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Possible multiple antimagnetic rotational bands in odd-A
1%1%pg and '”Cd nuclei*
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1%1%pd and '”Cd nuclei are investigated using the classic-
al particle-rotor model. Based on the systematic study of neighbouring nuclei, the signature partner bands of '%pq

Abstract: The positive-parity signature partner bands in

are assigned to the ﬂ(g§?2)®v(g7 /zh%l /2) configuration, and this assignment is also supported by the present calcula-
tions. Furthermore, the calculated B(E2) values of such bands of %pg reproduce the experimental values well and
exhibit a decrease with increasing angular momentum, suggesting that these two bands may originate from antimag-
netic rotation. Similar signature partner bands are also found in the neighboring 'pd and '”Cd nuclei. The proper-
ties of both bands are in general agreement with the fingerprints of antimagnetic rotation, and thus the signature part-

ner bands of '"’Pd and '”’Cd are suggested to be candidates for the multiple antimagnetic rotational bands of

'%pd. In

addition, the evolution of the two-shears-like mechanism for possible multiple antimagnetic rotational bands in

103,105 109

Pd and "Cd nuclei is examined by investigating the orientation of the angular momenta.
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I. INTRODUCTION

The study of antimagnetic rotation (AMR) has been a
popular topic in weakly deformed or nearly spherical
nuclei in the past few years. AMR is a novel mechanism
for the generation of high angular momentum states in
atomic nuclei and was first proposed by Frauendorf [1,
2]. In this interpretation, the two angular momentum vec-
tors of a pair of deformation-aligned protons (j,) in re-
versed orbits are nearly perpendicular to the orientation
of the total angular momentum vector of the valence
neutrons (j,) at the band head. An increase in the total
angular momentum is generated by the simultaneous
closing of the two proton blades along the direction of the
total angular momentum vector, while the direction of the
total angular momentum stays unchanged. It behaves like
the closing of a pair of shears; hence, this type of excita-
tion is known as the 'two-shears-like mechanism'. This
geometry preserves the symmetry of R.(7) [3] and causes
the perpendicular components of the magnetic moments
to precisely cancel each other out. In this scenario, the di-
pole transitions (M1) are not observed, and the energy
levels in the bands are connected by weak E2 transitions,
reflecting a nearly spherical core. Hence, the phenomen-
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on of AMR is characterized by the appearance of weak
E2 transitions, a decrease in the B(E2) values with in-
creasing spin, and a large 3»/ B(E2) ratio [1].
Experimentally, the observed AMR bands mainly fo-
cus on the A ~ 110, 140 mass regions. Among them, firm
experimental evidence of AMR arising from lifetime
measurements has been reported in 105106.107.108.109.110 0 q
[4-12], '"""1%1%pg 13, 13-18], and “*'*Eu [19, 20].
Moreover, several candidate AMR bands have been sug-
gested in Hllﬁjd [91, 'szf;d [17], '08"09"5'8‘“'2’”3111 [21-25],
Ru [26], "Dy [27], ~ Xe [28], and " Fe [29].
Theoretically, AMR has been discussed using simple
geometry in the classical particle-rotor model (PRM) [10,
11, 30], the cranking shell model with the particle-num-
ber-conserving method [31-34], and the tilted axis crank-
ing (TAC) model [35]. For the TAC model, many applic-
ations have been performed in the framework of the mi-
croscopic-macroscopic model [5, 6, 13], pairing plus
quadrupole model [2, 36], and covariant density function-
al theory (CDFT) [37—41]. In particular, using the point
coupling effective interaction [42], TAC-CDFT not only
successfully describes AMR, but also numerous other
phenomena, such as magnetic rotation [43—46], chiral ro-
tation [47—49], and the nuclear rod shape [50]. It is worth
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mentioning that for the famous chiral and magnetic rota-
tion, the PRM has also achieved great success for the de-
scription of chiral doublet bands [51—54] and shear bands
[55].

For most antimagnetic rotational nuclei, only one
AMR band has been observed in a single nucleus. Is it
possible for more than one antimagnetic rotational band
to exist in a single nucleus, that is, multiple antimagnetic
rotational bands? Such possibilities of multiple antimag-
netic rotational band was recently demonstrated in cd
[8]. Therefore, it is interesting to explore more examples
of multiple AMR and examine their two-shears-like
manifestations in other nuclei. For this purpose, the
neighboring isotone 'Pd and isotope '”Cd seem to be
good candidates and are discussed here within the classic-
al PRM.

