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Abstract

The particle-number conserving method for treating the cranked shell model with mon
and quadrupole pairing interactions is used to investigate the microscopic mechanism
superdeformed bands in193Hg, including the occupation probability of each cranked orbital,
contributions to angular momentum alignment from the direct contributionsjx(µ) of the particle
in orbital µ, and the interference contributionjx(µν) from the particles in orbitalsµ and ν. Our
calculated results support the previous assignments of configuration of six superdeformed b
193Hg and provide a satisfactory demonstration for the crucial role of the high-N intruder orbital
ν[761]3/2 in band crossing and angular momentum alignment.
 2004 Published by Elsevier B.V.
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1. Introduction

An impressive experimental and theoretical effort has been devoted to determine
intrinsic states on which superdeformed (SD) rotational bands are built. In the
A ∼ 190 region, the study of several odd-neutron SD nuclei has revealed many e
SD bands which have been interpreted in terms of individual excitations of the va
neutron around the Fermi surface. Among these SD nuclei, the nucleus193Hg is the most
spectacular example of SD nuclear structure. Up to six SD bands have been obse
this nucleus providing a wealth of nuclear structure information involving band cro
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[1], cross-talk between bands [1–3], identical bands [4,5], and the neutronN = 7 intruder
orbital [6]. These data have helped to establish the nature of single-neutron orbitals
the SD shell closure atN = 112. From the observation of cross-talk M1 transitions betw
SD bands in193Hg and by comparison to theoretical calculations [7], the occupancy o
two highΩ neutron orbitals[512]5/2 and[624]9/2 has been clearly shown. However, t
alignment of theN = 7 orbitals is observed to be reduced in comparison with the Wo
Saxon calculations. On the other hand, the Hartree–Fock calculations predict sligh
weak Coriolis coupling. This may suggest that the relative placement of the[761]3/2− and
[752]5/2− orbitals with respect to theN = 113 Fermi level should be slightly modified
both models [6].

The fascinating phenomenon of identical bands have generated a great d
theoretical interest and activity aimed at understanding the underlying mechanism. T
of identical SD bands,192Hg(1), 193Hg(2a), 193Hg(2b,3) and194Hg(2,3) are interpreted
as bands based on 0-quasiparticle (qp), 1-qpν[512]5/2(α = +1/2), ν[624]9/2(α = ±1/2)

and 2-qpν[512]5/2[624]9/2(α = 0,1) states, respectively,[6,8]. The experimentalω
variation of bothJ (1) and J (2) for these identical SD bandsare reproduced quite we
by a particle-number conserving (PNC) treatment for the cranked shell model (C
in which the blocking effect is taken into account exactly and no free parame
involved [9]. Our PNC calculations present the first precise quantitative explanatio
microscopic mechanism of identical SD bands in theA ∼ 190 region. Both the similarity
and difference in theω variation ofJ (1) andJ (2) between these identical SD bands and
identical ND bands in rare-earth nuclei are explained consistently. A strict and cons
treatment of the blocking effect on pairing is crucial to account for these identical b
Moreover, blocking effects are especially important for treating high-K multi-qp bands
widely observed in the ND rare-earth nuclei.

In Ref. [10], the cranked Hartree–Fock–Bogoliubov (HFB) method is applie
the study of six SD bands observed in193Hg. Their results support the assignati
of these bands to specific 1-qp excitations with respect to192Hg and also show tha
pairing correlations are not significantly reduced by the creation of 1-qp. Howeve
interaction between the negative parity negative signature bands found experim
is not reproduced by the self-consistent 1-qp excited HFB calculation. In addition
cranking calculations using a Woods–Saxon potential have shown that the use
Lipkin–Nogami prescription for projecting good particle number and the inclusio
quadrupole pairing fields have a remarkable improvement in the description of the yr
bands of even–even Hg and Pb isotopes fromN = 110–116 [11]. In this paper we adop
PNC treatment for the CSM including both monopole and quadrupole pairing intera
to investigate the six SD bands in193Hg. A satisfactory explanation for the band cross
and alignment of the neutronN = 7 intruder orbital is provided by our PNC calculation
which the strength of pairing interaction keeps unchanged.

