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Abstract High-spin states in '® Re were studied and resulted in the identification of a strongly coupled band based on the 9/2~
[ 514 Nilsson state and a decoupled band built on the hyy, intruder proton orbital ( nominally 1/2” [541]) . The cranked shell nodel
calculations present configuration-dependent deformations that can explain the different band crossing frequencies. The experimental
9/2 [514] band in '® Re shows the largest signature splitting at low spin among the known odd mass Re isotopes. After the alignment
of a pair of the i, neutrons, the phase of the splitting is inverted with a significantly reduced amplitude . Additionally, a three-
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quasipariticle band was observed and assigned to be built likely on the 79/2~ [514] ® AE configuration .

Key words rotational bands, configuration, cranked shell model

1 Introduction

The systematic study of spectroscopies in odd-Z iso-
topes can provide specific information about the influence
of neutron shell fillings on nuclear level structure’ ™" .
Neutron orbital fillings can change nuclear deformations,
the characters of quasineutron excitations and therefore the
features of spectroscopies . Particularly, these changes can
be dramatic in the transitional mass region. The very neu-
tron deficient odd- Z nuclei in the mass 170 region are lo-
cated on the outer edge of the deformed rare earth nuclei.
These nuclei are expected to be rather soft with respect to
B and ¥ deformations. Therefore, the shape-polarizing ef-
fects of individual nucleons can be significant. Nuclear
shapes can be strongly dependent on configurations and

=3
neutron numbers

. For light odd-A Re isotopes, the
proton Fermi surface is at the top of the h,,, and ds,
subshells and close to the hy, 1/2° [541] and i,
1/2* [660] intruder orbits'>* . A less deformed shape 1s
favored with the 9/2 [514] and 5/2" [402] orbits occu-
pied. On the other hand, the Ay, and i,,, orbits with 2
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= 1/2 are strongly down-sloping as a function of deforma-
tion. The nucleus will be driven towards larger deforma-
tion when the down-sloping orbits are occupied by the un-
paired proton. In this paper, we present the configura-
tion-dependent band structure in '“Re.

2 Experiment and results

The excited states in '“Re were populated via the
“Sm (*Si, 1p2n)'® Re reaction. The *Si beam was pro-
vided by the tandem accelerator at the Japan Atomic Ener-
gy Research Institute (JAERI). The target is an isotopi-
cally enriched “Sm metallic foil of 1.3 mg/cm’ thickness
with a 7.0 mg/cm’ Pb backing. A y-ray detector array
comprising 12 HPGe’ s with BGO anti-Compton { AC)
shields was used in the measurements. The experimental
information and level scheme construction have been de-
scribed in detail in Refs. [4,5]. The level scheme of
'®Re, including three rotational bands, is shown in
Fig. 1. The cranked shell model (CSM) is very success-

ful in describing high-spin features like band-crossing fre-
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rotational bands in '® Re (panels (a) and (b). respectively).
The labels in the legends indicate the bands as they are labeled in
Fig. 1. The Harris reference parameters are chosen to be J, = 20

A2 MeV™'and J, =60 h* MeV .
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16 quencies, rotational aligned angular momenta and signa-
(a)
14 L ture splittings of many nuclei. In order to study the effect
12 L of rotation on the single-particle motion and compare the
0 L properties of the ohserved rotational bands to the results of
CSM calculations, we must transform the experimental ex-
§ 8 ® band 1 L. . . X .
® band 2 z=—1/2 citation energies and spins into the rotating frame. The
6 : =1/2 . . . . -
f E:Ejfa e quasiparticle alignment and Routhian energy for all bands
4 observed in '“Re are extracted and plotted vs rotational
2 frequency in Fig. 2.
0
o L (b) 3 Theoretical calculations
05 |
In order to have a deeper understanding of the band
0o L
. structures in '®Re, we have performed cranked-shell-mod-
v
s 05 el (CSM) calculations by means of Total-Routhian-Sur-
Q o
—10 L face (TRS) method'® in the three-dimensional deforma-
—15 - tion j3,,f3,,7 space. The nonaxial deformed Woods-Sax-
—20 L on (WS) potential'”’ was employed . Both monopole and
25 | i i ’ . quadrupole pairingsm were included. To avoid the spuri-
0 01 0: . 3‘3 04 05 ous pairing phase transition encountered in the BCS ap-
®/Me
Fig.2.  Extracted alignment and routhian energy for measured proach, we used the approximate particle number projec-

