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Evidence for prolate-oblate shape coexistence in the odd-A }:Br3s nucleus
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The excited states in "*Br nucleus have been investigated through the fusion evaporation reaction *°Cr(**Si,
ap) Br at a beam energy of 90 MeV using the Indian National Gamma Array. The y-y coincidence technique
has been used to add eight new y-ray transitions in the level scheme. The mixing ratio of A/ = 0 (mixed with £2
and M 1) transitions have been determined using angular distribution and Rpco-polarization measurement. The
half-life of the 9/2% isomeric state has been measured to be 7y, = 52(2) ns from the variation in the intensity of
delayed y-ray transition as a function of coincidence time window. The two state mixing model calculations
were performed to obtain the mixing amplitude, and mixing interaction of two different configurations of
"3Br. The calculated mixing amplitudes along with the deformations of two different configurations provide
the monopole transition strength p?(E0) for Se, Br, and Kr isotopes in a semiempirical approach. These results
support a prolate-oblate shape coexistence in the odd-A "*Br nucleus. The observed structural properties have
been discussed in terms of projected shell model calculations.
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I. INTRODUCTION

Shape coexistence is widely spread over the nuclear chart,
owing to the presence of competing “shell gaps” in the nuclear
potential [1,2]. A strong interaction between the nucleons
in the nuclear potential enhances the correlation energy of
the system. Such interactions contribute to the origin of de-
formation resulting in different shapes for individual states
at low excitation energy. The minima of these deformations
can be vividly observed near the single particle shell gaps of
the Nilsson diagram, where the minimum of the deformation
energy moves towards a deformed shape in the region lying
away from the shell closure. Specifically, in the A & 70 mass
region, the shape driving behavior of the g9/, orbital results
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in the formation of low lying isomeric states, leading to a
prolate-oblate shape coexistence [3].

In recent years, relatively light mass nuclei in the mid-
shell region have attracted considerable attention due to the
presence of shape coexistence in several even-even Ge, Se,
and Kr isotopes [3-8]. In the ">Ge nucleus, a shape isomer
has been identified at the excited 0" state with a half-life
of 444.2(8) ns [9]. Later, the multistep Coulomb excitation
measurements confirm the asymmetric shape coexistence phe-
nomena in which the prolate shaped O;“ state coexists with
an oblate-deformed ground state. The theoretical two state
mixing model calculation also supports the presence of the
prolate 05 state. In the light 2Se nucleus, a shape isomer at
excited 0;’ state having a half-life of 22.8 (14) ns was reported
by Hamilton et al. [10]. It was suggested that the low-lying
05 state having a deformed rotational character coexists with
the vibrational states associated with the spherical ground
state. Afterward, the monopole transition strength around

©2022 American Physical Society
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31 x 10° single particle unit (SPU) obtained from the precise
lifetime measurement suggests shape coexistence in this nu-
cleus. Furthermore, Clement et al. reported the prolate-oblate
shape coexistence in neutron deficient *76Kr isotopes, where
the ground state shows prolate character while the struc-
ture built on the 0; state corresponds to a deformed oblate
shape [8]. The theoretical calculations using the beyond mean
field (BMF) model-based Hartree-Fock-Bogoliubov (HFB)
method [11] also support the deformed oblate character of the
excited 0" band.

However, the abundance of shape isomer and experimental
evidence confirming shape coexistence are quite limited in
the odd mass nuclei lying in this region. In odd mass Kr
nucleus, Skoda et al. have reported the prolate-oblate shape
coexistence based on the mixing ratios of Al = 0 transitions
between yrast positive parity band and excited 9/2 band
[12]. A similar high K = 9/2% band was also observed in
73 As [13]. The relativistic mean-field (RMF) calculations sug-
gested that the positive-parity band is most likely built on the
m(lggs2) configuration with a near prolate shape, while the
negative parity band is characterized by the valence proton
configuration 77 (2p321fs22p1,2 ) having an oblate shape. In
the "'Br nucleus, shape coexisting low lying states were con-
firmed from the half-life, 32.5(25) ns, of the shape isomeric
9/2% state [14]. While in the 3Br nucleus, the shape coex-
istence of oblate-prolate structure at the 9/2% state has been
predicted theoretically by using particle-rotor model and total
Routhian surface calculations [15]. In our recent article on
odd mass "*Br [16], lying in between "' Br and " Br, we have
reported a prolate positive parity band along with the high
K = 9/2% band. The inconsistency in the measured intensity
of the excited 9/27 state opens a pathway to look for the shape
isomeric state leading to the conclusive evidence of shape
coexistence at low spin state in this nucleus.

