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High-spin spectroscopy and quasiparticle alignments in?41°Te
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Rotational bands have been studied to high spins in the neutron-defi¢idAtCe nuclei. The nuclei were
populated using thé*zn(%%zn,2p2n)?4Ce and ®4Zn(%%zn,2pn)1?*Ce reactions, with a beam energy of
260 MeV. High-foldy-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 bot?*12Te have been extended to high spirs30%). In addition, several new
bands have been identified. The alignments of paits; g6 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 ohy4, quasiparticle alignments in neighboring nuclei. The apparent ability of the cranked shell
model to explain theh,;,, neutron alignments if?412Ce highlights the previously reported discrepancies
between experiment and theory for tH&Ce isotope and, to a lesser extetfCe.
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[. INTRODUCTION even-even cerium isotopes increase as the neutron nusber
moves away from the closed shell [dt=82, towards mid-
shell atN=66. However, for the lightest cerium isotope in
which excited states have been identifiétfCe, the energy
fff the 2 state suggests that the ground-state deformation is

a‘ftrger than predicted by calculatiof3]. The reason for this

The neutron-deficier=58 cerium isotopes with <130
are well deformed, with quadrupole deformations @f
=0.25-0.30[1]. Consequently;-ray spectroscopy of these
nuclei is dominated by rotational bands, built on the groun
and low-lying excited states. The behavior of these rotation nhanced deformation is still not understood, and insight into

bands can provide useful information about the underlyingis hhenomenon could be gained if the structure of nuclei
nuclear structure. For example, rotational alignments of Pairg o4 124ce were better understood

of b(.)th heutrons and protons from tm%/z subshells are In order to investigate these issues, an experiment has
predicted at reasonably low rotational frequencies, . performed to studi?*12Te at high spin. Several new
(S_O.S MeV/h) in these |S.o.topes. The exacF detalls.of theband structures have been identified and studied in both nu-
alignments are often sensitive to the underlying quasiparticlgq; The®“Zn(%%zn) reaction has been used in an experiment

cltg)enlf;gurations or to the deformations. In the iSOtOpe%Nith Gammaspherg9] and the Microbal[10]. Previous ex-
1#Ce (2,3 discrepancies have been reported between tBerimental studies of these isotopes are briefly summarized

predicted and observed behavior at the fingl,, neutron i, gec | "experimental details and data analysis methods are
alignments in the yrast bands, and it is unclear whether simi, iven in Secs. Il and Ill, and the results are presented and
lar discrepancies persist in the lighter isotopes. In addition t iscussed in éecs Y; ar’1d vV

extracting information from alignment properties, the = rpo 016j124.12%¢ have been studied in several previous
ground-state deformation can be estimated from the exCitgs, eriments. Three-ray transitions were first assigned to
tion energy of the first 2 state[4—6]. Using this m_ethod, It poth12412TCe in an experiment by Jamesal. [11] using the
has been showf¥] that the ground-state deformations of the Daresbury recoil-mass separafd2]. Following that work,

Ying et al. [8] first studied the yrast band &#Ce up to spin
144, and later[13] extended the yrast band to724In the
*Electronic address: john.f.smith@man.ac.uk later work [13] '?°Ce was populated and two strongly
TPresent address: Universidad Auténoma de Madrid, Spain.  coupled rotational bands were identified. @sal.[14] iden-
*Present address: NNC Ltd., Chelford Road, Knutsford, Cheshirdified three y-ray transitions in**Ce following the 8*/EC
WA16 8QZ, UK. decay of?Pr. Recently,***Ce has been studied by Paat
Spresent address: Australian National University, Canberra ACTal. [15]. Their work confirmed the work of Yingt al; the
0200, Australia. same two bands were observed, and were extended to spins
'Present address: The Niels Bohr Institute, University of Copen27/2h and 17/2. In the period since the present work was
hagen, 4000 Roskilde, Denmark. completed, a separate study8fCe has been made in Ref.
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TABLE |. Lists of gating transitions used to project the spectrapopulated using th&4Zn(84Zn,2p2n) and 4Zn(4zn, 2pn)
shown in Figs. 1-4. Any one of these gates must be satisfied whefeactions, respectively. The 260-Me¥Zn beam was pro-

the list is used. In the right-hand column, for example, vided by the Argonne Tandem-Linac Accelerator System
“142 keV-559 keV” means all transition@clusive) between the

142 and 559 keV transitions in that band, ordered by the spin of th¢ncident upon a target, made of a 7ﬁ©—/cmz self-

initial states. The lists which were used for each spectrum are indi

cated in the captions of Figs. 1-4.

List

Transition energies

O T 0 53 3 —X——S0SQ -0 9 0 T

142 keV to 559 keV if?Ce Band 1
650 keV to 1129 keV if?4Ce Band 1
142 keV to 444 keV int?"Ce Band 1
142 keV to 650 keV int?4Ce Band 1
142 keV to 851 keV if?Ce Band 1
851 keV to 1230 keV int?‘Ce Band 1
808 keV to 1043 keV if?‘Ce Band 2
590 keV to 980 keV in?4Ce Band 3
135 keV and 167 keV if?°Ce Band 1
660 keV to 1227 keV int2Ce Band 1
707 keV to 1397 keV int?Ce Band 1
147 keV and 181 keV if?°Ce Band 2
600 keV to 888 keV in?Ce Band 2
976 keV to 1167 keV if?Ce Band 2
635 keV to 1255 keV if2°Ce Band 2
743 keV to 1328 keV if?Ce Band 3
551 keV to 1214 keV if?Ce Band 3

[16] by Petracheet al. The results of the work by Paet al.
and Petrachet al. are discussed in Sec. IV. The ground state

of 12°Ce has been assigned to have spin 5/2 by Wilmetth

al. [17], by comparing the intensities of transitions'#Ba

to statistical model calculations, following thg-delayed
proton decay of-*Ce.

Il. EXPERIMENTAL DETAILS

(ATLAS) at Argonne National Laboratory. The beam was

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 anglé; three detectors a1=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 R@f0]. In
essence, it consists of 95 CEHI) scintillators, arranged in
nine rings of constany, covering~=97% of 4r. The Mi-
croball is used to detect evaporated protons arphrticles
with high efficiency, in coincidence witl 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 highy-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 recorded820x 10° events were col-
lected during the 2.5-day experiment.

Ill. 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 between
particles and protons, three parameters associated with each

The work described here has been presented in detail iMicroball pulse were written into the data. Specifically these
Ref.[18]. In this work, excited states itt*1?Ce have been parameters werg) the energy, integrated over the firsiuk
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FIG. 1. Spectra showing bands #'Ce, pro-
jected from the particle-gated cube. Pan@s
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and (e) and (f) show Band 3. The spectra are
double gated, using lists of gates given in Table I:
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(a) is gated by lists a and (or [a/b]); (b) is gated
on [e/f]; (c) is gated or{c/645]; (d) is gated on
[d/g]; (e) is gated orfc/590]; and(f) is gated on
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[d/h]. The peaks are marked with theray tran-
sition energies given to the nearest keV. The en-
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FIG. 2. Spectra showing transitions 1A°Ce
Band 1, projected from the particle-gated cube.
The spectra are double-gated using lists of gates
given in Table I:(a) is gated on[i/436]; (b) is
gated oni/j]; (c) is gated or{i/515]; and(d) is
gated on[i/k]. The 1016-keV peak in pangb)
presumably arises from overlap of the 654-keV
peak and the 660-keV peak in list i. The peaks
are marked with they-ray transition energies
given to the nearest keV. The energies in paren-
theses correspond to transitions which are tenta-
tively placed in coincidence.

x 10° counts. The second cube was incremented only with
events in coincidence with either exactly one proton or ex-

after the start of the pulse; aniii) the time between the rf actly two protons in the Microball and this cube contained
signal of ATLAS and the pulse. By plotting various combi- 2.2x 10° counts. Thigarticle-gatedcube was constructed in
nations of these three parameters, excellent separation 6fder to enhance the relative content of thEn@*°Ce) and

protons anda particles was achieve{il0]. Consequently,

2p2n(*?4Ce) evaporation channels. TlADWARE [20] code

detection efficiencies were found to be 82% for protons and-EVIT8R was used to project one-dimensional background-
subtracted double-gated spectra from the cubes. By project-

ing spectra from the ungated cubel5 nuclei were identi-
fied in the data. The most intensely populated nuclei were

60% for « particles.

