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Decoupling behavior in 1**La
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Heavy-ion fusion reactions '22Sn(**'>N, xn)'*?La have been utilized for the lifetime measurements using the
recoil distance method. The lifetimes of seven low-lying excited states were obtained. In addition, the lifetimes
of two states belonging to a band, which was identified as a decoupled band, were obtained. The decoupling
behavior in *?La has been theoretically investigated using the particle-rotor model in the model space of hiy»
and (vsy,2, vds). The pseudospin coupling model was also utilized to understand the decoupling behavior in

terms of the valence-particle configuration 7wh;»(Q2; = %) ® v[ém](Qv =

with the experiment was obtained.
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I. INTRODUCTION

The phenomenon of chirality has been the main focus of
attention for studying the odd-odd nuclei in the mass region
near 130 [1]. The decoupled bands, though experimentally
found in many nuclei, such as '28Pr [2], 13%132Pr [3], and
134Pm [4], have not been theoretically investigated very well.
In the upper rare-earth region, the well-studied cases of double
decoupling are '"®Re [5] and '®Ir [6].

The ground state (27) of '*’La and an isomeric state
(67) were originally identified by the electron conversion
measurement [7]. Two bands based on the particle configura-
tions 7'[]111/2 ® Vhll/z and 7812 Q V]’lll/g, were identified by
Oliveira et al. [8]. An extensive study of the why, ® vhii)n
band and its chiral partner band was done by Starosta
et al.[1,9,10]. In our earlier experimental measurements [11],
we made a definite spin assignment to the bandhead of the
chiral band by identifying two new transitions of energies, 38
and 351 keV. Similar results were also reported by Timar
et al. [12]. We also found a new negative-parity band
consisting of E?2 transitions [11]. This band was identified as
a decoupled band because the energy-level spacings were very
similar to the ground-state bands of the neighboring nuclei
139Ba and '3'La. Recently, Grodner et al. [13] measured the
lifetimes of states belonging to the chiral partner bands and
compared their results with theoretical calculations based on
the core quasiparticle coupling model.

The main focus of the work presented here is to ascertain
the decoupled nature of the newly found negative-parity band
[11] and to further investigate its properties. We performed
two lifetime experiments in the picosecond range using the
recoil distance method (RDM). A moderate value of the axial
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deformation parameter (8 = 0.18 £ 0.02) was obtained for the
decoupled band from the lifetime measurements. The behavior
of the decoupled band was explained using the particle-rotor
model and the pseudospin coupling model. In both these
models, we considered the valence proton configuration as
(h112)Q2r = % However, the valence neutron configuration
used was (vd3251/2)82, = %, % in the particle-rotor model, and
[4111Q, = %, % in the pseudospin coupling model. To do a
systematic investigation, we also performed the calculations
for the neighboring nuclei '*'La and '3!'Ba. Both the mod-
els provided a reasonable agreement with the experimental
data.

II. EXPERIMENTAL DETAILS

The first lifetime measurement was performed at the Tata
Institute of Fundamental Research (TTFR), Mumbai. The N
beam, delivered by the Pelletron accelerator at the energy
of 62 MeV, was focused on a '?>Sn target. The high recoil
velocity of the residues is an important parameter for the RDM
measurement. In the experiment done at TIFR, the velocity of
the residues was low (=~0.003¢). To obtain higher velocities
of the residues, we performed another experiment with a >N
beam of 83 MeV on a '?>Sn target at the Inter-University
Accelerator Centre (IUAC), New Delhi. In this experiment,
132La was populated through the 5n reaction channel. The
gain in recoil velocity was due to the higher mass and energy
of the projectile. In both the experiments, the Sn foil of
thickness 0.5 mg/cm? was prepared by rolling along with a
supporting material Au of thickness 2 mg/cm?. The difficulty
of making a self-supporting Sn target of thickness below
1 mg/cm? was avoided by using the supporting material. The
stopper was Au of thickness 5 mg/cm?. The flatness of both the
target and the stopper was achieved by the stretching method.
The target and the stopper were mounted inside the plunger
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setup and the distance between them was measured by the
capacitance measurement technique described by Alexander
and Forster [14]. In both experiments the beam current was
3-4 pnA. For each target-stopper distance the data were
collected for roughly 3 h.

