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An experimental investigation of the odd-od®fLu nucleus, following the"*8sm(t°F,5n) reaction at beam
energy E;;,=112 MeV, has been performed through in-beam gamma-ray spectroscopy. It revealed three
signature-split bands. The yrast band basedrbg, ,® vi, 3, configuration exhibits anomalous signature split-
ting (the unfavored signature Routhian lying lower than the favored ah@se magnitudée’~25 keV, is
considerably reduced in contrast to sizable normal signature spliktéig= 125 and 60 keV observed in the
yrastarhy,, bands of the neighboring oddl-5-1%% u nuclei, respectively. The signature inversion in this band
occurs at spin~20k (frequency=0.37 MeV). The second signature-split band, observed above the band
crossing associated with the alignment of a pair;g% quasineutrons, is a band based on the four-quasiparticle
[7hy1,52317/2° ® vhof 521]3/2” ® (vii3)?], i€, EABA,(B,), configuration. The third signature-split
band is also likely to be a four-quasiparticle band with configuration similar to the second band but involving
F quasineutron, i.eFABA,(B,). The experimental results are discussed in comparison with the existing data
in the neighboring nuclei and in the framework of the cranking shell m¢8€556-28137)01809-9

PACS numbgs): 21.10.Re, 23.20.Lv, 23.20.En, 27.7@

[. INTRODUCTION Therefore, more experimental investigations in odd-odd nu-
clei are needed to understand this effect. Another feature
The study of high spin states in deformed odd-odd nucleivhich has come to light is the population of a signature-split
in the rare-earth region has received added attention durirf@ur-quasiparticle[ 7hy1,® vhe,® (viia)?] band in odd-
the recent past, resulting in the observation of a number oddd ***Tm [9] and **“Lu [17], observed only above th&B
interesting phenomena. One of the most striking features haieutron band crossing.

been the anomalous signature splitting observed in the high-_INn this paper, the results on the high spin states in odd-odd
K ahyy,® vigsp yrast band in15%u [1], 154-159p [2],  Lu nucleus are presented. This work revealed three

156-163 1 [3—g|, 158-164'm [9—14], 16016416 [15-19 signature-split bands. In the yrast band based onsthg ,

and %8Ta [19] nuclei. In this band, the unfavoredr& 1) ® viqap configura_tion,_ anomal_ous s_ignature _splitting has

signature lies lower than the favored £ 0) one, a behavior _?_ﬁen t(;]bset(xecJtI)W|:jh S|gnaturbe g}vei;]smfn occur|n_g~a$0fi. band

opposite to what is expected from theh,,,, yrast band in € other two bands are probably Ihe four-quasiparticie ban
) . . . structures observed above tWeB neutron band crossing,

the neighboring od& nuclei [20—-24. The experimental . i h e h Kis th

Routhians for the two signatures cross each otkiginature simiiar to t. € one seen I im (o). T e_present wor .ISt €

) : , o first investigation of high spin states i#f3.u. Preliminary

inversion at a rotational frequency characteristic of the

: : o reports on our work on this nucleus were presented earlier
nucleus, thereby restoring normal signature splitting. At-[34]. Very recently, short communicatiof85—37 reporting

tempts have been made to interpret signature inversion i, yrast sequence in this nucleus have also appeared in the

these odd-odd nuclei using several models such as the cranfarature. Results reported therein are in general agreement
ing shell mode(25,26), the particle rotor mod¢R7-29, the  ith the present work.

angular-momentum-projection methf@0,31], and the inter-
acting boson-fermion modgB2]. Another interesting feature
noticed is the disappearance of the odd neutron blocking
effect in thewg,,,® vhe, band in odd-odd>%Ho [6] and the The search for high spin states belongingf8Lu was
hy1,® vhg, band in 1%91%2rm [10,11 and ®4u nuclei  performed through the *8%sm(%F,5n)%3u fusion-
[16,17. The AB band crossing being observed in theseevaporation reaction at a beam energy of 112 MeV. The
bands is at~0.28 MeV, which is close to that observed in target used was an enrichdd®Sm self-supporting foil of
neighboring even-even nuclg83]. However, in thevhg,  thickness~850 ug/cn?. The °F ion beam was provided by
band of the neighboring odd; evenZ nuclei[33], the AB  the 15 MV pelletron accelerator at the Nuclear Science Cen-
neutron band crossing occurs at a lower rotational frequencire (NSC), New Delhi. The beam energy was selected by
(hw~0.23 MeV) due to the blocking effect of the odd neu- performingPACE calculationd 38] and by generating experi-
tron causing a reduction of the neutron pair correlations. Thenental excitation functions at different beam energies in the
abnormally largeA B neutron band crossing frequencies mayrange 108—120 MeVkACE calculationd 38] predict that the

be related to the neutron-proton residual interactions in thesgopulation curve corresponding to tipgn(1%2vb) channel
odd-odd nuclei. Further, such a band crossing anomaly is ndies right below that of the B(*®3.u) channel. Prior to this
observed in therhy;,® vhe,, band in odd-odd™®*Tm [13].  work, the only available information abot?3d.u was regard-

Il. EXPERIMENTAL DETAILS AND ANALYSIS
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ing the gamma lines at 174, 196, and 410 keV observed ifively assigned to®2_u. Further, most of the intensgrays

the radioactive decay of%Hf [39,40. A beam energy of like 81, 144, 160, 196, 246, 257, 261, 276 keV, ¢&s also
112 MeV was found to be optimum, at which the observedseen in Fig. 2 observed in total projection spectrufig.
yields of both the #(*%Lu) and &(*®*"Lu) reaction chan- 1), do not belong to the other populated and previously stud-
nels were minimum relative to the4n(*%%Yb) channel. At ied 11161y [20,21] and 1%1~16%p [42—44 nuclei and hence
this beam energy, reaction products identified wétéu  are assigned td%dLu. Assignment of all the other gamma
(11%), *62Yb (8%), 12u (36%), 12Yb (23%), %b (3%), transitions to'®4_u is based on the coincidence relationships
and %3Lu (15%) (Fig. 1). with these strong gamma transitions.

