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Although the observation of wobbling was once thought to be possibly confined to lutetium isotopes in N ~ 94
nuclei, the identification of this exotic collective mode in '®’Ta has raised the question of the role of the proton
Fermi surface with regard to this phenomenon. To investigate this issue, an experiment was performed to populate
high-spin states in the N = 94 nucleus '®Re. The heavy-ion reaction >>Mn + '"¥Sn was used in conjunction with
Gammasphere to detect the emitted y rays. More than 130 new transitions were added to the 'Re level scheme,
including the first identification of the 7ri,3/, rotational sequence in this nucleus. This configuration is the structure
on which all known wobbling sequences are based, but no wobbling band was observed, likely owing to the fact
that the i3> sequence is located at a relatively high energy in comparison with the other structures found in '®Re.
Nine decay sequences are now established in this nucleus and are described within the context of the cranked shell
model. In addition, significant extension of the level scheme of the odd-odd '7’Re nucleus was possible and a dis-
cussion of the residual interactions for the whg > vi 13/, and 7wi 3/, Vi 3/, configurations in this region is given as well.
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I. INTRODUCTION

The identification of the wobbling mode is perhaps the
best experimental signature for the existence of stable triaxial
deformation. This is attributable to the fact that such a sequence
can only occur for rotating asymmetric nuclear shapes. First
found in '%Lu [1], wobbling bands were observed soon after
in 1051671 y [2,3] and, possibly, 1617 y [4]. Despite numerous
searches in neighboring nuclei, no other examples could be
found for many years, leading to the suggestion that lutetium
may be the only species to exhibit this exotic phenomenon
in the Z~ 72, N~ 94 region [5]. However, the recent
identification of a candidate wobbling sequence in the N = 94
nucleus '®’Ta [6,7] indicates that the region for observing this
collective mode extends beyond lutetium. It also aids in the
confirmation of the N = 94 triaxial strongly deformed shell
gap predicted in Ref. [8]. Therefore, the role of the proton
Fermi surface, with regards to wobbling, should be explored.
With this motivation, an experiment on the N = 94 nucleus
169Re was conducted to search for the wobbling mode.

"Present address: National Nuclear Data Center, Brookhaven
National Laboratory, Upton, New York 11973-5000.

fPresent address: Nuclear Physics Division, Bhabha Atomic Re-
search Center, Mumbai 400085, India.

tPresent address: Department of Nuclear Engineering, Texas A &
M University, College Station, Texas 77843.

0556-2813/2013/87(2)/024315(15)

024315-1

PACS number(s): 21.10.Re, 23.20.Lv, 27.70.4+q

All wobbling structures in this region are based on the i3,
band. This configuration was not observed in an earlier high-
spin study of '°Re [9], but was identified in the present work,
together with eight other bands. Unfortunately, a wobbling
band was not observed and a discussion of its absence is
presented. The level scheme for '®°Re was greatly extended
and configuration assignments are proposed for the observed
bands through the analysis of alignments, band crossings, and
B(M1)/B(E?2) ratios. In addition, a new band could be asso-
ciated with the odd-odd nucleus '"°Re [10] and the previously
known sequence was extended to higher spins. A systematic
investigation into the residual interactions of the mwhg Vi3>
and the i 3,,vi13/, configurations was also performed.

II. EXPERIMENTAL DETAILS

The reaction Mn + '8Sn was selected to populate excited
states of 'Re and '"Re with the 4n and 3n fusion-
evaporation channels, respectively. The ATLAS facility at
Argonne National Laboratory provided the 260-MeV *Mn
beam with a current of ~2 pnA throughout the experiment.
Two stacked !'3Sn targets, each with 0.6 mg/cm? thickness,
were bombarded by this beam for a period of approximately
6 days. Emitted y rays were detected with the Gammasphere
spectrometer [11] consisting of 101 Compton-suppressed Ge
detectors. A total of 2.3 x 10° fourfold or greater coincidence
events were recorded and sorted into a Blue database [12].

©2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevC.87.024315

D. J. HARTLEY et al.

Radware [13] coincidence cubes and hypercubes were built
and an angular-correlation analysis was performed with this
database. The latter was performed in the following manner.
A coincidence of two known quadrupole y rays in an event
was required, and the other coincident transitions within the
same event were sorted into 16 separate spectra (corresponding
to each of the 16 available rings of detectors). Background
subtraction was performed with the method described by K.
Starosta et al. [14]. Spectra from the five rings nearest 90°
(6 =79°,81°,90°,99°, and 101°) were summed together, and
the intensities of resultant peaks, W (0y-), were determined.
Similarly, the intensities of the same peaks at backward angles,
W(6,), were obtained with rings located at 6 = 122°, 130°,
143°, 148°, and 163°. A ratio of the intensities, Ry, =
W(6y)/ W(0gy-), was calculated and normalized such that
known pure dipole and quadrupole transitions had values of
0.6 and 1.0, respectively. Information on the observed states
and y rays have been tabulated in Table I.

III. LEVEL SCHEME: '®Re

Two decay studies [15,16] of '®°Re were published in 1992
and reported two states that 87 decay in addition to weak o
branches. An evaluation of the '%°Re data [17] suggested that
the I™ = (9/27) (t1/2 = 8.1 s) level is the ground state, while
systematics suggest that the (5/2%,3/2%) (#1,, = 15.1 s) state
is an isomer. Recently, Zhou et al. [9] presented three rotational
bands in '®°Re. Connections between two of the bands were
observed, leaving the third with an unknown relative energy.
States as high as spin I = 45/2 were populated in this study.

In the present work, an extensive level scheme was
constructed as displayed in Fig. 1. Nine structures are now
observed, where the highest spin state is 77/2. All of these
sequences are connected such that the relative excitation
energies are known. The lowest observed state has been
associated with a spin/parity of 9/27, consistent with the
evaluated assignment for the ground state [17]. In all, five
additional rotational sequences and more than 130 new
transitions have been added to the '®Re level scheme.

A. Band 1

Band 1 in Fig. 1 was previously observed in Ref. [9] up to
a spin of 45/2 and was suggested to be based on the ground
state. In the present data, the bandhead state was indeed found
to be the lowest observed level, such that it likely corresponds
to the proposed (9/27) ground state suggested in Refs.
[9,17]. This sequence was extended to 63/2 as evidenced by
the spectrum of Fig. 2(a) that was produced by a sum of many
triple gates in the hypercube. At lower spins, band 1 is the yrast
sequence, as can be ascertained from Fig. 3, which provides
the energy of the observed states minus a rigid-rotor reference.
The configuration assignment for band 1 discussed in Ref. [9],
as well as in Sec. V A, strongly indicates that this structure is
of negative parity.

B. Band 2

A new, strongly coupled band was observed in the present
data feeding into band 1 and has been labeled as band 2 in
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TABLE 1. y-ray energies and intensities in '®Re.

