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Level structures of !'Ag were studied by in-beam y-ray spectroscopic techniques using the "Li+ ''°Pd
reaction at a beam energy of 46 MeV. Two new positive-parity rotational bands were observed, and were assigned
to the mgy;» ® vds;», and mgy» ® vds) configurations based on the particle-rotor model and geometrical
model calculations. Furthermore, the systematic studies of the B(M1)/B(E2) ratios and signature splitting
for the positive-parity 7 go/» ® vg7,2 bands in odd-odd nuclei '%'%!"9A¢ and positive-parity 7 gy, bands in
odd-A nuclei %1971 Ag were performed, and it was found that these bands systematically show enhanced
B(M1)/B(E?2) ratios at the band crossing regions and different behaviors of signature splitting before and after
the backbends. In addition, the signature inversion is also observed in odd-odd and odd-A silver isotopes.
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I. INTRODUCTION

Nuclei in the A ~ 110 mass region with Z =~ 50 have
been the focus of many experimental and theoretical in-
vestigations over the past decades. In this region, a lot of
interesting nuclear structure phenomena have been observed,
such as magnetic rotation [1], antimagnetic rotation [2], chi-
rality [3,4], etc. Magnetic rotation is a novel nuclear rotation
occurring in weakly deformed or nearly spherical nuclei.
Magnetic rotational bands observed experimentally are char-
acterized by the strong M1 and very weak E2 transitions
[5-7]. The explanation of such bands was given in terms
of the shears mechanism by Frauendorf [8]. Most of the
magnetic rotational bands have been already studied in Ag
[9-16], Cd [1,17-22], and In [23-30] isotopes in the A =~
110 mass region. Antimagnetic rotation is an exotic subject
and can be explained by the two-shears-like mechanism [6].
The phenomenon of antimagnetic rotation is characterized by
weak E2 transitions and decreasing the B(E?2) values with in-
creasing spin [6]. Experimentally, the antimagnetic rotational
bands in this region have mainly been reported in Pd [31-36],
Cd [2,37-42], and In [24,29,43,44] isotopes. Chirality is a
well-known phenomenon attracting significant attention and
intensive discussion in atomic nuclei. In 1997, Frauendorf
and Meng pointed out that chirality may occur in the rotating
triaxial nucleus [3]. Many chiral doublet bands have been
observed in the Ru [45,46], Rh [4,47-51] and Ag [11,52—
55] isotopes in the A ~ 110 mass region. Among them, the
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chiral doublet bands in ' Ag [53] and '"°Ag [55] are based on
the four-quasiparticle g9/ ® vhy; /2(g7/2/d5/2)2 configura-
tion, differing from the wg9/» ® VA1, configuration in 104RK
[4], '9Rh [51], and '**Ag [11]. In addition, the previous stud-
ies of ""Ag are mainly focused on the negative-parity bands
[56,57], and the positive-parity structures are comparatively
scarce [16,55]. Therefore, it is also necessary to search for
new positive-parity structures in the ''° Ag nucleus. Moreover,
systematic studies in silver isotopes are also discussed in the
present work.

II. EXPERIMENTAL DETAILS

The excited states of ''Ag were populated by the
"Li+ "Pd reaction. "Li was used to be a beam of this experi-
ment and accelerated to an energy of 46 MeV using the HI-13
tandem accelerator, which is located at China Institute of
Atomic Energy (CIAE). The target of this reaction consisted
of 2.2 mg/cm? thick isotopically enriched ''°Pd metallic foil
which is supported by 1.6 mg/cm? of Au. For the "Li + '1°Pd
system, the main residual nuclei for the complete fusion are
21n and '"PIn. "Li is a weakly bound nucleus, therefore
incomplete fusion can occur in this reaction [58-61]. 7Li can
break into >H and “He during the reaction, in which the main
residual nuclei for the incomplete fusion of the *He fragment
are '''Cd(3n) and '"2Cd(2n), and for the *H fragment they are
19 Ag(4n) and '"°Ag(3n). In the present experiment, the most
dominant reaction mechanism producing ''°Ag is from the in-
complete fusion reaction. A total of approximately 1.7 x 108
y-y events were accumulated by nine Compton-suppressed
high-purity germanium (HPGe) detectors, two planar-type
HPGe detectors, and one clover detector. In the array, these
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FIG. 1. Partial level scheme of '°Ag deduced from the present work. Transition energies are given in keV and their measured relative
intensities are proportional to the widths of the arrows. New transitions and levels are marked as red. The lifetime for the 67 isomer in band 1

