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High-spin structures and alignment properties in 126Ce
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Excited states in126Ce have been observed with the GAMMASPHEREg-ray detector array, used in con-
junction with the MICROBALL charged-particle detector. The reaction64Zn(64Zn, xpna) ~beam energy 260
MeV! was used to populate a wide range of nuclei in the neutron-deficient region withA'120. 126Ce was
populated via the 2p evaporation channel. The three previously observed bands have been extended to higher
spins and some other structures have been identified. The yrast band shows evidence of a delayed neutron
alignment occurring at a rotational frequencyv'0.5 MeV/\ as observed in the neighboring odd-A nucleus
127Pr. One of the two excited bands shows evidence for a similar crossing at a slightly lower frequency and
also exhibits a sudden gain in alignment atv50.57 MeV/\. The third band may involve the coupling of a
g-vibrational state. All three rotational bands are discussed in terms of standard and extended cranked shell
model calculations.

DOI: 10.1103/PhysRevC.63.054307 PACS number~s!: 21.10.Re, 21.60.Ev, 23.20.Lv, 27.60.1j
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I. INTRODUCTION

Neutron-deficient nuclei with 50<Z<60 provide an im-
portant means of testing the underlying assumptions of
standard cranked shell model~CSM!. Lighter nuclei withN
'Z exhibit structures that suggest that the pairing force
tween neutrons and protons occupying the same orbitals
a strong influence on the behavior of the nucleus. In th
heavier nuclei, the neutrons and protons both occupy h
j h11/2 intruder orbitals; however, the neutron levels a
filled up to the mid- to high-V orbitals, while the proton
Fermi surface is lower in the shell. Thus these nuclei pres
a region in which the neutron-proton pairing effects are
expected to be so strong, but where the forces may be m
fied as compared to isotopes closer to stability. Inde
strong evidence for the need to use extended CSM@1# cal-
culations including a quadrupole-quadrupole pairing te
has been observed in the nuclei127Pr and 131Pm @2#. This
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type of calculation@1# has proved extremely successful
describing superdeformed structures in theA'190 region
@3# and has also been applied to structures based on intr
states in nuclei withA'110 @4#. In general, these calcula
tions have found their most successful applications when
plied to odd-A nuclei, as they allow the state of the od
particle to be blocked self-consistently. However, there
several other salient differences from ‘‘standard’’ CSM c
culations that may imply that they are more suitable for u
in describing these very neutron-deficient nuclei. Both pa
ing and deformation are determined self-consistently and
pairing interaction itself is modified to include a quadrupo
as well as a monopole force. As will be discussed later, s
dard calculations do not generally provide accurate pre
tions of crossing frequencies and alignment gains in this v
neutron-deficient mass region. While the extended calc
tions have proved satisfactory for describing the behavio
the ground-state band in127Pr, one wishes to see evidence
their applicability in other nuclei.

The yrast bands in the heavier (A'130) Ce isotopes are
characterized by the alignment of a pair ofh11/2 protons at
spin I'10\ and rotational frequencyv'0.320.4 MeV/\.
This crossing is well reproduced by standard CSM calcu
tions. However, the same calculations predict a second al
ment of a pair ofh11/2 quasineutrons that is generally ob
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served at a higher spin~and over a larger frequency rang!
than expected. Recent results concerning the nucleus128Ce
@5# have been interpreted as being solely based on quas
ton excitations, explaining the second alignment gain in
ground-state band as being due to a second quasipr
alignment, rather than to the predictedh11/2 neutrons.
Clearly, the standard CSM calculations fail to reproduce
experimentally observed behavior. It is a matter of deb
whether the neutron crossing is completely absent
whether, as the extended CSM calculations suggest, it oc
at a higher frequency than the standard model predicts.
frequency at which the firsth11/2 quasineutron alignment oc
curs is predicted to decrease with decreasing neutron num
and, thus, one might expect to observe it in the yrast st
tures of the lighter Ce isotopes. The present data for the m
neutron-deficient126Ce show a gradual gain in alignme
around v'0.5 MeV/\ in addition to the earlier~sharper!
proton crossing. This behavior is discussed in terms of b
standard and extended CSM calculations.

In addition to the study of the yrast band, the two pre
ously known@6# excited bands have been extended to hig
spin and excitation energy. One of these bands~band 2!
shows some evidence for the neutron alignment though
be observed in band 1; in addition, there is a sharp rise in
aligned angular momentum at high frequency~v50.57
MeV/\! that is not predicted by the standard calculatio
This band was previously assigned as being of negative
ity @6#; somewhat ambiguous indications of its parity a
found in the current work, preventing a definite assignm
from being made. The other band~band 3! is suggested to be
of positive parity. This band clearly undergoes theh11/2 pro-
ton alignment common to the yrast bands in the Ce isoto
but subsequently displays no other evidence of any inte
tion. Comparisons with excited structures in nearby Ba
clei support the assertion that this structure may involv
g-vibrational state, coupled to the quasiparticle vacuum
low spin and to theS-band above the first band crossing.

II. EXPERIMENTAL DETAILS

The experiment was carried out at Argonne Natio
Laboratory. The beam of64Zn, provided by the ATLAS ac-
celerator at an energy of 260 MeV, was incident on a tar
consisting of two stacked, thin foils~each of thickness
500 mg cm22) of 64Zn for a total period of approximately 5
h. Gamma rays emitted from recoiling nuclei were detec
using the GAMMASPHERE array@7#, which consisted of
101 Ge detectors, 66 of which~situated at angles close to 90
relative to the beam direction! were electronically segmente
into two halves. The remaining detectors were mounted
rings at more backward and forward angles. The ring
17.3° was left empty to allow for the opening angle of t
Argonne Fragment Mass Analyzer~FMA! @8#; however, the
M /q information provided by this device was not used in t
analysis presented here. Charged particles~protons anda
particles! emitted during the reaction were detected using
MICROBALL array @9# of CsI~Tl! detectors. Events wer
written to tape when a minimum of fourg rays were detected
in prompt coincidence. The data recorded includedg-ray en-
05430
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ergies ~gain matched to 1/3 keV per channel but with n
Doppler correction applied!, timing information, energies
and times from the MICROBALL and position and timin
information for recoils detected in the FMA.

