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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 9/27 [514] Nilsson state and a decoupled band built on the hg/; 1/27 [541] intruder proton
orbit. The cranked-shell-model calculations present configuration-dependent deformations that can explain
the different band crossing frequencies. The 9/27[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 i;3/2 neutrons, the
phase of the splitting is inverted with a significantly reduced amplitude. For the 9/27[514] bands in light
odd-A Re isotopes, the signature splitting of the Routhians and its relation with the signature dependence
of M1 transition matrix elements are investigated in connection with the deviation of nuclear shape from
axial symmetry, suggesting an appreciable negative v deformation for the very neutron-deficient odd-A
Re isotopes. Additionally, a three-quasipariticle band was observed and assigned to be built likely on the
79/27[514] ® AE configuration.

PACS. 21.10.Re Collective levels — 23.20.-g Electromagnetic transitions — 23.20.Lv ~ transitions and level

energies — 27.70.+q 150 < A < 189

1 Introduction

The systematic study of odd-Z nuclei can provide spe-
cific information about the influence of neutron shell fill-
ings on the nuclear level structure. Nuclear shapes can be
strongly dependent on configurations and neutron num-
bers. These changes can be particularly dramatic in the
mass 170 region [1-9]. The very neutron-deficient odd-Z
nuclei in the mass 170 region are located on the outer
edge of the deformed rare-earth nuclei. These nuclei are
expected to be rather soft with respect to 8 and v de-
formations. Therefore, the shape-polarizing effects of in-
dividual nucleons can be significant [1-9]. For light odd-
A Re isotopes, the proton Fermi surface is near the top
of the hy1/0 and ds/5 subshells; a small prolate deforma-
tion is favored when the 9/27[514] and 5/27[402] orbitals
are filled [7-9]. The strongly down-sloping, deformation-
driving hgo 1/27[541] and iy3/5 1/27[660] intruder or-
bitals are also close by. The odd proton in these orbitals
may cause a much larger prolate deformation than the
yrast or yrare 9/27[514] and 5/21[402] configurations [7—
9]. Therefore, the ifs /2 eutron crossing should be delayed
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to higher frequencies, and lower alignment is associated
with these low-{2 bands. By increasing deformation, the
neutron Fermi surface is moved farther from the low-{2
components of the vi 3,5 subshell, thereby reducing the
Coriolis mixing. This results in a decreased alignment gain
and a higher crossing frequency associated with the align-
ment of 4,3/ neutrons [10]. In this paper, it is our aim to
extend the high-spin level structure in odd-A Re isotopes
to the very neutron-deficient nucleus '%*Re, and to study
the dependence of band crossing frequencies, aligned an-
gular momenta and signature splittings on the occupation
of the different proton states and the neutron number.

Another interesting phenomenon concerns the occur-
rence of v softness associated with the 9/27[514] bands,
which were observed systematically in the rare-earth mass
region [1-9]. The 9/27[514] bands are based on an hy /s
spherical-shell-model state and have a large value of the
magnetic-dipole transition operator. The decay sequences
are characterized by mixed M1/E?2 transitions which con-
nect the two signatures of the band and compete with
stretched E2 transitions within each signature decay se-
quence. One of the striking phenomena associated with
these 9/27[514] bands is that they show unexpectedly
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large signature splitting at low spins, whose amplitude
increases considerably with decreasing neutron number to
N ~ 90 [1-6]. However, after the first backbending (which
is attributed to the rotational alignment of a pair of i;3/2
neutrons), the signature splitting has been observed to
disappear or become inverted [1-9]. Cranked-shell-model
calculations of quasiproton energies as a function of tri-
axial (y) deformation [11,12] predict that the occupation
of an orbit in the upper half of the 7h/5 shell tends to
drive the nucleus towards negative v deformation, leading
to an apparent signature splitting at low frequencies. At
higher frequencies, the alignment of 7,3/, neutrons favors
shapes with positive v values [13-15]. The observed disap-
pearance or inversion of signature splitting after the i;3/o
neutron alignment might indicate that the opposite v driv-
ing forces of the strongly coupled proton and the aligned
i13/2 neutrons may cancel each other to some extent or
even result in positive v deformation. Although it is very
difficult to find conclusive experimental evidence for the
existence of a negative y—deformed shape, such a sugges-
tion has been made for the 9/27[514] bands in the light
Lu and Ta isotopes [1-6]. This observation was based on
signature splittings of the Routhians, M1 transition ma-
trix elements, and the relation between them in connec-
tion with the triaxial () deformation [1-6]. The high-spin
level structure in the most neutron-deficient rhenium iso-
tope investigated to date, '*Re, combined with the avail-
able spectroscopic results of the other heavier odd-A Re
isotopes [7-9,16], provides us with an opportunity to in-
vestigate the evolution of triaxial deformation in neutron-
deficient Re isotopes with decreasing the neutron number.

Prior to this work, little information on the excited lev-
els and band structure in '°Re was available. The ground
state of 1%9Re was assigned to be the 79/27[514] Nilsson
configuration [17]. In 3Ir a-decay studies, the a-y co-
incidence measurement revealed a 136 keV ~-ray which
was proposed to depopulate the 11/27 member of the
9/27[514] band in '%°Re [18]. Rotational bands in %°Re
were first reported in a conference proceeding [19], but a
high-spin level scheme has not yet been published in the
literature. Also, preliminary results of this investigation
have been reported in ref. [20]

In this article, we report experimental results on high-
spin band structures in '°Re. The experimental details
and data analyses will be described in sect. 2. The ex-
perimental quantities in the rotating frame and the the-
oretical calculations to understand the observed prop-
erties are presented in sects. 3 and 4, respectively. In
sect. b, the configuration assignments to the rotational
bands are suggested on the basis of the measured in-band
B(M1)/B(E2) ratios, the existing knowledge of band
properties in neighboring odd-proton nuclei, and the pos-
sible Nilsson states available for Z = 75 at a prolate de-
formation; band properties of the neutron AB crossing
frequencies, alignment gains, and signature splittings are
discussed with an emphasis on the nuclear-shape devia-
tion from an axial symmetry associated with the 9/27[514]
configuration in the very light odd-A Re nuclei. Conclud-
ing remarks are presented in sect. 6.