B. y-ray spectra

n-fold event was unfolded int8C5 threefold events, which

12283 and'®™a which were populated with fractions of 35%
The data were sorted off-line into 3d-histograms orand 15% of the total data set, respectively. The nu&ige

“cubes,” with y-ray energy on each of the three axes. Theand*?°Ce were populated with fractions 6f5% and 10% of

mean unsuppressegray fold was found to be 4.3. Each the data, respectively, whicfassuming a total evaporation-

residue cross section of 500 mb, calculated using the code

were used to increment the cubes. For this analysis, twaLICE [21]) correspond to cross sections of 20 and 40 mb.
cubes were created. The fitstgatedcube was incremented Representative spectra from the particle-gated cube are
with all of the events in the data set, and contained 7.5hown in Fig. 1 fort?ACe, and Figs. 2-5 fot**Ce.
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FIG. 3. Spectra showing transitions 1°Ce
Band 2, projected from the particle-gated cube.
The spectra are double gated using lists of gates
given in Table I:(a) is gated on[1/600]; (b) is
gated onlm/n]; (c) is gated or{1/554]; and(d)
is gated on[o/o], excluding self-coincidences.
The peaks are marked with theray 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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500 [ %ng E %% s Band 3, projected from the particle-gated cube.
218 5 0;, z 3 5 g 2 The spectra are double-gated using lists of gates
0 A A given in Table I:(a) is gated or{465/567; (b) is
00| B . ’ gated or{465/¢]; () is gated or{547/62(; and
(© 5 < 18 e @ (d) is gated on [g/ql, excluding self-
3 e e L ' .
a00 | s 500 ‘}LJL =3 g gl coincidences. The peaks are marked with the
E g o Loat e ,J'L\,..,,-IILN,.M . y-ray transition energies given to the nearest keV.
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C. Angular-intensity measurements quadrupole transition. These values were calibrated using

In order to help assign relative spins and parities to th&nown transitions in the well-studied®Ce[2,22 and **Ba
excited states, a type ofray angular-distribution measure- [23] nuclei.
ment was performed. Twg-y matrices were constructed,
which were incremented with-ray energies from any ger- IV. RESULTS
manium detector on one axis, and wigkray energies from
detectors at a particular value 6bn the other axigIn order
to increase the number of counts, detectorg and (180° Coincidence relationships, together with energy- and
—-6) were summed. These matrices were also only incre- intensity-balance arguments, have been used to deduce the
mented when exactly one or exactly two protons were delevel schemes presented in Fig. 6 f8fCe and Fig. 7 for
tected by the Microball, thus enhancing the relative amount®*Ce. Three bands have been observed?ite and four
of 12%Ce and!?*Ce in the data. By gating on the “any” bands in'?Ce. The spins and parities given in the figures
germanium-detector axis, the intensitiesjofays at a par- have been assigned using angular-intensity measurements
ticular 6 could be measured. Using this methaekay inten-  described in the preceding section, together with the system-
sities at #=90° (28 detectors at9=79.2°, 80.7°, 90.0°, atics of neighboring nuclei. The relative spin assignments
99.3°, and 100.8°and 6=40° (38 detectors a=31.7°, were made up to the following spin$?‘Ce Band 1, 26;
37.4°,50.1°, 129.9°, 142.6°, and 148.8%re measured, and ?“Ce Band 2, 18; 1?Ce Band 3, 26; '°Ce Band 1, 45/&;
the angular-intensity rati®, of these intensities was taken. °Ce Band 2, 27/&; 1*Ce Band 3, 53/&; and two transi-
After normalization, R, was found to be near 0.7 for a tions in 1?Ce Band 4 were shown to have stretched-
stretched-dipole transition and near 1.3 for a stretchedgquadrupole character, but the spin relative to the other bands

A. Level schemes
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FIG. 5. Spectra showing transitions if"Ce Band 4, projected from the particle-gated cube. Spectayis gated orf338/549 and(b)
is a sum of two spectra gated p#47/770 and[550/652. The 206-, 362-, and 620-keV transitions in paf@lpresumably arise from the
[339/547 contribution(where both transitions are in Banytd the[338/549 gate. The peaks are marked with teay 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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FIG. 6. The level scheme df“Ce deduced in this work. The
measured properties of the transitions are given in Table Il. Spins Band 2 also consists of twal
and parities in parentheses are tentatively assigned, and dashed tr?}r]'fs band. thex=
sitions, with energies in parentheses, are tentatively placed. :
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has not been established. All of the measured properties of
the y-ray transitions in'?’Ce and!?*Ce, observed in this
work, are given in Tables Il and lll, 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 codeLEVITSR.

1. 1%ce

Three rotational bands have been observet?i@e. 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 range76-104. All three bands consist of de-
coupled sequences afi =2 E2 transitions. Three transitions
decay from Band 2 into Band (956 keV, 677 keV, and
409 keV). The measuredR, values of the 409- and
677-keV transitions(Table Il) suggest that they have
stretched-dipole character, consistent with a negative-parity
assignment for Band 2If the band were of positive parity,
mixed M1/E2 transitions may be observedt should be
pointed out here that an analogous band is observed in the
neighboring even-even isotoh&Ba: recent polarization and
angular-distribution measurements have shown the linking
transitions in that case to ha¥l multipolarity, giving the
analogous band negative par{®4]. Similarly, three transi-
tions decay from Band 3 into Band(1291 keV, 1151 keV,
and 971 keV. The measuredR, 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 Z9tentatively 3@), Band 2 to 2@
(tentatively 3%), and Band 3 to 28 (tentatively 32).

2.1%Ce

The level scheme of*Ce is shown in Fig. 7. Four rota-
tional bands have been observed, labeled Bands 1 to 4. The
most intensely populated band is Band@wihich takes about
40% of the intensity of thé?°Ce channglfollowed by Band
3 (30%), Band 2(25%), and Band 4(5 %). Bands 1 and 2
were previously observed by Ying al. [13] and Paulet al.
[15].

Both Al =2 signature partners of Band 1 are observed to
high spin. Thea=-1/2 sequence is observed to 55/@en-
tatively 59/2) and thea=+1/2 sequence is observed to
53/2h (tentatively 61/2). The signature splitting is very
small over the observed frequency range-0 at
0.5 MeV/#). Within the bandAl=1 M1/E2 transitions are
observed to connect the two signature partners below spin
45/24. In addition, two transitions, with energies 1016 keV
and 856 keV, are observed to feed into the Z73tate; 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.
=2 signature partners. In
—1/2 sequence is observed to 67/@en-
tatively 75/2) and thea=+1/2 sequence is observed to

034339-5
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o7, (73/2%)
(73/2*
1 5 (1360) (T3/20)._1aae3
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227 853/2') ¢ sore 49 s 12%Ce deduced in this work. The
m5 H H
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057 el sy 7615} (5172 tions are given in Table lll. Spins
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" 888 . . . .
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(47/2%) 596 ¥ {47/ .
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5198y 45/2- (45/2) ¢ ezo0 947 . .
1035 — a33 934 804 spins of Band 4 are estimated.
519 45/2% ¢ sgo2
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288,570 § 25> 25/28 3 2457 bmm 520 550
710 l_ | 35302101 2\ 210 § 23/2* 323/
23/2 1945} 712 670 -9 [ ]
250 21/2¢ 320 S01 620 549
654 ’?S'ﬁ 2z ] = ?‘?:fz;& 19/2¢ — 9/2%
vz § 2% o - /Tsoo ] 444547 Vs
4 /- nz7 } A2
556266 1027 /2" 269 o34 _7g23 15/2* 338
- B d a5 S93 k 447 485 a2t
13/2
‘,!;\%?55,2 § o (S W oy SR P 'saq_/z > Band 4
ez 212, 377 9/2+_3' [ 92Ty 323 126/31572;

/2§y 13 3 ‘_'_Z 5/2+28_'V'V Bt Ml 73 I‘57 V5/2*205 177 ’94 34 1733/2°

Bcnd 1 Band 2 Bond 3

61/2h (tentatively 65/2). Below a rotational frequency of As can be seen in Fig. 7, eight transitions have been ob-
about 0.35 MeV+#, the signature splitting is essentially zero. served connecting Bands 2 and 3. At low spin, five transi-
Below spin 27/2A1=1 M1/E2 interband transitions are ob- tions decay from Band 3 into Band 2. Three of these transi-
served to connect the two signature partners. tions, with energies 187, 198, and 216 keV, h&evalues

