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ABSTRACT: Several wel ls are found i n the po ten t ia l energy surface of en
the a c t i n i d e s . The f i r s t wel l corresponds to the ground s t a t e déforma- au
t i o n Uz * 0 . 2 ) . The second wel l accomodates f i s s i o n isomers with a
la rger deformation ( e , « 0 . 6 ) . A t h i r d wel l is ca lcu la ted to occur a t Ho
the C2 * 0 . 9 , e3 » ± 0 . 2 quadrupole and octopole deformation, r e s p e c t i - r t ;

vely. In this paper, we present experimental evidence for the existence i
of hyperdeformed pear-shaped thorium nuclei in this third well. en

ni;

1. INTRODUCTION Af
5

Fission isomers were discovered at Dubna in 1962 (Polikanov et al 1962). a

They were explained, in the mid 60's, by the existence of a second well in Va
the potential energy surface (PES) of heavy nuclei. According to the Stru- wa
tinsky's calculations (Strutinsky 1967), this second well is due to the Fi
shell effects and arises at large quadrupole deformation (e2 = 0-6). For tn
comparison, the ground state deformation for the actinides in the first f*
well is only e, = 0.2. Ten years later (Specht et al 1972), the observation t
of a rotational band for the 2<t0Pu isomer brought a beautiful confirmation
of this interpretation : indeed, the moment of inertia was found twice as
large as the one measured in the ground state band. A model-Independent
proof of the existence of such a superdeformation was given by a measure-
ment of the electric quadrupole moment, Q = 36 ± 4 b, of the 8 (is isomer of
2 3 9Pu (Habs et al 1977). Also, the theoretical values were found very close
to the experimental ones for both the moment of inertia and the quadrupole
moment.
When theoretical calculations became more sophisticated, it was established
that nuclear shapes could be more complicated as the fission process evol-
ves (MoI 1er et al 1974). In fact, it turned out that the PES presents more
favorable paths when certain symmetries of the nucleus are lost. For ins-
tance, at the second maximum, the potential energy decreases with an asso-
ciated finite loss of the right-left symmetry. For the thorium isotopes,
the loss of the right-left symmetry even causes the creation of a rather
shallow (~ 1 MeV) third well at very large deformation U2 = 0.9). Follow-
ing the method used for the identification of the superdeformed second
well, the experimental challenge was to detect rotational bands in this
hyperdeformed third well and to extract the moment of Inertia.

Such an experimental research is presented in this paper for 2 3 1Th and
2 3 3Th. In section 2, we describe the experimental technique. Some experi-
mental data and analyses are given in section 3. Discussions and conclu-
sions are presented in section 4 and 5, respectively.



2' 2. EXPERIMENTAL TECHNIQUE

co The existence of rotational hyperdeformed states trapped in a third well
th could be experimentally shown by the specific properties of resonances in
an the fission probability (Pf). It is obvious that the measurements must have

an energy resolution better than the rotational energy spacings. A second
le condition is to assign the J1 K and n quantum numbers to the individual
a( levels. These quantum numbers can be deduced from the fission probability

and fission fragment angular distributions (FFAO).

IT1 Until now, the best energy resolution for the fission probability near the
P 1 fission threshold, was obtained with the neutron time-of-flight technique.
(,- First experiments were performed using a linear electron accelerator
,, (GELINA) and a 51 or 101 meter long flight path. In these conditions, the

Z' energy resolution was 1.7 keV at E n = 720 keV for the
 2 3 0 T M n , f ) reaction,

and 2.3 keV at E n * 1.6 MeV for the 23*Th(n,f) reaction (Blons et al 1984).

However, if the neutron-induced reactions lend themselves to high energy
. resolution measurements, they are, nevertheless, of limited use because :
ei! i) They are limited to excitation energies just above the neutron binding
ni! energy. Ii) They only bring a small angular momentum into the fissioning

nucleus, since only neutron energies below « 2 MeV are of practical use.
A"
s Appropriate (d,p) reactions, leading to the same fissioning nucleus, do not
a suffer from the above drawbacks. Pf and FFAD of several isotopes of thorium
Y and uranium were investigated with the deuteron beam of the Saclay Tandem
' Van de Graaff accelerator (Blons et al 1988). The overall energy resolution

Fl was about 7 keV. The experimental lay-out is schematically represented in
til Figure 1. The experimental procedure consisted in measuring the energy of
fr the proton emitted at 130* in the laboratory in coincidence with a fission
t fragment emitted at an angle, e, with respect to the recoil direction of

the fissioning nucleus.
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Fig. 1. Schematic representation of the experimental set-up used for
(d,pf) reactions.