III. ANALYSIS METHODS

In the 64Zn164Zn reaction, 126Ce is produced after
prompt evaporation of two protons only. The strongest re
tion channel (a2p) led to the population of122Ba; 126Ce
was produced with approximately 30% of this intensity.
the off-line analysis, it was possible to minimize contamin
tion from other channels by setting requirements on the p
ticles detected in the MICROBALL in prompt coincidenc
with g rays. Initially, the condition of exactly two proton
and zeroa particles was imposed in order to select outg rays
associated with the decay of126Ce. It was subsequently
found that, because of less than 100% efficiency for the
tection of charged particles, allowing 1p events to be in-
cluded significantly increased the statistics for the channe
interest without introducing an excessive level of contami
tion from other reaction products. Excluding those events
which more than two protons or anya particles were de-
tected was found to be essential in order to reduce the p
ence of stronger channels leading to lighter nuclei~isotopes
of La, Ba etc! that would otherwise dominate the spectrum

With the use of a thin target,g rays emitted from the
recoiling nuclei experience the full Doppler shift. The rea
tion used results in a highv/c ('0.04) that is altered by the
emission of particles as the compound nucleus decays to
final residues. This effect was compensated for by using
MICROBALL to perform event-by-event Doppler-shift cor
rections. The following sorting methods were then applie

~i! Two three-dimensional histograms~cubes! were cre-
ated in a format suitable for analysis with theRADWARE @10#
package. Background subtraction was performed using
FUL method@11#. Each cube containedg rays with energies
between 80 keV and 2000 keV, which were binned so
to preserve a constant channel full-width half-maximum
the g-ray peaks across the entire energy range. The
was created with the requirement that either one or two p
tons and noa particle were detected in the MICROBALL
this cube contained'1.331010 triple g coincidences. No
particle detection requirements were applied to the sec
cube, which simply contained allg rays within the required
energy range. This cube contained'2.431010 triple g co-
incidences.

~ii ! A series of one-dimensional coincidence spectra w
produced with multiple gates set on various structures
served in the cubes~see Sec. IV!. Due to the nonlinear gain
applied to theg rays incremented into the cubes, the ener
dispersion at highEg reduces the precision with which cen
troids can be measured. The one-dimensional~1D! spectra
were created using gains of 1/3- and 2/3-keV per chan
and subsequently allowed a more accurate measureme
the peak centroids. Background subtraction was achieve
subtracting normalized combinations of spectra sorted us
the same lists of gates but lower gate folds. That is, fo
7-2
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HIGH-SPIN STRUCTURES AND ALIGNMENT . . . PHYSICAL REVIEW C 63 054307
spectrum created requiring three gates from listA, the back-
ground spectrum was created by combining a spectrumg
rays from events in which two gates from listA are satisfied,
one of events in which one gate from listA has been satisfied
and the total projection of the data.

~iii ! The data were also sorted intog-g coincidence ma-
trices with the aim of determining the multipolarity ofg-ray
transitions in 126Ce. Gamma rays detected at the forwa
backward (FB) angles~i.e., u<38° or u>143° with respect
to the beam direction! were incremented on one axis wit
coincidentg rays detected at angles of 79°<u<101°~;90°!
on the other. Such matrices were created both with and w
out g-ray coincidence gates in order to enhance structure
specific interest~see Sec. IV!. In all cases, only events in
which one or two protons~and zeroa particles! had been
detected in the MICROBALL were incremented. The
asymmetric matrices were created in a format suitable
analysis with theUPAK @12# package. A background subtra
tion was performed on each of these matrices using theBAC-

PAC software @13#, which implements the Palameta
Waddington@14# method for asymmetric two-dimension
histograms. The experimental ratio

RDCO5
I g~observed atFB, gate on;90°!

I g~observed at;90°, gate onFB!
~1!

was then measured and the method of directional corr
tions from oriented states~DCO! @15# was used to interpre
these data. The effect on this ratio of settingg-ray gates
before incrementing the matrices is minimal, as the gat
transitions were allowed to be detected at any angle. T
means that any extraneous correlation effects introduced
gating in the sort are negligible. Similarly, the isotropic co
struction of the MICROBALL implies that the use of partic
gates should have no effect.

IV. RESULTS AND LEVEL SCHEME

The partial level scheme for126Ce deduced in this work is
presented in Fig. 1, with the properties of the transitio
given in Table I. The ground-state band~band 1! has been
extended by the observation of eight more transitions, giv
the spin and excitation energy of the highest observed le
as I p5361, Eex516.020 MeV. Eight more transitions hav
also been added to band 2@previously observed to spinI p

5(232)], giving a maximum spin and excitation energy
I p5(392) and Eex516.602 MeV. An 1185-keV transition
has been observed to link the second level in band 2 to
61 level in band 1. The structure previously reported as b
3 has been clarified and extended by nine transitions
maximum observed spin ofI p5281 ~and excitation energy
Eex510.873 MeV). The 1016-keVg ray observed by Morek
et al. to feed the 61 level in band 1 has been confirmed, a
another structure has been observed above this state. Tg
ray has been found in this work to be in coincidence w
members of band 3. Gatedg-ray spectra representative of th
decay of the three bands are presented in Fig. 2. Figure~a!
shows a background-subtracted, double-gated spectrum
tained by setting gates on all transitions in the ground-s
05430
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band up to the 1290-keVg ray. Band members are marke
with triangles; the two peaks marked with open triangles
near doublets within the band~608/611 keV and 688/690
keV!. The inset shows the high-energy portion of the sp
trum obtained by setting double gates of the form (A3B)
whereA is the list of g rays with energies~170, 350, 496,
611, 688, 679, 607, 810, 914, 981, 1034 keV! and list B
contains theg rays with energies~1111, 1199, 1290, 1375
1465 keV!. Figure 2~b! shows a background-subtracte
double-gated spectrum obtained by setting gates on c
combinations of pairs of transitions in band 2 and project
the 1D spectrum out of the particle-gated cube. Transiti
in band 2 are marked with filled diamonds. The pea
marked with filled triangles represent transitions in t
ground-state band fed by band 2. The inset shows the h
energy region of the same spectrum. Figure 2~c! shows a
double-gated spectrum of band 3. Allg rays identified in
band 3 were used to create this spectrum. Transitions in b
3 are marked with open diamonds. As for Fig. 2~b!, transi-
tions in the ground-state band fed by band 3 are marked w
filled triangles. Linking transitions are marked with circle
The inset shows the high-energy region of the sa
spectrum.

