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Tensor force in doubly odd deformed nuclei

A. Covello, A. Gargano, and N. Itaco
Dipartimento di Scienze Fisiche, Universitta Napoli Federico II, and Istituto Nazionale di Fisica Nucleare,
Mostra d’Oltremare, Pad. 20, 80125 Napoli, Italy
(Received 31 July 1997

We study the nucleus’®.u 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 dig%56-28137)02512-0

PACS numbds): 21.60.Ev, 27.70:-q

I. INTRODUCTION two kinds of fits using the empirical values of the GM split-
tings and, separately, the N shifts. It may not be surprising,
The role of the neutron-proton interaction in the unifiedtherefore, that the conclusions reached in R&f.are not in
model description of doubly odd deformed nuclei has longine with the early findings of Boissost al. [5], the main
been a subject of special interest. As is well known, the twdoint of disagreement being the role of the tensor force. In
most important effects associated with the residual interactact, Noseket al. [8] find that the most significant contribu-
tion between the unpaired neutron and proton are th&ons to the N shifts are given by the space-exchange and the
Gallagher-MoszkowskiGM) splitting [1] and the odd-even SPin-spin space-exchange forces. In this connection, it may
or Newby (N) shift [2]. In the 1970s several efforf8—5| be mentioned that the importance of the space-exchange
were made to obtain detailed information on the effectiveterms has also been pointed out in Ré&l. Concerning the
neutron-proton interaction in the rare-earth region from theensor force itself, however, the work of R¢8] does not
empirical values of these quantities. In this context, bothProvide much information since, as pointed out by the au-
zero-range and finite-range interactions were considered, tHB0rs, the empirical tensor parameters are not well deter-
parameters involved being determined from least-squares fif§ined in their experimental set of N shifts.
of the calculated matrix elements to the experimental GM On the above grounds it seems fair to say that the role of
splittings and N shifts. the tensor force in doubly odd deformed nuclei still remains

The main conclusions of this ear|y work may be Summa_to be assessed. In this Situation, we found it interesting to try
rized as follows: (|) a zero-range force is genera”y ad- to shed I|ght on this pI’Oblem. To this end, we chose as a test
equate to reproduce the GM splittings while it fails to de-case the nucleus™®Lu which is a prototype of odd-odd well-
scribe the N shifts(ii) a finite-range force including tensor deformed nuclei. We have performed a complete Coriolis
terms satisfactorily reproduces both the splitting energies anand-mixing - calculation within the framework of the
the odd-even shifts. Regarding the latter point, the extensivearticle-rotor model, focusing attention on the lowest
study of Ref.[5] emphasized the importance of the tensor-K”=0" band where the effects of the residual neutron-
force effects for the N shifts. proton interaction are particularly evident. We have also

Despite these initial achievements in understanding thétudied the lowesK™=1" band which presents a rather
role of the residual neutron-proton interaction in odd-oddlarge odd-even staggerihg0]. This effect is of great interest
rotational nuclei, there was little work along these lines insince it may give further information on the neutron-proton
the f0||owing years. In fact, in most of the StUd[éE carried interaction. In fact, it may be traced to direct Coriolis cou-
out over the last two decades a simple spin-dependent pling with N-shiftedK=0" bands.
force, first used by Pyatol7] in the early 1960s, has been  The paper is organized as follows. In Sec. Il we first give
adopted. As a consequence, the role of the tensor force wa&sbare outline of the model and then describe our calcula-
not further explored. Recently, however, this problem wagdions. In Sec. Ill we present the results obtained by making
revived by the work of Ref[8], where an extensive analysis Use of ad force and of a finite-range interaction with and
of all the existing(up to January 1993GM splittings and N without tensor components. These results are compared with
shifts in the rare-earth and actinide regions has been pefhe experimental data. In Sec. IV we draw the conclusions of
formed. In this study both a delta interaction and a finite-our study.
range force with a Gaussian radial shape were considered.

