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Abstract: Partial level schemes of 91%!11pd have been reported in the literature, and antimagnetic rotational
bands were recently predicted within the cranked shell model for the negative-parity bands of '“’Pd and '"Pd, al-
though lifetime data and semiclassical particle-rotor model studies are still unavailable. Electric quadrupole (E2)
transitions have also been observed in the negative-parity band of '''Pd, for which the rotational structure has not yet
been theoretically investigated within the semiclassical particle-rotor framework. Over the past decade, the semiclas-
sical particle-rotor model has been extensively applied to antimagnetic rotational bands in various nuclei, success-
fully explaining the generation of angular momentum through the shears mechanism and reproducing the observed
systematics of excitation energies and B(E2) transition rates. In the present work, the negative-parity bands of
107.109.111pq are investigated within the semiclassical particle-rotor model, where angular momentum is generated
through the closing of proton-hole shears toward the neutron-particle angular momentum vector involving high-j or-
bitals. The calculated B(E2) values decrease with increasing spin, while the ratio 3®/B(E?2) increases for the negat-
ive-parity bands of '71%11"pd_ consistent with the characteristic signatures of antimagnetic rotation.

Keywords: semiclassical particle-rotor model, antimagnetic rotation, palladium isotopes, high-spin

states, B(E2) transition rates, 3% /B(E2) ratio
DOI: 10.1088/1674-1137/ae9f35

I. INTRODUCTION

In nuclei with proton numbers near shell closure, an-
gular momentum is considered to be generated through
the shears mechanism. It is described in terms of a single
degree of freedom, known as the shear angle 6. The rota-
tional mechanism includes both magnetic rotation (MR)
[1, 2] and antimagnetic rotation (AMR) [3]. In the MR
mechanism, angular momentum is generated through the
simultaneous closing of the blades formed by valence
neutrons and proton holes, whereas in the AMR mechan-
ism, it is generated through the simultaneous closing of
two proton-hole blades arranged symmetrically around
the neutron-particle angular momentum vector (the twin-
shears mechanism). In AMR, only E2 transitions are ob-
served. This arises from the symmetric (two-shears) ar-
rangement of the proton-hole blades, where the perpen-
dicular components of their magnetic dipole moments
cancel each other, leading to the absence of M1 trans-
itions [4]. Antimagnetic rotation is a characteristic fea-
ture of nearly spherical or weakly deformed nuclei, where
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collective rotational motion is limited and angular mo-
mentum is generated through the symmetric closing of
proton-hole shears. The Pd (Z = 46) isotopic chain, loc-
ated near the Z =50 shell closure and involving high-j
proton (go¢,) and neutron orbitals (hy12, g72, dsp),
provides a favourable configuration space in which anti-
magnetic rotational sequences may arise depending on
the underlying particle-hole combinations.
Experimentally, AMR has been established through
lifetime measurements in several nuclei, including the
negative-parity band 2 of '°Pd [5, 6], the negative-parity
band 3 of '°'Pd [7, 8], the negative-parity band 1 of
183p(d 9], the positive-parity band 2 of 1%Pd [10, 11], and
the positive-parity bands 1 and 2 of 'Pd [12], as well as
in 105,106,107,108,109,110 (4 [13_19]’ 101y [20]’ and '%>93Eu
[21, 22]. Theoretically, AMR has been successfully de-
scribed within the semiclassical particle-rotor model for
IOS—]]ICd [13’ 15_17’ 19’ 23_26], 99,100,101,103,104,105Pd [5, 6,
8-10, 27, 28], '¥"Xe [29], '00.10L102Ry [30-32], and '*°Ba
[33, 34]. Within the cranked Nilsson-Strutinsky formal-
ism, AMR has been described for '®Pd [5]. The tilted ax-
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is cranking model has also been used to describe AMR in
581:;e [35]’ 61Ni [36], 101,102,103,104Pd [37]’ 105,106,109Cd [14’
23, 38], 108109.110.112113 [y 20, 39-42], 130Ba [33], 1313¥Nd
[43—45], and 'Sm [45, 46], while the cranked shell
model (CSM) has been applied to !00-101:103.104,105.107.109pq
[5, 47-50], 105106108Cq [14, 15, 51], and *"13Nd [43, 44].

