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Excited states in '®Re with spins up to J = 12/ were investigated in two separate experiments
using '®*W(d,2n) reactions at beam energies of 12.5 MeV and 14.5 MeV. Two- and three-fold ~-ray
coincidence data were collected using the CAESAR and CAGRA spectrometers, respectively, each
composed of Compton-suppressed HPGe detectors. Analysis of the data revealed rotational bands
built on several two-quasiparticle intrinsic states, including a long-lived K™ = (8*) isomer. Config-
uration assignments were supported by an analysis of in-band properties, such as |gx — gr| values.
The excitation energies of the observed intrinsic states were compared with results from multi-
quasiparticle blocking calculations, based on the Lipkin-Nogami pairing approach, that included
contributions from the residual proton-neutron interactions.

I. INTRODUCTION

The odd-odd nucleus #Re (N = 111) is located near
the line of stability in the upper part of the deformed,
rare-earth region. There is a continuing interest in study-
ing properties of nuclei in this region, especially beyond
the deformed sub-shell gap at N = 106 (f2 ~0.25), since
their deformation is expected to decrease rapidly with
neutron number. The dependence of deformation on N
could lead to changes in the single-particle structure of
these nuclei. It could also have implications for the fre-
quency of high- K, multi-quasiparticle isomers, which are
found along the yrast lines of axially-symmetric, well-
deformed nuclei in this region [1, 2], owing to deviations
from axial symmetry.
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There is little experimental information available
about the high-spin structure of '®6Re. This is due in
part to the lack of heavy-ion fusion-evaporation reac-
tions with stable beams and targets that can preferen-
tially populate high-spin states in this nucleus. A very
long-lived (T35 &~ 2.0 x 10° y) K™ = (8") isomer, des-
ignated here as 86™Re, is known to exist at a relatively
low excitation energy of ~150 keV [3, 4]. From an exper-
imental point of view, this isomer represents a challenge
for y-ray spectroscopy studies, since the long half-life pre-
cludes practical measurements of v-ray coincidence rela-
tionships across the isomer. Consequently, data on levels
and v rays above the isomer are to a large extent unavail-
able.

Interest in the level structures above %6"Re is mo-
tivated by the fact that the isomer could contribute to
the production of "®"Re in s-process nucleosynthesis. In
this context, accurate cross sections for the production
of 186™Re via slow-neutron capture on '*>Re are impor-
tant for reducing the nuclear physics uncertainties in the
187TRe/1870s cosmochronometer [5]. Previous measure-
ments have suggested that '®6Re contributes negligibly
to the chronometer uncertainty [5], but they were per-
formed using the activation technique, which is sensitive
to the imprecisely-known half-life of the isomer. An al-



ternative approach to determine the '8°Re(n,v)¥™Re
cross section, which is independent of the isomer half-life,
is to apply statistical modeling to the observed capture-y
cascades feeding the isomer. This procedure, recently
demonstrated by Matters et al. [6], relies on detailed
knowledge of level structures above the isomer.

Previously, spectroscopy studies of '®6Re were carried
out by Lanier et al. [7] using (d,t), (d,p), (n,y), and
(n,e”) reactions. While a large number of 7 rays were
observed in singles measurements using high-resolution,
bent-crystal and Ge(Li) spectrometers, only a few of
these were placed in the level scheme. Glatz [8], us-
ing the (n,7y) reaction and the vy-v coincidence technique
with one Ge(Li) and one Nal(T1) detector, proposed sev-
eral v rays above a K™ = 6~ state at E, ~ 186 keV,
which was assessed to be an isomeric state in Ref. [7].
Wheldon et al. [9], using the (p,d) reaction and a high-
resolution magnetic spectrograph, observed a number of
two-quasiparticle excited states in '®Re. However, be-
cause of a lack of angular distribution data, the spin, par-
ity, and configuration assignments were based on model
calculations rather than on experimental data. Recently,
Matters et al. [10] used the (n,2n) reaction to reveal sev-
eral new levels and ~-ray transitions assessed as feeding
the long-lived, K™ = (8%) isomer. These authors have
also studied low-spin states using the '®°Re(n,y) reac-
tion [6].

