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Abstract

The level scheme of ""Re has been extended extensively, with fragments of more than
thirty bands, characterised by a given signature, observed. Alignments at low frequency in one-
quasiparticle bands are interpreted as deformation effects and compared with the predictions of
cranking calculations. The previously assigned one-quasiparticle 7ri 3/, band is shown to be a mix-
ture of three-quasiparticle and vibrational character. The non-observation of the one-quasiparticle
i, band is explained as being due to crossings of its s-band by competing bands. A number
of high-X bands are also reported, including five- and seven-quasiparticle bands. Configuration
assignments for these bands are aided by comparing experimental gx values with “effective”
gx values, calculated with a semi-classical expression taking Coriolis mixing into account. The
population of the yrast band was observed to oscillate with every four units of spin.

Keywords: NUCLEAR REACTIONS 3Te(5!Vn), E =225 MeV; '@ Dy(!ESn), E = 105 MeV; measured
Ey, yy-coinc., I,. """ Re deduced levels, J, 77, configurations, rotational bands, B(M1)/B(E2) ratios, g(x)
values, alignments, band structure. Crossing frequencies, cranked shell model, band-mixing,
Nilsson-Strutinsky potential energy surfaces, shape coexistence.
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1. Introduction

The level schemes of Re nuclei in the A = 170-180 mass region are characterised by
rotational bands based on different quasiparticle excitations. In these nuclei, excitations
into the intruder orbitals have come under considerable scrutiny because of the effect
they have on nuclear shapes and band-crossing properties. In particular, it has been

known [1] for some time that the rotational alignment of i;3/, neutrons is delayed to

higher frequencies in bands based on the %_ [541] (hgsp) proton orbital, which on a

Nilsson diagram, is down-sloping. This delay was suggested [2] to be the result of
increased deformation due to the polarisation induced by the odd proton, although the
magnitude of the delay in lighter nuclei does not always appear to be in quantitative
agreement [3-5] with the Cranked Shell Model [6] (CSM). In addition, in the Re-Ir
region, the 7rhg/; orbital is also thought to play a role in shape coexistence effects such
as B-stretching [7-10]. Here, deformation is increased by the gradual occupation, by
spin-zero coupled pairs, of the hy/, orbital with increasing frequency. This effect usually
manifests itself as an increase in apparent alignment before the rotational alignment of
i33/2 neutrons in the %_ [514] and §+ [402] bands in these nuclei.

The other notable intruder orbital in this region is the %+ [660] (iy3/2) orbital. Recent
measurements [11] of @, values confirm that the occupation of this orbital by the odd
proton is strongly deformation driving. The alignment of i3/, neutrons is again expected
to be delayed to higher frequencies as is the case for the hg/, bands. However, the usual
manifestation of the alignment of i3/, neutrons, a backbend on a plot of aligned angular
momentum versus frequency, is often absent for these bands in the Re-Ir region. Instead
they often show a gradual increase in alignment. This has lead to speculation that
proton—neutron interactions may be responsible for altering the crossing with the s-
band, composed of the pair of rotation aligned neutrons [7,10]. Alternatively, it has
also been suggested that the gradual alignment is actually an apparent alignment due to
the higher deformation of this band [12,13]. However, recent calculations [ 14] support
the suggestion [15] that B-stretching as observed in the %_ [514] and %+ {402]bands,
also occurs in the %+ [660] bands of these nuclei.

With these phenomena in mind, we decided to study the nucleus '""Re with the
NORDBALL detector array at the Tandem Accelerator Laboratory of the Niels Bohr
Institute. The spectroscopy of this nucleus has previously been studied in-beam by Leigh

et al. [16] and then Walus et al. [17], who delineated the hg/, band up to spin 22—5+ and
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assigned the i3/, band. Besides these bands only the %_ [514] and %+ [402] bands
were known, to about spin %

2. Experimental methods and data analysis

The nucleus was populated with two different reactions in separate experiments. The
first reaction employed was '°Te(°'V4n) at 225 MeV. Two foils of 500 ug/cm?
thickness, each supported by a 500 ug/cm? layer of Au, were stacked so that the
nuclei recoiled into vacuum. Nineteen HPGe detectors and one planar LEP detector of
the NORDBALL array were used to collect two- and higher-fold yy coincidences. The
second reaction, '**Dy('°F,5n) at 105 MeV, used a 1 mg/cm? thick target with a Au
backing of a thickness of 10 mg/cm?, sufficient to stop the recoiling nuclei. In this
case two planar LEP detectors were employed for increased detection efficiency at low
energies. Events were recorded if two or more Ge detectors fired in coincidence with at
least one detector of a 60 element BaF, multiplicity filter. The Ge times were measured
with respect to a fast signal provided by the multiplicity filter.

Prompt coincidences between Ge detectors, defined by two-dimensional energy-time
gates that simultaneously excluded signals caused by neutrons but included low-energy
y-ray signals delayed by slower charge collection times in the Ge detectors, were sorted
into two-dimensional yy matrices. A yy matrix was also created without any software
time restrictions at all, to confirm that no distortion of the efficiency was being caused by
the energy-time gate. The efficiency calibration, obtained from '**Ba and '>?Eu sources,
was checked in the energy interval 185 to 590 keV by an internal efficiency calibration
obtained by considering gates on the yrast line. The largest discrepancy between the
two calibrations was about 10% at 185 keV. The internal calibration showed the higher
efficiency.

Several matrices, typically containing 10% events, were constructed subject to different
fold conditions in the multiplicity filter. Matrices subject to a fold of less than 10
consisted predominantly of events in '"®Re and ""Re, while above fold 10, events
belonging to '"®Re and!”’Re were dominant. In addition to coincidence relationships with
known lines, gamma-rays could be assigned to the different Re isotopes by comparing
their intensities under the different fold conditions with those of transitions already
known [16-19] in '"Re, !""Re and '"*Re.

The coincidence relationships in the matrices were determined with the aid of the
interactive analysis program ESCL8R by Radford [20,21]. Here, a level scheme includ-
ing transition energies and intensities of not only '7’Re but also of contaminants can be
fitted to the data and used to calculate the observed spectra obtained by setting gates
in a matrix. The calculated spectra can be compared with, and subtracted from, the
experimental spectra. Any lines remaining in the spectrum after subtraction represent
transitions from additional levels not yet placed in the scheme. These can be added, and
the energies and intensities of the connecting transitions fitted and again compared with
experiment. The process continues until exhaustion.
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A search was also made for delayed transitions but none were found with lifetimes
> 1 ns.

To obtain information on the multipolarity of selected transitions, DCO ratios were
extracted. The NORDBALL array consists of four rings of five detectors at angles, with
respect to the beam axis, of 37° and 79° and equivalently at 143° and 101°. Thus
matrices consisting of coincidences between detectors at 79°/101° placed on the x-axis
and 37°/143° on the y-axis, were created. DCO ratios were formed from the ratio of
the intensity of a coincidence at (Ey;, Ey;) to that at (Evys, Ey;). When gating on a
stretched quadrupole transition, this ratio is expected to be approximately unity if the
other transition is of the same multipolarity and equal to ~ 0.6 if it is a pure dipole
transition.

3. Results and level scheme
3.1. Part A

The level scheme deduced from the present work is divided into two parts, A and
B, which are shown in Figs. 1 and 2. These parts could not be connected to each
other, although evidence of feeding from Bands 16-18 (Part B) to Band 2 (Part A) is
presented in Subsection 3.2.4. Therefore, we focus on each part separately, beginning
with Part A. The bands are labelled both numerically and according to their suggested
configurations. Gamma-rays assigned to Part A, and their intensities and DCO ratios are
listed in Table 1.

3.1.1. Bands 7 and 8 - mhy;
The present work has extended Band 8, assigned [16] previously to the %_ [541]

mhy/, configuration, to a probable spin of %—5_, as can be seen in Fig. 3a where we show
a spectrum obtained by summing coincidence gates on transitions in the band.

At low spin, the 3~ — 27 transition was not observed by Leigh et al. [16], who
instead used a particle-rotor calculation to estimate its energy as 77.5 keV. Walus et
al. [17] list the 77.5 keV line as observed following the '*Ho(!60,4n) reaction, but
we are unable to support this assignment. Instead, we observe a 63.5 keV line, as is
evident in the LEP spectrum of Fig. 4, which is obtained from a gate on the 304 keV
gamma-ray. The intensity of the 63.5 keV line compared with that of the 185 keV line
implies a total conversion coefficient at = 23(7) for the 63.5 keV transition, which
agrees with the theoretical [22] conversion coefficient, et = 28.8, for E2 multipolarity.
Note that if the 2~ — 3 transition had an energy of 77.5 keV, the corresponding
peak in the 304 keV gate of Fig. 4, would be more than twice as high as the 63.5 keV
line, assuming it accounted for all of the intensity feeding the %_ state. This should
have been clearly visible despite the presence of contaminating Au X-rays from the
target backing. For comparison, a spectrum obtained on a composite gate at 193 keV,
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Table 1
Gamma-rays assigned to part A of the level scheme of '77Re
Ey L E, E; Ji J DCO
63.50(10) >574° 63.5(2) 0.0 N 3
111.79(12) > 14.0° 1086.9(4) 975.1 Bro@gh
122.87(10) > 469° 207.4(4) g47(4) 1T 3t 0.63(4)
129.52(28) 4.0(14) 490.4(4) 361.0 g *
151.04(10) 569.7(308) 358.2(4) 2074 A 0.69(4)
152.59(14) 19.1(33) 642.7(4) 4904 urooyT
158.58(22) 3.5(9) 1965.1(4)  1806.7 g+t oar
170.15(101) 10.7(20) 2135.1(4)  1965.1 A
173.11(12) 38.4(44) 815.4(4) 6427 Brooour
176.18(10) 572.5(230) 534.3(4) 3582 A 0.71(4)
184.60(10) 1170.6(1574) 248.1(3) 63.5 B
193.52(10) 541.5(201) 7277(4) 5343 prooou 0.64(4)
194.63(13) 48.6(62) 1009.5(4) 8154 Lroouy
202.17(101) 10.3(24) 2337.3(4)  2135.1 zr BT
208.22(10) 359.1(133) 935.9(3) 7217 A 0.70(4)
211.10(11) 64.3(54) 12202(3)  1009.5 proLe
215.14(10) 242.2(96) 1151.0(3) 9359 AR 0.72(15)
224.36(10) 142.3(62) 13754(3) 11510 CA N 0.73(8)
227.16(11) 71.1(55) 1447.0¢4) 12202 pr v
231.26(10) 117.5(57) 1606.7(3) 13754 ar T
231.26(11) 54.1(65) 13182(3) 10869 A 1.03(11)
239.22(11) 50.7(46) 1686.1(4) 14470 ar v
24135(11) 61.3(40) 1848.0(3)  1606.7 A
244.96(14) 20.1(30) 3187.2(5) 29425 GO
248.24(12) 44.3(46) 1934.6(4)  1686.1 nrooou
257.05(11) 51.3(49) 2191.8(4) 19346 z+  pt
257.50(12) 313(34) 2105.5(4)  1848.0 AN
261.32(16) 17.0(31) 2643.0(4) 23812 2 25*
264.88(10) 75.0(43) 16402(3) 13754 ar by 0.72(8)
270.95(15) 21.3(38) 2462.7(4) 21918 AN
273.45(10) 112.9(85) 358.2(4) 84.7 2" st
275.58(11) 50.3(40) 2381.2(4) 21055 vz
276.18(11) > 456° 361.0(4) 84.7 A 0.63(19)
278.86(12) 26.9(36) 1885.8(3)  1606.7 2 u
280.83(12) 62.2(73) 8154(4) 5343 Ly oud
281.46(15) 35.1(56) 642.7(4) 3610 u+ 0.42(8)
281.83(11) 89.2(79) 1009.5(4) 7277 Lo
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E, I E, E; i i DCO
281.51(12) 17.1(32) 3468.9(5) 31872 BT B

283.00(11) 52.7(171) 49044) 2074 3F "

284.38(11) 75.4(62) 12202(3) 9359 4T Lt 062(7)
284.78(11) 81.1(100) 642.7(4) 382 4T g

284.79(11) 7.2(14) 1965.1(4) 1680.3 l}* %*

291.54(11) 41.2(47) 15147(3) 12231 BT L7 137(26)
292.34(12) 29.4(41) 3041.1(4) 27488 4T 2+

295.73(12) 36.2(49) 14470(4) 11510 BT ot 050(19)
299.29(16) 15.4(28) 20425(4) 26430 AT 27

304.17(10) 2067.4(676) 552.2(3) 2481 H7 B- 1.04(4)
310.32(14) 18.7(35) 1686.1(4) 13754 AT LT 0.19(25)
319.32(23) 13.3(44) 880.7(3) 613 BT 47

320.01(101) 10.3(23) 2809.5(4) 24897 AT 27

321.99(10) 157.9(80) 16402(3) 13182 4" IO~ 0.91(7)
325.01(11) 79.1(77) 815.4(4) 4904 BT 97

326.68(10) 234.9(120) 534.3(4) 2074 4777 0.95(6)
327.97(12) 42.5(45) 19346(4) 16067  B' 4T

328.35(15) 34.8(74) 2135.1(4) 18067 &7 (&)

