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Tensor force in doubly odd deformed nuclei

A. Covello, A. Gargano, and N. Itaco
Dipartimento di Scienze Fisiche, Universita` di Napoli Federico II, and Istituto Nazionale di Fisica Nucleare,

Mostra d’Oltremare, Pad. 20, 80125 Napoli, Italy
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We study the nucleus176Lu within the framework of the particle-rotor model. The aim of this study is to
obtain information on the residual neutron-proton interaction in doubly odd deformed nuclei. To this end, both
zero-range and finite-range interactions are considered with particular attention focused on the role of the
tensor force, which is still a controversial issue. A detailed comparison of the calculated results with experi-
mental data provides clear evidence of the importance of the tensor-force effects.@S0556-2813~97!02512-0#

PACS number~s!: 21.60.Ev, 27.70.1q
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I. INTRODUCTION

The role of the neutron-proton interaction in the unifi
model description of doubly odd deformed nuclei has lo
been a subject of special interest. As is well known, the t
most important effects associated with the residual inte
tion between the unpaired neutron and proton are
Gallagher-Moszkowski~GM! splitting @1# and the odd-even
or Newby ~N! shift @2#. In the 1970s several efforts@3–5#
were made to obtain detailed information on the effect
neutron-proton interaction in the rare-earth region from
empirical values of these quantities. In this context, b
zero-range and finite-range interactions were considered
parameters involved being determined from least-squares
of the calculated matrix elements to the experimental G
splittings and N shifts.

The main conclusions of this early work may be summ
rized as follows: ~i! a zero-range force is generally a
equate to reproduce the GM splittings while it fails to d
scribe the N shifts;~ii ! a finite-range force including tenso
terms satisfactorily reproduces both the splitting energies
the odd-even shifts. Regarding the latter point, the exten
study of Ref.@5# emphasized the importance of the tens
force effects for the N shifts.

Despite these initial achievements in understanding
role of the residual neutron-proton interaction in odd-o
rotational nuclei, there was little work along these lines
the following years. In fact, in most of the studies@6# carried
out over the last two decades a simple spin-depended
force, first used by Pyatov@7# in the early 1960s, has bee
adopted. As a consequence, the role of the tensor force
not further explored. Recently, however, this problem w
revived by the work of Ref.@8#, where an extensive analys
of all the existing~up to January 1993! GM splittings and N
shifts in the rare-earth and actinide regions has been
formed. In this study both a delta interaction and a fini
range force with a Gaussian radial shape were conside
The latter is of the same form as that previously employed
Boisson et al. @5# which contains both central and tens
terms~see Sec. II!. These two studies differ, however, in tw
main aspects. First, in the work of Ref.@5# only experimental
data regarding the rare-earth region were analyzed. Sec
while in Ref. @5# a sample of data containing GM as well
N terms was considered, the authors of Ref.@8# performed
560556-2813/97/56~6!/3092~5!/$10.00
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two kinds of fits using the empirical values of the GM spl
tings and, separately, the N shifts. It may not be surprisi
therefore, that the conclusions reached in Ref.@8# are not in
line with the early findings of Boissonet al. @5#, the main
point of disagreement being the role of the tensor force
fact, Noseket al. @8# find that the most significant contribu
tions to the N shifts are given by the space-exchange and
spin-spin space-exchange forces. In this connection, it m
be mentioned that the importance of the space-excha
terms has also been pointed out in Ref.@9#. Concerning the
tensor force itself, however, the work of Ref.@8# does not
provide much information since, as pointed out by the a
thors, the empirical tensor parameters are not well de
mined in their experimental set of N shifts.

On the above grounds it seems fair to say that the role
the tensor force in doubly odd deformed nuclei still rema
to be assessed. In this situation, we found it interesting to
to shed light on this problem. To this end, we chose as a
case the nucleus176Lu which is a prototype of odd-odd well
deformed nuclei. We have performed a complete Corio
band-mixing calculation within the framework of th
particle-rotor model, focusing attention on the lowe
Kp502 band where the effects of the residual neutro
proton interaction are particularly evident. We have a
studied the lowestKp511 band which presents a rathe
large odd-even staggering@10#. This effect is of great interes
since it may give further information on the neutron-prot
interaction. In fact, it may be traced to direct Coriolis co
pling with N-shiftedK501 bands.

The paper is organized as follows. In Sec. II we first gi
a bare outline of the model and then describe our calc
tions. In Sec. III we present the results obtained by mak
use of ad force and of a finite-range interaction with an
without tensor components. These results are compared
the experimental data. In Sec. IV we draw the conclusions
our study.

