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Rotational bands have been studied to high spins in the neutron-deficient124,125Ce nuclei. The nuclei were
populated using the64Zns64Zn,2p2nd124Ce and 64Zns64Zn,2pnd125Ce reactions, with a beam energy of
260 MeV. High-foldg-ray coincidence data were collected using the Gammasphere germanium-detector array.
The Microball charged-particle detector array was used to provide channel selection. The previously estab-
lished level structures of both124,125Ce have been extended to high spinss,30"d. In addition, several new
bands have been identified. The alignments of pairs ofh11/2 neutrons and protons are observed in both nuclei.
The alignments are compared to the predictions of Woods-Saxon cranked shell model calculations and to the
systematics ofh11/2 quasiparticle alignments in neighboring nuclei. The apparent ability of the cranked shell
model to explain theh11/2 neutron alignments in124,125Ce highlights the previously reported discrepancies
between experiment and theory for the128Ce isotope and, to a lesser extent,126Ce.
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I. INTRODUCTION

The neutron-deficientZ=58 cerium isotopes withA,130
are well deformed, with quadrupole deformations ofb2
=0.25–0.30[1]. Consequently,g-ray spectroscopy of these
nuclei is dominated by rotational bands, built on the ground
and low-lying excited states. The behavior of these rotational
bands can provide useful information about the underlying
nuclear structure. For example, rotational alignments of pairs
of both neutrons and protons from theh11/2 subshells are
predicted at reasonably low rotational frequencies
sø0.5 MeV/"d in these isotopes. The exact details of the
alignments are often sensitive to the underlying quasiparticle
configurations or to the deformations. In the isotopes
126,128Ce [2,3] discrepancies have been reported between the
predicted and observed behavior at the firsth11/2 neutron
alignments in the yrast bands, and it is unclear whether simi-
lar discrepancies persist in the lighter isotopes. In addition to
extracting information from alignment properties, the
ground-state deformation can be estimated from the excita-
tion energy of the first 2+ state[4–6]. Using this method, it
has been shown[7] that the ground-state deformations of the

even-even cerium isotopes increase as the neutron numberN
moves away from the closed shell atN=82, towards mid-
shell atN=66. However, for the lightest cerium isotope in
which excited states have been identified,124Ce, the energy
of the 2+ state suggests that the ground-state deformation is
larger than predicted by calculations[8]. The reason for this
enhanced deformation is still not understood, and insight into
this phenomenon could be gained if the structure of nuclei
near124Ce were better understood.

In order to investigate these issues, an experiment has
been performed to study124,125Ce at high spin. Several new
band structures have been identified and studied in both nu-
clei. The64Zns64Znd reaction has been used in an experiment
with Gammasphere[9] and the Microball[10]. Previous ex-
perimental studies of these isotopes are briefly summarized
in Sec. I, experimental details and data analysis methods are
given in Secs. II and III, and the results are presented and
discussed in Secs. IV and V.

The nuclei124,125Ce have been studied in several previous
experiments. Threeg-ray transitions were first assigned to
both 124,125Ce in an experiment by Jameset al. [11] using the
Daresbury recoil-mass separator[12]. Following that work,
Ying et al. [8] first studied the yrast band of124Ce up to spin
14", and later[13] extended the yrast band to 24". In the
later work [13] 125Ce was populated and two strongly
coupled rotational bands were identified. Osaet al. [14] iden-
tified threeg-ray transitions in125Ce following theb+/EC
decay of125Pr. Recently,125Ce has been studied by Paulet
al. [15]. Their work confirmed the work of Yinget al.; the
same two bands were observed, and were extended to spins
27/2" and 17/2". In the period since the present work was
completed, a separate study of125Ce has been made in Ref.
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[16] by Petracheet al. The results of the work by Paulet al.
and Petracheet al.are discussed in Sec. IV. The ground state
of 125Ce has been assigned to have spin 5/2 by Wilmarthet
al. [17], by comparing the intensities of transitions in124Ba
to statistical model calculations, following theb-delayed
proton decay of125Ce.

II. EXPERIMENTAL DETAILS

The work described here has been presented in detail in
Ref. [18]. In this work, excited states in124,125Ce have been

populated using the64Zns64Zn,2p2nd and 64Zns64Zn,2pnd
reactions, respectively. The 260-MeV64Zn beam was pro-
vided by the Argonne Tandem-Linac Accelerator System
(ATLAS) at Argonne National Laboratory. The beam was
incident upon a target, made of a 750-mg/cm2 self-
supporting foil. At the time of this experiment, Gamma-
sphere had 101, 75%-efficient Compton-suppressed germa-
nium detectors in place. The detectors were arranged in rings
of constant polar angleu; three detectors atu=31.7°, five at
37.4°, ten at 50.1°, five at 58.3°, ten at 69.8°, five at 79.2°,
five at 80.7°, eight at 90.0°, five at 99.3°, five at 100.8°, ten
at 110.2°, five at 121.7°, ten at 129.9°, five at 142.6°, five at
148.3°, and five at 162.7°. The Microball charged-particle
detector array was used in conjunction with Gammasphere.
The Microball is described comprehensively in Ref.[10]. In
essence, it consists of 95 CsI(Tl) scintillators, arranged in
nine rings of constantu, covering <97% of 4p. The Mi-
croball is used to detect evaporated protons anda particles
with high efficiency, in coincidence withg rays in Gamma-
sphere. In addition, the Argonne Fragment Mass Analyser
(FMA) [19] was used in order to determine the mass of
evaporation residues. However, in this particular experiment,
a problem with the trigger map prevented a substantial frac-
tion of the highg-ray fold events which included FMA data
from being recorded, effectively destroying the efficacy of
the FMA for the purpose of this particular analysis. With the
condition that four unsuppressed germanium detectors had to
fire before data were recorded,<8203106 events were col-
lected during the 2.5-day experiment.

III. ANALYSIS METHODS

A. a-particle and proton detection

The Microball was used to determine the evaporated
a-particle and proton multiplicity in coincidence with an
event in Gammasphere. In order to discriminate betweena
particles and protons, three parameters associated with each
Microball pulse were written into the data. Specifically these
parameters were(i) the energy, integrated over the first 1ms

TABLE I. Lists of gating transitions used to project the spectra
shown in Figs. 1–4. Any one of these gates must be satisfied when
the list is used. In the right-hand column, for example,
“142 keV–559 keV” means all transitions(inclusive) between the
142 and 559 keV transitions in that band, ordered by the spin of the
initial states. The lists which were used for each spectrum are indi-
cated in the captions of Figs. 1–4.

List Transition energies

a 142 keV to 559 keV in124Ce Band 1

b 650 keV to 1129 keV in124Ce Band 1

c 142 keV to 444 keV in124Ce Band 1

d 142 keV to 650 keV in124Ce Band 1

e 142 keV to 851 keV in124Ce Band 1

f 851 keV to 1230 keV in124Ce Band 1

g 808 keV to 1043 keV in124Ce Band 2

h 590 keV to 980 keV in124Ce Band 3

i 135 keV and 167 keV in125Ce Band 1

j 660 keV to 1227 keV in125Ce Band 1

k 707 keV to 1397 keV in125Ce Band 1

l 147 keV and 181 keV in125Ce Band 2

m 600 keV to 888 keV in125Ce Band 2

n 976 keV to 1167 keV in125Ce Band 2

o 635 keV to 1255 keV in125Ce Band 2

p 743 keV to 1328 keV in125Ce Band 3

q 551 keV to 1214 keV in125Ce Band 3

FIG. 1. Spectra showing bands in124Ce, pro-
jected from the particle-gated cube. Panels(a)
and (b) show Band 1,(c) and (d) show Band 2,
and (e) and (f) show Band 3. The spectra are
double gated, using lists of gates given in Table I:
(a) is gated by lists a and b(or fa/bg); (b) is gated
on fe/ fg; (c) is gated onfc/645g; (d) is gated on
fd/gg; (e) is gated onfc/590g; and(f) is gated on
fd/hg. The peaks are marked with theg-ray tran-
sition energies given to the nearest keV. The en-
ergies in parentheses correspond to transitions
which are tentatively placed in coincidence.
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of the pulse;(ii ) the PID (an abbreviation of “particle iden-
tification”) which is an energy integrated over 10 ns, 9ms
after the start of the pulse; and(iii ) the time between the rf
signal of ATLAS and the pulse. By plotting various combi-
nations of these three parameters, excellent separation of
protons anda particles was achieved[10]. Consequently,
detection efficiencies were found to be 82% for protons and
60% for a particles.