I Eje (keV) E, (keV)° I° Angular correlation ratio

Band 1: [514]9/2 a = +1/2

2- 0.0
L= 3827 382.7 ~31¢ 0.76(5)
246.3 ~131¢ 0.78(2)
u- 940.0 557.3 43(4) 1.03(5)
317.6 72(4) 0.79(5)"
a- 1583.9 643.9 45(4) 0.81(5)
365.4 41(3) 0.86(4)
27 22577 673.8 30(2) 0.89(8)
375.4 27(2) 0.76(4)
27 26027 345.0 2.7(8)
116.0 20(1) 0.60(4)
8729237 321.0 4.0(9)
180.2 35(2) 0.65(2)
7 3392 4725 9(1) 1.00(8)
255.2 38(2) 0.73(3)
a4° 4005.7 609.5 14(1)
319.1 25(1) 0.79(5)f
£- 4727.1 7214 9.2(6)
371.2 10(1) 0.75(6)
27 55375 8104 4103
4123 3.7(4) 0.87(9)
27 64138 876.3 2.4(3)
440.7 2.1(3)
77 13127 898.9 1.6(2)
443 .4 1.0Q2)
o= 81855 8728 0.8(1)
4297 0.6(1)
Band 1: [514]9/2 a« = —1/2
a- 136.4 136.4 ~794 0.67(3)
Lo 622.4 486.0 67(5) 0.86(4)
239.8 =100 0.81(3)
v 12184 596.0 74(5) 0.9(1)
278.4 48(3) 0.74(3)
z- 1882.2 663.8 59(4) 1.01(4)
298.3 30(2) 0.70(5)
Z7 24867 604.5 46(3) 0.79(4)
229.1 33(2) 0.67(3)
47 27436 140.9 27(2) 0.59(3)
L7 31411 397.5 6.3(6) 0.9(1)f
217.4 39(2) 0.66(2)
27 3686.5 545.4 10.5(6) 1.02(8)
290.4 36(3) 0.70(3)
27 43559 669.4 7.9(5)
350.3 18(1) 0.72(5)
27 51251 769.2 5.4(3)
398.0 6.5(5) 0.9(1)f
37 59730 847.9 2.9(4)
435.7 2.5(4)
= 6869.4 896.4 2.1(2)
455.4 1.2(1)
2 7755.9 886.5 1.4(1)
443.0 0.5(1)
8- 8626.3 870.4 0.6(1)
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TABLE 1. (Continued.) TABLE 1. (Continued.)

I Eje (keV) E, (keV)® I Angular correlation ratio I Eje (keV) E, (keV)° I Angular correlation ratio

Band 2: why1pAF a = +1/2 (%) 5298.7 570.5 5.6(5) 0.91(5)
%) 39468 8056  0.7(1) 2829 6.0(8) 0.61(5)
(U%) 45332 5864 0.7() () 50121 6134 32(4)
8467  3.6(4) X 3170 5.0(6) 0.56(9)"
(£% 50796 5464 0.7(D) (E* 66156 7035 2102
2812 4.003) 3666 3.9(3)
2 571323 6527 13() (2% 74164 8008 13(1)
3432 2.0(1) 4175 1.7(1)
(2% 65164 7841 1.0(1) (%) 83116 8952  1LO(1)
4111 1.0(1) 4679  0.6(2)
(%+) 7398.2 881.8 0.5(1) (%”) 9295.7 984.1 <0.3
X 4534 0.5(1) Band 4: wh, pAE o = +1/2
(&% (8316)  (918) <03 &%) 21228 3236 16Q2)
Band 2: why pAF o = —1/2 ) 690.9 2.1(3)
@Y 407 5% 23065 123.0 12(1) 0.61(8)
(Bh 47084 501 <03 (2% 26577 3512 3.6(3)
2652 3.7(4) X 195.5 19(2) 0.71(5)
(8% 53890 5906 1.1(1) (37 31607 5120 484
3094 2.9(2) X 273.3 19(1) 0.67(5)
) 61052 7162 1101 I 371922 6225  7.9(7) 0.99(6)"
3729 1.5(1) X 3276 13(2)
(%Jr) 6944.9 839.7 08(]) (% ) 4434.1 641.9 67(8) ].03(6)r
4286 0.8(1) . 3275 9(1) |
(2 (7838) 893) <03 (5% 50157 5816 5.9(8) 1.(6)7(2)t
2875 7.1(8) 0.60(5)
Band3 o = +1/2 s+ ¢
o (2% 5595.0 5793 33(4) 1.07(9)"
7)) 16234 ﬁgi 012_((11)) 0-61(5) 296.4 5.7(5) 0.66(6)"
' : ; (%) 62489 6539 2502
1914 6(1) 0.78(9)
4049  12(1) 0.58(8) - 3370 45(4)
6834  6.4(6) 0.75(6) (7)) 09988 7499  1.3(1)
1000.9  5.7(4) 0.52(5) - 383.4 2.8(2)
&A% 19916 3682 3.0(4) (5 ) 78436 844.8 L.0(1)
192.3 14(3) 0.78(9)f . 4273 1.3(1)
7730  0.4(1) (€7 87785 934.9 0.7(1)
Band3a = —1/2 ) 467.0 o 0.52(2) »
(5% 13429 7205 14(1) 0.76(6) o . and 5: [402]5/2 a = +1/
9602  5.5(5) 0.41(5) (33 9.0
B 17993 1759 2503) 0.65(9)" GG) 4479 31’222 ;-?(g)
215.3 1.0(2) 76. -109)
3675 1.603) (5% 898.0 450.1 5.1(5)
8593  3.7(3) 0.74(5) o 2604  8.2(7)
Band 4: 7hyy pAE @ = —1/2 (%) 14319 5339  5.4(5)
/
(2% 21835 1919  1502) 0.78(9)" 3102 6.3(6)
61) . Band 5: [402]5/2 ¢ = —1/2
.
3842 3.2(5) ah 2714 1525 6.8(5)
(Z%  2462.1 1556 16(1) 0.63(5) (4% 6376 3662 3.603)
(Y 28964 4343 4.6(5) 1899 8350
2387 21(3) 0.68(8)" (5% 11217 484.1  4.9(4)
(%Jr) 3464.7 568.3 8.3(8) 0.91(5) 223.7 8.0(6)
2948  17(2) 0.65(4) Band 6: [541]1/2 & = +1/2
(2% 41065 6418  7.4(6) 1.03(6)' 3 536.0 320.1 ~10° 0.71(3)
314.4 11(1) 0.56(9)" 2 633.8 97.8 3.0(4) 0.7(1)
(8% 47282 6217 6.0(5) 0.99(6)" 3550 1.4(2) 0.6(1)
294.2 8(1) 0.66(6)" 497.4 5.9(8) 0.96(5)
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TABLE L. (Continued.)
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TABLE 1. (Continued.)