The latter is of the same form as that previously employed by !l. OUTLINE OF THE MODEL AND CALCULATIONS

:30|sson et gl. [5]1 Yl_vrt"Ch Eﬂcl)nta;nj' boctjhﬁcenrfral and 'terg\?vor We assume that the odd neutron and the odd proton are
erms(see Sec. }l These two studies differ, however, in two strongly coupled to an axially symmetric core and interact

main aspects. First, in the work Of.Reﬁ] only experimental through an effective interaction. The total Hamiltonian is
data regarding the rare-earth region were analyzed. Secor\%ritten as

while in Ref.[5] a sample of data containing GM as well as
N terms was considered, the authors of R8]. performed H=Ho+Hgpct Hppct Vinp - (h)
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The termH, includes the rotational energy of the whole  TABLE I. Energies(in keV) of the proton and neutron single-
system, the deformed, axially symmetric field for the neutronparticle states.

and proton, and the intrinsic contribution from the rotational

degrees of freedom. It is given by Proton configuration E Neutron configuration E
n o, R . 3[404) 0 21514 0
H0=2—j(| _|3)+Hn+Hp+2_3[(Jn_1n3)+(]p_1p3)]- %[402] 343 %[624] 468
(2 3541 370 11510] 557
The two termsHgpc andH ¢ in Eq. (1) represent the Cori- 2514 3% 3512 639
olis coupling and the coupling of particle degrees of freedons [411] 626 3512 811
through the rotational motion, respectively. They are written? | 553 1300 11521 920

as
2[523 930
#2 o % [633] 1400
HRPc:_2—3(|+J +173%), 3
52 adopted single-particle level schemes for both the neutron
prczz_j(j:j;ﬂr;j;)_ (4) and proton are listed in Table I. They are mainly derived

from the experimental spectfd4] of the two neighboring
odd-mass nuclet’®Yb and *"*Lu. As regards the odd proton
we have added the configuratigr523], while for the odd
neutron we have included the configuratigr523] and
slightly increased the experimental excitation energies of the
e%[624] and Z[633] states. For the rotational parameter
#2123 the value 14 keV has been adopted. This has been
deduced from th&K™=7" ground-state band, which is es-

In Egs.(2)—(4), J is the moment of inertia of the core while
| andJ=j,+], are the total and intrinsic angular momentum
operators, respectively; andJ; are their projections on the
intrinsic symmetry axis.

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

Vip=V(N)[Ug+ U0y 0+ UsPy + UsPy oy - 0+ 1Sy, sentially of pure rotational character.
For the neutron-proton interaction, as already mentioned
+ViuPuSial, (5  above, we have used both a finite-range force with a Gauss-

ian radial shape and a zero-range interaction. To completely

explore the role of the tensor force, we have performed two

different calculations with the Gaussian potential, with and

without the tensor terms, respectively. In both cases we have

V(r)=exp(—r2/r2), 6 not tried to optimize the parameters of the interaction to
(r) " 2 © reproduce the specific properties YfLu, but have adopted

as well as a zero-range force. In the latter cag,takes the —the values determined by Boisscet al. [5]. These are

with standard notatiof5]. In our calculations we have used
a finite-range force with a radial dependen¢é) of the
Gaussian form,

simple form u;=—15 MeV, u,=—-0.1 MeV, andu;=8.4 MeV for the
central force; u;=-—15 MeV, u,=-0.1 MeV, uz;=8.4
Vi,=8(N)[vo+vi0p: o). (7)  MeV, V;=—-55 MeV, andV;y=—68 MeV for the central

