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High spin states in 162Lu

S. L. Gupta,1 S. C. Pancholi,1 P. Juneja,1 D. Mehta,1 Ashok Kumar,1 R. K. Bhowmik,2 S. Muralithar,2 G. Rodrigues,2

and R. P. Singh2
1Department of Physics and Astrophysics, University of Delhi, Delhi-110007, India

2Nuclear Science Centre, Aruna Asaf Ali Marg, New Delhi-110067, India
~Received 30 January 1997!

An experimental investigation of the odd-odd162Lu nucleus, following the148Sm(19F,5n) reaction at beam
energy Elab5112 MeV, has been performed through in-beam gamma-ray spectroscopy. It revealed three
signature-split bands. The yrast band based onph11/2^ n i 13/2 configuration exhibits anomalous signature split-
ting ~the unfavored signature Routhian lying lower than the favored one! whose magnitudeDe8'25 keV, is
considerably reduced in contrast to sizable normal signature splittingDe8'125 and 60 keV observed in the
yrastph11/2 bands of the neighboring odd-A 161,163Lu nuclei, respectively. The signature inversion in this band
occurs at spin;20\ (frequency50.37 MeV). The second signature-split band, observed above the band
crossing associated with the alignment of a pair ofi 13/2 quasineutrons, is a band based on the four-quasiparticle
@ph11/2@523#7/22

^ nh9/2@521#3/22
^ (n i 13/2)

2#, i.e., EABAp(Bp), 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.e.,FABAp(Bp). The experimental results are discussed in comparison with the existing data
in the neighboring nuclei and in the framework of the cranking shell model.@S0556-2813~97!01809-8#

PACS number~s!: 21.10.Re, 23.20.Lv, 23.20.En, 27.70.1q
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I. INTRODUCTION

The study of high spin states in deformed odd-odd nu
in the rare-earth region has received added attention du
the recent past, resulting in the observation of a numbe
interesting phenomena. One of the most striking features
been the anomalous signature splitting observed in the h
K ph11/2^ n i 13/2 yrast band in 152Eu @1#, 154– 156Tb @2#,
156– 162Ho @3–8#, 158– 164Tm @9–14#, 160,164,166Lu @15–18#,
and 168Ta @19# nuclei. In this band, the unfavored (a51)
signature lies lower than the favored (a50) one, a behavior
opposite to what is expected from theph11/2 yrast band in
the neighboring odd-Z nuclei @20–24#. The experimental
Routhians for the two signatures cross each other~signature
inversion! at a rotational frequency characteristic of t
nucleus, thereby restoring normal signature splitting.
tempts have been made to interpret signature inversio
these odd-odd nuclei using several models such as the cr
ing shell model@25,26#, the particle rotor model@27–29#, the
angular-momentum-projection method@30,31#, and the inter-
acting boson-fermion model@32#. Another interesting feature
noticed is the disappearance of the odd neutron block
effect in thepg7/2^ nh9/2 band in odd-odd158Ho @6# and the
ph11/2^ nh9/2 band in 160,162Tm @10,11# and 164Lu nuclei
@16,17#. The AB band crossing being observed in the
bands is at;0.28 MeV, which is close to that observed
neighboring even-even nuclei@33#. However, in thenh9/2
band of the neighboring odd-N, even-Z nuclei @33#, the AB
neutron band crossing occurs at a lower rotational freque
(\v;0.23 MeV) due to the blocking effect of the odd ne
tron causing a reduction of the neutron pair correlations. T
abnormally largeAB neutron band crossing frequencies m
be related to the neutron-proton residual interactions in th
odd-odd nuclei. Further, such a band crossing anomaly is
observed in theph11/2^ nh9/2 band in odd-odd164Tm @13#.
560556-2813/97/56~3!/1281~15!/$10.00
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Therefore, more experimental investigations in odd-odd
clei are needed to understand this effect. Another fea
which has come to light is the population of a signature-s
four-quasiparticle@ph11/2^ nh9/2^ (n i 13/2)

2# band in odd-
odd 158Tm @9# and 164Lu @17#, observed only above theAB
neutron band crossing.

In this paper, the results on the high spin states in odd-
162Lu nucleus are presented. This work revealed th
signature-split bands. In the yrast band based on theph11/2
^ n i 13/2 configuration, anomalous signature splitting h
been observed with signature inversion occuring atI;20\.
The other two bands are probably the four-quasiparticle b
structures observed above theAB neutron band crossing
similar to the one seen in158Tm @9#. The present work is the
first investigation of high spin states in162Lu. Preliminary
reports on our work on this nucleus were presented ea
@34#. Very recently, short communications@35–37# reporting
the yrast sequence in this nucleus have also appeared i
literature. Results reported therein are in general agreem
with the present work.

II. EXPERIMENTAL DETAILS AND ANALYSIS

The search for high spin states belonging to162Lu was
performed through the 148Sm(19F,5n)162Lu fusion-
evaporation reaction at a beam energy of 112 MeV. T
target used was an enriched148Sm self-supporting foil of
thickness;850mg/cm2. The 19F ion beam was provided by
the 15 MV pelletron accelerator at the Nuclear Science C
tre ~NSC!, New Delhi. The beam energy was selected
performingPACE calculations@38# and by generating experi
mental excitation functions at different beam energies in
range 108–120 MeV.PACE calculations@38# predict that the
population curve corresponding to thep4n(162Yb) channel
lies right below that of the 5n(162Lu) channel. Prior to this
work, the only available information about162Lu was regard-
1281 © 1997 The American Physical Society
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FIG. 1. Total projection spec-
trum generated from theEg-Eg

coincidence matrix from the
148Sm(19F,5n) reaction at an inci-
dent beam energy of 112 MeV.
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ing the gamma lines at 174, 196, and 410 keV observe
the radioactive decay of162Hf @39,40#. A beam energy of
112 MeV was found to be optimum, at which the observ
yields of both the 4n(163Lu) and 6n(161Lu) reaction chan-
nels were minimum relative to thep4n(162Yb) channel. At
this beam energy, reaction products identified were161Lu
~11%!, 161Yb ~8%!, 162Lu ~36%!, 162Yb ~23%!, 163Yb ~3%!,
and 163Lu ~15%! ~Fig. 1!.