2 Experiments and results
2.1 Measurements

The excited states in '°Re were populated via the '44Sm
(?8Si, 1p2n)'%9Re reaction. The 28Si beam was provided
by the tandem accelerator at the Japan Atomic Energy
Research Institute (JAERI). The target was an isotopi-
cally enriched **4Sm metallic foil of 1.3 mg/cm? thickness
with a 7.0 mg/cm? Pb backing. The GEMINI [21] y-ray
detector array was used. At the time of this experiment,
an array consisting of 12 HPGe’s with BGO anti-Compton
(AC) shields was used; six detectors had an efficiency of
40% each and the others had 70% relative to 3" x3” Nal.
The detectors were calibrated with €0Co, 3Ba, and *2Eu
standard sources; the typical energy resolution was about
2.0-2.4 keV at FWHM for the 1332.5 keV line.

To determine the optimum beam energy to produce
169Re and to identify the in-beam 7-rays belonging to
169Re, relative y-ray yields were measured at beam ener-
gies of 150, 145, and 140 MeV. The 136 keV v-ray was as-
signed to 169Re previously [18]. The yield of the 136 keV -
ray of '?Re was maximized at a beam energy of 145 MeV,
so this energy was used in the remainder of the experiment
to populate high-spin states in '°Re. Due to the neutron
deficiency of the compound nucleus 72Os, many reaction
channels, such as 3n,4n, 1p2n, 1p3n, 2pln, 2p2n,and a2n,
were opened for the present projectile and target combi-
nation, which, together with y-rays from EC/B-decay of
the produced nuclei, yielded a complex y-singles spectrum.
Therefore, v-v-t and X-v-t coincidences were examined.
Here, t refers to the relative time difference between any
two coincident v-rays detected within +200 ns. A total of
250 x 10° coincidence events were accumulated. After ac-
curate gain matching, these coincidence events were sorted
into a symmetric total matrix for off-line analysis.

To obtain the DCO (Directional Correlations of ~-
rays de-exciting the Oriented states) ratios, the detectors
were divided into 3 groups positioned at 32° (148°), 58°
(122°), and 90° with respect to the beam direction. A non-
symmetrized matrix with detectors at ; = 90° against
those at 7 = 32° (and +148°) was constructed. The
experimental DCO ratio was calculated by Rpco(y) =
I,(61)/1,(62), where I,(0:) represents the intensities of
an unknown v-ray along the ;-axis in coincidence with
the stretched E2 transitions along the 85-direction. Simi-
larly, with the same gates on the 6;-axis, coincidence spec-
tra along the 6s-axis were projected to determine I, (62).
In the present geometry, stretched quadrupole transitions
were adopted if Rpco(7y) ratios were close to unity, and
dipole transitions were assumed if Rpco(y) < 0.7. Addi-
tionally, in order to extract information concerning y-ray
anisotropies, the coincidence data were sorted into two
asymmetric matrices whose z-axis was the y-ray energy
deposited in the detectors at any angles and the y-axis
was the y-ray energy deposited in the detectors at 32°
and 90°, respectively. By gating on the z-axis with suit-
able ~-rays, two spectra measured at 32° and 90° angle
positions were obtained. After correcting for the over-
all detection efficiency of the detectors at each of the
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Fig. 1. Level scheme of '°Re deduced from the present work.
The widths of the arrows indicate the relative transition inten-
sities.

two angles and normalizing the two spectra with respect
to each other, y-ray anisotropy (Rapo(7y)) was deduced
from the intensity ratio in the two spectra. Typical y-ray
anisotropies for the known ~-rays observed in this exper-
iment were 1.3 for stretched quadrupole transitions and
0.7 for stretched pure dipole transitions. Therefore, we as-
signed the stretched quadrupole transition and stretched
dipole transition to the y-rays of 9Re with anisotropies
around 1.3 and 0.7, respectively.

2.2 Level scheme

Since the nucleus '%°Re is very neutron deficient, there
were many competing evaporation channels open in the
present reaction, among which 18W, 69W and '69Re
were most strongly populated. The measured relative -
ray yields at different beam energies, combined with Re
K X-ray coincident information, helped us assign ~y-ray
cascades to 1%°Re. The level scheme of %°Re, including
three rotational bands, is proposed from the present work
as shown in fig. 1. The ordering of transitions in each
band is determined according to the y-ray relative intensi-
ties, v~y coincidence relationships and y-ray energy sums.
The transition character is deduced from the measured
DCO and ~-ray anisotropy results. Since we do not have
any direct measurement of the spins and parities for the
states observed, the band head assignments rely merely
on the existing knowledge of band properties in neighbor-
ing odd-Z nuclei and the possible Nilsson states available
for Z = 75 at a prolate deformation. The configuration
assignments to the bands will be discussed in sect. 5.
Band 1 has a typical character of decoupled band.
A ~-ray spectrum gated on the 320.3 keV transition is
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Fig. 2. The y-ray spectrum gated on the 320.3 keV transition.
The * symbols indicate contaminations.
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Fig. 3. Representative spectrum illustrating band 2 from a
sum of gates as indicated on the panel. The * symbols indicate
contaminations.
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Fig. 4. Representative spectrum illustrating band 3 from a
sum of gates as indicated on the panel. The * symbols indicate
contaminations.

shown in fig. 2. The measured anisotropy shows that the
320.3 keV ~-ray is a stretched dipole transition. The low-
est state of this band is most likely the state depopu-
lated by the 320.3 keV line. The 98 keV transition was
observed very weakly because of its highly converted na-
ture and low detection efficiency. Angular correlations and
anisotropies for transitions in the cascade above the pro-
posed band head are consistent with the AI = 2 character.
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The transitions above the 320.3 keV transition are in coin-
cidence with the 136.4 keV line which is believed to decay
to the ground state, but the linking transitions were too
weak to be observed. Its excitation energy could therefore
not be determined.