is taken from the previous work [63].

detectors were arranged at forward (40°), 90°, and backward
(140°) directions with respect to the beam direction. In the
offline analysis, energy and efficiency calibrations of these
detectors were carried out by using '**Ba and '’Eu as the
standard sources. In order to extract the coincidence relation-
ships with y rays and the multipolarities of the transitions, the
data were sorted into a fully symmetrized y-y coincidence
matrix and an asymmetric directional correlation ratios of
oriented states (DCO) matrix [62]. The two asymmetric DCO
matrices were created by sorting the detectors at £40° on one
axis and the other axis corresponding to the 90° detectors. In
the present geometry, the DCO ratios which were extracted
from pure dipole and quadrupole transitions were found to
be about 0.6(1.0) and 1.0(1.7), respectively, by gating on the
stretched quadrupole (dipole) transitions. The present work is
from the same data set as that in Ref. [55].

III. RESULTS

The partial level scheme of !'°Ag deduced from the current
work and typical gated y-ray coincidence spectra are shown

in Figs. 1 and 2, respectively. Nearly 30 new transitions are
added to the level scheme of ''°Ag. As shown in Fig. 1, band
1 has been reported in the previous work [16,55] and two
new rotational bands labeled 2 and 3 were observed in the
current work. The y-ray energies, relative intensities, DCO
ratios and spin-parity assignments are listed in Table. I. The
relevant details of the level scheme will be described below.

The positive-parity band 1 of '""Ag was reported in the
previous work [16]. Subsequently, this band was further con-
firmed by Ma [55]. Band 2 is a newly observed rotational
band built on the previously known [* = 2% state [64], and
decays to the ground state I* = 17 via two linking transitions
with energies of 199 and 304 keV [65]. Figure 2(a) shows
the spectrum gated by the 106 keV y transition. Multipolarity
analysis indicates that 273, 388, 516, and 618 keV intraband
transitions are of Al = 2 character, and 167, 222, and 294 keV
transitions are of Al = 1 character. Thus, band 2 is suggested
as a positive-parity band, and the spin and parity of this band
are pushed up to I™ = (7).

Band 3, consisting of eight magnetic dipole (M1) tran-
sitions and eight electric quadruple (E2) transitions, was
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FIG. 2. y-ray coincidence spectra with gates set on the (a) 106
keV and (b) 118 keV transitions. The newly identified y rays are
marked with asterisks.

observed for the first time. It is built on the previously known
positive I™ = 37 level [65] and extended up to the I = (121)
state in the current work. Multipolarity analysis indicates that
the 112, 235, 183, 448, and 504 keV intraband transitions are
of AI =1 character and the 180, 188, 302, 419, 631, 726,
and 868 keV intraband transitions are of Al = 2 character.
The observations of the new E2 crossover transitions can
confirm the ordering of the dipole transitions of band 3 up to
the I” = (117) level. In addition, two new 291 and 329 keV
linking transitions between band 1 and band 3 were observed,
further supporting the excitation energies of band 3. A typical
spectrum generated from the gate on 118 keV transition is
shown in Fig. 2(b).

