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not included in the BEM calculations.
Our results show that heavy-ion-induced two-

nucleon-transfer reactions provide rather sensi-
tive tests of nuclear structure theories. The
multistep processes involving excited 0 states
make important contributions to the transfer re-
actions. The striking shape differences between
2, angular distributions in stripping and pickup
reactions on transitional Sm nuclei are not ex-
plained satisfactorily by current theoretical mod-
els.
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gate this e1usive nuclear property. '
In this Letter we examine first the question of

the existence of static triaxial shapes. The ac-
tual theoretical situation of the problem seems
rather confused. There exist mainly two differ-
ent approaches which give totally different re-

The existence of static triaxial shapes is investigated in the framework of the Hartree-
Bogoliubov method. Although some statically triaxia1 nuc1ei are found the main result of
the calculation is the y softness of nuclei. This fact imp1ies appreciable dynamic triaxi-
ality for most nuclei.

The interest on triaxial nuc1ei has been steadi-
1y increasing in the last years. The importance
of the triaxiality on the dynamics of the nuclear
collective motion is a long known fact. ' However,
only recently has the quality of experimental data
reached the point where one can hope to investi-
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suits. The first is the usual microscopic or mac-
roscopic -microscopic structure calculation.
Based on a variational principle for the binding
energy, this method calculates the ground-state
deformation of the nucleus. In the context of the
Hartree-Fock (HF) method there exist several
calculations' ' on light nuclei, which allow for
the triaxial degree of freedom. Most of these
calculations predict triaxial shapes for '4Mg, the
excited 4p-4h (four-particle, four-hole) state of
' 0, and eventually S. Outside the s-d shell
there exist some "restricted" Hartree-Bogoliubov
calculations on f-P shell nuclei, ' or HF+ BCS cal-
culations with a phenomenological treatment of
pairing correlations. ' These calculations do ac-
tually predict triaxial shapes, but the validity of
their results is questionable because of either the
restricted variational space used or the unreal-
istic pairing force. Recently some Strutinsky-
type calculations have been performed in the same
region of the periodic table, ' but a complete ne-
glect of pairing correlations might invalidate the
results obtained.

As far as heavier nuclei are concerned, few
systematic studies exist. Kumar and Baranger"
have investigated the rare-earth region in the
framework of a Hartree-Bogoliubov model which
included only valence nucleons. A study of some
eighty nuclei produced only three triaxial shapes.
More recently a Strutinsky-type calculation has
been performed by Glitz et al." resulting in most-
ly axial shapes for the nuclei studied. One would
tend thus to conclude that triaxial shapes, at least
for heavy nuclei, are quite rare if they exist at
all.

The second approach to the problem is one de-
veloped in recent years for the study of even-odd
nuclei first by Meyer-Ter-Vehn" and subsequent-
ly by Toki and Faessler. " The main assumption
in this method is that the odd nucleon is coupled
to a triaxial rigid-rotor core, upon which a deter-
mination of the core deformation is necessary.
The latter is extracted from the spectrum of the
even-even core nucleus and the existence of a
low-lying second 2' state is sufficient in order
to impart to the even-even core a triaxial defor-
mation. The validity of the model is subsequent-
ly tested on the even-odd nucleus spectrum, and
actually the quoted authors have obtained very
satisfactory results.
We are thus faced with two theories, fairly suc-

cessful as far as the rest of their predictions is
concerned, which are quite contradictory in the
triaxiality results they yield. According to the

static calculations triaxial shapes are scant,
while the dynamic rotor model predicts an abun-
dance of triaxial nuclei.

In order to answer the question of the existence
of triaxial nuclei in the framework of a detailed
microscopic model we have performed a Hartree-
Fock-Bogoliubov (HFB) calculation with Gogny's
D1 interaction. " The Bogoliubov transformation
is given as an expansion on a triaxial Cartesian
harmonic oscillator basis:

g&~ —-Q ~U a„~+ V "a

n =(n„, n„n„v).
The deformation of the basis is characterized by
the ratios q = ~„/&u, and p = ~„/w, of its oscillator
lengths. In the present calculation we have in-
cluded in the basis all states satisfying the con-
dition

n„+n +n, «N

with N &8. The conservation of the volume is en-
sured by w, '=ra„v, &u,. The parameters (u„P, q
are determined through a minimization of the
HFB energy. The same interaction D1 was used
to generate both the Hartree-Fock and pairing
fields, without any inert core assumption, as has
been traditionally done until now.

For the light s-d shell nuclei, where a Hartree-
Fock calculation is sufficient, the only triaxial
shape obtained was the one corresponding to a
4p-4h state of "0, in accordance with the pre-
vious Skyrme interaction results. '

For the heavier nuclei, a systematic study was
ruled out, because of the considerable amount of
computer time necessary for every calculation.
We have thus preferred to select six nuclei for
which triaxial shapes have been predicted. A
complete HFB calculation has been performed for
each one of these nuclei. Our results are dis-
played in Table I, together with the existing pre-
dictions.

