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Abstract: The deformation driving tendency of various single particle orbitals near the Fermi surface has been in-
vestigated with the lifetime measurements of high spin states in the non-yrast bands of 177Re nucleus. For this study,
the '%Ho (190, 4n)'77Re reaction at a beam energy of 84 MeV was used. Lifetimes of four lowest levels in the
mi13/2[66011/2* band and four levels in the 7ds;»[402]5/2* (o = —1/2) band were measured. The extracted trans-
ition quadrupole moments for the 7ij3,, intruder band showed a sharp increase with increasing level spin, indicating
a significant shape transition in the nucleus. The average transitional quadrupole moment (Q;), a measure of deform-
ation, for the 77132 band was significantly larger (Q; ~ 8.7 (6) eb) compared with the nds;» (Q; ~ 6.3 (5) eb) band.
To interpret the observed shape changes in the two bands, the experimental transition probabilities for these bands
were compared with the results obtained from Projected Shell Model (PSM) calculations.
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I. INTRODUCTION

The neutron-deficient odd-Z nuclei with mass 4 ~ 175
provide a valuable opportunity to study the deformation-
driving effects of various single-particle orbitals. In odd
proton nucleus such as Re, the proton Fermi level lie
close to the low K, high-j nhyp (K =1/2) and iz
(K =1/2) orbitals intruding from above the Z = 82 shell
closure. Intruding orbitals are highly downsloping as a
function of deformation in the Nilsson diagram [1], driv-
ing the nucleus to larger deformations for equilibrium
shapes. In addition to these low-K intruding orbitals,
high-K orbitals such as 4y, (K=9/2) and ds;, (K =5/2)
orbitals are also close to the Fermi surface. The high-K
orbitals are upsloping as a function of deformation in the
Nilsson diagram (i.e., they have a positive slope) and
have a tendency to drive the nucleus to smaller deforma-
tions. The deformation driving nature of this low-K, high-
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Jj mhyy, intruder orbital was established in the lifetime
measurement studies of "'13Ta and '"7'7Re nuclei,
where the deformation of the mho,[541]1/2 band was
found to be approximately 20% higher compared with the
nds;»[402]5/2* orbital [2—4]. While the deformation-driv-
ing capability of the mhy,, orbital is well studied, studies
on the deformation-driving nature of low-K, high-j i3,
(K =1/2) orbital is rare in this mass region. This rarity is
primarily because, although both nhy, (K =1/2) and
w3, (K =1/2) orbitals intrude from above the Z = 82
shell closure, the mij;,, orbital lies at a higher excitation
energy from the Fermi level than the nhy,, orbital, mak-
ing it difficult to populate in the nuclei of this mass re-
gion. The available data suggests that on the lower-Z side,
8Lu is the lightest nucleus in which nij3, (K =1/2)
band has been identified. The results of the lifetime meas-
urements, performed by Schmitz et al., [5] reveal that the
deformation for this band is twice as large as that of nor-
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mal deformed yrast band. On the higher Z- side, the '"'Re
is the lightest nucleus where the 7i;3,, (K = 1/2) band has
been identified at high excitations in experimental stud-
ies. In Rhenium isotopes (Z = 75), the niy3,, (K =1/2) or-
bital lies much closer to the Fermi surface compared with
Lutetium isotopes (Z = 71); however, it is still expected to
behave as a pure particle state and show its deformation
driving capabilities. In '""Re nucleus both nhy/, (K =1/2)
and i3 (K =1/2) orbitals are present. However, look-
ing at the experimental level scheme in Fig. 1 [6], it is
clear that the nhy,, (K =1/2) band forms the yrast struc-
ture while the nij3,, (K =1/2) band is available at high
excitations. Thus, the i3/, state is farther than the why),
orbital from the Fermi surface and therefore is expected
to show more deformation driving tendency compared
with the mhy,, orbital. To verify this claim, the measure-
ment of quadrupole momemt is necessary in all the ex-
cited bands populated in ""Re nucleus with enough in-
tensities. As the lifetime of excited nuclear states give
direct information about the quadrupole deformation
parameter in the given nucleus so the lifetime measure-
ments have been done. In this mass region, low-spin ex-
cited states in populated bands have lifetime in the range

177 Re
Band 2

35/2*

—_

33/2* 158 526

31/2*

25/2+

of picosecond. Thus, to measure such small lifetimes the
recoil distance Doppler shift method (RDM) [7] is used.
The RDM technique is based on Doppler's effect of light
and is sensitive enough to measure the level lifetime of
excited nuclear states ranging from picosecond to nano-
second.

II. EXPERIMENTAL DETAILS

The experiment was conducted at the Inter-Uni-
versity Accelerator Centre (IUAC), New Delhi. For this
purpose, the '""Re nucleus was populated with '9>Ho
("0, 4n)'""Re reaction at 84 MeV of beam energy. A
self-supporting foil of *Ho (enrichment level 99.9%)
with an approximate thickness of 780 pg/cm” was used as
a target, and the stopper was made of highly pure natural
Gold foil with an approximate thickness of 8 mg/cm?.
For the detection of gamma rays, the Gamma detector Ar-
ray (GDA) setup [8, 9], consisting of 12 HPGe detectors
and 14 elements BGO multiplicity filter was used. The
HPGe detectors in the array were arranged in three differ-
ent rings (four detectors in each ring), positioned at
angles of 50°, 99°, and 144°to the beam direction. The 14
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Fig. 1.

(color online) Partial level scheme of '"’Re, relevant to this study, showing the eight y-ray transitions of interest (marked with

red) in Band 2 (nds/2, o =—1/2) and Band 3 (7i;3,2) for which the lifetime measurement were performed. The complete level scheme is

available in Ref. [6].
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elements of BGO multiplicity filter were arranged in the
array with seven crystals positioned above and seven be-
low the target. The data was collected in the singles mode
in coincidence with the BGO multiplicity condition
M >2 at 22 target-stopper distances (Dr_s ), ranging from
10-10000 um. "Singles mode" refers to events recorded
by a single Ge detector in the GDA array, under the con-
dition that at least two gamma rays have been simultan-
eously detected by the 14-element BGO crystals multipli-
city array. The BGO multiplicity gating reduces the back-
ground contribution from the Coulomb excitation (low
activity events), radioactivity, and other sources.The ca-
pacitance method [10] was used to measure small dis-
tances (less than approximately 50 m) between the target
and the stopper foils. The capacitance method is useful at
small distances, where the target and stopper foils in the
RDM plunger act as two plates of a parallel plate capacit-
or. In this configuration, the capacitance between the tar-
get and stopper foil assembly is inversely proportional to
the distance between them. The minimum distance
between the foils was determined by interpolating a fit-
ting curve plotted between the inverse of capacitance (as-
suming the small gap between the target and stopper foil
assembly as two plates of a parallel plate capacitor) as a
function of increasing target-stopper distance. The target-
stopper distance was measured to the precession better
than 1 wm. This slight variation in the measured distance
was attributed to the target heating by the beam. Further
details on the experimental setup, data acquisition, and
analysis method are provided in [3].