FIG. 1. Partial level scheme for126Ce deduced from the presen
work.
7-3
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TABLE I. Energies, intensities, and DCO ratios of transitio
assigned to126Ce.

Eg
a I g

b I i
p→I f

p RDCO
c Ml

~keV!

154.5 1.2~8! 61→41 (E2) d

169.7 79.0~1! 21→01 0.808~10! E2
177.2 1.8~8! 61→61 0.4~2! M1/E2 e

200.0 2.5~8!

228.7 1.4~8!

316.2 2.9~6! (112)→101 0.44~12! (E1)
317.8 3.2~4! (92)→(72) 1.05~7! E2
331.7 2.2~9! 61→41 0.99~8! E2
349.7 100.0 41→21 0.882~9! E2
381.0 1.2~9!

429.7 19.5~1.6! (112)→(92) 1.06~8! E2
449.4 6.4~6! 81→61 0.93~4! E2
496.2 96.0~4.0! 61→41 1.073~18! E2
513.2 2.0~9!

519.3 22.4~1.9! (132)→(112) 1.14~5! E2
541.9 3.6~3! 101→81 0.99~4! E2
562.1 3.4~3! 141→121 1.07~12! E2
573.8 12.3~1.2! (92)→81 0.64~3! (E1)
604.5 18.1~1.7! (152)→(132) 1.01~8! E2
607.6 36.3~2.0! 141→121 0.97~6! E2
611.0 70.2~3.0! 81→61 1.07~5! E2
619.4 1.8~9!

637.1 3.5~8! (121)→101 (E2)
666.3 2.9~8! (161→141) (E2)
678.5 36.2~2.9! 121→101 0.99~2! E2
687.5 54.7~4.6! 101→81 1.02~5! E2
689.4 14.9~1.5! (172)→(152) 1.3~3! E2
689.6 22.1~2.0! 161→141 1.12~17! E2
698.2 2.2~9! (181→161) (E2)
751.4 1.7~8! 141→(121) (E2)
765.8 14.1~7! (192)→(172) 1.03~8! E2
789.4 1.9~6! (201→181) (E2)
810.4 19.0~1.7! 181→161 0.96~4! E2
833.5 8.7~9! (212)→(192) 0.95~10! E2
856.7 3.4~9! (161)→141 (E2)
867.1 3.5~1.0! (72)→61 0.65~7! (E1)
895.4 3.9~5! (232)→(212) 0.91~14! E2
904.8 1.3~9! (221→201) (E2)
913.9 13.9~1! 201→181 1.0~2! E2
958.2 1.5~5! (181→161)
970.9 2.5~4! (121)→101 (E2)
978.2 3.3~6! (252)→(232) 1.2~2! E2
981.3 10.0~1.1! 221→201 1.0~2! E2
1016.0 5.1~5! 61→61 0.6~2! M1/E2
1025.4 1.0~9! (241→221) (E2)
1034.4 6.9~9! 241→221 1.1~3! E2
1043.7 3.6~6! 141→121 1.2~3! E2
1076.6 1.5~5! (272)→(252) 1.2~3! E2
1078.4 2.5~3! 181→161 1.2~4! E2
1110.6 3.8~5! 261→241 1.1~3! E2
1142.4 0.6~2! (261→241) (E2)
05430
The spins and parities of the levels in Fig. 1 are based
the value of the ratioRDCO measured for deexcitingg rays
~see Table I!. In some cases, these assignments are mad
confirmed by other decay paths and intensity balances im
ing large internal conversion. For example, the 61 level at
2.032 MeV is assigned as such because of the decay from
61 level in band 3. This occurs via a 177-keV transition;
order for intensity balances to be satisfied, internal conv
sion must be significant and thus the 177-keVg ray feeding
this level is required to be ofM1 nature. If this transition
were a stretched dipole, this would give a spin assignmen
51. However, this level itself decays directly into the 61

level in the ground-state band via a transition of 1016 k
that has a measured DCO ratio of 0.6~2!. Following a heavy-
ion reaction such as that used here, it is unlikely that ‘‘u
hill’’ transitions ~going from I to I 11) will be observed.
Thus we assign both the 177- and 1016-keV transitions
unstretched, mixedM1/E2 transitions. This in turn leads to
the necessary assumption that the 155-keV transition ca
ing intensity from the state at 2.032 MeV into the lowe
level of band 3 is a stretchedE2.

In their work, Moreket al. assigned band 2 as being o

TABLE I. ~Continued!.

Eg
a

~keV! I g
b I i

p→I f
p RDCO

c Ml

1150.6 1.1~3! ~292!→272 (E2)
1172.7 0.7~2! (312→292) (E2)
1185.0 1.3~4! (92)→61 1.6~3! E3
1193.8 3.6~3! 61→61 1.3~4! E2
1198.7 2.1~4! 281→261 1.0~3! E2
1213.0 0.7~2! (332→312) (E2)
1249.0 0.3~2! (281→261) (E2)
1278.7 0.6~2! (352→332) (E2)
1289.6 1.6~7! 301→281 1.0~3! E2
1355.3 0.4~2! (372→352) (E2)
1358.1 4.5~5! 41→41 1.1~3! E2
1375.0 1.1~8! (321→301) (E2)
1442.0 0.20~12! (392→372) (E2)
1464.8 0.5~2! (341→321) (E2)
1550.7 0.29~14! (361→341) (E2)

