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Exploring the Origin of Nearly Degenerate Doublet Bands in "Ag
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The lifetimes of the excited levels for the two nearly degenerate bands of '°°Ag have been measured
using the Doppler-shift attenuation method. The deduced B(E2) and B(M1) rates in the two bands are
found to be similar, except around the band crossing spin, while their moments of inertia are quite different.
This is a novel observation for a nearly degenerate doublet band.
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The effects of the shape of a finite fermion system on its
collective modes of excitations remain a subject of intense
research. This experimental evidence comes from different
fields of research. For example, an ultracold cloud of ~4 x
10° °Li atoms exhibits collective angular oscillation about a
principal axis of the elliptic trap when the angle of the trap
is suddenly rotated by ~5° [1]. Another piece of evidence is
the observation of strong dipole and quadrupole resonances
in ultrasmall two-dimensional systems comprised of ~20
electrons per quantum dot [2,3], where the system can be
described by an effective parabolic potential. However, the
most well studied system of this class is the deformed
atomic nucleus, which is a classic example of a quantum
rotor. The angular momentum (/) and the corresponding
energy (E) of the rotational levels are related as
E = AI(I + 1), where A can be expressed in terms of an
effective moment of inertia (J) defined by A = #%/2S. This
concept of an average deformed shape for a system of a
finite number of interacting nucleons is possible since the
motions of the nucleons in a nucleus are fast compared to
the rotational frequency. The systematic theoretical studies
based on the deformed mean field potential (Nilsson
potential) indicate that most of the deformed nuclei have
an axially symmetric shape. For these nuclei, the collective
rotation is possible only around an axis perpendicular to the
symmetry axis. This rotational symmetry implies that the
projection of the angular momentum on the symmetry axis
(designated as K) is a conserved quantum number.

The extent of the quadrupole deformation (f,) can be
estimated by measuring the electric quadrupole transition
rates B(E2, I — I — 2) in the rotational band. However, such
direct evidence for a generalized triaxial shape is not possible
since the two deformation parameters, namely, f, and the
extent of departure from the symmetric shape (y), cannot be
determined from a single experimental B(E2) value. It should
be noted that the triaxial shape breaks the rotational symmetry
since the rotation is possible along any of the three principal
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axes. Although there is no direct evidence of a stable triaxial
deformation in an atomic nucleus, there is a great deal of
indirect spectroscopic evidence, such as signature inversion at
high spins [4], a wobbling motion [5], and spin chirality [6].
In the case of spin chirality, the chiral symmetry is sponta-
neously broken in a triaxial nucleus due to the presence of
the three orthogonal angular momenta of valence protons,
valence neutrons, and the core [7]. The restoration of this
broken symmetry in the laboratory frame leads to a pair of
nearly degenerate rotational bands with the same parity. Thus,
a pair of bands can be experimentally identified as chiral
partners, provided that they exhibit nearly similar band
structures, moments of inertia (MOI), and, more importantly,
the transition probabilities [8]. Such situations have been best
realized in '?8Cs [9] and '*Nd [10] for the A ~ 130 region.
In recent years, a number of doublet bands have also been
reported in the A~ 100 [11-14] region, but their band
structures and MOI have been found to be different. In
addition, the transition rates have not been measured. Thus,
the origin of these bands of the A ~ 100 region could not be
established. In the present work, we report the first precise
measurement of transition rates in the doublet bands of '"°Ag.

