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High-spin states in the odd-od#Re have been investigated via tH&Sm(27Al, 4ny)1"Re reaction through
excitation functionsx-y and y-y coincidence measurements. A level scheme consisting of three rotational
bands has been identified for the first time extending the high-spin studiés-©60 odd-odd nuclei to the
currently lightest rhenium isotope. The three bands have been assigned to be built ohy{he vii3,
ahg;»® vi13, and w1/27[541]® v1/27[521] configurations according to their rotational properties in quasipar-
ticle alignments, signature splitting, in-ba®{M1)/B(E2) ratios, level spacing systematics, band crossing
frequencies, as well as the existing knowledge in neighboring nuclei. Low-spin signature inversion has been
confirmed in the first two bands due to the observation of signature crossing at high-spin states. The general
features of inversion phenomenon in the semidecoupled bands are presented and discussed with reference to
theoretical calculations of two quasiparticle plus rotor model inclugimginteractions.
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I. INTRODUCTION ® g, bands ofA~80 nuclei, thewh;1,® vhy1, bands of
A~130 nuclei(see Ref.[7], and references thergjnand
more recently theiq3,® vi3, bands of A~180 nuclei
ﬁ—ll}. Several theoretical attempts have been made suggest-
Ing that the triaxiality[6], proton-neutron(p-n) interaction
[4,12,13, band crossinggl4], band mixing[15], quadrupole
pairing[16], and the combined effecf47] could be possible

. . . . reasons for the inversion phenomenon. However, no conclu-
odd nuclei anokv:O.or 1 in odd-odd nucle|: For each signa- sive explanation has been made so far. From systematic
ture branch, the spins of the Iev_els are defl_nedizby mod 2. analyses for the bands ah,,® 15, configuration 24,7,
Usually, one branch is favored, i.e., lower in energy, whereagne ‘has found that the critical spip (called the signature
the other one is unfavored. The energy difference betWeeBrossing spin hereaftgrat which two signature branches
the two branches is called the Signature Spllttlng which iSCrOSS with each otheincreases{decreaseﬁregu|ar|y with
expected to increase gradually with rotational frequency dUﬁ]Creasing two protongneutron$ for a chain of isotones

to Coriolis interaction. For an odéd-nucleus, the expected (isotopes. However, an opposite trend has been observed for
favored(unfavored Al=2 branch corresponds to a so-called the 7hg,,® vi,5,, bands, i.e.]. decreasegincreasepwith in-
favored (unfavored signature defined byy=1/2X(-1)"2  creasing two protonéneutrons for a chain of isotonegiso-
[ay=1/2X (-1)1*¥2] [1], where] is the angular momentum topeg [4,5]. To extend the systematics to a wide range of
of the subshell associated with the valence nucleon. Theaiuclei and investigate the inversion phenomenon, we under-
retically, signaturer is an additive quantity, thus the ener- took an experiment oh’’Re.

getically favored band of a two-quasiparticle configuration is The spin and parity of Swere tentatively assigned to the
expected to have a favored signature determinedssyi/2  ground state of'’’Re previously according to its intense
X (=1)IvY2+1/2%x (-1)i=12 where v and = represent the B'/ECfeeding to the #and & rotational levels in’3V [18].
neutron and the proton, respectively. For the odd-odd nucleéThe high-spin states i’?Re have not been studied so far.
in A~160 mass region, however, this rule is broken in aThe present work extends high-spin studies of odd-édd
number of two-quasiparticle bands built on theh;q, ~160 nuclei to the lightest rhenium isotope investigated to
® i1z and whyp® vigz, configurations[2-5], that is, the date. In this paper, we report on the first observation of three
expected favored branch lies higher in energy than the unfarotational bands if’?Re. The configurations can be assigned
vored one at low and medium spins. This is known as thas wh;(9/27514]) ® viyg;s The(1/27[541]) @ viyz, and
low-spin signature inversioffi6]. Such signature inversion whg,(1/27541]))®1i1/2[521], respectively. The first two
phenomena have also been observed in certain bands of odoands present low-spin signature inversion. The spin and
odd nuclei in other mass regions. These include #igg,  configuration assignments of these bands have been made on

The invariance of the intrinsic Hamiltonian of an axially
deformed nucleus with respect to 180° rotation around
principal axis gives rise to the conserved quantum number
signaturea. Consequently, al=1 collective rotational band
in odd-A and odd-odd nuclei can be classified as a2
branches characterized by different signatures+1/2 in
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A. Measurements 0s . . T T
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In order to obtain information on the high-spin states in Channel