I  Eje (keV) E, (keV)P I Angular correlation ratio

I Eje (keV) E, (keV)P I Angular correlation ratio

633.8  1.7(2)
L 8869  253.1  17(1) 0.82(2)
886.8  1.6(2) 0.9(1)
g 1275.7 388.8 17(2) 0.89(2)
a- 17649 4892 15(1) 0.87(2)
5T 23212 5563 14(2) 0.99(5)"
LT 29037 5825 13(2) 1.10(3)
BT 34586 5549 13(2) 0.99(5)"
TT 30428 4842 11(1) 1.06(5)
47 44523 5095 9.509) 1.03(3)
BT 50488 5965 8.6(6) 0.96(3)
LT 571270 6782 6.8(4) 1.02(4)
BT 64667 7397 54(4) 1.24(6)
IT 72483 7816 32(3) 1.12(7)
ST 80623 8140  1.9(2) 1.2(1)
$7 89188 8565  0.9(1)
©7 98128 8940  0.4(1)
7 10756.0 9432 <03
7 11765 1009 <03
Band 6a
80242 7759 <03
88617 8375 <03
7993 <03
9744 880 <03
Band 7
7 41645 7059 1.0(1) 0.98(5)
a- 4746.1 581.6 0.8(1)
8033 0.3(1) 1.05(7)
£ 5377.7 631.6 1.0(1)
©T 60615 6838  0.7(1)
BT 68125 7510 0.5(1)
27 76354 8229 03(1)
Band 8: [660]1/2
o 1663.4 10410 3.2(4) 0.71(9)
387.8  0.8(2)
4T 20383 3749 33(4) 0.9(1)
BT 24979 4596 242 1.0(1)
LT 30254 5275 LI(D) 0.92(8)
5160 0.8(1)
BT 36081 5827 17(2) 1.2(1)
IT 42380 6299 142 0.92)f
4T 48671 6291 1.1(2) 0.9Q2)f
BT 54263 5592 1.0(1) 1.1(1)
©T 60565 6302 0.6(1) 0.92)f
BT 67430 6865  0.5(1)
I 74943 7513 <03
Iy 82985 8042 <03
(5% ©138)  (839) <03

Band 9: 7Th9/2AE

2% 30837 5744 <03
5857 <0.3
5970 <03
762.9  <0.3
AT 33442 2605 1.502)
4233 <03
4408 0.3(1)
5T 37200 3758 24(3)
B 42197 0 4997 1.9Q2)
8234 0.4(1)
BT 48368 6171 24(2)
aT 55457 7089 19(2)
. 6315.3 769.6  1.7(2)
5T 70639 7486  13(1)
»T 77853 7214 1.0()
8F 85541 7688  0.8(1)
9T 93958 8417 0.4(1)
% 103069 9111 <0.3
5T 11286 979  <0.3
Other levels and y rays
2 215.9
z 278.8
15100 887.6  0.3(1)
15100 11273 <0.3
(B" 25094 4710 1.0Q2)
29209 6633 0.3(1)

4Spin and parity of the depopulated state.

"Uncertainties in y-ray energy are 0.2 keV for most transitions,
except for relatively weak transitions (I, < 0.3), where 0.5-keV
uncertainties are appropriate.

“Relative intensity of the transition with respect to the intensity of the
239.8-keV transition.

dEstimated based on intensity balance.

°Estimated based on intensity balance and branching ratio.
fUnresolved doublet.

Fig. 1. Two linking transitions were found to feed the 35/2
and 39/2 states of band 1. The coincidence between bands 1
and 2 can be clearly seen in the example spectrum for band 2 in
Fig. 2(b), where the peaks labeled with squares are transitions
from band 1. Unfortunately, a reliable angular-correlation ratio
could not be determined for either of the linking transitions.
However, based on the intensity of the sequence (slightly
less than band 1 at similar spins), the linking transitions are
tentatively assigned as Al = 1inorder for band 2 to lie slightly
higher in energy than band 1 at higher spins [see Fig. 3(a)].
Positive parity is suggested for band 2 based on the configura-
tion assignment discussed in Sec. V B. No distinct transitions
could be associated with the decay out of the 39/2 state,
indicating that many deexcitation paths are likely involved
with intensities below the sensitivity of the present experiment.
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FIG. 1. Level scheme for '®Re from the present analysis. The widths of the arrows are proportional to the relative intensities of the y rays.

Tentative levels and y rays are shown as dashed lines.
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FIG. 2. (a) Spectrum for band 1 in '®Re. Both the main spectrum
and the inset result from a sum of all the possible triple combinations
of coincidence gates in the hypercube where any of the 136-,
246-, or 240-keV transitions were in coincidence with any two
dipole transitions between the 25/2 and 45/2 levels. The peaks
denoted with upside-down triangles are from band 2. (b) Spectrum
for band 2. All possible triple combinations of the dipole transitions
between the 25/2 and 39/2 states in band 1 with any two dipole y
rays between the (41/2) and (49/2) levels in band 2 produced both
the main spectrum and the high-energy inset. Peaks denoted with
squares are coincident transitions from band 1. (c) Spectrum for band
4. All possible triple combinations of the dipole transitions between
the 23/2 and 47/2 levels were summed to produce both spectra.
Peaks denoted with a square, plus, and hexagon are transitions from
bands 1, 3, and 5, respectively.

C. Band 3

A short sequence of levels strongly feeding band 1 through
multiple transitions is labeled as band 3 in Fig. 1. These states
were previously observed in Ref. [9] and were associated
with the structure labeled band 4 in Fig. 1. Many of the y
rays can be seen in coincidence with the gates set in band 4,
which are displayed in Fig. 2(c) and denoted with a plus (+)
sign. Of the linking transitions between bands 3 and 1, where
angular correlations could be measured, none exhibited a ratio
consistent with a stretched electric quadrupole nature. Rather,
the ratios had values typical of stretched and unstretched dipole
transitions. It is, therefore, possible that band 3 has parity op-
posite to band 1, and it was tentatively assigned positive parity.

The decay path of band 3 is complex and several dis-
crepancies are found between Fig. 1 and the level scheme
in Ref. [9]. For example, no 107-keV line was observed in the
present study, and the 176-keV transition was found to be in

PHYSICAL REVIEW C 87, 024315 (2013)
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FIG. 3. (Color online) Excitation energies of the observed levels
minus a rigid-rotor reference, where this reference was assumed
to have a moment of inertia parameter A = 0.007 MeV. Positive
(negative) signatures are represented with solid (open) symbols.

coincidence with both 192-keV y rays (Ref. [9] indicated that
the 176-keV line was in a parallel decay path with one of the
192-keV transitions). In addition, these levels were separated
from band 4 as they create a significant discontinuity of the
band structure if they are associated with the bottom of band
4. In the interpretation of Fig. 1, bands 3 and 4 resemble
the structures labeled as bands 3 and 2, respectively, in a
publication of high-spin states in '*’Re [18].

D. Band 4

The strongly coupled structure labeled band 4 in Fig. 1 was
previously identified in Ref. [9] up to spin 39/2. An increase
of one unit of 7 was assigned to the states in comparison to
the previous level scheme. This is based on the observation
of the 192- and 384-keV transitions from the 23/2 state in
band 4 to the 21/2 and 19/2 levels, respectively, in band 3
and that both 192-keV transitions have an angular-correlation
ratio consistent with A/ = 1. In addition, the present spin
assignment suggests that band 4 lies at lower energies than
band 1 above spin 49/2, which is consistent with the observed
relative intensities between the bands. The structure was
extended to a spin of 67/2, and a supporting spectrum is
displayed in Fig. 2(c). Although direct evidence for the
61-keV transition from the 23/2 to the 21/2 state is lacking,
band 4 is clearly in coincidence with the 324- and 691-keV
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transitions depopulating the level. The 61-keV line is likely an
M transition and, therefore, has a large internal-conversion
coefficient that leads to the difficulty of observing the line in a
y-ray spectrum. Positive parity was assigned to this sequence
based on the configuration assignment discussed in Sec. V D.