B. g-ray spectra

The data were sorted off-line into 3d-histograms or
“cubes,” with g-ray energy on each of the three axes. The
mean unsuppressedg-ray fold was found to be 4.3. Each
n-fold event was unfolded intonC3 threefold events, which
were used to increment the cubes. For this analysis, two
cubes were created. The firstungatedcube was incremented
with all of the events in the data set, and contained 7.5

3109 counts. The second cube was incremented only with
events in coincidence with either exactly one proton or ex-
actly two protons in the Microball and this cube contained
2.23109 counts. Thisparticle-gatedcube was constructed in
order to enhance the relative content of the 2pns125Ced and
2p2ns124Ced evaporation channels. TheRADWARE [20] code
LEVIT8R was used to project one-dimensional background-
subtracted double-gated spectra from the cubes. By project-
ing spectra from the ungated cube,<15 nuclei were identi-
fied in the data. The most intensely populated nuclei were
122Ba and125La which were populated with fractions of 35%
and 15% of the total data set, respectively. The nuclei124Ce
and125Ce were populated with fractions of<5% and 10% of
the data, respectively, which(assuming a total evaporation-
residue cross section of 500 mb, calculated using the code
ALICE [21]) correspond to cross sections of 20 and 40 mb.
Representative spectra from the particle-gated cube are
shown in Fig. 1 for124Ce, and Figs. 2–5 for125Ce.

FIG. 2. Spectra showing transitions in125Ce
Band 1, projected from the particle-gated cube.
The spectra are double-gated using lists of gates
given in Table I:(a) is gated onfi /436g; (b) is
gated onfi / j g; (c) is gated onfi /515g; and (d) is
gated onfi /kg. The 1016-keV peak in panel(b)
presumably arises from overlap of the 654-keV
peak and the 660-keV peak in list i. The peaks
are marked with theg-ray transition energies
given to the nearest keV. The energies in paren-
theses correspond to transitions which are tenta-
tively placed in coincidence.

FIG. 3. Spectra showing transitions in125Ce
Band 2, projected from the particle-gated cube.
The spectra are double gated using lists of gates
given in Table I:(a) is gated onf1/600g; (b) is
gated onfm/ng; (c) is gated onf1/554g; and (d)
is gated onfo/og, excluding self-coincidences.
The peaks are marked with theg-ray transition
energies given to the nearest keV. The energies in
parentheses correspond to transitions which are
tentatively placed in coincidence; those in square
brackets could not be placed in the level scheme.
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C. Angular-intensity measurements

In order to help assign relative spins and parities to the
excited states, a type ofg-ray angular-distribution measure-
ment was performed. Twog-g matrices were constructed,
which were incremented withg-ray energies from any ger-
manium detector on one axis, and withg-ray energies from
detectors at a particular value ofu on the other axis.[In order
to increase the number of counts, detectors atu and s180°
−ud were summed.] These matrices were also only incre-
mented when exactly one or exactly two protons were de-
tected by the Microball, thus enhancing the relative amount
of 124Ce and 125Ce in the data. By gating on the “any”
germanium-detector axis, the intensities ofg rays at a par-
ticular u could be measured. Using this method,g-ray inten-
sities at u.90° (28 detectors atu=79.2°, 80.7°, 90.0°,
99.3°, and 100.8°) and u.40° (38 detectors atu=31.7°,
37.4°, 50.1°, 129.9°, 142.6°, and 148.3°) were measured, and
the angular-intensity ratioRu of these intensities was taken.
After normalization,Ru was found to be near 0.7 for a
stretched-dipole transition and near 1.3 for a stretched-

quadrupole transition. These values were calibrated using
known transitions in the well-studied126Ce [2,22] and 124Ba
[23] nuclei.

IV. RESULTS

A. Level schemes

Coincidence relationships, together with energy- and
intensity-balance arguments, have been used to deduce the
level schemes presented in Fig. 6 for124Ce and Fig. 7 for
125Ce. Three bands have been observed in124Ce and four
bands in125Ce. The spins and parities given in the figures
have been assigned using angular-intensity measurements
described in the preceding section, together with the system-
atics of neighboring nuclei. The relative spin assignments
were made up to the following spins:124Ce Band 1, 20";
124Ce Band 2, 19"; 124Ce Band 3, 20"; 125Ce Band 1, 45/2";
125Ce Band 2, 27/2"; 125Ce Band 3, 53/2"; and two transi-
tions in 125Ce Band 4 were shown to have stretched-
quadrupole character, but the spin relative to the other bands

FIG. 4. Spectra showing transitions in125Ce
Band 3, projected from the particle-gated cube.
The spectra are double-gated using lists of gates
given in Table I:(a) is gated onf465/562g; (b) is
gated onf465/pg; (c) is gated onf547/620g; and
(d) is gated on fq/qg, excluding self-
coincidences. The peaks are marked with the
g-ray transition energies given to the nearest keV.
The energies in parentheses correspond to transi-
tions which are tentatively placed in coincidence.

FIG. 5. Spectra showing transitions in125Ce Band 4, projected from the particle-gated cube. Spectrum(a) is gated onf338/549g and(b)
is a sum of two spectra gated onf447/770g andf550/652g. The 206-, 362-, and 620-keV transitions in panel(a) presumably arise from the
f339/547g contribution(where both transitions are in Band 3) to thef338/549g gate. The peaks are marked with theg-ray transition energies
given to the nearest keV. The energies in parentheses correspond to transitions which are tentatively placed in coincidence. The 228-keV
transition, with energy in square brackets, appeared to be in coincidence but could not be placed in the level scheme.
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has not been established. All of the measured properties of
the g-ray transitions in124Ce and 125Ce, observed in this
work, are given in Tables II and III, respectively. The level
energies are given in the figures; where there is more than
one path to the ground state, the level energies have been
fitted using theRADWARE codeLEVIT8R.

1. 124Ce

Three rotational bands have been observed in124Ce. Rep-
resentative coincidence spectra showing the transitions in the
three bands are presented in Fig. 1. The ground-state band
has been labeled Band 1, and two additional bands have been
observed, labeled Bands 2 and 3, which feed into Band 1
over the spin range 6"–10". All three bands consist of de-
coupled sequences ofDI =2 E2 transitions. Three transitions
decay from Band 2 into Band 1(956 keV, 677 keV, and
409 keV). The measuredRu values of the 409- and
677-keV transitions (Table II) suggest that they have
stretched-dipole character, consistent with a negative-parity
assignment for Band 2.(If the band were of positive parity,
mixed M1/E2 transitions may be observed.) It should be
pointed out here that an analogous band is observed in the
neighboring even-even isotone122Ba: recent polarization and
angular-distribution measurements have shown the linking
transitions in that case to haveE1 multipolarity, giving the
analogous band negative parity[24]. Similarly, three transi-
tions decay from Band 3 into Band 1(1291 keV, 1151 keV,
and 971 keV). The measuredRu values of these transitions
are consistent with stretched-quadrupole multipolarity. Weis-
skopf estimates suggest that the transitions are more likely to
have E2 rather thanM2 character, suggesting that Band 3
has positive parity. Given the spin assignments in Fig. 6,
Band 1 extends to spin 28" (tentatively 30"), Band 2 to 29"
(tentatively 31"), and Band 3 to 28" (tentatively 32").

2. 125Ce

The level scheme of125Ce is shown in Fig. 7. Four rota-
tional bands have been observed, labeled Bands 1 to 4. The
most intensely populated band is Band 1(which takes about
40% of the intensity of the125Ce channel) followed by Band
3 s30%d, Band 2s25%d, and Band 4s5 %d. Bands 1 and 2
were previously observed by Yinget al. [13] and Paulet al.
[15].

Both DI =2 signature partners of Band 1 are observed to
high spin. Thea=−1/2 sequence is observed to 55/2" (ten-
tatively 59/2") and thea= +1/2 sequence is observed to
53/2" (tentatively 61/2"). The signature splitting is very
small over the observed frequency range(,0 at
0.5 MeV/"). Within the band,DI =1 M1/E2 transitions are
observed to connect the two signature partners below spin
45/2". In addition, two transitions, with energies 1016 keV
and 856 keV, are observed to feed into the 27/2− state; these
transitions have low intensity and, without extension of the
structure to higher spins, it is not possible to attempt a more
detailed analysis or a discussion of their origin.

Band 2 also consists of twoDI =2 signature partners. In
this band, thea=−1/2 sequence is observed to 67/2" (ten-
tatively 75/2") and thea= +1/2 sequence is observed to

FIG. 6. The level scheme of124Ce deduced in this work. The
measured properties of the transitions are given in Table II. Spins
and parities in parentheses are tentatively assigned, and dashed tran-
sitions, with energies in parentheses, are tentatively placed.
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61/2" (tentatively 65/2"). Below a rotational frequency of
about 0.35 MeV/", the signature splitting is essentially zero.
Below spin 27/2,DI =1 M1/E2 interband transitions are ob-
served to connect the two signature partners.