II. CLASSICAL PARTICLE-ROTOR MODEL

To describe the interplay between the motion of
particles and the collective rotation, Bohr and Mottelson
[56] proposed to consider only a few valence particles,
which move more or less independently in the deformed
well of the core, and to couple them to a collective rotor
that represents the remaining particles. This is the fam-
ous PRM, where one generally divides the Hamiltonian
into two parts: a phenomenological part Hcoy, which de-
scribes the inert core, and an intrinsic part Hi,,, which
microscopically describes a valence particle or a whole
subgroup of particles near the Fermi level [57]. As a
quantum-mechanical model, the PRM has been success-
fully applied to investigate nuclear rotation [58—62]

Recently, numerical calculations within the frame-
work of a geometric model were devised to study the
competition between the shears mechanism and core rota-
tion [10, 11, 27, 30, 63]. In this model, high-j neutrons
and high-j proton holes are represented by classical angu-
lar momentum vectors (blades). The total energy is ex-
pressed as the sum of the rotational energy of the core
and an effective interaction of the form V,P,(#) between
the blades (see Eq. (1a)), which is similar to the Hamilto-
nian of the PRM, and the total energy is solved in the
classical limit by the requirement that, at each spin, the
shears angle minimizes the energy. Hence, the geometric
model mentioned above is also known as the classical
PRM by Macchiavelli and Clark [30, 63].

The classical PRM, initially developed by Mac-
chiavelli et al. for magnetic rotation [30, 64], was exten-
ded by Sugawara and Roy et al. for AMR bands [10, 11,
27]. During the last two decades, the characteristic prop-
erties of AMR bands have been reasonably described
with the help of the classical PRM in many nuclei, such

S 105,106,107,1 8,109,110,111Cd [8_11], 100,101,104Pd [3’ 15’ 16],
and ""Xe [28]. In this study, we address the AMR char-
acter of the positive-parity band in '%Pd within the frame-

work of the classical PRM. In this model, the energy E(/)
is given by

2

R
E) =55 " VoP>(6)

(T —jx —jv)? . Ve [3cos26—1
T29 2 2

N Vv (30052(—6) -1 ) Vier (3005229 - 3)
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M

In Eq. (1b), the first term represents the rotational contri-
bution, and the rest of the terms are the shear contribu-
tions. The second and third terms represent the repulsive
interaction between the neutron particles and proton
holes. The fourth term signifies the proton-proton (hole-
hole) attractive interaction. j, and j, represent the angu-
lar momentum vectors of protons and neutrons, respect-
ively, and V,, and V,, are the interaction strengths. There
is a scaling factor 'n' determined by the actual number of
particle-hole pairs for a single-particle configuration. The
angular momentum generated by the interplay between
collective rotation and AMR can be calculated by minim-
izing the excitation energy as a function of shear angle,
that is, dE(1)/d6=0

1.58V,co80 63V, c0s20cos6
J nj

I=aj+2jcosO+

. (@

or
I=1I4+Jwg, 3)

where j=j;, a=j,/jz, L is the sum of the first two
terms of Eq. (2). Jws, represents the interplay between
the shears mechanism and collective rotation and is rep-
resented by the last two terms of Eq. (2). The parameter
wgy represents the frequency associated with the shears

mechanism, which can be computed through
(dEg,/d0)/(dI,/d6), and is given by
1.5V,,cos80 6V, ,cos26cosf
Wsh = A - . . (4)

J nj

It must be noted that the magnitude of J determines
the extent of the interplay involved in generating the an-
gular momentum in this model. The value of J can be es-
timated from the equation

_ Imax

i:‘w|(0=0°) = Inax sh » 5)

where Iy.x 1S the highest observed angular momentum
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state, I3 is generated through AMR due to complete
alignment of the proton holes (6 = 0°), and

1.5V,, 6Vir
Wshlo=0- = ( - )— (—) (6)
J nj

In case of an AMR-plus-rotation model, the rotation-
al frequency w is given by

W = Wrot — Wsh, (7

1 . .
where wyor = == (21 + 1) is the core rotational frequency,

and J, is the core moment of inertia, whose value can
be estimated from the slope of the I(w) plot of the
ground-state band (before neutron alignment). The de-
tails of this classical model are given in Refs. [10, 11].
Thus, all the parameters of the present model can be fixed
either from experimental data or the systematics of the
mass region.