Gamma rays emitted by the evaporation residues were The level scheme ot®4_u deduced from present work is
detected using the Gamma Detector Arf@DA) [41]. The  shown in Fig. 3. It shows three signature-split batidbeled
array consisted of 6 Compton-suppressed Ge detectors andand A, band B, and bandC), each consisting of two
14-element bismuth germand®GO) multiplicity filter. The  strongly coupled decay sequences. A sequence of 420-535-
Ge detectors, located at 18 cm from the target position, wer621-643 keVE2 transitions, not shown in Fig. 3, has been
mounted in two groups of three each, making angles of 99&ssigned t0'®4.u on the basis of its coincidence relation-
and 153° with the beam direction and having an inclinationships with the transitions of ban@ below spin K+4)
of =£22.5° with the horizontal plane. The multiplicity filter [Figs. 4e) and 4f)]. Also, about 20% of the intensity of
consisted of two groups of seven hexagonal BGO elementsandB feeds into band\ below spin 16 via a likely gamma-
(3.8cmx7.5 cm long, each mounted above and below theray transition of 600 keV. However, a complete linking pat-
target chamber at a distance of 4 cm from the target. A totalern could not be established in both cases. The ordering of
of 100x 10° yy-coincidence events were collected during thetransitions in various bands is based ppcoincidence rela-
experiment. The detector efficiencies and energy calibratiotionships,y-ray energy sums, angray intensities. Gamma-
of Ge detectors were deduced from singles spectra measurealy intensities for the transitions assigned*tdLu were de-
using the 133Ba and >Eu radioactive sources. After gain termined from total projection spectrum and gated
matching to 0.5 keV/channel and correcting for the Dopplercoincidence spectra. The gamma-ray energies, intensities,
shift, the coincidence data were sorted intox44k E,-E,  and their placements in the level scheme are presented in
matrix with the requirement of more than one BGO multi- Table I. In Figs. 4a)—4(f), summed gated coincidence spec-
plicity detector firing. The gamma-ray coincidence relation-tra for bandsA, B, andC are displayed, which clearly show
ships were established by setting gates on the photopeaks thfe y lines belonging to these bands. The estimated popula-
individual transitions assigned to tH&4_u nucleus and pro- tions for bandsA, B, andC are about 56%, 28%, and 12%,
jecting the coincident spectra. Gates were also set on thespectively. It may be mentioned that bardlsand B are
background in the vicinity of the photopeaks to remove thefound to be even stronger compared to the known yrast
contributions due to the coincident background underlyingoands in the neighboring®*'%t.u nuclei[20,21].
the photopeaks of the gated transitions. The multipolarities to the gamma transitions were as-

Since no high spin level scheme &f2u has been re- signed on the basis of measured DG@rectional corre-
ported previously, gamma transitions belonging to thislation of +-rays deexciting oriented stajesratios
nucleus have been identified by following the usual x-ray[=1,(153°)/1,(99°)] [45] extracted from the coincidence
gamma-ray gating and the reaction channel elimination proelata. The coincidence events were sorted into an asymmetric
cedures: A coincidence spectrum with the gate orkLm  matrix with 153° detectors on one axis and 99° detectors on
rays showed a large number ¢flines, as shown in Fig. 2. the other axis. Two differenyy-correlation intensities were
After identifying the previously knowry rays in **Lu [20]  determined: 1,(153°), the y-ray intensity measured in
and 1%3_u [21] isotopes, the remaining rays were tenta- 153° detector while gating on a quadrupole transition de-
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tected in a 99° detector, arlg(99°), from the inverse gat- B(M1l—1-1) o EX(1—1-2) 1 @
ing. For all three band#, B, andC, low-lying crossover B(E2|—1-2) ’ E?,(l*)l_l) A1+ 8%’

