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High-spin states in‘*Ca were populated with th&Mo (“°Ca, 202n) reaction at a beam energy of 184
MeV. The previously known ground-state band has been extendé@=t¢34") and four sidebands were
observed. Configuration assignments for these sidebands are discussed based on their alignment behavior. A
significant delay of thevhy,, crossing frequency is observed in tAe- 130 region, with the largest delays
occurring consistently aN=70. Cranked shell model calculations were performed in order to investigate
whether a variation of deformation and/or pairing parameters can account for this phenomenon.

DOI: 10.1103/PhysRevC.66.044311 PACS nunier21.10.Re, 23.20.Lv, 27.60]

. INTRODUCTION vestigated high-spin states #®d, the lightest Nd nucleus
with known excited states, in order to study these alignment
The region of nuclei withZ~60 andN~70 has been jssues further. The extension of the ground-state sequence
characterized by significant ground-state deformati@) ( reveals that theth,,,, alignment is also significantly delayed
~0.3) as the neutron Fermi surface is located near midshejh 128yd. However, no sensible combination of deformation
(N=66) [1]. Shape coexistence has been observed in thgnd pairing parameters in the CSM calculations could repro-
region as highly deformed bands are found in several lighfjuce this effect. In addition, four sidebands were observed
A~130 nuclei2—4]. In addition, these neutron-deficient nu- and configurations were assigned, based on observed align-
clei provide an important means of testing the cranked shelinent behaviors and taking into account the quasiparticles
model (CSM). The yrast structures of even-even nuclei neanocated near the Fermi surface. It should be noted that a
A~130 show evidence for the rotational alignment of anparallel work on this nucleus was also publistiBfirecently.
hi1» quasiproton pair at a well-defined rotational frequency
in the range ofiw=0.32—-0.36 MeV. This alignment is re-
produced well by cranking calculations. In contrast, the Il. EXPERIMENTAL DETAILS
alignment ofhy;, quasineutrons generally occurs over a
much wider rang€0.5—-0.7 MeV, and at a higher frequency In an experiment emphasizing the population of some of
than predicted by the CSM. Possible explanations for thighe most neutron-deficient nuclei in ti#e~130 region, an
surprising effect have been sought in the systematics of th&84-MeV “°Ca beam from the ATLAS superconducting lin-
lightest neodymium Z=60), praseodymiumZ=59), and ear accelerator at Argonne National LaboratGhNL) was
cerium (Z=58) isotopes. In the present work, we have in-delivered to a 0.625 mg/chihick, self-supporting®Mo tar-
get. Prompty rays were detected with 99 Compton-
suppressed Ge spectrometers in the Gammasphere[ @iray
*Present address: Department of Radiation Oncology, Shandsoincident charged particles were measured with the 95 Csl
Cancer Center, University of Florida, Gainesville, FL 32610. detectors of the Washington University Microb@f]. Ap-
"Present address: Department of Physics, United States NavAroximately 116 10° fivefold (y®) or higher coincidence
Academy, Annapolis, MD 21402. events were determined to hayerays correlated with two-
*present address: Chemistry Department, Washington Universit@roton emissioricomprising~20% of the total evenjsThe
St. Louis, MO 63130. v rays were corrected for Doppler shifts and sorted into an
SPresent address: Department of Physics, Florida State Universitfs, X E,, X E,, coincidence cube. The data analysis was per-
Tallahassee, FL 32306. formed with theRADWARE [8] software package and the level
IPresent address: Department of Nuclear and Atomic Physics, Tagcheme for'?8Nd from the present data is shown in Fig. 1.
Institute of Fundamental Research, Mumbai 400 005, India. Relative spin assignments proposed for the staté&3d
TPresent address: Los Alamos National Laboratory, Los Alamoswere determined through directional correlation of oriented
NM 87545. states (DCO) analysis. To facilitate this procedure, an
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asymmetric coincidence matrix was created, where the emays observed in detectors located -a90° were histo-
ergy of y rays observed in detectors located-aB5° and grammed along the other. DCO ratios were determined from
~145° were histogrammed along one axis and coincigent the expression

I, (at ~35°0r ~145°;in coincidence withy, at 90°)

