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Abstract. The nuclear spectroscopic quadrupole moments for the mhg/25/27,1/27[541] and the
mh11/29/27,9/27 [514] isomeric states in 169Ty have been measured employing the time differential per-
turbed angular-distribution technique following the nuclear reaction **Tb(*®0, 6n7v)'%Ta at beam energy
104 MeV. The ratio of the intrinsic quadrupole moments Qo(K™ = 5/27)/Qo(K™ = 9/27) has been de-
rived as 1.87(13) from the measured quadrupole precession frequencies of the corresponding states. The
model-independent analysis of the equilibrium deformation indicates strong prolate- and oblate-driving
nature of the 1/27[541] and 9/27[514] orbitals in *¢%'"*Ta isotopes, respectively.

PACS. 21.10.Hw Spin, parity, and isobaric spin — 21.10.Ky Electromagnetic moment — 27.70.4+q 150 <

A <189

The ground states in odd-even '"173Ta nuclei are
established as 75/27,1/27[541] Nilsson configuration [1]
but in the case of neighbouring nuclei '67:169Ta, there is
ambiguity in the assignment of low-lying proton intrinsic
states because of missing inter-band transitions [2,3]. The
identification of the band heads and the rotational bands
built on them is based on the in-band analysis and the
systematics of the transitional energies in neighbouring
nuclei. Zhang et al. [4] have observed two isomeric band
heads I = 5/27 (E, = (169.5 + z) keV, T}/, = 17(4) ns)
and I = 9/27 (E, = 220 keV, Ty, = 28(5) ns) of
the 1/27[541] and 9/27[514] bands in %9Ta, respectively.
Transitions to the lower level are still uncertain. Both the
rotational bands belong to the high-j proton configura-
tions having different deformation-driving forces. Guided
by these facts, it was decided to measure the spectro-
scopic quadrupole moments of the isomeric levels using the
time differential perturbed angular-distribution (TDPAD)
technique to confirm the spin of the levels unambiguously
and to provide directly the configuration dependence of
deformation.

The TDPAD measurements were carried out at the
16UD Pelletron accelerator facility of the Inter-University
Accelerator Centre, New Delhi. The 5/27 and 9/2~ iso-
meric states were excited through the nuclear reaction
159TH(160, 6nv)'Ta using 104 MeV 160 pulsed beam
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with 1 ps repetition period. The target consisted of a
2 mg/cm? thick Th metal foil just enough to stop the
recoiling Ta nuclei. The details of the TDPAD setup
are given elsewhere [5]. The de-exciting +-rays from the
isomeric levels were detected in two Nal(Tl) detectors
(3" x 2" crystals coupled to the RCA 8575 low noise pho-
tomultiplier tubes) placed at 0° and 90° with respect to
the beam direction at a distance of 20 cm from the target.
The time signal was generated by the time-to-amplitude
converter (TAC) started by a suitably shaped anode pulse
of NaI(Tl) detector and stopped by a pulse picked up
from the main oscillator of the pulsing system. For faster
data acquisition the prompt peak was suppressed and the
low-energy part of the spectrum (unresolved X-rays and
v-rays) had to be cut off. The data were collected in
LIST mode with four parameters: the energy and time
signals for both Nal(T1) detectors. The acquired data, fol-
lowing proper gain matching for energy and time, were
sorted off-line into F,-t matrices corresponding to the
two different detectors. In order to investigate the de-
layed gamma rays produced in the reaction, energy spec-
tra gated at different time intervals with respect to the
beam pulses were created. The delayed v-ray energy spec-
tra using the NaI(T1) and the HPGe detectors are shown
in fig. 1. The HPGe detector was used only to identify the
de-exciting ~-rays. The high background at low energy
has been observed due to short-lived residual radioactivi-
ties. The background-subtracted normalised time spectra
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Fig. 1. The partial level scheme of **Ta at low excitations [4]

and the delayed 7-ray spectrum observed by (a) Nal(Tl) and

(b) HPGe without background subtraction.

at 0° and 90° for the corresponding isomeric states were
added together to further ascertain the isomeric charac-
ter of the 123.5, 153.5 and 169.5 keV ~-rays. The half-
lives T7/2(5/27) = 44(5) ns and T3 /5(9/27) = 54(6) ns
have been derived from the least-squares (LSQ) fitting of
the time spectra plotted in fig. 2. The derived values of
the half-lives are higher compared to the earlier reported
values [4] obtained through - coincidence to avoid con-
taminants. Further, the TDPAD patterns, analysed below
for the de-exciting v-rays, depend only on the spin of the
isomeric states and are different for the 5/2~ and 9/2~
isomeric states (figs. 3 and 4).