The fission fragments were detected by two parallel plate avalanche detec-
tors (PPAD). The anodes of the PPADs were divided into seven strips as
shown in Figure 2, each one corresponding to a 10* (or 5*) span 1n polar
angle, e. Each strip was connected to its neighbours by a 2 ns delay line
and the angle identification was made by measuring the time delay between
the PPAD signals at the two ends of the total delay line.

PPADI PPAD2

Fig. 2. Lay-out of the PPAD anodes. The l ines, labelled by the polar angle,
constitute the separations between adjacent strips.

The proton energy was measured in the Q3D magnetic spectrometer. The focal
surface of the Q3D was equipped with two single wire proportional counters
(SWPC) and a plastic sc int i l la tor . The SWPCs were used as position sensit i-
ve detectors by means of a charge division applied to both ends of the
resistive wire. The use of these two detectors allowed, f i r s t l y , the curva-
ture of the focal surface to be corrected and, secondly, the proton trajec-
tory In the Q3D to be identif ied. The plastic sc int i l la tor , set behind the
SWPCs, stopped protons and gave a fast signal. This signal was used as the
"start" input for a time to amplitude converter (TAC), and the "stop" Input
subsequently came from the PPAD1S cathodes.

3. EXPERIMENTAL RESULTS AND ANALYSES

The excellent energy resolution available
f i r s t t ime, a "fine structure" in the En =
cross section (Blons et al 1978). The same

at GELINA has shown, for the
720 keV resonance of 23 0TMn,f)
"fine structure" was also found

in the Los Alamos o n f (E n ; e ) resu l ts , obtained at two angles, 9=100* and
9=125*. with respect to the neutron beam (Veeser et al 1981). Furthermore,
the ensuing experimental r a t i o , R(En) = an f (En ;125*) /an f (En ;100*) , gives
accurate information on FFAD. In addition, several FFAD were measured for
this resonance, using monoenergetic neutron beams. The last results obtai-
ned at Lucas Heigts (Boldeman et al 1985) seem the most accurate ones.

All the experimental data have been analysed according to the Hauser-
Feshbach's theory (Hauser et al 1952). In the compound nucleus model, i t is
generally assumed that a nuclear reaction proceeds in two independent

•steps : the f i r s t is the formation of a compound nucleus in the f i r s t well



and the second is its decay in which fission competes with all other exit
channels like y, or possibly, neutron emission. The compound nucleus cross
section is calculated in the DWB approximation while the fission transmis-
sion coefficient 1s calculated as the transmission coefficient of a one-
dimensional barrier Due to the shallowness of the third well, only low-
lying levels can be trapped. These levels are expected to be rotational and
must have well defined J, K and n quantum numbers. The energy sequence of a
rotational band can be expressed as

a n [ ( - D J + 1 / 2 ( J + l / 2 ) + IJJ

where E^n is the rotat ional band-head energy for par i ty * , J is the
angular momentum of the rotational level , K is the J-projection on the
nuclear symmetry axis, 3 is the moment of inertia of the deformed nucleus
perpendicular to the symmetry axis, and an is the Coriolis force decoupling
parameter which vanishes for al l K* 1/2.

All analyses of the neutron data undertaken by different groups agree on
the necessity of using two rotational bands with opposite pari t ies. Figure
3 shows a simultaneous best f i t of the 720 keV resonance of the 2 3 OTh(n,f)
cross section when the FFAD are Included In the f i t t ing procedure. The
K-quantum number is K = 1/2. The deduced rotational band parameters are
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Fig. 3. "Simultaneous best f i t " to the experimental cross-section, FFAD
rat io and R(En) = anf(En;125*)/0nf(En;lOO*) for the E

i n
lOO}

( n , f ) . n 720 keV resonance



{•ti2/23)+ = 1.9 i 0.3 keV
tfP/23)- = 2.1 ± 0.1 keV

a+ = 0.2 ± 0.2
a" = - 0.3 ± 0.2

8.5 keV

As seen in Figure 3, the En = 720 keV neutrons do not bring enough angular
momentum to feed nuclear states with spin, J , larger than 7/2. A (d.pf)
reaction provides more angular momentum in the compound nucleus. This is
il lustrated in Figure 4 where the predicted 230ThJd,pf) probability is
calculated on the basis of the two-parity band analysis of the 2 3 OTh(n,f)
data. This comparison shows an expected large reinforcement of the (d.pf)
probability on the high-energy side of the (n, f ) structure, in particular
the 9/2+ and 11/2" components are now clearly separated.
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Fig. 4. The experimental, 6, and calculated, — , 23ojh(n,f) cross section ,
compared with the " 0 T h I d , p f ) calculated probability, — .

