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The odd-odd146Tb nucleus has been investigated using the115Ins34S,3nd reaction at 140 MeV incident
energy using an array of eight Compton-suppressed Clover detectors. Based on the observedg-g coincidences,
the level structure of146Tb has been extended up toEx,10 MeV. Linear polarization measurements have been
combined with angular correlations of the observedg rays to assign the electromagnetic nature to the transi-
tions. Probable origin of a cascade ofM1 transitions observed around 8 MeV excitation energy has been
discussed.
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I. INTRODUCTION

Nuclei close to the doubly closed146Gd have drawn con-
siderable attention, both experimentally and theoretically,
due to their proximity to theN=82 andZ=64 shell closure.
The excitation spectra in the low-energy region for these
nuclei show irregular and complex patterns, typical for near-
spherical nuclei and are dominated by single- and multipar-
ticle excitations. Spectroscopic information on these levels
provides important avenues to the empirical single particle
energies and the residualN-N interactions needed for under-
standing nuclear structure in the shell model framework.
With increasing excitation energies and angular momenta, a
certain regularity develops in their spectra due to various
underlying reasons. For example, they show collective bands
with moderate deformations, as well as superdeformation
[1]. Moreover, due to availability of particles and holes in

high-j orbitals, such asph11/2
n and nh11/2

−n , phenomena like
magnetic rotation could be expected, and have, in fact, been
observed in nearby142,143,144Gd [2,3], 141,144Eu [4,5] nuclei.

The odd-odd146Tb nucleus, with 65 protons and 81 neu-
trons, has been studied earlier both experimentally and theo-
retically and it has been found that the low-lying excitation
spectra up to,4–5 MeV andJ,20" are irregular, originat-
ing primarily from single- and multiparticle excitations. Col-
latz et al. [6] performed two in-beam experiments, using7Li
and31P beams and modestg-detector arrays, and proposed a
level scheme up to around 5 MeV excitation and 19" spin.
The authors suggested that the observed states up toJp

=19− spin can be identified with 4qp excitations involving an
h11/2 proton particle and anh11/2 neutron hole, coupled to the
proton particle-hole yrast excitations in146Gd. The present
work was initiated with the motivation to extend the level
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scheme to higher spins and the preliminary results from this
investigation were presented earlier[7]. After our work was
completed, we came across a report by Xieet al. [8]. They
have used118Sns32S,1p3nd reaction at 165 MeV, and have
presented the level scheme up to about 8.4 MeV, built on the
1.18 ms isomeric 10+ level with sph11/2nh11/2

−1 d configuration
and alluded to the possibility of core excitations. However,
they were unable to make unambiguous spin-parity assign-
ments to many of the levels. In our work, the level scheme of
146Tb has been extended up to higher excitation energies, and
a new feature, a sequence of levels above,8 MeV, con-
nected byM1 transitions has been observed. In addition, the
use of the Clover detector array has permitted polarization
measurements, which, coupled with theg-ray angular corre-
lation measurements, have helped assign uniquely the spins
and parities in the observed level structure.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The reaction115Ins34S,3nd at a beam energy of 140 MeV
was used in order to populate high-spin states in146Tb. g-g
coincidence measurements, using a target of,1.29 mg/cm2

enriched115In with a ,7.14 mg/cm2 Au backing, were per-
formed with the Indian National Gamma Array(INGA), sta-
tioned at the 15UD Pelletron facility at Nuclear Science Cen-
tre (NSC), New Delhi. For this experiment, the INGA
comprised of eight Compton-suppressed Clover detectors.
The efficiency for a Clover detector(after add-back), used in
the array is typically around 0.17%(photopeak) at ,1 MeV
[9]. These detectors were placed at 80° and 140° with respect
to the beam direction. A total of about 220 million two- or
higher-foldg-g coincidence events were recorded in the ex-
periment. After accurate gain-matching and requisite correc-
tions for any on-line drifts[10], the coincidence events were
sorted into symmetric and asymmetric(angle dependent) ma-
trices for detailed off-line analysis. The data were analyzed
using both RADWARE[11] and IUCSORT[10,12] analysis
packages.

