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Investigation of signature inversion in '*°I through lifetime measurements
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The reduced transition probabilities B(E2) and B(M1) of the negative-parity yrast states of 2T were studied
by measuring the lifetimes in picoseconds using the Doppler-shift attenuation method. We investigated the
phenomena of signature splitting and inversion using the two quasiparticle-plus triaxial rotor model (PRM). The
experimental result—a sharp decrease in the B(E2) values at the signature inversion—indicated a shape change
with a possible shift in the axis of rotation. We interpreted this observation as a change in the triaxiality parameter,
with values y = —10° (Lund convention) below the inversion and y = 25° above it and a constant value of axial
deformation of B ~ 0.15. We also assigned the valence particle configuration—neutron in the /., orbital and
proton predominantly in the ds, orbital mixed with the g7, orbital—from the PRM calculation. Furthermore, the
calculation reproduced the overall observed behavior of the signature splitting and inversion reasonably well.
The observed backbending at the rotational frequency of 0.47 MeV was due to neutron alignment consistent
with the second band crossing from the quasiparticle Routhian diagram.
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I. INTRODUCTION

In the mass region of ~130, the doubly-odd nuclei exhibit
many nuclear phenomena, such as signature splitting and
inversion, backbending, decoupled band, chirality, and many
more [1-5]. Among all these, much studied are the signature
splitting and inversion in rotational spectra of nuclei [6]. Due
to collective rotation R,(7) around the principal axis, often
the band with the angular momentum difference Al =1 is
resolved into two signature partner bands of even- and odd-
spin states with Al =2. The two bands are energetically
favored and unfavored due to the interaction of the Coriolis
force with the rotating body. Favored energy states have less
energy than unfavored ones, leading to “normal” signature
splitting. However, in some cases, the phenomenon is re-
versed, known as “anomalous” signature splitting. Anomalous
(normal) signature splitting gets flipped to normal (anoma-
lous) splitting at a critical spin (I.)—a phenomenon known
as signature inversion. It is of interest to observe which
way the flipping occurs and to understand the underlying
physics. Earlier Bengtsson ef al. [7] suggested a theoretical
treatment using the cranked shell model (CSM) calculations
to explain signature inversion as a result of the change in
deformation of triaxial nuclei. Hamamoto [8] proposed a dif-
ferent argument using quasiparticle-plus rotor model (PRM)
calculations; it elucidates that the triaxial deformation is not
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a crucial factor for the signature splitting and inversion. With
the same model, Ikeda et al. [9,10] suggested that the cause of
signature inversion is due to a change in the axis of rotation
from intermediate to short. Further work using an axially
deformed core suggested the reason for signature inversion as
a mechanism of Coriolis mixing of multiple bands [11,12]. In
essence, no unique mechanism exists conclusively; therefore
the phenomenon of signature inversion still stands as an open
problem.

The context of the present work is to investigate signature
inversion in the negative-parity yrast states of '2°I through
lifetime measurement. The spectroscopic study of '*I sug-
gests 21 (J™) [13] as its ground state. With the possibility
of valence particles (protons and neutrons) lying in various
Nilsson orbits in a triaxial core nucleus, characterized by the
deformation parameters (8, y) [14], the nucleus 1261 is a good
candidate for shape coexistence. Chiral bands—with roughly
matching excitation energies—possibly exist as supported by
some theoretical calculations [14,15]. Earlier works [14,16]
reported the signature splitting and inversion at /. = 137 in
the yrast band. The band is built by the valence neutron in the
intruder orbit Ai1;,; whereas a mixed configuration exists for
the valence proton involving the orbitals ds;, and g7,. Indeed,
we have argued ds/, as the predominant valence proton config-
uration in our earlier work [14] solely based on the theoretical
analysis. Using yet another theoretical model, Zheng et al.
[16] found g7, to be the predominant proton configuration.
In the present work, we have focused on getting a definitive
answer to the nuclear shape parameters and their effect on
the configuration mixing of the valence proton through the
measurement of lifetimes.