In the present work, we report for the first time on
-ray spectroscopy studies using the W (d,2n) reaction
in conjunction with high-efficiency, Compton-suppressed
HPGe arrays.

II. EXPERIMENTS

The experimental data described in the present work
were collected in two separate experiments, both of which
used (d,2n) reactions and a 6 mg/cm?-thick target en-
riched to 80% in 86W,

In the first experiment, the 14UD Pelletron accelerator
at the Australian National University (ANU) was used to
produce a deuteron beam with an intensity of ~0.5 pnA
at energies ranging between 12 MeV and 18 MeV. The ex-
citation function for the *¥¢W(d,2n) reaction was mapped
in this energy range by collecting and analyzing singles
~v-ray spectra. Two-fold «-v coincidence measurements
were subsequently performed over a two-day period at
beam energies of 12.5 MeV and 14.5 MeV. The former
was chosen close to the fusion barrier in order to sup-
press other neutron-evaporation reaction channels (par-
ticularly the 3n one leading to '®°Re), while the latter
was selected to maximize production of the ¥ Re iso-
mer. The CAESAR ~-ray detector array, which com-
prised nine Compton-suppressed HPGe detectors and
two unsuppressed planar low-energy photon spectrom-
eters (LEPS), was used for these measurements.

The second experiment was performed using the Clover

Array Gamma-ray spectrometer at RCNP /RIBF for Ad-
vanced research (CAGRA) at the Research Center for
Nuclear Physics (RCNP) at Osaka University. This ar-
ray was developed jointly between the U.S.; Japan, and
China, and consisted of 16 Clover-type HPGe detectors,
Compton-suppressed using bismuth-germanate shields.
The detectors were arranged in such a way that four were
positioned at 45° and 135° relative to the incident beam
direction, and eight were oriented at 90°. The RCNP
AVF cyclotron provided a 14.5-MeV deuteron beam with
an average current of ~2.0 pnA. Two-fold and higher
~-ray coincidence data were continuously collected over
seven days.

The energy and efficiency calibrations in both experi-
ments were carried out using standard '*3Ba and '52Eu
radioactive sources.

IIT. ANALYSIS AND RESULTS

The ~-ray coincidence data collected using the CA-
GRA and CAESAR spectrometers were sorted offline
into three-dimensional (E,-E,-E,) and symmetrized,
two-dimensional (E,-E.,) histograms, respectively. Data
analyses were performed using the LEVIT8R and ESCL8R
programs from the RADWARE software package [11].

The partial level scheme of '86Re determined in the
present work is given in Fig. 1. It was constructed on
the basis of observed ~-ray coincidence relationships in
the two-fold data collected with the CAESAR array and
confirmed via a parallel analysis of the three-fold data
measured with the CAGRA spectrometer.

A ~-ray coincidence spectrum produced by gating on
the 186.1-keV transition is found in Fig. 2(a). From ear-
lier work, it was determined that the 141.1-keV v ray
has M1 character [7], and this v ray was proposed to de-
populate an intrinsic K™ = 4% state [8, 10]. Matters et
al. 6] revised the assignment to J™ = 6 on the basis of a
statistical analysis of the 8°Re(n, v)'®Re ~-ray cascade
intensities. Here, the 141.1-keV ~ ray is assigned as the
first cascade transition within the K™ = 5% band, which
is established for the first time in the present study. This
was aided by the observation of the 327.5-keV, 7+ — 5+
crossover transition, as shown in Fig. 1. The 144.0-keV
and 150.3-keV ~ rays were found to depopulate in paral-
lel the K™ = 57 band head. The newly observed 150.3-
keV transition was in prompt (+40 ns) coincidence with
the 74.7-keV one, known to depopulate the 174.1-keV
level [7, 8]. This relationship permitted determination of
a precise value of 324.4 keV for the excitation energy of
the K™ = 5T band head, which was known previously as
~330keV [4, 6, 7, 10]. The 144.0-keV ~ ray was observed
to terminate at the 180.4-keV level, implying that the
latter is a long-lived isomeric state. Lanier et al. [7] asso-
ciated this level with the T} /5 = 70(1) us isomer in **Re
proposed by Brandi et al. [13], which was not assigned to
a specific state, nor was its configuration revealed in the
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Figure 1. Partial '*°Re level scheme from the present work, with measured v-ray energies in plain text and deduced level

