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High-spin states in odd-odd'°Ta

Y. H. Zhang, S. Q. Zhang, Q. Z. Zhao, S. F. Zhu, H. S. Xu, X. H. Zhou, Y. X. Guo, X. G. Lei, J. Lu, W. X. Huang,
Q. B. Gou, H. J. Jin, Z. Liu, Y. X. Luo, X. F. Sun, and Y. T. Zhu
Institute of Modern Physics, the Chinese Academy of Sciences, Lanzhou 730000, People’s Republic of China

X. G. Wu, S. X. Wen, and C. X. Yang
China Institute of Atomic Energy, P.O. Box 275, Beijing 102413, People’s Republic of China

(Received 29 March 1999; published 9 September 1999

High-spin states int"°Ta have been studied vig*Th(*?0,5ny)1"Ta reaction through excitation functions,
K x-7, andy-y-t coincidence measurements. Three rotational bands have been identified which consist of two
strongly coupled bands and a semidecoupled one. The quasiparticle configurations of these bands and the
interpretation of experimental results are discussed based on the existing knowledge of neighboring odd-mass
and odd-odd nuclei and in the framework of the cranked-shell model. Low-spin signature inversion in the
79/27 [514]® v5/27[642] and 71/2 [541]® v5/2"[642] bands are discussed. A deléeduction of the
band-crossing frequency is observed in te2 [541]® v5/2*[642] (75/27[402]® v5/2"[642]) band. This
configuration-dependent crossing frequency is discussed in comparison WRB titessing frequencies in the
related bands of neighboring oddisotopes[S0556-28139)04809-§

PACS numbds): 21.10.Re, 23.20.Lv, 27.78q

[. INTRODUCTION y-spectroscopy techniques. Preliminary reports of this work
have been published elsewhd#b,46, the more detailed
The high-spin states of deformed odd-odd nuclei are norresults are presented in this paper.
mally difficult for spectroscopic studies because of high level
density at low excitation energies. In spite of this, more and
more experimental data have been accumulated concerning Il. EXPERIMENTAL METHODS AND RESULTS
the band structures of odd-odd nuclei in the rare-earth re-
gion. The well-known anomalous signature splittifgp-

called low-spin signature inversion in eneygst low rota- . 15
tional frequencies has been systematically found an eam energy. The target consistéta@ mg/cn? **Tb me-

confirmed in therhyy % vi 13/, bands of %%Eu [1], 154156Th tallic foil with 3 mg/cn? Pb backing. The beam was pro-
[2], 155 1690 [3_951/215&1%%% [10_21, 160-16q  [pp_  Vided by the sector focusing cyclotron in the Heavy lon Re-

31], and 16616874 [31—33 nuclei, respectively. This striking search Facility Lanzho(HIRFL). The in-beamy rays were

feature has been extensively studied through various theore etected by using four high-purity germanium detectors with

- GO anti-Compton shields placed at90°, 30°, and 145°
ical approaches, such as the cranked-shell m@B5, the ) e g
partic?ep rotor model[36—38, the projected shell model with respect to the beam direction, respectively. In order to

[39,40, and the interacting boson-fermion modétl], re- search for the possible isomeric states, the time winddw
spectively. Recently the low-spin signature inversion hadf 600 ns was set in the coincidence measurement. A total of

also been observed in the7/2*[404]® v5/2°[642] band of 80X 10 71- Y2ty , events were accumulated in this experi-
185Tm [20] and in the 71/2 [541]® vi3, semidecoupled ment. Preliminary data analysis showed that at least three
bands of'®21%4rm and 17“Ta [42]. Another interesting phe- rotational bands could be assigned'f8Ta. To confirm this
nomenon is the anomalous large band crossing frequenciessignment, the excitation functions akidx-y coincidence
observed in therh,,,,® vhg, bands of'*°Tm [16] and 1%4Lu measurement were performed in the HI-13 tandem accelera-
[28,29, and in therhg,® rps;, band of 7%Lu [43]. This  tor of China Institute of Atomic EnergyCIAE) using the
anomaly has been regarded as the partial disappearance sgfme reaction as in HIRFL. The beam energy was varied
the odd neutron blocking effect and attributed, tentatively, tdrom 85 to 102 MeV and the 18-elements BGO multiplicity
the unknown residual proton-neutron interactid29,43. filter [47] was used which subtends 70% solid angles of the
Since only a few cases have been observed, one may askuifp-hemisphere around the target. The singlespectrum in
these anomalies could be found in a wide nuclear region othis experiment was very complicated; mapyays coming

in the bands with other quasiparticle configurations. The anfrom the in-beam products of*®17017¥a (48,44, 169174
swer to this question calls for systematic and further experif49,50, and ®"Lu [51] were observed together with their
mental investigations!’°Ta seems to be a good candidate corresponding residual radioactivities. To enhance the in-
for further studies so long as its location in the chart ofbeam cascade rays, at least a fourfold requirement of this
nuclides is concerned. Prior to this work, the high-spin state8GO array has been imposed during the excitation function
of 1"°Ta were less extensively studi¢d4]. In order to get measurements. The excitation functions for some uncontami-
more information about the band structures*@Ta, further  natedy rays have been obtained and shown in Fig. 1, from
investigations have been carried out by using the in-bearwhich the y rays of 1"Ta (5n channel and **Hf (p4n

The high-spin states of’°Ta were populated through
159Tp(1%0,5ny) fusion-evaporation reaction at 105 MeV
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FIG. 1. Excitation functions for some uncontaminatedays.

FIG. 2. Spectra measured in x-ray detector in coincidence with

channel can been clearly separated from thatéfTa (4n yrays in HPGe.

channe).