In Band 3, like Bands 1 and 2, both signature partners are
observed to high spin. In this band, thea=−1/2 sequence is
observed to 63/2" (tentatively 67/2") and thea= +1/2 se-
quence is observed to 65/2" (tentatively 73/2"). This band
has larger signature splitting than either Band 1 or 2; at
0.5 MeV/", the signature splitting is 280 keV. Below spin
25/2,DI =1 M1/E2 transitions are observed to link the two
signature partners.

As can be seen in Fig. 7, eight transitions have been ob-
served connecting Bands 2 and 3. At low spin, five transi-
tions decay from Band 3 into Band 2. Three of these transi-
tions, with energies 187, 198, and 216 keV, haveRu values
consistent with stretched-dipole character, and are presumed
to beM1/E2 transitions. Two transitions observed decaying
from Band 3 to Band 2, with energies 380 and 447 keV, have
Ru values consistent with stretched-quadrupole character, and
are presumed to beE2 transitions. At higher spins, three
transitions with energies 409, 434, and 569 keV decay from
Band 2 into Band 3. TheRu value of the 569-keV transition
suggests that it hasE2 character. Although the low intensities

FIG. 7. The level scheme of
125Ce deduced in this work. The
measured properties of the transi-
tions are given in Table III. Spins
and parities in parentheses are ten-
tatively assigned, and dashed tran-
sitions, with energies in parenthe-
ses, are tentatively placed. The
spins of Band 4 are estimated.
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TABLE II. Properties ofg-ray transitions in124Ce. The intensities, given in the second column from the
left, are normalized to the intensity of the 141.9-keVs2+→0+d transition having an arbitrary 100 units. The
given multipolarities are inferred from the angular-intensity ratiosRu and from systematics. The spins and
multipolarities in parentheses are tentative. The transitions with energies marked by a superscript lettert are
placed tentatively in the level scheme.

Eg skeVd Ig s%d I i
p→ I f

p Ru Multipolarity

141.9(2) 100 (2) 2+→0+ 1.15 (2) E2

277.8(2) 1.9 (6) 9−→ s7−d sE2d
305.9(2) 59 (1) 4+→2+ 1.24 (2) E2

382.5(2) 7.7 (3) 11−→9− 1.52 (6) E2

408.7(2) 3.2 (2) 11−→10+ 0.75 (4) E1

416.6(2) 4 (1) 10+→ s8+d sE2d
444.1(2) 57 (1) 6+→4+ 1.28 (3) E2

472.3(2) 4 (1) 12+→10+ 1.6 (1) E2

474.2(2) 8.7 (6) 13−→11− 1.41 (2) E2

520.3(2) 5.8 (4) 14+→12+ sE2d
558.9(2) 50 (5) 8+→6+ 1.56 (4) E2

559.9(2) 6 (1) 15−→13− 1.46 (3) E2

590.1(2) 3.3 (8) 16+→14+ 1.6 (2) E2

645.3(2) 3.3 (6) 17−→15− 1.32 (6) E2

649.6(2) 33 (1) 10+→8+ 1.47 (7) E2

663.3(2) 2.7 (7) 18+→16+ 1.6 (1) E2

677.4(2) 5.8 (3) 9−→8+ 0.82 (3) E1

694.6(2) 11 (1) 16+→14+ 1.26 (4) E2

717.4(2) 21 (1) 12+→10+ 1.34 (8) E2

726.3(2) 15 (1) 14+→12+ 1.39 (8) E2

727.4(2) 2.0 (4) 19−→17− 1.32 (5) E2

738.3(2) 1.6 (4) 20+→18+ 1.6 (1) E2

758.3(2) 8 (1) 18+→16+ 1.41 (6) E2

807.5(2) 1.3 (2) s21−d→19− sE2d
818.2(2) 1.3 (4) s22+d→20+ sE2d
850.6(2) 3.7 (2) 20+→18+ 1.34 (7) E2

887.0(2) 0.5 (1) s23−d→ s21−d sE2d
902 (1) s24+d→ s22+d sE2d
940.0(2) 2.2 (1) s22+d→20+ sE2d
956 (1) s7−d→6+ sE1d
966.4(2) 0.26 (9) s25−d→ s23−d sE2d
971.2(2) 3.5 (3) 12+→10+ 1.36 (8) E2

980 (1) 0.8 (2) s26+d→ s24+d sE2d
1030 (1) 1.5 (4) s24+d→ s22+d sE2d
1043 (1) 0.15 (5) s27−d→ s25−d sE2d
1050 (1) 0.7 (2) s28+d→ s26+d sE2d
1113 (1) 0.10 (5) s29−d→ s27−d sE2d
1129 (1) 0.6 (2) s26+d→ s24+d sE2d
1149ts1d 0.5 (3) s30+d→ s28+d sE2d
1150.3(2) 0.27 (2) 10+→8+ 1.4 (3) E2

1188ts1d 0.1 (1) s31−d→ s29−d sE2d
1230 (1) 0.5 (2) s28+d→ s26+d sE2d
1251ts1d 0.2 (1) s32+d→ s30+d sE2d
1291 (1) 0.2 (1) s8+d→6+ sE2d
1325ts1d 0.3 (2) s30+d→ s28+d sE2d
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TABLE III. Properties ofg-ray transitions in125Ce. The intensities, given in the second column from the
left, are normalized to the intensity of the 134.7-keVs9/2−→7/2−d transition having an arbitrary 100 units.
The given multipolarities are inferred from the angular-intensity ratiosRu and from systematics. The angular-
intensity ratios marked by a superscript letterc are values for a composite peak. The spins and multipolarities
in parentheses are tentative. The transitions with energies marked by a superscript lettert are placed tenta-
tively in the level scheme. Those marked by a superscript lettera belong to Band 4, which is not definitively
linked to Bands 2 and 3. The relative spins of Bands 2 and 3, and Band 4 are therefore estimated, but it is
unlikely that the estimates will be wrong by more than 4".

Eg skeVd Ig s%d I i
p→ I f

p Ru Multipolarity

56 9/2+→7/2+ sM1d
79 13/2+→11/2+ sM1d
103 17/2+→15/2+ sM1d
118 21/2+→19/2+ sM1d
132 25/2+→23/2+ sM1d
134.7(2) 100 (1) 9/2−→7/2− 0.81 (2) M1

135.2(2) 100 (3) 7/2+→5/2+ 0.74 (3) M1

147.1(2) 64 (2) 9/2+→7/2+ 0.86 (2) M1

150.3(2) 14 (5) 7/2+→5/2+ 1.6 (2) sM1d
166.8(2) 68.5 (8) 11/2−→9/2− 0.80 (1) M1

173.3(2) 6 (2) 7/2+→3/2+ sE2d
180.9(2) 53 (2) 11/2+→9/2+ 0.76 (1) M1

187.2(2) 7 (1) 9/2+→7/2+ 0.60 (1) M1

198.4(2) 30 (4) 13/2+→11/2+ 0.64 (2) M1

206.3(2) 13.5 (5) 9/2+→5/2+ 1.45 (3) E2

211.5(2) 46.6 (7) 13/2−→11/2− 0.77 (1) M1

216.1(2) 13.2 (9) 13/2+→11/2+ 0.72 (2) M1

216.3(2) 2.2 (3) 17/2+→15/2+ 0.71 (2) M1

224.9(2) 23.9 (5) 15/2−→13/2− 0.76 (2) M1

233.8(2) 6.2 (6) 15/2+→13/2+ 0.75 (4) M1

259.2(2) 4.4 (3) 11/2+→9/2+ 1.42 (7) sM1d
263.3(2) 2.9 (3) 31/2−→29/2− 0.76 (1) M1

265.6(2) 20.2 (7) 19/2−→17/2− 0.76 (1) M1

269.4(2) 8.3 (6) 17/2+→15/2+ 0.79 (5) M1

282.8(2) 4.5 (5) 19/2+→17/2+ 0.79 (5) M1

283.0(2) 9 (1) 9/2+→5/2+ 1.40 (9) E2

288.3(2) 3.1 (3) 27/2−→25/2− 0.73 (3) M1

289.7(2) 8.9 (4) 23/2−→21/2− 0.74s1dc M1

289.8(2) 21.1 (8) 17/2−→15/2− 0.74s1dc M1

301.2(2) 16.3 (4) 11/2−→7/2− 1.35 (3) E2

315.0(2) 2.1 (2) 21/2+→19/2+ sM1d
315.4(2) 6 (2) 11/2+→7/2+ 1.36 (4) E2

318 (1) 10.0 (3) 35/2−→33/2− 0.73 (3) M1

320.3(2) 8.3 (5) 23/2+→21/2+ 0.70 (2) M1

327.4(2) 10.7 (9) 11/2+→7/2+ 1.7 (1) E2

335.8(2) 4.2 (4) 27/2+→25/2+ sM1d
337.8as2d 6.5 (2) s15/2+d→ s11/2+d sE2d
338.6(2) 20.6 (7) 13/2+→9/2+ 1.37 (2) E2

350.3(2) 2.7 (3) 25/2+→23/2+ 0.66 (3) M1

350.6(2) 13.0 (3) 33/2−→31/2− 0.74 (1) M1

362.3(2) 2.1 (2) 15/2+→13/2+ 1.37 (6) sM1d
364.5(2) 7.8 (2) 21/2−→19/2− 0.74 (3) M1
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TABLE III. (Continued.)