In Band 3, like Bands 1 and 2, both signature partners areonsistent with stretched-dipole character, and are presumed
observed to high spin. In this band, the-1/2 sequence is to be M1/E2 transitions. Two transitions observed decaying
observed to 63/2 (tentatively 67/2) and thea=+1/2 se- from Band 3 to Band 2, with energies 380 and 447 keV, have
guence is observed to 65 2tentatively 73/2). This band R, values consistent with stretched-quadrupole character, and
has larger signature splitting than either Band 1 or 2; afre presumed to b&2 transitions. At higher spins, three
0.5 MeV/#, the signature splitting is 280 keV. Below spin transitions with energies 409, 434, and 569 keV decay from
25/2,Al=1 M1/E2 transitions are observed to link the two Band 2 into Band 3. Th&, value of the 569-keV transition
signature partners. suggests that it hds2 character. Although the low intensities
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TABLE Il. Properties ofy-ray transitions int*4Ce. The intensities, given in the second column from the
left, are normalized to the intensity of the 141.9-k&¥— 0%) transition having an arbitrary 100 units. The
given multipolarities are inferred from the angular-intensity rafRysand from systematics. The spins and
multipolarities in parentheses are tentative. The transitions with energies marked by a superscrifrietter
placed tentatively in the level scheme.

E, (keV) 1, (%) =17 Ry Multipolarity
141.9(2) 100(2) 20t 1.15(2) E2
277.8(2) 1.9(6) 9 —(7) (E2)
305.9(2) 59 (1) 45— 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) E1l
416.6(2) 4(1) 10" —(8") (E2)
444.1(2) 57 (1) 6t —4* 1.28(3) E2
472.3(2) 4(1) 12t —10 1.6(1) E2
474.2(2) 8.7(6) 13 —11° 1.41(2) E2
520.3(2) 5.8 (4) 14t —12* (E2)
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) El
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) (21)—19 (E2)
818.2(2) 1.3(4) (225 — 20 (E2)
850.6(2) 3702 20" —18" 1.34(7) E2
887.0(2) 0.5(1) (23)—(21) (E2)
902 (1) (24— (22%) (E2)
940.0(2) 2.2(1) (22")—20° (E2)
956 (1) (77)—6* (E1)
966.4(2) 0.26(9) (25)—(23) (E2)
971.2(2) 3.5(3) 12+ —10 1.36(8) E2
980 (1) 0.8(2) (26") — (24" (E2)
1030(21) 1.5() (247 — (22 (E2)
1043(1) 0.15(5) (27)—(25) (E2)
1050(21) 0.7(2 (28" — (26%) (E2)
1113(1) 0.10(5) (29)—(27) (E2)
1129(1) 0.6(2) (26%) — (24" (E2)
1149(1) 0.5(3) (30" — (28" (E2)
1150.3(2) 0.27(2) 10" —8* 1.4(3) E2
1188(1) 0.1(1) (31)—(29) (E2)
1230(1) 0.5(2) (28" — (26" (E2)
1251(1) 0.2(1) (32")— (30" (E2)
1291(1) 0.2(1) (8")—6" (E2)
1325(1) 0.3(2) (30" — (28" (E2)
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TABLE lIl. Properties ofy-ray transitions int?>Ce. The intensities, given in the second column from the
left, are normalized to the intensity of the 134.7-k&/2"— 7/27) transition having an arbitrary 100 units.
The given multipolarities are inferred from the angular-intensity ra@pand from systematics. The angular-
intensity ratios marked by a superscript lettare values for a composite peak. The spins and multipolarities
in parentheses are tentative. The transitions with energies marked by a superscriptaettplaced tenta-
tively in the level scheme. Those marked by a superscript latbedong 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 thah 4

E, (keV) I, (%) IT—=I17 Ry Multipolarity
56 9/2"—712¢ (M1)
79 13/2—11/2 (M1)
103 17/2 —15/2+ (M1)
118 21/ —19/2* (M1)
132 25/2 —23/2+ (M1)
134.7(2) 100(1) 9/ =717 0.81(2) M1
135.2(2) 100(3) 712t —5/2* 0.74(3) M1
147.1(2) 64 (2) 9/2* 712" 0.86(2) M1
150.3(2) 14 (5) 7/2*—5/2° 1.6(2) (M1)
166.8(2) 68.5(8) 11/2 —9/2° 0.80(1) M1
173.3(2) 6(2) 7/2*—3/2" (E2)
180.9(2) 53(2) 11/2—9/2* 0.76 (1) M1
187.2(2) 7() 9/2* 712" 0.60(1) M1
198.4(2) 30 (4) 13/2"—11/2° 0.64(2) M1
206.3(2) 13.5(5) 9/2t*—5/2* 1.45(3) E2
211.5(2) 46.6(7) 13/ —11/2 0.77(1) M1
216.1(2) 13.2(9) 13/2t—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/ —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) (M1)
263.3(2) 2.9(3) 31/2 —29/2 0.76 (1) M1
265.6(2) 20.2(7) 19/ —1712 0.76 (1) M1
269.4(2) 8.3(6) 17/2"—15/2° 0.79(5) M1
282.8(2) 45(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) 2717 —25/7 0.73(3) M1
289.7(2) 8.9(4) 23/2—211Z 0.741)¢ M1
289.8(2) 21.1(8) 17/2 —-15/Z 0.741)° M1
301.2(2) 16.3(4) 11/2 -7/ 1.35(3) E2
315.0(2) 2.1(2) 21/2"—19/2" (M1)
315.4(2) 6(2) 11/2F—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) 11/2F—7/2* 1.7 (1) E2
335.8(2) 4.2 (4) 2712t —25/2 (M1)
337.8(2) 6.5(2) (15/2")—(11/2%) (E2)
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—31/7 0.74(1) M1
362.3(2) 2.1(2) 15/2"—13/2" 1.37(6) (M1)
364.5(2) 7.8(2) 21/7—19/2 0.74(3) M1
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TABLE lll.  (Continued)

E, (keV) I, (%) I7T—=I17 Ry Multipolarity
377.1(2) 12.4(4) 13/2—9/2 1.40(3) E2
379.5(2) 14 (1) 13/2t—9/2* 1.42(4) E2
390.2(2) 5.6 (5) 37/2 35/ 0.75(3) M1
393.2(2) 4.2 (6) 39/2 37/ 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 2717 0.75(4) M1
408.7(2) (31/2") —29/2 (M1)
421.7(2) 10.0(4) 25/2° —23/2 0.75(3) M1
433.9(2) (35/2")—33/2 (M1)
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) (M1)
446.5(2) 6.4 (8) 17/2"—13/2" 1.30(3) E2
447.3(2) 4.7 (4) (19/2)—(15/2) (E2)
449.1(2) 2.8(4) 41/7 —39/2 (M1)
449.3(2) 16.9(8) 15/2"—11/2" 1.23(4) E2
460.9(2) 3.6(4) 43/2 —41/2 (M1)
465.3(2) 27.4(8) 17/2"—13/2" 1.29(3) E2
501 (1) 23/2"—21/2 (M1)
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 4312 (M1)
546.7(2) 7() 19/2"—15/2 1.58(4) E2
549.042) 4.2 (5) (23/2)—(19/2") 1.23(5) E2
550.3(2) 4.2 (5) (27/12")—(23/2") 1.23(5) E2
551.3(2) 3.2(3) 31/25—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/ —15/2° 1.47(2) E2
562.2(2) 26 (2) 21/2—1712 1.38(2) E2
569 (1) 7(2) (31/2") —27/2 1.56(4) E2
592.1(2) 4 (1) (31/2")—27/2 (E2)
600.2(2) 6.0 (5) 21/2"—17/2 1.46(9) E2
612.9(2) 12(2) 33/2 29/ 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/ =171 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) (35/2")—(31/2 (E2)
647.3(2) 21(2) 29/2"—25/2 1.48(3) E2
652.4(2) 4.1(2) (31/2Y) — (2712 (E2)
654.2(2) 16 (1) 37/2t—33/2 1.34(3) E2
654.4(2) 38(1) 23/2—19/7 1.54(2) E2
659.8(2) 27.9(9) 31/ =271 1.54(2) E2
668.7(2) 18.3(4) 35/2° 31/ 1.34(4) E2
670.3(2) 14.4(8) 25/25—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 lll.  (Continued)