Partial level schemes for the Pd isotopes !07:19%1l1pq
are available from heavy-ion fusion-evaporation experi-
ments [52, 53], although experimental confirmation of
AMR through lifetime measurements is lacking. AMR
has been predicted only within the CSM for the negative-
parity bands of !971%Pd, considering the configuration
7(go;2) * ®v(h112)® [49]. There has been neither theoretic-
al nor experimental investigation of AMR in !'!'Pd. These
observations motivate the present investigation of the an-
timagnetic rotational structure in the negative-parity
bands of '7:19%111pq ysing SCM.

In this work, the possibility of AMR in the negative-
parity bands of '"1®!Pd has been investigated using
SCM, in which the proton-hole and neutron-particle con-
figuration has been optimised with respect to the experi-
mental spin. The decreasing trend of the calculated elec-
tric quadrupole transition probability B(E2) values and
the increasing trend of the ratio 3®/B(E2) are consistent
with the characteristic signatures of AMR in the negative-
parity bands of '971%111p( isotopes.

The paper is organised as follows: Section II explains
the methodology used, the obtained results are discussed
in Section III, and the conclusions of the work are presen-
ted in Section I'V.

II. METHODOLOGY

In the semiclassical particle rotor model, a nucleus is
regarded as a combination of a nuclear core and valence
nucleons. The SCM describes the antimagnetic rotation
mechanism by explaining how the experimentally ob-
served total spin is generated in a weakly deformed nuc-
leus through the geometric alignment of the high-j
valence-nucleon vectors, see Fig. 1. The angular mo-
mentum vector of the valence neutrons, j,, is aligned
with the rotation axis, whereas the angular momentum
vectors of the proton holes, j,, and j,,, are oriented along
the symmetry axis at an angle 8 to it. The angle between
the angular momentum vectors of the proton holes, j,,
and j,, is 26. R is the core contribution to the total angu-
lar momentum, as shown in Fig. 1. The total spin is gen-
erated by the closing of the two shears toward the rota-
tion axis and is given as

I=j,+(u + Jr)cos0+ Jwg, (1)

The term Jw,, describes the coupling between the
shears mechanism and collective rotation. Here, 3 de-
notes the rotational moment of inertia, and w,, denotes

Rotation axis
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Fig. 1.
coupling of the angular-momentum vectors of the proton-hole
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(color online) Schematic diagram illustrating the

and neutron-particle configurations in antimagnetic rotation to
generate the total spin/angular momentum.

the rotational frequency, given as

1.5V,,cos8@ 6V, ,cos26cosd
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where V,, and V,, are the proton-neutron and proton-pro-
ton interaction strengths, respectively, #n is the product of
the number of valence neutrons and proton holes, and j.g
is the effective blade length of the two proton holes, giv-
en by jer = (jr, + Jr,)/2. For example, for two go,, proton
holes in a given configuration, the Pauli exclusion prin-
ciple prevents both holes from occupying the same mag-
netic substate. Therefore, the maximum aligned configur-
ation corresponds to m; =9/2 and 7/2, giving j., =9/2
and j, =7/2. Consequently, jer=(9/2+7/2)/2=
4. The first two terms of Eq. (1) are represented by Iy,
the total angular momentum, or spin, produced by the
twin shear mechanism. Thus, Eq. (1) can be expressed as

1= Ish + S(A)sh. (3)