Eg skeVd Ig s%d I i
p→ I f

p Ru Multipolarity

377.1(2) 12.4 (4) 13/2−→9/2− 1.40 (3) E2

379.5(2) 14 (1) 13/2+→9/2+ 1.42 (4) E2

390.2(2) 5.6 (5) 37/2−→35/2− 0.75 (3) M1

393.2(2) 4.2 (6) 39/2−→37/2− 0.74 (7) M1

396.6(2) 16.0 (7) 13/2+→9/2+ 1.43 (8) E2

397.1(2) 10.8 (3) 29/2−→27/2− 0.75 (4) M1

408.7(2) s31/2+d→29/2+ sM1d
421.7(2) 10.0 (4) 25/2−→23/2− 0.75 (3) M1

433.9(2) s35/2+d→33/2+ sM1d
435.9(2) 39.1 (6) 15/2−→11/2− 1.26 (2) E2

441.2(2) 9 (4) 15/2+→11/2+ 1.49 (3) E2

444.4(2) 2.1 (2) 19/2+→17/2+ 1.30 (3) sM1d
446.5(2) 6.4 (8) 17/2+→13/2+ 1.30 (3) E2

447.3as2d 4.7 (4) s19/2+d→ s15/2+d sE2d
449.1(2) 2.8 (4) 41/2−→39/2− sM1d
449.3(2) 16.9 (8) 15/2+→11/2+ 1.23 (4) E2

460.9(2) 3.6 (4) 43/2−→41/2− sM1d
465.3(2) 27.4 (8) 17/2+→13/2+ 1.29 (3) E2

501 (1) 23/2+→21/2+ sM1d
503.4(2) 14.2 (8) 17/2+→13/2+ 1.49 (7) E2

514.6(2) 21.8 (4) 17/2−→13/2− 1.23 (3) E2

519.2(9) 45/2−→43/2− sM1d
546.7(2) 7 (3) 19/2+→15/2+ 1.58 (4) E2

549.0as2d 4.2 (5) s23/2+d→ s19/2+d 1.23 (5) E2

550.3as2d 4.2 (5) s27/2+d→ s23/2+d 1.23 (5) E2

551.3(2) 3.2 (3) 31/2+→27/2+ 1.43 (5) E2

554.4(2) 22 (1) 19/2+→15/2+ 1.27 (4) E2

555.6(2) 40.9 (6) 19/2−→15/2− 1.47 (2) E2

562.2(2) 26 (2) 21/2+→17/2+ 1.38 (2) E2

569 (1) 7 (2) s31/2+d→27/2+ 1.56 (4) E2

592.1(2) 4 (1) s31/2+d→27/2+ sE2d
600.2(2) 6.0 (5) 21/2+→17/2+ 1.46 (9) E2

612.9(2) 12 (2) 33/2−→29/2− 1.26 (3) E2

613.3(2) 16 (1) 33/2+→29/2+ 1.38 (3) E2

620.3(2) 6 (2) 23/2+→19/2+ 1.31 (5) E2

620.4(2) 4 (2) 27/2+→23/2+ 1.31 (5) E2

631.2(2) 21.7 (4) 21/2−→17/2− 1.51 (3) E2

633.7(2) 24 (2) 25/2+→21/2+ 1.41 (2) E2

634.7(2) 9 (3) 23/2+→19/2+ 1.41 (3) E2

637.2(2) 6 (2) s35/2+d→ s31/2+d sE2d
647.3(2) 21 (2) 29/2+→25/2+ 1.48 (3) E2

652.4as2d 4.1 (2) s31/2+d→ s27/2+d sE2d
654.2(2) 16 (1) 37/2+→33/2+ 1.34 (3) E2

654.4(2) 38 (1) 23/2−→19/2− 1.54 (2) E2

659.8(2) 27.9 (9) 31/2−→27/2− 1.54 (2) E2

668.7(2) 18.3 (4) 35/2−→31/2− 1.34 (4) E2

670.3(2) 14.4 (8) 25/2+→21/2+ 1.24 (5) E2

671.1(2) 2.0 (4) 35/2+→31/2+ 1.70 (5) E2
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TABLE III. (Continued.)

Eg skeVd Ig s%d I i
p→ I f

p Ru Multipolarity

685.2(2) 14.2 (3) 29/2−→25/2− 1.70 (4) E2

685.3(2) 10.1 (8) 27/2+→23/2+ 1.39 (5) E2

686 (1) 14.2 (3) s33/2+d→ s29/2+d 1.39 (5) E2

702 (1) 9.3 (6) s37/2+d→ s33/2+d sE2d
707.4(2) 11 (1) 37/2−→33/2− 1.34 (1) E2

710.3(2) 34 (3) 27/2−→23/2− 1.34 (1) E2

711.8(2) 18 (1) 25/2−→21/2− 1.34 (1) E2

724.3as2d 3.2 (5) s35/2+d→ s31/2+d sE2d
736 (1) 2.7 (5) s39/2+d→ s35/2+d 1.69 (9) E2

743.4(2) 13 (1) 41/2+→37/2+ 1.23 (3) E2

744 (1) 16 (2) s29/2+d→25/2+ sE2d
770as1d 1.4 (5) s43/2+d→ s39/2+d sE2d
772.1(2) 1.2 (3) s39/2+d→35/2+ sE2d
782.2as2d 2.3 (5) s39/2+d→ s35/2+d sE2d
783.1(2) 12 (2) 39/2−→35/2− 1.56 (5) E2

798 (1) 7.2 (5) s41/2+d→ s37/2+d sE2d
804as2d 0.8 (3) s47/2+d→ s43/2+d sE2d
838 (1) 3.1 (5) s43/2+d→ s39/2+d 1.5 (1) E2

841.0(2) 8.0 (3) 41/2−→37/2− 1.53 (7) E2

843.4(2) 9.1 (9) 45/2+→41/2+ 1.54 (4) E2

856 (1) 3.3 (5) s35/2−d→ s31/2−d sE2d
858 (1) 1.2 (8) s43/2+d→ s39/2+d sE2d
888 (1) 4 (1) s45/2+d→ s41/2+d sE2d
888as1d 0.5 (1) s51/2+d→ s47/2+d sE2d
910.4(2) 9.0 (3) 43/2−→39/2− 1.51 (5) E2

933 (1) 3.5 (5) s47/2+d→ s43/2+d 1.4 (1) E2

934 (1) 1.0 (4) s47/2+d→ s43/2+d sE2d
947.2(2) 4.5 (6) 49/2+→45/2+ 1.34 (4) E2

960as1d 0.3 (1) s55/2+d→ s51/2+d sE2d
976 (1) 2.8 (4) s49/2+d→ s45/2+d sE2d
980.4(2) 7.8 (4) 45/2−→41/2− 1.43 (7) E2

1016 (1) 6.4 (4) s31/2−d→27/2− sE2d
1016 (1) 3.2 (4) s51/2+d→ s47/2+d 1.7 (3) E2

1019 (1) 0.8 (2) s51/2+d→ s47/2+d sE2d
1031a,ts1d 0.20 (5) s59/2+d→ s55/2+d sE2d
1035 (1) 8 (1) s47/2−d→43/2− 1.39 (7) E2

1049 (1) 3.9 (5) 53/2+→49/2+ 1.39 (7) E2

1067 (1) 2.5 (5) s53/2+d→ s49/2+d sE2d
1094 (1) 2.3 (4) s55/2+d→ s51/2+d sE2d
1115 (1) 0.6 (2) s55/2+d→ s51/2+d sE2d
1118 (1) 6.5 (5) s49/2−d→45/2− sE2d
1145 (1) 7.1 (5) s51/2−d→ s47/2−d sE2d
1149 (1) 2.3 (4) s57/2+d→53/2+ sE2d
1167 (1) 2.2 (5) s57/2+d→ s53/2+d sE2d
1175 (1) 0.6 (2) s59/2+d→ s55/2+d sE2d
1214 (1) 0.5 (1) s59/2+d→ s55/2+d sE2d
1227 (1) 5 (1) s55/2−d→ s51/2−d sE2d
1241 (1) 1.8 (6) s61/2+d→ s57/2+d sE2d
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of the 409-keV and 434-keV transitions precluded measure-
ment of theirRu values, it is likely that they areM1/E2
transitions. TheRu values of the transitions linking Band 2
and Band 3 suggest that Bands 2 and 3 have the same parity.