E, (keV) I, (%) I7T—=I17 Ry Multipolarity
685.2(2) 14.2(3) 29/2 —25/7 1.70(4) E2
685.3(2) 10.1(8) 27125 —23/2 1.39(5) E2
686 (1) 14.2(3) (33/2)—(29/2") 1.39(5) E2
702 (1) 9.3(6) (37/2")—(33/2") (E2)
707.4(2) 11 (1) 37/2 —33/7 1.34(1) E2
710.3(2) 34 (3) 2712 —23/7 1.34(1) E2
711.8(2) 18 (1) 25/2 —21/2 1.34(1) E2
724.3(2) 3.2(5) (35/2") —(31/2) (E2)
736 (1) 2.7(5 (39/2")—(35/2") 1.69(9) E2
743.4(2) 13 (1) 41/25—37/2 1.23(3) E2
744(1) 16 (2) (29/2)—25/2" (E2)
770341) 1.4(5 (43/2)—(39/2) (E2)
772.1(2) 1.2(3) (39/2)—35/2" (E2)
782.2(2) 2.3(5 (39/2")—(35/2") (E2)
783.1(2) 12 (2) 39/ 35/ 1.56(5) E2
798 (1) 7.2(5) (4112Y) — (3712 (E2)
804(2) 0.8(3) (4712 —(43/2 (E2)
838(1) 3.1(5) (43/2")—(39/2") 1.5(1) E2
841.0(2) 8.0(3) 41/2 —37/2 1.53(7) E2
843.4(2) 9.1(9) 45/25—41/2" 1.54(4) E2
856 (1) 3.3(5) (35/2)—(31/2) (E2)
858 (1) 1.2(8) (4312 —(39/2 (E2)
888 (1) 4(1) (45/2) — (4112 (E2)
88&(1) 0.5(1) (51/2H) — (47/2Y) (E2)
910.4(2) 9.0(3) 43/2 —39/2 1.51(5) E2
933(1) 3.5(5) (4712 — (4312 1.4(1) E2
934 (1) 1.0 (4) (4712 —(43/2) (E2)
947.2(2) 4.5 (6) 49/2° —45/2F 1.34(4) E2
96(*(1) 0.3(1) (55/2")—(51/2") (E2)
976(1) 2.8(4) (4912 — (45/2) (E2)
980.4(2) 7.8(4) 45/7 —41/2 1.43(7) E2
1016(1) 6.4 (4) Bl/Z2)—=271Z (E2)
1016(1) 3.2(4) (51/2)— (47/2") 1.7(3) E2
1019(1) 0.8(2) (51/2)— (47/2") (E2)
1032Y(1) 0.20(5) (59/2")—(55/2) (E2)
1035(1) 8 (1) (4712)— 4312 1.39(7) E2
1049(1) 3.9(5) 53/2"—49/2 1.39(7) E2
1067(1) 2.5(5) (53/2")—(49/2) (E2)
1094 (1) 2.3(4) (55/2")—(51/2") (E2)
1115(1) 0.6(2) (55/2") —(51/2) (E2)
1118(1) 6.5 (5) (49/2)— 45/ (E2)
1145(1) 7.1(5) (51/2)— (47/2) (E2)
1149(1) 2.3(4) (57/2)—53/2" (E2)
1167(1) 2.2(5) (57/2")— (53/2%) (E2)
1175(1) 0.6(2) (59/2") — (55/2%) (E2)
1214(1) 0.5(1) (59/2) — (55/2") (E2)
1227(1) 5 (1) (55/27)—(51/2) (E2)
1241(1) 1.8(6) (61/2")—(57/2) (E2)
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TABLE lll.  (Continued)

E, (keV) I, (%) I7T—=I17 Ry Multipolarity
1248(1) 5(1) (53/27)— (49/2) (E2)
1255(1) 2.0(5) (63/2")— (59/2%) (E2)
1260(1) 2.0(5) (61/2")—(57/2 (E2)
1312(1) 0.3(1) (63/2") —(59/2) (E2)
1316(1) 1.4 (4) (67/2")—(63/2) (E2)
1328(1) 1.3(5) (65/2") —(61/2) (E2)
1328 (1) 0.9(5) (71/2)) —(67/2) (E2)
1332 (1) 3.0(5) (57/2)—(53/2) (E2)
1360 (1) 0.6(2) (75/12)) — (7112 (E2)
1363 (1) 2.0(5 (65/2") — (61/2") (E2)
1370 (1) 0.9(5) (59/2)—(55/7) (E2)
1397 (1) 1.5(5 (61/2)—(57/17) (E2)
1408 (1) 0.2(1) (67/2)—(63/2) (E2)
1412 (1) 1.2 (4) (69/2") — (65/2") (E2)
1495 (1) 0.8(4) (73/2)—(69/2") (E2)

of the 409-keV and 434-keV transitions precluded measurelished by Petracheet al. in Ref. [16]. In that work, the
ment of theirR, values, it is likely that they aré11/E2  9“Mo(*°Ca,a2pn) reaction was used. Bands 1, 2, and 3 ob-
transitions. TheR, values of the transitions linking Band 2 served in the present work were all observed in their work,
and Band 3 suggest that Bands 2 and 3 have the same parifut at lower spins; for example, Band 2 was observed up to
It should be pointed out that the measufgvalues for ~ spin 25/2 in Ref[16] compared to 75/2 in the present work.
some of the interband transitions in Band 3 are not whaBand 4 in the present work was not observed in the work of
would be expected for stretched dipole transitions. TheRef. [16]. Similarly, Band 4 of Ref.[16] was only very
150.3-keV, 259.2-keV, 137.6-keV, and 444.4-keV transi-Weakly observed in the present data, and was not unambigu-
tions all have R, values around 1.4, characteristic of Ously assigned td*Ce. For that reason, and because no
stretched-quadrupole transitions. The characteristic bangdditional information could be obtained from the present
structure implies that the transitions must haw&/E2 char- ataﬁ that lbanq 'S.f.nOt pregented or discussed herr(]a.
acter, and 'ghéie values implies that they are stro_n_gly mixed. wo-rrk ear?g %hifrgf'cgre'} SZ?%;%?:%SE%?;E; oef %isent
definte nking randitons coud s dentfied betwoen Band263 KEV transition in Band 2. In the present work, the mea.
4 and the other bands. However, it appears that the band is froan, value suggesss that the ~KeV transition

T ! o aracter, and it has been assigned to be a member of the
coincidence with the lowest transitio(50 and 173 keYof - oiational sequence. In R4fL6], the 283-keV transition has

Band 3. On the basis of the decay to Band 3, Band 4 haggen assigneB1 multipolarity. This has the consequence of
been tentatively assigned to have positive parity. lowering the spins of Bands 2 and 3 in REES], compared

It should be noted that there are several differences bep the present work, which in turn has led to a different
tween the level scheme deduced in this work and that proconfiguration assignment for Band 3, to that proposed here.
posed in Ref.[15]. The larger number of counts in the The configuration assignments are discussed in Sec. V.
present work enabled the transitions observed in Ré&i.to
be placed in the level scheme with more certainty. Some B. Alignments and Routhians
of the transitions in Band 1 have been rearranged: the The aligned angular momenta and Routhians have been
710-keV transition has been placed below the 660-keV tranextracted from the data using the method described in Ref.
sition, the 783-keV transition has been replaced by thg25]. The data were calculated using the spins given in Figs.
669-keV transition, and the 683-keV transition has been re6é and 7. As mentioned above, the spins of Band 4%ige
placed by the 712-keV transition, with the 683-keV andare particularly uncertain, and no discrete transitions have
783-keV transitions being placed higher in the ban@sf- been observed linking Band 4 to Bands 2 and 3. Khand
ficulty in placing the 712-keV and 710-keV transitions is not () values used are given in Sec. V B. These datd¥bt>*Ce
surprising: the~710-keV peak in Fig. 2 represents three are plotted against rotational frequency in Figs. 8—10. On
transitions at 707, 710, and 712 keVin Band 2, the these figures, a reference with Harris paramef2 of 7,
465-keV transition from Ref[15] has been replaced by the =17.0 MeV %2 and 7;=25.8 MeV%:* has been subtracted
503-keV transition; the 465-keV transition has been assignetfom all data points. These Harris parameters were originally
to belong to Band 3. obtained from a fit to th& band in!3%Ce [27], and are used