We remark that some triaxial nuclei are indeed
present: three out of the six nuclei studied. This
fact, corroborated by more extensive calcula-
tions that we have performed in various regions
of the periodic table, would support the conclu-
sion that the existence of a triaxial shape is ex-
ceptional. It may occur in a family of transition-
al nuclei, as the minimum-energy trajectory
crosses the y plane, that one isotope corresponds
to a triaxial ground state.

Independently of the ground-state deformations,
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TABLE I. Static deformation parameters of the six
studied nuclei. Under the heading "Previous work" we

display the results of previous calculations for which
we give the corresponding reference. Our results ap-
pear in the columns labeled HFB.

58Fe
62Zn

'4Ge
132Ba
134Ce
188~

0.25
0.18
0.20
0.20
0.21
0,23

Previous work

25'
470
30'
24
23'
16'

Ref.

9
7
8

12
12
13

0,21
0.22
0
0.15
0.17
0.21

HFB

00

30'
00

00

18'
31'

30o

~ 15'

5,0

0 0.1 0.2 03 0

in every nucleus studied we have remarked a
great softness in the y direction. This is most
easily seen in the case of "Zn for which we pre-
sent the complete potential energy surface (Fig.
1) in the P-y pla. ne, obta, ined through a constrained
HFB calculation with p and y as constraints.
Less than 300 keV separate the triaxial minimum
from the prolate one. Because of this y softness
the existence of a rigid (axial or triaxial) rotor
appears doubtful. With no appreciable barrier in
the y direction the zero-point collective motion
may well wash out the static deformations. Ac-
tually it is through this remark that one hopes to
reconcile the two different schools on the ques-
tion of triaxiality.

It is shown, " in the case of even-even nuclei,
that the vibrator rotator model for the nucleus,
materialized by the Bohr's Hamiltonian, gives
results quite similar to the triaxial rotor ones.
Recently Yamazaki has extended this result to the
case of even-odd nuclei. " The main conclusion
of this work is that the P-y deformation entering
the rigid-order model is the dynamical mean val-
ue of P and y in the rotator-vibrator model. The
interpretation of the multitude of triaxial shapes
predicted by Meyer-Ter-Vehn's model is then
clear. The great majority of nuclei, being y soft,
have nonzero dynamical mean values of y. This
is in fact borne out by the calculations of Kumar
and Baranger, who, starting from axial static
equilibrium shapes, found triaxial ones after the
full dynamical calculation. In the case of '"%,
for example, for which they predict a static shape
P=0.20, y=0', they found P=0.24, y=23. 4' as dy-
namical mean values. We are currently perform-
ing a full dynamic calculation in some rare-earth
nuclei. " Our preliminary results also corrobo-
rate this fact. In the case of '"Sm, for which we

FlG. 1. Potential energy surface, i.e., total energy
as a function of deformation, for the nucleus 6 Zn, in
the P-y plane. The energy scale (relative to the static
ground state) is in MeV.

have obtained an axial static shape, the solution
of Bohr's Hamiltonian gives y-30 .

The results presented here allow us to draw the

following conclusions. Static triaxial shapes in

nuclei are rather rare. Moreover, their occur-
rence in a specific isotope may depend on the de-
tails of the effective interaction. On the contrary,
y softness is a common feature in nuclei and
leads systematically to dynamic triaxiality. In
order to distinguish between the two models pro-
posed for the description of transitional nuclei,
rigid triaxial rotor or rotator-vibrator, complete
microscopic dynamical calculations will be need-
ed for even-even as well as for even-odd nuclei,
which is a formidable task. We believe, however,
that the Hartree-Bogoliubov results presented
here demonstrate that such an approach lies with-
in the reach of present day capabilities.
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Angular distributions for the reaction '80Hf(cL, o. ') were measured for laboratory n-par-
ticle energies of 21 and 24 MeV. Data were obtained for 0', 2+, 4+, and 6+ members of
the ground-state rotational band. Data for the 4+ state show unambiguously that (6+ I

& I M(F4) II 4+) is large and negative. Data for the 6+ state are not well-fitted by rota-
tional-model coupled-channels calculations. These results may indicate that the inter-
pretation of the F4 matrix element as arising from a static P4 deformation in the frame-
work of the simple rotational model is incorrect.

Hexadecapole, as well as quadrupole, compo-
nents in the static nuclear shape can have pro-
found effects on nuclear properties. Coulomb-
excitation studies of the J = 2', 4' members of
the ground-state rotational band of many nuclei
in both the rare-earth and actinide regions have
provided measurements of the reduced transition
matrix elements Moq ——(O'!!i "M(EX)ll J =X').
These, under the assumption of a rotational mod-
el, have been used to deduce static quadrupole
and hexadecapole deformation parameters (P„P4)

for the deformed charge distribution.
A region where the P, degree of freedom plays

an important role in the collective nuclear prop-
erties is that of the heavy transitional nuclei
(180~A & 200). Calculations's of nuclear shapes
in this region show that inclusion of a negative
P, deformation lowers the potential-energy mini-
mum more for prolate than for oblate shapes,
thus keeping the calculated prolate-oblate transi-
tion from occurring sooner than observed experi-
mentally (between Os and Pt). Many experi-