III. DISCUSSION

In a previous study, multiple AMR was proposed for
the first time in a pair of signature partner bands 5 and 6
of '’Cd with the configuration n(g§f2)®v(g7/2h%1 1) [8]. In
the present study, we find that similar structures labeled
bands 1 and 2 are also observed in the neighboring iso-
tone 'Pd. To further study the characteristics of the
bands in IOSPd, a I(w) plot of bands 1 and 2 in '%pq is
shown in Fig. 1(a) and compared with bands 5 and 6 in
'cd [8], which are interpreted as a pair of antimagnetic
rotational bands. In Fig. 1(a), bands 1 and 2 of '%Pd ex-
hibit sharp backbends with an increase in aligned angular
momentum of approximately 8% at frequency hw ~ 0.4
MeV. The backbends are due to the alignment of two
neutrons in the hy;;, orbital, which is the lowest band
crossing in this mass region. Furthermore, note that bands
1 and 2 of '”’Pd and bands 5 and 6 of ""’Cd exhibit simil-
ar behavior, including the frequencies of the observed
alignments and the corresponding increases in spin,
which indicates that the bands of '"Pd are likely built on
the similar intrinsic configuration ﬂ(g§f2)® v(g7 /Zh?l )

In Fig. 1(b), the B(E2) values of bands 1 and 2 in
'%Pd taken from Ref. [65] are comPared with the corres-
ponding data for bands 5 and 6 in "Cd. It is easy to see
that the B(E2) values exhibit similar behaviors in bands 1
and 2 of '”Pd as well as bands 5 and 6 of 107Cd, which
show decreasing B(E2) values with increasing spin.
These properties agree well with the experimental charac-
teristics of AMR. Indeed, bands 5 and 6 in "Cd have
been suggested to be antimagnetic rotational bands.
Hence, both bands 1 and 2 of '”Pd may have a common
origin from AMR.
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Fig. 1. (color online) Comparison of the spin angular mo-

mentum (a) and B(E2) values (b) for bands 1 and 2 of 5Pd
and bands 5 and 6 of '97Cd [8].

To further investigate the corresponding rotation
mechanism of the positive-parity bands 1 and 2 in '%pd,
the classical PRM is performed. In calculations, the cor-
responding single particle configuration for bands 1 and 2
of 'Pd is n(g;f2)®v(g7/2hfl ;»)- This configuration has
twelve proton-neutron combinations (#n=12), and the in-
teraction strengths V;, and V,, for both bands are expec-
ted to be 1.2 and 0.15 MeV, respectively, based on the
systematic study of AMR bands in the 4 ~ 110 mass re-
gion 3, 11, 16].

In Fig. 2(a), the experimental angular momentum as
functions of frequency for bands 1 and 2 are compared
with the classical PRM calculations for the proposed con-
figuration. As shown in Fig. 2(a), the calculations are in
general agreement with the trend of the experimental an-
gular momentum of bands 1 and 2, supporting the config-
uration assignment of the bands.

Typical characteristics of AMR include weak E2
transitions, reflecting the small deformation of the core,
and a decreasing tendency of the reduced transition prob-
ability B(E2) values with increasing spin, which results in
large ratios of the dynamic moments of inertia 3 to the
B(E2) values. Within the classical model description of
the twin-shears mechanism for AMR, the B(E2) values
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Fig. 2. (color online) Comparison of the measured / vs @ (a)

and B(E2) vs I (b) for bands 1 and 2 of ' Pd. The red line rep-
resents the values calculated using the classical particle-rotor
model. Values of j,= 6h, 3 =13.91 i’MeV~!, and J,,; = 18
7?MeV ! have been used for both bands 1 and 2. The j, val-
ues of band 1 and 2 are 13.5% and 12.5#, respectively.

can be written as
15 2. 4
B(E2) = —(eQefr)“sin”6. 8)
32

The B(E2) values have been calculated using Eq. (8) for
eQe.r = 1.3 eb [16], where 0 and the total angular mo-
mentum are related by Eq. (2). The calculated B(E2) val-
ues are shown by the red lines in Fig. 2(b). It is interest-
ing to note that the calculated B(E2) values of both bands
1 and 2 in '"Pd exhibit a monotonically decreasing beha-
viour with increasing angular momentum, which agrees
well with the experimentally obtained values taken from
Ref. [65]. Moreover, the values of J?/B(E2) are also
calculated, and it is found that the values are substantial
(>100 theV'l(eb)'2). These results are consistent with
the characteristics of AMR.

It is worth noting that the shears angle (6) is the only
variable in the present model, and every angular mo-
mentum state corresponds to a unique &, which is determ-
ined from Eq. (2). To examine the two-shears-like mech-

anism for the candidate AMR bands in '“Pd, a pictorial
representation of the generation of the angular mo-
mentum by the closing of the twin-shears structure over
the observed spin range in 'Pd is shown in Fig. 3. For
the signature partner bands 1 and 2 of ' °Pd with the ﬂ(ggj‘z)@)
v(gmhf1 /2) configuration, the angular momentum vec-
tors j, are almost perpendicular to j, at the bandhead.
Together with the valence particle angular momentum
vectors j,, they form the blades of the two shears. With
increasing rotational frequency, the gradual alignment of
the proton hole angular momentum vectors toward the
particle vectors generates a higher angular momentum.
Because the direction of Iy, remains unchanged, the two
shears simultaneously close by moving one blade toward
theI Ocs)ther. In such a way, the two-shears-like mechanism
in Pd is clearly demonstrated in Fig. 3.