transitions were assumed to be stretched quadrupole onesh is th £ th . B
The extracted DCO ratios are also given in Table I. For théﬁ zer;la EI*/ ISI t_f ene:%y 0 tt ey.tra){)m thv, )\_t'l Y(;Hlth
determination of DCO ratios of weak transitions, as manye e?l y'(th_) . I) ;’]d ae. I?henESIZyM 1ran_c_|ng r? 'Of Of[h €
gated spectra as possible were summed in order to increae%qv _ 1W|transspilt?or,1 n oulrs caleculationsm:/)\jg]ga;;;(r)n é%r: Oe
':jhe sltatgslt 'Esl‘ The tab(t;lateoll DCIZ(E ;atlor']s contﬂrm ftTr? at55|gn his assumption does not influence the experimental results
.|p_)oe( =1) orqua .rupoezﬁ =2) characterotthe tran- e the mixing ratios are generally small and the errors
sitions, but the experimental uncertainties are rather larg troduced in theB(M1)/B(E2) ratios due to this assump-
due to low intensities of the transitions and the complicate ion are rather negligibie when compared to the uncertainties
nature of the spectraGdue to unresolved doublets and manygqciated with branching ratios. The branching ratids
transition energies it®Lu being close to those present in ang theB(M 1)/B(E2) ratios deduced from the present work
"Lu and **3Lu. The character of some of the low energy for the coupled banda, B, andC are listed in the last two
dipole transitions was further confirmed to Ml through  columns in Table 1. TheB(M1)/B(E2) values are also
intensity balance procedure. shown as a function of initial level spin in Fig. 5.
The experimental ratios of reduced transition probabili- The experimentaB(M1)/B(E2) values are compared
ties,B(M1,] —1—1)/B(E2,] —1—2) in units of (uy/e b)?, with the theoretical values estimated from the geometric
for bandsA, B, andC are deduced from the relation model of Donau and Frauendof#6] (see also Ref§18,23)
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FIG. 3. Level scheme off%u established from the present work. The spins to levels in Iade relative to spirX assigned to the
lowest shown level.

based on a cranking approach. In this model, the reduced 2\ 12 _ K
transition probability B(M1) in units of u2, is given by M1 pm = (pm —9R) Qp(n)( 1= 7z (A=) —ipm |
()
3u’? where i , andQ refer to the intrinsiag factor,
B(ML—1—1)=|(I|u(ML)|I — 11 — 1)[]2= To(: o) et ~

S7 ' alignment, and the projection angular momentum component
2 on the symmetry axis for the deformation aligned quasipro-
ton (quasineutrof) respectively.gg is the g factor of the
collective rotation. S=Ae’'/hw, corresponding to the
whereu, is the component of the magnetic dipole momentsignature-active quasipatrticle, i.e., the one which is assumed
perpendicular to the total spinof the nucleus. For a rota- to contribute both signature partners to the band, &xd
tional band in a doubly odd nucledsefore a band crossijg otherwise. AsAe’ is small for the bands observed in
w4, can be expressed as sum of the contributions from varit®2_u, this term is not included in the above equation. In the
ous participating quasiparticleg,; pn)'s, case ofB(M1)/B(E2) calculations after a band crossing,
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FIG. 4. Gamma-ray coincidence spectra corresponding to the sum of coincidence spectra obtained by gating different t@sitions

indicated in the figuresn the band#\, B, andC. The peaks labeled¥) in () and(f) are seen consistently in the gated coincidence spectra
of transitions of bandC. The peaks labele@®) are contaminants.

additional terms corresponding to the rotation-aligned pairgf 169 y to 52yp. Also, from this work, two isomeric states

of quasiparticles have been included in the sum. with T;,=1.5 and 1.9 m were proposed #2L_u.
The rotor estimate for the reduced transition probability, The relative placement of bands B, andC in ®%u
B(E2)—I1—2) in units ofe? b?, is given by (Fig. 3), as observed in the present work, is arbitrary. Neither

interband transitions nor transitions from these bands to the
ground state could be found. The assignment of the proton
and the neutron Nilsson configurations to bardsB, and
C is based on the experimentally dedud&@M1)/B(E2)

B(E2,IHI—2)=%(IKZO!I—ZK)ZQ%, (4

whereQ is the intrinsic quadrupole moment. ratios, the band-crossing frequencies, and on the principle of
coupling of alignments of the quasiproton and quasineutron
IIl. RESULTS AND DISCUSSION bands in the neighboring odd-nuclei. A systematic discus-

The 163y studied throughg* and electron capture decay Sion of different bands observed 12%Lu is given below.

of 1%2Hf (T,,=37.65)[39,40 was earlier known with the
existence of only few low-lying states with no spin-parity A. Band A

information. However, Behrer€7,39 suggested™=(1") BandA (Fig. 3), being the most intensely populated in the
for the ground stateT;,,=1.37 m) of 13.u from the decay heavy-ion reaction used, is most likely the yrast one and has
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FIG. 4. (Continued.

been assigned arh;;/4 523]7/2” @ vi;3,{ 651]3/2" Nilsson  oddZ **3u and 6%Lu nuclei have been assigned

conflguratlon.. Th|s bgnd ends at the lower part in severaJ,Thlllz{523]7/2— [49] and hyy{ 514]9/2™ [20,22 configu-

parallel transitions, viz., 108, 161, 164, 266, 268, and 282 41i5ns; respectively. The yrast bands in the neighboring odd-

keV (not shown in Fig. 3; see Tablg, iwhich may possibly N b and %%b nuclei have been assigned

populate an isomeric state either directly or via low energy . [651)3/2" [42] and vi 5 {642]5/2° [44] configura-

highly internally converted transitions. tiolnsé respectively. On thislgt/)asis the most likely Nilsson
In Fig. 6, the level energies vs spin oh,,,® vi 3, yrast configuration for bandA in 2Ly is why,{523]7/2 (or

bands in the neighboring odd-odd*®-1%Ho [3-8,49, e ;