The plunger setup at TIFR [15] consisted of a fixed
target mounting plate and a movable stopper assembly. The
separation between the target and the stopper could be
manually adjusted by a micrometer screw from outside the
vacuum chamber. A standard coaxial high-purity germanium
detector (HPGe) at 90° and a four-element Clover HPGe
detector at 30° with respect to the beam direction were
used. The detectors were placed at the distance of 20 cm
from the target position. The dimension of the standard
HPGe detector and each section of the Clover HPGe detector
were roughly the same, and was 5 cm in diameter and
6 cm in length. The data were collected in the singles
mode. The target-stopper separation was varied between 6
and 1650 pum.

The experimental setup at IUAC consisted of a plunger
inside the multidetector array. The multidetector facility, called
the y-detector array (GDA) [16], consisted of 12 Compton-
suppressed coaxial HPGe detectors, whose size was similar
to the coaxial HPGe detector used in the TIFR experiment.
These HPGe detectors were placed at a distance of 20 cm
from the target, and were oriented at the angles of (6) £50°,
+98°, and +144° with respect to the beam direction. They
were positioned in two planes that made an angle of +25°
with the horizontal plane. A set of 14 BGO detectors in
the honeycomb structure, seven above and seven below the
horizontal plane, were placed as the multiplicity filter. The
target-stopper assembly was housed in the plunger vacuum
tube. The stopper could be moved by dc motors, which were
controlled remotely by a personal computer. The minimum
distance achieved in our experiment was 5.7 um. In total,
16 distances were covered ranging from 5.7 um to 6620 pum.
The y-y coincidence data were recorded in the event-by-event
mode, called the list mode, when two or more detectors were
fired. The energy spectra of individual detectors were also
recorded in the singles mode.

III. DATA ANALYSIS AND RESULT

The singles data collected at TIFR were analyzed after
adding the spectra from all the sections of the Clover detector
placed at 30° with respect to the beam direction. The data
were normalized with respect to the spectrum of the 90°
detector. For the experiment done at I[UAC, the list mode data
were analyzed by making E, (9) versus E, (all) matrices. Two
such matrices were constructed for 8 = 50° and 6 = 144°.
For the coincident y rays, E,(all) included events at any
detector position. The analysis of a particular y ray observed
at the angle 6 was done either by taking the total projection
or specific energy gates on the E, (all) axis. The data were
calibrated with the radioactive sources ?Eu and '3Ba. As
the Doppler-shifted and the unshifted peaks were close in
energy, there was no need to do the efficiency correction
for finding the intensity ratio R( fy ). The areas (intensity)

=To+1,
of shifted (I;) and unshifted (I(,)Opeaks were measured by
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fitting the peaks to a Gaussian of adjustable heights, while
constraining the widths. The RADWARE software [17] was
utilized for analyzing the energy spectra. The peak widths
were estimated by fitting the fully shifted and unshifted peaks.
The recoil velocity of the residues were measured from the
peak positions of the shifted and the unshifted peaks, and was
found to be 0.0030c £ 0.0005¢ and 0.0100¢ £ 0.0005¢ for the
TIFR and IUAC experiments, respectively. The width of the
shifted peak was large because of the velocity distribution
of the recoiling nuclei. The peak width was measured as
a fraction of the photopeak energy and was found to be
about 15% and 5% for the TIFR and IUAC experiments,
respectively. The width of the shifted peak was more for the
TIFR experiment than that for the IUAC experiment. The
larger width obtained in the TIFR experiment was mainly
due to two reasons. First, the straggling in the energy loss is
higher at low recoiling velocity of the residues. Second, the
Doppler broadening is more for the Clover detector because
the position angles of each of the sections of the Clover was
not exactly 30°, causing the effective opening angle to be much
more than that of the coaxial HPGe detector used in the [UAC
experiment.

The lifetime of the energy states was determined using the
fitting procedure given in the Appendix.