337.22(14) 16.2(22) 3327.5(4) 20903 BT B¢ 047(12)
343.89(101) 13.6(31) 2191.8(4) 18480 & BT

355.95(22) 8.3(21) 1851.0(4) 14948 &7 U7

357.16(101) 11.6(35) 24627(4) 21055 LT BT

357.82(11) 40.8(41) 25729(4) 22150 ¥T F7

363.97(14) 24.8(38) 2215.0(4) 18510  FT A7

366.60(11) 117.3(91) 1009.5(4) 6427 BT U7t

367.90(101) 34.9(39) 2748.8(4) 23812 @7 4V

369.43(10) 349.7(151) 7277(4) 3582 BT 47 0.99(7)
371.19(11) 74.0(53) 1885.8(3) 15147 Bt L

372.36(12) 48.7(58) 2337.3(4) 19651 ZY BT 093(13)
376.01(101) 9.3(21) 3941.1(4) 35653 2T ¥V 0.53(22)
399.59(10) 357.4(141)  2039.9(3)  ledo2 BT AV 0.95(10)
401.63(10) 383.9(153) 935.9(3) 533 &t U¥

404.54(10) 161.2(100)  12202(3) 8154 2T L7

413.19(10) 1689.9(538) 965.6(3) ss22 27 47

415.96(16) 38.0(58) 1296.7(3) ggo7 LT L7

419.18(10) 101.6(64) 2305.0(4) 18858 2T BY 0.98(10)
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Table 1 —continued

Ey Ly E Ey i It DCO
419.86(12) 51.5(47) 16402(3) 12202 &% 17

420.07(11) 56.3(44) 2993.1(4) 25729 27 z-

423.22(10) 424.3(161) 1151.0(3) 7277 47 Br

433.29(10) 110.3(54) 20399(3) 16067 ¥ t 091(9)
435.58(101) 27.6(78) 642.7(4) 2074 Ut 1

435.73(11) 65.4(54) 25707(4) 2131 BY BT 097011
437.48(10) 174.1(104) 1447.0(4)  1009.5 B L7

439.41(10) 401.1(152) 1375.4(3) 9359 LT L 1.00(6)
449.60(10) 269.8(111) 24897(4) 20399 2T BT 118(20)
455.62(10) 347.4(136) 16067(3)  li1sto  ZF I 094(6)
456.98(11) 73.2(52) 2305.0(4) 18480 2T BT 086(12)
457.31(101) 31.7(77) 815.4(4) 382 Bf gt

458.72(21) 12.2(26) 2309.8(4) 18510 a-

465.87(10) 160.5(91) 1686.1(4) 12202 47 ar

470.49(11) 57.0(44) 2780.2(4)  2309.8

472.14(11) 90.8(74) 2809.5(4) 23373 At 2t

472.50(10) 295.6(122) 1848.0(3) 13754 BT e 1.12(6)
475.15(101) 39.9(65) 1009.5(4) 533 BT U7

478.19(10) 102.2(60) 2783.1(4) 23050 AT 2T q02(6)
487.69(11) 113.0(80) 19346(4) 14470 BT L7

489.14(12) 43.7(47) 23373(4) 18480 2T BT 120010
489.26(10) 150.3(79) 16402(3) 11510 47 g L15(11)
491.19(13) 27.5(33) 4017.8(4) 35264 47 I

492.42(101) 29.6(61) 1220.2(3) 7217 4T LY

495.17(11) 67.9(71) 2135.1(4) 16402 BV 2T 092(28)
497.86(23) > 1343 561.3(4) 635 LT 27

498.90(10) 186.0(90) 21055(4) 16067 BT ar

500.55(10) 202.1(87) 2990.3(4) 24897 2T BT 1016
502.58(16) 28.9(43) 1318.2(3) g1s.4 4t 4r

502.88(12) 62.3(67) 1799.4(4) 12967 27 27

504.65(12) 45.5(44) 2809.5(4) 23050 4T ZT 078(30)
505.84(11) 124.0(79) 2191.8(4) 16861 Bt AT

508.91(10) 1378.3(438) 1474.4(3) 9656 BT LT 110(5)
510.77(11) 93.3(70) 1885.8(3) 13754  ZT LY

511.07(101) 37.0(75) 1447.0(4) 9359 BT L7

515.79(15) 28.6(53) 2564.3(5) 2048.4
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Table | —continued

Ey I E, E; J; Je DCO
523.84(10) 165.1(83) 30044(4) 25707 2T 2 1.12(12)
525.86(12) 52.1(42) 3306.0(4) 27802

526.43(14) 24.9(38) 3468.9(5) 29425 BT a° 083(13)
528.10(11) 108.8(79) 24627(4) 19346 4V ot

530.75(11) 103.6(69) 25707¢4) 20399  ZF Y 099(8)
533.14(12) 50.0(44) 3526.4(4) 29931  Z7 8-

533.17(10) 142.3(73) 2381.2(4) 18480 2T g+

537.64(10) 130.4(68) 26430(4) 21055 27 st

544.24(14) 36.1(54) 31872(5) 26430 27 =

544.46(11) 82.7(61) 332754y 27831 BT At L03(9)
546.45(11) 115.7(73) 3356.0(4) 28095 &' AT 105(8)
546.72(17) 29.9(63) 2021.2(5) 14744 &=

557.11(11) 121.1(81) 2748.8(4) 21918 2V =N

561.28(11) 79.7(55) 29425(4) 23812 AT =

565.68(12) 55.9(54) 32087(5) 26430  (¥h 2T

566.02(16) 35.1(66) 2040.4(5) 14744 =

566.13(10) 141.6(78) 3660.6(4) 30944  IT BY 0 091(6)
574.66(21) 65.3(62) 20559¢5) 23812 (&) ZT os6(1)
575.05(10) 147.4(71) 35653(4) 29903 ¥ R R (O
575.59(12) 84.4(76) 2374.9(4) 17994  Z7 2~

577.78(12) 46.5(53) 318838(5) 33060 )

578.36(11) 62.0(64) 3041.1(4)  2462.7 4 zr

583.93(20) 21.9(80) 3584.9(5) 30015 &7 8-

583.98(53) 17.4(71) 4169.5(6) 35849  ¥7 2-

590.45(10) 997.3(321) 2065.0(4) 14744 BT = 1.13(5)
595.00(15) 40.3(65) 2069.4(4) 14744 2"

595.06(12) 46.2(52) 3343.9(5)  2748.8 (2h 2t

600.67(11) 82.5(64) 3349.5(5) 274838 h g

604.53(13) 36.3(39) 3094.4(4) 24897 27 pt

606.12(13) 61.9(73) 2080.6(4) 14744 2"

606.86(10) 120.7(65) 4267.5(4) 36606 AT T 1.00(8)
613.32(11) 80.8(69) 39693(5) 33560  2F Y 121(11)
613.55(11) 77.8(64) 3941.1(4) 33275 27 2t 14(2)
619.10(10) 280.4(103) 4017.8(4) 33988 4~ 7 e
626.68(11) 93.7(77) 3001.5(4) 23749 37 -

632.51(14) 64.7(125) 880.7(3) 2481 87 -
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Table | — continued

Ey L E, E; Ji T DCO
638.90(14) 30.3(41) 45227(6) 38838

647.83(11) 56.7(49) 4915.1(5) 42615 LT a4~ 0.89(10)
648.36(10) 109.5(61) 42136(4) 35653 AT or 1.09(9)

655.75(10) 758.7(250)  27207(4) 20650 7 Z2-

657.86(10) 166.2(77) 4675.6(5) 40178 L7 47 L15(5)

661.18(14) 45.4(65) 2726.1(5)  2065.0 2"

665.05(14) 22.9(35) 49329(5) 42615 BT ar

672.64(11) 77.9(54) 46137(5) 39411 &7 nr 1.01(16)
674.42(13) 42.2(41) 16402(3) 9656 L7 a-

677.06(12) 58.7(53) 4646.4(5) 39693 (£ (2

678.12(10) 458.8(158) 3398.8(4) 27207 47 8-

685.28(16) 28.8(48) 4703.0(5) 40178 4=

701.10(15) 27.3(33) 4915.1(5) 42136 £ ar

702.46(12) 53.1(49) 5617.5(5) 49151 27 st

715.08(14) 48.7(45) 2780.2(4)  2065.0 2

718.22(19) 34.6(43) 4117.0(5) 33988 z- 1.17(6)

719.49(12) 50.1(42) 49329(5) 42136 &7 ar 1.16(18)
722.56(11) 79.1(56) 42489(4) 35264 (47) I

725.20(11) 104.0(54) 5400.8(5) 46756  (§7) %7

727.42(13) 41.4(45) 5341.1(5) 46137 47 ar 1.08(27)
728.66(108) 13.1(145)  10869(4) 3582 L& "

729.36(13) 39.1(44) 53757(6) 46464 (2T) (&)

740.03(14) 40.6(54) 2214.5(4) 14744 2°

744.65(13) 60.1(80) 1296.7(3) 5502 27 2° 0.44(6)

750.24(15) 25.5(37) 63678(6) 56175 (2T) (2N

762.64(18) 18.7(36) 613847 3757 (&N (&)

766.03(11) 68.8(73) 1318.2(3) ss22 4t gz 1.21(13)
770.85(14) 31.0(42) 5703.7(5) 49329 (¥ &7

770.87(25) 14.2(44) 4169.5(6) 33988 7 2=

778.20(29) 15.4(52) 2252.6(6) 14744 5 1.35(18)
780.60(16) 23.3(36) 61218(6)  534r1 (3H 47

787.94(11) 52.1(40) 6188.8(5) 54008 (F7) (£

800.00(20) 14.8(33) 7167.8(7) 63678 (£ (¥7)

802.78(12) 56.3(49) 5051.7(5) 42489 (%) (&)

805.80(11) 128.2(67) 3526.4(4) 27207 7 - 1.26(8)

829.43(29) 9.3(31) 69512(8) 61218 (2h

—

1]

3
-
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Table 1 — continued

Ey Iy E, Eg Ji Jr DCO
833.44(19) 39.2(59) 1799.4(4) 9656 27 a-
835.51(13) 42.6(53) 2309.8(4) 1474.4 2°
838.52(12) 32.2(36) 5890.2(5) 50517 (£7) (27
842.93(12) 67.0(42) ® 7031.7(6) 61888  (F7) (&)
843.85(27) 13.2(36) 6547.6(7) 57037 (20 (&)
849.58(40) 10.6(12) ¢ 8017.4(10) 71678 (&7  (hH
850.10(12) 50.8(44) 4248.9(4) 33988 (47 I
862.62(32) 18.2(46) 3584.9(5) 27207 £7 8-
866.21(18) 12.6(29) 6756.4(6) 58902 (2T (¥
890.94(19) 39.4(37) " 7922.6(7) 70317 (8T (I)
897.99(32) 61(11)¢  89154(12) 80174 (S%) (&Y
900.64 (14) 48.1(56) 2374.9(4) 14744 27 2" 0.13(6)
928.17(12) 56.6(51) 2993.1(4) 20650 BT - 0.96(16)
2 2
933.58(68) 2.8(11) ¢ 9848.9(17)  8915.4 (6—29*) (%*)
934.00(101) 19.0(35) ® 8856.7(20) 79226 (§7) (&)
938.59(101) 9.6(45) 3001.5(4) 20650 37 2- 0.45(13)
962.46(14) 38.7(53) 1514.7(3) 552.2 12—“ Z- 0.55(13)
975.02(12) 52.7(114) 1223.1(3) 248.1 L% 8- 0.71(12)
975.18(42) 13(13) ¢ 10824.1(19) 98489  (ZT) (&%)
1015.50(101) 6.2(27) 3080.5(19)  2065.0 2"
1058.85(19) 13.9(27) 3123.8(5) 20650 () 2- 0.22(17)
1066.16(17) 19.7(36) 2031.8(5) 9656 (%) 4= 0.25(12)
1082.84(13) 60.1(63) 2048.4(4) 9656 (%) i~ 0.47(16)
2 2
1085.31(16) 30.0(48) 2559.7(5) 14744 (%) 2T 0.59(10)
1090.18(56) 7.9(51) 2564.3(5) 14744 (%) 2 0.24(17)
1098.43(13) 40.1(43) 2572.9(4) 14744 27 L~ 1.16(18)
2 2
1104.04(17) 19.7(40) 2578.5(5) 14744 (F) L- 0.40(11)
1128.09(13) 20.6(59) 1680.3(4) ss22 LF - 0.49(10)
2 2
1216.95(101) 15.0(35) 3281.9(19)  2065.0 2~
1246.42(25) 9.1(75) 1494.8(4) 2481 47 8-
1249.38(14) 37.6(46) 2215.0(4) 9656 BT - 0.83(11)
2 2
1298.82(17) 24.2(46) 1851.0(4) 5522 47 z- 1.4(4)

2 Gamma-ray transition intensity estimated from intensity of transitions feeding the depopulated level.

b Intensity obtained from the '**Te + 3!V reaction and normalised to the intensity of the 725.20 keV transition
obtained from the '3 Dy + "YF reaction.

¢ Intensity obtained from the '*Te 4 3!V reaction and normalised to the intensity of the 800.00 keV transition
obtained from the '*Dy + !°F reaction.