tion named the Lipkin-Nogami pairing® . The pairing
correlation is dependent on rotational frequency ( hw) and

deformation . In order to include such dependence in the
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TRS, we have done pairing-deformation-frequency self-
consistent TRS calculations, i.e., for any given frequen-
cy and deformation, the pairing is self-consistently calcu-
lated by the HFB-like method” . At a given frequency,
the deformation of a state is determined by minimizing the
calculated TRS.

The TRS calculations show, for band 2 based on the
92" [514] configuration, that the B3, deformation is
about 0.18 and a pair of the iy, neutrons align at fiw =~
0.22 MeV. Fig. 3 displays the calculated TRS s of the
negative signature (a = — 1/2) branch of band 2 at hw =
0.10,0.15 MeV (before the alignment) and hw =0.25,
0.30 MeV (after alignment) . The present self-consistent
CSM works well only for yrast rotational states with a
given parity and signature. This hinders us to do self-
consistent cranked calculations for the 1/27 [541] config-
uration that has higher energies but the same parity and
signature as the @ = + 1/2 branch of 9/2” [514] configu-
ration. However, we did the configuration-constraint de-

formation caleulation™'® for the 1/2° [541] configuration .
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Fig.3. Calculated TRS for the (w,a) =( -, - 1/2) branch

of band 2. The up-left and up-right panels corresponding to

ha» =0.10 and 0.15 MeV ( before the i3, neutron alignment) ;

low-left and low-right panels corresponding to hw =0.25 and

0.30 MeV (after the alignment) . The energy difference between
contours is 200 keV.

larger deformation with 3, = 0.22 (¥ =0°). With the
different deformations, we plotted quasi-neutron routhians
as shown in Fig. 4. It can be seen that the i, neutrons
have a delayed alignment in band 1 built on the 1/27
[541] configuration (due to the larger 3, deformation)
and the alignment is sharper in band 2. These are consis-

tent with the observations.
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Fig.4.
tional frequency (w) in ' Re. The upper panel was calculat-
ed with 8, =0.18 (8, =0) corresponding to the case of band

Calculated quasi-neutron routhians as function of rota-

2. The low panel was done with 3, =0.22 (3, =0.026) that
is the calculated deformation of band 1. In both cases, ¥ = 0°.
The parity and signature (7, ) of the routhians are represented
, + 1/2) solid lines, ( + , — 1/2) dotted lines,
( -, + 1/2) dash-dotted lines, and ( — , — 1/2) dashed lines.

The lowest neutron routhians with @ = + 1/2 and - 1/2 are the

as follows: ( +

i3, orbitals.

4 Discussion

4.1 Band based on the 1/27 [541] configuration

Band 1 is assumed to be based likely on the
1/27 [541] Nilsson orbit and the band head has a spin-

[4,5]

parity of 5/2° """ . This band has an alignment of approx-
imately 3.5% before the backbend (see Fig.2), in agree-
ment with what is expected for an aligned proton state oc-

cupying the 1/27 [541] orbit. As shown in Fig.2, the
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band crossing takes place at hw =0.27 MeV, where the
gain in the alignment is about 10.54 . The AB neutron
crossing is delayed by about 40 keV in band 1 compared
with the strongly coupled band'"* . Similar shifts have
been observed for the 1/2™ [ 541] bands in a large number
of odd-Z nuclei in this mass region and can be qualita-
tively attributed to the larger quadrupole deformation for

the 1727 [

slope in the Nilsson diagrams and thus drive the nucleus

541] configuration''™’', which has a negative

toward larger deformation. Theoretical calculation predict-
ed that the quadrupole deformation 3, values were 0.22
and 0.18 for the 1/2° {541] and 9/2° [514] configura-
tions, respectively. Since the neutron Feimi level., A, is
above the highly alignable low-{ {,,, neutron orbits, an
increased deformation corresponds to a increased quasin-

eutron energy, k.,

Ev:ﬁz+(5,—/\,)lv (1)

resulting in a delayed AB neutron band crossing:”] . Fig.

