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Multiple antimagnetic rotation bands in odd-A “’Cd
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Lifetimes of the excited states of a pair of positive-parity AI = 2 bands of '*’Cd have been measured by using
the Doppler-shift attenuation method. The obtained B(E?2) transition rates significantly decrease with increasing
spin, a behavior typical of antimagnetic rotation (AMR). The observed results, interpreted by the semiclassical
model (SCM) calculations, confirm these bands to be AMR bands resulting from the coupling of a pair of high-2
89,2 proton holes to aligned g7,>(hy; /2)2 neutron particles. This is the first evidence for two AMR bands in a

single nucleus.
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I. INTRODUCTION

In analogy to the spin arrangement in antiferromagnetism, a
unique proton-neutron spin coupling giving rise to rotationlike
band structures in nearly spherical nuclei was proposed
by Frauendorf [1]. Since then the phenomenon called the
twin-shears mechanism or more commonly, antimagnetic
rotation (AMR), has gained much scientific interest. In an
anti-magnetic rotor, two angular momentum vector blades fﬂl
and fnz of the proton holes (particles) are stretched apart, each
goupled nearly perpendicular to the angular momentum vector
Jv of a neutron particle (hole), such that the total angular
momentum vector / is along ]’v [2]. Such a neutron proton
coupling givesrisetoa A/ = 2 band with weak E?2 transitions,
afeature that makes the phenomenon interesting. The high spin
states in an AMR band are generated due to the gradual closing
of the proton blades towards the neutron angular momentum
vector, i.e., by the gradual closing of the twin shears, driving the
nucleus towards sphericity indicated by a gradual decrease in
the reduced transition probability [ B(E?2)] values with increase
in spin. By its very nature, the phenomenon is bound to be
very rare and difficult to observe. Hence, there are very few
confirmed cases of AMR found to date, resulting in a limited
understanding of the concept compared to the well-established
magnetic rotation (MR) phenomenon [3]. Firm experimental
evidence of AMR in even-even nuclei has been reported in only
three cases, namely, '0%19.119Cd [4-7]. The first observation
of AMR in an odd-A nucleus '®Cd was recently reported by
us [2]. The self-consistent microscopic calculation by Zhao
et al. [8] further confirms our interpretation of AMR in '%3Cd.
In this mass region, the high-Q2 gq/, proton hole(s) and low-£2
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hi1/2, g7/2 neutrons are known to play an active role in the
AMR mechanism.

Until now, only one AMR band has been observed in a
single nucleus. In this paper, we present the first evidence
of two AMR bands in one nucleus, viz. the odd-A '9Cd.
This is also the first evidence of a pair of signature partner
bands showing AMR nature. The high spin states of '97Cd
were earlier studied by Jerrestam et al. [9]. We measured the
lifetimes of the high spin states in the positive-parity bands
5 and 6 of '97Cd using the Doppler-shift attenuation method
(DSAM). The empirical B(E2) values are interpreted using the
semiclassical model (SCM) for AMR and the results confirm
the AMR nature of the bands.

II. EXPERIMENTAL DETAILS

High spin states of '%’Cd nuclei were populated using the
%47r('80,5n) reaction at a beam energy of 85 MeV produced
by the 15-UD Pelletron accelerator at the Tata Institute of
Fundamental Research (TIFR), Mumbai. The target used was
anisotopically enriched **Zr of thickness 0.9 mg/cm? on '’ Au
backing of thickness 10 mg/cm?. Short lifetimes (<1 ps) of the
high spin states were measured using the DSAM technique.
The deexciting y rays were detected by using the Indian
National Gamma Array (INGA) comprised of 18 Compton
suppressed germanium clover detectors arranged in six rings,
viz. 157°, 140°, 115°, 90°, 65°, and 40°, with respect to the
beam direction [10,11]. Data were collected using a digital
data acquisition (DDAQ) system based on Pixie-16 modules
developed by XIA LLC [10-12] with the trigger set in the
y — y mode. After calibrating and gain matching the data with
the analysis program DAMM [13], the y — y events were sorted
into E, — E,, symmetric and angle-dependent asymmetric
matrices using the MARCOS program [14]. The RADWARE [15]
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and LINESHAPE [16] analysis programs were used for further
analysis of the data.