277

‘suorisuel) pajedIpul A Uo guped Aq paurelqo enoads "¢ 81

(nex) “a
00S

00€ 001

RA. Bark et al./Nuclear Physics A 59] (1995) 265-322

9106 ASY 6621

sat

STL

8

oGy

t%4

2106 A 16¥ 8 2 ooc m
3
0w o
% g
: "
i @ @ 3 ]
i 9106 A1 £05 ” o0
i g B
N e Tk s Vg * w7 WY AT o t1...q<}.:i_m_.d1 Y 0
o fF g 2 8 3 o
. a 3 m .. 000V
! (© g g 0008
] ¢ ¢ 0 ' . .m m » sADi—X 3y ;
3 5930 A 168'CHS'88L'GCL'EI9'BLI o 2 00024
006 ' o0z 005 008 o0



278 R.A. Bark et al./Nuclear Physics A 591 (1995) 265-322

100 - Re x— roys
193 keV gate
900
©
j= L
C
]
6 700
. Au x—|
5 U X—rays
Y |
£ 500f 1
>
3 q
(&)
300 1
100 1
50 FONE ) 0
3501 304 keV gate A
Re x— rcys
©
£
o 250+
O Au x—rays
.
o]
Q
2
% 150
o
(&)
50 | I

50 60 7‘0 ' 8‘0 90
£, (keV)

Fig. 4. LEP spectra obtained by gating on the 193 keV (top) and 304 keV (bottom) transitions.

containing transitions placed near the bottom of Bands 2 and 15, does not show the
63.5 keV line, but all other lines associated with X-rays are visible. Therefore, we assign
the 63.5 keV line to the %_ — %d transition. Further support for this assignment is
given in Subsection 3.1.4.

In Fig. 3b, a spectrum obtained from the 503 keV gate is shown. Although it is
contaminated by the 503 keV transition that depopulates Band 3, it shows transitions
assigned to Band 7 in addition to the 633 and 745 keV transitions which depopulate
it. The out-of-band transitions have DCO ratios < 0.4 which imply an E2/M1 mixing
ratio 8 ~ —1. The transitions are therefore probably of M1/E2 character, and intensity
considerations favour high spin values. The spins and parities of Band 7 are assigned
accordingly, see Fig. 1. Negative mixing ratios are expected for the / — I —1 transitions
from the a = —% to a = +]§ signature of the %_ [541] band, according to estimates
using the particle-rotor code described in Ref. [23]. More support for the assignment of
Band 7 to the unfavoured signature of the %_ [541] band is given in Subsection 4.2.4.

3.1.2. Bands 9, 10 and 11 and transitions feeding the %_ [5411 band
In Fig. 3c, a spectrum obtained by gating on 491 keV is shown. This gate includes con-
tributions from gamma-rays of 489 keV energy which are placed depopulating Bands 3
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and 6, but the main contribution is from the 491 keV transition which is placed depopu-
lating the 1~ [541] band at the %_ level. This transition feeds Band 9, but most of the
intensity of this band is rapidly lost back into the %_ [541] band through the 806 keV
transition, which feeds in at the 32—34 level. The 491 and 806 keV gamma-rays must
together carry a total of four units of spin, and as stretched M2 or E3 transitions are
unlikely to compete with in-band E2 transitions, both the 491 and 806 keV lines must be
of stretched E2 character. The spin of the 3526 keV state is therefore %ZA, and it follows
that Band 9 must have the same signature and parity as Band 8. This is also supported
by DCO ratios of gamma-rays which depopulate the band. Transitions in the lower part
of Band 9 can be seen in the spectrum obtained by gating on 1299 keV as shown in
Fig. 3d, in addition to transitions placed in, and depopulating, Band 10. Unfortunately,
the DCO ratios for transitions depopulating Band 10 could not be determined accurately
enough to aid spin assignments.

Finally, a large number of high-energy gamma-rays, shown in Fig. 1, feed into the
%7 {541] band from levels on which no rotational bands could be found.

3.1.3. Bands 1 and 2 - 1" [404] and 3" [402)

Band 2 has been assigned [16] to the %+ [402] configuration and reported [17]

. + . -
to spin 222 . The present work is only able to extend the band by a few transitions.

However, a new band, Band 1, is placed in the level scheme strongly feeding into
Band 2. In Fig. 5a, a spectrum obtained from the 466 keV coincidence gate is shown.
This clearly shows transitions placed in Band 1, and a complex line near 283 keV
composed of several transitions of similar energy that connect Band 1 to Band 2. The
separation of the lines near 283 keV was facilitated by the two-dimensional fitting of
energies and intensities by the program ESCL8SR [20,21]. The combined DCO ratio
of the 283 keV group and that of the 296 and 310 keV gamma-rays indicate dipole
character for the connecting transitions. This implies that the bandhead at 360 keV must

have a spin between 2 and % The available Nilsson orbitals near the Fermi surface

)
are %Jr (404] and 1 !

[411]. Band 1 is evidently strongly coupled and no §+ state is

observed. Therefore, Band 1| is assigned to the %+ [404] configuration. A %+ [404]
band has recently been assigned [24,25] in '"Re, and it shows a similar pattern of
decay into the % [402] band.

3.1.4. Bands 3, 4, 5 and 6
Band 3 was assigned [17] previously to the %+ [660] configuration. The measured
DCO ratios of the connecting transitions are consistent with the previous spin assign-

ments and the band is extended to both higher and lower spins. DCO ratios support
spin assignments to the %4' level. The band is now also connected to the %— [541]
band (Band 8) via 674 and 766 keV transitions. These establish the excitation energy
of the 3, %+ [402] state relative to the 3, 17 [541] bandhead as 84.6 keV. The energy
is in excellent agreement with the energy of a delayed gamma-ray of 84.7 keV, with

7172 = 50 us, assigned [16] to the 3, %+ [402] — 3,1 [541] transition. This supports
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the placement of the 63.5 keV line at the bottom of the %_ [541] band, although, due
to poor sensitivity for lifetimes > 2us, the 84.7 keV gamma-ray could not be observed
in the present work.

A new band, 4, is observed feeding Band 3 at spins 271, % and 22—9. Also, at higher
spins, the two bands are inter-connected by 701 and 665 keV transitions. DCO ratios and
arguments similar to those used in Subsection 3.1.2 establish the signature and parity
of Band 4 to be the same as that of Band 3. A representative coincidence spectrum is
shown in Fig. 5b, and a summed spectrum shows the transitions between levels placed
at high spin.

In Fig. 5c, a sum of gates on transitions in Band 5 are shown. The 962 and 975 keV
gamma-rays which connect Band 5 to Band 8, are of dipole character, while the DCO
ratio of the 457 keV transition, feeding Band 2, is consistent with quadrupole character.
This implies a probable parity and signature of (+,—%) for Band 5. The DCO ratios
of connecting transitions suggest the same signature and parity for Band 6. These spin
and parity assignments are also supported by the apparent interaction of levels of the
two bands at spin —2—21+, and mixing with the 22—3+ state of Band 2, as indicated by the
small energy separation of the levels and the transitions between them. This is discussed
further in Subsection 4.3.1.

3.2. Part B

We now turn our attention to the second part of the level scheme shown in Fig. 2.
Transitions assigned to Part B of the level scheme are listed in Table 2, where level
energies are given relative to the %_, %- [514] bandhead.

3.2.1. Bands 14 and 15 - 5~ [514]
9

Band 15, assigned [16] previously to the 5_ [514] configuration, and known [17]

to spin %, has been extended to spin 3 . In Figs. 6a and b a spectrum obtained

by summing gates on transitions in the %~ [514] band shows, in addition to the new

lines placed at the top of the band, transitions associated with Band 14. Two transitions,

of 195 and 629 keV energy, link the 3058 keV level of Band 14 to the 3~ and 2~

levels of the %_ [514] band. The transitions must therefore carry a total of three units
of spin. The DCO ratios (Table 2) suggest that the 195 keV transition is of dipole, and
the 629 keV transition of quadrupole, character. Consequently, the assigned spin of the

3058 keV level is 27

3.2.2. Bands 12 and 13

Weak transitions of high energy, at 891, 1017, 1034, 1105 and 1231 keV, can be
seen in Fig. 6a. These connect Bands 12 and 13 to the %_ {514] band. A spectrum
obtained by summing gates on transitions depopulating these bands is shown in Fig. 6c.
Transitions that feed the yrast band (Band 8), contaminate the spectrum, but in particular
it shows the 368 and 389 keV transitions that link Band 12 to Band 13, the 243, 245
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Table 2
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Gamma-rays assigned to part B of the level scheme of '"7Re

Ey Iy EP Ecb Ji Jr DCO
109.00( 10) 103.6(66) 1676.1(2) 15671 27 b

11634(101) <38 2092.3(4) 19759 F7 t

11723(101) <16 2737(4) 21560 LT Bt

124.90(10) 67.1(43) 1567.12) 14423 27 LT 0.83(51)
132.43(10) 124.0(59)  20923(4) 19599 B =y

134.70(11) 46.5(31) 1959.9(3) 18252 27 ur

141.45(10) 133.0(78) 1817.7¢3) 16761  4° L

142.45(101) 116.5(40) 1959.9(3) 18177 &7 ar

149.05(10) 102.1(65) 1825.2(3) 16761 47 B

150.70(10) 75.1(57) 1975.9(3) 18252 27 ar

158.40(101) <22 1975.93) 18177 &7 2T

163.72(10) > 968.0 ¢ 163.7(1) 00 47 2 0.72(4)
170.82(10) 84.7(52) 1988.6(3) 18177 BT ar

180.19(10) 74.0(54) 2156.03) 19759 & =

181.31(10) 193.9(82) 2737(4) 20923 Z7 Bt 093(13)
192.48(10) 1061.0(404) 356.0(1) 163.7 u- 4= 0.69(4)
194.70(101) 41.6(24) 325193) 30575 3T B 0.64(14)
196.00(101) <30 2156.0(3) 19599 BT nt

196.10(10) 86.4(54)  21846(3) 19886 &7 =

211.33(10) 58.5(44) 2367.1(3) 21560 L7 Lt

213.87(10) 852.9(298) 569.9(1) 3560 BT B 0.67(4)
216.14(10) 189.8(78)  2489.7(4) 22737 2T zt

219.02(11) 16.4(22)

221.50(11) 41.8(40)  2406.1(3) 21846 LT Bt

222.80(10) 87.7(53) 3085.9(4) 28631 (A1) (&)

227.08(14) 4.1(45)

228.00(17) 20.4(31)

229.00(12) 2.4(50)

230.44(10) 85.2(48) 3316.3(4) 30859 (&) ()

234.16(17) 10.1(37) 1197.3(2) 963.1 (¥ (D)

234.41(10) 133.9(61) 32519(3) 30174 %7 a4- 0.57(11)
235.37(10) 671.2(234) 805.2(1) 5699 4T B 0.65(4)
236.09(11) 14.6(18)

237.65(11) 32.7(37) 26046(4) 23671 2T Z-

242.09(11) 44.2(37) 26483(3) 24061 27 zr

242.52(11) 49.7(51) 1829.4(2) 15868  (£7)  (§7)

244.38(10) 166.6(67) 27340(4) 24897 AT ¥ 0.80(17)
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Table 2 — continued

E, I, E"® E; ® Ji J DCO
245.07(11) 90.6(62) 2074.5(3) 1829.4 (37 27

246.67(10) 180.9(73) 3498.7(3) 32519 I° 8- 0.46(7)
247.76(10) 496.3(177) 1052.9(2) 805.2 2= o= 0.74(4)
256.29(10) 79.6(43) 3572.6(5) 3163 (¥ 2

256.43(11) 60.3(44) 2331.2(3) 20745 (27T) !

259.35(11) 27.6(25) 4163.2(12) 39038 () h

260.20(11) 206(20)  2865.0(4) 26046 AT T

262.71(10) 366.2(130) 1315.7(2) 1052.9 a- g- 0.67(4)
264.11(16) 13.3(34) 1461.1(2) 1973 (47 27

265.14(11) 35.3(34) 2913.4(4) 26483 A7 ot

266.71(10) 307.5(113) 1582.5(2) 1315.7 - &~ 0.56(6)
268.15( 10) 135.5(57) 3766.8(3) 34987  ¥7 a-

268.69(10) 109.4(51) 3002.7(4) 27340 BT ar 0.92(14)
272.24(12) 37.3(36) 2603.7(3) 2312 () (3

275.81(10) 70.4(41) 3848.4(5) 5726 (2T (B

276.95(10) 252.8(94) 1859.5(2) 1582.5 £ 2- 0.73(6)
279.35(10) 209.3(80) 2138.8(2) 1859.5 z- z- 0.75(6)
279.80(12) 29.1(34) 3144.9(4) 2865.0 %* a7

284.79(12) 27.4(32)  31982(4) 29134 37 ar

288.98(10) 75.0(42) 3291.8(4) 30027 BT Bt

289.45(10) 169.1(67) 2428.4(2) 21388 27 a- 0.76(8)
292.60(10) 48.6(31)  41410(5) 38484 (T (I

294.07(10) 112.2(60) 2722.7(2) 24284 37 2°

294.79(12) 23.1(25) 4458.0(12) 41632 (%) (3

294.80(10) 121.8(61) 3017.4(2) 21227 &7 a-

296.94(10) 82.8(41) 4063.7(3) 37668 4 2= 0.84(16)
298.83(16) 14.5(28) 3356.1(3) 3057.5 2T 8- 0.92(33)
307.57(11) 61.2(39) 3599.4(4) 3291.8 %* Bt