for the i,,, quasineutron:

4 displays that the neutron AB crossing frequency increas-

es with increasing quadrupole deformation.
4.2 Band based on the 9/27 [514] configuration

Band 2 is associated with the 9/2° [514 ] configura-
tion. It experiences a strong backbending at Aw = 0.23
MeV with gain of 10.5% in alignment (see Fig. 2), cor-
responding well to the AB neutron crossing in the 9/2°
[514" bands of the neighboring odd-4 Re isotopes >
The experimental neutron AB crossing frequency is well
reproduced by the CSM calculation as shown in Fig. 4.
The TRS calculation shown in Fig. 3 is corresponding to
the 9/27 [514] configuration .
at low rotational frequencies with potential minimum at 3,

=~0.18 and Y= - 10°.

This configuration is Y soft

After the first band crossing the
predicted nuclear shape is still ¥ soft with the energy min-
imum at about the same quadrupole deformation, but at
small positive ¥ deformation .

For systems with odd particle number, the signature
defined by a; = 1/2( = 1)’ (favored signature) is low-

_ l)lolfl(un_

favored) signature, where the angular momentum of the

ered in energy with respect to the a, = 1/2(

odd particle is expressed by j. The signature splitting Ae

is defined as the difference in energies at a given rotation-

al frequency for the pair of signature partners. Fig. 5 pre-
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sents plots of the signature splittings for the 9/2° [ 514 ]
bands in the light odd-A Re nuclei*™"", defined as"™

S(n = [E(DH - E(T-1)] —%[E(1+1) -

E(I) + E(1-1) - E(]-2)], (2)
Here E( 1) is the level energy of state [:S( ) is directly
proportional to the signature splitting Ae, but magnified
by approximately a factor of two. There is a clear energy
splitting between the two signatures at low frequencies,
and after the i, neutron alignment the phase of signature
splitting is inverted with a much reduced amplitude (see
the insets of Fig. 5). As shown in Fig. 5, the experi-
mentally observed signature splitting in the very neutron-
deficient isotopes is unexpectedly large, and increases
rapidly with decreasing neutron number. The signature
splitting as high as about 30 keV is observed at low spins
in '“Re.
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Fig.5. Signature splitting S( /) as a function of spin / for the
9/2- [514] bands in ' ™Re. The fill and open symboles
correspond to the favored and unfavored signatures, respec-

tively.

Signature splitting of the energies is considered gen-
erally as a consequence of the mixing of the 2 = 1/2 or-
bits into the wave functions, duo to the Coriolis interac-
tion. Since the proton Fermi level lies high in the &,
subshell in Re isotopes with a proton number of 75, the
mixing of the {2 = 1/2 components into the wave functions
should be very small for an axially symmetric nuclear
shape. A signature splitting does not necessarily imply a
triaxial nuclear shape. but the magnitude of Ae could of-

fer a clue for possible ¥ deformation. It is well known that

the magnitude of signature splitting is expected to be very
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dependent on several properties such as the nuclear defor-
mation, paring, and shell ﬁlling“‘“‘. For example, de-
creasing nuclear quadrupole deformation 3, can result in
an increased signature spitting since in the lowest order

) 722+ 'if paring is neglected "’ .

Ae is proportional to (3,
The increased signature splitting amplitudes for the lighter
Re isotopes seem therefore to be explained in terms of the
decreasing nuclear quadrupole deformation as indicated by
the theoretical calculation'™ . However, changing the
pairing gap. quadrupole deformation j,, and hexadeca-
pole deformation ¢, in large intervals, the particle-rotor
and Cranked shell-model calculations adopting an axially
symmetric nuclear shape show that the predicted magni-
tude of the signature splitting is nevertheless much less
than the observed value in the neutron-deficient
isotopesm: . Thus, in order to reproduce the large signa-
ture splitting in the 9/2° [514] bands in light Re iso-
topes, a mechanism leading to enhanced mixing with an
£2 = 1/2 orbit is needed. The rapid increase of signature
splitting with decreasing neutron number in the bands as-
sociated with the same quasiproton configuration strongly
suggests that the observed trend is due to the nuclear
shape change of the even-even core. It seems reasonably
to postulate that it is the enhanced nonaxially symmetric
shape with decreasing the neutron number that causes the
experimentally observed increasing signature splitting. In-
deed, the TRS calculations as shown in Fig. 3 show ener-
gy minimum with negative ¥ deformation at low frequen-
cles, and the increasing Y softness with decreasing neu-
tron number for odd-A Re isotopes can also be predicted .

