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Abstract The Reflection Asymmetric Shell Model has been generated to include the triaxial degree of free-

dom. The signature inversion and chiral and wobbling band structures can be described by the present model

as results of some nuclei having intrinsic mean fields with spontaneously broken rotational symmetry. As a ap-

plication of the theory, the triaxial rotation, a fundamental question in nuclear structure, has been investigated

by examining the signature inversion and chirality phenomena in nuclei. The signature inversion phenomenon

is interpreted as the change of the dynamic cranking axis in triaxially deformed nuclei. An other goal is to

provide a new understanding of the nature of the doublet bands in 34Pr.
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1 Introduction

The essential issue that underlies the present
study is whether some nuclei can be characterized
as having intrinsic mean fields with spontaneously
broken rotational symmetry, and a full quantum me-
chanics treatment of which may lead to some new
understandings of signature inversion and chirality in
rapidly rotating nuclei. Signature is a quantum num-
ber related to the invariance of the system with re-

spect to reflection in space and time, and defined as

1
ay = 5(—1)1‘1/2 for a nuclear state of spin I. For

odd-A nuclei, the yrast band is based upon a single
particle high-j orbital, such as hy1/2 and 4,5/, and
consists of two sequences of I = j(mod2) and [ =j+1
(mod2) according to the signature. The former, with

signature oy = =(—1)77'/2, is lower in energy than
2

1 .
the latter,with signature o, = 5(—1)J+1/27 in almost

all the experimental cases, and this energy shift can
be well understood in terms of the Coriolis coupling.
In some odd nuclei, however, the signature inversion
was found, namely, the favored sequence of «; lies
higher in energy than the unfavored one of o, at spin
I1>1.,, where I, is so called inversion spin, e.g., in
157Ho!M . In some odd-odd nuclei, the signature inver-
sion takes place at low spins and when spin increases
up to spin I > I,., the two signature sequences be-
come normal phase in energy, namely no inversion,

_ 2 . . .
12013006 The signature inversions have

e.g., in
been widely observed in nuclear rotational spectra in
different mass regions, but the phenomenon has no
common understanding for more that 20 years since
the first discussion of the observed inversion of signa-
ture in 1A, /2 Vi13/2 bands in odd-odd nuclei at N=89
in 1984, based on an assumption of significant asym-
metry in the ~ direction™. Since then there have ex-
isted different explanations for this phenomenon, for

example, by attributing the signature inversion to the
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positive y rotation™ *| to the reversed v rotation™ %,

to the specific angular momentum couplingm , to the
proton-neutron residual interaction'™ 9], to the band

], and to the quadropole pairing[”].

crossing[10 Very
recently, the signature inversion was interpreted as
the manifestation of the dynamic drift of the rota-
tional axis in triaxially deformed nuclei™®. In the
present study we will emphasize the possibility that
the signature inversion can be used to probe the triax-
ial rotation, a fundamental question in nuclear struc-
ture.

Another interesting phenomenon that is associ-
ated with the triaxial rotation is the chirality in nu-
clei. It was proposed that the spontaneously broken
chiral symmetry may take place in triaxially deformed
nuclei when a particular angular momentum coupling
scheme appears, where three angular momenta of the
valence neutrons, the valence protons and the core are
mutually perpendicular so that a left- and a right-

handed systems can be formed!"* %,

Some of the
experimental evidences for the doublet bands of chi-
rality were reported in the mass region A=130, where
the proton Fermi level lies in the lower part and the
neutron Fermi level in the higher part of the hq/s
subshell. The first candidate of the chiral sister bands
was reported for 13*Pr, where the nearly degenerate
doublet bands with the same parity and spins were
found experimentally[m’ 1, Very recently, a decisive
experiment of measuring electromagnetic transition
rates has been done, and a large difference, by a fac-
tor of 2 or 3, of the experimental B(E2) values for the