307.97(11) 37.2(27) 4449005 41410 (2T (2D

313.16(25) <24 19886(3) 16761  ZF Lr

313.36(10) 74.5(37) 4377.1(3) 40637 47 4

322.00(11) 33.6(27) 4771.0(6) 44490 (4N (4

323.19(12) 309(31) 392254 3599.4 BT r

323.97(12) 33.0(62) 4781.9(12) 44580 (%) (4

329.83(20) 17.4(29) 3685.7(3) 33561 I 8-

331.49(101) 10.8(20) 3903.8(12) 35726 (i) (3%
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Table 2 — continued
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Ey L, E® E¢ b yA Ji DCO
335.57(12) 22.6(22) 5106.6(6) 1710 (£h (2h
336.60(12) 27.6(29) 4258.9(4) 39225 AT ur
338.59(14) 25.1(40) 51205(13) 47819 (%) €3
338.90(101) 21.0(21) 3356.1(3) 3017.4 s- 8-
345.24(11) 45.9(30) 4722.4(3) 4377.1 £ 47
348.20(15) 13.4(27) 4607.3(4) 42589 &7 ar
349.32(11) 29.8(28) 5071.8(3) 47224 47 £-
350.34(14) 9.9(20) 5457.0(6) 5106.6 (4—27*) (%*)
351.64(13) 20.0(30) 5472.1(13) 5120.5 4hH (£)
355.87(10) 156.0(94) 356.0(1) 00 L7 2
357.05(14) 16.2(28) 4964.0(4) 4607.3 &t ar
358.59(101) 43(27) 4381.8(4) 4024.8 4= 2
362.28(336) 3.7(19) 5818.7(16) 54570  (£T) £
363.60(18) 13.9(25) 5835.8(13) 54721 (%) €
366.80(17) 23.2(49) 2184.6(3) 18177 Y ar
368.44(11) 59.1(62) 1829.4(2) et (BT )
368.91(12) 17.5(32) 5332.5(5) 49640 47 s+
374.75(12) 18.4(24) 5835.7(4) 54609 A7 2
375.12(14) 12.0(21) 6210.9(13) 58358 (3 (%)
386.28(15) 13.1(22) 6646.5(4) 62600  F° 3
387.24(19) 8.8(18) 6598.1(14) 62109 () H
389.35(17) 15.0(40) 1586.8(2) 11973 () (2D
391.01(13) 29.6(40) 2367.1(3) 19759 27 ar
397.07(17) 17.8(34) 2489.7(4) 20023 27 Bt
406.13(10) 281.0(120) 569.9(1) 1637 L7 n- 0.98(10)
417.62(19) 148(34)  2406.1(3) 19886  Z7 zr
423.89(28) 6.1(25) 6260.0(4) 58357 3T -
448.41(14) 30.7(50)  26046(4) 21560 27 Bt
449.08(10) 324.8(133) 805.2(1) 3560 U7 8-
453.00(36) <5 BI63(4) 28631 (BT (BN
455.00(112) <5
455.08(101) <5
460.32(11) 49.042)  27340(4) 22737 BT zr
463.61(17) 19.4(40)  26483(3) 21846 27 Bt
478.90(20) 8.8(15) 1442.3(1) 963.1 L&t S D)
481.47(12) 49.1(43) 3498.7(3) 0174 I7 -
482.99(10) 352.7(140)  1052.9(2) 5699 27 L=
497.87(24) <2 1461.1(2) 963l (¥ (&)
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E, Iy E®P E® J; J; DCO
497.96(11) 51.6(50) 2865.0(4) 23671 AT o

507.33(15) 26.4(43) 2913.4(4) 24061 AT zr

510.48(10) 3792(145)  1315.7(2) gos2 3~ g 0.93(6)
513.04(11) 97.9(57) 3002.7(4) 24807 27 Br

514.78(10) 96.2(50) 3766.8(3) 2519 ¥ £

529.13(12) 57.6(58) 3251.9(3) 27227 ¥T a-

529.61(10) 325.8(137)  1582.5(2) 10529 27 2= 1.04(7)
529.98(17) 28.1(64) 2603.7(3) 20745 (27 &)

540.36(12) 44.3(45) 3144.9(4) 26046 D7 ot

543.85(10) 328.9(124)  1859.5(2) 13157 27 a4 1.02(7)
549.66(26) 10.9(40) 3198.2(4) 26483 27 2t

556.40(10) 302.6(117)  2138.8(2) 15825 &7 2- 0.95(8)
557.77(11) 79.1(53)  3291.8(4) 27340  B' ar

564.91(11) 64.1(42) 4063.7(3) 34987 47 a-

568.87(10) 308.0(115)  2428.4(2) 18595 27 Cl 1.02(6)
574.90(12) 37.0(52)  343994) 28650 (BT 47

583.98(10) 220.0(91) 2722.7(2) 21388 37 z- 1.17(15)
587.30(101) 10.6(20) 3903.8(12) 33163 (3 €]

589.14(10) 185.4(82) 3017.4(2) 24284 27 2

589.18(12) 283(38)  2863.1(4) 22737 (BN &7

596.83(11) 76.2(50) 3599.4(4) 30027 Z° Bnr

600.65(32) 6.9(28) 4449.0(5) w/aga (2 (EH

602.36(12) 48.1(49) 3747.3(4) 349 (I BT

610.35(11) 63.9(43) 4377.1(3) 37668 47 2

623.69(21) 13.4(39) 1586.8(2) 963.1  (¥7) (&)

626.74(13) 45.5(49) 4066.6(5) 3439.9 (%*) (%U

627.73(26) 16.4(42) 3685.7(3) 30575 4T 2

629.09(11) 107.3(68) 3057.5(3) 24284 7 2- 1.13(12)
630.29(29) 9.2(30) 4771.0(6) 41410 (2T (&H

630.67(11) 708(53)  30225(4) 3918 ¥T Bt

633.50(101) 72.7(30) 3356.1(3) 227 BT a- 0.93(9)
637.06(12) 40.7(43) 1442.3(1) gos2  BF z-

644.25(13) 38(42) 430155 13 (AT (I
658.00(101) < 5106.6(6) 44490 (8T (&)

658.86(11) 52.1(44) 4722.4(3) 40637 B 47

659.33(11) 58.4(50) 4258.9(4) 3599.4  4F ar
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Ey I E"® E;® Ji Ji DCO
662.39(29) 31.5(70) 1232.3(5) 569.9 5=

668.23(15) 31.3(48) 3685.7(3) 30174 47 8-

668.75(11) 64.9(55) 4024.8(4) 33561 27 = 0.86(13)
669.98(13) 32.9(41) 4736.6(5) w666 (2N (&Y

681.79(15) 24.2(38) 5073.3(5) 4391.5 (4—25*) (%*)

684.60(11) 53.1(46)  4607.3(4) 39225 BT r

686.16(27) 7.0(28) 5457.0(6) Mo (2h 2%

694.63(11) 58.0(43) 5071.8(3) 43771 47 £

696.02(18) 35.8(48) 4381.8(4) 36857 47 z-

705.43(12) 41.7(43) 4964.0(4) 42589 &7 ar

713.00(101) <5 s819.7(16) 51066 (2% (£

723.30(14) 36.3(48) 4748.1(4) 4024.8 (4—23‘) %‘

724.63(14) 87(42) 533255 46073 47 ar

735.00(101) 13.7(37) 5116.8(16) 43818 (%7) 47

738.48(12) 47.9(39) 5460.9(3) a124 BT L=

741.91(101) 3.0(25) 6198.9(17)  s457.0 (2T (£h

745.74(17) 20.0(38) 5709.8(5) 49640 (2N &7

762.10(11) 68.1(51) 1567.1(2) gos2 4V a-

764.13(14) 32.0(37) 5835.7(4) s071.8 3T a-

770.97(12) 30.9(41) 2863.1(4) 20023 (R %7

775.50(17) 22.6(38) 5523.6(5) 7481 (4T (3D

799.03(16) 22.5(34) 6260.0(4) 54609 3~ £~

811.04(18) 17.2(33) 6646.5(4) 58357 3T 3

841.56(47) 21.8(85) 1197.6(8) 356.0 u-

872.37(11) 91.0(71) 1442.3(1) 5609 &7 B 1.11(32)
891.11(17) 23.4(55) 1461.1(2) 5699 (27 BT

963.09(13) >308% 963.1(2) 00 (8 37

997.00(11) 65.6(50) 1567.1(2) s69.9  4° L= 0.64(36)
1016.75(21) 15.9(42) 1586.8(2) s69.9 (4T BT

1033.75(16) 23.5(90) 1197.3(2) 163.7 (27 47

1086.40(10) ISL5(112)  1442.3(1) 3560 LY 8- 053(24)
1105.07(16) 24.8(60) 1461.1(2) 3560 (2T BT

1230.53(31) 11.1(35) 1586.8(2) 3560 (27 47

1442.57(18) 10.7(31) 1442.3(1) 0.0 &7 $”

4 Gamma-ray transition intensity estimated from intensity of transitions feeding the depopulated level.

b Level energies with respect to the %_

9

s §_ISI4| level.
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Fig. 6. Spectra obtained by gating on the indicated transitions.
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Table 3
Gamma-ray branching ratios of transitions depopulating the 1442 keV level

Transition energy Experimental Alaga rule
. . 15, _9
(keV) branching ratio Li=3,K=3
637 0.27(3) 0.26
872 0.60(6) 0.55
1086 1 1
1279 < 0.03
1443 0.07(2)

and 256 keV transitions placed in Band 12, and the 164, 192 and 214 keV transitions of

the %_ [514] band. Bands 12 and 13 were populated too weakly to obtain DCO ratios

for any associated transitions. The transitions of 243, 245, 256 and 272 keV energy are

presumed to be dipoles, as their energies are comparable to those of dipole transitions,
9

in for example the 5_ [514] band. Tentative spin assignments follow from intensity

considerations and a discussion, in Subsection 4.4.4, of likely configurations.

3.2.3. The level at 1442.3 keV

Two strong high-energy gamma-rays seen in spectrum 6a, of 872 and 1086 keV
energy, have been reported [17] previously and placed in the level scheme decaying
from a level at 1442.3 keV. From the centroid shift of the 1086 keV line, the half-life of
the 1442.3 keV level is estimated to be < 0.4 ns. A coincidence spectrum obtained from
the sum of gates on these lines shows, in Fig. 6d, a large number of gamma-rays placed
in Bands 16-19, above the 1442.3 keV level (see Fig. 2). A gate on the 141 keV line
is shown in Fig. 7a and b. In the high-energy part of this spectrum, new lines at 637,
762, 997 and 1442.6 keV can be seen. The 637 and 1442.6 keV lines are placed in the
level scheme depopulating the 1442.3 keV level. They feed the %_ [514] band at spins
217 and 37, respectively. Walus et al. [17] suggested a spin of 4L~ for the 1442.3 keV
level based on measured angular distribution coefficients for the 872 and 1086 keV
transitions of A; = 0.29(04), A4 = —0.05(04) and A, = —0.43(09), A4 = 0.17(09),
respectively. These are consistent with the present DCO ratios, which are not measured
as precisely, but a spin of %_ for the 1442.3 keV level presents certain difficulties.
Firstly, it implies that the 637 keV transition be of the type J — J + 3. Using the above
limit on the half-life of the 1442.3 keV level and the measured gamma-ray branching
ratios, an enhancement factor > 7 x 10° over the single-particle Weisskopf estimate
would be deduced. But E3 transition rates in even-even nuclei in the A = 170 region
are typically [26] ~ 5 W.u. Secondly, the observed branching ratios, listed in Table 3,
of the transitions depopulating the 1442.3 keV level would need to be understood. For
example, no transition is observed feeding the Lzl-—; %_ [514] level. Lastly, we note that
the measured {17] angular distribution the 1086 keV line may have been contaminated
by the 1085 keV line placed feeding 2 level of Band 8.

An alternative, almost within the uncertainty limits of the angular distribution co-
efficients for the 872 keV transition, is a J — J assignment. This implies that the
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Fig. 7. Spectra obtained by gating on the indicated transitions.
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Table 4
DCO ratios obtained by gating on the 1086 keV transition

E, DCO
109 1.02(19)
125 1.02(15)
133 0.92(19)
135 0.8(5)

142 1.08(13)
149 0.98(24)
150 25(5)

164 1.05(11)
181 1.15(16)
356 2.0(9)

14423 keV level has a spin of % By choosing positive parity, E3 rather than M3
multipolarity is assigned to the 1442.6 keV transition, which in this case is enhanced
over the Weisskopf estimate by only a factor > 5. The remaining transitions are assigned
as E1 multipoles. In this case, the observed branching ratios can be explained simply
by the Alaga rules [27] (see Table 3), if it is assumed that the E1 transitions decay
predominantly from K = % components of the wavefunction. No transition would be

expected to be observed to the %7 state as it would be of M2 multipolarity. Therefore,
the preferred spin and parity assignment of the 1442.3 keV level is %Jr.

3.2.4. Bands 16, 17 and 18

Few stretched quadrupole transitions of sufficient intensity to form accurate DCO
ratios for lines associated with Bands 16 to 18 exist. Therefore, additional DCO ratios
were formed with respect to the 1086 keV transition that depopulates the 1442.3 keV
level. These are listed in Table 4. Assuming the 1086 keV transition to be a pure dipole,
one expects values near unity for pure (including E2) J — J —1 transitions, but values
greater than one for mixing ratios 6 > 0 and less than one for § < 0. Transitions of the
form J — J should give values around 1.5, although a pure quadrupole transition will
give a DCO ratio near 1.1. A stretched quadrupole transition will give a value near 1.5.

For the 125 keV line, connecting Band 16 to the 1442 keV level, the DCO ratio
formed by gating on the 1086 keV line gave a value of 1.05(0.14), consistent with
J — J — 1. Taken together with the DCO ratio of the 997 keV line (Table 2), which is
also consistent with J — J—1 character, a spin of % is implied for the 1567.1 keV level.
Positive parity can be inferred from the conversion coefficient of the 125 keV transition
obtained from the intensity balance at the 1567.1 keV level, ar(exp) = 2.10(14).
Comparison with theoretical conversion coefficients rules out E1 assignment (ar(El) =
0.31) and implies M1/E2 multipolarity (ar(E2) = 1.75; atr(M1) = 2.82). Note that
of the alternatives M1 or E2, M1 would be expected if the (allowed) transition occurs
between intrinsic states, as Weisskopf estimates imply that M1 transitions of this energy
should be ~ 10* faster than E2 transitions. If the 125 keV transition is of pure Ml
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Fig. 8. Partial level scheme of 17’ Re showing detail of transitions connecting Bands 16-18. Energies are given

with respect to the %—, %“ [514] level and arrow thicknesses represent gamma-ray intensities. Transitions in

parentheses are uncertain due contaminating lines or low statistics.

multipolarity, unobserved transitions, corresponding to about 20% of the intensity of the
125 keV line, must depopulate the 1442.3 keV level.