E. Band 5

A new, short sequence was identified and labeled as band
5 in Fig. 1. Some of the transitions can be seen in the
spectrum from band 4 in Fig. 2(c) owing to the feeding 191-,
367-, and 691-keV transitions. These peaks are denoted with
a hexagon in Fig. 2(c). No reliable angular-correlation ratios
could be extracted for the linking transitions, and the spin and
parity assignments must be considered as tentative as a result.
However, the proposed assignment suggests a 5/2 bandhead
state that is 119 keV above the proposed ground state. Because
the only known state below this 119-keV level is the 9/2~
ground state, an M2 transition would be required for y decay.
A Weisskopf estimate of approximately 40 ps can be made
for the partial half-life of the state based on such a transition.
Such a y ray would not be observed in the current prompt
spectroscopy data. The positive-parity assignment is based on
the configuration assignment discussed in Sec. V E.

F. Band 6

Band 6 in Fig. 1 was previously seen in Ref. [9] up
to 41/2, but no connecting transitions were found for this
decoupled sequence. In the present experiment, three weak
linking transitions (497, 634, and 887 keV) were observed
feeding into band 1 such that the relative excitation energy of
band 6 has now been established. The 887-keV line has an
angular-correlation ratio that is consistent with a stretched-E2
transition, making the 497- and 634-keV lines unstretched.
This structure was extended to 77/2, the highest spin state
observed in this nucleus. The negative-parity assignment is
based on the configuration assignment for band 6, which is
addressed in Sec. VF. An example spectrum is provided in
Fig. 4(a). The peaks denoted with a cross (x) in the spectrum
result from a short sequence that is observed feeding into band
6 at high spin, and has been labeled band 6a in Fig. 1.

The 320-keV feedout transition from the 5/2 state seen in
Ref. [9] was confirmed, and a 355-keV line was found decaying
out of the 9/2 state. Both of these transitions have angular-
correlation ratios consistent with a dipole character (see
Table I). Neither of these transitions feeds states that were
identified in the other decay sequences. At 216 keV, the 3/2
level could y decay to the (5/2) state in band 5; however, the
resultant 97-keV line cannot be observed in the coincidence
spectra. If the 3/2 level has positive parity, the 97-keV tran-
sition would be M1 in nature and, thus, be highly converted,
making the observation of the y ray difficult. This suggests that
the 3/2 state could possibly be associated with positive parity.

G. Band 7

A new decoupled sequence has been found feeding into
band 6. Coincident transitions of band 7 are denoted with an
asterisk (*) in the spectrum for band 6 [Fig. 4(a)]. Both of the
linking transitions were found to be of E2 character from the
angular-correlation analysis (Table I); therefore, the relative
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FIG. 4. (a) Spectrum of band 6 resulting from a sum of gates on all
E?2 transitions in the structure. The inset is a continuation of the main
spectrum. Peaks marked with squares, crosses, and asterisks are from
bands 1, 6a, and 7, respectively. (b) Spectrum of band 8 produced
by summing all triple gates placed on inband E2 transitions. Peaks
labeled with squares, hexagons, and diamonds result from bands 1,
5, and 6, respectively. (c) Spectrum of band 9 created in a manner
similar to the spectra in panels (a) and (b). Peaks denoted with squares,
diamonds, and circles are from bands 1, 6, and 8, respectively.

spins of band 7 have been verified and it must have the same
(negative) parity as band 6.

H. Band 8

Another new decoupled structure was observed feeding into
both bands 1 and 6. An example spectrum of this sequence is
provided in Fig. 4(b) and it is labeled band 8 in Fig. 1. The
angular-correlation-ratio analysis of the two linking transitions
from the lowest observed level in band 8 indicates that both
have dipole nature even though one (1041 keV) feeds the 15/2
state in band 1, while the other (388 keV) feeds the 17/2 level
in band 6. It has been assumed that the higher-energy y ray
is of stretched dipole character, while the other is unstretched.
This leads to the 17/2 spin assignment for the lowest state
observed in band 8. The positive parity is proposed based on
the configuration assignment (see Sec. V H). This structure
was extended to a spin of 61/2 (tentatively 65/2). In addition,
there is an interaction with a nearly degenerate 25/2 state.
One may also observe in the spectrum of Fig. 4(b) that several
peaks are denoted with a hexagon, indicating that coincidence
between bands 8 and 5 is likely; however, no linking transitions
could be readily identified between the two sequences.
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I. Band 9

Finally, a new decoupled sequence whose decay is frag-
mented through many transitions into bands 1, 6, and 8 was
observed. The structure is labeled band 9 in Fig. 1, and the
coincidence with the three other bands can be observed in the
spectrum of Fig. 4(c). Unfortunately, the linking transitions
were too weak to obtain angular-correlation ratios. However,
because the linking transitions from the lowest state in band
9 feed states with spins 25/2 and 27/2, a tentative spin
assignment of 27/2 is proposed. Once again, the parity
assignment is based on the proposed configuration, for which
the reader is referred to Sec. V1.

IV. LEVEL SCHEME FOR '"Re

Only a few studies of the odd-odd nucleus '"°Re can be
found in the literature. A tentative (5%) assignment for the
ground state was suggested by Schmidt-Ott et al. [16] from
a-decay spectroscopy. This study also reported five excited
states. Four low-energy levels were observed in the electron-
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FIG. 5. Level scheme for '"’Re. All spins and parities must be
considered tentative (see text for details).
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FIG. 6. (a) Spectrum of band 1 in "Re resulting from a sum
of spectra where coincidence between any two dipole transitions
between the spin 10 and 16 states along with any dipole y ray between
the 19 and 28 states was required. The inset is a continuation of
the main spectrum. (b) Spectrum of band 2 where any three dipole
transitions between levels 16 and 28 were in coincidence. Once again,
the inset is a continuation of the main spectrum.

capture decay analysis of '7°0s [19]. Wang et al. [10] associ-
ated a rotational band with '"°Re through the observation of
coincident rhenium x rays and a two-point excitation function.

The aforementioned band was also observed in the present
experiment and was confirmed to be in coincidence with
rhenium x rays. In addition, the same sequence was found
in a similar experiment, where the target was changed to '°Sn
and the ¥ Mn beam energy was reduced to 253 MeV to enhance
the 4n channel leading to states in 17IRe [20]. The fact that
the band was seen in both experiments indicates that it is
likely to be associated with '7°Re, where it was produced in
the 3n channel of this experiment, and in the 5n channel of
the short experiment using the '2°Sn target. This structure is
presented in Fig. 5 as band 1, where it was extended from a
previous maximum spin of 22 to 34. An example spectrum is
provided in Fig. 6(a). No linking transitions to the previously
identified low-spin states were found; therefore, the exact
excitation energy of the band is unknown. The same tentative
spin/parity assignments suggested in Ref. [10] are adopted
based on systematics of neighboring nuclei and the proposed
configuration of the sequence.