For each experimentally observed spin state, the corres-
ponding shears angle 6 is obtained by solving Eq. (3) for
the adopted configuration of proton holes and neutron
particles. The angular momentum vectors of the proton
holes and neutron particles are fixed by the chosen con-
figuration, whereas the experimental spin / is used as in-
put to determine the corresponding shears angle 6. The
obtained value of 0 is then used to determine the rotation-
al frequency through Eq. (5) and the excitation energies
through the recursive relation described below. The
collective moment of inertia J is determined from the
equation
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S(’-)shl(Q:OU) = Imax - ;nhax, (4)
where I, is the highest observed spin and I5* is the
maximum spin generated through the shears mechanism.
Generally, the core rotational contribution in AMR bands
is small; however, when the intrinsic shears angular mo-
mentum alone does not reproduce the observed band-
head spin, a small constant core contribution is included
to account for the collective rotation of the core. The
magnitude of I determines the extent of coupling
between collective rotation and the shears mechanism in
generating the total spin. The total rotational frequency
arising from the coupling of the core w. (/) and shears
wg (1) frequencies is

() = we,(I) = wg (1), (5)

where the core rotational frequency is w.(I) = 2I+1)/23.,,
and the core moment of inertia, J,,, is extracted from the
slope of the spin-versus-frequency plot before the first
neutron alignment with the rotational axis. The experi-
mental w(l) for a given excitation energy E, is calcu-
lated as

Ey NG|

¢a+§Y—KL-Ja-%y_K2

where K is the spin value of the lowest-energy state. For a
given shears angle 6, the reduced quadrupole transition
probability is given by

w(l) =

MED=§%@memﬁa %)

where (eQ.g) is the effective quadrupole moment, as re-
ported in Refs. [4, 17, 30]. Here, (eQ.¢) ~ 1.2 eb, which is
consistent with the value obtained in the A~ 100—110
mass region. The dynamic moment of inertia I® is de-
termined from the experimental E, values using the
available partial level scheme, as follows:

4
E(I+2>D)-E(I—>1-2)

5@ =

®)

where I denotes the spin of the intermediate level.

III. CALCULATION AND DISCUSSION OF
RESULTS

The calculations presented in this section have been
carried out using the semiclassical particle-rotor model to
investigate the possible existence of an antimagnetic rota-
tion structure in the vk, negative-parity bands of

107.109.111pq  The adopted parameters and configurations of
proton holes and neutron particles are chosen to repro-
duce the experimentally observed spin, parity, and high-
spin range of each band within the framework of the
shears mechanism. This is further assessed by comparing
the calculated E() vs I(I+1), I-hw, B(E2), and
J@/B(E2) systematics with the available experimental
data, and the configuration that provides the most consist-
ent overall description is adopted. For each adopted con-
figuration, the quantities j,, jz,, Jjr» 1, I3, and the col-
lective moment of inertia are fixed by the chosen config-
uration. The collective core moment of inertia, J,,, is ob-
tained from the slope of the experimental spin versus fiw
plot at lower spins before the first alignment of the
shears. The proton-neutron interaction strength is fixed at
V. = 1.2 MeV, following earlier SCM studies of the Pd
and Cd isotopes [6, 8, 10, 19, 27, 28], while V,, is varied
within the accepted range of 0.15—0.20 MeV.

The shears angle 6§ is the dynamical variable of the
SCM and varies from 90° to 0° for a fixed configuration,
producing an increase in spin through Egs. (1)—(3). Sim-
ultaneously, the reduced transition probability decreases
according to the sin*6 dependence of Eq. (7). Thus, the
evolution of both the spin / and the calculated B(E2) val-
ues is governed by the geometrical closing of the shears
blades.

Figure 2 shows the energy-level scheme of the negat-
ive-parity bands of '9191'pq, redrawn from Refs. [52,
53]. These experimentally established level sequences
provide the basis for the present semiclassical particle-ro-
tor model investigation of a possible antimagnetic rota-
tion structure in these nuclei. The observed band struc-
tures, excitation energies, spin assignments, and y-ray
transition energies are used to extract the rotational fre-
quencies and determine the proton-hole and neutron-
particle configurations suitable for reproducing the exper-
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@/ e ®)
(43/2)~ MRS e R
I = ©
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Fig. 2. The partial level schemes of '©719!11pd gshow the

negative-parity bands, with y-ray and level energies given in
keV, redrawn from Refs. [52, 53].
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imental spin values within the shears mechanism. The ex-
perimentally observed maximum spins in these bands
also provide an important constraint on estimating the
contributions of the shears mechanism and core rotation
to the total angular momentum generation. All three neg-
ative-parity bands are built on the I” = 11/2" level at ex-
citation energies of 214.9, 189, and 172 keV, respect-
ively.