III. RESULTS

Figure 1 shows a partial level scheme of '°’Cd showing
the positive-parity bands. The energies, intensities, and mul-
tipolarities of the transitions obtained from the present data
mostly agree with the earlier published works [9], with some
modifications and additions [17]. Using the angle-dependent
asymmetric matrices (all vs 157°, all vs 140°, and all vs 40°),
lifetimes of the states in the positive-parity bands 5 and 6 of
107Cd were extracted by fitting the Doppler broadened line
shapes of the corresponding in-band transitions. Simulating
the slowing down of the recoiling nuclei in the target and
backing, velocity profiles for the recoil were generated for
groups of detectors at angles 157°, 140°, and 40° by using
Monte Carlo methods with a time step of 0.001 ps for 5000
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FIG. 1. Partial level scheme of '°’Cd showing the positive-parity
bands 5 and 6.
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FIG. 2. (Color online) Representative spectra and the line-
shape fits for the 1107-keV transition using the 1076 + 686 +
939 keV sum gated spectrum (left) and 1266-keV transition using
the 686 + 939 keV sum gated spectrum (right). The true line shape
of each peak is shown by the red line. The blue line shows the total
fitting after including all the contaminant peaks (shown by the green,
pink, and orange lines).

histories of energy losses at different depths. The electronic
stopping powers of Northcliffe and Schilling, corrected for
shell effects, were used to calculate the energy losses [2,18].
The energies of the decaying y rays and the intensities of the
side feedings into the states were used as input parameters for
line-shape analysis [2]. Line shapes of each of the transitions
were simulated and fitted to the experimental spectra using
x? minimization routines of MINUIT [19]. After minimizing
the x? value for each state individually, a global fit of the full
cascade was performed to deduce the lifetimes of each of the
states. The uncertainty in the lifetimes was determined from
the vicinity of the minimum using the MINOS routine [19].

For band 5, we used the 686 + 939 + 1076 keV sum gated
spectra for extracting the lifetimes of the levels from spin
37/2" and the single 686-keV gated spectra for fitting the
939-keV peak (33/2% level). Line-shape fit of the 1107-keV
transition energy is shown in Fig. 2. The lifetime of the 41/27F
level was further verified from the line-shape fits for the
1266-keV peak using the (686 + 939) keV sum gated spectra
having fewer contaminant peaks (shown in Fig. 2). For band
6, we used the 493 + 729 keV gated spectra for the line-shape
analysis of the transitions above spin 31/2% and the 798-keV
(19/27 — 15/27) gated spectra to extract the lifetime of the
31/2% level. The 798-keV gate avoids contamination due to the
low-spin 728-keV transition (11/2% — 7/2%). The lifetimes
of the 35/2%, 39/2%, and 43/2% levels were further verified
by using the 960-keV gated spectra.

For both the bands 5 and 6, the deduced lifetimes (1),
B(E2), and the quadrupole moment (Q,) values along with
their respective fitting errors are shown in Table I. The
measured B(E?2) values decrease sharply with increase in spin
for both the bands as shown in Fig. 3. The Q, values and hence
the quadrupole deformation 8, also decrease with increase in
spin for both these bands, as expected in the AMR mechanism.
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TABLE 1. Results of the line-shape analysis for the positive-parity
bands 5 and 6 of '“7Cd. t represents the mean lifetime of the state
(1) deexciting by a y ray of energy E,. B(E?2) is the corresponding
reduced transition probability.

Ey,(I) 0O (eb) T (ps) B(E2)(eb)>
(keV)

Band 5

939.0(3) 2399705 0.6090 0% 0.183+0010

106.6(5) 217553 031740013 0.155+00%

1265.5(3) 1958357 0.196501% 0.128+5%%

1434.0(%) 16687000 0.14275012 009475007

1608.0(3) 09961 0.222+) 44 0.034+0007

Band 6

728.9(%) 25774014 1.9027922 0.208+0022

9523(3) 2.2577503 0.63179.928 0.165+00%

1332(3) 19945 033275919 0.131+0908

13528(5) 17665 0.170* 008 0106908

1552.5(5) L1355 02057505 004470074

2Effective value.

IV. DISCUSSION

The positive-parity band structure in '%’Cd is built upon
a low-Q g7/, neutron orbital [9]. The development of the
signature partner bands 5 and 6 are due to the alignment
of a pair of low- &1/, neutrons with a crossing frequency
of hw = 0.42 MeV [9]. The signature partner bands 5 and 6
appear to be based on the n(g;/zz) Q v(gy /zh%l /2) configuration
after the crossing. The aligned neutrons add up to give the total
neutron angular momentum vector J:. The generation of high
spin states in these bands are interpreted to be due to the closing
of a pair of high-Q2 g9, proton hole vectors, fnl and fﬂz , which
are nearly perpendicular to the neutron angular momentum
vector at the bandhead.

