled to the various neutron excitations, may be considered.
Alow-lying exampleis the [1, 4d3 /»] configuration, also shown
in Fig. 6(b), which terminates in an I = 27" level; see Fig. 7.

D. High-spin bands

The seven new high-spin rotational bands in '??Te exhibit
features similar to the long collective bands in neighboring
nuclei with neutron numbers N between 68 and 72 [10,12,15—
18]. Since these new bands are not linked to the lower-lying
states of the level scheme, configuration assignments based

PHYSICAL REVIEW C 88, 044335 (2013)

Spin, 1 (%)

FIG. 8. (Color online) Estimated spins as a function of y-ray
transition energies for the high-spin bands in '*2Te, compared with
connected bands in neighboring nuclei. The slope of the curves
represents the alignment of the bands.

on comparisons with CNS calculations can only be viewed as
tentative.

In Figs. 8 and 9, the spins as a function of y-ray energy and
the dynamic moments of inertia as a function of rotational
frequency, respectively, are compared to selected bands in
neighboring nuclei. The similarity of the new bands with, e.g.,
connected bands in '>>Xe [17] and '?°Xe [18] is striking. For
several bands in these Xe isotopes, deformation parameters
&, between 0.25 and 0.35 were deduced from the results of
DSAM-type measurements. The deformation of the new bands
in 122Te probably lies in this range as well. For comparison, the
superdeformed band in 132Ce [34] with &, ~ 0.4 is included in
Fig. 9; its moment of inertia is appreciably larger.

A recent investigation [35] within the framework of the
CNS model indicates that the collective bands in this mass
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FIG. 9. (Color online) Dynamic moments of inertia, J®, as a
function of rotational frequency. Panel (a) for the high-spin bands
in '22Te, panel (b) for similar bands in neighboring nuclei and for a
superdeformed band in '32Ce [34].
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FIG. 10. (Color online) Calculated total energy surfaces for '>*Te
with the constraint of two go,, proton holes. The contour line
separation is 0.25 MeV.

region involve proton holes in the go/, subshell, below the
Z = 50 gap. In general, it seems that bands with two holes are
easier to populate experimentally than those with one hole [29].
Total energy surfaces, computed with the constraint of two
go/2 proton holes, are displayed in Fig. 10. At I” =32%, a
prolate minimum is observed with &, & 0.20, corresponding
to configurations with the neutrons confined to the N = 50-82
shell. Around I™ =40%, a second minimum appears at
&, ~ 0.30 and y = 15°, which becomes lowest in energy at
higher spins. The most favored configuration in this minimum
has three neutrons excited across the N = 82 gap; two in
(hoy2, f7/2) orbitals and one in the i3, subshell, in addition to
the two proton holes in go/ orbitals. Finally, at /™ = 52%, a
minimum at &, & 0.40, y ~ 25° is lowest in energy, where a
second neutron is excited to oscillator-shell N,s. = 6 orbitals.
In addition, protons are excited from the Ny = 3 shell.
Low-lying configurations involving one or two g9/, proton
holes are presented for various combinations of parity and
signature in Fig. 11. Generally, structures involving one
89,2 hole either terminate at too low a spin value or lie at
higher excitation energy compared to those with two proton
holes in the go/, subshell. The configurations involving two
proton holes and neutron excitations across the N = 64 gap
to (dsj2, s12) and hyypo orbitals lie low in energy in the
spin range of I = 30—40. Furthermore, states generated with
contributions from i3, h9/2, and f7,, neutron orbitals become
yrast at very high spin. Note, however, that in an extended spin
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FIG. 11. (Color online) Calculated excitation energies, relative to
a rotating liquid drop energy, as a function of spin for low-energy
configurations with one or two holes in gy, orbitals. Panel (a):
negative-parity states; panel (b): positive-parity configurations.

range there is a competition from less-collective states which
do not contain g9/, proton holes.

The experimental bands with tentatively chosen excitation
energies and spins are displayed in Fig. 12(a) relative to a
rotating liquid drop reference. The corresponding energies
for calculated configurations, see Fig. 11, which might be
assigned to the bands are displayed in Fig. 12(b). The
differences between the experimental and calculated energies
are presented in panel (c).