The level scheme of146Tb has been established up toEx
,10.6 MeV in excitation energy and a tentative spin ofJ
,30" (Fig. 1). In addition to the transitions reported by Xie
et al. [8], about 15 new transitions have been identified in the
present work. These transitions are indicated by asterisk in
the level scheme. Representative background-subtracted
gated spectra associated with three sequences(sequence I, II,
and III) are shown in Figs. 2, 3, and 4.

Multipolarity of the de-excitingg rays from 146Tb were
deduced from the observedg ray angular correlations
[13,14]. For RDCO, the coincidence data were sorted into an
asymmetric matrix whose one axis corresponded tog ray
energy deposited in the detectors at 140° while the other axis
corresponded to theg ray energy deposited in the detectors
at 80°. A gate corresponding to ag ray of known multipo-
larity was made on one axis(say, thex axis) and the coinci-
dence spectrum was projected on the other axis(y axis).
Next the same gate was set on they axis and projection was
made on thex axis. Assuming stretched transitions, the in-
tensities of the transitions which had the same multipolarity

as the gatedg ray were approximately the same in both the
spectra. If theg rays were of different multipolarity, the in-
tensities differed by a factor of almost 2. Using sum gates of
known dipole transitions, we defineRDCO as

FIG. 1. The level scheme of146Tb for the levels populated in
115Ins34S,3nd reaction. The width of the arrows approximately rep-
resents the observed intensities. The transitions marked with aster-
isk are in addition to those reported in Refs.[7] and [8].

FIG. 2. Representativeg-g coincidence spectrum with simulta-
neous gates on the 530 and 653 keV transitions of sequence I. The
transition marked with asterisk belong to neighboring nuclei.
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RDCO =
Ig1

at 80° , gated withg2 at 140°

Ig1
at 140° , gated withg2 at 80°

.

The observed values ofRDCO are illustrated in Fig. 5 and
detailed results are given in Table I. TheRDCO value for
known dipole transitions is,1.1 and is 1.8 for known qua-
drupoles, using gate on dipole transitions. These values were
cross checked for self-consistency. Further, they reproduced
the results for the known multipolarities[DJ=1 andDJ=2]
in the neighboring nuclei.

The use of Clover detectors facilitated polarization mea-
surements[15–17]. These measurements, even though quali-
tative, were crucial for assignment of the parities in the ob-
served level structure. The linear polarization of the radiation
can typically be determined through a difference between the
number of Compton scatteredg rays in the reaction planeNi,
and perpendicular to it,N'.

As an example of this data, Fig. 6 shows the background
subtracted perpendicular and parallel coincidence spectra
(with respect to the beam direction) for 413, 463, 475, and
486 keVg ray transitions. All theseg rays indicate a prefer-
ential scattering in parallel direction, which is a characteristic
of magnetic transitions. Coupled with the results of angular
correlations(Fig. 5), these transitions have been assignedM1

multipolarity. The right part of Fig. 6 indicates that the 950,
1079, and 1106 keVg rays are electric in nature whereas the
1244 keVg ray is magnetic.

A polarization matrix was constructed from the data cor-
responded to energy recorded in any detector on one axis,
while the other axis corresponded to the energy scattered in a
perpendicular or parallel segment of the Clover with respect
to the beam axis. From the projected spectra, the number of
perpendicularsN'd and parallelsNid scatters for a giveng
ray could be obtained. From these spectra the asymmetry
parameterDIPDCO was obtained using the relation

DIPDCO=
fasEgdN'g − Ni

fasEgdN'g + Ni

.

The correction parametera due to the asymmetry of the
present experimental configuration has been deduced from
radioactive sources, and is a function of theg ray energy, i.e.,

asEgd = a0 + a1Eg,

where,a0=1.016s6d and a1=−1.32s53d310−5. A near zero
value for DIPDCO is indicative of admixture, whereas a pure
electric or magnetic transition results in a positive and nega-
tive value, respectively, for theDIPDCO. These results are
listed in Table I and, coupled with our angular correlation
data, form the basis of assignments of the multipolarity of
the observed transitions.

Figure 7 illustrates a two-dimensional plot of asymmetry
parameterDIPDCO versus angular correlationRDCO, as defined
earlier. As seen from the plot, the polarization and multipo-
larity measurements together can give us a reasonable as-
signment of the spin and parity for the levels without re-
course to detailed theoretical calculations.