Gated spectra demonstrating the existence of band 2
and band 3 are shown in figs. 3 and 4, respectively. Band 2
was populated most strongly, and the order of transitions
is fixed firmly with the help of inter-band transitions.
Band 2 arises presumably from the 79/27[514] Nilsson
orbit, which is suggested by the a-y coincidence measure-
ment in 17®Ir a-decay study [18]. There are difficulties in
establishing band 3 and the linking transitions to band 2
due to several doublets and low-energy transitions. The
doublets of 327 and 641 keV, and the 239.0 keV transition
which is overlapped by the 240.1 keV line depopulating the
15/27 member of band 2, have been placed into band 3.
Additionally, the doublet of 192 keV is proposed to exist in
the linking transitions between band 2 and band 3. Justi-
fications for the existence of these doublets come from the
coincidence relationships, for example, the 192, 327 and
239 keV transition being in coincidence with another tran-
sition at the same energy. Furthermore, transitions near
the top of band 3 (i.e. the 327 and 239 keV transitions) are
nearly twice as strong as expected for a single transition.

2.3 Experimental transition probabilities

For the AI = 1 rotational bands shown in fig. 1, the
branching ratios, which are defined as

T,(I—1-2)

A= o -2
T, —1-1)

(1)
were extracted for most transitions. Here T),(I — I — 2)
and T, (I — I — 1) are the v-ray intensities of the Al =2
and AI = 1 transitions, respectively. These intensities are
measured in a summed coincidence spectrum gated by the
transitions above the state of interest. The branching ra-

tios were used to extract the reduced transition probability
ratios, which are defined as [22]

BM;I —1-1)
B(E2T —1-2)

[B,(I—-1-2)]1 1 15
[E,(I—-T—-1)]PBX1+42 <>

0.697

22 (2)
where ¢ is the £2/M1 mixing ratio for the AI = 1 transi-
tions, and E (I — I—1) and E, (I — I—2) are the AT =1
and Al = 2 transition energies, respectively. The mix-
ing ratio ¢ deduced from angular-correlation coefficients
in the heavier odd-A Re isotopes varies between 0.0 and
0.2 [7-9]. This small value has little effect on the extracted
reduced transition probability ratios. Consequently, the
value § = 0.0 has been used in the present analysis.

The relative intensities for some uncontaminated
~y-rays could be measured in the total projection spec-
trum. Most of the relative intensities were extracted from
the spectra gated on the bottom transitions in the band.
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Fig. 5. Extracted alignment and Routhian energy for mea-
sured rotational bands in '*Re (panels (a) and (b), respec-
tively). The labels in the legends indicate the bands as they
are labeled in fig. 1. The Harris reference parameters are cho-
sen to be Jo = 20h* MeV ™" and J1 = 60h* MeV 2.

For some weak or heavily contaminated ~y-rays, only up-
per or lower limits are given based on their intensity
balance. The relative intensities are corrected with the
detection efficiencies. The 7-ray energies, spin and par-
ity assignments, relative y-ray intensities, branching ra-
tios A, extracted B(M1)/B(E2) values, DCO ratios, and
anisotropies (Rapo(y)) are presented in table 1 grouped
in sequences for each band.

3 Experimental Routhians and alignments

The cranked shell model (CSM) is very successful in de-
scribing high-spin features like band crossing frequencies,
rotational aligned angular momenta and signature split-
tings of many nuclei. In order to study the effect of
rotation on the single-particle motion and compare the
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Table 1. ~-ray transition energies, spin and parity assignments, y-ray intensities, branching ratios, extracted B(M1)/B(E2)
ratios, DCO ratios, and ~-ray anisotropies in '%°Re.

E,(keV) ® Jr— Jr ® I, © A @ B(M1)/B(E2) © Rpco Rapo
Band 1

98.0 N 5 (8) (8)

253.1 C IR 30 0.96(15) 1.24(10)
388.9 )= () 35 1.02(15) 1.32(10)
489.2 CIENC ) 31 1.06(15) 1.18(10)
554.8 ()= E) 26 1.01(15) 1.32(10)
582.3 E2)—-(2) 22 0.97(15) 1.18(10)
556.8 I E ) 16 1.03(20) 1.36(20)
484.4 E) = (8 12 1.04(20) 1.20(20)
509.0 A= (E) 7 0.92(20) 1.12(20)

Decay out transitions of band 1
320.3 CRENE)) 17 0.58(15) 0.71(10)
Band 2

136.4 EH =@ 100 0.89(15) 1.08(10)
382.8 I 38 0.13(02) 3.02(60) 0.99(15) 1.08(10)
246.3 EH—-E) 302 0.81(15) 0.86(10)
486.1 (2= 187 0.90(18) 11(31) 1.03(15) 1.19(10)
240.1 ()= (&) 218 0.69(15) 0.76(10)
557.5 ()= (2) 125 0.68(14) 1.72(36) 1.01(15) 1.25(10)
317.5 ()= () 190 0.66(20) 0.68(20)
596.0 (2= () 189 1.79(36) 1.35(27) 1.04(15) 1.18(10)
278.7 2 - 110 0.60(15) 0.66(10)
644.1 () - &) 89 1.04(20) 12(30) 1.08(15) 1.34(10)
365.3 CIENC ) 91 0.56(15) 0.67(10)
663.5 (2H)—-E) 150 2.213(44) 12(27) 0.99(15) 1.19(10)
298.4 EH)-E) 74 0.55(15) 0.64(10)
674.1 ()= &) 93 1.22(25) 11(33) 1.01(15) 1.29(10)
375.6 EH)-(2) 85 0.57(15) 0.62(10)
604.6 (Z7)—(Z) 110 1.22(29) 3.86(78) 1.06(15) 1.21(10)
229.0 )= (2 85 0.60(15) 0.67(10)
344.8 (27— (2 <10 < 0.30 > 7.2(150) ® ®