The K x-y coincidence measurement was carried out aincluding a prompty- y matrix (—36 nss<t,
100 MeV beam energy by using one planar detector angielayed y-y matrix (+12 ns<t,, <+600 ns, a pre-
seven high-purity germanium detectors with BGO anti-

Compton shields. About 4.5 milliok x-y and 33 million ~ Prompty-y matrix (—600 ns<t,, , <—12ng and a prompt
y-y coincidence events were accumulated. In both experix-y matrix (—40 n§t7172S+40 ns)_ Figure 2 shows the
ments, the detectors were calibrated by the stand¥#u, low-energy coincidence spectrum gated by some uncontami-
13383, and ®°Co sources and also checked by the knownnatedy rays recorded in the HPGe detectors; He rays
in-beam y rays of 1%°Ta [48] and 1"°Hf [49]. The typical from Ta and Hf isotopes are firmly distinguished. From ex-
energy resolutions were about 2.0—2.4 keV at full width atcitation functions and x-v coincidence measurement, some
half maximum for the 1332.5 keV line. The time resolution typical y rays and thus the associated rotational bands can be
was about 12 ns for the in-beam prompty cascade. The firmly attributed to*"°Ta.

detection efficiency was calibrated by using stand&ia The level scheme ot’°Ta deduced from present work is
and %u sources. shown in Fig. 3 which consists of three rotational bands la-

After the gain matching of the detectors, fouk>44k beled asA, B, andC. Three bands are floating in energy since
matrices have been constructed at different time conditionghe connection of the bandheads with the ground state or
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low-lying levels[52,53 has not been established. The order- T,(1—=1-2)

ing of transitions in various bands is mainly based onthe ST oI=D) 1)
ray relative intensitiesy-y coincidence relationships and Y
ray energy sums. The sum-gates coincidence spectra f%
bandsA, B, andC are given in Figs. @)—4(c) where they
lines belonging to these bands are clearly shown. ¥may

ere extracted for most of the transitions. Here(l— |

—2) andT,(I—1—1) are they-ray intensities of theAl

; . . . ! . . =2 and Al=1 transitions, respectively. These intensities
energies, Sp”?'pa”‘y assignments, relaty €ay mtensmes_, were measured in a summed coincidence spectrum gated by
branching ratios, extracteBl(M1)/B(E2) ratios, and their tFe transitions above the state of interest. The branching ra-

placement in the level scheme are presented in Table tlos were used to extract relative transition probabilities de-
grouped in sequences for each band. f

The spins of energy levels are proposed on the basis o{‘nEd as
the additivity rule for alignments, (configuration assign- 5
ment to bandsA, B, and C will be discussed in the next B(M1l—1-1) -0 69iE7(|—>| —2)] 11 2
section. Figures %a)-5(c) depict the quasiparticle align- B(E2|—1-2) ' '[Ey(|—>|—1)]3 N 1+82°
ments for the three bands H°Ta and the associated one-
quasiparticle bands if®Ta and '**Hf. It is shown that this  \yheresis theE2/M 1 mixing ratio for theAl =1 transitions,
simple additivity property for alignments is well satisfied at E,(I—1—1) andE,(I—1—2) are theAl=2 andAl=1
lower frequencies using the proposed spin values. For exransition energies, respectively. Because of the complexity
ample, the alignments forr9/2°[514] and »5/2°[642]  of relatedy rays and the poor statistics of our data, no mix-
bands atiw=0.2 MeV are 1.8 and 4.1, respectively, the  jng ratios could be deduced, therefatdas been set to zero
experimental alignment 0#r9/2"[514] v5/2"[642] band  in the calculations. The error introduced under this assump-
(bandA) in *"°Ta is 5.8:, very close to the predicted value tjon is expected to be small, since mixing ratios measured for
of 5.9. It should be noted that the Harris parameters used ageighboring 1"*Ta [44], 1"°Re [57], and *°°Tm [19] nuclei
a reference have certain influences on the extracted aligifave been shown to be small. The extracBM1, — I
ment and thus on the spin assignment. In our calculations, 1)/g(E2, —1—2) ratios are presented as a function of

these parameters are considered to be configuration depeghin in Fig. 8. These ratios are also tabulated in Table .
dent. Using the method proposed and applied in Refs.

[13,16,17, the Harris parameterd, and J, have been ex-

tracted and presented in Table II by fitting the local moment 4000} @8aMA 6008
of the inertia of each band at lower rotational frequencies 5= Ng v 58
before the first band crossing. g 300 & T2 5 400“' 'A

- . . c ® . S | | ’

An additional argument for the spin assignment of band 3 o 8 200 W I%“MM}\W’M\IM
comes from the systematics of level spacings in the similar® 2000 o 5.8 _ .
bands of lighter Ta isotopes. The relative excitation energies 1. ' g . 3 1300 1400
normalized to the (12) level, are presented in Fig. 6 for the 1000 l JI' \\;/Wd 8 ° T8 2 and
favored(signaturea=0) Al =2 transition sequences in the b JJ Wiy LY A~ JLM:‘*M\:’M];’“’%A
Whll/2® Vi 13/2 bands Of1587 166Tm, 160~ 166LU, a.nd 166~ 170Ta 0 ~