The polarization data necessitated some changes in the
previously reported spin-parity assignments for few levels.
Collatz et al. [6] had assignedE1 nature for the 730 keV
transition de-exciting the 4.218 MeV level in the yrast se-

FIG. 3. g-g coincidence spectrum for sequence II. The transi-
tions marked with asterisk belong to neighboring nuclei.

FIG. 4. Part of theg spectrum obtained from the sum gate of
413, 429, 463, 475, and 486 keV transitions(members ofM1 se-
quence), to indicate their placement. The transitions marked with
asterisk belong to neighboring nuclei.

FIG. 5. g ray anisotropy intensity ratioRDCO, for the transitions
belonging to146Tb. The lines correspond to the values obtained for
known dipole and quadrupole transitions using sum of stretched
dipoles and have been drawn to guide the eye. The quoted error
includes error due to background subtraction, peak fitting, and ef-
fieciency correction. For comparison, few transitions belonging to
145Tb are also shown.
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TABLE I. Gamma transition energysEgd in keV, excitation energysExd in keV, initial and final spins for
the transition, relative intensitysIgd, DCO and IPDCO ratio for theg ray transitions in146Tb. Unless
otherwise mentioned, the values in column 5 are obtained from sum gate of 590, 818, 390, and 760 keV
dipole transitions.

Eg Ex Ji
p→Jf

p Ig
a RDCO DIPDCO

83.7 3368.2 15−→14− 9.2(1.0)

97.0 3585.1 17−→16− 11.4(1.5)

107.9 6495.7 23s+d→22+ 3.9(0.4) 0.91(0.06)

119.9 3488.1 16−→15− 34.4(4.0) 1.26(0.08)

149.3 6683.9 Wb

177.1 4867.7 19+→18+ 10.0(1.1) 1.06(0.06) −0.04s0.05d
199.4 3285.1 14−→13 6.2(0.7) 1.19(0.08)c

203.7 3691.8 4.4(0.6)

214.4 5492.4 20→19 5.6(0.6) 0.95(0.06)

233.7 5814.2 21+→20− 8.7(1.0) 1.11(0.07)

247.3 4465.0 18+→17− 15.1(1.7) 0.91(0.05) 0.08(0.05)

266.5 8004.0 s24+d→ s23+d 1.1(0.2) 1.10(0.08)

269.7 4775.9 s18−d→ s17−d Wb 1.31(0.11)c

289.9 5365.1 20+→19+ 7.1(0.7) 1.30(0.09) −0.03s0.02d
306.5 7593.0 Wb

312.3 4217.8 17−→15s−d 4.2(0.7) 1.96(0.15)c 0.13(0.07)

316.0 3580.0 s15+d→ s14+d 6.3(1.0) 1.13(0.11)c −0.06s0.04d
323.8 3692.0 3.5(0.4)

340.4 6836.1 s24+d→23s+d Wb 0.86(0.05)

343.2 3264.0 s14+d→ s13+d 6.3(1.0) 0.89(0.07)c −0.06s0.06d
358.3 5134.3 19−→ s18−d 5.8(0.7) 0.96(0.07)c −0.07s0.05d
365.7 3945.7 s16+d→ s15+d 7.3(1.1) 1.24(0.09)c 0.02(0.03)

384.9 5075.7 19+→18+ 11.1(1.5) 0.90(0.05) −0.02s0.03d
385.2 8389.2 s25+d→ s24+d 2.3(0.4) 0.89(0.06)

389.6 2578.1 13−→12− 90.0(10.5) 1.04(0.06) −0.02s0.01d
408.8 5543.1 20+→19− 10.2(1.1) 0.95(0.06) 0.10(0.05)

413.4 9717.9 s28+d→ s27+d 0.7(0.1) 0.93(0.07)

414.1 7098.0 Wb

429.3 9304.5 s27+d→ s26+d 0.7(0.1) 1.17(0.11)

449.5 5814.3 21+→20+ 9.1(1.1) 1.27(0.08) −0.17s0.03d
453.9 5947.3 21→20 5.6(0.6) 1.25(0.09)

463.1 10 655.5 s30+d→ s29+d Wb 0.90(0.08)

464.7 4579.9 19−→18− 12.2(1.5) 0.98(0.06) −0.02s0.01d
474.6 10 192.4 s29+d→ s28+d 0.4(0.1) 1.10(0.08)

