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The nuclear decay of/fRe has been studied following tH*Ho(*%0,4n)*"*Re and'"3vb(*!B,5n)'"Re
reactions. Previously unobserved multiquasiparticle states have been identifie]%gme, with highly
K-forbidden decays. One of these, with a half-life of 4686 us, is the longest-lived high-seniority>6)
isomer yet discovered. This metastable state offers an opportunity to expisoenerism as protons are added
away from the midshell region. In addition, the excitation energies of several previously “floating” bands have
been determined. Energies, lifetimes, configuration assignmentg fawdors are discussed and compared to
predictions of blocked BCS calculations.
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[. INTRODUCTION quasiparticle states at angular momenta which are experi-
mentally attainable. Here we report new results from a study
Long-lived, highly excited isomers in deformed atomic aimed at elucidating the high-spin structure and decay
nuclei owe their existence to tequantum numbefl]. The ~ mechanisms in""Re. Partial results of this work appear in
projectionK of the angular momentum on the nuclear sym-the Ph.D. thesis of Thwaitd$].
metry axis is approximately conserved, leading to decays
with high AK being hindered and consequently, highiso-
mers with half-lives that range from nanoseconds to years.
The A~180 region of prolate-deformed nuclei is uniquely  Excited states in"°Re were populated using the
favorable for studying the limits to thi quantum number 18H0(380,4n) 72Re and'/3Yb(:'B,5n) /e reactions. The
[2] as several single-particle orbitals with large spin projec-bunched and chopped beams were provided by the ANU
tions (); are found close to the Fermi surface, for both neu-14UD Pelletron accelerator. The experimental conditions are
trons and protons. These give rise to multiquasiparticle isodetailed in Table I. The targets for theray measurements
mers withK = =,(); .Notable examples include ™= 16", had thicknesses of 3.75 mg chwith the natural abundance
four-quasiparticle isomer ifsHf, with t;,=31 y[3], and a of 100% %*Ho and 5 mgcm? of b enriched to 95%.
K7™=25", eight-quasiparticle isomer in78w, with t;, The data presented in this paper are mostly from the
=220 ns[4]. 173vb(%2B,5n) 72Re reaction, as this was found to populate
The decay of sucK isomers require& mixing, two con-  states with higher angular momenta.
trasting modes of which are orientation fluctuations with Gamma-ray events were recorded by the Caesar E9fay
fixed shapd5], and shape fluctuations with fixed orientation comprising six Compton suppressed coaxial germanium de-
[6]. Also, direct mixing due to chance degeneracies can plagectors and two unsuppressed planar LEPS germanium detec-
a role. Despite these distinct physical scenarios, observablésrs. The coaxial detectors were arranged at angles4d®,
that differentiate between them have proved elusive. The=97°, and*=145° to the beam axis. The LEPS were placed at
present study of2Re forms part of a program to disentangle 45°and 135° in the horizontal plane. Energy and efficiency
these and other competifgmixing mechanisms. calibrations were obtained usifg%Eu and**3Ba radioactive
Further motivation emerged from the study tfRe by  sources.
Venkova et al. [7] who discovered two low-seniority iso-
mers. Examination of the single-particle energies suggests
the possibility of higher seniority seven- and nine-

Il. EXPERIMENTAL METHOD

A. Gamma-ray coincidence analysis

The level scheme was constructed usiggy coinci-

dences, building on earlier wotk]. From the initial experi-

*Corresponding author. Electronic address: ments evidence emerged for a weakly populate@l5-ms
c.wheldon@surrey.ac.uk high-spin state. With the aim of establishing the properties
"Present address: Technology Development Division, Argonneénd deexcitation route of this isomer, subsequent out-of-

National Laboratory, 9700 South Cass Avenue, Argonne, IL 60439beam measurements were undertatsee Table )l The ma
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TABLE |. Details of the experiments.

Type of measurement Conditions Beam energy
(MeV)

'eHo(*50,4n) 7eRe
y-time 82
bunched and chopped beam 0.11 ms on/6.4 ms off
prompt veto

microsecond clock

Ge-time, LEPS-time
v-y-time 82

bunched and chopped beam 1 ns on/1712 ns off
Ge-Ge, Ge-LEPS, Ge-time, LEPS-time,
Ge-Ge-time, Ge-LEPS-time

170Yb('5B,5n) 7eRe
Excitation functions 73, 76, 79
bunched and chopped beam 1 ns on/1712 ns off
singles
y-time 73
bunched and chopped beam 1 ns on/1712 ns off
Ge-time, LEPS-time
bunched and chopped beam 0,89 on/19.8us off
prompt veto
time-to-amplitude converter
Ge-time, LEPS-time
v-y-time 73
bunched and chopped beam 1 ns on/1712 ns off
Ge-Ge, Ge-LEPS, Ge-time, LEPS-time,
Ge-Ge-time, Ge-LEPS-time
Off-beam y-y-time 73
chopped beam 30@2s on/3 ms off
prompt veto
microsecond clock
Conversion coefficient 73
chopped beam 64Qs on/5.30 ms off
superconducting solenoid in lens mode
prompt veto
microsecond clock
Ge-time, SfLi)-time

jority of the new spectroscopic information obtained in thisdetectors fire within 20 ns of each other. Note that by making
work results from the depopulation of this long-lived iso- use of the microsecond clock, sughrays arriving in the
meric state, with specific aspects of the analysis describeddeam-off period between 2.53.53 ms were normalized and
below. (Prompt and short-delayed data obtained in the earliesubtracted from those arriving in the out-of-beam period
experiments were analyzed in a similar fashion, with time0.425-2.5 ms. This effectively removed long-livég-1 mg
and y-ray coincidences being sorted into a variety of matri-contaminant3 and isomeric decays as demonstrated in
ces, for which the conditions are given in the text whereFig. 1.
relevant) (i) Gamma-gamma-time-difference cube for which two
The nature of this out-of-beam experiment was such thaaxes are thesray energies and the third is the time differ-
the trigger condition demanded that all of the events colence between the two signals. This facilitates the measure-
lected occurred during the time when the beam was swepnent of short-lived <1 us) half-lives.
off. The raw data were sorted into a variety of matrices and Each of these coincidence regimes can then be subdivided
cubes, subsequently used to produce background subtractado two sections(a) where both events were detected in the
spectra, each based on a particular typeygftiming rela-  coaxial germanium detecto(s-y), and(b) where one event
tionship as follows: was detected in a coaxial germanium detector, and one in a
(i) Narrow-y-y subtracted matrix: events in which two planar LEPS §-X).
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. 7%Req, LEVEL SCHEME

Total projection of raw y—y matrix |

X—rays

1000000 A partial level scheme resulting from this study is shown

2] =
§ 500000 < in Fig. 2. When making spin and parity assignments, as dis-
© - cussed in this section, the following criteria have been con-
200000 J S5 383 sidered.
bl s} All nonisomeric levels {;,,<1 ns) observed in the experi-
100000 Total projection of subtracted matrix | mants are assumed to decay i, E1, or E2 transitions.

Relative y-ray intensities, for levels that deexcite by more
than one branch, can constrain assignments.
For transition energies below200 keV, intensity balanc-

60000

Counts

20000 8 8 ing can be used to determine total electron conversion coef-
3% B = s ficients. Comparing these to theoretical valji¢s] enables
Energy (keV) discrimination between some multipolarities.

Systematic features, such as transitions continuing a regu-
lar rotational sequence, are also considered, but in the ab-
sence of additional information the spins and parities of these
levels, as with all uncertain assignments, are given in paren-
theses. Th& quantum number is used as a convenient label
and is usually considered to be equal to the spin of the band-
head. This assumption is discussed in more detail in Sec. IV.
B. Conversion electron measurement Table Il gives the energies and delayé&alt-of-beam
ray intensities of the transitions placed in th€Re level

Out-of-be_am measureme_nts of conversion eIe_ctronslwer cheme from this work, together with spin, parity, and band
also taken in order to confirm or aid multipolarity assign- assignments.

ments for specific transitions in the decay path of th@5
ms isomer. Both electrons angrays were detected, timed A. K™=2* (ground-state) band

H 11
relative to the Pglffd bea640 us on, Sfooﬂs off) of =B The ground-state band has previously been observed up to
ona 2.3 mgem? *¥b foil placed at 30°to the beam direc- |™=(35/2") [7] with Al=1 transitions identified as far as

tion. The electrons were detected with a cooled.iSidetec-  27/27%. Firm spin and parity assignments have been made up
tor located inside a superconducting solenoid operating ifio thel "=33/2" state[7]. Here, delayed feeding from higher
lens mode[10]. A 1%u source was used to calibrate for spin states enters the band at the 252252-keV level via
energy and efficiency in both electron aneray detectors. 304- and 367-keV transitions, at the 1714-keV 21Kate
Several field limits were used in the lens-mode operation tvia a 340-keV decay, and at the 19/Band member, fed by
optimize particular regions of the electron spectrum. Thes@ 616-keV transition. The relatively high intensity of the in-
included conditions to accept electrons in the 200—650-ke\raband transitions linking the lower spin states in tié
range, and a fixed field case centered near the conversign®/2 band(e.g., the 124- and 156-keV transitionsug-
lines from the 1272-keV transition, necessary because of itdeSts_other, stronger routes may populate the levels below
low absolute intensity. For each arrangement, matrices of — +//2° from the 3160-keV state. Candidate transitions
electron energy vs time angray energy vs time were con- are discussed in Sec. Il 1.

structed and gated to produce electron andhy spectra i
which could be manipulated to select the isomer decay and B. K7=3" band

remove the intense activity lines. The complementary matri- The|™=5/2" 65-keV 95us isomer is the bandhead of a
ces were used to provide an independent measure of the lifelecoupled one-quasiparticle band. The=1/2" level lies at

FIG. 1. The top panel shows the totgly projection, dominated
by long-lived 8 decays, such as the 106- and 237-kgYvay tran-
sitions from 7®Ret32Mn- 178y Bottom panel: projection of the
subtracted matrixsee text for details The *Re internal decays
(labeled are clearly visible. Note the different vertical scales.

time of the long isomer. 118 keV[12]. The cascade okl =2 decays has been iden-
tified as far as 49/2 at 5575 keV in this work, forming the
C. Half-lives yrast line up to at least spin 45/2. This band is fed at spin

29/2 and 33/2 by intense 1272- and 653-keV transitions, re-

Half-life information in the present study is obtained by spectively, from aK™=(31/2") state elucidated in Sec

examining background subtracted time spectra obtained fro
v-time matrices. These measurements involve plotting the
relative time of they-ray events with respect to the prompt
beam pulses, and were fitted with an exponential decay. This
technique is suitable for spectra without a prompt lifetime The strongly coupled band built onk&™=9/2" bandhead
component. For shorter half-lives obtained from taime  has been established with firm spins and parities up to 39/2
matrices and for the time-difference spectra produced fromi7,13] with Al=1 y rays extending t6”=37/2". However,

the y-y-At cube, the resulting spectra were fitted with auntil the present work, the excitation energy of this band
prompt-Gaussian function convoluted with an exponentialwith respect to the ground state, together with the entire sec-
decay, a technique which is suitable for lifetimes in the nanotion of the level scheme incorporating the levAland band
second regime, or longer-lived states coincident with aC, was unknown[Note that theK™=(17/2") band was not
prompt response. previously known| From the short delayed dataollected

C.K"=2" band
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TABLE II. Energies, assignments, and relative out-of-beam intensities, for transitions obseréRen

The uncertainties in the transition energies &r@.2 keV.