158—166|-m [9_14], and 160,164,16Eu [15_18148 nuclei are 7Th11/1514]9/2 )®V| 13/1642]5/2+ (OI’ .V| 13/1651]3/2+)
plotted. As is clear from this figure, the level energies of '€ &lignment plot for band (Fig. 7) gives an alignment
these bands exhibit smooth trends for a set of isotopes. TH&IU€ i expi=8.1% for the two signatures atw=0.20 MeV.
level energies of the yrast barflandA) in 4u fit well N Table I, the alignment values, and i, at fiw
into the systematics, favoring theh,,,® vis, configura- =0.20 MeV before the band crossing for different band con-

tion to this band. The level spins obtained from this comparifigurations in the neighboring odéi-nuclei and odd-odd
son are shown in Fig. 3. 163 y are listed. As is clear from this tablalso see Fig. 7

In order to identify the possible Nilsson configuration for the additivity of the aligned angular momenta of the odd
the yrast band in the odd-odd4_u nucleus, we make use of neutron and odd proton does favor the above-mentioned con-
the configuration of the participating proton and neutron infigurations, but obviously not uniquely.
the yrast bands of the neighboring odd-u and oddN Yb The experimental Routhians for the two signature partners
nuclei. The signature-split yrast bands in the neighboringf bandA in ®3u are plotted in Fig. &) and indicate a
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band crossing @ w=0.35 MeV. This is also clear from the mhy;4514]9/2", and gp,=1.41 [53], i,=2.8 for
alignment plot(Fig. 7) in which both the signature partners 7h,,4523]7/2", gg=0.4 [54], K=Q,+Q, following the
show sharp upbend at about the same rotational frequendyallagher-Moszkowski rul€55], and a constant quadrupole
and an alignment gaim~7#. This crossing frequency moment of 5.1e b [56]. As is clear from Fig. &), the ex-
matches well with the valué w.~0.35 MeV observed for perimental ratios before band crossing are closer to those
thei3;, neutronB C crossing in the yrast bands in the neigh- calculated for the  configuration whqy,d523]|7/2"
boring oddA isotopes of ,oYb, and ,,Hf, and odd-odd ® vi;34651]3/2%. Also, keeping in mind the yrast configu-
162Tm [10-17 and '%4%%¢.u [16—-18 nuclei(see Table Ill.  rations in oddZ ®u and oddN %%b, the
The absence of th&B neutron band crossing implies that 7h,,,{523]7/2” ® vi,34 651]3/2F configuration, i.e.,
the neutron partner in the configuration of baAdis the = AA(B) with K=5, is favored for bandA. The levels in
i 132 Neutron. this band are assigned odd parity.

The B(M1)/B(E2) ratios for this band in the region be- In Fig. 8, Routhians for themh,;, bands in oddA
fore band crossing have been calculated for the expectetf®®tu nuclei [20,21] and for the yrastarh;y,® viqg,
mhy,,4523]7/2° (or why1,J 514]9/27)® vi 34 642]5/2" (or  bands in the odd-od&®“Lu nuclei[16,17] are also plotted. It
viq34 651]3/2%) configurations using Eq$2)—(4) (Sec. I).  is interesting to note that the energy signature splitting before
The calculated values have been plotted in Fige) and  the band crossing as observed in the yraht,;, bands in
compared with the experimental ones. The parametersddA Lu isotopes is considerably reduced in the corre-
used for theoretical calculations agg,=—0.22 [52], i, sponding odd-odd isotopes. Similar behavior has also been
=5.7h for wvi,546513/2", g,=-0.25 [12], i,=5.4k observed in HJ4-7,23 and Tm[9-14,24 isotopes. The
for vi3f642)5/2°, g,=1.32 [21], i,=2.41 for large energy signature splitting imh;,, bands in oddA
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TABLE I. Gamma transition energies, placements, intensitigl (OCO ratios, branching ratida), and

B(M1)/B(E2) ratios in*¢3_u.

S. L. GUPTAEet al.

Placement B(M1)i—1;—1) €
E, (keV)? (Ii—1y) 1, (%) DCO ratio AP B(EZ =T,—2)
BandA

108.3 below (10) 127(13) 1.1618)
161.0 below (10) 93(15)
164.2 below (10) 151(15) 0.9215)
266.0 below (10) 27842
268.3 below (10) 230(35)
281.8 below (10) 19831)
143.6 (10)—(97) 214(17) 0.7611)

80.6 (11)—10") 159(16) 0.81(13) 0.6511) 1.1719
224.7 (11)—(97) 10312 0.9515)
195.5 (12)—(11") 1349130 0.728) 0.22431) 0.679)
276.2 (12)—(107) 302(30) d
160.5 (13)—(12) 100060) 0.728) 0.839) 1.1513
355.9 (13)—(11) 83372
276.7 (14)—(13) 141398 0.708)¢ 0.31434) 1.6618)
436.9 (14)—(12) 444(40) 0.8912)
234.2 (15)—(14") 93772 0.708) 1.3413) 1.4014)
510.5 (15)—(13") 125475) 1.058)
326.1 (16)—(157) 897(62) 0.657) 0.698) 1.60(18)
560.0 (16)—(147) 619050 0.9611)
299.8 (17)—(167) 41328) 0.547) 2.0422) 1.2113
625.5 (17)—(157) 841(65) 0.98(10)
356.6 (18)—(17) 45241) 0.6409) 1.0914) 1.70122)
656.1 (18)—(167) 492(46) 1.2517)
352.1 (19)—(18) 254(25) 2.4434) 1.16116)
708.7 (19)—(177) 61962) 0.9812)
374.2 (20)—(197) 421(50) 0.6010)¢ >1.09(17) <2.4(4)
725.9 (20)—(187) 460(46) 0.9915)
382.5 (2T)—(207) 198128) 0.64(11) 1.8032 1.7031)
756.1 (21)—(19") 357(40) 1.0516)
364.0 (22)—(217) 27032 0.67112) 2.0336) 1.6329
745.8 (22)—(207) 54870) 1.1018)¢
373.8 (23)—(22) d d
737.8 (23)—(21) 262(31)
339.6 (24)—(23) 214(29) 0.5412) 1.8(4) 1.8(4)
713.9 (24)—(227) 381(57)
370.9 (25)—(247) 230(35) 1.2(3) 2.005)
711.0 (25)—(23") 276(45)
347.6 (26)—(25") 222(40) 0.5214) 1.2529) 2.56)
7185 (26)—(24") 27842)
397.3 (27)—(267) 15932) 0.6315) 1.44) 1.85)
745.0 (27)—(25) 222(40) d
371 (28)—(27") 115(25) 1.55) 2.59)
768 (28)—(267) 16840)
434.7 feeding (28) 17544)
831.7 feeding (28) 21852