plus tensor force. The value of the ranggis 1.4 fm. The
As basis states we use the eigenvectorsigfproperly  first set of values was obtained by fitting a sample of data
symmetrized and normalized, containing GM splittings as well as N shifts in the rare-earth
region. As regards the second set, the values of the param-
eters of the central force were not redetermined dndnd
V1m Were fixed by fitting the same sample of data. The con-
stant termug in Eq. (5) does not contribute either to the GM
splittings or to the N shifts and therefore it was not deter-
(8) mined by the fit of Ref[5]. We have fixed this parameter at
_ —10 MeV.
where the statérQ)) is the time-reversal partner of()). As already pointed out in the Introduction, a different
In our calculations we use the Nilsson potential as deprocedure was used instead by Nostlal.[8] to determine
fined, for instance, in Ref11] to generate the single-particle the parameters of the central and central plus tensor force. As
HamiltoniansH, andH, . The parameterg andk have been  a result, for each interaction two different sets of parameters
fixed by using the mass-dependent formulas of R&2].  were obtained, one for the fit of the GM splittings and the
The adopted values ayg,=0.41,k,=0.064, andu,=0.61,  other for the N shifts. This means that a single interaction
k,=0.063. As regards the deformation paramegr we  was not made available in this work. Open to criticism is
have used the value 0.26, according to Réi. In a more also the fact that the samples of experimental data used for
recent work[13] the value 0.24 was taken f@,. We have the fits by these authors contained information on nuclei of
verified that such a change does not significantly modify théhoth the rare-earth and the actinide regions. In our opinion,
results of our calculations. For the harmonic oscillator pato have the same effective interaction for so vast an ensemble
rameterv= mw/# we have taken the value 0.176 f& The  of nuclei is certainly questionable.

1/2
m{) [Dllle| VnQn>| Vpr>

|V vp QMK ) =

+(_)HKD:V|7K|anTn>|Vp(Tp>]a
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FIG. 1. Experimental and calculated spectra of the low@&st 0~ band in"%.u. The theoretical spectra have been obtained by using
(a) a central plus tensor force with a Gaussian radial shdpea Gaussian central force, afg a ¢ force.

While the role of the tensor force in the description of the Ill. RESULTS

N shifts is still not assessed, there is a wide consensus, as 176, : .
pointed out in the Introduction, that a zero-range force is 1€ Nucleus™™.u has been extensively studied over the

inadequate. This interaction, however, is still very popularPast ten years also because of its great interest for nuclear
In particular it has been used in recent papls,16 to  astrophysics. A very complete level scheme has been pre-
explain the so-called signature inversion in odd-odd nucleisented by Klayet al.[17]. In this work a total of 97 energy
Therefore, for the sake of completeness, we have also madevels were observed and, in particular, 31 rotational bands,
use of adinteraction. As regards the strength of the spin-spinwith the corresponding Nilsson configurations, were identi-
parametev;, we have varied it over a large range, namely,fied. All the bandheads were found to lie below 1.1 MeV
between—0.2 and—0.9 MeV. The GM splittings are well excitation energy. Above this energy the experimental infor-
reproduced by the value 0.9 MeV, which is in accordance mation is very scanty18]. In our complete Coriolis-mixed
with the values determined by other authors. No value of alculations we have included, as can be seen from Table I,

Ieads to a satlsfactory descanon of the N Sh'f.ts’ the leas 6 rotational bands. Of these, 31 correspond to those deter-
disagreement occurring for,=-0.2 MeV. This value

comes close to that{0.191 MeV) determined in Refig] by mined experimentally and all their calculated bandhead en-
fiting the experimental N shifts and also to that originally €r9i€S, €xcept two, turn out to lie below 1.1 MeV. Out of the
used by Pyatov €0.24 MeV) [7]. On these grounds we emaining 65 bandheads only 6 are predicted to lie below 1.1
have adopted in the present work the vajye= —0.2 Mev. ~ MeV. _

As in the case of the Gaussian force, we have takemn for In this paper, we have focused attention on only one of
the value—10 MeV. the two establishedK=0 bands. This is the band™=0"
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12 TABLE Il. Experimental and calculated GM splittingkeV).
Configuration
- Proton Neutron K™ Expt. Calc.
T 11
= 7 7 0~ 7" 246 200
| 5[404] : o 1t 8t -219  —154
~ 3[514] 2[514]
—_ — + + _ —
\:-I/ 10 2[404] %[624] 17 87 12 90
= 3[402] 11514 1 6 —120 —98
g 9L %[404] 2[512] 1 6~ —66 —-121
— i[411] 11514 3 4~ 128 137
| | | | | | %[404] % [510] 3 4 —-112 —100
8 1 z * 47 1 1
2 3 4 | 5 6 7 2[541] 2 (514 3+ N 03 03
3[402] 21624] 2 7 186 160
FIG. 2. Experimental and calculated odd-even staggering of thg404) 11521 3” 4~ 65 105
lowestK™=1" band in*"®.u. Solid circles correspond to experi- 51 1rgg 4+ 5+ 294 99
mental data. The theoretical results are represented by open circléé 4 g[ a B B
(Gaussian central plus tensor foyceliamonds(Gaussian central  3[404] 3 [512] 2 S 229 87

force), and starg 6 force).