In the period since the work described here, and in Refhere to enable comparison with earlier work on the heavier
[18], was completed, a separate studydCe has been pub- cerium isotopes.
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FIG. 8. The(a) aligned angular momenta aliid) Routhians for
the three bands if¥“Ce. For all data points, a reference with Harris sl
parameters 0f7,=17.0 MeV 1?2 and 7;=25.8 MeV3:* has been
subtracted.
4}
V. DISCUSSION
A. Total-Routhian surface and cranked 0
Woods-Saxon calculations 20 ¢ (d)
Calculations have been performed which predict the high- 16 |
spin behavior of specific configurations of quasiparticles. -
From a comparison with experimental data, these calcula- 121
tions assist in assigning quasiparticle configurations of the I Band 4
observed rotational bands. Initially, the total-Routhian sur- 8 I
face(TRS) method was used to calculate the deformations of 4l
the most likely configurations of quasiparticles itf°Ce.
The TRS method is described in detail in Rgf38-31]. In

0 n 1 n 1 n 1 n 1
essence, for a given number of quasiparticles with specific O'OR 1?:2 ”0'4 0.6 " 3}:
parity 7 and signaturey, the total Routhian of the nucleus is otational frequency (MeV/h)

minimized with respect to the deformation paramegss FIG. 9. The aligned angular momenta for the bandd?iCe.

B4, and vy, at steps in rotational frequencies, resulting in a . . :
F Il dat ts, fi th H t f
TRS for each frequency. Although each TRS has a well- or al dala points, a reference Wi aris parametersJg

; X . =17.0 MeV %2 and 7;=25.8 MeV 314 has been subtracted.
defined parity and signature, no other quantum numbers are
conserved. The likely configurations 1%"12Ce were chosen quasiparticle excitations for a particular energy minimum in
by determining which orbitals are near the Fermi surfacethe TRS, cranked shell model calculations have been per-
using predictions from Woods-Saxon calculations, and fronformed using the same Woods-Saxon potentgd,34. In
a consideration of known configurations in neighboring nu-the calculations, the pairing strength was calculated at zero
clei, such as?#'?Ba [23,32. Proton single-particle orbitals frequency, and decreased with increasing rotational fre-
from Woods-Saxon calculations are shown in Fig. 11. Thequency so that it reached 50% of its original value at
deformations of these configurations were then extracte@.7 MeV/i. This treatment of the pairing is described in
from the TRS calculations. In this work, the standard nomendetail in Ref.[30]. Typical results of the calculations are
clature for labeling orbitals has been adoptsde, for ex- shown in Fig. 12; from such quasiparticle diagrams the
ample, Ref.[23]); this is summarized in Table IV. The alignment frequencies of quasiparticle pairs can be extracted.
positive-parity orbitals have been labeled with the subshelln Fig. 12, the alignment frequencies of thef, #fg, vEF,
from which they originate. However, at the deformations in-andvFG quasiparticle pairs are marked by vertical lines. The
volved here, the positive-parity orbitals will be strongly alignment frequencies, thus extracted, for the lowest three
mixed; for example, the,, andds;, orbitals will mix and  pairs of negative-parity quasiparticles and the lowest pair of
exchange character. positive-parity quasiparticles, are given in Table VI. The in-
The deformations extracted from TRS calculations arderaction strength¥ at the vEF andwef alignments are also
given in Table V. In order to examine the behavior of theindicated in Fig. 12.
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Or (¢ 1 Positive- and negative-parity orbitals are represented by solid and
r 1 dashed lines, respectively. Several of the orbitals are labeled by the
-2 Band3 | subshell to which they belong@n italics) and by their asymptotic
I 1 Nilsson quantum numbel@bove and to the right of the figyre
4t
6| eeamiis ] tion and discussion of blocking arguments. These calculated
0-0 a=_1/2 | alignment frequencies are given in Table VI, ©6+58 and
N=66,67.
-8
0 (d) - B. Configuration assignments

1 In 1?4Ce, Band 1 is based on the quasiparticle vacuum at
ol Band4 | low spins. Band 2 is analogous to negative-parity bands ob-
served in ?612%e [2,323. A comparison of these

bands, together with a study of the orbitals near the

4l ] Fermi surface, suggests that the configuration of Band 2 is
m(hy12)[541]3/2 ® m(gy9)[422]3/2°, giving the band
00 02 04 06 08 K=3. Band 3 is, however, more difficult to describe. An
Rotational frequency (MeV/h) inspection of the orbitals near the Fermi surface suggests that

m(hy19)[541]3/2 @ w(hy1,9)[550|1/2 (wfg configuration is
FIG. 10. The Routhians of the bands 1ACe. For all data a possibility, givingK=2.
points, a reference with Harris parameters Gf=17.0 MeV %2 Previous work has suggested that Band ¥#te is based
and 7;=25.8 MeV %* has been subtracted. on thew(hy,,)[523]7/2 orbital, and that Band 2 is based on
the v(ds»)[402]5/2" orbital. The discussion given below
The results of the TRS calculatioiFable V) reveal that suggests that Band 3 is based on tds»)[411]3/2" or-
the various expected configurations'#1?Ce have slightly ~ bital; the experimental observations suggest that this is the
different deformations. In order to investigate how the calcu-mnost
lated alignment frequencies depend on the deformatiorgrobable configuration for Band 3, but it should probably
cranked shell mode{(CSM) calculations have been per- be considered less definite than that assigned to Band 2.
formed where, of the three deformation paramejgss3,,  Band 4 is probably based on one of thils,)[420]1/2" or
and vy, two are fixed while the third is systematically varied. v(d3;»)[411]1/2" orbitals. The experimentally extracted
The results of this study are given in Fig. 13. Over the rangdRouthians for all of the bands ##°Ce are shown in Fig. 10.
of deformations given in Table V(0.284<p,<0.298, The signature splitting in th&’*Ce bands is consistent with
0.009< 3,=<0.031, -6.1<y=<2.1° there is very little these proposed configurations. Band 3 has a larger signature
change in any of the calculated alignment frequencies. Fosplitting than the other bands, suggesting that the orbital
this reason, the alignment frequencies calculated at a reprepon which this band is based has a lower valu€)ahan
sentative deformation 08,=0.292,8,=0.01,y=0° are ap- the other bands. Since Band 2 has been assifve8/2, a
plicable to bands built on all of the likely configurations value of2=3/2 or 1/2 islikely for Band 3, which is con-
given in Table V. Furthermore, when the same pairs of quasistent with thg411]3/2" assignment. All of these configu-
siparticles are expected to align at the same rotational frerations are consistent with the observed alignment character-
guencies in all of the bands, then this simplifies the applicaistics discussed in the following section.
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TABLE IV. Nomenclature for orbitals near the Fermi surface'#hTe, for 8,=0.292.

Nilsson configuration

Subshell [NnAJQ™ a=-1/2 a=+1/2
Neutrons ds), [402]5/2* B A
ds/ [411]3/2 D C
hi1/2 [523]7/2° E F
hy1jo [532]5/2° G H
Protons ds/, [42011/2¢ b a
972 [413]5/2F c d
hyi1/ [541]3/2° e f
112 [550]11/27 g h
C. Quasiparticle alignments nor the wef alignment is blocked, and both should be ob-

The quasiparticle alignments {“Ce are most easily un-
derstood with reference to thHéCe alignment data. There-
fore, in this section, the discussion of alignments3tCe is

presented before that éf‘Ce.