It should be pointed out that the measuredRu values for
some of the interband transitions in Band 3 are not what
would be expected for stretched dipole transitions. The
150.3-keV, 259.2-keV, 137.6-keV, and 444.4-keV transi-
tions all have Ru values around 1.4, characteristic of
stretched-quadrupole transitions. The characteristic band
structure implies that the transitions must haveM1/E2 char-
acter, and theRu values implies that they are strongly mixed.

Band 4 is a decoupled sequence ofDI =2 transitions. No
definite linking transitions could be identified between Band
4 and the other bands. However, it appears that the band is in
coincidence with the lowest transitions(150 and 173 keV) of
Band 3. On the basis of the decay to Band 3, Band 4 has
been tentatively assigned to have positive parity.

It should be noted that there are several differences be-
tween the level scheme deduced in this work and that pro-
posed in Ref.[15]. The larger number of counts in the
present work enabled the transitions observed in Ref.[15] to
be placed in the level scheme with more certainty. Some
of the transitions in Band 1 have been rearranged: the
710-keV transition has been placed below the 660-keV tran-
sition, the 783-keV transition has been replaced by the
669-keV transition, and the 683-keV transition has been re-
placed by the 712-keV transition, with the 683-keV and
783-keV transitions being placed higher in the bands.(Dif-
ficulty in placing the 712-keV and 710-keV transitions is not
surprising: the,710-keV peak in Fig. 2 represents three
transitions at 707, 710, and 712 keV.) In Band 2, the
465-keV transition from Ref.[15] has been replaced by the
503-keV transition; the 465-keV transition has been assigned
to belong to Band 3.

In the period since the work described here, and in Ref.
[18], was completed, a separate study of125Ce has been pub-

lished by Petracheet al. in Ref. [16]. In that work, the
92Mos40Ca,a2pnd reaction was used. Bands 1, 2, and 3 ob-
served in the present work were all observed in their work,
but at lower spins; for example, Band 2 was observed up to
spin 25/2 in Ref.[16] compared to 75/2 in the present work.
Band 4 in the present work was not observed in the work of
Ref. [16]. Similarly, Band 4 of Ref.[16] was only very
weakly observed in the present data, and was not unambigu-
ously assigned to125Ce. For that reason, and because no
additional information could be obtained from the present
data, that band is not presented or discussed here.

The only significant disagreement between the present
work and that of Ref.[16] is the multipolarity of the
283-keV transition in Band 2. In the present work, the mea-
suredRu value suggests that the 283-keV transition hasE2
character, and it has been assigned to be a member of the
rotational sequence. In Ref.[16], the 283-keV transition has
been assignedE1 multipolarity. This has the consequence of
lowering the spins of Bands 2 and 3 in Ref.[16], compared
to the present work, which in turn has led to a different
configuration assignment for Band 3, to that proposed here.
The configuration assignments are discussed in Sec. V.

B. Alignments and Routhians

The aligned angular momenta and Routhians have been
extracted from the data using the method described in Ref.
[25]. The data were calculated using the spins given in Figs.
6 and 7. As mentioned above, the spins of Band 4 in125Ce
are particularly uncertain, and no discrete transitions have
been observed linking Band 4 to Bands 2 and 3. TheK and
V values used are given in Sec. V B. These data for124,125Ce
are plotted against rotational frequency in Figs. 8–10. On
these figures, a reference with Harris parameters[26] of J0
=17.0 MeV−1"2 andJ1=25.8 MeV−3"4 has been subtracted
from all data points. These Harris parameters were originally
obtained from a fit to theS band in130Ce [27], and are used
here to enable comparison with earlier work on the heavier
cerium isotopes.

TABLE III. (Continued.)

Eg skeVd Ig s%d I i
p→ I f

p Ru Multipolarity

1248 (1) 5 (1) s53/2−d→ s49/2−d sE2d
1255 (1) 2.0 (5) s63/2+d→ s59/2+d sE2d
1260 (1) 2.0 (5) s61/2+d→ s57/2+d sE2d
1312 (1) 0.3 (1) s63/2+d→ s59/2+d sE2d
1316 (1) 1.4 (4) s67/2+d→ s63/2+d sE2d
1328 (1) 1.3 (5) s65/2+d→ s61/2+d sE2d
1328t (1) 0.9 (5) s71/2+d→ s67/2+d sE2d
1332t (1) 3.0 (5) s57/2−d→ s53/2−d sE2d
1360t (1) 0.6 (2) s75/2+d→ s71/2+d sE2d
1363t (1) 2.0 (5) s65/2+d→ s61/2+d sE2d
1370t (1) 0.9 (5) s59/2−d→ s55/2−d sE2d
1397t (1) 1.5 (5) s61/2−d→ s57/2−d sE2d
1408t (1) 0.2 (1) s67/2+d→ s63/2+d sE2d
1412t (1) 1.2 (4) s69/2+d→ s65/2+d sE2d
1495t (1) 0.8 (4) s73/2+d→ s69/2+d sE2d
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V. DISCUSSION

A. Total-Routhian surface and cranked
Woods-Saxon calculations

Calculations have been performed which predict the high-
spin behavior of specific configurations of quasiparticles.
From a comparison with experimental data, these calcula-
tions assist in assigning quasiparticle configurations of the
observed rotational bands. Initially, the total-Routhian sur-
face(TRS) method was used to calculate the deformations of
the most likely configurations of quasiparticles in124,125Ce.
The TRS method is described in detail in Refs.[28–31]. In
essence, for a given number of quasiparticles with specific
parity p and signaturea, the total Routhian of the nucleus is
minimized with respect to the deformation parametersb2,
b4, and g, at steps in rotational frequencies, resulting in a
TRS for each frequency. Although each TRS has a well-
defined parity and signature, no other quantum numbers are
conserved. The likely configurations in124,125Ce were chosen
by determining which orbitals are near the Fermi surface,
using predictions from Woods-Saxon calculations, and from
a consideration of known configurations in neighboring nu-
clei, such as124,126Ba [23,32]. Proton single-particle orbitals
from Woods-Saxon calculations are shown in Fig. 11. The
deformations of these configurations were then extracted
from the TRS calculations. In this work, the standard nomen-
clature for labeling orbitals has been adopted(see, for ex-
ample, Ref. [23]); this is summarized in Table IV. The
positive-parity orbitals have been labeled with the subshell
from which they originate. However, at the deformations in-
volved here, the positive-parity orbitals will be strongly
mixed; for example, theg7/2 and d5/2 orbitals will mix and
exchange character.

The deformations extracted from TRS calculations are
given in Table V. In order to examine the behavior of the

quasiparticle excitations for a particular energy minimum in
the TRS, cranked shell model calculations have been per-
formed using the same Woods-Saxon potential[33,34]. In
the calculations, the pairing strength was calculated at zero
frequency, and decreased with increasing rotational fre-
quency so that it reached 50% of its original value at
0.7 MeV/". This treatment of the pairing is described in
detail in Ref. [30]. Typical results of the calculations are
shown in Fig. 12; from such quasiparticle diagrams the
alignment frequencies of quasiparticle pairs can be extracted.
In Fig. 12, the alignment frequencies of thepef, pfg, nEF,
andnFG quasiparticle pairs are marked by vertical lines. The
alignment frequencies, thus extracted, for the lowest three
pairs of negative-parity quasiparticles and the lowest pair of
positive-parity quasiparticles, are given in Table VI. The in-
teraction strengthsV at thenEF andpef alignments are also
indicated in Fig. 12.

FIG. 8. The(a) aligned angular momenta and(b) Routhians for
the three bands in124Ce. For all data points, a reference with Harris
parameters ofJ0=17.0 MeV−1"2 andJ1=25.8 MeV−3"4 has been
subtracted.