2. PNC method

The CSM Hamiltonian with pairing interactions is
HCSM = HSP− ωJx + HP = H0 + HP , (1)
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whereH0 = HSP − ωJx = ∑
i h0(ω)i , h0(ω) = hNilsson− ωjx , is the one-body part o

HCSM, hNilssonthe Nilsson Hamiltonian,−ωJx the Coriolis interaction andHP the pairing
interaction including both the monopole and quadrupole pairing interactions [12
The Nilsson (modified oscillator) potential has been quite successful in describin
properties of SD bands [14–16]. In the PNC treatment, first,h0(ω) is diagonalized to obtain
the cranked Nilsson orbitals. Then,HCSM is diagonalized in a sufficiently large crank
many-particle configuration (CMPC) space to obtain the yrast and low-lying eigens
For the details of PNC method, see Refs. [17,18]. Assuming an eigenstate ofHCSM is
expressed in terms of the CMPC’s:

|ψ〉 =
∑

i

Ci |i〉, (2)

where|i〉 denotes an occupation of particles in cranked orbitals andCi is the correspondin
probability amplitude. The occupation probability of the cranked orbitalµ (including both
signatureα = ±1/2) is

nµ =
∑

i

|Ci |2Piµ, Piµ =
{

1, if |µ〉 is occupied in the CMPC|i〉,
0, otherwise.

(3)

The angular momentum alignment for the state|ψ〉 is 〈Jx〉 = 〈ψ|Jx |ψ〉, and the kinematic
moment of inertia of isJ (1) = 〈Jx〉/ω. BecauseJx is a one-body operator,〈i|Jx |j 〉 for
i �= j does not vanish only when|i〉 and|j 〉 differ by one particle occupation. Supposi
after a certain permutation of creation operators,|i〉 and|j 〉 are brought into the forms

|i〉 = (−)Miµ |µ · · ·〉, |j 〉 = (−)Mjν |ν · · ·〉, (4)

where the ellipsis stands for the same particle occupation and(−)Miµ = ±1, (−)Mjν = ±1
according to whether the permutation is even or odd. Therefore the angular momen
alignment of the state|ψ〉 is

〈Jx〉 =
∑
µ

jx(µ) +
∑
µ<ν

jx(µν), (5)

jx(µ) = 〈µ|jx |µ〉nµ,

jx(µν) = 2〈µ|jx |ν〉
∑
i<j

(−)Miµ+Mjν CiCj (µ �= ν), (6)

wherejx(µ) is the direct contribution to〈Jx〉 from a particle occupying the cranked orbi
µ and jx(µν) is the contribution to〈Jx〉 from the interference between two particl
occupying the cranked orbitalsµ and ν, which has no counterpart in the mean-fie
(BCS) treatment. Calculations show thatjx(µν) plays an important role for the odd–ev
difference and nonadditivity in moment of inertia. The expression for dynamic mome
inertiaJ (2) = d

dω
〈Jx〉 is similar.

3. Theoretical calculations and discussion
For most SD bands in theA ∼ 190 region, the spins have not been established, thus
only J (2) can be extracted from the experimental differences inγ transition energies,
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J (2)(I ) = 4h̄2/[Eγ (I + 2 → I) − (Eγ (I → I − 2)]. Fortunately, because of the regu
behavior ofEγ , their spins have been consistently and reliably predicted by va
approaches [19]. Moreover, the spins of some SD bands (194Hg(1), 194Hg(3), 194Pb(1),
193Tl(1,2), etc.) have been established experimentally [20], which are in agreemen
the prediction. Thus, the kinematic Moment of inertiaJ (1) may be extracted by th
experimentalγ transition energies themselves,J (1)(I ) = (2I + 1)h̄2/Eγ (I + 1 → I − 1),
which is much more accurate thanJ (2) extracted by the difference inγ transition energies