RDCO:Iyl(at 90°;in coincidence withy, at ~35° or ~145°)’

wherel, is the intensity of they ray of interest andy, is a Ill. THE LEVEL SCHEME

stretchedE2 (Al=2) transition. With the detectors at the  Pprior to our work, little was known about?®Nd. The
given anglesRp o values of approximately 0.5 are expected original identification of levels in the ground-state band was
for pure dipole transitionsM 1 andE1) and 1.0 for quadru- reported by Listeret al. [9] using y-ray, charged-particle,
pole transitionsE2). The measured DCO ratios are summa-and neutron detection techniques. Moscedl. [10] con-
rized in Table | along with the energy, spin, and parity of thefirmed the ground-state band #¥Nd up tol™=14". The
states, as well as the energy and relative intensity of theresent data enabled the extension of this sequéabeled
depopulatingy rays. Weak transitions feeding states with as band 1 in Fig. Lby ten additional transitions to a maxi-
determined spin values, for which a reliable DCO ratio couldmum observed spin and parity b (34"). A spectrum of

not be determined, were assigned a multipolarity by assunthe yrast structure is given in Fig. 2, which is a result of
ing that the rotational behavior of the sequence persists. summing all coincidence spectra produced by double gating
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TABLE I. Data for levels andy rays in 12&\d.
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TABLE |. (Continued.

172 Ejeper (keV) E, (keV)® I, DCO® Multipolarity T8 Epee (keV) E, (keV)? 1, DCO®  Multipolarity
Band 1 Band 4
2+ 133.7 133.7 0.939) E2 47) 1732.6 13076 <3 El
4+ 425.0 2913 =100 0.974) E2 2053.2 3206  60) E2
6+ 848.5 4235  9@) 0.994) E2 ) 1761 769 0627)  MI1E2
8" 1377.9 5204  8%) 0.934) E2 (87) 24835 4303 @) E2
10° 19880 6101 6@ 0949)  E2 e ;‘gg mg
" . .
2 mTe W om0 2 ) ams s ® c
. ’ ’ ’ 258 <3 M1/E2
16 4137.2 763.8 32 0.866) E2 (1) 35898 5803 Q) E2
18" 4965.9 8287 2@ 091 E2 (147)  4202.0 6122 @) E2
(20") 5875.7 909.8 14) E2 (167) 4887.1 685.1 Q) E2
(22")  6870.2 9945 @) E2 (18°)  5646.9 759.8  4Q) E2
(247) 79395 1069.3  7(8) E2 (200) 64905 843.6  34Q) E2
(26%) 9063.0 1123.5 4(9) E2 (227) 7382.5 892.0 @) E2
(28" 10 229.3 1166.3 4(9) E2 (247) 8308 925 <3 E2
(30") 11 446.0 1216.7 3(8) E2 (267) 9303 995 <3 E2
+
Egi; 154702863;7 112385067 i(:) E; :Spin anq parity of the initial state. N
Uncertainties inE, are 0.2 keV for most transitions, except for
relatively weak transitions where they are 0.5 keV.
Band 2 “Relative intensity of the transition calculated with(291.3)
=100.
70) 2224.3 846.4 1) 0.586) E1l
9(-) 2654.1 429.8 14) 0.916) E2 on every combination of rays above the I8state. For the
667 <3 E1l transitions below the I8 level, DCO ratios were deduced
110 3183.3 529.2 1@) 0.908) E2 (see_ Table )l and theE2 character of these tra_nsmons was
523.5 -3 E1 conﬂrmed. It should .be not_ed that the DCO ratios for Bie
(13) 3796.2 612.9 1@ E2 transitions systematically Ilg gnder the egpected vall_Je of 1,
B : ) although they are mostly within error of this value. This may
(157) 4481.3 685.1 1@) E2 indicate a small degree of dealignment of the sfgnor to
(177) 52326 7513 @) E2 the emission of they rays of interestfor which there is no
(197) 6053.0 820.4 a) E2 explanation at the present time.
(217) 6942.3 889.3 a) E2 In addition to confirming and extending the previously
(23) 7888 945 <3 E2 known ground-state sequence to higher spins, four sidebands
were observed. Band 2 is the strongest sideband seen in
Band 3
PR {8 2 .
(57) 1877.5 1029.0 9@ E1 3000 - ™ TFEs g g
7 2268.7 391 <3 E2 2 § T TN
890.8  5.67) 0.5(1) El Z 20004 o 0 10 130 130
2156  3.87) M1/E2 3 i Bo
3409  3.%2) E2 © 1000 T8
o) 2751.0 482.3 @ 0.995) E2 3 él’
267.8 3.37) M1/E2 04 .
1100 3322.1 5711 @) E2 00 40 60 800 1000
314 <3 M1/E2
137 39553 6332 @) E2 ENERGY (keV)
15(7) 4641.9 686.6 a) E2 FIG. 2. Spectrum of the ground-state bafiéind 2 in 25Nd.
17) 5369.0 727.1 @) E2 The spectrum is a result of summing the coincidence spectra gen-
197) 6165 796 <3 E2 erated by double gating on all possible combinationsyofays
21(-) 7010 845 <3 E2 above the 18 state in the band. The high-energy part of the spec-