116.1 I 30 0.66(15) 0.67(10)
257.0 G —=(F) <7 <0.10 > 2.78(60) ® ®

141.0 A= (2 65 0.68(15) 0.70(10)
321.3 (B -2 13 0.10(2) 4.07(84) 0.97(20) 1.20(20)
180.2 ()= (&) 101 0.65(15) 0.71(10)
397.7 (B - (E) 21 0.33(10) 2.24(44) 0.96(20) 1.14(20)
217.6 (27— () 77 0.54(15) 0.57(10)
472.4 ()= (8 18 0.25(8) 3.95(81) 1.11(20) 1.48(20)
255.1 () = (£ 73 0.52(15) 0.54(10)
545.8 (27— () 15 0.38(11) 3.62(75) 1.06(20) 1.34(20)
290.6 (27— (&) 47 0.57(15) 0.55(10)
609.2 )= (E) 12 0.35(10) 5.10(101) 1.07(20) 1.24(20)
318.8 A= (&2 36 0.59(20) 0.64(20)
669.3 (B = (2 ® 0.50(20) 4.34(88) 0.99(20) 1.20(20)
350.5 (BH—=(E) 14 0.62(20) 0.67(20)
722.0 (27) = (&) 10 ® ®

371.2 (4_25—) N (4_23—) €9) (e) (8)
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Table 1. Continued.

E,(keV) ® Jr— Jr® L, © A @ B(M1)/B(E2) © Rpco Rapo
Band 3
155.6 (2)— (%) 49 0.83(15) 0.79(10)
351.3 (2) — () 15 0.24(06) 2.05(40) 0.93(20) 1.17(20)
195.8 (2) — () 65 0.79(15) 0.80(10)
434.6 (2)— () 16 0.27 2.91(60) 1.09(27) 1.17(20)
239.0 (2)— (%) 60 0.69(20) 0.71(20)
512.3 (3) — (%) 20 0.35(08) 3.44(70) 1.08(20) 1.24(20)
273.5 & — (%) 55 0.64(20) 0.70(20)
568.6 (£)—- (%) 19 0.37(06) 4.34(85) 0.99(20) 1.14(20)
295.0 (£)—- (%) 51 0.64(20) 0.69(20)
622.3 (2)— (& 21 1.09(20) 1.15(20)
327.5 (22) — (%) 60 0.63(20)™ 0.68(20)™
641.8 (2) — (%) 15 1.06(20)™ 1.24(20)™
314.3 (2 — (22) 25 0.64(20) 0.60(20)
641.6 (2) — (2£) 60 1.06(20)™ 1.24(20)™
327.5 (22) — (&) 10 0.63(20)™ 0.68(20)™
287.0 () (2) (2)
Transitions between band 2 and band 3

88.0 - (%) () () (8)
107.0 (?) _ (f) (g) (g)
122.8 (2)— (%) 25 0.63(15) 0.65(10)
176.0 (3 — () 45 0.58(15) 0.66(10)
192.0 — () 30 ® ®
192.3 (L) - 35 ® ®
280.5 (2)— () 19 1.08(20) 1.19(20)
368.3 (2 — 25 ® ®
403.0 ()= (¥ ® (&) ()
405.0 (2)— () 15 (®) (&)
684.0 (2)— (&) ® (2 (&
720.5 (2)— (%) 40 1.04(20) 1.17(20)

#) Uncertainties between 0.1 and 0.5 keV.

(b See text for details about the spin and parity assignments.

d

depopulating the level I, respectively.

(e Extracted from the branching ratios assuming 52 =0.

(f) Too weak to extract accurate intensities.

(g) Could not be determined due to poor statistics or contaminations.
(h) Unresolved doublet. The ratio is for total peak.

properties of the observed rotational bands to the results
of CSM calculations, we must transform the experimental
excitation energies and spins into the rotating frame [12].
The experimental quasiparticle alignment can be calcu-
lated by

i(w) = Ip(w) — Lief, (3)

where I,(w) is the component of the total angular mo-
mentum of the band on the axis of rotation and I, is the

(C) Uncertainties between 5 and 30%. Normalized to the 136.4 keV transition.
) Branching ratio: T, (I—I — 2)/T(I—I — 1), T,(I—I — 2) and Ty(I—I — 1) are the relative v intensities of the E2 and M1 transitions
P

total aligned angular momentum of a reference configura-
tion, and

Iref ZWJO+W3J17 (4)
1 2

L =y(1+3) - &2 6
e — FEr — E;

Iw(If) - Iw(Ii) ’



X.H. Zhou et al.: Configuration-dependent bands in '**Re 17

0.30

LN
K@?\\\%\\

0.20 ‘g \ ﬁ‘ WG «((J\
0.00 §}\}}}}§§\\\\\\\§)\)§)\\\\ B‘ %\}}§\\\\\®

AN
='fv‘:‘:‘ 4 7 gt-;‘;‘
ol

-0.10

:')V/)) “ i

N

-0.20

-0.30
0.30

B, sin(y+30°)

Y=

0.20

0.10

0.00

\V‘?

v/

20 030 04 0.0 0.10 020 030 0.40

0.00 0.10
X=B,cos(y+30°)

-0.10

&
X
==\
/'\

|
i\

i
N

7

-0.20

N

S
=}

Fig. 6. Calculated Total Routhian Surfaces for the (m,a) =
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correspond to iw = 0.25 and 0.30 MeV (after the alignment).
The energy difference between contours is 200 keV.

where Jy and J; are the Harris parameters of the
rotational reference configuration. It is difficult to choose
a reference to be suitable for all of the bands in '%“Re
since different quasiparticle excitations may change
the deformation. We have chosen a reference given
by the Harris parametrization Jo = 20h?MeV~! and
J1 = 60h* MeV 3, which give a good description to the
yrast band in 158W [23].