Figure 1 gives the relevant part of the decay scheme of
1321 3 [11]. The red-colored transitions were studied in the
present RDM analysis.

Figure 2 shows the example of shifted and unshifted peaks
for 227-, 288-, 414-, and 557-keV y lines from the TIFR
experiment. These results were obtained from the singles
data. The corresponding decay curves are shown in Fig. 3.
The lifetimes of many states could not be determined, either
because of poor statistical quality of the data or the presence
of overlapping peaks.

The y-y coincidence data from the IUAC experiment was
used to generate the projected spectra by gating on both
shifted as well as unshifted components of various energy
peaks. Such spectra, shown in Fig. 4, exhibited the shifted and
unshifted components of 161-, 170-, 203-, 279-, 312-, 320-,
351-,414-, 482-, and 557-keV transitions. The corresponding
decay curves are shown in Fig. 5. The lifetimes for the
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FIG. 1. (Color online) Partial level scheme of '*’La from our
earlier work [11]. The red-colored y transitions were studied in the
present RDM analysis.
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FIG. 2. Energy spectra for the transitions 227, 288, 414, and
557 keV obtained in the RDM experiment performed at TIFR.
The distance mentioned in the units of um is the target-stopper
separation. Solid arrow indicates the position of the unshifted peak
and the dashed arrow represents the shifted peak observed in a
detector positioned at an angle of 30° with respect to the beam
direction.

states decaying through y transitions 227 and 288 keV could
not be determined. This was because the transitions with
very close energy values 230 and 293 keV were present in
the projected spectrum with gate on 170 keV. For example,
when the spectrum of the 144° detector was analyzed, the
shifted peak of the 230-keV transition appeared at 228 keV.
Similarly, in the spectrum of the 50° detector the shifted peak
of the 227-keV transition appeared at 229 keV. This kind of
contamination was much less in the TIFR spectrum because of
the low recoil velocity of the residues, resulting in the smaller
separation between the shifted and unshifted peaks. Table I
lists the results of both the RDM experiments performed at
TIFR and IUAC. The quoted error incorporates the fitting
error and the error in the average velocity of the recoils.
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FIG. 3. Decay curves as a function of target-stopper separation
“D” for the transitions 227 keV (8 — 77), 288 keV (9 — 8()),
414 keV (99 — 7)), and 557 keV (11 — 9)) obtained from
the RDM experiment at TIFR.
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FIG. 4. Energy spectra for the transitions 161, 170, 203, 279, 312,
320, 351, 414, 482, and 557 keV obtained in the RDM experiment
performed at IUAC. The distance mentioned in the units of xm is the
target-stopper separation. The solid arrow indicates the position of
the unshifted peak and the dashed arrow represents the shifted peak,
observed at the designated angles with respect to the beam direction.

The latter was approximated to 15% for the TIFR experiment
and 5% for the IUAC experiment as mentioned earlier. The
last column of the table gives the gating transitions used for
generating the projected spectra shown in Fig. 4 for the ITUAC
experiment.

IV. THEORETICAL INTERPRETATION AND DISCUSSION

A. Low-lying states

The lifetime values for the states 6(=, 7=, 7t, and 8 were
found to be quite high (see Table I). Therefore they can be
called isomeric states.

B. Band 2

A new negative-parity band, called band 2 in Fig. 1, was
entirely built from our data [11]. We identified the bandhead
as 77 and a sequence of E2 transitions up to 17¢=). This band
was identified as a decoupled band because the energy spacings
between the levels were very similar to the ground-state
band of the neighboring nuclei '3!'La and '3°Ba, as shown in
Fig. 6. Below 77, the energy levels were connected to the
isomeric state 6~ and the ground state 2~ by many decay
paths. Assuming the axial deformation of the nucleus, the
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FIG. 5. The decay curves as a funtion of target-stopper separation “D” for the transitions 161 keV (107 — 97), 170 keV (7~ — 67),
203 keV (7~ — 67),279keV (77 — 77),312keV (7 — 77), 320 keV (617 — 67),351 keV (8" — 77), 414 keV (9 — 7)), 482 keV
(7* — 67), and 557 keV (112 — 9) obtained from the IUAC experiment.

