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The reactions®Sm(’Li,4n) at 45 MeV and?*Sn(S,p4n) at 165 MeV were used to study high-spin states
of the N=90 nucleus'®®Th. Previously known bands have been greatly extended in $pid%:) and a new
decoupled sequence was identified. Several band crossings or quasiparticle alignments have been observed in
each of the structures, and as a result a configuration assignment has been given to the new band.
B(M1)/B(E2) transition strength ratios have been extracted from the data and comparisons were made with
theoretical predictions. A comprehensive analysis of the signature splitting in the energy levels and
B(M1)/B(E2) ratios for therh,,, bands of theA~ 160 region has been performed. Possible interpretations
for the observed trends in the signature splitting of these structures are disq&&s56-28138)03211-7

PACS numbdss): 21.10.Re, 23.20.Lv, 27.784
. INTRODUCTION Il. EXPERIMENTAL DETAILS AND RESULTS

The N=90 isotone chain is one of the most well studied Two complementary experiments have produced high-
groups of nuclei in the rare-earth region. Much of the interesspin data on'®°Th. One was performed at the Florida State
lies in the fact that these nuclei dwell within a highly transi- University tandem-linac facility where the Florida State Uni-
tional area of deformation space. While tRe<88 nuclei are  versity array[4] was employed to collect the coincidemt
weakly deformed as a result of ti=82 shell gap, théN rays. Three Compton-suppressed detectors were placed at
=92 isotopes behave as well-deformed quantum rdtbfs 90 ° (with respect to the beam directipand two other sup-
The intermediate deformations of thie=90 isotones permit pressed detectors were located at 145°. The reaction
these nuclei to be especially susceptible to shape driving®’Sm(’Li,4n) was chosen with a beam energy of 45 MeV.
forces by various competing processes. The manifestation dfhe single foil target had a thicknesse6 mg/cnf, which
these forces has been observed at high-épémd termina- was thick enough to stop the recoiling nuclei. Over 2
tion) and low-spin(signature splitting In this work, we will X 10"y-y events were recorded when two or more sup-
report on new high-spin results fdf*Tb (Z=65), where pressed Ge detectors were in prompt coincidence
angular momentum states have been populated in the sani& 100 ns). They ray energies were calibrated using a
spin region (>40%#) as band terminating states in nearby %2Eu source while the detector efficiencies were determined
nuclei. The observation of thehy;, band well beyond the using both the singles data from tH&Eu source and coin-
first i,3,, neutron crossing provides significant information cident data from the experimentally produced even-even
pertaining to the signature splitting phenomenon in bandsucleus */Gd [5]. The data were sorted into &, xE,
based on orbitals from this shell throughout #he-160 re-  matrix which was inspected by the prograscLsr[6]. The
gion. Indeed, combining our recent observations of theprimary focus of this experiment was to produce clean data
mhyy, bands in?53Tb [2], °5Th, 5Tb[3], and **Eu[3] for identifying the multipolarity of transitions using the di-
with previously published data from many odd-oddA nu-  rectional correlation from oriented statd8CO) method as
clei has allowed a comprehensive study of the experimentakell as determining the correct ordering of the transitions
signature splitting systematics of theh,,,, bands in theA  through the firsi 3, neutron band crossing.
~160 region. An experiment using the’®S+12%Sn reaction was per-

formed with the sulfur beam provided by the 88-Inch Cyclo-

tron facility at the Lawrence Berkeley National Laboratory.

*Present address: Department of Physics and Astronomy, UnivefFfhe Gammaspherg’—9] spectrometer collected the coinci-
sity of Tennessee, Knoxville, Tennessee 37996. dence events and was operated with 93 suppressed Ge
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FIG. 1. The level scheme df°Tb derived from the present work. Tentative transitions or levels are denoted with broken lines.

detectors. Two thin stacked targets .35 mg/cmi) were  thus the necessity for théLi experiment to correctly identify
used and a beam energy of 165 MeV was chosen for thithe y ray placement and ordering at low spins. Calibrations
experiment. The A(*®®y [10]), 5n(**Dy [11]), and and efficiencies were determined with"’Eu and %%Ta
6n(**Dy [12]) neutron evaporation channels dominated thesources. The coincident data were sorted int& 2<E,
reaction cross section; however, a small percentagé<2 X E,, cube which was inspected by the prograiviTsr [6].

% of the total cross sectiprfirom the p4n reaction channel The results from the two experiments are presented in
leading to1°°Th was observed. Due to the weakness of thisboth the level scheme of Fig. 1 and in Table |. Determination
p4n channel, clean coincidence spectra were limited anaf spins and parities for new states was based upon previous
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TABLE I. Results for'*Th.
E, (keV)? E, (keV)P® rete et d DCO ratios® 17 I7f
[411]3/2, a=+3
65.4 65.4 5+3+
274.2 208.8 241) 11(3) 1.036) 2+ 3+
118.3 694) 334) 0.905) o+ I+
576.0 301.8 6@) 32(4) 1.005) B+ 2+
167.4 482) 21(2) 0.793) B+ U+
958.9 382.9 60) 32(3) 1.023) i+ B+
211.4 261) 14(2) 0.764) i+ o+
1411.5 452.6 4Q) 35(5) 0.993) a+ i+
249.8 14.%6) 1002) 0.7003) 4+ L+
1923.6 512.1 32 34(6) 0.953) L+ 4+
282.8 7.23) 11(2) 0.693)" L+ 2+
2485.3 561.7 2Q) 32(6) 1.014) 2+ 2+
309.4 4.%2) 7(2) 0.614) 2+ g+
3084.1 598.8 12(B) 28(8) 0.924) 3B+ 2+
328.0 2.11) <5 0.567) B+ 3+
3681.0 596.9 8.4) 24(8) 0.924) 3+ 33+
314.0 1.41) <5 3+ L+
4259.4 578.4 2@) 21(5) 1.2(1) 4+ 3+
4895.2 635.8 <1 20(5) (484 4+
5597 702 18(4) (L) (45
6364 767 16(4) () (424
7190 826 15(4) (2 (2
8053 863 7(3) (84 (&)
8956 903 <5 (52 (&)
[411]3/2, a=-3
155.8 155.8 ~15 I+ 3+
90.3¢ I 3+
408.6 252.8 38) 27(5) 0.983) i+ I+
1345 603) 24(3) 0.855) i+ o+
747.4 338.8 68) 34(3) 1.042) L+ i+
171.4 321) 14(2) 0.732) L+ 3+
1161.4 414.0 6@3) 36(8) 1.042) D+ o+
202.6 17.68) 11(2) 0.684) D+ i+
1640.7 479.3 5@) 35(7) 1.002) 8+ L+
229.1 9.95) 7(2) 0.703) 8+ 2+
2175.7 535.0 3®) 34(5) 0.9613) a+ 8+
252.2 5.13) <5 o+ 2+
2756.1 580.4 18(B) 28(6) 0.9405) 3+ o+
270.7 2.31) <5 0.535) 3+ 2+
3367.2 611.1 10(4) 26(5) 1.026) B+ 3+
283.1 1.31) <5 0.534)" B+ B+
3966.7 599.5 4®) 24(6) 0.907) P+ B+
4572.1 605.4 2@) 21(4) 0.91) 43+ P+
5238.7 666.6 <1 194) () 43+
5970 731 17(4) (%) (4
6765 795 16(4) (5 (%)
7618 853 8(3) (524 (%)
8520 902 <5 () (524
9467 947 <5 (52) ()
10453 986 <5 (L) ()