If the proton configuration 7T[(g9/2)_2(g7/2,d5/2)3h11/2]
with I, =22 is coupled to six hjj, neutrons, it results
in the [21,6(00)] structure which is close to the prolate
axis at low and intermediate spin values. It is calculated
to be lowest in energy among all 7r(g9/2)_2 configurations
in a large spin range. It contains the neutron configuration
(g7/2,d5/2)72(h11/2)6(d3/2,S1/2)2 and terminates at [ = 48.
Here, two neutrons are excited within the N,,. = 4 orbitals
from (g7/2, ds;2) to(d3,2, s1/2) levels. This excitation is not seen
in the shorthand label because it is not distinguished between
these orbitals in the numerical calculations. The [21,6(00)]
configuration is a promising candidate for the most intense
band 6. With the present tentative spin assignment, it is ob-
served one transition short of termination. The difference curve

044335-11



SOMNATH NAG et al.
—~ 2; >0bl
> [ o-0b21
Y L5¢ o b3
> s +obd
N - H
o I ol
O r v-v b6
T 0.5) | L==b7]
= ¢ ’ ]
il *
83

-0 [11,6(00)]})
0-0 [21,6(00)]
o= [21,5(00)]7]
4 [2T75(00)
[22,6(00)]H
v-v [21,6(00)TH
=-u [11,6(00)]q

exp.

)

theo.

FIG. 12. (Color online) Comparison of observed, panel (a), and
calculated, panel (b), excitation energies relative to a rotating liquid
drop reference as a function of spin for bands 51-b7 in '**Te. The
difference between the calculated and the experimental excitation
energies is shown in panel (c).

between experiment and calculations, displayed in Fig. 12(c),
behaves as expected, i.e., the difference increases slowly with
decreasing spin indicating the increasing importance of the
pairing correlations not included in the CNS calculations.

In the calculations, there is only one configuration
with one proton g9, hole forming a regular band up to
I ~ 40, where this type of configuration terminate. It
is the [11,6(00)] structure which lies low in energy; see
Fig. 11(a). The two signature-degenerate branches terminate
in the 7[(g9/2) 7" (872, d5/2)*h112]1 ® V[(g7)2, ds/2) *(h11/2)°
(d3/2S1/2)2] states with I, = 41 and 42.

Bands b1 and b7 are not observed to very high spin. With
the presently chosen spin values and excitation energies, they
are close to being signature degenerate over their full spin
range. When compared with the [11,6(00)] configurations, the
difference curves, Fig. 12(c), exhibit a spin dependence similar
to that for band b6. The absolute values of the two difference
curves differ by approximately 0.5 MeV, but they would
overlap for a rather small change in the relative excitation
energies. The arguments for this interpretation of bands b1
and b7 would clearly become stronger if they were connected
by M1 transitions which are expected for bands with one hole
in a high-K orbital; see, e.g., Ref. [36].

Bands b3, b4, and b5 have rather similar E — E 4 curves.
Bands b3 and b4 are close to being signature degenerate.
They are observed well beyond I = 40, which implies that
they should be assigned to configurations with two proton gg/»
holes. Itis possible to interpret these as the two signatures of the
[21,5(00)] configuration. Band b5 may then be assigned to the
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[22,6(00)] configuration, which has a similar £ — E}y4 curve,
as seen in Fig. 12(b). A difficulty with this interpretation is
that the I, values for the two [21,5(00)] bands are 447, 457,
whereas the two bands are observed up to I = 46,45 or
tentatively even up to [ = 48, 47. Note, however, that the I«
states are formed with two (g7/2, ds/2) holes in the Z = 64 core
and with small changes of the parameters, bands containing
more such holes might extend smoothly to higher spins.

Band b2 is the weakest band observed and is not observed
to very high spin. Therefore, it might be assigned to a
configuration with one g9/, hole. However, with the present
constraints, no smooth band with features similar to band
b2 is calculated. In Fig. 12, it has been compared with
the unfavored signature of the [21,6(00)] configuration. The
favored signature has been assigned to band b6; see above.
This results in a reasonable difference curve; see Fig. 12(c).
However, the spin dependence is different compared with
the other bands, underlining the tentative character of this
assignment.

V. CONCLUSIONS

High-spin states in '>’Te were populated in the
825e(*Ca,a4n)'?*Te reaction and y-ray coincidences were
measured with the Gammasphere spectrometer. The level
scheme of this nucleus was extended up to / >~ 48. Terminating
states within the valence space, high-energy transitions from
core-excited states, and seven high-spin rotational bands were
observed.

Comparison with CNS calculations allows us to propose
configuration assignments to the terminating states. Sugges-
tions are presented for configurations of core-breaking levels
and for the high-spin bands. Choosing spins in accordance
with those of connected bands in neighboring nuclei and
estimating excitation energies from their relative intensities,
configurations were assigned for the bands corresponding to
the lowest band structures calculated within the framework
of the CNS model. Their structures are based on proton
excitations from g9/, orbitals coupled to neutron excitations
within the N = 50-82 valence space.
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