Gamma rays emitted by the evaporation residues w
detected using the Gamma Detector Array~GDA! @41#. The
array consisted of 6 Compton-suppressed Ge detectors a
14-element bismuth germanate~BGO! multiplicity filter. The
Ge detectors, located at 18 cm from the target position, w
mounted in two groups of three each, making angles of
and 153° with the beam direction and having an inclinat
of 622.5° with the horizontal plane. The multiplicity filte
consisted of two groups of seven hexagonal BGO elem
~3.8 cm37.5 cm long!, each mounted above and below t
target chamber at a distance of 4 cm from the target. A t
of 1003106 gg-coincidence events were collected during t
experiment. The detector efficiencies and energy calibra
of Ge detectors were deduced from singles spectra meas
using the 133Ba and 152Eu radioactive sources. After gai
matching to 0.5 keV/channel and correcting for the Dopp
shift, the coincidence data were sorted into 4k34k Eg-Eg
matrix with the requirement of more than one BGO mu
plicity detector firing. The gamma-ray coincidence relatio
ships were established by setting gates on the photopea
individual transitions assigned to the162Lu nucleus and pro-
jecting the coincident spectra. Gates were also set on
background in the vicinity of the photopeaks to remove
contributions due to the coincident background underly
the photopeaks of the gated transitions.

Since no high spin level scheme of162Lu has been re-
ported previously, gamma transitions belonging to t
nucleus have been identified by following the usual x-r
gamma-ray gating and the reaction channel elimination p
cedures: A coincidence spectrum with the gate on LuK x
rays showed a large number ofg lines, as shown in Fig. 2
After identifying the previously knowng rays in 161Lu @20#
and 163Lu @21# isotopes, the remainingg rays were tenta-
in
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tively assigned to162Lu. Further, most of the intenseg rays
like 81, 144, 160, 196, 246, 257, 261, 276 keV, etc.~as also
seen in Fig. 2!, observed in total projection spectrum~Fig.
1!, do not belong to the other populated and previously st
ied 161,163Lu @20,21# and 161– 163Yb @42–44# nuclei and hence
are assigned to162Lu. Assignment of all the other gamm
transitions to162Lu is based on the coincidence relationshi
with these strong gamma transitions.

The level scheme of162Lu deduced from present work i
shown in Fig. 3. It shows three signature-split bands~labeled
band A, band B, and bandC!, each consisting of two
strongly coupled decay sequences. A sequence of 420-
621-643 keVE2 transitions, not shown in Fig. 3, has bee
assigned to162Lu on the basis of its coincidence relation
ships with the transitions of bandC below spin (X14)
@Figs. 4~e! and 4~f!#. Also, about 20% of the intensity o
bandB feeds into bandA below spin 16 via a likely gamma
ray transition of 600 keV. However, a complete linking pa
tern could not be established in both cases. The orderin
transitions in various bands is based ongg-coincidence rela-
tionships,g-ray energy sums, andg-ray intensities. Gamma
ray intensities for the transitions assigned to162Lu were de-
termined from total projection spectrum and gat
coincidence spectra. The gamma-ray energies, intensi
and their placements in the level scheme are presente
Table I. In Figs. 4~a!–4~f!, summed gated coincidence spe
tra for bandsA, B, andC are displayed, which clearly show
the g lines belonging to these bands. The estimated pop
tions for bandsA, B, andC are about 56%, 28%, and 12%
respectively. It may be mentioned that bandsA and B are
found to be even stronger compared to the known yr
bands in the neighboring161,163Lu nuclei @20,21#.

The multipolarities to the gamma transitions were a
signed on the basis of measured DCO~directional corre-
lation of g-rays deexciting oriented states! ratios
@5I g(153°)/I g(99°)# @45# extracted from the coincidenc
data. The coincidence events were sorted into an asymm
matrix with 153° detectors on one axis and 99° detectors
the other axis. Two differentgg-correlation intensities were
determined: I g(153°), the g-ray intensity measured in
153° detector while gating on a quadrupole transition
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FIG. 2. Gamma-ray coinci-
dence spectrum obtained by ga
ing on Lu K x-rays.
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tected in a 99° detector, andI g(99°), from the inverse gat
ing. For all three bandsA, B, and C, low-lying crossover
transitions were assumed to be stretched quadrupole o
The extracted DCO ratios are also given in Table I. For
determination of DCO ratios of weak transitions, as ma
gated spectra as possible were summed in order to incr
the statistics. The tabulated DCO ratios confirm the assig
dipole (DI 51) or quadrupole (DI 52) character of the tran
sitions, but the experimental uncertainties are rather la
due to low intensities of the transitions and the complica
nature of the spectra due to unresolved doublets and m
transition energies in162Lu being close to those present
161Lu and 163Lu. The character of some of the low energ
dipole transitions was further confirmed to beM1 through
intensity balance procedure.

