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Quadrupole Moments of Highly Deformed Structures in the A ~ 135 Region: Probing
the Single-Particle Motion in a Rotating Potential
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The latest generation y-ray detection system, GAMMASPHERE, coupled with the Microball charged-
particle detector, has made possible a new class of nuclear lifetime measurement. For the first time
differential lifetime measurements free from common systematic errors for over 15 different nuclei
(>30 rotational bands in various isotopes of Ce, Pr, Nd, Pm, and Sm) have been extracted at high spin
within a single experiment. This comprehensive study establishes the effective single-particle transition
quadrupole moments in the A ~ 135 light rare-earth region. Detailed comparisons are made with theo-
retical calculations using the self-consistent cranked mean-field theory which convincingly demonstrates
the validity of the additivity of single-particle quadrupole moments in this mass region.
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Deformation is a common phenomenon for subatomic
and mesoscopic systems with many degrees of freedom
(e.g., atomic nuclei, molecules, atomic clusters, quantum
dots). It appears in field theory (Higgs mechanism), in the
physics of superconductors, in condensed matter physics,
and other fields of physics. The fundamental microscopic
mechanism leading to the existence of deformed configu-
rations, spontaneous symmetry breaking, was first pro-
posed by Jahn and Teller for molecules [1]. The basic
element of the Jahn-Teller (JT) effect is the vibronic cou-
pling between the collective excitations of the system and
the single-particle motion, known in nuclear structure as
the particle-vibration (PV) coupling [2,3]. Depending
on the geometrical properties of the individual valence nu-
cleon (i.e., anisotropy of its wave function), the PV cou-
pling can result in polarization that can change the original
deformation of the core. However, if residual interactions
are present, they effectively reduce the magnitude of the
JT coupling. In particular, pairing correlations in atomic
nuclei give rise to a large energy gap which weakens defor-
mation effects. As a result, nuclear ground-state configu-
rations experience a weak JT (pseudo-JT) effect, whereas
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the extreme JT effect can take place in excited nuclear sys-
tems such as high-spin states [4,5].

One of the most stunning observations in studies of
rapidly rotating atomic nuclei is that due to the strong
Coriolis force residual pairing correlations are significantly
quenched at high angular momenta (see Ref. [6] and ref-
erences therein). Another factor that contributes to the
diminished role of residual correlations is the reduced
single-particle level density at the Fermi surface due to the
presence of strong shell effects at deformed shapes. The
resulting deformed potentials give rise to magic numbers
that appear just as strikingly, but at quite different N and
Z values, as for spherical nuclei. Consequently, high-spin
nuclear superdeformation is probably the clearest example
of pure single-particle motion in a deformed potential [7,8]
and is thus a wonderful laboratory to study the nuclear JT
effect and the nuclear shape polarization.

In the A ~ 135 light rare-earth region, a variety of
rotational sequences with characteristics consistent with
highly deformed prolate shapes with quadrupole deforma-
tion of B, ~ 0.30-0.40, compared with B8, ~ 0.20 for
normal ground-state deformations, have been observed
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[9]. These studies have revealed that the existence of
highly deformed bands is the result of an interplay be-
tween microscopic shell effects, such as the occurrence
of large shell gaps and the involvement of s gemﬁc key
orbitals such as the vij; /2[660]2, 789/2[404]3, and pos-
sibly v(f7/2 + hos2) [541]2 [10-16]. For representative
single-particle diagrams, see Refs. [10,17]. In an attempt
to obtain a consistent understanding of the deformation
properties of different single-particle orbitals throughout
the A ~ 135 mass region, a comprehensive lifetime
experiment with measurements on over 15 different
nuclei was performed. While such an approach has been
exploited for several nuclei in the A = 80 [18], 135 [19],
150 [20,21], and 190 [22,23] highly or superdeformed
regions, it has never been done before in such a global
manner in a single experiment.