PRC 58 HIGH-SPIN STRUCTURES IN!®Th AND SIGNATURE ... 2723

TABLE I. (Continued.

E, (keV)? E, (keVv)® et e et d DCO ratios® I 17
(11482 (1029 <5 (&) (2
[532]5/2, a=+3

227.0 227.0 ~65 0.692) 3- 3+
317.0 66.9 2- -
161.3 ~20 2- i+
555.2 238.2 3R 21(2) 1.064) 8- 3-
157.9 814) 45(5) 0.853) 8- -
916.9 361.7 4Q) 40(6) 0.994) i- 8-
243.8 542) 47(4) 0.81(2) " i- -
1376.3 459.4 42) 38(4) 1.024) - -
320.0 291) 27(3) 0.784) a- -
1911.4 535.1 3a) 33(3) 1.024) 2- a-
383.1 221) 192) 0.885) " 2- 2-
2498.8 587.4 16/8) 34(6) 0.92) 2- 2-
427.6 9.%5) 18(3) 0.744) 2- a-
3069.6 570.8 10(8) 32(3) 1.047) 3- 2-
407.1 8.74) 27(4) 0.753) - -
3533.3 463.7 78) 30(6) 0.999) 3= 33-
286.5 6.93) 31(3) 0.592) - -
4056.6 523.3 4@) 36(5) 1.0(1) - 3=
279.1 2.41) 21(2) 0.634) - 39-
4669.5 612.9 3@) 37(6) 0.92) 4 4-
320.0 1.00) 11(2) - $-
5368.0 698.5 <1 3708 (427 -
373 82) (£ (4
6146 778 334) (%-) (%—)
434 <5 (%) (%)
6997 851 24(4) (3) (29
500 <5 (%) (%)
7913 916 17(3) (&) ()
8886 973. 7(2) () (&)
9909 1023 <5 (%’*) (%*)

10978 1069 <5 (?-) (%—)

12088 111Q <5 (%) (B

(13222 (1134" <5 (371*) (g,)
[532]5/2, a=—3

250.0 184.6 ~165 0.641) - 5+

397.4 147.4 ~10 - -
80.49 - 3-
123.3 ~1 - o+
673.0 275.6 70) 53(5) 1.023) - a-
118.0 472) 32(4) 0.855) - -
1056.3 383.3 116) 88(6) 1.01(3) - L-
139.4 251) 22(3) 0.704) - -
1528.2 471.9 100 100 1.2 Z- -
151.9 9.65) 12(2) 0.734) 2- a-
2071.0 542.8 ®) 1058) 1.022) - Z-
159.7 4.83) 7(2) 0.535) " - 2-
2662.3 591.3 42) 1089) 1.033) 3= -
163.3 2.42) 6(1) 0.628) - 2-
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TABLE I. (Continued.

Ex (kev)? E, (kev)® Ire'e et d DCO ratios® al Fal
i f
3246.6 584.3 19(9) 70(7) 1.023) 35— a1-
o 177.2 1.51) 7(1) 0.628) 35- s3-
. 530.9 7.2) 41(4) 1.045) s9- -
. 244.0 2.42) 18(2) 0.752)" 39~ s-
349.8 572.3 3@ 32(4) 1.075) is- s
oo 293.2 1.41) 172) 0.7(1) i3 -
. 645.4 <1 324) (42 i
2 2
. (325.4 <1 172) (42 45—
13 ] ; ;
718 31(5) (3) (4
345! 14(3) ;
6498 785 S (2
. 31(4) (5_5*) (E*)
351" 8(3) 5 :
7341 843 ) G ()
e “ (39 (37)
. 5(2) (32 57—
8234 893 21(3 2 ) C)
9167 933 103 2 ()
10133 966 8(2 2 (z7)
_ (2) (2 67—
11131 998 71 2 (%)
12174 1043 <5 g ')
79— —
13284 1110 <5 e =)
. (%) 2
14469 1185 <5 ; )
87— _
15734 1265 <5 ) )
91— _
(17070 (1336 <5 (9?5 ) (2
95— 91—
[413]5/2, a=+1 (Z) )
452.6 296.7 1.@) 0.46(6) g+ I+
o 202.6 2.72) 0.566) g+ -
. 314.6 3.8 1.027) 1§+ 9+
358.5 2.11) 0.51(5) 13+ i
369.7 2.21) 0.646 e -
1170.6 403.4 8@ 0:8&8; i B
422.3 2.11) i1 i
497.4 2.92) 7 &
1645.7 475.1 10(8) 1.079) o .
484.1 2.10) 2. ol
589.2 2.12) o io-
2178.1 532.4 10(8) 0.856) s5e 24
534.2 2.43) 25 s
27495 571.4 68 1.059) . %5 .
3359.2 609.7 2Q) 5 %
J 3
[413]5/2, a=—3 ) B
335.0 269.4 3@ I+ 5+
595.9 260.9 2.Q) 1.1(2) i 7.
321.6 3.02) 0.597) i 54
§ 9
278.7 3.63) 0.465) 1+ 3—
955.4 359.5 9.5) 1.026) f54 i
379.4 3.23) 0.395) i N
400.1 4.02) 0.495) i &
1394.1 438.7 12(6) 0.91(7) fo is.
435.3 1.81) it o
477.2 3.83) §+ -
2
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TABLE I. (Continued.