The experimental level energies E(I) are transformed
from the laboratory frame into the rotating frame E(w)
according to [12]

E(w) = E(I) — hwl,. (6)

The Routhian e is obtained by subtracting a reference et
from E(w). The reference energy E..f is defined as

1 1 1
Eref = _/Irefdw = _5(&12:]0 - ZW4J1 + gJO (7)

The resulting calculations of quasiparticle alignment and
Routhian energy for all bands observed in '%°Re are plot-
ted wvs. the rotational frequency in fig. 5.
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Fig. 7. Experimental and calculated moments of inertia for
band 2. Filled and open triangles (circles) stand for the exper-
imental (calculated) values of the & = —1/2 and a = +1/2
branches, respectively.

4 Theoretical calculations

In order to have a deeper understanding of the band struc-
tures in '®°Re, we have performed cranked-shell-model
(CSM) calculations by means of the Total-Routhian-
Surface (TRS) method [24] in the three-dimensional de-
formation s, B4,y space. The nonaxial deformed Woods-
Saxon (WS) potential [25] was employed. Both monopole
and quadrupole pairings [26,27] were included. To avoid
the spurious pairing phase transition encountered in the
BCS approach, we used the approximate particle number
projection named Lipkin-Nogami pairing [28]. The pairing
correlation is dependent on rotational frequency (fiw) and
deformation. In order to include such dependence in the
TRS, we have done pairing-deformation-frequency self-
consistent TRS calculations, i.e., for any given frequency
and deformation, the pairing is self-consistently calculated
by the HFB-like method [28]. 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
9/27[514] configuration, that the 82 deformation is about
0.18 and a pair of 713/, neutrons align at hiw =~ 0.22 MeV.
Figure 6 displays the calculated TRSs of the negative
signature (« = —1/2) branch of band 2 at fw = 0.10,
0.15 MeV (before alignment) and fiw = 0.25, 0.30 MeV
(after alignment). The calculated moment of inertia (J;)
is shown in fig. 7 in comparison with the experiment. The
present self-consistent CSM works well only for yrast ro-
tational states with a given parity and signature. This
hinders us to do self-consistent cranked calculations for
band 1 built on the 1/27[541] configuration that has
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Quasi-neutron Routhian (MeV)

Quasi-neutron Routhian (MeV)

Fig. 8. Calculated quasineutron Routhians as a function of
rotational frequency (fiw) in 169Re. The upper panel was cal-
culated with 32 = 0.18 (84 = 0) corresponding to the case of
band 2. The lower panel was done with 82 = 0.22 (84 = 0.026)
that is the calculated deformation of band 1. In both cases,
~v = 0°. The parity and signature (m, «) of the Routhians are
represented as follows: (+,+1/2) solid lines, (4, —1/2) dotted
lines, (—, +1/2) dash-dotted lines, and (—, —1/2) dashed lines.
The lowest neutron Routhians with o« = +1/2 and —1/2 are
the 413/5 orbitals.

higher energies but the same parity and signature as
the & = +1/2 branch of band 2. However, we did the
configuration-constraint calculation [29] for the band head
of band 1. It was calculated that band 1 has a larger de-
formation with 82 = 0.22 (v = 0°) compared with band 2.
With the different deformations, we plotted quasineutron
Routhians as shown in fig. 8. It can be seen that i13/o
neutrons have a delayed alignment in band 1 (due to the
larger B deformation) and the alignment is sharper in
band 2. These are consistent with the observations.
Mueller et al. have calculated the equilibrium defor-
mations for ground states and intruder configurations in
odd-A Re isotopes [30]. The calculations indicate that
for 19Re the deformation-aligned bands are expected
to have quadrupole deformations around 0.18, while the
rotational-aligned bands based on the 1/27[541] and
1/27[660] Nilsson orbits tend to have larger deforma-
tions [30]. These results are consistent with the present
calculated deformations. Thus, the available Nilsson or-
bits for '*Re at the predicted prolate deformations are
the 1/27[411], 5/27[402], 7/27[404], 9/27[514], 1/27 [541]
and 1/27[660], among which the high-j orbits 9/27[514],
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Fig. 9. Comparing the level spacings of band 1 with those of
the 1/27[541] bands in "' '"®Re.

1/2_[541] and 1/2+ [660] of the h11/21 h9/2 and i13/2
parentages are particularly important for the high-spin
states. The different orbits will give rise to rotational
bands with different spectroscopic characters. When the
high-{2 orbits are occupied, strongly coupled bands with
strong AI = 1 transitions will occur. The unpaired pro-
ton in the low-{2 orbits will, on the other hand, easily
be decoupled and align their spins, and bands with large
signature splittings would be observed. At high spins a
pair of intruder high-j particles are expected to break up
and align their angular momenta along the rotation axis
producing an upbend or a backbend. In the mass region
around '%“Re, the experimental results [1-9] and theoreti-
cal calculations as shown in fig. 8 have demonstrated that
the aligned 75 neutron configuration is responsible for the
first band crossing.

