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Lifetime measurement for the possible antimagnetic rotation band in '"'Pd
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Lifetime measurements were made for the vh;;,; band in

101pd, which had been interpreted as a possible

antimagnetic rotation band based on the comparison of I — @ behavior with the calculation of a semiclassical
particle-rotor model in our previous study. Doppler broadened line shapes were analyzed for the decaying y rays
in the band following the reaction ®Zn(*’Cl, 1p3n)'°'Pd. The semiclassical particle-rotor model was modified
to reproduce both the / — w plot and the B(E2) behavior simultaneously for the antimagnetic rotation bands
in Pd and Cd nuclei, for which B(E?2) values had been measured so far. Reasonable agreements between the
experiment and the calculation were obtained. It is concluded that the lower part of the v/, band in 101pq can

be interpreted as an antimagnetic rotor.
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I. INTRODUCTION

Magnetic rotation (MR) and antimagnetic rotation (AMR)
are interesting nuclear structures observed around doubly
magic nuclei. The MR band can be easily distinguished
from the normal rotational band because it consists almost
exclusively of M1 cascade transitions. However, the AMR
band is subtle in this respect as it consists of stretched E2
transitions, which is similar to the normal rotational band. To
prove the AMR character, it is required to show experimentally
both large ratios of the dynamic moments of inertia Im®
to the reduced transition probability B(E2) values and the
decreasing behavior of B(E2) with the increasing spin [1].
Therefore, lifetime measurements are crucial for claiming the
AMR character for the proposed band.

Recently, several AMR bands have been confirmed in Pd
and Cd nuclei around mass number A = 100 ~ 110 from
the lifetime measurements with the Doppler shift attenuation
method (DSAM) [2-7]. Relevant high-; orbitals for AMR
in this region are g/, as a hole state and vhy2, vg7/2, and
vds ), as particle states. One of the bands observed in 101pd was
interpreted as a possible candidate for AMR basedonthe I — w
behavior in our previous study [8]. Because a thick target was
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used in that experiment, it is possible to extract lifetimes for
the proposed band through the analysis of Doppler broadened
line shapes of y rays.

Itis important to note here that, in some nuclei in this region,
a so-called smoothly terminating band (STB) is observed [9].
Its structure resembles that of AMR in the sense that both
are related to the alignment of angular momenta of valence
nucleons around a weakly deformed core. In fact, B(E2) value
is small and decreases as spin value increases in both the cases.
However, an important difference between STB and AMR is
in the behavior of Im® along the band. While it goes down
according with B(E?2) value in STB, it is essentially constant
reflecting shears mechanism in AMR. Consequently, one of
the peculiar characters for AMR is the largeness and rise of
Im® /B(E2) values along the band [10].

The present study reports the lifetimes of the viy;/, band
in '9'Pd newly determined through the analysis of the data in
our previous experiment. It is found that the deduced B(E?2)
values conclusively establish the AMR character of the band.
This paper is organized as follows. First, we describe the
experimental methods and results in Sec. II. The discussion in
Sec. Ill includes the description of the v/, band on the basis
of a semiclassical particle-rotor model modified to include
neutron alignments while the shears are closing. The results of
model calculations are compared with the experimental data
in the same section. A summary is given in Sec. IV.
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II. EXPERIMENTAL METHODS AND RESULTS

The high spin states of '°'Pd were populated through the
reaction ®Zn(*’Cl, 1p3n)'”'Pd. An enriched *¥Zn foil with a
thickness of 10 mg/cm? was bombarded with a 125-MeV *'Cl
beam provided by the tandem accelerator at the Japan Atomic
Energy Agency (JAEA). Gamma rays emitted from the excited
states were detected with an array of 12 HPGe detectors
with BGO Compton suppressors (GEMINI) [11]. The HPGe
detectors were placed at angles of 32°, 58°, 90°, 122°, and
148° with respect to the beam direction. The details of the
experiment were described in Ref. [8].

Because the target was thick enough for residuals to stop
inside the target, lifetimes of the high spin states can be
extracted from the Doppler broadened line shapes of the
decaying y rays. To obtain the angle dependent y-ray line
shapes, we sorted y-y coincidence events to three asymmetric
matrices whose x axes were the y-ray energies in the detector
at 32° or 148°, 58° or 122°, and 90°, while the y axes for
these matrices were the y-ray energies in the detector at any
position. The three angle-dependent y -ray spectra obtained by
setting a gate on the 670-keV transition from %_
used for the lifetime analysis.