aEnergies are accurate to60.2 keV for the strongest transition
~i.e., those carrying>10% of the intensity of the126Ce channel!,
with the uncertainty increasing to62.0 keV for the weakest transi
tions.
bThe intensities given here have been obtained from the ung
RADWARE cube. Corrections have been made for detector efficien
cValues ofRDCO have been measured from four matrices, all fo
of which were gated on the detection of one or two protons and z
a particles. Where possible, measurements were performed
matrix created with nog-ray gates; additional measurements we
made in matrices gated by transitions from band 2, band 3, and
lower portion of band 1.
dAssignment ofE2 nature made on the basis of decay paths to
from this level involving other levels of fixed spin.
eAssignment ofM1 made on the basis of intensity conservati
considerations and internal conversion.
7-4
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HIGH-SPIN STRUCTURES AND ALIGNMENT . . . PHYSICAL REVIEW C 63 054307
negative parity. The DCO ratios obtained in the current w
strongly support the assertion that the 867-, 574-, and 3
keV transitions connecting levels in band 2 and band 1 ar
stretched dipole character. The low values of these ra
@0.65~7!, 0.64~3!, and 0.44~12!, respectively# indicate a pure
dipole nature, which is usually taken to indicate electr
rather than magnetic, character asM1 transitions are often
admixed withE2 contributions. In addition, the systemati
of neighboring Ce and Ba isotopes suggest that the first
cited structure should be based on a negative parity confi
ration. There is no clear reason why126Ce should depar
from systematic behavior observed to hold true for the e
more neutron-deficient124Ce @16#. Thus it is tempting to
retain the spin and parity assignment of the earlier work@6#.
However, the observation of the 1185-keV transition co
necting the level assigned as havingI p592 to the 61 level
in band 1 casts some doubt on this assertion~see Sec. V B!.
For this reason, the spins and parities of the levels in ban
are given in parentheses in Fig. 1 and Table I.

It should be noted that the ordering of the 542-, 63
562-, and 666-keVg rays in band 3 is somewhat ambiguou
The transitions are in the plateau region of the band’s int

FIG. 2. ~a! Triple-gated coincidence spectrum showing band
in 126Ce. The filled triangles mark peaks corresponding to ba
members; the open triangles mark near doublets~at 608/611 keV
and 688/690 keV!. ~b! Double-gated spectrum showing band 2
126Ce. Band members are marked with filled diamonds, transiti
in band 1 fed by band 2 are marked with filled triangles, and link
transitions are marked with open circles.~c! Double-gated spectrum
showing band 3 in126Ce. Band members are marked with op
diamonds; symbols marking other peaks are as for~b!. The insets
show the high-energy portion of each band.
05430
k
6-
of
s

,

x-
u-

n

-

2

,
.
-

sity pattern; in addition, some degree of contamination
brought into the spectrum from other nuclei. However, af
careful analysis of the intensities, the sequence given h
appears to be the most probable. The proposed order is
supported by consideration of the moment of inertia p
duced by the various possible orders—see below and
V C.

In addition to the extension of the rotational bands, s
eral other levels have been identified. In particular, the str
ture that decays into the 61 level of the ground-state ban
via a 1016-keV transition has been extended. Cross-talk
been observed between the lowest levels of band 3 and
lowest level of this cascade, implying that there may be so
underlying similarity between the two structures. Howev
the low intensity with which these levels are populated h
precluded any definitive assignments of spin and parity.

The following discussion will concentrate on the thr
rotational bands~1, 2, and 3!. To compare the behavior o
the rotational bands with the predictions of standard and
tended CSM calculations, one extracts the aligned ang
momentum (I x), experimental alignment (i x) and dynamic
moment of inertia (I(2)) from the data using the following
expressions:

I x5@~ I 11/2!22K2#1/2; ~2!

i x5I x2I x
re f ; ~3!

where the reference value representing collective rota
(I x

re f) is given by

I x
re f~v!5~J01v2J1!v; ~4!

and

I(2)'
4\2

DEg
. ~5!

The Harris parametersJ0 , J1 most commonly used in
this mass region are J0517.0\ MeV21 and J1
525.8\2 MeV23. These values were originally obtained b
fitting transitions above the first band crossing in the yr
structure of130Ce @17#, and have been found to be approp
ate for most of the structures observed in neighboring i
topes.

Figure 3~a! shows the alignmenti x extracted from the
data for bands 1, 2, and 3. A value ofK51 has been as
sumed for band 2.@A particle-hole excitation from anh11/2
orbital into the positive parityg7/2 orbital would give rise to
a structure with eitherK51 or 2 ~see Sec. V B!.# Band 3 is
assumed to haveK50. The spin of the lowest observed lev
in band 3 isI p541; however, the use ofK50 or K52 is
more appropriate in light of the discussion below~see Sec.
V C!, in which it is suggested that this structure may
based upon ag-vibrational state. Figure 3~b! shows the dy-
namic moment of inertiaI(2) for each band. In both figures
data for band 1~the ground-state band! are shown with filled
triangles, data for band 2 with filled diamonds and for ban
with open diamonds.
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V. DISCUSSION

The results of standard CSM calculations for126Ce are
shown in Fig. 4. The calculations have been performed us
a triaxial Woods-Saxon potential@18,19# with deformation
parametersb250.28, b450.014, andg50°. The pairing
strength is calculated atv50 MeV/\ and decreases with
increasing rotational frequency so that it has 50% of its
tial value at v50.7 MeV/\ @20#. Quasiproton levels are
shown in Fig. 4~a! and the results for quasineutrons in Fi
4~b!.

The calculations for protons indicate that there are t
pairs of negative-parity levels~originating from the
h11/2 @541#3/22 and @550#1/22 orbitals! lying close to the
Fermi surface. These levels are labelede, f, g, and h. The
positive-parity orbitals in this mass region generally ori
nate from the protong7/2 andd5/2 shells; in the case of126Ce,
the calculations show~for the deformations paramete
above! that the lowest available positive-parity states (a,b
quasiproton levels! are predominantlyg7/2 hole states~all
these states have strong admixtures of otherd5/2, g7/2 levels
in the wave functions!. The next available positive-parit
excitation (c,d) appears to be another holelike state, t
time based on ag9/2 extruder orbital.