18 .
! Then arises a

doublet bands of **Pr was reported!
serious question whether the observed doublet bands
in 3*Pr can be interpreted as having chirality. At the
present, there have been two different explanations
for the nature of the measured E2 transition proba-
bilities in '**Pr. First, the fact of the different B(E2)
values although does not support the static chiral-
ity, but the concept of the dynamic chirality may be
applicable, this conclusion was drawn based on the
IBFFM calculation!"®. Second, the large difference
of the B(E2) values may be attributed to very differ-
ent shapes, based on an analysis of band interaction

between the doublet bands at the nearly degenerate

spin region, and thus '**Pr can not be interpreted

Y As the third explanation, we will

as chiral bands!
show that the large difference of the measured elec-
tromagnetic transition probabilities of the two bands
can be attributed to very different intrinsic structures
of the doublet bands at the nearly degenerate spin re-
gion, therefore the chirality picture is not applicable
for 134Pr.

The theoretical model is briefly described in Sec.
2. A calculation is performed for the so called dou-
ble signature inversion in odd-proton nucleus *"Ho,
and a comparison between theory and experiment is
made in Sec. 3. The energies and the electromagnetic
transition probabilities of the doublet bands in 34Pr
are calculated and discussed in Sec. 4. The general

conclusions are summarized in Sec. 5.

2 Brief description of the model

Reflection Asymmetric Shell Model has been gen-
erated to include the triaxial degree of freedom. The
shell model Hamiltonian considered involves a large
number of nucleons moving in a spherical Nilsson po-
tential and an interaction of separable multipole Q-Q

plus monopole pairing plus quardrupole pairing,

1 4 A
— T
H = H()_i/\EZ:QX)\ Z QAMQ)\;L_

p=—A
2
GoPjyPoy—Ga > PPy, (1)
p=—2
where H, is the spherical modified harmonic-
oscillator single particle Hamiltonian, and the opera-

tors @ and P are expressed as

Qku = Z<@|PQYAHW>CLC§’ (2)
a,B
1

- T AT

P, = §anc&, (3)
1

Pl = Y (el Yalieley . @)

o,B

where, the eigenstates of a single particle moving in
the spherical Nilsson potential are described by the
quantum numbers o =nljm, and & denotes the time-
reversed state of a. The QQ interaction strength y is
determined in such a way that it has a self-consistent

relation with the quadrupole deformation® 2,
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The monopole pairing strength Gy is of the
stand- ard form G/A (MeV) in the A=130 region
and G = (g; Fg(N —2Z)/A)/A (MeV), where F for
neutrons and protons respectively, in the A=160 re-
gion. The quadrupole pairing strength G is propor-
tional to Gy;. For the present calculations, Gy;=19.6
for neutrons and 17.2 for protons and G¢=0.16Gy
in the A=130 region, and ¢;=20.12, g,=13.12 and
Gq=0.22G\y in the A=160 region. These pairing pa-
rameters approximately reproduce the observed odd-
even mass differences in the considered mass regions.

The trial wave function may be constructed by
means of the projection method. For the present
purpose, we do not need the parity projection, the

wave-function is written as,

|W}TM>:X:JCIGKN PJ{IK|45)€>7 (5)
Kk
where ]51{4 x 1s the three-dimensional angular-
momentum-projection operator
A 2I+1 -
Pli="g [12Dl @ k@, ©

and o in Eq. (5) specifies the states with the same
angular momentum /. The dimension of the summa-
tion in Eq. (5) is K xk, where |K| <
in the order of 102.

Where |®,.) represents a set of multi-qp states as-

I and & is usually

sociated with the triaxially deformed gp vacuum |0).

For odd-odd nuclei one has
{al ol 0}, af 0412 F.10), af al of of 10),
f.al al o \0>} (7)

and for odd proton nuclei,

ol
a,, al o

{al [0}, af,al al |0), af ol af af

vy Tv2 T

al,[0)}. (8)

The triaxially deformed single particle states are gen-
erated by the Nilsson Hamiltonian

Hy=H,— %hw@ (cosyQU +sin’yQ+2\+[2Q_2) , (9)
Where H, is the spherical single-particle Hamilto-
nian, which contains a proper spin-orbit force®. The
parameters €, and -y describe quadrupole deformation
and triaxial deformation, respectively.

