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Abstract: A microscopic high spin study of neutron deficient and normally deformed
in projected shell model framework. The theoretical results have been obtained for the spins, parities and energy val-
ues of yrast and excited bands. Besides this, the band spectra, band head energies, moment of inertia and electromag-
netic transition strengths are also predicted in these isotopes. The calculations successfully give a deeper understand-
ing of the mechanism of the formation of yrast and excited bands from the single and multi-quasi particle configura-
tions. The results on moment of inertia predict an alignment of a pair of protons in the proton (14, /2)2 orbitals in the

yrast ground state bands of >’

Sm due to the crossing of one quasiparticle bands by multi-quasiparticle bands at
higher spins. The discussion in the present work is based on the deformed single particle scheme. Any future experi-
mental confirmation or refutation of our predictions will be a valuable information which can help to understand the

deformed single particle structure in these odd mass neutron deficient F19m
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1 Introduction

The study of neutron deficient nuclei in the mass re-
gion A~130 has been an interesting subject in the nuclear
structure physics [1], as this region provides an opportun-
ity to test nuclear models. For the neutron deficient nuc-
lei in this mass region, it is known that the proton Fermi
surface lies in lower part of the /,;,, sub-shell which sug-
gests a 7=0 driving force for the onset of collective pro-
late shape. Wadsworth et al. [2] have presented the first
evidence for the occurrence of vij;,[660]1/2" neutron
band in ’Sm isotope. This was in fact the first observa-
tion of the occupation of this orbital in a nucleus with
N<73. Later Regan et al. [3] have investigated the low ly-
ing rotational band structures of Sm using the
“Ca+ *Ru reaction at a beam energy of approximately
180 MeV and observed five new bands in 133Sm, out of
which two are strongly coupled bands predicted to be
built upon Nilsson configurations vh;,,[523]7/2 and
vds;,[402]5/2". They also have found evidence for a
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second decoupled band built upon a single hq,[541]1/2°
orbital, in addition to the previously reported vijs, in-
truder band [2]. Parry et al. [4] have studied high spin
states of ’Sm via the "*Ru (40Ca, 2pn) reaction and stud-
ied rotational structures and their characteristics. They
discovered new coupled band in "Sm that leads to the
reassignment of the configuration of one of the previ-
ously [2,3] identified bands. The calculations of Parry et
al. [4] predict strong polarization effects for different con-
figurations which result in quadrupole deformations that
vary from £, ~ 0.28 to = 0.38. In addition, Parry et al.
[4] have identified a new band which appears to be the
signature partner to previously [3] assigned decoupled
band based on configuration vi;3,[600]1/2".

Mullins et al. [5] was the first to propose the low level
scheme of "*Sm. They have identified the yrast band
composed of a=—1/2 and a=+1/2 signatures of the 1vg;,
band. They have also proposed the possibility for the
band head spin of this yrast band at /= 7/2". Furthermore,
they proposed the negative parity band to be based on a
neutron in the 4, orbital. The o=—1/2 component of this
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negative parity band comes lower in energy. The a=+1/2
signature component of this band has been identified as
much weaker signature. The authors of Ref. [5] have pro-
posed the band head spin of this negative parity band at
I=9/2".

In case of "'Sm, the yrast band is based on a coupled
neutron orbital from the upper /4;,, mid-shell [6], and
built on the [514]9/2 Nilsson orbital. Both signature
components of this orbital were observed in this nucleus.
Paul et al. [7] have predicted deformation for this single
hi1, quasi-neutron state as £,~0.20 and &,~0.026. Later
on Alvarez et al. [8] have identified a positive parity band
based on Nilsson configuration [400]1/2" in YSm.

After analyzing the literature, it is found that no
single theoretical framework has been used in the past to
study the band spectra in all the odd mass BT m
Moreover, it is desired that odd mass Sm nuclei can be
consistently described alongside even even Sm isotopes
[9,10], which is a strict test for microscopic models. In
the present work, an attempt has been made to study
spectroscopic properties of B8m isotopes by using
projected shell model and to reproduce the ground state
band, excited bands, their relative band head energies,
transition energies between two angular momentum states
and electromagnetic transition strengths. Further, it is of
interest to determine the extent to which the present cal-
culation can account for the ground state and excited state
deformations of ’Sm isotopes by using projected
shell model. In this model, both pairing and deformation
are treated self consistently. The pairing interaction is ex-
tended to incorporate both monopole and quadrupole
terms. Therefore, it is necessary to test this model in a
wider context within this mass region 4~130-140 and
also to investigate the role of proton configurations at
higher spins.

The structure of the paper is as follows. In Section 2,
a brief outline of the projected shell model is given. Res-
ults for calculated energy level schemes, transition ener-
gies between two angular momentum states, kinetic mo-
ment of inertia and discussion on band diagrams are
presented in Section 3. Section 4 deals with the electro-
magnetic transition strength ratios for the yrast bands of
3 19m isotopes. In Section 5, the work is summarized
and the conclusions are presented.

2 Calculational framework

Projected Shell Model [11] is basically a shell model
developed for medium and heavy nuclear systems. It was
designed to overcome the difficulties of the spherical
shell model. In medium and heavy deformed nuclei, ap-
plying spherical shell model becomes unfeasible because

of large dimensionality and its related problems. For such
systems Hara and Sun [11] used deformed basis and the
projected technique. A Fortran Code of projected shell
model [12] was also developed later for carrying out cal-
culations even on any modern PC, without any diffi-
culties. In recent past, Sun [13] in his review article of
PSM demonstrated how heavy deformed nuclei can be ef-
fectively explained with different truncation schemes.