The experimental ratios of reduced transition probab
ties,B(M1,I→I 21)/B(E2,I→I 22) in units of (mN /e b)2,
for bandsA, B, andC are deduced from the relation
es.
e
y
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-

B~M1,I→I 21!

B~E2,I→I 22!
50.697

Eg
5~ I→I 22!

Eg
3~ I→I 21!

1

l~11d2!
, ~1!

where Eg is the energy of theg ray in MeV, l5I g(I→I
22)/I g(I→I 21) is the intensity branching ratio for th
level with spin I , andd is the E2/M1 mixing ratio for the
DI 51 transition. In our calculations, we assumedd250.
This assumption does not influence the experimental res
since the mixing ratios are generally small and the err
introduced in theB(M1)/B(E2) ratios due to this assump
tion are rather negligible when compared to the uncertain
associated with branching ratios. The branching ratios~l!
and theB(M1)/B(E2) ratios deduced from the present wo
for the coupled bandsA, B, andC are listed in the last two
columns in Table I. TheB(M1)/B(E2) values are also
shown as a function of initial level spin in Fig. 5.

The experimentalB(M1)/B(E2) values are compare
with the theoretical values estimated from the geome
model of Dönau and Frauendorf@46# ~see also Refs.@18,23#!
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FIG. 3. Level scheme of162Lu established from the present work. The spins to levels in bandC are relative to spinX assigned to the
lowest shown level.
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based on a cranking approach. In this model, the redu
transition probability,B(M1) in units ofmN

2 , is given by

B~M1,I→I 21!5u^II um~M1!uI 21I 21&u] 25
3m'

2

8p
,

~2!

wherem' is the component of the magnetic dipole mome
perpendicular to the total spinI of the nucleus. For a rota
tional band in a doubly odd nucleus~before a band crossing!,
m' can be expressed as sum of the contributions from v
ous participating quasiparticles,m'p(n)’s,
ed

t

i-

m'p~n!5~gp~n!2gR!FVp~n!S 12
K2

I 2 D 1/2

~16S!2 i p~n!

K

I G ,
~3!

wheregp(n) , i p(n) , andVp(n) refer to the intrinsicg factor,
alignment, and the projection angular momentum compon
on the symmetry axis for the deformation aligned quasip
ton ~quasineutron!, respectively.gR is the g factor of the
collective rotation. S5De8/\v, corresponding to the
signature-active quasiparticle, i.e., the one which is assu
to contribute both signature partners to the band, andS50
otherwise. As De8 is small for the bands observed i
162Lu, this term is not included in the above equation. In t
case ofB(M1)/B(E2) calculations after a band crossin
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56 1285HIGH SPIN STATES IN162Lu
FIG. 4. Gamma-ray coincidence spectra corresponding to the sum of coincidence spectra obtained by gating different trans~as
indicated in the figures! in the bandsA, B, andC. The peaks labeled~.! in ~e! and~f! are seen consistently in the gated coincidence spe
of transitions of bandC. The peaks labeled~d! are contaminants.
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additional terms corresponding to the rotation-aligned p
of quasiparticles have been included in the sum.

The rotor estimate for the reduced transition probabil
B(E2,I→I 22) in units ofe2 b2, is given by

B~E2,I→I 22!5
5

16p
^IK20uI 22K&2Q0

2, ~4!

whereQ0 is the intrinsic quadrupole moment.

III. RESULTS AND DISCUSSION

The 162Lu studied throughb1 and electron capture deca
of 162Hf (T1/2537.6 s) @39,40# was earlier known with the
existence of only few low-lying states with no spin-pari
information. However, Behrens@47,39# suggestedI p5(12)
for the ground state (T1/251.37 m) of 162Lu from the decay
s

,

of 162Lu to 162Yb. Also, from this work, two isomeric state
with T1/251.5 and 1.9 m were proposed in162Lu.

The relative placement of bandsA, B, and C in 162Lu
~Fig. 3!, as observed in the present work, is arbitrary. Neith
interband transitions nor transitions from these bands to
ground state could be found. The assignment of the pro
and the neutron Nilsson configurations to bandsA, B, and
C is based on the experimentally deducedB(M1)/B(E2)
ratios, the band-crossing frequencies, and on the principl
coupling of alignments of the quasiproton and quasineut
bands in the neighboring odd-A nuclei. A systematic discus
sion of different bands observed in162Lu is given below.

A. Band A

BandA ~Fig. 3!, being the most intensely populated in th
heavy-ion reaction used, is most likely the yrast one and
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FIG. 4. ~Continued!.
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been assigned aph11/2@523#7/22
^ n i 13/2@651#3/21 Nilsson

configuration. This band ends at the lower part in seve
parallel transitions, viz., 108, 161, 164, 266, 268, and 2
keV ~not shown in Fig. 3; see Table I!, which may possibly
populate an isomeric state either directly or via low ene
highly internally converted transitions.

In Fig. 6, the level energies vs spin ofph11/2^ n i 13/2 yrast
bands in the neighboring odd-odd156– 162Ho @3–8,48#,
158– 166Tm @9–14#, and 160,164,166Lu @15–18,48# nuclei are
plotted. As is clear from this figure, the level energies
these bands exhibit smooth trends for a set of isotopes.
level energies of the yrast band~bandA! in 162Lu fit well
into the systematics, favoring theph11/2^ n i 13/2 configura-
tion to this band. The level spins obtained from this compa
son are shown in Fig. 3.