The occupation of the valence proton-hole and neut-
ron-particle orbitals depends on the spin, parity, and spin
range of the observed bands that can be generated within
the framework of the shears mechanism. Therefore, the
configurations of proton holes and neutron particles for
107pd, 19Pd, and '"'Pd are m(go;) * ®@v(hi1)2)*, m(ge2) 2®
V[hll/z(ds/z)z], and ﬂ(g9/2)72®1/(/’l11/2)+2h, respectively.
The negative-parity bands of these three isotopes exhibit
similar experimental characteristics; however, different
configurations of proton holes and neutron particles are
required because they terminate at different spins, namely
(51/2)7, (35/2)~, and (31/2), respectively.

Figure 3 compares the experimental and SCM-calcu-
lated excitation energies as a function of I(I+ 1) for the
negative-parity bands of '©%10%!'pd, The excitation en-
ergy of the state with spin [/ is calculated using
E(I) = E(I -2)+ho(I)+ k(I -2), where o is given by
Eq. 5. The recursive calculation is initiated using the ex-
perimental excitation energy of the spin state correspond-
ing to the SCM bandhead. For example, for '97Pd, the
SCM bandhead is the 27/2 state. Therefore, the recurs-
ive calculation is initiated using the experimental excita-
tion energy of the 27/2" state, E(27/27) =3.3051 MeV. It
is clear from the figure that the calculated excitation ener-
gies closely reproduce the experimental data over the ob-
served spin range, indicating that the adopted configura-

tions provide a satisfactory description of the rotational
spectra.

Both the experimental and calculated excitation ener-
gies exhibit an approximately linear dependence on
I(I+1), consistent with the rotational energy relation
E(I) « I(I + 1) and thereby confirming the rotational char-
acter of these bands. The straight dotted line represents
the linear fit to the experimental excitation energies of the
lower-spin states for comparison. Small deviations from
perfect linearity become visible at higher spins, which
may be associated with the progressive alignment of
high-; proton holes and neutron particles responsible for
the antimagnetic rotational bands. Such deviations may
also reflect the onset of non-collective rotation and rota-
tional-frequency-dependent shape evolution, as com-
monly observed in transitional nuclei in the A~110 mass
region. A gradual decrease in the slope of the curves with
increasing spin suggests an increase in the nuclear mo-
ment of inertia, consistent with the progressive alignment
of high-j proton holes and neutron particles responsible
for the antimagnetic rotational bands.

Figure 4 compares the variation of the experimental
spin with fw for the negative-parity bands of 07:19111pq
with the calculated results for configurations (i) 7(go/)°®
v(hi2)* and 71(gop) ™ @ v(hyyp)? for '7Pd, (ii) 71(gop)®
V(hi12,(ds2)?) for 'Pd, and (iii) 7(go/2) > @ v(hy1y2)! + 20
for """Pd using SCM. Among the various possible config-
urations examined, the adopted ones provide the best
overall agreement with the experimental I-/%w relation
while reproducing the observed spin, parity, and spin
range. Following the standard SCM prescription, the pro-
ton-proton interaction strength V,, is varied within the
range 0.15—0.20 MeV, and the value that yields the min-
imum RMS deviation between the calculated and experi-
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107Pd (a) 109Pd (b) 111Pd (C)
1Band 1 (-ve parity) / 1Band 2 (-ve parity) / Band 1 (-ve parity) /
10- 102 1048
o +
1% —
81 81 & 8+ é
Y ®
E 6 - 6 7 ® 6 'c\‘l
Q 1=
4 1 4 . § 4 E
' =/ ‘*'
5 214 F  —o—Exp. 218 # o Exp.
S % SCM : % SCM
,,,,,,,,,,, ; ; - Linear Fit - Linear Fit
ol LinewFi| L
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Fig. 3.
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(color online) Experimental and SCM-calculated excitation energies, E(I) (in MeV), as a function of I(1 + 1) for the negative-