The calculations for neutrons show that the lowest qu
particle states (E,F) are again negative-parityh11/2 intruder
states, this time a pair of near-degenerate signature par
originating from then@523#7/22 orbital. The quasineutron
G,H excitations are based on the signatures of anotherh11/2
pair ~the @532#5/22 levels!. The first positive-parity state

FIG. 3. ~a! Alignment i x as a function of rotational frequenc
for bands 1, 2, and 3 in126Ce. See text for details of the paramete
used.~b! Dynamic moments of inertiaI(2) for the three bands.
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(A,B) should be particle-like excitations based on t
@411#1/21 (d3/2) orbitals. Other orbitals that may contribut
to yrast and near-yrast structures are associated with thed5/2
andg7/2 subshells.

The various quasiparticle alignment frequencies predic
by these calculations are summarized in Table II.

It should be noted that isotopes in this region of t
nuclear chart are often found to be fairly soft with respect
g deformation. Total Routhian surface~TRS! calculations for
126Ce reveal the presence of a stable butg-soft minimum
centered atb250.28,g50° over a large spin range. Figure
shows an example of the results of these calculations
tained for the quasiparticle vacuum atv50.0 MeV/\. The
basic shape of the minimum remains unchanged up to a
spin I'30\, where it begins to split into three separa
minima with well-definedg values. Although the occupatio
of h11/2 orbitals tends to stabilize the deformation in terms
b2, the softness with respect tog is retained for several o
the excited configurations. Low-lyingg-vibrational bands
have been observed in some Ba and Xe isotopes@21–25#; on
the basis of the results of the TRS calculations, one mi
expect to observe similar structures in the nearby
isotopes.

FIG. 4. Quasiparticle diagrams for126Ce obtained using stan
dard cranked shell model calculations, showing~a! quasiproton and
~b! quasineutron states. The parity and signature of the state
represented as follows:~p,a!51,0 states are shown with solid
lines, ~p,a!51,1 states are shown with dotted lines,~p,a!52,0
states are shown with dashed lines, and~p,a!52,1 are shown with
dot-dashed lines. The asymptotic Nilsson numbers associated
the labels of the states can be found in Table II.
7-6
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TABLE II. Summary of the quasiparticle levels close to the Fermi surface of126Ce at a deformation of
b250.28, g50°. Alignment frequencies predicted by the standard cranked shell model calculations~shown
in Fig. 4! are also given.

Nilsson configuration Label
Subshell @NnzL#Vp a511/2 a521/2

Protons g7/2 @422#3/21 a b
g9/2 @404#9/21 c d
h11/2 @541#3/22 f e
h11/2 @550#1/22 h g

Neutrons d3/2 @411#1/21 A B
d5/2, g7/2 @402#5/21 C D

h11/2 @523#7/22 F E
h11/2 @532#5/22 H G

Aligning quasiparticles Frequency~MeV/\) Alignment gain~\!

EF 0.32 9
FG 0.48 526
EH 0.50 6
AC 0.67 1
e f 0.40 6
f g 0.52 6
h

x
ve
e-
f

st

rst

s to
ove

the
ing

he
are

at
ent
t
es.
os-

fre-
in
the

ent
ce
or

g

A. Band 1

In their work, Moreket al. @6# observed band 1 throug
its first backbend~occurring at spinI'10\) up to a spin of
I 520\. The present study confirms their findings and e
tends this band by eight transitions to a maximum obser
spin of I 536\. The first crossing occurs at rotational fr
quencyv'0.33 MeV/\ and results in an alignment gain o

FIG. 5. An example of the results of total Routhian surfa
calculations for126Ce. The calculations shown were performed f
the quasiparticle vacuum at rotational frequency\v50.0 MeV. The
position and shape of the minimum~which is centered aroundb2

50.28, g'0°! remain relatively unchanged over a large-spin ran
~up to aroundI'30\). See text for further details.
05430
-
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'10\. As Morek et al. suggested, this crossing can mo
easily be understood as the alignment of a pair ofh11/2 pro-
tons. The standard CSM calculations predict that the fi
h11/2 protons (e f) will align at v'0.32 MeV/\ ~see Fig. 4!.
Thus it is reasonable to suggest that band 1 correspond
the quasiparticle vacuum at low frequencies and that, ab
the first backbend, it is based upon thepe f configuration.

The additional transitions observed in this data allow
clear identification of a second, gradual alignment occurr
aroundv'0.5 MeV/\. Figure 6~a! shows the alignmenti x

of this band as a function of rotational frequency. T
ground-state bands of neighboring even-even isotopes
included for comparison. It is immediately obvious th
126Ce undergoes some interaction giving rise to an alignm
gain at v'0.5 MeV/\, and that this interaction does no
occur in the ground-state bands of the other Ce isotop
According to the calculations, one should expect three p
sible alignments occurring aroundv'0.45 MeV/\ ~see
Table II!; however, both theeh and f g quasiproton align-
ments would be blocked in the case of thee f band. This
leaves the quasineutronEF crossing, which is predicted to
occur at the somewhat lower frequency ofv'0.4 MeV/\.
The failure of the calculations to reproduce the crossing
quency correctly is typical of experimental observation
this mass region. It appears that some modification of
calculations is necessary.