In this experiment, the lowest gamma-ray transitions
from all populated bands, such as nhy,[541]1/27 (a =
+1/2), nds[402]5/2  (a==+1/2), 7why;p[514]9/2°
(@ ==1/2), and mi;3,,[660]1/2* (@ =+1/2), have been
detected. The results of lifetime analysis for
7Th9/2[541]1/2_ ((Y = +1/2), 7Td5/2[402]5/2+ (a = +1/2),
and 7hy;2[514]9/27 (@ = £1/2) have already been repor-
ted previously (Ref. [3]). In our study, we report the life-
times results obtained for the four lowest gamma-ray
transitions of 7i;3,,[660]1/2* band, the 231 keV (17/2* —
13/2%), the 322 keV (21/2* —»17/2%), the 400 keV
(25/2* - 21/2%), and the 450 keV (29/2* — 25/2*) and
the four gamma-ray transitions in the @ = —1/2 signature
partner of the nds;[402]5/2* band, 327 keV (11/2* —
7/2), 402 keV (15/2* — 11/2*), 439 keV (19/2* —
15/2%), and 473 keV (23/2* — 19/2*). For clarity, the
complete energy spectrum obtained with detectors at 144°
(backward angle) for first target-stopper distance (Dr_s =
8 um) has been shown in Fig. 2.

III. DATA ANALYSIS AND RESULTS

For the observed gamma-ray transitions of interest,
data from the four HPGe detectors at each angle were
first gain-matched and then summed to produce a total

spectrum at that angle. In this context, three resultant
spectra corresponding to detectors at 50° (forward angle),
99°, and 144° (backward angle) were produced. As an ex-
tensive level scheme of 7"Re nucleus already exists [6], it
was easy to identify the gamma-ray transitions of interest.

A. Analysis of gamma-ray transitions in Band 2

1. Analysis of 327 keV (11/27 — 7/2%) y-ray peak

The gamma energy peak of 327 keV (11/2* — 7/2%)
is shown in Fig. 3. A closer examination of the level
scheme [6] reveals that few nearby y-ray energy trans-
itions in the decay scheme could possibly contaminate the
327 keV y-ray transition of interest. Notably, the 328.35
keV (25/2* —»21/2*) y-ray transition in Band 4, the
325.01 keV (13/2* —9/2%) y-ray transition in Band 1,
and the 327.97 keV (23/2* — 21/2*%) inter-connecting
gamma transition between Band 1 and Band 2 could be
the potential candidates for contamination. However,
careful examination of the entire y-ray energy spectrum
shows that the transitions from Band 1 and Band 4 were
not populated with enough intensity during measurement.
From this spectrum, Fig. 2(b), it is clear that the intensity
of first four lowest gamma-ray transitions of Band 1, spe-
cifically 281 keV (9/2* — 7/2%),325keV (13/2* — 9/2%),
367 keV (15/2* — 11/2*), and 405 keV (17/2* — 13/2%),
is less than 10% of the intensity of first three lowest en-
ergy gamma-ray transitions (327 keV [11/2" —7/2%],
369 keV [13/2* —»9/2%], and 402 keV [15/2* — 11/2*])
of the nd-5,. Conversely, the lowest gamma-ray trans-
itions of Band 4, specifically 328 keV (25/2" — 21/2%),
436 keV (29/2* — 25/2*), and 524 keV (33/2* — 29/2*),
are not visible in the spectrum, as shown in Figs. 2 (b)
and (c). Notably, no contamination affects the proposed
y-ray energy peak from nearby transitions. Therefore, the
obtained intensity of 327 keV, normalized to the intens-
ity of 547 keV Coulomb excited y-ray energy peak of Au
observed in the spectrum, is used for the lifetime analysis.
The intensity variation of the shifted (S) and unshifted
(U) energy components of the 327 keV y-ray at three tar-
get-stopper distances is shown in Fig. 3 (a), while the rep-
resentative fit of the unshifted gamma-ray energy peak at
two target-stopper distances, 8 pm (first distance) and
323 um (distance of minimum intensity), is shown in Fig.
3 (b).

2.  Analysis of 402 keV (15/2% — 11/2%) y-ray peak

The gamma-ray energy peak of 402 keV (15/2* —
11/2*) shown in Fig. 4 is clearly visible without signific-
ant contamination from other decay transitions. To ob-
tain the actual normalized intensity of 402 keV, only the
fitted intensity of the unshifted component is normalized
to the intensity of the 547 keV gamma-ray peak from the
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(color online) Complete energy spectra obtained with detectors at 144° (backward angle) at first target-stopper distance (Dr_g

= 8 um), showing gamma-ray transtions from all bands populated in 7’Re nucleus. The y-ray transitions (marked in orange) are the

peaks of contamination.

Coulomb excitation of gold. The intensity variation of the
shifted (S) and unshifted (U) energy components of 402
the keV y-ray at three target-stopper distances is shown in
Fig. 4 (a), while the representative fit of the unshifted
gamma-ray energy peak at two target-stopper distances, 8
um (first distance) and 183 um (distance of minimum in-
tensity), is shown in Fig. 4 (b).

3. Analysis of 439 keV (19/2% — 15/2%) y-ray peak

The gamma energy peak of 439 keV (19/2* —
15/2%), as shown in Fig. 5, potentially influences the in-
tensity from two gamma-transitions with 437.48 keV
(19/2* — 15/2%) in Band 1 and 439 keV (19/2* — 15/2%)
in Band 2 (our gamma-ray transition of interest).
However, a careful examination of the entire y-ray en-
ergy spectrum reveals that the y-ray energy transitions of
Band 1 are not sufficiently populated in the present meas-
urement. Therefore, the possibility of contamination by
the intensity of 437.48 keV (19/2* — 15/2*) in Band 1
can be excluded. The intensity variation of the shifted (S)
and unshifted (U) energy components of 439 keV y-ray at

three target-stopper distances is shown in Fig. 5 (a), while
the representative fit of the unshifted gamma-ray energy
peak at two target-stopper distances; 8 pm (first distance)
and 103 pm (distance of minimum intensity) is shown in
Fig. 5 (b).