In the present work, we revisited our experimental data
[16], and a shape isomer at the 9/2% state has been de-
termined from the measured intensity of the delayed y ray
with respect to prompt y-ray transition. Further, seven new
interconnecting transitions have been placed between the two
Al = 2 positive parity bands. The directional correlation of
oriented nuclei (DCO), angular distribution from oriented
nuclei (ADO), angular distribution, and linear polarization
measurements were used to assign the spin and parity of
these states. The mixing ratio of Al =0, E2/M1 transitions
have been determined using angular distribution and Rpco-
polarization measurements. The lifetime of the isomeric 9/2%
state has been measured from the variation of intensity as
a function of coincidence time window (Atf). The two state
mixing model calculations give the mixing amplitude and
mixing interaction of two different configurations of "*Br.
Similar results obtained for other Se, Br, and Kr isotopes have
been presented and compared with each other. The calculated
mixing amplitude along with the deformations of two different
configurations was used in the semiempirical approach to
obtain monopole transition strength p*(E0) for Se, Br, and Kr
isotopes. These semiempirical results of monopole transition
strength p?(E0) are in reasonable agreement with the exper-
imental monopole transition strength p?(E0) for even-even
isotopes. These results are compared with the obtained results

of the *Br nucleus to probe the shape coexistence at low
excitation energy. Further, the observed band structure has
been discussed in the framework of the projected shell model
calculations.

II. EXPERIMENTAL DETAILS

Excited states of the "’Br nucleus were populated via
the *°Cr(®®Si, ap)”?Br reaction at Ej;, = 90 MeV. The 28Si
beam was incident on a °Cr target of thickness 550 pg/cm?
backed with 12 mg/cm? gold. The decaying y rays were
detected using the INGA array at IUAC, New Delhi [17].
A detailed description of the experimental setup is available
in Refs. [16,18,19]. The RADWARE [20] and ROOT software
packages [21] were used for the analysis of the y-y matrices.
Furthermore, several y-y symmetric matrices with different
“coincidence time windows” (viz. At ~ 10, 20, 30, 40, 50,
60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180,
190, 200, 210, 220, and 263 ns) were constructed to manifest
the lifetime of an isomeric state.

II1I. DATA ANALYSIS AND RESULTS
A. Level scheme

Figure 1 displays the extension of the partial level scheme
of our previous study on the "*Br nucleus [16] in context
to the present work. The positive parity band D has been
extended up to the 33/27 state by placing two new 1431.2 and
1538.0 keV y-ray transitions. In addition, four new inter-
connecting 1665.2, 861.2, 1821.2, and 826.7 keV y-ray
transitions have been placed between two positive parity
bands A and D. The representative spectra of transition gates,
818.7 and 905.0 keV, confirming the transitions of band D are
displayed in Figs. 2(a) and 2(b), respectively. Further, two new
interconnecting y-ray transitions 1366.0 and 1049.6 keV have
been identified and placed between positive parity bands A
and E. The representative spectrum confirming the intercon-
necting transitions from 583.2 and 804.0 keV transition gates
are shown in Figs. 3(a) and 3(b), respectively.

The relative intensities of positive parity band D and the
interconnecting transitions between bands A and E have been
determined up to the 33/27 state using the 187.0 keV transi-
tion gate. While the intensities of interconnecting transitions
between bands A and D have been determined using 583.2,
804.0, and 994.5 keV transition gates. However, the intensity
of 711.7 and 1049.6 keV transitions could not be determined
due to a lack of statistics. The relative intensities of the
transitions are listed in Table 1. The intensity uncertainties
include systematic errors, which are estimated to be 5% for
200keV < E, < 1000keV and 10% for energies outside of
this range.

B. Angular correlation and linear polarization measurements

The spin and parity of different states have been assigned
based on the DCO, ADO, and linear polarization measure-
ments. A detailed description of these measurements has
already been presented in our earlier work [16,19]. In the
present communication, the nature of mixed interconnecting
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FIG. 1. Partial level scheme of "*Br based on the present work and the previous study [16]. The newly observed transitions are marked by

asterisks and shown in red color. All energies are in keV.

Al = 0 transitions between bands A and D has been examined
using the DCO, gated angular distribution, and linear polariza-
tion measurements.