A second sequence was observed in both experiments
mentioned above and is in coincidence with rhenium x
rays. The intensity of this band changed between the two
experiments mentioned above in a similar manner as the
structure previously assigned to '"’Re; therefore, band 2 in
Fig. 5 has been tentatively assigned to this odd-odd nucleus as
well. Very few structures resembling this band are observed in
nearby nuclei, thus, systematics could not be used to propose
spins. Instead, spins were tentatively assigned based on the
proposed configuration assignment to render the observed
alignment values consistent with the expected initial alignment
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TABLE II. y-ray energies and intensities in '’Re.

I™  Ejg (keV) E, (keV)® I Angular correlation ratio
Band 1: JTh]]/z\)i13/2 a=0
(107) X + 832 83.2 ~35¢
(127) X 4 403.8 320.6 ~19¢
188.6 ~105°¢ 0.59(2)
(147) X +889.6 4858  46(4)
267.4 90(5) 0.64(2)
(167) X 4 1486.8 597.2 47(3) 0.72(3)
3174 67(4) 0.65(3)"
(187) X + 21463  659.5 40(3) 0.94(4)
340.1 45(3) 0.64(2)
(207) X +27782 6319  27(2) 1.05(5)
305.9 38(5) 0.62(3)"
(227) X 4+ 3332.8 554.6 23(2) 0.78(6)
2754 342) 0.57(2)
(247) X 4+ 39532 6204 20(2) 1.03(8)
316.5 22(3) 0.65(3)f
(267) X + 46754 7222 10(1)
364.9 16(1) 0.68(4)
(287) X 4+ 54947  819.3 8.0(6)
409.8 7.1(6)
(307) X 4+ 64020 907.3 2.9(3)
449.9 <2
(327) X+ 7371 969 <2
(347) X + 8388 1017 <2
Band 1: 7T]’l11/2vi13/2 a=1
) X
(117) X +2151 1319  ~95¢ 0.59(3)
(137) X 46222 407.1 ~30°¢
218.5 =100(4) 0.62(2)
(157) X + 11694 5472  49(4) 0.99(8)
2797 76(8) 0.67(3)"
(177) X 4+ 1806.3  636.9 52(3) 0.98(4)
3194 56(6) 0.65(3)"
(197) X 424724  666.1 42(3) 0.99(8)
326.1 43(3) 0.64(2)
(217) X +3057.4 5850  36(3)
279.1 37(4) 0.67(3)"
(237) X 4+ 3636.7 579.3 14(1) 1.02(8)
303.8 30(3) 0.62(3)"
(257) X + 43106 6739 10.0(7)
357.3 19(1) 0.61(3)
(27°) X +5085.0 7744  7.9(5)
409.5 9.5(8)
(297) X 459523 8673 5.03)
457.5 4.4(2)
317) X + 6899 947 <2
(337) X + 7885 986 <2
Band 2: ﬂhll/sz a=0
(10%) Y
(12%) Y + 5433 279.5 2.93)¢
(147) Y + 1036.4  493.1 3.53)¢
219.0  4.7(4)
(16%) Y + 1341.7 115.2 8.0(6)
(18%) Y + 1662.7 175.3 20(1)
(20%) Y + 21144 4517  5.7(4)
244.0 17(1)
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TABLE II. (Continued.)

I Eieva (keV) E, (keV)® I, Angular correlation ratio

(22%) Y + 2702.8 588.4 9.8(7)

3102 16(1)
(24%) Y + 34004  697.6  9.9(7)
358.6  12(1)
(26%) Y +4151.7 7513 7.8(6)
3803 7.6(8)
(28%) Y +49265 7748  6.1(4)
3946 3.8(4)
(30%) Y + 57362  809.7  2.9(2)
4142 <2
(32%) Y + 6601 865 <2

341y (Y + 7517) (916) <2

Band 2: T[/’l”/zl)E a=1
(IT") Y + 263.8 263.8 ~6¢
(13%) Y + 8174 5536  4.703)

2741  2.9(2)
(15Y) Y + 12266 4092  3.5Q2)
190.1  4.4(3)

(17%) Y + 14875 1457  19Q2)
(19%) Y + 18704  207.6  19(2)
(21%) Y +2392.6 5222 8.7(6)

2783 14(1)
(23%) Y +3041.8 6492  15(1)
339.0  17(1)
(25%) Y +37714 7296 7205
3709  4.8(5)
(27%) Y +45320  760.6  7.6(5)
3804 4.8(5)
(29%) Y +5322.1  790.1  3.8(3)
3955 2.9(3)
(31%) Y + 6155 833 <2
419 <2
(33%) Y + 7049 894 <2

(35%) (Y + 7983) (934) <2

#Spin and parity of the depopulated state.

YUncertainties in y -ray energy are 0.2 keV for most transitions, except
for relatively weak transitions (I, < 2), where 0.5 keV uncertainties
are appropriate.

“Relative intensity of the transition with respect to the intensity of the
218.5-keV transition.

dEstimated based on intensity balance.

“Estimated based on intensity balance and branching ratio.
fUnresolved doublet.

of the configuration. A spectrum is displayed in Fig. 6(b). In
addition, a table of the level and y-ray information for '"°Re
is given in Table II.

V. DISCUSSION

To interpret the quasiparticle configurations associated with
the bands in !°Re, the alignments for all the bands are
displayed as a function of rotational frequency in Fig. 7.
Harris parameters of 7y = 17#%/MeV and 7; = 50 #*/MeV?
were used to subtract a reference associated with the angular
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FIG. 7. (Color online) Alignments of the bands in '®Re plot-
ted versus the rotational energy fiw. Harris parameters of Jp =
17 % /MeV and J; = 50 i*/MeV? were used to subtract the angular
momentum of the rotating core. Observed crossings are designated
in the figure. Solid (open) symbols denote the o = +1/2 (—1/2)
sequences. The dashed line represents the alignment observed in the
ground-state band in '®W.

momentum generated by the rotation of the even-even core
nucleus °®W. In addition, the ground-state band of 168y [21]
is given in Fig. 7 for reference. Several band crossings are
seen in the alignment diagram; therefore, cranked shell model
(CSM) [22] calculations were performed to associate these
crossings with likely quasiparticle alignments. A quadrupole
deformation of 8, = 0.19 was assumed based on calculations
from Ref. [23], and a fixed neutron pairing energy of
1.28 MeV was used. From these calculations, the lowest pair
of i13/> quasineutrons (A B) is predicted to align at a frequency
of 0.23 MeV, the second (BC) at 0.35 MeV, the third (AD)
at 0.37 MeV, and the fourth one (C D) at 0.53 MeV, while the
first proton crossing (based on ki, quasiprotons E,F),) is
computed to occur at 0.51 MeV. In addition, B(M1)/B(E?2)
transition strength ratios were determined and compared with
theoretical estimates in Fig. 8 for the strongly coupled bands
1,2,4, and 5.

