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First rotational sequences have been assigned to the odd-odd nucleus '**Re. Coincidence rela-
tionships of these structures with rhenium x rays confirm the isotopic assignment, while arguments
based on the 7-ray multiplicity (K-fold) distributions observed with the new bands lead to the mass
assignment. Configurations for the two bands were determined through analysis of the rotational
alignments of the structures and a comparison of the experimental B(M1)/B(E2) ratios with theory.
Tentative spin assignments are proposed for the why;,2v413/2 band, based on energy level systemat-
ics for other known sequences in neighboring odd-odd rhenium nuclei, as well as on systematics seen
for the signature inversion feature that is well known in this region. The spin assignment for the
mwha1/2v(hg 2/ f7/2) structure provides additional validation of the proposed spins and configurations
for isomers in the "®*Au — 'Ir — '®®Re a-decay chain.

PACS numbers: 21.10.Re, 23.20.Lv, 27.70.4+q

I. INTRODUCTION

The spectroscopy for odd-odd nuclei is typically diffi-
cult due to the coupling of an unpaired quasiproton with
an unpaired quasineutron. In particular, assigning spins
and parities can be challenging as there is often a high
density of states at low energies which leads to significant
mixing of these levels. A recent a-decay study of the odd-
odd nucleus "¢ Au [1] observed two isomeric states that o
decay into levels of 1"Ir, with subsequent decay into iso-
mers of 1%Re. One chain results from a high-spin isomer
(8%, 9%) in 176 Au, while the other is from a low-spin one
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(37, 47). The results of the present high-spin study of
states in 1%8Re aides in the spin (tentatively assigned 67
in Ref. [1]) and configuration assignments of the isomers
observed in the high-spin chain.

In addition, a recent publication of the first rotational
structures in 1%6Re [2], the lightest odd-odd rhenium nu-
cleus with known excitations, reported two y-ray decay
sequences. Tentative spin assignments were made; how-
ever, these could not easily be based on systematics due
to the absence of sequences in '®®Re. In light of the new
168Re results presented in this work, a systematic study
may assist in the spin assignment for the mhyy/oviiz)/0
structure in %6Re.

II. EXPERIMENTAL DETAILS

The reaction °Mn + ''8Sn populated excited states
of ®Re in the Hn-evaporation channel. A beam energy
of 260 MeV was selected and the ®*Mn beam was pro-
vided by the ATLAS facility at Argonne National Labo-
ratory. Two stacked 18Sn targets, each of 0.6 mg/cm?
thickness, were bombarded by this beam and the Gam-
masphere spectrometer [3], consisting of 101 Compton-
suppressed Ge detectors, was used to detect the y rays. A
total of 2.3 x 10? four-fold or greater coincidence events
were recorded and sorted into a Blue database [4]. A
Radware [5] coincidence hypercube was generated from
this database in order to construct the new '%3Re level
scheme. As this was a particularly weak reaction chan-
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FIG. 1: Level scheme for *®*Re from the present analysis. 107 Y + 685.3 383.0
Since no direct measurements of spin or parity have been per- 244.9
formed, all assignments are based on systematic arguments, 117 Y + 953.5 512.3 0.61(12)
as discussed in the text and, thus, must be considered tenta- 268.2
tive. 12V Y +1269.9 5846  1.0(2)
316.4
nel, the statistics were insufficient to perform a reliable 137 Y + 15504 ggg? 0.74(9)
angular correlation measurement. Therefore, the nature n ’
of the transitions (M1 or E2) is assumed based upon typ- 147 Y+ 17981 gi?i 0-70(11)
ical rotational behavior. The proposed level scheme for 15T Y + 20165 466:1 0.13(2)
168Re is displayed in Fig. 1. The energies of both levels 218.4
and ~ rays are given in Table I. In addition, when a re- 167 Y + 21925 394.3 0.12(2)
liable branching ratio (A) could be measured (by gating 176.0
above the state), this value is also provided in Table I. 17t Y + 23734 356.9 0.08(4)
180.9
TABLE I: Level and ~-ray energies, along with branching ratios () in 187 Y + 2561.0 368.6 0.14(2)
168Re. As the ground state is not known, and the two sequences are not 187.6
linked, a different offset (X and Y') for the energy levels is postulated. 197 Y 4+ 2769.8 396.4 0.22(4)
208.8
I Breva (keV) By (keV)P Al 20T Y +3006.6 4455  0.20(5)
236.8
Band 1: 7hyy/oviig)e 217 Y 4+ 32740  504.1 0.26(5)
267.4
10~ X 22t Y 4+3571.2 5645  0.32(8)
11— X + 1285 128.5 297.2
127 X +321.1 1926 23t Y 439015 6275 0.22(4)
137 X 4 544.8 416.3 0.13(2) 330.3