486.0 8875.2 s26+d→ s25+d 1.2(0.3) 0.92(0.07) −0.07s0.03d
525.7 4217.7 8.5(1.0)

530.1 4115.2 18−→17− 22.6(2.6) 0.95(0.06) −0.03s0.02d
549.8 4690.6 18+→17− 3.2(0.6) 1.23(0.07) 0.08(0.06)

560.5 4506.2 s17−d→ s16+d 7.0(1.1) 1.06(0.07)c 0.05(0.04)

572.0 2760.6 2.7(0.5)

573.6 6387.8 22+→21+ 12.0(1.7) 0.96(0.06) −0.08s0.05d
587.3 6534.6 22→21 Wb 0.90(0.06)

590.5 1370.5 11+→10+ .125 0.93(0.06) −0.02s0.01d
633.0 8370.5 s24+d→ s23+d 0.5(0.1) 1.00(0.09)

640.6 3905.5 15s−d→ s14+d 11.2(1.8) 0.77(0.04)c 0.14(0.07)

652.7 4140.8 17−→16− 7.0(0.7) 1.11(0.08) −0.07s0.04d
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quence. The polarization results(Fig. 7) indicate a “mag-
netic” nature for this transition. Hence, we have assigned it
firmly as M1 transition. Based on this assignment, the spin
parity of the levels in this sequence up to 22+ have been
established. The 800 keV transition originating from the
level at Ex=2.171 MeV was assigned asE1 (with DJ=−1)
by the earlier groups[6,8]. As seen in Fig. 7, this transition
is, indeed, electric in nature. Assuming the earlier assignment
of DJ=−1 for this transition, we should have obtained a
value of RDCO,1. The RDCO value for this transition is
,2.2, which could correspond to eitherDJ=0 or DJ=2
change in angular momentum. Hence, theDJ=−1 assign-
ment is ruled out. The present experiment has helped us un-
ambiguously assign a spin parity ofJp=19− to the level at
Ex=5.134 MeV. The spin-parity assignments for the subse-
quent low-lying levels indicateJp=12+ for the level atEx

=2.225 MeV. The observation of parallel decay paths and
crossover transitions, above the level atEx=2.225 MeV con-
firm this Jp=12+ assignment. This level de-excites via the 54
keV transition to theEx=2.171 MeV. Assuming the earlier
assignment ofJp=10− for this level (i.e., DJ=−1 nature for
the 800 keV transition) would demand aM2 multipolarity
for the 54 keV transition. This would correspond to aµs
lifetime, which is not within our coincidence time window.
Since the 696, 343, and 1040 keV and other above transitions
are observed in coincidence with the 800 keV transition, the
M2 multipolarity for the 54 keV transition is not possible.
This supports the tentative assignment ofJp=11− for the
level at Ex=2.171 MeV which de-excites via the 800 keV
transition. A point worth mentioning is that in145Tb, a neigh-
boring nucleus which was populated in a similar reaction
[18], the 514 keVg transition de-exciting theJp=15/2+

TABLE I. (Continued.)

Eg Ex Ji
p→Jf

p Ig
a RDCO DIPDCO

666.4 5742.1 3.2(0.4) 1.14(0.09)

669.5 5134.6 19−→18+ 2.7(0.4)

696.3 2920.8 s13+d→ s12+d 2.5(0.5)

706.4 3284.5 14−→13− 80.9(9.3) 0.96(0.06) −0.02s0.01d
713.3 5581.0 20−→19+ 3.3(0.4) 0.79(0.06) 0.04(0.03)

729.6 4217.7 17−→16− 14.9(1.7) 1.13(0.07) −0.03s0.02d
739.1 8302.8 Wb

777.4 2147.9 11−→11+ 15.0(2.4) 1.84(0.13)c 0.03(0.02)

785.0 5364.9 20+→19− 3.7(0.4)

800.5 2171.0 s11−d→11+ 11.2(1.8) 2.27(0.16)c 0.02(0.03)

818.1 2188.6 12−→11+ 100 1.09(0.07) 0.02(0.01)

854.1 2224.6 s12+d→11+ 1.1(0.3)

870.6 8875.2 s26+d→ s24+d Wb

896.9 3085.7 13→12− 5.6(1.0) 0.74(0.05)c

916.4 5134.1 19−→17− 4.8(0.6)