12Re, we have carried out a standard in-begray spec-
troscopy experiment at the Japan Atomic Energy Research FIG. 2. Low-energy portions of(a) total projection, (b)
Institute (JAERI). An enriched'#°Sm target of 2.1 mg/ctn  186-keV, (c) 298-keV, (d) 390-keV, and 351-ke\(6*—4* transi-
thickness with a 5.5 mg/chPb backing was bombarded by tion in 1"AV) gated spectra at a beam energy of 130 MeV.
an?’Al beam delivered from the JAERI tandem accelerator.
The high-spin states in odd-odéfRe were populated via the higher or comparable intensities to those frdfiRe and
M“9%Sm?’Al, 4ny)tRe reaction. A BGO-HPGe array '"'Re at beam energies of 130 MeV through 140 MeV. This
GEMINI [19] was used to detect thgrays. The array con- can be seen in the R€x-ray gated spectra presented in Fig.
sisted of 12 large volume HPGe detectors with BGO anti-1, where they rays emitted from!’3Re (113-, 133-, 160-,
Compton shields. The energy and efficiency calibrationsl62-keV lines[20]) have been observed at 130-MeV beam
were made using®Co, ¥Ba, and!®%u standard sources. energy(upper panél whereas they rays from1’'Re (indi-
Typical energy resolutions were about 2.2.5 keV at full  cated by the filled circle$20]) are much enhanced at the
width at half maximum for the 1332.5-keV line. beam energy of 140 MeVlower pane). Low-energy por-
The in-beamy rays belonging td"?Re were identified by tions of coincidence spectra obtained by setting gates on
measuring an excitation function at beam energies of 130186-, 298-, 390-keV lines are displayed in Fig. 2 together
135, 140, and 150 MeV. Thegray spectra in this experiment with those of total projection and the 351-ké§" — 4* tran-
were very complex; the photon peaks were often doublets agition in 17AW) gated spectra for comparison; the Re-ray
contaminated by the rays from other reaction channels. We can be well separated from that of tungsten indicating that
therefore used coincidence mode in the excitation functionthe 186-, 298-, and 390-keV lines and the associated cascade
measurements. At each beam energy, aboxt 1@ y-y co-  transitions shown in Fig. 3 are from a rhenium isotope. It
incidence events were accumulated and sorted on-line into should be noted that the relatively intengerays in this
symmetric E,-E, matrix of 4&Xx4k size. The R&K x-ray  experiment were from the fusion-evaporation residues of
gatedy-ray spectra were projected and analyzed during ext’%17217Re, 171173\ and1®°Ta corresponding tor§ 4n, 3n,
periment. The intensities of knowprrays from'”Re ("'Re)  4np, 3np, and a3n evaporation channels, respectively. Since
decreaseincreasg apparently with increasing beam energy, the high-spin level schemes f&f-1"Re [20], 174173V [21],
whereas numerous unknows rays were found to have and?!®°Ta[22] had been well establishegsray assignment
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FIG. 3. Selected coincidence spectra for bands 1, 2, and 3. Presented in Fig. 3, showing the quality of the data. The
y-transition energies in the level scheme are within an uncer-

in 1?Re could be carried out using this information and thetainty of 0.5 keV, and the ordering of the transitions within a
measurements of excitation functio(f§g. 1) andx-y coin-  band is established on the basis)ef coincidence relation-
cidence datdFig. 2). ships, y-ray energy sums, angtray relative intensities. No

A beam energy of 130 MeV was used fpry coincidence linking transitions have been observed among the three
measurements. About 250L0° coincidence events were ac- bands observed. The relative spins within a band are pro-
cumulated and sorted into a symmetlig-E, matrix of 4 posed in terms of the measured AD ratios of emittingys.
X 4k size for off-line analysis. To obtain the multipolarity ~ The 185.5-keV line was very strong in the total projection
information of emittingy rays, the detectors were divided spectrum. It coincides with itself and all therays in band 1
into three groups positioned at +32£148°), +58° (+1229), [see Fig. 83)] indicating that 185.5-keV line is a double
and +90° with respect to the beam direction. Two nonsym-{eak: one 185.5-key ray belongs to the in-banill =1 tran-
metrized matrices were constructed from the coincidenceition and the other corresponds to the deexcitation of the
data: one matrix with detectors &=+32° (or #1489 and  band head via most likely a1 radiation. Indeed, the AD
another one withg,=+90° against those at all angles. From ratio using 400-keV gate was determined to be
these two matrices, the angular distribution ratios defined aBap(185.5 ke\J=0.858) indicating that the 185.5-keV line
Rap(y)=1,(6)/1.(6,) were extracted from the-ray intensi- depopulating the band hand has1 multipole order. On the
ties 1,(6;) and1,(6,) in the coincidence spectra gated py other hand, the intensity ratios, R=1,(139 keV)/
transitions of any multipolaritiet is supposed that the an- 1,(95.6 ke\j=1.9836) and R=1(139 keV)/| (185.5 keV}
gular distribution effects of the gatingtransitions could be =0.33848), have been extracted using the 400-keV gated
neglected in the nonsymmetrized matricdgsually a single  spectrum. Assuming that the 139-keV line is an in-biht
gate was used for strong peaks. For some weak transitiongansition, the total conversion coefficient has been calcu-
the sum-gated spectra were used in order to get high statitated to beal(139 keVM1)=2.08. Then the experimental
tics. In the present geometry, stretched quadrupole transitioreonversion coefficients for 95.6- and 185.5-keV transitions
were adopted ifRyp(y) values were larger than unitipan  were deduced through the use of intensity balance, i.e.,
average value oRap(y)=1.30+0.15 was obtained for the o5®{95.6 ke\VJ=5.19) and a$**(185.5 ke\J=4.2(6) x 1072
known E2 transitions in'"1734V], and dipole transitions (noteaS$®=[1+a'(139 keW}]x R-1). These values are con-
were assumed iR,p(7y)’s were significantly less than 1.0.  sistent  with the theoretical calculations of
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a!(95.6 keV;M1)=6.1 ando'(185.5 keV;E1)=7.9x1072  Fig. 5 where the level spins in theh;(9/2[514) ® vi13,
Therefore we assign the 95.6-keV line to be an in-b&d  and why(1/2[541))® vi,3, bands of 1’®Re have been
transition, and the 185.5-keV line to deexcite the band headhanged[4] adding one unit to the values assigned in Ref.
(97) and feed most probably to art 8tate. The 320- and [25]. Thel=(9), (10"), and(5%) states are set to 0 keV for
652-keV double peaks and the 326-keV triple lines werebands 1, 2, and 3, such that the relative level energies for
identified and assigned in band 1 according to their coincihigher-lying states may be compared. The excitation energies
dence relationships and energy sums. of corresponding ground-state bands in the even-even
The branching ratios, defined as 170-178\ are also plotted as filled circles in Fig. 5. The
smooth trends for therh;,(9/27[514]) ® vi;3, (band 3 and
_ T,(I—1- 2), B mho(1/27[541]) @ vizgy, (band 3 structures are obse7rved in
T,0—1-1) the energy levels using our proposed level spins’ARe.