200 400 600

parity bands of 19%19111pd [52, 53]. The dotted line indicates the linear fit to the experimental data at low spins.
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color online) The variation of the spin I (%) with iw (MeV) for 10719111pq, The solid spheres represent the experimental val-
P P p p

ues, and the line corresponds to the values calculated using SCM. The dashed red line represents the linear fit to the experimental spin

plot before the onset of the shear-closing mechanism.

mental /- 7w values is adopted. The resulting RMS devi-
ations are 0.030, 0.046, and 0.073 for '7Pd, 'Pd, and
HIPd, respectively. The shears parameters used for the
configuration m(gg/2)™* ®v(hyi2)* of 'Y'Pd are j(= jeg) =
6h, j,=27/2h, Vs =12MeV, Vi, =02MeV, n=12;
where n is the number of proton-hole and neutron-particle
pairs. The maximum spin within the shears mechanism
for this configuration is I}}™ = 51/2 i. The maximum spin
in the partial level scheme is I,,x = 51/2 i, see Fig. 2 (a).
Therefore, the core contribution to the spin, and hence the
core moment of inertia, is zero (J=0#*MeV™'). The
neutron contribution to the total spin, also known as the
AMR band head, is 1=27/2h, and the corresponding
w(l) =0.433MeV. The core contribution to the moment
of inertia, J.,. ~ 17.4 *MeV™', is obtained from the slope
of the least-squares fit curve to the spin I (&) vs hw
(MeV) values from the partial level scheme of Fig. 2 (a)
before the alignment of the spins of the neutron particles
along the axis of rotation. It is clear from the figure that
the calculated spin 1 for the configuration n(gen)™*®
v(hi12)° reproduces the experimental spin values for the
corresponding experimental w values in the spin range
(31/2-51/2) h. It should be noted that if the configura-
tion m(go) > ®v(hy1,2)* is considered, the calculated 7 —w
relation does not agree well with the experimental results
for 1>47/2h, see the green line in Fig. 4 (a). Thus, the
configuration m(gy/2)™*®v(hy12)’ provides a satisfactory
description of the observed AMR behavior in '9Pd.
Figure 4 (b) is for '“Pd, where the configuration suit-
able for the AMR study is 7(go/2) 2 ® v[hi1/2(ds2)*], which
gives a maximum contribution to the spin of I =35/2h.
In this case, the contribution from the neutron particles is
19/2 7, and the maximum spin within the shears

I min

mechanism is /% =35/2 hi; the experimental maximum
spin is also I, = 35/2 hi. Therefore, the core contribu-
tion to the spin is zero, and the corresponding moment of
inertia is J=0#*MeV~'. The shears parameters are
j=4h, j,=19/2h, Ve, =12MeV, Vg =0.15MeV,
n=6. The AMR band-head frequency is 7w = 0.27 MeV
for I=19/2h. The value J,, ~ 15.4 ’®’MeV~! is obtained
from the slope of the least-squares fit curve to the spin
I (h) vs hw (MeV) values from the partial level scheme of
Fig. 2 (b) before the alignment of the spins of the neutron
particles along the axis of rotation. The shears mechan-
ism reproduces the experimental spin range
(23/2-35/2) h.

Figure 4 (¢) is for the '''Pd nucleus with the proton-
hole and neutron-particle configuration n(go,)*®
V(h11/2)+2h. Here, the conﬁguration ﬂ(gg/z)_2®1/(h11/2)
yields a maximum angular momentum of 27/2 i, which
is 27 lower than the maximum experimental angular mo-
mentum of 31/2 i. Therefore, a constant 2/ core contri-
bution, which accounts for the small collective rotation of
the core at the onset of the band, is included. The shears
parameters are j=4nh, Jy=15/2(=11/2+2) h,
Vo =12MeV, V,.=0.15MeV, n=2. The maximum
shears contribution to the spin is I"* =31/2 #, the experi-
mental maximum spin iS [y =31/2%, and hence
J=0r"MeV™"'. The AMR band-head frequency is
hw = 0.25 MeV for I1=15/2h. The value
J., ~14.6 ®*MeV™"' is obtained from the slope of the
least-squares fit curve to the spin I (%) vs fiw (MeV) val-
ues from the partial level scheme of Fig. 2 (c) before the
alignment of the spins of the neutron particles along the
axis of rotation. This configuration successfully repro-
duces the experimental spin in the range (23/2-31/2) A.
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Figure 5 shows the variation of the shears angle 6
with spin and rotational frequency for the negative-parity
bands of '71%111pd, The shears angle decreases with in-
creasing spin, demonstrating the progressive closing of
the proton-hole shears blades toward the neutron-particle
angular momentum vector, which is characteristic of
the shears-closing mechanism in antimagnetic rotation.