In the previous work by Joshi et al. [12], it was proposed
that the main and partner bands could arise due to the
triaxial and the axially symmetric shapes, respectively,
which was the reason for the observation of different MOI
for the two bands. The origin of the shape transformation
for the partner band was attributed to the chiral vibrations
of the y-soft '°®Ag. In a recent publication [15], Ma et al..
have proposed that these bands in '“Ag may originate
due to the two different quasiparticle structures, namely,
7(g9/2)' @ v(hy1)2)" for the main band and 7(gy)' ®
v(hy1),)? for the partner band. Thus, the previous inves-
tigations [12,15] on the origin of the doublet bands of
106 Ag have indicated two contrasting possibilities, namely,
distinct shapes or distinct quasiparticle structures.
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In order to resolve this issue and to get an insight into the
origin of partner bands in the A ~ 100 region, the high-spin
states of °°Ag were populated through the *°Zr (N, 4n)
reaction using a 68 MeV N beam from the 14-UD Pelletron
at Tata Institute of Fundamental Research (TIFR). In this
reaction, '%Ag was populated with about 21% of the total
fusion evaporation cross section, as estimated from the
projection angular-momentum coupled evaporation calcu-
lations [16]. The 1 mg/cm? thick enriched *°Zr target had a
206ph backing of 9 mg/cm?, which facilitated the measure-
ment of the subpicosecond lifetimes for the high-spin levels
of the main and the partner bands by using the Doppler-shift
attenuation method. The y rays were detected by the Indian
National Gamma Array (INGA) [17], which consisted of 20
Compton suppressed clover detectors. The two- and higher-
fold coincidence data were recorded in the fast digital data
acquisition system based on Pixie-16 modules [18]. The
time-stamped data were sorted in a y-y-y cube and three
angle-dependent y-y matrices with a time window of 150 ns
using the multiparameter time-stamped based coincidence
search (MARCOS) program, developed at TIFR.

There were 3.2 x 10® events in the cube which were
analyzed using the RADWARE program LEVITSR [19] to
construct the level scheme of '%Ag and to determine the
relative intensities of the y rays which do not exhibit any line
shapes. The derived level structures for the doublet bands
were found to be consistent with the reported level scheme
[12]. The partner band was extended to /* = 21~ 7 through
the addition of a 767 keV Al = 1 transition. The crossover
E?2 transition of 1500 keV was also observed. However, the
interband transitions of 389 (15~ — 147) keV and 926
(16 —> 147) keV from the partner to the main band
reported in the previous work were not observed.

The band structures of the doublet have been depicted in
Fig. 1 through the E(I) plot. It is observed from the figure
that the moments of inertia of the two bands are quite
different and that they crossed diabatically around I = 144.
This crossing is a unique feature of '"°Ag among all the
doublet bands reported in the A ~ 100 [12] region.

The transition rates for the levels of the doublet bands of
106 Ag were deduced from the level lifetime measurements.
These subpicosecond lifetimes were measured using the
Doppler-shift attenuation method. The line shapes were
extracted from the angle-dependent y-y matrices, which
were constructed by placing the gamma energies detected
at a specific angle (40°, 90°, and 157°) along one axis while
the coincident y energy was placed on the other axis. The
number of entries were 2.8 x 108, 3.5 x 108, and 3.9 x 108
for the 40°, 90°, and 157° matrices, respectively. The line
shapes were observed in y-gated spectra for both E2
and M1 transitions above [” = 127# and 14~A for the
main and partner bands, respectively. The sum gate of 376
(100 > 97) keV and 343 (117 — 107) keV transitions
for the main band and 219 (127 — 117) keV and 270
(137 - 127) keV transitions for the partner band were
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FIG. 1 (color online). The observed E(I) plots for the doublet
bands of '®Ag. The energies are relative to the bandhead E,
taken to be the energy of the /7 = 10~ 7 level of the main band.
The solid line is a spline fit through the experimental data points.

used to extract the experimental line shapes in the respec-
tive bands. The relative intensities of these y rays were
obtained from the gated spectrum at 90°, which were
normalized with the intensities of the transitions of the
same multipolarity which have been estimated from the
cube. The B(M1)-B(E2) ratios obtained from the relative
intensities for the two bands matched with the previously
reported values [12] within +16.

The lifetimes were measured by fitting the experimental
line shapes at the forward and the backward angles
simultaneously with the theoretical line shapes derived
from the code LINESHAPE by Wells and Johnson [20]. The
code was used to generate the velocity profiles of the
recoiling nuclei at 40° and 157° with respect to the beam
direction using the Monte Carlo technique with a time step
of 0.001 ps for 5000 histories. The stopping power formula
with shell correction of Northcliffe and Schilling [21] was
used for calculating the energy loss of the recoiling 'Ag
nuclei in 2°°Pb backing. The detailed procedure for line-
shape fitting is described in Refs. [22,23].