5 Discussion
5.1 Band based on the 1/27[541] configuration

Band 1 has a decoupled structure, suggesting that the con-
figuration includes a proton from an 2 = 1/2 orbit. Can-
didate orbits are 1/27[411], 1/27 [541] and 1/27[660]. Fig-
ure 9 compares the level spacings of band 1 with those of
the 1/27[541] bands in the heavier odd-A Re isotopes [7—
9,16], indicating that band 1 follows the trends very well.
As shown in fig. 2, the «-rays in band 1 are in coinci-
dence with Re K X-rays. Therefore, band 1 is assumed
to be based on the 1/27[541] Nilsson orbital, with a band
head spin and parity of 5/27. This band has an alignment
of approximately 3.5% before the backbend (see fig. 5),
in agreement with what is expected for an aligned pro-
ton state occupying the 1/27[541] orbit. The unfavored
branch has not been observed because of its large signa-
ture splitting. As shown in fig. 5, the band crossing takes
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place at Aiw = 0.27MeV, where the gain in the alignment
is about 10.5A. The AB neutron crossing is delayed by
about 40 keV in the decoupled band compared with the
strongly coupled band. Similar shifts have been observed
for the 1/27[541] bands in a large number of odd-Z nuclei
in this mass region and can be qualitatively attributed to
the larger quadrupole deformation for the 1/27[541] con-
figuration [1-9], which has a negative slope in the Nilsson
diagrams and thus drives the nucleus toward larger de-
formation. Theoretical CSM calculations predict that the
quadrupole deformation (s values are 0.22 and 0.18 for
the 1/27[541] and 9/27[514] configurations, respectively.
Since the neutron Fermi level, A, is above the highly
alignable low-2 13,5 neutron orbits, an increased defor-
mation corresponds to an increased quasineutron energy,
E,, for the iy3/5 quasineutron:

E, = V A2+ (51/ - )‘V)27 (8)

resulting in a delayed AB neutron band crossing [31]. Fig-
ure 8 displays that the neutron AB crossing frequency
increases with increasing quadrupole deformation. By in-
specting the alignment gains in the 1/27[541] bands
caused by the first AB neutron crossing in the odd-A
Re isotopes [7-9], it is found that the alignment gain is
increased while decreasing the neutron number. By de-
creasing the neutron number, the neutron Fermi surface
is moved closer to the low-{2 components of the vi3/5 sub-
shell, resulting in an increased gain in aligned angular mo-
mentum associated with the alignment of ;3,5 neutrons.

In the present work, the 1/27[541] band head energy
in 1%9Re was observed to be higher than 320 keV above
the ground state, which might explain the low population
for the 1/27[541] band in °Re compared with those in
the heavier odd-A Re isotopes [7-9]. The low population
of the 1/27[541] band in '%°Re is also supported in the
calculations of Mueller, wherein the band head excitation
energies of the 1/27[541] bands in the light Re isotopes
are predicted to increase with decreasing neutron number,
with the calculated excitation energy of the 1/27[541] con-
figuration in '°Re as high as 541 keV above the ground
state [30].

5.2 Band based on the 9/27[514] configuration

Band 2 was most strongly populated and extended up
to (45/27). Considering the alignment, band crossing fre-
quency, B(M1)/B(E2) ratios, signature splitting, and
level spacings, band 2 is presumed to be associated with
the 9/27[514] configuration which was assigned to be the
ground state of '9Re. This configuration assignment is
also supported by the a-decay studies of 1™Ir [18].

Band 2 experiences a strong backbending at hiw =
0.23 MeV with gain of 10.5% in alignment (see fig. 5),
corresponding well to the AB neutron crossing in the
9/27[514] bands of the neighboring odd-A Re isotopes [7—
9]. The experimental neutron AB crossing frequency is
well reproduced by the CSM calculation as shown in fig. 8.
The TRS calculation shown in fig. 6 corresponds to this
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Fig. 10. Experimental B(M1)/B(E2) ratios for the 9/27 [514]

band, and theoretical prediction assuming v = 0° as described
in the text.
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band, as it comprises the ground state. This configura-
tion is v soft at low rotational frequencies with potential
minimum at Bz ~ 0.18 and v ~ —10°. After the first band
crossing the predicted nuclear shape is still y soft with the
energy minimum at about the same quadrupole deforma-
tion, but at small positive v deformation.

Further information about the structure of the
9/27[514] band can be obtained by comparing theoretical
B(M1)/B(E?2) values with experimental ones. The exper-
imental B(M1)/B(E2) ratios have been deduced accord-
ing to eq. (2) described in the previous section. The exper-
imental data is shown in fig. 10 together with theoretical
estimates obtained from a semiclassical formula [32,33]:

B(M;T—1—-1) 12
B(E2;1 —1-2)  5Q2cos?(y + 30°)
K2 ]?K?
<[] e

A i) gni) (1), 0

This expression takes into account the effect of triaxial-
ity v on E2 transition rate. The suffixes 1 and 2 refer
to the strongly coupled and decoupled quasiparticles, re-
spectively. The gyromagnetic g; and g factors were taken
from ref. [7], and the rotational gyromagnetic factor gr
was taken here as Z/A = 0.443. The alignment of the
strongly coupled particle was set to i1 = 1.5h and for the
three-quasiparticle band a value 72 = 10.5h as deduced
from experiment was used for the decoupled neutron pair.
The nominal band head K-value of 4.5 was used. The
quadrupole moment was set to Qo = 5.5 eb, which cor-
responds to the quadrupole deformation of the even-even
core nucleus W [34]. By assuming v = 0°, the experi-
mentally observed trend of B(M1)/B(E2) ratios for the
9/27[514] band is reproduced by the theory if the align-
ment gain is attributed to the AB neutron crossing. At low
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spin the theoretical values for v = 0° overestimate the ex-
periment, and improved agreement could be obtained for
negative 7 deformation. The B(M1)/B(E2) ratios for the
9/27[514] band show a pronounced increase of a factor of
2 at the spin where the alignment first reaches its max-
imum. The ratios of reduced transition probabilities at
low spins and the increase after the backbending for the
9/27[514] band in '®°Re are comparable to those obtained
in the 9/27[514] bands of the heavier Re isotopes [7,9]. In
the theory, the increase in the B(M1)/B(E2) ratios can
result not only from an enhancement of the B(M1) rate
arising from the g-factor of the two aligned 1,3/, neutrons
but also from a decrease in the B(E2) rate due to the
loss in collectivity as the v deformation parameter shifts
from negative values to small positive values. It is expected
that a small change of the quadrupole moment affects
the calculated ratios only slightly. Assuming a constant
quadrupole moment, the experimentally observed increase
in the B(M1)/B(E2) ratios can be well reproduced by
the model calculation if the origin of the backbend in the
9/27[514] band is proposed as the 13/, neutron alignment.