E, (keVv)? E, (kev)® et e et d DCO ratios® Kl al

1897.4 503.3 11(8) 1.087) 28+ D+

485.9 1.61) 8+ a+

520.9 2.21) 28+ -

2452.8 555.4 9®) 1.026) a+ 8+

3058.4 605.6 4@) 0.968) 3+ a+

Band 1,a=— 3%

2745.2 833.8 6.3) 93) 0.586) 21 -

(674.0 <1 21+ -
3104.5 359.3 3@ 8(3) 1.22) 3L(+) 21(+)
3571.7 467.2 2@ 8(3) 1.1(2) 33(+) 31(+)
4130.1 558.4 1Q) 7(2) (324 33(4)
4762.1 632_.0 <1 72) (84 (324
5453 69# 6(2) (4+) (24
6190 73? 6(2) (3+) ()
6970 78q 5(1) ) (34
7793 823 <5 (%+) (%+)
8662 869 <5 (%+) (%W
9569 90? <5 (%+) (%+)
10503 934 <5 (%+) (%+)
11481 978 <5 ) (%
(12513 (10321 <5 (2 (B

3 evel energies; band-head excitation energies have been taken from previoulsl 8;ad except for band 1.

PEnergies determined from th®’Sm(’Li,4n) reaction unless otherwise noted. Accurate to 0.2 keV for most transitions. For weak or
contaminated transitions, accurate to 0.5 keV.

°Relative y-ray intensitieq | ,(471.9)=100] measured from thé>’Sm(’Li,4n) reaction.

“Relative y-ray intensitieq | ,(471.9)=100] measured from thé?*Sn(S,p4n) reaction.

®DCO ratios were determined by using a sum of one or more stretERetransitions as gates. DCO ratios were measured using the
1525m(’Li,4n) reaction.

fSpin and parity assignments are based on the previous [#&i4 and on the DCO ratio determining the multipolarity of any new
transition.

9Transition observed previously, but not in the present experimental work.

ADCO value has been contaminated by an unresolvable doublet of different multipolarity or mixing ratio.

‘Energy determined from th&#*Sn(®S,p4n) reaction. Accurate to 1 keV.

work [13,14 and DCO measurements from thei experi- ~ Gammasphere in its early implementation phase and estab-
ment. The DCO ratios were calculated by the expression |ished the[532]5/2 band up to spin¥ ~) in Ref.[15]. The
combination of our experiments presented in this work has

|, (at 145 °; in coincidence withy, at 90°) extended th¢411]3/2,[532]5/2, and[413]5/2 bands to spin
Roco= _(at 90°; in coincidence withy, at 1459 2 (£7), and &), respectively. We have 6_1|SO Qiscov-
1 ered a new decoupled band, labeled band 1 in Fig. 1, ob-

where y, is normally a stretche@2 (Al =2) transition. For ~ Served to spin £ 7). Including our earlier work15], over
averaging purposes and greater statistics, a summed coindilS new transitions and 80 new levels have been identified
dence spectrum from several succesiZ transitions was in **°Th. For further discussion about the individual bands,
used whenever possible. Spin and parity assignments hatke excitation energy of the leve{minus a rigid rotoy and
been put in parentheses in Fig. 1 if reliable DCO values werghe relativey ray intensities have been plotted versus spin in
not attainable. Tentative transitions or levels are denoted bifigs. 2a) and 2b), respectively. In Fig. @), the intensities
dashed lines in the level scheme. from both the’Li (solid lines with symbolsand %S (dashed
Previous high-spin studies of°Tb [13,14 established lines without symbolsexperiments have been plotted.

rotational bands based on thegt11]3/2, [532]5/2, and Although the[411]3/2 band is the ground-state band of
[413]5/2 proton states up t7=2", 2~ andi*, respec- °°Tb, it only remains yrast up tb=3 [Fig. 2@@] where the