Recent work by Parryet al. @2# showed that extended
CSM @4# calculations~in which both pairing and deformation
are determined self-consistently! provide a good framework
in which to describe the behavior of these neutron-defici
nuclei. There, it was shown that the rise in theI(2) of the
yrast sequence in127Pr ~and also in131Pm) is due predomi-
nantly to the alignment of a pair ofh11/2 neutrons, although
there is some contribution from theh11/2 protons too. The

e
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calculations reproduce the frequency range over which
alignment is observed, as well as the interaction strength
extension of the study to heavier, odd-A Pr and Pm isotopes
indicates that the frequency at which theh11/2 neutrons align
increases with increasing neutron number. Thus, it is only
the lighter isotopes that the neutron component aro
v'0.5 MeV/\ is substantial. Figure 6~b! shows the quantity
i x extracted for the ground-state bands in both126Ce and
127Pr. The band in127Pr has a larger initial alignment~as one
would expect with the extra proton occupying anh11/2 or-
bital!, but the increase ini x occurs at almost the same fre
quency and with the same character as the second align
in the band in126Ce. Extended TRS calculations perform
for 126Ce confirm that~as the standard calculations shown
Fig. 5 suggest! the ground-state band is built on the qua
particle vacuum with a deformation ofb2'0.28, g'0°. The
alignment of a pair ofh11/2 protons~blocked in the odd-Z
neighbor! is predicted to occur over the frequency ran
v'0.320.4 MeV/\. A second interaction~the alignment of a
pair of h11/2 quasineutrons! is predicted to occur betwee
v'0.4 andv'0.5 MeV/\. Figure 6~c! shows the total align-
mentI x predicted for this band compared to the experimen
data for band 1. The separate contributions from protons
neutrons are indicated by dotted and dashed lines, res
tively. A second neutron alignment is predicted atv'0.9
MeV/\, coinciding with a smaller effect in the proton align
ment. The present data do not extend to such high rotati

FIG. 6. ~a! Alignment i x as a function of rotational frequenc
for the yrast structures in1262132Ce. ~b! Alignment of the yrast
structures in126Ce and127Pr. ~c! Aligned angular momentumI x for
band 1 in 126Ce, compared to the results of the extended CS
calculations. The totalI x predicted by the calculations is shown b
the solid line; the contribution from protons and neutrons are sho
by dotted and dashed lines, respectively.
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frequency, but a future extension of the band would prov
excellent confirmation of the mechanisms underpinning
alignment characteristics. However, on the basis of these
sults it is possible to assign configurations as follows: foI
50210\, band 1 is built upon the quasiparticle vacuum; f
I 510220\, it corresponds to thepe f configuration; and for
I 520\ to the experimentally observed limit, it correspon
to thepe fnEF configuration.

B. Band 2

Morek et al. suggested that band 2 is a negative-par
band withK55. The DCO ratios obtained from the curre
data partially support the assumption of negative par
however, the observation of a transition~of energy 1185
keV! linking band 2 to band 1 may cast some doubt on t
assignment. The results of the CSM calculations~see below!
also suggest that the band may not be based on a config
tion with K55.

The improved statistics obtained with the GAMMAS
PHERE array allow a more accurate determination of
DCO ratios of the 316-, 574-, and 867-keV transitions lin
ing levels in band 2 with levels in the ground-state band;
measured values~see Sec. IV! suggest a stretched dipol
character for theseg rays, which in turn suggests that band
is most likely to have negative parity and that the spin of
lowest observed level is 7\. This fits with the systematics o
heavier Ce nuclei, in which a negative-parity band withK
55 is observed to be one of the lowest excitations. Inde
recent work@16# suggests that this systematic behavior e
tends to the more neutron-deficient124Ce. The even-even Ba
nuclei, which in general exhibit similar behavior to their C
isotones, also conform to this pattern. However, an ad
tional transition of 1185 keV has been observed in
present data, linking the state in band 2 fed by the 430-k
transition to the 61 level in band 1. The low intensity of this
transition precludes an accurate measurement of the D
ratio, but, if one accepts that the other connecting transiti
are electric dipoles, then this transition must be anE3. The
presence of an experimentally observableE3 would indicate
some degree of octupole collectivity, and thus the ques
of whether this is likely must be given some consideratio
The ‘‘magic numbers’’ for octupole deformation have be
given by Nazarewiczet al. @26# as 34, 56, 88, and 134
Strong evidence for static octupole deformations has b
observed in nuclei withZ'56, N'88 ~for example,144Ba
@27#!; indeed, Cottle@28# suggested that these magic num
bers would be modified and that a region of static octup
deformation should exist in nuclei close to126Ba. Subse-
quent experimental evidence@29# did not support this pro-
posal; however, the possibility ofcollectiveoctupole effects
subsisting in these nuclei remains an interesting and un
swered question. Thus it is not unreasonable to suggest
octupole degrees of freedom may play a part in determin
the structure of the Ce isotopes (Z558).

A good indication of the presence of a transition dipo
moment arising from an octupole vibrational state can
obtained from the experimentalE1 strength, which is en-
hanced by the charge asymmetry of the vibration. An e

n
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mate of theB(E1) strengths for the 316-keV and 574-ke
transitions deexciting the levels assigned as 92 and 112 in
band 2 has been obtained from the data using the follow
expressions:

B~E1!

B~E2!
50.7731026

Eg
5~E2!

Eg
3~E1!

I g~E1!

I g~E2!
~6!

and

B~E2!5
5

16p
Q0

2^IK20uI 22K&2~e b!2. ~7!

If one inspects the results of the CSM calculations~Fig. 4
and Table II!, it appears that the lowest-lying negative par
excitations will be built on a particle-hole excitation from a
h11/2 orbital ~giving K51/2) to a g7/2 orbital ~giving K
53/2). The DCO ratios obtained for the transitions linkin
band 2 to band 1 suggest a spin differenceDI 51, which
implies that this band has odd spins. Thus it appears, if
CSM calculations are correct, that band 2 hasK51 rather
than K55. Hence, in evaluating Eq.~7!, a value ofK51
has been used, together with a value ofQ054.5 e b ~cor-
responding to an axially symmetric shape withb250.28).
The experimental values ofB(E1) obtained in this way
are B(E1)9252.0(5)31024 W.u. and B(E1)11251.7(4)
31024 W.u. ~the errors assume no uncertainty in the valu
of I, K, and Q0). E1 strengths of this magnitude are in
dicative of the presence of octupole correlations~in this
case, a vibrational state is more likely than a static octup
deformation! and thus the presence of an experimenta
observableE3 transition is not unlikely. An estimate of th
E3 strength associated with the 1185-keV transition c
similarly be extracted from the data; using the same val
of I, K, and Q0 this is obtained asB(E3)9254.7(1.9)
3103 W.u. This is somewhat higher than might be expect
As before, the uncertainty quoted for this value does
include the possible contribution from the value ofB(E2)
employed in the calculation. Assuming a value ofK52
would result in a slight reduction of theE3 strength; how-
ever, if the standard CSM calculations are not accurate
this region~as is indicated by the results concerning band!,
it is possible that in fact a different configuration might
possible and that the band, like its counterparts in the hea
Ce nuclei, may haveK55. This would result in theB(E3)
being approximately halved. A further significant decrea
can be achieved by assuming a smaller quadrupole mom
In order to reduce the value obtained for theB(E3) by a
further factor of 2,Q0 would need to be as low as 3.2e b.
One might expect the axial deformation of the nucleus to
reduced by the presence of an octupole surface vibration
hence this may not be an unreasonable assumption. T
with these changes to the values ofK and Q0 employed in
the equations, anE3 strength of 1.1(0.5)3103 W.u. can be
arrived at. Although this value is still somewhat large, it
not impossible that such a strong transition might occur.

