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Configuration and unusually fast decay of theK"=16" four-quasiparticle isomer in ¥Re

F. G. Kondev, M. A. Riley, D. J. Hartle§/,R. W. Laird, T. B. Brown! M. Lively, K. W. Kemper, J. Pfohl,
S. L. Tabor, and R. K. Sheline
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High-spin states if®?Re were studied using tHé®b(*'B,5n) reaction at 70 MeV. The previously known
four-quasiparticle isomer at 2256 keV is assigned spin and parity of The rotational band built upon this
multiquasiparticle state was identified and examination of txe{(gr)/Qq values revealed that it arises from
the m(9/27[514)) ® v3(7/27[514],7/27[503],9/2"[624]) configuration. The decay of the 16somer is found
to be less hindered when compared to those observed for similar four-quasiparticle long-lived states in neigh-
boring odd-odd'7617818§ 3 jsotopes. A possible explanation of this feature, involving a “local” mixing with
a nearby 16 collective state, is discussed.
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PACS numbgs): 21.10.Re, 21.10.Tg, 23.20.Lv, 27.#Q

The rare-earth nuclei in the region near mass 180 aren terms of a specific “local” mixing with a close lying
characterized by stable prolate-deformed, axially symmetricollective state of the same spin and parity.
shape. Their single-particle spectrum is dominated by High-spin states in!%°Re were populated in the
high-) orbitals, whereQ) is the projection of the intrinsic *'®Yb(*!B,5n) reaction with a beam energy of 70 MeV sup-
angular momentum on the symmetry axis, in close proximityplied by the Tandem-LINAC superconducting accelerator at
to both the neutron and proton Fermi surfaces. These uniquée Florida State University. Gamma-ray coincidence mea-
circumstances give rise to a variety of high-seniority intrinsicSurements were carried out with a condition that at least two
configurations at relatively low-excitation energies that com-G€ detectors fired within: 100 ns of each other. In order to
pete with structures formed by collective rotation for ener-increase sensitivity across long-lived states, measurements
getically favored status. Since there is approximate consei¥ith @ coincidence window of 400 ns were also performed.
vation of the quantum numbeK=3Q;, the transitons Camma rays were detected with the Pitt-FSU afeiycon-

; : P . sisting of eight Compton-suppressed Ge detectors and two
depopulating the multiquasiparticle bandheads are often hi oIS "
dered, thus leading to nuclear isomers with a variation inWOfOId segmented CLOVER detectors. An additional un-

uppressed planar germanium dete¢t®@PS was included,

half-lives that range from a few nanoseconds up to severagiving enhanced sensitivity foy rays below about 100 keV
years[1]. :

The identificat ¢ collecti fruct ated _thApproximater 3x 108 twofold or higher coincidence events
€ igentilication ot collective structures associated With,are yecorded and written on magnetic tape.
the multiquasiparticle states is important as the in-band de- Tha gata were sorted off line into a variety gfy and

cay properties contain vital information about the constituenty_LEPS matrices with different coincidence time require-

single-particle basis, thus allowing the configurations to b§nents and detector combinations. Multiple projections,
Characterized. Furthermore, the bandS themse|veS ShOW |nt%fre|d|ng background Subtracted Coincident Spectra, were pro_
esting structure features, for example, effects associated wituced and examined with the RADWARE interactive pack-
the reduction of the pairing correlations, which have beerage[5] in order to construct the level scheme. In the present
shown to depend on the number of blocked orbitals and theigata, no evidence was found for new isomerg8fRe with
location near the Fermi surfa¢g]. lifetime greater than~100ns and, consequently, the main
In this Rapid Communication, we report on new resultsanalysis was carried out with the prompt {00 ns) coinci-
for both high-seniority intrinsic and collective structures in dence matrices.
the deformed 8,~0.22) odd-oddZ=75 ®Re (N=107) To ascertainy-ray transition multipolarities, directional
nucleus. The present measurements establish spin and pardygrrelation from oriented statd®CO) measurements were
of 16~ for the previously known four-quasiparticle long- performed. For this purpose, events consisting of gmay
lived state at 2256 keY3]. A rotational band associated with from a detector at 145° relative to the beam direction and
the isomer is identified and the examination of the in-bandanother from a 90° detector, were incremented into a non-
decay properties suggests that it arises from the&ymmetrical matrix. Coincidence spectra, projected onto
w9/27[514)® v3(7/27[514],7/27[503],9/2*[ 624]) con-  both axes, were then generated from which the DCO ratios,
figuration. The relatively fasE2 isomer decay is discussed defined as the ratio of-ray intensity for a transition of in-
terest deduced from the gate projected onto the 145° axis to
that from the 90° projection, were extracted. Gamma rays of
*Present address: Department of Physics and Astronomystretched quadrupole character were identified by DCO ratios