A. Band 1

This structure was previously associated with the [514]9/2
quasiproton configuration originating from the £y, shell [9].
Its initial alignment is approximately 1.5 %, as seen in
Fig. 7(a), which is consistent with, although slightly lower
than, the CSM estimate of 2.6 %. The lesser value may
be an indication of mixing with the K = 11/2 orbital. The
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FIG. 8. (Color online) Experimental and theoretical B(M1)/
B(E?) ratios for bands 1, 2, 4, and 5 in 'Re. Parameters for
the theoretical calculations are discussed in the text and given in
Table II1.

first crossing at 0.23 MeV can be confidently identified with
the AB alignment as it matches the crossing frequency and
alignment gain predicted in the CSM as well as the observed
AB crossing in the neighboring even-even nucleus '*W. A
satisfactory agreement is also found between the experimental
and theoretical B(M1)/B(E?2) ratios seen in Fig. 8(a). The
predicted ratios were calculated based on the geometrical
approximation for B(M1) strengths [24] and the rotational
form for the B(E2) reduced probabilities [25]. Parameters
used in the calculation of the theoretical B(M 1)/ B(E2) ratios
are given in Table III, along with gr = Z/A = 0.444 and
Qo = 5.1 eb (assuming B, = 0.19). The experimental values
were determined by gating above the state of interest and
the branching ratio was measured from the corresponding
spectra. Thus, the branching ratio may be slightly differ-
ent from that calculated with the reported intensities in
Table I. As a result of the comparisons between computed and
observed B(M1)/B(E?2) ratios and alignments, the [514]9/2
configuration is confirmed for band 1.

At higher frequencies, the beginning of a second crossing
can be observed in Fig. 7(a) near 0.44 MeV, similar to that
seen in the ground-state band of '®W. Although this is at a
lower frequency than the CSM-predicted value of 0.53 MeV,
this crossing is associated with the C D alignment as the i1/,
quasiproton crossing is Pauli blocked in a band where the
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TABLE III. Parameters used in calculating the theoretical
B(M1)/B(E?2) values shown in Fig. 8.

Configuration ga i, (h)
whi2[514]9/2 1.30 1.4
wds;»[402]5/2 1.57 0.0
7 g7,2[40417/2 0.62 0.0
viizp AB -0.3 11.0
Ui13/2 BC —-0.3 8.0
l)i13/2 A —-0.3 6.0
vhop E, F —0.32 2.0

[514]9/2 orbital is occupied. The lower crossing frequency
may be the result of reduced neutron pairing correlations
following the A B crossing. This assignment is consistent with
the interpretation of the crossing found near 0.42 MeV in the
ground-state band in '®W resulting from the alignment of the
C D and possibly E F quasineutrons [21].

B. Band 2

This new sequence is likely based on a five-quasiparticle
configuration as it is observed at a much higher excitation
energy than the AB crossing in band 1. The alignment profile
of band 2, in Fig. 7(b), indicates that this structure may be
observed just after completion of the same crossing found in
band 4. As discussed in Sec. VD, this is the BC crossing,
which suggests that the A quasineutron is involved with the
initial configuration of band 2. Both the AE and the AF
configurations were observed in W [21], and it is likely that
band 2 is based on one of these quasineutron pairs coupled to a
quasiproton. The why,,,vAE configuration has been assigned
to band 4 (see Sec. V D); therefore, the why1,vAFBC and
nds;;vAEBC configurations are most likely associated with
band 2. Both possibilities would have slightly less alignment
above the BC crossing than band 4 (wh;;vAE) as the
AF configuration was found to have ~1.5 7 less alignment
than the AE one at high frequencies in '®W, and the
ds;» quasiproton has ~1 & less alignment than the mwhy )
quasiproton. Thus, the theoretical B(M1)/B(E?2) ratios for
these two configurations were compared with the experimental
values in Fig. 8(b). Once again, parameters for the different
configurations are given in Table III. Good agreement is found
between the experimental ratios and the predicted values
for the mwhy1,vAFBC configuration; therefore, a tentative
assignment with this configuration is proposed for band 2.

C. Band 3

As there are only a few states and y rays seen in this band,
there is insufficient information to assign a configuration for
this sequence.

D. Band 4

The fact that band 4 is observed at ~2100 keV and that it
has approximately 10 7 of initial alignment strongly suggests
that it is associated with a three- quasiparticle sequence.
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FIG. 9. (Color online) Alignments of the bands in "Re plot-
ted versus the rotational energy fiw. Harris parameters of [Jy =
17 h*/MeV and 7, = 50 h*/MeV? were used to subtract the angular
momentum of the rotating core. Observed crossings are designated
in the figure. Solid (open) symbols denote the o = +1/2 (—1/2)
sequences. The dashed line represents the alignment observed in the
ground-state band in '®*W.

The AB crossing is clearly blocked, but a crossing is found
in Fig. 7(b) at 0.30 MeV, which is near the predicted BC
crossing frequency and is consistent with the observation of
this crossing frequency in the /1 2vi13/2 band in "°Re at
0.29 MeV (see Fig. 9). This suggests that the A quasineutron
is involved in the initial configuration. As this quasineutron
is normally associated with 6 & of alignment, the other
two quasiparticles must account for approximately 4 %. In
many nearby nuclei, a structure interpreted as the whypVAE
configuration is observed to strongly mix with either the
mdsy or the g7/, configurations during or just after the AB
crossing [26-28]. The E label refers to the lowest negative-
parity orbital near the Fermi surface, and from 169wy [29], this
orbital has approximately 2 7 of initial alignment. Therefore,
the individual quasiparticle alignments of the whyvAE
configuration sum to a value close to that of band 4. In addition,
the predicted B(M 1)/ B(E2) ratios for this configuration agree
with the experimental values, as seen in Fig. 8(c). Thus, band
4 is interpreted as the wh;,vAE configuration. It should be
noted that band 4 does not undergo the C D alignment at high
frequencies, which is consistent with the proposed assignment.

E. Band 5

This short sequence was not extended sufficiently high
to observe a band crossing. However, the fact that it is
strongly coupled and has nearly zero initial alignment [see
Fig. 7(b)] suggests that it is based on either the [402]5/2 or
the [404]7/2 quasiproton configuration. These two orbitals
have very different go values (see Table III) which lead to
distinguishing B(M1)/B(E?2) ratios. The band was too weak
to extract branching ratios from gates above the states of
interest; therefore, branching ratios were determined from
the observed intensities. A comparison of the experimental
ratios with the calculated values of the [402]5/2 and [404]7/2
configurations are shown in Fig. 8(d). The experimental ratios
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clearly favor the [402]5/2 configuration, and thus band 5 is
associated with this quasiproton.

F. Band 6

This decoupled sequence was previously assigned as the
[541]1/2 structure in Ref. [9]. As seen in Fig. 7(a), the
initial alignment of 3 7 is consistent with this assignment.
In addition, the first crossing is delayed in this band until
a frequency of 0.27 MeV. The delay of the AB crossing
is a characteristic of the [541]1/2 orbital [30]. A larger
deformation for the sequence based on the [541]1/2 orbital
compared with the other orbitals is thought to cause the delayed
crossing. Surprisingly, a second crossing is found at 0.43 MeV,
which is below the frequency where the second crossing (C D)
in band 1 and the ground-state band in '®W are observed. If
the second crossing in band 6 is indeed the C D alignment, one
might expect it to be delayed as well. Therefore, this alignment
does not seem likely for the second crossing in band 6. Perhaps,
the alignment gain is associated with the mixing of another
band, such as band 6a that is seen in Fig. 1, which is observed
in the same frequency range as the second crossing.