IV. DISCUSSION

Band 1 built on the I™ = 6% isomer was studied in
Refs. [16,55]. A similar structure in neighboring '®Ag nu-
cleus with the 7 g9/» ® vg7,2 configuration was also reported
in the previous study [66]. For comparison, the experimental
angular momentum (i,) as a function of frequency for band
1 in ""9Ag and that of band 2 in '®®Ag is plotted in Fig. 3(a).
It is clear from Fig. 3(a) that the two bands show similar be-
haviors, including the frequencies of the observed alignment
(hw ~ 0.3 MeV) and large alignment gain of ~87. As is well

TABLE I. Energies, intensities, and DCO ratios, initial and final
state spins, and multipolarities for transitions assigned to '°Ag in
the present experiment. The data for band 1 obtained from the same
experiment were already reported in Ref. [55].

l’jya (keV) be RDCOC RDCOd ]iﬂ—l}r Multipolarity
Band 2

105.9 154) 0.73) 0.9(2) (3*t) — 2* M1
166.7 10(3) 0.83) 47— (3N (M1/E2)
221.6 8(3) 0.73) (37— @) (M1/E2)
272.6 4(2) 1.7(9) 4+) — 2% (E2)
294.1 4(2) 0.8(4) (67)— (5T) (M1/E2)
388.2 3(2) 1.59) () — 3hH (E2)
515.7 4(2) 1.8(8) (61)— (4M) (E2)
618.2 4(3) 1.6(7) (7Y — (5% (E2)
Band 3

67.3 4(2) 67) = (5%) (M1/E2)
75.3 5(2) 4t) — 3% (M1/E2)
112.2 23(5) 0.5(1) 1.12) (3" — @4h) (M1/E2)
179.6 19(5) 0.8(2) (67) — (41) (E2)
183.3 4(2) 0955 @7 — (7M) (M1/E2)
187.7 12(3) 1.6(5) (5%) - 3* (E2)
235.2 8(3) 1.2(4) (") — (6M) (M1/E2)
278.4 <2 (10") — (9%) (M1/E2)
302.4 5(2) 1.58) (7)) — (5% (E2)
418.8 12(4) 1.8(66) (8Y)— (6M) (E2)
447.6 4(2) 0.84) (97 — (8" (M1/E2)
504.2 3(2) 0.6(3) (11*) — (107) (M1/E2)
630.8 4(2) 1.59) 9" — (7H) (E2)
725.6 8(3) 093) 1.7(6) (10M)— (8") (E2)
782.9 <2 (117) — (9) (E2)
868.2 42)  0.8(4) (127) — (10™) (E2)
Linking transitions

73.1 6(2) 3t —» 3+ M1
117.5 34(6) 0.5(1) 1.1(2) 3t 2~ E1l
148.5 <2 “4t) - 3* (M1/E2)
1914 4(2) 1.6(8) 3t 1t (E2)
198.5 24(6) 0.9(2) 2t — 1t M1
291.3 3(2)  0.9(5) (7t) = 7* (M1/E2)
304.2 3(2) 1.8(9) B — 17 (E2)
329.3 53) 094) (67) — 67 (M1/E2)

2The energy uncertainty is about 0.2 keV for strong transitions and
about 0.5 keV for weak transitions.

"Intensities are corrected for detector efficiency and normalized to
100 for the same 191.5 keV transition as in Ref. [55], but the
191.5 keV transition is not shown in Fig. 1.

°DCO ratios from a gate on the quadrupole transition.

4DCO ratios from a gate on the dipole transition.

known, the sharp backbends come from an aligned pair of
hi12 neutrons in the the A &~ 110 mass region [67]. It indicates
that band 1 of '’Ag also has the same configuration as that
of band 2 in 108Ag [66], where band 2 has been assigned
to the mg9/» ® vg7/2 configuration. Hence, the configuration
for band 1 in ''’Ag is tentatively suggested as 7 go/» ® vg7)2
configuration before the backbend, and g/, ® vg7/2h%1 P
after the backbend. Additionally, the configuration assignment
for band 1 of ""Ag is also supported by the fact that the
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FIG. 3. (a) Aligned angular momenta as a function of rotational
frequency for band 1 in '’ Ag and the similar band 2 in ' Ag. (b) The
experimental and predicted B(M1)/B(E2) ratios as a function of spin
for bands 1 and 2 in '"®Ag [55]. The inset presents the partial level
scheme of band 2 in ''’Ag and the similar structure in ' Ag. Harris
parameters are Jy = 3.6 MeV~'/i? and J; = 29.8 MeV */i* for ' Ag
and '"°Ag.