deformation parameter B was calculated from the measured and the intrinsic quadrupole moment
lifetime using the following formulas [18,19]: the decay rate

ins! Qo = ZeR*B. (3)

3
V51
Here E, is the energy of the y ray in MeV, Z is the atomic
number, and R is the nuclear radius which is taken to be equal
to 1.2A'3 fm. The Clebsch-Gordan coefficient (; K20 | 1K)
represents the coupling of angular momenta, where I; and
I, are the initial and final spin values, respectively. The
value of K was taken to be zero because the decoupled

T(E2) = 1.225 x 10°E; B(E2), (1)

the reduced transition probability in ¢ fm

5 5 band arises when the angular momenta are rotation aligned
B(E2) = 167 Ol K20 | 15 K)|*, 2) (i.e., the K value should be small). From our experimental
TABLE 1. Mean lifetimes obtained from the RDM experiments.
Excitation energy Initial spin y energy Mean lifetime of energy states (ps) Gates (IUAC Experiment)
E; (keV) E, (keV) (TIFR expt.) (IUAC expt.) (keV)
358 7" 170 416 £21 351, 312
391 7" 203 303 +38 279
508 6 320 855+ 193 953+£72 161, 67
585 8 227 1443
670 7t 279 238 £36 203
670 7+ 312 222 +38 238 +£36 170
670 7 482 222 +38 238 £31 161, 67
709 8t 351 104+ 8 170
873 9=) 288 10+2
937 10" 161 3.0+£04 482,279
1166 9 414 18+3 2242 Total projection
1723 110 557 441 40+04 230, 414, 391

054302-4



DECOUPLING BEHAVIOR IN 32La

4 130B 131La 132La
107 3260 o 177 3284
3
—_
¢ + - 157 2409
> 8 2395 27/27 2332 ..
=2
%A
) + ©)
r.%) 6 1592 2327 1540 ... 1371639
(]
4 a9 1927 869 .1 - 971
)
2" 357 ...152 336 ... 9 414
o 0" 0. 1120 AR
Even-even 0Odd-A Odd-odd
FIG. 6. The energy levels of the decoupled band in

2La and "'La in comparison with the even-even nucleus
1308
a.

results of lifetimes for 97 and 11 states (Table I),
the average value of 8 was found to be 0.18 £ 0.02. The
value of B did not change significantly when K =1 was
considered.

We performed the particle-rotor model [20] calculations.
The axial deformation parameter 8 was chosen to be 0.18,
while the triaxial deformation parameter y was taken to
be zero. Since there was a very good similarity between
the ground-state band based on mhy» in 3'La and the
decoupled band in '’La (Fig. 6), the valence proton in
hi12 was an obvious choice for our calculation. For the
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valence neutron configuration, the Nilsson energy levels at
the deformation value B8 = 0.18 indicated the presence of
ds;» and sy, positive-parity orbits near N ~ 75. In the
neighboring nucleus '*'Ba, the ground-state band was indeed
identified as (vd3/»s1,2) by earlier workers [21]. We therefore
used the valence partlcle configurations (7whyy,, ) and
(vd3/281/2, Q2 = 2) for BlLa, 3'Ba, and 132La In this
model, the calculatlon for the odd-odd nucleus is performed
by considering K = @, £ Q,. The slight difference in the
masses of 3'La, 13'Ba, and '3?La was ignored and the same
values of moment of inertia parameters Jy = 7.74% MeV~!
and J, = 83.37* MeV 3 in the Harris expansion were uti-
lized for the entire calculations. These values of Jy and J;
were obtained from the ground-state band of the even-even
core nucleus '°Ba. The calculation was performed using
the two-quasiparticle-rotor model. Similar calculations were
performed for '*'La and '*'Ba using a one-quasiparticle-rotor
model. The results, designated as “The. I” are presented
in Figs. 7(a), 7(b), and 7(c) for '3’La, 3'La, and ’'Ba,
respectively.