trum is displayed in the inset.
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] oot systematics of the lowest sidebands in even-even Nd nuclei
] @ 3 [4,11,17. This assignment also agrees well with the configu-
1000 ' ration assignment of band 2, as discussed below.

1 Bands 3 and 4 are found to be interlinked by several weak

I i sl B g3 transitions assumed to be of mixbtL/E2 character. Band 3
o ® Sf primarily decays through the 890.8-keV transition to band 1,

. : ad *‘—J_W, “LJMW. : which has a DCO ratio of 0(%). A change of % is, there-

7 . wd 1° g & fore, associated with this linking transition. Once again, in-
{ o—w tensity considerations favor la—1+1 assignment over h

§ 900 1000 —|—1 possibility for thisy ray as the latter would make

3
M
®
3
1 . gl s 517 g 5. - levels in band 3 approximately 400 keV lower in energy than
el B I Y BEEEN 8 states with comparable spins in band 2. The smaller intensi-
0] MW\W ties of band 3 in comparison with band(®e Table )l sug-
T

gest that band 3 is the more highly excited band. Thus, the

500

@ ]
. 80+ © state at 2268.7 keV is assigned a spin of7. Also this state
§ 600 % g is found to decay to the ground-state band via the 340.9-keV
a0 | |z & and 1078.9-keV transitions. Negative parity is proposed for
200 ] TTT bands 3 and 4 based upon configuration assignments dis-
1 cussed in the following section. With this parity, one may
o7 1 note that anl—1—1 assignment for the 890.8-keY ray
@ SR would suggest aiv 2 multipolarity for the 1307.6-keV tran-
07 . & . sition from the 1732.6-keV state in band #.rays of this
% ;o % ; : multipolarity are not commonly observed in rotational nu-
200 4 l % clei, therefore lending further credence to the proposed spins.
|

Band 4 also decays into th&=7(") level of band 2 through
the 259.8-keV transition.
A weak sequence was also observed in coincidence with
ENERGY (keV) the ground-state band df®Nd, but definitive linking transi-
tions to other bands could not be established. A representa-
FIG. 3. Spectra of the sidebands™#fNd. The spectrum of band  tjye spectrum is shown in Fig.(8), where the in-band tran-

2 shown in pane(a) is a result of summing several in-band coin- gjtions are denoted with filled circles. The sequence is in
cidence double gate&) Spectrum of band 3 produced by summing coincidence with transitions below the" g&and (10°) states

coincidence double gates of the 482.3-keV transition with the lowet . -
four transitions of the ground-state bar{d) Spectrum of band 4 in bands 1 and 4, respeciively. The 655-keV transition was

. - qbserved to be a doublet in coincidence with band 5, there-
produced by summing clean double-gated coincidence spectra ? it vabl dt linking t iti
in-band transitions with the 580.3-ke¥ ray. The inset shows the ore, It may conceivably correspond 1o a linking transition.

linking transitions to the ground-state baid). Spectrum of another However, no other possible I!nklng rays cou_ld be identi-
possible sideband produced in a similar manner as paneln- fied, and a firm placement will have to await another mea-

band transitions are marked with a filled circle. As explained in theSUrement with higher statistics. Spin and parity for this struc-
text, this band was not incorporated in the level scheme. Peakiile are impossible to assign at this time.
denoted by " refer to contaminant transitions.