©2019 American Physical Society
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We used the Doppler-shift attenuation method (DSAM)
to measure lifetimes of !*°I. The Doppler-shift method is
widely used to gauge lifetimes in the picoseconds range
[17,18]. We analyzed the data using two different gating
methods, GTB (gating on transition below) and GTA (gating
on transition above), as described in the literature [19-21].
The GTB method yielded good statistics of data, while the
GTA method was free of side-feeding parameters. Further, the
lifetime results were verified using two detector angles—one
forward and another backward in direction. From the mea-
sured transition probabilities, we inferred triaxially deformed
nuclear shapes. Using the experimentally derived shape pa-
rameters, we performed theoretical calculations based on the
two quasiparticle-plus triaxial rotor model. It seems signature
inversion happened due to nuclear shape change with a shift in
the rotational axis. We achieved the correct phase of the signa-
ture splitting, but much less the extent of theoretical splitting
than the experimental results below inversion. Further about
the calculation results, ds;, was found as the dominant valence
proton configuration mixed with g7,, coupled with an huy,
valence neutron. We, therefore, remained consistent with our
earlier result [14] of the anomalous splitting becoming normal
above the inversion, satisfying the cranking picture of the
nuclear model.

II. EXPERIMENTAL DETAILS

The high-spin states of '*°T were populated by the fusion-
evaporation reaction '2*Sn("Li, 51)!%T at the incident beam
energy of 50 MeV from the Pelletron accelerator at the Inter-
University Accelerator Center, New Delhi, India. An enriched
(99.4%) '>*Sn foil of thickness 2.7 mg/cm? acted as the self-
supporting target without any other backing material. Because
the reaction proceeded at the high beam energy compared with
the Coulomb barrier (~28 MeV), the recoiling nuclei received
sufficient velocity to move in the target. The average recoil
velocity was estimated to be 0.67% of the speed of light.
Fifteen Compton-suppressed high-purity germanium Clover
detectors—at angles of 32°, 57°, 90°, 123°, and 148° with
respect to the beam direction—installed in the Indian National
Gamma Array [22], constituted the experimental setup to
detect the emitted y rays. The list mode data were collected
by the CAMAC based in-house software CANDLE [23] and
processed in LAMPS [24] software for creating matrices. More
experimental details were presented in our earlier work [14].
We utilized the data corresponding to three rings, 32° (three
detectors), 90° (four detectors), and 148° (four detectors),
to create asymmetric matrices and sorted them in the angle
of interest detector vs all detectors. We thus analyzed the
Doppler lineshapes using three asymmetric matrices: 32° vs
all to observe forward Doppler shift, 148° vs all to observe
backward shift, and 90° vs all to examine the nearby y peaks
as contaminants.

III. DATA ANALYSIS

A. Thick target and Doppler-broadening correction

The choice of target thickness is vital for the DSAM. Re-
searchers have often used thin targets with a backing (stopper)
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FIG. 1. Recoil range distribution of '*I in '?*Sn calculated using
the SRIM-2008 [26] software package.

that stops all the recoiling nuclei. A thin target with a stopper
(high-Z material), however, has several limitations. Unless the
target is infinitesimally thin, the use of two different materials
increases the complexity of the stopping power information;
therefore the energy loss in the target is often ignored. More-
over, the possibility of the target completely stopping the
recoils cannot be ruled out. Furthermore, it is difficult to make
a thin and uniform target and at the same time avoid any gap
between the target and the stopper. Also, if the beam energy
is sufficiently high (above the Coulomb barrier of a projectile
and the backing material), many unwanted reaction channels
open up. As a consequence, the overlapping y peaks appear
as contaminants to the peak of interest, making the DSAM
lineshape analysis a cumbersome task.

On the other hand, a self-supporting thick target—much
less utilized usually—can also act as the stopper with mini-
mal relative nonuniformity, also taking care of all the other
shortcomings mentioned above. However, a thick target does
not ensure the stopping of all the recoiling nuclei in some
cases. In other words, a thick target [25] can be used when
the stopping time is of the order of lifetimes—applicable for
our experiment with the '2*Sn target foil (2.7 mg/cm?). The
only limitation was to incorporate the continuous production
and stopping of the recoils in the target. By assuming that
the reaction occurred at the surface of the target, the average
recoil range in the target was found to be 0.38 mg/cm?, as
shown in Fig. 1, using the SRIM-2008 software package [26].
We estimated roughly 15% of the recoils flying off in vacuum
by considering six to seven layers of the target, each layer of
thickness roughly the range of recoils. This percentage value
got reduced substantially because the population of the 5n
channel decreased sharply with beam energy, roughly half as
the beam energy decreased to 46 MeV, implying a substantial
decrease in production in the subsequent layers of target. In
effect, a statistical uncertainty of approximately 5% could
take care of both the continuous production and the stopping
of the recoils in the target assuming the normal population
distribution.