E,(keV)? E E; 17 7 I (delayed Band— Band
(18 5408 5390 (47/2,4912  (45/2") 7qpisomer—E
(25) 3277 3253 (31/2) (31/2%) (31/2+)—B
50.4 115 65 9/2 512~ 1.8(10) 1/2——1/2—
(56) 5408 5352 (47/2,4919)  (45/2%) 7qpisomer—F
117 3277 3160 (31/2) (29/2%) 25(3) (31/2+)—D
124.2 124 0 712 5/2* 30.003) 5/2+ —5/2+
130.2 1902 x  1772+x (25/2") (23/2) 7.0(10) c—C
146.3 3277 3131 (3112 (29/2%) 19.48) (31/2+)— (17/2+)
151.6 1978 1826 (2112 (19/2) 2.1523) BB

153.7 1772 1618 (1972 (1712) 8.2(14) A—A

155.6 280 124 92 712" 44(6) 5/2+ —5/2+
165.2 5352 5186 (4512 (43/2°) 40(6) FoF

165.5 252 87 1172 9/2~ 80.0(10 9/2— —9/2—
168.8 284 115 1372 9/2~ 1004) 1/2——1/2—
174.5 1989 1814 (191 (17/2%) 15.921) (17124 ) — (17/2+)
178.3 3456 3277 (331 (31/2%) 71(4) E—(31/2+)
186.1 466 280 11/2 9/2" 49(6) 5/2+ —5/2+
194.3 447 252 13/2 11/2 1279) 9/2— —9/2—
194.3 2183 1989 (2112 (19/2%) 6.6(10) (17/2+)— (17/2+)
194.7 2097-x 1902+ x (27/12%) (25/2%) 14.010) c—C
206.2 1978 1772 (2112 (19/2°) 10.117) BoA

208.6 2187 1978 (2312 (21/2%) 13(4) BB

211.1 677 466 13/2 11/2* 38(3) 5/2+ —5/2+
214.0 2397 2183 (2312 (21/2) 8.1(14) (17/2+)— (17/2+)
217.9 665 447 15/2 13/27 98(6) 9/2— —9/2—
228.9 2326-x 2097+ x (29/2%) (27/2%) 13.510) C—C
229.9 2417 2187 (2512 (23/2%) 10(3) B—B

231.0 2628 2397 (2512 (23/2%) 16.615) (17/2+)— (17/2+)
236.8 914 677 15/2 13/2* 16(3) 5/2+ —5/2+
241.4 906 665 1712 15/2° 41(4) 9/2— —9/2—
244.9 5408 5163 (47/2,4913  (45/2") 58(5) 7qpisomer—G
246.1 1544 1298 (1712 15/2" 4.914) A—A

249.5 2877 2628 (2712 (25/2) 3.6(11) (17/2+)— (17/2+)
252.7 1166 914 1712 15/2* 22.7122) 5/2+ —5/2+
254.1 3131 2877 (2912 (27/2%) 13.1(14) (17/2+)— (17/2+)
255.1 2581 x 2326+ X (31/2%) (29/2%) 15.410) C—C
258.1 1164 906 1972 17/2 34(3) 9/2— —9/2—
264.7 3542 3278 (3312 (31/2%) 77(6) F—(31/2+)
265.2 2252 1987 2512 23/2" 14.216) 5/2+ —5/2+
269.8 1814 1544 (1712 (17/2°) 5.3(16) (17/2+)—A
270.2 1437 1167 1972 17/2* 17.919) 5/2+ —5/2+
272.3 1986 1714 2312 21/2* 6.1(13) 5/2+ —5/2+
277.0 2694 2417 (271 (25/2%) 7.4(10) B—B

277.6 1714 1437 2112 19/2° 15.316) 5/2+ —5/2+
279.8 280 0 92 5/2* 5.921) 5/2+ —5/2+
286.1 570 284 17/2 13/2° 15013 1/2——1/2—
291.7 3995 3703 (3712 (35/2%) 59(7) GG
296.0 3456 3160 (3312 (29/2%) 130(7) E—-D

298.5 3841 3542 (3572 (33/2°) 78(5) FoF

304.0 2556 2252 (2712 25/2" 10.720) D—5/2+
310.3 3766 3456 (3512 (33/2) 220(16) E-E

312.0 4153 3841 (3712 (35/2°) 52(3) FoF
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TABLE Il. (Continued.

E,(keV)? E; E; I 17 | (delayed Band— Band
313.0 4308 3996 (3912 (37/2%) 55(6) G—G
314.2 4080 3766 (371 (35/2%) 214(8) E-E
318.3 4398 4080 (391 (37/2%) 1697) E-E
320.3 1618 1298 (1712 15/2 11.321) A—A
322.1 4720 4398 (4112 (39/2%) 165(6) E—E
327.8 4480 4153 (3972 (37/2°) 33.323 F—F
329.9 5050 4720 (4312 (41/2%) 125(5) E-E
339.7 2053 1714 (23/2) 21/2* 20(5) D—5/2+
339.9 5390 5050 (4512 (43/2%) 1887) E-E
341.7 466 124 11/2 712" 15(7) 5/2+ —5/2+
344.4 4825 4480 (41712 (39/27) 10.0014) FoF
359.8 447 87 13/2 9/2~ 16(3) 9/2— —9/2—
361.7 5186 4825 (4312 (41/2°) 22.917) F-F
367.5 2619 2252 (27/2) 25/2* 9.6(8) D2—5/2+
368.9 2183 1814 (2112 (17/2%) 22.524) (17/2+)— (17/2+)
392.2 962 570 21/2 17127 141(10 1/2— —1/2—
397.2 677 280 13/2 9/2" 29(3) 5/2+ —5/2+
408.1 2397 1989 (231 (19/2%) 9.4(16) (17/2+)— (17/2+)
411.8 665 252 152 11/ 18(4) 9/2— —9/2—
425.2 4733 4308 (4112 (39/2%) 54(8) G-G
426.0 3703 3277 (3512 (31/2%) 90(14) G—(31/2+)
429.9 5163 4733 (4512 (41/2%) 55(9) G-G
444.8 2628 2183 (2512 (21/2%) 29.223) (17/2+)— (17/2+)
447.9 914 466 15/2 11/2% 21(3) 5/2+ —5/2+
459.3 906 447 172 13/27 20(3) 9/2— —9/2—
474.0 1772 1298 (1972 15/27 9.0(22 A—A
480.6 2877 2397 (2712 (23/2%) 6.5(15) (17/2+)—(17/2+)
483.8 1446 962 2572 21/2° 114(8) 1/2— —1/2—
489.0 1166 677 1712 13/2* 24.824) 5/2+ —5/2+
500.4 1164 665 1972 15/2" 17(3) 9/2— —9/2—
503.0 3131 2628 (2912 (25/2%) 51(3) (17/2+)— (17/2+)
506.9 2694 2187 (271 (2312 5.6(12) B—B
515.4 1814 1298 (1712 15/2 2.5(8) (17/2+)—A
522.7 1437 914 1972 15/2% 27(3) 5/2+ —5/2+
525.9 3160 2634 (2912 (27/2%) 29.417) DD
537.4 2252 1714 2512 21/2* 21.020 5/2+ —5/2+
540.6 3160 2619 (2912 (27/2%) 23.1(12) D—D
547.7 1714 1167 2112 17/2¢ 23.124) 5/2+ —5/2+
549.9 1986 1437 2312 19/2* 13.821) 5/2+ —5/2+
559.0 3253 2694 (3112 (27/2%) 8.0(15) B—B
559.3 2005 1446 2972 25/2° 82(6) 1/2——1/2—
565.3 2619 2053 (271 (23/12)* 23.012) D—D
581.0 2634 2053 (271 (23/2)" 5.7(7) DD
(604) 4308 3703 (39/2) (35/2%) 4.024) GG
604.0 3160 2556 (2912 (27/2%) 6.3(16) D—D
608.2 1772 1164 (2972 19/ 14.619) A—9/2—
610.4 4153 3542 (3712 (33/27) 22(3) FoF
616.3 2053 1437 (23/2) 19/2* 6.2(22) D—5/2+
618.9 2624 2005 3312 29/2" 25(4) 1/2——1/2—
624.4 4080 3456 (3712 (33/2%) 27(3) E—E
632.2 4398 3766 (3972 (35/2%) 38(3) E—E
632.7 1298 665 152 15/27 8.8(21) A—9/2—
639.9 4480 3841 (3972 (35/2°) 47(3) FoF
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E,(keV)? E; E; 17 I | (delayed Band—Band
640.0 4720 4080 (4112 (37/2%) 66(4) E-E
651.3 5050 4398 (431 (39/2%) 52(3) E-E
653.4 3277 2624 (311 33/2 31.425) (31/2+)—1/2—
669.3 5390 4720 (4512 (41/2%) 107(5) E-E
671.6 4825 4153 (4112 (37/2°) 16.721) F—F
706.1 5186 4480 (4312 (39/2°) 44(3) F—F
727.8° 1298 570 15/2 17/ A—1/2—
738.1 4733 3995 (411 (37/2%) 5.0(34) G-G
850.6 1298 447 152 13/ 1.1(8) A—9/2—
866.3 1772 906 (1972 17/ 16.822) A—9/2—
908.5 1814 906 1712 1712 4.1(12) (17/2+)—9/2—
953.4 1618 665 (1772 15/2° 3.414) A—9/2—
1013.8° 1298 284 15/2 13/ A—1/2—
1045.0 1298 252 1572 11/27 0.511) A—9/2—
1098.0 1544 447 (1712 13/27 3.6(16) A—9/2—
1107.3 1772 665 (2972 15/27 17.625) A—9/2—
1149.6 1814 665 (1712 15/2 3.1(9) (17/2+)—9/2—
1171.0 1618 447 (17712 13/ 1(1) A—9/2—
1188.1 2634 1446 (2712 25/2° 19.511) D—1/2—
1271.8 3277 2005 (3112 29/2° 49(3) (31/2+)—1/2—

8Uncertain transitions have energies quoted in parentheses to the nearest keV.

®The energy of the 117-keV decay is given to 1 keV due to contamination by a close-lying unplaced transition
(see text for details

‘Included in the level schen&ig. 2), but observed only in the short pulsing détans on/1712 ns off See

text for details.