In the pseudospin coupling model, as suggested by Bohr
et al. [22], one can identify the pseudospin singlet and doublet
states in the Nilsson energy-level diagram. Kreiner [23] has
used the concept of pseudospin to explain the decoupling
behavior in nuclei in the mass region A ~ 180. Using the same
prescription, we have performed the the calculatlon by identifying
the pseudospin doublet states [411 1, [411 ] for the valence
neutron. However, for the valence proton we have assumed
the same configuration (whi12, Ry = %), as was used in the
particle-rotor model. To calculate the energy eigenvalues,
for the odd-odd nucleus '*2La, the 4 x 4 Coriolis matrix
for the configuration space {Q, = 2, 11®{Q, = 1}={K =
2,1, 1,0} can be written as

I(I+1)—2% —a,[(I = )T +1'?  —a,l( — )T +2)]'? 0
AD) —a,[(I — DU +2)]'? II+1)-1 1 —a,[I(I + D]'?
—a,[(I — (I +2)]'? 1 -1+ -1 —a,[I(1+ D]V |”
0 —a,lI(I + 1)]? —a,[1(I + 1)]'/? II+1)
|
where A(]) = m, with the moment of inertia parameter the absence of a valence neutron above the even-even core

values Jo =7.77* MeV~! and J; = 83.32* MeV~3, which
were the same as those used in the particle-rotor model calcu-
lation. The rotational frequency w for each angular momentum
I h was calculated from the expression I = iy + Jow + Jio?,
where the value of the alignment parameter iy was taken
to be 3.6. This value was obtained from the experimental
level scheme of '3?La. For the decoupling parameter ap,,
a value of 4.5 was used for a proton in the low 2 orbit
of hiyi. The above matrix was diagonalized to find the
lowest eigenvalue for each /. The results are compared with
the experimental energy levels in Fig. 7(a), designated as
“The. I1.”

As far as the calculation for '*'La was concerned, the
pseudospin coupling model could not be used because of

nucleus *°Ba.

The pseudospin coupling model was al also utlhzed for 1¥1Ba
considering the same model space [411 1, [411 ] for the
valence neutron. In this case, the followmg 2x2 matrlx was

-1

used:
Al + D]'/?
( )( Iar+1 )

This matrix was diagonalized to get the lowest eigenvalues for
each I. The values of the parameters Jy, J; were taken to be
the same as above. The value of w for each I was obtained by
using ig = O for the ground-state positive-parity band of '3!Ba.
The calculated energy levels are compared with the experiment
in Fig. 7(c), designated as “The. I1.”

II+1)
—[I(I + D]V?
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FIG. 7. A comparison of the decoupled band 2 belonging to
132a with the theoretical calculations based on particle-rotor model
(The. I) and pseudospin coupling model (The. II) is shown in panel
(a). Panels (b) and (c) show a similar comparison for '3'La and '3!Ba,
respectively.

We discuss here the theoretical results in comparison with
the experimental data shown in Fig. 7. The results from the
particle-rotor model were quite good for '*!Ba and !3'La.
However, the levels predicted by the pseudospin coupling
model did not match well with the experiment for '3'Ba. For
132a, the theory of a particle-rotor model overpredicted the
energy of the levels, particularly at high spins. Also there was
a very small signature splitting in the theoretical prediction.
This was not consistent with the double decoupling behavior
in general, when the large signature splitting was expected
and the unfavored component was not observed as it was
high in energy. To explain the absence of even-parity states
(unfavored signature) in our experimental data, we calculated
the decay rates using the particle-rotor model. The values
were found to be in the range of 0.1-0.4 ps~! for all the states
belonging to both favored as well as unfavored states. The
M1 transitions from the even-parity states to odd-parity states
were also of similar strength. However, the M1 transitions
from the odd-parity states to even-parity states were found to
be very weak with a decay rate of about 0.001 ps~!. Therefore,
the y-ray intensities in the unfavored branch was expected
to be much smaller than that in the favored branch. In the
pseudospin coupling model, Kreiner [23] has explained such
semidecoupled behavior in '3¢Ir by considering the alignment
of a proton spin and a neutron pseudospin. The M1 transition
strengths between favored (odd spin) and unfavored (even
spin) energy states were expected to be very small. However,
with the much more powerful detector array GASP, the
weakly populated unfavored signature band was observed [6].