4. Analysis of 473 keV (23/2% — 19/2%) y-ray peak

The gamma energy peak of 473 keV (23/2* —
19/2%), as shown in Fig. 6, has the possibility of contam-
inationfromthetwoy-raytransitions:the472.14keV(31/2* —
27/2%) y-ray transition in Band 6 and the 470.49 keV y-
ray transition in Band 10. Analyzing the level scheme and
the entire y-energy spectrum of !”’Re nucleus shows that
Band 10 is not populated in present measurements, as
none of the lowest-energy gamma-ray transitions are vis-
ible in the total energy spectrum. However, when ex-
amining the intensity of lowest 285 keV gamma ray
transition (23/2* — 19/2*) in the total energy spectrum
Fig. 2, Band 6 is populated with less than 10% of the in-
tensity of Band 2. Therefore, possible contamination of
the 472.14 keV gamma-ray transition from Band 6 in the
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Fig. 4. (color online) (a) A portion of energy spectrum showing the shifted (S) and unshifted (U) peaks of 402 keV y-ray transition of
yrast band in 7"Re at three different target-stopper distances (Dr—s ) and (b) A potion of energy spectrum showing the fitting of unshif-
ted energy (U) of 402 keV (our peaks of interest) at Dy_s = 8 um (first distance) and Dr_s = 183 um (distance of minimum intensity).
Data are obtained with detectors at 144° relative to the beam direction. (* The y-ray energy peak marked in blue corresponds to the y-
ray transition belonging to Band 3 [6].)

084006-5



R. Bhushan, A. Pandey, A. Rohilla ef al.

Chin. Phys. C 49, 084006 (2025)

3000

LI —
439 keV

1972 --> 15/2%)

2000 -

|
|
1000 433 keV : |
(252" 2> 212"
L | L | Jd 1 |
1500 T T T T .: |: T T
i) - | | .
=] |
=
=
o |
|
500 1
1
|
600 — 1 —
I 1 103um
400 — ) | —
| |
| | _]

200

2240 2260 2280 2300 2320
Channel Number
() (b)
(color online) A portion of energy spectrum showing the shifted (S) and unshifted (U) peaks of 439 keV y-ray transition of

Fig. 5.
yrast band in 7"Re at three different target-stopper distances (Dr—s) and (b) A potion of energy spectrum showing the fitting of unshif-
ted energy (U) of 439 keV (our peaks of interest) at Dy_g = 8 um (first distance) and Dr_s = 103 um (distance of minimum intensity).
Data are obtained with detectors at 50° relative to the beam direction. (* The y-ray energy peak marked in blue corresponds to the y-ray
interlinking transition from Band 3 to Band 2 [6].)

I — 1 T T
473 keV S| U
3000 [~ (232" --> 192" |

2000

COUNTS

3000

Counts

2000

o
o
]
-

3000

3000

2000 [

2418 243

(a)

1 2444
Channel Number

2457

COUNTS

1000 2000

0

(b)
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ray transition belonging to Band 1 [6].)
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proposed gamma-ray transition of interest at 473 KeV is
estimated to be less than 10 %. Thus, the y-transitions of
the energies 472.14 keV (31/2* —27/2%) in Band 6 and
470.49 keV in Band 10 can be easily excluded. Sub-
sequently, the net intensity of the gamma transition of
473 keV is normalized to the intensity of 547 keV gamma
ray peak from the Coulomb excitation of gold and used
for the present lifetime analysis. The intensity variation of
the shifted (S) and unshifted (U) energy components of
473 keV y-ray at three target-stopper distances is shown
in Fig. 6 (a), while the fit of the unshifted gamma-ray en-
ergy peak at two target-stopper distances, at 8 pm (first
distance) and 70 um (distance of minimum intensity), is
shown in Fig. 6 (b).

B. Analysis of gamma-ray transitions in Band 3

1. Analysis of 231 keV (17/2% — 13/2%) y-ray peak

The gamma energy peak of 231 keV (17/2* — 13/2%)
belonging to Band 3 is shown in Fig. 7. A careful exam-
ination of the decay scheme of the!”’Re nucleus suggests
possible contamination of this y-ray transition by a few
nearby p-ray transitions, with the 230.44 keV (33/2* —
31/2%) y-ray transition in Band 19 and the 231.26 keV
(21/2* — 19/2%) inter-connecting y-ray transition in Band
2 being possible candidates for the contamination. A

I ; I
231 keV

3000 |- 72" > 1312
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12I60 1280 1300
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Fig. 7.

close inspection of the entire energy spectrum reveals no
gamma-ray energy peak at 230.44 keV, indictaing that
Band 19 is not populated in the present measurement.
Therefore, the 230.44 keV transition (33/2* — 31/2*%) can
be excluded as a potential contaminant. The 231 keV -
energy transition shown in Fig. 7 may include contribu-
tions from only two nearby energies: the 231.26 keV
(21/2* - 19/2*) (inter-connecting y-ray transition in
Band 2) and 231 keV gamma-ray energy of interest.

To compare the relative populations of Bands 2 and 3
in the present measurement with those reported in Ref.
[6], we compared the intensities of the 400 keV trans-
ition from Band 3 and the 402 keV transition from Band
2, as observed in our measurements and those reported in
Ref. [6]. In our measurements, the ratio of intensity of
402 keV (Band 3) to the 400 keV (Band 2) is found to be
1.05 (3%), while the ratio of the intensities of the two
transitions reported in Ref. [6] is found to be 1.07 (2%).
The same ratio (within experimental error) of population
of the two bands in our measurements and that reported
in Ref. [6] shows that the relative population of various
bands is consistent between the two studies, despite us-
ing different reactions to populate the bands. Therefore
the data reported in Ref. [6] for intensity of various
gamma-ray transitions can also be used in present analys-
is. As per the intensity table [6], the intensity of 231 keV
(17/2* — 13/2%) is 54.1 and the intensity of other y-trans-