FIG. 9. The aligned angular momenta for the bands in125Ce.
For all data points, a reference with Harris parameters ofJ0

=17.0 MeV−1"2 andJ1=25.8 MeV−3"4 has been subtracted.
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The results of the TRS calculations(Table V) reveal that
the various expected configurations in124,125Ce have slightly
different deformations. In order to investigate how the calcu-
lated alignment frequencies depend on the deformation,
cranked shell model(CSM) calculations have been per-
formed where, of the three deformation parametersb2,b4,
andg, two are fixed while the third is systematically varied.
The results of this study are given in Fig. 13. Over the range
of deformations given in Table V(0.284øb2ø0.298,
0.009øb4ø0.031, −6.1°øgø2.1°) there is very little
change in any of the calculated alignment frequencies. For
this reason, the alignment frequencies calculated at a repre-
sentative deformation ofb2=0.292,b4=0.01,g=0° are ap-
plicable to bands built on all of the likely configurations
given in Table V. Furthermore, when the same pairs of qua-
siparticles are expected to align at the same rotational fre-
quencies in all of the bands, then this simplifies the applica-

tion and discussion of blocking arguments. These calculated
alignment frequencies are given in Table VI, forZ=58 and
N=66,67.

B. Configuration assignments

In 124Ce, Band 1 is based on the quasiparticle vacuum at
low spins. Band 2 is analogous to negative-parity bands ob-
served in 126,128Ce [2,3,22]. A comparison of these
bands, together with a study of the orbitals near the
Fermi surface, suggests that the configuration of Band 2 is
psh11/2df541g3/2− ^ psg7/2df422g3/2+, giving the band
K=3. Band 3 is, however, more difficult to describe. An
inspection of the orbitals near the Fermi surface suggests that
psh11/2df541g3/2− ^ psh11/2df550g1/2− (pfg configuration) is
a possibility, givingK=2.

Previous work has suggested that Band 1 in125Ce is based
on thensh11/2df523g7/2− orbital, and that Band 2 is based on
the nsd5/2df402g5/2+ orbital. The discussion given below
suggests that Band 3 is based on thensd5/2df411g3/2+ or-
bital; the experimental observations suggest that this is the
most
probable configuration for Band 3, but it should probably
be considered less definite than that assigned to Band 2.
Band 4 is probably based on one of thensd5/2df420g1/2+ or
nsd3/2df411g1/2+ orbitals. The experimentally extracted
Routhians for all of the bands in125Ce are shown in Fig. 10.
The signature splitting in the125Ce bands is consistent with
these proposed configurations. Band 3 has a larger signature
splitting than the other bands, suggesting that the orbital
upon which this band is based has a lower value ofV than
the other bands. Since Band 2 has been assignedV=5/2, a
value of V=3/2 or 1/2 islikely for Band 3, which is con-
sistent with thef411g3/2+ assignment. All of these configu-
rations are consistent with the observed alignment character-
istics discussed in the following section.

FIG. 10. The Routhians of the bands in125Ce. For all data
points, a reference with Harris parameters ofJ0=17.0 MeV−1"2

andJ1=25.8 MeV−3"4 has been subtracted.

FIG. 11. Woods-Saxon single-particle energy levels for protons.
Positive- and negative-parity orbitals are represented by solid and
dashed lines, respectively. Several of the orbitals are labeled by the
subshell to which they belong(in italics) and by their asymptotic
Nilsson quantum numbers(above and to the right of the figure).
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C. Quasiparticle alignments

The quasiparticle alignments in124Ce are most easily un-
derstood with reference to the125Ce alignment data. There-
fore, in this section, the discussion of alignments in125Ce is
presented before that of124Ce.

1. 125Ce

Band 1 has been interpreted to be based on the negative-
parity nsh11/2df523g7/2− orbital. This band is therefore ex-
pected to exhibit thepef alignment. The aligned angular mo-
mentum of Band 1 is shown in Fig. 9(a). Thepef alignment,
predicted to occur at a rotational frequency of 0.34 MeV/",
is observed experimentally as a sharp upbend at
,0.35 MeV/". Both thenEF andnEH alignments would be
blocked, and indeed are not observed. Alignments predicted
at higher rotational frequencies, such as thenFG alignment
at 0.50 MeV/" are not clearly seen.

Band 2 is interpreted to be based on the positive-parity
nd5/2f402g5/2+ neutron orbital. In this band, neither thenEF

nor the pef alignment is blocked, and both should be ob-
served experimentally. The aligned angular momentum of
Band 2 is shown in Fig. 9(b). The alignment observed at
0.35 MeV/" is in good agreement with thepef alignment,
predicted at 0.34 MeV/". Above the first alignment, a more
gradual gain in aligned angular momentum is observed,
which can be interpreted as thenEF alignment, centered
around a rotational frequency of about 0.42 MeV/". The
gradual nature of this second alignment suggests that the
interaction strength is larger than that of thepef alignment.
A second clear upbend is observed at 0.7 MeV/" in the a
=−1/2 signature of Band 2. This upbend would be a candi-
date for the alignment of the first pair of positive-parity qua-
siparticles. However, as the upbend involves tentative transi-

TABLE IV. Nomenclature for orbitals near the Fermi surface in124,125Ce, for b2.0.292.

Nilsson configuration Label

Subshell fNnzLgVp a=−1/2 a= +1/2

Neutrons d5/2 f402g5/2+ B A

d5/2 f411g3/2+ D C

h11/2 f523g7/2− E F

h11/2 f532g5/2− G H

Protons d5/2 f420g1/2+ b a

g7/2 f413g5/2+ c d

h11/2 f541g3/2− e f

h11/2 f550g1/2− g h

TABLE V. Deformations of configurations in124,125Ce, ex-
tracted from TRS calculations. In the two columns on the left-hand
side, the symbol and figure in parentheses representsp ,ad, wherep
is the parity anda is the signature quantum number. The value ofv
was taken to be just below the first quasiparticle alignment in each
case.

n p v b2 b4 g

sp ,ad sp ,ad MeV/" (deg)

124Ce

Vacuum Vacuum 0.187 0.298 0.025 −1.4

Vacuum efs+,0d 0.187 0.287 0.019 0.9

Vacuum fgs+,0d 0.187 0.291 0.020 2.1

EFs+,0d Vacuum 0.187 0.284 0.011 −2.5

Vacuum ebs−,1d 0.187 0.292 0.031 −6.1
125Ce

Es−,−1/2d Vacuum 0.186 0.289 0.009 −1.1

Fs−, +1/2d Vacuum 0.186 0.289 0.009 −0.8

As+, +1/2d Vacuum 0.186 0.295 0.014 −0.7

Bs+,−1/2d Vacuum 0.186 0.294 0.011 −0.5

FIG. 12. Quasiparticle Routhians for(a) protons atZ=58 and
(b) neutrons atN=66. The Routhians are calculated with the defor-
mation parametersb2=0.292,b4=0.01, andg=0°. The parity and
signature quantum numberssp ,ad of each quasiparticle trajectory
are given by the style of the lines:s+, +1/2d is represented by solid
lines; s+,−1/2d by dotted lines;s−,−1/2d by dashed lines; and
s−, +1/2d by dot-dashed lines. The frequencies of thepef, pfg,
nEF, andnFG quasiparticle alignments are shown by the vertical
dotted lines. The interaction strengthsV at thepef andnEF align-
ments are indicated.
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tions, no conclusions can be drawn. An alignment plot for
Band 3 is shown in Fig. 9(c). The general trends are the same
as in Band 2, suggesting that Band 3 also undergoes both the
pef and nEF alignments, at about 0.35 and 0.42 MeV/",
respectively. This is consistent with thensd5/2df411g3/2+ as-
signment for Band 3.

Additional evidence for thenEF alignment is shown in
panel(a) of Fig. 14, where the aligned angular momentum of
Band 3 of 125Ce is compared to that of bands in theZ=57
neighbor 123La [35]. In the ph11/2 band of 123La, the pef
alignment is blocked, and the gain in aligned angular mo-
mentum is due entirely to the alignment of thenEF pair. In
the pg7/2 band of123La, neither thepef nor thenEF align-
ment is blocked and both are observed.(The pef alignment
occurs early, for reasons discussed in Ref.[35].) The overall
alignment gain for125Ce Band 3, and therefore, using the
comparison in Fig. 15, also for Band 2, is the same as that
for thepg7/2 band in123La. Furthermore, two bands in124La
(not shown in the figures) exhibit the nEF alignment[36]
with the same general features(alignment frequency, and
gradient of alignment plot) as that proposed to be thenEF
alignment in125Ce.

The aligned angular momentum in Band 4 is shown in
Fig. 9(d). Alignments are observed at 0.27 and 0.39 MeV/".
The lack of similar bands in the neighboring nuclei and the
lack of definite linking transitions make it difficult to
assign a configuration to Band 4. The decoupled nature of

Band 4 implies that it could be built on either of
the sd3/2df411g1/2+ or sd5/2df420g1/2+ orbitals. In either case
bothpef andnEF alignments would be observed. The nature
of the observed alignments is not clear.