V. CONCLUSION

From our earlier measurement we experimentally identified
band 2 [11]. The spin 7 was assigned to the bandhead. Only
one signature band with odd spins was observed. In the present
work, the RDM technique was utilized to measure the lifetime
of states in the picosecond range. From the measured lifetimes
of two states, the deformation parameter 8 has been found to
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be 0.18. This band showed the decoupled behavior because of
the similar energy-level spacings to those of the neighboring
nuclei B'La and *Ba. Two theoretical approaches, the
particle-rotor model and the pseudospin coupling model, were
used to do a systematic investigation of Bl 5 131Ba and
1321a. Considering the valence proton, neutron configuration
as (whi1y2), (vds3281,2) in the particle-rotor calculation, the
energy levels of '3'La and '*'Ba were found to be matching
very well with the experiment. However, for '3?La, the
calculation produced somewhat larger spacings as compared
to the experiment. In the framework of pseudospin coupling
model with the coupling of 7/, and [411%], [411%], the
energy levels of ¥’ La were well reproduced. Both the models
suggested that the intensity of the unfavored signature band
should be much smaller than that in the favored band. This
explained the absence of even-parity states in the experimental
decay scheme.
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APPENDIX

Here we present a brief description of the fitting procedure
for finding the lifetimes using a multilevel decay scheme. Let
us consider four levels, A, B, C, and D, with A at the top and
D at the bottom. The total decay rates for the levels A, B, and
C are Ay, Ap, and Ac, respectively. If from the level A, f4 is
the fractional decay going to B, the corresponding y transition
will have the partial level width f4X4. Similarly, the partial
level widths for the y transitions from B to C and from C to D
are fpAp and fcAc, respectively. The decay rates for the side
feed to the levels B and C are Ag; and A¢/, respectively. The
fraction of the side-feeding intensity to the levels B and C are
Fp and F¢, respectively. Lifetimes of the levels that were lying
higher than two levels above a given state were assumed to have
a negligible contribution to the time dependence of that state.
In this decay scheme, the expression for the ratio of unshifted
y-ray intensity, Iy(¢), and total intensity, Io(¢) + I;(¢), for the
y transition decaying from the level C to D is given as

1,(t)
L,(t) + I;(1)
_ 1
~ fefa(l— Fg — Fo) + fpFp + Fc

054302-6



DECOUPLING BEHAVIOR IN 32La

y |:)\A)\B)\CfAfB(1 — Fp —F¢) ( e !
(Aa — AB) Ac(Ap —Ac)

e*)\gt

e*)xcl e*)»Al
-~ - +
Ap(Ap —Ac)  Ac(Aa —Ac)  Aa(hp — Ac))

Apic feAipiFa < et
(Apr — Ap) Ac(Ap —Ac)  Ap(Ap —Ac)

e*kgt

e*)u(,l e*)ug[l
- +
Ac(Apr —Ac)  Apr(Apr — )»C))
Aerer F —X\crt —Act
cherFe (e e )} (Al
(Ac —AcD) \ Acs Ac

_ D . .
where t = e D is the target-stopper separation, and Vay,,
is the average velocity of the recoiling nuclei. In order to
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fit the above expression to the experimental data, f4, fg,
Fp, and F¢ were kept fixed and their values were obtained
from the experimental y-ray intensities. The decay rates A
were treated as adjustable parameters in general. But once
the decay rate of a given upper level was available, its value
was held constant in the subsequent fitting process involving
a lower state. For example, while determining the decay
rate Ac from the above expression, Aa, Ag, Apgs, and Acy
were kept constant if their values were already determined,
otherwise they were varied within a certain range to obtain
the best fit. This range was decided on the basis of the
experimentally observed shifted and unshifted components of
y-ray intensities. The unobserved side-feeding transitions are
assumed to be very fast. In this way, the lifetimes of the states
with interconnecting transitions were obtained in a consistent
fashion.
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