0
E
g
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(b)

(color online) A portion of energy spectrum showing the shifted (S) and unshifted (U) peaks of 231 keV y-ray transition of

yrast band in 7"Re at three different target-stopper distances (Dr—s ) and (b) A potion of energy spectrum showing the fitting of unshif-
ted energy (U) of 231 keV (our peaks of interest) at Dy_s = 8 um (first distance) and Dr_s = 323 um (distance of minimum intensity).
Data are obtained with detectors at 144° with respect to the beam direction. (* The y-ray energy peak marked in blue corresponds to the

y-ray transition belonging to Band 15 [6].)
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ition 231.26 keV (21/2* — 19/2*) in Band 2 is 117.5, re-
spectively. Thus, in step 1, the total intensity of 231 keV
peak obtained in the experiment is divided in the ratio of
31.5 % and 68.5 % at each target-stopper distance. Also
as for the interlinking p-transition 231.26 keV (21/2* —
19/2*) in Band 2 from the state (21/2"), the mean life-
time (7 = 4.4 ps, the upper limit of the lifetime) has been
measured and previously reported [3]. In step 2, using the
target-stopper distances covered and recoil velocity of
nuclei obtained in this experiment, the intensity of 231.26
keV y-transition at each target-stopper distance is found
using the following expression:

I=1Lew, (1)

where d is the target—stopper distance, 7 is the mean life-
time of state (21/2), and v is the recoil velocity. In the
present experiment, by examining the location of the shif-
ted (E,) and unshifted (E,) gamma-ray energy peaks for
various gamma transitions of interest and considering the
angle of the detectors relative to the beam direction, the
recoil velocity of the excited '""Re nuclei is found to be
2.7 um/ps using following well known formula [7]:

E,=E, (1+ECOSH). 2)
¢

This recoil velocity was obtained under the following
assumptions: (i) both the target and stopper foils are suffi-
ciently thin to account for the loss of energy of the recoil
nuclei as they pass through them; (ii) all Re nuclei are
produced in the excited state due to the reaction of the in-
coming beam particles with the target foil, with no reac-
tion occuring elsewhere within the middle or target; (iii)
there is a complete vacuum between the target and stop-
per foils in the plunger setup, ensuring that no energy loss
occurs for the recoil ""Re nuclei; (iv) the recoiling !"’Re
nuclei after reaching at the stopper foil stopped immedi-
ately on its surface; (v) both the target and stopper are of
uniform thickness; and (vi) the detector opening angle is
small, thus there is no spread in the angle subtended by
detector at the target foil. Now taking the difference of
the two intensities (intensity in step 1—intensity in step 2)
at each target-stopper distance and adding that difference
to the intensity obtained in step 1, the actual intensity of
231 keV (17/2* — 13/2") y-transition of Band 3 at each
target-stopper (Dr_s) distance was obtained. The result-
ing intensity of 231 keV (17/2* — 13/2") y-transition, ob-
tained using the limiting value (maximum possible) of
lifetime value 21/2" state in Band 2, was then normalized
to the intensity of the 547 keV gamma energy peak from
the Coulomb excitation of gold. This normalized intens-
ity was used in the present lifetime analysis. The intens-
ity variation of the shifted (S) and unshifted (U) energy

components of 231 keV y-ray at three target-stopper dis-
tances is shown in Fig. 7 (a), while the representative fit
of the unshifted gamma-ray energy peak at two target-
stopper distances, 8 um (first distance) and 323 pm (dis-
tance of minimum intensity), is shown in Fig. 7 (b).

2.  Analysis of 322 keV (21/2% — 17/2%) y-ray peak

The gamma-ray energy peak 322 keV (21/2* —
17/2%) is shown in Fig. 8. A careful analysis of the level
scheme of '""Re suggest the possible contamination of
this y-ray energy by the following y-ray transitions: the
322 keV (43/2* — 41/2%) y-ray transition in Band 19, the
323.19 keV (39/2* — 37/2%) y-ray transition in Band 18,
the 323.97 keV (43/2* — 41/2%) y-ray transition in Band
20, the 319.32 keV (15/2~ — 11/27) y-ray transition in
Band 7, and the 320.01 keV (31/2* — 29/2") inter-con-
necting y-ray transition between Bands 5 and 6. Examin-
ing the full energy spectrum obtained in the present meas-
urement and shown in Fig. 2, it appears that none of the
y-ray energy transitions in Bands 5, 6, 7, 18, 19, and 20
were obtained with sufficient intensity. Therefore, the
possibility of contamination of our y-ray energy peak of
interest by these nearby p-transitions can be excluded.
The net intensity of the 322 keV transition, as shown in
Fig. 8, represents the total intensity of our gamma trans-
ition of interest. The intensity variation of the shifted (S)
and unshifted (U) energy components of 322 keV y-ray at
three target-stopper distances is shown in Fig. 8 (a), while
the representative fit of the unshifted gamma-ray energy
peak at two target-stopper distances, 8 pm (first distance)
and 163 pum (distance of minimum intensity), is shown in
Fig. 8 (b).

3. Analysis of 400 keV (25/2 — 21/2%) y-ray peak

The gamma-ray energy peak of 400 keV (25/2* —
21/2*%) in Band 3 is shown in Fig. 9. This y-ray peak is
clearly observed without significant contamination from
other decay transitions. Therefore, the actual intensity of
the 400 keV y-ray energy peak is used in the present life-
time analysis. The intensity variation of the shifted (S)
and unshifted (U) energy components of 400 keV y-ray at
three target-stopper distances is shown in Fig. 9 (a), while
the representative fit of the unshifted gamma-ray energy
peak at two target-stopper distances, 8 pm (first distance)
and 123 pum (distance of minimum intensity), is shown in
Fig. 9 (b).

