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Recoil-distance method lifetime measurements in173Ta
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The nucleus of173Ta was populated using the reaction159Tb(18O,4n)173Ta at a beam energy of 84 MeV.
Lifetime measurements in the bands built on two Nilsson configurationsph9/2@541#1/22 andpg7/2@404#7/21

were performed using the recoil-distance Doppler shift method. The measured lifetimes were used to extract
the reduced transition probabilitiesB(E2). Microscopic Hartree-Fock theory with the angular momentum
projection was used for calculating the reduced transition probabilities. TheQt values obtained from the
measuredB(E2) values show a larger collectivity for theh9/2 band as compared to theg7/2 band. Cranked
Hartree-Fock Bogoliubov calculations were used for calculating the quasiparticle Routhians. The experimental
results in conjunction with the cranking calculations also explain the experimental band-crossing delays asso-
ciated with thei 13/2 neutron alignment in the173Ta nucleus.
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I. INTRODUCTION

The light tantalum isotopes (A5171–175) @1–3# have
shown bands built on different Nilsson configurations w
contrasting shape driving features. TheK51/2 band is built
on the ph9/2@541#1/22 configuration. Its energy is highly
down sloping with deformation and thus it is supposed to
prolate driving. On the other hand, the bands built on
Nilsson configurations, such aspg7/2@404#7/21 and
pd5/2@514#5/22, show a coupled sequence. These coup
bands are characteristic of the higher-K configurations.
These configurations are not expected to have a shape
ing tendency.

The bands in the tantalum isotopes have shown b
crossing which is associated with the alignment ofi 13/2 pair
of neutrons. In general the band-crossing frequency for
alignment ofi 13/2 pair of neutrons is expected to be indepe
dent of the configuration occupied by the odd proton. The
fore, all bands built on different odd proton configuratio
within the same nucleus are expected to have the same b
crossing frequency. However, if any particular configurat
has high deformation driving tendency as compared to
others then the band-crossing frequency gets delayed@4#.
The K51/2 band in the odd Ta isotopes shows a dela
band crossing compared to the other bands belonging to
same nucleus; therefore one expects a higher deformatio
this band. The highj and lowV configuration coming from
the intruderh9/2 level is highly down-sloping as a function o
increasing prolate deformation and one expects a stretc
of the nucleus along the prolate axis. The band crossin
the h9/2 band in the173Ta nucleus@2# takes place at a rota
tional frequency\v5360 keV. Theg7/2 band, built on the
V57/2 configuration, on the other hand, shows band cro
ing at a rotational frequency of\v5320 keV. This delay of
D\v540 keV for theh9/2 configuration is an indication o
a larger deformation of the nucleus for this configuratio
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Since the lifetime measurements of theE2 transitions pro-
vide a way of inferring the quadrupole deformation of t
nucleus, we have performed lifetime measurements of
levels of these two bands built onph9/2@541#1/22 and
pg7/2@404#7/21 configurations in the173Ta nucleus.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

Lifetimes were measured in173Ta nucleus via the recoi
distance method ~RDM!, using the reaction
159Tb(18O,4n)173Ta. The 84 MeV18O beam was delivered
by the 15UD pelletron accelerator at Nuclear Science Ce
~NSC!, New Delhi. The experiment was performed using t
NSC recoil distance plunger device@5# and the Gamma De
tector array~GDA!. A 1 mg/cm2 thick target of 159Tb was
stretched and mounted on the RDM device. The stopper
8 mg/cm2 gold foil stretched in the similar way an
mounted opposite to the target. The distance between
target and the stopper was calibrated using capacitance
surement method@6#. The data were acquired at targe
stopper distances ranging from 13 to 10 000mm. Theg rays
were detected with 12 Compton suppressed HPGe dete
of the GDA system arranged in three different rings of fo
detectors each, and making an angle of 144°, 98°, and
with respect to the beam axis, respectively. A 14 elem
BGO multiplicity filter was also used close to the target si
The data from any of the HPGe detectors were acquired w
the condition that at least two of the BGO detectors sho
fire in coincidence with the HPGe detector. This reduces
background due to Coulomb excitation considerably. T
data from all the detectors at one angle were added toge
to improve the statistics.

The g-ray transitions deexciting from levels with spin u
to I p525/22 and 23/21 in the h9/2 band andg7/2 band, re-
spectively, were observed in the experiment. The decay
the levels along a cascade is represented by a set of cou
differential equations called Bateman’s equations@7#. The
©2001 The American Physical Society03-1
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programLIFETIME @8# was used for the present analysis to
these equations to the experimental decay curves and ex
the relevant lifetimes. This program includes the correctio
due to the effect of the unknown side feedings. In the pres
analysis the topmost level of the band being analyzed
assumed to be fed by a rotational cascade comprising of
transitions of known energies. The quadrupole moment
this feeding band was kept a parameter of variation to h
the best fit to the observed highest level. The side feeding
all the levels was modeled to have as one step feeding a
was ensured in analyzing each decay curve that the inten
in the band is conserved by the variation of the populat
from the side feedings. The transition probabilities from t
side bands were chosen to have the best fit to the experim
tal data. The errors were calculated by the subroutineMINUIT