A detailed level scheme of the low-spin parts of Bands 16 to 18 is shown in Fig. 8.
The intensity balance at the 1567.1 keV level implies M1 multipolarity for the 109 keV
transition, assuming pure M1 multipolarity for the 125 keV line, and as the DCO ratio
of the 109 keV line is near unity, a spin and parity of %+ is assigned to the level at
1676.1 keV. Other transitions that interconnect the two signatures of Band 16 can be
seen in Fig. 7b.

The 141 keV gate (Figs. 7a, 7b), also shows members of a strongly populated band,
labelled 18. This feeds down, from the 1959.9 keV level, through two separate paths
to the 1567.1 keV level, one path containing a pair of gamma-rays of energy 135 and
149 keV, the other containing a pair both close to 142 keV. The coincidence spectrum
obtained by gating on the 149 keV transition, which depopulates Band 17, is shown in
Fig. 7c.

The placement of the 151 keV transition in Band 17 was complicated by the fact that
Bands 16-18 apparently also feed into the %+ [402] band. For example, in the 142 keV
gate (Fig. 7b) the 122, 151, 176, 193 and 208 keV lines belonging to the %+ [402]
structure are visible. Unfortunately the path or paths to the %+ [402] band could not
be determined, but transitions belonging to the %+ [402] band are seen in coincidence
spectra down to the 109 keV gate. Contaminants from neighbouring odd-odd nuclei
also complicate the task of placing the line at 151 keV, but the existence of a second
151 keV transition outside of the %4' [402] band is demonstrated by the 151 keV line
seen in the 872 and 1086 keV coincidence spectra (Fig. 6d). The 151 keV transition
cannot be placed in series immediately following or preceding either the 132 or the
109 keV transitions as it is of insufficient intensity to account for the flow of intensity
from Band 18. There is also no evidence of an alternative path summing to 151 keV.
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The present placement is supported by an excess of intensity at 151 keV compared to
that of the 122 and 176 keV transitions of the %+ [402] band, in coincidence spectra
gated by the 149, 180 and 211 keV transitions and other transitions placed in Band 17.
The fact that the path(s) to the %Jr [402] band are unknown, and the difficulty in
resolving the 149/151 and 141/142 keV vy-ray peaks, complicates the determination
of conversion coefficients from intensity balances. However, these imply that the 141
and 149 keV gamma-rays are of E2 or M1/E2 character and the 135 and 142 keV
gamma-rays are of fairly pure M1 character, but the possibility of unobserved transitions
depopulating the 1959.9 keV level cannot be ruled out. A stretched E2 assignment for
any of these gamma-rays would be in conflict with the population of Bands 16 to 18
compared with that of Band 15, which is the band populated strongest in part B of the
level scheme (see Subsection 4.5) - and therefore probably yrast. The DCO ratios are
consistent with / — J—1 transitions, and there is evidence of mixing between Bands 16—
18 (Subsection 4.4.5). These facts and a consideration of the available configurations
(Subsection 4.4), lead to the present spin and parity assignments (Fig. 2).

3.2.5. Bands 19 and 20

In Fig. 9a a spectrum obtained from the 223 keV coincidence gate shows transitions
assumed to be of dipole character that are placed interconnecting the two signatures of
Band 19. The band is in part depopulated by 589 and 771 keV transitions. These feed
Band 18, although the 589 keV transition is tentative due to the background subtraction
of the strong 590 keV line in the yrast band (Band 8). DCO ratios for the 771 keV
transition, obtained by gating on presumed dipole transitions in Band 19, and transitions
from levels fed by the 771 keV line, are typically ~ 1.5. This rules out a pure J — J—1
transition, and hence positive parity is suggested for Band 19. These two transitions do
not account for all of the intensity of Band 19. Part of the intensity is lost at the (%U
and (%f) levels to a band or bands, dashed on the level scheme, involving gamma-rays
of energy 219, 227, 228, 229, 236, 455 and 456 keV. The ordering of these gamma-rays
could not be established.

A spectrum obtained by summing coincidence gates on transitions assumed to be
dipoles and associated with Band 20 is shown in Fig. 9b. This spectrum is rather
complex, but in Fig. 9c, it is shown improved by using the program ESCLSR to subtract
out all known lines other than those associated with Band 20. The 295 keV transition
does not carry all of the intensity feeding the 4458 keV level. This level may therefore
be the bandhead, but no lifetime (> 1 ns) was observed for this level and no other
depopulating transitions could be found. The spins for Bands 19 and 20 are only tentative
and are based on a consideration of their populations and probable configurations (see
Subsection 4.4.7).
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Fig. 9. Spectra obtained by gating on the indicated transitions.
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4. Configuration assignments and discussion
4.1. Introduction

Fragments of a least 30 rotational bands (of a given signature) have been placed in
the level scheme. However, as we shall see, in many cases configuration assignments
are not straightforward even when spin and parity assignments are firm. To aid our
interpretations, we shall make extensive use of the study of in-band transition rates
which can be related to gx values and ultimately to the nuclear configuration. Band-
mixing calculations are also employed, to simplify the data and deduce the properties
(alignments, excitation energies etc.) of the interacting bands. Therefore, these are
discussed in some detail below.

4.1.1. Branching ratios and g-factors

In-band transition rates can be expressed as B(M1,{ — [—1)/B(E2,] — I —2) ratios

if the E2/M1 mixing ratio § is known. By assuming a value for K, the magnitude of
is deduced from the in-band branching ratio A, using the rotational model expression:

& 2K2(21 — 1) E;

= —=A,
1+68 (U+DHU+K-1)U—-K-1)E

(D

where E| > are the gamma-ray transition energies and the subscripts denote the change
in spin. The B(M1,/ — [ — 1)/B(E2,] — { — 2) ratio is given by

- S —
B(MI1,I — 1 l)=0.6967E2(1_)1 2) 1

B(E2I —1—2) EUSI-DAQ+8) (2

To calculate theoretical B(M1,/ — I — 1)/B(E2,] — I — 2) ratios, a generaliza-
tion [21] of the semi-classical formula [28] for the B(M1,/ — [ — 1) value, which
takes into account the orientation of the unpaired nucleons, whether they are deforma-
tion, Fermi, or rotation aligned is employed:

{M[Z(&—&)K;}

J

B(Ml,[—’]— 1)=§T—I—Z

2
—K[Z(g,- —gmti,]} KA (3)
i
where

K=ZK1

and i; is the aligned angular momentum of the jth nucleon of the configuration, having
a g value of g;. Theoretical values of g;, are calculated from the wavefunctions of
Chi [29], at 6 = 0.2, and listed in Table 5.
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Table 5
Values of g; calculated from the wavefunctions of Chi [29]

Protons Neutrons
orbital 8 orbital 8j
171541 0.7 1715211 0.88
27 1514] 129 27 [512] -0.37
¥ 1402 1.57 17 (5141 0.33
¥ 1404) 0.63 1" [633] ~0.26

An alternative to experimental B(M1,/ — I —1)/B(E2,] — I —2) ratios is to derive
experimental gx values with the rotational model formula:

(gx — &r)/Q0 =0.933E, /6 I? — 1. (4)

This formula assumes strong coupling, with gx for a multi-quasiparticle configuration
given by gx = (32;8/K;)/(}_; K;). However, for some Nilsson orbitals, the strong
coupling estimate of gk is inappropriate due to Coriolis mixing. This is particularly true
for ij3/2 neutrons and hg/, protons. In this case an approach employed by Walker et
al. [30] is to use an empirical g; or gemp taken from experimental branching ratios of
the corresponding one-quasiparticle band.

Here we take an alternative approach and define an effective gk, or gesr, for a given
configuration, by equating the strong coupling expression for the B(M1,/] — I — 1)
value

3 K?
B(M],1—>1*1)='8;(geff_gR)2K2 (1—1—2) 7 (5)

(which uses an approximate expression for the Clebsch-Gordan coefficient), with
Eq. (3), to give:

o= Z(g,i —gr)K; B Z(g,i — 8r)ij (6)
8eff — &R K m .

The first term just represents the usual expression for gx in the strong coupling
limit. The second term is due to Coriolis mixing and shows that in general gesr 1S spin
dependent. As a check on this formula near N = 102, we note that, when averaged over

o . . . 7+
the same spin interval as in experiment, the calculated values of g for the v5  [633]

and V%+ [633] ® v [512] bands of '">'"Hf, —0.07 and —0.06, compare well with

the experimental [31] average values of —0.09(9) and —-0.20(21), respectively.
Experimental and calculated values of B(M1)/B(E2) and gk for selected bands in

177Re are shown in Fig. 10. For these bands, Qg was taken as 6.7¢-b, a value predicted

(see Subsection 4.2.1) to be typical for that of the one-quasiparticle %+ [402] and

%+ [404] bands and 7y, the asymmetry parameter, taken to be zero. The value of K is
fixed at the spin of the bandhead and g fixed at 0.35.
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bands in '’ Re.

4.1.2. Band-mixing calculations

Mixing between bands is often observed experimentally. Unperturbed bands are de-
duced from the data by using the formalism of Refs. [7,32]. Briefly, the unperturbed
bands are parameterised using a VMI [33] expression where the energy is given by:

E(I) =Ey+ 3C(I; — Ty)* + R(R+ 1) /2, (7)

and the angular momentum of the core, R, is approximated by:

R J(U+ )2 —K—i— 1. (8)

In addition to the moment-of-inertia parameter Zy and the restoring force constant
C, which can be related [33] to the nuclear deformation, important parameters are Ej,
the energy of the bandhead, and i, the aligned angular momentum. One expects that for
three-quasiparticle configurations, Ey =~ 24, the energy required to break a pair, where
A is the BCS pairing gap. This quantity will be useful in characterising bands as due to
either one or three quasiparticles.

Two or more unperturbed bands are allowed to interact with each other using spin-
independent interactions. The parameters of the unperturbed bands and their interactions
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are deduced by fitting the calculated energies to the data. Ratios of E2 transition proba-
bilities P, are calculated from the mixed wavefunctions using the expression:

PlA(I) — A(I - 2)] (EY(A(I)-—>A(I——2)))5

PIA() > B(I1-2)] \E,(A(l) > B -2))

> e (NQje;(1 —2)\/(12 ~K}) (1 -1D? - K})
3, (DB —2/(1? = K) (1 - D? — K?)

(9)

with

AD) =Y ai(D 1), (B = BD),
J J

where |A(7)) and |B(I)) are the wavefunctions of perturbed bands at a spin /, expressed
in the basis of the unperturbed bands |j), which have an angular momentum projection
K; on the symmetry axis. The off-diagonal matrix elements are neglected.

4.2. Shape changes at low spin and the alignment of i;3;, neutrons

4.2.1. Deformation calculations

We shall presently discuss the alignment properties of bands based on the %_ [541],
%_ [514], %+ [402] and %Jr [404] configurations. Therefore, it is pertinent to consider
first the predicted deformations of these bands in both the one-quasiparticle (g) con-
figuration and the associated three-quasiparticle (s) configuration formed by aligning a
pair of i3/, neutrons. The principal theoretical tool employed to interpret the data is the
cranking code Ultimate Cranker [34].

A difficulty in TRS type calculations [35] is that crossings between routhians cause an
interchange of character of the wavefunction, causing difficulties in following a specific
configuration as a function of rotational frequency. The Ultimate Cranker overcomes
this problem by using several interaction removal methods [ 14,34,36] to deduce the so-
called non-adiabatic orbitals, which are free of mixing caused by crossings. In this way,
for example, the energies and deformations as a function of spin, of one-quasiparticle
configurations and their associated three-quasiparticle s-bands (due to the alignment
of i)3/2 neutrons) can be studied separately, free of the mixing between each other.
Configurations are specified not only by the usual parity and signature quantum numbers
but also by limits on the expectation values of N and j. These limits allow for example,
the clean separation of the proton orbitals %+ [660] , %+ [402] and %Jr [404].

Potential energy surfaces are constructed for desired configurations and energy min-
imised with respect to the deformation parameters &;, €4 and y. We use a Nilsson poten-
tial with the parameters of Ref. [37]. Self-consistent BCS calculations, as in Ref. [38],
are performed for each deformation point at @ = 0 only. For three-quasiparticle config-
urations the pairing is scaled down by a factor of 0.8 to mimic the effects of block-
ing [39]. Particle number projection is performed.
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one-quasiproton configuration while open symbols refer to the three-quasiparticle configuration obtained by
coupling the one-quasiproton to a pair of 113/, quasineutrons.