1. 12ce

served experimentally. The aligned angular momentum of
Band 2 is shown in Fig. ®). The alignment observed at
0.35 MeV/ is in good agreement with theef alignment,
predicted at 0.34 MeW. Above the first alignment, a more
gradual gain in aligned angular momentum is observed,
which can be interpreted as thé&F alignment, centered
around a rotational frequency of about 0.42 Mé&V/The

Band 1 has been interpreted to be based on the negativgradual nature of this second alignment suggests that the
parity v(hy,,,)[523]7/2" orbital. This band is therefore ex- interaction strength is larger than that of thef alignment.
pected to exhibit theref alignment. The aligned angular mo- A second clear upbend is observed at 0.7 Mg\ the «

mentum of Band 1 is shown in Fig(&. The wef alignment,

=-1/2 signature of Band 2. This upbend would be a candi-

predicted to occur at a rotational frequency of 0.34 MgV/ date for the alignment of the first pair of positive-parity qua-
is observed experimentally as a sharp upbend asiparticles. However, as the upbend involves tentative transi-

~0.35 MeV /4. Both thevEF andvEH alignments would be
blocked, and indeed are not observed. Alignments predicted
at higher rotational frequencies, such as tf& alignment
at 0.50 MeVF are not clearly seen.

Band 2 is interpreted to be based on the positive-parity
vds)[402]5/2" neutron orbital. In this band, neither th&F

TABLE V. Deformations of configurations if2*2Te, ex-
tracted from TRS calculations. In the two columns on the left-hand
side, the symbol and figure in parentheses repredsent), wherem
is the parity andv is the signature quantum number. The valuaof
was taken to be just below the first quasiparticle alignment in each
case.

Quasiparticle Routhian (MeV)

v 7T w B2 Ba Y
(7, a) (7, a) MeV/# (deg
12 {b) Neutrons ///," b
Vi ‘Ce 5 0.1 02 03 0.4 0.5 (;.s
acuum Vacuum 0.187 0.298 Rotational frequency (MeV/h)
Vacuum ef+,0) 0.187 0.287
Vacuum fd+,0) 0.187 0.291 FIG. 12. Quasiparticle Routhians fga) protons atZ=58 and
EFR(+,0) Vacuum 0.187 0.284 (b) neutrons alN=66. The Routhians are calculated with the defor-
Vacuum elb-, 1) 0.187 0.292 mation parameter$,=0.292,3,=0.01, andy=0°. The parity and
12506 signature quantum numbe(%, @) of each quasiparticle trajectory
are given by the style of the line6t, +1/2) is represented by solid
E(-,-1/2  Vacuum  0.186  0.289 lines; (+,-1/2) by dotted lines:(—,-1/2) by dashed lines; and
F(-,+1/2 Vacuum 0.186 0.289 (-,+1/2 by dot-dashed lines. The frequencies of thef, =fg,
A(+,+1/2 Vacuum 0.186 0.295 vEF, andvFG quasiparticle alignments are shown by the vertical
B(+,-1/2) Vacuum 0.186 0.294 dotted lines. The interaction strengtWsat the wef and vEF align-

ments are indicated.
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TABLE VI. Calculated alignment frequencies, in Mek,/ for 16
B5,=0.292 3,=0.01, andy=0°.
12 + 1
Protons Neutrons
Z=58 N=66 N=67 8r 1
e *Ce 1
w(ef)=0.34 w(EF)=0.39 w(EF)=0.39 4k o ®Celvd,) |
w(fg)=0.48 »(FG)=0.48 ©(FG)=0.50 _ )
w(eh)=0.52 w(EH)=0.54 (EH)=0.60 £ 5 M-
w(@h)>0.6 w(AB)>0.6 w(AB)>0.6 € A
FRER
E
tions, no conclusions can be drawn. An alignment plot for g 8 L
Band 3 is shown in Fig.(@). The general trends are the same &
as in Band 2, suggesting that Band 3 also undergoes both the > 4l
mef and vEF alignments, at about 0.35 and 0.42 M&V/ 5
respectively. This is consistent with théds,,)[411]3/2" as- 3 0
signment for Band 3. 5
Additional evidence for the’lEF alignment is shown in <

panel(a) of Fig. 14, where the aligned angular momentum of
Band 3 of?Ce is compared to that of bands in tAe57
neighbor*?3.a [35]. In the mhy, band of %3 a, the mef
alignment is blocked, and the gain in aligned angular mo-
mentum is due entirely to the alignment of thEF pair. In
the g7, band of?3_a, neither theref nor the vEF align-
ment is blocked and both are observéthe mef alignment
occurs early, for reasons discussed in R&8%].) The overall
alignment gain for'?*Ce Band 3, and therefore, using the
comparison in Fig. 15, also for Band 2, is the same as that
for the 7g,,, band in'?3_a. Furthermore, two bands if‘.a
(not shown in the figurgsexhibit the vEF alignment[36]
with the same general featuréalignment frequency, and
gradient of alignment plgtas that proposed to be th&F
alignment in'?Ce.

The aligned angular momentum in Band 4 is shown in
Fig. 9d). Alignments are observed at 0.27 and 0.39 M&V/
The lack of similar bands in the neighboring nuclei and the
lack of definite linking transitions make it difficult to

X . . FIG. 14. A comparison of the aligned angular moment¥fe
assign a configuration to Band 4. The decoupled nature oIgand 1 with various neighboring nuclei, indicated by the legends.

For all data points on pane(a), (b), and(c), a reference with Harris

0.0 0.2 0.4 0.6 0.8
Rotational frequency (MeV/h)

0.45 Boo0t v P-0292 B0t P02z o parameters 0f7,=17.0 MeV 142 and 7,=25.8 MeV%i* has been
3 n n ol n subtracted. For the data in parié) the following Harris parameters
E 035 \/'// were usedJp in MeV~%2 and 7; in MeV~34%): 1?4Ce, 22.0 and
s ——— e 67.8; 12%Ce, 18.6 and 68.612Ce, 15.7 and 68.9; antfCe, 13.8
5 @ © and 58.6.
g 02 - » o1 "
g 048 Band 4 implies that it could be built on either of
g 035 — .»X“'/‘ the (dgp)[411]1/2* or (ds/»)[420]1/2 orbitals. In either case
= © both ef andvEF alignments would be observed. The nature
0.25 of the observed alignments is not clear.

0.20 025 030 035 040-10 -5 0 5
B, ¥ (degrees)

10 000 0.02

B,

0.04 0.06

2. 2ce
FIG. 13. Frequencies of theef and vEF alignments extracted . .

from cranked shell model calculations. The upper panels give the 1h€ aligned angular momentum for Band_llﬁﬁ‘Ce 1S
alignment frequencies of pairs bfy,, protons(wef) plotted against Shown in Fig. §a). An alignment is observed |n_Band 1 at
@ By (b) 7 and(c) B, The lower panels give the alignment 0.34 MeV/ii. Alignments are also observed at this frequency
frequencies of pairs df;,, neutrons(vEF) plotted againstd) B,, in the yrast bands of the neighboring barium isotdfBa

(e) v, and(f) B,. Apart from the parameter being varied, the defor- [24] and in*?®Ba [37], but not in the yrastr(hy;,) band of
mation parameters are fixed 83=0.292,8,=0.01, andy=0°. the oddz isotone'?3a: alignment data for these nuclei are
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wlb - T T T T ] vEF alignment, consistent with themr(h;q,)[541]3/2"
g ® m(hy19[550]1/2 (wfg) assignment. Given the above as-
£ 12 1 signed configurations for Band 2 and 3, thég and meh
£ 10 [ | alignments should be observed in the bands, respectively. In
E I the present data there is no obvious sign of these alignments,
E 8} . although it is possible that the gradual rise in alignment in
2 128 1 Bands 2 and 3 is due to botheF and#fg, or vEF andweh
g 61 :12582 g; gzﬁfi) | alignments, respectively. The curved shape of the alignment
9 4t = *Ce B3 (Vdf”?) j plot for Band 3 is similar to the shape of that for one of the
5 0™CeBY 42h° 1 positive-parity bands iA?®Ce [3]. For the band it?%Ce, two
< 27 ] possible configurations are suggested; eithfgy, as above,
0 . . . . or a triaxial v(hy,,)? band. For'?®Ce, TRS calculations pre-
0.0 0.2 0.4 0.6 0.8 dict a secondary triaxial minimum witi$,=0.25 andy=
Rotational frequency (MeV/h) —40°. This triaxial minimum does not appear in the calcula-

. . tions for 124Ce, ruling out this possibility.
FIG. 15. Comparison of the aligned angular momenta of Band 1

in 12Ce with Band 1(e=-1/2), Band 2(a=+1/2), and Band 3 3. Systematics of the’EF alignment in A<130 even-even
(@=+1/2) in 1%Ce. The data for?4Ce have an offset of2in cerium isotopes

aligned angular momentum, in order to highlight the similarity of 280 . .