25 ns—1540 ns after the beam burst, with beam pulsing of 1(Sec. Il H), via a previously unobservei™=(17/2") band

ns on/1712 ns off weak(but firm) links (included as dashed have been identified, further confirming the 87-keV energy

lines in Fig. 2 to excited members of th€™=1/2" band of the K"™=9/2" one-quasiparticle bandhead. It should be

have been identifietsee Sec. Ill D. The resulting bandhead pointed out that no half-life or half-life limit has been placed

energy for theK”=9/2" structure is 87 keV. In the long on the decay of th&™=9/2" bandhead, as neither the tran-

out-of-beam study, intense links from tH&'=(31/2") level  sition to the ground statévia an 87-keVM2 decay nor to
thel "=5/2" isomer(via a 22-keVE2 multipole have been

i g 798 keV gote (from levels A) | seen. Both of these would be highly converted, with conver-
- g © o ] sion coefficients ofx(87)=81 and«(22)=5370, respec-
*g I i - ] tively. Feeding in to the known members of tK€=9/2"
8 25t c N ¥ . band above spin 19/2 could not be ruled out in this study, and
r 3 2 e would be consistent with the population intensity of the
5;M,.,J udl o A A bkt gt s ] 258.1- and 500.4-keV in-band transitions.
120 8 1014 keV gate {from levels A)
” D. LevelsA
§ 0 o X The 1298-keV level decays via three branches toKfe
I | N =9/2" band, the most intense of which proceeds to Ithe
I L 1 ‘L J » Cl J X © =15/2" member with the remaining decays linking the
0 100 300 500 700 900 13/2" and 11/2 states. In the short pulsing data the 728-

Energy (keV) and 1014-keVy rays to the 17/2 and 13/2 members of the

FIG. 3. Top:y-ray spectrum gated by the 728-keV linking tran- K" =1/2" band, respectively, have been established. Note
sition between level# and theK™=1/2" band. Bottom: the spec- that while the 728- and 1014-keV transitions were not ob-
trum gated by the parallel 1014-keV transition. Contaminant decay§erved in the millisecond off-beam work due to the lower
in 18 are denoted by “c.” The spectra are produced from the (iSomerig population intensity for this part of the decay
y-y-time experiment with beam pulsing of 1 ns on/1712 ns off. Scheme, these two transitions are included in Fig. 2 because
Conditions on the matrix specify that aji rays occurred in the of their pivotal role in establishing the excitation energy of
beam-off period between 25 and 1540 ns after the beam burst. the K™=9/2" band and connected structures. Spectra gated
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146 keV gate (from (31/2%) level) | 103 L L B L L B L L B L I L
o L ]
el - -
2 3 i t /9= 408 ns 1
g, % B o . 1/2
o8 358 F / b
350 450 | 550 650 102 L |
Y C ]
@ C ]
o
g L i
Q
O -
750 850 950 1050 150 25 1350 101

Energy (keV)

FIG. 4. Coincidence spectrum gated by the 146-keV transition
from theK™=(31/2") level to theK™=(17/2") band. Contaminant
¥ rays at 106 and 237 keV frot® are indicated by “c.”

Ol v v v b vy by
by these transitions are shown in Fig. 3. In the absence of ¢ 10 0 1000 2000 3000 4000

measurable half-life the presence of these five decay path time [ns]
leads to a firmK™=15/2" label for the 1298-keV state for

the first time, in agreement with the earlier tentative assigné atEleByﬁé éAGtir:r? dsffgérﬂvsg(;ﬂ?t?or ?Eg::;ee ‘:Lr%ir;]hﬁd data
ment [7]. A K™=13/2" assignment would be inconsistent ) . :

. o corresponds to 408 ns. The beam pulsing conditions forjttise
\évggdﬁzzd%bjfr\l/”e% 515-keV branch from the"=17/2" measurement were 0.54s on/19.8us off.

Two candidates for the first excited state built on the i i i ,
1298-keV level lie at 1544 and 1618 keV. The energy ofvation of hlgher Iy_mg _rotatlonal members of this structure
Al=1 transitions in the ground stat@53 keV) and K7  would clarify the situation. _
—9/2” bands(242 ke\) at the same spifiL7/2) suggests that The most intense depopulation of the 1618-keV level
the 246-keV transition would match the expected moment of2kes place through a 320-keV decay to the 1298-keV
inertia. Therefore this arrangement is the one adopted here:,715/2_ level, leading to possible spins and parities of
although interchanging the 1544- and 1618-keV states does’/2 » 17/2, 15/2", or 15/2" for the 1618-keV level. The

not lead to a significant change in the interpretation. ObseVeak links to the 13/2 and 15/2 states in hé=9/2" band
and the absence of a branch to the 11/2 member results in a

1500 preferred tentativeK™=(17/2") assignment in agreement

with Ref.[7].
,.JX'/./. om0 The level at 1772 keV de-excites by transitions of 1107,
M/./‘ T e 866, and 608 keV to thE"=15/2", 17/2", and 19/2 mem-
1000 1 bers of theK™=9/2" band, respectively, with approximately

equal intensity. This suggests eithef=19/2" or 17/2" as-

EJ signments. A tentativek™=(19/2") label is used here as

= favored by a DCO analysis performed by Venkataal.[7].

\i:_ 500 &—e 5/2" gs band

% 0 V2 band (LT

w =—a (17/2") band E.K"=(Z7) band

0 it The newly identified bandhead at 1814 keV decays by
e four branches to 1772 and 15/2 states belonging to both
¥ -V (352) band G the K™=9/2" band and levelsA. An associated strongly
coupled band with botAl =1 and accompanying crossover
04 600 800 transitions has also been observed. The band member at 3131

g
It+1) 1] keV is strongly fed from theK™=(31/2") state via a 146-
FIG. 5. A plot of excitation energy with a rigid rotor reference keV decay. This transition has a total electron conversion

energy subtracted versus the square of the total angular momentuffPefficient (from intensity balancing of a-(exp)=2.7
Closed symbols represent positive parity bands, open symbols indi- 0-5; establishing it as aM1 multipole [ at(M1)=1.83,
cate negative parity sequences. The extension ofktfie5/27,  a1(E1)=0.15, @(E2)=0.98, andar(M2)=11.8 [11]].
1/2-, 9/2°, and 23/Z bands beyond the spins given in Fig. 2, are (Note that including the quadrupole admixture, calculated in
taken from Ref[7] for completeness. Dashed lines refer to uncer-Sec. IV B, for the 254-keV in-band transition involved in the
tain spins or energies. The excitation energy ofkife=23/2" band  intensity balancing has a negligible effect on the electron

may be up to 140 keV above that shown here. conversion coefficient determined for the 146-keV transi-
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1800 tational sequence, distinct from th€™=19/2" 1772-keV
level. The new 2694- and 3253-keV states assigned to band
B in the present work are assumed to be fed by an unob-
served 25-keV transition from th&™=(31/2") level at
3277 keV. This is based on coincidence relations between
transitions in band and higher lyingy rays. The decay of
the 1826-keV bandhead to the 1772-k&F=19/2" level
(via an unobserved 54-keV transition, not shown in Fig. 2
together with the 206-keV transition and feeding from higher
states suggests possible spins and paritie& Bf 19/27/~
and 17/2'~. The tentativek "= (19/2") assignment, chosen
750 80 @0 050 . 750 250 1350 here for bandB, is based on the absence of decays to the
Energy (keV) K7™=15/2" state at 1298 keV. The weak population of band
FIG. 7. Gamma-ray spectrum gated by the 286-keV 17/2 B is.consistent with its nonyrast stat(see Fig. 5 No infor-
—.13/2" transition in theK™=1/2~ band. Coincidences with band Mation about the half-life of the 1826-keV bandhead could
E can be clearly observed and occur through the 526-, 653-, 1188b€ obtained in this work due to its insufficient statistics. The
and 1272-keV links. level is reported to be isomeric by Venkoeaal. [7], but
they could not determine the half-life due to the low intensity
of the transitions during the in-beam work.

§ 286 keV gate (1/2” band) ]|

1272 ©

706

20

tion.) Considering the preferred™= (31/2") assignment for
the state at 3277 kelsee Sec. Il Bland anunstretched M
assignment for the 146-keV transition leads toM@ clas- G.BandC
sification for the 1150-keV decay out of the bottom of this  TheK™=(19/2") level at 1772 keV is fed by an isomeric
band (visible in Fig. 4. Hence the 1814-keV bandhead is intrinsic state whose half-life is determined to be 402 ns.
given a tentativeK "= (17/2") assignment with the 146-keV This half-life is shown in Fig. 6. Note that Venkoea al.[7]
transition as astretched M. multipole.[Note that the alter- showed that a>0.4 us half-life was associated with band-
native K™= (33/2") assignment for the 3277-keV state re- headC rather than the 1772-keV state by means of a time-
sults in aK™=(19/2") assignment for the band built on the difference analysis. The direct decay from the isomer has not
1814-keV level] With the preferredK™=(17/2") assign- been observed, but Venkow al. [7] indicated that the en-
ment the excitation energy of this band is relatively high asergy should bes140 keV. The tentativ&K "= (23/2") as-
compared to corresponding levels in similar bands, as showsignment was madg7] considering energy systematics and
in Fig. 5. This is consistent with its nonobservation in thecomparing the half-life to the Weisskopf single-particle esti-
earlier prompt spectroscopic study by Venkataal.[7] and  mate. The first fourAl =1 transitions are observed here,
this work. populated by an unidentified routmarked as “?” in Fig. 2
from the K™=(31/2") level. The strong population of this
F. Band B band in the earlier prompt experimeiM| supports the cur-
Above the 1826-keV bandhead, several excited statersemKW:(Z?’/2+ ) assignment leading to_the near-yrast place-
ent of bandC in the energy systematics shown in Fig. 5.

have been observed, but no firm assignments have be enkovaet al. [7] also concluded that thg-factor analysis
made. The energies 152, 209, 230, and 277 keV form a rOs_,upported their configuration for this ban&ee Sec. IV D

for the configuration).

314 keV gate (band E) 1

Re K

H. K™=(3) level

The state at 3277 keV deexcites through intense 653- and
1272-keV transitions to the 33/2and 29/2 K"=1/2"
states(evidence for which can be clearly seen in the spec-
trum of Fig. 7. Results from the electron spectroscopy mea-
surement for the 1272-keV decay yieldxk(exp)
=0.0026+0.0009, which may be compared to theoretical
values [11] of ay(E1)=0.0010, ax(M1)=0.005, and
ak(E2)=0.0025. The measured value fav@g, but could
still be compatible withE1 multipolarity within two standard
deviations. Intensity balancing for the 117-keV transition,
depopulating the 3277-keV state to level3, vyields

FIG. 8. X-ray (LEPS spectra gated by, top: the 314-keV tran- @7(exp)=3.7+0.7, favoring arM 1 assignment, but not rul-
sition in bandE; bottom: the 706-keV transition in barfél Unas-  ing out E2 multipolarity [a+(M1)=3.45, a1(E1)=0.26
signed transitions with energies of 119 and 294 keV are indicate@nd a1(E2)=2.25[11]]. (The large uncertainty associated
by *. See text for details. with the conversion coefficient is due to contamination from

Energy (keV)
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TABLE lll. Electron conversion coefficients for transitions in badand the 1272-keV decay from the
K™=(31/2") level.