The predicted minima in &; and v, as a function of spin, for the %_ [5411], %_ [514],

[402] and 1'[404] bands are summarised in Fig. 11. Both the ' [402] and

[404] g-bands are predicted to start at low spins with a relatively small deformation
€ ~ 0.23 and stretch a moderate amount with increasing spin, to &; ~ 0.26. Stretching
has been understood previously [7,8,10,40] as being accompanied by the removal of
spin-zero coupled proton pairs from up-sloping orbitals such as the g" [514], %+ [402]

and 2 [404] orbitals into the deformation driving 5~ [541] orbital. Stretching of the

5+
2
7+
2

one-quasiparticle %_ [514] band in the direction of increasing &; is not predicted by the
present calculations, but the effect is expected to depend sensitively on the location of
the relevant orbitals with respect to the Fermi surface. Note that the predicted increase
in triaxiallity (y < 0) with spin, still implies an increase in collectivity. At the crossing
with the s-band, the deformation of the 3 [402] and 1" [404] bands should fall and

remain constant around &, ~ 0.22. The deformation of the %_ [541] g- and s-bands is
predicted to be relatively stable, at around &; ~ 0.25. Shape stretching is not expected
to occur in the %_ [541] one-quasiparticle band as the odd proton blocks the scattering
of spin-zero coupled pairs.

In general, &4 is predicted to be fairly stable within a given configuration (usually to
within 0.005 in g4) with typical values between g4 = 0.02 and 0.03.

4.2.2. Bands 14 and 15 - 3~ [514]

The aligned angular momenta of Bands 14 and 15 are shown in Fig. 12. Band 15,

identified with the %_ [514] configuration, upbends smoothly in the frequency interval
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Fig. 12. Aligned angular momenta for selected bands in '"’Re. Reference parameters: Zy = 30 MeV /2,
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0.20 to 0.27 MeV before suddenly backbending and reaching a final aligned angular
momentum of ~ 9A. The most likely candidate causing the backbend is a pair of rotation
aligned i;3, neutrons. The jump in the measured B(M1)/B(E2) and gx values above
spin —323 (Fig. 10) occurs at the backbend and is in good agreement with the calculation,
which assumes an alignment of 13,, neutrons and takes i; (Egs. (3) and (6)), to be
9h, as in experiment. (At spin % mixing with Band 14 occurs.)

It was shown by Walus et al. [17] that the B(M1)/B(E2) values in the upbending
region (0.20 to 0.27 MeV), are not consistent with a neutron alignment. In several
Re and Ir nuclei, reductions in B(M1)/B(E2) values have been cited as evidence for
deformation changes [7,9,24,41]. The discrepancies between the calculated and observed
B(M1)/B(E2) values near spin 222 imply an increase in collectivity (Qgcos(30— 7)),
of about 20%. This is in line with the calculations presented in the previous section (see
Fig. 11).

Another approach [32] for understanding the low-frequency upbends is to use a band-
mixing model where a third band, usually labelled d, is introduced to represent a more
deformed configuration in which the ]5— [541] orbital is occupied by protons coupled
to spin zero. Mixing between the d-band and the less deformed one-quasiparticle, or
g-band, gives rise to shape changes. The necessity for using three bands is demonstrated
in Fig. 13, where an attempt to fit Bands 14 and 15 with only two unperturbed bands,
could not reproduce the upbend. The results of a three band-mixing calculation are also
shown in Fig. 13. The d-band is found to cross the g-band near spin %, and at higher
spins, is identified with Band 14. From the deduced parameters of the unperturbed bands
(Table 6), the quadrupole moments may be estimated [33]. The inferred deformation of
the d-band, Q(d) =~ 7.8¢-b is about 12% larger than that of the g-band Q(g) ~ 6.9¢b,
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Fig. 13. Results of band-mixing calculations involving Bands 14 and 15 (%‘ [514]).

supporting the shape change scenario.
The parameters of the third band (d) (Table 6) indicate that it possesses little aligned
angular momentum, consistent with the occupation of zero-coupled proton pairs in the

%_ [541] orbital, rather than the rotation alignment of nucleons.

4.2.3. Bands I and 2 - 1" [404] and 3" [402] bands

It has not been possible to extend the 3 [402] and 1" [404] bands to spins high
enough to observe the alignment of i;3/, neutrons, but in common with the %_ [514]
band, upbending is observed at low frequencies, see Fig. 12. Qualitatively, this is ex-
pected from the predicted shape stretching. To model this in a band-mixing calculation
would be a complex task, in part due to the number of free parameters, as we would
expect a total of at least four bands to mix with each other. Specifically, in addition to
the less deformed %+ [404] and %+ [402] g-bands, two d-bands, one associated with
the %+ {404] band and the other associated with the %+ [402] band would be required.
The situation is drawn schematically in Fig. 14. That mixing is occurring between the
bands is supported by the measured B(M1)/B(E2) ratios and deduced gx values shown
in Fig. 10. The gx values for the two bands, although close to the values expected for
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Table 6
Parameters determined from band-mixing calculations
Band I() C i; K E()
x1072 x 108 (h)  (R) (keV)  (keV) (keV)  (keV)
(keV—l)  (keV?)
27 [514] Ves Vea Vs
g 291 3.63 02 =45 504 709 74.6 393
d 3.86 3.57 1.1 =45 484.1
S 3.09 12.75 10.3 =45 24745
1* [404] and
57 1402 Vi
I 2.17 1.45 02 =25 388 34.0
11 342 1.73 —-02 =335 2844
17 1541] Ves
g 2.24 4.03 4.2 =05 876 63.7
S 423 13.31 702 =05 18284
Bands 3 and 4 W Vin ViLm
1 3.02 3.66 42 =05 9933 2423 552 497
1 3.66 7.99 6.1 =05 14735
[ 248 492 12.0 =05 31209
Bands 5 and 6 Wivvi Wy W,vi
v 3.19 3.81 3.7 =05 9625 7.2 —473 17.3
\Y 341 5.28 6.0 =05 144738
VI 2.96 420 6.4 =035 14616
Bands 16, 17 and 18 Vie-17 Vie—18 Vi7T—18
16 4 4.34 10.85 30 748 15223 55 5.8 —22
170 3.06 375 5.1 745  1686.3
i8¢ 3.20 1.95 4.4 10.5 1939.6

4 Unperturbed band identified, at high spin, with Band 16.
b Unperturbed band identified, at high spin, with Band 17.
¢ Unperturbed band identified, at high spin, with Band 18.

= Parameter fixed.

ENERGY

SPIN

Fig. 14. Schematic diagram showing band-mixing scenarioc where the %+ [402] and %+ [404] bands are
crossed by bands of higher deformation. Solid lines — mixed bands, dashed lines - unperturbed bands.
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the assigned configurations at low spin, interchange values so that at high spin the gx
values of the %+ [402] band approach those expected for the %+ [404] configuration
and vice-versa.

Rather than attempt a four-band-mixing calculation, we have used two unperturbed
bands, I and II, each approximating a pair of bands in the above scenario, —%Jr [404]
g and d, and §+ [402] g and d, to model the mixing. These have been fitted to the
energies of the %+ [404] and %+ [402] bands, and in addition, to the in-band/out-of-

band / — [ —2 branching ratios from the %+ [404] band, assuming the same quadrupole
moments for both bands. The results are illustrated in Fig. 15, and the parameters are
listed in Table 6. Although the average behaviour of the experimental aligned angular
momenta is reproduced by using only two bands, rather than four, detailed agreement
as found for the %‘ [514] band is not obtained. (Perturbations in the alignment curve
of Band 2 above hw =~ 250 keV are due to mixing with Bands 3-6.) Although we
expect the two-band model to be an oversimplification, by using the resulting (mixed)
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Fig. 16. Values of gx calculated with (mixed) wavefunctions of band-mixing calculation, solid lines, compared
with data for both 3" 1402) and 27 [404] bands.

wavefunctions to calculate K and g values, excellent agreement with the experimental
values of gk is found. These are shown in Fig. 16. In this case the experimental gx values
were derived with Eq. (1), using the predicted expectation values of K. The exchange
of gk values implies that the %Jr [404]1 band crosses the %+ [402] band. According to
the fitted parameters, the crossing happens because the moment-of-inertia, Zy, of the
unperturbed %+ [404] band, band II is larger than that of the unperturbed %+ [402]
band, band I - see Table 6. Note that both unperturbed bands, I and II, have much
smaller stiffness parameters C than the g- or d-band associated with the %_ [514] band.
The low stiffness parameters indicate that the bands increase their moment-of-inertia
with spin much more rapidly than the unperturbed bands associated with the %- [514]
band. In this way bands I and II each mimic the effect of a crossing between the g-
and d-configurations in the four-band scenario depicted in Fig. 14. However, the fitted
parameters of the unperturbed %+ [404] band indicate that both g- and d-configurations
are more deformed than those of the 5* [402] band. The calculations of Subsection 4.2.1
(see Fig. 11) predict that for a given spin value, the %Jr [404] band will be slightly
more deformed than the %+ [402] band, but not enough to cause a crossing. (The bands
are calculated as a function of spin in Subsection 4.3.1.)

4.2.4. Bands 7, 8 and 9 — mwhy;;

The aligned angular momenta of Bands 7 to 9 are shown in Fig. 12. A clear back-
bend, attributed to the alignment of i3/, neutrons, is seen in Band 8, the a = +%
signature of the 12— [541] band, at hw = 0.32 MeV. No irregularities in the aligned
angular momentum, such as those associated with the other bands of Fig. 12 at low
frequencies, are observed. This is in accord with the predictions of the Ultimate Cranker
(Subsection 4.2.1), that the deformation of this band should remain relatively stable,
even with the alignment of i3/, neutrons.

Band 7 has a similar moment-of-inertia to Band 8 and backbends at nearly the
same frequency, supporting the assignment (Subsection 3.1.1) to the @ = —% signature
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of the one-quasiparticle %_ [541] band. Band 9 appears, at high frequencies, to be

composed of the extension of the (a = +%, %_ [541]) ground band and, at frequencies

between 0.20 and 0.27 MeV, to be the extension of the s-band. At lower frequencies
(< 0.20 MeV), Band 9 gains alignment rapidly. These frequencies correspond to values
of spin I < i = 10R, the maximum alignment of the %_ [541] band. The levels in this
frequency interval presumably are formed by the successive recoupling of the nucleonic
angular momenta until the maximum alignment is reached.

Bands 8 and 9 present a straightforward two-band-mixing problem between a one-
quasiparticle g-band, and the associated three-quasiparticle s-band, the result of which
is shown in Fig. 17. The deduced parameters are listed in Table 6. The energies of the
yrare band (Band 9) were fitted in a restricted spin interval due to the unsuitability of
the parameterisation of the unperturbed band for spins / < i. This is obvious in Fig. 17
as the energy of the s-band tends to oc as I — 0. The energies in the fitted interval
are well reproduced by the fitted bands when a constant interaction strength of 64 keV
is used. The calculated wavefunctions allow the branching ratios between the bands to
be deduced. These are plotted together with the experimental values in Fig. 17. The
calculated values assume the same quadrupole moment for both unperturbed bands, in
accord with the predictions of the Ultimate Cranker, and good agreement with the data
is found. Although the admixture of the g-band in Band 9 is quite small at low spins
(1.6% at %h), out-of-band transitions to Band 8 occur because of the dominance of
the E)S, term in the expression for the transition rate.
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Table 7
Band-crossing frequencies compared with CSM calculations

Orbital Experiment Theory
hwe (MeV) hoe (MeV) £ ¥y 4 (MeV)
2715141 026 023 022 -5 09 (BCS)
027 022 -5 12
3705411 032 (a=+1);030 (a=-1) 0.26 025 0 08 (BCS)
028 025 0 09

4.2.5. Crossing frequencies and the CSM

As mentioned in the introduction, the rotational frequency at which the alignment of
11372 neutrons occurs, when the odd proton occupies the hg/, orbital, is delayed with
respect to the alignment in the even—even neighbours. The Cranked Shell Model usually
predicts a shift in crossing frequency due to the predicted larger deformation of the hg/s
band. However, the magnitude of the shift, particularly in Ta, Lu and Tm isotopes is
not often in quantitative agreement [3-5] with the CSM. This is not the case in "!Re,
where the shift was shown to be in reasonable agreement [15] with the CSM. Here
we test the CSM against the crossing frequencies in both the %_ [514] and %_ [541]
bands. Using deformations predicted by the Ultimate Cranker calculations (Fig. 10) and
self-consistent BCS values [34,38] of 4 at w =0, the predicted crossing frequency, see
Table 7, is in both cases underestimated.

A possible source of the discrepancy appears to arise from the pairing. From the
above band-mixing calculations, 4 can be estimated from the excitation energy of the
s-band above the g-band, i.e.

Eo(s) — Eo(g) =24/ (e — A)? + 42 >~ 24. (10)

This gives a 4 of 870 keV for the 1~ [541] band and 1262 keV for the 3 [514]
band, compared with typical BCS values of 800 and 900 keV, respectively. Larger
estimates of the pairing strength give improved agreement with the experimental values,
see Table 7, and considering the scope for minor adjustments in other parameters, e.g.,
&), &4 and vy, better agreement may be possible. However, the discrepancy between the
BCS pairing and the empirically determined values of 4 remains to be explained.