=)
| L

— 176

58

= 260

g

IV. ROTATIONAL ALIGNMENTS AND CONFIGURATION

128\d, as indicated in Table I. A representative spectrum of ASSIGNMENTS

the sequence is displayed in FigaB The measured DCO

ratio of 0.586) for the 846.4 keV linking transition from the For a discussion of the ground-state band and of the pos-
state at 2224.3 keV in band 2 to the’ &tate of band 1 sible configuration assignments for the sideband$®id,
implies a change in spin of one unit®f A1—1—1 assign- the rotational alignments of bands 1-4 are presented in Fig.
ment to thisy ray would result in band 2 becoming yrast 4. Harris parameterd13] of J,=222%/MeV and J;
above the 5232.6-keV state, which contradicts the pattern of 1744/ MeV?® were used to subtract the angular momentum
the measured intensities for bands 1 ants@e Table)l A of the collective core. CSM calculation$4] were performed

| —1+1 assignment for the 846.4-key/ray provides a sce- using deformation parameters extracted from total Routhian
nario more consistent with the observed intensities. Based osurface(TRS) calculationg15]. The results are displayed in
this argument, the 2224.3-keV state is assigned a spin of Fig. 5 with the orbital labeling scheme summarized in Table
=7. With this assignment, the sequence is observed up th. The quasiparticle trajectories were labeled in Fig. 5, based
spin 1 =234. The absence of —I—1 transitions, which on calculated single-particle levels near the Fermi surface, by
would be favored due to the largerray energy, is discussed the same Woods-Saxon potential used for the CSM calcula-
below. Although, a firm parity assignment cannot be madeions. This single-particle diagram may be found in Fig. 5 of
for band 2, negative parity is proposed on the basis of th&ef.[16].
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An alignment ofh;4, quasineutronsEF) is likely respon-
sible for this crossing. However, the CSM quasineutron dia-
gram shown in Fig. 5 indicates that tlieF alignment is
calculated to occur near 0.47 MeV. Further discussion of this
implied substantial delay in th&F neutron crossing in
128yd and in neighboring nuclei follows in a later section.

B. Band 2

Band 2 has an initial alignment of approximately 2.5
and experiences a significant alignment gain over the fre-
quency range seen in Fig. 4. This gain can presumably be
associated with th&,F, crossing since the second proton
crossing £,G,) is found to occur at a higher frequency of
hw~0.42 MeV in the whyq, band of theN=68 isotone

£2’Pr [18]. This 7h,y, band is also found to constitute the

- 27 .
FIG. 4. Experimental alignments versus rotational frequency foy'@st sequence it?’Pr. Therefore, the lowest lying two-

bands 1-4 in'®Nd. Harris parameters of,=22%2/MeV and 7;

quasiproton band irt?3Nd would likely have this proton in

=17h*MeV?® were used to subtract the angular momentum of theits configuration, and such a two-quasiparticle configuration

collective core.

A. Band 1
A large alignment gain, at a crossing frequencyhes.

~0.35 MeV, is observed for band 1. The only nucleons tha
can align at this low frequency and give such a large increas

in alignment are the lowi« h;4,, protons(not shown in Fig.
5). This proton alignmentE,F ) is well documented in the
mass-130 region, where the crossing frequency and alig

nuclei[17]. CSM calculations predict thE,F, crossing at

hw~0.37 MeV, in good agreement with the experimental
observations. The next indication for a crossing in band 1 ist

observed at a frequency 6f0.57 MeV, as seen in Fig. 4.

B, =0.305, B,=0.013, Y=-0.17Z=60,N=68

(+41/2), e (4, =1/2), - (= 4172), ——— (-,-1/2)

(m.a):

Quasineutron Routhian (MeV)

o (MeV)

would Pauli block therrh,4/, crossing. Since there is no ap-
parent blocking in band 2, a two-quasineutron configuration
is a preferred possibility. From an inspection of the band
structures observed in the neighboring ddd?*Nd [16]
nucleus, one can conclude that the neutron orbitals
td3,2/31,2[411]1/2 (A,B), dg 402]5/2 (C,D), hyq4 523]7/2
PE,F), andhg,/f4541]1/2 (G,H) (see footnote Nlare all
located near the neutron Fermi surface t6iNd. The band
associated with thg523]7/2 state is the most intensely popu-