The doubly decoupled bands are expected to follow the level
were extracted for most transitions. HeFg(l —1-2) and  spacings of the ground-state bands of the corresponding
T(I—1-1) are they-ray intensities of theA\l=2 andAl  even-even coref26]. Our spin assignment for band 3 leads
=1 transitions, respectively. These intensities were deto an increase of level energiesiiffRe (see left part of Fig.
duced from a coincidence spectrum gated by the transitioB); this could be due to the similar behavior of ground-state
above the state of interest. The branching ratios were useghnd in the even-evelfO. The level spacing systematics
to extract the reduced transition probability ratios, whichhas been frequently used for spin assignments in odd-odd

are defined as nuclei in different mass regiof3,27,28. This empirical
5 ) method fixes the level spin within one unit although the va-
BML,I—1-1) 0 69-J:Ey(| —1-2P1 1 (ﬂ) lidity needs further investigation.
BE2,1 —1-2)  [El = 1-DFA1+8\e?) The 139-, 407-, and 390-keV lines were less contami-

2 nated, and their relative intensities could be extracted in the
total projection spectrum. Most of thgray relative intensi-

where 8 is the E2/M1 mixing ratio for theAl=1 transi- ties in each band were extracted from the spectra gated on
tions, andE,(I—1-1) andE,(I —1-2) are theAl=1 and the bottom transitions. For some weak or heavily contami-
Al=2 transition energies, respectively. In the calculation,natedy rays, only upper or lower limits are given based on
5 has been set to zero, since no mixing ratio could bdheir intensity balance. The-ray energies, spin and parity
deduced from the present data. Thus the experiment@ssignments, relativg-ray intensities, branching ratios, ex-
B(M1)/B(E2) ratios extracted here should be regarded adractedB(M1)/B(E2) values, and th&, ratios are presented

upper limits. in Table I, grouped in sequences for each band.
The absolute excitation energies of these bands presented
in Fig. 4 are not known since neither interband connections [ll. DISCUSSIONS

nor connections from these bands to the ground states could
be established. This prevents us from making firm spin and
parity assignments using spectroscopic methods. The spin The #1/2[541], #9/2[514], and #5/2'[402] bands in
and parity given in Fig. 4 rely only on the band structure!’*1"Re [20] and thei,3, bands in1"t17%W [21,29 are
systematics in odd-odd nuclei of this mass region. The threstrongly populated in heavy-ion-induced fusion-evaporation
bands observed int’°Re can be framed, as classified by reactions. Thus, the two-quasiparticle bands built on the
Kreineret al.[23], into compresse¢band ), semidecoupled  7h;1,/(9/2[514)) ® viq3, and 7hg(1/2541]) ® vi15, cON-
(band 3, and doubly decouplethand 3 bands built on the figurations are expected, priori, to be favorably populated
1 A9/2[514]) ® viggn  whg(1/27[541))®viygn  and  in the (HI, xn) reactions because they also involve high-
whg(1/27[541)) @ v1/27[521] configurations, respectively orbitals. These two configurations correspond most probably
(configuration assignments will be further discussed in Sedo band 1 (why(9/2[514)®vi;3,) and band 2
l1). A comparison of the level energies in the three corre{mhy(1/2[541]) ® vi;3,) observed in'’?Re. It has been
sponding bands of odd-odd>"Re [24,4,2 is shown in  known that thewh,,,(9/2[514]) ® vi 3, band exhibits two

A. Configuration assignments

054313-4



ROTATIONAL BANDS AND SIGNATURE INVERSION IN...