4.3. Bands 3, 4, 5 and 6

4.3.1. Signature inversion and the i;3), band

The aligned angular momenta of Bands 3 to 6 are shown in Fig. 18. This complicated
pattern does not lend itself to easy interpretation but when the energies of these bands
are plotted as a function of spin, see Fig. 19a, band crossings apparently occur around
spin 12 in the @ = +1 sequence and possibly also in the @ = —1 sequence. To

disentangle these bands it proved necessary to fit each signature separately and to use
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three unperturbed bands in both cases. Figs. 19b and 19c show the quality of the fits
to the data for both signatures. The parameters are listed in Table 6. The simplification
obtained by deducing the unperturbed bands is apparent in Fig. 19d, where they have
been plotted as a function of spin. Firstly we see two unperturbed bands, I and IV,
evidently signature partners, begin near spin % and cross three other bands, near spin %,
before proceeding far above the yrast line. Bands I and TV manifest experimentally as the
low-spin (< 2—,‘“,Sli) parts of Bands 3 and 5. The deduced bandhead energy of the signature
pair is around 960 keV, precluding one-quasiproton-two-quasineutron character, as we
have already seen that 24, ~ 2000 keV. Three-quasiproton character is also unlikely
as an estimate of 24, from odd-even mass differences also gives 24, ~ 2000 keV.
However, assignment of purely one-quasiparticle character to these bands is problematic
as their small signature splitting (< 100 keV) implies an orbital strongly coupled to
the nuclear deformation, but the deduced aligned angular momentum, i ~ 4% (Table 6)
suggests instead a rotation aligned particle. As no one-quasiproton configuration fulfills
these two properties simultaneously, the only remaining alternative is a state composed
of an aligned particle coupled to a vibrational excitation. The only possibility consistent
with the excitation energy, parity, and aligned angular momentum is an hg/; proton
coupled to an octupole vibration, although a detailed theoretical treatment would be
required to test whether the small signature splitting is consistent with the proposed
assignment.

The next three unperturbed bands, II, V and VI, emerging from the crossings near spin
%5, have bandhead energies ~ 1500 keV, opening the possibility of three-quasiparticle
excitations. The lowest two unperturbed bands, II and V, correspond to Bands 3 and 5
above spin £ and are evidently signature partners, as implied by their similar moments-
of-inertia and the weak transitions at 337 and 376 keV, which connect the two bands.
Band 3 has been assigned [17] previously to the one-quasiparticle 7rij3 /> configuration,
but this assignment is inconsistent with the signature splitting between Bands 3 and 5,
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which would be expected to be of the order of 600 keV if Band 5 corresponded to
the unfavoured 7riy3/, band. Therefore, the only one-quasiparticle structure that might
have been consistent with the large aligned angular momentum of the band, 6.5k, is
ruled out and the configuration must contain at least two rotation aligned particles.
These could be Vi%3 /2 OT 7Th§ 2 which must couple to a positive-parity proton, such as

%+ [402] or %+ [404], or they could be Vi}3 /zﬂh; /2 which must couple to a negative-

parity neutron, for example one of 3 [521], 37 [512], or 1 [514]. The 337 and

376 keV transitions, which have DCO ratios consistent with negative mixing ratios,

allow gx values to be derived from the branching ratios at spin %5 and % Several
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possible values emerge depending on the choice of K, but only K = % gives a gg value
(0.05(2)), in reasonable agreement with that of one of the above configurations, namely
73 [5411®vs [521]1® u%+ [633] with gx = 0.01. The alternative coupling of these
nucleons, where the two (2 = % particles couple to K = 0, for a total K of I, would
also be expected to be low in energy, according to the rules of Jain and Jain [43]. They
propose that the coupling 11| is always highest in energy and TTf is never lowest,
where 1, | indicate the projection of the intrinsic spins of the neutrons and {,{ that of
the odd proton. However, the gk value in this case would be expected to be (Eg. (6))
about —0.2, which is in slightly poorer agreement with the data.

In the CSM, the magnitude of the signature splitting should be equal to that of
the orbital of the constituent quasiparticle with the smallest signature splitting. This is
expected to be the %+ [633] orbital and experimentally, the splitting of the two signatures
of the %+[633] band in the neighbouring nuclei [42] is (=~ 100 keV), comparable to
that between bands II and V. However, since the favoured signature of any of the
constituent quasiparticles is +%, the total signature of the favoured sequence should be
+% (= —%), which disagrees with the observed favoured signature of a = +%. That is,
the sign of the signature splitting is reversed.

To aid configuration assignments for the remaining two unperturbed bands (III and
VI), and to test whether the signature inversion could be due to deformation effects,
the Ultimate Cranker was used to calculate the energies of all possible combinations
of three-quasiparticle bands, minimised with respect to deformation, near the Fermi
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surface consistent with the requisite parity and alignment, including some additional
configurations for comparison. The resulting bands are plotted as a function of spin in
Fig. 20.

Detailed agreement is not obtained. The %Jr [402] and %Jr [404] one-quasiparticle

bands are too low in energy with respect to the %_ [541] band and generally the

moment-of-inertia is underestimated. The moment-of-inertia is sensitive both to pairing
and also to the method by which it is renormalised [34]. However, there are qualita-
tive features of the calculations which allow us to draw some conclusions. Firstly, at
high spins, a ;32 s-band (%+[660]®AB) is predicted to approach the 7hg/, s-band
(%_[541]®AB) and eventually become yrast. This agrees well with the behaviour of
unperturbed band III, which corresponds to the high-spin part of Band 4. The low-spin
part of Band 4 is due to mixing with a strong interaction (V =242 keV) between the
proposed i3/, s-band and 7rhg/2® octupole band. There appears to be no analogue
for the latter in the calculated bands, consistent with its suggested vibrational character.
As band VI has a = —%, no unperturbed band remains that can correspond to the one-
quasiparticle (a = +%) 7riy3/2 band. The calculations suggest part of the explanation.
We first note that the energy of the one-quasiparticie %+ [402] and %+ [404] bands

are about 250 keV too low compared with the %_[541] band. This implies that the

associated s-bands (3" [402] ®AB and 1* [404] ®AB) should be raised by about

the same amount so that the %* [402] s-band be nearly degenerate with four aligned

bands based on the configurations {{541] ® v(AE,BE,AF,BF), where A and B are
the two signatures (—}—%, —%) of the V%+ [633] orbital, and E and F refer to those

of the V%ﬁ [512] orbital. These are all predicted to cross the rij3/, s-band at higher
spins (=~ 18%) than the one-quasiparticle 713/, band (== 16A). The a = +% sequences
will interact with the arij3/; s-band and form paths by which intensity will be lost

before the crossing with the one-quasiparticle 7ri;3/2 band is reached. Experimentally,
the gx — gr values indicate that it is the band 7hy/; ® V%+ [633] ® %_ [521], i.e.
7hy )y ® ¥(AG,BG), which crosses the 7i;3/, s-band first, but this band is predicted to
lie about 250 keV above the 7hg/; ® v (AE,BE,AF,BF) bands. Apparently, the present
Nilsson parameters place the V%_ [512] orbital nearer to the Fermi surface than the

v%k {521] orbital. Experimentally [42,44], in the odd-neutron nuclei at N = 101 and

103, it is the v%_ [521] band that is lowest. Two effects therefore, prevent the one-
quasiparticle ;3,7 band from being observed; crossing with the three-quasiparticle band
mhg/ ® ¥(BG) and mixing of the i 3/, s-band with the octupole band.

Although the signature splitting between the predicted 7hy/, ® ¥(AG,BG) bands is
small, the observed signature inversion between bands II and V is not reproduced;
hence the present calculations cannot explain the inversion as a deformation effect. Al-
ternatively, if the inversion is a deformation effect, positive gamma deformation may
be inferred. As the two signature partners are predicted to have the same deformation
(g7 = 0.24, g4 = 0.02 and y = 2°), the calculated signature splitting effectively corre-
sponds to the splitting between the orbitals A and B. In the vicinity of the minimum,
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signature inversion between the orbitals A and B is calculated to occur near y = 10°,
albeit with a splitting of only ~ 10 keV.

Finally, no clear cut candidate amongst the calculated bands emerges for unperturbed
band VI and Band 10, essentially because most of the calculated bands are predicted
to have small signature splitting, while the signature partners of the experimental bands
have not been observed.

4.3.2. Systematics of competition between i3/, bands and aligned three-quasiparticle
bands

The fact that the one-quasiparticle i3/, band has not been observed in this nucleus
raises questions about assignments (o 7riy3/, bands in neighbouring nuclei. In 181Tr a band
with signature @ = +% and a suggested configuration [45] of 7hg/, ® ¥AF competes in
intensity with a band assigned to the i3, configuration. In '°Re, a band with & = —}
has been assigned [24] to the unfavoured signature of the 7rij3/, configuration, but the
signature splitting ~ 100 keV, is too low for this assignment making it a candidate for
a three-quasiparticle band such as 7hg/, ® ¥AE. The condition that a three-quasiparticle
band of the form 7hy;» ® ¥AE,AF compete in intensity with the 7i;3/, bands must be
that their energies as a function of spin, E(/), be comparable. Crudely:

Emng,@ar (1) = Egn,,, (1)) + Ear(2) = Engiyy, (1), (1)

where the hg/, proton of spin /; is weakly coupled to the AF configuration in the
even-even core of spin I, with I; + [, = I. As the absolute excitation energy of the
mhy/, proton band is in general not known in this region, but the excitation energy of
the 7rij3/2 band relative to it is known, the condition is more conveniently expressed as

Enr(Dh) = Eqiyy, (1) — Egng, (11). (12)

Taking 1, = 10, a high spin so that the effects of octupole mixing are reduced, and
Iy =3, as the 37 state is not always known, we compare the energy of the 10~ states
in the Os isotopes with the difference E,,m’,z(%w) - E,,h()/z(%‘) in Fig. 21.

The reason that three-quasiparticle bands are observed in 17Re with N = 100 and
181y with N = 104 is now clear. It is exactly at these neutron numbers that the energies
of the three-quasiparticle bands become comparable to those of the 7713/, bands.

In '""Re, the one-quasiparticle 7i;3/, band has not been observed. This is qualitatively
consistent with the systematics, as an extrapolation of the curve for the Re isotopes sug-
gests it will lie about 200 keV above the three-quasiparticle bands and hence be in
an unfavoured position to compete for intensity. The systematics also suggest that with
increasing neutron number, the one-quasiproton i3/, band will become increasingly dif-
ficult to populate because it will no longer be yrast with respect to the three-quasiparticle
bands.
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Fig. 21. Systematics of competition between i 3/, bands and aligned three-quasiparticle bands. References:
Ir: Refs. [10,12,13,45,46]; Os: Refs. [42,47-49]; Re: Refs, [15,24,25,50].

4.4. High-K bands

4.4.1. Expected bands
The bands remaining to be discussed are all on part B of the level scheme (Fig. 2).
Nearly all are characterised by strong in-band M1 transitions which imply large (= %)
K-values. To identify these bands we consider likely configurations and their properties.
One may anticipate the coupling of an odd proton to two-quasineutron excitations of
the even-even core. The low-lying, two-quasineutron intrinsic states at N = 102, known
from work [51] on 'HF, are the 3*(1™ [5211 ® 5™ [512]), the 47(} [521] ®

1% 1633]) and 67 (37 [512] ® 17 [633]) states. Two other neutron orbitals in the
2 2 2

vicinity of the Fermi surface, and not included in these configurations, are %_ [514]

and g+ [624]. Bands based on these orbitals, beginning within ~ 250 keV of the ground
state, have been assigned [44] in '7°0s; 3.

Few two-quasiproton intrinsic states have been assigned in the vicinity of N = 102
in W and Os nuclei. A summary is available in Ref. [52]. We expect that low-lying
three-quasiproton states in '"’Re be formed from combinations of the observed one-
quasiparticle structures.

The expected K-values, aligned angular momenta and average gx values of likely
three-quasiparticle bands are listed in Table 8.

The energies of intrinsic states also aid in the characterisation of bands as being of
three-, five-, or more quasiparticle character. Therefore, the energies [31,51] of two-,
four- and six-quasiparticle states in 7*Hf are plotted in Fig. 22. (The two-quasiparticle
4~ and four-quasiparticle 14" intrinsic states have also been reported [53,54] in '76W.)
Expected average gk values, ete, of five-quasiparticle bands are listed in Table 9.
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Table 8
Average gx values calculated for high-K, three-quasiparticle configurations in '7’Re

7= — aT=+4
Configuration ? K7 i 8k Configuration ? K™ i 8K
3+t @ w3 (402] T o 063
v3t @ mJ [404] vt o 027
73 [514] @ w1 (404] w3 [514] @ w3 [402]
®m3 [402] 4= o 112 ®m} [541] LT 3 1.24
v3t @ 73 [514] 27 o0 o7 73 [514) ® w1 [404)
v3* @ w3 [541] I A @i [541] ot 3 088
v4~ @ w3 [402] 4= 3 075 vd~ @ w5 [514] ur o3 079
va~ @ w1 [404) L= 3 043 6~ @ 74 [514] a* 3 054
v6~ @ 73 1402] g7 3 o041 v1~ ® w5 [514] BY 3 066
V6~ ® 7} [404] L= 3 om va~ @i [541] 26 005
v1~ @75 [402] 27 3 059 v6~ @ my [541] vr o6 017
V1~ @ w} [404] = 3 034 v1~ @ wi [541] LY 6 015
: - 17 3 .
tp3t =17 (5211 @ 37 [512);
va= =17 (52119 17 [633);
v6~ =37 [512]1® 27 [633];
»1- =17 |5141 @ 17 [633).
5000 T . . , ] . .
18+
4000 (37/2)
% 14+
& 3000 (29/2+) g
By
o
] L 23/2+ 1
g R000Fe- 535:
4- 12/32+
3+ 13/2'*
1000 | .
O 1 L 1 1 ! 1 Il
1 2 3 4 5 6 7 8

Number of Quasiparticles

Fig. 22. Systematics of multi-quasiparticle bandhead energies in "7*Hf compared with those in '7"Re.
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Table 9
Average gx values calculated for five-quasiparticle configurations in 177Re

T= = 7=+
Configuration ? K™ i 8k Configuration 2 K™ i 2K
v3t@rl” 2 o o078 vt @wlst avr 3 076
va~ @mi* 27 6 088 3t @it Y 3 058
v~ @mwil® 27 6 065 va- @mld” 2Y 3 o086
v~ @midt Z° 6 066 v6~ @ml” 2 3 070
v~ @mlt 27 6 050 v @wld” B3 01
vI- @ a it 2= 6 076
v1~ @it A= 6 060
23T =17 (54110 31 (4021 @ 27 (514
27 =17 (5411 ® 17 (404 ® §7 [514);
747 =3 (4021 ® 1T [404) ® 27 [514].