The semiclassical model, initially developed by Macchi-
avelli er al. [20,21] for magnetic rotation, was extended by
Sugawara et al. [22] for AMR bands. A slightly modified
version used by us for '>Cd [2] has been used here to explain
the observed properties of the positive-parity bands 5 and 6 of
197Cd. We consider the coupling of three neutron particles and
two proton holes. With six possible proton-neutron pairs and
one possible proton-proton pair, the total energy is given by

g e 22
— Ju = Jm — ) +V(300529— 1)

I
E(I) = ( 5

o~

S
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V' (3cos*(26) — 3
6 2 ’

Here, the magnitude of the effective interaction of a hole-hole
(proton-proton) pair (v,,,) has been considered to be 1/6 times
that of a particle-hole (neutron-proton) pair (v,,). V = 6vy,
and V' = %V. 3 is the moment of inertia of the core and 6 is
the angle between the proton and neutron blades. The sign of
Vyp, V being positive and that of v, V' being negative, make
the last term of Eq. (1) negative. On setting (fi—g)] =0 and
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FIG. 3. (Color online) Comparison of the measured / vs w (a)
and B(E2) vs I (b) values for bands 5 and 6 with those calculated
from the SCM.

considering j;, = jz, = jr, We obtain

33 2
I ={2j,cos0 +3j,} + —.gCOS9 V —=V'cos(20)|, (2)
2jn 3

e
Il

e[y -3y
—cosf |V — =V'cos(20) | . 3)
2jx 3

We interpret the bands 5 and 6 as based on the same
configuration but having different signature neutron orbitals.
The R, symmetry [1] around J, breaks, hence giving rise to
two distinct AMR bands with very weak M1 connections.
For band 5, J, = 25/2. The calculated I vs w values are
compared with the empirical values after adding a constant
core contribution of wy = 0.242 MeV, which corresponds to
the angular momentum contribution in the curly brackets
in Eq. (2). An excellent agreement is obtained for I =
10> MeV~!, V =2.36 MeV, as shown in Fig. 3(a). For
band 6, J, = 23/2. An excellent agreement is again obtained
between the calculated and empirical I vs w values [Fig. 3(a)]
for wy = 0.143 MeV, I = 10h2MeV~!, and V = 2.8 MeV.
Jj= = 9/2 for both bands 5 and 6. These results for the /
vs w values support our interpretation of the aforementioned
configuration for the signature partner bands 5 and 6 and that
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the generation of high spin states in both these bands is due to
the twin-shears mechanism, i.e., AMR.

Within the SCM description of the twin-shears mechanism
for AMR, the B(E?2) values can be written as

15
B(E2) = %(eg)gﬁ sin*6. “)

The B(E?2) values, calculated at different spins for the bands
5 and 6, using the 6 values from Eq. (2) and (e Q)cr = 1.17eb,
agree well with the experimentally obtained values [Fig. 3(b)].
A similar behavior of / vs w and B(E2) vs I in the two bands
confirms that the bands are based on the same nuclear structure
and differ slightly in spin alignments. The behavior of the shear
angle 0 as a function of spin [see insert of Fig. 3(a)] shows that
there is a similar closing of the proton blades towards the neu-
tron angular momentum vector, generating high spin states in
both bands 5 and 6. The n-p closing angle of about 45°—50° at
the highest observed spin implies that the twin shears have not
closed completely. For both the bands, the 3 values remain
nearly constant with spin and rotational frequency [insert of
Fig. 3(b)], which is another important feature of AMR.

Since the positive-parity bands 5 and 6 originate after the
band crossing with the alignment of a pair of 11, neutrons, the
bands become yrast at higher deformation. For both the bands,
the nucleus has moderate quadrupole deformation near the
bandhead, indicated by the extracted S, values 0.19 and 0.20
at spins 33/2% and 31/2%, respectively. The experimentally
obtained Q, and hence the §, values are found to be decreasing
with increasing spin for both bands 5 and 6 of '%’Cd. For
band 5, the measured B, values decrease from g, = 0.19
at spin 33/2% to B, =0.13 at spin 45/2%. For band 6,
the B, values decrease from B, = 0.20 at spin 31/2" to
B> = 0.14 at spin 43 /2" Hence, with the gradual closing of the
proton angular momentum blades towards the neutron angular
momentum vector, the nucleus, from a nearly prolate moderate
deformation, gradually heads towards a nearly spherical shape
high up the band. This is true for both bands 5 and 6.
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V. SUMMARY

To summarize, we have measured the lifetimes of the
high spin states (above 27/2%) in a pair of positive-parity
bands 5 and 6 of the odd-A '7Cd nucleus by using the
Doppler-shift attenuation method. The decreasing trend in
the empirical B(E2) values with increase in spin has been
interpreted by the semiclassical model for AMR bands using
the proposed configuration (vg7/2h?, n® ngg_/zz). Generation
of high spin states beyond spin 23/2~ occurs due to the
gradual closing of the proton vectors towards the aligned
neutron vectors along with some contribution from the core.
The observed rapidly decreasing B(E2) values with increasing
spin along with nearly constant 3® [~20n%> MeV~!] and
large X®/B(E2) ratio (>100n> MeV~!(eb)~?) increasing
with spin, for both bands 5 and 6, establish that the
bands are examples of AMR bands. The R, symmetry
breaking is evident in the observation of two AMR bands
based on signature partner configuration and having different
alignments.

The experimental findings supported by the SCM calcu-
lations provide the first evidence of two AMR bands in any
nucleus, and the work opens up the possibility of discovering
more than one AMR band in a single nucleus and also in
signature partner bands.
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