Another aspect of a thick target experiment is the Doppler
broadening in y-ray energies. The broadening is due to the
detector resolution, straggling in the velocity distributions of
recoils (kinematic Doppler broadening), and the finite opening
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FIG. 2. Total projected spectrum with marked peaks (energy in
keV) used for finding the Doppler broadening.

angle of the detector; writing it mathematically, we get

AEN _ w) AB\? g)z
(Eo)_( 1 — B cos B <ﬁ>+<E
+< B sin O

1 — B cos by

2
) (Abiap)?, (1

where AE) is the broadening in the y-ray energy (Ey), AE/E
is the fractional spread due to the detector resolution, A6y, is
the opening angle of the detector, y = —=— is the Lorentz

2

factor, and B8 = v/c. Instead of utilizing the complex equation
(1) [27], we estimated the percentage broadening directly
from the experimental data using Eq. (2), given as

FWHM,, — FWHM
DB(%) = x 100. 2)
FWHM o

The values of FWHM,, (full width at half maximum) in
Eq. (2) were obtained by choosing well-separated y peaks
belonging to '?°T in the total projected spectrum (Fig. 2)
from the symmetric matrix of the online data. Correspond-
ing to the same y-energy values, we calculated FWHM,¢
(Table 1) by interpolating the FWHM vs energy curve of
standard radioactive source '3?Eu (off-line) data. The error
in the quoted values of FWHM was < 0.8%. The Doppler-
broadened FWHM depends upon the y-ray energy. However,
the percentage Doppler broadening (DB in %) turned out to
be more or less constant, 9.45% (average value), as shown
in Fig. 3 and Table I. The average DB was calculated from the
area under the curve using the trapezoidal rule.

TABLE 1. Doppler broadening (DB in %) in y-ray energies
emitted from the recoiling '*T nuclei; see details in the text.
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FIG. 3. The energy FWHM and Doppler broadening (DB in
%) plotted as a function of y-ray energy. The data were from the
radioactive source '**Eu (off-line) and the total projected spectrum
(on-line data in Fig. 2).

B. Branching ratios and side-feeding intensities

Figure 4 presents the partial decay scheme of '°I. The
intensities, spins, and parities were determined earlier from
the symmetric and asymmetric matrices, cubes, as described
in earlier works [14—16]. We doubly checked the intensities
of relevant y transitions by gating on an intense low-lying
transition using the symmetric matrix. The side-feeding in-
tensities were calculated by taking the difference between the
depopulating intensities and the populating intensities using
the following formula:

LSFH)=LU—-1-2)+1,d—>1-1)
-L,d+2—->D-1,d+1—=1). 3)
The side-feeding intensities increased smoothly with increas-
ing spin, except at 12/, for which the value was found to
be unphysical (negative value). We, therefore, interpolated
the value at 127 (marked as * in Table II) from the side-

feeding curve as a function of spin. The branching ratios were
calculated using the following equation,

I, —1-2)
LU—>T-2)+1,d—>1-1)

and are listed in Table II. It is noteworthy that the M1
transitions decaying from odd spins to even spins were found

“

fy(E2) =

TABLE II. Branching ratio and side-feeding intensity of the y
rays at various spins of '?I. The value marked with * was obtained
by interpolation.

E, (keV) FWHM,, (keV)  FWHM (keV) DB (%) I (k) E, (keV) Branching ratio Side-feeding (%)
115 1.86 1.70 926+1.24 10~ 720 0.58 20.80
122 1.87 1.71 8724123  11- 734 0.69 24.82
273 2.12 1.93 9.83+1.24  12- 765 0.53 27.31*
367 2.20 2.02 8544124 13- 854 0.98 31.83
667 2.49 2.29 926+1.23 14~ 866 0.57 34.79
720 2.58 2.33 10994+ 126  15- 969 0.95 37.10
916 2.66 2.45 7994122  16- 916 0.65 39.42
1116 2.90 2.58 1250+ 127  17- 894 0.87 41.23
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FIG. 4. Yrast band and interband linking transitions belonging to

to be weak as compared to the decays from even to odd; this
could be one reason we observed a considerable change in the
side-feeding intensities and branching ratios as a function of
spin.