The recoiling %°Ta nuclei get implanted into Tb metal
backing in the paramagnetic phase at room temperature
(300 K) and experience only the electric quadrupole inter-
action because of its hexagonal close packed lattice struc-
ture. The transition from the paramagnetic phase to the
magnetic ordered state in Th metal takes place at 229 K
(Néel temperature). The 7-ray angular distribution, per-
turbed by the electric quadrupole interactions, results in
the time-dependent modulation of the ~-ray intensities.
From the measured intensities, a ratio function Gao(t) was
formed,

2 [ I(0°,) = I(90°,t)
© Agy [ I(0°,t) +21(90°,¢)

Gaa(t) (1)
Here I(6,t) are the background-subtracted and normal-
ized time spectra at two angles 0° and 90°. The experi-
mental ratio functions Gay(t) for each isomeric state were
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Fig. 2. Summed time spectra for the 5/27 and the 9/27 iso-
meric states.
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Fig. 3. Spin rotation spectrum of the 5/27 state in *°°Ta.
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Fig. 4. Spin rotation spectrum of the 9/27 state in '*°Ta.

least-squares fitted to the following theoretical perturba-
tion function for two sites in a polycrystalline material:

Goa(t)=f Z Sy cos(nwort)

X exp {—;(WSWOJ)Q] +1-=1 Z Sap, cos(nwpat)

X exp {—%(né'wogtﬂ 7 (2)
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Table 1. Comparision of the deformation parameters 35 (exp.) and the crossing frequencies in
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169,171,

Nucleus Rotational ~(2(TRS)®™  Bo(Th.) fi(exp.) fhw. ABs(exp.)®  Ahw.

band MeV MeV

169y 5/27 0.256 0.256 0.275  0.31 0.046 —0.05
9/2~ 0.245 0.216 0.147  0.24 —0.082 0.02

171 5/27 0.26 0.267 0.24 0.29 0.0 —0.015
9/2~ 0.234 0.198  0.26 —0.04 0.015

168yf yrast 0.246 0.229  0.26

17omf yrast 0.260 0.244  0.275

a) Refs. [3,7].

(b) The change in the observed deformation ABJ (exp.) = Bg(exp.)(mg’l”Ta)—Bg (exp.)(wg’lme).
(c) The shift in the crossing frequency Ahw, = hw.(*°®170Hf)-hw, (199171 Ta).

where the symbols have their usual meaning. The least-
squares fitting of the data has been explained in detail
in ref. [5]. The fractions f and (1 — f) correspond to the
recoil-implanted nuclei at the regular substitutional and
the irregular sites, respectively. The nuclei at the substi-
tutional sites are characterised by the unique axially sym-
metric (asymmetry parameter n) = 0) electric field gradient
(efg) associated with the interaction frequency (wp;) with
small distribution (), while nuclei at irregular sites ex-
perience low quadrupole interaction frequency (wp2) with
broad distribution (6”). The amplitude of the modulation
is determined by the effective anisotropy contribution of
(153.5 + 169.5) keV ~-ray transitions for the 5/2~ state
and 123.5 keV ~-ray transitions for the 9/2 state.

For the 5/2~ state, the solid line shown in fig. 3 repre-
sents a fitted quadrupole interaction pattern with param-
eters wo; = 301.2(12) Mrad/s and wpe = 19.9(4) Mrad/s
corresponding to the regular and irregular sites, respec-
tively. In the case of the 9/2~ state, the solid line shown
in fig. 4 corresponds to the interaction frequencies wg; =
85.8(6) Mrad/s and wgz = 9.1(2) Mrad/s. The fraction (f)
and field distribution (0) at regular sites are observed to be
70% and 0.01, respectively, for both the isomeric states.
The quadrupole interaction frequencies at the irregular
sites are low and are not sensitive to the distribution in
the LSQ fitting. The shape of the quadrupole precession
pattern confirms unambiguously the spin values I = 5/2~
and I = 9/2~ for the corresponding band heads.

For half-integer spin, the quadrupole interaction fre-
quency wy; is related to the spectroscopic quadrupole mo-
ment @, and the electric field gradient V,, through the
relation

6eQsVz-

T AIRI - 1R 3)

wo1
Using the measured value of V,, = 593(35) x 10'° V /cm?
at 181 Ta [6] in Tb at room temperature and the LSQ-fitted
values of wg; for the substitutional sites, the extracted
values of @, are found to be Qs(5/27) = 2.23(13) b
and Qs(9/27) = 2.28(13) b. The electric field gradient
measurements for the implanted and the molten 81 TaTb
sources have shown the same value at the substitutional
sites [6]. The fraction of the ions going to the substitu-
tional sites and the slow interaction frequency component

(due to radiation damage and light impurity ions trapping
at the irregular sites) is influenced by the sample prepa-
ration techniques.

The spectroscopic quadrupole moment () is related to
the intrinsic quadrupole moment Qo by the relation,

3K2 - I(I+1)

Qs = QO (1+1)(21+3)

(4)

The values of Qo for the 5/27 and 9/2~ isomeric
states obtained by using the above relation turn out
to be 7.80(45) b and 4.18(24) b, respectively, and
the ratio of the two intrinsic quadrupole moments is
Qo(5/27)/Q0(9/27) = 1.87(13). The ratio of the intrinsic
quadrupole moments is free from any systematic uncer-
tainty in the value of the electric field gradient at the
nucleus. From the measured quadrupole moment values,
Qo(5/27) = 6.69 [7] and Q¢(9/27) = 5.66(34) [5] in "' Ta,
it is observed that with the decrease of the neutron number
in the 199171 Ty isotopes, the intrinsic quadrupole moment
of the 5/2~ band head increases [Qo(1%°Ta)/Qo ("1 Ta) =
1.77(7)] by 17% and that of the 9/2~ band head de-
creases [Qo(1%9Ta)/Qo (1™ Ta) = 0.74(6)] by 25%. This is
the first direct observation of such a large variation in the
quadrupole deformation for the two different configura-
tions in a nucleus and also in two neighbouring isotopes.
The results are compared with the available theoretical
predictions below.