223.7 24t Y + 42565 6854  0.50(12)



355.0
25T Y 4 4642.8 741.3
386.3
267 Y + 5047.9 791.3
405.1
27t Y + 5481.0 838.2
433.1
28T Y + 5931.0 883.0
450.0
297 Y + 6402.1 921.1
30" Y + 6876.3 945.3

*Spin and parity of the depopulated state.
bUncertainties in y-ray energies are 0.2 keV for most transitions.

°Branching ratio, I (E2)/I,(M1), where I, is the intensity of the

transition.

III. LEVEL SCHEME

Prior to this study, little was known concerning '%8Re.
Meissner et al. [6] performed an ec/3T decay experiment
to measure the halflife of the ground state, ¢,/ = 4.4(1)
s, and estimated its spin/parity to be I™ = (5%, 6™) based
on the feeding pattern toward the 158W daughter nucleus.
An investigation of the o decay of '72Ir [7] observed -
ray transitions in coincidence with the « activity. The
a decay from the high-spin isomer in '7?Ir feeds an ex-
cited state in '%8Re, which emits a 162-keV ~ transition,
possibly directly to the ground state. Reference [8] con-
firmed the presence of this « ray, but tentatively assigned
I™ = (7T) to the lowest state. However, Ref. [1] re-
cently suggested that this level is better associated with
I™ = (67). In addition, three other v rays (90, 123, and
136 keV) were found in coincidence with the a decay of
the low-spin 172Ir isomer [7].

Representative spectra for the two structures displayed
in the level scheme of Fig. 1 are shown in Fig. 2. These se-
quences are associated with '8 Re based upon the follow-
ing reasoning: (1) both are clearly in coincidence with the
characteristic K, x ray of 61.1 keV, as seen in Figs. 2(a)
and (b), which fixes the proton number Z of the nu-
cleus being investigated to 75; (2) structures resulting
from evaporation channels that emit fewer particles will
have a higher K fold (sum of all detectors, Ge and BGO,
that fired in an event) than those from channels with
more particles. To first order, this results from the resid-
ual nucleus being left (following particle evaporation) at
a higher excitation energy, so that more v rays will be
emitted with the sequences associated with the 3n chan-
nel in comparison to the 4n or 5n ones. In Gammasphere,
the so-called K fold is recorded for each event, and thus,
this value can help distinguish which evaporation chan-
nel is responsible for a particular band. In Fig. 3, the
K-fold distribution is provided for events that contained
the 224- and 346-keV transitions from band 1 in Fig. 1.
For comparison, the K-fold distributions for events asso-
ciated with the 246- and 365-keV lines from the 7hy; /o

295 10000 o <o
Q ~ ] < H K
25000 (a) 5 e &
5004 8,2"1\00
& 3 0;6(‘)0‘7(‘)0‘8(‘)0
™
15001 TR 8 4
(o)) | (9]
q | Q) o~
I | 0] I~ oo
© < QoM ™
| NMI\N/
C')\CO\ 8
~N e ~
€ |
- 0 T T T T T T
o ? ]
O 3000 (b) 8N 267 15 83
— I~ 19 0 3o
— g& 500 ‘ﬁ"\ﬂﬁmﬁm
] =R > ] e ‘\O‘O%gg
'K\)\ \ c?l ° ] by
— 8 04
2000 <Orr\l\ © ™0 600 700 800 900
© 49 < Lo
| o I\
@ |
‘ 2
1000+ o ®
°sg 7
| Lol ]
|
ofbww, .Mm&hnm g
100

200 300 400 500
Energy (keV)

FIG. 2: (a) Coincidence spectrum of band 1 in ***Re resulting
from the sum of all combinations of triple gates in the hyper-
cube using the dipole transitions between the 127 and 20~
states, except for the 295-keV transition. The inset displays
the high-energy portion of the same spectrum. (b) Spectrum
of band 2 which was produced in a similar manner as panel
(a), where all combinations of triple gates using the dipole
transitions between the 167 and 23" states were summed to-
gether. Once again, the inset displays the high-energy region
of the same spectrum.