2.1 Brief outline of the calculational framework

In this section, a brief introduction of the theory is
presented. The complete description of the theory is giv-
en in the Refs. [11-18]. The projected shell model builds
its model basis by using deformed quasiparticle-basis
(qp), but selection of deformed basis involves violation of
rotational symmetry of wave functions. The broken rota-
tional symmetry in the wavefunction is restored by angu-
lar momentum projection technique [19]. The PSM,
wavefunction can be written as

o IM) = ) i Plak oo, (1)
Kk

where |p,) denotes the gp-basis, the index o labels the
states with the same angular momentum and x labels the
basis states. For the present calculations, the qp configur-
ations for odd neutron nuclei are taken to be

o) = ajl0),alal,al,[0). 2)

172

The chosen energy window around the Fermi surface
gives rise to a basis space, |¢,) in Eq. (2) of the order of
37. In the Eq. (1), 135‘,”( is the angular momentum projec-
tion operator [19], which projects out from the intrinsic
configuration |p,) states with good angular momentum
and fj;, are the weights of the basis states. The weights
fik, are deter{mined by the diagonalization of the
Hamiltonian H ', in the space spanned by the states of Eq.
(1). This leads to the eigen value equation

Z (Hg(K,K’K’ - E?Ng(K,K’K’)ﬁoI-(’K’ =0 (3)
K«

with a normalization condition

o 1 o _
Z fIKKNKK,K’K/fIK’K’_(S(m'" (4)
KkK'k'
1 1 : :
where H K Kow and N Ko TS, respectively the matrix ele-

ments of the Hamiltonian and the norm. The projection of
an intrinsic state |¢,) onto a good angular momentum
generates a rotational energy given by

<¢K|I:Ip§([(|(pk> H,I< K'x
E.(I)= — = LS 5
T (o Plled) N ®

NKI(K’K’
The above equation represents expectation value of the
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Hamiltonian with respect to a projected multi-qp state x.
The total Hamiltonian in the present study is of the
form

- A L 0 pt p pt p
A=A —EX;QZ”QZI,—GMP P—GQ;PZHPZH. (6)

In the above equation Hj is spherical single particle
Hamiltonian. The strength y of the quadrupole-quadru-
pole (QQ) interaction is related to the quadrupole deform-
ation [11] and is adjusted such that the measured quadru-
pole deformation parameter (¢,) is obtained [20] as a res-
ult of the HFB self-consistent method [11,21,22]. In the
present case, the valence space of the PSM includes three
major harmonic oscillator shells with N=3,4,5 for pro-
tons and 4,5,6 for neutrons. The Nilsson parameters x and
4 for these major harmonic oscillator shells are taken
from the Ref. [23] for BT isotopes. Table 1, rep-
resents the quadrupole (¢,) and hexadecapole (g4) deform-
ation parameters [24,25] used for both positive as well as
. . 133-1

negative parity bands of Sm
The Nilsson diagram obtained for neutrons by taking
Nilsson parameters of [23] for quadrupole deformations
(&) 1s displayed in Fig. 1. In this Fig., the positive parity
and negative parity states are represented by solid and
dotted lines, respectively. The states in the dotted rect-
angle represent the range of Nilsson states near the fermi
surface and range of deformation &,=0.20—0.33 within
which the *"’Sm isotopes lie. It can be seen from Fig.1,
57 = =

Table 1. Deformation parameters used for both positive and negat-
ive parity bands of *"*’Sm.
Nuclei g 135G g
& 0.330 0.275 0.20
&4 0.035 0.070 0.04

that the positive parity K=5/2 from 2ds,; K=3/2,5/2,7/2
from 1g5,,; K=1/2,3/2 from 2d;),; K=1/2 from 3s,,, orbit-
als and negative parity, K=3/2,5/2,7/2/,9/2 from 1h;;
K=1/2 from 2f;,,,1hy,, orbitals lie inside the rectangle in
the deformation range 0.20—0.33 for normally deformed
bands of ' V'Sm. However, beyond &, =0.36, K=1/2
from i3/, orbital crosses the K=5/2,7/2 from the 1g;,, or-
bital. In the present work, the normally deformed bands
from the N=4 and 5 oscillator shells, that lie in the range
£=0.20-0.33 of deformation in 7S m are discussed.
The highly deformed (HD) and super deformed (SD)
neutron [660]1/2" (vij3,) bands [4,5,8,26,27] appear at
enhanced quadrupole deformations and are not studied
here due to the limitation of present calculations.

The monopole pairing interaction constant Gy, is
taken as

N-Z\ 1
GMz(G1¢G2 )

A Z MeV, (7)
where minus (plus) sign is for neutrons (protons). The Gy,

is adjusted via G| and G, and their values are taken as

Energy(MeV)
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Fig. 1.
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(color online) The Nilsson diagram for neutrons, obtained by using Nilsson parameters of Ref. [23].

124108-3



Chinese Physics C Vol. 43, No. 12 (2019) 124108

19.60 and 13.60, for the calculation of **"*'Sm isotopes.
The quadrupole pairing strength G, is proportional to G,
with a proportionality constant (y) taken as 0.16 (positive
parity) and 0.28 (negative parity) for Sm, 0.28 (posit-
ive parity) and 0.20 (negative parity) for "**Sm, and 0.24

137 . ..
for “'Sm. The odd mass nuclei are more sensitive to

single particle states as compared to even-even nuclei due
to the occupation of different single particle orbitals. For
example, the ground state of *Sm arises from 5/2'[413]
neutron configuration but with the addition of four neut-
rons the ground state of "’Sm arises from 9/2 [514] neut-
ron configuration. Therefore, y parameter has been adjus-
ted to reproduce the band head spin, energies and cross-
ings of 1-qp band by 3-qp bands [22]. In case of Sm,
the positive parity band is the ground state band and the
relative band head energy of negative parity yrast band is
not known experimentally, therefore, to get the positive
value of band head energy of negative parity bands, y has
been fixed as 0.28. For ~~Sm, the experimental band head
energies of yrast positive and negative parity bands are
not known. In this nucleus for delaying the crossing of 1-
gp (quasiparticle) bands by 3-qp bands, the value of y has
been fixed as 0.28 for positive parity bands and 0.20 for
negative parity bands.

3 Results and discussions

133

3.1 Sm

Experimentally seven energy bands have been identi-
fied in this nucleus, out of which six are coupled bands
designated as bands 1,2; 3,4; 5,6 and a decoupled band 7
[4]. Two bands are said to be coupled if they are linked
with each other by dipole transitions M1. In case of
"**Sm, band 7 is isolated and is not connected with any
other neighboring band and therefore is called a de-
coupled band. The two pairs of bands 1,2 and 5,6 are
strongly coupled bands, as indicated by large experiment-
al B(M1)/B(E2) ratios [4] for the low spin transitions in
the two pairs of bands. In the case of decoupled bands,
M1/E2 transitions are either absent or weak, depending
on the amount of decoupling. Two pairs of bands 1,2 and
3,4 are of positive parity and three bands 5,6 and 7 are of
negative parity.