From the lifetimes, one can extract “differential” tran-
sition quadrupole moments 8Q,(*Z;c) = 0,(*Z;¢c) —
Q:(core), where ¢ stands for the configuration of the
band in the nucleus 4Z and Q;(core) is the transition
quadrupole moment of the assumed core nucleus. Accord-
ing to the “additivity principle” proposed in Ref. [24], the
quadrupole moment 6Q; can be expressed as a sum of
individual contributions carried by individual particle and
hole states which appear near the Fermi level:

Zq,(z (1)

where i runs over the particles and holes with respect
to the core configuration in the nucleus 4Z. The quan-
tity g, (i) represents the effective single-particle transition
quadrupole moment, i.e., the change of the total intrinsic
moment which is induced on the whole nucleus by the
given particle or hole. By measuring or calculating values
of Q;(*Z;c) for a number of nuclei and configurations,
one can extract values of ¢,(i) and thus the quadrupole po-
larizabilities associated with individual orbitals.

The transition quadrupole moments for various highly
deformed structures in the A ~ 135 region have been mea-
sured in separate past experiments using the Doppler-shift
attenuation method (DSAM). However, conclusive com-
parisons between similar structures in different nuclei were
limited because of systematic differences such as reaction
choice, target retardation properties, and varying sidefeed-
ing considerations. In the present study, these systematic
uncertainties were greatly reduced because the large vari-
ety of different nuclei were produced under similar condi-
tions and analyzed using the same techniques.

High-spin states of a variety of A ~ 135 nuclei (Z =
58—62) were populated after fusion of a 173 MeV *°Cl
beam with an isotopically enriched 1 mg/cm? 'Pd foil
mounted on a 17 mg/cm? Au backing. The emitted y rays
were collected using the GAMMASPHERE spectrometer
[25] and the evaporated charged particles were identified
with the Microball [26] at the 88-Inch Cyclotron at the
Lawrence Berkeley National Laboratory.
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The DSAM, centroid-shift technique was used in sev-
eral different ways. For the most intense bands, spectra
were generated by summing gates on the cleanest, fully
stopped transitions at the bottom of the band of interest
and projecting the events onto the “forward” (31.7°,37.4°)
and “backward” (142.6°, 148.3°) axes. These spectra were
then used to extract the fractional Doppler shift, F(7).
In addition, double gates were set on in-band “moving”
transitions in any ring of detectors and data were incre-
mented into angle specific spectra. For the most intense
bands, Doppler-shifted coincidence gates were also set on
the highest spin transitions, making it possible to eliminate
the effects of sidefeeding for states lower in the cascade.
A 10% increase in the deduced quadrupole moment was
consistently found for the »ij3/, configurations when us-
ing the latter method as compared to the value extracted by
gating on the stopped transitions at the bottom of the band.

The intrinsic quadrupole moments were extracted from
the experimental F(7) values using the code FITFTAU [22]
where F(7) curves were generated assuming the band had
a constant O, value. Although the uncertainties in the
stopping powers and the modeling of the sidefeeding may
contribute an additional systematic error of 15%—-20% in
the absolute Q; values, the relative values are considered
to be accurate to a level of ~5%—10%. Such precision
allows for the first time a clear differentiation between the
quadrupole polarizability of different orbital configurations
for a variety of N and Z values in this mass region.

For highly deformed configurations, the present results
displayed in Table I (see also Ref. [27] for normal-
deformed structures), especially when taken together with
values for BL132Ce [19], extracted using an identical
analysis procedure, clearly indicate that for structures
involving the »ij3/, orbital there is a systematic decrease
in the deformation as a function of increasing Z and N;
see also Fig. 1. Furthermore, the important role played
by the 77g9/2[404]3 orbital is confirmed by the fact that
the largest deformations are observed for the Ce isotopes
(Z = 58) where this orbital lies above the Fermi surface
[17]. Note that the mixed »(f7/2 + ho/2) [541]% orbital
exhibits @, values intermediate between the highly
deformed (vij3» and 7gg/») and normal deformed
configurations which have Q; ~ 3.0-3.5 e b [27].