. : . g . {(b)Band B <
nuclei. As is clear from this figure, the level energies of these .gates 300- 'JLO 3 9
bands exhibit smooth trends for a set of isotopes indicating ¢ « contaminants . ~
smooth variation of nuclear deformation withpneutron nurg- @ 2000 100 MM MMMMW\W'{WWW
ber. The level energies of bardin 1"°Ta fit well with the — § & % 1300 1400 1500
. . .9 =1 )
systematics if the proposdd values are accepted. The cri- © . ] -]
terion of energy systematics is also applied in b&hes 000r 83 8 om N =
shown in Fig. 7, where the relative excitation energies, nor- . o BN g 2 3 3 Eg
malized to the (10) level, are compared with each other Ulw, pr WW MITM LM \ ﬂ"”
between the semidecoupled bands*if *"°Ta, %8 u, and 0 ' = o
162.164rm  Note that the firm spin assignments have been (©BandC -, 500" 5 o,
rlrzsgije for”;j' 6?_ and'®21%rm[42], respectively. The datafor 20001 5 = 9 @ 300- Mggg
u and a are taken fronj54,55. Thel™ values for £ ae |,z i/ W
12Ta are increased arbitrarily byz3with respect to the é | TTles s . 100 ”WM‘"MMW
original assignmenft56] in line with the suggestion if57]. 1000 o 8 ‘m 8 B 1300 514_‘)0_“,
Relying on the systematics of level spacings, the lowest level .. 8%& L g i 8 8 §$§
in bandB could be proposed dg=(8"), which is % in- WJM*‘ 9 L»M .L‘“J‘ 'MM
creased comparing with our previous suggesfiéh46. As P LA AL il ki Ao oL
limited by the method used here, an uncertainty within 2 200 400 600 800 1000 1200
may be introduced to the present spin assignment shown in Channel
Fig. 3. FIG. 4. v ray coincidence spectra corresponding to the sum

For the three rotational bands shown in Fig. 3, branchingyates(as indicated in the figurggor three band#\, B, andC. The

ratios defined as peaks labeled®) are contaminants.
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TABLE |. y-ray transition energies, spin assignmeft,intensities, branching ratios, and extracted

B(M1)/B(E2) ratios in*"°Ta.

PHYSICAL REVIEW C60 044311

B(M1)/B(E2)®
E,(keV)? Jr—Jrb 1,° \d (n2/e’b?) Multipolarity
BandA
211 95.7
130.7 (11)—(107) 84.3 M1/E2)
297.6 (12)—(107) 35.4 0.235 1.49 £2)
166.8 (12)—(117) 100 (M1/E2)
358 (13)—(11") 46.8 0.468 1.25 £2)
191.2 (13)—(127) 94.3 (M1/E2)
414.6 (14)—(12") 53.4 0.833 0.918 E2)
2235 (14)—(13") 66.1 ML/E2)
465.5 (15)—(13") 64.9 0.96 1.12 E2)
242.3 (15)—(14) 55.5 M1/E2)
509.5 (16)—(14") 52.0 1.35 0.92 £2)
266.8 (16)—(15) 38.3 M1/E2)
552.3 (17)—(15) 38.0 15 1.02 E2)
285 (17)—(16") 25.3 (M1/E2)
582.5 (18)—(167) 39.6 1.84 0.965 £2)
297.5 (18)—(17") 20.0 M1/E2)
609.3 (19)—(17") 204 E2)
631.6 (20)—(18") 18.1 E2)
647.0 (21)—(19") <10 (E2)
656.0 (22)—(207) <10 (E2)
BandB
135f 41.0
139.9 (9)—(87) 23.8 (M1/E2)
211.4 (10)—(87) 67.5 E2)
2735 (11)—(97) 15.9 0.853 0.152 E2)
201.9 (11)—(10") 20.5 M1/E2)
304.8 (12)—(10") 63.9 E2)
359.2 (13)—(11") 18.4 2.08 0.119 £2)
256.3 (13)—(12) 10.2 M1/E2)
403.2 (14)—(12°) 59.4 E2)
440.0 (15)—(13") 20.4 1.449 0.315 E2)
293.2 (15)—(14") 6.5 (ML1/E2)
496.1 (16)—(14") 448 E2)
514.6 (17)—(15") 14.3 3.76 0.221 £2)
311.8 (17)—(167) 3.8 (M1/E2)
577.2 (18)—(167) 26.1 E2)
584.8 (19)—(17") 10.9 E2)
646.7 (20)—(18") 14.7 E2)
704.2 (22)—(207) 6.6 (E2)
754.8 (24)—(227) <5 (E2)
BandC
90f 30.5
121.3 (9)—(8") 59.4 M1/E2)
273.1 (10)—(8") 25.1 0.527 0.574 E2)
151.8 (10)—(97) 52.9 M1/E2)
325.3 (11)—(9%) 17.7 0.761 0.637 §2)
173.6 (11)—(10") 37.3 M1/E2)
376.6 (12)—(10") 25.8 1.263 0.50 £2)
203.0 (12)—(11") 27.9 M1/E2)
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TABLE I. (Continued).

B(M1)/B(E2)®
E,(keV)? J7—Jrb 1,© A (u?/e?b?) Multipolarity
4185 (13)—(11%) 32,5 1.478 0.605 §2)
2155 (13)—(12%) 24.4 M1/E2)
462.2 (14)—(12") 31.2 1.776 0.553 §2)
246.7 (14)—(13") 21.4 M1/E2)
495.7 (15)—(13") 35.3 3.287 0.411 E2)
249.0 (15)—(14") 10.6 M1/E2)
530.5 (16)—(14") 28.0 2.08 0.64 £2)
2815 (16)—(15") 18.7 M1/E2)
555.3 (17)—(15") 30.4 2.98 0.58 £2)
273.8 (17)—(16") 13.2 M1/E2)
580.4 (18)—(16") 22.3 3.64 0.44 £2)
306.6 (18)—(17") 9.9 (M1/E2)
595.0 (19)—(17") 18.1 2.36 0.92 £2)
288.0 (19)—(18") 7.4 (M1/E2)
612.3 (20)—(18") 14.3 1.75 1.0 E2)
3245 (20))—(19%) 7.4 (M1/E2)
618.6 (21)—(19") 8.85 1.45 1.712 £2)
294.1 (21)—(20%) 6.1 (M1/E2)
635.4 (22)—(20") 7.1 (E2)
645.5 (23)—(21%) 5.1 (E2)

8Uncertainties between 0.1 and 0.3 keV.

bSpin assignment based on energy systematics and additivity rije of

‘Uncertainties between 5 and 30 % keV.