For ND bands in the rare-earth nuclei, the pairing interaction strengths are deter
by the experimentally odd–even differences in binding energies and bandhead m
of inertia, but for SD bands in theA ∼ 190 region, no experimental binding energ
are available. Because the spins of194Hg(3) have been established experimentally, in
PNC calculation the sixteen accurateJ (1)(ω) data (̄hω ≈ 0.10–0.40 MeV) of194Hg(3)

are used to determine the effective pairing strengths, which are then adopted to ca
the moments of inertia of the six SD bands in neighboring nucleus193Hg. The effective
pairing interaction strength depends onthe dimension of the truncated CMPC spa
In the following calculations, the dimension of CMPC space is about 900 for pr
and 1000 for neutron. For the yrast and low-lying excited states, the number of
CMPC (weight> 10−2) is very limited (∼ 20) and all of them and almost all of CMP
with weigtht > 10−3 have been included in this truncated CMPC space, so the obt
solutions to the low-lying eigenstates are quite accurate. In such a truncated CM
space, the effective monopole and quadrupole pairing strengths (in units of MeV) are
G0 = 0.300,G2 = 0.065 for proton,G0 = 0.205,G2 = 0.003 for neutron.

In our PNC calculation, the Nilsson parameters (κ,µ) are taken from the Lund
systematics [21] and the deformation parameters (ε2, ε4) are taken from the Ref. [8]
A minor adjustment for the deformation parameters of SD bands193Hg(1,5) is made
because both bands are based on a deformation-driving high-N orbital. Neutron cranked
single-particle level diagram is plotted in Fig. 1 for a large prolate deformation (ε2 = 0.45,
ε4 = 0.025). The corresponding Woods–Saxon single-particle diagram is similar to
shown in Fig. 1 as far as the placing of the high-N intruder orbitals is concerned. On
difference is that theN = 112 gap does not show up in our calculations, but instead the
a small gap atN = 114. For the six SD bands in193Hg, experimental and theoretical effo
leads to the conclusion that two pairs of signature partner bands are based on the[512]5/2−
and[624]9/2+ neutron orbitals. Other two SD bands was considered to be based o
j15/2 single-particle configurations ([761]3/2− or [752]5/2−) [6]. Our PNC calculations
obviously support the assignation of[761]3/2− neutron intruder orbital for the two SD
bans. Then, at low rotationalfrequencies the six SD bands in193Hg have the following
configuration: band 1 isν[512]5/2(α = −1/2), band 2a isν[512]5/2(α = +1/2), band
3 is ν[624]9/2(α = −1/2), band 2b isν[624]9/2(α = +1/2), band 4 is the favoure
ν[761]3/2(α = −1/2) and band 5 is the unfavouredν[761]3/2(α = +1/2).

In Fig. 2 are shown the experimental and calculatedJ (1) andJ (2) of 193Hg(1,2a,2b,3).
The dynamic moments of inertia of193Hg(2a,2b,3) are identical with those of194Hg(2,3),
because they are all based on two strongly coupled neutron orbitals[512]5/2 and[624]9/2
(for the details of microscopic mechanism of those identical SD bands, see Ref

For 193Hg(1), the experimental and calculated results show that ath̄ω ≈ 0.27 MeV, the
alignment of193Hg(1) has a sudden increase as an evidence of band crossing between
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Fig. 1. Cranked neutron Nilsson orbitals energies near the Fermi surface of193Hg. The signatureα = ±1/2
orbitals are denoted by solid and dotted lines, respectively. The highj intruder orbitals are denoted by bold line

Fig. 2. Experimental and calculatedJ (1) andJ (2) of the SD bands,193Hg(1,2a,2b,3). The experimentalJ (1)

andJ (2) of 193Hg(1,2a,2b,3) are denoted by solid and open circles, respectively, and the calculated resu
denoted by lines. (a)193Hg(1), (b) 193Hg(2a), (c) 193Hg(2b), (d) 193Hg(3).