C. Side-feeding lifetimes

Another important parameter, besides branching ratios, is
the side-feeding lifetimes (). To obtain an initial guess of
74, we used the computer program COMPA [28] and utilized an
empirical relation [Eq. (5)]. The relation depends on the entry
state energy [Eenuy(flev)] and the level energy (Ejey) for each
spin (/ey) and on the maximum angular momentum attained
(Imax = 34h) in the reaction:

Tst (Elev, llev) ~ 0‘007(Eentry(llev) — Eiey)
+0.007(Imax — fiev)- (&)

Figure 5 depicts the contour plot using COMPA [28] for
the reaction '>*Sn(’Li, 5n)'*°I at Epeam = 50 MeV. The plot
also indicates curves for the entry levels (dashed black curve)
and energy levels (solid blue curve) corresponding to the
yrast negative-parity states of '2°I. Table III lists the estimated
side-feeding lifetimes.

1085

1261

D. Doppler-shift attenuation method

The Doppler shift in y rays emitted from recoiling nuclei,
as observed in the laboratory frame within the first-order
approximation for 8 < 1, can be expressed as [17]

E, = ES(I + B cosBap), (6)

where E, is the shifted y-ray energy, ES is its actual energy,
B = v/c is the recoil velocity, and 8, is the angle between
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FIG. 5. Contour plot of excitation energy vs angular momentum
obtained using the computer program COMPA [28].
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TABLE III. Side-feeding lifetimes at various levels of the yrast

band in '*°T.

1" (h) Energy (keV) Tyt (ps)
10~ 720 0.18
11- 734 0.17
12~ 765 0.16
13- 854 0.15
14- 866 0.14
15- 969 0.13
16~ 916 0.12
17- 894 0.11

the detector and the beam axis. The continuous deceleration
of recoil nuclei in the stopping medium leads to a statisti-
cally skewed Gaussian profile in the low (high)-energy side
of the actual y-ray peak depending on the obtuse (acute)
value of Oj,,. From these skewed Gaussian profiles—called
the lineshapes—the lifetime values are determined using the
DSAM.

In the DSAM, the Monte Carlo technique is utilized to gen-
erate lineshapes. We utilized the LINESHAPE software package
of Wells and Johnson [29], built on two computer programs—
DECHIST and HISTAVER. The program DECHIST simulates the
time-dependent velocity profile in the target/backing medium
corresponding to the given time step for all the simulated
recoils. The “Northcliff and Schilling data table” [30] gives
the stopping power information calculated from the Lind-
hard et al. [31-33] parametrization. The HISTAVER program
uses this time-dependent velocity profile convoluted with the
detector angle. Apart from the detector angle, the program
needs the detector size and its distance from the target to
estimate the solid angle. The efficiency of the detector was
also required. Finally, the theoretically generated profiles
were fitted to the experimental profiles using the LINESHAPE
program. The program uses three x >-minimization routines—
SEEK, SIMPLEX, and MIGRAD—to evaluate lifetimes and their
respective quadrupole moments. In our experimental data,
eight transitions in the negative-parity yrast band, with energy
values (in keV) of 720, 734, 765, 854, 866, 969, 916, and
894, exhibited lineshapes. We used several gates to generate
the Doppler-shifted profiles from the two asymmetric matri-
ces corresponding to the 32° and 148° detectors. The 90°
detectors were also used for identifying the contaminants.
Two different gating techniques, GTA and GTB, were used.
At first, we carried out the analysis by gating on below
transition (GTB) of interest. We tried to obtain the consistent
results using two different models of side-feeding for the
GTB analysis. The first model was a rotational model of the
five-level cascade of constant dynamic moment of inertia and
the second was the two-level model. We considered the same
average dynamic moment of inertia—found to be 43 MeV !
K>—of the side-feeding and main bands, calculated from the
following formula [34]:

4R?
EI+21)—EU1-2)

Ea(l) = @)

where the denominator represents the difference of two y-ray
energies decaying between the states of spin values given
inside the brackets. For the two-level side-feeding model,
we fixed one level lifetime to the value estimated from the
empirical relation [Eq. (5)], while varying the lifetime of other
level during the fit. Both the models provide a sound under-
standing of the side-feeding lifetimes. However, it is often
desirable to avoid side-feeding contributions to minimize the
error in results. Hence, we adopted the procedure of gating
on the above transitions (GTA) also. The major limitation of
GTA was the low intensities of y peaks as compared to those
observed in GTB. To improve y intensities, we used summed
gated spectra to get the Doppler-shifted profiles. The GTA
was crucial for the uppermost levels because they usually
have a relatively large contribution from the side-feedings.
In both the analysis procedures (GTA and GTB), we fitted
all the levels globally and simultaneously at two angles (32°
and 148°), and at the same time we observed the contaminant
peaks in the spectrum of 90° detectors. Contaminants were
often handled by visualizing their similar intensity ratios
to the main peak in all three angles, keeping in mind the
angular correlation effects. Moreover, the Doppler broadening
(Sec. I A) was taken into account while fitting. As mentioned
earlier, we relied on the GTA analysis for the top level,
which gave us the starting result. The whole cascade of eight
levels was fitted, starting from top to bottom successively,
by fixing parameters one by one and keeping the quadrupole
moment and the lifetime free for the transition of interest
and its side-feeder. Figure 6 presents a few examples of our
final fitting of lineshapes using the Doppler-shift attenuation
method.