Nated structure in?Nd [16], suggesting that this neutron is a
ment gain in1?8d are similar to those observed in nearby [16], suggesting

likely constituent of the lowest lying two-quasineutron con-
figuration in ?®Nd. Therefore, band 2 has tfieneutron in

its configuration(the E configuration is systematically found

0 be energetically favored over its signature partRér
Since E has a signature oir=—3 and band 2 has been
determined to havee=1 (i.e., it is an odd-spin sequenge
the second quasineutron must also have negative signature,
leavingB, D, andG as possibilities. To reduce the number of
possible configurations, one can consider the additivity of
alignment for these quasineutrons. The experimental align-
ment valuegin units of#) atAw=0.2 MeV for the configu-
rations observed int?Nd are as followsA=0.7, B=1.3,
C=0.8, D=0.8, E=2.1, F=2.1, G=2.1, andH=2.8.
Adding the values for th& andG neutrons would result in a
larger alignment (47#) than that observed for band 2
(~3.51) atiw~0.2 MeV. In addition,G is the unfavored
signature of th¢541]1/2 orbital and is highly unlikely to be
associated with the lowest sideband'fiNd. Bands involv-

ing the[402]5/2 orbital are normally strongly coupled with
little signature splitting. Therefore, if tHeD configuration is
observed, one would expect to see it coupled withE
signature partner, which is not the case for band 2. Summing
the alignments of thé& and B neutrons results in a value
close to the experimentally observed alignment of band 2.
Large signature splitting is seen for thé11]1/2 band in

FIG. 5. Cranked shell model calculations for quasineutrons in

128\d. The deformation parameteishown at the top of the figure
were determined from TRS calculatiof5]. The interpretation of

For simplicity, G andH are assigned to th&41]1/2 orbital due

the lines is given at the top of the figure, the orbital labeling schemeo the fact that this state was observed#Nd. However, theG,H

can be found in Table Il

trajectories in Fig. 5 may not correspond to this configuration.
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TABLE II. Alphabetic quasiparticle labeling scheme f&Nd. tions (see, e.g., Refs[21-23). As discussed in Refs.
[21,24, the ratio between the intensities of these two types
Label (m,a),? Configuratiof of interband transitions depends delicately on the phase dif-
ferences arising for transitions witAK=1 and AK=0
quantum numbers. It is possible that the absencé-of

Quasineutrons

A (+,+3) [411]1/2 —1 transitions in'?Nd is of a similar origin.

B (4,1 [411]1/2

c (+:+2) 4020572 V. SYSTEMATICS OF THE hyy, CROSSING

D (+,=3) [402J5/2 ' IN A~130 NUCLEI

E oL, [523]7/2 _ _ _ .

- (—4b, [523]7/2 Band crossing frequencies are a valuable tool in exploring

nuclear properties such as deformation and pairing. The abil-

%Parity () and signature ¢) of the orbital. The subscript num- ity to correctly predict various crossings in the rare-earth

bers the quasiparticle excitations of a specific signature and paritpegior] has made the crgnked shell model a powerful tool fpr
starting with the lowest in energy &tw=0 MeV. describing observed alignments and associated properties.

bConfiguration of the orbital akw=0 MeV. However, understanding the systematics of the neutrgp
crossing in nuclei withA~130 has been particularly chal-
lenging, partially due to the predicted triaxial softness of the
heavier nuclei in this mass regi¢h6,25,24. Therefore, by
129Nd [16], with the = — 3 signature being favored. Thus, focusing on the neutron-deficient nuclei néé+ 70 andZ
the observed decoupled sequence of band 2 is consistent with60, which are likely more rigid in their axial deformation
the EB configuration. [1], one hopes to gain a better understanding about how the
alignments depend on the deformation and the location of the
C. Bands 3 and 4 Fermi levels. Surprisingly, large deviations have been ob-
o ) ) served between the experimental crossing frequencies and
Similar to band 2, large alignment gains are foundihe predicted CSM values. For instance, Petul. [27] ob-
throughout the observed frequency range of bands 3 and 4erved that the experimentah,,, crossing for even-even
Once again, this is most likely associated with #gF,  Ce nuclei N=66-74) occurs at significantly higher fre-
crossing, and indicates that these structures are built on twequencies than the predicted CSM values, and reaches a maxi-
quasineutron excitations. The average of the initial alignmum (w.>0.69 MeV) for N=70 (*?Ce). This crossing
ments of bands 3 and 4 4w=0.2 MeV is~2.3. Thisis  value is a>55% deviation with respect to the CSM pre-
somewhat lower than expected for tB€ andED configu-  dicted value offi w.~0.44 MeV. In contrast, CSM calcula-
rations (~2.9%4) at Aw~0.2 MeV (see discussion in Sec. tions of the protonh;,, crossing in even-even, neutron-
IV B). However, the presence of low-enerdgy=1 linking  deficient Ce and Nd nuclei are in excellent agreement with
transitions between bands 3 and 4 at low spin strongly arguge measured values.
for an interpretation in terms of coupled signature partners. \We have extended the systematics of Retudl. [27] for
As stated previously, bands involving t02]5/2 orbital are  the vhyy; crossing to include La, Nd, and odd-odd Pr nuclei.
strongly coupled, and therefore, one should observe both sigT_abIe [l lists the nuclei of interest, the bands in which a