E, Shell a(exp Theoretical coefficients 82

(keV) E1l M1 E2 ExptP Calc®

310 K 0.253) 0.018 0.190 0.054 M1
L 0.0246) 0.0029 0.030 0.021 (@)

314 K 0.162) 0.018 0.185 0.052 0.2B3) 0.14
L 0.0306) 0.0028 0.029 0.020 M1

318 K 0.104) 0.017 0.177 0.050 1(85) 0.11
L 0.0246) 0.0027 0.028 0.019 0(85)

322 K 0.163) 0.017 0.171 0.049 0(3) 0.14
L 0.0305) 0.0026 0.027 0.018 M1

330 K <0.104) 0.016 0.162 0.046 =1.2(11 0.11
L 0.03312 0.0025 0.025 0.017 M1

340 K 0.133) 0.0149 0.149 0.043 0.226) 0.12
L 0.0177) 0.0023 0.023 0.015 (31

1272 K 0.00269) 0.0010 0.005 0.0025

&Taken from Ref[11].

®The quadrupole mixing ratié? [see Eq(1)], has been extracted using the measured electron conversion
coefficients(Expt) and has been determined from theay analysis using the rotational model expressions
in Sec. IV B(Calc,), assuming mixedM 1/E2 transitions. Wheré 1 is specified instead of the Expt. value
no E2 admixture is necessary.

a close-lying unplaced transition; see Fig. 8n E2 assign- I. Levels D

ment for the 1272-keV transition toge_ther whhl character The 2053-keV state shown in Fig. 2 feeds the=5/2"
for the 117-keV decay would make it necessary forhag
transition to depopulate at least one of the states labeled
levels D in Fig. 2, although no appreciable half-lives have o n .
been observedThe Weisskopf single-particle estimate for a the 340-k_ev transmc_)n suggejs;[s Bf=(23/2)" assignment,
500-keV M2 transition is 32 n$.In addition,E2 character but a spin and.parlty .Of 21 can.not be ruled OUt.' T_he.

for the 1272-keVsy ray combined with the determination of 2053-keV level is qon5|dered rotational rather than intrinsic
the 178-keV transition, depopulating bafd as M1 (see due to the obse_:rvatlpn _ofa reguf_;zuray cascade of 502, 4_41,
Sec. 111 ), would lead to &™=33/2" assignment for band ar_ld 377 k_e_V, in coincidence Wlth the 5_65-keV and higher

E, resulting in poor agreement between the measured aHM'”Q tran3|t|on§. These are not included in the decay scheme
calculatedg factors (see Tables V and VI Note that the ©f Fig. 2 as their connection to the™=5/2" band could not
296-keV transition crossing the 178- and 117-keV decay®e established. These transitions, together with the 565-keV
constrains the maximum spin of bandheBdto 33/2 7. decay, are considered as candidates for a signature sequence
Therefore the favored character for the 1272-keV decay iof stretchedE2 radiation, and are coincident witat least

E1. This assignment is consistent with the approximatelythe 124 keV 7/2—5/2" yray in the ground-state band. This
equal intensity of the competing 653-keV transition, alsois the basis for the tentativé = (27/2") assignment for the
originating from the 3277-keV level. This results ink&™  2619-keV level. In Fig. §top) the 119- and 294-keV transi-
=(31/2") assignment for the 3277-keV level. From the tions remain unplaced, partly due to their close proximity to
analysis of time-difference spectra, the half-life of this stateother transitions. These two decays are also candidates for

round-state band via 340- and 616-keV transitions to the
/2 and 19/2 members, respectively. The higher intensity of

is typ<lns. the missing link between level3 and the ground-state band.
The three level$D) at excitation energies of 2556, 2619,
450} ' ' ' ' " 706 ke gate (band F) ] and 2634 keV have similar population strengths and, in the

case of the 2556- and 2619-keV levels, de-exciteyay
transitions to the 25/2 member of the ground-state band.
Thus all three states are assignEt=(27/2)". The K™
=(31/2") intrinsic level has a strong branch to the 3160-
keV state via a 117-keV transition with a preferr®dl as-
signment from the intensity balancing discussed in Sec. Il H
above. Together with the observation of the 296-keV transi-
FIG. 9. Spectrum gated by the 706-keMay transition in band tion from the 3456-keV level in band to the 3160-keV state

F. The subsequent de-excitation of this band via the 328-, 3124in levelsD, this means that the possible assignments for the
299-, and 265-keV transitions is clearly visible. 3160-keV state ardk™=(29/2)", (31/2)*, and (31/2).

00 5
Energy (keV)
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0 | | | FIG. 11. A plot showing excitation energy as a function of spin
10 0 = Il = '2 = 3 for the predominantly yrask™=1/2" band (solid line) and the
time [ms] intrinsic states; positive paritffilled squarey negative parityfopen
squares

FIG. 10. A time spectrum showing the half-life of the seven-
quasiparticle isomer at 5408 keV. The line through the data correbeen observed up i6=(43/2"), in a regular sequence with
sponds to a 466:s half-life. The beam pulsing conditions were 0.11 crossover decaysee Fig. 9. The 265-keV transition placed
ms on/6.4 ms off. at the base of bané does not continue the regular behavior
and no corresponding crossover has been identified. There-
fore an out-of-band deexcitation is considered likely with
eitherE1 or E2 multipolarity. (An M1 multipolarity is also
plausible, but a crossing2 may be expected as observed for

The K™=(29/2)" option is preferred as this leads to a
stretched(117-keV) M1 transition when the favor assign-
ment of K™= (31/2") is considered for the 3277-keV state.

The loss of intensity across this 3160-keV state in the coin; and E. Therefore, in the absence of further information, an
cidence analysis, suggests that there may be other, uno

served decay paths depopulating this level. The half-life limit 1 a33|gnm_ent is thought less likely than t_he alternat]ves:
for the 3160-keV level ig: <1 ns. Gyromagnetic factors have also been examined and are dis-
1/2 : A
cussed in detall in Sec. IV B.

A 165-keV decay is in coincidence with transitions band
F. A large uncertainty on the conversion coefficient from

Band E is the most strongly populated sequence in thentensity balancing due to the presence of other transitions
decay of the high-seniority isomer. The electron-with close lying energies means that only i decay can
spectroscopy measurement has established the 310-, 31#%e discarded. Th&1 assignment attributed to this decay is
318-, 322-, 330-, and 340-keV transitions in baa@s pre- favored by the resulting2 feeding transitions to bands F,
dominantly ofM1 character, with accompanyirie2 cross- andG, from the ~0.5-ms isomer. A more in-depth study of
over transitions also identified. The results are shown irthis is described in Secs. Il M and IV E. The resulting as-
Table Il Independently, balancing the intensity of the 310-signment is an uncertairf = (45/2") for the 5352-keV state
and 624-keV in-band transitions with the 178-keV transitionwhich could be either intrinsic, or a rotational level decaying
(in a spectrum gated by the 1272-keV dectyough which  out of band. This state is fed by the0.5 ms isomer. The
bandE depopulates to this ™= (31/2") state, requires a total 165- and 265-keV transitions are in coincidence with each
electron conversion coefficient efr(exp)=1.4=0.4. This  other and all members in the band. Their placement above or
is consistent only withM1 character[a1(M1)=1.05, below the band is uncertain.
a1(E1)=0.09, andat(E2)=0.48[11]], leading to aK™
=(33/2") assignment for ban&. (For an unstretched 178- L. Band G
keV M1 transition, a competing dipole decay from the 3766-
keV state would be possibjeThe excited states belonging to
bandE have been observed up t&=(45/2"). The regular
closely spaced transition energies in this band, especially t
six Al =1 transitions with 31&E <340 keV, lead to a dis-
tinctive feature in they-ray spectrdsee, for example, Fig.)7

J. Band E

The third structure to be populated from the de-excitation
of the ~0.5-ms state is ban@. Again, only a preliminary
H ssignment was possible for these levels as there are only
three regular energies, wiilpossibly twg associated cross-
over transitions. The bandhead assignmenk 6 (35/2")
has been selected due to the laggiactor expressed by the
strongAl =1 in-band transitions compared to the very weak
Al =2 decays. Three transitions in this collection of levels
The structure labeled as baidin Fig. 2 has not previ- have energies 245, 426, and 430 keV and their multipolari-
ously been observed. Rotational cascade transitions havies and order could not be determined. However, the weaker

K. Band F
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10* ; ; ; ; ; ; for higher multipolarities the Weisskopf single-particle half-
life estimates become excessively large compared to the
measured partial half-life. For example, an 18-Ke¥ tran-

s L sition gives t2"*=0.4 s (including electron conversion
T i S whereas an 18-keWl2 transition yieldst2"s =14 us. If

the deexcitation proceeded by &m2 transition it can be
argued that théigher energy B transition to the next mem-
ber of the (33/2) band would be able to compete. However,
no significant feeding is observed into tk&3/2) or lower
spin levels of band. This leaves three possibilities for the
nature of the decay out of the seven-quasiparticle skie;
— — - Observation limit 1 M1, orE2, corresponding to (47712, (47/2"), and (49/2)
assignments, respectively. It may be argued that if the 18-
. . . . ‘ . keV transition wereM 1, then a competing2 decay would
2% ransitionenergy (keV) ' be expected, but such a quadrupole decay might be weaker
than the dipole decay, and could therefore remain unob-
FIG. 12. A graph of calculated peak area in the LEPS as aerved.
function of transition energy for various multipoles. Thegeay The yrast status of the seven-quasiparticle state can be
intensities are normalized to the 310-keV decay in the 314-keVinferred by comparison of the normalized singles intensities
?"’t‘tedd x-rall(y spectrurfFllg. 8 (Eﬁp)]' t;he uncgrtlalr_ltles_ In tne Ca'C“'Tof the prompt transitions in thé ™= 1/2~ band from the 45/2
ate eakK areas are less an € Sympol size In all cases. . .
obser\?ation limit (long-dashed ling cor)r/esponds to 150 counts %%d 49/2h Ievels(a}t_4756_ and 5575 keV, respectivilyith
above background in the spectrum within 1 kéfWe channelsin _the delayed tranS|t|orls n bgrEi at (45/2) h The r.esul'ts.
the LEPS. imply that theK™=1/2" band is yrast at spin 45/2, i.e., it is
more strongly populated, but that by 49/2 the normalized

; . de-excitation of the isomer is the more intefi$d], favoring
lat f this band d to baBd ts that at : ) )
popuration of His bant comparec to Hgges's mhat a a K™=49/2" assignment(see Fig. 1L However, the iso-

the feeding point, levels of the same spin have a higher od " . . :
citation energy (relative to yrast at the highest energy meric state observed could still retairka=47/2 assignment
rotational-like level (41/2). This has influenced the place- and be fed by a close-lying shorter-livéd=49/2" level, .
ment of the 426-keV decay from the bottom of baBdo the therefore retaining the yrast nature of the level. The transi-
K7=(31/2") level. In the absence of other spectroscopiction rates and hindrances for the supposed 18-keV transition
information, provisional dipole assignments are chosen fof° b_andE are discussed in Sec. IV E, for all three possible
all three transitions without accompanying crossover decaygs&gnments.