To obtain a quantitative understanding of the measured
quadrupole moments, cranking calculations without pair-
ing using two different self-consistent mean-field methods
were performed, namely, the cranked Skyrme Hartree-
Fock method (CSHF) [28] with the Skyrme parametriza-
tion SLy4 [29], and the cranked relativistic mean-field
theory (CRMF) [30,31] with the parametrization NL1 [32].
For the details pertaining to the current theoretical calcula-
tions, see Ref. [33]. Large deformed energy gaps develop
at high angular momentum for Z = 58 and N = 73 [10],
and thus the lowest highly deformed »(i3/2) intruder band
in 13!Ce can be considered a (super)deformed core in the
A ~ 135 mass region. In order to perform a reliable statis-
tical analysis of individual quadrupole moments according
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TABLE L

Transition quadrupole moments for highly deformed configurations measured in

this work. Unless stated otherwise, Q, values were deduced using the centroid-shift technique
with Q, (sidefeeding) = Q,. The normal deformed structures display Q, ~ 3.0—-3.5 eb [27].

Nucleus Configuration® Q,(eb) Ref.
13OPI' 7T/’l11/2 ® V(f7/2 + hg/z) (band 1,2) 43(3),45(3)b [13]
mgo/2 ® Vhii 6.1(5) [13]
131PI‘ TE9/2 53(4) [13]
132pr whiyz ® v(fr2 + hop) 4.1(3)° [14]
mgo/2 ® Vi 7.0(7)
133Nd v(f12 + hop) (@ = +1,—3) 4.2(3),4.1(3)°
viz) 5.8(2),6.5(2)¢ [15]
135Nd viis 5.1(2),5.7(2)¢ [15]
133Pm TE9/2 50(4)
34pm whiia ® v(fr2 + hop) 3.9(2)°
136pm whiija ® vigz, (band 1) 4.8(3),5.2(3)° [16]
7T/’l11/2 ® Vi13/2 (band 2) 4—8(4—),52(4)L [16]
mE7/2 ® Vi13/2 (band 1,2) 57(6),57(6) [16]
135Sm viiz 5.8(4),6.4(4)¢
137§m viiz) 4.4(3),4.8(4)°

7o [40415F, why i (541137, gy (41313, vhi (523127, w( fr + hop): (541157,

Vl.13/22[660]%+.

®No appreciable difference in deduced Q; when gating above or below the level of interest.
‘Deduced by gating above the level of interest, so that sidefeeding was eliminated.
dAssumed similar sidefeeding time structure to other highly deformed »ij3/, bands.

to Ref. [24], it was necessary to carry out calculations for
a large number of nuclei and configurations: our data set
consisted of 183 bands in CSHF and 105 bands in CRMF
(see Table II).
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FIG. 1. Experimental (closed symbols with error bars) and cal-

culated (CSHEF, open symbols) differential transition quadrupole
moments for Ce, Pr, Nd, Pm, and Sm nuclei as a function of
neutron number. As a reference core, the highly deformed vi 3/,
band in '3!Ce with experimental Q, = 7.4(3) eb [19] and theo-
retical (CSHF) Q, = 7.64 e b values was assumed. The experi-
mental values for *1132Ce and '“>Sm were taken from Refs. [19]
and [21], respectively. Dashed lines are drawn simply to guide
the eye. The inset in the bottom left-hand corner illustrates
the distribution of differences between the single-particle sum
5st5\4 and the HF value of 5Q2%F for all the 183 bands consid-
ered in the statistical analysis of individual quadrupole moments.
The distribution is sharply concentrated around zero and for the
majority of bands the difference is less than 0.05 eb. One can
thus conclude that additivity works extremely well in the whole
region discussed.
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The transition quadrupole moment can be written as

