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Triaxiality and exotic rotations at high spins in 134Ce
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High-spin states in 134Ce have been investigated using the 116Cd(22Ne ,4n) reaction and the Gammasphere
array. The level scheme has been extended to an excitation energy of ∼30 MeV and spin ∼54 �. Two new
dipole bands and four new sequences of quadrupole transitions were identified. Several new transitions have
been added to a number of known bands. One of the strongly populated dipole bands was revised and placed
differently in the level scheme, resolving a discrepancy between experiment and model calculations reported
previously. Configurations are assigned to the observed bands based on cranked Nilsson-Strutinsky calculations.
A coherent understanding of the various excitations, both at low and high spins, is thus obtained, supporting
an interpretation in terms of coexistence of stable triaxial, highly deformed, and superdeformed shapes up to
very high spins. Rotations around different axes of the triaxial nucleus, and sudden changes of the rotation axis
in specific configurations, are identified, further elucidating the nature of high-spin collective excitations in the
A = 130 mass region.

DOI: 10.1103/PhysRevC.93.064305

I. INTRODUCTION

The structure of the 134Ce nucleus has been studied in detail
at low and medium spins using both in-beam [1–5] techniques
and β-decay methods [6], leading to detailed knowledge of
its low-spin structure. At high spins, on the other hand, the
available information is rather sparse. Some time ago, two
triaxial and one superdeformed (SD) bands were identified
in a measurement using the 8π array [7], and the only other
recent results were obtained as a byproduct of a Gammasphere
experiment focused on 134Pr [8] wherein the SD band was
confirmed and the yrast, positive-parity band was extended by
two transitions (one tentative).

The primary interest in studying nuclei in this mass region,
and in particular 134Ce, stems from the recent discoveries of
multiple chiral partner bands in 133Ce [9], and of transverse
wobbling in 135Pr [10]. The chiral and wobbling modes are
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the only unambiguous experimental indications of nuclear
triaxiality thus far. As 134Ce can be considered to be the core
of both 133Ce and 135Pr, a detailed investigation of this nucleus
could provide further evidence for, and understanding of, the
triaxial behavior exhibited by nuclei in this region.

This work is also motivated by the experimental difficulties
in obtaining a coherent and conclusive understanding of the
dipole bands recently identified in 134Ce [5]. For example,
negative parity was assigned to both dipole bands observed in
134Ce, while the corresponding bands in 133Ce, obtained by
coupling an h11/2 neutron hole to the dipole bands in 134Ce, are
assigned both positive and negative parities [9]. In addition,
a complete understanding of competition between triaxial
and highly deformed or SD configurations in the A = 130
mass region has not yet been achieved. Two types of strongly
deformed bands have been observed in this region: the highly
deformed ones in the Nd nuclei (ε2 ≈ 0.3), which involve only
neutron intruders from above the N = 82 (νi13/2,νf7/2,νh9/2)
shell closure, and the SD sequences in the Ce nuclei (with
larger deformation, ε2 ≈ 0.4), which involve, in addition to the
aforementioned neutron intruders, the proton extruders (πg9/2)
from below the Z = 50 gap [11].

A further motivation of this work is to study the evolution
of triaxiality in Ce nuclei, with the aim of verifying the
extent to which the conclusions drawn from the study of
Nd sequences [12–17] are applicable to similar bands of
neighboring nuclei. Unfortunately, it has not hitherto been
possible to draw any definite conclusions on the structure of
the triaxial bands in 133,134Ce [7,18] as none of the observed
structures were linked to low-lying states. (Only very recently
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have the triaxial bands in 133Ce been linked to low-lying
levels [19]).

The present paper reports new experimental results, both at
low and at high spins, in 134Ce. These were obtained from
a high-statistics Gammasphere experiment. Six new bands
are identified, one at low spins and five at high angular
momenta. One of the two previously reported dipole bands
is revised significantly, based on the observation of several
new transitions linking it to low-lying states. The observed
bands are discussed within the framework of the cranked
Nilsson-Strutinsky (CNS) model, as described in Refs. [20–
23]. Configurations based on triaxially deformed minima are
proposed for nearly all observed bands on the basis of the good
agreement between experimental data and results of the CNS
calculations. In addition, a new configuration is proposed for
the SD band.

II. EXPERIMENTAL DETAILS

The present work is the third in a series of papers reporting
results from the same measurement. Thus, the experimental
procedure and the analysis methods are similar and only briefly
summarized here. The reader is referred to Refs. [9,19] for
further details. The experiment was performed at the ATLAS
facility at Argonne National Laboratory where high-spin
states in 134Ce were populated in two separate experiments
following the 116Cd(22Ne, 4n) reaction. In the first one, a
112-MeV beam of 22Ne, provided by the ATLAS facility,
bombarded a 1.48-mg/cm2-thick target foil of isotopically
enriched 116Cd, sandwiched between a 50-μg/cm2-thick front
layer of Al and a 150-μg/cm2 Au backing. The second
experiment used a similar beam and a target of the same
enrichment and thickness evaporated onto a 55-μg/cm2-thick
Au foil. The Gammasphere array [24], which comprised
101 (88) active Compton-suppressed high-purity germanium
(HPGe) detectors during the first (second) experiment, was
used to detect the γ rays emitted by the recoiling nuclei.
The accumulated events were unfolded and sorted into
fully symmetrized, three-dimensional (Eγ -Eγ -Eγ ) and four-
dimensional (Eγ -Eγ -Eγ -Eγ ) histograms and analyzed using
the RADWARE [25,26] analysis package. Spin and parity
assignments were made on the basis of an extensive angular-
distribution measurement [27] and, for weak transitions, on a
two-point angular-correlation (anisotropy) ratio, Rac [28,29].

III. RESULTS AND LEVEL SCHEME

The level scheme of 134Ce obtained in the present work is
presented in Figs. 1 and 2. Compared to previous works (cf.
Ref. [5]), it is considerably extended and several new dipole
and quadrupole sequences have been identified. As mentioned
earlier, multipolarities of the newly identified γ -ray transitions
were inferred from a combination of angular-distribution and
two-point angular-correlation analyses. Transition energies,
angular-distribution coefficients and anisotropies, as well as
the suggested spins and parities are presented in Table I.