The relation between the quadrupole moment and the
lifetime is defined as

16 f,(E2:1,1—2)
61.2E3Q7CGY

) ®)

where E, is the transition energy, Q; is the quadrupole mo-
ment, f,(E2 : I, I — 2)is the branching ratio, and CGi is the
Clebsch Gordan coefficient defined as

, 3(Id-1)IP—K*(I—-1?-K?
Cx=g\r-os 1 i ) @

The value of K (=6) for the yrast band was determined
using the “Gallagher-Moszkowski rule” [14,35]—the parallel
coupling of angular momentum projections on the symmetric
axis, i.e., K; = 3/2 and K, = 9/2 for the valence proton and
the valence neutron, respectively.

Because the lifetime is inversely proportional to the
square of quadrupole moment Q; [Eq. (8)], the error in the
quadrupole moment is two times the error in the lifetime; i.e.,
the uncertainty in one propagates in the other. We determined
the error in the lifetime values by finding how the x2 got
affected by changing the lifetime values using the MINOS
subroutine of the LINESHAPE software package [29]. Finally,
we arrived at the error value when the x2 increased by 1.
This way, the error could be symmetric or asymmetric around
the lifetime value depending upon the neck of the parabola.
Table IV lists our results. In the quoted error, we did not
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FIG. 6. Illustrative examples of lineshape fitting (in red) of the Doppler-shifted y- peaks (in blue) obtained experimentally using gating
above (GTA) and gating below (GTB) methods. The neighboring Gaussian-shaped contaminant peaks (green dashed curves) as well as total
lineshapes profiles (black solid curves) are also shown.

include the error due to stopping power, which was approx-
imately 15-20%. Another 5% error (mentioned in Sec. IIT A),
due to continuous production and stopping of the recoils in

mathematical expression [Eq. (11)] for the ratio of reduced
transition probabilities:

0.0816f, (E2)

the thick target, has also not been included. B(E2) = 5 [(e b)z], (10)
We determined the reduced transition probabilities B(E2) E)/ (E2)[ + o (ED)]T
from the experimental lifetime values tay, (Table IV) using BMUII—1) 0697 E; I, 1-2) 1

Eq. (10). Further, B(M1) values were calculated from the

B(E2;I,1—2)

A EXILI-1)1+82

12
2] o

TABLE IV. Summary of the lifetime results obtained using both gating above (GTA) and gating below (GTB) methods. The reduced
transition probabilities B(E2) and B(M 1) were obtained from the average of GTA and GTB results.

I TGTA TGTB Octa Ocrs Tave Oave B(E2) B(M1)
(1) (ps) (ps) (eb) (eb) (ps) (eb) (e by’ (759
10~ 1481011 1.017047 4.87+017 5937007 1.2479%0 5407918 0.2010:% 0.10%0:0%
11- 1.8810:12 0.87211 3.647012 5.42109 1.37+018 453101 0.1910:94 0.056+0:914
12~ 2761998 2.5619% 2.5010% 2.591093 2.661511 2.54+906 0.061591 0.037+0:906
13- 1.18%0:0 1217590 2.72+0:96 2.697003 120708 2.70%0:9 0.1470:2 0.00179%000
14- 2247508 2.07751% 1.8370:03 1.9075:03 2167539 1.87750 0.037591 0.01670:032
15~ 1.79793¢ 1.77751¢ 1.497012 1.81750% 1.787539 1.657513 0.057591 0.001+9:5002
16~ 1.62+2 1.657515 1.757512 174159 1.64+0.29 1741013 0.05+591 0.020+0:904
17- 1.89+0% 1.90+5. 32 1.687598 1.67+59¢ 1.89793¢ 1.6810:19 0.06159! 0.003*5-000°
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FIG. 7. Plots showing the lifetimes and quadrupole moments of the yrast states in

where f,, and o, are the branching ratio and the total internal
coefficient of the transition, X is the intensity ratio of E2 and
M1 transitions, and § is the mixing ratio assumed to be 0. The
values of o, were considered to be O because of reasonably
high energies of the y transitions (E, > 100 keV). Table IV
lists the calculated values of B(E2) and B(M 1) along with the
results on the lifetimes and quadrupole moments.