II. OUTLINE OF THE MODEL AND CALCULATIONS

We assume that the odd neutron and the odd proton
strongly coupled to an axially symmetric core and inter
through an effective interaction. The total Hamiltonian
written as

H5H01HRPC1Hppc1Vnp . ~1!
3092 © 1997 The American Physical Society
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The term H0 includes the rotational energy of the who
system, the deformed, axially symmetric field for the neut
and proton, and the intrinsic contribution from the rotation
degrees of freedom. It is given by

H05
\2

2I
~ I22I 3

2!1Hn1Hp1
\2

2I
@~ jn

22 j n3
2 !1~ jp

22 j p3
2 !#.

~2!

The two termsHRPC andHppc in Eq. ~1! represent the Cori-
olis coupling and the coupling of particle degrees of freed
through the rotational motion, respectively. They are writ
as

HRPC52
\2

2I
~ I 1J21I 2J1!, ~3!

Hppc5
\2

2I
~ j n

1 j p
21 j n

2 j p
1!. ~4!

In Eqs.~2!–~4!, I is the moment of inertia of the core whil
I andJ5 jp1 jn are the total and intrinsic angular momentu
operators, respectively.I 3 andJ3 are their projections on the
intrinsic symmetry axis.

The residual neutron-proton interaction is written in t
general form

Vnp5V~r !@u01u1sp•sn1u2PM1u3PMsp•sn1VTS12

1VTMPMS12#, ~5!

with standard notation@5#. In our calculations we have use
a finite-range force with a radial dependenceV(r ) of the
Gaussian form,

V~r !5exp~2r 2/r 0
2!, ~6!

as well as a zero-range force. In the latter case,Vnp takes the
simple form

Vnp
d 5d~r !@v01v1sp•sn#. ~7!

As basis states we use the eigenvectors ofH0 properly
symmetrized and normalized,

unnVnnpVpIMK &5S 2I 11

16p2 D 1/2

@DMK
I unnVn&unpVp&

1~2 ! I 1KDM2K
I unnV̄n&unpV̄p&],

~8!

where the stateunV̄& is the time-reversal partner ofunV&.
In our calculations we use the Nilsson potential as

fined, for instance, in Ref.@11# to generate the single-particl
HamiltoniansHn andHp . The parametersm andk have been
fixed by using the mass-dependent formulas of Ref.@12#.
The adopted values aremn50.41,kn50.064, andmp50.61,
kp50.063. As regards the deformation parameterb2 , we
have used the value 0.26, according to Ref.@4#. In a more
recent work@13# the value 0.24 was taken forb2 . We have
verified that such a change does not significantly modify
results of our calculations. For the harmonic oscillator p
rametern5 mv/\ we have taken the value 0.176 fm22. The
n
l

n

-

e
-

adopted single-particle level schemes for both the neu
and proton are listed in Table I. They are mainly deriv
from the experimental spectra@14# of the two neighboring
odd-mass nuclei175Yb and 175Lu. As regards the odd proton
we have added the configuration7

2 @523#, while for the odd
neutron we have included the configuration5

2 @523# and
slightly increased the experimental excitation energies of
9
2 @624# and 7

2 @633# states. For the rotational paramet
\2/2I the value 14 keV has been adopted. This has b
deduced from theKp572 ground-state band, which is es
sentially of pure rotational character.

For the neutron-proton interaction, as already mention
above, we have used both a finite-range force with a Ga
ian radial shape and a zero-range interaction. To comple
explore the role of the tensor force, we have performed t
different calculations with the Gaussian potential, with a
without the tensor terms, respectively. In both cases we h
not tried to optimize the parameters of the interaction
reproduce the specific properties of176Lu, but have adopted
the values determined by Boissonet al. @5#. These are
u15215 MeV, u2520.1 MeV, andu358.4 MeV for the
central force; u15215 MeV, u2520.1 MeV, u358.4
MeV, VT5255 MeV, andVTM5268 MeV for the central
plus tensor force. The value of the ranger 0 is 1.4 fm. The
first set of values was obtained by fitting a sample of d
containing GM splittings as well as N shifts in the rare-ea
region. As regards the second set, the values of the pa
eters of the central force were not redetermined andVT and
VTM were fixed by fitting the same sample of data. The co
stant termu0 in Eq. ~5! does not contribute either to the GM
splittings or to the N shifts and therefore it was not det
mined by the fit of Ref.@5#. We have fixed this parameter a
210 MeV.