Band B

582.4 below (16) 850120 0.8518)
787.6 below (17) 296(45) 0.5010
206.1 (17)—(16") 388(45) 0.5510)
192.7 (18)—(17%) 646(52) 0.577) 0.498) 2.003)
398.3 (18)—(16") 320(45)
195.8 (19)—(18") 84590) 0.678) 0.61(9) 1.3420)
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TABLE I. (Continued)

Placement B(M1J,—1,—1) ¢

E, (keV)? (li=1y) 1, (%) DCO ratio AP T—=T,—
388.8 (19)—(17") 51351)
231.0 (20)—(19%) 89371) 0.647) 0.44(6) 1.81(25)
427.0 (20)—(18") 38943) 1.0214)
260.6 (21)—(20%) 694(56) 0.66(7) 0.668) 1.70(20)
491.2 (21)—(19") 456(40) 0.8912)
282.8 (22)—(21") 69355) 0.60(8) 0.587) 2.5(3)
542.6 (22)—(20%) 39935) 1.0514)
317.8 (23)—(22") 51341) 0.608) 1.2618) 1.3319)
600.2 (23)—(21") 64679)
338.7 (24)—(23") 39948) 0.629) 1.1919) 1.81(29)
655.8 (24)—(22") 47552) 1.2720)
364.9 (25)—(24") 256(31) 0.50(10) 1.4827) 1.66(30)
703.1 (25)—(23") 380(53) 0.9518)
395.8 (26')—(25") 237(43) 1.1226) 2.5(6)
760.8 (26))—(247) 266(40) 1.1626)
402.9 (27)—(26") 15227) 1.905) 1.85)
798.7 (27)—(25") 294(52)
440.9 (28)—(277) 256(60)° >1.0(3) <3.3(11)
844.0 (28)—(26") 266(59)
442 (29°)—(28%) d
882.8 (29)—(27") 180(45)

Band C
185.0 X+1-X 108(12) 0.449110)
210.3 X+2-5X+1 22823 0.66(8) 0.365) 2.0230)
395.3 X+2-5X 81(9) 1.00(16)
257.1 X+35X+2 29424) 0.64(6) 0.396) 2.4(4)
466.8 X+3—-X+1 11114 1.0418)
246.3 X+4—X+3 28220) 0.71(8) 0.6710) 2.2233)
502.8 X+4—X+2 18924) 0.96(17)
320.6 X+5-X+4 27622 0.678) 0.558) 2.21(33)
566.5 X+5-5X+3 15320) 1.0018)
294.3 X+6—-X+5 20416) 0.7210) 1.0314) 2.31(32)
614.5 X+6—X+4 21024) 0.9420)
373.4 X+7—X+6 16216) 0.7310) 0.7012) 2.5(4)
667.3 X+7—X+5 11412) 1.0420)
358.2 X+8X+7 10513 0.56(10) 1.4024) 2.2(4)
730.8 X+8—X+6 14718) 0.96122)
407.5 X+9—-X+8 78(12) 0.4910)° 1.4226) 1.9034)
765.7 X+9-X+7 111(15) 1.1425)
407.5 X+10—-X+9 54(8) d 2.05) 1.84)
815 X+10—-X+8 10820)
434.4 X+11-X+10 90(18) 1.03) 3.6(10)
842.5 X+11-X+9 90(20) 1.3(5)
454.4 X+12-X+11 3912) 1.2(4) 3.4(15)
889.4 X+12-X+10 4415)

8 nergies are accurate to 0.3 keV for strong transitions, increasing to about 0.8 keV for weaker transitions.
®Branching ratios\, measured from spectra corresponding to gates abovel sjgiar higher spin states,

were also deduced from spectra gated on low spin transitions.

‘Assumings=0. For the errors only the uncertaintiesNrhave been taken into account.

9DCO ratio values determined for the doublets present within the same band.
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B. Band B

Band B (Fig. 3 decays via strong 787.6 keMrom the
(17%) level] and 582.4 keV[from the (16") level] transi-
tions as seen in the gated coincidence specfigig. 4(d)].