The observation of the 9/27[514] band in the most
neutron-deficient rhenium isotope investigated to date,
169Re, combined with the available spectroscopic results
of the other light odd-A Re isotopes [7-9,16], provides us
with an opportunity to investigate the evolution of tri-
axial deformation in neutron-deficient Re isotopes while
decreasing the neutron number. In the following sections,
we discuss the nuclear-shape deviation from an axial sym-
metry associated with the 9/27[514] configuration in very
light odd-A Re nuclei on the basis of the signature split-
tings of the Routhians and M1 transition matrix elements
and the relation between them in connection with the tri-
axial () deformation.

5.2.1 Increasing signature splitting of the Routhians

For systems with odd-particle number, the signature de-
fined by af = 1/2(—1)?~'/2 (favored signature) is lowered
in energy with respect to the o, = 1/2(—1)7t/2 (unfa-
vored) signature [35], where the angular momentum of the
odd particle is expressed by j. The signature splitting Ae
is defined as the difference in energies at a given rotational
frequency for the pair of signature partners. Figure 11
presents plots of the signature splittings for the 9/27[514]
bands in the light odd-A Re nuclei [7-9,16], defined as [36]

X[E(I +1) — E(I) + E(I — 1) — E(I —2)]. (10)

Here E(I) is the level energy of state I; S(I) 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 i3/, neutron alignment the phase of signa-
ture splitting is inverted with a much reduced amplitude
(see the insets of fig. 11). In the odd-A Re isotopes with
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Fig. 11. Signature splitting S(I) as a function of spin I for the
9/27[514] bands in '%*71™Re. The filled and open symbols cor-
respond to the favored and unfavored signatures, respectively.

mass number larger than 175, there is almost no signa-
ture splitting in the 9/27[514] bands [37]. As shown in
fig. 11, the experimentally observed signature splitting in
the very neutron-deficient isotopes is unexpectedly large,
and increases rapidly with decreasing neutron number. A
signature splitting as high as approximately 30 keV has
been observed at low spins in '%Re.

Signature splitting of the energies is considered gen-
erally as a consequence of the mixing of the 2 = 1/2
orbits into the wave functions, due to the Coriolis inter-
action. Since the proton Fermi level lies high in the hyy /o
subshell in Re isotopes with a proton number of 75, the
mixing of the 2 = 1/2 components into the wave func-
tions 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 v deformation. It is well known
that the magnitude of signature splitting is expected to be
very dependent on several properties such as the nuclear
deformation, pairing, and shell filling [38]. For example,
the decreasing nuclear quadrupole deformation By can re-
sult in an increased signature splitting since in the lowest
order Ae is proportional to (f2)~27*! if pairing is ne-
glected [38]. The increased signature splitting amplitudes
for the lighter Re isotopes seem therefore to be explained
in terms of the decreasing nuclear quadrupole deforma-
tion as indicated by the theoretical calculation [30]. How-
ever, changing the pairing gap, quadrupole deformation
(B2, and hexadecapole deformation (34 in large intervals, the
particle-rotor and cranked-shell-model calculations adopt-
ing an axially symmetric nuclear shape show that the pre-
dicted magnitude of the signature splitting is nevertheless
much less than the observed value in the neutron-deficient
isotopes [3,7,15]. Thus, in order to reproduce the large
signature splitting in the 9/27[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
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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 reasonable
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 fig. 6 show energy
minimum with negative v deformation at low frequen-
cies, and the increasing 7y softness with decreasing neutron
number for odd-A Re isotopes can also be predicted.

R. Bengtsson et al. [39] pointed out that the positive
deformation may cause signature inversion in the configu-
ration of mhio ®1/i%3/2, where the aligned neutrons could
produce a positive v deformation. After the 4,3/, neutron
alignment, the predicted nuclear shape, as shown in fig. 6,
is v soft with the energy minimum at apparent positive
v deformation. Therefore, the observed inversion of sig-
nature splitting with small amplitude at high frequencies
might indicate that the v driving force of the aligned i;3/2
neutrons, favoring positive direction, is stronger than that
of the strongly coupled hy;/2 proton favoring negative
value, and this might result in a nuclear shape with small
positive v deformation.

5.2.2 Relative signature splitting of the B(M1)/B(E2)
ratios below the backbending

The B(M1)/B(E2) ratios can exhibit a signature split-
ting, which is known to represent the splitting in the
magnetic transition rates AB(M1) [4], where AB(M1)
is the difference between the B(M1l:af — ay) and
B(M1l:ay, — «af). It is believed that the B(FE2) val-
ues show smooth dependence on spin, and, in partic-
ular, do not exhibit signature dependence even in the
case of triaxially deformed nuclear shapes [40]. Therefore,
the relative signature splitting of the magnetic transition
rates AB(M1)/(B(M1)), where (B(M1)) is defined as
1/2[B(M1:a¢ — ) +B(M1:ary — )], can be expressed
by the ratio of A[B(M1)/B(E2)]/(B(M1)/B(E2)). Ac-
cording to a semiclassical approximation based on the
cranking approach [41,33], we can obtain the following
relationship:

A[B(M1)/B(E)]

(B(M1)/B(E2))
4[(1 — K2/1)M2 i, /1) x (Ae/hw)
(1= K2/12)12 i, /112 + (Ae/hw)?”