in bandG (Fig. 2) solely due to considerations of the spin While this analysis gives rise 'to.a consistent'picture', it is
and parity of the~0.5-ms isomer, discussed in Sec. Il M reasonable to propose a scenario in which the isomeric state

arising from the feeding of bands andF. has an excitz_it_ion energy of 5404 keV, su<_:h that u_nob-_
served transitions feed all three of the five-quasiparticle
bandsE, F, andG. The 18-keV energy difference between
the upper levels in bandg and G would then become a
The highest energy members of baiitl$, andG are fed  lower limit on the transition energy to barfitl Assuming the
exclusively by a long-lived multiquasiparticle state with,  transition was still not seen due to a lack of counts in the
=466+ 15 us. This can be seen in the time spectrum showny-ray detectors, it is possible to impose upper limits on the
in Fig. 10. The 466us state is likely to be of seven- energy of the deexciting transition. The x-ray spectrum, pro-
quasiparticle nature, due to its spin and excitation energyected from a 314-ke\(bandE) y-ray gate, shown in Fig. 8
which cannot be made from any combination of five nucle-(top), was used for this investigation. The gate is not con-
ons near the Fermi surface 6fRe. In the scheme of Fig. 2 taminated, and the direct isomer decay is assumed to have
the excitation energy of the isomer is considered provisionthe same normalized intensity as the 310-keV transition also
ally to be equal to that of the highest observed level identiin bandE. The expected number of counts in the peak of the
fied in the present out-of-beam data, namely 5408 keV. Thislirect decay is dependent on the multipolarity and transition
implies transition energies to banéisand F of 18 and 56 energy because of electron conversion and efficiency effects.
keV, respectively. These two decays have not been observéithe results are shown in Fig. 12.
directly. However, as Fig. 8ottom shows, there is a can- In a clean LEPS spectrum the observation limit for a peak
didate low-energy 56-keV peak for the transition to b&nd is approximately 150 counts above the background within
but a firm placement is not justified here due to inconsistentive channel§=1 keV). The upper limits on the energy for a
coincidences with other transitions in baBd direct depopulation path from the 466 isomer to bande
Although it is not possible to give the seniority-sevenare: E2<70 keV; E3=<140 keV; M1<40 keV; M2
state an unambiguous spin assignment, consideration of the140 keV, withE1 transitions being ruled out down te20
direct decay to bané provides constraints. The transitions keV. (The efficiency curve is reliable for energie30 keV)
can be assumed to be bf1, E1, E2, or M2 character, since Note that the limits on the quadrupole and octupole transi-

Calculated peak area (counts)
>

M. Seven-quasiparticle 466ps isomer
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TABLE IV. Theoretical and experimental energies for one-, three-, five-, seven-, and nine-quasiparticle
states in'"*Re.

K™ Configuratioft Energy(keV)

™ v Eqp Eresb Ecalc Eexpt AE®
1/2- 1727 118 118 118 0
1/2* 1/2* 514 514
3/2” 3/2” 856 856
5/2* 5/2* 0 0 0 0
712* 712* 351 351
9/12” 9/2~ 87 87 87 0
11/2° 11/27 1190 1190
13/2* 5/2* 71271127 1540 +295 1835
15/2° 9/2” 5/2+,1/2~ 1335 —200 1135
15/2° ¢ 92~ 71271127 1610 —214 1396 1298 +98
17/2¢ 5/2* 7127512~ 1798 —137 1661 (1814 (—153)
17/ 9/2~ 71271127 1627 +314 1941
19/ 5/2* 7127, 712" 1850 —97 1753 1772 -—19
19/2% 9/2~ 9/2" ,1/2~ 2061 —156 1905 (1826 (+179)
19/ 5/2* 9/2" 5/2~ 2145 +13 2158
19/2% 712" 71275127 2148 —200 1948
21/2° 9/2~ 71275127 1885 —162 1723
21/2 5/2* 9/2" 712~ 2031 —138 1893
21/2° 712" 7127 ,712* 2201 —158 2043
21/2* 5/2* 9/2" 712" 2188 +34 2222
23/2* 9/2~ 712 ,712* 1938 —114 1824 >1772 <52
23/2° 712" 9/2" 712~ 2382 —156 2226
25/2* 9/2~ 9/2" 712~ 2119 —114 2005
25/2° 9/2~ 912t 7/2* 2275 +58 2333
27/2" © 5/2* 9/2",7/127,7/2% 112~ 3050 +46 3096
29/2" 9/2~ 5/2* 112~ 7127712 3186 —358 2828
29/2" 5/2* 9/2*, 7127 ,7/2+ 112~ 3067 —232 2835 (3160 (—325)
31/2¢ 9/2~ 9/2* 7127 5127112~ 3098 —189 2909 (3277 (—368)
312 9/2” 5/2*,1/2~ 9/12* 712~ 3366 —398 2968
33/2° 9/2~ 912t 7127 712+ 1127 3155 —189 2966 (3542 (—576)
33/2¢ 5/2* 9/2* 7127 7/2* 512~ 3340 +88 3428 (3456 (—28)
35/2* 7/12* 9/2",7/127,7/2" 512~ 3691 +319 4010 (3703 (+307)
3712 9/2~ 9/2",7/127,7/2" 512~ 3428 +87 3515
39/2* 9/2” ,5/12" 112~ 9/2" 7127 ,7/2" 112~ 4402 —492 3910
39/2° 11/ 9/2",7/127,7/12" 512~ 4531 +69 4600
39/2° 11/27,9/2~ 5/2* 7127 ,712* 4567 +466 5033
41/2 11/27,9/27 7/2* 7127 ,712* 5033 —286 4747
41/2 11/2°,9/2" 5/2* 9/2" 712~ 4748 +426 5174
43/2* 9/2" ,5/12" 112~ 9/2",7/127,7/2% 512~ 4675 —279 4396
43/2° 11/27,9/27,7/2* 9/2" 712~ 5214 —285 4929
47/2¢  11/27,9/27,7/2* 5/2F 1127 7127,712F 5866 —534 5332 (5408 (—76)
4712 11/27,9/2~ 5/2* 9/2",7/27,5/27,1/2~ 5728 +304 6032
49/2°  11/27,9/27,7/2% 512" 112~ 9/2" 712~ 6047 —573 5474
49/2* 11/27,9/2~ 5/2* 9/2",7/127,7/2% ,1/2~ 5784 +344 6128
51/2" 11/27,9/27,7/12* 912+ 7127 7/2* 1/2- 6250 —327 5923
51/2" 11/27,7/12* 5/2* 912+ 7127 ,7/2* 512~ 6389 —173 6216
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TABLE IV. (Continued.

K™ Configuratioft Energy (keV)
™ v Eqp Eresb Ecalc Eexpt AE®
53/2" 11/27,9/2~ 5/2* 9/2+ 7127712 5/2~ 6057 +318 6375
55/2¢ 11/27,9/27,7/2* 9/2+ 7127 712" 5/2~ 6523 —143 6380
57/2°  11/2°,9/27,7/2* 5/2* 112~ 92", 712 ,7/2" 112~ 7083 —634 6449
61/2- 11/2°,9/27,7/12*,5/2" 1/2~ 9/2",7/27,7/2* 5/2~ 7356 —512 6844
63/2°  11/2°,9/27,7/12*,5/2* 3/12 9/2",7/2",7/2* 5/2~ 8348 —512 7836

@rbitals:  protonsfr): 11/2 :11/2°[505], 9/2 :9/2°[514], 7/2":7/2'[404], 5/2":5/2*[402],
3/27:3/27[532], 1/2 :1/27[541]. neutrons{): 9/27:9/27[624], 7/27:7/27[514], 7/2":7/27[633],
5/27:5/27[512], 5/2":5/27[642], 1/2 :1/27[521].

PResidual interaction energies are taken from RE9).

Calculated energy minus experimental energy.

9The excitation energy of the experimental 1/&ate is taken in this case although the 542ate forms the
isomeric bandhead at 65 keV. However, the 53-keV energy difference between the two is well within the
inherent uncertainty of the blocked BCS calculations, which are only accuratd® keV.

®NonmaximalK coupling.

tions are below the 185-keV limit necessary to give an yrasscribed by Jairet al. [15]. This enables comparisons to be

isomeric state E,<5575 keV for K=49/2). It should be made between the experimental and predicted excitation en-

pointed out that higher energy dipole transitions would re-ergy spectra for the intrinsic states observed in this study.

main unobserved should they fall beneath an x-ray peak, buthe input to these calculations includes tpesdicted quad-

the ratios of the x rays in the 314-keV gated X-ray SpeCtrUfT]'upo|e and hexadecap0|e deformation parametef§,

are found to beK, /K,,=1.66-0.06 and Kg +Kz)/Kg,  =0.232 ande,=0.038 [16], respectively. The monopole

=4.10=0.41 in excellent agreement with the known valuespairing strengths for neutrons and protons were chosen as

of 1.71+0.05 and 4.36:0.11, respectively12]. This negates G,=21.5 MeV/nucleon and@s,=22.5 MeV/nucleon to re-

the possibility of significanty-ray transitions lying under the produce approximately the correct three-quasiparticle ener-

x-ray peaks. o o _ giesin"*Re. These are very close to those adopted by Purry
To summarize, the -Iower Ilmlt for the excitation energy is gt g, [4] for the isotonelszw. The single-proton energies

5408 keV with possible spin and parity assignments Ofqre adjusted to yield the correct one-quasiproton energies

47/2", 47/2", and 49/2.. The corresponding upper limits on in 1°Re, whereas the corresponding single-neutron energies

the excitation energy ares5410 (47/2), <5430 keV .

(47/27), and <5460 (49/2). Note that in each case the V\:ere ?%?f%?ved from thg fol%issljgroundmg f;dcbv;nzlgu-l
long (466 us) half-life does not have to originate from the clel 74V103,105 ANG = 765103 105 [17]. Residua
state at 5408 keV in Fig. 2, which may still in this case haveUcleon-nucleon interaction splitting energ[es] are from
a half-life, but could come from a higher-spin intrinsic level Kondev[19], and are similar to those quoted by Jainal.

which decays by a low energy transition to the 5408-keV{20]. The results are shown in Table IV. Predicted higher
state. seniority seven- and nine-quasiparticle states are included to

assist future studies.
IV. DISCUSSION Thg agreement betwgen the calculated and experimental
_ energies are generally withra1l0% or better. The agreement

In Sec. IVA, blocked BCS calculations are presentedis worst for the five quasiparticle states, in particular the
with a preliminary comparison of the predicted and observeq 7= (31/2") level and the bandhead df for which the
multiquasiparticle excitation energy spectra. In Secs. IV Byredicted energies are underestimated by 368 and 576 keV,
and IV Cg-factor and alignment analyses are carried out andegpectively. Indeed, only baril compares favorably, lying
discussed in terms of possible Nilsson configurations for thithin 28 keV of the observed energy. However, the energy

rotation.al bands observed in the current wqu. Follo'wing thisspin, and parity have not been unambiguously determined for
evaluation of the extracted experimental information, Con'any of the seniority-five levels. In addition, the five-

_figuration a_ssignments are justifi_ed in_ Sec. IVD. The beha_VQUasiparticIe structures are far from yrasind are only

ior of the five- and seven-quasiparticle structures are diSyeakly populated in-beaynwhereas the multiquasiparticle
cussed in terms of reduced transition rates in Sec. IV Ecqicylations typically work best for configurations that lie
Finally, moments of inertia and systematics of Ne=104  |\yest in energy, where the density of states and the associ-
isotones are explore(Secs. IV F and IV G ated statistical mixing are smallest.