In order to identify the possible Nilsson configuration f
the yrast band in the odd-odd162Lu nucleus, we make use o
the configuration of the participating proton and neutron
the yrast bands of the neighboring odd-Z Lu and odd-N Yb
nuclei. The signature-split yrast bands in the neighbor
al
2

y

f
he
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g

odd-Z 163Lu and 161,165Lu nuclei have been assigne
ph11/2@523#7/22 @49# andph11/2@514#9/22 @20,22# configu-
rations, respectively. The yrast bands in the neighboring o
N 161Yb and 163Yb nuclei have been assigne
n i 13/2@651#3/21 @42# and n i 13/2@642#5/21 @44# configura-
tions, respectively. On this basis, the most likely Nilss
configuration for bandA in 162Lu is ph11/2@523#7/22 ~or
ph11/2@514#9/22) ^ n i 13/2@642#5/21 ~or n i 13/2@651#3/21).
The alignment plot for bandA ~Fig. 7! gives an alignment
value i expt58.1\ for the two signatures at\v50.20 MeV.
In Table II, the alignment valuesi p and i n at \v
50.20 MeV before the band crossing for different band co
figurations in the neighboring odd-A nuclei and odd-odd
162Lu are listed. As is clear from this table~also see Fig. 7!,
the additivity of the aligned angular momenta of the o
neutron and odd proton does favor the above-mentioned
figurations, but obviously not uniquely.

The experimental Routhians for the two signature partn
of bandA in 162Lu are plotted in Fig. 8~b! and indicate a
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FIG. 4. ~Continued!.
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band crossing at\v50.35 MeV. This is also clear from th
alignment plot~Fig. 7! in which both the signature partne
show sharp upbend at about the same rotational freque
and an alignment gain;7\. This crossing frequency
matches well with the value\vc'0.35 MeV observed for
the i 13/2 neutronBC crossing in the yrast bands in the neig
boring odd-A isotopes of 70Yb, and 72Hf, and odd-odd
162Tm @10–12# and 164,166Lu @16–18# nuclei ~see Table III!.
The absence of theAB neutron band crossing implies th
the neutron partner in the configuration of bandA is the
i 13/2 neutron.

The B(M1)/B(E2) ratios for this band in the region be
fore band crossing have been calculated for the expe
ph11/2@523#7/22 ~or ph11/2@514#9/22) ^ n i 13/2@642#5/21 ~or
n i 13/2@651#3/21) configurations using Eqs.~2!–~4! ~Sec. II!.
The calculated values have been plotted in Fig. 5~a! and
compared with the experimental ones. The parame
used for theoretical calculations aregn520.22 @52#, i n
55.7\ for n i 13/2@651#3/21, gn520.25 @12#, i n55.4\
for n i 13/2@642#5/21, gp51.32 @21#, i p52.4\ for
cy

ed

rs

ph11/2@514#9/22, and gp51.41 @53#, i p52.8\ for
ph11/2@523#7/22, gR50.4 @54#, K5Vp1Vn following the
Gallagher-Moszkowski rule@55#, and a constant quadrupol
moment of 5.1e b @56#. As is clear from Fig. 5~a!, the ex-
perimental ratios before band crossing are closer to th
calculated for the configuration ph11/2@523#7/22

^ n i 13/2@651#3/21. Also, keeping in mind the yrast configu
rations in odd-Z 163Lu and odd-N 161Yb, the
ph11/2@523#7/22

^ n i 13/2@651#3/21 configuration, i.e.,
AAp(Bp) with K55, is favored for bandA. The levels in
this band are assigned odd parity.

In Fig. 8, Routhians for theph11/2 bands in odd-A
161,163Lu nuclei @20,21# and for the yrastph11/2^ n i 13/2
bands in the odd-odd164Lu nuclei @16,17# are also plotted. It
is interesting to note that the energy signature splitting bef
the band crossing as observed in the yrastph11/2 bands in
odd-A Lu isotopes is considerably reduced in the cor
sponding odd-odd isotopes. Similar behavior has also b
observed in Ho@4–7,23# and Tm @9–14,24# isotopes. The
large energy signature splitting inph11/2 bands in odd-A
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TABLE I. Gamma transition energies, placements, intensities (I g), DCO ratios, branching ratios~l!, and
B(M1)/B(E2) ratios in 162Lu.

Eg ~keV!a
Placement
(I i→I f) I g ~%! DCO ratio lb

B(M1,I i→I i21)
B(E2,I i→I i22)

c

BandA
108.3 below (102) 127~13! 1.16~18!

161.0 below (102) 93~15!

164.2 below (102) 151~15! 0.92~15!

266.0 below (102) 278~42!

268.3 below (102) 230~35!

281.8 below (102) 198~31!

143.6 (102)→(92) 214~17! 0.76~11!

80.6 (112)→102) 159~16! 0.81~13! 0.65~11! 1.17~19!

224.7 (112)→(92) 103~12! 0.95~15!

195.5 (122)→(112) 1349~130! 0.72~8! 0.224~31! 0.67~9!

276.2 (122)→(102) 302~30! d
160.5 (132)→(122) 1000~60! 0.72~8! 0.83~9! 1.15~13!

355.9 (132)→(112) 833~72!

276.7 (142)→(132) 1413~98! 0.70~8!d 0.314~34! 1.66~18!

436.9 (142)→(122) 444~40! 0.89~12!

234.2 (152)→(142) 937~72! 0.70~8! 1.34~13! 1.40~14!

510.5 (152)→(132) 1254~75! 1.05~8!

326.1 (162)→(152) 897~62! 0.65~7! 0.69~8! 1.60~18!

560.0 (162)→(142) 619~50! 0.96~11!