9Branching ratioT (I —1-2)/T (I—1-1), T(I—1-2), andT,(I—1—1) are the relativey intensities
of the E2 andM 1 transition depopulating the levEl respectively.

®Determined assuming?=0.

f211, 135, and 90 keV lines, not placed in the level scheme, depopulate AaBd€E, respectively.

The relative intensities of rays were extracted and tabu- Heregy ), ipm), and{,, represent the factor, the align-
lated in Table I. These intensities were corrected for detecment, and the projection angular momentum component on
tion efficiencies and normalized to the intensity of the 166.8he symmetry axis of the protofmeutron in the associated
keV line (=100 in bandA. Note that the relative intensities neighboring odd-mass nuclei. These values are taken from
are measured in the total projection spectrum or the spectithe compilation in Refs[8,20,59,60 and are presented in
gated on the bottom transition of the band. Such a restrictiofable 1. For some cases they are calculated using the
means that the errors associated with relative intensities amethod described in Reff59,6( if the experimental intra-
often larger than those associated with the branching ratiofand branching ratio and magnetic momg#it] are avail-
since the latter were obtained by gating on clean transitionable.
above each state of interest. The experimental The values oB(E2;l—1—1) are calculated according to
B(M1)/B(E2) ratios for the three bands are compared withthe expressiof8]
the theoretical values as shown in Fig. 8. These calculations
are carried out using a semiclassical formulaBg¢M 1) val- 5 22
ues derived from the geometrical model of R&8] B(E2)—1-2)= m(IKZOH —2K)* Qo ©®

3 The Qg is the intrinsic quadrupole moment of the nucleus,
B(M1l—1-1)= E[(gp_gR)AHgn_gR)B]Z’ 3 we take the average of its even-even neighborsQas
=7.0(b). The collectiveg factors of odd-odd nucleugy in

2) 12 K variant quasiparticle configurations are calculated using the

A=|1— P Qp_ipl , (4) expressior 8]
9r=9r(P) +gr(N) —gr(e—e), (7
2\ 112
B=(1— _) Qn_inE_ (5)  whereggr(p), gr(n), andgg(e—e) represent the collective
12 | g factor of neighboring odd&; odd{, and even-even nuclei,
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FIG. 5. Plot of alignments, versus frequencigsw for (a) band
A, (b) bandB, and (c) bandC in Y°Ta and the associated one-

quasiparticle bands i%°Ta [48] and '*Hf [49].

respectively. The average value @f(e—e)=0.292 is used
in the calculation. Th& value is the effective component of

the intrinsic angular momentum onto the symmetry §%8&.

For the strongly coupled bands in an odd-odd nucleusKthe
values are assumed to h€.=|Q,+Q,| according to
Gallagher-Moszkowski coupling rulg§2]. For the semide-

PHYSICAL REVIEW C60 044311

(Jp=9/2, j,=13/2), and the expectet value may differ at
higher spin from that at lower spins. In this case, t&o
values K=2#%,3%) are used in the calculations.

Great efforts have been made to search for the isomeric
states in'"°Ta by analyzing carefully the;-y,-t,, v, coin-
1
cidence data. Twe rays seem to be in delayed coincidence
with the associated intraband transitiq24d1 keV line with
bandA, and 135 kev line with banB). The half-lives of the
possible isomeric states have not been determined due to the
poor statistics.

Ill. DISCUSSIONS

From the knowng decay of1’°Ta to excited 2 and 4
states in YHf, a 3" ground state of °Ta with
7w1/27[541]® v5/27[523] quasiparticle configuration was
proposed[52,63. The only established excited state was
evaluated ag™=1" which feeds directly to a 3 ground
state via 316 keVy radiation. A study of3 decay of "W
leads to the discovery of several low-energyays[53]. All
thesey rays have not been observed in our experiment. Prior
to this work, the high-spin states df°Ta have been ob-
served in Ref[44] which, to some extent, are different from
the present work. Because of the poor statistics of our data,
directional correlations from oriented states ratios for the
transitions have not been extracted, the multipolarities of
stretchedE2 characters for the crossover transitions and the
M1/E2 intraband transitions have been assumed. In the fol-
lowing, some properties will be discussed concerning the
signature inversion, alignments, band crossing frequencies,
and transition rates, respectively.

The structure of an odd-odd nucleus is expected to be
associated with that of the neighboring even-even and odd-
mass nuclei. Some general properties can be found in Refs.
[26,64] concerning the ground-state quadrupole deformation
of even-even and odd-nuclei, and the bandhead excitation
energies of odd rare-earth nuclei at different quasiproton
configurations. These characters provide useful information
for understanding the band structure in odd-déa. In the
framework of the standard cranked-shell model, the two-
quasiparticle routhiang’(w) of a odd-odd nucleus can be
theoretically reproduced by summing the Routhians of the
associated quasiproton and quasineutron. This simple addi-
tivity rule has been used here and the two-quasiparticle
routhians have been predicted as shown in Fig. 9 for the
rotational bands in-’°Ta under different quasiparticle con-
figurations. In these calculations, the Harris parameters listed
in Table Il are used. The one-quasiparticle Routhian has
been calculated using the data 8f>17fra [48,44 and
169,171t [49,65, respectively. The bandhead excitation en-
ergies for the one-quasiparticle bands are taken from Refs.
[53,66,67. The sum of one-quasiparticle bandhead energies
are used as the estimation of related two-quasiparticle band-
head energies. The Gallagher-Moszkowski split{i&g] and
the rotational terni68] are neglected, their influences on the
trends of two-quasiparticle Routhians are expected to be

coupled band, significant Coriolis mixing may present onsmall in the high-frequency region. As clearly demonstrated
account of the higli-parentage of both participating orbitals in Fig. 9c), two-quasiparticle routhians’ (») of *°Ta can

044311-6
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TABLE Il. Parameters used for calculation BfM1)/B(E2) ratios and alignments, for the rotational
bands in'"°Ta and the associated odd-mass neighbors.