@9# of the LIFETIME program which calculates the errors d
to the variations of the parameters for the unit change of
chi square. The programLIFETIME also includes the correc
tions due to the effect of the finite detector solid angle,
locity dependent solid angle, and the alignment attenuat

III. RESULTS AND DISCUSSION

A. Experimental results

The spectra containing shifted and unshifted partners
the transitions for various target-stopper distances are sh
in Fig. 1. The shifted and the unshifted peaks for vario
transitions were fitted. The normalized intensities of the
shifted components as a function of the target to stop
distance are shown in Figs. 2 and 3 for the transitions of

FIG. 1. The shifted~S! and the unshifted~U! peaks for the
various transitions in173Ta at the backward angle of 144°.
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h9/2 andg7/2 bands, respectively. The fitted lifetimes forh9/2
andg7/2 bands are tabulated in Tables I and II, respective
The measured lifetimes for different transitions were used
extract B(E2) values for them. In order to have an ide
about the shape of the nucleus for theh9/2 andg7/2 configu-
rations, we extracted the transition quadrupole momentsQt
using the measuredB(E2) values using the relation

B~E2!5
5

16p
e2Qt

2^I2K0uI 22K&2 ~1!

for a transitionI→I 22 belonging to a band built on a con
figuration withJz5K. These values ofQt and the associated
deformation parameterb calculated from the experimenta
B(E2) values for theh9/2 band andg7/2 band have been
plotted in Figs. 4 and 5. The deformations (b) shown in
these figures have been calculated using a linear expan
of Qt in terms of the quadrupole deformation parameter (b)
assuming an axial symmetry (g50°). It is seen from the
figures that theQt values for theh9/2 band are;15% higher
than theg7/2 band. This property of the higher deformation
the K51/2, h9/2 band compared to the bands built on t
other high-K configurations has been observed in171Ta @5#
also.

B. Shape studies using TRS calculations within Hartree-Fock
Bogoliubov framework

In order to understand the nuclear shape for173Ta, total
Routhian surface~TRS! calculations were performed usin

FIG. 2. Decay curves for the unshifted peaks for transitions
the negative parityph9/2@541#1/22 band in the nucleus173Ta.
3-2
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RECOIL-DISTANCE METHOD LIFETIME . . . PHYSICAL REVIEW C 64 034303
Cranked Hartree-Fock Bogoliubov~CHFB! framework@10#
with Strutinsky shell correction procedure@11#. The mean
field in the calculations was assumed to be of Woods-Sa
@12# type, having a quadrupole as well as a hexadecap
shape. The residual interaction is assumed to be the m
pole pairing potential@13# and the pair gapD and the chemi-
cal potentiall were calculated using the BCS self-consiste
procedure. The TRS contour plots for the2ve parity and
1ve signature configuration (h9/2 band! are shown in Fig. 6.
The shape of the nucleus defined by the minimum of
contours is close to the valueg50°. The average deforma
tion parameter calculated from these plots for theh9/2 con-
figuration is (b;0.28) while the average experimental val
of this negative parity configuration (h9/2 band! is b
50.32(1), which is about'15% higher than the theoretica
predictions.

FIG. 3. Decay curves for the unshifted peaks for transitions
the positive paritypg7/2@404#7/21 band in the nucleus173Ta.

TABLE I. Measured and calculatedB(E2) values forh9/2 band
in 173Ta.

Energy Spin Lifetime B(E2) B(E2) projected HF
~keV! (I i

p) ~ps! (e2 b2) (e2 b2)

186 13
2

2 19769
14 1.8560.12

0.09 1.98
290 17

2
2 20.061.6

1.3 1.9860.12
0.17 2.01

389 21
2

2 4.29 60.18
0.24 2.1360.11

0.09 2.12
481 25

2
2 ,1.82 .1.74 2.16
03430
n
le
o-

t

e

Similar calculations were performed for the1ve parity
and 1ve signature configuration which correspond to t
g7/2 band. The results of the TRS calculations for this co
figuration are shown in Fig. 7. The shape for this configu
tion is also close tog50° indicating the prolate structure
The value of the deformation parameter inferred for t
1ve parity 1ve signatureg7/2 configurations isb;0.27
which is in good agreement with the average inferred va
of b50.28(1) from the measuredB(E2) values.

In order to see the effect of the different values of t
deformations inferred from measurements for the two c
figurations on the neutron alignment band crossings, we
culated the quasineutron Routhians to find the band-cros
frequency for these two bands. Figure 8 shows
quasineutron Routhians for the nucleus173Ta at two different
deformationsb50.32 andb50.28 which are the averag
deformations inferred from the measuredB(E2) values for
the two bandsph9/2 andpg7/2, respectively. The monopole

TABLE II. Measured and calculatedB(E2) values forg7/2 band
in 173Ta.