energies in italics. The intrinsic levels are indicated with thick lines. For ~

rays with £, > 100 keV, the uncertainty in the

transition energies is £0.5 keV. For those with E, < 100 keV, which were measured with the LEPS detectors, the uncertainty
is £0.2 keV. Tentative 7-ray transitions and J™ assignments are identified with parentheses. The J™ = 37 level at 99.4 keV is
shown to illustrate the decay path to the J™ = 1~ ground state. The excitation energy of 148.2 keV for the K™ = (8") isomer

is from Ref. [10].
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Table 1. Efficiency-corrected relative y-ray intensities (1) for
the 141.1-, 144.0-, and 150.3-keV + rays, measured from the
ANU data using a spectrum produced by gating on the 186.1-
keV 7 ray. The total internal conversion coefficients (ar) were
calculated using the BRIcc code [12], assuming the indicated
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2 8007 9 g multipolarity (M), with a nominal uncertainty of 1.4%.
S 400/ i g >
° 0 LA L S— ) E, I, MA ar I x (1+ar)
g 0 e [keV]  [arbl] [arb.]
2 3. (b){ 41.1(5) L10(6) M1+E2 16(3)" 2.9(4)
31000 ©
O 2 144.0(5) 243(12)  E1  0.150(2) 2.79(14)
800 % M1 1.826(26) 6.9(3)
€ E2 1.015(14)  4.90(24)
400 N "9 S o
* @ i = y
i M b 3 150.3(5)  0.32(2) E1  0.134(2) 0.36(2)
%0 350 450 550 650 ML 1.617(23) - 0.84(5)
E, (keV) E2 0.869(12)  0.60(4)

Figure 2. Representative y-ray coincidence spectra from data
collected with the CAESAR (ANU) spectrometer, showing
(a) a gate on the 186.1-keV « ray in the E4 = 12.5 MeV data,
and (b) a gate on the 290.4-keV v ray in the Fy = 14.5 MeV
data. Contaminant v-ray peaks are identified with asterisks

(*)-

latter work.

The K™ =57 and (6)~ assignments for the 324.4- and
180.4-keV levels, respectively, were supported by estab-
lishing E'1 multipolarities for the 150.3- and 144.0-keV
transitions. These multipolarities were deduced from bal-
ancing the total intensities of the transitions into and out

“Calculated using a mixing ratio of § = 0.9(+9/ — 5) [4],
deduced from ak (exp) = 1.1(4) [7].

of the 324.4-keV level, as summarized in Table I. Rela-
tive intensities for the 141.1-, 144.0-, and 150.3-keV v rays
were obtained by fitting the spectrum from the ANU data
produced by gating on the 186.1-keV ~« ray. The time dif-
ference between two coincident v rays was chosen within
4170 ns, in order to compensate for the known short life-
time of T'y /5 = 17.4(7) ns for the 324.4-keV level [8]. It
is worth noting that the K-shell conversion coefficients
for the 144.152-keV and 150.500-keV ~ rays measured by
Lanier et al. [7], which were tabulated, but not placed in
the level scheme in their work, are also consistent with
the E1 multipolarities proposed above.



The K™ = 4~ intrinsic state at 174.1 keV was estab-
lished previously [7, 8, 14], as were the J™ =5~ and 6~
in-band levels [8, 14]. In the present work, the band is ex-
tended up to J™ = (8 7). Wheldon et al. [9] also reported
levels at 710.2(15) keV and 953.3(20) keV, but they were
not placed in the K™ = 4~ band, as proposed here. The
previously known K™ = (67) state [8, 14] is also con-
firmed in the present work, and the 217.6-keV ~ ray is
interpreted as the first in-band cascade transition. The
spin assignments are supported by the measured K-shell
electron conversion coefficients of ak (exp) = 0.35(6) and
0.7(3) for the 232.100-keV and 217.91-keV + rays, respec-
tively, from Ref. [7], both consistent with M1 multipo-
larity.