PHYSICAL REVIEW C 68, 054313(2003

TABLE I. y-ray transition energies, spin and parity assignments, TABLE I. (Continued)

v intensities,

branching

B(M1)/B(E2) ratios in1"%Re.

ratios,

AD

ratios,

and extracted

E}'

(kev)®  JT—Jm 1,e A Rypratio B(M1)/B(E2)®
Band 1

185.8 =2500 0.8%8)

95.6  (10)—(9) =225 1.5Q15)

138.9 (11)—(10) 565 1.2012)

1855 (12)—(11) <1016 0.9710)

400.3 (13)—(11) 176 1.2715)

2146 (13)—(12) 640 0.394) 1.09100  1.8620)
466.7 (14)—(12) 200 1.2913)

251.9 (14)—(13) 540 0596) 0.9910)  1.6516)
5205 (15)—(13) 240 1.1010)

268.4 (15)—(14) 360 0.798) 1.3Q15  1.7518)
564.8 (16)—(14) 220 1.5020)

296.4 (16)—(15) 243 0.939) 0.9910) 1.6517)
601.9 (17)—(15) 300

3055 (17)—(167) 220 1.4215 1.3615)
625.6 (18)—(16) 210

320.0 (18)—(17) 220 0.9410) 2.1730)
646.5 (19)—(17) 160

3265 (19)—(18) 200

652.3 (20)—(18) 135

3258 (20)—(19) 150

652.3 (21)—(19) 135

3265 (21)—(20) 100

639.5 (22)—(207) 120

313.0 (22)—((21) 86

633.3 (23)—(21) 50

320.0 (23)—((22) 70

Band 2

909 (7)—(6) =137 0.9720)

1180 (8)—(6) =175 1.8@30)

1770  (9)—(7) 74

149.9 (9)—(8) 270 0.2%3) 0.758) 0.142)
193.8 (10)—(8) 946 1.5315)

2575 (11)—(9) 114 1.3615)

2138 (11)—(10) 302 0515 0.64100  0.162)
298.0 (12)—(10) 1210 1.3113)

3462 (13)—(11) 142 1.2015)

261.7 (13)—(12) 185 0.767) 0.6510)  0.253)
406.7 (14)—(12) 1000 1.4715)

4331 (15)—(13) 216 1.3213)

288.1 (15)—(14) 157 1.6820) 0.4810)  0.243)
501.7 (16)—(14) 786 1.3015)

5115 (17)—(15) =296

298.0 (17)—(16) =150

579.9 (18)—(16) 485 1.3815)

576.7 (19)—(17) =344 1.3815)

204.8 (19)—(18) =80

639.5 (20)—(18) 320

626.7 (21)—(19) 191

281.7 (21)—(207) 50

E
Y
(kev)®  J7—Jm™ 1, A Ryp ratio B(M1)/B(E2)®

6845 (22)—(207) 163
664.8 (23)—(21) =225
736.8 (24)—(22) 80
701.0 (25)—(23) =130
7705 (26)—(24) =40
7435 (27)—(25) =60

Band 3

98.0 (59— (@ =100

208.4 (7)—(5") =283 1.4815)
305.1 (99— (7 636 1.3810)
390.0 (11H—(9Y) 615 1.3%10)
4535 (13)—(11") 821 1.3%10)
525.3 (15— (13") 160 1.3010)
532.8 (17)—(15") 80

477.9 (159)—(13") 430 1.2810)
489.9 (17)—(15" 360 1.3010)
556.5 (199—(17") 220 1.2020)

619.6 (21")—(19") 180
676.6 (23)—(21") 120
732.2 (25)—(23") 70

dUncertainties are within 0.5 keV.

PSee text for details about the spin and parity assignments.
“Uncertainties between 5 and 30%.

dBranching ratio: (I =1-2)/T(1—=1-1), T,(1—=1-2), and T,
—1-1) are the relativey intensities of theE2 and M1 transition
depopulating the levdl, respectively.

®Extracted from the branching ratios assumiitg0.

"y-ray deexciting the band head.

typical features of small signature splittirigssociated with
the 7hy1,49/27[514]) protor) and intense in-bandl=1 tran-
sitions. This is due to its higKk- and largegk values; both
factors enhance the in-bankl=1 transition strength. The
analyses of in-band electromagnetic transition properties, as
we shall present in Sec. Il C, demonstrate that band 1 has
the largesB(M1)/B(E2) ratios, suggesting strongly that it is
built on the 7hy14(9/27[514]) ® vi,5, configuration.

Band 2 shows the irregular in-badd=1 transition ener-
gies(e.g., signature splittingalready exist at low spins; this
is a common featurg30] of so-called semidecoupled struc-
tures in odd-odd nuclei in this mass region. As noted in Ref.
[16], the signature splitting in a two-quasiparticle band of
odd-odd nuclei depends on the orbital which has smaller
signature splitting. For thehg,(1/27541]) ®vi 4, Structure,
the quasiproton occupies only the signature-favored orbital
(in the terminology of cranked shell modgBl]) because
here the lowt), high4 orbital hy;(1/2541]) has large sig-
nature splitting, while both favored and unfavored orbitals
can be occupied by thigs, quasineutron. Thus the signature
splitting in the 7hg;y(1/27[541]) ®wiq5, band may originate
from the i 3, neutron orbital, and its amplitude could be
comparable to that in thei,5, bands of neighboring odi-
nuclei. This is the case of band 2 observed’ffiRe; one can
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TABLE II. Parameters used in the calculationsB§M1)/B(E2) ratios and alignments in the three bands
in 12Re and the associated odd-mass neighbors.