Jo Ji iy hoc
Nucleus Configuration K™ (MeV '4%) (MeV 34%) (k) (MeV) g,org, Og
168f yrast 0" 23.9 174.4 0 0.26%)
170 yrast o 28.7 218.7 0 0.26%)
169 v5/27[642] 5/2* 32.6 1028 4.1 0.315) -0.33 0.14
169 v5/27[523] 5/2" 37.2 197.9 0.7 0.248) 0.25 0.27
171t v5/27[512] 5/2~ 28.7 218.7 1.2 0.246) —0.49 0.28
16973 w1/27[541] 1/2° 33.3 51.6 2.2 0.305) 0.74 0.4
1691 79/27[514] 9/2” 23.0 181.5 1.8 0.24 124 0.4
16919 w5127 [402] 5/2F 21.0 249.1 0.7 0.24 159 0.49
iTa w7127 [404] 7/12¢ 28.7 218.7 1.2 0.24 0.73 0.312
TaA  79/2 [514)® viqgp 7 28.1 143.5 5.8 =0.29 0.248
TaB 712 [54l®vig, 27,37 31.4 89.9 6.2 >0.34 0.248
"raCc  #5/27[402]® viiap 5% 26.6 2006 4.8 0.29) 0.338
17014 w72 [404]® viqg 6" 0.158
%Ta  71/27[541]®@v5/27[523] 3* 0.378

be separated into two groups. The lower-lying group, whichband based on the9/2 [514](a= + 1/2)® v5/27[642](a
is expected to be favorably populated, corresponds to the-1/2) quasiparticle configuration. The configuration assign-
configurations of the 5/4642] neutron coupled to the ment is mainly based on previous studies of its neighboring
1/27[541], 9/2"[514], 5/2[402], and 7/2 [404] protons, re-  odd-odd and odd nuclei in A=160 mass region. The pro-
spectively. The other group is higher-lying and thus the aston h,,,-9/27[514] bands in'®*Ta and'’*Ta have been ob-
sociated rotational bands are expected to be less stronghrved to be intensely populated in the heavy-ion induced
populated. This theoretical estimation is used as an addi‘usion-evaporation reactiofié4,48. The lowK components
tional a.rgument for the configurgtion assignment as disyy the i1, Neutron configuration are yrast in the oMdau-
cussed in the fpllowmg. The experlmental Routhians are alselei in this mass region. As a result, the most probable con-
presented in Fig. @) for comparisons. figuration for this band must be a lol/ 13, neutron(mainly
5/2*[642] componentcoupled to the 9/2[514] proton. The
A. Signature inversion in band A two-quasiparticle Routhian for this configuration is predicted
to be lower-lying as displayed in Fig(® indicating that this
nd should be strongly populated. The theoretical
(M1)/B(E2) ratios have been calculated using E(B—
(6) and the parameters tabulated in Table Il. The calculated

Band A is the most strongly populated in the heavy-ion
reaction used here and considered most likely to be the yra

results are compared with the experimental data in Rig- 8

801 The agreement is very good under the assumption of the
S L.l Tm Lu Ta ) 79/27[514]® v5/2"[642] quasiparticle configuration.
é’, : W Previous studies of odd-odd nuclei in this mass region
= 20} (207) have established a consistent pattern of the energy signature
% W dependence. Systematic studies and analysis have been made
g 15F (187) in several recent publication8,26,27,31,69,7]) the main
8 10} SN U 6- features can be outlined as follows:
5 (167) (1) The energy signature inversion occurs at low rota-

05 69500 —0 69 o —6-0—0 (147) tional frequencies in all therhq1,® vi3,, bands of odd-odd

oo b ) . (127) nuclei in the 65:Z<73, 89<N=<97 region. N

- (2) For a chain of isotopes, the anomalous splitting am-
—o—0—6—6—6-—06—9 (107) . L .
Lt L L L1 plitude decreases with increasing the neutron number.

89 91 93 95 9 89 91 93 9 93 95 97 . . .
(3) For a chain of isotonegssuch asN=91), with the