Of course, the above series of assumptions canno
made with confidence, and alternative possibilities must
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considered. One scenario could be that the spins of the le
in band 2 are each reduced by 2\. This would result in an
E1 nature for the 1185-keV transition, which would then
connecting a level of spinI 57 in band 2 with theI 56 level
in the ground-state band. Such an adjustment would im
that the 867-, 574-, and 316-keVg rays are ‘‘up-hill’’ tran-
sitions, carrying intensity from levels of spinI to levels of
spin I 11. As was argued in relation to the decay-out of ba
3, however, such transitions are unlikely to be observed
lowing heavy-ion fusion-evaporation reactions. A third po
sible explanation would be that band 2 is in fact of positi
parity and that the spin of the lowest level is 51. This would
result in the 1185-keV transition being ofE2 nature, while
the three other transitions carrying intensity to band 1 wo
then be magnetic, rather than electric, dipoles. This wo
imply a serious departure from the systematics of the low
excited bands observed in other even-even Ce and Ba
topes. Although the discussion of band 1 above indicates
standard CSM calculations are not adequate in describing
behavior of nuclei in this mass region, there is no evidenc
suggest that126Ce should be expected to deviate from t
otherwise consistent behavior of the neighboring isotopes
addition, the DCO ratios indicate pure stretched dipoles
the 316-, 574-, and 867-keV transitions, whereas one wo
expect a significant degree of mixing with anE2 component
if the transitions were magnetic dipoles.

Altogether, none of the above options for assigning sp
and parity to band 2 is quite satisfactory. The remainder
the discussion assumes that the spins assigned to the l
shown in Fig. 1 are correct, but it should be borne in mi
that a large amount of uncertainty remains.

An inspection of Fig. 3~a! reveals that band 2 undergoes
smooth gain in alignment~from 5 to 13\! up to v50.48
MeV/\, followed by a sharp increase atv50.57 MeV/\
taking it to a maximum value of'17\. According to the
standard CSM calculations, the lowest available negat
parity state should be based on thebe quasiproton configu-
ration. Assuming the assigned spins are correct, the in
alignment of 5\ for band 2 supports this assignment~the
occupiedh11/2 orbital should be expected to contribute th
amount!, as does the lack of evidence for thepe f alignment,
which would be blocked. TheI(2) moment of inertia@see
Fig. 3~b!# indicates a strong interaction occurring arou
v50.45 MeV/\; the general shape of this interaction
similar to that observed at slightly higher frequency in ba
1. The latter has been explained as the alignment of theEF
neutrons in the above discussion. The frequency at wh
this crossing is predicted to occur is very sensitive to
deformation of the nucleus; a reduction in quadrupole
formation as compared to the ground-state band could
responsible for the observed difference, as could a cha
in the triaxiality parameterg. If this change in crossing
frequency does indeed indicate a reducedb2, this lends
some support to the arguments given above suggesting
the B(E3) can be lowered. Additionally, the effects of a
octupole vibrational component might also alter the p
dicted crossing frequencies. Thus, it seems probable
7-9
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band 2 is initially based on thepbe two-quasiproton excita-
tion, gaining theEF quasineutron pair around spinI 523\.
However, the most dramatic feature of the band is the ra
increase ini x observed atv50.57 MeV/\. The standard cal-
culations predict no alignments around this frequency, w
the closest being the neutronFG alignment atv50.52
MeV/\ ~which would in any case be blocked if the earli
rise is interpreted as thenEF pair aligning! and thepeh
quasiproton alignment~which would again be blocked if this
band is based on thepbe configuration!. Extended calcula-
tions have not been performed for the excited states, but
can conjecture that this weak interaction, providing t
nucleus with a further 425 \ in aligned angular momentum
represents the alignment of thef g proton pair, predicted by
the standard calculations to occur at rotational freque
v50.48 MeV/\. The strength of the interaction and the r
sulting increase in alignment are similar to what would
expected as thish11/2 proton pair aligns with the rotation o
the nuclear core. The difference between observed and
dicted alignment frequencies is difficult to explain, partic
larly as the inadequacies of the standard calculations h
generally only been apparent with respect to the behavio
the quasineutron levels in neighboring nuclei. However
one discounts the Pauli-blocked band crossings, this seem
be the most likely remaining candidate.

In summary, it is possible that band 2 represents, at
lowest observed frequencies, the two quasiparticlepbe con-
figuration. The slow aligning of theEF neutron pair is ob-
served up to intermediate frequencies, suggesting that
band can be described as thepbenEF configuration above
spin I 521\. The highest observed frequencies may rep
sent thepbe f gnEF configuration, in which fourh11/2 qua-
siprotons and twoh11/2 quasineutrons are aligned with th
rotating core. However, it is not possible to confirm th
assignment with the results of standard CSM calculatio
which predict a much lower frequency for the second pro
alignment. The difficulties encountered in explaining the fe
tures of this band highlight the inadequacy of the stand
CSM in this mass region. In particular, the need to postu
different deformations points to a corresponding need
calculations in which the deformation is determined se
consistently. Experimentally, clearer data concerning the
gular distributions associated with the transitions linki
band 2 to band 1 must be obtained in order to define the
and parity of the band. If it is found to be of positive parit
such a result would have serious implications for what
been thought to be the systematic behavior previously
served in the Ce/Ba region.