University of Tennessee, Knoxville, Tennessee 37996. of nearly unity when gated by a stretch&® transition.
"Present address: Chemistry Department, University ofSimilarly, values of approximately 0.5-0.6 indicate a pure
Kentucky, Lexington, Kentucky 40506. stretched dipole transition and those of approximately 0.6—
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FIG. 1. Partial level scheme df?Re. The indicated half-lives are from Ref4, 3.

1.3 mixed dipole/quadrupole transition, the latter dependinghat the 647.7 keV transition is mixe@l/M2 or pureM2

on the magnitude and sign of the mixing rati®, Because can be ruled out given the relatively short lifetime of the
the angular correlation measurements were crucial to assiggomer. A spin value of=15% for the isomer would require
multipolarity of transitions, and in particular those that de-that both the 344.5 and 647.7 keV depopulating transitions
populate the 88 ns isomer #Re[3], the DCO ratios fory  are dipoles(assumings=0) and the latter should be about
rays of known multipolarity that are fed by the decay of thegeyen times stronger because of E\% dependence of the
isomer were ]Earr]efgllx elxalmined tohendsure thatdno_l_‘:']ig”iﬁcaﬂtransition rate. This is, however, in contradiction to the mea-
attenuation of the initial alignment had occurred. The transi- ; ; ; _ :
tion multipolarities deduced using the DCO ratios in the cur—fnu(;reed ;ﬂzer;i;yogzgfvgg?gf gl 6(2354i)evlt.r1a(nls)i.tiol:r:| r;[rhoenz the
rent _wor_k are consistent with those assigned by the gngula5256’kev state to the 13level of theK™=9- band also
distribution measurements of Rdf]. Where appropriate, ‘Ijlavors the conclusion that the 647.7 keV transition is

the spin and parity assignments were also aided by observ _ . .
tion of rotational structures with both—1—1 andl—1—2 stretched quadrupole and, hencea=16" assignment is

transitions and the measured total electron conversion coef'V€" to the isomer.

ficients from intensity balance considerations for transitions A SPectrum of transitions in coincidence with the 647.7
with energies below about 200 keV. keV v ray is shown in Fig. @). It illustrates that the 267.9

The partial level scheme fot®?Re deduced from the and 357.8 keVy rays are the strongest transitions that pre-
present work is shown in Fig. 1. The placement of transitiongede the isomer in agreement with the observations by
and levels is based on the coincidence relationships, andlaughteret al.[3]. The DCO ratio of 0.8@), measured for
their ordering follows from the relative intensities within a the latter transition is consistent with tidd =1 M1/E2 as-
given cascade. The two-quasipartil@=7" and 9 bands signment and, hence, we interpret thisay as the first cas-
were known previously up tb~15% [3] and were extended cade transition within the band built upon the isomer. Sev-
by the current work up to 26 A key feature of the level eral more y rays, in coincidence with the 357.8 keV
scheme is the state at 2256 keV which was reported byransition, which are also assigned to this band, are seen in
Slaughteret al. [3] to be long-lived[T,,=88(8)n§ and the spectrum shown in Fig(2.
was assigned™=15". While we confirm here the isomeric The DCO ratio of 1.26L2) obtained for the 267.9 ke
nature of this state, we propose different spin and parity asray, which depopulates the 2524 keV level, is not conclusive,
signments. since it could imply a possiblal=0, 1, or 2 assignment.