Neutron number increase of proton number, the splitting amplitude changes
FIG. 6. Transition energy systematics for thg=0 transition first from larger (iseTp)ltO smaller16€58140) and then to the
sequences of therhyy,® viqg, bands in 158-16Tm [10-21,  larger amplitude again't°Tm and '®4_u).
160-169 | [22—31], and %6 17°Ta[31—33 nuclei. (12) levels are (4) Up to a certain spin, signature splitting recovers to be
taken as a reference. normal. Associated with this crossing point, the so-called
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2000
1821
_____ 1794 7y, 1781 2812 4773 o AT42 15
1500
S 1239 219 qi7p d208 1227 4200 y7 160
Q
vy
> 1000}
% 730 FIG. 7. Transition energy systematics for the
5 139 726 gos 708720 712 e 14 semidecoupled bands ih"°Ta (present work
S 172Ta 56,57, 14Ta[42], "°Ta[55], 158 u [54],
§ 500 and 162184m [42].
S 326 319 303 305 320 311 305 o
11}
ok 0 0 0 0 0 0 0 40
248 238 218 211 936 226 219 g-
a4 405 =377 .. =360 @~
-500~
1 62Tm 1 64Tm 1 68Lu 170Ta 1 72Ta 174Ta 1 76Ta
signature crossing frequency can be extracted, and it change
regularly withZ andN. For a fixedN — Z value, the inversion (a) Band A
frequencies remain approximately constant. 15
The signature dependence of a rotational band is related
to theK quantum number of associated single-particle states, B (]
and the deformation of the nucleus. In baAdthe energy 1.0 ®
signature splitting is small compared with that of its neigh-
boring odd-mass nuclei. In order to illustrate this small sig- 05 n9/271514] 8v5/211642]
nature splitting, an energy differende=(1) defined as
AE(H=[E(l)-E(I-1)]—-3[E(1+1) 1 1 1
)
—E(W+E(-1)-E(1-2)] (8 ° (b) Band B
£ 15[
is plotted as a function of spin for the similar bands in n1/27[6411® Vi, o K=3
166,168,173 in Fig. 10. HereéE(l) is the level energy of state 8 ol K=2
I, AE(1) is directly proportional to the energy difference of &
the two signatures, but magnified by approximately a factor 2=
of 2 [29]. = 051 3
It is clearly shown in this figure that the energy signature e Eqi ...........
inversion in themh,,,,® viy5, band of 1°Ta has been ob- I : .
served below =174, above this point f?sel 7S|gnature sp!ltt!ng (1) 912 [514]@v5/2[523] (c)Band C
becomes normal. The three bands /%1% a have a simi- (2) 7512+ [402]@v5/2+642]
lar trend indicating that the same quasiparticle configuration 1.5 (3) nl/2(541]@v5/2512)
of 7hq1,® viq3,, is involved. The amplitude of anomalous (4) n7/2*[404]@V5/2+[642]
signature splitting in Ta is larger than that in its lowér | (5) n9/27[514]8v5/27[512] {
isotones, and it decreases with the neutron number. From the 10 @ {
signature crossing point df=17%, the inversion frequency 3 U]
is extracted to bé w=0.27(1) MeV, this value is very close 05 (4)§§ LX) $ §
to that [8,27,69 of similar bands inN—Z=24 nuclei of ®
B4Th (hw=0.28 MeV), **Ho (hw=0.25 Me\), %Tm | , - ()
(hw=0.26 Me\), and **%Lu (Aw=0.26 Me\). All these 10 15 20

properties are in good agreement with the systemalics
(4) as mentioned above.

Different mechanisms have been proposed to interpret F|G. 8. ExperimentaB(M1)/B(E2) ratios as a function of spin
this signature inversion phenomenon using several theoretior (a) bandA, (b) bandB, and(c) bandC. The curves correspond
cal approachef34—41], and some comments on these expla-to calculations based on the geometric model of Donau and Frauen-
nations are given in Ref$28,69. We would like to address dorf [58].

Spin ()
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B. Level staggering in BandB
14

(a) Proton BandB is supposed to be the semidecoupled band based
121 e 1/27[541] on 71/27[541)(a=1/2)® vi3{ a= +1/2)-5/2"[642] qua-
a 9/27[514] siparticle configuration. This assignment is suggested ac-
10L = 5/2¥[402] cording to the following consideration§l) The theoretical
X 7/2%[404] calculations based on cranked shell model predict that the
08 L two-quasiparticle routhian for this configuration is lower-
lying as displayed in Fig. @) and should be strongly popu-
06 L lated in the reaction used hef@) The large energy signature

| splitting is observed at lower rotational frequencies. In this

(b) Neutron region, only ther1/2 [541] or v5/2"[642] one-quasiparticle
bands have such a large signature splitting. The signature
1.0 M 3 5/2+[642) splitting of 771/27[541] bands is much larger than that of
~ T, ~ v5/2"[642] bands, and therefore the signature splitting origi-

= 5271523 nates most probably from the contribution of thg, neutron
A 5271512 (mainly the 5/Z[642] component (3) The band crossing
frequency ﬁwcz 0.34 MeV) is much delayed in comparison

with hwc values of its neighboring even-even and ddld-

nuclei. This delay is clearly demonstrated in Fig. 5 and Fig.
12(a) where both alignmenit, and dynamic moment of iner-
' ' ' tia J® have a sudden increase around_=0.29 MeV for

- ~1/27541
.., (c)"”Ta-,-g/?[sM} 0v5127523] bandsA and C but not for bandB. (4) The experimental

. -;.5/z+[402] B(M1)/B(E2) ratio for bandB is smallest and can be
AN ““*i‘%i;m roughly reproducedsee Fig. &)] theoretically under the

T assumption of w127 [541](a=1/2)® vi 3 a=

15 \\ e ;;ﬂi‘:l}@vs,z-[mz] +1/2)-5/2°[642] quasiparticle configuration. .

—— 9/27514] N Recently, the firm spin assignments for the semidecoupled
1ol :3:1/2_[54113 V5I24642] bands in'®21%'m and 1"*Ta[42] have been made through a

20

Quasiparticle Routhians e'(®) [MeV]

—=—5/2%[402] spectroscopic method. As a consequence, the low-spin sig-
%= 7/2%[404} nature inversion has been identified in thel/2 [541]

: : ® viq3p Structure. It is, therefore, a natural extrapolation
(d) interpolation) that the low-spin signature inversion should
"™Ta: Exp. occur in similar bands of lighter Ta and Lu isotopes such as
in 179172rg and %6179y, Indeed, a systematic analysis has
been made in a recent literatyr&7] in which the low-spin
signature inversion has been suggested for the semide-
coupled bands if"®"Re, 72173, and'’%u. We plot the
energy staggering defined B¢l) — E(1 — 1) versus spin in
Fig. 11 for the semidecoupled bands iffTa and those in
some neighboring nuclei. The high-spin data ‘6fLu are

20

& BandA

—$— BandB

—a— BandC

15—

1.0

0.1 0.2 03 from [54,71]. We accept the spins used B7] for 1"’Ta
’ which is arbitrarily increased by#3with respect to the pre-
hw( MeV) vious assignment56]. The similarity of the staggering pat-

tern is impressive. First, the signature splitting is inverted at
lower spins for all the semidecoupled bands shown in this
figure; the levels with a favored signature( = af+ o/