The observation of a 787.6 keV crossover transition and the
206.1 keV[(177)—(16")] and 582.4 keV stopover transi-
tions do indicate that a common levgossibly isomerigis
populated in their decay. However, the measured DCO ratios
for the 582.4 and 787.6 keV transitiof$able ) indicate
these to be mainly quadrupole and dipole, respectively, and
hence these transitions do not form a part of the coupled
rotational structure of this band. Baflat spin (17) also
feeds to the levels of bard at and below "= (16") with an
intensity of ~20%. Assuming the 600 keV linking transition
to be dipole, the spin to the lowest shown level in b&nlas
been tentatively assigned bs 16%.

16 i
X+1 X+ X419 X+I3 M T
Spin (h) € 12} -
2 10} ]
FIG. 5. ExperimentaB(M1)/B(E2) ratios as a function of spin g sk i
for (a) band A, (b) bandB, and(c) bandC in '®4u. The solid g Ni moa0 o]
curves correspond to calculations based on geometric model of :E o o=l Y]
Donau and Frauendof#6]. 4r A o=+12 iy 4
ot 2 iR o |

isotopes has been understood in terms of a sizable negative o1 02 YT

deformation[20—24. On the other hand, in®***tu nuclei, fio (MeV)

since the odd neutron lies in the lo& (=3/2,5/2) i3, Or-

bitals, it influences the polarization of the nuclear core more g\, 7. (3 Measured alignments fofi) the mhy,{523]7/2

than the odd proton, resulting in a net small positivele-

formation [57]. The self-consistent calculations of total

Routhian surface$TRS’s) [58—60 performed for the yrast
band configuration in®4u predict 8,~0.19 and a small
positive v deformation ¢/~2°) up to Aw=0.45MeV, in
line with the inference drawn above.

®vi34651]3/2° band (band A) in Ay, (i) the
why{523]7/27 band in ®u [21,49, and (i) the
Vi34 651]3/2" band in ®%b [42]. J,=22MeV 142, J;
=58 MeV 34* [21], and J,=18 MeV ! #2, J;=90 MeV 34*
[42] are used as reference core parameters in the ca$élofand
161yh, 163 u nuclei, respectively.



56

TABLE II. The alignment values, andi, at fiw=0.20 MeV

HIGH SPIN STATES IN'®3_u

before the band crossing for different band configuration&thu
and neighboring odé- Yb and Lu nuclei.

Reference core

parameters Alnign.menf’
(in,ip) at
Band Nucleu  Jq J; fiw=0.20 MeV
Vi34 651]3/2" 16lyph [42] 18.0 90.0[42] 5.7
why451419/27 4.u[20]° 16.0 90.0[42] 3.22.7
Vi 134 642]5/2" 163yp [44] 23.0 90.0[44] 5.4
vho{ 521]3/2" 163yp [44] 23.0 90.0[44] 3.2
whi452317/27 ®3%u[21] 22.0 58.0[21] 2.82.3
w07 4047/2¢ 163 y[21] 22.0 58.0[21] 0.80.9
why,{5149/27 ®Lu[22] 25.8 90.0[33] 2.42.2
whg 541]1/2° 163 y [22] 25.8 90.0[33] 3.4
w04 4047/2F 163 y [22] 25.8 90.0[33] 0.8
mdg, ] 402]5/2F 169 u[22] 25.8 90.0[33] 0.30.1)
mdg411]1/2F 169 u[22] 25.8 90.0[33] 0.6(0.4
mhy1,514]9/2” ® %3y 18.0 90.0[42] 7.7
Vi34 642]5/2" 7.
hy1,523]7/2” ® 163y 18.0 90.0[42] 7.9
Vi34 642]5/2° 8.4
why15149/2” ® 183y 18.0 90.0[42] 7.9
viq34 651]3/2* 8.19
why 523712 ® 63y 18.0 90.0[42] 8.1
Vi34 651]3/2" 8.5

8Numbers within the square brackets indicate references.

PAlignment values within paranthesis correspond to the unfavore

signature partner.
‘Configuration tentatively
mwhy 4 523]7/2" .

4i,+i,) value.

The large initial alignment of- 144 observed for this
band (Fig. 9 is indicative of a four-quasiparticle structure

assigned,

other

possibility

1291

TABLE lIl. Systematics of theA— ABC crossing frequencies
for *%2_u and neighboring odd# evenZ and odd-odd nuclei.

Crossing frequency

Nucleus (MeV)
16lyp 0.35[41]

163yp 0.36[44]

165vh 0.36[50]

163¢ 0.36[51]

1654t 0.34[51]

162rm ~0.35[11,17

2 4 0.35[present work
4 4 ~0.35[16,17

164 y ~0.32[18]

The part of the band before quasiparticle pair alignment is

not being observed. Since this band feeds to barat low
excitation energyor low frequenciek it is most likely that

the unobserved part of bamlinvolves alignment of a3/,
neutron pairfAB crossing, which is expected to occur at the
lowest crossing frequency and have a large alignment gain of
~9% [33]. The possibility of BC (vi3, pain or AyB,
(7hy/, pair) band crossing in the unobserved part of b&nd
is very unlikely as these are expected to have a lesser align-
ment gain of (4—6% and occur at higher frequencies
(>0.32 MeV)[20,33. Also, noBC band crossing is seen in
the observed part of the baiBig. 9). In view of the above,
&he odd neutron in the configuration of balBds not thei 13,
neutron. The likely orbital for the odd neutron could be
vhgJ 521]3/2 (E orbital), which is close to the Fermi sur-
face. Also,vhg, [ 521]3/2" is one of the favored configura-
tions in the neighboring odtl *6%1%%b nuclei[42,44. Ne-
glegibly small signature splittingAe’ <5 keV) is observed
in this band.