A. The dipole bands

Coincidence spectra obtained by double-gating on selected
transitions of the previously reported dipole sequences are
provided in Fig. 3, while those from double gates on selected
transitions of the newly identified dipole bands are presented
in Fig. 4.

Band D1 was first reported in Ref. [5]. The present results
confirm all the in-band dipole and quadrupole crossover
transitions, with the exception of the highest 996-keV one.
The connecting transitions to low-lying states reported in
Ref. [5] are not observed, however. Instead, 14 new transitions
deexciting the sequence towards band 1 (577, 581, and
742 keV), band 2 (703 keV), band 7 (347 and 372 keV),
band 8 (1352 keV), band 9 (675, 680, 812, and 841 keV),
and toward three non-yrast “floating” states—i.e., those not
linked to the low-lying levels (161, 202, and 321 keV)—were
identified. The sequence has also been extended to higher
spins, by adding two dipole transitions of 498 and 520 keV,
and four quadrupole ones of 826, 974, 990, and 1018 keV.

The positive parity assigned to band D1 is determined by
the E2 character of the 703-keV transition linking it to band
1 and by the mixed M1/E2 character of the 347-, 372-, and
841-keV γ rays that connect it to the positive-parity bands
7 and 9 (see Table I). This assignment is in contrast to the
results of Ref. [5] in which a negative parity was assigned to
band D1, based on the E1 character of the 664-keV transition
(not seen in this work). It is surmised that the latter transition
was, most likely a contaminant. Indeed, when double-gating
on the same 196- and 239-keV γ rays used in producing the
spectrum displayed in Fig. 3 of Ref. [5], it is apparent that
the 664-keV transition is missing, while the 660- and 667-keV
lines from the lower part of the level scheme are present (see
Fig. 3). On the other hand, the 664-keV transition is strong and
is clearly seen in the spectrum double-gated on the 372- and
239-keV γ rays, fixing the decay of band D1 to the 11+ level
of band 7, which then decays to the band 9 via the 665 keV
transition. Moreover, the anisotropy ratios of the other decay-
out transitions of band D1 reported in Ref. [5] have either very
large errors [e.g., Rac = 1.57(94) for the 783-keV transition],
or are not measured (e.g., the 1030-keV line). Summarizing,
the present results on band D1 are in disagreement with those
of Ref. [5] and definitively fix its excitation energy, spins and
positive parity.

Band D2 was first reported in Ref. [5]. Double-gated
coincidence spectra showing the in-band transitions and the
decay towards band 8 are given in Fig. 3. The present results
confirm all the in-band and decay-out transitions, with the
exception of the highest 548-keV in-band γ ray and the
574- and 947-keV decay-out transitions that were reported
in Ref. [5] but have not been observed in the present data.
Three dipole transitions of 489, 522, and 666 keV, and three
quadrupole crossover ones of 978, 1009, and 1012 keV are
newly identified and placed in the higher part of the band.
Five new transitions of 477, 639, 736, 956, and 988 keV were
added to the decay out of band D2. The 956-keV γ ray was
previously placed in band 4. The present data indicate instead
that this line is a connecting transition between bands D2 and
band 4, which continues to higher spins, with two new E2
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FIG. 2. Partial level scheme of 134Ce showing the continuation of
the high-spin bands of Fig. 1.

transitions of 947 and 1080 keV. Two new parallel cascades
feeding the 18− and 19− states of band D2 are also identified.
The parity of the band is fixed by the 956- and 1449-keV E2

transitions (see Table I) and the polarization measurements
reported in Ref. [5].

Bands D3 and D4 have been observed for the first time in
the present work. Band D3 consists of 12 levels connected
by dipole and quadrupole crossover transitions. A sum of
coincidence spectra double gated on the in-band transitions
is provided in Fig. 4. This sequence is linked to the 16+ level
of band 9 directly through the 1021-keV M1/E2 transition,
and indirectly through an intermediate 6765-keV, 17+ state
populated by the 285- and 626-keV transitions and deexcited
by the 1041-keV M1/E2 γ ray. The parity of the band is
positive, being fixed by the 1021-keV M1/E2 transition to the
16+ state of the yrast band 9.

Band D4 consists of eight levels connected by dipole
transitions. A sum of coincidence spectra double gated on
the in-band γ rays is provided in Fig. 4. The decay out of this
band could not be conclusively established, although there are
clear indications that it feeds the 14+ and 16+ levels of band
8, as well as the 14+ state of band 9. The excitation energies,
spins and parity are, therefore, undetermined. The suggested
spin-parity assignments of the states, based on the theoretical
interpretation discussed in Sec. IV, are indicated in parentheses
in Fig. 1 and Table I.

B. The quadrupole bands

Four new sequences of quadrupole transitions have been
identified based on this work: two at low and medium spins
(bands 6 and 7), and two at high angular momenta (T 4 and
T 5). Spectra obtained by doubly-gating on selected transitions
in band 8 are presented in Fig. 5, while spectra for the high-spin
triaxial and SD bands are found in Figs. 6 and 7. For the low-
and medium-spin sequences, two transitions are added at the
top of band 4 (947 and 1080 keV), one at the top of band 5
(1044 keV), and thirteen to the lower parts of bands 4 and 5
(126, 141, 227, 299, 311, 403, 434, 460, 525, 531, 597, 907,
and 1197 keV).

The bands labeled 6 and 7 in Fig. 1 have been observed
here for the first time. Band 6 consists of four levels and
decays primarily through the 207-keV γ ray to the 6− state at
2359 keV and through the 263- and 392-keV lines to bands
3 and 4, respectively. Band 7, on the other hand, consists of
three states and decays to band 9 via the 665- and 741-keV
transitions of mixed M1/E2 character.

The sequence labeled as band 8 was first reported in Ref. [2]
and is built on the 10+ isomer whose lifetime was measured
to be T1/2 = 336(14) ns in Ref. [2] and T1/2 = 308(5) ns in
Ref. [30]. The 731-keV transition reported in Refs. [2,3] is
confirmed and is found to be of M1/E2 character, leading to a
15+ state at 5492 keV. Four new γ rays of 460, 586, 604, and
1031 keV are placed above this level. The tentative 1103-keV
transition reported in Ref. [2] is confirmed and is determined
to be of E2 character. Four new lines of 659, 775, 912, and
1009 keV are placed above this level.