The DCO ratios of interconnecting 524.7, 846.5, and
861.2 keV transitions between bands D and A have been deter-
mined from 905.0, 583.2, and 804.0 keV gates, respectively,
as listed in Table 1. The linear polarization measurement of
the 861.2 keV transition has been used to assign the parity of

the 17/2% state at an excitation energy of 2721.3 keV. The
linear polarization of the 846.5 keV transition, decaying from
the 13/27 — 13/27 state, and 524.7 keV transition, decaying
from the (9/2%) — 9/2% state could not be determined due
to contamination arising from the target frame and due to lack
of statistics, respectively. The crucial 861.2 keV transition has
been assigned as Al = 0, E2/M 1 based on the Rpco 1.18(14),

linear polarization 0.49(33). The mixing ratio +0.42f?5 of
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FIG. 2. A portion of the representative background subtracted spectra of 263 ns time window with the gate on (a) 818.7 and (b) 905.0 keV
transitions. The newly observed transitions of "*Br are labeled in red color.

044312-3



S. BHATTACHARYA et al.

PHYSICAL REVIEW C 106, 044312 (2022)

transitions.

800 . L L —
(a) 120 L L L L L g £
00+ 1821.2 keV Rl _
600 801 ¥ -
3 [ 3
2 - e
S 100 R I
Q o
© 200 - 1760 1780 1800 1820 1840 i
Energy (keV)
0- X
850 900 950 1000
400 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l
( ) ;,380 . 1 1 1 1 1
= = 2 1665.2 keV |
Q. S ~ 560 *
30013 % s 5 S40 y [
2 5 SR_ VW ; -
Sa0q¥g & S 0 ' s =f
S & RRC 1630 1640 1650 1660 1670 e
Q 1w lS Energy (keV) R
* *

850

900

950 1000

1050

1100 1150 1200

Energy (keV)

FIG. 3. Portion of the representative background subtracted spectra of 263 ns time window with the gate on (a) 804.0 and (b) 583.2 keV
transitions. The newly observed transitions of ’Br are labeled in red color, while insets show the newly identified 1665.2 and 1821.2 keV
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TABLE I. Excitation energies (E;), spin-parity assignments for the initial (/) and final (I} ) state, y-ray transition energies (E, ), relative
intensities (1, ), DCO ratios (Rpco), ADO ratios (Ry), polarization asymmetry (A), mixing parameter from angular distribution (8,4), mixing
parameter from Rpco-polarization measurement (8,,), and multipolarities assignment associated with the y rays observed from the high-spin

decay of *Br.
polarization
E;(keV) ary — {7) E,(keV) I, Rpco Ry asymmetry (A) 8ad Sp Assignment
4729 9/2t —5/2% 187.0  100.0 1.07(15)  2.05(20) — — — E2
997.6 9/2%) —9/2+ 524.7 19.0(12) 1.17(13) — — +1.07fi§ — Al =0,E2/M1
9/2%) —5/2* 711.7 3.5(6) — — — — —
1056.1 13/2t —»9/2+ 583.2 87.6(53) 0.97(8)  2.16(11) 0.14(9) — — E2
1522.5 (11/27) —(9/2%) 524.9 7.5(6) — — — — — —
11/2%) —9/2* 1049.6 — — — — — — —
1860.1 17/2% —13/2* 804.0 62.1(50) 1.01(7) 1.84(9) 0.20(9) — — E2
1902.6 13/2F —9/2* 905.0 10.2(7) 1.40(18) 2.16(11) 0.28(17) — — E2
13/2T —13/2* 846.5 16.6(11) 1.85(16) 2.42(12) —0.20(19) — — AI =0, E2/M1
24224 (15/2%) —(11/2%) 900.0 4.4(6) 1.00(6) 1.77(11) — — — E2
(15/27) —13/2" 1366.0 0.5(2) — — — — — —
2721.3 17/2% —13/2" 818.7 3.7(6) 1.26(19)  1.99(9) — — — E2/M1
17/2% —17/2* 861.2 10.5(7) 1.18(14) 2.25(11) 0.10(7) +0.62f}§ +O.42f§5 Al =0,E2/M1
17/2F —13/2* 1665.2 8.5(13) 0.74(14) 1.40(17) — — — E2/M1
2854.6 21/2% —>17/2* 994.5 53.5(50) 1.05(10) 1.99(10) 0.19(11) — — E2
33982  (19/2%) —(15/2%) 975.7 0.6(6) — — — — — —
3681.3 21727 —17/2% 960.0 2.5(6) — — — — — —
21727 —17/2%F 1821.2 3.8(12) — — — — — —
21727 —21/2% 826.7 3.9(12) — — — — — —
4020.4 25/2F —21/2*F 1165.8 18.1(10) 1.18(18) 1.97(20) — — — E2
4793.3 (25/27) —>21/2* 1112.0 <0.5 — — — —
62245  (29/2%) —(25/2%) 14312 <0.2 — — — — — —
7762.5  (33/2%) —(29/2%)  1538.0 <0.2 — — — — — —
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FIG. 4. The variation of Rpco values as a function of linear
polarization, calculated from the polarization sensitivity [19] having
parameters a = 0.532(91) and b = —1.33(62) x 10~*, for different
mixing ratios (8) of the AI =0, 861.2 keV transition in "*Br. The
violet color circle indicates the experimental data point for the
861.2-keV transition. The inset shows the x? analysis for the ex-
perimental distribution of 861.2 keV transition assuming the spin
sequence 17/2+ — 17/2* with the mixing parameter § = +0.42*5..