tively. We used a similar'?sn®®s,p4n) reaction with a=—3 signature of the[532]5/2 band becomes yrast. A
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sk 0] /'TVAV'W' ._'. " <(%), both signatures are equally fgvorﬁéig. 2(@)]; thus '
VA /v/v’v .D-E‘i'figbﬁ\v ] the intensity profile becomes dramatically smoother. The in-
%: - - /./° i tensilty staggering reappearslat (%) in Fig. 2(b) as thea
= 0 /'6’0’0'0‘0‘0\ b = —3 signhature becomes strongly favored again. The
= " £ Toroacto” ©0-0.0-0 | =+ 3 signature could only be extendedlte (%) since it is
=+ . located at much higher excitation energy than the — 3
f 1 signature at high-spin.
S 05 RPRET _ _The[413]5/2 band was the on_Iy s_tructure observed in the
g . O [;“1]3/2 . Li experiment exclu_swel_y. A_ coincidence spectrum for this
I e o [532)5/2 1 band has been provided in Figia#t Although the intraband
ur A A [413]5/2 ] Al =1 transitions were not observed, one can see by both
0.0 v Band 1 - Figs. 4a) and Zb) that the two rotational structures act as
| | | . signature partners. TH& M 1)/B(E2) ratios of thg413]5/2
1 band in *°Tb [3] were very low 0.1 uy/eb), thus the
~ 100 - Al =1 transitions were expected to be weak. One may notice
> —_— i from Fig. 1 that the[413]5/2 band feeds both thg11]3/2
2 g - [532)502 i band, which will be discussed later, and {%32]5/2 band.
@ —  _Band1i The decay into the latter, opposite-parity band is also ob-
o T served in'°Th. As described in Refd3,16—1§, the en-
£ 60 . hancedE1l transitions are likely a result of large contribu-
ey (N ] tions to theM(E1) matrix element from the even-even core.
; ‘0 jy i The decoupled rotational sequence labeled band 1 in Fig.
® \V\ 1 was initially observed in théLi experiment up to spin
% \V"\ i (£). The coincidence spectrum given in Figlb% shows
EJ 20 © e . A h how band 1 was extended to spi&) in the 3¢S experiment.
e S ‘\\\\‘-,f\ ‘e ] The band primarily feeds the= % state in thg532]5/2 band
0 20“’6-‘ 3'0\"'4‘20/‘ S 50 through the 833.8 keV transitiofsee Fig. 1L DCO analysis
on this y ray revealed a ratio oRpco=0.5846), thus con-
Spin (k) firming it as aAl=1 transition. With the lowest observed

state at 2745.2 keV and spir= %, band 1 appears to be a
FIG. 2. (a) Excitation energy of the angular momentum statescandidate for a three-quasiparticle band which likely in-
(minus a rigid rotor versus spin for the four observed bands in yolves anh,,,, proton since it decays into tj632]5/2 band.
1°Th. (b) Relative y-ray intensities of the bands versus spin. The Band 1 strongly resembles a decoupled structure found in
solid lines with symbols denote values from tRkei experiment, 1531 [2], which was assigned positive-parity; therefore, we

whereas the dashed lines without symbols are from*tBeexperi- have also tentatively assigned the same parity to band 1.
ment.

coincidence spectrum for this band is given in Figa)3 lll. ALIGNMENTS AND BAND CROSSINGS

where lower spin (< %) transitions are shown from théti
experiment and the higher spih>%) transitions from the

36 . . . . .
S experiment are displayed in the high-energy insert,qiive parity orbitals and those withta,, proton in their
While the a=—1 signature was extended to=(%), the

initial configuration have been separated into pafa&lsand

a=+3 signature could only be observed uplte (%), see (D), respectively. The Harris parametrizatipto] was em-
Fig. 1. This was due to a lack of clean coincidence gates nediloyed with Jo=32%?/MeV and 7,=34:*/MeV°. These
the top of thea=+1 signature. An 872 keV transiton commonly used parameters were chosen such that the correct
[marked with a star in the insert of Fig(a§] also showed reference is subtracted in the three-quasiparticle region
evidence that it was in coincidence with the=+ % signa-  (above thei 3, neutron crossing In order to simplify the
ture; however, it could not be firmly placed in the level following discussion, the quasiparticle orbitals have been la-
scheme. beled in the usual alphabetic manng20-22. The

Figure 3b) displays a coincidence spectrum for the q_uasineutron orbitals are labeled with respect to parity and
[532]5/2 band in a similar manner as Fig(a As stated Signature r, ), as
previously, thew= — 3 signature quickly becomes yrast and,
as can be seen in Fig(&, remains yrast throughout the
observed spin region. Figurga also indicates that the:
= — 3 signature(open circle} is favored over thex=+ 3
signature(solid circles in the spin regionl <2. This ex-
plains the staggering seen in the intensity profile of Fif) 2 1
for the [632]5/2 band as the favored states will be more B:<+,——> , D=
intensely populated by the nucleus. However, fréf<| 1

The rotational alignments of the bands i?PTh are pre-
sented in Figs. &) and 3b). For clarity, the bands based on

A=
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FIG. 3. (a) Spectrum of thg411]3/2 band from transitions in coincidence with the 252.8 and 301.8 ke¥ys in the’Li experiment.
The high-energy inset is the result of summing many coincidence spectra froftStlesperiment(b) Spectrum of th¢532]5/2 band from
transitions in coincidence with the 459.4 and 471.9 keVays in the’Li experiment. Once again the high-energy inset is a result of
summing many coincidence spectra from 48 experiment. An open circle denotes that the transition is at least a doublet and, therefore,
an exact energy is not labeled.

The subscriph numbers the quasiparticles’ excitations of a  The alignment plot for thé411]3/2 band in Fig. &) in-
specific signature and parity starting with the lowest in en-dicates that two crossings are observed. The AB crossing
ergy. The quasiproton orbitals are labeled as occurs at a rotational frequency bfv.~0.30 MeV and is
associated with a pair of low- i3, neutrons aligning their
A :( _ E) B — spin with the rotation axis. An alignment gain &f=9.& is
P 2l P . observed, which is a typical amount for this crossj2g].
One may note the difference in the AB crossing for the
1 [411]3/2 and[532]5/2 [Fig. 5(b)] bands. While a slight back-
—,+§) ; bend is seen in th§s32]5/2 band, only an upbend is ob-
2 served in thg411]3/2 band. This indicates a larger interac-

