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- A8STRACT

Theoretical calculations predict that the f i s -
sion barrier of the actinides exhibits three
minima, the third one corresponding to a nucleus
with an unusual elongated pear-shape deforma-
t ion. In order to get an experimental evidence
of such configurations, a program of high reso-
lution measurements of the fission cross-section
coupled with angular distribution determinations
was undertaken on several Isotopes of thorium
and uranium. For the compound nuclei 231Th and
2 3 3 Th , both (n, f ) and (d,pf) reactions Indicate
the presence of two almost degenerate bands of
rotational levels with opposite parities and a
very high moment of Iner t ia , a l l properties
which characterize a nucleus with the third
minimum deformation. Compound nuclei 2 3 0 Th, 23"*U
and 2 3 7U were studied via the (d,pf) reaction
alone. The results obtained for 230Th lead to
the same conclusion as for the other two thorium
Isotopes, while for the uraniums, the Intrusion
of second well states in the fission cross-
section precludes a proper Identification of the
third well ones.

INTRODUCTION

We have heard, at this conference, several
reports on the calculation of the potential
energy surface of the actinides.1 This surface
appears to be somewhat more complicated than 1t
was originally expected on the basis of the
liquid drop model. In particular several minima,
or wells, are found. The f i r s t well corresponds
to the ground state deformation U 2 « 0 .2 ) . The

-second well was associated with the fission
isomers, with a larger deformation (e, * 0 .6 ) .
Now, both the so-called macroscopic-microscopic
and the purely microscopic calculations agree on
the prediction of a "third wel l" . In fact , the
denomination of "third well" 1s generally used
to designate collectively a pair of wells cor-
responding to the t , ' 0>9> e3 • 4 ° * 2 quadru-
pole and octupole deformations of the nucleus
respectively. At this deformation, the nucleus
Is s t i l l more elongated than the fission Isomer,
and 1s pear-shaped. Positive and negative values
of s , correspond to the same pear-shape but with
a reflection In the x-y plane. Thus the act in i -
des offer an experimental ground to observe two

exotic features s t i l l unobserved elsewhere : a
static octupole deformation and an "hyperdefor-
mation", also predicted now to occur in the
rare-earth region. The present contribution aims
to review the experimental pieces of evidence of
a third well with the above mentioned deforma-
tion.

THE CRITERIA

The only means of getting experimental
Information on a potential well 1$ by studying
the properties of the nuclear states which are
trapped In . Conversely, when the well is known
theoretically, one 1s 1n a position to predict
the properties of the nuclear states, in part i -
cular those by which the third well dist in-
guishes I tsel f from the other two.

A f i r s t peculiarity of the third wel l , as
compared with the f i rs t two, Is Its depth :
about 1 MeV. Due to this shallowness, only the
very f i r s t excited states can be trapped. As
usual, these states are expected to be rotation-
a l . I t is well known that, in the f i rs t or in
the second wel l , the collective states at seve-
ral MeV above the ground state are totally
damped. The observation of pure rotational sta-
tes, at these energies, may already be a f i rs t
Indication of the presence of the third wel l .

A further indication can be obtained by
measuring the rotational parameter, +I2/2J, i .e .
the Inverse of the moment of iner t ia , 3. The ro-
tational parameter Is known, from the rotational
band bui l t on the fission Isomers, to have a
value of 3.36 keV 1n the second wel l . 2 I t should
be substantially smaller in the third well due
to the stronger elongation of the nucleus.

The third difference Is of more qualitative
nature. I t stems from the octupole deformation,
that the third well Is the only one to possess.
This means that, only In the third well , the
nucleus 1s pear-shaped, a fact of Influence on
the level scheme. For a pear-shaped nucleus the
parity 1s no longer a good quantum number, and a
rotational band with positive parity states 1s
degenerated Into a band with negative parity
states.3 I f however the nucleus can tunnel
through the barrier between the two octupole
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shapes, a spli t t ing between the positive- and
negative-parity states arises. One generally
considers that the two parities belong to two
different bands. I t 1s obvious, however, that
the rotational parameter is the same for the two
bands and that the decoupling coefficients, for
K* = l / 2 ± bands, are also the same but have
opposite signs :

aU - +) = - a(n = -)

The observation of two rotational bands with
opposite par i t ies, and the above characteris-
t i cs , wi l l then be a strong indication of a
permanent octupole deformation which, theoreti-

. ca l ly , 1s expected only in the third well .

Based on these expectancies, any experimen-
tal search of the third well levels must then be
able : i ) to separate the different members of
the rotational bands when they exist and, 11) to
Identify the spin (and possibly the parity) of
the thus separated states. The f i r s t goal can be
attained by measuring the fission cross section
with a good energy resolution. The second one
requires the knowledge of the angular distribu-
tion of the fragments In each resonance.