3.1.1 Strongly coupled bands 1 and 2

The band spectra for "*Sm nucleus have been ob-
tained with quadrupole and hexadecapole deformation
parameters &,=0.330 and &,=0.035 for all the bands of

"*Sm. These values of deformation parameters are close
to the values of 0.31 and 0.040, predicted for this nucleus
by the authors of Ref. [24]. The calculations of Ref. [4]
suggest a quadrupole deformation of 0.33 for the de-
coupled band 7 of '*Sm. Therefore, to obtain all the

bands 1-7 of 7*Sm, the value of &, 1s chosen as 0.33. In a

band diagram [11], rotational behavior of each configura-
tion as well as its relative energy compared to other con-
figurations is easily visualized. In these band diagrams,
only low-lying projected bands are shown as the essence
of physics of interest is satisfactorily reflected from these
low-lying bands.

In Fig. 2, we plot the relevant low lying 1-qp and 3-
gp positive parity bands in **Sm, along with their config-
urations. From the Fig. 2, it is seen that 1-gp neutron
band built on K=5/2 and having configuration
1v5/2" [413] (2dsp,), is lowest in energy up to the spin
(H=312".

Experimentally, bands 1 and 2 shown in Fig. 3 are
lowest positive parity energy bands available for compar-
ison with theoretical results. We can, therefore, identify
them with the bands obtained by us theoretically. The cal-
culated results also support and are consistent with the
band head spin and configuration assigned to the lowest
positive parity band built on K=5/2 by the authors of
Refs. [3,4]. Also, from the comparison of calculated and
experimental energy spectra given in Fig. 3, it is clear
that the agreement between calculated and experimental
spectra [4,28] of band 1 and 2 (a=%1/2) is reasonably
good. The difference between calculated and experiment-
al values at the highest known spin 1=29/2" (a=+1/2) of
band 1 is 0.261 MeV and the difference at the highest
known spin /=27/2" (a=—1/2) of band 2 is 0.293 MeV. At
spin 33/2", this ground state band is crossed by two 3-qp
bands (as shown in the band diagram of Fig.2). This
crossing by 3-gp bands causes a significant change in the
yrast structure from 33/2" onwards. The yrast states from
33/2" onwards are predicted to arise from the superposi-
tion of two 3-qp bands having configurations 1v5/2"
[413]+{1n3/2 [5411+1n5/2 [532]}, K=7/2 and 1v1/2°
[400]+ {1n3/2 [541]+1n5/2 [532]}, K=3/2.
3.1.1.1 Kinetic moment of inertia of bands 1 and 2

Rotational spectra in deformed nuclei can be better
discussed in terms of moment of inertia. It is well known
that the moment of inertia is sensitive to nuclear proper-
ties, like the pairing strength and the specific orbitals act-
ive at the Fermi surface. As moment of inertia depends
upon the angular momentum, therefore its variation can
impart some valuable information about the change in
nuclear structure. Back-bending in moment of inertia can
be calculated by using the formulae given in Ref. [29]
and is a well-known phenomenon in understanding the
nuclear structure at high-spins, which is expected to oc-
cur in rotating nuclei.

Calculated results on kinetic moment of inertia of
bands 1-7 of '*’Sm are displayed in Fig. 4.

The calculated results on back-bending phenomenon
in bands 1 and 2, based on the calculation of the kinemat-
ic moment of inertia J" and the rotational frequency ()
are compared with the available experimental data in
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Fig. 2. (color online) Band diagram for positive parity bands for ¥ Sm. Only low-lying and significant bands are taken.

Fig. 4. The calculated JV values show back bending
around /=29/2, 31/2 at rotational frequencies 0.430 and
0.400 MeV for bands 1 and 2, respectively. It is under-
stood that in the spin range where the onset of back-bend-
ing takes place, it should be marked by the crossing of
ground state band by the other bands and from the band
diagram (Fig. 2), it can be seen that around spin 31/2°,
(hy, /2)2 proton crossing takes place. Experimentally, it is
also observed [4] that there is tentative evidence for the
(h11/2)2 proton crossing at a frequency (fiw)~0.35 MeV
in bands 1 and 2, which is close to the calculated back-
bending in " values around 7iw~0.400-0.430 MeV,
thereb;/ predicting alignment of a pair of protons in
(hy1p)” orbital. Thus, back-bending in moment of inertia,
observed in the rotational spectra of deformed nuclei, car-
ries important information on the interplay between the
ground band and bands with alignment of a pair of quasi-
particles.

3.1.2 Coupled bands 3 and 4

From the Fig. 2, it is seen that 1-qp neutron band built
on K=1/2 and having configuration 1v1/2'[400] (2d5),) is
the first excited positive parity band. Experimentally, first
excited positive parity band is observed to be built upon
Nilsson orbital [411]1/2"(ds),) [4,28]. The present calcu-
lations have well reproduced the band head spin and con-

figuration of this band. The present calculations show
proximity of this excited band built on K=1/2 with the
ground state band built on K=5/2 and both these bands
are taken over by 3-gqp bands having one neutron coupled
to two &y, protons at spin 33/2" as can be seen in the
Fig. 2. After band crossing, the first excited positive
parity states are predicted to arise from the superposition
of two 1-qp neutron bands having configurations
1v5/2'[413](2ds),) and 1v1/2'[400](2ds/,). The band head
energy of excited positive parity bands is not confirmed
experimentally. However, the present calculations pre-
dict the band head energy of band 3 as 0.226 MeV with
respect to positive parity yrast band 1. As the band head
energies of these bands are not confirmed experimentally,
the band spectra of these bands are not plotted for com-
parison. For comparison with experimental data [4,28],
the transition energies E(/)-E(l-2) and E([)-E(I-1) of
bands 3 and 4 are plotted in Fig. 5. From this figure, it
can be seen that £2 transition energies are reasonably re-
produced at the lower spins for both bands 3 and 4.
However, there is decrease in calculated E2 transitions
around the spins 29/2" and 35/2, while as experimental
values show no decrease in E2 transitions. The decrease
in calculated E2 transitions at higher spins may be due to
the crossing of 1-qp excited positive parity band by 3-qp
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Fig. 3.
ity bands of **Sm.

bands. It is worthwhile to mention here that staggering in
dipole transition energies M1 connecting bands 3 and 4 is
well reproduced by the present calculations as shown in
Fig. 5.
3.1.2.1 Kinetic moment of inertia of bands 3 and 4

The comparison of calculated kinetic moment of iner-
tia J versus o with the experimental ones for positive
parity bands 3 and 4 is presented in Fig. 4. The calcu-
lated and experimental ' values show the phenomenon
of staggering in these bands due to the low value, K=1/2
of the band. The experimental band 3 (0=+1/2), shows an
alignment around spin /=33/2 at hw~0.347 MeV (also
mentioned in Ref. [4]), whereas band 4 shows no align-
ment). The calculated results on J" and o show the phe-
nomenon of back bending in band 3, around spin /=29/2
at hiw~0.288 MeV. Thus, the present calculations predict
the band crossing and change in structure of bands 3 and
4 above spins I=29/2" and 35/2", respectively.