We plotted the quadrupole moment and lifetime values as
a function of spin in Fig. 7. The trend in the values of the
quadrupole moment is intriguing—almost a constant value
(2.6 e b) below the signature inversion (137) and a sharply
decreased value (1.6 e b), which remained constant again at
high spins. The behavior is suggestive of a shape change at
the inversion point, discussed theoretically in the next section.

IV. THEORETICAL DISCUSSION

A. Two quasiparticle-plus rotor model
1. Change in nuclear deformation at signature inversion

We theoretically studied the phenomenon of signature
inversion in the light of our results on lifetimes. The two
quasiparticle-plus rotor model [36,37], procured from Rang-
narsson [38], was employed. We focused on understanding
the change in the quadrupole moment after the signature
inversion observed experimentally in Fig. 7. The deformation
parameters were estimated using the following relation:

3 312 cos(y + 30°)

0 = EZ(I’OA )'B c0s(309) 12)
In Eq. (12), we assumed a constant value of 8 = 0.15 [14,16]
and rp = 1.4 fm, and we determined y from the experimen-
tal values of the quadrupole moment (Q;). The sign of y
was considered in the Lund convention [39] throughout our
present study. Experimentally, we determined the average Q,
of roughly constant value in two regions—one below the sig-
nature inversion and another above (Fig. 7). It is noteworthy
that we did not include the initial two spins (107 and 11#)
for finding the average Q; because of the mismatch in their
values while using GTA and GTB analyses. Figure § exhibits
a plot of Q; vs y using Eq. (12) and the experimentally
measured average values are shown by thick hatched lines (in
blue and green) incorporating errors. Further, two intersection
points were found at y = —50° (nearly oblate shape) and
y = —10° (nearly prolate shape) for spins below the signature
inversion, whereas one intersection was found at y = 25°
(triaxial shape) for above the inversion. To perform the
two quasiparticle-plus rotor model calculation, we needed

.
1 12 13 14 15 16 17 18
Spin (h)

126I

deformation parameters (8, y) for the core and the single-
particle energies for valence particles. In the first step, the
single-particle energies and wave functions were calculated
with the computer code [38] using a deformed harmonic
potential or Nilsson potential. The program also utilizes the
variable moment of inertia incorporating Harris parameters
(%o, ¢1) [40,41]. These parameters were determined earlier by
Kanagalekar et al. [14] for 1261, and the values were o=
22.4MeV~! A% and ¢; = 36.6 MeV 3 i*.

In further calculation, we obtained the energy of the rotor
of specified deformation parameters (B8, y) and coupled it
with the single-particle energies to get the energy of the
negative-parity yrast states of '2°I. A word of caution regard-
ing the sign of y is worth noting here. The particle rotor model
code [38] uses the irrotational flow (IRF) kind of moment of
inertia, defined as

3 = 2oy sin? +2 k (13)
S = —<50 SIn —
Sk 3 50 Y 37T ,

where k =1, 2, and 3 correspond to three principal axes
of a triaxially deformed nucleus. For the minimum energy
configuration, the expression leads to the rotation around the
intermediate axis, in contrast to a rigid-body rotation around
the shortest axis. We accordingly changed the sign of y in the
calculation. For instance, to utilize a negative value of y in
the Lund convention, we changed its sign to positive; whereas
the positive value of y in the Lund convention was treated as
y-reverse in the IRF model. In other words, we performed the
calculation with the correct sign required for the IRF model in

3

] P

] e Low spin
AZ_
L High spin
O’l_‘
0_.|||||||||||||||||||||||||||||

-60 —30 0 30 60

y (degrees)

FIG. 8. Curve depicting the variation of the quadrupole moment
with the triaxiality parameter y (in the Lund convention) from
Eq. (12). The hatched regions are the experimental average values
below and above the signature inversion.
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FIG. 9. Comparison of AE [defined in Eq. (14)] obtained experi-
mentally and theoretically (PRM) showing the signature splitting and
inversion.

our PRM calculation. However, to maintain the consistency
and clarity, we have mentioned the sign of y in the Lund
convention always. In the following section, we discuss the
results.