Band 9 extends up to spin 22+ where a crossing with
band T 1 is observed. The latter band was observed up to spin
(38+) in Ref. [8]. The present data confirm all the transitions,
with the exception of the highest, 1350-keV tentative γ ray
reported therein. Instead, five new transitions of 1333, 1420,
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TABLE I. Energies of γ rays, initial level energies, angular-distribution coefficients (A2,A4), anisotropy ratios (Rac), multipolarities, and
spin-parity assignments for the associated states in 134Ce. The transitions are grouped in bands and the transitions connecting a given band to
low-lying states are listed at the end of each band.

γ energy a Ei (keV) A2 A4 Rac Multipolarityb Iπ
i → Iπ

f

Band 1
409.1 409.1 E2M,L 2+ → 0+

639.7 1048.8 E2M 4+ → 2+

814.5 1863.3 E2M 6+ → 4+

947.8 2811.1 E2M 8+ → 6+

1006.5 3817.6 E2M 10+ → 8+

Band 2
666.7 2049.0 E2M 5+ → 3+

875.4 2924.4 7+ → 5+

333.5 1382.3 3+ → 4+

417.4 1382.3 M1/E2M,G 3+ → 2+

973.2 1382.3 M1/E2M,G 3+ → 2+

1000.2 2049.0 M1/E2G 5+ → 4+

1045.2 3856.3 −0.42(4) 0.08(5) 0.73(5) M1/E2 9+ → 8+

(1061.1) 2924.4 7+ → 6+

Band 3
659.9 2303.3 E2M 6+ → 4+

678.5 1643.4 E2M 4+ → 2+

713.9 3017.2 E2M 8+ → 6+

555.8 964.9 M1/E2M,G 2+ → 2+

594.6 1643.4 M1/E2M,G 4+ → 4+

964.9 964.9 E2M 2+ → 0+

1234.3 1643.4 E2M 4+ → 2+

Low-spin states
168.4 1811.8 M1/E2G 4+ → 4+

215.1 2026.9 M1/E2M 5+ → 4+

297.1 2770.5 7− → 6−

383.5 2026.9 M1/E2M 5+ → 4+

429.5 1811.8 M1/E2M 4+ → 3+

434.2 2246.0 5− → 4+

524.5 2770.5 7− → 5−

596.5 2770.5 7− → 5−

644.6 2026.9 E2M 5+ → 3+

763.0 1811.8 M1/E2M 4+ → 4+

847.3 1811.8 E2M 4+ → 2+

907.2 2770.5 7− → 6+

978.1 2026.9 M1/E2M,G 5+ → 4+

1197.2 2246.0 −0.14(5) 0.03(7) 0.91(8) E1 5− → 4+

Band 4
532.1 2706.1 E2M,L 7− → 5−

451.9 3158.0 E2M,L 9− → 7−

594.5 3752.5 E2L 11− → 9−

789.1 4541.6 E2L 13− → 11−

946.5 5488.1 0.35(4) −0.15(5) 1.37(9) E2 15− → 13−

1079.5 6567.6 (17−) → 15−

140.8 2706.1 7− → 7−

232.7 2706.1 M1/E2M 7− → 6−

262.0 3158.0 −0.23(8) 0.08(11) 0.80(7) M1/E2 9− → 8−

310.7 2174.0 5− → 6+

346.9 3752.5 11− → 10−

387.5 3158.0 9− → 7−

402.8 2706.1 7− → 6+

460.1 2706.1 7− → 5−

530.6 2174.0 −0.09(1) −0.01(2) 0.95(7) E1 5− → 4+
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TABLE I. (Continued.)

γ energy a Ei (keV) A2 A4 Rac Multipolarityb Iπ
i → Iπ

f

842.8 2706.1 7− → 6+

1125.2 2174.0 −0.18(3) 0.05(4) 0.83(5) E1 5− → 4+

Band 5
422.6 2896.0 E2M,L 8− → 6−

509.2 3405.6 E2M,L 10− → 8−

738.5 4144.1 E2M,L 12− → 10−

877.2 5021.3 E2L 14− → 12−

1006.5 6027.8 E2L 16− → 14−

1044.3 7072.1 E2L 18− → 16−

125.5 2896.0 8− → 7−

189.9 2896.0 M1/E2M 8− → 7−

227.4 2473.4 6− → 5−

247.6 3405.6 10− → 9−

299.4 2473.4 M1/E2M 6− → 5−

330.3 2896.0 8− → 7−

446.5 2473.4 E1M 6− → 5+

537.4 2896.0 E2M 8− → 6−

Band 6
667.8 3233.5 0.36(5) −0.03(6) 1.34(9) E2 9− → 7−

871.8 4105.3 0.31(2) −0.17(2) 1.20(10) E2 11− → 9−

849.2 4954.5 0.17(4) −0.14(6) 1.19(10) E2 13− → 11−

184.6 2358.6 M1/E2M 6− → 5−

207.1 2565.7 −0.44(3) 0.08(5) 0.69(5) M1/E2 7− → 6−

262.5 2565.7 E1M 7− → 6+

309.6 2358.6 E1M 6− → 5+

331.7 2358.6 E1M 6− → 5+

391.7 2565.7 E2M 7− → 5−

403.7 2969.4 (8) → 7−

Band 7
540.2 4923.9 13+ → 11+

793.0 5716.9 (15+) → 13+

664.8 4383.7 −0.87(14) 0.19(18) 0.34(4) M1/E2 [δ = −2.13(48)] 11+ → 10+

740.9 4923.9 −0.76(3) 0.18(4) 0.50(6) M1/E2 [δ = −1.73(52)] 13+ → 12+

Band 8
797.7 4005.6 0.36(3) −0.02(4) 1.31(8) E2 12+ → 10+

755.8 4761.4 0.13(2) −0.12(8) 1.09(7) E2 14+ → 12+

1102.5 5863.9 0.24(3) −0.06(4) 1.22(8) E2 16+ → 14+

911.6 6775.5 0.42(7) −0.08(9) 1.38(9) E2 18+ → 16+

774.7 7550.2 (20+) → 18+

730.5 5491.9 −0.23(2) 0.04(2) 0.82(5) M1/E2 15+ → 14+

586.2 6078.1 −0.14(4) 0.14(5) 0.83(6) M1/E2 16+ → 15+

460.0 6538.1 −0.33(2) 0.03(3) 0.76(7) M1/E2 17+ → 16+

603.5 6095.4 −0.55(9) 0.61(13) 0.56(6) M1/E2 16+ → 15+

659.0 6522.9 → 16+

1031.0 6522.9 → 15+

1009.0 6872.9 → 16+

372.0 5863.9 16+ → 15+

191.2 3207.9 E2M 10+ → 8+

396.8 3207.9 E2M 10+ → 8+

Band 9
464.1 4183.0 12+ → 10+

724.3 4907.3 14+ → 12+

817.2 5724.5 16+ → 14+

872.1 6596.6 18+ → 16+

984.1 7580.7 0.41(2) −0.11(3) 1.46(10) E2 20+ → 18+

1002.2 8582.9 0.51(8) −0.13(11) 1.61(12) E2 22+ → 20+

064305-6



TRIAXIALITY AND EXOTIC ROTATIONS AT HIGH . . . PHYSICAL REVIEW C 93, 064305 (2016)

TABLE I. (Continued.)