The a priori most promising candidates for
observing a third well were the thorium isotopes
in which, precisely, the third well was presen-
ted as a solution of the "thorium anomaly".**
Several measurements were performed during the
last decades, in particular on the fission cross
section of 2 3 0 Th, which we wil l present as a
typical example.

THE 2 3 0 TMn, f ) EXPERIMENTS

In high resolution measurements of the
neutron Induced cross sections of 232Th and
2 3 0 Th, Blons et a l . were able to show that the
previously known resonances near the fission
threshold were fine-structured.3 In particular,
in the 720 keV resonance of 2 3 0 Th, eight reso-
nances or shoulders could be distinguished when
the experimental resolution was 1.7 keV. This
already could hardly f i t in the frame of a sin-
gle parity rotational band supposedly located in
the second well of a double-humped barrier, as
i t was suggested ear l ier . 6 Additional Informa-
tion came from cross section measurements at two
different angles (100* and 125') by Veeser and
Muir7 and from fission fragment angular d is t r i -
butions at different energies by Bruneau.8

All the above experimental data had to be
compared with the corresponding calculated quan-
t i t i e s . The fission cross section was evaluated
In a standard Hauser-Feshbach stat ist ical calcu-
lation using either the measured values of the
neutron strength functions or an optical model.
For each f iss ion channel K*. J , the f ission
transmission coefficient was calculated as the
transmission coefficient of the associated one-
dimensional fission barrier constituted by

smoothly joining parabolas. I t was generally
assumed tha t , within the same Kn rotat ional
band, the different J-fission barriers kept the
same shape. Consequently they were just shifted
by an amount which represents the rotational
energy in the well under study. The barrier
parameters were adjusted so as to f i t simultane-
ously the above mentioned cross section and an-
gular distributions. The result was that, in no
case, even with unrealistic barrier parameters,
a double-humped fission barrier could reproduce
the entire set of experimental data. Indeed, two
rotational bands and a rotational parameter of 2
keV were absolutely needed. This can be achieved
only in the third wel l . In this frame, merely
three solutions designated versions A, B, C by
Blons et al were found to f i t more or less per-
fectly the experiments.9'10 They differed mainly
by the energy of the band heads and by the abso-
lute values of the decoupling coefficient.9 As a
result, the necessity of having a third well was
established but, although Blons et a l . strongly
favored their version C ( f i g . 1) , i t remained an
uncertainty on the spins to be attributed to the
observed levels 1n this wel l .

THE 23OTh(d,pf) EXPERIMENTS

In fact, the data which proved most diffi-
cult to fit were the angular distributions. It
was felt that a more precise determination of
the energies at which the angular distributions
were measured was highly desirable. So, new
measurements were undertaken by Boldeman et
al.11 and by James et al.12. For their part,
Blons et al. wanted to extend the observation of
the rotational levels beyond the spin 7/2. This
spin was the highest which could be attained
with 720 keV neutrons. They realized that wore
angular momentum could be brought into the com-
pound nucleus when the (d,p) reaction is used
Instead of the standard neutron capture. By
using the results of a DWBA calculation and
their favored barrier parameters, they were even
able to predict the would be fission probability
1n a (d.pf) experiment. The challenge was then
to perform the experiment and to verify wether
the 9/2+, 11/2" and 13/2+ levels do show up at
the energies where they were expected.

By using a Q3D magnetic spectrometer asso-
ciated with the Saclay tandem Van de Graaff, an
energy resolution of 7 keV was achieved.13 In
the same experiment, the fission fragment angu-
lar distributions were measured in position-
sensitive parallel plate avalanche detectors.
The fission probability associated with fragment
emitted in the forward direction (9 < 30*) was
found in very good agreement with the expecta-
tion. In particular, the position and the
strength of the new levels are perfectly repro-
duced when the version C parameters are used in
the prediction. Taking Into account both the
neutron data and the above (d.pf) data, and
allowing the parameters of the rotational bands
to be varied Independently, gave the following
results :
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FIG. 1 SIMULTANEOUS BEST FIT (VERSION C OF REF. 9) TO THE EXPERIMENTAL CROSS SECTION' AND ANISOTRO-
PIES10 7 IN THE 2 3 0TMn,f) REACTION