133 S
m
Band 2
o=—1/2
47/2*
43/ ———
39/ ————
35/ ———
31/2*
27/2F ———
27/2*
232
23/2*
19/2* 19/2*
15/2* 15/2*
11/2* 11/2*
7/2* 7/2*
Exp. Th.

(color online) Comparison of theoretical (Th.) energy levels with the available experimental (Exp.) data [28] for positive par-

3.1.3 Strongly coupled bands 5 and 6

Bands 5 and 6 have been assigned as being 1-qp
structure built upon the neutron [523]7/2 (h,,,) Nilsson
orbital [4,28]. The experimental Routhians [4] show that
both bands 5 and 6 have very little signature splitting up
to the highest frequencies observed as would be expected
from the high K assignments. The relative band head en-
ergies of negative parity bands 5,6 and 7 with respect to
the ground state positive parity band are not confirmed
experimentally. The present calculations predict the band
head energy of band 5 as 0.179 MeV with respect to pos-
itive parity band 1. In Fig. 6, we plot the relevant low ly-
ing 1-gp and 3-gp negative parity bands in Sm, along
with their configurations. From the Fig. 6, it is seen that
1-gp neutron band built on K=7/2 and having configura-
tion 1v7/2 [523] (1hy,,5) is lowest in energy out of all oth-
er negative parity bands, up to the spin /=39/2 . The cal-
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tional frequency (w) in *Sm.

culated results are very much consistent with the experi-
mentally observed band head spin and configuration as-
signed to this band by the authors of Refs. [4,28]. Around
spin 41/2 , this pure 1-gp neutron band is crossed by one
3-gp band consisting of one neutron %,/ coupled to two
proton hy;, orbitals with 1v7/2 [523]+{1n3/2 [541]+
1n5/2 [532]}, K=5/2 as dominant configuration. Fig. 7
represents E(/)-E(I-2) transitions of bands 5 and 6 and di-
pole transitions E(/)-E(/-1), connecting these two bands.
The calculated results show good agreement between the-
oretical and experimental transition energy values. There
is decrease in calculated £2 and M1 transition energies
around the spin 39/2 which is due to the crossing of low-
est negative parity band by the two 3-qp bands (as shown
shown in Fig. 6).
3.1.3.1 Kinetic moment of inertia of bands 5 and 6

The comparison of calculated kinetic moment of iner-
tia J versus w with the experimental ones for negative
parity bands 5 and 6 is presented in Fig. 4. The agree-
ment between calculated and experimental curves at

0.5

0.1
hw(MeV)

0.2 0.3 0.4 0.5

(color online) Comparison of calculated and experimental kinetic moment of inertia J", for bands 1-7 as a function of rota-

lower spins is good. The experimental curve of J" versus
® show an increase around spin /=25/2 at hiw=0.3 MeV.
The calculated results show an increase in J' around spin
I=39/2 ", due to the crossing of 1-qp bands by 3-qp bands.

3.1.4 Decoupled band 7

Experimentally, this band 7 has been observed and as-
signed [541]1/2" (hy;) configuration by authors of Refs.
[3,4,28]. The calculations of Ref. [4] suggest that this
structure should have a quadrupole deformation $,~0.33
which is nearly equal to the value of &,=0.33 used in the
present study of bands 1-7. From the Fig. 6, the band
built on K=1/2 and having configuration 1v1/2 [541]
(2f7,) is an excited negative parity band. This band is
very much consistent with the band head spin of the ex-
perimentally observed decoupled band 7. The relative
band head energy of this band with respect to yrast negat-
ive parity band 5 is 0.444 MeV, that is not confirmed ex-
perimentally. In Fig. 8, the comparison of calculated and
experimental [4,28] E(I)-E(I-2) transition energies is
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Fig. 5.

(color online) Comparison of theoretical (Th.) and experimental (Exp.) [4,28] transition energy E(/)-E(/-2) versus angular mo-

mentum (/) for positive parity bands 3 and 4 and dipole transitions E(/)-E(I-1) versus angular momentum (/) connecting bands 3 and 4.

presented. From the figure, it can be seen that E2 trans-
itions are very well reproduced up to /=37/2 . The de-
crease in calculated E2 transitions at /=41/2 may be due
to crossing by 3-qp bands.
3.1.4.1 Kinetic moment of inertia of band 7

The comparison of calculated kinetic moment of iner-
tia J" versus w with the experimental ones for negative
parity band 7 is presented in Fig. 4. The calculated val-
ues reproduce the decreasing trend of experimental data
up to /=37/2. The experimental curve of JV versus o
show an increase around spin /=29/2  at hw~0.375 MeV.
The calculated results show an increase in J'" around spin
I=37/2 at rotational frequency 0.45 MeV, due to the
crossing of 1-gp bands by 3-gp bands.
Sm

135

3.2

3.2.1 Discussion on band spectra

The review of experimental literature [5,26] reveals
that the energies of band spectra of yrast positive and
negative parity bands of "**Sm are not confirmed experi-
mentally yet and are tentative. In the present work, the
band spectra have been obtained for "*Sm with deforma-
tion parameters £=0.275 and &,=0.070. The value of
quadrupole deformation parameter ¢, taken in the present

calculation is consistent with the values of deformation
parameters predicted for Sm by the authors of Refs.
[24,25]. However, the value of ¢4 has been increased from
0.033(0.020) to 0.070 to reproduce the experimental stag-
gering in energies of yrast negative parity band 2. Fig. 9,
shows the calculated energy levels for the positive parity
7/2" band represented by band 1 and negative parity 9/2
band represented by band 2, together with the experi-
mental data [26]. As one can see, the data is reproduced
rather well by the calculations up to the spin /= 19/2". In
conformation with the suggestion of authors of Ref. [5],
the 1-gp pure neutron configuration with K=7/2 from g7,
orbital is found to be lowest in energy defining the yrast
sequence up to /=23/2". The difference between calcu-
lated and experimental value at the highest known spin
1=39/2" (0=—1/2) of this band 1 is 0.532 MeV. This dif-
ference at the highest known spin 1=29/2" (a=+1/2) of
this band 1 is 0.731 MeV.