Predictions for low-lying high spin seven- and nine-
quasiparticle states included in Table IV suggest that the
Multiquasiparticle Nilsson calculations have been per-yrast structure above the 466 isomer may be dominated
formed for *73Re;q, using the blocked BCS technique de- by intrinsic states which are within reach with stable beam/

A. Blocked BCS calculations
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TABLE V. Branching ratios and deducegl values for the rotational bands i°Re observed in this

work.
K™ Linitial E; E> Ty T T,/T, l(9k—9r)|  (9k—9r)?
(h) (keV) Expt. Calc.
5/2F 9/2 155.6 279.8 44) 6(2) 0.14(5) 1.5027) +1.167)
11/2 186.1 341.7 56) 15(7) 0.3014) 1.5337)
13/2 211.1 397.2 38) 29(3) 0.7610) 1.269)
152 2368 4479  18) 213)  1313) 11314
17/2 2527 4890  22) 252)  1.0913  1.459)
192 2702 5227  1@) 27(3) 15024  1.3411)
212 2776 5477  18) 232) 15324 14§12
23/2 272.3 549.9 @) 14(2) 2.3351) 1.2414)
25/2 265.2 537.4 12) 21(2) 1.50126) 1.5314)
9/2~ 13/2 194.3 359.8 129) 16(3) 0.12625) 0.9710) +0.957)
15/2 217.9 411.8 98) 18(4) 0.184) 1.21(14)
17/2 241.4  459.3 41) 20(3) 0.499) 0.928)
19/2 2561 5004  3@) 173 05010  1.11(12)
1772 212 1943 3689 680 22524  3.4163 +0.137)
23/2 214.0 408.1 8(14) 9.4(16) 1.1628) 0.1773)
25/2 231.0 444.8 16(65) 29.223) 1.7621) 0.18414)
2712 249.5 480.6 3(61) 6.5(15) 1.87) 0.235)
29/2 254.1 503.0 13(14) 50.531) 3.8547) 0.17Q014)
3302 372 3142 6244 218 273 012615 0292  —0.227)

(BandE) 39/2 3183 6322 149 383)  0.225200  0.311)
41/2 3221 6400  166) 66(4) 040028  0.271)
43/2  329.9 6513  125) 523)  0.41629  0.301)
452 339.9 669.3 189) 1075 0.56934)  0.291)

33/2 372  312.0 6104 52 22(3) 0.426) 0.121) —0.047)
(BandF) 39/2 3278 6399 32 47(3) 1.4212)  0.06814)

41/2 3444 6716  10) 17(2) 1.7026)  0.09514)

43/2 3617 7061 22 44(3) 1.92(21) 0.121)
35/2¢ 39/2 313.0 604 5%) 42) 0.074) 0.3414) -0.307)
(BandG) 41/2 4252 7381 58 5(2) 0.094) 0.41(14)

@A constant value of 0.3 has been useddgr. The uncertainties in the calculatgdactors arise fronyg.

target combinations with modern high-resolution germaniunspectively. Equatior{l) assumes thaK is a good quantum

detector arrays. number. This particular aspect is addressed later in Sec.
IV E. Note that Eq.(1) yields only the magnitude o, not
B. Gyromagnetic factors for rotational bands the sign. Subsequently the intringicfactor gx can be de-

. . uced b
In order to make comparisons between the experlmentaﬂ y

data and calculated configurations in Table 1V, the rotational

model[1] can be used to extragtfactors for the rotational (9x—9r) —0.933 Ey , )
bands. TheE2/M1 mixing ratio 6 for a symmetric rotor is Qo SV(1%—-1)
given by

wheregp is the rotational gyromagnetic ratio aqg} is the
intrinsic quadrupole moment in units efb. A value ofQ
o @ =6.8eb is chosen here to be consistent with a small reduc-
tion in the quadrupole deformation froff®, for which
whereT; andT, are thej-ray intensities of theA\l=1 and Qy=7.0eb was used4]. The rotationah factorgg=0.30 is
Al=2 in-band transitions with energies & and E,, re- assumed here, consistent with that used in R2t] for

& 2K?(21-1)
1462 (I-K=1)(I+K—-1)(1+1)

E,\°T,
E,) Ty
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TABLE VI. Weighted meang-factors for band<s, F, and G considered for various configurationk (
values. The preferred assignment as shown in Fig. 2 and Table V is quoted without parentheses. Column
three (Al) refers to the spin change of the band members compared to Fig. 2 and Table V which would result

from the alternative assignment. See text for details.

Band K™ Al |(9k—9R)| (9k—9r)
(h) Expt. Calc.

E 33/2" 0 0.292+0.007 —0.22+0.07
(31/2") 0 (0.354+0.007) +0.007+0.07)
(31/2) -1 (0.313+0.007) (+0.26+0.07)
(33/2) 0 (0.292+0.007) (- 0.04+0.07)

F 33/2° 0 0.102+0.007 —0.04+£0.07
(31/2%) 0 (0.143+0.007) (+0.007=0.07)
(33/2%) 0 (0.102+0.007) (—0.22+0.07)
(35/2%) +1 (0.095+0.007) (—0.30+0.07)

G 35/2" 0 0.37+0.10 —0.30+0.07
(31/2H) -1 (0.59+0.10) (+0.007+0.07)
(33/27) 0 (0.41+0.10) (—=0.04+0.07)
(33/2%) 0 (0.410.10) (—0.22+0.07)

18Re, though this may be an overestimate for the highdence for any band crossing taking place, as there are are
seniority configurations due to the pairing reduction. small fluctuations in the factors and no out-of-band decays.
For a particular set of Nilsson orbitals with orbital and For bandE Table V shows the experimental factors
intrinsic angular momenta and3, respectively ([ Nn,A] extracted if thel ™= (33/2") level at 3456 keV is the band-
such that)=A=3), the intrinsicg factor can be calculated head. The fluctuations are small and the majority, within the
by uncertainties, match the predicted value for Kie=33/2"
configuration(Table 1V). One of the alternative assignments
_ considered wak"=31/2" and the values are quoted in
KgK_Z (9AA+0.6953) ), @ Table VI. This assumes that the 3277-k€¥1/2) # level
forms the bandhead, and that the 178-keV transition is an
where g, is the orbitalg factor with values 0 and 1 for intraband decay, albeit with a rather low energy. However, in
neutrons and protons, respectively, andis the intrinsicg  this scenario there is no agreement between the extracted and
factor with “free” values of 5.59 for protons and 3.83 for  calculated values forgk—gg). It is worth noting that the
neutrons. The intrinsic spin factor is attenuated by a factor oflternativeK™=33/2" label for the 3277-keV leveli.e., an
0.6 due to the experimentally observed condition that E2 assignment for the 1272-keV transitjomould lead to a
=0.6gx (free) [22]. The experimental results and calculatedK™=33/2" assignment for the 3456-keV level in baid
values are shown in Table V. The calculatgdactors are This scenario is also considered in Table VI, but in this case
based on the Nilsson configurations found in Table IV. there is no agreement between the experimental and calcu-
This analysis suffers from the absence of angular distrilatedg factors.
butions from which the sign of could be determined. This For bandF in Table V, the deviations in the quantity
deficiency means that configurations with intringiéactors  |(gx —gg)| across the range of spins is again small, and cor-
of the same magnitude, but differing signs cannot be disresponds well with that predicted for th&"=33/2" assign-
criminated. The difficulty with obtaining such information in ment. For comparison, three alternative situations are consid-
this case is that the transitions of interest are only usefullyered in Table VI. These aré™=31/2", 33/2", and 35/2.
populated in the decay of the 466 isomer. When any of thes& values are substituted, tlgegfactors for
The one-quasiparticleK"=5/2" and 9/2 bands for the members of banB increase, and the theoretical values
which both Al=1 and 2 transitions are observed, yield are not well reproduced. Note thatkef = 35/2" assignment
weighted mean values forgf—ggr)=*=(1.35-0.04) and would lead to the 265-keV transition havir€R character,
+(1.01+0.05), respectively, in excellent accord with the the- and subsequently result inilof angular momentum being
oretical values oft-1.16+0.07 and+0.95+0.07. The largest added to the excited band members.
contribution to the uncertainty in the calculated values comes Finally, considering possible assignments for b&)dhe
from gg. The agreement for the one-quasiparticle structurepreferredK "=35/2" label gives a meaf(gx—ggr)|=0.37
gives confidence that the chosen parameters are realistic. =0.10 in reasonable agreement with an expected value of
The weighted mean value dfigx—gg)| for the K7™ —0.30+=0.07. However, the 604-keV crossover transition
=(17/2") band is 0.17#0.007 again in good agreement from the 4308-keV state is tentative and the 292-, 313-, and
with the theoretical value of-0.13+0.07. There is no evi- 425-keV transitions for which thesgfactors are calculated
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" 0—05/2’9;*sbandI I I [I :(llx—’_li) (4)
B— (17/27) band X 2
*+—o (19/2 band B
sl A— (23/2") band C
<+—<(33/2Yband E
¥ - -V (352" band G such that
=
< 8 .
£ (1= I+ 1) —K2). (5
E . /
;% & v’ The superscripts andf refer to theinitial andfinal levels,
,/ respectively. The results for the bands observed here in
2l ] 1"Re, are plotted in Fig. 13 as a function of rotational fre-
quency. This allows bands involving higherbitals, such as
- o thei3, Neutrons, to be distinguished by their larger Coriolis
0 : . . induced alignment. This distinction can be clearly seen in
(a) Fig. 13. The bands built on configurations containing no
10 Hs,g,gsband‘ ' high-j particles are the 5/4402] and 9/2[514] one-
O—09/2 band quasiparticle structures, both of which have a low initial
ﬁ:@gﬁgw component along the rotation axis. A more detailed discus-
81 1 sion of the one-quasiparticle band alignments is given in Ref.
[7]. From the alignments shown in Fig. 13 for the higher
= Py seniority bands, several properties are evident. First, &and
wx 81 v 1 does not form a regular rotational cascade and is perhaps
< o several different structures or one structure undergoing a
“E’ strong interaction. The lack of further information rules out a
S 4t D/D/E 1 comprehensive interpretation of this band.
< ) ¢ The significantly large aligned angular momentum ob-
\ tained for thek "= (17/2") three-quasiparticle band is some-
2l ’ | what anomalous, given that no highieutrons appear in the
O ) configuration (see Table 1Y. The observed alignment is
m smaller than that of ban@ which contains a neutron in the
0 ‘ ‘ ‘ i13/» 7/2'[633] Nilsson orbital, but is also comparable to that
0.00 010 0.20 0.30 of bandB, which may have a neutron in the;, 9/27[624]
() Moo [MeV] orbital (although the assignment of badis less certain

: = . :
FIG. 13. Relative experimental alignmeritsas a function of An explgnatlo_n for th_e ongin of thik _(17/2+) alignment
: . may be in an interaction with a close lying band, although no
rotational frequencyfiw. The Harris reference parameteé, . . .
—24.872 MeV—* and®,=92.1%% MeV~ 3 have been subtracted perturbation from a regular rotational cascade can be dis-

[7]. Top: positive parity bands; bottom: negative parity bands withcemed' However, theK’T:(;?/ 2) band is nonyrast and
the ground-state band included for comparison. may be subject to complex interactions.
BandsE andF exhibit the highest alignments and both are

do not form a regular rotational sequence. The weak natureonstructed from configurations containing tvigy, neu-
of the Al =2 transitions leads to the large extracted gyro-rons. i.e., the configuration(see Table IV. The large align-
magnetic factors, which, of the plausible alternativealues ~Ment can be understood in terms of a large Coriolis interac-
suggested in Table VI, correspond most closely wtf tion, combined with a decrease in pairing, which increases
—35/2". Note that the proposal of tHé™=(31/2") state at the collective moment of inertia. The latter is equivalent to
3277 keV as the bandhead requires a reduction in spirk of 120 increase in the relative alignment. This is counteracted by
for the rotational levels, compared to those quoted in Tabldh€ lowering of theAK==1 mixing due to the reduced
V. pairing, which has a greater effect. The overall result is a

Overall, the assignments adopted in Fig. 2 lead to gooduenching of the relative alignmef3], which is shown in
agreement between extracted gyromagnetic ratios using tHed- 13 to be much less than twice that of banhidrherefore,
rotational model expressions and those calculated with thé Pairing was still playing a role, one would be expected to

Nilsson configurations given in Table IV of Sec. IV A. observe a lowering of the relative alignm¢@g], to below
that of bandC. The evidence here may point towards the

controversial conclusion that the no pairing limit has been
reached. This is discussed further in Sec. IV F.