Nucleus Band @ Jo/h? N/ iy fiwg Expected g
(Mevd)  (Mev?® () (MeV) crossing

1oy gsb 0 16.4 236.2 0 0.25 AB

iy 5/27[652)(i13/2) +1/2 22.9 148.2 5.1 0.31 BC -0.25
17y 5/2'(652](i13/0) -1/2 20.8 139.2 4.3 0.35 AD -0.25
173y 1/27(521] -1/2 32.2 406.9 0.5 ~0.25 AB 0.71
1Re 9/2[514)(hy1/0) -1/2 9.0 241.5 25 0.4 AB 1.29
1Re 9/2[514)(hy1/0) +1/2 9.0 241.5 25 0.24 AB 1.29
1Re 1/2[541](hgy) +1/2 27.8 84.9 26  0.27 AB 0.83
Re 1 1/2® Vigan 1 18.0 170.2 6.6 0.30 BC

Re 1 1/5® Vg 0 18.0 170.2 6.6 0.30 BC

Re g ® Vigz) 1 22.4 176.7 7.8 =0.37 BC

Re g ® vigay 0 21.9 135.0 7.8 =0.37 AD

Re ahg,® v1/27[521] 1 33.6 157.1 2.8 0.24 AB

see significant signature splitting by observing simply theues ofl,(w) andw can be derived from the level spirand
irregular in-bandAl=1 transition energies. Another typical the experimental level spacings
feature for themhg,(1/27[541]) ® vi;3, bands is the appear-

ance of low-spin signature inversion which will be discussed l(w) = (1 +1/2%-K?, (4)
in Sec. lll D. In view of these, we assign the configuration of
Wh9/2(1/2_[541])® Vil3/2 for band 2. dE(l) E(l + l) - E(I - 1)
Band 3 consists of a cascade &f=2 transitions, and is w= dig(l) = L+ -1 (-1) (5
X X X

considered to be the doubly decoupled bg2®i30 based on
the mhg(1/27541]) ® v1/27[521] configuration. This struc- and the collective component is parametrized using the
ture involves both a proton and a neutron predominantly irHarris expression
0=1/2 orbitals. Because of large signature splitting, the un- _ 3
favored Al=2 transition sequence is usually difficult to ob- R(w) = Jow + Jy00”, (6)
serve. The transition energies follow the level spacings of thgvhere the Harris parameteds and J; can be extracted
ground-state band of the corresponding even-éV&i core using the method proposed by Drissi and co-work8gj.
(see Fig. 5). This is a typical feature of doubly decoupled  Using Egs.(3)«(6), we have extracted the experimental
bands built on themhg,(1/27[541])® v1/27[521] configura-  quasiparticle alignments for the three bands if’?Re (see
tion [26]. Similar bands have been observed'ift'"Re  Table I). Since the nuclear deformations,, B, andy) or
[24,4 and in a series of odd-odd iridium isotop&2] sup-  pairing may be different for the different configuraticide],
porting the observation of such a band'fiRe. individual Harris parameters were used in order that the qua-

It should be noted that the rotational bands based on theiparticle alignments are nearly constant for each band before
configurations described above have been identified in manirst band crossing. For the reasons of systematic compari-
odd-odd nuclei in this regiorifor example, in'’Re [4]).  son, the same procedure has been applied to the related
They are found to be strongly populated and easier to obbands of neighboring odé-nuclei. The Harris parameters
serve using heavy-ion-induced fusion-evaporation reactiongsed and the extractagare also given in Table II. Figure 6
and standard in-beamtray spectroscopic technigues; this is shows the plots of quasiparticle alignmeigsversus rota-
consistent with our experimental observations. The thregional frequencyhw.
bands in'"?Re corresponds to a suppressed bérahd J, a An alignment of 6.6 atZ»=0.2 MeV and a sharp upbend
semidecoupled banband 3, and a doubly decoupled one at »=0.30 MeV are observed for band 1 which has been
(band 3. Our configuration assignments are further sup-assigned to be built on the two-quasiparticle configuration
ported by the analyses of alignments, in-band decay propefrh,;(9/27[514]) ® vi;a» Thehyq(9/27[514]) proton and the
ties, and signature splitting. These will be discussed in the,,(5/2[642]) neutron alignments are extracted to be#2.5
following sections. from "'Re and 5.4 from "W (see Table Ii. According to
the additivity rule in alignmenf31], band 1 should have an
initial alignment of i (pn)=i(7hyq) +i(vigz)=2.5+5.1

In the standard cranked shell model analy8i§, the qua- =7.64 which is % higher than the extracted value. This in-
siparticle alignment of a rotational band can be expressed amnsistency may be due to improper choice of Harris param-

. _ eters. Of course, if the level spins in band 1 were increased
(@) =14(0) - Rlw), ) by one unit, the additivity rule in alignmeri81] could be

with I (w) the total aligned angular momentum along thesatisfied. This is unlikely since one unit increment in spins
rotation axis andR(w) the collective contribution. The val- will change the level staggering phase; we shall discuss this

B. Alignment properties
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FIG. 6. Plot of quasiparticle alignments vs %w. Individual for band 1(filled circles and band 2(open circles The curves

Harris parametersl, and J; given in Table ) are used for each  qrrespond to calculations using the geometric model of Dénau and
band. The dashed line represents the alignment for band 3 using t'?—‘?auendort[40].