949.6 6493.0 22+→20+ 17.4(2.1) 1.89(0.13) 0.08(0.03)

960.0 5075.2 19+→18− 5.0(0.6) 1.00(0.06) 0.05(0.03)

1000.6 5580.5 20−→19− Wb

1040.3 3264.9 s14+d→ s12+d 12.2(1.8) 1.73(0.11)c 0.02(0.02)

1070.7 7563.7 24+→22+ 4.6(0.6) 2.52(0.18) 0.23(0.12)

1078.6 5543.5 20+→18+ 14.9(1.7) 2.45(0.16) 0.09(0.04)

1105.7 4690.8 18+→17− 4.8(0.6) 1.16(0.08)

1162.6 5277.6 19→18− 2.3(0.2) 1.11(0.08)

1244.5 7737.5 s23+d→22+ 4.4(0.6) 0.82(0.05)

1273.8 5853.7 Wb

1377.4 5492.6 20→18− 1.6(0.4)

1692.9 5278.0 19→17− 5.4(0.6) 2.34(0.15)

1860.0 6439.9 Wb

2229.0 5811.1 Wb

aThe quoted errors on intensities encompass errors due to background subtraction, peak fitting and efficiency
correction.
bW indicates weak transitions whose intensity could not be computed.
cRDCO from gate on 590 keV dipole transition.
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level at 1.420 MeV was assigned on the basis of a ratio of the
angular distribution taken at two angles(see Ref.[18] for
more details). This measured ratio, 1.45(25), could be inter-
peted as a stretched quadrupole which is expected to have a
ratio of 1.4, but it is also very similar to the value for tran-
sitions involving no spin change. The authors had assigned
this transition as aDJ=0, electric transition[18]. Further, in
146Tb, Collatz et al. [6] and Xie et al. [8] had assigned a
DJ=0 change in angular momentum for the 777 keV transi-
tion, which is electric in nature. Both the 800 and 777 keV
transitions de-excite to the same levelsEx=1.370 MeVd.
Hence, the 800 keV transition is tentatively assigned as a
DJ=0, electric transition. Thus, the level atEx=2.171 MeV

is now assigned asJp=11− and the level at 2.225 MeV is
assigned asJp=12+, assumingE1 multipolarity for both the
54 and 77 keV transitions. The 366 keV transition involves a
change in angular momentum ofDJ=1 unit, as seen in Fig.
5. This contradicts the earlier assignment ofDJ=2 nature of
this transition[8]. The polarization measurements indicate a
mixed nature, and hence the 366 keV transition is tentatively
assigned asM1/E2, and the multipolarity of the level atEx
=3.946 MeV isJp=16+. The present measurements are in-
dicative of a M1 nature for the 358 keV transitionsEx

=5.135 MeVd; it was earlier reported as aDJ=0 transition.
The observed transitions belonging to146Tb are summa-

rized in Table I. In addition to theg transitions reported by
Xie et al. [8], we have observed the followingg transitions
(energies in keV): 306, 340sM1d , 413sM1d, 414,
429sM1d , 463sM1d , 475sM1d , 486sM1d , 633sM1d, 666,
739, 871sE2d, 1274, 1860, and 2229. The spin and parity of
the levels depopulating via the 306, 414, 666, 739, 1274,
1860, and the 2229 keV transitions could not be ascertained
from the present data. We have not observed the 558 and 272
keV transitions, de-exciting the level atEx=4.777 and 4.218
MeV, respectively, reported in the earlier investigation[8].

As seen from the Fig. 1, the absence of any pronounced
band like structure, is indicative of persistence of single par-
ticle behavior in this nucleus. The presence of high energy
transitions and fragmentation of intensity into several cas-
cades are indicative of excitation of nucleons across the shell
gaps.