The observed y -ray line shapes in the three angle-dependent
spectra were simultaneously analyzed with the code LINE-
SHAPE developed by Wells and Johnson [12]. A Monte Carlo
simulation was done in time step of 0.0011 ps for 10 000
histories to generate a velocity profile of residuals in the
target. A total of 10-mg/cm? thickness was divided into an
effective target area of 2 mg/cm? and an effective stopper area
of 8 mg/cm? taking account of energy losses of recoils in the
target material. The stopping power was calculated according
to the formula with shell correction of Northcliffe and Schilling
[13].

The energies of the y transitions in the band of interest and
the side-feeding intensities were treated as the input parameters
to the line-shape analysis. The side-feeding intensities were
obtained from the spectrum for 90° detectors and fixed in the
fitting procedure. The side-feeding into each level in the band
was assumed as a rotational cascade of five transitions. The
quadrupole moments of the side-feeding sequence, when com-
bined with the moment of inertia, gave an appropriate effective
side-feeding time for each level. The moment of inertia of
2812 MeV~! was adopted as an averaged value over the neigh-
boring nuclei. For each line-shape combination, the in-band
and side-feeding quadrupole moments, the background param-
eters, and the intensities of contaminant peaks were allowed to
vary. The x? minimization routines of MINUT [14] were used
to fit the simulated line shapes to the observed spectra.

The band of interest in the present analysis is the vh 1, band
(band 3 in Ref. [8]) in ' Pd which was claimed to be a possible
candidate for AMR in our previous paper [8]. The cascade E2
transitions comprising the vhy;,, band are shown in Fig. 1.
First, the highest transition of 1494 keV [(%U—) 4777] was
assumed to have 100% side-feed. The other parameters were
allowed to vary until the least x2 value was attained. This

+
to % were

provided us with the effective lifetime for the (%_) level.
This effective lifetime was then used as the input parameter
to deduce the side-feeding lifetime to and the lifetime of the
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FIG. 1. The level scheme of the vh,;/, band (band 3 in Ref. [8])
in '9'Pd. The energies of y transitions are given in keV. On the left
of each state are the deduced mean lives in picoseconds. Statistical
uncertainties are shown in parentheses.

next lower level in the band. The x2 minimization process
for the individual level was repeated in this way until the
lowest level of the band was reached. Finally, the lifetimes
of all the states in the band were deduced from a global fit
of the full cascade where only the in-band and side-feeding
lifetimes were allowed to vary. The uncertainties in the lifetime
measurements were obtained from the x2 behavior in the
vicinity of the minimum for the simultaneous fit for the three
angle-dependent spectra using the MINOS [14] routine. The
other source of statistical error was the uncertainty in the
sidefeeding intensity, which was estimated to be 5%. The
final statistical uncertainty was calculated by adding the two
uncertainties mentioned above in quadrature.

The mean lifetimes and statistical uncertainties obtained
from the line-shape analysis are given in Fig. 1, where the
values are not shown for the uppermost two levels. Those are
treated just as input parameters to deduce the lifetimes for the
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FIG. 2. Examples of the line-shape fits for 1128 keV (¥~ — 27), 1074 keV (2~ — 3 ), and 971 keV (3 — Z") transitions at 32°
(or 148°), 58°(or 122°), and 90° with respect to the beam direction. The results of the fits to the experimental spectra are shown as thick lines

while the contaminant peaks are shown as thin lines.

lower levels because the reliable values could not be obtained
because of lower statistics and serious contaminant peaks. It
should be noted that the quoted errors in the figure do not
include additional systematic errors, which may be as large
as 20% and stem from the choice of the stopping powers and
the effective target thickness used in the analysis. Examples
of the line-shape fits for the three cascades in the band are
shown in Fig. 2. The deduced B(E?2) values and the ratios of
Im® to B(E?2) are tabulated in Table I which shows clearly
the large Im® / B(E2) values and the decreasing tendency of
B(E2) with the increasing spin at the lower part of the band.
The relatively large error in the value for the %_ level could
be from low sensitivity of the line shape itself and correlation
with the parameters for the higher levels.

TABLE I. The deduced B(E2) values and the ratios of Im® to

B(E?2) for the cascade of the vh;;/, band in 101pd. The corresponding
statistical errors are given in parentheses.