Harris parameters of band 1.

observed in a number of semidecoupled bands of this mass

problem in Sec. IID. The sudden upbend &tw.  region[30] supporting our configuration assignment for band
=0.30 MeV corresponds to the neutrBE crossing expected 2.
for the mmhy1/(9/2[514]) ® vi13/, configuration. Theé8C cross- The first band crossings have been observediat

ing occurs atiw=0.31 MeV in theviyz;, band of "*W. The  =0.24 MeV for band 3. This is consistent with the configu-
slight reduction ofBC crossing frequency in band 1 can be ration assignment ofrhg(1/27[541]) ® v1/27[521]. In this
attributed to the smal and negativey driving effects of  structure, the neutroAB crossing is allowed as observed at
h11/(9/27[514)) orbital [35-37, thus enhancing the action of #4 =0.25 MeV in O. The AB crossing in band 3 is
the Coriolis force on the pair df3;, neutrons. slightly reduced. This could be understood as the combined
From Fig. 6, one can see that band 2 shows the highegifect of the hy,(1/2541]) proton and the 1/2521] neu-
initial alignments, and the backbend or upbend is apparentlygn: thehg,(1/27[541]) proton induces a 20-keV delay and
delayed with respect to band 1. This is consistent with oukhe 1/2[521] neutron causes 30-keV shift to lower rotational
proposed spin and configuration assignments. As for the quarequency as observed #{W [4]. The initial alignment is
siparticle alignments, thlg, proton andi;s, neutron con-  roughly i,~2.84, because of the smallest alignment
tribute roughly 2.6 and 5.% initial alignments, respectively (~0.5%) of the 1/2[521] neutron. Finally, Fig. 6 shows that
(see Table N leading to i,(pn)=ix(mhep)+ix(¥i132=5.1  the alignment gain for th&B crossing in band 3 is less than
+2.6=7.7. This alignment value is very close to the ex- 47 which is too small to be compared with the expected
tracted alignment in band 2=7.8% athw=0.20 MeV. The  yalue of 6 8% for the AB crossing in the ground-state bands
first band crossing in the ground-state band’8V occurs at  of even-even neighbors. This may be due to the improper
hw:=0.25 MeV corresponding to the alignment of a pair of Harris parameters used for band 3. In fact, if the same Harris
13/, neutrons, i.e., the neutrohB crossing in the terminol-  parameters as for band 1 is used, the alignment gain &f 6.5
ogy of cranked shell model. This neutrdkB crossing is  can be obtained as the dashed line in Fig. 6. In this case,

blocked in band 2 with a quasineutron in the, subshell.  however, one has to explain the gradual alignment before
The backbend in band 2 will thus correspond to the neutron,,=0.23 MeV:; this is beyond the scope of this paper.

BC (and AD) crossing at higher rotational frequency. This

BC (AD) crossing has been observed MW at %iw, _

=0.31 MeV (£w,=0.35 MeV) as shown in Table Il. How- C. B(M1)/B(E2) ratios for bands 1 and 2

ever, no band crossing has been observed in band 2 up to the The in-band decay properties provide a sensitive test for
highest frequency measured. This can be attributed to theonfiguration assignments. The experimentally extracted
involvement of thewhg(1/27[541]) proton. In fact, it has B(M1)/B(E2) ratios for bands 1 and 2 are plotted in Fig. 7.
been well established38] that band crossings in the TheoreticalB(M1)/B(E2) ratios have been estimated using
mhy(1/27541]) bands of rare-earth nuclei are delayed withthe semiclassical formula developed by Dénau and Frauen-
respect to their even-even neighbors due to the combinedorf [40]:

effects of shape driving effec{85—-37 and thep-n residual

interactions[4,13,39. Such shape driving effects and re- 3

sidual p-n residual interactions still exist in the B(ML,I — 1 -1) = —[(gy~ gr)A+ (0, + GR)BIA(1R)
he;(1/27[541]) ® viy3, bands leading to the delayedC 8m

(and AD) crossings in band 2. This phenomenon has been (7)
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Here gy, ipm, andQy, represent the factor, the align- Spin T (1)

ment, and the projeTCtion angular moment'um component FIG. 8. Plot of signature splitting$(l) vs | for the two-
on the symmetry axis of the protdneL_ltror) in the asso- quasiparticle bands observed iffRe and the corresponding one-
ciated neighboring Qdd_-ma_ss nuclei. These values argyasiparticle bands in neighborifgRe [20] and 173W [29]. The
taken from the compilation in Ref$4,41] and presented fjjed (openeg symbols correspond to the signature-favored

in Table II. Qq is the intrinsic quadrupole moment of the (signature-unfavoredlevels. The arrows indicate the signature
nucleus, we tak&),=6.0eb which is close to the transi- crossing spins.