As already pointed out in the Introduction, a differe
procedure was used instead by Noseket al. @8# to determine
the parameters of the central and central plus tensor force
a result, for each interaction two different sets of parame
were obtained, one for the fit of the GM splittings and t
other for the N shifts. This means that a single interact
was not made available in this work. Open to criticism
also the fact that the samples of experimental data used
the fits by these authors contained information on nucle
both the rare-earth and the actinide regions. In our opin
to have the same effective interaction for so vast an ensem
of nuclei is certainly questionable.

TABLE I. Energies~in keV! of the proton and neutron single
particle states.

Proton configuration E Neutron configuration E

7
2 @404# 0 7

2 @514# 0
5
2 @402# 343 9

2 @624# 468
1
2 @541# 370 1

2 @510# 557
9
2 @514# 396 5

2 @512# 639
1
2 @411# 626 3

2 @512# 811
7
2 @523# 1300 1

2 @521# 920
5
2 @523# 930
7
2 @633# 1400
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FIG. 1. Experimental and calculated spectra of the lowestKp502 band in 176Lu. The theoretical spectra have been obtained by us
~a! a central plus tensor force with a Gaussian radial shape,~b! a Gaussian central force, and~c! a d force.
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While the role of the tensor force in the description of t
N shifts is still not assessed, there is a wide consensus
pointed out in the Introduction, that a zero-range force
inadequate. This interaction, however, is still very popu
In particular it has been used in recent papers@15,16# to
explain the so-called signature inversion in odd-odd nuc
Therefore, for the sake of completeness, we have also m
use of ad interaction. As regards the strength of the spin-s
parameterv1 , we have varied it over a large range, name
between20.2 and20.9 MeV. The GM splittings are wel
reproduced by the value20.9 MeV, which is in accordance
with the values determined by other authors. No value ofv1
leads to a satisfactory description of the N shifts, the le
disagreement occurring forv1520.2 MeV. This value
comes close to that (20.191 MeV) determined in Ref.@8# by
fitting the experimental N shifts and also to that origina
used by Pyatov (20.24 MeV) @7#. On these grounds we
have adopted in the present work the valuev1520.2 MeV.
As in the case of the Gaussian force, we have taken fov0
the value210 MeV.
as
s
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n
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III. RESULTS

The nucleus176Lu has been extensively studied over t
past ten years also because of its great interest for nuc
astrophysics. A very complete level scheme has been
sented by Klayet al. @17#. In this work a total of 97 energy
levels were observed and, in particular, 31 rotational ban
with the corresponding Nilsson configurations, were iden
fied. All the bandheads were found to lie below 1.1 Me
excitation energy. Above this energy the experimental inf
mation is very scanty@18#. In our complete Coriolis-mixed
calculations we have included, as can be seen from Tab
96 rotational bands. Of these, 31 correspond to those de
mined experimentally and all their calculated bandhead
ergies, except two, turn out to lie below 1.1 MeV. Out of t
remaining 65 bandheads only 6 are predicted to lie below
MeV.

In this paper, we have focused attention on only one
the two establishedK50 bands. This is the bandKp502
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p 7
2 @404#n 7

2 @514# starting at 237 keV excitation energy. Th
description of the otherK50 band at 780 keV, with the

assigned Nilsson configurationp 9
2 @514#n 9

2 @624#, is beyond
the scope of our calculation. In fact, this band is likely to
characterized by a strong admixture of different intrin
wave functions, being based on high-j unique-parity shell-
model states, theh11/2 and i 13/2 for the proton and neutron
Nilsson orbitals, respectively. It should be noted that in o
calculations we have included only the9

2 @514# and 7
2 @523#

levels originating fromh11/2 and the 9
2 @624# and 7

2 @633#
from i 13/2. In this connection, another point has to
stressed here. Aside from the residual neutron-proton in
action, other mechanisms may be responsible for the o
even shift. In fact, a contribution to this effect is also giv
by the signature-dependent parts of some matrix elemen
Hppc and HRPC. For those bands based on high-j unique-
parity shell-model states a complex interplay of the vario
interactions may occur, thus making it a very difficult task
disentangle the effects of the neutron-proton interaction.

In Fig. 1 the three calculated spectra for the firstKp502

band are compared with the experimental one. The theo
cal spectra have been obtained making use of the three
ferent interactions mentioned in Sec. II. We see the that
right level order and an excellent agreement with experim
is obtained for the Gaussian force with tensor terms. T
experimental N shift~70 keV! is exactly reproduced and th
largest discrepancy in the excitation energies is only ab
30 keV. This is not the case for the calculations perform
with the pure central finite-range interaction and thed force.
From Fig. 1 it appears that the three calculations yield alm
the same level spacings for the states with even and
angular momenta separately. This means that the main
ference between the outcomes of these calculations resid
the relative displacement in the energy of the states with
and even angular momentum, i.e., the N shift. While in c
~a! this is in agreement with the experimental value, it b
comes too small in case~b!, and in case~c! it has even the
wrong sign.