γ energy a Ei (keV) A2 A4 Rac Multipolarityb Iπ
i → Iπ

f

560.9 3718.9 10+ → 9−

701.7 3718.9 E2M 10+ → 8+

775.6 8476.3
907.8 3718.9 E2M 10+ → 8+

1104.1 7700.7
BandD1
165.4 4559.6 M1/E2L 11+ → 10+

196.4 4756.0 M1/E2L 12+ → 11+

239.0 4995.0 M1/E2L 13+ → 12+

275.4 5270.4 M1/E2L 14+ → 13+

331.9 5602.3 M1/E2L 15+ → 14+

399.1 6001.4 M1/E2L 16+ → 15+

420.1 6421.5 M1/E2L 17+ → 16+

475.8 6897.3 M1/E2L 18+ → 17+

498.0 7395.3 −0.53(7) 0.19(9) 0.60(4) M1/E2 19+ → 18+

514.0 5270.4 E2 14+ → 12+

519.9 7915.2 20+ → 19+

607.3 5602.3 15+ → 13+

731.0 6001.4 16+ → 14+

819.2 6421.5 17+ → 15+

826.1 9731.4 0.63(6) −0.51(17) 1.98(45) E2 24+ → 22+

895.9 6897.3 18+ → 16+

973.8 7395.3 19+ → 17+

990.1 8905.3 0.69(11) 0.23(14) 1.60(16) E2 22+ → 20+

1017.9 7915.2 0.38(19) −0.10(25) 1.18(10) E2 20+ → 18+

161.0 4559.6 11+ →
201.9 4559.6 11+ →
320.9 4559.6 11+ →
346.5 5270.4 −0.76(4) 0.24(5) 0.49(4) M1/E2 [δ = −2.05(48)] 14+ → 13+

372.3 4756.0 −0.72(3) 0.16(4) 0.52(4) M1/E2 [δ = −2.23(53)] 12+ → 11+

576.6 4394.2 → 10+

581.0 4398.6 → 10+

675.3 4394.2 → 10+

679.7 4398.6 → 10+

703.4 4559.6 0.22(5) 0.05(6) 1.12(8) E2 11+ → 9+

742.0 4559.6 11+ → 10+

812.0 4995.0 13+ → 12+

840.7 4559.6 −0.92(21) 0.32(27) 0.34(4) M1/E2 11+ → 10+

1351.7 4559.6 11+ → 10+

BandD2
155.6 5749.1 M1/E2L 15− → 14−

219.8 5968.9 M1/E2L 16− → 15−

340.3 6309.2 M1/E2L 17− → 16−

457.6 6766.8 M1/E2L 18− → 17−

489.4 7776.1 −0.27(2) 0.05(3) 0.78(5) M1/E2 20− → 19−

519.9 7286.7 M1/E2L 19− → 18−

522.2 8298.3 (21−) → 20−

532.2 7870.6 → 19−

548.4 7315.2 −0.58(5) 0.04(7) 0.59(5) M1/E2 19− → 18−

555.4 7870.6 → 19−

571.6 7338.4 −0.17(5) 0.03(6) 0.86(6) M1/E2 19− → 18−

594.9 7910.1 → 19−

623.4 7910.1 → 19−

666.2 8964.5 (22−) → (21−)
977.5 7286.7 19− → 17−

1009.3 7776.1 20− → 18−

1011.6 8298.3 (21−) → 19−
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TABLE I. (Continued.)

γ energy a Ei (keV) A2 A4 Rac Multipolarityb Iπ
i → Iπ

f

251.8 5749.1 0.27(4) 0.17(5) 1.13(10) E2 15− → 15−

471.6 5968.9 −0.65(5) 0.20(7) 0.56(4) M1/E2 [δ = −2.52(25)] 16− → 15−

477.0 5968.9 16− → 15+

639.0 5593.5 14− → 13−

735.9 5497.3 15− → 14+

955.7 5497.3 0.43(8) 0.06(11) 1.33(11) E2 15− → 13−

987.7 5749.1 15− → 14+

1449.4 5593.5 0.56(10) 0.05(13) 1.55(50) E2 14− → 12−

BandD3
304.0 7049.6 −0.31(5) 0.06(7) 0.80(6) M1/E2 18+ → 17+

341.1 7390.7 −0.67(6) 0.23(8) 0.56(4) M1/E2 19+ → 18+

379.8 7770.5 −0.69(8) 0.14(11) 0.59(5) M1/E2 20+ → 19+

419.5 8190.0 −0.70(6) 0.08(8) 0.56(5) M1/E2 21+ → 20+

450.1 8640.1 22+ → 21+

482.7 9122.8 23+ → 22+

510.4 9633.2 24+ → 23+

546.2 10179.4 25+ → 24+

573.0 10752.4 26+ → 25+

594.6 11347.0 27+ → 26+

611.4 11958.4 28+ → 27+

645.1 7390.7 19+ → 17+

720.9 7770.5 20+ → 18+

799.3 8190.0 21+ → 19+

869.6 8640.1 0.25(5) −0.05(7) 1.21(7) E2 22+ → 20+

932.8 9122.8 23+ → 21+

993.1 9633.2 24+ → 22+

1056.6 10179.4 25+ → 23+

1119.2 10752.4 26+ → 24+

1167.6 11347.0 27+ → 25+

1206.0 11958.4 28+ → 26+

284.6 7049.6 18+ → 17+

625.7 7390.7 19+ → 17+

969.2 7390.7 19+ → 17+

1021.1 6745.6 −0.34(7) 0.20(9) 0.73(6) M1/E2 17+ → 16+

1040.5 6765.0 −0.40(9) 0.26(12) 0.63(5) M1/E2 17+ → 16+

BandD4
272.6 (18−) → (17−)
309.2 −0.36(3) 0.11(4) 0.73(8) M1/E2 (19−) → (18−)
334.5 −0.61(6) −0.13(8) 0.67(5) M1/E2 (20−) → (19−)
421.2 −0.90(5) 0.20(7) 0.45(3) M1/E2 (21−) → (20−)
482.5 −0.80(8) −0.03(10) 0.53(6) M1/E2 (22−) → (21−)
547.8 −0.16(9) 0.05(12) 0.80(6) M1/E2 (23−) → (22−)
631.8 (24−) → (23−)