tion quadrupole moment of the ground-state band’fiv
[42]. A common collectiveg factor (gz=0.3) was used in  for example, Refs[3,4,16,43). For band 1 in}’?Re, the
the calculations. The calculated results are compared witBrossing spin is observed t=(18.5), which is two units
experiment in Fig. 7 under the assumptions ofhigher than.=(16.5)in 1"°Ta[41,44 and three units higher
Ty (9/2[514) @ vigg, (band 1,  whg(1/27[541])  thanl,=(15.5) in Y®Re [4]. Furthermore, the inverted sig-
® vigg, (band 3, and mds(5/2'T402]) ® viy5, configura-  nature splitting int’?Re is larger than that in the same band
tions. It is apparent that the experimen®IM1)/B(E2)  of its lowerZ isotone'’°Ta[41,44 and heavier isotop¥Re
ratios can be well reproduced supporting our spin ang4]. These two features are consistent with systematic obser-
configuration assignments for bands 1 and 2. Theyations[4,43. Different mechanisms have been proposed to
mds5(5/2'[402]) ® viy3, configuration has also a largg interpret the low-spin signature inversion phenomenon using
value and may form a compressed bd@®| similar to  several theoretical approachf6,12,14,16,45,46 Here it
band 1 at lower excitations. Theoretical calculationsmay be worth noting that the proton Fermi surface in Ta, Re,
shown in Fig. 7 exclude this possibility due to its lower gnd Ir isotopes lies in the vicinity d2=9/2 Nilsson orbital
B(M1)/B(E2) ratios predicted. The theoretical of hy,, subshell. The observations of signature inversion in
B(M1)/B(E2) ratios are underestimated for band 1, this164T3 [47], 172Re (this work), 1%Re [4], and 17818 [5,32]
may be due to the fact that the experimental values are ifhdicate that the low-spin signature inversion exists in a
fact the upper limits since the mixing ratios in E@®)  wider range of nuclei than previously predictf#i46] and
have been set to zero. the position of proton Fermi surface may not be a strict re-
striction to the presence of such a phenomenon.

D. Signature inversion in the arhy;,® vi;5, band of 1"Re

E. Signature inversion in the hg,® vi;5, bands of 1’Re

Accepting the configuration and spin-parity assignments i
and neighbors

discussed in the previous sections, we analyzed the charac-
teristics of signature splitting in band 1. Typical level stag- The level staggering curveXl) vs| is plotted on the right
gering curves S()=E()-E(I-1)-3[E(1+1)-E()+E(I-1)  side in Fig. 8 for band 2 in"?Re; the favored signature
—-E(1-2)] vs | are plotted on the left side in Fig. 8 for the corresponds tey;=1 for this 7hy,,® vi,3,, configuration. One
mhy12® vi1g band int7?Re. In such a plot, the pointasso-  can see that they;=0 branch is energetically favored over
ciated with levelds) that have negative values are energeti-that of a;=1 at low spins. With increasing angular momen-
cally favored over those with positive ones. The expectedum, the anomalous signature splitting decreases, and the two
favored signature ig;=0 for the7h,1,>® vi13, configuration.  signature branches cross each othed at(18.5) beyond
It can be seen in this figure that at low spins, it is thg ~ which normal signature splitting is restored.
=1 signature that is favored energetically rather thandhe The low-spin signature inversion in thehg,® viiay»
=0 sequence. Such behavior has been referred to as signatsemidecoupled bands was found by Bark and co-workers
inversion or anomalous signature splittifg]. With increas-  very recently in'%2164rm and ’#Ta [13]. Subsequently, a
ing angular momentum, the inverted signature splitting denumber of such bands have been reported to show the inver-
creases, and the two signature branches cross with each otlon phenomenon. Figure 9 shows the systematics of signa-
at1.=(18.5) beyond which normal signature splitting is ob- ture inversion in therhg,® vi;3, bands observed to date.
served. With careful inspection of the signature inversion systemat-
Previous studies of odd-odd nuclei in this mass regiorics shown in Fig. 9, one can draw the following conclusions.
have established a consistent pattern of signature splitting for (1) Low-spin signature inversion seems to exist in all the
a number of7hy1»® vi13, bands. Systematic studies and zhg,® vii3, bands of odd-odd nuclei in the 62<79,93
analyses have been made in several recent publicasees <N=103 region.
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(2) For a chain of isotopes/isotones, the signature crossingersion, increases with frequency, it is much more likely that
spin I, decreases with decreasing/increasing two neutronsiormal ordering will be observed at high spins versus low
protons. This systematic behavior may explain the nonobsespins.

vation of crossing spins ih’®Ta, 1®Re, and®qr; their sig- The two quasiparticle plus rotor model includipen re-
nature crossing spins are expect@ge Fig. 9 to be the sidual interaction has been applied recently to interpret the
highest for each of the isotope chains. inversion phenomenon in thehg,(1/27541]) ® vi;3, bands