R. Bengtsson et al.'””" pointed out that the positive
Y deformation may cause signature inversion in the config-
uration of wh,,, & Vily,, where the aligned neutrons
could produce a positive ¥ deformation. After the i,
neutron alignment the predicted nuclear shape, as shown
in Fig. 3, is 7 soft with the energy minimum at apparent
positive ¥ deformation. Therefore, the observed inversion
of signature splitting with small amplitude at high frequen-
cies might indicate that the Y driving force of the aligned
iy, neutrons, favoring positive direction, is stronger than
that of the strongly coupled h,,, proton favoring negative

Y value, and this might result in a nuclear shape with

small positive ¥ deformation.

B H

4.3 Band based possibly on the n9/2~ [514] & vAE
configuration

As shown in Fig. 2, band 3 has the largest aligned an-
gular momentum with a value of about 8.5k at low spins.
The alignment was deduced by assuming a band-head K value
of 4.5; the alignment in such high-spin levels is expected to
be less influenced by the uncertainty of the K value. This
band shows an upbend at hw =~ 0.31 MeV, and there is no
signature splitting up to the highest level observed. In view of
such a large alignment, band 3 must be based on a configura-
tion of at least three quasiparticles. The band crossing fre-
quency of hw =0.31 MeV is much higher than the AB neu-

. . . . .2.3,18—20°
tron crossing in the neighboring nucleil 2318720

, indicating
that band 3 involves an {5, neutron. A one-quasiparticle oc-
cupation of the lowest viy, state would inhibit the normal
viyy, alignment from occurring at the expected rotational fre-
quency. This well-known blocking effect can be seen in odd-
N nuclei throughout the rare-earth region. Inspecting the lev-
el structure in the nuclei around '®Re'"® ' |
that band 3 is likely based on the ©9/2" [514J®vAE config-
uration. Here, A{xr = + ,e= +1/2) and E(xr = - ,a =

+ 1/2) are the conventional Cranked Shell Model orbits la-
belling the lowest configurations in the vii, and vfs, hep

we propose

subshells!"®*! , respectively. The A and E orbits were ob-
served at very low excitation energies at the neighboring odd-

[19.18.21

N nuclei ' the AE configurations were also identified

at excitation energies around 1.6 MeV in the neighboring

18-21  which are comparable with the

even-even nuclei'
band-head energy of band 3. Thus, the n9/2" [514] ®VvAE
configuration would be expected to be energetically favorable
in '® Re. Most of the alignment in band 3 would be contribut-
ed by the vi;, quasiparticle, while the rest might be associ-
ated with the other two quasiparticles. The upbend at hw =~
0.31 MeV may be caused by the BC neutron alignment be-
cause the crossing frequency is similar to those for the BC
observed in the nuclei

neutron alignments around

169 Re[l&*ﬂ]

5 Summary and conclusions

For '“Re, the i,,, neutron alignments have been ob-
served in the 1/27 [541)] and 9/27 [514] bands at kw =
0.27 and 0.23 MeV, respectively. The difference be-

tween the crossing frequencies can be interpreted in terms
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of shape effects since the different proton orbits favor dif-
ferent nuclear shapes. There is a quite large energy split-
ting between the two signatures of the 9/2° [514] band at
low frequencies, and after the i,;, neutron alignment the
phase of signature splitting is inverted with a much re-
duced amplitude. The TRS calculations show that the
9/2” [514] configuration tends to have nonaxial shape
with negative Y values at low frequencies, and after the

i, neutron alignment the predicted positive ¥ deforma-
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