2. 124Ce

The aligned angular momentum for Band 1 in124Ce is
shown in Fig. 8(a). An alignment is observed in Band 1 at
0.34 MeV/". Alignments are also observed at this frequency
in the yrast bands of the neighboring barium isotone122Ba
[24] and in 120Ba [37], but not in the yrastpsh11/2d band of
the odd-Z isotone123La: alignment data for these nuclei are

TABLE VI. Calculated alignment frequencies, in MeV/", for
b2=0.292,b4=0.01, andg=0°.

Protons Neutrons

Z=58 N=66 N=67

vsefd=0.34 vsEFd=0.39 vsEFd=0.39

vsfgd=0.48 vsFGd=0.48 vsFGd=0.50

vsehd=0.52 vsEHd=0.54 vsEHd=0.60

vsabd.0.6 vsABd.0.6 vsABd.0.6

FIG. 13. Frequencies of thepef andnEF alignments extracted
from cranked shell model calculations. The upper panels give the
alignment frequencies of pairs ofh11/2 protonsspefd plotted against
(a) b2, (b) g, and (c) b4. The lower panels give the alignment
frequencies of pairs ofh11/2 neutronssnEFd plotted against(d) b2,
(e) g, and(f) b4. Apart from the parameter being varied, the defor-
mation parameters are fixed atb2=0.292,b4=0.01, andg=0°.

FIG. 14. A comparison of the aligned angular momenta in124Ce
Band 1 with various neighboring nuclei, indicated by the legends.
For all data points on panels(a), (b), and(c), a reference with Harris
parameters ofJ0=17.0 MeV−1"2 andJ1=25.8 MeV−3"4 has been
subtracted. For the data in panel(d) the following Harris parameters
were used(J0 in MeV−1"2 and J1 in MeV−3"4): 124Ce, 22.0 and
67.8; 126Ce, 18.6 and 68.6;128Ce, 15.7 and 68.9; and124Ce, 13.8
and 58.6.
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compared to Band 1 in panels(a) and (b) of Fig. 14. CSM
calculations predict thepef alignment in124Ce to occur at a
rotational frequency of 0.34 MeV/". The first alignment in
the yrast bands of120,122Ba has been interpreted as thepef
alignment: this is blocked in theph11/2 band of 123La. By
comparison with the data for neighboring nuclei and with
CSM predictions, it is likely that the alignment in124Ce can
also be attributed to thepef quasiparticles.

The CSM calculations also predict that thenEF alignment
will occur at 0.39 MeV/" in 124Ce; experimentally this
alignment is not clear. In order to investigate whether the
nEF alignment occurs in Band 1, the aligned angular mo-
mentum of Band 1 is shown in Fig. 15, in comparison with
one of theDI =2 sequences from each of Bands 1, 2, and 3 in
125Ce. Bands 2 and 3 of125Ce are expected to exhibit both
the pef andnEF alignments, but in125Ce Band 1, thenEF
alignment will be blocked. This is in agreement with what is
observed experimentally; Band 1 of125Ce has a smaller
alignment gain than the other three bands shown. The align-
ment plot for Band 1 in124Ce has the same gain and the same
general shape as Bands 2 and 3 in125Ce, where bothpef and
nEF alignments occur. All three of these bands have a larger
total alignment gain than125Ce Band 1 where only thepef
alignment occurs. This comparison therefore suggests that
the nEF alignment also occurs in124Ce Band 1.

The aligned angular momentum for Band 2 in124Ce is
also shown in Fig. 8. This band exhibits a gradual increase in
aligned angular momentum over the observed frequency
range. The increase in aligned angular momentum at about
0.4 MeV/" in Band 1, from the above discussion, is presum-
ably due to thenEF pair, and it is likely that the increase in
aligned angular momentum in Band 2 has the same origin.
The observation of thenEF alignment is consistent with the
band having thepsh11/2df541g3/2− ^ psg7/2df422g3/2+ con-
figuration. Band 3, also shown in Fig. 8, exhibits similar
alignment characteristics to Band 2. Like Band 2, the
gradual increase in alignment can be attributed to the

nEF alignment, consistent with thepsh11/2df541g3/2−

^ psh11/2df550g1/2−spfgd assignment. Given the above as-
signed configurations for Band 2 and 3, thepfg and peh
alignments should be observed in the bands, respectively. In
the present data there is no obvious sign of these alignments,
although it is possible that the gradual rise in alignment in
Bands 2 and 3 is due to bothnEF andpfg, or nEF andpeh
alignments, respectively. The curved shape of the alignment
plot for Band 3 is similar to the shape of that for one of the
positive-parity bands in128Ce [3]. For the band in128Ce, two
possible configurations are suggested; eitherpfg, as above,
or a triaxialnsh11/2d2 band. For128Ce, TRS calculations pre-
dict a secondary triaxial minimum withb2=0.25 andg.
−40°. This triaxial minimum does not appear in the calcula-
tions for 124Ce, ruling out this possibility.

3. Systematics of thenEF alignment in AÏ130 even-even
cerium isotopes

In the yrast band of128Ce, thenEF alignment is not ob-
served: it has been reported that this alignment is delayed by
.0.2 MeV/" or is absent[3]. This has been put forward as
an inconsistency between the cranked shell model and ex-
perimental data with no definite explanation. The alignment
systematics for the even-even cerium isotopes with 124øA
ø130 are shown in panel(c) of Fig. 14; a common Harris-
parametrized reference has been subtracted for all of the
data. Thepef alignments are observed in each of the nuclei
shown at about 0.35 MeV/", with the interaction strength
increasing with decreasing neutron number: the shape of the
pef alignment changes from a clear backbend in130Ce to a
gradual upbend in124Ce. However, thenEF alignments are
not so easy to describe. The interaction strengths and fre-
quencies of thenEF alignments for122–130Ce, calculated by
the CSM, are shown in Fig. 16. ThenEF alignment is not
clear for any of the isotopes shown in Fig. 14. The isotope
126Ce differs from the other nuclei, in that an upbend is seen
at 0.5 MeV/". In Ref.[2] this is interpreted as thenEF align-
ment, delayed by 0.1 MeV/" with respect to the CSM-
predicted value. The overall gain in alignment in124Ce and
126Ce, over the observed range in spins, is very similar and is
larger than the gain in128Ce and130Ce, which suggests that
the same alignments occur in both124,126Ce. However, the
second alignment in124Ce is less distinct, presumably due to
a larger interaction strength. The relative interaction
strengths of thenEF alignments in124,126Ce are well ex-
plained by the CSM. In126Ce thenEF interaction strength is
predicted to be reduced by almost 50% compared to124Ce
[Fig. 16(a)], which explains the distinct upbend in126Ce. In
124Ce, the second alignment is centered around 0.45 MeV/".
If this is the nEF alignment, then it is in reasonable agree-
ment(delayed by only 0.05 MeV/") compared to the predic-
tions of the CSM[Fig. 16(b)].

To further investigate the nonobservation of thenEF
alignment in128,130Ce, the alignment data for the even ce-
rium isotopes have been replotted in Fig. 14(b). For this
figure, the reference has been fit for each individual isotope,
by performing a Harris parametrization of the ground-state
band below the first alignment. This procedure makes the
alignment plots nearly flat(and zero) at the lowest frequen-

FIG. 15. Comparison of the aligned angular momenta of Band 1
in 124Ce with Band 1sa=−1/2d, Band 2sa= +1/2d, and Band 3
sa= +1/2d in 125Ce. The data for124Ce have an offset of 2" in
aligned angular momentum, in order to highlight the similarity of
that band and Bands 2 and 3 in125Ce. For all data points, a refer-
ence with Harris parameters ofJ0=17.0 MeV−1"2 and J1

=25.8 MeV−3"4 has been subtracted.
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cies, making the details of the first alignment more easily
compared. The figure shows that in128,130Ce, the gain at the
first alignment is 3"–4" larger than in124,126Ce. It is there-
fore plausible that what appears to be the firstspefd align-
ment in 128,130Ce is, in fact, two alignments: the superposi-
tion of both pef andnEF. If this is the case, however, the
nEF alignment would have to occur early, at,0.35 MeV/",
which is the opposite behavior to thedelayedalignments in
124,126Ce, and cannot be explained by cranked shell model
calculations.