The experimentaB(M1)/B(E2) values deduced from

involving the coupling of the odd neutron and the odd protonthis band are compared, in Figld, with the values calcu-
with a pair of aligned quasiparticle§,5, quasineutrons

I i 1 T i 1 ) i 1 T T T
. _ (a) 161
~
> hr ]
(]
=2 B =12
o3RO0 a=+172 -
§ 3 ) M | " l . [
:: T T v T M T
E . '_(C) 163Lu ]
o
~ L 1at ]
2 42k ]
L m o=-172 1 | = o=0 .
39 a=+1R2 43+ o o=l =
E 1 " 1 " 1 n 14 E 1 L 1 M 1 " 1
0.1 0.2 0.3 04 0.1 0.2 0.3 0.4
ho (MeV)

FIG. 8. Experimental Routhians corresponding to thle,,,

® vi13, bands in*%2u (present work and *®4_u [16,17), and the

7Th11/2 bands inlel'le:i_u [20,2]}

T T T .
16} N
14 -_ -
£ 12 1
cgo Ni ; g:(l) 162 1
< i
5L A o=+172 19yp ]
ol v o=0 162y, 1
0.1 ‘ 0.2 0.I3 OT4 ‘
o MeV)

FIG. 9. Measured alignments foti) the wh;,]523]7/2"
® vhgd 521]3/2” ® (vii3)? band (band B) in ®4u, (i) the
wh11,45237/2” band in®3Lu [21,49, (iii) the ground state band
in 162yp [42,43, and(iv) the vi 34 521]3/2 band in6%b [42].
(Jo=22MeV ! 42, J;=58MeV 3:* [21)), (Jo=20MeV 172,
J;=90MeV3#* [21)), and (J,=18MeV 1#?  J,
=90 MeV 2 4% [42]) are used as reference core parameters in the
case of'%Lu, 1%%vb, and 1% u, ®%Yb nuclei, respectively.
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FIG. 10. Plot of dynamic moment of inerfd®] for the bands sfF .‘ sk ]
A, B, andC in %3_u. 12 16 20 24 28 80 _'"““”:"":”.LJL‘U;S'_
) i I(‘ﬁ) 40'_ 16.5 _
lated using Eqgs.(2)—(4) for the why,,{523]7/2~ (or ok AR ]
mhy14514]9/27)® vhe, { 521]3/2~ and wg;, 404]7/2* IS “V ]
®vhg521]3/2" configurations after the alignment of the :2' ]

viq3o pair. The parameters used for the theoretical calcula- T T PR
tions areg,=1.32[21], i,=2.4h for why,,{514]9/2", g,

=1.41[53], i,=2.8i for whyy{523]7/2", g,=0.62[21], I ()
ip,=0.8 for 7g;404]7/2", g,=0.22[61], i,=3.2: for
the vhe{521]3/2", andg,=—0.22[52], i,= 9.3 [33] for FIG. 11. S=E(I)—-E(I-1)-[(E(I+1)~E()+E(I-1)

—E(1—-2)]/2 as a function of spiril) for the wh1,,® viqa, yrast

the aligned ¢i5,,)? quasiparticles. It is clear from Fig(i5 16036 16
i AV

that the calculated B(M1)/B(E2) values for the

why1,4 523]7/2” ® vhe, [ 521]3/2” ® (vi13)?  configuration ORES- )

agree well with the measured ones. The observed alignmefit — 1) isotones. Solid and open symbols correspond to the fa-
. . . . . vored and unfavored signature partners, respectively. The spin at

~ 144 for thls band is fairly reproduced by adding the align- which signature inversion occurs is indicated by a vertical arrow.

ment contributions of 2/8from wh,,J 523]7/2" [21], 3.2&

from vhg1521]3/2" [42], and 9.% from the aligned alignment has already taken place in the unobserved part of

(vi139)? quasiparticles [33] (Fig. 9. Therefore, the the band. The configuration assigned to bénis, therefore,

band in *%%.u (present work along with that in the
isotopes[15—18, and the>®Tb [2], '%®Ho [5,6], and %°Tm [10]

why14 523]7/2” ® vhoi 521]3/2” ® (vi131)?, ie., FABAL(B,), similar to EABA,(B,) of band B. Such
EABA,(By), configuration is assigned for baid The lev-  quasineutron structureSAB(FAB) have been observed in
els in this band are assigned even parity. the neighboring odtN *%11%%p nuclei[42,44]. The partici-
pation of unfavored quasineutrdn in the configuration of
C.BandC band C is also supported by the weaker intensity flow