0O, = 0y + \/g 02, where Oy and Oy are calculated
components of the quadrupole moment [34]. Figure 1
shows the experimental and calculated CSHF values of
Q; — Q(core) = §Q; for the highly deformed bands in
nuclei with Z = 58-62. The agreement between experi-
ment and theory is quite remarkable. Theoretical values for
bands attributed to the v[541]1/2 orbital are not shown in
Fig. 1 since pairing correlations at the low observed spins
effectively reduce the occupation of this mixed orbit. Pair-
ing may also provide an explanation for the discrepancy
observed for the 7g9/2[404]3 band in '**Pm where the
experimental measurements are at very low rotational fre-
quencies (Fw < 0.4 MeV).

From the differential proton quadruple moments
805 and &6Q; calculated at rotational frequency
of fiw = 0.65 MeV, effective single-particle charge
quadrupole moments g»o(i) and g»,(i) were extracted for
protons and neutrons according to the additivity principle,

Eq. (1) [with g,(i) = ga0(i) + \/% g (i)]. The results
of the linear regression analysis for ¢,¢ are displayed
in Table II. Note that the two models give very similar
results. For tabulated values of g2, and effective angular
momentum alignments and statistical errors, see Ref. [33].

The general trend of decreasing Q, in the highly de-
formed structures with increasing Z and N in Fig. 1 is
consistent with general expectations that, as one adds par-
ticles above a deformed shell gap, the stabilizing effect of
the gap may be diminished. This trend continues until a
new “‘magic” deformed number is reached or new super-
intruder orbitals become occupied. Such an event clearly
occurs at Z = 62 and N = 80 (1*2Sm) where a large jump
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TABLE II. Effective charge quadrupole moments g, (in e b)
for single-particle orbitals [10,17] around a '*'Ce core. Par-
ticle states are labeled with an *. The orbitals are labeled by
means of asymptotic quantum numbers [Nn, AJQ) and the signa-
ture quantum number «. Note that in most cases the signature
dependence is very weak.

CSHF CSHF CRMF CRMF
Orbital a=—% a=+% az_% a=+%
Neutrons
[402]3 -0.35* -0.33" —0.26 —0.26
[530]3 0.22* 0.17* 0.17* 0.19*
[660]3 0.36* 0.38 0.36* 0.40
[411]5 -0.15 —0.12 —0.11 —0.06
[411]3 -0.15 —0.11 -0.13 -0.12
[413]3 -0.13 -0.12 -0.13 —0.11
[523]2 0.03 0.04 0.05 0.01
[532]3 0.19 0.24 0.17 0.38
[541]3 0.35 0.37 0.35 0.33
Protons
[404]3 -0.32" -0.31* -0.37" -0.37"
[532]3 0.43* 0.56* 0.41* 0.54*
[422]3 0.33 0.34 0.33 0.28
[541]2 0.50 0.57 0.48 0.50
[550]3 0.49 0.47

in quadrupole moment marks the point at which it becomes
energetically favorable to fill the high-j i3> and vji5/2
orbitals creating the A ~ 142 superdeformed island; see
the inset in Fig. 1. It is gratifying to see that our calcula-
tions can reproduce 8Q; in “>Sm using both 3!Ce (this
work) and 2Dy (see Ref. [21]) cores.

In summary, it has been possible to extract differen-
tial transition quadrupole moments, free from common
systematic errors for the largest number of different
nuclei and configurations at high spin within a single
experiment. This comprehensive study establishes Z, N,
and configuration dependent quadrupole moment trends in
the A ~ 135 light rare-earth region. Detailed comparisons
are made with theoretical calculations using the cranked
Skyrme Hartree-Fock and cranked relativistic mean-field
frameworks. Remarkable agreement has been found for
highly deformed intruder bands in this region up to '4*Sm
demonstrating that the additivity of effective single-
particle transition quadrupole moments works extremely
well whether adding particles or holes to a '3!Ce or 32Dy
core, respectively.
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