G. Band 7

Assigning a configuration for band 7 is quite challenging
with the limited information that can be deduced about the
sequence. Based upon its excitation energy, it could either
be associated with a three- or five-quasiparticle band. From
the alignment plot of Fig. 7(a), it could be a band following
either the AB or BC crossing as it has an initial alignment of
approximately 13 7 near 0.3 MeV. Because it is decoupled, the
constituent quasiparticles are likely of low K values. There-
fore, the [541]1/2, [411]1/2, and [660]1/2 quasiprotons are
possibly involved. The spin assignment forbids an assignment
of the signature partner of the [541]1/2 band. Band 8 has been
assigned the [660]1/2 configuration (see below); therefore,
the [411]1/2 quasiproton may be the best candidate. Band
7 has been determined to have negative parity, such that
a negative-parity quasineutron may be involved. With these
considerations, a possible configuration for band 7 would be
m[411]1/2vAE BC, but this assignment must be regarded as
a tentative.

H. Band 8

Band 8 has an initial alignment of approximately 6 / and
displays a crossing near 0.30 MeV [see Fig. 7(b)]. The initial
alignment is somewhat low for a three-quasiparticle structure,
but is consistent with that expected for the i;3,,[660]1/2
quasiproton. This assignment suggests that the crossing is from
the A B alignment, which is significantly delayed with respect
to that seen in band 1. A large delay in the AB crossing is
also consistent with the [660]1/2 configuration as this trait
has been observed in several nearby nuclei [7,31]. Similar to
the [541]1/2 band, the delay is likely the result from a larger
deformation associated with this sequence. Therefore, band 8
is assigned the [660]1/2 configuration. The [660]1/2 band is

PHYSICAL REVIEW C 87, 024315 (2013)

particularly interesting in this region as collective wobbling
bands have been observed based on this configuration. A
discussion of the search for wobbling is given in Sec. VI.

I. Band 9

The initial alignment of band 9, seen in Fig. 7(b), is
approximately 2-3 7 larger than that of band 4, which was
assigned the h;,vAE configuration. In addition, a crossing
is observed at 0.37 MeV which lies between the expected BC
and C D alignments. A configuration assignment of whg VA E
for band 9 can best describe these characteristics. This
configuration should have a larger alignment of ~2 7/ compared
withthe 7 i,V AE configuration, and a delayed BC crossing
may be expected as a result of the likely larger deformation
driven by the h9,> quasiproton. Based on these results, band 9
is tentatively assigned the 7 hg;vAE configuration.

J. "%Re: Bands 1 and 2

An alignment plot for the two bands in '"’Re is given in
Fig. 9, where the same Harris parameters were used as in
Fig. 7, and the ground-state band in '®W is also given. Band
1 has an initial alignment of ~6 % and the AB crossing is
clearly blocked. However, the BC alignment is observed at
0.29 MeV, which is near the CSM predicted value. These
facts indicate the A (i13/2) quasineutron is involved with the
configuration of band 1. Because the /1,2 quasiproton was
found to be yrast at lower spins in '°Re, it is likely that band
1 has the whyy2vii3/, configuration. Indeed, the experimental
B(M1)/B(E?2) ratios agree well with the theoretical values
(where the same parameters in Table III were used) for this
configuration, as shown in Fig. 10(a). Thus, this assignment
of the why1/2vii3/2 configuration agrees with that proposed in
Ref. [10].

In Fig. 9, one may observe that band 2 closely tracks the
ground-state band of 'W. The fact that the AB alignment
is seen implies that the i3/, quasineutron is not involved
in the initial configuration of band 2. Instead, it is likely
that the E quasineutron (from the hg/, shell) couples with
the favored £/, quasiproton to form this band. In addition,
the theoretical B(M1)/B(E2) ratios for the mwhyi,vhe)
configuration (following the AB crossing) are in agreement
with the experimental ratios [Fig. 10(b)]. With this assignment,
the spins of band 2 were adjusted to produce an alignment
that is approximately 3 7 larger than that of the ground-state
band in 'W. Clearly, this spin assignment must be regarded
as tentative. At a higher frequency of 0.37 MeV, another
crossing is observed in band 2. Although this occurs at a lower
frequency than the C D alignment found in W, it is likely
that this crossing can be associated with the same pair of i3>
quasineutrons.

VI. SEARCH FOR THE WOBBLING STRUCTURE

As discussed previously, there is a predicted gap at N = 94
that may stabilize a nuclear shape associated with significant
triaxial deformation [8]. In order for this gap to form, the
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FIG. 10. (Color online) Experimental and theoretical

B(M1)/B(E2) ratios for bands in !"Re. Parameters for the
theoretical calculations are discussed in the text.

nuclear shape must also have a large quadrupole deformation,
which naturally occurs with the occupation of the mij3/
orbital. For this reason, every wobbling excitation observed in
this region has been based on a 7i|3 132 sequence. With the new
observation of the i3, band i in '%°Req,, an extensive search
was conducted for a possible candidate band associated with
wobbling that would feed into band 8. One of the principle
characteristics of a wobbling band is that the alignment,
dynamic moment of inertia, and quadrupole moment should
be nearly identical to that of the mii3,, sequence because
the wobbling band is based on the same configuration. The
only difference is that the total angular momentum vector lies
further off the body-fixed axes. In addition, the wobbling band
should strongly feed the i3/, structure through a number of
Al =1 transitions.

A search was conducted using a number of coincidence
gates with energy spacings that were similar to those in the
i3, band below, above, and through the AB crossing.
Similar energy spacings between proposed band members
were used because a band with similar alignment and dynamic
moment of inertia would be expected to exhibit such a
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property. Despite a thorough search, no signal consistent
with a wobbling sequence could be identified. This does not
necessarily imply that '®Re cannot support the wobbling
mode, but rather that such an excitation is below the present
detection limits. In fact, the i3/, band in 19Re has a relative
intensity that is approximately 10 times weaker than i3/,
bands where wobbling has been observed. This may explain
why the wobbling mode could not be seen in '°Re.

Figure 11 displays the excitation energies (minus a rigid-
rotor reference) of the mij3 (strongly deformed), mho),
(intermediately deformed), and the favored signature of the
mhy1y2 (normal deformed) bands near 19Re. From this plot,
it is clear that the mi;3,» configuration lies high in energy
for the lutetium, tantalum, and rhenium isotopes, while it lies
relatively low in energy for iridium. However, one may note
that the i3/, sequence lies significantly higher with respect
to the two other excitations in 'Re than that found in the
other nuclei of Fig. 11. This clearly accounts for the weak
population of the 7i13/, band in comparison to 63165167] y
and '9Ta, where wobbling has been found, making it difficult
to identify a wobbling structure in '’Re if one exists.