predicted B(M1)/B(E?2) ratios of the geometrical model [68]
are in good agreement with the experimental values before
and after the band crossing, as shown in Fig. 3(b).

Band 2 is a new band and the spin is up to I = (7%) in the
present work. Considering the Fermi surface for both protons
and neutrons of ''°Ag, it is evident that only the go /2 Nilsson
orbital lies near the Fermi surface for the proton, while near
the neutron Fermi surface the Nilsson orbitals are the g7,2,
dssa, d3jn, and hyyyp orbitals in this mass region. The gg/»
proton and %11, neutron can only make up the negative-parity
band. g7/» and ds,, are the candidates for the neutron orbitals
of band 2, forming the positive parity and the initial 27" state.
However, the g7/, orbital is occupied by band 1. Thus, band
2 is tentatively assigned as the 7 g9/» ® vds/» configuration.
Indeed, a similar structure has also been observed in neigh-
boring % Ag nucleus [69]. For comparison, the partial level
scheme of band 2 in ''’Ag and that of the similar structure in
108Ag are shown in the inset of Fig. 3(b). One can see from
the inset of Fig. 3(b) that the decay pattern and the excitation
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FIG. 4. (a) The experimental excitation energies E(I) and
(b) B(IM1)/B(E?2) for bands 1 and 2 in ”°Ag in comparison with
the calculated results by the PRM. The m g9/, ® vgy/» (for band 1)
and 7 g9/, ® vds, (for band 2) configurations with the deformation
parameters (8, y) = (0.2, 46.8°) were adopted in the calculations.

energies of two structures are very similar. It indicates that
two such nuclei may have a common origin, and the structure
in '%Ag has previously been proposed as 7 gy» ® vds > con-
figuration. Hence, it is probable that band 2 of ''’Ag has the
same configuration as that in ' Ag. As shown in Fig. 3(b), the
predicted B(M1)/B(E2) ratios of the 7 gg/» ® vds/, configu-
ration generally agree with the experimental values in band 2,
providing extra evidence for the configuration assignment for
band 2 in '°Ag.

To further investigate the features for bands 1 and 2, calcu-
lations based on the particle-rotor model (PRM) [70-73] were
performed. In the present work, E(I) and B(M1)/B(E2) cal-
culated by the PRM for bands 1 and 2 with the wg9/» ® vg7/2
and 7 g9/» ® vds/, configurations are presented in Figs. 4(a)
and 4(b), in comparison with the experimental data. In
Fig. 4(a), the calculated E (/) for bands 1 and 2 reproduce the
variation trend of excitation energies observed experimentally.
The deviation between the predicted B(M1)/B(E2) ratios and
the experiment in Fig. 4(b) might be attributed to the fact that
the present PRM does not consider the mixture of configu-
rations [74,75], i.e., the mixture of ds;, and g7/, orbitals is
neglected in the PRM calculations.