Now coming to the discussion of negative parity band
spectra of '*Sm, the calculated band spectra of 1-qp %y
neutron orbital with K=9/2 reg)resented as band 2 in Fig. 9
is a negative parity band of "*Sm. The calculated energy
levels corresponding to each angular momentum state of
band 2 are in reasonable agreement with the tentative ex-
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Fig. 6.
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Fig. 7. (color online) Comparison of theoretical (Th.) and experimental (Exp.) [4,28] transition energy E(/)-E(I-2) versus angular mo-
mentum (/) for negative parity bands 5 and 6 and dipole transitions E(/)-E(/-1) versus angular momentum (/) connecting bands 5 and 6.

124108-9



Chinese Physics C Vol. 43, No. 12 (2019) 124108

Fig. 8.
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perimental data of Ref. [26]. The approximate band head
energy of band 2 at band head spin /=9/2 is 0.10 MeV,
whereas the present calculations predict it as 0.17 MeV.
The difference between calculated and tentative experi-
mental values at the band head spin /=9/2 is 0.07 MeV
and this difference at the highest known spin 31/2 is
0.145 MeV. As mentioned in the preceding discussion,
the level energies of these bands are tentative, therefore,
one cannot comment on the level of agreement precisely.
Further, the transition energies of bands 1 and 2 of *Sm
are confirmed experimentally, therefore these energies
are compared with experimental data in Figs. 10 and 11
for positive and negative parity bands 1 and 2, respect-
ively. From these figures, it is observed that, E(/)-E(I-2)
transition energies show reasonably good agreement with
the experimental data at low spins and show a decrease at
spins /=27/2 and 29/2 in positive and negative parity
bands, respectively. However, the E(/)-E(I-1) transition
energies show good agreement with the available experi-
mental data of both bands 1 and 2.

3.2.2  Discussion on band diagrams

In Fig. 12, we plot the relevant 1-qp and 3-gp posit-
ive parity bands in 135Sm, along with their configurations.
From the Fig. 12, it is seen that 1-qp neutron band built
on K=7/2 and having configuration 1v7/2'[404](1g7,) is
lowest in energy up to the spin I=25/2". This observation

E(D)-E(I-2)[MeV]

is consistent with the band head spin and configuration
assigned to it by the authors of Ref. [5]. The yrast states
of this band arise from 1v7/2+[404](1g7/%) configuration
up to /=23/2. However, at the spin 27/2 band crossing
occurs and 3-gp bands consisting of one neutron coupled
to a pair of protons and having configurations
1v7/2 [404]+{1x1/2 [550]+1x5/2 [532]}, K=13/2; 1v7/2"
[404]+{173/2 [541]+1n5/2 [532]}, K=9/2 and 1v5/2°
[413]+{1n3/2 [541]+1x5/2 [532]}, K=7/2, crosses the 1-
gp, K=7/2 band. This band crossing causes a significant
change in the yrast structure of Sm.

The band diagram for negative parity states is shown
in Fig. 13, in which only important 1-qp and 3-qp bands
along with their configurations are shown. The dominant
structure of the lowest negative parity band is K=9/2 state
of the neutron 14,,,, orbital up to the spin 13/2 . This is
consistent with the band head spin and configuration as-
signed to this band by the authors of Ref. [26]. From the
spin 15/2 to 23/2, the lowest energy states are formed
due to the contribution of different 1-qgp bands having
configurations 1v7/2 [523](1hy,,), 1v9/2 [514](1A,,,,) and
1v1/2 [541](2f+5). It may be because of this configura-
tion mixing at low spins, the calculated results show stag-
gering in energies, which increases in magnitude with in-
crease in spin up to the spin /=25/2 . This staggering in
calculated A/=1 transition energies are well supported by
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Fig. 12. (color online) Band diagram for positive parity bands for Sm. Only low-lying and significant bands are taken.

124108-12



Chinese Physics C Vol. 43, No. 12 (2019) 124108

—=&— Yrast

—e— 1v7/27[523
—A— 1v9/27[514
—v— 1v1/27[541
—o— 1v1/27[541

1, K=7/2
1, K=9/2
1, K=1/2
]
]
]
J

+ {1n1/27[550]+173/27[541]}, K=1/2
—<— 1v9/27[514]+ {1r1/27[550]+17m5/27[532]}, K=15/2

A

7

//'
27

AN

\

o

10
> ] —>— 1v9/27[514]+ {1n3/27[541]+1m5/27[532]}, K=11/2
9 —
é 1 —e— Iv1/27 541+ {1m3/2[5411+1r5/27[532]}, K=3/2
& 8
b5y b 1
2 5] 3°Sm
6 —
5 —
: N
4 + A =
3 b ‘J"

<

&

=4

\t‘

N

Negative parity bands

rrrrrTr T rrTrTTTrTT

T

T

T

T T 1 " T " T T " T " T "1 "1 "7 17

9/2 112 13/2 152 17/2 19/2 21/2 23/2 252 27/2 29/2 31/2 33/2 352 37/2 39/2 41/2 43/2 4512 4772 492

Fig. 13. (color online) Band diagram for negative parity bands for 3Sm. Only low-lying and significant bands are taken.

the experimentally observed staggering in A/=1 trans-
ition energies (shown in Fig. 11). The staggering pattern
is more clear from the plots of kinetic moment of inertia
J" versus o, presented in Fig. 14 for band 2.

3.2.3 Kinetic moment of inertia of bands 1 and 2

The comparison of calculated kinetic moment of iner-
tia J" versus w with the experimental ones for yrast
bands 1 and 2 of *’Sm, is presented in Fig. 14. The calcu-
lated curve for band 1 shows a large increase in JV val-
ues at spin /=27/2 at rotational frequency fw~0.34 MeV
thereby, predicting the phenomenon of backbending in
the vicinity of the region of crossing of 1-qp bands by 3-
gp bands. However, the change in experimental JV curve
observed in experimental values around spin /=25/2, at
hw~0.30 is less pronounced as compared to calculated
results.