The DCO ratio of 0.9@) measured for the 647.7 key  However, the intensity ratio ofl (357.8)1,(267.9)
ray, which directly depopulates the isomer, using the 540.2=1.7(2), deduced from a spectrum gated on transitions be-
keV stretched quadrupole transition from ti€=9" band low the isomer, suggests that the spin of the 2524 keV state
as a gate, suggests that thisay is of either mixed dipole/ is at least one unit less than thatlof 172 assigned to the
qguadrupole or stretched quadrupole character. The possibilit3613 keV level. Hence, we propoke 16# to the 2524 keV
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800 the w1[97] configuration. This assignment is supported
| @ 2 648 keV from the observed in-band decay properties which yigld
=0.40(4)(assuming5>0) or 0.204) (56<0) in good agree-
600 7 ment with the theoretical expectation @f =0.38. Note that
Sg values close to unity would be expected if the configuration
400 T8 includes am® componentsee Table)l The alignment of the

band, see Fig. 3, associated with the 88 ns isomer is consis-
tent with the presence of a singles, neutron, but it is
slightly lower, at rotational frequencies below about 0.2
MeV, when compared to values observed for the[9™ ]
band. It should be noted that the 7[514] and 7/2[503]

200

& o It bk neutron orbitals are expected to contribute essentially zero
é ®) 158 keV extra alignment. Since the Configuration _includes three un-
500 - g paired neutrons, the reduced neutron pairing would affect the
| Coriolis mixing, thus leading to a smaller apparent align-
" ment, as discussed in R¢E].

The (16") state at 2524 keV can be assigned the
w9/27[514)® v3(7/27[503],7/27[633],9/2[624])  con-
figuration. The associated rotational band has greater align-
ment than those of the I6band, thus supporting the pres-
ence of twoiq3, neutrons. A four-quasiparticle 16band
that includes the samigs, orbitals was recently reported in

4 the neighboring odd-odd’®Ta isotope]7,8]. The alignment
i Vi ‘ ﬂ-hi-LmL'HJm- J N properties of the latter band closely match those of the {16
100 200 300 400 500 600 700 800 band in'®Re reported here, as illustrated in Fig. 3. In addi-
tion, the measuredy value is in good agreement with the
Energy (keV) expectation for the suggestedb®[ 16" ] configuration.

FIG. 2. Gamma-ray spectra for transitions in coincidence with In order to predict the excitation energies of the multiqua-
the 647.7 and 357.8 key rays. The filled circles correspond to the Siparticle states in®Re, calculations were performed which
267.9(a) and 417.7 keMb) y rays. treat the pairing correlations using the Lipkin-Nogami pre-
scription and that include both effects of blocking and esti-
. mates of the residual nucleon-nucleon interactions. The cal-
level, although the present experimental data are not able 19, ation procedure was similar to that described in Ridfs.

rule out thel =14 or 1% alternatives. A rotational band, g1 Thg single-particle energies were taken from the Nilsson
consisting of both cascade and crossover transitions builf, e with £,=0.217 ande,=0.073, but with the states
upon this state up td”=(21"), is also identified in the cjose to the Fermi surface adjusted to reproduce approxi-

current work, as shown in Fig. 1. mately the experimental one-quasiparticle energies in neigh-
Configuration assignments to the observed structures WelSoring oddA nuclei. The predicted excitation energies, to-

made by taking into account the spin and parity of the stategether with the experimental observations, are summarized
and the observed properties such as in-band branching ratig$ Taple 1. It is notable that the calculations show a very
and alignments, considered with the orbitals expected negjood agreement with the sequence of observed states. For
the proton and neutron Fermi surfaces. The experimgital example, in the four-quasiparticle regime, the configurations
values, deduced from the in-band branching ratios, are comgrmed by coupling a pair of neutrons to the/[9~] state
pared in Table | with the expectations computed usingyre calculated to be energetically favored compared to those
Woods-Saxon model wave functiof§] and the additivity  that include pairs of excited protons. The next highsix-
relation Kgx=2gq (};. The apparent alignments of all gyasiparticle states predicted to be low in energy are those
bands reported here are plotted in Fig. 3. with K™=24" (at an excitation energf,=4648 ke\j and

