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Neutron-proton interaction in rare-earth nuclei: Role of tensor force
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We investigate the role of the tensor force in the description of doubly odd deformed nuclei within the
framework of the particle-rotor model. We study the rare-earth nuclei174Lu, 180Ta, 182Ta, and188Re using a
finite-range interaction, with and without tensor terms. Attention is focused on the lowestK50 andK51
bands, where the effects of the residual neutron-proton interaction are particularly evident. Comparison of the
calculated results with experimental data evidences the importance of the tensor-force effects.
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I. INTRODUCTION

It has long been known that the spectroscopy of dou
odd deformed nuclei evidences phenomena which can
directly associated with the interaction between the unpa
neutron and proton. The two most important effects of t
kind are known as Gallagher-Moszkowski~GM! splitting @1#
and Newby~N! shift @2#.

Recently, use of large multidetectorg-ray arrays with
high analyzing power has largely extended the amoun
experimental data on this class of nuclei. For instance,
rently available data in the rare-earth region allow the e
pirical determination of 137 GM splittings and 36 N shif
for 25 doubly odd nuclei@3,4#. These are to be compare
with the 50 GM splittings and 19 N shifts known in the m
1970s, as reported in the extensive review article by Bois
et al. @5#. The new experimental data have also evidenced
occurrence of other phenomena which may provide furt
information on the neutron-proton (n-p) interaction. Of par-
ticular interest is the odd-even staggering inKÞ0 bands, the
most important mechanism responsible for it being the dir
Coriolis coupling with one or more N-shiftedK50 bands
@6#. Also to be mentioned is the signature inversion pheno
enon, which in the last few years has attracted much at
tion, leading to several experimental and theoretical stud
Various attempts have been made to understand this phe
enon in term of different mechanisms, but its interpretat
still remains an open question@7#.

In a previous paper@8# ~hereafter referred to as I! we have
studied the doubly odd deformed nucleus176Lu by perform-
ing a complete Coriolis band-mixing calculation within th
framework of the particle-rotor model. We focused attent
on the lowestKp502 andKp511 bands, where the effect
of the residualn-p interaction are particularly evident, pro
ducing a significant N shift in the former and an odd-ev
staggering in the latter. The aim of our study was in fact
investigate the role of the tensor force, which has long b
a controversial matter. A detailed discussion of this point c
be found in I. In that paper we have used for then-p inter-
action both a finite-range force with a Gaussian radial sh
and a zero-range interaction. To completely explore the
of the tensor force, we have performed two different cal
lations with the Gaussian potential, with and without the te
sor terms, respectively. The main result of these calculat
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was that the tensor force is absolutely essential for the
scription of the above-mentioned bands in176Lu. In I we
have also confirmed the relevance of exchange forces, w
was already emphasized in Refs.@9,10#.

Here, we extend our calculations to other doubly odd
formed nuclei in the rare-earth region, focusing attention
N-shifted and odd-even staggered bands in174Lu, 180Ta,
182Ta, and188Re~some preliminary results have already be
reported in Refs.@11–13#!. The main motivation for this
work is to verify if the conclusions based on the study
176Lu are confirmed when considering a larger set of exp
mental data. In fact, the role of the tensor force in dou
odd deformed nuclei seems not yet completely recogniz
as evidenced by the large number of recent calculations m
ing use of zero-range forces~see, for example, Ref.@14# and
references therein!.

The outline of the paper is as follows. In Sec. II we gi
a brief description of the model and some details of o
calculations. Our results are presented and compared
the experimental data in Sec. III. In Sec. IV we draw t
conclusions of our study.

II. OUTLINE OF THE MODEL AND CALCULATIONS

As mentioned in the Introduction, our calculations a
performed within the framework of the particle-rotor mode
in which the unpaired neutron and proton are stron
coupled to an axially symmetric core and interact throug
residual effective interaction. This is a well-known mod
and a detailed description can be found, for instance, in R
@5,15#. For the sake of completeness, we give in the follo
ing the most relevant formulas. The total Hamiltonian
written as

H5H01HRPC1Hppc1Vnp . ~1!

The term H0 includes the rotational energy of the who
system, the deformed, axially symmetric field for the neutr
and proton, and the one-body intrinsic contribution from t
rotational degrees of freedom. It reads

H05
\2

2J ~ I22I 3
2!1Hn1Hp1

\2

2J @~ jn
22 j n3

2 !1~ j p
22 j p3

2 !#.