Now, coming to band 2, the comparison of calculated
and experimental JV versus plots, presented in Fig. 14,
for band 2, show the staggering pattern clearly. The cal-
culated results reproduce the experimental zigzag pattern,
nicely. However, the calculated values of J" show a large
increase in J at /=25/2 at hw~0.28 MeV due to the
crossing of 3-qp bands. Thus, the calculated results pre-
dict a sharp change in JV in yrast positive and negative
parity bands 1 and 2 of *Sm at higher spins around the
band crossing region due to the large crossing angle
between the 1-qp and 3-qp bands.

137

33 Sm

3.3.1 Discussion on band spectra

In 137Sm, the experimental band spectra and band
head energies of yrast negative and positive parity bands
are confirmed experimentally [6,7,27]. Calculations are
performed for "“’Sm with the deformation parameters
£=0.20 and ¢,=0.04 for the yrast negative and positive
parity bands 1 and 2, of "*"Sm. These values of deforma-
tion parameters are the same as predicted for ¥Sm by the
authors of Refs. [24,25]. Figure 15 shows the calculated
energy levels for yrast /=9/2" negative and /=7/2" posit-
ive parity bands together with the experimental data of
Ref. [27]. As one can see from the Fig. 15, the calculated
experimental data of negative parity band 1 are repro-
duced very well by the present calculations. The differ-
ence between the experimental and calculated values at
the highest known spin 43/2 is only 0.044 MeV. Now
coming to the discussion on energy level spectra of the
positive parity band built on band head spin /" =7/2" and
represented by band 2 in the Fig. 15, the energies of the
experimental and calculated band head spins are almost
same. It means the experimental energy of the band head
spin 7/2" of this positive parity band is exactly repro-
duced. The difference between experimental and calcu-
lated values at the highest known spin 37/2" of band 2 is
0.429 MeV.
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Fig. 14. (color online) Comparison of calculated and experimental kinetic moment of inertia JY , for bands 1,2 as a function of rota-

tional frequency (w) in *3Sm.

3.3.2 Discussion on band diagrams

Figure 16 shows relevant 1-qp and 3-qp bands of neg-
ative parity along with their configurations for “Sm.
From the figure, it is evident that the dominant structure
of yrast band up to the spin 15/2 is K=9/2 state of neut-
ron hy,, orbital, which is consistent with the band head
spin and configuration observed for this band by the au-
thors of Refs. [6,7,27]. At the spin I=17/2 , another 1-qp
neutron 2f7,, band interacts with this 1-qp %, band and
energy states of the yrast band from the spin /=19/2 to
I=23/2  are predominantly arising from K=1/2 state of
1v2£;, orbital. Around the spin /=25/2 , the 1-qp neutron
bands are crossed by two 3-qp bands consisting of single
neutron coupled to a pair of protons with configurations
1v9/2 [514)+{1x1/2 [550]+1n3/2 [541]}, K=11/2 and
1v9/2 [514]+{1=1/2 [550]+1n5/2 [532]}, K=15/2. This
band crossin% causes a significant change in the yrast
structure of *'Sm and the yrast states of negative parity
band above /=23/2 are predicted to arise from the super-
position of these two 3-qp bands.

Figure 17 re]?resents the band diagram for positive
parity bands of "*’Sm. From this figure, it can be seen that
the 1-qp neutron band from K=7/2 state of neutron orbit-

al g7/, is lowest in energy from all the other positive par-
ity bands. This lowest energy band of positive parity goes
monotonically up to the spin /=21/2". The authors of Ref.
[8] proposed this band to originate from the K=1/2 state
of neutron d,, orbital. However, reasonably good agree-
ment with the experimental energies for whole of this
band support it to arise from the predicted configuration
1v7/2'[404](1g,,) for this band. Further, at the spin
I=23/2", band crossing by multiple 3-qp bands causes a
significant change in the energy states of the lowest posit-
ive parity states. It can be predicted that after the band
crossing the lowest positive parity states has a composite
structure and are predicted to arise from the superposi-
tion of multi 3-gp bands whose configurations are shown
in the Fig. 17.

3.3.3 Discussion on Kinetic moment of Inertia

The experimental and calculated JV versus @ plots
for '’Sm are displayed in Fig. 18. From this figure, it is
observed that for negative parity band 1, both the experi-
mental and calculated results show the phenomenon of
backbending at the same spin /=25/2 and at rotational
frequencies w=0.34 and 0.366, respectively. The cross-
ing frequencies predicted by the present calculations are
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Fig. 15.
parity band 1 and positive parity band 2 of 'S,

consistent with those given in Ref. [6]. This phenomenon
of backbending occurs at the spin around which 1-qp
neutron bands are crossed by 3-qp (1v+2m) bands as seen
in Fig. 16 and it may be due to the alignment of a pair of
protons in the m(h, /2)2 orbitals. However, the staggering
observed at low spins is not reproduced by the present
calculation.

Similarly, the J" versus w, plots of positive parity
band 2, presented in the same figure, show the phe-
nomenon of backbending in the experimental and calcu-
lated results at the same spin /=21/2" and at rotational fre-
quencies hw=0.273 and 0.411, respectively and it is due
to the crossing of 1-gqp neutron band by 3-qp (1v+2n)
bands as seen in Fig. 17. Thus, the phenomenon of back-
bending in the yrast negative and positive parity bands of
"’Sm, arises due to the alignment of a pair of protons in
the down slopping K- components of nt(/; /2)2 orbitals.

4 Electromagnetic quantities

The energy of electromagnetic radiation field can be

137 S
m
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(color online) Comparison of theoretical (Th.) energy levels with the available experimental (Exp.) data [27] for negative

described mathematically in terms of a multipole mo-
ment expansion. The terms correspond to 2n - pole and
the lowest terms are n=0 (monopole), n=1 (dipole), n=2
(quadrupole), n=3 (octupole), n=4 (hexadecapole) and so
on. The electric quadrupole transition probability B(£2)
of a nucleus is sensitive to nuclear charge distribution and
collective effects such as deformation. The magnetic di-
pole transition probability B(M1) are sensitive to nuclear
magnetic moments and single particle properties. Experi-
mentally, it is difficult to obtain absolute B(£2) and
B(MT1) values through measurements of mean life times
of nuclear states. In contrast, it is relatively easy to ex-
tract the ratio B(M1)/B(E2), knowing just y-ray energies
and intensities. The B(M1)/B(E2) values are sensitively
dependent on the single particle angular momentum states
occupied by the valence protons and neutrons. These are
directly linked to the wave functions of the system and
their prediction poses an important test for nuclear struc-
ture models. It is therefore important to calculate these
quantities for rotational bands of odd mass neutron defi-
cient Sm isotopes.
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Fig. 16. (color online) Band diagram for negative parity bands for ’Sm. Only low-lying and significant bands are taken.
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Fig. 17. (color online) Band diagram for positive parity bands for ’Sm. Only low-lying and significant bands are taken.
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Fig. 18. (color online) Comparison of calculated and experimental kinetic moment of inertia J“), for bands 1,2 as a function of rota-

tional frequency (w) in ¥"Sm.