VII. RESIDUAL INTERACTIONS IN THE 7 ho/3vi13/2 AND
7[i13/21)i13/2 BANDS

Figure 11 not only provides insight into why a wobbling
band could not be observed in '®Re, it also raises questions
about the doubly decoupled mhg,viiz;, and mwijzpviis)
bands. The miy3/,vi13/2 configuration is rarely seen in this
region, with the only reported cases in '**Lu [32] and !7®Ir [33],
and the mwho Vi3, structures are normally higher lying in
energy than expected. For the latter case, as seen in Fig. 11,
the who,, band is at or near the yrast line; therefore, one
would expect the neighboring 7 hg/,vi13/, bands in odd-odd
nuclei to be located near the yrast line as well. However, a
systematic investigation of this configuration in the A &~ 170
region reveals that it is typically not yrast and, in some
cases (as in '"ORe), it is not observed at all. In addition,
although the i3/, configuration is normally observed at
high energies at low spin (<20), it does not lie far from
the yrast line at higher spins, such that it is somewhat
surprising that more 7i3/2vi13/2 sequences have not yet been
observed.

To investigate this phenomenon further, a systematic
study of the additivity of Routhians was performed for the
7Th11/21)i|3/2, 7Th9/2|)i13/2, and 7Ti13/2\)i13/2 conﬁgurations in
this same region of Fig. 11. The Routhian is defined as the
energy of the states in the frame of reference of the rotating
nuclei, and it is an additive quantity [22]. Within the CSM,
the Routhian of a band from an odd-odd nucleus should
simply be the sum of the Routhians from the quasiparticles as
measured in the neighboring odd-A nuclei. Any differences
are associated with effects not included in the mean field
and are labeled as residual interactions [34]. The results
of a systematic additivity study are displayed in Table IV.
The average Routhian energies for the &1y, hoj2, and 7132
quasiprotons were determined at a frequency of 0.25 MeV
from the neighboring even-N nuclei, and the average Routhian
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FIG. 11. (Color online) Relative excitation energy of states (minus a rigid-rotor reference) in the 7wi,3/, (red circles), ho/, (blue squares),
and hyy, (black triangles) bands in the nuclei specified. The moment of inertia parameter A was set to 0.007 MeV />,

energy for the i3, quasineutron was found at the same
frequency from the neighboring even-Z nuclei. These average
values are listed under the columns of 7 and v in Table IV.
The sum of these values is given under the column denoted as
Sum. If the configuration has been experimentally observed,
its Routhian energy at iw = 0.25 MeV is displayed under
the Expt. column. The difference between the Expt. and Sum
columns (Expt. — Sum) is then the residual interaction and
is given in Table IV as Res. Int. It should be noted that the
Routhian for the 7i13/2vi13/2 band in '%Lu was extrapolated

down to a frequency of 0.25 MeV, and that the relative energies
for the bands in 'Lu and '7?Re are not known.

As can be seen in Table 1V, the mh/,vi3/, configuration
has a negative residual interaction in many of the isotopes,
indicating that the coupling of these two quasiparticles leads
to states that are lower in energy than expected. It is not
surprising that this configuration is seen in all of the odd-odd
nuclei given in the table and that it generally is the yrast
configuration. However, the opposite effect is observed for
the mwhosvigzy, structure, where the residual interaction is

TABLE IV. Calculated residual interactions for three bands in the Z &~ 74, N & 96 region. All Routhian energies (given in MeV) were
determined at a frequency of 0.25 MeV with Harris parameters of 7, = 28.54?/MeV and .7, = 50 i*/MeV>.

Nucleus 7Th11/2Vi13/2 7Th9/2Vi13/2 Ti32Vi13/2

b4 v Sum Expt. Res.Int. =« v Sum  Expt. Res. Int. b4 v Sum  Expt. Res. Int.
164 u -020 -1.11 -1.31 —-1.62 -0.31 -034 —-1.11 —-145 —-1.33 +0.12 —-0.02 —-1.11 —-1.13 ~-0.5 ~+40.6
166y -0.20 —-1.08 —1.28 —1.22 +40.06 —-049 —-1.08 —1.57 —1.46 +0.11 —0.09 —-1.08 —1.17 >-0.56 >+0.61
1681 u —-0.17 —-1.03 —-1.20 —1.63 —-043 -0.66 —1.03 —-1.69 —1.95 —-0.26 —-0.11 —-1.03 —1.14
166y -021 —-1.13 —-134 —-144 -0.10 -0.28 —-1.13 —-141 >-1.10 >+0.31 +0.15 —-1.13 —-098 >-1.10
168Ta -0.14 —-1.09 —-1.23 -139 -0.16 -032 —-1.09 —141 >-1.14 > +0.27 40.07 —1.09 —1.02
170Ta -0.19 -099 -1.18 —-1.21 —-0.03 -0.67 —-0.99 —-1.66 —1.51 +0.15 -0.23 —-0.99 —-122 >-1.07 >+40.15
172Tq -0.22 -0.88 —1.10 —0.80 +0.30 —-0.85 —0.88 —1.73 —1.36 +0.37 —0.32 —-0.88 —1.20 >—-0.72 >+0.48
170Re -0.11 -1.00 -1.11 -1.13 -0.02 -0.26 —-1.00 —1.26 >-1.13 > +4+0.13 0.00 —1.00 —1.00
12Re -022 —-1.06 —-128 —-1.16 +0.12 -0.64 —-1.06 —1.70 —1.51 +0.19 —0.36 —1.06 —1.42
174Re —-030 —-0.86 —1.16 —095 +0.21 -0.79 —0.86 —1.65 —1.43 +0.22 —045 —-0.86 —1.31 >-1.08 >+40.23
1761y —-0.61 —0.84 —145 —-120 +40.25 -0.71 —-0.84 —-155 —1.67 -0.12 -095 -0.84 —-1.79 —-137 4042
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typically positive, revealing that the configuration has been
shifted higher in energy. The residual interaction is between
100 and 250 keV for most cases, which significantly shifts the
configuration away from the yrast line. Only a few examples
for the mii3,2vi13/2 band can be inspected, but in those cases,
the residual interaction is positive with large values (above
400 keV). Thus, it appears that the high- j, low- K quasiprotons
coupled with the i13/, quasineutron systematically create a
repulsive force driving the band to higher energies. Why
such a large residual interaction occurs for the mho,vii3)2
and miy3/ovii3,2 structures is unknown and requires further
theoretical investigation.

VIII. SUMMARY

Nine decay sequences are now known in 'Re, including
the mij3, band that is the basis for wobbling structures in
nearby nuclei. Wobbling could not be identified in this nucleus
as the mij3, band was relatively weakly populated owing
to it lying high in energy relative to the yrast structures.
Configurations for eight of the sequences were proposed based
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on their alignment characteristics and B(M 1)/ B(E2) ratios. In
addition, the previously known structure in '"°Re was extended
to higher spin and a new sequence was tentatively assigned to
this odd-odd system. An analysis of the residual interactions of
the who,ovii3/2 and mwi3/,vi13/, configurations suggests that
these two structures are typically pushed higher in energy,
which explains why they are either not seen or are weaker than
expected. However, a more complete understanding requires
further theoretical work.
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