193Hg(1) and193Hg(4). This crossing is interpreted as the crossing betweenN = 5 and
N = 7 orbitals, where the configurations of two SD bands are interchanged. Thi
nario is consistent with the distribution andω variation of neutron orbitals near Ferm

surface of193Hg (see Fig. 1). It is seen that while the orbitalν[512]5/2 remains almost
unchanged withω, the intruder orbitalν[761]3/2 has a large signature splitting with the
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Fig. 3. Occupation probabilitynµ of each orbitalµ (including bothα = ±1/2) near the Fermi surface for th
SD bands,193Hg(1,2a,2b,3). Occupation probability of each orbital for the same SD band is placed in the
column. (a)193Hg(1), (b) 193Hg(2a), (c) 193Hg(2b), (d) 193Hg(3).

α = −1/2 being favoured. The unfavouredν[761]3/2(α = +1/2) orbital belowν[512]5/2
at low frequencies rises quickly withω and crosses withν[512]5/2 ath̄ω ≈ 0.25 MeV. For
193Hg(1) (α = −1/2) before band crossing, the orbitalν[512]5/2(α = +1/2) is empty
and both the orbitalsν[761]3/2(α = ±1/2) are occupied. After band crossing the pa
cle occupyingν[761]3/2(α = +1/2) will jump to ν[512]5/2(α = +1/2). However, this
band crossing cannot occur for193Hg(2a) (ν[512]5/2, α = +1/2), because the orbita
ν[512]5/2(α = +1/2) is always occupied.

The configurations and theω variation of neutron occupation probabilities of193Hg(1,

2a,2b,3) are clearly shown in Fig. 3. For band 1, at lowω, the occupation probability o
ν[512]5/2, nµ ≈ 1 show that one neutron occupies theν[512]5/2(α = −1/2) orbital and
another orbital(α = +1/2) is empty. This situation almost keeps unchanged withω until
h̄ω ≈ 0.27 MeV, after which the occupation probabilities ofν[512]5/2 andν[761]3/2
are interchanged, which implies the occurrence of a band crossing. On the contra
occupation probabilities of band 2a and 2b are much more simple, i.e., except th
occupation probabilitiesnµ ≈ 1 for the two orbitals[512]5/2 and[624]9/2, other neutron
orbitals (including high-N intruder orbitals)l are nearly occupied or empty. For band 3
interchange of configurations among the neutron[624]9/2,[642]3/2 and[512]5/2 orbitals

occurs at̄hω ≈ 0.35 MeV, the anomalous behavior of dynamic moment of inertia of band
3 at higherω seems to reflect this change of configurations, but the crossing is of weak
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Fig. 4. The direct contributions to〈Jx 〉 from the particle in cranked orbitalµ, jx(µ) and the interference
contribution jx(µν) between cranked orbitalsµ and ν for the SD bands,193Hg(1,2a). (a) 193Hg(1),
(b) 193Hg(2a).

interaction [22]. A strong interaction between band 1 and 4 is observed experime
(Vint ≈ 26 keV [1] or 42 keV [22] from a simple two-level mixing calculation), we wond
whether this strong interaction arises from the interchange of configurations be
different main shells (N = 5 and 7).

More detailed informations come from the single-particle contributions to an
momentum alignment in Fig. 4. High-j low-ω orbitals are characterized by their lar
contributions to alignment and large Coriolis responses. Thus the change of alignm
band crossing is mainly attributed to the change of high-N configuration, and the crossin
of band 1 and 4 may serve as a typical example. According to our PNC calculations,
region of band crossing, the total increase of alignment of band 1 is 3.2h̄ (the average
increase of alignment 1.6h̄ is included). The direct contribution of[761]3/2 is 1.8h̄,
the contributions of the interference terms,[761]3/2[770]1/2 and[752]5/2[761]3/2 are
−0.6h̄ and 0.8h̄, respectively. Calculations show that the contribution from band crossin
(∼ 1.6h̄) mainly comes from the intruderN = 7 shell (∼ 2.0h̄), and a minor contribution
(∼ −0.4h̄) comes fromN = 5,6 shells. The large contributions to moment of inertia fr

high-j low-ω orbitals are more clearly shown in Fig. 5 for band 2b and 3. In fact, the three
bands, 2a, 2b and 3 have almost the same alignment.
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Fig. 5. The direct contributions toJ (2) from the particle in cranked orbitalµ, j(2)(µ) and the interference
contribution j(2)(µν) between cranked orbitalsµ and ν, for the SD bands,193Hg(2b,3). (a) 193Hg(2b),
(b) 193Hg(3).