The calculation of electromagnetic transition probab-
ilities [30] are important for the reliability of the wave
functions generated by Eq. (1). The reduced electric
quadrupole transition probability B(E2) from an initial
state /; =1 to a final state /,=I-2 is given by

é? A 2
B(EZ,Ii - If) = m|<0‘f,]f||Q2“0'i,Ii>| ,
where the operator 0, is related to the quadrupole operat-
or. In the present calculations, the proton and neutron ef-
fective charges are calculated as e, =e[l+(e.r)] and
e, = e(eqr) With e, = 0.5 for all Sm nuclei studied in this
paper.

The B(M1) transition probability from an initial state
I; = I to a final state [;=I-1 is calculated by using the
relation

Hiy
21 +1

where the magnetic dipole operator is defined as 1\7117 = ngfT+

B(Ml,l,-—>1f>= ‘<O'f,If”M1”0'i7Ii>|2

<g§ - ng) §7. Here 7 is either 7 or v and g; and g, are the or-
bital and spin gyromagnetic factors, respectively. In the
present calculations, the free values of g; are taken and
for g, the free values are damped by a 0.75 factor

=1 ¢'=559%x075 g =0 g'=-3.826x075

4.1 Results and discussion on transition strength
(B(M1)/B(E2)) ratios of ’Sm

The experimental data on B(£2) and B(M1) transition
probabilities is not available for HTgm isotopes, but the
experimental data [4,6,8] on BgM 1)/B(E2) ratios is avail-
able for low spin states of 19m. Therefore, B(M1)/
B(E2) ratios are presented in Table 2 for comparison with
the available experimental data and the results are dis-
cussed in the following subsections.

4.1.1 Positive parity bands 1 and 2

The experimental data on B(M1)/B(E2) ratios is
known up to spin /=17/2 only. The comparison of calcu-
lated B(M1)/B(E2) ratios with the available experimental
data [4] is represented in Table 2. The agreement between
calculated transition strengths and available experimental
values is good except at the angular momentum state
13/2". The experimental data, show an increase in
B(M1)/B(E2) values as one moves from spin /=9/2 to
13/2, and a decrease from /=13/2 to 17/2. The calculated
results predict a decreasing trend with spin up to the band
crossing spin /=33/2, thereby, showing a change in the
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Table 2. Comparison of calculated B(M1)/B(E2) ratios with the available experimental data [4,6,8] for (a)

133 135

Sm, (b)

137,

Smand (¢) ~ Sm.

Nucleus Positive parity yrast bands 1 and 2 Negative parity yrast bands 5 and 6
@ sm o) B(M1)/B(E2) (u,/eb)’ B(M1)/B(E2) (u,/eb)’
Exp. [4] Th. Exp. Th.
92 0.766:0.251 0.936 - -
112 0.782+0.190 0.633 0.372+0.114 0.749
13/2 0.827+0.159 0.530 0.300:0.200 0.487
15/2 0.570+0.123 0.476 0.349+0.143 0.402
172 0.452+0.092 0.441 0.306:0.200 0.360
19/2 0.415 0.336
2172 0.394 0.319
23/2 0.373 0.308
25/2 0.353 0.297
2712 0.325 0.292
29/2 0.278 0.279
3172 0.179 0.276
33/2 0.098 0.255
Nucleus Positive parity yrast band 1
"sm o) B(M1)/B(E2) (u,/eb)’
Exp. Th.
112 - 0.176
13/2 - 0.124
152 - 0.111
172 - 0.109
192 - 0.110
212 - 0.111
23/2 - 0.109
25/2 - 0.092
272 - 0.072
29/2 - 0.175
Nucleus Negative parity yrast band 1
©7sm o) B(M1)/B(E2) (u,/eb)’
Exp.[6,8] Th.
13/2 0.771+0-15¢ 1.184 +0.089 0.990
15/2 1.00*0-76 0.768+0.095 0.802
17/2 0.576+0:050 0.663%0.053 0.677
19/2 1.944*0.164 0.858 0.672
212 1.176+0-183 0.821+0.042 0.547
23/2 0.602
25/2 0.436
272 0.017
29/2 1.878
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structure of bands 1 and 2 around the band crossing region.

4.1.2 Negative parity bands 5 and 6

The comparison of calculated and available experi-
mental [4] transition strength ratios B(M1)/B(E2) for neg-
ative parity bands is also presented in Table 2(a). From
this table, it is observed that the present calculations have
nicely reproduced the transition strength ratios for negat-
ive parity yrast band for /=13/2 to /=17/2. The calculated
B(M1)/B(E2) values show a slow decrease with spin from
1=13/2 to [=33/2 thereby, showing no abrupt change in
the structure of yrast negative parity bands.

4.2 Results and discussion on transition strength ratios

135,137
of Sm

In case of °Sm, the experimental data on electro-
magnetic transition probabilities are not available. The
values for B(M1)/B(E2) ratios have been predicted for
yrast positive parity band and are presented in Table 2(b).
The calculated B(M1)/B(E2) ratios show a decrease in
their values from spin /=11/2 to 13/2 and after that these
values are nearly constant up to spin /=21/2. At spin
1=29/2, these values show an increase due to the change
in structure of the yrast positive parity band after the band
crossing region.

The comparison of calculated and experimental
B(M1)/B(E2) ratios for "Sm is presented in Table 2(c).
The negative parity band which is a ground state yrast
band, in this nucleus has two sets of experimental data
[6,8] on B(M1)/B(E2) ratios up to spin /=21/2. The ob-
served trend of B(M1)/B(E2) ratios of Ref. [8] is reason-
ably reproduced by the present calculation except at the
spin /=19/2 as can be seen in the Table 2(c). The in-
crease in the B(M1)/B(E2) values at the spin /=19/2 is
not reproduced by the present calculation. The predicted
values of B(M1)/B(E2) show a sharp decrease at spin
I=27/2 and then an increase at spin /=29/2, which can be
attributed to the alignment of protons in the down slop-
ping K-components of (4, /2)2 orbitals.