K™=1" p2[514]n 5[514] band. In Fig. 2 the experimental
p3[404]n 3[514] starting at 237 keV excitation energy. The i, [E(|p)2—[ E(Tq— 12)[]/2I4]for this band ic plottedpv$ and
description of the otheK=0 band at 780 keV, with the compared with the calculated ones. This band, whose experi-
assigned Nilsson configuratiqrs [514]n 3 [624], is beyond  mental bandhead energy is at 197 keV, exhibits, as already
the scope of our calculation. In fact, this band is likely to bementioned in the Introduction, the greatest magnitude of
characterized by a strong admixture of different intrinsicstaggering. We see that the experimental behavior is satisfac-
wave functions, being based on highinique-parity shell- torily reproduced by the calculation including the tensor
model states, th&@,,, and i, for the proton and neutron force. When using the pure central Gaussian force the stag-
Nilsson orbitals, respectively. It should be noted that in ourgering is almost nonexistent and in the case ofdfierce not
calculations we have included only t§¢514] and%[523]  only is its magnitude very small, but it has also the opposite
levels originating fromh,,,, and the$[624] and %[633] phase. We have already mentioned in the Introduction that
from i,5,. In this connection, another point has to bethe reason for the staggering in tke>0 bands is the cou-
stressed here. Aside from the residual neutron-proton inteling with K=0 bands through the Coriolis interaction. In all
action, other mechanisms may be responsible for the oddf our three calculations we have found that the wave func-
even shift. In fact, a contribution to this effect is also giventions of the states of th&”=1" band contain significant

by the signature-dependent parts of some matrix elements 6bmponents (5-10%  of states with K7=07

Hppe @and Hgpe. For those bands based on highunique-  pZ[523]n%[514]. The Coriolis interaction is favored, in
parity shell-model states a complex interplay of the variougact, by the presence of th&[514] and %[523] single-
interactions may occur, thus making it a very difficult task toparticle levels arising from thé,,/, shell-model state. The
disentangle the effects of the neutron-proton interaction.  fact that only the calculation including the tensor terms gives

In Fig. 1 the three calculated spectra for the f($t=0"  the right staggering implies that only this force is able to
band are compared with the experimental one. The theoretipproduce a sizable N shift for theK™=0"

cal spectra have been obtained making use of the three dif-7 7 .
ferent interactions mentioned in Sec. Il. We see the that th¢ 2 [523]n.2_[514] band._ Unfortunately, this pand has not
right level order and an excellent agreement with experimen fen +def|n|tely recognized. A tentative assignment of the
is obtained for the Gaussian force with tensor terms. Th =0" through 5 mef.“'?’ers of this ba_nd was made by
experimental N shiff70 keV) is exactly reproduced and the ewberryet aI.. [19] but it is not r.eporte.d in Re{18]. . .
largest discrepancy in the excitation energies is only abo We would like to conclude this sect]o_n by comparing, in
30 keV. This is not the case for the calculations performed able II, all the experimental GM splittingl 7] \.N'th thg
with the pure central finite-range interaction and fHerce. calculated ones. We only report the results obtained with the

From Fig. 1 it appears that the three calculations yield almos e_nt_ral plus_tensqr force. Our purpose s, In fath to show that
the same level spacings for the states with even and od is interaction with the parametrization of RE5] is able to

. . 7 .
angular momenta separately. This means that the main gif'Ve @ good description ofLu on the whole. All the signs

ference between the outcomes of these calculations resides ¢ reproduced and also the quantitative agreement can be

the relative displacement in the energy of the states with Odaons@ered quite saﬂsfactory_. The discrepancy with experi-

and even angular momentum, i.e., the N shift. While in casénent is larger than 100 keV in two cases only.