4. Analysis of 450 keV (Fig. 2 (a)) y-ray peak

The gamma-ray energy peak of 450 keV (29/2* —
25/2%) in Band 3 is shown in Fig. 10. A careful examina-
tion of the level scheme ""Re nucleus indicates that this
gamma-energy peak may be contaminated by other two y-
decay transitions: the 448.41 keV (29/2* —25/2%) in
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Fig. 8. (color online) A portion of energy spectrum showing the shifted (S) and unshifted (U) peaks of 322 keV y-ray transition of
yrast band in 7"Re at three different target-stopper distances (Dr—s ) and (b) A potion of energy spectrum showing the fitting of unshif-

ted energy (U) of 322 keV (our peaks of interest) at Dy_g = 8 um (first distance) and Dr_s = 163 um (distance of minimum intensity).
Data are obtained with detectors at 144° relative to the beam direction. (* The y-ray energy peak marked in blue corresponds to the y-
ray transition belonging to Band 2 [6].)
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Fig. 9. (color online) A portion of energy spectrum showing the shifted (S) and unshifted (U) peaks of 400 keV y-ray transition of
yrast band in 7"Re at three different target-stopper distances (Dr—s ) and (b) A potion of energy spectrum showing the fitting of unshif-
ted energy (U) of 400 keV (our peaks of interest) at Dr_s = 8 um (first distance) and Dr_s = 123 pum (distance of minimum intensity).
Data are obtained with detectors at 50° relative to the beam direction. (* The y-ray energy peaks marked in blue correspond to y-ray
transitions 400 keV and 406 keV belonging to Bands 2 and 15, respectively [6].)
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Band 17 and the 449.08 keV (17/2~ — 13/27) in Band
15. However, a detailed assessment of the complete en-
ergy spectrum indicates that transitions from Band 17 are
not being populated in the present measurement. This
conclusion is based on the population of the four lowest
gamma-ray transitions of Band 17 (i.e., 151, 180, 211,
and 391 keV) in the complete energy spectrum shown in
Fig. 2. Although a large gamma-ray peak appears at 151
keV in complete energy spectrum (Fig. 2 (a)), it corres-
ponds to the 151.4 keV (9/2* — 7/2%) transition from
Band 2, not from Band 17. Similarly, the peak at 181.2
keV observed in the spectrum (Fig. 2 (a)) is from Band
18 (transition from 27/2* — 25/2%), while no peak at 180
keV (Band 17) is observed in the complete energy spec-
trum. Additionally, a small peak is observed at 211.2 keV
in the complete energy spectrum (Fig. 2 (a)) corresponds
to the 211.10 keV (17/2* — 15/2%) gamma-ray transition
from Band 1, not from Band 17. Regarding the 391 keV
gamma-ray transition from Band 17, no gamma-ray en-
ergy peak is observed in the complete energy spectrum
(Fig. 2 (b)). Thus, the contamination of intensity by the
transition 448.41 keV (29/2* — 25/2%) in Band 17 can be
excluded from the intensity calculations. To separate the
intensity of contaminant y-transition 449.08 keV (17/2~ —
13/27) of Band 15 from our peak of interest, the follow-
ing procedure was adopted:

I
S 450keV _|

2000 - " .
(292" --> 25/2%)

I
I
I
1500 :
I

456 keV
212" --> 17/2)|

1000 ,
1500 ——t————

1000

Counts

500
600

400

200

Channel Number
(a)
Fig. 10.

As per the intensity table [6], the relative intensity of
two gamma-transitions of energy 449.08 keV (17/2° —
13/27) and 450 keV (29/2* — 25/2*%) are 324 and 270,
respectively. Thus, in the first step, the total intensity of
450 keV peak obtained in the experiment is divided in the
ratio of 54.5 % and 45.5 % at each target—stopper dis-
tance. Additionally, the 449.08 keV y-ray transition from
the decay of state (17/27) in Band 15 lies between two
decay states: 19/27 and 15/2". Given that the lifetimes of
both states have already been measured and reported in
previous studies [3], the transition probability (i.e., the
B(E2) value) for the (17/2~ — 15/27) transition was de-
termined by taking the average of the reported B(E2) val-
ues for (19/2~ — 15/27) and (15/2 — 11/2) gamma-ray
transitions. Using the B(E2) value obtained for the
(17/2 — 15/27) transition, the mean lifetime (r = 2.4 ps)
of the state (17/27) is obtained using the following rela-
tion:

0.0816B,

BE2J; = J) = ——
BT =)= B ay

3)

where 7 is the level lifetime (in ps), E, denotes the y-ray
energy of transition (in MeV), B, is the branching ratio
and «, represents the total internal conversion coefficient.

Using the lifetime of 7 = 2.4 ps of 17/2" state, the ac-
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2]
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(color online) A portion of energy spectrum showing the shifted (S) and unshifted (U) peaks of 450 keV y-ray transition of

yrast band in 17"Re at three different target—stopper distances (Dr—s ) and (b) A potion of energy spectrum showing the fitting of unshif-
ted energy (U) of 450 keV (our peaks of interest) at Dy_s = 8 um (first distance) and Dr_s = 103 um (distance of minimum intensity).
Data are obtained with detectors at 50° relative to the beam direction. (* The y-ray energy peak marked in blue corresponds to the y-ray

transition belonging to Band 2 [6].)
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tual intensity of 450 keV (29/2* — 25/2*) gamma-trans-
ition is obtained using the same procedure described
earlier for the actual intensity of 231 keV y-transition in
Band 3. Thus, the actual intensity of our y-transition 450
keV (29/2* — 25/2*) in Band 3 is obtained at various tar-
get—stopper distances and subsequently used in the life-
time analysis. The intensity variation of the shifted (S)
and unshifted (U) energy components of 450 keV y-ray at
three target—stopper distances is shown in Fig. 10 (a),
while the representative fit of the unshifted gamma-ray
energy peak at two target-stopper distances, 8 pm (first
distance) and 103 pm (distance of minimum intensity), is
shown in Fig. 10 (b).

IV. OUTLINE OF THE PROJECTED SHELL
MODEL APPROACH

The basic strategy of the PSM approach is similar to
that of the spherical shell model, with the only difference
that a deformed basis is used for diagonalizing the shell
model Hamiltonian rather than a spherical one. This de-
formed basis is constructed by solving the triaxial Nils-
son potential using optimal quadrupole deformation para-
meters of € and €. In principle, the deformed basis can
be constructed using arbitrary deformation parameters.
However, the basis is typically constructed with expected
or known deformation parameters (referred to as the op-
timum values) for a given system under consideration.
These deformation values lead to an accurate Fermi sur-
face, and it is possible to choose a minimal subset of the
basis states around the Fermi surface for a realistic de-
scription of a given system. The Nilsson basis states are
then transformed to the quasiparticle space using the
simple Bardeen-Cooper-Schriefer (BCS) ansatz for treat-
ing the pairing interaction.