Let us now come to the odd-even staggering in

FIG. 2. Experimental and calculated odd-even staggering of
lowestKp511 band in 176Lu. Solid circles correspond to exper
mental data. The theoretical results are represented by open c
~Gaussian central plus tensor force!, diamonds~Gaussian centra
force!, and stars~d force!.
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Kp511 p 9
2 @514#n 7

2 @514# band. In Fig. 2 the experimenta
ratio @E(I )2E(I 21)#/2I for this band is plotted vsI and
compared with the calculated ones. This band, whose exp
mental bandhead energy is at 197 keV, exhibits, as alre
mentioned in the Introduction, the greatest magnitude
staggering. We see that the experimental behavior is satis
torily reproduced by the calculation including the tens
force. When using the pure central Gaussian force the s
gering is almost nonexistent and in the case of thed force not
only is its magnitude very small, but it has also the oppos
phase. We have already mentioned in the Introduction
the reason for the staggering in theK.0 bands is the cou-
pling with K50 bands through the Coriolis interaction. In a
of our three calculations we have found that the wave fu
tions of the states of theKp511 band contain significan
components ~5–10%! of states with Kp501

p 7
2 @523#n 7

2 @514#. The Coriolis interaction is favored, in
fact, by the presence of the92 @514# and 7

2 @523# single-
particle levels arising from theh11/2 shell-model state. The
fact that only the calculation including the tensor terms giv
the right staggering implies that only this force is able
reproduce a sizable N shift for theKp501

p 7
2 @523#n 7

2 @514# band. Unfortunately, this band has n
been definitely recognized. A tentative assignment of
I p501 through 51 members of this band was made b
Dewberryet al. @19# but it is not reported in Ref.@18#.

We would like to conclude this section by comparing,
Table II, all the experimental GM splittings@17# with the
calculated ones. We only report the results obtained with
central plus tensor force. Our purpose is, in fact, to show t
this interaction with the parametrization of Ref.@5# is able to
give a good description of176Lu on the whole. All the signs
are reproduced and also the quantitative agreement ca
considered quite satisfactory. The discrepancy with exp
ment is larger than 100 keV in two cases only.

IV. CONCLUDING REMARKS

In this paper, we have performed a detailed study of
doubly odd deformed nucleus176Lu within the framework of

e

les

TABLE II. Experimental and calculated GM splittings~keV!.

Configuration
Proton Neutron Kp Expt. Calc.

7
2 @404# 7

2 @514# 02 72 246 200
9
2 @514# 7

2 @514# 11 81 2219 2154
7
2 @404# 9

2 @624# 11 81 212 290
5
2 @402# 7

2 @514# 12 62 2120 298
7
2 @404# 5

2 @512# 12 62 266 2121
1
2 @411# 7

2 @514# 32 42 128 137
7
2 @404# 1

2 @510# 32 42 2112 2100
1
2 @541# 7

2 @514# 31 41 103 103
5
2 @402# 9

2 @624# 21 71 186 160
7
2 @404# 1

2 @521# 32 42 65 105
9
2 @514# 1

2 @510# 41 51 224 99
7
2 @404# 3

2 @512# 22 52 229 87
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the particle-rotor model. Our aim was to assess the role
the effective neutron-proton interaction, with particular
tention focused on the tensor force. To this end, we con
ered the lowestKp502 and Kp511 bands where the ef
fects of the neutron-proton interaction are particula
evident. In our calculations we have used ad interaction and
a Gaussian force with and without tensor terms.

The results of our calculations lead to the conclusion t
the space-exchange and spin-spin space-exchange forc
well as the tensor force are very relevant forK50 bands
and, owing to the Coriolis coupling, also for someK.0
bands. As already mentioned in the Introduction, the imp
e
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rk.
of
-
d-

t
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r-

tance of the exchange forces has also been pointed ou
recent works@8,9#. It is the main achievement of our work t
have evidenced the role of the tensor force.

Finally, it is worth emphasizing that the central plus te
sor force used in our calculations is just that originally pr
posed by Boissonet al. @5#. The results obtained for176Lu
indicate that this force may be profitably used for a syste
atic study of doubly odd deformed nuclei in the rare-ea
region. Work in this direction is in progress.

This work was supported in part by the Italian Ministe
dell’Università e della Ricerca Scientifica e Tecnologic
~MURST!.
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