natures, which is consistent with our experimental findings»h112 crossing have been observed, the crossing frequency
From the spins of the levels in band 3¢a 0 signature can values, and the relevant references for the data. For even-

even nuclei the ground-state band was used, while the struc-
tures with the lowest excitation, which do not involvé g,
neutron were chosen in the oddand odd-odd nuclei. For

The configurations associated with bands 3 and 4 ma iscussion purposes, the crossing frequencies ofvthe,

well point to a possible exolanation for the noticeable ab- lignments for all the nuclei listed in Table Ill are plotted
P P '€ expanc ) versus the neutron numbbkin Fig. 6.
sence ofl —1—1 transitions linking these sidebands to the

. . . - Several trends can be identified when examining Fig. 6.
yrast line. The orbitals involved originate from the,,, and Starting with the lowesZ isotopic chain(La nuclej, a steady

ds; shells, which are characterized fy =Al=3. Nazare- i crease in crossing frequency wibhis observed for both
wicz and Tabof 19] suggested that octupole correlations oc-qqd.A and odd-odd La nuclei. Note that the neutron Fermi
cur when orbitals with these characteristics are present nea{rface is located increasingly higher in thie;;/, shell asN

the Fermi surface. Hence, such correlations are likely to bgncreases. Hence, quasiparticles from higlorbitals require
present in bands 3 and 4. Tlg,, anddz,/sy, orbitals are  more energy to align, and an increase in rotational frequency
found to mix strongly in the?®r[20] and **Nd [16] neigh-  with N is expected. The neutron crossing irhyy,vds,
bors and, thus, band 2 may also be affected by these octupdiinds of the odd-odd La nuclei is observed at a noticeably
correlations. In the mass-180 regidr» | +1 linking transi-  lower frequency as compared with the ofld=h,,,, bands.
tions from sidebands of octupole vibrational character arédartleyet al.[17] suggested that this staggering between the
also found to be favored over thé—I|—1 transi- oddA and odd-odd crossing frequencies may be due to a

be inferred and, as a result, this sequence is assigndeiRhe
configuration. It then follows that band 4 is assigned B
configuration @¢=1 signature
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TABLE Ill. The experimental neutrorh;;, crossing frequency for rotational bands R 1%Nd,
127-13%pr and 126128 132Ce, Except for'?Nd, the experimental data on these nuclei were compiled from
sources listed in the last column.

Nucleus Configuration Neutron crossing Reference
128\d g.s.b. 0.571)