Positive-parity band 3 is reported for the first time in the
present study. Previously, the positive-parity g7, and ds;»
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FIG. 5. (a) The comparison of the excitation energies E (/) of
band 3 in '°Ag, the similar structure in '®®Ag [66,76,77], and the
calculated results by the PRM as a function of spin. (b) The compari-
son of the experimental B(M1)/B(E?2) for band 3 in comparison with
the calculated results by the PRM. The w gy,» ® vd3/, configuration
(for band 3) with the deformation parameters (8, y) = (0.2, 42.5°)
were adopted in the calculations. The inset presents a comparison of
the experimental alignment for band 3 in '’ Ag and the similar struc-
ture in '®® Ag as a function of rotational frequency. Harris parameters
are Jo = 3.6 MeV ™A%, J; = 29.8 MeV*/i* for '®®Ag and ''°Ag.

orbitals have been assigned to bands 1 and 2, respectively.
Thus, band 3 is tentatively adopted as the mwgo,» ® vds
configuration. Moreover, a similar structure has also been
observed in neighboring '®Ag [76,77]. For comparison, the
excitation energies of band 3 in !'"°Ag and those of similar
structure in ' Ag are extracted and presented in Fig. 5(a). It
can be seen that the trend and amplitude of the energy sepa-
ration between the same spins are close in 'Ag and ''°Ag.
Besides, (i) for these two structures is plotted in the inset in
Fig. 5(a). As seen in the inset, the pattern of (i,) for the two
structures is similar. The similarity of the alignments of '®Ag
and ""9Ag provides additional support for the 8o/ ® vd3 o
configuration assignment of band 3 in ''’Ag. In addition,
the calculated E(I) and B(M1)/B(E?2) ratios are presented in
Figs. 5(a) and 5(b) in comparison with the experimental data
of band 3 in ''°Ag. As illustrated in Fig. 5(a), the experimental
E(I) is reproduced by the present PRM calculation. And the
magnitude of the calculated B(M'1)/B(E?2) ratios in Fig. 5(b)
is generally in agreement with the experimental data.

' ' ' T ' T

—— %Ag
i —o—"Ag 7
12 +109Ag _

o0
I

FIG. 6. Experimental alignment plots for the bands with the
T gos2 ® Vg7 configuration in 106.108.110 A o [55,66,78] and the bands
built on the 7 g9/» configuration in '9%'97:19 A ¢ [52,79,80]. Harris pa-
rameters are Jy = 3.6 MeV ™%, J; = 29.8 MeV > i* for 1901081107 ¢
and Jy = 7 MeV ™', J; = 9 MeV3h* for 10510710970,

Furthermore,
7892 @ vg7,2 configuration in odd-odd nuclei
[55,66,78] and those with 7 g9/> configuration in odd-A nuclei
105.107.109 A [52.79,80] are also discussed in the present work.
The experimental alignment of these bands is plotted in Fig. 6.
As shown in Fig. 6, all of these bands exhibit sharp backbends
with large alignment gain of &8/ occurring at a frequency of
about 0.3 MeV. The large gain in aligned angular momentum
is associated with the alignment of the 411/, neutrons, which
is consistent with the predicted quasineutron alignment [67].
Meanwhile, the experimental B(M1)/B(E?2) ratios of these
bands have been plotted in Fig. 7, where the B(M1)/B(E2)
ratios suddenly increase a lot near I” = 13% in odd-odd nuclei
106.108.110A g and ™ = 25/2% in odd-A nuclei '107109A¢
Coincidentally, the backbends of these bands, which are at-
tributed to the two aligned /1,2 neutrons in the A ~ 110 mass
region [81], also occur near I” = 13" and I = 25/2% in odd-
odd and odd-A Ag isotopes. Hence, it is speculated that the
suddenly enhanced B(M1)/B(E?2) ratios may be related to the
pair of aligned %1/, neutrons. In 1A g, this phenomenon is
interpreted to be due to a change in the rotational axis [80]. It

systematic studies of the bands with
106,108,110 A o
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FIG. 7. The experimental B(M1)/B(E?2) ratios as a function of
spin for the bands built on the 7 g9, ® vg7,, configuration in
106.108.110 A o [55 66,78] and the bands built on the 7 g, configuration
in 19319719 A g [52,79,80].

is conjectured that these systematic features observed in other
nuclei are also likely to be attributable to this explanation.