BandT1
990.5 10526.0 0.48(3) 0.03(4) 1.42(11) E2 26+ → 24+

1074.5 11600.5 0.46(3) −0.05(4) 1.51(10) E2 28+ → 26+

1161.5 12762.0 0.27(9) −0.02(12) 1.21(21) E2 30+ → 28+

1245.5 14007.5 0.42(8) 0.12(10) 1.25(9) E2 32+ → 30+

1323.0 15330.5 34+ → 32+

1339.5 16670.0 36+ → 34+

1332.5 18002.5 38+ → 36+

1419.5 19422.0 40+ → 38+

1508.5 20930.5 42+ → 40+

1630.0 22560.5 44+ → 42+

1727.5 24288.0 46+ → 44+

953.3 9535.5 0.60(5) 0.04(7) 1.59(15) E2 24+ → 22+
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TABLE I. (Continued.)

γ energy a Ei (keV) A2 A4 Rac Multipolarityb Iπ
i → Iπ

f

BandT2
876.5 (24−) → (22−)
949.5 0.35(4) −0.19(5) 1.36(11) E2 (26−) → (24−)
1043.5 0.26(8) −0.07(10) 1.16(10) E2 (28−) → (26−)
1136.0 0.38(3) 0.03(3) 1.36(13) E2 (30−) → (28−)
1222.5 0.13(3) −0.04(4) 1.10(10) E2 (32−) → (30−)
1312.5 (34−) → (32−)
1339.5 (38−) → (36−)
1369.5 (40−) → (38−)
1383.0 (36−) → (34−)
1476.5 (42−) → (40−)
1522 (44−) → (42−)
1606 (46−) → (44−)

BandT3
840.0 0.50(12) −0.06(16) 1.42(12) E2 (23−) → (21−)
912.0 0.42(8) 0.06(11) 1.31(10) E2 (25−) → (23−)
1012.0 0.32(7) −0.10(9) 1.27(10) E2 (27−) → (25−)
1110.5 0.34(5) −0.12(6) 1.39(9) E2 (29−) → (27−)
1212.0 (31−) → (29−)
1326.0 (33−) → (31−)
1442.0 (35−) → (33−)
1563.5 (37−) → (35−)
1677.0 (39−) → (37−)
892.5 (21−) → (19−)

BandT4
1042.5 (28+) → (26+)
1142.0 (30+) → (28+)
1247.0 (32+) → (30+)
1349.5 (34+) → (32+)
1449.5 (36+) → (34+)
1510 (38+) → (36+)
1565 (40+) → (38+)

BandT5
822.0 (23+) → (21+)
948.0 (25+) → (23+)
1055.0 (27+) → (25+)
1153.5 (29+) → (27+)
1250.5 (31+) → (29+)
1353.5 (33+) → (31+)
1457.0 (35+) → (33+)
1568.5 (37+) → (35+)
1667 (39+) → (37+)
1762 (41+) → (39+)

Band SD
805.0 (24+) → (22+)
865.5 (26+) → (24+)
928.0 (28+) → (26+)
988.5 (30+) → (28+)
1050.0 (32+) → (30+)
1112.0 (34+) → (32+)
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TABLE I. (Continued.)

γ energy a Ei (keV) A2 A4 Rac Multipolarityb Iπ
i → Iπ

f

1174.5 (36+) → (34+)
1237.0 (38+) → (36+)
1300.0 (40+) → (38+)
1365.0 (42+) → (40+)
1430.0 (44+) → (42+)
1499.5 (46+) → (44+)
1575.5 (48+) → (46+)
1655.5 (50+) → (48+)
1738.0 (52+) → (50+)
1821 (54+) → (52+)
1907 (56+) → (54+)

aThe error on the transition energies is 0.2 keV for transitions below 1000 keV and intensities larger than 5% of the 134Ce reaction channel,
0.5 keV for transitions above 1000 keV and intensities lower than 5%, and 1 keV for transitions above 1200 keV and/or weaker than 1%.
bThe multipolarities of transitions assigned in previous works are indicated as superscripts: “L” for Ref. [5], “M” for Ref. [3], and “G” for
Ref. [6].

1509, 1630, and 1728 keV have been identified and added as
prolonging the cascade on top of band T 1.

Bands T 2, T 3, and SD were previously reported in Ref. [7].
Band T 2 is extended to higher spins by three transitions of
1340, 1370, and 1477 keV, and at low spin by the 877-keV
line. Band T 3 is extended to higher spins by three new γ rays
of 1442, 1564, and 1677 keV, and at low spins by the 840- and
893-keV transitions. Six new lines are added to the SD band:
the 805- and 866-keV transitions at the bottom of the sequence
and the 1656-, 1738-, 1821-, and 1907-keV transitions at the
top.

Bands T 4 and T 5 are new and decay mainly towards bands
T 1 and D2, respectively. The decay-out transitions of the two
bands could not be established; therefore, their energies, spins,
and parity remain uncertain.

IV. DISCUSSION

The level structure of 134Ce, with 58 protons and 76
neutrons, can be considered to arise from an interaction
between eight valence proton particles above the Z = 50 major
shell, and six neutron holes in the N = 82 major shell. In the
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low-energy regime, the nucleus is expected to be characterized
by a small deformation, ε2 ∼ 0.15–0.20. It is appropriate,
therefore, to express the single-particle configurations in terms
of j -shell quantum numbers.