129\d vds [ 402]5/2" >0.58 [16]
0Nd g.s.b. >0.66 [4]
131Nd vds [ 402]5/2" 0.48(2) [28]
B2Nd g.s.b. 0.503) [29]
133\d vQ7d 404]7/2" 0.46(2) [30]
134Nd g.s.b. >0.62 [12]
127pr ahy,,d 541]3/2° 0.55(2) [18]
128y why1,d541]3/2” ® vdg,  402]5/2" 0.63(3) [20]
129y ahy,,{ 541]3/2° 0.66(0) [31]
130py ahy1{ 541]3/2" ® vds 402]5/2* >0.65 [32]
Blpr ahyy{ 541]3/2° 0.57(1) [33]
132py why1{ 541]3/2" ® vg,J 404]7/2F >0.53 [34]
13%pr 114 541]3/2° 0.52(1) [35]
126ce g.s.b. 0.501) [36]
128ce g.s.b. >0.69 [27]
12%ce vdg, [ 402]5/2" >0.59 [37]
ce g.s.b. 0.663) [38]
Blce vg7 404]7/2" >0.57 [39]
Bce g.s.b. 0.620) [40]
129 a ahy,,455011/2" 0.47(2) [17]
128 a mhy44 55011/2” ® vdsJ 402]5/2% 0.40(2) [41]
127 a ahy,,455011/2" 0.50(2) [42]
128 5 mhy14 55011/2” ® vdsJ 402]5/2% 0.43(2) [43]
129 a why,,455011/2~ 0.57(2) [44]
130 5 why14 55011/2” ® vg,,J 404]7/2% 0.46(2) [45]
13 a why,,455011/2" 0.54(2) [46]

reduced pairing field caused by the blocking of a neutrorN=70 for theZ=58-60 nuclei.

orbital in oddN versus everN nuclei. However, it is Cranked shell model calculations were performed for
also possible that the oblate drivirtg,, neutrons couple  g4ch of the nuclei listed in Table Iil. Deformatigguadru-
with Fhe oblate drivingds;, neutron. Th|§ coupling could e hole B,, hexadecapol@,, and triaxialy) and pairing ()
fSrlélct]ulgn?yshape change and, thus, influence the CrOSSIr@arameters were first determined from TRS calculations. For
In contrast to La nuclei, the other isotopic chains do nota given isotopic chain, it was found that the CSM predicts a

exhibit a consistent systematic behavior. In most of the Céelatlvely constant value of the crossing frequency for

nuclei, thewh,y, crossing is delayed to such a large extenta” the nuclei over the neutron range of interest. The average

that it is not seen up to the highest frequencies accessibféalcmated values for thevhyy, crossing were~0.42
experimentally. Thus, only lower limits are shown in Fig. 6, M€V, ~0.42 MeV, ~0.44 MeV, and~0.48 MeV for La,

and definitive trends cannot be extracted. However, signifi®® Pr, and Nd, respectively. Good agreement is generally
cant increases in the crossing frequencies of the Ce nuclei aR&en for the light La and heavy Nd nuclei, but large discrep-
observed over those found for La. Starting frots68, the ~ a@ncies are found for all other nuclei. In addition, the calcu-
crossing frequency in the praseodymium nuclei increasetions fail to reproduce the peak in crossing frequency at
with N, peaks alN=70, and then decreases for higigra N=70.

trend opposite to that in La. Thd=71-73 Nd nuclei ex- In order to determine if deformation or pairirigs treated
hibit vh,,, crossing frequencies at approximately the valuesn the CSM could be responsible for these delays, these
predicted by the CSM, but a sharp jump in the frequency iparameters were varied in a systematic approach. Although
seen atN=70, with decreasing values at lowd These Paulet al.[27] discussed the effect of quadrupole deforma-
trends suggest that the crossing is maximally delayed nedion on this crossing frequency within the cranking model,
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e a few Pu nucle{51]. The gy, alignment is found to be de-
=Nd (Z=60) *Ce (Z=58) layed by <30% for only theN=Z nuclei of 3¢Kr, 3gST,

075 | [2Pr(2=59)  ¢la(Z=57) . 4021, oMo, and 44,Ru. Once again, these delays are less than
those observed in th&~130 region and are possibly ex-
plained by effects fromm-p pairing. SinceN=27+8 for the

. L nuclei considered in this worlq-p pairing can be ruled out
g ¢ T for the delay in thevh;,,, crossing. A possible transition

7 from octupole vibration to octupole deformation has been
suggested for the delays=(5%) in the Pu nucle{51].
However, stable octupole deformation is not expected in the
well-deformed light A~130) region, although octupole vi-
brations may exist, as discussed in the preceding section.
Thus, the magnitude and the general occurrence for the de-
layed vhy4, alignments is distinctive in comparison with
other nuclei.