this transition was obtained from the x2? minimization of
experimental Rpco and linear polarization using the formula
mentioned in Ref. [22] as shown in Fig. 4. The uncertainty in
the mixing ratio was calculated by finding the range of tan~! §
for which the x2, + 1 value is reached.

To obtain clarity in the I™ assignment of the excited 9/27
state of the °Br nucleus, the angular distribution of the
524.7 keV transition has been measured using a 905.0
keV transition gate. The angular distribution coefficients,

ar = +0.30 and a4 = —0.1312, indicate that it could be either
a Al =0 or Al =2, transition. To get a conclusive assign-
ment, a contour of a, and a4 coefficients is shown in Fig. 5(a)
using different spin combinations (9/2 — 9/2, 11/2 — 9/2,
and 13/2 — 9/2) for all possible values of §. The comparison
of the experimentally observed a, and a4 coefficients with
theoretical contour plot, assures the A/ = 0 assignment of
the 524.7 keV transition. Further, the x> minimization of
the experimental attenuation coefficients gives the mixing pa-

rameter § = +1.0771% which suggests that it has 53%"1% E2

character and the remaining 47%f{3 M1 character. Similarly,

the angular distribution of the 861.2 keV transition has been
measured using an 804.0 keV transition gate. The angular dis-
tribution coefficients, a» = +0.33 and a4 = —0.07, indicate
that it could be either a Al = 0 or Al = 2 transition. A com-
parison of the experimentally observed a, and a4 coefficients
with theoretical contour plot assures the Al = 0 assignment
of the 861.2 transition which is shown in Fig. 5(b). The
x? minimization of the experimental attenuation coefficients
gives the mixing parameter § = +0.62ﬂ3. Therefore, the av-

erage mixing ratio § = ~|—0.52fé§ for the 861.2 keV transition

suggests that it has 21%ﬂ2 E?2 character and the remaining

79% 15 M1 character.

C. Lifetime of isomeric state

The lifetime of the isomeric state has been determined
from the time difference between prompt and delayed y-ray
transitions using the following empirical relation [23]:

—In2x At

Ny = No(1 —Ae "2 ), ey

where N, is the population of the isomeric level at coincidence
time ¢, Ny is the population of the isomeric level at maximum
coincidence time, At is the difference of coincidence time,
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FIG. 5. (a) Angular distribution coefficients a, vs a4 plot for different mixing parameters (8) using 9/2 — 9/2,11/2 — 9/2, and 13/2 —
9/2 spin sequences. The red color circle indicates the experimental data point for the 524.7 keV transition. The inset shows the x2 analysis
for the AT =0, 9/2 — 9/2, 524.7 keV transition which gives us a E2/M1 transition with the mixing parameter § = +1.077}5 (b) Angular
distribution coefficients a, vs a4 plot for different mixing parameters (§) using 17/2 — 17/2,19/2 — 17/2,and 21/2 — 17/2 spin sequences.
The red color circle indicates the experimental data point for the 861.2 keV transition. The inset shows the x? analysis for the Al = 0, 17/2 —
17/2, 861.2 keV transition which gives us a E2/M 1 transition with the mixing parameter § = +0.627}3.
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transitions observed from the 524.7 keV energy gate, as a function of
coincidence time window.