By solving the Hamiltonian equation

H|W7,) = E° (1) [W]y) (10)

we obtain energy eigenvalue E?(I) of state o as a
function of spin I and the corresponding wave func-
tion f7,.. The reduced rate of electromagnatic tran-
sitions between the eigenstates |¥7,,) , induced by a
spherical tensor operator M Ap» 18
o)
and the reduced matrix elements become

< (ff7\'f||M>\||\I/0 ; > _

> LI ALK — pAul K )

KikiKgry ©w

<@Rf PE™ ‘ qs,,%,> . (12)

3 Signature inversion as a prob for the

B(M\;i— f) = e

1
3 (1+7pmmy)

triaxial rotation

The signature inversion phenomenon that has
been widely observed in nuclear rotational spectra,
but no common understanding for more that 20 years.
Recently, the signature inversion was interpreted as
the manifestation of drift of the dynamic cranking

121 Here we point

axis in triaxially deformed nuclei
out that the signature inversion is strongly related
to the triaxial rotation, a fundamental question in
nuclear structure. The present study attempts to
achieve a more thorough understanding for the sig-
nature inversion. The signature is associated with
the invariance of a system with intrinsic quadrupole
deformation under a rotation of 180° around a prin-
cipal axis, and is first defined in the cranking model.
We define the dynamic cranking axis as the axis along
which the total angular momentum has a largest com-
ponent. Note that the dynamic cranking axis can be
any one of three principal axises of a rotating tri-
axial nucleus, while the cranking axis defined in the
cranking model is a fixed one. We interpret the signa-
ture inversion as the change of the dynamic cranking
axis in the rotational triaxial nuclear system. Take
the yrast band of old proton nucleus *"Ho as an ex-
ample, where the twice signature inversions were ob-
served experimentally around spin I=37/2 and 53/2
respectivelym. This band is based on an intrinsic con-
figuration of the Fermi aligned proton orbital in the

proton hyq,o shell, namely the proton Fermi level lies
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in the middle of the shell, which has a large alignment
along the y-axis,the intermediate axis, I,, therefore,
the occurrence of the signature inversion in the band
is mainly determined by the characteristic of the y-
axis, namely being as the dynamic cranking axis or
not. In order to investigate the double signature in-
versions and explore the triaxial rotation, the quan-
tity S(I) = E(I)—E(I—1) and the expectation values
of I?, where i = x,y,z, for the yrast band of "Ho
are calculated. The deformation parameters used in
the basis construction are e, = 0.26, ¢, = —0.02 and
v = 26°, which reproduce approximately the y-band
energy in the neighbor even-even nuclei. The calcu-

lated result of S(I) is compared with data in Fig. 1.

124
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(1]

S(l) / MeV

Fig. 1.
E(I—1) with experimental data for **"Ho

It is seen that the twice signature inversions are
well reproduced and the large signature splitting be-
fore the first and after the second inversions together
with the quenched signature splitting between the two
inversion points are also reproduced. The calculated
expectation values of the squares of the components
of total angular momentum along the three intrinsic
principal axis, I7, I? and IZ, as functions of spin I
are shown in Fig. 2.

From Fig. 2 it is seen that the I, is largest one
at lower spins and becomes smaller than the I, after
the first inversion point and then becomes largest one
again after the second inversion point. According to
the present definition of the dynamic cranking axis,
these calculations show that the first signature inver-
sion is caused by the change of the dynamic cranking
axis from the y-axis to the z-axis, while the second
inversion is due to the change back of the dynamic
cranking axis to the y-axis. The cause of change of

the dynamic axis may be attributed to the alignments

of the pair of neutrons in the 75,5 shell.
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Fig. 2. Calculated expectation values of I2, Ig
and I? as functions of spin I for '"Ho.