_+_
2

1
Co=|—=5| + Dp=
2

tion strength in thd411]3/2 band, which may suggest that
n __) this band has slightly higher deformatid22] than the
C2)) [532]5/2 band which is similar to that observed iTb [3].
The alignment gain in the second crossidg £5%) is sig-
The A, B, C, and D orbitals are associated with thg,  nificantly more gradual than the AB crossing. For this rea-
shell, while E, F are a mixture of orbitals from thg, and  son, it is difficult to accurately identify the crossing fre-
f,, shells. The 4, B,, C,, and D) orbitals are associated guency; however, it appears to be approximately 0.44 MeV.
with the h;y, shell and the F, F, orbitals are from thels, The lowest proton crossing /8, has been identified in
shell. Cranked shell model calculations were performed tass'Ho [25], 55°Tm [26], 3$Lu [27], 3$%u [28], and neigh-
help identify the nature of observed crossings. Howeverboring even-even nucleisee Ref.[23], and references
since many similar quasiparticle diagrams relevant for distherein with crossing frequencies and alignment gains simi-
cussing band crossings #°Th and neighboring nuclei have lar to those observed it*°Th. The gradual gain in alignment
been published, for example see R¢f522-24, these dia- may be associated with a strong interaction between the three
grams are not repeated here. and five-quasiparticle band22] and is very similar to the

1
Ep= +,+§ l, Fp=
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FIG. 4. (a) Spectrum of thg413]5/2 band from transitions in coincidence with the 260.9, 400.1, and 403.4+kedys in the 'Li
experiment(b) Spectrum of band 1 resulting from a sum of many coincidence spectra it?$hexperiment. The high-energy inset is the
continuation of band 1 from the same spectrum. The crosses in ganelsd (b) denote transitions from th&32]5/2 band while an open
circle once again denotes the transition is at least a doublet such that an exact energy is not labeled. Peaks marked with an asterisk are
contaminent transitions.

ApBp crossing in®Ho. The band crossing frequencies and5(b). Both signatures experience a slight backbend in the AB
alignment gains observed in tH&°Tb bands have been sum- crossing atiw.=0.280 and 0.269 MeV for the=+3 and
marized in Table Il. a=—3 signatures, respectively. An alignment gain &f

One may notice that the= + 1 signature(solid squares =9.34 was also observed in each signature. Another cross-
of the [411]3/2 band begins to differentiate itself from the ing occurs ath w.~0.47 MeV with an alignment gain of
a=—3 signature abk w>0.4 MeV, see Fig. &). An unob- Ai=5.8 in the a=—3 signature. Since the= +} passes
served band could be perturbing the states in dive+ 3 through this crossing region, we associate the crossing with
signature to cause this variance. The 872 keV transition merthe alignment of the Band G, protons. This assignment is
tioned in Sec. Il may well be a link to this structure. consistent with the BC, crossings observed i°"Ho [25]

The alignment of th¢413]5/2 band[Fig. 5@)] resembles and °°Tm [26], where the corresponding crossing frequen-
the [411]3/2 band over a frequency range bfv~0.05 to  cies are 0.48 and 0.46 MeV, respectively. An interesting fea-
0.25 MeV. The same scenario is observed between these twore of thea= — % signature in**°Tb is that, unlike in**"Ho
bands in*>"Tb [3] where we attributed this occurrence to the and possibly*>°Tm, there are no signs of band termination
fact that the bands are pseudospin partners. In the pseudospiffects up to the observde- (£) state. A similar difference
scheme both bands have identical Nilsson va[lés,,A] s observed betweef?®Dy and *°%r where effects of band
but differ inQ (=A%) [29]. Thus, it is not surprising to  termination are seen at higher spin in the former nucleus
observe the similar alignment profile at low frequendyw(  [10]. SinceN=90 nuclei nearest =64 are found to be bet-
<0.25 MeV) between these bands, which come from thder quantum rotors at low spiri], it is conceivable that the
same pseudospin orbital. This is also the likely cause of théack of band termination states #°Tb suggests that this is
strong coupling between the bands as seen in Fig. 1. Unfosstill true at high-spin as th&=65 nucleus appears to be
tunately, the[413]5/2 band in'>°Tb could not be extended more resilient to oblate driving structures.
past the AB crossing to observe if this trend continues into The o=+ 3 signature of th¢532]5/2 band begins to gain
the three-quasipatrticle region. alignment at very high rotational energfw~0.57 MeV,

The alignment of th¢532]5/2 band is displayed in Fig. see Fig. 8). Thea= — 3 signature does not experience any
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FIG. 5. The rotational alignment of bands observedSfrb.
The Harris parameterg,=32:%/MeV and 7; = 34:*/MeV? were of cro gl
used. Bands based on positive-parity orbitals are displayed in pan#leutron is involved initially. In a similar manner, the pres-

(a), while bands with &4, proton in their initial configuration are

shown in panel(b). The solid (open symbols represent the

=+ 3(a=—3) signature.

kind of crossing in this frequency region, which implies that
this is most likely the AD, crossing. This crossing has only
been observed in th&\=90 isotone *®%Lu [27] at Zw,
=0.50 MeV (although the onset of the /M, crossing was
indicated in'°"Ho [25]). The clear observation of this cross-
ing in ®°Tb provides further evidence that proton-pair cor-
relations are still quite significant at very high rotational fre-
quencies f®=0.5 MeV) and spinslIE35k) [24].

The large initial alignment of band [Fig. 5(b)] indicates
that this band is associated with a three-quasiparticle struc-
ture at low frequenciesf(w<0.3 MeV). The band passes
through the AB crossing region and appears to gai@v:
from one crossing, which is highly unusual except for the
AB alignment. Upon further review of Fig.(B), one may
note the slight change in curvature in the alignment; at
~0.42 MeV. This kink has been interpreted as being the
end of one crossing and the beginning of another. The first
crossing occurs at w.~0.38 MeV with a gain ofAi~5#
and is associated with the alignment of the B and C neutrons.
This is consistent with bands found #A"Ho and neighboring
even-even nuclegjsee Ref[5] and references thergiwhere
the BC crossings are observed fat.~0.37 MeV with
gains of Ai~5# in alignment. The second crossing is in the
same frequency regionfiw.~0.47 MeV) as the BC,
crossing seen in the= — 3 signature of thg532]5/2 band.
Thus, we attribute the other4# gain in alignment to this
B,C, crossing. Two nearby crossings with a tofsil~ 10%
are also observed in them(a)=(—,0) signature of the
mhy1® viggn (AA,) band in**®Tb[30], which further vali-
dates our crossing assignments in band 1.