As a good estimate, the equilibrium quadrupole defor-
mation B can be evaluated from the relation

2
Q0 = 4ZR ggcosw’ (5)
where Z is the atomic number, R = RoAY3 and Ry =
1.2 fm. The calculated values of the corresponding defor-
mation parameters for the axially symmetric shape are
B2(5/27) = 0.303(17) and (32(9/27) = 0.162(9). The sign
of the quadrupole moment cannot be found in the present
experiment, but we can take it to be positive (prolate)
based on the measurements for the 5/2~ and the 9/2~
band heads in 17Ta [8] and '®1Ta [9], respectively. There
are indications of small deviations from the axial symme-
try (i.e. 5- and y-deformation) from the observation of the
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energy signature splitting in the one-quasiproton bands
(comparatively larger in the 9/2~ band). For the light
odd-mass Ta isotopes the increased amplitude of the sig-
nature splitting in the 9/2~ band with decreasing neutron
number (N) has been attributed to the non-axially sym-
metric shapes [10]. The stiffness to the y-distortion goes
down fast below N = 104. The total-Routhian-surface
(TRS) calculations based on a Woods-Saxon deformed
potential have predicted small negative ~y-deformation
(v < 4°) in 159Ta [3]. The extracted deformation parame-
ter, Bs, is related to the charge distribution and is divided
by 1.1 to transform it to the quadrupole deformation of
the Woods-Saxon mean field [11] (sensitive to the nuclear
matter distribution), 83 (exp.), calculated by Nazarewicz
et al. [12]. Both the experimental and the theoretical re-
sults for '69:171Ty isotopes are reported in table 1. For
comparison, the deformation parameters of the even-even
core '8170Hf nuclei [12] have also been included.

The results show that i) the equilibrium deformation
associated with the 5/27 band head is larger (approxi-
mately twice as large) compared to that with the 9/2~
band head and ii) the change in the deformation for the
corresponding states in '%9Ta is approximately equal and
in the opposite direction (increasing for the 5/2~ state and
decreasing for the 9/2~ state) with respect to the "1Ta
isotope. This agrees qualitatively with the theoretical pre-
dictions for the deformation change in odd-Z rare-earth
nuclei [12]. The variation in the induced deformation
(nuclear shape) in the core is attributed to the different
deformation-driving forces of the single-quasiproton
orbitals. The 71/27[541] orbital is characterised by the
large negative slope (9¢/90 < 0) in the Nilsson diagram
and is known as strongly prolate-driving orbital. The oc-
cupation of the orbital by the proton strongly favours the
prolate deformation of the core. The 79/27[514] orbital
has positive slope (9e/08 > 0) and is an oblate-driving
orbital. The occupation of this orbital results in favour
of a less-prolate-shape core. The configuration-dependent
core polarisation effects can give a difference in the de-
formation parameter for the 5/27 and the 9/2~ isomers
in 1%9Ta and across other odd Ta isotopes. The '69Ta
isotope is nearer to the transitional region, comparatively
large deformation spread is expected in it due to the core
softness towards ~-deformation [12]. The variation in
magnitude and direction is at variance with the theoreti-
cal computed values. The occupation of the single-proton
orbital influences the first crossing frequency of the
band due to the alignment of the pair of i;3/, neutrons
also through the configuration-dependent deformation
effects. The shift in the crossing frequencies between
the 1/27[541] and the 9/2~ [514] sequences in the 169171 Ta
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isotopes and the corresponding 1%%179Hf [13,14] even-even
yrast sequences (table 1) seems to be related with the
change in deformation, in magnitude and direction. The
observed crossing frequency shifts across the odd Ta iso-
topic chain could not be reproduced by the cranked-shell
calculations with the deformation parameters obtained
from the TRS calculations [15]. The shift is reproduced
by considering quadrupole pairing in the projected shell
model [16] and the filling of certain neutron shell is im-
portant. The static quadrupole moment measurements for
the 5/27 and the 9/2~ isomers occurring in other odd Ta
isotopes can elucidate the role of other related factors for
the AB-crossing frequencies.

The theoretical calculations of the deformation param-
eter [12] are based on the pure single-quasiparticle nature
of the state. The deviation from the theoretical predictions
is expected because of other microscopic details of the
wave functions of the single-particle states, e.g. K-mixing,
coupling of octupole vibrations etc., which have not been
included here. The sign of the quadrupole moment cannot
be measured in the present experiment, which restricts the
determination of the nature of the quadrupole deforma-
tion. We plan to perform g-factor measurements in '69Ta
to know the precise nature of the states.
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