band in '®°Re (4n channel) [9] as well as those for events
with the 189- and 340-keV ~ rays from the 7hyy/ovii3/2
sequence in '"Re (5n channel) [9] are also displayed in
Fig. 3. It should be noted that a normalization was ap-
plied such that the areas under the distribution curves
are equal in order to better display the results. Clearly,
a lower average K value is observed for the events asso-
ciated with band 1 (and a similar distribution is found
for band 2) than those observed for ®°Re and '"°Re;
therefore, bands 1 and 2 can be assigned to the 5n reac-
tion channel leading to '®Re. Nevertheless, a dedicated
experiment utilizing a mass spectrometer would be de-
sirable in order to firmly confirm this assignment.

The sequence labeled as band 1 in Fig. 1 has the largest
intensity at lower spins (< 15), and the majority of this
intensity is observed in the dipole transitions. Therefore,
many of the latter transitions were used to produce the
spectrum given in Fig. 2(a). The yield of the 295-keV
line appears large since it was not included as one of the
gating transitions (due to it having the same energy as
a contaminant transition); however, the 347-keV peak in
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FIG. 3: (Color online) Normalized K-fold distributions (see
text for definition) for events associated with strongly-coupled
bands in °Re and '"Re, as well as the sequence labeled as
band 1 in Fig. 1. The lower K-fold distribution for band 1
indicates that it is associated with the 5n reaction channel,
leading to the assignment of the structure to %Re.

the figure is also significantly larger than expected as it
is a doublet. The spin and parity assignments for band 1
are based on the configuration assignment and a subse-
quent systematic analysis of similar structures in nearby
odd-odd rhenium nuclei. Therefore, a discussion of this
issue is given in Sec. IV.

Similar to band 1, the dipole transitions carry the ma-
jority of the strength for band 2. Once again, these tran-
sitions were used to produce the spectrum in Fig. 2(b).
Two important items should be noted in this spectrum:
(1) The presence of a 162-keV v ray further adds to the
confidence of assigning band 2 to '%®Re as it was also seen
in the a-decay works of Refs. [7, 8]. It is not clear at this
time whether the 162-keV ~ is an inband transition, or
if it decays to a separate structure; (2) careful inspec-
tion of Fig. 2(b) also suggests that there is a coincidence
of band 2 with the 129-, 193-, 224-, and 295-keV lines
from band 1. Unfortunately, no linking transitions could
be identified; however, the observed coincidence between
the two structures verifies that they belong to the same
nucleus. Similar to band 1, the spins and parity of band
2 are based on the assigned configuration, as is discussed
in Sec. IV.

IV. DISCUSSION

In order to determine the configurations for bands 1
and 2 in 1%8Re, the alignments for both have been plotted
in Fig. 4 versus the rotational frequency. Harris parame-
ters [10] of Jp = 17 h?/MeV and [J; = 50 A*/MeV? were
chosen to subtract the angular momentum of the rotating

‘ Y I ' T T T T T T T
20 eoBand 1: T[hll/ZVilg/z |
: m O Band 2: nhll/zv(hg/zlfwz) 5 - P \\\ :
: S e ]
150 D/I'D.QLIZ—D-I——Di!‘/D' ]
£ - m} ]
S 10 & AN A
)
5 % s
=)} r . . e 1
< i o— ")-\. C 1
< l i AN 1
T DJ-KD : B
L - m— . 1
: ) B Vigap ]
- V(hepolf72)
O I —
| ! | ! | ! | L | ) |
0.0 0.1 0.2 0.3 04 05
hw (MeV)

FIG. 4: (Color online) Alignments of bands 1 and 2 in '**Re.
The Harris parameters used are discussed in the text. In
addition, the vii3/o and v(hg,o/f7/2) bands from 16TW are
plotted for reference.

core. The two sequences have different band crossings,
where band 1 exhibits a backbend at Aw. = 0.34 MeV,
and band 2 at hw. = 0.20 MeV.