~2!
©2002 The American Physical Society20-1
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The two termsHRPC andHppc in Eq. ~1! stand for the Cori-
olis coupling and the coupling of particle degrees of freed
through the rotational motion, respectively. Their explicit e
pressions are

HRPC52
\2

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

and

Hppc5
\2

2J ~ j n
1 j p

21 j n
2 j p

1!. ~4!

In Eqs.~2!–~4!, J is the moment of inertia of the core whil
I andJ5 j p1 jn are the total and intrinsic angular momentu
operators, respectively.I 3 andJ3 are their projections on the
intrinsic symmetry axis and, owing to the axial symmet
are represented by the same quantum numberK.

The effectiven-p interaction in Eq.~1! has the genera
form

Vnp5V~r !@u01u1sp•sn1u2PM1u3PMsp•sn1VTS12

1VTMPMS12#, ~5!

where the notation is just the same as that adopted in
@5#.

As basis states we use the eigenfunctions ofH0, which are
written as a symmetrized product of rotational functio
DMK

I and intrinsic wave functionsunnVn&unpVp&:

unnVnnpVpIMK &5S 2I 11

16p2 D 1/2

@DMK
I unnVn&unpVp&

1~2 ! I 1KDM2K
I unnV̄n&unpV̄p&].

~6!

HereV is the the quantum number corresponding toj 3 andn
stands for all the additional quantum numbers necessar
completely specify the states. The stateunV̄& is the time-
reversal partner ofunV&. The quantum numberK has two
possible values

K65uuVnu6uVpuu, ~7!

corresponding to parallel or antiparallel coupling ofVn and
Vp .

Each intrinsic state then gives rise to a rotational ba
but the Hamiltonian~1! produces an admixture of differen
bands. The explicit expressions of the matrix elements of
total Hamiltonian can be found in Ref.@15#, where it can be
seen that while the Coriolis interaction has onlyDK561
matrix elements, the two termsVnp and Hppc give rise to
diagonal and nondiagonal contributions. In particular, the
ter has diagonal matrix elements different from zero only
K50 bands withuVnu5uVpu51/2. We would like to stress
that all diagonal and nondiagonal terms of Hamiltonian~1!
are explicitly taken into account in our calculations.

As regards the single-particle HamiltoniansHn and Hp ,
they have been generated by a standard Nilsson potenti
04432
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defined, for instance, in@16#. In our calculations for the four
nuclei 174Lu, 180Ta, 182Ta, and188Re the parametersm and
k in this potential have been fixed by using the ma
dependent formulas of Ref.@17#, while the harmonic oscilla-
tor parametern has been chosen according to the express
n5mv/\ fm 22. The deformation parameterb2 has been
deduced for each doubly odd nucleus from the even-e
neighbor. In Table I, we report the values ofb2 together with
those of the rotational parameter\2/2J used in our calcula-
tions. For each doubly odd nucleus this latter quantity h
been deduced from low-lying bands with a pure rotatio
character. The adopted single-particle schemes for the
tron and proton are listed in Table II for the four consider
nuclei, each scheme being essentially derived from the
perimental spectra of the two neighboring odd-mass nuc

As regards the residualn-p interaction~5!, we have used
a finite-range force with a radial dependenceV(r ) of the
Gaussian form

V~r !5exp~2r 2/r 0
2!. ~8!

As mentioned in the Introduction, the main aim of th
study is to assess the role of the tensor force. To this end
have performed two different calculations with the Gauss
potential, with and without the tensor terms, respectively.
both cases, for all the parameters of the force we h
adopted the values determined by Boissonet al. @5#, the only
exception beingu0, which does not contribute either to th
GM splttings or to the N shifts. These values, as well as t
of u0, are reported in I, where the reasons of our choice
also discussed.

Before closing this section it is worth mentioning that w
have also performed calculations making use of ad interac-
tion with a strength of the spin-spin parameter varied ove
large range of values. We have found that no value of t
strength gives a satisfactory description of the N shifts a
odd-even staggerings in any of the considered nuclei, t
confirming our results for176Lu ~see I!. As a consequence
here we will not compare with experiment the results o
tained by using ad force, but make only some comments
point out the inadequacy of this force to explain the abo
mentioned effects.

III. RESULTS AND COMPARISON WITH EXPERIMENT

We report here the results of our calculations for174Lu,
180Ta, 182Ta, and188Re, which are all well-deformed nucle
The choice of these nuclei is motivated by the fact th
enough experimental information relevant to our study
available for them. In fact, in the experimental spectra

TABLE I. Values of the parametersb2 and\2/2J ~keV!.