FIG. 9. The predicted two-quasiparticle routhians for 1"°Ta
as a function of rotational frequendyw obtained by summing the
one-quasiparticle Routhians of the correspondagroton andb)

neutron. The experimental Routhians f3PTa are shown ird) for ~ — 1/2+1/2=1) are Iying higher than the levels with an un-
comparisons, an average excitation energy of 0.8 MeV is used foravored S|gnatureo( —n=ap b+ ap'=1/2—-1/2=0). Second,
the lowest levels of each band. the signature spllttmg rever(sr tend to reveltto the normal

ordering at a certain high-spin value. The reversion points

have been observe@ee Fig. 11in 162164m, 168 y [71],

174Ta, and "*Re, respectively.(The reversion points in
that the signature inversion presents in a wider nuclear rang€%u and 1°Ta were also reported if67].) Although the
than previously predictef84] and the particular shell filling reversion point is not reached °Ta because of the lack of
seems not to be a strict restriction to the presence of thikigher spin data, the tendency towards reversion at about
phenomenon. =(20)% is evident as shown in Fig. 11. For most of the
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[ 166 " 168 " 170
wF Ta L T Ta s Ta
S 207 [ [
g 0
" - I I ieetotor
<
201 - -
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[ L 1 1 L L L L L L [ 1 1 1 1 L L L L L [ 1 1 1 1 1 L L L L
7 9 11 13 15 17 19 21 23 7 9 11 13 15 17 19 21 23 7 9 11 13 15 17 19 21 23

Spin ()

FIG. 10. Energy signature spliting,E(1) defined as Eq(8), as a function of spin for therh,;,® vi 3, bands in'%®1%%ra[31-33 and
17%Ta (present work The open circles represent thd =2 transition sequence with favored signaturg=0, the filled circles for the
unfavored onex ;= 1.

semidecoupled bands in this mass region, the spin assighave been extracted and tabulated in Table Il using the
ments based on spectroscopic methods are rather difficulinethod described and applied [i66,72,73. As shown in
According to our experiences, an uncertainty éffday be Figs. 5 and 12, ban@ has a similar trend as bamg and a
introduced relying on the systematics of level spacings andydden increase occurs at abdus ~0.29 MeV. This fre-
the additivity rule for alignment, thus the observation of re- uency is delayed in comparison vcvith NeutiR crossing in
version point becomes very important and could be regardea1e neighboring even-even nucl@iB crossing frequency in
as an indirect evidence of low-spin signature inversion. For gg 170016 ¢ :
: . ) . 1684f and 17°Hf is 0.265 MeV as presented in Table.lIn

chain of isotopes, the reversion spin seems to decrease WI{ . . L

is mass region, the one-quasiparticle bands based on

decreasing the neutron numbeee Fig. 11 andl57)). It is - . . ;
thus expected that the reversion points could be observed 6717'[1/2 [541] and »i 13, configurations are known to have a

) TS 168,17 17 relatively large crossing frequency. Therefore, one of these
moderate high spins i*Lu, Ta and*"Re. particular orbitals must be involved in bai@ Apart from

the already known configurations for bandsand B, the
C.BandC couplings ~ of w5/2'[402]® v5/21[642], w7/27[404]
Band C is newly found in this work, and it shows the ® v5/27[642], w1/27[541]® v5/2"[523], and 71/2"[541]
strongly coupled characters with small signature splitting. In® ¥5/2°[512] are expected to be the most probable candi-
order to identify the quasiparticle configuration, the align-dates for this band.
menti,(w) and the dynamic moment of inert¥?)(w), as a The B(M1)/B(EZ2) ratios for this band have been calcu-
function of rotational frequency have been analyzed both fotated using Eqs(3)—(6) under the assumption of the four
this band and the low-lying one-quasiparticle bands in theonfigurations cited above. The calculated results have been
neighboring odd mass nuclei. The band crossing frequencigdotted in Fig. &c). The parameters in Table Il are used for

L 176Re

001 1T "Ta F "Ta [ ™Ta
400 3 'JU b W! J&Mé FIG. 11. Level staggering for
= a0f ' — - s [ FJ the semidecoupled bands #°Re
X 200 QI 2 * ‘yﬂ‘;ﬁ ‘f‘p [57], °Ta (present work
SR ’ " 172-17619  [56,57,42,55 %8u
i ' ——"T70 15 20 25 3010 15 20 25 30 10 15 20 25 %0 [54,71, and %62%Tm [42]. The
A 500 1es . .
S ol Lu [ (1) fllled.c_:lrcles represent thA_I =2
00l transition sequence with signature
200 1 Mj{ a;=1, the open circles for the un-
100 d'J favored onew,=0.
50l *®Tm 10 15 20 25 30
400} ?\N
300
200¢ M °a=0
100 175 . s 0=1

10 15 20 25 3010 15 20 25 30
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—E(I), respectively. To make a clear illustration, each curve
is shifted by adding &\ as indicated in the figure, and the
Band A, A=0 dotted line indicates a sharp discontinuitiecreaseat that
Band B, A=-10 point. It is clearly demonstrated in Figs. 5 and 12 that there is
120k a sudden increase for bandsand C both in alignment ,
(Fig. 5 and in the dynamic moment of inertid? (Fig. 12.
sol This sudden increase disappears in bBndhe band cross-
ing frequency can be extracted from the intersection of two
slopes in the routhiane’(w) versusfw plots before and
after the first backbend72]. Although the level scheme
given in Fig. 3 cannot be extended to higher spins, the band
crossing frequencies could still be read out7as =0.34
T1/Z[541], A=300 c