The alignments of the viy3/ and v(hg/2/ f7/2) bands
in the isotone ¢"Wy3 [11] are also displayed in Fig. 4 as
the dashed and dotted lines, respectively. Comparison of
these sequences with bands 1 and 2 in '®®*Re allow for
an assignment of the quasineutrons associated with the
latter sequences. The viy3/p structure forms the yrast
sequence of 157W, and the well-known BC' crossing (cor-
responding to the second and third 4,3/2 quasineutrons
aligning) is observed at fiw. = 0.34 MeV. In contrast,
the mixed v(hg/2/ f7/2) sequence exhibits the AB cross-
ing (alignment of the lowest i13/o quasineutrons) at 0.22
MeV. Therefore, the i;3/5 quasineutron must be associ-
ated with band 1, while the hg/o/f7/2 quasineutron is
involved in band 2. It should be noted that, even if the
spins shown in Fig. 1 are incorrect, the crossing frequen-
cies would not change drastically, and thus the arguments
for the quasineutron assignments are nearly independent
of the adopted spins values.

Inspection of the neighboring odd-A rhenium nuclei,
167Re [12] and '%°Re [9], indicates that the whyq/o state
is energetically lower than any of the other quasiproton
orbitals. Indeed, the mwh;; /o structure is populated sig-
nificantly more intensely than any other. Therefore, this
quasiproton can likely be associated with both bands
in '®Re. In order to confirm this hypothesis, theoret-
ical transition strength ratios were compared with ex-
perimental values, where the latter B(M1)/B(E2) ratios
were determined by:
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FIG. 5: (Color online) Experimental and theoretical
B(M1)/B(E?2) ratios for the decay sequences in '*Re. Pa-
rameters for the theoretical calculations are discussed in the
text and given in Table II.

BM1:I—1-1) .. 1 E2(E2)
BE2:1—1-2) 7 M1+6%) E3(M1)

where E, is given in MeV, and the branching ratio A was
determined from spectra with coincidence gates placed
above the state of interest such that side feeding ef-
fects are eliminated. The branching ratios are given
in Table I, and the mixing ratios (J) were estimated
from the rotational model that assumed pure K val-
ues [13]. The corresponding B(M1)/B(E2) ratios for
bands 1 and 2 are plotted in Fig. 5. Theoretical ratios
were calculated based on the geometrical approximation
for B(M1) strengths [14] and the rotational form for the
B(E2) reduced probabilities [13]. Parameters used in
the calculation of the theoretical B(M1)/B(E2) ratios
are given in Table II, along with gp = Z/A = 0.446
and Qg = 4.8 eb. These values are shown as dotted and
dashed lines in Fig. 5, and good agreement can be seen
for the selected configurations (both before and after the
crossings) for bands 1 and 2. Therefore, band 1 is as-
signed the mhyy/o1i13/0 configuration, and band 2 the

mhi12v(hes2/ f7/2) one.

TABLE II: Parameters used in calculating the theoretical
B(M1)/B(E2) values shown in Fig. 5.

Configuration go i (R)
whi o 1.30 1.4
Viig)2 -0.3 6.0
vhya/ fz/2 -0.32 2.0
Viyajs AB 0.3 11.0
viyg e BC -0.3 8.0

With the configurations established, the spins of the
structures can be addressed. Alignment is an additive
property, therefore, this quantity can be used to help
estimate the spins in the bands. In Fig. 4, one may ob-
serve that the i;3/o quasineutron is associated with ~6
h of alignment at low frequencies. An initial alignment
of ~1.4 h is associated with the h; /o quasiproton from
the work on 67:169Re. By selecting a spin of I™ = 10~
for the lowest state in band 1, its alignment is approxi-
mately 1.3 i above that of the vi;3,5 sequence from 167V
at hw = 0.2 MeV, which justifies the spin assignment
shown in Fig. 1. In addition, a systematic inspection of
the energy levels of the whyy 51113/ bands in neighboring
odd-odd rhenium nuclei can add further confirmation to
this assignment. The low-spin levels for 16Re [2], ®*Re,
170Re [9], ™2 Re [15], and 7*Re [16] are plotted in Fig. 6.
Smooth trends are easily recognizable; however, it should
be stated that the spins for '%Re were raised by 2 & in
comparison to those shown in Ref. [2]. Indeed, for a simi-
lar additivity of alignment to correctly describe this band
in 1%6Re, the lowest state needs to be I™ = 107, just as
in 168Re.