(fi/23)+ « 1.9 + 0.1 keV

(•n72JI)- - 2.0 ± 0.1 keV

a+ * 0.2 ± 0.1

a" • - 0.1 t 0.1

Thus, within the error bars, the rotational
parameters are equal and remarkably close to the
rigid body value, 1.91 keV, at the third well
deformation.11* The decoupling coefficients are
also equal but with opposite signs. Making a
quantitative comparison with the calculated
decoupling coefficients does not make much sense
In view of the experimental uncertainties and of
the extreme sensitivity of the calculation on
fine details. It can, however, be noticed that
the three o • 1/2 levels closest to the Fermi
surface are all calculated to have small decou-
pling coefficients.l<» Thus the (d.pf) analysis
brings a brilliant confirmation of the third
well interpretation of the neutron data. Also,
the spectrometry of the K » 1/2 bands in this
well 1s now clearly established, as Illustrated
In the fig. 2 which Incorporates the (n,f) and
the (d.pf) results In a same analysis. In addi-
tion, the (d.pf) data revealed the necessity of
calling for a second pair of rotational bands,

with K* > 5/2*, 1n order to fit the sideward
component of the fission probability. A a » 5/2
third minimum 1s predicted to lie at the same
energy as the a * 1/2 one.1** On the other hand,
a slightly better fit to the angular distribu-
tions was obtained with K * 7/2 (fig. 3). Thus,
a certain amount of ambiguity remains on the
spectroscopy of this additional band. It should
be noted, however, that such a band, constituted
by levels with relatively high spins, has little
effect on the neutron cross section, except that
It could help fitting the data around 735 keV.

OTHER EXPERIMENTS

The neutron-Induced and the (d.p)-induced
fission cross sections of 232Th, as well as the
associated fission fragment anisotropies, were
also measured parallel with those of 230Th
[refs. 5,9,i5j. yith an energy resolution of 2.3
keV, the resonances at 1.6 and 1.7 MeV neutron
energies appear also fine-structured. A simulta-
neous best fit similar to the one applied to the
230Th data Indicates also the necessity of in-
volving two rotational bands with K * 3/2 and

Fig. 2
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F1g. 2 EXPERIMENTAL " 0 T M n , f ) AND »°Th(d,pf) (e < 30*) CROSS SECTIONS COMPARED WITH THE CORRESPON-
DING QUANTITIES CALCULATED WITH THE VERSION C BARRIERS.
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F I G . 3 FISSION FRAGMENT ANGULAR DISTRIBUTIONS IN THE 2 3 O T h ( d , p f ) REACTION FOR DIFFERENT ENERGY BINS.
THE SOLID LINES INDICATE THE EFFECT OF THE K* - 1 /2* BANDS ALONE. WHEN A K* * 7 /2 * CONTRIBU-
TION IS ADDED THE DISTRIBUTIONS FOLLOW THE DASHED LINES.



opposite parities. Again, the inertia parameter
was found equal to 2 keV for the two bands. The
fits of the calculated fission probabilities to
the experimental data in the region of the 1.6
MeV resonance are shown in fig. 4. As expected
the levels with spins higher than 5/2 a re more
populated in the (d.pf) than in the (n,f) data.
The good agreement obtained on the fission pro-
babilities, as well as on the angular distribu-
tions, is also a clear indication of the presen-
ce of a third well in the potential energy sur-
face of 2 3 3Th. Third wells associated with dif-
ferent a quantum numbers are found theoretical -
Iy.i1» According to the calculation, the barrier
corresponding to Q = 3/2 is not the lowest one.
'This may explain the presence of a cross section
background beneath the rotational structure, as
• the contribution of already open channels.

the observation of the rotational bands in the
third well practically impossible.

CONCLUSIONS

The present situation may be summarized as
follows. A third well is predicted theoretically
in the potential energy surface of nuclei in the
region of the actinides, and even in other re-
gions of the mass table. In this well the nu-
cleus is hyperdeformed with e2 = 0.9 and, in the
case of the actinides, pear-shaped. Fission
offers the most convenient means for producing
and identifying these deformed nuclei. No wonder
the f i r s t , and up to now the only, experimental
proofs of such hyperdeformation were found in
heavy nuclei. Furthermore, one understands the
experimental limitation to the thorium isotopes:
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FIG. 4 EXPERIMENTAL AND CALCULATED CROSS SECTIONS IN THE 2 3 2 TMn, f ) AND 232fh(d,pf) REACTIONS.

Some Indications of twin rotational bands
were also found 1n the " 9 Th(d ,p f ) and 231Pa
(n, f ) cross sections.1 3»1 6 As ont comes to the
uraniums, the f i r s t hump of the t r ip le - humped
fission barrier becomes as high as, or even
higher than, the other two, thus separating the
class I I levels in the second well fro* the
class I levels In the f i r s t one. The Intrusion
of the class I I levels produces a well known
intermediate structure effect which renders

lack of stable targets on one side, intrusion of
class I I levels on the other side. However, with
the thoriums and particularly with 2 3 1 Th, we
have convincing arguments to believe in the
third well and to undertake a spectroscopic
study of the associated hyperdeformed levels.
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