D. Transition strength ratios

The ratios of the reduced transition probabilities
BsM1d /BsE2d can give information about the underlying
structure of a rotational band. The values can be strongly
dependent upon the occupied orbital and, therefore, a com-
parison between predictions and experimental values can
help to identify the quasiparticle configuration. The experi-
mental BsM1d /BsE2d ratios, in smN/ebd2, can be extracted
from the data using the relation

BsM1;DI = 1d
BsE2;DI = 2d

=
0.697

s1 + d2d
IgsM1d
IgsE2d

Eg
5sE2d

Eg
3sM1d

, s1d

where Ig representsg-ray intensity andEg is the g-ray en-
ergy in units of MeV. In this work, the mixing ratiod has
been assumed to be zero, meaning that the experimental data
points are upper limits.

Theoretical estimates for theBsM1d /BsE2d ratios can be
obtained from the semiclassical formula of Dönau and
Frauendorf[38]. In this work, the formula was used in the
form presented in Ref.[39] where

BsM1d
BsE2d

=
12

5Q0
2cos2sg + 30°dI231 −

K2

SI −
1

2
D24

−2

3hsI2 − K2d1/2A − KsgK − gRdij2, s2d

A = KsgK − gRdS1 ±
De

"v
D . s3d

In these expressions, the parametergR is the rotational
gyromagnetic factor, and the standard approximation ofgR
=Z/A has been used, which is equal to 0.464 for125Ce. The
gK parameters are the orbital gyromagnetic factors: for this
work, the Schmidt values have been used or the values from
the compilation given in Ref.[40] have been used, where
possible. The aligned angular momentai were estimated us-
ing the values ofj and K for the quasiparticle, wherei is
Îj2−K2. The values of the quadrupole momentsQ0 were
deduced from the deformations given by the TRS calcula-
tions. The parameters used in the calculations for125Ce are
summarized in Table VII. The experimentalBsM1d /BsE2d
values for Bands 1, 2, and 3 in125Ce are presented in com-
parison with some of the calculated values, in Fig. 17 and
Table VIII. For each band the signature splittingDe was
taken from the observed experimental data.

Before comparing the experimental data points to the cal-
culated values, it is instructive to examine the dependence of
the calculated values on the parametersi, Q0, gR, and gK.
Figure 18 showsBsM1d /BsE2d values as a function of spin,
calculated with different input parameters. On all panels(a)–
(d) in Fig. 18, the bold line represents the values calculated
with the same input parameters; specificallyi =0, Q0
=3.58eb, gR=0.464, andgK=−0.46. These values are what
would be expected for a neutron in thensd5/2df402g5/2+ or-
bital. The other curves on each of the panels were calculated
by altering the parameters. Panel(a) reveals that changingi
by even 1/2" can significantly alter the calculated values.
Similarly, altering theQ0 values can have a marked effect, as
shown in panel(b). The approximationgR=Z/A is often
modified by a factor of 0.7, to better fit experimental data

FIG. 16. Properties of the predictednEF alignments in the even-
even cerium isotopes extracted from the cranked shell model calcu-
lations. Panel(a) shows interaction strengths and panel(b) shows
alignment frequencies, extracted as explained in Ref.[25]. The
mass-number and neutron-number scales apply to both panels. The
cranked shell model calculations were carried out at the deforma-
tions predicted by TRS calculations.

TABLE VII. Summary of parameters used to calculate the
Dönau and Frauendorf estimates ofBsM1d /BsE2d ratios [38,39] in
125Ce. For each orbital a value ofQ0=3.58eb was used.

Subshell Nilsson orbital gK i (") De/"v

nsh11/2d f532g5/2− −0.21 4.0 0

nsh11/2d f523g7/2− −0.21 2.5 0

nsh11/2d f514g9/2− −0.21 2.0 0

nsd5/2d f402g5/2+ −0.46 0 0

nsg7/2d f413g5/2+ 0.26 1.0 0

nsd5/2d f411g3/2+ −0.46 1.0 100/150
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[41]; panel(c) illustrates the effect of this alteration on the
calculatedBsM1d /BsE2d values. Finally, panel(d) shows
how the values change when using either the Schmidt esti-
mate of thegK parameter or the value measured in neighbor-
ing nuclei for thed5/2 orbital [40].

The BsM1d /BsE2d ratios for Band 1 are shown in Fig.
17(a). The ratios have been measured for all states in Band 1
with spins from 11/2 to 31/2. The large errors on some of
the data points are due to doublets, or contaminated or weak
transitions. The values measured here are in agreement with
those measured in Ref.[15], both in magnitude and in over-
all trend, and average around a value of 1.0smN/ebd2. The
discussion of alignments and Routhians, presented earlier
and in Ref. [15], suggest that Band 1 is based on the
nsh11/2df523g7/2− orbital. CalculatedBsM1d /BsE2d values
for threensh11/2d orbitals in the vicinity of the Fermi surface
are shown in Fig. 17(a); the values were calculated using the
parameters given in Table VII. The data with the smallest
error bars are in best agreement with the calculations for the
nsh11/2df523g7/2− orbital, at intermediate and high frequen-
cies. The agreement with any of the calculated orbitals is not
very good; however, as pointed out in the preceding para-
graphs, theBsM1d /BsE2d ratios are strongly dependent on

many parameters. The configuration assignment for Band 1
is more strongly based on the previous work and alignment
arguments.

Figure 17(b) shows experimental data for Band 2. For this
band, theBsM1d /BsE2d ratios have been measured for all
states with spins from 9/2 to 21/2. Reference[15] and the
earlier discussion suggest that Band 2 is based on the
nsd5/2df402g5/2+ orbital. The experimental data are in good
agreement with the calculations for this orbital.

Finally, Fig. 17(c) shows the experimental values for
Band 3. TheBsM1d /BsE2d values have been measured for
the four states with spins between 7/2 and 19/2 in thea
=−1/2 signature sequence. It was not possible to accurately
measure the intensities of the low-energy transitions from the
a= +1/2states. As discussed above, it is most likely that this
band is based on thensd5/2df411g3/2+ positive-parity orbital.
The values calculated for this orbital are shown in Fig. 17(c).

FIG. 17. ExperimentalBsM1d /BsE2d ratios for the three bands
in 125Ce. The uncertainties on the data points are propagated from
the uncertainties on the intensities. The dotted lines are calculated
using the Dönau and Frauendorf formulas[38,39]. The calculated
points are labeled with their Nilsson quantum numbers.

FIG. 18. BsM1d /BsE2d ratios calculated using the formalism of
Dönau and Frauendorf. The panels(a), (b), (c), and(d), show how
the calculated values vary withi, Q0, gR, andgK, respectively. The
bold line represents the same data points on each panel.
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An approximate value of the signature splitting has been
included in the calculations; the calculated points shown are
the lower solutions(taking the negative coefficient ofDe in
Eq. (2); an examination of how signature splitting affects
BsM1d /BsE2d ratios is given in Ref.[38].) The calculated
values are in reasonable agreement with the experimental
data, although the overall downward trend of the data points
is not well reproduced.

VI. SUMMARY AND CONCLUSIONS

In summary, high-spin states have been studied in the
very neutron-deficient124,125Ce isotopes using the Gammas-
phere g-ray spectrometer, together with the Microball
charged-particle detector array. Despite these isotopes being
the most neutron-deficient cerium isotopes studied byg-ray
spectroscopy, their level structures have been extended to
over 30" above the ground state. ExtractedBsM1d /BsE2d
ratios are consistent with those calculated for the proposed
configurations. Although the dependency on input param-
eters prevents conclusive comparisons between calculated
and extractedBsM1d /BsE2d ratios, consistency can provide
supporting evidence when taken in conjunction with other
arguments, such as aligned angular momentum and signature
splitting.

Alignments of pairs ofh11/2 neutrons and protons are ob-
served in all of the bands. Generally, theh11/2 proton align-
ments spefd are in good agreement with the CSM predic-

tions. Theh11/2 neutron alignmentssnEFd agree reasonably
well with predictions, although, in the yrast band of124Ce,
the h11/2 neutron alignment frequency is delayed by about
0.05 MeV/", with respect to predictions of the CSM. The
slight delay of theh11/2 neutron alignment in124Ce is signifi-
cant, because this alignment has previously been reported to
be delayed by 0.1 MeV/" in 126Ce [2] and by.0.2 MeV/"
in 128Ce [3] (in which case the alignment has not been ob-
served). The interaction strength at thenEF alignment in
124Ce appears larger than that in126Ce, which is in good
agreement with CSM predictions. The apparent ability of the
CSM to explain the features of the neutron alignments in
124,125Ce, but not in126,128Ce is conspicuous, and may indi-
cate a deficiency of the cranked shell model for the localized
region near128Ce, and not a deficiency which increases with
decreasing neutron number as implied by the previous128Ce
result.
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