The inclusion of multi-quasiparticle basis space in the
PSM approach has made it feasible to investigate both the
ground-state properties and high-spin band structures in
deformed and transitional nuclei [11]. Using the PSM ap-
proach, odd-proton systems have previously been studied
with a model space comprising one-proton and one-pro-
ton coupled to two-neutron quasiparticle states. However,
to investigate the high-spin spectroscopy of these sys-
tems, the basis space needs to be extended by including
proton aligning configurations in addition to the neutron
states. In our study, this extended basis space has been
implemented, and the complete basis space in the gener-
alized approach is given by :
Plyx ajrl |D);

{’[LK a%laTL, aTizchx @
PMK anlaﬂzanglq)>;

Pl odl al at df af |©);

MK “%r1%m %™y Y,

where |®); is the triaxially-deformed quasiparticle vacu-
um state. P}, is the three-dimensional angular-mo-
mentum-projection operator given by [12] :

s / dQ D}, (Q)R(Q), (5)
with the rotation operator

R(Q) = e7re Bhe (6)

Where ”Q” represents the set of Euler angles (a,y =
[0,27], B=[0,7]) and J's are the angular-momentum op-
erators. The angular-momentum projection operator in
Eq. (5) projects out the good angular-momentum but also
states having good K-values by specifying a value for K
in the rotational matrix, ”D” in Eq. (5). The constructed
projected basis of Eq. (4) is then used to diagonalize the
shell model Hamiltonian, consisting of the harmonic os-
cillator single-particle Hamiltonian and a residual two-
body interaction comprising of quadrupole-quadrupole,
monopole pairing, and quadrupole pairing terms. These
terms represent specific correlations considered essential
for describing the low-energy nuclear phenomena. The
Hamiltonian is expressed as:

H:Ho—EXZQ;QH—GMP*P—GQZP;Pu. (7)
H H

Where H, is the spherical single-particle part of the
Nilsson potential [13]. The QQ-force strength, y, in Eq.
(7) is related to the quadrupole deformation € as a result
of the self-consistent HFB condition, and the relation is
given by [14]:

2
s €hw hwy

~ 1w, (Qo), +hw, (o)

Xz (8)

where w, = wpa,, with Awg =41.4678A3 MeV, and the
isospin-dependence factor a, is defined as

N-z]*
a. = {1 + } .
with +(—) for 7 = neutron (proton). The harmonic oscilla-
tion parameter is given by b? = b}/a, with b} = h/(mwy) =
A5 fm?. The monopole pairing strength G, (in MeV) is
of the standard form

G ¢G2¥
A

Gy = , )

where the minus (plus) sign applies to neutrons (protons).

084006-11



R. Bhushan, A. Pandey, A. Rohilla ef al.

Chin. Phys. C 49, 084006 (2025)

In the present calculation, we select G; and G, such that
the calculated gap parameters reproduce the experiment-
al mass differences. This choice of G, is appropriate for
the single-particle space employed in the present calcula-
tion, where three major oscillator shells are used for each
type of nucleons (N = 3, 4, 5 major shells for both neut-
rons and protons). The quadrupole pairing strength G, is
assumed to be proportional to G, with the proportional-
ity constant fixed at 0.1 in accordance with standard prac-
tice. These interaction strengths, although not exactly the
same, are consistent with those used earlier in the PSM
calculations [15, 16]. Using the angular-momentum pro-
jected states as the basis, the spherical shell model
Hamiltonian of Eq. (7) is assessed following the Hill—
Wheeler approach. The generalized eigenvalue equation
is given by:

Z{ﬂ:KK’K’ _ENA{KK/K’ }fKI’K’ =0, (10)

o
KK

where the Hamiltonian and norm kernels are given by

H o =(DJAPL D), N =(@IPL D). (11)

kKK K’

The Hill-Wheeler wavefunction is given by
Win> =Y fiPlil®)>, (12)
kK

where f!. are the variational coefficients, and the index
"x" designates the basis states of Eq. (4). The Hamiltoni-
an in Eq. (7) is diagonalized using the projected basis.
The obtained wavefunction can be written as:

Wiu =D ai Pl D> (13)
K.k

Where the index "¢" denotes the states with same angular
momentum and "x" the basis states. In Eq. (13), a7 are the
amplitudes of the basis states x. These wavefunctions are
used to calculate the electromagnetic transition probabil-
ities. The reduced electric quadrupole transition probabil-
ity B(E2) from an initial state (o;,[;) to a final state
(os,1y) is given by [17]:
2

e A
B(E2,I; — If) = mka’/slf”QzHO'i,IP |2- (14)

The transitional quadruple moment can be obtained from
B(E2) values using the following relation:

01— I L w2l i), (1)
—-I= — =YY
! (10,201°0) V 5 21+1 ’

As in our earlier publications [15, 16, 18—20], we use
effective charges of /.6 e (for protons) and 0.6 e (for
neutrons). Effective charges are employed instead of bare
charges because the core is considered in the PSM ap-
proach, and valance particles occupy only three major os-
cillator shells. In Ab-initio approaches, where no core is
assumed, only bare charges are required. The PSM calcu-
lations proceed in several stages. In the first stage, the de-
formed basis space is constructed by solving the triaxi-
ally-deformed Nilsson potential. In this study, we per-
form PSM calculations using two deformation values:
one with a deformation value of €=0.21 and the other
with a larger value of € =0.28 [21]. In Tables 1 and 2, we
present the B(E2) transition probabilities and Q,. Notably,
the measured values are reproduced with the larger value
of € =0.28. In Ref. [21], the deformation value has been
calculated using Woods-Saxon potential and this value
may not be the optimum one in the TPSM study. The
non-axial deformation parameter ¢ =0.100 is chosen to
accurately describe the behavior of the y band. The con-
figuration space employed corresponds to three principal
oscillator shells v[4,5,6] and x[3,4,5]. The pairing
strengths have been parameterized in terms of two con-
stants G, and G,. In this study, we select G; = 21.14
MeV and G, = 13.86 MeV; with these pairing strengths,
we approximately reproduce the experimental odd-even
mass differences in this region. The quadrupole pairing
strength Gy, is assumed to be proportional to Gy, and the
proportionality constant is set to 0.18. In the second step,
the good angular-momentum states are obtained from the
deformed basis by employing the three-dimensional an-
gular-momentum projection technique. The projected
bands obtained from one and three-quasiparticle states
close to the Fermi surface, which is referred to as band
diagram, are the diagonal matrix elements before band
mixing. The projection from the one-quasiparticle config-
uration gives rise to band structures with K = 1/2, 5/2,
9/2, 13/2, and 3-qp bands with K = 3/2, 7/2, 11/2, 15/2,
corresponding to the K value of different rotational
bands. In the PSM calculation on '"’Re nucleus, the band
energies obtained after diagonalization are shown in Fig.
11 alongside the available experimental data. Notably, the
PSM results show excellent agreement with the available
experimental energies.