Nucleus b2 \2/2J
174Lu 0.331 12
180Ta 0.278 14
182Ta 0.274 14
188Re 0.226 18
0-2
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TABLE II. Energies~in keV! of the proton and neutron single-particle states.

Configuration Configuration Configuration Configuration
Nucleus Proton E Neutron E Nucleus Proton E Neutron E

174Lu 7
2

1@404# 0 5
2

2@512# 0 180Ta 7
2

1@404# 0 9
2

1@624# 0
1
2

2@541# 208 7
2

1@633# 389 9
2

2@514# 20 7
2

2@514# 200
5
2

1@402# 369 7
2

2@514# 400 5
2

1@402# 250 1
2

2@510# 395
9
2

2@514# 437 1
2

2@521# 431 1
2

1@411# 546 5
2

2@512# 518
1
2

1@411# 449 1
2

2@510# 1053 1
2

2@541# 700 1
2

2@521# 647
3
2

2@532# 903 5
2

1@642# 1207 3
2

2@512# 785
7
2

2@503# 812
7
2

1@633# 1506
5
2

1@642# 2000

182Ta 7
2

1@404# 0 1
2

2@510# 0 188Re 5
2

1@402# 0 3
2

2@512# 0
9
2

2@514# 5 3
2

2@512# 220 9
2

2@514# 176 1
2

2@510# 161
5
2

1@402# 350 11
2

1@615# 300 1
2

1@411# 625 7
2

2@503# 310
1
2

1@411# 477 9
2

1@624# 550 7
2

1@404# 748 9
2

2@505# 340
7
2

2@503# 670 5
2

2@503# 640
7
2

2@514# 1100
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174Lu, 182Ta, and188Re K50 bands, which are not strongl
perturbed but have a sizable N shift, have been recogni
while in 180Ta and188Re there areK51 bands which exhibit
a significant odd-even staggering. We have focused atten
on those data which are directly related to then-p interac-
tion, so as to give a sound answer to the question regar
the role of the tensor term. In fact, aside from the resid
n-p interaction, also the termsHppc andHRPC of the Hamil-
tonian~1! may give a contribution to the odd-even shift~see
Ref. @6#! and a complex interplay of all these interactio
may occur in bands characterized by a strong admixture
different intrinsic wave functions. In these cases, even tak
explicitly into account all contributions coming from Hami
tonian~1!, it would be a very difficult task to disentangle th
genuine effects of then-p interaction.

In Figs. 1–3 the experimental spectra of theK50 bands
@4# are reported and compared with the calculated on
which are obtained making use of the two different inter

tions mentioned in Sec. II. TheK1501 p 7
2 @404#n 7

2 @633#
band of 174Lu starting at 281 keV excitation energy is show
in Fig. 1. This band, recognized in several other odd-o
nuclei, has been observed in174Lu up to I p591. We see that
a very good agreement with experiment is obtained for
Gaussian force with tensor terms. This is not the case for
calculations performed with the pure central interactio
From Fig. 1 it appears that the two calculations yield alm
the same level spacings for states with even and odd ang
momenta separately. The main difference between the
spectra resides in the energy displacement of levels of oI
relative to those of evenI, i.e., the N shift. In first-order
perturbation theory the N shift is just defined as the ma
element̂ npVp ,nnV̄nuVnpunpV̄p ,nnVn&. In Table III we re-
port the values of this matrix element obtained with the c
tral plus tensor force together with the individual contrib
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tions. For the above-mentionedK50 band in 174Lu we see
that the magnitude of the matrix element is almost entir
determined by the tensor force, the central part giving onl
1 keV contribution. This result is in line with the early find
ings of Refs.@5,18#, where the importance of the contribu
tion of tensor force to the N shift for bands based on an
parallel or parallel intrinsic spins was evidenced. For t
latter the effects of the tensor part are predominant, as
pected from the study of Ref.@2#, where an analysis in the
asymptotic limit was performed. In this context, we shou
also mention that when using ad force, as defined, for in-
stance, in I, there is no reasonable way to reproduce
odd-even shift of this band. In fact, taking a negative va
for the strengthv1 of the spin-spin term, the odd-even sh
has the opposite sign as compared to the experimental
its magnitude increasing almost linearly withv1. As an ex-
ample, when usingv1520.9 MeV, which is a reasonabl
value to reproduce the GM splitting in the rare-earth reg
@3,19#, the matrix element̂ npVp ,nnV̄nuVnpunpV̄p ,nnVn&
becomes 22 keV. The fact that ad force produces a shift with
the wrong sign while a pure central force gives a very sm
contribution, but with the right sign, makes evident the im
portance of the exchange forces.