The existence of the BC crossing in band 1 along with the
blocking of the AB crossing strongly suggests that the A

ence of the BC, crossing and the lack of the gradual gain in
alignment of the AB,, crossing indicates that the,Aoroton

is a part of the configuration also. Therefore, only the nature
of the other quasineutron is left to determine. We have ex-
perimentally determined that band 1 has the signatuse
—1: therefore, the third quasiparticle has- — 3.1 As stated

TABLE II. Summary of band crossing frequencies and alignment gairs®ib.

Band (mr,«), 2 initial configuration Band crossing ho, (MeV) Ai P ()
[4113/2(+,*3), E,.F, AB 0.30(2) 9.8
[4113/2(+,*3), E,.F, A,B, 0.442) =5
[5325/2(—,—3), A, AB 0.28003) 9.3
[5325/2(—,—3), A, B,Cp 0.471) 5.8
[532]5/2(—,+3), B, AB 0.2693) 9.3
[532]5/2(—,+3), B, A,D, 0.572) >45
Band 1 (+,—3), A,®AF BC 0.381) ~5
Band 1 (+,—3), A,®AF B,C, 0.471) =4

ar and « denote parity and signature, respectively.
bUncertainties in the alignment gains are+ 1.

The signature of a multiquasiparticle band is equal to the sum of the individual quasiparticles involved in its configuration.
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I UL T The theoretical calculations of tHe&(M1)/B(E2) ratios
06 [41113/2 1 155 used the rotational modé81] form of the B(E2) transition
& 20T 4L"e ] Tb 7 strength:
~ g —_— .
..8 02'_ NOgOn0, mOg~m ] J
° :
Zz Lep oo | i _ :izz _ 2
2 ool ] 0 /o B(E2:I—1-2)= 1~ *Q¥(12KO|(1-2)K)’.  (2)
= 12} ! o l . o
ﬁ ,' ;'\‘ T ,CA: ! An intrinsic quadrupole moment o0f,=6.2 eb was as-
é’ 153215/2 i 11‘1 1'1‘ S AN sumed using the average of the measured quadrupole mo-
= 08f ' ,H\ }‘t | l\ \LTJ‘—\-H-;- 7 ments of the neighboring even-even nu¢&2]. TheB(M1)
E I/\\ N L 1o 0e%® & . "V transition strengths were determined using an extended for-
5 o4 %owo“rfo\ . L malism[33] of the geometrical model from Dau[34] and
“%e I ’ * 1 Frauendor{35]:
Pt ' i
o BIMLil—1-1)= ——{IZ-KZ[ (1- Ae'/ho)(gg,
Spin (%) 8l

— + — + — + ...
FIG. 6. The experimentalsymbols and theoretical(lines) 9r)K1 (ng grIK2 (9K3 gr)K3 ]

B(M1)/B(E2) ratios for thd411]3/2 (insed and[532]5/2 bands in

—K[(gk. — Gr)i1+ (Gk.— GR)i o+ (Ok.— GR)i
155Th. Note that the inset has the same scale as the main plot. The [(9k, RN 1+ (Gk,~ OR)i2* (9K, ~ GR)is

calculations for thg532]5/2 band have excludetincluded the +.. ~}2,u2 3)
signature splitting term for the solidlashedllines. Thea= +% and N

a= —% signatures are represented by solid and open symbols, rgyhereK = K,+K,+Kgz+---. The subscripts 1, 2, and 3 re-
spectively. fer to the quasiparticles, or aligned pairs of quasiparticles,

. . ) ) ) that couple to form the band, arkke’ is the signature split-
previously, positive parity has been tentatively given to bandjg of the level energies in the rotating frame. The collective
%Sdue to its similarity with a p05|t|vg-par|w bqnd obsgryed IN gyromagnetic ratio was determined gyg=0.7(Z/A), while
o L Thus: e second cieieuton ke o9t gy vlues wer caculated using a ioods Saoon poten
Band 1 has, therefore, been assigned as {j@eA¥ configu- egilngﬁ]rﬁgemsi:g?iﬁr@K_ 0.20 was used for thias; neu-

X = , ) , 2L . gnmentsi(;) were obtained from Fig. 5
ration, which is can|stent with the 77 difference in align- 4t |ow rotational frequency(w=0.1 MeV) and the align-
ment between this band and {[&32]5/2 band at low rota- et of the quasiparticle pairi,(is) are equal to the align-
tional frequency f»<0.3 MeV). ment gainAi of the given crossing as reported in Table L.

The parameters used in the theoretical calculations of the

IV. B(M1)/B(E2) TRANSITION STRENGTH RATIOS B(M1)/B(E2) ratios are summarized in Table Il where the
subscript 1 represents the initial quasiproton, 2 represents the
AB quasineutrons, and 3 the,8, quasiprotons.

The experimentaB(M1)/B(E2) ratios for the[411]3/2
_ 5 2 band, shown in the inset of Fig. 6, are quite consistent at

B(M1iI—-I-1) _ 3Ey(|_’| —2) % 1 /@ ~0.3(uy/€eb)?. The theoretical prediction overestimates the
B(E2:I=1-2) " E31-1-1) N1+ 52\ eb/ ratios: this is likely due to mixing between the pseudo-spin
(1) partner[411]3/2 and[413]5/2 bands. A rise in the ratios
would be expected above= 3 because of the alignment of
where \ is the branching ratigh=1,(1—1-2)/1 (11 the i13» Neutrons. However, with only a fewl =1 transi-
—1)], E, is the energy of they ray measured in MeV, and tions observed in the band crossing region, our expectations
S is the mixing ratio of thd —I|—1 transition. The mixing cannot be confirmed.
ratios were determined using branching ratios and assuming One can observe the experimental signature dependence
pure K with the rotational mode[31]. This approach pro- of the B(M1)/B(E2) ratios in the one-quasiparticle region,
duced values for thg532]5/2 band similar to those measured | <32, of the[532]5/2 band(see Fig. 6. An attempt to re-
in the 7h,,, band of *®™Ho [25], and also gave very small produce this effect using the signature splitting terfre()
ratios for the[411]3/2 band ¢<0.15). The experimental of Eq. (3) is displayed in Fig. 6 as the low-spin dashed line.
B(M1)/B(E2) ratios are plotted in Fig. 6 along with the An overestimation of the splitting by an order of magnitude
theoretical predictions. is observed. This deficiency is similar to that reported for the

ExperimentalB(M1)/B(E2) ratios were extracted from
both experiments using the standard equation

TABLE lll. Parameters used in the calculation®fM 1)/B(E2) ratios.