Figures 5(a)—(c) show the variation of @ with spin, while
Figs. 5(a’)—(c”) show the corresponding variation with ro-
tational frequency %w, reflecting the same geometrical
evolution of the shears mechanism.

Figure 6(a) shows the variation in the calculated re-
duced transition probability B(E2) as a function of Aiw for
the 107:19%111pq pyclei within the SCM framework, since

100 e pg 100 . i9pg 100 E——T
80 Band 1 (-ve parity)| 801 Band 2 (-ve parity)| §( Band 1 (-ve parity)
60 60 60
40 1 40 1 40 4
2 201 20 20
2
= M@ 01 (b) %
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Fig. 5.

(color online) The variation of the shears angle, 6, as a function of spin, /, for the negative-parity bands of '*71%111pqd is shown

in panels (a), (b), and (c), respectively. Panels (a’), (b’), and (c’) show the corresponding variation of € as a function of the rotational

frequency, hiw.
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(color online) The calculated reduced transition probability B(E2) and 3@ /B(E2) as functions of 7w (MeV) for the 107:10%111pq

nuclei. The dotted line corresponds to the CSM calculations reported in Ref. [49].
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lifetime measurements are not available for these nuclei.
It reflects the evolution of quadrupole collectivity with
the closing of the shears blades. The decrease in the cal-
culated B(E2) values originates from the closing of the
shears blades, i.e., the reduction of the shears angle
shown in Fig. 5, consistent with the sin*6 dependence of
Eq. (7). The decreasing trend of the B(E2) values with in-
creasing fiw, together with their magnitude remaining be-
low 0.21 (eb)* throughout the entire /w range, is consist-
ent with the literature [54] and is a signature of the AMR
structure at high spin. The CSM predictions (dotted lines)
for the B(E2) values of the '91%Pd nuclei also show a de-
creasing trend with increasing 7w, although the mag-
nitudes of the two calculations differ.

Figure 6(b) shows the wvariation of the ratio
J@/B(E2) with hiw for the '9719111pq nuclei calculated
within the SCM framework, together with the corres-
ponding CSM results for 11Pd. The increasing trend of
9@ /B(E2) further supports the AMR character of these
nuclei.

The present SCM analysis provides a consistent de-
scription of the rotational properties of the negative-par-

ity bands in '0719111pqd and suggests that the observed
high-spin structures exhibit the characteristic features as-
sociated with antimagnetic rotation.

IV. CONCLUSIONS

The negative-parity bands of '1%!!'Pd have been in-
vestigated for the possible presence of an AMR structure
within the framework of the semiclassical particle-rotor
model. The experimentally observed spin—frequency be-
havior is reasonably reproduced using suitable proton-
hole and neutron-particle configurations: n(go,)™*®
v(hi12)?, m(gop2) 2 ®VIhi1)2(ds2)?], and 7t(gey2) > @ v(hyy )+
2h, respectively, for the 19719:11P( jsotopes. The decreas-
ing trend of the calculated B(E2) values and the increas-
ing trend of the ratio 3®/B(E2) with hw indicate the
presence of an AMR structure in the negative-parity
bands of the '971%111pd nuclei. The calculated decrease in
the shears angle with increasing spin further confirms the
characteristic shears-closing mechanism associated with
antimagnetic rotation. However, lifetime measurements
for these nuclei are required to confirm the present pre-
dictions.
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