For the main band, the effective lifetimes for the 18~
and 197 levels were found by fitting the line shapes for
1309 (197 - 177) keV and 1300 (18~ — 167) keV y
transitions by assuming a 100% sidefeed. The top feed
lifetime for the 17~ level was assumed to be the intensity
weighted average of the lifetimes for 18~ and 19~ levels
since this level was fed by both 674 (18~ — 177) keV
and 1309 keV y rays. The sidefeeding intensity at this level
was fixed to reproduce the observed intensity pattern at 90°
with respect to the beam direction. In this way, each
lower level was added one by one and fitted until all the
observed line shapes for 1206 (16~ — 147) keV, 1146
(157 > 137) keV, 1042 (14~ - 127) keV, and 979
(137 - 117) keV y rays were included into a global fit
where only the in-band and feeding lifetimes were allowed
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to vary. The uncertainties in the measured lifetimes were
derived from the behavior of y? in the vicinity of the
minimum for the simultaneous fit at the two angles. The
lifetime for the 12~ level was measured by fitting the line
shape of the 833 (127 — 107) keV y ray extracted from the
top gate of 490 keV. This was done to avoid the large feed
to this level from other nonyrast states. In this case, the
observed line shape was fitted by taking into account the
complete top cascade, but no sidefeeding at the 12~ level
was considered. In order to cross-check the consistency of
the level lifetime measurements from the top and bottom
gates in '%°Ag, the line shape of the 979 (13~ — 117) keV
transition was extracted from the 552 (14~ — 137) keV
gate and was fitted. The results from the top and bottom
gates were found to agree within +1o.

All these levels also decay by Al =1 transitions,
and their line shapes were fitted following the same
prescription, except for the 490 (137 — 127) keV and
489 (127 — 117) keV y rays since their line shapes over-
lapped. Thus, for most of the levels, the final values for the
lifetimes were determined from the average of the values
obtained from the independent fits to the two deexciting
transitions. The corresponding uncertainty on a level life-
time has been calculated as the average of the uncertainties
for the independent lifetime measurements for that level
added in quadrature. However, it should be noted that the
quoted errors do not include the systematic errors on the
stopping power values, which may be as large as 20%.

In an earlier work by Levon et al., the lifetimes of the
low-spin levels from 877# to 1374 of the main band of
106A ¢ were measured using the recoil-distance Doppler-
shift method [24]. The reported value of the lifetime for the
127 level was 0.32(11) ps, which has been the same as
obtained in the present work. However, the reported value
of 0.39(14) ps for the 13~ level was probably the effective
lifetime and thus did not match with the present work.

The same method of line-shape analysis was followed
for the levels of the partner band. The 14~ level lifetime was
extracted from the 326 keV Al =1 transition since the
corresponding line shape of the crossover E2 transition of
597 keV could be contaminated due to the presence of a
Ge(n, n'y) reaction. The intensity ratio of the interband to
the intraband A/ = 1 transition for the 14~ level of the
partner band was found to be 0.31(2). For the other levels
whose lifetimes have been measured, the intensities of the
interband A/ = 1 transitions could not be determined due
to inadequate statistics in the 90° matrix. Examples of the
line-shape fits in '"Ag are shown in Fig. 2.

In order to deduce the B(M1) rates from the measured
level lifetimes, it was essential to estimate the mixing ratios
(6) for the Al =1 transitions. For the present fusion
evaporation reaction, the width of the substate population
o/ ] was estimated to be 0.3 from the directional correlation
of oriented nuclei (DCO) ratios of electric dipole and
quadrupole transitions of ' Ag. The mixing ratio for the
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FIG. 2 (color online). Examples of the line-shape fits for the
1284 (197 —» 177) keV and 519 (17~ — 167) keV transitions at
40°, 90°, and 157° with respect to the beam direction. The
Doppler broadened line shapes are drawn in solid lines, while the
contaminant peaks are shown in dashed lines. The result of the fit
to the experimental data is shown in dash-dotted lines.