III. DISCUSSION

The low-lying excitation spectra of146Tb up to Ex
,4.5 MeV have been interpreted within the shell model
framework[6,8,19,20]. The states up toEx,1.5 MeV origi-
nate primarily due to the coupling of one proton-particle with
one neutron-hole outside the146Gd core. The ground state
has spin-parity 5− and is thought to arise from an admixture
of ph11/2ns1/2

−1 and ph11/2nd3/2
−1 configurations. The levels

above the 11+ state of thesph11/2nh11/2
−1 d multiplet at Ex

,1.5 MeV involve the146Gd core excitation[6,8]. The mul-
tiplet of negative-parity states ofsph11/2nh11/2

−1 d ^ 3− character
are observed around 2 MeV energy of excitation, whereas
the states aroundEx,3.2 MeV, multiplets arise from the
sph11/2nh11/2

−1 d ^ 2+ and sph11/2nh11/2
−1 d ^ 4+ coupling: the

3−,2+,4+ bosons are from the146Gd core excitations[6,8].
The Z=64 proton shell closure is much weaker than theN
=82 neutron shell closure. Hence, the proton core excitation
is energetically favored at comparatively lower excitation en-
ergies.

We have tried here to interpret, qualitatively, the observed
levels considering the shell model valence space obtained
from experimental low-lying spectra of one neutron-particle

64
147Gd83, one neutron-hole 64

145Gd81, one proton-
particle 65

147Tb82 and one proton-hole 63
145Eu82 with

respect to146Gd core [21]. The valence space considered
consists of ps1g7/2,2d5/2,1h11/2,3s1/2,2d3/2d and the
ns1g7/2,2d5/2,1h11/2,2d3/2,3s1/2,2f7/2,1i13/2d orbitals.

The possible configurations for the observed level struc-
ture are listed in Table II. The approximate energy ranges for

FIG. 6. Background subtracted perpendicular and parallel coin-
cidence spectra(with respect to the beam direction) for the 413,
463, 475, 486, 950, 1079, 1106, and 1244 keV transitions.

FIG. 7. (Color online) Two-dimentional plot of the asymmetry
parameterDIPDCO vs the angular correlation ratioRDCO. Filled
circles denoteE1 transitions, filled squaresE2 transitions, asterisks
M1 transitions, and filled upwards-pointing trianglesDJ=0 transi-
tions. For comparison few transitions belonging to145Tb are also
shown. The dotted lines parallel to they axis correspond to the
value obtained for known dipole and quadrupole transitions. The
dotted line parallel to thex axis indicates the zero value ofDIPDCO.
These lines have been drawn to guide the eye.
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different configurations mentioned in Table II are based on
the observation of experimental levels predominantly be-
longing to these configurations. For convenience of discus-
sion, the proposed level scheme has been labeled in three
sequences above the excitation energy of,4 MeV. The
positive parity states of sequence I are likely result from
configurations such asph11/2

3 d5/2
−2 nh11/2

−1 and ph11/2
3 g7/2

−2 nh11/2
−1 .

These configurations result in a maximum aligned spin of
Jp=23+ and 25+, respectively. Hence, the levels of this se-
quence starting from 18+ at ,4.7 MeV may be due to proton
excitation from146Gd core. Possible configurations for the
negative parity states are also given in Table II. At relatively
higher excitation energy,Ex.5 MeV, one may observe
states involving neutron excitation acrossN=82 shell clo-
sure, as indicated also by Xieet al. [8]. Sequence II can then
be attributed to the neutron core breaking, which is sup-
ported by the presence of very high energyg transitions. The
levels of sequence II may be arising from the configuration
ph11/2nh11/2

−3 f7/2
2 .

Sequence III is most interesting in the present work, and
consists of a “band” between spins 23+ and 30+ with some-
what irregular level spacings. These levels are connected by
DJ=1 stretched magnetic transitions; only one very weak
crossoverE2 transition has been observed.

Similar DJ=1 cascades have also been observed in
143,144,145Tb [18,22,23] nuclei at different excitation energies.
In 143,145Tb, a DJ=1 cascade has been observed at around
Ex,5 MeV, whereas in144Tb such a cascade has been ob-
served at a relatively lower excitation energysEx

,2.6 MeVd. In 143Tb, this cascade has been confirmed as an
M1 band[22]. The presentM1 transition cascade(sequence

III ) in 146Tb is found at a relatively higher excitation energy
sEx,8 MeVd. This sequence de-excites through the high en-
ergy g rays (1244,950,1079 keV) similar to that in 144Tb
(955,1306,1377 keV) [23]. A number ofDJ=1 sM1d bands
in the neighboring142–144Gd [2,3], 141Eu [4] nuclei have been
identified as “shears” bands. Weak deformation and exis-
tence of high-j particles of one kind of nucleons and high-j
holes of other kind give rise to the formation of “shears”
band in this mass region[24]. Although the energy spacings
of these magnetic rotational bands in142Gd and141Eu are
regular and follow theIsI +1d law, the level spacings of the
magnetic band are irregular in144Gd [2,3] which is closer to
146Gd. Such irregular magnetic bands have also been seen in
143Gd [2,3] and in194,197Pb [25].