that band and Bands 2 and 3%#Ce. For all data points, a refer- In the yrast band of*Ce, thevEF alignment is not ob-
ence with Harris parameters of/,=17.0 MeV'#%2 and g,  Served: it has been reported that this alignment is delayed by
=25.8 MeV 344 has been subtracted. >0.2 MeV/h or is absen{3]. This has been put forward as

an inconsistency between the cranked shell model and ex-

compared to Band 1 in panefa) and(b) of Fig. 14. CSM  perimental data with no definite explanation. The alignment
calculations predict theref alignment in*?“Ce to occur at a systematics for the even-even cerium isotopes with<l24
rotational frequency of 0.34 MeVi. The first alignment in <130 are shown in pangt) of Fig. 14, a common Harris-
the yrast bands of?>128a has been interpreted as thef  parametrized reference has been subtracted for all of the
alignment: this is blocked in therh,,,, band of 21 .a. By  data. Thewef alignments are observed in each of the nuclei
comparison with the data for neighboring nuclei and withshown at about 0.35 MeW/, with the interaction strength
CSM predictions, it is likely that the alignment #3°Ce can increasing with decreasing neutron number: the shape of the
also be attributed to theref quasiparticles. mef alignment changes from a clear backbend®fiCe to a

The CSM calculations also predict that tHeF alignment  gradual upbend if?“Ce. However, the’EF alignments are
will occur at 0.39 MeV# in 124Ce; experimentally this not so easy to describe. The interaction strengths and fre-
alignment is not clear. In order to investigate whether thequencies of the’EF alignments fot?>-13Ce, calculated by
vEF alignment occurs in Band 1, the aligned angular mothe CSM, are shown in Fig. 16. TheEF alignment is not
mentum of Band 1 is shown in Fig. 15, in comparison withclear for any of the isotopes shown in Fig. 14. The isotope
one of theAl =2 sequences from each of Bands 1, 2, and 3 int?’Ce differs from the other nuclei, in that an upbend is seen
12%Ce. Bands 2 and 3 0f*Ce are expected to exhibit both at 0.5 MeV /. In Ref.[2] this is interpreted as theEF align-
the mef and vEF alignments, but if?*Ce Band 1, thee/EF  ment, delayed by 0.1 MeV#/ with respect to the CSM-
alignment will be blocked. This is in agreement with what is predicted value. The overall gain in alignment'#iCe and
observed experimentally; Band 1 df°Ce has a smaller 12%Ce, over the observed range in spins, is very similar and is
alignment gain than the other three bands shown. The aligrarger than the gain id%%Ce and'®®Ce, which suggests that
ment plot for Band 1 it?“Ce has the same gain and the samethe same alignments occur in botf*2Ce. However, the
general shape as Bands 2 and 3%iCe, where bothref and  second alignment if?‘Ce is less distinct, presumably due to
vEF alignments occur. All three of these bands have a largest larger interaction strength. The relative interaction
total alignment gain thaf®*Ce Band 1 where only theef  strengths of thevEF alignments in'2*12Ce are well ex-
alignment occurs. This comparison therefore suggests thafained by the CSM. It?®Ce thevEF interaction strength is
the vEF alignment also occurs i#“Ce Band 1. predicted to be reduced by almost 50% compared’iGe

The aligned angular momentum for Band 2#{Ce is  [Fig. 16a)], which explains the distinct upbend #A%Ce. In
also shown in Fig. 8. This band exhibits a gradual increase id?“Ce, the second alignment is centered around 0.45 MeV/
aligned angular momentum over the observed frequencif this is the vEF alignment, then it is in reasonable agree-
range. The increase in aligned angular momentum at aboutent(delayed by only 0.05 MeW) compared to the predic-
0.4 MeV/# in Band 1, from the above discussion, is presum-tions of the CSM[Fig. 16b)].
ably due to thevEF pair, and it is likely that the increase in  To further investigate the nonobservation of th&F
aligned angular momentum in Band 2 has the same origimalignment in12813Ce, the alignment data for the even ce-
The observation of theEF alignment is consistent with the rium isotopes have been replotted in Fig.(d4 For this
band having them(h,1,,)[541]3/2" ® 7(g7,,)[422]3/2" con-  figure, the reference has been fit for each individual isotope,
figuration. Band 3, also shown in Fig. 8, exhibits similar by performing a Harris parametrization of the ground-state
alignment characteristics to Band 2. Like Band 2, theband below the first alignment. This procedure makes the
gradual increase in alignment can be attributed to thelignment plots nearly flatand zerg at the lowest frequen-
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Neutron number N TABLE VII. Summary of parameters used to calculate the
64 66 68 70 72 Dénau and Frauendorf estimatesB{M1)/B(E2) ratios[38,39 in
——————— 125Ce. For each orbital a value @,=3.58¢eb was used.
3 04} - _ _ _
= (a) Subshell Nilsson orbital Ok i (h) Aelhw
= I
2 02 | | v(hy10) [532]5/2 -0.21 4.0 0
a v(hy1) [523]7/2 -0.21 25 0
§ v(hy1) [514]19/2 -0.21 2.0 0
8 00} 1 »(ds)p) [402]5/2 -0.46 0 0
[
" o0 b ) [413]5/2* 0.26 1.0 0
g = (ds)) [411]3/2F -0.46 1.0 100/150
S oas| ®)
P
g Theoretical estimates for tH&(M1)/B(E2) ratios can be
g 040 | obtained from the semiclassical formula of Dénau and
= Frauendorf[38]. In this work, the formula was used in the
_% 0.35 1 form presented in Ref39] where
¢ 030. N — B(M1) _ 12 1 K2 |72
' 122 124 126 128 130 B(E2) 502 +30912] 7 1)\2
Mass number A (E2) - 5Qacos(y+307 (I - 5)

FIG. 16. Properties of the predicteF alignments in the even- 2 N12A 2
even cerium isotopes extracted from the cranked shell model calcu- X7 = K9TA-K(ge — g} 2

lations. Panela) shows interaction strengths and pati@l shows

alignment frequencies, extracted as explained in R25]. The Ae

mass-number and neutron-number scales apply to both panels. The A=K(gk - gR)<1 + %) 3)
cranked shell model calculations were carried out at the deforma-

tions predicted by TRS calculations. In these expressions, the parameggris the rotational

gyromagnetic factor, and the standard approximatioygof
cies, making the details of the first alignment more easily”</A has been used, which is equal to 0.464'f6Ce. The
compared. The figure shows that#13Ce, the gain at the 9K parameters are the orbital gyromagnetic factors: for this
first alignment is 2—4#% larger than int2412Ce. It is there- work, the Schmidt values have been used or the values from
fore plausible that what appears to be the firsef) align- e compilation given in Refl40] have been used, where
ment in 1?813Ce is, in fact, two alignments: the superposi- possible. The aligned angular momeitaere estimated us-
tion of both ref and vEF. If this is the case, however, the "}9_2 thg values of andK for the quasiparticle, whereis
vEF alignment would have to occur early,a0.35 MeV /4, vj°=K" The values of the .q”admpo'e momelg were
which is the opposite behavior to tlielayedalignments in Qeduced from the deformatpns given by t.he IRS calcula-
12412@e, and cannot be explained by cranked shell modelions. The parameters used in the calculations'féCe are
calculations. summarized in Table VII. The experiment&(M1)/B(E2)
values for Bands 1, 2, and 3 #3°Ce are presented in com-
parison with some of the calculated values, in Fig. 17 and
D. Transition strength ratios Table VIII. For each band the signature splittidge was
The ratios of the reduced transition probabilities taken from the ob_served exper_lmental data. .
B(M1)/B(E2) can give information about the underlying Before comparing the experimental data points to the cal-
structure of a rotational band. The values can be strong| ulated values, it is instructive to examine the dependence of
dependent upon the occupied orbital and, therefore, a c:o%}e (;alcilélatﬁdw\g(lkﬂels) /%rzEtg;avp?rameteero,ng%, ﬁndng.in
parison between predictions and experimental values cal Qllu? dS 'Oh i . alues as a gc ﬁ ot spin,
help to identify the quasiparticle configuration. The experi-ca culated with difierent input parameters. On a parias
mental B(M1)/B(E2) ratios, in (uy/eb)?, can be extracted (d) in Fig. 18, the bold line represents the values calculated