The K™=7" and 9 bands had been suggested24~ (E,=5038keV). They are assembled from the l&nd
by Slaughteretal. [3] to arise from the w5/27[402] 16" states by adding the?(5/2"[402],11/2 [505])g- pro-
®v9/2°[624)(mv[77]) and w9/27[514]® v9/2°[624]  ton configuration. Importantly, the relatively low calculated
X(mwv[97]) two-quasiparticle configurations. Tlgg values  excitation energy of thé&™=24" state would imply that it
deduced in the current worlsee Table)l and the observed could decay only via a high-multipolarityE3 and/orM2)
alignments(see Fig. 3 verify these assignments. transition to the 21 and/or 22 members of the 16 band,

The four-quasiparticle isomer at 2256 keV had been preor via a low-energye?2 transition to the 22 level of the 16
viously assigned ther3(5/27[402],7/27[523],9/27[514]) band, hence, isolating it as a very long-lived spin trap. These
®v9/27[624] configuration[3], obtained by coupling the high lying six-quasiparticle states require further investiga-
w?(5/21[402],7/27[523])s- component to thew»[97]  tion.
state. However, since we proposk™=16"for this The isomeric nature of the 16state arises because the
bandhead level, we favor the 79/27[514] depopulating transitions at-forbidden. For a transition of
®v3(7/27[514],7/27[503],9/2" [ 624]) configuration, where multipole order,\, the reduced hindrance factor per degree
the v?(7/27[514],7/27[503]),+ pair of neutrons couples to of K-forbiddennessf,, wherey=AK—\, is defined ad,
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FIG. 3. Alignments for the observed bands'fiRe, compared g surprisingly lower when compared to valuesf pf 15, 46,
to the 16  four-quasiparticle band in"*Ta[7,8]. Common Harris a4 16 observed for the equivalent decays of similar four-
reference parameters @h=32 MeV *4” and 7, =65 MeV 4" uasiparticle isomers in neighboring odd-otfdTa [8,10],
were used for. all bands. The open and filled symbols correspond t 8Ta [7.8], and 18074 [11] nuclei, respectively.
=1 and 0 signatures, respectively. To explain the relatively fast decay i¥°Re, two level

mixing calculations involving the I6isomeric state at 2256

=(F)*, where F=(T],/T1)=(B"/B?) is the hindrance keV and the 16 member of them»[9"] band at 2232
factor, T}, and B” are the partialy-ray half-life and the keV were carried out. The hindrance factor for the collec-
y-ray reduced transition probability, respectively, anff, tive 16 —14~ K7"=9" in-band transition was taken
andB" are the Weisskopf estimates. The reduced hindrancas F°°'=BW(E2)/B°(E2), where B°(E2)=(5/16m)
factor obtained for the 647.7 kel2 transition isf,=4.7. It QS(IiZKOIIfK>2 and Qy=6.2eb [see the footnotdb) of

TABLE |. Configurationsgy factors and excitation energies for multiquasiparticle staté¢§7Re.