Energy Spin Lifetime B(E2) B(E2) projected HF
~keV! (I i

p) ~ps! (e2 b2) (e2 b2)

284 11
2

1 13465
6 0.3360.02

0.02 0.40
370 15

2
1 13.760.6

0.7 0.8560.04
0.04 0.99

439 19
2

1 4.0660.64
0.42 1.22 60.12

0.23 1.31
492 23

2
1 ,2.24 .1.26 1.50

FIG. 4. The extractedQt values from the measuredB(E2) val-
ues for theph9/2@541#1/22 band of 173Ta nucleus. The solid curve
is the result of the CHFB calculations.

n

3-3



d
i

y
e
in

o

rre

i
u
a
al
e
f

rm

.

tie

on-

in

ed

f

m-
he

s.
e of

h

n
al

n
al

P. JOSHIet al. PHYSICAL REVIEW C 64 034303
pairing used in both these calculations isDn51.1 MeV
which is close to the value used earlier@1# for calculating the
single quasiparticle Routhians in the171Ta isotope. It is
clearly visible from the Routhian diagrams that the ban
crossing frequency for the neutron alignment increases w
increase in deformation. Forb50.32 the rotational align-
ment of the neutrons takes place at rotational frequenc
\v5360 keV, while forb50.28 the alignment takes plac
at \v5320 keV. The experimental values of band-cross
frequencies@2# for the h9/2 and theg7/2 bands are 360 and
320 keV, respectively. Thus the experimental delay
D\vc540 keV for theh9/2 band as compared to theg7/2
band is reasonably explained using the deformations infe
from the measuredB(E2) values for the two bands.

C. Microscopic Hartree-Fock calculations with angular
momentum projection

In order to investigate the properties of the two bands
173Ta the microscopic Hartree-Fock calculations with ang
lar momentum projection were performed. The reduced tr
sition probabilities for the levels of the two bands were c
culated in order to compare with the experimental valu
The Hamiltonian used in these calculations consisted o
single particle term and a residual two-body interaction te
The closed shells ofZ550 andN582 were assumed with
one major shell active for protons as well as neutrons
surface delta residual interaction@14# of strength 0.3 MeV
was used fornp, nn, and pp type of interactions. This in-
teraction is known to give reasonable deformation proper
of the deformed rare-earth nuclei@15#. An axially symmetric

FIG. 5. The extractedQt values from the measuredB(E2) val-
ues for thepg7/2@404#7/21 band in 173Ta nucleus. The solid curve
is the result of the CHFB calculations.
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shape with reflection symmetry was assumed so that c
figuration mixing occurs only among states of the samem

value and parityp. The band heads forK5 1
2

2, 7
2

1 bands
were generated, respectively, by putting the last proton

m5 1
2

2, 7
2

1 near the proton Fermi surface. It is to be not
that them5 1

2
2 orbit occupied by the last proton in theK

5 1
2

2 orbit is predominantly ofh9/2 character. The details o
the calculations are given elsewhere@5#.

The calculated reduced transition probabilities are co
pared with the experimental values in Tables I and II for t
two bands, respectively. An effective charge of 1.7e for pro-
tons and 0.7e for neutrons was used in these calculation
These values are the same as used in the other isotop
tantalum, i.e.,171Ta @5#. The calculatedB(E2) values for
both bands of the nucleus173Ta are in good agreement wit

FIG. 6. The TRS plot for the negative parity configuratio
(ph9/2@541#1/22 band! in 173Ta nucleus calculated at a rotation
frequency of\v50.2 MeV.

FIG. 7. The TRS plot for the positive parity configuratio
(pg7/2@404#7/21 band! in 173Ta nucleus calculated at a rotation
frequency of\v50.2 MeV.
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FIG. 8. The quasineutron Routhians descr
ing the delay in the band crossing for the d
formed configuration. The two deformations use
correspond to the values inferred from the me
surements.~a! b250.32 for theph9/2 band, ~b!
b250.28 for the pg7/2 band. Axial symmetry
(g50°) has been used in the calculations.
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the experimental results. The constant behavior of theB(E2)
values as a function of spin for the lowK51/2 h9/2 band is
clearly visible. It is interesting to note that the smoothly i
creasing trend of theB(E2) values with spin for theg7/2
band is also well reproduced by the calculations. It is to
noted that the calculatedB(E2) values for theh9/2 band are
higher than those for theg7/2 band, as observed experime
tally.

IV. SUMMARY

Lifetime measurements of the levels of two bands (h9/2
andg7/2) in 173Ta were performed using the RDM techniqu
The measured lifetimes were used to extract theB(E2) val-
ues and the transition quadrupole moments (Qt). The results
have shown a larger collectivity for theh9/2 band as com-
03430
e

.

pared to theg7/2 band. Microscopic Hartree-Fock calcula
tions were performed with the angular momentum project
to calculate theB(E2) values. The calculatedB(E2) values
are found to be in good agreement with the measured val
The deformations inferred from the measurements have b
used for the calculations of thei 13/2 neutron pair alignment in
theh9/2 and theg7/2 band using cranked Hartree-Fock Bog
liubov formalism. The delay in the band-crossing frequen
for the h9/2 band as compared to theg7/2 band has been
successfully reproduced from these calculations.
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