5 Summary and conclusions

From the foregoing discussion of the calculated res-
ults and their comparison with the experimental data, the
following broad conclusions can be drawn:

In "’Sm all the seven experimentally known bands
have been studied. The PSM calculations successfully
give a deeper understanding of the mechanism of the
formation of yrast and excited state bands from the single
and multi-quasiparticle configurations. The positive par-
ity ground state band based on configuration 1v5/2'[413]
(2dsp,), band spectra (both signature partners — bands 1
and 2) and crossing frequencies for "*Sm are success-
fully reproduced. The present calculations have found

(hyy /2)2 proton crossing at frequency (~0.400 MeV) which
is an indication of structural change caused by crossing of
ground state band by 3-qp bands. Experimentally, it is
also observed that there is tentative evidence for the
(hy /2)2 proton crossing at a frequency (~0.35 MeV). Also,
it has been found that the first excited positive parity
band is based on configuration 1v1/2'[400] (2d5,), which
is very much consistent with the experimental observa-
tion. The band head energy and band spectra of excited
positive parity bands is not confirmed experimentally.
The present calculations predict the band head energy of
band 3 as 0.226 MeV with respect to band 1. The trans-
ition energies of bands 3 and 4 at lower spins are fairly
reproduced by the present calculations.

Further, it has been found that 1-qp neutron band built
on K=7/2 and having configuration [523]7/2 (hyp) is
lowest in energy out of all other negative parity bands,
which is very much consistent with the experimentally
observed band head spin and configuration assigned to
this band. The band spectra and band head spin of bands
represented by 5 and 6 (signature partners of 1v14,;,,) are
not confirmed experimentally. However, the present cal-
culations predict the band head energy of band 5 as 0.179
MeV with respect to positive parity band 1. The present
calculations are successful in reproducing E2 transitions
of bands 5 and 6 and dipole transitions M1 connecting
these two bands. The decoupled band 7 in "*Sm has been
assigned [541]1/2 (hg;) configuration experimentally.
The present calculation predicts band 7 as arising from
1v1/2 [541] (2f5,,) configuration. The relative band head
energy of this band with respect to yrast negative parity
band 5 is predicted as 0.444 MeV. The present calcula-
tions reproduced the available E2 transitions for this de-
coupled band. The decrease in calculated £2 transitions at
higher spin may be due to crossing by 3-qp bands around
spin 37/2 .

For the reliability of wave functions, we have calcu-
lated the electromagnetic transition strength ratios for
positive and negative parity yrast bands of "*Sm. From
the results, it is found that the calculated B(M1)/B(E2) re-
flect a decrease in their values around the band crossing
spin 31/2" indicating a change in the structure of bands
around this spin. Comparison of calculated transition
strength ratios B(M1)/B(E2) with the available experi-
mental data is good except at the angular momentum state
13/2". For negative parity yrast band of *Sm the calcu-
lated B(M1)/B(E2) values do not show any significant
change up to band crossing spin 33/2. The present calcu-
lations have nicely reproduced the transition ratios
B(M1)/B(E2)s for negative parity yrast band except at

. . 133 .
spin /=11/2 in case of ~"Sm isotope.

In case of ’Sm, 1-gp neutron band built on K=7/2
and having configuration 1v7/2+[404](1g7/2) is lowest in
energy out of all other positive parity bands up to the spin
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[=23/2" and is consistent with experimentally known
band head spin and conﬁguration The crossing by 3-qp
bands at the spin 25/2 causes a significant change in the
yrast structure of "’Sm. This crossing predicts the occur-
rence of backbending in the calculated results at the band

crossing spin I=25/2", which is also observed experiment-

ally at the same spin and rotational frequency. The
B(M1)/B(E2) ratios have been predlcted for the positive
parity yrast ground state band of "’Sm. The present cal-

culations in " Sm found the dominant structure of the
lowest negative parity band based on K=9/2 state of the
neutron 14, orbital up to the spin 13/2 and is consist-
ent with the experimental band head spin and configura-
tion. The calculated results of A/=1 transition energies
and moment of inertia, for negative parity band 2 repro-
duces the observed staggering in this band due to the ad-
mixture of 1v1/2 [541] band with low K= 1/2 component
in the wavefunction. As the band spectra of *Sm is tent-
ative and not confirmed experimentally, it is not feasible
to make precise comments on the agreement of the calcu-
lated results with the available experimental data.

The present calculations for negative parity of 'Sm
predicted that the dominant structure of yrast band up to
the spin 15/2 is K=9/2 state of neutron h,,, orbital,
which is consistent with the experimental band head spin
and configuration. For the positive parity of *¥'Sm, 1- -qp
neutron band from K=7/2 state of neutron orbital gy, is
lowest in energy from all the other positive parity bands.
Experimentally, this band is proposed to originate from
the K=1/2 state of neutron ds,, orbital. However, reason-
ably good agreement with the experimental energies for

whole of this band supports the predicted configuration
1v7/2[404](1g7/,) for this band. The present calculations
reproduced the band spectra of both positive and negat-
ive parity bands. The observed backbending phenomena
have been reproduced nicely at the band crossing spins
due to the crossing of 1-qp neutron bands by 3-qp bands.
The backbending in moment of inertia is predicted to
arise due to the alignment of pair of protons in the down
slopping K-components of n(hll/z) orbitals. For "’Sm,
the observed trends in B(M1)/B(E2) have been reason-
ably reproduced except at the spin /=19/2 . The calcu-
lated results on B(M1)/B(E2) show the sharp increase in
their values at spin /= 29/2 due to the alignment of a pair
of protons in the (/4 /2) orbitals.

The present calculatlons well reproduced the low-spin
experimental data on 'Sm. However, the precise pos-
ition of spins and rotational frequencies where quasi-
particle alignments take place are very sensitive to sever-
al calculation conditions. One of them is to select the best
Nilsson-single particle states for neutron-deficient nuclei
in the mass region A~130-140. The Nilsson single
particle states in the present work are obtained by using
the standard Nilsson parameters of Ref. [23] without any
adjustment. The agreement with the experimental data
may be improved further by directly modifying the Nils-
son parameters for the neutron-deficient 4~130-140 mass
range as discussed in Ref. [31] for proton-rich nuclei in
the upper pf shell.

We are thankful to Professor Y. Sun for his collabora-
tions.
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