(8 this is in agreement with the experimental value, it be-

comes too small in cas@), and in casdc) it has even the

wrong sign. In this paper, we have performed a detailed study of the
Let us now come to the odd-even staggering in thedoubly odd deformed nucled$® u within the framework of

IV. CONCLUDING REMARKS
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the particle-rotor model. Our aim was to assess the role ofance of the exchange forces has also been pointed out in
the effective neutron-proton interaction, with particular at-recent workg8,9]. It is the main achievement of our work to
tention focused on the tensor force. To this end, we considhave evidenced the role of the tensor force.

ered the lowesKk =0~ andK™=1"* bands where the ef- Finally, it is worth emphasizing that the central plus ten-

) ; ; : sor force used in our calculations is just that originally pro-
fegts of the neutron-proton  interaction are p_artlcularlyposed by Boissoret al. [5]. The results obtained fot ®Lu
evident. In our calculations we have used imteraction and > X .

a Gaussian force with and without tensor terms. indicate that this force may be profitably used for a system-

The results of our calculations lead to the conclusion tha tic study of doubly odd deformed nuclei in the rare-earth

) : egion. Work in this direction is in progress.
the space-exchange and spin-spin space-exchange forces a
well as the tensor force are very relevant =0 bands This work was supported in part by the Italian Ministero
and, owing to the Coriolis coupling, also for sorke>0 dell’'Universita e della Ricerca Scientifica e Tecnologica
bands. As already mentioned in the Introduction, the impor{MURST).

[1] C. J. Gallagher and S. A. Moszkowski, Phys. R&t1, 1282 Fys.36, 613(1967.

(1958. [12] S. G. Nilsson, C. F. Tsang, A. Sobiczewski, Z. SzysiansS.
[2] N. D. Newby, Jr., Phys. ReW.25 2063(1962. Wycech, C. Gustafson, I.-L. Lamm, P. M&r, and B. Nilsson,
[3] H. D. Jones, N. Onishi, T. Hess, and R. K. Sheline, Phys. Rev.  Nucl. Phys.A131, 1 (1969.

C 3, 529(1972). [13] P. Alexa, J. de Boer, M. Loewe, J, Materna, liHacova, and
[4] D. EImore and W. P. Alford, Nucl. Phy#273, 1 (1976. J. Kvasil, inNew Perspectives in Nuclear Structufroceed-
[5] J. P. Boisson, R. Piepenbring, and W. Ogle, Phys. R6p99 ings of the Fifth International Spring Seminar on Nuclear

(1976. Physics, Ravello, 1995, edited by A. Covell@/orld Scien-
[6] See Ref[8] for a complete list of references. tific, Singapore, 1996 p. 589.

[7] N. I. Pyatov, lzv. Akad. Nauk. SSSR, Ser. F2Z, 1436(1963 [14] A. O. Macchiavelli and E. Browne, Nucl. Data Sheé8 903

[Bull. Acad. Sci. USSR, Phys. Se27, 1409(1963]. (1993.

[8] D. Nosek, J. Kvasil, R. K. Sheline, P. C. Sood, and J. NoSkova[15] B. Cederwallet al,, Nucl. Phys.A542, 454 (1992.
Int. J. Mod. Phys. B, 967 (1994). [16] N. Tajima, Nucl. PhysA572, 365(1994.
[9] H. Frisk, Z. Phys. A330, 241(1988. [17] N. Klay et al, Phys. Rev. G4, 2801(199J.
[10] A. K. Jain, J. Kvasil, R. K. Sheline, and R. W. Hoff, Phys. [18] E. Browne, Nucl. Data Shee&0, 227 (1990.
Rev. C40, 432(1989. [19] R. A. Dewberry, R. K. Sheline, R. G. Lanier, L. G. Mann, and

[11] C. Gustafson, I. L. Lamm, B. Nilsson, and S. G. Nilsson, Ark. G. L. Struble, Phys. Rev. @4, 1628(1981).