299.8 (172)→(162) 413~28! 0.54~7! 2.04~22! 1.21~13!

625.5 (172)→(152) 841~65! 0.98~10!

356.6 (182)→(172) 452~41! 0.68~9! 1.09~14! 1.70~22!

656.1 (182)→(162) 492~46! 1.25~17!

352.1 (192)→(182) 254~25! 2.44~34! 1.16~16!

708.7 (192)→(172) 619~62! 0.98~12!

374.2 (202)→(192) 421~50!d 0.60~10!d .1.09(17) ,2.4(4)
725.9 (202)→(182) 460~46! 0.99~15!

382.5 (212)→(202) 198~28! 0.64~11! 1.80~32! 1.70~31!

756.1 (212)→(192) 357~40! 1.05~16!

364.0 (222)→(212) 270~32! 0.67~12! 2.03~36! 1.63~29!

745.8 (222)→(202) 548~70! 1.10~18!d

373.8 (232)→(222) d d
737.8 (232)→(212) 262~31!

339.6 (242)→(232) 214~29! 0.54~12! 1.8~4! 1.8~4!

713.9 (242)→(222) 381~57!

370.9 (252)→(242) 230~35! 1.2~3! 2.0~5!

711.0 (252)→(232) 276~45!

347.6 (262)→(252) 222~40! 0.52~14! 1.25~29! 2.5~6!

718.5 (262)→(242) 278~42!

397.3 (272)→(262) 159~32! 0.63~15! 1.4~4! 1.8~5!

745.0 (272)→(252) 222~40! d
371 (282)→(272) 115~25! 1.5~5! 2.5~9!

768 (282)→(262) 168~40!

434.7 feeding (282) 175~44!

831.7 feeding (282) 218~52!

Band B
582.4 below (161) 850~120! 0.85~18!

787.6 below (171) 296~45! 0.50~10!

206.1 (171)→(161) 388~45! 0.55~10!

192.7 (181)→(171) 646~52! 0.57~7! 0.49~8! 2.0~3!

398.3 (181)→(161) 320~45!

195.8 (191)→(181) 845~90! 0.67~8! 0.61~9! 1.34~20!



sitions.

56 1289HIGH SPIN STATES IN162Lu
TABLE I. ~Continued.!

Eg ~keV!a
Placement
(I i→I f) I g ~%! DCO ratio lb

B(M1,I i→I i21)
B(E2,I i→I i22)

c

388.8 (191)→(171) 513~51!

231.0 (201)→(191) 893~71! 0.64~7! 0.44~6! 1.81~25!

427.0 (201)→(181) 389~43! 1.02~14!

260.6 (211)→(201) 694~56! 0.66~7! 0.66~8! 1.70~20!

491.2 (211)→(191) 456~40! 0.89~12!

282.8 (221)→(211) 693~55! 0.60~8! 0.58~7! 2.5~3!

542.6 (221)→(201) 399~35! 1.05~14!

317.8 (231)→(221) 513~41! 0.60~8! 1.26~18! 1.33~19!

600.2 (231)→(211) 646~78!

338.7 (241)→(231) 399~48! 0.62~9! 1.19~19! 1.81~29!

655.8 (241)→(221) 475~52! 1.27~20!

364.9 (251)→(241) 256~31! 0.50~10! 1.48~27! 1.66~30!

703.1 (251)→(231) 380~53! 0.95~18!

395.8 (261)→(251) 237~43! 1.12~26! 2.5~6!

760.8 (261)→(241) 266~40! 1.16~26!

402.9 (271)→(261) 152~27! 1.9~5! 1.8~5!

798.7 (271)→(251) 294~52!

440.9 (281)→(271) 256~60!d .1.0(3) ,3.3(11)

844.0 (281)→(261) 266~58!

442 (291)→(281) d

882.8 (291)→(271) 180~45!

Band C

185.0 X11→X 108~12! 0.48~10!

210.3 X12→X11 228~23! 0.66~8! 0.36~5! 2.02~30!

395.3 X12→X 81~9! 1.00~16!

257.1 X13→X12 294~24! 0.64~6! 0.38~6! 2.4~4!

466.8 X13→X11 111~14! 1.04~18!

246.3 X14→X13 282~20! 0.71~8! 0.67~10! 2.22~33!

502.8 X14→X12 189~24! 0.96~17!

320.6 X15→X14 276~22! 0.67~8! 0.55~8! 2.21~33!

566.5 X15→X13 153~20! 1.00~18!

294.3 X16→X15 204~16! 0.72~10! 1.03~14! 2.31~32!

614.5 X16→X14 210~24! 0.94~20!

373.4 X17→X16 162~16! 0.73~10! 0.70~11! 2.5~4!

667.3 X17→X15 114~12! 1.04~20!

358.2 X18→X17 105~13! 0.56~10! 1.40~24! 2.2~4!

730.8 X18→X16 147~18! 0.96~22!

407.5 X19→X18 78~12! 0.49~10!d 1.42~26! 1.90~34!

765.7 X19→X17 111~15! 1.14~25!

407.5 X110→X19 54~8! d 2.0~5! 1.8~4!

815 X110→X18 108~20!

434.4 X111→X110 90~18! 1.0~3! 3.6~10!

842.5 X111→X19 90~20! 1.3~5!

454.4 X112→X111 39~12! 1.2~4! 3.4~15!

889.4 X112→X110 48~15!

aEnergies are accurate to 0.3 keV for strong transitions, increasing to about 0.8 keV for weaker tran
bBranching ratiosl, measured from spectra corresponding to gates above spinI . For higher spin states,l
were also deduced from spectra gated on low spin transitions.
cAssumingd50. For the errors only the uncertainties inl have been taken into account.
dDCO ratio values determined for the doublets present within the same band.
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isotopes has been understood in terms of a sizable negatg
deformation@20–24#. On the other hand, in162,164Lu nuclei,
since the odd neutron lies in the lowV (53/2,5/2) i 13/2 or-
bitals, it influences the polarization of the nuclear core m
than the odd proton, resulting in a net small positiveg de-
formation @57#. The self-consistent calculations of tot
Routhian surfaces~TRS’s! @58–60# performed for the yras
band configuration in162Lu predict b2'0.19 and a small
positive g deformation (g;2°) up to \v50.45 MeV, in
line with the inference drawn above.