In Figs. 2 and 3 we compare the experimental and ca
lated spectra for two lowestK50 bands in182Ta and188Re,

respectively. The first is theK1502 p 7
2 @404#n 7

2 @503# band
with a bandhead energy at 558 keV while the second is

K1501 p 9
2 @514#n 9

2 @505# band starting at 208 keV. Unfor
tunately, only low-spin members of these two bands ha
been identified. However, as it was the case for174Lu, an
excellent agreement is obtained in both cases when a Ga
ian force with tensor terms is used. From Figs. 2 and 3
see that the right level order is obtained while the discrep
0-3
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cies in the energies are less than 20 keV for all states
regards the calculations with a pure central force, the si
tion is quite similar to that discussed for174Lu. In fact, the
disagreement between the experimental data and the re
of these calculations resides in the relative displacemen
the energy of the states with odd and even angular mome
which, as mentioned before, is essentially due to then-p
interaction. In Table III we report the values of the releva
matrix elements. We see again that the pure central fo
gives only a small contribution, the magnitude of these m
trix elements being essentially determined by the ten
force.

To conclude this discussion, we have shown that the
sor force is quite able to explain the odd-even shift inK
50 bands of174Lu, 182Ta, and 188Re. We now compare in
Table IV the empirical GM splittings@3# for these three nu-
clei with those derived from the calculated bandhead en
gies. In this table we only report the results obtained us
the Gaussian plus tensor force. This is to show how
force, parametrized as in Ref.@5#, leads to a very good de

FIG. 1. Experimental and calculated spectra of the lowestKp

501 band in 174Lu. The theoretical spectra have been obtained
using ~a! a central plus tensor force with a Gaussian radial sh
and ~b! a Gaussian central force.
04432
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scription of the three nuclei174Lu, 182Ta, and 188Re on the
whole. In fact, we see from Table IV that not only is the si
correctly reproduced in all cases, also the quantitative ag
ment is quite satisfactory. The discrepancy between the
culated and experimental values is always less than 50
except in one case where it turns out to be 101 keV. In t
case, however, the empirical GM splitting is affected by
error of 57 keV.

Let us now come to the odd-even staggering effect.
Fig. 4 the experimental@20,21# ratio @E(I )2E(I 21)#/2I for

the Kp511p 7
2 @404#n 9

2 @624# ground-state band in180Ta is
plotted vsI and compared with the calculated ones. We s
that this band exhibits a rather large odd-even staggering
evenI states being energetically favored with respect to
odd ones. This behavior is satisfactorily reproduced by

y
e

FIG. 2. Same as Fig. 1, but for the lowestKp502 band in
182Ta.

FIG. 3. Same as Fig. 1, but for the lowestKp501 band in
188Re.
0-4



re
te
a

s
th

e
e
ot
le
th

u
y
th
e

not
the
pro-
nc-

to
t

ian
siz-

i.

y of

l.

l

el

the

open
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calculation including the tensor force while with the pu
central Gaussian force the staggering is almost nonexis
It should be pointed out that the staggering in this band m
be traced to direct Coriolis coupling with theKp

501p 7
2 @404#n 7

2 @633# band. In fact, in both our calculation
we have found that the wave functions of the states of
Kp511 band contain significant components~up to 30%! of
states of the aboveKp501 band. The fact that only the
calculation including the tensor terms gives the right stagg
ing implies therefore that only this force is able to produc
sizable N shift for thisKp501 band. Since this band has n
been recognized in180Ta, a direct comparison is not possib
at the present time. It should be noted, however, that
Kp501 band in 174Lu ~see Fig. 1! has just the same
intrinsic n-p configuration. As we have already pointed o
above, only with the Gaussian plus tensor force the energ
the evenI states of this band is decreased so as to bring
calculated spectrum in good agreement with the experim
tal one.