The coupled band (Fig. 3 is not found to have links through this band than in barkl

with either of bandsA or B. A number of gamma peaks,
labeled(V¥) in Figs. 4e) and 4f), are seen consistently in the
gated coincidence spectra of transitions of this band. These
transitions could not be placed in the level scheme due to The experimental Routhians of the favored signatuye
possible contaminations from other sequences/reaction char-0 (even spins of the 7h,,® vi 3, yrast band in%3u

nels and low statistics. It is likely that these transitions occufFig. 8(b)] are found to lie higher in energy as compared to
in the lower part of the band. This band has more or lesshat of the unfavored signature,=1 (odd sping, at lower
constant alignment, signature splitting20 keV, and large rotational frequencienomalous signature splittingAs the
B(M1)/B(E2) values~2.2[Fig. 5c)]. The small signature rotational frequency is increased, the two Routhians cross
splitting and higherB(M1)/B(E2) values are similar to (signature inversionat a frequencyhw.=0.37 MeV and
those found in bandB, suggesting that the signature-active signature dependence becomes normal. This is not evident
particle in bandC is also arh,,,, proton. In Fig. 10, dynamic  from Fig. 8b) due to small signature splitting. This phenom-
moment of inertia '?) for bandC is compared with that enon of signature inversion has also been observed in various
for bandsA andB. For bandA, J®® shows a sharp increase odd-odd rare-earth nuclei like®Eu [1], ®*%5¢b [2],
around 0.32 MeV because of the occurrenceB&@ band 15616440 [3—8], 160-16rm [10-14], 1641 u [16—-19, and
crossing. For bandB andC, J( is fairly constant over the %8Ta[19]. To illustrate the systematics of this phenomenon,
frequency range-0.20—0.35 MeV for both the signatures a more sensitive termS=E(l)—E(I—-1)—[E(I+1)

and afterwards shows a small increasing trend. In view of the- E(1)+E(l —1)—E(l —2)]/2 has been plotted in Fig. 11
above-mentioned similarities with bar} it is likely that  as a function of spinl( for the odd-odd'®4_u along with the
bandC is also a four-quasiparticle band, whek® neutron 16016416, [15_18 48 isotopes and the'*®Tbh [2,48),

D. Anomalous signature splitting and signature inversion in
band A
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FIG. 12. Systematics of signature inversion frequency for thezzgll/g@) vigpyrast bands in the odd-oddEu[1], Tb[2,48,

hyy® i rast bands in the odd-odd>*™fTh [2,48] 196-19Ho [3-8,48, 1°°~1%Tm [10-14, **Lu (present work
156167, T Y 160-16 16 ok 164,164 y [16-18,48 and %8Ta [19,48 nuclei. Solid lines corre-
Ho [3-8,49, m [10-14, ®%1u (present work ' , :

164169 | [16—18,48, and 1%8Ta [19,48 nuclei as a function of spond to nuclei with sami and dotted lines correspond to nuclei
ground state deformationg) [62]. Each point is labeled with the With sameN—Z, as labeled in the figure.

neutron number of the corresponding nucleus. tablish a reliable understanding of the observed trends, more

15 16 . . comprehensive calculations are needed.
®Ho [4,5,48, and '°Tm [10] (N=91) isotones. It is clear In conclusion, our work establishes for the first time high

from this figure that the staggering magnitude of signaturgin pand structure involving three signature-split bands in
dependence below the inversion point decreases with inhe odd-odd nucleu®?.u. Nilsson configurations have been
creasingN in the Lu isotopes and increases with increasingassigned to these bands. In théy,® viys, yrast band,
Z in the N=91 isotones. Similar behavior has also beenpoh signature partners show an upbend at a rotational fre-
observed for the™" Tb [2,48], *°*71%Ho [3-8,48, and  guencysw=0.35 MeV, indicating the occurrence of two-
Tm [9-13 isotopes. The inversion point shifts o i, qiasi neutrorBC crossing. In the same band, anoma-
lower spins with increasind\ in Lu isotopes and to higher |oys signature splitting has been observed with signature in-
spins with increasingZ in N=91 isotones. The rotational yersion atl ~20%4. BandB is found to feed levels of band
frlequc(ajncy athhiCh sigfnature (ijnvtertsion ogcurslha(ljs ?Iso bt?eN below | =164 and exhibits large initial alignment. It has
plotted, as a function of ground state quadrupolé deformatioBeen,  assigned a  four-quasiparticle  configuration
(B2) [62] in Fig. 12, for 19415, 196-163{q, 160-166rm wh11,2{523]7/%*®Vh9,2[521]3/2*q®(vi23,2)2, ?.e.,
and 162-16¢ y isotopes. For different chains of isotopes, theg ABA(B,,). BandC, which is not found to have links with
signature inversion frequency decreases with increase igjther bar?dA or B, ’shows similar behavior in moment of
B2 This deformation-dependent behavior of signature inverjnartia, alignment, an@(M 1)/B(E2) values as those found
sion was also pointed out by us earl[e6]. An additional i, pandB. It is probably a band based on a similar four-

(N—2Z) effect on the signature inversion frequencies is seepasiparticle configuration involving @ quasineutron, i.e.,
in Fig. 13. Interestingly, forll—2Z) =22, 24, 26, and 28, the FABAL(B,).

signature inversion frequency remains practically un-
changed.

A number of theoretical attempt25-32 have been
made to understand the phenomenon of signature inversion The authors are grateful to Herbert bt and W. Korten
in the hy,,,® viq3, bands of rare-earth odd-odd nuclei, asfor their useful suggestions and comments. Thanks are also
have been summarized by us ear]i£8]. Since the signature due to the Pelletron accelerator staff of the Nuclear Science
inversion frequency varies over a large frequency range&entre, New Delhi, for their excellent support during the
(0.14-0.37 MeYV, over which nuclear behavior changes in aexperiment. This work was carried out under research project
complex manner, any one explanation for the signature inNo. UFUP-P3 funded by University Grants Commission,
version phenomenon is probably insufficient. In order to esNew Delhi.
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