FIG. 5. ExperimentalB(M1)/B(E2) ratios as a function of spin
for ~a! bandA, ~b! bandB, and ~c! bandC in 162Lu. The solid
curves correspond to calculations based on geometric mode
Donau and Frauendorf@46#.
e

e

B. Band B

Band B ~Fig. 3! decays via strong 787.6 keV@from the
(171) level# and 582.4 keV@from the (161) level# transi-
tions as seen in the gated coincidence spectrum@Fig. 4~d!#.
The observation of a 787.6 keV crossover transition and
206.1 keV@(171)→(161)# and 582.4 keV stopover trans
tions do indicate that a common level~possibly isomeric! is
populated in their decay. However, the measured DCO ra
for the 582.4 and 787.6 keV transitions~Table I! indicate
these to be mainly quadrupole and dipole, respectively,
hence these transitions do not form a part of the coup
rotational structure of this band. BandB at spin (171) also
feeds to the levels of bandA at and belowI p5(162) with an
intensity of;20%. Assuming the 600 keV linking transitio
to be dipole, the spin to the lowest shown level in bandB has
been tentatively assigned asI 516\.

of

FIG. 6. Level energy systematics of theph11/2^ n i 13/2 bands in
odd-odd 156– 162Ho @3–8,48#, 158– 166Tm @9–14#, and 160,164,166Lu
@15–18,48#. The levels atI 511 and 12 are used as reference ene
for the a51 signature~open circle! anda50 signature~solid tri-
angle!, respectively. The level energies of yrast band in162Lu
~present work! fit well in the systematics.

FIG. 7. ~a! Measured alignments for~i! the ph11/2@523#7/22

^ n i 13/2@651#3/21 band ~band A! in 162Lu, ~ii ! the
ph11/2@523#7/22 band in 163Lu @21,49#, and ~iii ! the
n i 13/2@651#3/21 band in 161Yb @42#. J0522 MeV21 \2, J1

558 MeV23 \4 @21#, and J0518 MeV21 \2, J1590 MeV23 \4

@42# are used as reference core parameters in the case of163Lu and
161Yb, 162Lu nuclei, respectively.
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The large initial alignment of;14\ observed for this
band ~Fig. 9! is indicative of a four-quasiparticle structur
involving the coupling of the odd neutron and the odd pro
with a pair of aligned quasiparticles~i 13/2 quasineutrons!.

TABLE II. The alignment valuesi p and i n at \v50.20 MeV
before the band crossing for different band configurations in162Lu
and neighboring odd-A Yb and Lu nuclei.

Band Nucleusa

Reference core
parametersa Alignmentb

( i n ,i p) at
\v50.20 MeVJ0 J1

n i 13/2@651#3/21 161Yb @42# 18.0 90.0@42# 5.7
ph11/2@514#9/22 161Lu @20#c 16.0 90.0@42# 3.2~2.7!
n i 13/2@642#5/21 163Yb @44# 23.0 90.0@44# 5.4
nh9/2@521#3/22 163Yb @44# 23.0 90.0@44# 3.2
ph11/2@523#7/22 163Lu @21# 22.0 58.0@21# 2.8~2.3!
pg7/2@404#7/21 163Lu @21# 22.0 58.0@21# 0.8~0.8!
ph11/2@514#9/22 165Lu @22# 25.8 90.0@33# 2.4~2.2!
ph9/2@541#1/22 165Lu @22# 25.8 90.0@33# 3.4
pg7/2@404#7/21 165Lu @22# 25.8 90.0@33# 0.8
pd5/2@402#5/21 165Lu @22# 25.8 90.0@33# 0.3~0.1!
pd3/2@411#1/21 165Lu @22# 25.8 90.0@33# 0.6~0.4!
ph11/2@514#9/22

^
162Lu 18.0 90.0@42# 7.7

n i 13/2@642#5/21 7.8d

ph11/2@523#7/22
^

162Lu 18.0 90.0@42# 7.9
n i 13/2@642#5/21 8.2d

ph11/2@514#9/22
^

162Lu 18.0 90.0@42# 7.9
n i 13/2@651#3/21 8.1d

ph11/2@523#7/22
^

162Lu 18.0 90.0@42# 8.1
n i 13/2@651#3/21 8.5d

aNumbers within the square brackets indicate references.
bAlignment values within paranthesis correspond to the unfavo
signature partner.
cConfiguration tentatively assigned, other possibility
ph11/2@523#7/22.
d( i n1 i p) value.