71,2 is the half-life of the isomeric state, and A is a fitting
parameter.

In the present work, the half-life of the excited 9/2% state
has been determined from the variation in the intensity of the
delayed y-ray transitions as a function of coincidence time
window. Figure 6(a) shows the fitting of the intensity varia-
tion of 524.7 keV transition, placed below the isomeric 9/2%
state, as a function of different time windows (At) using the
905.0 keV transition gate. The observed fitting parameter and
half-life 7, > of the 9/2% isomeric state is 0.76(0.06) and 53(2)
ns, respectively. Further, the 905.0 keV transition, placed
above the isomeric level, acts as a delayed y-ray transition
with respect to the 524.7 keV transition gate. The variation in
the intensity of 905.0 keV transition is fitted as a function of
the coincidence time window using the 524.7 keV transition
gate as shown in Fig. 6(b). This measurement provides the
half-life of the isomeric state around 50(2) ns. Thus, the aver-
age 7/, obtained for the 9/2% isomeric state is 52(2) ns, which
is comparable with the other shape isomers observed in this
mass region [6,14]. The uncertainties quoted in the lifetimes
do not include systematic error due to the experimental setup,
which can be as large as 8—10%.

IV. DISCUSSION

A. Shape coexistence

One of the primary signatures of shape coexistence is the
presence of a shape isomer at low excitation which often
decays to the ground state via EOQ transition indicating the
mixing of shapes. In the case of even-even nuclei the de-
caying pure EQ transition, arising due to internal conversion,
electron-positron pair emission (if the transition energy is
above 1022 keV), or double photon emission, is only possible
between spin zero and positive parity states [24]. However, for
spins greater than zero the decaying EQ transition will com-
pete with both M1 and E2 characters, so the total transition

rate will also include the contributions from the y decay hav-
ing M1 and E2 multipolarities, as well as conversion electrons
leading to EO0, M 1, and E2 admixture [24].

In the present study, the 9/27 state, at an excitation energy
of 997.6 keV, is found to be isomeric with a lifetime of
52(2) ns. The 9/27 state decays to 9/2] via Al =0, E2/M1
524.7 keV transition. The mixing of M1 and E2 multipolari-
ties in Al = 0 524.7 keV y-ray transition has been measured
using the gated angular distribution method as shown in Ta-
ble I. The value of the mixing ratio (§) = +l.07f}2 of 524.7
keV Al =0, E2/M1 transition shows that nearly 53%1’{2 E2
character is mixed with 47%1”13 M1 character. Table II shows
a comparison of the lifetime of isomeric state and mixing
amplitude of 9/2 state in "*Br with the neighboring Se, Br,
and Kr isotopes where shape coexistence has been established.
Moreover, in the present study, several interconnecting E2
and Al =0, E2/M1 transitions have been placed between
the two positive parity bands A and D. The mixed character
of Al =0, E2/M1 861.2 keV transition is confirmed from
the DCO, linear polarization, and gated angular distribution
measurements. It shows that the percentage of E2 fraction
in 861.2 keV transition, decaying from 17/2F to 17/2 is
21%7 9.

Heyde and Meyer have pointed out another interesting
parameter, the size of the EO matrix element which can
be determined from the mixing between nuclear states with
largely different radii and deformations [25]. The monopole
operator connecting J — J state is described in terms of the
deformation parameters 8 and y as

C(3Z\[4m | o (5V5 )\ .5

This formula is based on the expression of EQ transition
operator for a deformed uniformly charged nucleus [26]. In
the limit of simple two-state mixing between configurations
with deformations B, y1, B2, and y; the resulting monopole
strength is given by

37\° 5¢5
”z(EO):(E) xa2<1—a2>[(ﬂ%—ﬂ§)+< f)

207
2
x (Bi cosy1 — B3 cos ]/2):| , 3)

where Z is the atomic number, 8; is axial deformation of the
first state, B, is axial deformation of the second state, y; is
nonaxial deformation of the first state, y, is nonaxial defor-
mation of the second state, and ¢ is the mixing amplitude of
the excited state. Such mixing amplitude a” can be derived
from the two level mixing calculations [5,27]. In this model,
experimentally observed energies are considered as perturbed
energies and the perturbed wave function is expressed in terms
of unperturbed wave functions,

Y1 = apr + by 4)

and

Y = —bdr + adyr. (5)
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TABLE II. Values of lifetime, EO transition energy, interaction potential (V), prolate mixing amplitude (a?) of the excited state, experi-
mental monopole transition strength [p?(E£0)], semiempirical (SE) results for p?>(E0) in Se, Br, Kr isotopes [7,8,16,24,28-31].