A rotational band built on the K™ = (8%) isomer was
established for the first time in the present work, together
with other excited structures above the isomer, as indi-
cated in Fig. 1. The assignment to ®Re was based on
coincidences with Re x rays, knowledge of the level struc-
tures in the neighboring 8*Re and '®°Re nuclei, and the
relative yields deduced from spectra produced by gating
on the in-band transition in the 12.5- and 14.5-MeV coin-
cidence data. A ~y-ray spectrum from the ANU ~-v coin-
cidence data produced by gating on the 290.4-keV v ray
is given in Fig. 2(b). The 266.7-, 381.2-, and 647.6-keV
transitions were reported in the 8"Re(n,2n) study [10].
However, the latter two were assigned in the present work
to depopulate the 796.1-keV level, rather than as being
associated with the K™ = (8") band structure. From
a plot of the excitation energy of the band levels as a
function of the spin (see Fig. 3) one can notice that the
presently-established band is very similar to the one built
upon the same configuration in the neighboring odd-odd
184Re nucleus [14]. However, if one assumes that the
K™ = (8") band includes the 381.2-keV v ray as the
107 — 97 in-band transition, as proposed in Ref. [10],
then the band deviates significantly from that in '3*Re.
Hence, the placement of the 796.1-keV state as belonging
to a separate structure appears warranted.

The spin and parity of the 796.1-keV level is most likely
10", The alternative spin of J = 9 is unlikely, since
then the depopulating 381.2- and 647.6-keV transitions
could both be of dipole character. This would result
in a branching ratio of I,(647.6 keV)/1,(381.2 keV) ~
44 that differs significantly from the experimentally-
measured value of I, (647.6 keV)/I,(381.2 keV) = 2.0(2).

IV. DISCUSSION

Configuration assignments for the observed structures
were motivated by comparisons of the experimental in-
trinsic level energies with results of multi-quasiparticle,
Nilsson-type calculations and by the analysis of measured
and calculated |gx — gr| values for each rotational band
observed.
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Figure 3. A plot of the excitation energies of the K™ = (8")
band levels minus a rigid-rotor reference versus J(J+1). The
filled circles and squares correspond to the K™ = (8") bands
in '8°Re (present work) and ***Re [14], respectively. The open
circles indicate the alternative interpretation, in which the
first two K™ = (8T) in-band transitions in ***Re are assumed
to have energies of 266.7 keV and 381.2 keV (see text).

A. DMulti-quasiparticle blocking calculations

In general, the intrinsic two-quasiparticle states of
18Re can be described by the coupling of the pro-
ton 5/2%[402] or 9/27[514] orbitals to the 1/27[510],
3/27[512], 7/27[503], or 11/2%[615] neutron orbitals.
Predictions of the excitation energy, spin, and parity for
the intrinsic states in '®®Re were obtained using multi-
quasiparticle blocking calculations, identical to those re-
ported in Ref. [15]. Specifically, the set of single-particle
orbitals originating from the N = 4, 5, and 6 oscillator
shells were taken from the Nilsson model with parame-
ters x and p from Ref. [16], and equilibrium deformation
parameters €2 = 0.242 and g4 = 0.052 from Ref. [17].
The states close to the proton and neutron Fermi sur-
faces were adjusted to approximately reproduce the aver-
age experimental one-quasiparticle energies in '®*Re and
187Re (for the protons) and 8°W and ¥7Os (for the neu-
trons) [4, 18]. The pairing correlations were treated us-
ing the Lipkin-Nogami prescription with fixed strengths
of G = 20.8/A MeV and G, = 18.0/A MeV, chosen so
that the proton and neutron ground-state pairing gaps
fit on average the odd-even mass differences from the
known atomic mass data [19]. The predicted energies
of the multi-quasiparticle states were subsequently cor-
rected for residual interactions using the prescription of
Ref. [20] and the Gallagher-Moszkowski splitting energies
of Ref. [21]. The calculated excitation energies for a num-
ber of intrinsic states in '®Re, together with the experi-
mental observations, are summarized in Table IT and dis-
played graphically in Figure 4. In general, the theoretical
and experimental energies agree to within 100 keV, but
there are some exceptions. For example, the K™ = 67,
m9/27[514] ® v3/27[512] state is predicted at 441 keV,



while the experimental one is proposed at 556.2 keV.
By the same token, the four-quasiparticle K™ = 107,
©5/27[402] @ v(1/27[510],3/27[512],11/27[615]) state is
predicted at 976 keV, but the observed level at 796.1 keV
is proposed as a possible candidate.