The configuration assignments proposed for the band
structures observed in this work rest on results of calculations
performed within the framework of the cranked Nilsson-
Strutinsky (CNS) model. In the CNS formalism, the nucleus
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rotates about one of its principal axes and pairing is often
neglected. The deformation is optimized for each single-
particle configuration under consideration. The configurations
are labeled by the number of particles in low-j and high-j
orbitals, in the different N shells. The configurations can be
defined relative to a 132Sn core as

π (g9/2)−p1 (dg)p2 (h11/2)p3 ,

ν(sd)−n1 (h11/2)−n2 (hf )n3 (i13/2)n4 ,

for which the short-hand notation [(p1)p2p3,n1n2(n3n4)]
is employed. The pseudospin partners d5/2g7/2 (dg),
s1/2d3/2 (sd), and h9/2f7/2 (hf ) are not distinguished in the
CNS formalism. Note that all particles are listed, and not just
those considered to be active (unpaired). Note also that the
labels do not refer to the pure j shells, but to the dominating
amplitudes in the Nilsson orbitals, and in some cases, for an
odd number of particles in a group, the signature is specified
as the subscript +(α = +1/2) or −(α = −1/2). The A = 130
parameters introduced in Refs. [20,21] have been employed
for the calculations on 134Ce.

In the 134Ce nucleus, the lowest proton configuration has
eight protons in the πg7/2 and πd5/2 orbitals which interact
and are strongly mixed. Higher angular momenta from proton
configurations can be obtained by exciting one, two, or three
protons from the πg7/2 and πd5/2 orbitals into the πh11/2

one. The lowest observed bands are characterized by the
configurations with the active neutron holes in the νd3/2 and
νs1/2 orbitals, which interact and mix strongly. Higher angular
momenta can be generated from neutron configurations with
one, two, or three active holes in the νh11/2 state instead. More
excited states and very high angular momenta can then result
from neutron excitations across the N = 82 shell gap into the
νf7/2, νh9/2, and νi13/2 orbitals and proton excitations from
the πg9/2 orbital across the Z = 50 shell gap.

Energies of the experimental bands observed in 134Ce
relative to a standard rotating liquid drop reference, Erld (def)
are presented in Fig. 8. As in the case of other triaxial
bands observed in this mass region, the energy relative to a
rotating liquid drop for medium- and high-spin bands displays
a parabolic behavior. In contrast, the lowest excited bands
have an upsloping behavior resulting from the increasing
importance of pairing with decreasing spin, as recently dis-
cussed, for example, in Ref. [14]. The single-particle alignment
for each band, extracted assuming a rotating reference with
variable moment of inertia Iref = I0 + ω2I1 with Harris
parameters [31] I0 = 17 �

2 MeV−1 and I1 = 20 �
4 MeV−3,

is provided in Fig. 9. The configuration assignments dis-
cussed below are proposed on the basis of achieving the
best possible agreement between experimental and calculated
band properties, such as excitation energies and spins, the
configuration minima in the E − Erld plot, and the single-
particle alignments.

A. The dipole bands

In 134Ce, the dipole bands appear as nearly degenerate
signature doublet sequences as evidenced in Fig. 8. The
missing signature splitting signals instability in the tilt of the
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FIG. 8. Energies relative to a standard rotating liquid drop
reference calculated for the experimental bands observed in 134Ce.
With an odd number of h11/2 neutron holes, two signature degenerate
bands are formed which are shown by the same color and symbols.

rotational axis with respect to the principal axes and the need to
carry out tilted axis cranking (TAC) calculations. Nevertheless,
as recently discussed in Ref. [16], the shape and energy are
accounted for with good accuracy by the CNS calculations,
and the interpretations advanced here are based on the results
of the latter model.

A comparison between experimental dipole bands and the
proposed CNS configurations is presented in Fig. 10; the
agreement between the data and calculations is within a few
hundred keV. The calculations have been performed up to the
highest spins for all possible configurations involving orbitals
located around the Fermi surface. For such calculations, and
in general when investigating configurations with degenerate
signature doublets (such as those assigned to the dipole
bands), it is natural to assume that states without neutrons
excited above the N = 82 spherical shell closure can be
assigned to nearly all bands, with the exception of band D3,
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whose configuration has to involve one neutron excited to
the ν(h9/2f7/2) orbital, because of the high angular momenta
involved (see Fig. 9).

The configuration assigned to band D1 is obviously
different from the two possible negative-parity configura-
tions πh2

11/2 ⊗ νh−1
11/2d

−1
3/2 and πg2

7/2 ⊗ νh−1
11/2d

−1
3/2 proposed in

Ref. [5], since the present results clearly indicate this band to be
of positive parity. The lowest positive-parity configuration with
a minimum in the E − Erld plot around I = 15 (see Fig. 10) is
[7+1−,3−3±(00)], or (dg)1πh1

11/2 ⊗ νh−1
11/2(sd)−1 in terms of

spherical orbitals. Note that p1 is omitted in the CNS shorthand
notation unless it is nonzero. The calculated quadrupole
deformation of this configuration decreases gradually from
ε2 ∼ 0.18 to ε2 ∼ 0.14 at high spins, while the triaxiality
parameter γ remains nearly constant, with γ ≈ +26◦ up to
I = 22. As one can see in Fig. 10, only the band with even
spins involving the positive signature of the νh11/2 orbital is
observed at high spins. This behavior is well reproduced by
the CNS calculations, which indicate a sudden change in the
triaxial deformation of the even-spin partner from γ ≈ +25◦
to γ ≈ −90◦ occurring at I = 18, which induces the splitting
between the two signature partners seen in Fig. 10, with the
even-spin states favored energetically. The same shape change
is also calculated for the odd-spin partner, but at spin I = 23,
where the band is at a very high excitation energy and not
observed experimentally. The upbend at �ω ∼ 0.45 MeV in the
alignment of band D1 (Fig. 9) is, therefore, induced by a shape
change rather than by a quasiparticle alignment. This sudden

change of shape or, alternatively, of the rotation axis of the
triaxial nucleus from the short to the long axis, is quite unique
and has been only rarely observed experimentally. A similar
evolution of a dipole band in which only one signature partner
extends to high spins was recently reported in 133La [32];
however, in that case the rotation axis changed from a 3D
direction to a principal axis. Another example of a switch of
the rotation axis in a given configuration was recently observed
in two high-spin bands of 138Nd [13], wherein the triaxiality
parameter γ changed from a positive to a negative value or,
alternatively, the rotation axis changed from the short to the
intermediate one.