Nuclide Se ) PBrg)t) Koy Se ) PBrg)at) T°Kr o)
Z,N 34,38 35,38 36,38 34,40 35,40 36,40
E, 937.2 keV 524.7 keV 509.0 keV 853.8 keV 627.0 keV 769.9 keV
Tip 17.5(17) ns 52(2) ns 13.0(7) ns 0.75(5) ns — 47.3(17) ps
Vv 0.33 0.25 0.25 0.41 0.39 0.34

a’ 86% (1) 34% (1) 52% (1) 62%(1) 31%(1) 27%(1)
Ground state oblate prolate oblate (mixed prolate) oblate (mixed prolate) prolate prolate
Excited state prolate oblate prolate (mixed oblate) prolate (mixed oblate) oblate oblate
P*(E0)exy x 10° SPU 30(5) — 96(9) 22.9(5) — 77(12)
p*(E0)sg x 10 SPU 38(5) 55(15) 74(19) 17(10) 42(30) 90(18)

The energy of the unperturbed states can be obtained by an
extrapolation of the rotational states towards lower spins. This
procedure relies on the reasonable assumption that the higher
spin states are not perturbed. From the energy difference of
the perturbed and unperturbed states for a given spin, the
mixing matrix element (V) and the mixing amplitudes (a?)
are derived in two level mixing calculations. In the present
work, we have determined V and a® for neutron number
(N) =38 and N = 40 in Se, Br, and Kr isotopes. We noticed
from Table II that the mixing amplitude (a®) decreases when

0.12 T T T T
| (@)
o N =38
’ oo Expt.
& Semi Empirical Result
0.08 ]
~~
<
= 0.061 -
«
Q
0.04 ]
0.02r ]
0 L 1 L 1 L 1 L
33 34 35 36 37
Proton Number (Z)
0.12 (b) T T T T T T
o | N=40
’ oo Expt.
wu—a Semi Empirical Result
0.08 T
—_
=3
= 0.06} -
o
Q
0.04 1
0.021- 1
L 1 L 1 L 1
033 3 37

4 35 36
Proton Number (Z)

FIG. 7. Variation of monopole transition strength [p%(E0)] as a
function of proton number (Z) for (a) N = 38 isotones, (b) N = 40
in Se, Br, and Kr isotopes.

neutron number (N) or proton number (Z) increases. But
the increment is more pronounced with the increasing proton
numbers rather than the increasing N numbers. When N = 38,
for 72Se a* = 86% and for "*Kr a?® = 52%. When N = 40,
for 7*Se a* = 62%, and for "°Kr a® = 27%. However, when

18| e—e (12159,
n—a (1/2,1.391)
16 | o—e (3/2,1.297),
A—a (124213)
o—e (9/2.3556)
12 (324213),
< (1324510
10 | v—v (5/2,4308),_,,
a—a (17/2,5.260)

In2v

In2v

v (52.1.643) |
22| b5 (3/2,1.606),,
20 | e—e (112,1.078)
wa (3123344),
< (123423)
16| »—5 (3/2,4.586)

Energy (MeV)

In2v
14| »—> ©O2,4580)
e (3123987)

12 .

o N

oL N

N -

ok Cl

15 35 55 75 95 115 135 155 175 195 215
Spin (H)

FIG. 8. Projected energies are shown before diagonalization of
the shell model Hamiltonian for 7Br. Only the lowest few bands are
labeled by three quantities: K-quantum number, energy and group
structure of the quasiparticle state. For instance, (7/2, 1.59, 1) des-
ignates one-quasiproton state having intrinsic energy of 1.54 MeV
and K = 3/2. The upper panel is with 8, = +0.37 (prolate deforma-
tion) and lower panel is with 8, = —0.37 (oblate deformation).
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FIG. 9. The lowest PSM energies, shown for the prolate (8 = 0.37) and oblate (8 = —0.37) shapes, are compared with the known
experimental energies. It is clarified that diagonalization (configuration mixing) is performed separately for prolate and oblate shapes using the

quasiparticle basis space of Eq. 6.