V. LIFETIME ANALYSIS

To extract the level lifetime information, the normal-
ized intensity decay curves of unshifted y-ray transitions
for all eight gamma energies of interest are analyzed us-
ing the computer program LIFETIME [22] (the details of
LIFETIME program have been provided in Ref. [7]).
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Table 1. The experimental and calculated B(E2)(PSM) results for different y-ray transitions of interest of the nds;, (Band 2) '""Re
nucleus.
Energy (Ey) Spin (%) lifetime (7) Conv. Coeff. B(E2) O B(E2) (2b*) (PSM) Q,/eb (PSM)

/keV ar-ry Ips (@) (e*b?) /eb £=0.28(0.21) £=0.28(0.21)

327 112+ = 7/2* 17.0%19 0.047 (7) 0.36*014 4.6702 0.40 (0.52) 4.8 (6.0)

402 1512+ — 11/2* 4.2%02 0.028 (4) 0.93+9%8 6.2193 0.94 (0.75) 5.9 (3.0)

439 19/2+ - 15/2* 2.8703 0.022 (4) 1.29+929 6.7197 1.17 (0.94) 6.5 (7.0)

473 232+ - 19/2* <17 0.019 >1.70 >7.4 1.01 (1.17) 7.1(7.2)
Table 2. The experimental and calculated B(E2)(PSM) results for different y-ray transitions of interest of the nij3,, (Band 3) of '""Re
nucleus.

Energy (Ey) Spln (h) lifetime (T) Conv. Coeff. B(E2) Q; B(Ez) (82172) (PSM) Qt/eb (PSM) ) .
2,2 7sr/ps Side feeding
/keV r-r /ps (ar) (e°b”) /eb £=0.28(0.21) £=0.28(0.21)
231 17/2% — 13/2* 24.7+14 0.116 (17)  1.60*925  7.072¢ 1.70 (1.72) 7.1 (4.0) L5
322 212+ - 17/2* 3.8792 0.048 (7) 1954038 7.6707 1.79 (1.62) 7.3(3.0) 0.9
400 2512+ — 21/2* 24107 0.028 (4) 2471080 85102 2.24(1.94) 7.9 (9.0) L1
450 29/2% — 25/2* <11 0.021 >393  >10.6 2.87 (1.64) 8.5 (3.0) -
6 only feeding from above is considered, attributed to an
i PSM an . unknown rotational band. The quadrupole moment for
3 SXpL. . . . . . .
PSM Expt. 5.085 450" ’ this feeding band is varied to achieve the best fit with the
57 5124726 observed highest energy level. Further details on the life-
i time analysis through the LIFETIME program and the

i 4.1263072° 413542" | o4 007 steps involved are reported in [7]. For each y-ray trans-
—_ ition of interest, the error in intensity is calculated as the
% 1 3446350 361 34283772°  455+3,359 sum of the fitting error and the statistical error only. The
> 3 296310 e 2920 33" errors in the lifetimes have been calculated through the
‘;; 312'2.735 33/2'2.784 least-square minimization package, MINUIT [24] in-

a4 + . . o
e 1 ., . 24812012 s 5 cluded in the LIFETIME program. This routine calcu-
et 22492712% 509 174 2153252% 297 2.283 3 -
g 2 T B 833 lates true parameter errors by executing the behavior of
2572 1.85; . o, . .
68 1.618 230" 232" L1641 1.535912° "] ;_1 s the y* function over the unit interval on both side of the
J et S 21/271.43: St 2
_ . S minimum y~.
L10710p*" 1921168 | 1223020 e g, —
1- 1005 13n" |55 JETS
0718 150 152'0.729 0.687 gt gt I8
_ . o — - VI. RESULTS AND DISCUSSIONS
0359 117" 11270.327
04 -0 " wm'_0 The intensity decay curves as a function of distance
| for various y-ray energies of interest of nds;, (a = —1/2)
~ i : 1 =+ -
Fig. 11.  (color online) Comparison between the experiment- (Band 2) and miys (a 1/2)(Band 3) are analyzed us

al and PSM results for the band structures of ""Re.

Comprehensive details of the lifetime analysis, including
the extraction of B(E2) values and Q, values using the
LIFETIME program, are described in [7]. The LIFE-
TIME program uses sets of coupled differential equa-
tions, known as Bateman’s equations [23], to determine
the level population and intensities of both the shifted and
unshifted y-ray energy for each transition of interest. At
each level of the modelled band, the LIFETIME program
considers two types of feeding: cascade feeding from
above and side feeding. However, for the highest level,

ing the LIFETIME code [22], and mean lifetime values
for various excited states are obtained. The resulting in-
tensity decay curves of unshifted energies for the y-trans-
itions of interest in Band 2 and Band 3 are shown in Figs.
12 and 13, respectively. From the extracted mean life-
times, the reduced electric quadrupole transition probabil-
ity B(E2) values are obtained using Eq. (2). From the
B(E2) values the transitional quadrupole moment Q, have
been deduced using the following relation:

16n B(E2;1 —1-2)

2 (O A T
& =) kor—ak =2 (16)
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Fig. 12. Unshifted intensity decay curve for the y-ray transitions of the Band 2 (nds;2, @ = —1/2) in '7"Re nucleus obtained by fitting
through the LIFETIME code. (* Intensities are normalized to the intensity of 547 keV y-ray from Coulomb excitation of Au.)
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Fig. 13. Unshifted intensity decay curve for the y-ray transitions of the Band 3 (rij3/2) in '"’Re nucleus obtained by fitting through the
LIFETIME code. (*Intensities are normalized to the intensity of 547 keV y-ray from Coulomb excitation of Au)

where, (I2K0|I - 2K) are the Clebsch-Gordon (C.G) coef- and 3, respectively. The results obtained are summarised

ficient, given by:

CG=

3I-K)I-K-DI+K)I+K-1)

(21-2)2I- DIQ2I+1)

in Table 1 for the nds;, (Band 2) and Table 2 for the i3,
(Band 3). The experimental results are also compared
with those obtained from PSM model calculations in
(17) Tables 1 and 2. Examining the results for nds;, (Band 2)
in Table 1, it is clear that the experimental B(E2) values
are steadily increasing from 11/2*% to 15/2*h state,