An additional check for the suggested spin of the
mhy1/2viiz/2 band can be performed by inspecting the
trends of signature splitting observed in neighboring odd-
odd nuclei. This configuration is well known for exhibit-
ing signature inversion [17], where the expected unfa-
vored signature (odd spins) lies lower in energy at low
spins than the expected favored signature (even spins).
Figure 7 displays the energy splitting between signa-
tures, S(I), of the mhy/oviq3/2 band for the N = 91,
93, 95, 97, and 99 lutetium, tantalum, and rhenium
nuclei. The quantity S(I) is defined to be: S(I) =
E(I)-E(I-1)-[E(I+1)—EI)+E(I-1)—E(I-2)]/2
and the expected favored signature sequence (even spins)
is shown as filled circles, while the expected unfavored
one (odd spins) is displayed with open circles. In all
cases, except for 17°Lu, the odd-spin signature is lower in
energy at lower spins. Various explanations for this effect
have been discussed in many papers, such as Refs. [17-
21]; however, the purpose of Fig. 7 in the present work
is to help provide justification for the assigned spin. In-
deed, Liu et al. [22] used the systematics of signature
splitting to help assign spins for the mhyy/ovi13/2 band
throughout the rare-earth region.

In Fig. 7, the marked spins are where the normal en-
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FIG. 7: (Color online) Signature splitting function, S(I), as defined in the text, versus spin for mhy, /51413, bands. Even spins
(odd spins) are denoted with filled (open) circles. The reversion spins (as defined in text) are also labeled.

ergy ordering takes over (this is the so-called reversion
spin) such that the even spin sequence lies lower in energy
and signature inversion no longer applies. Clear trends
can be observed with the reversion spin as this value be-
comes lower in an isotopic chain as the neutron number
increases. In addition, the reversion spin increases sys-
tematically in an isotonic chain as the proton number
increases. Using the proposed spin for the mhyy/oviis)/0
band in '®Re (see Fig. 1) produces a signature inversion
effect similar to that seen in neighboring odd-odd nuclei,
and its reversion spin follows the systematics in both the

isotopic and isotonic chains. Therefore, the spin assign-
ment of band 1 appears to be in good agreement with
the other mhyy /5vi13/2 sequences in this region, herewith
strengthening the proposed assignments.

Systematics are not readily available for band 2 since
the 7hyy/ov(hgs2/ fr7/2) configuration is not observed
widely in this region. However, one can derive a good
estimate for the spins of band 2 using the additivity of
alignment in a manner similar to that for band 1. In
Fig. 4, the alignment of the v(hg/2/f7/2) sequence is
shown, and using the assigned spins for band 2 given



in Fig. 1, a similar 1.3 & difference is found between
these structures at 0.2 MeV. This is consistent with the
h11/2 quasiproton contributing ~1.4 /i of alignment to the
mha1/2v(hg )2/ f7/2) configuration; therefore, the I™ = 7+
spin/parity assignment for the lowest spin state of band
2 appears to be appropriate.

In addition, the recent a-decay work of Andreyev et
al. [1] observed a single decay from the high-spin 7" iso-
mer in 2Ir to an excited state in '9®Re, which then
emits a 162.1-keV v ray to a proposed 61 high-spin iso-
mer. Since a 162.1-keV transition was observed in coinci-
dence with band 2 from the present data, it is likely that
this v ray corresponds to the one in the a-decay study.
Andreyev et al. [1] tentatively assigned the state at 162
keV as 7%, based upon the mhyy o0 (hg/2/ f7/2) configu-
ration. By observing the rotational band based on this
state in the present work and concluding that this level
is likely to have I™ = 7% as well, one further justifies this
spin/parity assignment. Consequently, this provides sup-
porting evidence for the configuration assignments sug-
gested in Ref. [1] for the 176 Au, 17Ir, and %8 Re high-spin
isomers. Indeed, these studies are a good example of how
decay and high-spin experiments are complementary to
each other.

V. SUMMARY

Two rotational structures have been assigned to the
odd-odd nucleus '%®Re. Configurations for both se-

quences were proposed through the use of the observed
alignments and B(M1)/B(FE2) transition strength ratios.
Arguments for the spins of these bands are based on a
variety of energy systematics, consistency checks, and
the additive property of alignments. These spin assign-
ments suggest a possible change for the spin given to the
mhy1)2Vi3/2 sequence in '%Re and add validation to the
recent spin assignments for the a-decaying isomers in the
176 Ay — 172Ir — 168Re chain.
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