Table II. Predicted (Fcaic) and experimental (Fexp) multi-
quasiparticle states in '®°Re. Calculated intrinsic-state en-
ergies include the modeled two-quasiparticle energies (Fqp)
combined with the residual-interaction corrections (FEres).

K™ Configuration Eqp  Eres e Eexp
™ v [keV]
1= 5/27[402] 3/27[512] 0 -78 0 0.0
37 5/2%[402] 1/27[510] 26 -55 49  99.4
8t 5/21[402] 11/27[615] 201 -125 154 148.2
4~ 5/2T[402] 3/27[512] 0 78 156 174.1
6= 5/27[402] 7/27[503] 245 -97 226 180.4
2-  5/2%[402] 1/27[510] 26 55 159 210.7°

3T 5/2T[402] 11/2T[615] 201 125 404 314.0°

1= 5/27[402] 7/27[503] 245 97 420 316.5°
5t 9/27[514] 1/27[510] 312 -72 318 324.4
3t 9/27[514] 3/27[512] 286 -77 287 351.2°

107 9/27[514] 11/21[615] 487 -143 422

4T 9/27[514] 1/27[510] 312 72 462 425.8"

8T 9/27[514] 7/27[503] 531 -107 502

6% 9/27[514] 3/27[512] 286 77 441 556.2

27 5/27[402] 9/27[505] 784 -75 787 57T.7°

1t 9/27[514] 7/27[503] 531 107 716 601.6°

1= 9/27[514] 11/27[615] 487 143 708 761.4°

10" 5/2%[402] 1/27,3/27, 1096 -198 976 796.1
11/2%¢

77 5/2%[402] 9/27[505] 784 75 937

9t 9/27[514] 9/27[505] 1070 107 1255

107 5/21[402] 13/27[606] 2552 -125 2427

“Calculated energies relative to the K™ = 1~ ground state,

Eqp(17) + Eres(17) = —78 keV.

b Abbreviated value from the ENSDF evaluation of

Baglin [4].

°1/27,3/27, 11/2": 1/27[510], 3/27[512], 11/2"[615].

B. Branching ratios and |gx — gr| analysis

In cases where rotational bands were observed, their
properties were used to assist with proposing configu-
rations. For example, the in-band branching ratio A =
I,(J = J-2)/I,(J — J—1) can be used in the rotational
model [22] to deduce the mixing ratio § and |gx — grg|
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Figure 4. Comparison between experimental level energies
(expt.) and results from the multi-quasiparticle blocking
calculations (calc.) for the ground state and medium-spin
(K > 4) intrinsic states, with excitation energies F, and K™
assignments as listed in Table II. Negative-parity states are
identified with black lines, and positive-parity states are in
red.

value using the formulae:
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where Qg is the intrinsic quadrupole moment, gx and
gr are the intrinsic and collective gyromagnetic ratios,
respectively, and E7 and Fsy are the AJ =1 and AJ =2
in-band transition energies in MeV. The experimental
|9 — GR|eyp values for the K™ =47, 5%, and (8%) bands
are given in Table III. The value Qp = 6.18(6) eb, de-
duced from the measured spectroscopic quadrupole mo-
ment of = +0.618(6) eb [23] for the K™ = 1~ ground
state, was used. This assumption is reasonable, since the
quadrupole moments are known to be essentially con-
stant with excitation energy for nuclei in this region [24].

Theoretical predictions using the Woods-Saxon po-
tential with a universal parametrization [25] and de-
formation parameters gy = 0.221, 54 = —0.094, and
Be = 0.010 [26], together with gr = 0.28, are also given
in Table III.