In this study, K = 5/2 and 1/2 are used for Bands 2 which suggest changes in the structure of '”’Re nucleus in
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this high -K configuration. Beyond 15/2*# state, the
B(E2) values appear to remain approximately constant
within experimental error, indicating structural stability in
the yrast configuration in the '”’Re nucleus. The results of
the PSM calculations support the changing nucleus strcu-
ture in this configuration, as the calculated B(E2) values
are also found to increase with spin, showing overall
agreement with the experimental B(E2) values within the
error bars. However, for the nij;, (o = +1/2) band, the
behavior of B(E2) values with increasing spin differs
from that observed in the nds;, band. For this low-K high-
j band, as shown in Table 2,the experimental B(£2) val-
ues remain constant within the error bars up to 21/2%%
spin, and then increase sharply at higher spins. The in-
crease in B(E2) value from 21/2*% to 25/2*# is found to
be apporximately 27%, with values ranging from 25/2*%
to 29/2*h showing an increase of up to approximately
59%. The significant increase in B(E2) values suggests
substantial shape stretching in this intruder configuration
at high spins. However, the results of the PSM calcula-
tions do not support this interpretation. As shown in Ta-
ble 2, the PSM calculated B(E2) values differ signific-
antly from the experimental B(£2) values and tend to sug-
gest an almost stable structure of ""Re nucleus in this
low-K configuration. Figure 14 shows the variation of the
observed transitional quadrupole moment (Q;) as a func-
tion of rotational frequency for various observed bands in
7Re. From the figure, the following conclusion can be
drawn:

e The average Q, value for the mij3, band is the
highest (Q,) among all the other observed bands, clearly
demonstrating the strong deformation-driving capability
of this low-K intruder configuration.

e The higher average Q, (approximately 8.7 (6))
value for low-K i3/, intruder band compared with Q,
(approximately 6.5 (4)) value for low-K nhy,, intruder
band, the average Q; values for other high-K bands in
17Re nucleus, d5/2(a = +1/2, K= 5/2, 0, ~ 53 (4)), d5/2(0C
= *1/2, K= 5/2, Q, ~0.3 (5)) and hll/z((l = +1/2, K= 9/2,
Q, ~ 5.7 (5)) is indicative of the deformation-driving
character of this orbital.

e The almost constant nature of Q, values as a func-
tion of rotational frequency for the nhg),, nds;, and nthyy ),
bands within the error bars indicate the stable structure of
the ”7Re nucleus in these configurations. However, the
sharply increasing trend of Q, values at high spins in
i3, indicates the shape stretching of the nucleus in this
intruder configuration.

e Comparing the nature of Q, values for the two in-
truder configurations 7hy,»[541]1/27 and 7ij3,,[660]1/2%,
it is clear that although both contribute to deformation,

14 I T I T T T T T T
|| = i, band
o d, (a=+1/2) band
12H e dS/Z((X:—l/Z)band _
|| * h,,band l
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> 10 _
o
N—'
o ' l ]

For ¥
Lot
4 1 s 1 " 1 " 1 " 1 "
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Fig. 14. (color online) Comparison of Q, values for various

observed quasi-proton bands in !"7Re nucleus. Data for the
ds;2(@=+1/2) band, as well as for the hy, and hg;, bands,
were obtained from reference [3].

the deformation-driving capability of i3, orbital is
more than that for the mhy,, orbital. As both orbitals are
well above the Fermi surface (mij;, orbital above the
mthy), orbital), the higher average O, value for the i),
band compared with the nhy), band is indicative of more
particle nature of the mi;3, band than the mhy,, band in
this nucleus.

To clearly assess the effect of proton and neutron
Fermi surfaces on the deformation driving capabilities of
the two intruder high-; orbitals (7i;3,, orbital and nhy,, or-
bital), the average Q, values for the nho,, and i3, bands
in ""Re (present case), !Ir [25] and '3'Ir [26] have been
tabulated in Table 3.

Examining the values in Table 3, it can inferred that
the increase of proton Fermi surface from Re (Z = 75) to
Ir (Z =77) has almost no effect on the relative deforma-
tion-driving capabilities of the two orbitals. However,
comparing the average Q, values for the two orbitals in
Ir and "8'Ir (Z =77), it can be concluded that an in-
crease in neutron Fermi surface from N = 102 to 104 has
almost no effect on the deformation-driving capability of
nthyy, orbital but has a significant influence on the de-
formation-driving capability of the xij3,, orbital. This ob-
servation is expected, because in the case of Ir, the nhy,,
orbital lies close to the Fermi surface and therefore acts
as a quasi-particle orbital, whereas the miy3,, orbital re-
mains well above the Fermi surface E... ~ 1 MeV, allow-
ing it to retain its deformation-driving capability.

VII. SUMMARY AND CONCLUSION

The lifetime measurements in ""Re indicate that the
B(E2) values for the high-K nds;, (@ =-1/2) (Band 2)
gradually increase with increasing spins at low spin val-
ues. This indicates a changing structure or a possible
shape stretching (f-stretching) of the nucleus in this high
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Table 3. The comparison of transitional quadrupole moment (Q,) observed for mhg/»[541]1/2~ band and nij3,2[660]1/2* band in
177Re, 1”°1Ir and '8'Ir nuclei.
Nuceli (Z,N) Quve/eb mho)> Quve/eb mitz Change(%)
177Re 75,102 6.5(4) 8.7 (6) ~33
1191 [25] 77,102 <6.0 ~78 ~30
1817 [26] 77,104 6.04 (33) 8.99 (37) ~50

-K configuration. For the nij3, (K = 1/2) band, on the
other hand, the B(E2) values are significantly higher than
those of the B(£2) values of nds;, band, but show con-
stant nature with increase in spin values. This indicates
the larger collectivity and stable nuclear shape for '""Re
nucleus in this low-K configuration. Although the results
of B(E2) values calculated using PSM model calcula-
tions are inconsistent with the experimental values for
both the bands, their behavior as a function of spin sup-
port the different deformed structures of !"’Re nucleus in

the two configurations. Additionally, comparing Q, val-
ues for the why;, (K =1/2) [3] and the Q, values obtained
for the i3, band in the present measurement, the i3,
band is found to be more collective and hence has more
deformation driving tendency compared with the nhy,,
band.
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