FIG. 8. Experimental Routhians corresponding to theph11/2

^ n i 13/2 bands in162Lu ~present work! and 164Lu @16,17#, and the
ph11/2 bands in161,163Lu @20,21#.
n

The part of the band before quasiparticle pair alignmen
not being observed. Since this band feeds to bandA at low
excitation energy~or low frequencies!, it is most likely that
the unobserved part of bandB involves alignment of ani 13/2
neutron pair~AB crossing!, which is expected to occur at th
lowest crossing frequency and have a large alignment gai
;9\ @33#. The possibility of BC ~n i 13/2 pair! or ApBp
~ph11/2 pair! band crossing in the unobserved part of bandB
is very unlikely as these are expected to have a lesser a
ment gain of ~4–6!\ and occur at higher frequencie
(.0.32 MeV) @20,33#. Also, noBC band crossing is seen i
the observed part of the band~Fig. 9!. In view of the above,
the odd neutron in the configuration of bandB is not thei 13/2
neutron. The likely orbital for the odd neutron could b
nh9/2@521#3/22 ~E orbital!, which is close to the Fermi sur
face. Also,nh9/2@521#3/22 is one of the favored configura
tions in the neighboring odd-N 161,163Yb nuclei @42,44#. Ne-
glegibly small signature splitting (De8<5 keV) is observed
in this band.

The experimentalB(M1)/B(E2) values deduced from
this band are compared, in Fig. 5~b!, with the values calcu-

d

TABLE III. Systematics of theA→ABC crossing frequencies
for 162Lu and neighboring odd-N even-Z and odd-odd nuclei.

Nucleus
Crossing frequency

~MeV!

161Yb 0.35 @41#
163Yb 0.36 @44#
165Yb 0.36 @50#
163Hf 0.36 @51#
165Hf 0.34 @51#
162Tm ;0.35 @11,12#
162Lu 0.35 @present work#
164Lu ;0.35 @16,17#
166Lu ;0.32 @18#

FIG. 9. Measured alignments for~i! the ph11/2@523#7/22

^ nh9/2@521#3/22
^ (n i 13/2)

2 band ~band B! in 162Lu, ~ii ! the
ph11/2@523#7/22 band in 163Lu @21,49#, ~iii ! the ground state band
in 162Yb @42,43#, and~iv! the n i 13/2@521#3/22 band in 161Yb @42#.
~J0522 MeV21 \2, J1558 MeV23\4 @21#!, ~J0520 MeV21 \2,
J1590 MeV23 \4 @21#!, and ~J0518 MeV21 \2, J1

590 MeV23 \4 @42#! are used as reference core parameters in
case of163Lu, 162Yb, and 162Lu, 161Yb nuclei, respectively.
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lated using Eqs.~2!–~4! for the ph11/2@523#7/22 ~or
ph11/2@514#9/22) ^ nh9/2@521#3/22 and pg7/2@404#7/21

^ nh9/2@521#3/22 configurations after the alignment of th
n i 13/2 pair. The parameters used for the theoretical calcu
tions aregp51.32 @21#, i p52.4\ for ph11/2@514#9/22, gp
51.41 @53#, i p52.8\ for ph11/2@523#7/22, gp50.62 @21#,
i p50.8\ for pg7/2@404#7/21, gn50.22 @61#, i n53.2\ for
the nh9/2@521#3/22, andgn520.22 @52#, i n59.3\ @33# for
the aligned (n i 13/2)

2 quasiparticles. It is clear from Fig. 5~b!
that the calculated B(M1)/B(E2) values for the
ph11/2@523#7/22

^ nh9/2@521#3/22
^ (n i 13/2)

2 configuration
agree well with the measured ones. The observed alignm
;14\ for this band is fairly reproduced by adding the alig
ment contributions of 2.8\ from ph11/2@523#7/22 @21#, 3.2\
from nh9/2@521#3/22 @42#, and 9.3\ from the aligned
(n i 13/2)

2 quasiparticles @33# ~Fig. 9!. Therefore, the
ph11/2@523#7/22

^ nh9/2@521#3/22
^ (n i 13/2)

2, i.e.,
EABAp(Bp), configuration is assigned for bandB. The lev-
els in this band are assigned even parity.

C. Band C

The coupled bandC ~Fig. 3! is not found to have links
with either of bandsA or B. A number of gamma peaks
labeled~.! in Figs. 4~e! and 4~f!, are seen consistently in th
gated coincidence spectra of transitions of this band. Th
transitions could not be placed in the level scheme due
possible contaminations from other sequences/reaction c
nels and low statistics. It is likely that these transitions oc
in the lower part of the band. This band has more or l
constant alignment, signature splitting;20 keV, and large
B(M1)/B(E2) values;2.2 @Fig. 5~c!#. The small signature
splitting and higherB(M1)/B(E2) values are similar to
those found in bandB, suggesting that the signature-acti
particle in bandC is also anh11/2 proton. In Fig. 10, dynamic
moment of inertia (J(2)) for bandC is compared with that
for bandsA andB. For bandA, J(2) shows a sharp increas
around 0.32 MeV because of the occurrence ofBC band
crossing. For bandsB andC, J(2) is fairly constant over the
frequency range;0.20– 0.35 MeV for both the signature
and afterwards shows a small increasing trend. In view of
above-mentioned similarities with bandB, it is likely that
bandC is also a four-quasiparticle band, whereAB neutron

FIG. 10. Plot of dynamic moment of inertia@J(2)# for the bands
A, B, andC in 162Lu.
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alignment has already taken place in the unobserved pa
the band. The configuration assigned to bandC is, therefore,
FABAp(Bp), similar to EABAp(Bp) of band B. Such
quasineutron structuresEAB(FAB) have been observed i
the neighboring odd-N 161,163Yb nuclei @42,44#. The partici-
pation of unfavored quasineutronF in the configuration of
band C is also supported by the weaker intensity flo
through this band than in bandB.