The aligned angular momentuiy perpendicular to the In general there is good qualitative agreement between the
nuclear symmetry axis can be extracted for a given rotationatxtent of rotational alignment observed and that expected
transition using the method of Purgt al. [4] for which the  from inspection of the multiquasiparticle configurations
relevant equations are given in Table IV.

C. Alignment

054309-17



C. THWAITES, C. WHELDON, A. M. BRUCEzet al. PHYSICAL REVIEW C 66, 054309 (2002

D. Characterization of intrinsic levels Band C

In the subsections below, Nilsson configuration assign- No new information has been obtained for bakdvhich
ments are made, where possible, based on the experiment&nkova et al. [7] assigned aK™=(23/2") constructed

observations outlined in Sec. Il and the discussions regardyom 7 {27 [514)}@v: {L7[514],27[633]}. Blocked BCS

ing g factors, alignments, and consideration of available or4|cyations give a bandhead energy of 1824 keV, but experi-
bitals produced by the multiquasiparticle calculations. Theynenally the excitation energy of this band with respect to
one-quasiparticle levels and bands are not discussed hefge 1772-keV level through which it depopulates remains to
beyond the known Nilsson assignmefif§ being stated, as g giscovered. Thi™=23/2" band is found at 1699 keV in
little new experimental information has been obtained. Fori7zr, \with similar intraband transition energigas]. Note
more details readers are referred to R&f. and references that the energy of first firsl =1 transition in bandC is

therein. perturbed, lowering its energy compared to the trend of those
further up the band. This effect arises due to a Coriolis in-
teraction with a nearby band built on a similar configuration
The ground-state band, though not yrast, is observed owtith only one neutron different, i.e., in the slightly higher
of beam up to 25/Z. No new transitions are observed here.energy3 *[624] orbital as opposed to th&*[633] orbital.
Leigh et al. [13] proposed that this band is built on the  The interaction between these structures is able to lower the
57[402] orbital, with which the data in the present work excitation energy of all the members of ba@dexcept the

K7=2* ground-state band

concur. bandhead, resulting in a “compressed” first transition en-
ergy. This phenomenon is discussed by Dracoulis and Walker
K7=2%~ band [26].
The earlier assignment to this decoupled sequence of the K™= (%) band

proton 3 ~[541] orbital [13] is consistent with the behavior

observed here. This newly observed band has a tentatki&=(17/2")

assignment with a bandhead energy of 1814 keV. The pre-
ferred Nilsson configuration, calculated to lie at 1661 keV, is
m {31[402]}®@v: {57 [514],5 [512]}, which is consistent

The excitation energy has been established for Kife  with the g factor, alignment, and relative excitation energy
=9/2" bandhead as 87 keV. ThE™=9/2" band has a information. Although this configuration has not been ob-
27[514] one-quasineutron configuration assignmighi3). served in!"Ta the predicted energy is 1479 k¢®5]. It is
noteworthy that d17/2) level at 1476 keV has been seen in
the same!’Ta study with an in-band\I =1 transition of

. . i _Ey=175 keV, very close to the 174.5-keV in-band transi-
The 1298-keV level has been established with a firm spig;q, placed in the!”Re K™= (17/2") band.

and parity of 15/2. The absence of an accompanying
rotational band leads to a tentativer. {3 [514]} Levels D

®v: {3 [514], 3 [521]} assignment based on comparison  As outlined in Sec. Il | most of the levels labeled D in
with blocked BCS calculations which yield an energy predic-Fig. 2 are thought to be rotational, with out-of-band decays.
tion of 1396 keV. The maximaK coupling for this configu-  One exception is the 3160-keV (29/p state. The strong
ration may correspond to one of the (17)states observed feeding from higher lying intrinsic states yields a tentative
at %_L;44| andI 161187I7<§\ﬁ vh = (19/2°) K™=(29/2") assignment with the preferred configuration,
e level at eV has a tentati¥e”= as- .5+ Do+ 7- 7+ 1

signment in agreement with that made in Ref], but no {3 [402}@v: {57[624]; [514),57633],2 [521]},
rotational band is observed built on this state. The preferre

K7=2" pand

Levels A

geing adopted.

configuration is7: {37[402]}®v: {5 [514],57[633]} cal- K7=(3+) level
culated at 1753 keV. The same three-quasiparticle level lies ) ) ] ) )
at 1603 keV in'7"Ta [24,25. This level lies at 3277 keV and is tentatively assigned as
the K™=31/2", = {3 [514]}®v: {37[624]5 [514],
Band B 57[512],57[521]} configuration. This five-quasiparticle

state is observed at 2826 keV i‘Ta[25] and is the state
through which the corresponding high-seniority states also
ge—excite.

BandB corresponds to a known structusgithout assign-
ments up to the (25/2) level at 2417 keV. Prompt work’]
observed a backbend beyond this level leading to a differen
more yrast structure. The new states identified here are as-

m_ (33
signed as the nonyrast continuation oK&=(19/2") rota- K7=(Z") band (E)

tional sequence with a provisional configuration ef The K™=(33/2") assignment to banH at 3456 keV fits
{37[514) @ v: {27[624],%7[521]}. The calculated energy Very well with the predicted energy of 3428 keV for the
of this three-quasiparticle arrangement is 1905 keV. configuration m {37[402}®v: {57[624]5 [514],
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TABLE VII. Gamma-ray intensities, total conversion coefficients, branching ratios, transition strengths, and hindrances for highly
K-forbidden decays from intrinsic states observed in this work. The branching ratio of the total level depopulation ifitesisiding
electron conversigncompared to that for the givepray transition is denoted byl /1,).

Etrans. Mult. I y aT é ltotal 1:1//2 t\7\/ Fw b v f,
l Y
(keV) LA ()
K™= (31/2"),t'%e'< 1 nsg'®v®'=3277 keV
146 M1 19.48) 1.80 14.18) <1.4x10°8  7.2x10°1? <1.9x10° 6 <35
653 E1l 31.025) 0.004 8.89) <8.8x10°°  7.8x10° 1 <1.1x10° 14 <16
1272 E1l 4903 0.001 5.64) <5.6x10°°  1.1x10 16 <5.7x10° 14 <1.8

K™= (47/2"),t\%'= 466(15) us,E'®®'=5408 keV

18 M1) 2.247) 146 2049) 9.5(5)x10°2 3.83x10°° 25(1)x10° (6) 17.11)
56 (M1) 7.210) 5.07 639) 2.9(4)x10°2  1.27x10°°  23(3)x10° (6) 24.85)
245 M1) 585) 0.432 7.97) 3.7(3)x10°%  1.52x10°'?  2.4(2)x10° (50 75.2Q13

K™= (47/27),t%%'= 466(15) us E'®"¢'=5408 keV

18 (E1) 37.Q11) 7.93 11.75) 55(3)x10°% 3.74<10° %  1.47(8)x10* (6) 4.975)
56 (E1) 32.044) 0.359 13.619 6.3(9)x10°% 1.24x10°'? 53(7)x10° (6)  9.002)
245 (ED) 585) 0.039 7.%7) 3.5(3)x10°%  1.48x10°*  2.4(2)x10° (5) 29.95)

K™= (49/2"),t1%%'= 466(15) us E'®"¢'=5408 keV

18 (E2) 0.0221) 14600 2.0(1x10* 9.36) 4.9x10°° 1.9(1)x10®> (6) 3.523)
56 (E2) 0.91) 53.4 55@70) 0.263) 1.69x10°°  1.5(2)x10* (6) 5.0
245 (E2) 585) 0.166 7.77) 3.6(3)x10°% 1.05x10°%  34(3)x10° (5) 12.82)

&Taken from Ref[11].
bA factor of 10" has been removed from the hindranceEdf transitions, consistent with Refgt,29].

£71633], 37 [512]}. This is in excellent agreement with the cannot be ruled out, the most likely choiceK§ = (47/2")

extracted experimental quantities for baad for the 5408-keV level, due to the energy ordering of the
underlying quasiparticle orbitals. The strong population of
K7=(3") band (F) the isomer that suggests yrast status could plausibly result

R ) ) _ from feeding from a close-lying™=49/2" intrinsic state,
The inability to determine the multipolarity of the 265- predicted by multiquasiparticle calculations, the underlying
and 165-keV transitions placed in baRdlimits the discus-  structure of which differs by only onia, orbital from the
sion of the underlying structure. Th&"=33/2", K™=47/2" configuration &+[633—2+[624]). (The
{3 [514}ev: {37[624); [514], ;7[633], 3 [521]} a-  reader is directed to Sec. IIl M where energy limits on the
rangement of quasiparticles is preferred for bahdargely  jsomeric state for both allowed spins and parities are gjven.

based on the-factor analysis performed in Sec. IV B. The blocked BCS calculations predicta=47/2" state at
5332 keV within 76 keV of the experimental energy. The
K™=(3%*) band (G) participating orbitals are:K™=47/2", @ {3 [505],

The structure of levels labeled bat@ does not form a 5 [514], 5'[404], $7[402], 3 [541}®v: {5 [514],
regular rotational cascade. Moreover, the multipolarities of; *[633]}. This state qualifies as the longest lived high se-
the transitions are unknown. A preferred assignmernK®f niority (>6) state observed to date.
=(35/2") has been reached, again largely on the basis of the
g-factor analysis. From the multiquasiparticle calculations,
there is aK™=35/2" state estimated to lie at 4010 keV in-
corporating five Nilsson orbitals, namety. {1 *[404]}® v: _ Electromagnetic transition rates frokhisomers are sen-

0+ .- 74 5_ sitive to nuclear structure effects. Transitions are classified as
{27[624); "[514],27[633],3 " [512]}. “K forbidden” when the change iK value exceeds the tran-
) sition multipolarity, i.e.,AK>N\. Such transitions are sys-
466-us isomer tematically hindere@i27], depending on the degree of forbid-

A detailed discussion is given in Sec. Ill M regarding thedennessy=AK—N\, and it is useful to define the reduced
spin and parity assignments compatible with the experimenhindrance, f,=[t},/t{]*”, wheret}, is the partial y-ray
tal observations. Whil&k"=47/2" and 49/2 assignments half-life and t;, is the corresponding Weisskopf single-

E. Forbidden transitions and hindrances
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particle estimate. The quantity,/t], is referred to as the 30 Fieid boa
—— Rigid body

Weisskopf hindrance factor, denoted By,. The multipolar- o—e K=5/2" g.s. band "*Re
ity and transition-energy effects, as well as the degrek of T o K-(532) band (8) TRe

forbiddenness are thus accounted for in the reduced hinZ o—0 K'=28 band "W

drance. Any additional variations, as a function of spin, ex-§ | #—#K'=3512" band "Ta |
citation energy, and other degrees of freed@®|, probe the

mechanisms by which axial symmetry is broken. Table VII

shows the Weisskopf and reduced hindrances for highlys /
K-forbidden transitions observed or implied in the current _ }

tul

ﬁar moment

work.