Table III. Gamma-ray energies F2 and FE;, and branching ratios A, for AJ = 2 and AJ = 1 in-band transitions used to
determine the experimental [gx — gr|., ,» values for the observed rotational bands in 186Re. Calculated |gx — gr| calc Values are

also included for comparison.

K™ 1] J" [h] By [keV] Ey [keV] A |95 = 9R|exp |95 — 9R|cac
4~ 6 179.4(5) 323.5(5) 0.13(1) 0.88(4) 0.93
5t 7t 186.1(5) 327.5(5) 0.09(1) 0.76(4)
8t 217.5(5) 403.8(5) 0.22(2) 0.83(4)
gt 246.0(5) 463.7(5) 0.51(4) 0.72(3)
10" 271.2(5) 517.1(5) 0.69(6) 0.75(4)
Weighted mean: 0.76(2) 0.73
(8% (10™) 290.4(5) 557.1(5) 1.7(2) 0.07(3)
(11%) 312.7(5) 603.3(5) 3.9(20) 0.05(15)
Weighted mean: 0.07(3) 0.07
clear if it has an intrinsic or collective structure, and
In previous studies, the K™ = 4~ and 5T states  hence no configuration is assigned.

were assigned to the 75/27[402] ® v3/27[512] and
79/27[514] ® v1/27[510] configurations, respectively [3,
7,8, 14]. The weighted-mean experimental |gx — gg| val-
ues deduced in the present work, [gx — grl.,, = 0.88(4)
(K™ = 47) and 0.76(2) (K™ = 57), are in good agree-
ment with the predicted values of 0.93 and 0.73 for these
two configurations. There is also good agreement be-
tween the experimental and predicted energies for these
states, as shown in the comparison of Table II.

The K™ = (8") isomer was proposed to arise from
the 75/27[402] ® v¥11/2%[615] configuration [3, 7, 8, 14],
based on the expected intrinsic states at low excitation
energies in '®5Re, as well as on theoretical predictions.
The value |gx — gr| = 0.07(3) deduced in the present
work is in good agreement with the value of 0.07 ex-
pected for this configuration. The alternative K™ = 87,
79/27[514] ® v7/27[503] configuration is unlikely, since
the predicted value of |gx — gr| = 0.61 for this config-
uration differs significantly from the experimental value.
The K™ = 8%, 75/27[402] ® v11/27[615] rotational band
is also known in the neighboring odd-odd !¥!Re iso-
tope [14]. Both bands have similar moments of inertia, as
evident from Fig. 3, and |gx — gr| values are consistent
with both arising from the same configuration.

The structure of the J™ = 107 level is less certain. One
possibility could be the four-quasiparticle 75/27[402] ®
v(1/27[510],3/27[512],11/2%[615]) configuration, which
is predicted to be ~200 keV above the observed level
energy. Alternatively, a coupling of the K™ = 2% vibra-
tional state to the 75/2%[402] ® v11/2%[615] configura-
tion could also be invoked. The K™ = 27 bandheads are
known at 767 keV and 633 keV in 1%60s [4] and 1830s [27],
respectively. Given the limited spectroscopic information
available for the J™ = (117), 1138.3-keV state, it is not

V. SUMMARY

New v-ray spectroscopy studies of the deformed, odd-
odd '86Re nucleus were carried out using **W(d,2n) re-
actions and the CAESAR (ANU) and CAGRA (Osaka
University) multi-detector arrays. The rotational band
associated with the long-lived, K™ = (8%1) isomer, as
well as collective structures built upon the K™ = 4~
and 57 two-quasiparticle states, were established for the
first time. Experimentally determined |gx — gr| values
were deduced from measurements of in-band branching
intensities, and a comparison of these values with the-
oretical predictions unambiguously supported the pro-
posed configurations. Multi-quasiparticle blocking calcu-
lations, which included adjustment of the single-particle
states near the proton and neutron Fermi surfaces, the
Lipkin-Nogami pairing method, and the additional effect
of the residual proton-neutron interactions, were carried
out. Predicted intrinsic-state energies were found to be
in good agreement with the experimental observations.
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