7 = 34, for *Se a®> = 86%, and for "*Se a? = 62%. When
Z = 36, for "*Kr a* = 52%, and for "°Kr a® = 27%. It seems
that the decrement in a? is around ~34-35 % for increasing
Z, and ~24-25 % for increasing N in even-even nuclei. Thus
the increasing proton number puts a slightly greater influ-
ence on the decrement of mixing amplitude rather than the
neutron number. In the case of odd-even nuclei the proton
effectiveness is also clearly visible. The mixing amplitude
(a?) is around 34(1)% for ”*Br and 31(1)% for "Br. These
observations show that the neutron effectiveness is very small
for odd proton nuclei. Generally, the mixing amplitude (a?)
represents the component of prolate configurations in the ex-
cited state. The higher value of a® implies a prolate structure
in the excited state. Consequently, the ground state will have
an oblate structure. In general, the results obtained for the
semi-empirical calculations support the experimental results
for the shape of the ground state and isomeric state as shown
in Table II.

Further, Kibédi et al. [24] have pointed out that the largest
EOQ transition strengths are consistent with changes in defor-
mation which is a primary spectroscopic fingerprint of shape
coexistence in nuclei. The variation of monopole transition
strength [p%(E0)] as a function of proton number (Z) for

N =38 and N = 40 isotones of Se, Br, and Kr isotopes are
shown in Figs. 7(a) and 7(b), respectively. In the case of
2Se nucleus, the experimental p(E0) x 103 is around 30
(5) SPU which increases to 96 (9) SPU for the *Kr nucleus
with the addition of two extra proton. While the experimental
p2(E0) x 107 is around 22.9 (5) SPU for 7*Se nucleus and
goes to 77 (12) SPU for "Kr nucleus with the addition of
two more protons. These results also represent the proton ef-
fectiveness in monopole transition strength. The experimental
monopole transition strength is not measured for odd proton
73.75Br isotopes due to the limited information of experimental
electron K -conversion coefficient ok (exp) of the excited 9/25
state. Subsequently, we have determined the semiempirical
result of p2(E0Q) for N =38 and N = 40 isotones in Se,
Br, and Kr isotopes. In this calculation, we have taken the
experimental deformation 8; of the ground state [7,8,16,28—
31]. While the other deformation parameters f,, y;, and y; are
taken from the previous total Routhian surface (TRS) calcu-
lations [32,33]. The comparison of semiempirical monopole
transition strength p?(E0) and experimental p%(EO0) is in good
agreement with each other as shown in Fig. 7. But some of
the deformation B, taken from the previous measurements
have higher uncertainty which leads to much more uncertainty
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in the semiempirical result of monopole transition strength
P*(E0).

B. Projected shell model (PSM)

In the present section, the theoretical study using the
projected shell model (PSM) approach [34] is presented to
substantiate the coexistence of prolate-oblate shapes for "*Br
nucleus in the low-spin region. The PSM model approach
uses the solutions of deformed Nilsson model as the basis
states. These states are then projected onto good angular-
momentum states employing the projection method [35-37].
Axial symmetry is assumed in the PSM calculations, with the
Nilsson states having well defined value of the projection of
angular-momentum along the symmetry axis, referred to as
the K quantum number. The projected basis are then used to
diagonalize the shell model Hamiltonian consisting of pairing
plus quadrupole-quadrupole interaction.

For the study of "*Br nucleus (odd-proton system), our
model space is spanned by the following angular-momentum-
projected one- and three-quasiparticle (qp) basis states:

ab|®); afalal |®); (6)
where |®) denote the qp vacuum a! and a the qp creation
operators, with the index v (7) being the neutron (proton)
quantum numbers.

As in the earlier PSM calculations, we use the quadrupole-
quadrupole plus pairing Hamiltonian [34]

H:HO—EXXM:QMQM—GMP —GQXM:PMPM. ()

Here, Hy is the spherical single-particle Hamiltonian, which
contains a proper spin-orbit force [38]. The interaction
strengths are taken as follows: The QQ-force strength x is
adjusted such that the physical quadrupole deformation € is
obtained as a result of the self-consistent mean-field HFB
calculation [34]. The monopole pairing strength Gy, (in MeV)
is of the standard form

G F G2
Gy = TA, (8)

where the minus (plus) sign applies to neutrons (protons).
In the present calculation, we choose G; and G, In the
present calculation, we have chosen G; = 20.12 and G, =
13.13, which approximately reproduce the observed odd-even
mass difference in the mass region. This choice of Gy, is
appropriate for the single-particle space employed in the
model, where three major shells are used for each type of
nucleons N = (2, 3,4) for both neutrons and protons. The
quadrupole pairing strength Gy is assumed to be propor-
tional to Gy, and the proportionality constant being fixed
as 0.16. These interaction strengths are consistent with those
used earlier for the same mass region [39—41]. Finally, the
quadrupole-quadrupole interaction strength yx is determined
by the self-consistent relation associated with the deformation
B> = 0.37(—0.37) for prolate (oblate) [16]. The B, values are
from a previous experimental measurement.