FIG. 6. Experimental neutrony,,, crossing frequencies for lan- One may postulate that perhaps the CSM is incorrectly
thanum g=57), cerium gZ=58), praseodymiumZ=59), and calculating the placement of thg,,, shell. If the Fermi sur-
neodymium Z=60) nuclei. Arrows indicate that the neutrbrn,,  faces were located closer to high€orbitals, larger crossing
crossing was not observed up to the highest known frequencyirequencies would be expected, as discussed above for the La
therefore, only a lower limit can be displayed. nuclei. However, experimental observations in neighboring

, o ~_oddN nuclei, such as*?®***Nd [16,28, suggest that the
we have included a variation of hexadecapole and triaxiajy;pods-Saxon potential is correctly predicting nidhyy
deformations, as well as pairing in our study. In each calcugpitals neaN=70. In addition, this argument would fail to
Ia_tion, three of the CSM input para_met_ers were fixed at _aexplain the peak in crossing frequency N 70. Instead,
given value and the fourth was varied in small steps. Thig,ne would expect steadily increasing crossing frequencies as
procedure was repeated many times for all the relevant inpy jncreases, similar to that observed in the La nuclei shown
parameters over the following parametric ranges: €.24 Fig. 6.
<0.48, —30°<y<+30°, ~0.1<f3,<0.1, and 0.6A, The large magnitude of the delay may suggest that more
<1.4 MeV. In this manner, numerous combinationsff,  than one force is responsible for this phenomenon. As sug-
B4, v, and A, were inspected. For practical purposes, thegested by Paukt al. [27], quadrupole pairing may play a
calculations focused on?Ce as the largest difference be- ygle asQQ pairing is not incorporated into CSM calcula-
tween experimental and predicted crossing frequencies ogjons, Indeed, projected shell model calculations have indi-
curs for this casesee Table Il The calculations show & cated that a delay in crossing frequency may occur with the
_smooth increasing trend_ of crossing frequency with increasiclusion of quadrupole pairinfs2]. The cranking calcula-
ing B, and A, with maximum achievable values #,=0  tjons also treat deformation and pairing in a static manner
and y=0°. We were able to reproduce a large experimentalj o  they are assumed to be the same both before and after
crossing frequency in*Ce only with the unrealistically the crossing whereas these parameters may alter signifi-
large value ofB,~0.46. Thus, we are in agreement with cantly due to the successiveh,;,, and vhy, alignments.
Paulet al. [27] that the CSM is insufficient for describing predictions from models that incorporate a self-consistent
this anomaly. treatment of deformation and pairing may be more suitable

A comparison of the delayed crossings observed in thgor understanding the deld27]. However, an inherent dif-
Ce-Nd region with those found in other mass regions indisicyity is present due to the fact that th,,, crossing is the
cate that thevhy,,, alignments have some of the largest de-gecond alignment observed in these rotational bands. In the
lays currently known. Delays in thei 13, alignment are ob-  gforementioned delays of the~80, 170, and 240 regions,
served in the protofi541]1/2 configurations found in th&  the delayed crossings normally occur for the first alignments,
~170 region(see Ref[47], and references ther¢irHow-  \which are generally more easily treated than higher fre-
ever, the delays are smaller-Q0-30% larger than ex- quency crossings. Therefore, the substantial delay of the
pected as compared with theh,;,, crossing neaN=70in  ,h,, . crossing appears to be a complex and intriguing prob-

the A~130 region (~40-55 % larger than expectedxpla-  |em that requires further theoretical work.
nations for the delayed crossing in thg,, bands are con-

figuration dependent, which include enhanced deformations

0.55 -

Crossing Frequency (MeV)
n—',<>—o.c i

0.35 ’

Neutron Number

and residual proton-neutron interactiop®7,48. Although VI. SUMMARY
this reasoning works well for the heavier nuclei, a more com-
prehensive description is necessary for e 130 nuclei as This investigation of high-spin states it*&Nd has re-

the delay appears in several configuratidgese Table Il  sulted in the extension of the previously known ground-state
and, thus, is a general feature of the region. It is also interband up to higher spins such that thb,,, crossing was
esting to note that significant delayed crossings in groundebserved. Four sidebands were identified and assigned con-
state sequences are rare. In fact, the only other instancéigurations. The systematics for thé,,, crossings in the
where this occurs are thé=Z, A~ 80 nuclei[49,50 and in  neutron-deficient Nd, Pr, Ce, and La nuclei were presented.
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