2. Comparison with experimental results

Experimentally, the signature inversion was found in the
yrast negative-parity band of %I in earlier studies [14,16]
with the mixed valence particle configurations wds, ® vhiy,
and 7 g7, ® vhiy,. However, the dominant proton configura-
tion was still a question of debate. Kanagalekar er al. [14]
suggested mds;, ® vhiy, as the dominant configuration from
the total Routhian surface (TRS) calculation leading to the
normal signature inversion at high spins, whereas Zheng et al.
[16] suggested 7 g7, ® vhny, as the dominant configuration
leading to the anomalous signature inversion. The former
seemed to be the case in our present study. Signature splitting
and inversion are recognized by plotting a function AE such
as

AE =[E)—-E(U —-1)] - %[E(I-i- )—E()
+EI—1)—E(I-2)]. (14)

In the two quasiparticle-plus rotor calculations, we used
the estimated values of deformation (8 = 0.15, y = —10°)
at low spins and (8 = 0.15, y = 25°) at spins above the
inversion, while matching the excitation energy at the inver-
sion point. Simultaneously, we observed the contribution of
various positive-parity orbits for the valence proton, while the
valence neutron occupied the hiy, orbit. Figure 9 shows the
experimental values compared with our theoretical results—
for the mentioned two sets of deformation values for below
and above the inversion—giving the correct phase of signature
splitting. However, the extent of splitting was found to be
small theoretically below the inversion. Besides, the PRM
calculation predicted the dominant contribution of the ds,
orbital for the proton valence particle for both below and
above the inversion point, presented in the pie chart (Fig. 10).
Moreover, the calculation reproduced the sharp change in the
experimental B(E?2) values at the inversion point reasonably
well, better for 8 = 0.13 compared to g = 0.15, as seen in
Fig. 11.

High spin

Low spin

27% 29%

56%
70%

- 0,
s, 3% 15%
Eg7

E#other orbitals

- d5/2
i o )
EE other orbitals

FIG. 10. Contribution of various positive-parity orbitals for the
occupancy of the valence proton below (low spin) and above (high
spin) the signature inversion in our PRM calculation.

It is worth mentioning that we made several attempts for
the calculation. For instance, when we tried with the other
possible value of triaxiality, y = —50°, below inversion ob-
tained from the plot in Fig. 8, we were unable to reproduce
the correct phase of the signature splitting for the predominant
7ds;, ® vhiy, configuration. It had to be predominantly the
781, ® vhiy, configuration to get the correct phase. However,
with the latter configuration we could not reconcile with the
argument of observing normal signature splitting at high spins
[14], consistent with the cranking picture. Moreover, the esti-
mated value of g.i by Kanagalekar er al. [14] was compatible
with the former configuration predominantly. Intuitively also,
such a large change in triaxiality, from y = —50° (below) to
y = 25° (above) at the inversion, is unusual. We therefore
discarded this deformation (8 = 0.15, y = —50°). In another
set of calculations, we tried an identical value of triaxiality
below and above the inversion, ranging from y = 20° to
y = 30°, and the results could never reproduce the signature
inversion no matter which positive-parity orbital we used for
the proton occupancy.

B. Backbending and TRS calculation

We studied yet another phenomenon—backbending be-
havior of particle alignment with increasing rotational

0.2

] --—— PRM, B=0.15

] —— PRM, B=0.13

L — ¢ Experiment
0.15 A
:'Q ]
&) J
N 0.1
&) J
m 4
0.05

T T

11 12 13 14 15 16 17 18
Spin (h)

FIG. 11. Experimental and theoretical (PRM) values of the re-
duced transition probability B(E2) showing a sharp change at the
signature inversion.
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FIG. 12. Plot of rotational alignment (i,) vs frequency (fiw) ex-
hibiting the backbending at roughly the same frequency as signature
inversion.

frequency—in the yrast band of '*°T (Band 3 in Fig. 4) [14].
The projection of the total angular momentum along the
rotation axis (,) can be written as

I, =R+1i, (15)

and

L =vII+1)—-K?, (16)

where R is the core angular momentum and i, is the aligned
angular momentum of valence particles along the rotation
axis. We assumed the Nilsson quantum number K = 6 [14],
also mentioned in Sec. IIID. The Harris parametrization
[40,41] was used for the core angular momentum (R) (de-
scribed in the previous section), which is written as