Initial spin /; B(E2) Im®/B(E2)
(7] [(eb)*] [7*MeV ' (eb)?]
19/2- 0.29(11) 98(39)
23/2- 0.19(3) 1029(160)
27/2- 0.17(2) 395(49)
31/2- 0.105(12) 371(41)
35/2- 0.082(9) 899(102)
39/2- 0.087(10) 155(18)
43/2- 0.09(2)

III. DISCUSSION

We first compare the present B(E2) values with those for
neighboring Pd nuclei to examine whether the reasonable
values were obtained or not in the present experiment. The
experimental B(E2) values which have been known so far are
shown as functions of spin values for '°°Pd, 19'Pd, '2Pd, and
104pd in Fig. 3. It is clear that the present B(E2) values for
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FIG. 3. Systematics of B(E2) values as a function of spin values
for the neighboring Pd nuclei around '°'Pd. The data on !%°Pd, '°2Pd,
and '%*Pd are from Ref. [15], Ref. [16], and Ref. [7], respectively.
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TABLE II. Configurations and parameters used for '6:19:110C{ in the modified SCM calculation, in which the actual configuration changes
smoothly from 1 to 2 at a certain spin region. The difference between the configurations 1 and 2 is with or without additional two-neutron
alignment. Im, V), wy, e Qfr, @, and 6, are taken as free parameters to be fitted.

Nuclide Configuration 1 Jr(ny) Jo(ny)
Configuration 2 Jn(n,)
Im(1/MeV) Vo(MeV) wo(MeV) eQ.ir(eb) o 6.(°)
16Cq (855) ® (Vh3, ) 9/2(1) 102)
(8553) ® (Wh3, 182 ) 14(4y°
10 0.32 0.25 1.0 20 77
108Cq (853) ® (Vhi, ) 9/2(1) 10(2)
(1855) ® Whi, p83)5) 12(4y°
10 0.30 0.25 1.0 10 64
1ocd (785/2) ® (Why)? 9/2(1) 10(2)*
(853) ® (Vhi, ) 14(4)*
10 0.35 0.26 1.15 3.3 35

2 Assuming not fully aligned.

19TPd nicely fall into the region between those for '°°Pd and
102pd (or 194Pd).

The large Im® / B(E2) values and the decreasing tendency
of B(E2) with the increasing spin shown in Table I indicates
that the vhy;, band of '°'Pd has a required character as AMR
at least in the lower part. However, because the Im® /B(E2)
values considerably fluctuate, the rising behavior of them along
the band is barely seen on the average. Then, we proceed to a
discussion in further support of our identification of the vhy;
band as AMR invoking a modified semiclassical particle-rotor
model to include neutron alignments while the shears are
closing. We briefly describe the model in Sec. III A. The
predictions of the model are compared with the experimental
data for several cases confirmed as AMR in Pd and Cd isotopes
in the first part of Sec. III B to examine the applicability of the
model. We finally address the discussion about whether the
vhi1,2 band is really AMR or not by comparing the predictions
of the model with the experimental data for '°'Pd.

A. A modified semiclassical particle-rotor model
including neutron alignments

We extended the semiclassical particle-rotor model (SCM),
which was originally devised by Macchiavelli et al. [17,18],
to include AMR in Ref. [19]. That model was subsequently
applied by Choudhury et al. [2] to '®>Cd to interpret higher-
spin states of the negative-parity yrast band as AMR. As
already mentioned in the introduction, relevant high- j orbitals
for AMR in this region are mwgo,> as a hole state and vhyy,,
vg7,2, and vds,; as particle states. Theoretically, Zhao et al.
confirmed the “two-shears-like” mechanism for the AMR band
in '%Cd based on covariant density functional theory [10].
They also found the gradual alignment of the neutrons in
the g7/, and ds;, orbitals along the band in addition to the
almost constant alignment of the %11/, neutrons. Therefore
we modified the SCM in our previous study to include
neutron alignments to explore the possibility that the entire
negative-parity yrast band can be described as AMR. The
details of the model were described in Ref. [8].

According to our previous study, the total angular momen-
tum 1 is generated from the proton-hole blades fﬂl and jﬂz,
the neutron blade fv, and the r_gtation R of the core. Here, we
assume that each of J;; and J;» consists of n, proton holes
with mutually aligned angular momenta and that J, consists
of n, neutrons with rotation-aligned angular momenta. The
energy formula is given as follows:

I — T — Ty — J,)? 3c0s20 — 1
Eqgy = LI —I2 =) (3c0s0 — 1
2Im 2
, (3c0s?20 — 3
—Von (=5 ) + 1an.

where Im, Vj, 6, and wg stand for the moment of inertia
of the core, the magnitude of the effective interaction for a
particle-particle (or particle-hole) pair, the angle between the
proton-hole blade and the neutron blade, and the band head
frequency, respectively. The value of 6 that minimizes the
energy is obtained for any given value of / from the condition
(%—g)l = 0, as follows:

3ImV,

I =QJ;cos0+J,)+ 0 cos@(n,,nU — 27172r cos 29).