(11)

where i), K, I, Ae, and hw denote the quasiproton aligned
angular momentum, band head K-value, angular momen-
tum, energy signature splitting, and rotational frequency,
respectively. It should be pointed out that the formula is
valid only for axially symmetric nuclei, or it can give a rea-
sonable description for nuclei with a slight deviation from
axial symmetry. Assuming i, = 1.5hF and K = 4.5, the
AB(M1)/(B(M1)) values for the 9/27[514] bands in light
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Fig. 12. AB(M1)/(B(M1)) ratios shown as a function of ro-
tational frequency for the 9/27[514] bands in **"!"Re. Also
shown are the experimental relative signature splittings aver-
aged around I = 17/2h.

odd-A Re isotopes were calculated by using the experi-
mental values of Ae and fiw, and the results are presented
in fig. 12. The experimental values extracted from eq. (2)
and averaged in the low-spin region around I = 17/2h [7-
9,16], also shown in fig. 12, remain almost constant for the
nuclei in discussion. The calculated AB(M1)/(B(M1))
values are consistent with the experimental ones for !"3Re
and '"Re, whereas apparent deviations appear while de-
creasing the neutron number. For %°Re, the theoretical
value is found to exceed the experimental one by a fac-
tor of about 4.0. The monotonic increase in the devia-
tions between the experimental and calculated values of
AB(M1)/{B(M1)) with decreasing neutron number sug-
gests increased triaxiality [1].

5.2.3 Relationship between the signature splittings of the
Routhians and B(M1) values

In order to investigate the deviation of nuclear shape from
axial symmetry and the direction of v deformation, theo-
retical studies revealed that for axially symmetric nuclear
shapes a correlation between the signature splittings of
the B(M1) values and Routhians can be obtained as [42]

AB(M1)
(B(M1))

440 (hw)
= el + () 12)

This equation is exact for axially symmetric shapes in the
cranking model for any cranking frequency fiw, and valid if
I >1 in the particle-rotor model for the one-quasiparticle
deformation-aligned bands where K is a good quantum
number. For negative v deformations the left-hand side of
the equation has a lower value than the right-hand side,
and for positive v deformation a higher value [42]. On the
basis of such a comparison, it has been suggested that the
neutron-deficient Ho, Tm, Lu, and Ta isotopes deviate ap-
preciably (—15° > v > —25°) from an axially symmetric
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Fig. 13. Comparison between the quantities of the left- and
right-hand sides of eq. (12).

shape [42]. Figure 13 compares the left- and right-hand
side values of eq. (12) by choosing the data around I =
17/2 before the 45,5 neutron alignment for the 9/27[514]
bands in the light odd-A Re isotopes [7-9,16]. We remark
that the quantities shown in fig. 13 are calculated by us-
ing the experimental observed Routhian splitting Ae and
B(M1)/B(E2) ratios. The increasing difference between
the two sides with decreasing neutron number indicates a
considerable negative v deformation for 1%9Re.

5.3 Band based possibly on the 79/27[514] ® AE
configuration

As shown in fig. 5, band 3 has the largest aligned angular
momentum with a value of about 8.5% 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 is assumed to be based on
a configuration of at least three quasiparticles. The band
crossing frequency of hw = 0.31 MeV is much higher than
the AB neutron crossing in the neighboring nuclei (7,9, 14,
43,44], indicating that band 3 involves an i;3/, neutron.
A one-quasiparticle occupation of the lowest i/, state
would inhibit the normal vi;3/, alignment from occur-
ring at the expected rotational frequency. This well-known
blocking effect can be seen in odd-N nuclei throughout the
rare-earth region. Inspecting the level structure in the nu-
clei around %°Re [23,14,43,44], we propose that band 3
is likely based on the 79/27[514] ® vAE configuration.
Here, A (mr =+, a = +1/2) and E (7 = —, a = +1/2)
are the conventional cranked-shell-model orbits labelling
the lowest configurations in the viy3/9 and v f7/5hg /9 sub-
shells [14], respectively. The A and E orbits were observed
at very low excitation energies at the neighboring odd-INV
nuclei [23,43,14]; the AE configurations were also identi-
fied at excitation energies around 1.6 MeV in the neigh-
boring even-even nuclei [23,14,43,44], which are compa-

rable with the band head energy of band 3. Thus, the
79/27[514] ® vAE configuration would be expected to be
energetically favorable in '9Re. Most of the alignment
in band 3 would be contributed by the viy3/5 quasiparti-
cle, while the rest might be associated with the other two
quasiparticles. The upbend at hAw =~ 0.31 MeV may be
caused by the BC neutron alignment because the crossing
frequency is similar to those for the BC neutron align-
ments observed in the nuclei around '%*Re [23,14,43,44].

6 Summary and conclusions

The odd-proton nucleus '®*Re has been produced in the
bombardment of the 4Sm target with the 28Si projec-
tiles. A level scheme consisting of three rotational bands
has been established. The possible quasiparticle config-
urations of these bands have been suggested based on
the measured in-band B(M1)/B(E2) ratios and the ex-
isting knowledge of band structures in the neighboring
nuclei. The 4;3/5 neutron alignments have been observed
in the 1/27[541] and 9/27[514] bands at Aiw = 0.27 and
0.23 MeV, respectively. The difference between the cross-
ing frequencies can be interpreted in terms of shape effects
since the different proton orbits favor different nuclear
shapes. There is a quite large energy splitting between the
two signatures of the 9/27[514] band at low frequencies,
and after the i;3/5 neutron alignment the phase of signa-
ture splitting is inverted with a much reduced amplitude.
The TRS calculations show that the 9/27[514] configura-
tion tends to have nonaxial shape with negative ~ values
at low frequencies, and after the i;3/, neutron alignment
the predicted positive v deformation may cause signature
inversion in the configuration of why;/, ® 1/2'%3/2. System-

atics of the signature splitting for the 9/27[514] bands
at low spin in the light odd-A Re isotopes suggests that
the nucleus becomes more v soft and has larger v defor-
mation while decreasing the neutron number. The the-
oretical calculations assuming an axially symmetric nu-
clear shape overestimate the signature splitting in the
B(M1)/B(FE?2) ratios. Based on the unique shape () de-
pendence in the coherent influence of signature on energies
and M1 transition matrix elements, the analysis of the
available experimental data on the light Re isotopes indi-
cates an appreciable negative v deformation at low spins
for the very neutron-deficient Re isotopes. By referring to
the level structure in the nuclei around '%°Re, it is pro-
posed that the three-quasiparticle band is built likely on
the 79/27[514] ® vAE configuration.
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