R= o+ o' (17)
The particle alignment becomes
i = L — Sow — {1, (18)

which is plotted with the rotational frequency to observe
backbending. The rotational frequencies were determined by
dividing the y energy of E?2 transitions (Fig. 4) by 2 units
of spin difference. Figure 12 presents the alignment plot,
marked at the backbending frequency of 0.47 MeV near
to the signature inversion point. To describe the observed
backbending, we carried out the TRS [39,42] calculation
using the computer code ULTIMATE CRANKER [43,44]. Within
the Nilsson-Strutinsky prescription—by adding shell effects
and pairing to the liquid-drop energy—the cranking model
was employed; wherein the nucleus is assumed to be a rigid
body and rotating around the principal axes. For a rigid-body
rotation, the moment of inertia is highest for the rotation
around the shortest axis and hence favored energetically.

Apart from the axial deformation and triaxiality parameters
B and y, the hexadecapole deformation parameter B4 was
also needed in the calculation. We assumed B4 to be 0. All
the other parameters were kept at their default values except
A, (pairing gap for proton) and A, (pairing gap for neutron).
Their values were varied from 0.8 to 1.1 MeV before deciding
finally A, = 1.1 MeV and A, = 1.0 MeV.

At first we attempted to get the single-particle Routhians
from the TRS calculation at the deformation values 8 = 0.15
and y = —10° corresponding to below inversion. But we

01 02 03 04 05 06 07
ho (MeV)

FIG. 13. Neutron Routhian plot at the deformation values g =
0.15 and y = 25° (above inversion) from the TRS calculation using
the computer software ULTIMATE CRANKER [43,44]. The arrow marks
the second crossing frequency at iw = 0.52 MeV. Various curves
are marked according to their parity and signature: solid (4, +1/2),
dotted (4, —1/2), dash-dotted (—, +1/2), and dashed (—, —1/2).

could not get the crossing frequency within the measured
range. Interestingly, we could explain the observation of
backbending when we used the deformation values g = 0.15
and y = 25° corresponding to above inversion, and Fig. 13
presents the neutron Routhian plot. The yrast negative-parity
states were built by a quasineutron and a quasiproton oc-
cupying the negative-parity and positive-parity Nilsson or-
bits, respectively. We found the lowest available quasineutron
Nilsson state hi,[5 5 11/2 9/2] with a second backbend at
0.52 MeV (arrow in Fig. 13), which compares well with the
experimental value of 0.47 MeV in Fig. 12. The first neutron
backbend was blocked because of the odd number of neutrons.
Also, the second proton backbend occurred at a much higher
frequency theoretically and was unlikely for the observed
backbend.

V. CONCLUSION

We have measured the short lifetimes of eight negative-
parity yrast states of 12°T using the Doppler-shift attenuation
method. Two data analysis procedures—gating above (GTA)
and gating below (GTB)—have been utilized to obtain the
lifetime results independently. The GTA analysis is free from
any side-feeding parameter but suffers from somewhat low
statistics, whereas the reverse is the case for the GTB analysis.
Moreover, using a target without any backing material in our
experiment, we were faced with an additional uncertainty
due to continuous production and stopping of the recoiling
nuclei. Nevertheless, using both GTA and GTB, we obtained
the reliable result—a sharp decrease in the reduced transition
probabilities B(E?2) at the signature inversion. The shape
parameters were deduced in the Lund convention, g = 0.15
and y = —10° below the inversion and g = 0.15 and y =
+25° above it. The results implied only a difference of 15°
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in the absolute value of the triaxiality parameter (y) with a
change in sign. Physically, the nuclei changed their shape at
the inversion point from near prolate to more like triaxial with
a shift in the axis of rotation.

Using the above deformation parameter values, we per-
formed the two quasiparticle-plus triaxial rotor model cal-
culation. The calculation correctly reproduced the phase of
signature splitting. However, the extent of splitting was small
below the inversion point by the calculation as compared
to the experimental observation. The trend in B(E?2) values,
especially at the signature inversion, was also well reproduced
by the calculation. The valence particle configuration for the
band was found to be predominantly wds;, ® vhii, admixed
with 7w g7, ® vhiy,. To explain the observed backbending, we
generated plots of single-particle Routhians for the neutron as
well as the proton at the mentioned shape parameter values
found above the signature inversion. The second crossing

frequency for the valence proton was way up compared to
the observed backbending frequency of 0.47 MeV, whereas
it matched reasonably well for the valence neutron, implying
neutron alignment.
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