T
The value of w is extracted from the canonical relation w = %—If
as follows:

w = wy+ % cosG(nnn,, — anr cos 29).
T

However, at that time, the two configurations (the configu-
rations 1 and 2 in Tables II and III) are considered separately.
Here the model is further extended so the band property
changes smoothly from configuration 1 to configuration 2.
That is to say, we assume J, and n, gradually change from
Jy1 and ny; to Jy, and n,;, respectively, while the shears are
closing. A steplike function, such as

1 — tanh (@ (6 — 6.))
fO) = > ,
can be used to implement this feature, where o and 6, represent

the abruptness of the change and the critical angle at which
the change occurs, respectively. Specifically, J, and n, are
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TABLE III. Configurations and parameters used for '°1%Pd in the modified SCM calculation, in which the actual configuration changes
smoothly from 1 to 2 at a certain spin region. The difference between the configurations 1 and 2 is with or without additional two-neutron
alignment. Im, V), @y, ¢ Qef, @, and 6, are taken as free parameters to be fitted.

Nuclide Configuration 1 J.(ny) Joi(nyy)
Configuration 2 Jin(n,2)
Im(1/MeV) Vo(MeV) wo(MeV) eQ.ir(eb) o 6.(°)
104pq (”gg_/‘;) ® (vhy1))? 6(2) 10(2)
(89/2) ® (W1, 283)0) 1)
14 0.18 0.27 1.29 14 50
101pd (ﬂg;/i) ® (vhy12) 6(2) 11/2(1)
(ﬂgg_/;) ® (Vhi1)287)7) 23/2(3)
13 0.17 0.23 1.22 100 60
#Assuming not fully aligned.
expressed as follows: The reduced transition probability within the band is given by
Jv = Jvl + (JVZ - ‘]Ul)f(e)s
ny = ny1 + (2 — ny1) f(0). 15
B(E2) = ——(eQer)’sin’,
30 30 32n
104p4 10654
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FIG. 4. The observed I — w and B(E2) — I behaviors for '*Pd Ih)

and '06:108.119Cd are compared with the corresponding results obtained
with the modified semiclassical model. The data on '%Pd, '°°Cd,
108Cq, and ''°Cd are from Ref. [7], Ref. [3], Ref. [4], and Ref. [6],
respectively. The parameters used for the calculation are tabulated in
Tables II and I1I.

FIG. 5. The observed I — w and B(E2) — I behaviors for '°'Pd
are compared with the corresponding results obtained from the modi-
fied semiclassical model. The parameters used for the calculation are
tabulated in Table III.
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according to Ref. [3], where Q. is the effective quadrupole
moment of the antimagnetic rotor which mainly comes from
protons.

B. Comparison of the model calculation
with the experimental result

Plots of spin against hw and B(E?2) against spin obtained
from the semiclassical model described above can be com-
pared with the corresponding plots for the Cd and Pd isotopes
studied experimentally, as shown in Fig. 4. Because Cd(Pd)
isotopes include two (four) proton holes in the Z = 50 shell,
T gg_/zz(n gg_/‘;) is taken as the proton configuration. Rotational

alignments of vg% /o OF vh%1 s are included while we consider
the neutron configuration to describe the entire band. Specific
configurations and parameters used in the model calculation
are shown in Tables II and III, where Im, V), wg, «, and O,
are regarded as free parameters to be fitted for each band. It is
important to note that good agreements are obtained for both
plots of I — hw and B(E2)—1 as seen in the figure within a
reasonable range of parameters for the cases considered here.

Encouraged by this result, we apply the same model to the
vhis2 band in '°'Pd whose lifetimes have been measured
in the present experiment. Plots of I — hw and B(E2)—I
obtained from the experimental results are compared with the
corresponding plots of the model calculation in Fig. 5. The
configurations and parameters used in the model calculations

PHYSICAL REVIEW C 92, 024309 (2015)

are listed in Table III. Clearly, both I — hw and B(E2)—I
behaviors are described somewhat well in a consistent way
except for the uppermost three states, as for which the
irregularity seen in the plot of / — hw indicates that a kind
of structural change might occur. Therefore, it is reasonable
to conclude that the lower part of the vh,,, band in 101pq g
another example of the AMR band in this region.

IV. SUMMARY

We presented the result of lifetime measurements for
the vhyj;, band in ''Pd, which were obtained through
the line-shape analysis of y rays from the reaction
87n(*’Cl, 1p3n)'°'Pd. We observed the large Im®/B(E2)
values and the decreasing tendency of B(E2) with the
increasing spin at the lower part of the band. These characters
are reproduced somewhat well by a modified semiclassical
particle-rotor model in a consistent way for other AMR bands
in Cd and Pd isotopes. Therefore we can conclude that the
lower part of the vhy;,, band in !Pd is another example of
AMR in this region.
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