The configuration assigned to band D2, [62,3+3±(00)]
or πh2

11/2 ⊗ ν(sd)−1h−1
11/2 in terms of spherical orbitals, is

also different from the π (g7/2h11/2) ⊗ νh−2
11/2 one assigned

to the same band in Ref. [5]. It is the next lowest excited
four-quasiparticle configuration that can be obtained by a
simple proton excitation relative to band D1, from the π (dg)
orbital to the πh11/2 one. The deformation of this configuration
and its evolution are similar to those of band D1, but in this
case the shape change of the two signature partners is from
γ ≈ +23◦ to γ ≈ −30◦ and occurs at similar spins of I = 18
and I = 19 for the even- and odd-spin partner, respectively.
Thus, there is again a switch of the rotation axis from the short
to the intermediate one, as in the case for the high-spin bands
of 138Nd [13], favoring the even-spin states in a manner similar
to that seen in band D1. This also explains why one observes
higher spins in this signature partner.
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FIG. 11. The observed high-spin bands of 134Ce are provided relative to a rotating liquid drop reference in the upper panel, with the
calculated configurations assigned to these bands given relative to the same reference in the middle panel. The lower panel shows the difference
between calculations and experiment.

The configurations assigned to the four-quasiparticle bands
D1 and D2 in 134Ce are closely related to those assigned
to the three-quasiparticle bands 1 and 5 of 133Ce [9], which
are [7+1−,43±(00)] (π (dg)1h1

11/2 ⊗ νh−1
11/2) and [62,43±(00)]

(πh2
11/2 ⊗ νh−1

11/2), respectively. The configurations of bands
D1 and D2 are obtained simply by coupling one neutron hole
in the ν(sd) orbital to the configurations of bands 1 and 5 of
133Ce. A consistent description of the lowest dipole bands in
the two nuclei is thus obtained.

The configuration proposed for the new band D3 is
[62,43±(1−0)], or πh2 ⊗ νh−1(hf )1 in terms of spherical
orbitals. It represents a neutron excitation from the ν(sd)
orbital to the ν(hf ) one relative to bands D1 and D2. This
accounts for both the higher excitation energy and the larger
alignment of band D3 relative to bands D1 and D2 (see
Fig. 9). The deformation of this configuration (ε2 ∼ 0.21) is
larger than that of bands D1 and D2, and is rather stable as
a function of spin. Such bands have been observed recently
in the neighboring nucleus 133Ce as well [19], and earlier
in the isotone 136Nd [33], where the two observed dipole
bands 10 and 11 were satisfactorily reproduced using projected
shell-model calculations by involving the ν(hf ) orbital in the
band configuration. Band D3, together with similar bands of
133Ce and 136Nd, provides clear evidence that dipole sequences
may occur when orbitals from the ν(hf ) subshell lying above
the N = 82 spherical shell closure are involved, in addition
to those from the nearly degenerate signature partners of the
νh11/2 orbital from the higher part of the h11/2 subshell.

The configuration assigned to the new band D4 is
[62,3−3±(00)], or πh2

11/2 ⊗ ν(sd)−1h−1
11/2 in terms of spherical

orbitals. The difference between this configuration and the
[62,3+3±(00)] one of band D2 is that one neutron is placed in
the negative-signature of the ν(sd) orbital, which, in the spin
range I ≈ 17–24 (in which the band D4 is observed), has a
driving force towards γ ∼ +23◦, while the driving force of
the neutron placed in the positive-signature orbital involved
in the configuration of band D2 induces a shape with γ ∼
−30◦. The calculated quadrupole deformation is practically
constant at ε2 ≈ 0.18 in the observed spin range. As the
moment of inertia for γ ∼ +23◦ is smaller than that for
γ ∼ −30◦, the collective angular momentum is smaller as well
and the alignment higher for the former, in agreement with
experiment (see Fig. 9). One is, then, tempted to assign similar
configurations to the bands D2 and D4, based on shapes with
opposite triaxiality induced by the ν(sd) neutron placed in
orbitals with opposite signature. The opposite triaxiality of the
two bands leads to different collectivity and, consequently, to
minima at different spins in the E − Erld plot (Fig. 10), larger
for γ ∼ +23◦.

B. The quadrupole high-spin bands

Comparisons between the experimental high-spin
quadrupole bands and the assigned CNS configurations are
given in Fig. 11. The configurations of bands T 2, T 3, and
SD using TRS calculations have been discussed in Ref. [7].
It was concluded that the neutron configuration of the SD
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band is ν(i13/2)3f 1
7/2, with ε2 ∼ 0.4 and γ ∼ 0◦, while the

configurations of bands T 2 and T 3 are πh2 ⊗ νh−3(sd)−1

and πh2 ⊗ νh−2(sd)−2, respectively, with ε2 ∼ 0.2 and
γ ∼ −30◦.

The results of the present CNS calculations predict de-
formed shapes with ε2 ∼ 0.15–0.20 for the T bands and a
triaxiality that changes with spin along the bands. These
results are in disagreement with the previously proposed
configurations assigned within the TRS framework.

The configuration originally assigned to band 9 is
[80,24(00)], or νh−2

11/2 in terms of spherical orbitals. This
was based on g-factor measurements [34] which can be
accounted for only by invoking a neutron configuration.
These measurements indicate that band 8 is also based on
a νh−2

11/2 neutron configuration. The calculated deformation
parameters of the yrast [80,24(00)] configuration change from
(ε2 ∼ 0.14,γ ∼ −35◦) to (ε2 ∼ 0.12,γ ∼ −49◦) at I = 12.
The upsloping behavior with decreasing spin of the difference
between CNS calculations and experiment (see Fig. 11) is
attributed to the fact that the calculations do not include pairing
correlations which increase at lower spins. However, the
average excitation energy of the band is correctly reproduced.
Furthermore, when comparing with neighboring nuclei in
which similar bands—i.e., bands built on the two lowest
I = 10+ states—have been observed (for example, in the
isotone 136Nd [35]), a deformation on the order of ε2 ∼ 0.2
is expected. This holds especially for a band which evolves
regularly to high spins, as is the case for band 9. Therefore, the
assignment of the calculated [80,24(00)] configuration with
relatively small deformation to band 8, rather than to band 9,
is justified, due to the irregular band pattern of band 8 which is
characteristic of a shape being close to spherical. Thus, band
9 is based on a coexisting νh−2

11/2 neutron configuration built
on a minimum with larger deformation. For completeness, it
should be mentioned that a different interpretation of bands
8 and 9 has recently been proposed in Ref. [36], based on
results obtained using the multi-quasiparticle triaxial projected
shell model. The bands built on the two lowest I = 10+
states are interpreted as low-K νh−2

11/2 configurations built on
shapes with low deformation and nearly maximal triaxiality
(ε2 = 0.150, γ = 34◦).