n5/2+/402], A=200 MeV for bandB, and th:O.ZQ(l) MeV for bandC, re-

79/27[514], A=100 spectively. From systematic inspection of Table Il, the state-
VE2+[642], A=0 ment can be concluded: the first band crossing frequency for
’ the w1/27[541]® v5/2"[642)(75/2"[402|® v5/27[642])
band is largersmalley than theBC crossing frequency of
the viq3, bands in its neighboring odd-nuclei. A similar
experimental result has also been observed in the rotational
. bands of'"°Ta[56,73.
100 ' The configuration-dependent band crossing frequency
[ M could be understood when associated with the similar phe-
=V nomenon discovered in the neighboring adldiclei. The
0.1 0.2 0.3 AB crossing frequencies for the9/27[514], w5/27[402]
ho(MeV) bands in Lu and Ta isotopes are very close to, but slightly
lower (roughly 20 keV lowey than those in the yrast se-
FIG. 12. Plot of dynamic moment of inert#? as a function of ~quences of their even-even neighbd48,51. However, in
rotational frequencies for the three bands'éTa and the related contrast to these cases, a significant delayied from 30 to
one-quasiparticle bands #°Ta [48] and 1%%Hf [49]. Each curve is 75 keV) in the AB crossing frequencies has been observed in
shifted by adding @ for clear illustration. The dotted line indicates the w1/27[541] bands([74], and references therginThis
a sharp discontinuitydecreasgat that point. phenomenon has been extensively studied and attributed to
the shape-driving effedi64,75,78, residual proton-neutron

theoretical calculations. As is clear in Fig(ch the experi- interactions[77], quadrupole pairind78], and decoupling
mental ratios below= 184 are closer to those calculated for (€ML79], respectively. The study of this subject is out of the

the w5/2*[402]® v5/2* [642] configuration. We have no- scope of this paper, we would like to point out that the

; ; . mechanism, leading to the configuration-dependéid
it'ncfﬁet:ilizg{iﬁfbgﬁgjgglg(r)??nuflné'il‘:‘]é%gfLrgl{Z%bzsgrvedcrossing, exists in the odd-odd nuclei and has been exhibited

. ; . b in the first band crossing frequencies. For instance, the
and the corresponding one-quasipartiet®/2 [514] and V5/2°[642] band in 16%Hf [949] t?ackbends athw.=0.315

v5/2°[512] bands have also been identified ﬁ‘?‘?’ml'a MeV, 50 keV delayed with respect to its even-even core
[48,44 and *"Hf [65], therefore,B(M1)/B(E2) ratios for  1684f of hwe=0.265 MeV(see Table |i. The delay of the
the m9/27[514]© v5/27[512] coupling are also calculated AB pand crossing frequency for the 1f541] band in1%°Ta
and shown in Fig. ). However, the agreement with experi- [48] is 40 keV. Thus the first band crossing in the semide-
mental values is poor compared with the result of thecoupled band of°Ta will be delayed as high as 90 keV due
w5/2"[402]® v5/27[642] coupling. The calculated quasi- to the contributions of both quasiproton and quasineutron.
particle Routhian based on CSM is lower-lyingee Fig. Similarly, taking theAB crossing frequency akwc=0.24
9(c)] for this two-quasiparticle configuration. These argu-MeV [48] for the 75/2'[402] and 79/2 [514] bands, the
ments support the configuration assignmentm&i2*[402] crossing frequencies for the bands based m812*[514]

Band C, A=10
160 |

[ml ReX KofJ

a0

500}

400

¢ HO OO0 p

300F

200

Dynamic moment of inertia J® (MeV * #')

L 3
I 4

® v5/2"[642] for bandC. ® v5/27[642] (bandA) and 75/2"[402]® v5/2*[642] (band
C) can be predicted to b2w:-=0.29 MeV using the addi-
D. Band crossing frequencies tivity effect for the crossing frequency shiff§3]. Experi-

, , , _ ___mentally a sudden increase #%) andi,(w) has been ob-
If the configuration assignment mentioned above is ac:

served ath w:=0.29 MeV for bandsA and C. However, a
cepted, the upbend or backbend of these bands should cortgs, i, variation is found for bar@lup to the frequencies as
spond to the neutroBC or AD crossing. Figure 12 shows the

) ) ; . high as 0.35 MeV. These observations are consistent with
plot of dynamic moment of inertid®, defined as)®(l) g

. . expectations cited above.
=4/AE (1), versus the rotational frequencies for the three P

bands in1"°Ta and the related one-quasiparticle bands in
169Ta and*8°Hf; this quantity can be calculated directly from
observedy ray energiesg (1), and differences ofy-ray To summarize, the high-spin states 1#°Ta have been
energy between neighboring transitioass (1) =E,(1+2)  further investigated by the in-beam spectroscopic methods.

IV. SUMMARY AND CONCLUSIONS
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A level scheme consisting of three rotational bands has beegles in 1'°Ta have been discussed, and attributed qualita-
established. The quasiparticle configurations of these bandgely to the same mechanisms leading to the configuration-
are suggested based on the existing knowledge of neighbogiependentAB crossing in the related bands of neighboring
ing nuclei and the measur@&(M 1)/B(E2) ratios as well as  odd-Z isotopes. Low-spin signature inversion in the semide-
the properties in the framework of cranked-shell model.coupled band of"°Ta is suggested. Although well-behaved
Apart from thew9/2"[514]® v5/2"[642] yrast band and the  systematics could be presented both in the consecte
Al=2 transition sequence in the semidecoupled band, &ansition energies and in the level staggering pattern among
w5/2"[402]® v5/27[642] strongly coupled band and a new the similar bands of neighboring nuclei, the firm spin assign-
Al=2 transition sequence based on thel/27[541] ments are needed in order to confirm the low-spin signature
®v5/27[642] configuration have been identified in this inversion in the semidecoupled band of lighter odd-odd Ta.
work. The 79/2 [514]® v5/27[642] yrast band exhibits an

anomalous signature splitting at low rotational frequencies.
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