Moreover, it is to be noted from Fig. 1 that band 1 in
10 Ag before backbend (below I™ = 127 level) shows strong
E?2 transitions between the favored spin states, whereas band
1 after backbend (above I™ = 13" level) consists of strong
M1 and weak E?2 transitions. This observation indicates that
these two structures before and after backbend are dissimilar
in nature. Interestingly, this phenomenon is also observed sys-
tematically in its other neighboring odd-odd nuclei %1% Ag
[66,78] and odd-A nuclei 919719 Ag [52,79,80]. For the
nuclei mentioned above, it is inferred that the corresponding
bands before backbend may originate from electric rotation,
while the bands after backbend might result from magnetic
rotation. Indeed, the bands after backbend have been sug-
gested as the magnetic rotational bands in 106107109110 A4
[55,78-80]. Meanwhile, the observed S(/) for the bands be-
fore the backbend shows a clear signature splitting that is the
character of the electric rotation, as shown in Fig. 8. After
the backbend, the curves of S(/) become smooth, which is a
feature of the magnetic rotation [8]. Hence, we speculate that a
transition from electric rotation to magnetic rotation probably
occurs in the odd-odd nuclei '°¢1%119Ag and odd-A nuclei
105,107,109 o o

It is worth mentioning that the very similar observations
of a significant reduction in staggering after a crossing were
also found in the A ~ 150 mass region [82], where the sudden
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FIG. 8. The energy staggering parameter S(I) = E(l) — E(I —
D—[Ed+1)—E(I)+E(I—-1)—E{I —2)]/2 as a function of
spin for the bands built on the g9, ® vg7,, configuration in
10610811040 and the bands built on the wgyn configuration in
105.107.19 Ao - Solid and open circles correspond to favored and un-
favored signatures, respectively.

reduction of energy staggering is interpreted to be due to
changing shapes before and after the crossing [82]. In odd-odd
nuclei 19-198119A¢ and odd-A nuclei %1971 Ag the high-
Q 1 g9y orbital drives the nuclei towards oblate deformation,
while the first crossing results from the high-j, low- vhy/»
neutrons driving the nuclei towards prolate deformation. The
delicate interplay of the high-Q m g9/, and low-Q vhy, or-
bitals would influence the overall shape of the nucleus and
result in y softness. Hence, we infer that the systematic energy
staggering behavior before and after the crossing observed in
Ag isotopes is also likely to be related to a change in nuclear
shape.

In addition, the signature inversion [83] is also observed in
the odd-odd nuclei %6191 A ¢ and odd-A nuclei %1071 Ag
as seen in Fig. 8, where the spin inversion is near I” = 29/2%
in the odd-A nuclei 9519719 A0  while the odd-odd nuclei
106.108.110 A g jt seem to show an increasing trend for spin in-
version with increasing neutron number. This variation trend
is similar to that of the why;2 ® vhj1/, bands in the A ~ 130
mass region [84,85].

V. SUMMARY

Excited states of the ''°Ag nucleus were populated by the
"Li+ "9Pd reaction. Compared with the previous work, the
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level scheme of ''Ag was extended and two positive-parity
rotational bands with the addition of 26 new y rays and
13 new levels were observed. These two new bands were
assigned to the wg9/» ® vds;» and w g9y ® vds/, configura-
tions based on the PRM and geometrical model calculations.
Furthermore, the systematic studies of the B(M'1)/B(E2) ra-
tios and signature splitting for the positive-parity g9, ®
vg7/2 bands in odd-odd nuclei 106.108.110 A ¢ and positive-parity
892 bands in odd-A nuclei 105,107,109 Ao were performed,
and the results show that the enhanced B(M1)/B(E?2) ratios
occur systematically at the band crossing regions and different
behaviors of signature splitting are found before and after the
backbends. These interesting phenomena are likely to result
from the evolution from electric rotation to magnetic rotation.

Besides, a change in nuclei shape may also result in the
occurrence of these phenomena.
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