C. Band 3

The structure labeled band 3 in this work differs cons
erably from the third band observed by Moreket al. The
reported 400-keV transition towards the bottom of the ba
has not been observed, an omission that considerably a
the alignment characteristics of the band. This band has b
extended to spin 28\ and excitation energy 10.873 MeV, an
is thought to be of positive parity. Two transitions~of ener-
gies 1358 and 1194 keV! have been observed in the data th
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link this band directly to the ground-state band. Although t
DCO ratios obtained for these transitions are consistent w
a stretched quadrupole character, it is in fact more likely t
both decays are via unstretched transitions connecting s
with the same spin and parity. If the transitions are assum
to take away two units of spin, then band 3 is close to yr
at lower spins and, indeed, becomes yrast aroundI 522\. If
one considers the weak intensity with which this band
populated~with respect to bands 1 and 2! it seems very un-
likely that it is, in fact, yrast. Thus we are inclined to favo
an assignment ofI p541 to the lowest observed level.

As was noted above, the ordering of theg rays between
the 81 and 161 levels is somewhat ambiguous. The s
quence given here appears to be the most likely, howe
not only on the grounds of intensity considerations, but a
in order to produce the most ‘‘reasonable’’ behavior in ter
of the band’s aligned angular momentum and dynamic m
ment of inertia. Both of these quantities, presented in Fig
show evidence for thee f quasiproton alignment at a slightl
lower frequency~v50.3 MeV/\! than in band 1. It is very
difficult to explain the subsequent ‘‘kick’’ in theI(2) ob-
served atv50.32 MeV/\, however any rearrangement of th
g rays leads to an even worse situation. For example,
alternative sequence of 449-, 542-, 562-, 637-, 666-keVg
rays leads to two separate interactions taking place
v50.24 and 0.30 MeV/\; the first alignment is then impos
sible to explain without altering the deformation and pairi
parameters in the CSM calculations to unphysical valu
while the second alignment has none of the features
would associate with thee f proton alignment. Thus, despit
the ambiguity, one can be fairly confident that the propos
order is correct. The general characteristics of the band s
gest a strong similarity with the structure of the ground-st
band. It has a slightly larger initial alignment, but clear
undergoes thepe f alignment, resulting in an increasedi x of
'11.0\. Abovev'0.3 MeV/\, there is no other evidence o
any interaction taking place.

Inspection of the quasiparticle Routhians shown in Fig
indicates that the lowest available positive-parity tw
quasiparticle excitation would arise from a coupling of t
@541#3/22 and @550#1/22 orbitals. However, thee f proton
alignment, which is clearly visible in band 3, would b
blocked for such a structure. Thus it is extremely unlike
that this band is based on this configuration. As was m
tioned above,g-vibrational structures have been observed
several neighboring Ba and Xe isotopes and TRS calc
tions suggest that126Ce may also support such vibration
modes. In their study of126Ba, Wardet al. @25# interpreted
bands 1 and 2 of that nucleus as being the two signat
of a quasi-g-vibrational band. These positive-parity ban
were observed to decay directly to the ground state an
excited states within the ground-state band via a serie
E2 and mixedE2/M1 transitions. The data revealed that th
vibrational state underwent an alignment aroundv50.39
MeV/\, the same frequency at which the firsth11/2 quasi-
proton alignment takes place in the ground-state ba
Above this alignment, the bands were interpreted as be
based upon ag vibration coupled to the aligned two
quasiparticle configuration of theS-band. By analogy, it is
7-10
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possible to suggest that band 3 of126Ce represents the fa
vored signature of a similar structure~a quasi-g vibration of
the vacuum configuration!, and that above the crossing se
at v'0.3 MeV/\ it can be interpreted as a quasi-g-S-band
~i.e.,ge f in the notation used above!. The decay of this band
to the ground-state band viaE2 transitions alone might in
dicate a more pure vibrational state than was observe
126Ba. However, if band 3 were indeed ag-vibrational struc-
ture based on the vacuum configuration at low frequency
subsequently the two-quasiprotone f configuration above
spin I'14\, then ~by analogy with band 1! one might also
expect to see evidence of theEF neutron alignment. In fact
above the initial interaction the dynamic moment of iner
of band 3 is remarkably smooth. It may be that the neut
alignment is altered by the presence of theg vibrations; how-
ever the evidence is such that ag-vibrational nature can only
tentatively be assigned to this band.

VI. CONCLUSIONS

The use of the GAMMASPHERE array, in conjunctio
with the MICROBALL charged-particle detector, has a
lowed the expansion and clarification of the level scheme
the neutron-deficient nucleus126Ce. The three previously ob
served bands have been extended to higher spins and
structures identified. In all three cases, it has not been
sible to provide adequate explanations of the characteris
of the bands using standard CSM calculations alone. The
of self-consistent, extended CSM calculations for t
vacuum state have provided a clearer picture of the chan
, J

ys

on
ie

.L
ds

od

cl.
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in structure undergone by band 1, which has been assig
the vacuum,pe f andpe fnEF configurations at low, inter-
mediate and high spins. It seems most likely that, at
lowest frequencies, band 2 represents the lowest nega
parity configuration~the pbe quasiproton state!. The first,
strong interaction may be explained as theEF quasineutron
alignment; the lower rotational frequency at which this o
curs in band 2 may be due to a lower deformation. It h
been suggested that the interaction observed atv50.57
MeV/\ is due to the delayed alignment of thef g quasiproton
pair; however, it is not possible to confirm this with th
current data. In particular, the uncertainty concerning the
signment of parity to this band means that no firm stateme
can be made regarding the configurations responsible for
structure. Further experimental investigation concerning
matter is highly desirable, as the implications for the syste
atic interpretation of bands in Ce and Ba nuclei in this reg
are quite serious. Finally, whilst there is some evidence
band 3 may represent ag-vibrational state coupled to th
vacuum configuration at low spins and thee f quasiproton
configuration at intermediate to high spins, no definite
signment can be made from the present experimental da
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