Band Qo(e b) 9r 9k, Ka(%) i1(%) 9k, Ka(1) io(f) 9k, Ks(?) is(f)

[411]3/2 6.2 0.29 1.81 15 11 —0.20 0 9.8
[532]5/2 6.2 0.29 1.43 25 25 —0.20 0 9.3 1.43 1 5.8
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why1, band in °"Ho [25]. Equation(3) assumes an axially nuclei, other thant®°Tb, were compiled from the following
symmetric shape; therefore, other suggestions have intrsources: **Eu [55,56, °3u [57], *Eu [3], *°Tb [2],
ducedy deformation ory-vibration effects from therhy;,  *Tb[3], ¥**Ho[58], ¥*"Ho[25], **Ho[59,60, *Ho [61],
bands as possible causes for the splitting. More discussion 3P Tm [62], 1°°Tm [26], 15*Tm [63], 16°Tm [64], *%Lu [65],
this phenomenon follows in the next section. The theoretical®y y [27], 1%3_u [28], **Lu [66].
calculations shown in Fig. 6 as solid lines haves’
=0 MeV and a general agreement can be seen between
theory and experiment in the one-quasiparticle region. A. Experimental observations and possible interpretations

In the spin regiondt<1<%, the B(M1)/B(E2) ratios in the low-spin region | <32
begin to increase and the values for both signatures become
similar. This is due to the alignment of thegs, neutrons as
indicated by the theoretical ratigsolid line at high-spin

(1) The N=88 nuclei all have very large and consistent
energy splitting before the AB crossing. These nuclei are still
43

Above spinl =%, significant signature dependence arisesiNder the influence of th#=64 shell gap, which may be

once more. Since thigs;, neutrons are predicted to polarize Partially responsible for the observed splitting. Since the
the nucleus towards a symmetric prolate shape, the geometfi2v2 Shell lies higher in energy in thal=88 nuclei com-
cal model should be able to reproduce the observed splittin?@réd with theN=90 nuclei[1], the proton Fermi levek

The Ae’ term of Eq.(3) was used again in the calculation of will lie closer to the lowK components of the shell. There-

the dashed line at high spin. While initially the model under-fore. 1arge energy splitting would indeed be expected from

estimates the splitting, the data are nearly reproduced by tHeNds containing a substantifl=3 component in their
calculations at the highest observed spins. The splitting majya@ve-functions. Cranked shell model calculati¢6] sug-
be caused by the onset of the® crossing; therefore, these 9€St that the lovk orbitals do not drive towards large

quasiprotons were accounted for in the calculation of¢he Values, which raises the question of whether triaxial defor-
1 mation or normal Coriolis coupling is predominantly causing

=—3 signature at high-spir(short dashed line abovée « Rt .
—51). Again a reasonable agreement is achieved betweeh® energy spht‘u?sg. Perhapg deformation is more impor-
theory and experiment for this signature. tant in ¥ Tm and *>%Lu wherex is likely tq be near thg mid-
K values and the quadrupole deformations are quite weak.

Unfortunately, since the energy splitting is so large, Me
=1, a=—3—a=+3 transitions have not been observed
and thus, no clues can be extracted fromB{&11)/B(E2)

A strong signature dependence on the levels of theatios(see Fig. 8.
[523]7/2 band in 1°Tm was first brought to attention by (2) A reduction in the energy anB(M1)/B(E2) ratio
Larabee and Waddingtdi87]. This result was quite surpris- splitting is observed as the neutron number is increased. This
ing as one would expect both signatures to be almost equallig most likely a function of the quadrupole deformatiBn
energetically favored given the hidf-nature of this band. increasing with increasing neutron numi¢see Fig. 7. The
Similar discoveries were found in the unique-parity bands ofarger 38, values suggest that the nuclei are better rotors, and
1551540 and 161163188y, The signature dependence wasare thus more resistant to the polarization effects of the
not only observed in the energy levels where the —3 driving hqy,, protons. The Fermi surface moves further away
signature is favored, but also occured in 8EM1)/B(E2) from the K=3 orbital as the quadrupole deformation in-
ratios where larger values were found in e — 3 signa-  creases, which would also decrease the amount of splitting
ture. While the signature splitting in the levels could possiblyobserved.
be explained by unusually large mixing from tie=3 or- (3) As Z decreases in the=90, Ho, Tm, and Lu nuclei,
bital, the amount oB(M1)/B(E2) splitting could not be the splitting decreases. Similar to tre(®], this is likely due
accounted for by simple mixing. Instead, various theoreticato the increasing3, deformation asZ decreases in these
studies, using different mode{s.g., the particle rotor model three nuclei(see Fig. 7. However, as suggested by the cal-
[38—49 or the cranked shell modé¢#5,50-53) have pro- culations in Ref[50], the lowering of the Fermi surface in
posed that thé,,, quasiprotons drive the nucleus to staple the h;;,, shell would also cause a reduction in thedriving
mdeformed(triaxial) shapes or vibrate between symmetric force of the quasiprotons and thus may contribute to the
and triaxial shapes, which could describe both the energgiminished splitting.
andB(M1)/B(E2) ratio splitting before the AB crossing. (4) A particularly interesting region of Figs. 7 and 8 is