For theK™=(31/2") level at 3277 keV, thre&-forbidden
decays are known for which the favored multipolarities have
been determined. The 653- and 1272-kdé\1 | transitions to /
the K™=1/2" band arel4-fold K forbidden and have re-
duced hindrance factors of1.6 and <1.9, respectively. Q.00 0.10 020 0.30 0.40
These values are tiny, and suggest that there is essentially no Rotational frequency [MeV]

K forbiddenness fo.r thesp ,tWO decay@enelrallyfVEZO 1S FIG. 14. A plot of total aligned angular momentum versus rota-
taken as a convenient limit fdk conservation). On closer  tional frequency for bands in thii=104 isotones, in’®Re (this
inspection such low hindrance values are not surprising, agork), 178 [4,32], and *"Ta[25]. The solid line represents a rigid
this level is=~900 keV above the yrast line and lies within 25 body rotor with a moment of inertia, Ifh==85%2MeV 1.

keV of the (31/2) state in theK™=(19/2") band (C). This

means that both statistical and two-st&temixing can take

place[28]. The former arises when levels are nonyrast due to Eqr the preferredK "= (47/2") assignment the 18-, 56-,
a high density of states withK==1 and in the latter case and 245-keVM1 transitions from the seven-quasiparticle
a juxtaposition of lowerK states with the same spin and jsomer to bancE, F, andG, havef,=17.5, 25.4, and 78,
parity is responsible for the mixingNote that, although respectively. However, only the upper level of baBdits
yrast, the 1/2[541] band is perturbed by a strong Coriolis neatly with a rotational interpretation, whereas the 5352- and
action due to the low) and relatively highj of this hg,  5163-keV states at the top of banBsand G, respectively,
proton orbital. The effect of this interaction is to increase thecould plausibly have higheK values than the bandheads
high-K components in the band membegrdlote that in  shown in Fig. 2. If this is the case, and the final levels are
17"Ta, an isotone of Re, aK™=31/2" 23 ns isomer with intrinsic, the discussion of reduced hindrances is baseless,
the same configuration as assigned to the 3277-keV statsut they are included in Table VII for completeness. Never-
decays via a 552-ke¥e2 multipole, with»=10 andf,=3  theless, for an 18-keV magnetic dipole decay witk =7,
[25]. f,=17.5 indicates &-hindered transition and a persistence
The 146-keV magnetic dipole transition to th€™  of K conservation in the high-spin domaithoughK cannot
=(17/2") band proceeds with,= <3.5. Again, this is very be pure in banc due to the high alignmehtFor the alter-
fast for aAK=7 M1 decay, but suffers from the same ef- native assignments dd™=(47/2") or (49/2") the 18-keV
fects as discussed above for the parallel 653- and 1272-ke}1 or E2) transition from the isomer to barf would have
transitions. Indeed, one might expect an even faster def =5.07 or 3.59, respectively. These transition rates would
excitation via this particular route, arising from the nonyrastthen suggest a very fast transition with a losKafonserva-
nature of thel ™= (29/2") rotational level at 3131 keV. This tion.
permits statistical mixing in both the finahd initial states. Although banckE has a high alignmer{described in detail
The transition rates for the decays from the 486isomer  in Sec. IV B, by spin(45/2) bandE is still 634 keV above
to bandsE, F, andG are also investigated. For this purposethe corresponding spin state in the yrast 1&41] band.

the three possible spin and parity assignments, discussed WMoreover, thel "= (45/2") state in bandF lies only 38 keV
Sec. Il M, are examined separately in Table VII. It is as-

sumed in the arguments that follow that the level at 5408  ryp g vy, Dynamic, Im®), moments of inertia for rotational
keV is the isomeric level. This gives an upper limit for the . 1017986 and theN = 104 isotonesi’W and 177Ta.
hindrance factors in each case because higher energy transi-

10 -

Total aligned an:

tions, compared to the 18- and 56-keV de-excitations, woulq,jide K™ Seniority 5@
result in smaller Weisskopf single-particle estimates. Note (h2 MeV~1)
that the combination of increasing transition energy and de-

creasing electron conversion combine to maintain an apeRey 5/2* (g9 1 35.8
proximately constant Weisskopf single-particle estimate for*7sRe,q, (33/2") (E) 5 74.3
low energy(<100 keV) transitions. This means that up to the 78w, 25% 8 56.1
energy limit for the isomeric state determined in Sec. Il M, 78y, ., 28" 8 54.7
<5460, the hindrance of the decay paths to baadsdF Y a0, 35/2" 5 50.9

do not change significantly.
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TABLE IX. Properties of seniority4 isomers {1,>10 ns) yields the dynamic moment of inertia, while the kinematic
known in theN =104 isotones. value is obtained by the gradient of a line drawn from the
lowest point for a given band to the origin.

Nuclide Z K7 Bty Seniority ~Source It is interesting to note that the newly observed banhd
(keV) with K™=33/2", has the highest dynamic moment of inertia
1890 76 =20 5848 12ns =4 [34] (74.372 MeV 1) so far observed for any higK-rotational
1"Re 75 (47/2) 5408 466us 7 This work  band in this mass region. This gives rise to the distinctive
178y 74 25 6571 220 ns 8 (4] signature of the close-lyindl =1 transitions in they-ray
178y 74 21 5312 64 ns 6 (4] spectra(e.g., Fig. 7. Indeed, bandE almost looks vibra-
17774 73 49/2 4656 133us 7 [25] tional, which would, in the harmonic limit, give rise to equal
17714 73 33/2 2853 46 ns 5 [25] vy-ray energies. The large value of the dynamic moment of
17 73 31/2 2826 23 ns 5 [25] inertia measured here for bamdtogether with the increase
176¢ 72 27 4864  43us 6 [35] in the alignment, suggests, using the criteria proposed by

Dracouliset al. [23], that pairing correlations are no longer
having a significant effect. However, the observation of
lower. However, while this may initially implicate statistical rigid-body rotation cannot béirmly concluded due to the

K mixing, it is worthwhile to examine the WeiSSkopf hin- inequa"ty betweeﬁ(l) andj(z)_ (The kinematic moment of
drance values. For an 18-keV electric quadrupole transitionnertia for bande is 56.4%42 MeV~1.)

Fw=2140, within a factor of 4 of,,=600, found for the
K-allowed 86-keVE2 transition from the&K™=49/2" 133-us

isomer in 1'"Ta. Since this latter transition is nét forbid- G. N=104 isotones
den, but has a similar hindrance factor, this would imply that
if the isomer has & "=49/2" assignmentK is essentially The 466us state is the longest lived isomer involving

having no effect, and that the long half-life would, in this seven or more quasiparticles. Inspection of the systematics

instance, originate from the yrast status, compared to neartfgr the N=104 isotones suggests that such high-seniority

rotational states. isomeric states are endemic for proton numbers up to and
The highest spifiK isomers known to date which depopu- includingZ=76. Table IX details the higk isomers known

late via highlyK-forbidden hindered transitions are #°Ta o date in this sequence.

and '®Ta. In the former, a six-quasiparticlél™=20" On the proton-rich side of thei=104 sequence, iridium

970-us isomer partially de-excites via a 345-k&?2 transi- s the first isotone without a long-lived higk-isomer. Dra-

. . _ _ . 17
tion with y=4 and f,=46.8 [30]. Whereas in'™Ta, a o iiset al, [36] have studied"33r;o, to high spins, but no

iﬁg-fmiléoj,él(;] i[zt;c?rzcsyostovr:as‘ ;‘regi;jk;gjz r\‘:]v'ot\r;inyg::wayisomeric states have been identified beyond the three-
from Vthe région .of the most prolate deforméd nuclei. it iSqu::xsiparticle regime. On the proton-deficient side of this iso-
' 17

expected thak isomerism will be eroded as a result of the tonic chain, 7iLu;o, has not been studied to high spin, pri-
loss of axial symmetry or increasing softness. This has m.anly for practical reasons. Fusion-evaporation reactions
been found for higher neutron and proton numbées., with stable beam and target combinations can no longer ac-
18605 [31]). cess these nuclei, although light-ion mcomple_te fuspn reac-
For the seven-quasiparticle isomer #{%Re observed 1tONs can probe the nuclear levels up to medium spir2d
here, the lack of more definite spectroscopic data unfortu?- The Most neutron rich of these isotones that is potentially
nately makes firm conclusions difficult to draw, but the pre-accessible!®Dy, lies at midshell and would provide an ex-
ferred K™=47/2" assignment leads t&-hindered transi- cellent laboratory for testing the robustnesskofsomerism
tions, implying that theK quantum number remains robust. at high angular momenta, beyond the domain explored so far

On balance it seems likely that this chain of isotonic nu-
clei will provide still further examples of high-spin long-

The moment of inertia for a rotational band can be ex-ived states, the most significant of which may still await
tracted from the ratio of the total aligned angular momentumdiscovery.

I, [calculated from Eqgs(4) and (5)], to the rotational fre-

quency. The kinematic moment of inertia™=%(l,/w),

yields information about the bulk rotation of the nucleus, V. CONCLUSION

whereas the dynamic moment of inertid?) =7 (dl,/dw) is

related to the quasiparticle motion. For a rigid body the ki- In this work, the nuclear decay df:Re has been inves-
nematic and dynamic quantities should be identical andigated using data from out-of-beam electron conversion and
equal to 882 MeV 1! for the quadrupole deformations ob- -y experiments carried out at the Australian National Uni-
served in this regiofi32]. This analysis also provides infor- versity. Many new highk bands and bandheads have been
mation on pairing within the nuclear systd23,33. Figure  observed, the most dramatic of which is a seven-
14 and Table VIII show the moments of inertia for bands inquasiparticle isomer with a half-life of 486L5 us. This is
1Re and otheN=104 isotones. In Fig. 14, the gradient the longest lived isomeric state known to date involving

F. Moments of inertia
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more than six quasiparticles. The preferi€ti=(47/2") as- ACKNOWLEDGMENTS
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