In Fig. 5 the experimental staggering observed in theKp

TABLE III. Values of the matrix elements

^npVp ,nnV̄nuVnpunpV̄p ,nnVn& ~in keV! obtained using a centra
plus tensor force with a Gaussian radial shape.^C& and^T& repre-
sent the contributions of the central and tensor force, respectiv

Configuration
Nucleus Proton Neutron ^C& ^T& ^Vnp&

174Lu 7
2

1@404# 7
2

1@633# -1 -26 -27
182Ta 7

2
1@404# 7

2
2@503# 3 19 22

188Re 9
2

2@514# 9
2

2@505# -4 -60 -64
188Re 5

2
1@402# 5

2
2@503# 0 47 47

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

Configuration
Nucleus Proton Neutron Kp Expt. Calc.

174Lu 7
2 @404# 5

2 @512# 12 62 2114.961.3 -124
7
2 @404# 7

2 @633# 01 71 264.2610.0 -82
7
2 @404# 1

2 @521# 32 42 79.565.0 89
1
2 @541# 5

2 @512# 21 31 2149.8 -123
5
2 @402# 5

2 @512# 02 52 130.262.1 155
9
2 @514# 5

2 @512# 21 71 135.363.1 109
182Ta 7

2 @404# 1
2 @510# 32 42 292.668.3 -118

7
2 @404# 3

2 @512# 22 52 128.060.7 142
7
2 @404# 7

2 @503# 02 72 2122.063.1 -143
9
2 @514# 1

2 @510# 41 51 147.660.6 105
9
2 @514# 3

2 @512# 31 61 2111.1612.4 -123
9
2 @514# 11

2 @615# 12 102 147.760.6 122
5
2 @402# 1

2 @510# 22 32 301.2 296
188Re 5

2 @402# 3
2 @512# 12 42 2138.761.4 -117

5
2 @402# 1

2 @510# 22 32 93.561.1 100
5
2 @402# 7

2 @503# 12 62 209.460.2 205
1
2 @411# 3

2 @512# 12 22 197.2657.3 96
04432
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512p5
2@402#n 3

2 @512# ground-state band of188Re @4# is com-
pared with the calculated ones. Although this band does
exhibit a large odd-even staggering, we see that only with
Gaussian plus tensor force the calculated behavior re
duces the experimental one. Also in this case the wave fu
tions of the states of theKp512 band obtained from both
calculations contain appreciable components~5%–10%! of

states with Kp502p 5
2 @402#n 5

2 @503#. The difference in
the two calculations may therefore be traced back
the different values of the matrix elemen

^p 5
2 @402#n 5

2̄ @503#uVnpup
5
2̄ @402#n 5

2 @503#&. In fact, as can be
seen from Table III, only the matrix element of the Gauss
plus tensor force turns out to be adequate to produce a
able N shift for theKp502 band. Unfortunately, this band
has not been observed in188Re or in other rare-earth nucle

IV. CONCLUDING REMARKS

In this paper, we have presented the results of a stud
the well deformed doubly odd nuclei174Lu, 180Ta, 182Ta,
and 188Re within the framework of the particle-rotor mode

y.

FIG. 4. Experimental and calculated odd-even staggering of
Kp511 ground-state band in180Ta. Solid circles correspond to
experimental data. The theoretical results are represented by
circles ~Gaussian central plus tensor force! and squares~Gaussian
central force!.

FIG. 5. Same as Fig. 4, but for theKp512 ground-state band in
188Re.
0-5
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We have performed complete Coriolis band-mixing calcu
tions, focusing attention on the lowestK50 and K51
bands, where the effects of the neutron-proton interaction
particularly evident. As regards this interaction, we ha
used in our calculations a Gaussian force with and with
tensor terms adopting in both cases the values of the pa
eters originally determined by Boissonet al. @5#.

This study represents an extension of our previous w
on 176Lu aimed at obtaining further insight into the role
the tensor force in the description of doubly odd deform
nuclei. The results presented here, as those reported
show that the tensor force is an essential ingredient, if
unique in some cases, to explain the odd-even shift inK
50 bands. Also the staggering inKÞ0 bands, whose basi
mechanism is the Coriolis mixing with N-shiftedK50
bands, is very well accounted for by our calculations w
tensor terms.

It should be mentioned that in more complex situatio
.
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v.

va

al
olfi
,
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where there is a strong band mixing, other mechanisms m
play a significant role and only the right interplay betwe
them can explain the observed effects. This is, for instan
the case of the so called doubly decoupled bands: nam
of bands based on high-j unique-parity shell-model states
Also in this context, however, the tensor force should not
neglected, as is done in most of the existing studies to d
The use of an incomplete neutron-proton interaction may
fact lead to an incorrect evaluation of the weight of oth
mechanisms.
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