. . with the same input parameters; specifically0, Qg

from the data using the relation =3.58¢eb, gr=0.464, andgx=-0.46. These values are what
B(M1;Al=1)  0.697 |,(M1) Ei(Ez) would be expected for a neutron in théds;,)[402]5/2" or-
B(E2:AI=2)  (1+6) | (E2) E37(M1) ' (1) bital. The other curves on each of the panels were calculated

by altering the parameters. Pana) reveals that changing
wherel, representsy-ray intensity andg, is the y-ray en- by even 1/2 can significantly alter the calculated values.
ergy in units of MeV. In this work, the mixing ratié has  Similarly, altering theQ, values can have a marked effect, as
been assumed to be zero, meaning that the experimental dathown in panel(b). The approximationgr=Z/A is often
points are upper limits. modified by a factor of 0.7, to better fit experimental data
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3.0 T 2.5
(a) Band 1 r
(5141972 20T
20 f
E . E 1.5
1ol CI. ; ) 1.0
[523]7/2 . &= ii """"""" 0.5
o e Variation with i 1
<2 0.0 t < 0.0 —
~~22 8
= = (b) \ —- Q=258¢eb
— 18 k = 30 F ' — Q,=3.58 eb 1
’C?IT . 5 : L Q,=4.58 eb
A ‘W —- Q=558¢b 1
4 14t } E ! 4 —
o } [402]5/2 q20ft —- ]
Waot E ----------------------- w S
o & r Variation with Q,, 1
= 210 1
— 06 A
4 (b) Band 2 2 D ]
= i
< 0.2 . S 00
s 2 6 10 14 18 = 00r
& 02 ' = 1
L — 0.=0.464 (Z/A)
(c)Band 3 15 — - g,=0.343 (0.7Z/A)
04 t . L
? 3 10 |
_________________ o :
""""" [411]3/2 [ Variation with g,
05 — + + } : } ——]
0.0 > 4 6 8 1'0 12 e) Variation with g,
Spin (h) 15 ¢ ]
FIG. 17. ExperimentaB(M1)/B(E2) ratios for the three bands 10 | . -
in 12Ce. The uncertainties on the data points are propagated from - 3”228'32 E;‘;Z’;‘L‘:Lg?“’"ate)
the uncertainties on the intensities. The dotted lines are calculated 05 [ -
using the Donau and Frauendorf formul@8,39. The calculated Tr -7
points are labeled with their Nilsson quantum numbers. 0.0 L ]
) 5 10 15 20
[41]; panel(c) illustrates the effect of this alteration on the Spin (h)

calculatedB(M1)/B(E2) values. Finally, panel(d) shows

how the values change when using either the Schmidt esti- FIG. 18. B(M1)/B(E2) ratios calculated using the formalism of

mate of thegx parameter or the value measured in neighborDénau and Frauendorf. The paneds, (b), (c), and(d), show how

ing nuclei for theds,, orbital [40]. the calculated values vary wiih Qo, gg, andgy, respectively. The
The B(M1)/B(E2) ratios for Band 1 are shown in Fig. bold line represents the same data points on each panel.

17(a). The ratios have been measured for all states in Band 4y parameters. The configuration assignment for Band 1
with spins from 11/2 to 31/2. The large errors on some 0fis more strongly based on the previous work and alignment
the data points are due to doublets, or contaminated or weaitguments.

transitions. The values measured here are in agreement with Figure 17b) shows experimental data for Band 2. For this
those measured in RgfL5], both in magnitude and in over- hand, theB(M1)/B(E2) ratios have been measured for all
all trend, and average around a value of(i,@'eb)®. The  states with spins from 9/2 to 21/2. Refererjas] and the
discussion of alignments and Routhians, presented earligrarlier discussion suggest that Band 2 is based on the
and in Ref.[15], suggest that Band 1 is based on thew(ds,)[402]5/2" orbital. The experimental data are in good
v(hy19)[523]7/2 orbital. CalculatedB(M1)/B(E2) values agreement with the calculations for this orbital.

for threew(h,4/,) orbitals in the vicinity of the Fermi surface Finally, Fig. 14c) shows the experimental values for
are shown in Fig. 1(a); the values were calculated using the Band 3. TheB(M1)/B(E2) values have been measured for
parameters given in Table VII. The data with the smallesthe four states with spins between 7/2 and 19/2 in é¢he
error bars are in best agreement with the calculations for the—1/2 signature sequence. It was not possible to accurately
v(h119[523]7/2 orbital, at intermediate and high frequen- measure the intensities of the low-energy transitions from the
cies. The agreement with any of the calculated orbitals is no= +1/2 states. As discussed above, it is most likely that this
very good; however, as pointed out in the preceding paraband is based on the(ds;,)[411]3/2" positive-parity orbital.
graphs, theB(M1)/B(E2) ratios are strongly dependent on The values calculated for this orbital are shown in Figcl7
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TABLE VIII. Experimentally extractedB(M1)/B(E2) ratios for bands in?*Ce.

Band 1 Band 2 Band 3
I(%) B(M1)/B(E2)(un/eb)? [(#) B(M1)/B(E2)(un/eb)? I(#) B(M1)/B(E2)(un/eb)?
11/2 1.69(4) 9/2 1.5(1) 712 0.088(5)
13/2 1.11(2) 11/2 1.27(8) 11/2 0.084(3)
15/2 0.92(3) 13/2 1.33(9) 15/2 0.060(3)
17/2 1.66(5) 15/2 1.26(6) 19/2 0.05(1)
19/2 0.93(3) 17/2 0.99(6)
21/2 0.74(4) 19/2 1.18(7)
23/2 0.87(7) 21/2 1.10(8)
29/2 0.73(5)
31/2 0.4(1)
33/2 2.1(1)
35/2 1.27(9)

An approximate value of the signature spliting has beenions. Theh,;,, neutron alignment$vEF) agree reasonably
included in the calculations; the calculated points shown arevell with predictions, although, in the yrast band 6fCe,

the lower solutiongtaking the negative coefficient dfe in  the h;;,, neutron alignment frequency is delayed by about
Eqg. (2); an examination of how signature splitting affects 0.05 MeV /4, with respect to predictions of the CSM. The
B(M1)/B(E2) ratios is given in Ref[38].) The calculated slight delay of then,,,, neutron alignment if?4Ce is signifi-
values are in reasonable agreement with the experimentahnt, because this alignment has previously been reported to
data, although the overall downward trend of the data pointge delayed by 0.1 MeW in 12Ce[2] and by>0.2 MeV /4

is not well reproduced. in 128Ce [3] (in which case the alignment has not been ob-
served. The interaction strength at theEF alignment in
12 ich is i
V1. SUMMARY AND CONCLUSIONS ‘Ce appears larger than that #%Ce, which is in good

_ ) o agreement with CSM predictions. The apparent ability of the

In summary, high-spin states have been studied in thgsv to explain the features of the neutron alignments in
very neutron-deficient****Ce isotopes using the Gammas- 124125 pyt not inl2612Ce is conspicuous, and may indi-

phere y-ray spectrometer, together with the Microball cate g deficiency of the cranked shell model for the localized
charged-particle detector array. Despite these isotopes belr,!ggion nearft?Ce, and not a deficiency which increases with

the most neutron-_deficient cerium isotopes studiedymgy decreasing neutron number as implied by the previdiGe
spectroscopy, their level structures have been extended t@gy|t.

over 3G: above the ground state. Extract8dM1)/B(E2)
ratios are consistent with those calculated for the proposed
configurations. Although the dependency on input param-
eters prevents conclusive comparisons between calculated The authors would like to thank R. Darlingtaares-
and extracted(M1)/B(E2) ratios, consistency can provide bury) and A. Lipski(Stony BrooK for target preparation. The
supporting evidence when taken in conjunction with otheltCSM and TRS codes were provided by R. Wyss and W.
arguments, such as aligned angular momentum and signatuk&zarewicz. This work was supported in part by the NSF, the
splitting. EPSRC (UK), and by the U.S. Department of Energy,

Alignments of pairs oh,;,, neutrons and protons are ob- Nuclear Physics Division, under Contract No. W-31-109-
served in all of the bands. Generally, thg,, proton align- ENG-38 (A.N.L.). V.M.C. acknowledges support from La
ments (wef) are in good agreement with the CSM predic- Caixa(Spain and the British Council.
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