A significant amount of experimental work has been perthat of theN=90 and 92 Eu, Tb, and Ho nuclei. There the
formed on the oddh~ 160 nuclei since the aforementioned quadrupole deformation is essentially constant; therefore,
theoretical studies were conducted. The signature splitting afither variables must be considered as the leading (sidse
the energy levels anB(M 1)/B(E2) ratios are displayed for any change in the splitting as a function of As one can
these nuclei in Figs. 7 and 8, respectively. For discussiombserve in Fig. 7, the energy splitting increasesZade-
purposes, the calculated quadrupole deformatign) (of  creases from Ho to Tb, and then remains nearly constant as
each nucleus from Ref54] has also been given in Fig. 7. decreases again from Tb to Eu. However,B{# 1)/B(E2)
The large region of deformation covered by these nuclei andatios (see Fig. 8 exhibit less splitting aZ decreases. The
the occupation of nearly every orbital in the;;, shell(from  transition strength ratios are consistent with the scenario that
K=1% or 2 in ®Eu and'>3Tb toK=3 in 161.16316p ) will  the y driving tendencies wane as the Fermi surface is low-
reveal the dependence that the signature splitting phenonered. By moving the Fermi level from near theK=1 or-
enon has o, and the proton Fermi surface Data for the bital in Ho to K=3 in Eu and Tb, the influence of thi

V. SIGNATURE SPLITTING OF THE ah; BANDS
IN ODD-A~160 NUCLEI
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=3 orbital may be more responsible for the increased energgut for 153Th, 15515Hg, 157159164y ang 161.163.16p |, the

normally unfavoredy= + 3 signature even becomes slightly
favored. While some conjectures have been madg., the

splitting.

B. Experimental observations and possible interpretations

of the high-spin region| >3

(1) A quenching of the energy and, in general, of thetheoretical work is needed to fully understand this inversion

i 132 Neutrons drive towards slightly positivevalues[52] or

the interaction of particles vibration coupling[43]), more

B(M1)/B(E2) splitting occurs with the alignment of the Process.

lowest pair ofi,3, neutrons. It has been suggested that these (2) A change back to the normal energy splitting is ob-
high-j neutrons polarize the nuclear shape back to near pregserved in many of the nuclei where signature inversion oc-

late symmetric shapes, thus essentially eliminating the spliteurred. These reversions begin at various spin valges

ting [51,52. This idea is supported by noting that the Fig. 7) and may be caused by different conditions. The band

ahy1,® viyg, bands in neighboring odd-odd nuclei have terminating states above- 3 [62] in the N=_88 nuclei may

comparatively small energy splittii7]. However, not only

interfere with the inversion process for these nuclei. The

is the splitting reduced for the bands shown in Figs. 7 and 8B8,C, crossing is the cause of the reversion in the 90
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FIG. 8. B(M1)/B(E2) ratios of therrh,,, bands in theA~ 160 region. Thex=+ 3 anda= — 3 signatures are represented by solid and
open symbols, respectively. References used are given in the text.

nuclei as the alignment compresses the states inathe large splitting is also observed in tBEM 1)/B(E2) ratios at
—1 signature such that they become energetically favoredery high-spin for'®°Tb, *Ho, and'°*Tm (see Fig. 8. As
over thea= + 3 signature. Although this crossing occurs atshown in Sec. IV A, this may be the result of the, @,
approximately the same frequencyi.~0.47 MeV) in  crossing in a symmetric nucleus. It is not so evident what
155Th, ™Ho, and**°Tm, the reversion begins at different causes the reversion in the heaviét'%m and **Lu nu-
spins in each nucleus. The variation of the interactionclei at this time; however, a common factor in these nuclei is
strengthV,, for the B,C, crossing in these nuclei most likely that they all experience the CD crossing at very high spin.
produces this difference. A weak interaction strength is ob- The experimental systematics of the signature splitting
served in'*°Tm, while "Ho has a stronge¥,,, and*Tb  phenomenon are now essentially compl@téhough precise
has the strongest of the three. The crossing is stretched ovifietime measurements would still be desirable for the major-
a larger spin region with increasing,,; thus, the lighter ity of the bands However, a consistent theoretical picture
nuclei return to normal and larger signature splitting quickerfor both the low-spin and high-spin regions has not yet fully
In 184 u, this proton crossing is not observed and thus, emerged. The possiblity of signature dependent shapes, the
reversion to normal ordering is also missing. The return tesignature inversion problem, the variation and variety of ro-
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tational alignments, incorporating tle= 64 subshell gap for the signature splitting of thé,,,, bands forA~160 nuclei
the N=288 nuclei, and other effects make this a particularlywere investigated. The latter splitting apparently temong
challenging puzzle. other possible quantitigs large dependence on the quadru-
pole deformation B,) and the placement of the proton
VI. SUMMARY Fermi surface X). More work is still needed to unravel the

o ] full systematic behavior of signature splitting and signature
The combination of our two experiments has added ovefyersion in this wide range of odd; odd-A nuclei.

115 new transitions to the level scheme B8PTb with the
extensions of three bands to very high-spins€). One

new decoupled structure was observed and its configuration
has been assigned through the measured alignment profile.
Various quasiparticle band crossings were identified and Special thanks to D. C. Radford and H. Q. Jin for their
found to be consistent with those observed in other nearbgoftware support and also to R. Darlington for help with the
nuclei. While thea= — 5 signature of th¢532]5/2 band was targets. Support for this work was provided by the U.S. De-
extended into the spin region where band termination effectpartment of Energy, Nuclear Physics Division, under Con-
have been seen in mamMy=90, no evidence for such struc- tract Nos. W-31-109-ENG-38(ANL) and DE-FGO05-
tures was found in®°Th. General agreement was found be- 95ER40939MSU), and by the National Science Foundation
tween experimental and theoreti@&IM 1)/B(E2) ratios for  and the State of Floridd-SU). M.A.R. and J.S. acknowledge
the[411]3/2 and[532]5/2 bands. The experimental trends in the receipt of a NATO Collaborative Research Grant.
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