4 Nature of the candidate chiral bands

in 134Pr

The energy degeneracy of doublet band states
with the same spin and parity is an important in-
dication for the occurrence of chirality and seems to
be observed in **Pr. Among other things, however,
the most crucial criteria for the chirality is the equiva-
lence of the reduced E2 transition probabilities in the
doublet bands. Very recently, it has been reported
that the measured electromagnetic transition rates
show a large difference of the B(E2) values for the
doublet bands of !3*Pr.

stand the nature of the observed energy degeneracy

It is important to under-

and the difference of the E2 transition rates in the
spin region of =14 to 17. To explore the nature of
these observations we carried out calculations of elec-
tromagnetic transition probabilities and energy levels
of the doublet bands with the present model. The de-
formation parameters used in the basis construction
are €,=0.19, £,=0.0 and v = 34°, which reproduce ap-
proximately the v-band energy in the neighbor even-
even nuclei. The calculated band energies are com-
pared with experimental data and shown in Fig. 3,
and it is seen that a good agreement between theory
and experiment has been achieved.

Particularly, the crossing behavior of the band 1
(yrast) and the band 2 (nonyrast) was reproduced
by the present calculation. The crossing is realized
by the cross over interband E2 transition rate which
is calculated to be larger for the transition from the

nonyrast state of I=18 to the yrast state of /=16 than
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for the transition from the yrast state of I=18 to the
nonyrast state of I=16. At the nearly degenerate re-
gion, from I=14 to 17, calculated B(E2) values are
larger for band 1 than for band 2 by about a factor
of 3, in average, and this is in a quite nice agreement
with the experimental B(E2) data'®.

calculations reproduce simultaneously both the en-

The present

ergy degeneracy and the large difference of the re-
duced E2 transition probabilities in the considered
spin region for the doublet bands. A detailed anal-
ysis for the intrinsic structures of calculated doublet
bands indicates that in the spin region from =14 to
18, the doublet bands have completely different na-
ture, namely the band 1 is a 2 q.p. state , Inlp,
e.g., of phyi/2mhy1/o configuration, while the band
2 has mainly a 4 q.p. configuration ,1n3p, e.g., of
phi1/2mhi1/2ds /2972 configuration. The shell model
configuration mixing of 4 q.p. component gives rise
to a strong reduction of B(E2) values of the band 2
in the band interaction region, /=14—17. The chiral
doublet bands should have a similar intrinsic struc-
ture, therefore our theoretical results lead to a con-
clusion that the observed doublet bands in **Pr can
not be interpreted as chiral bands although the en-

ergy nearly degeneracy is observable.

7 Exp. = Band1
® Band2
6 Theo. —4— Band1
5 —v— Band2 /ﬁ/ﬁ

E(l) / MeV/

N /U;gﬁ/f

—V

o] FE s
6 é 1’0 1’2 1’4 1'6 1’8 2’0 2’2
I/
Fig. 3. Comparison of calculated the doublet

bands with experimental data for *4Pr el

5 Summary

The signature inversion and chiral band structures
are described by the recently developed triaxial pro-
jected shell model as results of some nuclei having
intrinsic mean fields with spontaneously broken ro-
tational symmetry. The triaxial rotation, a funda-
mental question in nuclear structure, has been in-
vestigated by examining the signature inversion and
chirality phenomena in nuclei. The signature inver-
sion phenomenon is interpreted as the change of the
dynamic cranking axis in triaxially deformed nuclei.
The double signature inversions observed experimen-
tally in '5"Ho are reproduced quite well by the present
calculation and the phenomenon is then interpreted
as the twice changes of the dynamic cranking axis,
caused by the alignments of a pair of 7;5,, neutrons.
The energies of the candidate chiral band states in
134Pr are calculated and the results are in a good
agreement with experimental data, particularly the
nearly degeneracy and crossing feature of the two
bands in the range of spin 14 to 18 are reproduced.
The same wave functions are then used to calculate
the E2 transition probabilities of the doublet bands,
and the results again reproduce the striking feature
of the measured B(E2) probabilities, namely a large
difference of B(E2) values between band 1 and band 2
in the nearly degenerate spin region. We pointed out
that this large difference of the E2 transition proba-
bilities between the doublet bands can be attributed
to very different intrinsic structures of the doublet
bands at the nearly degenerate spin region, therefore,
the observed doublet bands in ***Pr can not be inter-

preted as chiral bands.
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