Furthermore, positive-parity signature partner bands
with the same neutron configuration have also been found
in neighboring 'Pd and '”Cd nuclei [66, 67]. As shown
in Figs. 4(a) and (b), the I(w) plot for the positive-parity
signature partner bands of '“pd and 'Cd is calculated
using the classical PRM and compared with the experi-
mental angular momentum. The calculated values are
plotted as red lines in Figs. 4(a) and (b) for V,, = 1.2
MeV and V., = 0.15 MeV. It is evident from the figures
that the calculations are in general agreement with the
trend of experimental angular momentum for the signa-
ture partner bands, which further supports the previous
configuration assignment.

The calculated B(E2) values and 3@/B(E2) ratios are
also shown as functions of the rotational frequency in the
present calculations for the assigned configurations in

20 T I T I T I T T I T I T I T
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Fig. 3. (color online) Angular momentum vectors of the
two-shears-like orbits, I, contributed from four proton holes
g;;‘z and neutron particles g7/2h%, ,, for candidate AMR bands
in 105Pd calculated with the classical model.
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103

Fig. 4. The value of eQ.g is taken as 1.3 eb for Pd [16]
and 1.1 eb for 'Cd [11]. As shown in Figs. 4(c) and (d),
the B(E2) values exhibit smooth decreasing tendencies
with increasing rotational frequency in the calculations
for all bands. However, in Figs. 4(e) and (f), the calcu-
lated 5@/B(E2) ratios (>100 #*MeV ' (eb)”) are signific-
antly higher than the values for the well deformed band
[9]. As mentioned above, the features of the positive-par-
ity band in '%pd and '”Cd are generally consistent with

the fingerprints of AMR. Indeed, similar to '®Pd, the
two-shears-like mechanism in '“Pd and 'Cd is clearly
demonstrated in Fig. 5.

IV. SUMMARY

In this paper, the candidate multiple antimagnetic ro-
tational bands in '"'”Pd and '”Cd are discussed using

the classical PRM. For '“Pd, the configuration of the sig-
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Fig. 4. (color online) Observed I(w) plots [(a), (b)], plot of spin vs B(E2) [(c), (d)], and plot of spin vs I®/B(E2) [(e), ()] for ~ Pd

109

and Cd. The red line in (a), (b), (c), and (d) represents numerical values obtained from the classical particle-rotor model. For band 2

103

in Pd, j, =6n and j, = 12.5#, and for band 3, j, = 13.5x. For
Cd, 9 = 11.26 ®®MeV™". The I, value is 18 ”MeV" for

The value of ¥ = 13.91 ©MeV'' is used for 1°3Pd, and for '

109

Cd, j =4.5n and j, = 13.5% in band 3, and j, = 12.5% in band 4.

103

Pd and 13

©MeV for '”Cd.
20 T I T I T I T T I T I T I T 20 T I T I T I T I T I T T I T I T I T I T I T
103pd Band 2 103pd Band 3 109Cd Band 3 199Cd Band 4
| — 024 MeV T — 034 MeV ] [ — 039 MeV T — 029MeV
— 032 MoV — o0aimev A Ly —oa8mev [, — 038 MeV
15 |— 039Mev ) I, - 048 MV | 15 = 0s7Mev | —oaemev T,
“% i 1 4 | ‘% . b 1
.5 A iy \Y .5 \Y A iy
= 10 |- - - = 10 —+
=] =)
S 2
S - - 18 - T
E z
5 - -+ - 5 - -+
E i Lo, i L n R I in
0 Ll —1 . <l e 0 Lod T e e
-8 4 0 4 8 -4 0 4 8 6 -4 2 0 2 4 6 4 2 0 2 4

Fig. 5. (color online) Pictorial representation of the symmetric shears structure in '%pd and
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ated by the gradual decrease in the shears angle.
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nature partner bands is assigned to ﬂ(gg/“2)®v(g7/2hfl )
and the calculated results of the I(w) plot further support
this assignment. The calculated B(E2) values show good
agreement with the experimentally determined B(E2) val-
ues, supporting the AMR characteristics of the signature
partner bands in 'Ppd. Furthermore, the present calcula-
tions for the '"Pd and 'Cd nuclei predict a negative

slope for the B(E2) values with increasing spin and a
large 9@ /B(E2) ratio (>100 #*MeV' (eb)”). These char-
acteristics are consistent with the fingerprints of AMR,
which suggests that the signature partner bands in '%pd
and '”Cd may also be candidates for AMR bands.
However, to further confirm this suggestion, experiment-
al results of the absolute B(E2) transition probabilities
based on lifetime measurements are desirable.
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