The band diagrams, which depict angular-momentum pro-
jected states for each intrinsic configuration, are shown in

E(D) - % I[(I+1) (MeV)
——T

N RN (U NN N RPN RN RPN B B
15 35 55 75 95 115 135 155 175 195
Spin (h)

FIG. 10. PSM energies for the lowest three band after config-
uration mixing are plotted along with experimental data for "*Br
nucleus. The scaling factor k appearing in the y axis is defined as
K = 32.324753,

Fig. 8 for both prolate and oblate deformations. For the pro-
late shape, the ground-state band is the projected band from
the intrinsic configuration of K = 1/2 with the quasiparticle
energy of 1.08 MeV. It is also noted from the figure that the
projected bands from K = 3/2 and K = 5/2 are also close to
the ground-state band, and the three bands will be mixed when
performing the diagonalization of the shell model Hamilto-
nian to obtain the final energies. For the oblate shape, on
the other hand, the ground state is the projected band from
K = 7/2 having quasiparticle energy of 1.59 MeV.

The projected bands depicted in Fig. 8 and many more,
which are about 40 for each angular-momentum value, are
used to diagonalize the shell model Hamiltonian. The lowest
energies obtained for both prolate and oblate deformations
are compared with the corresponding experimental energies in
Fig. 9. It is evident from the figure that experimental energies
are reproduced fairly well by both prolate and oblate defor-
mation sets. In order to highlight the differences between the
two shapes in comparison to the experimental data, the ener-
gies are subtracted by the core contribution, and the resulting
energies are displayed in Fig. 10. It is now quite clear from
this figure that band A is reproduced by considering the pro-
late deformation. For bands D and E, the oblate deformation
appears to reproduce the experimental energies. We have also
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FIG. 11. Comparison of the dynamic moment of inertia, /& =
m. The reference band Harris parameters used are Jy =
23h*MeV~! and J; = 90 i* MeV 3, obtained from the measured
energy levels as well as those calculated from the PSM results, for

3Br nuclei.

calculated the dynamic moment of inertia, J 2 for the three
observed bands, and the results are presented in Fig. 11. It is
also evident that PSM results for prolate shape agree well with
the experimental numbers for band A. For bands D and E, it is
J? calculated from the oblate shape that is in good agreement
with the data.

We would like to add that the transitions observed between
the oblate and prolate band structures in the experimental
study cannot be calculated using the present version of the
PSM approach. What is required is to use the two shapes
as generator coordinates and then solve the Hill-Wheeler
equation. It would then be possible to evaluate the transition
between the two band structures having different shapes. In
the present work, two independent sets of PSM calculations
have been performed to study the band structures. We are

presently working to generalize the PSM approach to perform
the generator coordinate method analysis, and the results shall
be presented in a future work [42].

V. SUMMARY

The excited states in the "*Br nucleus have been inves-
tigated through the fusion evaporation reaction >°Cr(*Si,
ap)Br at a beam energy of 90 MeV. The spin-parity of
the states have been confirmed from the comprehensive set
of spectroscopic measurements, including DCO, ADO, gated
angular distribution, and linear polarization measurement.
The mixing ratio of Al =0, E2/M1 transitions have been
determined using angular distribution and Rpco-polarization
measurement. The lifetime of the isomeric 9/2% state has
been measured from the variation in the intensity of delayed
y-ray transition as a function of the coincidence time win-
dow. The comparison of monopole transition strength in "*Br,
calculated from the semiempirical approach with neighbor-
ing Se, Br, and Kr isotopes support the prolate-oblate shape
coexistence at low excitation energy. Further, a comparison
of experimental data with the results of PSM calculations
also provides reasonable evidence for prolate-oblate shape
coexistence in the odd-A 7*Br nucleus. In general, a stronger
influence of the proton in shape coexistence is clearly visible
in this mass region.
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