Fig. 6. ExperimentalJ (1) of the SD bands,193Hg(1,2a,4,5).

The calculations of band 4 and 5 involving the high-N intruder orbitals are mor
difficult in general because the corresponding orbitals have large signature splitting and a

deformation-driving. In Fig. 6, we plot the experimental kinematic moments of inertia of
193Hg(1,2a,4,5) with rotational frequenciesω, in which their spins have been proposed
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Fig. 7. Same as Fig. 2, for193Hg(1,4,5).

reliably and consistently according to ourprocedure of spin assignment [19] and are
agreement with the spin assignments of Ref. [6]. For most SD bands in theA ∼ 190
region, bothJ (2) andJ (1) moments of inertia exhibit the same smooth rise with rotatio
frequencies. The SD bands,193Hg(2a,2b,3) are such typical examples, their alignme
and corresponding variation with rotationalfrequencies are almost identical because t
all are based on the strongly coupled neutron orbitals. The signature splitting ofν[761]3/2
has the effect of further increasing the moments of inertia for the favoured branc
decreasing those for the unfavoured branch [6]. The odd–even difference in mo
of inertia at lowω limit is the manifestation of blocking effects on pairing, but w
increasingω the blocking effect gradually weakens due to very strong Coriolis anti-pa
interaction, the odd–even difference gradually disappears [9,19]. Thus, at lowω limit, the
moments of inertia of bands 4 and 5 tend to the same value, which is much large
that of193Hg(2a). In contrast, at higher rotational frequencies, the experimental kinema
moments of inertia of bands 1 and 5 have a large signature splitting and both
obviously deviate from that of193Hg(2a) (see Fig. 6).

The results of our PNC calculations about band 4 and 5 in Fig. 7 are also
satisfactory. The neutron occupation probabilities of these bands are shown in Fig. 8
revealing is the comparison between the experimental alignments for the bands193Hg(1,5)

and the calculated alignments for the proposed single-particle configurations. The b
is taken as a reference that represent the average smooth increasing of angular momen
alignment (see Fig. 6). In this comparison, we select a higher rotational frequen
h̄ω ≈ 0.3 MeV, the best point at which, according to experimental data and our PN
calculations, three bands have very pure configurations (see Figs. 3 and 8), and b
effect could be neglected at such a higherω. The experimental (calculated) alignments
band 1 and 5 relative to band 2a are 1.31h̄ (1.27h̄) and−0.62h̄ (−0.37h̄), respectively,
and a remarkable agreement can be seen. In fact, the corresponding calculated alignme
of contributions from the major shellN = 7 are 1.49h̄ and −1.12h̄, respectively. The

discrepancy between the relative alignments ofN = 7 shell and the total alignment should
come from the deformation effect and alignments from other neutron and proton shells. It
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Fig. 8. Same as Fig. 3, for193Hg(4,5).

is worthy to note that the SD bands 1 and 4 in191Hg have properties similar to those
193Hg(1,5) and these bands are believed to be built on the same orbitalν[761]3/2 [23]. In
the vicinity of N = 111, from189Hg to 193Hg, we believe that the high-N intruder orbital
[761]3/2 play a central role on the anomalous behavior of dynamic moment of inerti
band crossing [24].

4. Summary

Our PNC calculations provide a reliable explanation for the microscopic mecha
of the six SD bands in193Hg, in which the high-N intruder orbitalν[761]3/2 plays a
crucial role in band crossing and angular momentum alignment. From our calculatio
may further conclude that the high-N intruder orbitalν[761]3/2 should be responsible fo
the anomalous behavior of dynamic moment of inertia and band crossing in the v
of N = 111, from 189Hg to 193Hg. Because the high-N intruder orbitalν[761]3/2 is

deformation-driving, the calculated results are expected to be improved if the change of
deformation with rotational frequencies is considered.
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