The level spacings of sequence III also do not follow the
IsI +1d law. As pointed out earlier, two sequences(sequence
I and sequence II), probably built on high-j proton particles
psh11/2

3 d5/2
−2 dnsh11/2

−1 d and high-j neutron holes
psh11/2dnsh11/2

−3 f7/2
2 d, have been observed at,4.7 and

,5.2 MeV, respectively. So, one may expect to observe a
sequence of levels from the multiplet built on
sph11/2

3 d5/2
−2 d ^ snh11/2

−3 f7/2
2 d configuration at around 10 MeV of

excitation energy. Each of these proton and neutron configu-
rations can contribute nearly same angular momentum values
and may form two blades of shears. Sequence III, atEx

,8 MeV, resembles a shears band withsph11/2
3 d5/2

−2 d
^ snh11/2

−3 f7/2
2 d configuration and the irregular nature may be

due to its closeness to146Gd core. As already discussed, that
sequence I might have its origin in eithersph11/2

3 d5/2
−2 nh11/2

−1 d
or sph11/2

3 g7/2
−2 nh11/2

−1 d configuration, or in both, and the con-
figuration mixing may give rise to the observed irregularity.

IV. CONCLUSION

The level scheme of the odd-odd nucleus146Tb, charac-
terized by a complex structure, was extended up to about 10
MeV of excitation energy and about 30" units of angular
momentum. The spin-parity assignments for most of the ob-
served levels have been made unambiguously by using spe-
cial features of a Clover detector array. The possible configu-
rations for the observed states have been discussed. This
being a one-particle and one-hole nucleus, one expects the
dominance of single-particle nature. Indeed, this is exhibited
by irregular level spacings and many parallel decay branches
up to spin 22". We also observed aDJ=1 magnetic transition
sequence(sequence III) which, qualitatively, appears to cor-
respond to shears band, similar to those observed in nearby
nuclei, although it may occur in multiparticle-hole excitation
spectra as well. Further experimental and theoretical work is
required to confirm the shears nature of this band. Experi-
mental life time information of the levels in sequence III for
reliable determination of theBsM1d /BsE2d values would be
particularly important to conclude about the nature of this
sequence.

TABLE II. Probable shell model configurations of the observed
levels in146Tb.

Configuration Jpa
Energy(MeV) domain

in the expt. spectra.

ph11/2ns1/2
−1 6−,5−, …

ph11/2nd3/2
−1 7−,6−, … ,0.4

ph11/2nh11/2
−1 11+,10+, … ,1.5

sph11/2nh11/2
−1 d ^ 3− 13−,12−, … ,2.1–2.5

ph11/2s1/2d5/2
−1 nh11/2

−1 14+,13+, …

ph11/2d3/2d5/2
−1 nh11/2

−1 15+,14+, … ,2.2–3.5

ph11/2
2 d5/2

−1 nh11/2
−1 18−,17−, …

ph11/2
2 g7/2

−1 nh11/2
−1 19−,18−, …

ph11/2
3 d5/2

−2 ns1/2
−1 18−,17−, …

ph11/2
3 d5/2

−2 nd3/2
−1 19−,18−, …

ph11/2
3 g7/2

−2 ns1/2
−1 20−,19−, …

ph11/2
3 g7/2

−2 nd3/2
−1 21−,20−, … ,3.2–5.5

ph11/2
3 d5/2

−2 nh11/2
−1 23+,22+, …

ph11/2
3 g7/2

−2 nh11/2
−1 25+,24+, … ,4.4–6.8

ph11/2nh11/2
−3 f7/2

2 25+,24+, … ,5.2–7.0

ph11/2
3 d5/2

−2 nh11/2
−3 f7/2

2 37+,36+, … ,7.7–10.6

ph11/2
3 g7/2

−2 nh11/2
−3 f7/2

2 39+,38+, …

aThe value corresponds to first two maximum aligned spins that
could be obtained for the given configuration.
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