Band T 1 is the continuation at higher spins of band 9
and consists of two parts with different behavior: the part
in the range I = 24–34 (labeled T 1-low in Fig. 11) has a
nearly flat pattern as a function of spin, while that in the
range I = 36–46 (labeled T 1-high in Fig. 11) displays a
downsloping trend with increasing spin. The lowest, even-spin
positive-parity configuration [62,24(00)], or πh2

11/2 ⊗ νh2
11/2

in terms of spherical orbitals, is assigned to T 1-low. Its
calculated quadrupole deformation changes from ε2 ∼ 0.16 at
I = 24 to ε2 ∼ 0.12 at I = 34, while the triaxiality parameter
is nearly constant at γ ∼ −38◦. The excitation energy of this
configuration is calculated too low with respect to experiment
and displays the upsloping behavior with decreasing spins
characteristic of calculations without pairing correlations. To
account for the downsloping behavior of band T 1 at the
highest spins, one has to involve neutron excitations into the
ν (h9/2,f7/2 and/or i13/2) states above the N = 82 spherical

shell closure. Unfortunately, it was not possible to find a
reasonable agreement between the lowest calculated CNS
configurations and data for the high-spin part of band T 1 and
the observations remain a challenge to explain.

The E − Erld plot of band T 2 is similar to that of band T 1,
showing a nearly flat behavior in the spin range I = 22–36
(band T 2-low in Fig. 11) and a downsloping trend in the
spin range I = 38–42 (band T 2-high in Fig. 11). As a result,
the next lowest configuration with nearly flat behavior in the
I = 22–36 spin range, which is [62,3+3−(00)], is assigned
to band T 2-low. This configuration involves a single neutron
excitation from the ν(sd) orbital to the h11/2 one relative to the
lower part of band T 1 and also has a deformation similar to that
of the lower part of the latter band. Likewise, the high-spin part
of band T 2 has a behavior similar to the high-spin part of band
T 1. Therefore, the [5−3+,5−4(21)] configuration is assigned
to this part. The calculated deformation (ε2 ∼ 0.26,γ ∼ +20◦)
is definitely higher than that of the lower part of band T 2, which
is itself higher than that of the high-spin part of band T 1.

As can be seen in Fig. 9, upbends are observed in bands T 1
and T 2 at �ω ≈ 0.68 MeV, which correspond to the change
of slope at spin I = 36 in Figs. 8 and 11. The alignment gains
in bands T 1 and T 2 are induced by the occupation of the
ν(hf ) and νi13/2 intruder orbitals, which have a strong driving
force towards higher deformation. A similar behavior has been
observed in the negative-parity yrast sequence of 135Pr, where
a crossing was observed at �ω ≈ 0.63 MeV, with a similar spin
gain of ∼4 � [8]. This speaks in favor of the [5−3+,44(1+1)]
and [5−3+,5−4(21)] configurations for the high-spin parts of
bands T 1 and T 2, respectively, obtained through the excitation
of two and three neutrons into the ν(hf ) and νi13/2 intruder
orbitals. Such a configuration change also leads to an increased
deformation (ε2 ∼ 0.25, γ ∼ +25◦) and to a jump into the
highly-deformed HD minimum, extensively studied in the Nd
nuclei.

Bands T 3, T 4, and T 5 exhibit a behavior similar to the
low-spin parts of bands T 1 and T 2 (see Figs. 8 and 9).
Therefore, it is natural to assign a similar configuration to
these bands; i.e., those without neutrons excited into the ν(hf )
and νi13/2 orbitals. Thus, bands T 3, T 4, and T 5 are assigned
[5+3+,3+3+(00)], [5−3+,3+3+(00)], and [5−3−,3+3+(00)]
configurations, respectively.

The configuration assigned to the SD band in the present
work is different from that proposed in Ref. [7] using TRS
calculations. It is based on the behavior of the band (see
Figs. 8 and 9), which cannot be accounted for by the ν(hf )1i2

configuration that has its minimum in the E − Erld plot
much lower than the experimental one located at I > 50 (see
Fig. 8). The most probable configuration of the SD band is
[(2)64,84(42)] or π (g−2)(dg)6h4

11/2 ⊗ ν(hf )4i2 in terms of
spherical orbitals, with six neutrons excited to the intruder
orbitals ν(hf ) and νi13/2, two proton holes in the πg9/2

orbital, and a prolate deformation of (β2 ∼ 0.4, γ ∼ 0◦). The
two additional neutrons in the νi13/2 orbital relative to the
configurations assigned to the high-spin parts of bands T 1
and T 2 account for the aligned spin of the SD band, which
is higher by ∼5 � than that of these two bands (see Fig. 9).
The configuration assigned to this SD band has one additional
neutron placed in the νi13/2 intruder orbital, relative to the
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[(2)64,83(3±2)] configurations assigned to the bands SD1 and
SD2 of 133Ce, which have behavior similar to that of the 134Ce
SD band. With these configuration assignments, one achieves
a consistent description for the SD excitations in the 133Ce and
134Ce nuclei.

V. SUMMARY

High-spin states in 134Ce have been investigated using the
116Cd(22Ne ,4n) reaction and the Gammasphere array. The
primary aim of this investigation has been to further elucidate
the role of triaxiality in nuclei in this mass region, as evidenced
by the observation of chiral and wobbling bands, both unique
signatures of triaxiality, in nearby nuclei. An extended level
scheme has been developed with many important differences
with respect to previously published results. New bands of
quadrupole and dipole transitions were identified up to high
spins. The observed bands have been discussed within the CNS
model and a consistent interpretation of the well-developed

bands has been achieved. The global understanding of the
observed bands renders strong support to the existence of
triaxial nuclear shapes at medium and high spin in this mass
region and sheds new light on the excitations in the SD
minimum in the Ce nuclei.
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