K™ Configuratioft gk E, (keV)
T v Experimentt Theory! Experiment Theory
7" 5/2F 9/2" 0.632) 0.61 0 0
9- 9/2~ 9/2" 0.622) 0.70 443 408
15" 5/2F, 7127, 9/2~ 9/2" 0.99 3980
15~ 5127, 7/2%, 9/2~ 9/2" 0.82 3142
16~ 9/2~ 7127, 71277, 9/2F 0.404) 0.38 2256 2125
0.204)¢
16" 9/2” 71277, 712F, 9/2F 0.354) 0.33 2524 2764
0.25(4)°
24" 5/2%, 9/27, 11/ 7127, 71277, 9/2F 0.71 4648
24~ 5/27, 9/27, 11/2° 7127, 7/2F, 9/2F 0.67 5038

8Protons(m): 5/2°: 5/2t[402], 7/2": 7/27[404], 7/2": 7/27[523], 9/2 : 9/27[514], 11/2 : 11/2 [505]; neutrons(v): 7/2": 7/27[514],
71277 7/127[503], 7/2": 7/2*[633], 9/2": 9/27[624].

bvalues correspond to weighted averages of the branching ratios for'the 85" states in the 7 band, the 11 to 15  states in the 9
band, the 18 to 21 states in the 16 band, and the (18 and (19) states in the (16) band. A collective gyromagnetic factor gk
=0.3 ands>0 are assumed. Note that a positive sigifefas unambiguously determined for thé=1 transitions within therv[7*] and
7v[9™ ] bands from the angular distribution measurements of [B&fA quadrupole moment d@,= 6.2e b, taken as the average from the
values measured for tHé"=2" and 7" bands in'®?Re[1], was used.

‘The same agb), but assumings<0.

dcalculated values using Woods-Saxon wave functii@is gs=0.7g;ree and deformation paramete®,=0.222 andB,=—0.048. To
account for a Coriolis mixing effect an empirical valuegyf=0.08 for the 7/2[633] and 9/2[624] (i,3) quasineutron§l3] was used.
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Table 1. A value of F'°™*=3.7x10° (corresponding td In summary, a previously known four-quasiparticle
=82, which is one of the largest values in the regi@@])  isomer in®Re is assigned spin and parity of 16A rota-
was assumed for the fivefold-forbidden 16 — 14~ inter-  tional band built upon this state has been identified and the
band transition. These were combined according to theiexamination of the in-band decay and alignment proper-
relative contributions to the transition rafe"*= («?/F°¢°' ties suggest that ther(9/27[514])® v3(7/27[514],7/2"
+B?IF'™®) "1, wherea and 8 are the mixed amplitudes in [503],9/27[624]) configuration is involved. An unusually
the wave function of the 16 isomeric state at 2256 keV fast decay of the isomer is interpreted in terms of a “local”
(16-=adg-+Bepie-,a’+ B7=1). Figure 4 shows the cal- mixing (|V|~51eV) with a lowK collective 16" level.
culatedF™™ values as a function of the magnitude of the
mixing matrix element|V|. To reproduce the half-life of the

16~ isomer a value ofV|~51 eV is required, yielding the , ,
squared amplitude of the lok-(K=9) components in the Superconducting Accelerator Laboratory at the Florida State

isomeric state wave function at a level @f~4.6x 1076, |t ~ University and in particular to V. Griffin, D. Spingler, J.

is worth noting that a similar value ¢¥| =24 eV, as well as Hutchms,_G. Brown, and D. Caussyn for their help during
negligible lowK admixtures, were also reported by Walker the experiment, and to P. Cathers, M. Cooper, S. Myers, C.
et al.[13] in studing the decay of th&™=35/2" isomer in Smith, and D. Soltysik for their contribution to some of the
179y, although it is appreciated that the situation there isexperimental runs. Discussions with Professor P. M. Walker
more subtle. As illustrated in Fig.@he dashed curvgssuch  are gratefully acknowledged. The software support of D. C.
a “local mixing” scenario is rather sensitive to the energy Radford and H. Q. Jin is also greatly appreciated. Support for
separation between the initial and final states. There are athis work was provided by the National Science Foundation
ready indications that the reduced hindrance values tend tand the State of Florida. F.G.K. is grateful to Professor
decline as the isomers approach a region of high level derfseorge Dracoulis for the inspiration for this work and com-

The authors wish to extend their thanks to the staff of the

sity where further mixing occurfsl4]. menting on the manuscript.
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