D. Anomalous signature splitting and signature inversion in
band A

The experimental Routhians of the favored signaturea f
50 ~even spins! of the ph11/2^ n i 13/2 yrast band in162Lu
@Fig. 8~b!# are found to lie higher in energy as compared
that of the unfavored signatureau51 ~odd spins!, at lower
rotational frequencies~anomalous signature splitting!. As the
rotational frequency is increased, the two Routhians cr
~signature inversion! at a frequency\vc50.37 MeV and
signature dependence becomes normal. This is not evi
from Fig. 8~b! due to small signature splitting. This phenom
enon of signature inversion has also been observed in var
odd-odd rare-earth nuclei like152Eu @1#, 154,156Tb @2#,
156– 162Ho @3–8#, 160– 166Tm @10–14#, 164,166Lu @16–18#, and
168Ta @19#. To illustrate the systematics of this phenomeno
a more sensitive term S5E(I )2E(I 21)2@E(I 11)
2E(I )1E(I 21)2E(I 22)#/2 has been plotted in Fig. 11
as a function of spin (I ) for the odd-odd162Lu along with the
160,164,166Lu @15–18,48# isotopes and the156Tb @2,48#,

FIG. 11. S5E(I )2E(I 21)2@(E(I 11)2E(I )1E(I 21)
2E(I 22)#/2 as a function of spin~I ! for the ph11/2^ n i 13/2 yrast
band in 162Lu ~present work! along with that in the160,164,166Lu
isotopes@15–18#, and the156Tb @2#, 158Ho @5,6#, and 160Tm @10#
(N591) isotones. Solid and open symbols correspond to the
vored and unfavored signature partners, respectively. The sp
which signature inversion occurs is indicated by a vertical arrow
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56 1293HIGH SPIN STATES IN162Lu
158Ho @4,5,48#, and 160Tm @10# (N591) isotones. It is clear
from this figure that the staggering magnitude of signat
dependence below the inversion point decreases with
creasingN in the Lu isotopes and increases with increas
Z in the N591 isotones. Similar behavior has also be
observed for the154,156Tb @2,48#, 156– 162Ho @3–8,48#, and
160– 166Tm @9–13# isotopes. The inversion point shifts t
lower spins with increasingN in Lu isotopes and to highe
spins with increasingZ in N591 isotones. The rotationa
frequency at which signature inversion occurs has also b
plotted, as a function of ground state quadrupole deforma
(b2) @62# in Fig. 12, for 154,156Tb, 156– 162Ho, 160– 166Tm,
and 162– 166Lu isotopes. For different chains of isotopes, t
signature inversion frequency decreases with increase
b2 . This deformation-dependent behavior of signature inv
sion was also pointed out by us earlier@16#. An additional
(N2Z) effect on the signature inversion frequencies is s
in Fig. 13. Interestingly, for (N2Z)522, 24, 26, and 28, the
signature inversion frequency remains practically u
changed.

A number of theoretical attempts@25–32# have been
made to understand the phenomenon of signature inver
in the ph11/2^ n i 13/2 bands of rare-earth odd-odd nuclei,
have been summarized by us earlier@16#. Since the signature
inversion frequency varies over a large frequency ra
~0.14–0.37 MeV!, over which nuclear behavior changes in
complex manner, any one explanation for the signature
version phenomenon is probably insufficient. In order to

FIG. 12. Systematics of signature inversion frequency for
ph11/2^ n i 13/2 yrast bands in the odd-odd154,156Tb @2,48#,
156– 162Ho @3–8,48#, 160– 166Tm @10–14#, 162Lu ~present work!,
164,166Lu @16–18,48#, and 168Ta @19,48# nuclei as a function of
ground state deformation (b2) @62#. Each point is labeled with the
neutron number of the corresponding nucleus.
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tablish a reliable understanding of the observed trends, m
comprehensive calculations are needed.

In conclusion, our work establishes for the first time hi
spin band structure involving three signature-split bands
the odd-odd nucleus162Lu. Nilsson configurations have bee
assigned to these bands. In theph11/2^ n i 13/2 yrast band,
both signature partners show an upbend at a rotational
quency\v50.35 MeV, indicating the occurrence of two
i 13/2-quasi neutronBC crossing. In the same band, anom
lous signature splitting has been observed with signature
version atI;20\. BandB is found to feed levels of band
A below I 516\ and exhibits large initial alignment. It ha
been assigned a four-quasiparticle configurat
ph11/2@523#7/22

^ nh9/2@521#3/22
^ (n i 13/2)

2, i.e.,
EABAp(Bp). BandC, which is not found to have links with
either bandA or B, shows similar behavior in moment o
inertia, alignment, andB(M1)/B(E2) values as those foun
in band B. It is probably a band based on a similar fou
quasiparticle configuration involving anF quasineutron, i.e.,
FABAp(Bp).
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FIG. 13. Systematics of signature inversion frequency for
ph11/2^ n i 13/2 yrast bands in the odd-odd152Eu @1#, 154,156Tb @2,48#,
156– 162Ho @3–8,48#, 160– 166Tm @10–14#, 162Lu ~present work!,
164,166Lu @16–18,48# and 168Ta @19,48# nuclei. Solid lines corre-
spond to nuclei with sameN and dotted lines correspond to nucl
with sameN–Z, as labeled in the figure.
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@62# P. Möller, J. R. Nix, W. D. Myers, and W. J. Swiatecki, At

Data Nucl. Data Tables59, 185 ~1995!.