(3) The systematic changes &f versusZ (or N) in the  of 62184rm 174Ta, and!’®Re [2,4,13; it has been deter-
7he;»® viq3, bands are opposite to the trends in thle;»  mined that the proton-neutron residual interaction was nec-
® vi13 bands. In the latter case, the signature crossing spiassary to produce the low-spin signature inversion. The ex-
increases 2 3% with decreasing/increasing two neutrons/ tended total Routhians surface calculations showed that the
protons[3]. quadrupole pairing plays a role in generating the low-spin

(4) The change inl, in the 7hy,® 1i;3, bands is less signature inversion in thehy,® vi;3, band of'®2Au [11]. It
regular than that in therh;;,,® vi13, bands. One can see in seems that both theoretical approaches give reasonable de-
Fig. 9 that the inversion spin iff%u is 224 which is nearly  scriptions of signature inversion for some selected cases. In
the same as that itfTm, while the inversion spin if®Au  this sense, a reproduction of systematic trends of points
is at least 7 lower than that of its isoton&r. This irregu-  (4) may be crucial for a full understanding of signature in-
larity may be due to improper spin assignments, thus the&ersion in themhg,® vi,3,, bands.
systematic comparison could be more illuminating in the ro- Cardona and co-workefg] have investigated the signa-
tating frame by observing the crossing in Routhigas sug-  ture inversion in themrhg,(1/2[541]))®i,5, band of17°Re
gested in Refg[7,28)). using a two quasiparticle plus rotor model includip re-

The low-spin signature inversion in band 2'6fRe and  sidual interaction. Using a weak coupling basis, they found
the crossing spin observedlat(18.5) are completely con- that a large repulsive matrix element of tha force acts in
sistent with pointg1)—<4), supporting our spin and configu- the maximally aligned intrinsic statk=j ,+j,=11, so that the
ration assignments. Usually the level spins in odd-odd nucleiole of J=10 component is dominant at low-spin states. This
are difficult to determine experimentally; one unit uncer-leads to the favored states bfR+J=R+10=even and the
tainty still exists in spin assignment using level spacing sysunfavored states df~1=R+10-1=odd (R=even is the well
tematics and the additivity rule of quasiparticle alignmentsdefined core angular momentunThe authors of Ref[4]

This may change the level staggering phase if the level spinslaimed that only when the rotational energy required to go
are increased by one unit. Therefore, the observation of thifom one state to the next one starts to become comparable to
crossing spinl; at relatively higher spin levels provides an the intrinsic(p-n interaction energy required to maximally
important argument for the low-spin signature inversion,align proton and neutroto J=11) will the change of phase
since the Coriolis force which does not favor signature in-occur. According to this theoretical explanation and the well-
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known formula ofE(1-2—1)=(A%/27) (41 - 2) = (4 - 2)|A7*3?, IV. CONCLUSIONS
a critical spin can be expressedlgsE(I.—2—1,)A”382. As-

suming that the rotational ener@l.—2—1.) used to maxi- . . .
mally align proton and neutrofto J=11) keeps constant in been performed leading to the first observation of three rota-

the mass region of interest, the critical spirwill decrease  tional bands in odd-o_déI72R_e. The quasiparticle configura-
with decreasingA and 8. Actually, theoretical calculations tons and the level spin assignments for each band have been
have shown that the ground-state quadrupole deformations gtade on the basis of several considerations such as quasipar-
corresponding even-even cores of Er through Pt decreadigle alignments, signature splitting, in-band electromagnetic
with decreasind\ [48]; this may be related to the experimen- transition properties, level spacing systematics, band cross-
tal observations that the signature crossing spin decreas#¥s, etc. The signature inversion in thehg,® vi,3, and

with decreasindN in a given isotopic chain. The fact that the mh;1,,® vi;3,, bands have been established due to the obser-
signature crossing spin decreases with increaglngp a  vation of a signature crossing &t-18.%i, extending our
given isotonic chair(see Fig. 9 may be explained, at least knowledge on signature inversion to the lightest neutron de-
qualitatively, by decreasing the quadrupole deformations oficient odd-odd rhenium isotope. The systematics of signa-
the respective coregglg] (the relative increase iA is much  ture inversion in themhg,® vi;3, bands in A=160~180
smaller than the decrease ). A close inspection of Fig. 9 mass region are presented and some general features are dis-
and Fig. 2 in Ref[48] seems to reveal that there exist certaincyssed with reference to the theoretical calculations of two
correlations between the regularity of crossing spin and th@yyasiparticle plus rotor model includingn interactions.
nuclear deformationgmainly g). Finally, it is worth noting - Accepting the transparent picture described by Cardona and
that the nearly constant amplitude in signature splitting is,q_\yorkers, the regularity in signature crossing spin seems to

observed in Fig. 9. This is in contrast t0 thay,® iy be closely related to the nuclear quadrupole deformation
bands (Ref. [3]) and the 7h;1,,® vhy;, bands(Ref. [28]) y a P '

where distinct trends in amplitude are observed. In fact, the

bands shown in Fig. 9 porrespond to thehg(a;=1/2) ACKNOWLEDGMENTS
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