Neutron configurations as in Table 8.

4.4.2. Favoured couplings

The rules of Jain and Jain [43] (Subsection 4.3.1), which are an extension of the
Gallagher rule [55], provide a guide to energetically favoured couplings. However, in
a (HLxn) reaction, high-spin states near the yrast line are preferentially populated.
Here we consider which couplings are likely to be favoured in such reactions. The
simplest formulation for a band with aligned angular momentum /, composed of two-
quasiparticles with projections (2, {2, is

E=A[(I-){—i+1) - K*] +Ex,
K=|Q|j:ﬂ2| #+ 0, 0,0 #+ %, (13)

where Eg includes the residual interactions between the quasiparticles, which are typi-
cally of the order of 200 keV. At a given spin value, the energy difference between bands
with different couplings of the constituent quasiparticles is AE = 4A (2 + AEk, pro-
vided the bands due to the two couplings have the same moment-of-inertia and aligned
angular momentum. Thus the condition that the coupling with highest K-value be pref-
erentially populated is: 4Af2; (% > AEg. For example, the preferential population of the
6~ coupling of the 2» configuration g_ [512] ®%+ [633] may be anticipated, although it
is energetically highest according to the Gallagher rule [55], as taking A = 12.5 keV/h?
(a reasonable value for '""Re), 4A£2,(2, = 438 keV, compared with typical values of
AEg ~ 200 keV. We expect, therefore, that unless one of the constituent quasiparticles
has 2 = % the highest-K coupling will in general be preferentially reached. High-X
couplings are listed in Tables 8 and 9.
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Fig. 23. Calculated (lines) and experimental B(M1;/ — I —1)/B(E2;] — I —2) and gk values for selected
high-K bands in '""Re. See text for details.

4.4.3. Deformations and gx values

In deriving the experimental gx values, a value of Qy needs to be assumed. Calcu-
lations with the Ultimate Cranker predict that unless the configuration includes an hg/,
proton, Qg of any one-proton, two-neutron configuration that includes an i3/, neutron
will be close to 6e-b. If the odd proton is an hg/; proton, Qp will be > 7e-b. The
experimental gx values are plotted in Fig. 23. To calculate values of gerr, we have taken
the aligned angular momenta of both the %+ [633] neutron and %“ [541] proton to be
3h and gg as 0.35. Inspection of Tables 8 and 9 shows that nearly all configurations are
expected to have values of gx —gg > 0, hence positive mixing ratios have been assumed
in the extraction of experimental values.
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Fig. 24. Aligned angular momenta of high-K bands in Part B of the level scheme. Reference parameters:
Ty =45 MeV~ 'A%, Ij = 70 MeV 344,

4.4.4. Bands 12 and 13
The bandhead energy of Band 13, just 963 keV above the bandhead of the %? [514]

band, rules out three-quasiparticle character. The low aligned angular momentum, see
Fig. 24, and the preferential decay to the %— [514] band, suggest either an 121—_ [505]
configuration or the coupling of a %_ [514] proton to a B- or y-vibration. A B-band
with E(0") = 650 keV and a y-band with E(2") = 864 keV have been observed [56]
in 1780s.

Band 12 also has negligible aligned angular momentum, but the excitation energy
permits three-quasiparticle character. Strong in-band M1 transitions, the decay to both

the 3~ [514] band and Band 13, imply the involvement of a 3 [514] proton. A

candidate configuration, see Table 8, is »3T ® ﬂ%“ [514]. Another possibility, that is

not expected to be energetically favoured, is »Z™ [514] @ v§ [521] ® w3 [514].

Both configurations are expected to have large gx values, 0.71 and 0.87, respectively.

4.4.5. Band 16 - K™ = 2", and the £ level at 1442.3 keV

Bands 16-18 all have aligned angular momenta consistent with at least one aligned
quasiparticle, see Fig. 24, and large (= 0.5) gg values, see Fig. 23. In Fig. 25, a
representative, but not unique, three-band fit to Bands 16-18 above spin % is shown,

assuming positive parity for Band 17. The parameters are listed in Table 6. The un-

perturbed band corresponding to Band 16, overestimates the energy of the 1~2§+ state

at 14423 keV by 71 keV. Such a large deviation suggests that the %+ state is not

part of Band 16. Indeed the only K7 = 12~5+ configuration of the requisite alignment,

st 1

w3y [402] ®7r%* [514] ® 75 [541], is predicted to have a gx value of 1.21, much
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Fig. 25. Results of a three-band-mixing calculation for Bands 16 to 18. Parentheses indicate fitted spin interval.

larger than the experimental value ~ 0.8.
Two K™ = %Jr configurations are candidates for Band 16: 77%4r [404] @73 [514]@

wL7 [541] (gx =0.88) and »4~ @75 [514] (gk = 0.79). These two configurations
are expected to have different deformations, as discussed above. The average experimen-
tal gx value, assuming Qo = 6e-b, 0.8, is in good agreement for the latter configuration.
However, the former configuration might be preferred because the spin dependence of
the gk values is in better agreement with theory. In this case Qo is expected to lie nearer
7e-b, and so the calculated gx values have been scaled down by g for comparison with
the data in Fig. 23.
15+ 5

The 3> state may be the 37 K7 = 17+ configuration, but in this case it may be

difficult to understand why no band based on the K7 = 12§+ configuration is observed,

as its members would lie at comparable energies (as a function of spin) to those of

the K™ = %+ band. An alternative, suggested by the branching ratios of the transitions
9—

to the %_ [514] band, is a vibrational configuration such as 5 [514] ® octupole, see

Subsection 3.2.3.

4.4.6. Bands 17 and 18 - K™= %" and K7 = "

Bands 17 and 18 decay from levels with spins of 2—21-+ and 223+, respectively. If
these levels are interpreted as bandheads, only two configurations are available with the
requisite K™: 26~ @ 73 [514] (K™ =27, g¢ =0.54) and »} [514] @]  [6331®
75 [514] (K™ = -221+, gk = 0.66). The gx values for these configurations are in good
agreement with the experimental values, see Fig. 23, and as both configurations include
an ij3/, neutron, these assignments are consistent with the observed aligned angular
momenta of the bands, Fig. 24.

Both bands decay to the K™ = %Jr band in less than 0.5 ns. The decay of the
K™ = %+ band is unusual, as the forbidden 142 keV transition, is more than twice as

intense as the allowed 135 keV transition to the K7 = 271+ band, despite being of similar
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Table 10
Amplitudes of wavefunctions of Bands 16 to 18 deduced from band-mixing calculation

Spin Energy Wavefunction amplitudes
a6 ® a7 ® ayg ¢

1988.6 0.9757 —0.0581 02114
% 1975.9 —0.0447 0.8913 0.4513
1959.9 —0.2147 —0.4498 0.8670
0.0000 0.0000 1.0000
2—21 18252 —-0.2261 0.9741 0.0000
1817.7 0.9741 0.2261 0.0000

2 Amplitude of unperturbed band identified, at high spin, with band 16.
b Amplitude of unperturbed band identified, at high spin, with band 17.
¢ Amplitude of unperturbed band identified, at high spin, with band 18.

energy. The near degeneracy of the " levels of the K™ = —+ and K7 = zlf bands,
and of thc 27 levels of the K™ = 2— nd K” = bands suggest that band mixing
might explam the fast decay of the K" =% and K’T = —— " bands and the anomalous

branching ratio. To test this, the branching rano of the 142 and 135 keV transitions was
fitted in the three—band-mixing calculation (Subsection 4.4.5) in addition to the energies
of states in the K7 = 2—; and K™ = 21+, and K7 = %Jr bands. The transitions were
assumed to be of pure M1 multipolarity and the B(M1) strength given by

2
2

3 K; 2
BOMII -1~ 1)= 7 Z:a,-u)ﬂiu—l)(gmﬁgn&- L= 75| mx

(14)

where «;(1) and B;(f — 1) are the amplitudes of the unperturbed band i in the initial
and final states, respectively. The gg, of the unperturbed bands were taken from the
experimental averages and when calculating the B(M1) values with Eq. (14), the
values of K; were taken as the nominal values for Bands 16, 17, 18 (4], 2', and 23).
Representative wavefunctions that reproduce both the energies and approx:mately the
branchino ratio are listed in Table 10. The wavefunctions are relatively pure even at
spins 7 and & were most mixing occurs, typically with a probability & > 0.75 for
being in the unperturbed configuration. Therefore, according to this model, the interband
transitions proceed through the small impurities in the initial wavefunction. The expected
lifetime of the 22—3+ state from the B(MT1) rate and including internal conversion, is about
200 ps. The interaction matrix elements are not well determined but are all less than
6 keV, consistent with the small mixing.

4.4.7. Bands 19 and 20 - K™ = —“ and K™ = 4—

The cnergies of the bandheads of Bands 19 and 20 are compared with those of two-,
four- and six-quasiparticle states in Fig. 22. These suggest that Bands 19 and 20 are each,
respectively, formed by coupling an odd proton, to a core four- and six-quasiparticle
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configuration. Evidence for substantial pairing reductions due to blocking has been
presented [30] for multi-quasiparticle configurations, and this is expected to increase
the moment-of-inertia. Therefore, we interpret the rise in aligned angular momentum
of these bands, compared to the that of the three-quasiparticle bands (Fig. 24) as an
artefact of the reference. At low frequencies the aligned angular momenta of the bands
are consistent with only one aligned quasiparticle. The level at 2863 keV probably
has J™ of 22—7+ or %+ {Subsection 3.2.5), hence the configuration 74~ ® 7r27‘_ is
assigned to Band 19, after considering the possibilities listed in Table 9. (77-2714 =
%+ [402] ® %+ [404] ® 3~ [514].) By adding to this configuration two neutrons in the
next lowest orbitals, 3 [512] and v [514], a K" = %+ (v10~ @ w3 ) intrinsic
state is formed, which is a candidate for the 4458 keV level. Alternative configurations

for Band 20 are K™ = £~ (10~ ®w%+) and K™ = 321— (v10~ ®7r%+).

4.5. Population patterns

In this section we examine the population patterns of the observed bands. In Fig. 26,
the energy and population of all bands labelled in Figs. 1 and 2 are plotted as a function
of spin. The population of each level is obtained by summing the observed gamma-
ray intensity depopulating the level, and adding the intensity expected from internal
conversion, For levels in bands where J — J — 1 transitions are observed connecting the
two signatures, only half of the intensity of the J — J — 1 transitions has been added,
to avoid double counting when comparing the populations of these bands with bands of
only one signature.

As expected, the yrast band is populated strongest, and Bands 19 and 20, the furthest
from the yrast line, are populated weakest.

The total population of the nucleus oscillates with every two units of spin. This is
because the yrast band, Band 8, is composed of only one signature and has an intensity
comparable to the sum of the intensities of the remaining bands. Close examination of the
population of Band 8 itself, however, reveals an unexpected oscillation in its population,
with every four units of spin. This is more readily seen in Fig. 27, where the side-
feeding intensity, defined as the intensity depopulating a level less the intensity feeding
the level from the same band, has been plotted as a function of spin for Band 8. The
same oscillation is observed following both reactions. The uncertainties are probably an
overestimate as they include systematic effects in the efficiency calibration which cannot
produce an oscillation.

At present no explanation is forthcoming for this effect, although it may imply that
the level density at higher excitation energies oscillates with every four units of spin,
or that there is a spin dependence in the E1 matrix elements connecting levels in the
continuum with the yrast levels.
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Fig. 26. Top: Energy versus spin for all bands placed in '7Re. The excitation energy of the 27,2 |514)
1

level of part B of the level scheme was taken as 0.0 keV with respect to the g_, 5~ [541] level. Bottom:
Population intensity for bands in !""Re, following the 1°F + 163 Dy reaction, as a function of spin.

5. Summary

The level scheme of '7"Re has been extended extensively, with fragments of more than
thirty bands, characterised by a given signature, observed. Extensive use of band-mixing
calculations allowed the properties of these bands to be better understood.

At low spins, the one-quasiparticle bands show perturbations in their alignment curves
which were interpreted as deformation effects. Qualitatively these were in agreement
with the predicted shape changes, although some quantitative differences emerge. While
deform+ati0n increases were expected, on the basis of the cranking calculations, in both

7

the 5 [404] and %+ [402] bands, experimentally the %+ [404] band has a larger
moment-of-inertia than the %+ [402] band, leading to an unexpected crossing.
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Fig. 27. Side-feeding intensity for the
spin.

%“ {541] band (Band 8) following both reactions, as a function of

A search for related deformation effects in the one-quasiparticle 7ri;3/, band failed
because the band assigned previously to this configuration was shown to be a mix-
ture of three-quasiparticle and vibrational character. The non-observation of the one-
quasiparticle 77ij3/, band was explained as being due to the crossing of the three-
quasiparticle 7ri;3/, band by another aligned three-quasiparticle band and mixing with a
vibrational band.

A large number of high-K bands were also observed, including five- and seven-
quasiparticle bands. Configuration assignments for these bands were aided by comparing
experimental gx values with “effective” gg values, calculated with a semi-classical
expression that takes Coriolis mixing into account.

Finally, the population of the yrast band oscillates with every four units of spin, an
observation which is as yet unexplained.
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