Al = 1 transitions were, then, estimated from the measured
DCO values using o/j = 0.3. These calculations were
performed using the program ANGCOR [25]. It could be
estimated that a 15% variation of the ¢/ value leads to a
10% systematic error on the mixing ratios. The values of
the mixing ratio, along with the level lifetime and the
branching ratio for each level of the main and partner
bands, have been tabulated in Table I. The uncertainties of
the mixing ratios have been estimated by considering the
extremum values of the uncertainties in the corresponding
DCO values. It was found that the value of the mixing ratio
doubles around the band crossing spin of / = 144. The
B(M1) and B(E2,1 — I —1) values of each level have
been extracted from the corresponding level lifetime,
branching, and mixing ratios. The uncertainties on the
deduced rates were calculated from the quadrature addition
of the individual uncertainties on the rates due to these three
factors. For the three levels of the main band, whose mixing
ratios were not estimated, the maximum possible value for
the B(M 1) rates corresponded to § = 0 while the minimum
possible value was estimated by assuming the maximum
observed value for § = 0.25(6). On the other hand, the
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TABLE I. The measured lifetimes for the levels of the doublet
bands, the corresponding mixing ratios, and the branching ratios
of 9Ag. The branching ratios are quoted for the Al =1
transitions. It should be noted that the quoted errors in the level
lifetimes do not include the systematic errors in the stopping
power values, which may be as large as 20%.

Spin Lifetime Mixing Branching
I(h) (ps) ratio ratio
©) 1,(A1=1)
1, (total)
Main band
12~ 0.32(2) 0.84(7)
13- 0.20(2) 0.12(5) 0.76(6)
14~ 0.23(2) 0.23(5) 0.61(5)
15~ 0.22(2) 0.25(6) 0.40(4)
16~ 0.17(1) 0.47(7)
17~ 0.10(1) 0.57(7)
Partner band
14~ 1.77(10) 0.09(4) 0.58(5)
15~ 0.31(3) 0.21(5) 0.87(7)
16~ 0.40(3) 0.24(3) 0.57(6)
17~ 0.27(2) 0.11(4) 0.45(5)
18~ 0.10(1) 0.14(7) 0.70(9)
19~ 0.11(1) 0.18(6) 0.36(5)

maximum and the minimum limits for the B(E2,/ —>1—1)
values were found for § = 0.25(6) and § = 0, respectively.

The deduced transition rates have been plotted in Fig. 3.
It is observed from this figure that within the experimental
uncertainties, all three transition rates for the two bands are
essentially the same, except at I = 154, which probably
originates due to the band crossing around this spin. The
observation that the B(E2,1 — I —2) are similar does not
support the two different quasiparticle pictures of Ref. [15],
since in that case, the rates in the partner band are expected
to be 2 times stronger than that of the main band. However,
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FIG. 3 (color online). The deduced B(E2,1—1-1),
B(M1,I - 1-1), and B(E2,I — I —2) rates for the doublet
bands of '%Ag.

the explanation based on two different shapes cannot be
ruled out, since the measured B(E2,I — [ —2) values for
the main and partner bands can be reproduced by different
sets of (3, y) values.

Similar precise level lifetime measurements in nearly
degenerate doublet bands had only been performed in the
A ~ 130 region for '?8Cs [9], 13>13°Nd [10,26], and '3*Pr
[27]. The MOI and transition rates were found to be very
similar in '?8Cs and '3Nd, which established that the
doublet bands are chiral partners. On the other hand, the
doublet bands of '3*Pr and '3°Nd exhibit the band crossing
similar to that observed in '°Ag. In both cases, the
transition rates were found to be different and were
interpreted within the frameworks of the interacting
boson-fermion-fermion model and the tilted axis cranking
model complemented by the random phase approximation.
These calculations indicated that the dissimilar transition
rates in the doublet bands of '**Nd and '**Pr may originate
due to chiral vibration [26] and chiral fluctuation [27],
respectively. However, in the present work, similar tran-
sition rates have been observed in the doublet bands of
106Ag. This novel feature of different MOI but similar
transition rates may contain a new physical insight into the
origin of the doublet bands which are systematically
observed in the transitional region of the nuclear chart.
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