So, in order to extend the observation of the rotational levels beyond J =
7/2, an additional experiment on the (d.pf) reaction was undertaken at
Saclay (Blons et al 1988). Figure 5 shows a simultaneous best f i t to the
23"Th(n,f) cross-section and the 23OTh(d,pf) probability at forward angles
(0* < e < 30*) . The deduced rotational band parameters are the same (within
the error bars) as those obtained in f i t t ing the neutron data only. Indeed,
this feature strongly confirms the conclusions drawn from the analysis of
the neutron data. I t is particularly rewarding to see a l l the expected
members of the two K = 1/2 rotational bands from J = 1/2 up to J = 13/2.

Nevertheless, the calculated Pf in the sideward direction (60* < e < 90*) ,
is appreciably smaller than the experimental 2 3 uTh(d,f) data (Blons et al
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Fig. 5. Comparison of the experimental and calculated 2 3 uTh(n,f ) cross-
section with the experimental and calculated 2 3 0 TMd,pf ) probability.

1988). Such a difference was attributed to a higher-value K quantum number
contribution. Additional K=5/2 or K=7/2 rotational bands restore equally
well the experimental probability. A K = 5/2 band is predicted by theoreti-
cal calculations (Bengtsson et al 1987). However, taking the FFAD also into
account, a better f i t was obtained with K = 7/2. The result of the f i t is
indicated by the ful l lines in Figure 6 . A K = 7/2 rotational band has no
ef fec t on the o n f , since 700 keV neutrons do not bring enough angular mo-
mentum into the compound nucleus to feed nuclear states with spins as large
as J - 7/2 and more. Thus, the adjunction of such high K rotational bands
does not affect the analysis of the (n, f ) data.

Following the success achieved in ascribing the observed fine structures to
class I I I levels of the fissioning nucleus 2 3 1 T h , similar studies were also
undertaken for 2 3 3 Th. The neutron-induced and the (d.p)-fnduced fission
cross sections of 2 3 2 Th , as well as the associated fission fragment aniso-
tropies, were measured. The fission subthreshold resonances appear also
fine-structured in both (n . f ) and (d.pf) probabilit ies. A simultaneous best
f i t similar to the one applied to the 2 3 6Th data indicates also the neces-
sity of involving two rotational bands with K = 3/2 and opposite parities
with an energy separation, A E + = - 22 keV.

Again, the inertia parameter was found equal to 2 keV for the two bands.
The f i ts of the calculated fission probabilities to the experimental data
around 6.4 MeV excitation energy are shown in Figure 7. As expected, the
levels with spins higher than 5/2 are more populated in the (d.pf) than in
the (n, f ) data. The good agreement obtained on the fission probabilit ies,



5.860«E«5 880McV

eidtg.l

Fig. 6. Experimental 2 3 1Th fission fragment angular distributions compared
with the calculated values. The dashed lines represent the K* = 1/2* con-
tributions alone and the full lines represent the sum of the K* = 1/2* and

7/2* contributions.

as well as on the angular distributions, Is also a clear indication of the
presence of a third well in the potential energy surface of 2 3 3Th (Bions et
al 1984 and 1988).

Some indications of two rotational bands with opposite parities were also
found in the 2 2 9TMd,pf) (Blons et al 1988) and 231Pa (n.f) cross sections
(Plattard et al 1981). As one comes to the uraniums, the first hump of the
triple-humped fission barrier becomes as high as, or even higher than, the
other two. In these conditions, the intrusion of the class II levels produ-
ces a well known intermediate structure effect which renders the observa-
tion of rotational bands in the third well pratically Impossible.

4. DISCUSSION

For 231Th and 2 3 3 Th, both analyses of (n. f ) and (d,pf) data give a value of
the moment of Iner t ia , 23/h*2 = 500 MeV"1- Moments of inertia have been
calculated with the Ni Is son and Woods-Saxon potentials as a function of
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Fig. 7. Experimental and calculated cross sections in the 232TMn,f) and
232Th(d,pf) reactions.

deformation (Bengtsson et al 1987). For large deformation, e2 ~ 0.9, the
results are very close to rigid-body values. Also the Influence of the
octupole deformation or of an odd particle seems rather small. In these
conditions, as Illustrated In Figure 8, the experimental values are consis-
tent with the moment of Inertia at the third minimum. This deformation
corresponds to a 3 : 1 axis ratio (hyperdeformation). By comparison, In the
second well where the moment of Inertia is 300 MeV-I (Specht et al 1972),
the axis ratio i s 2 : 1 (superdeformation).

Moreover, a typical property of nuclei In the third well 1s their reflec-
tion asymmetric shape. For such a shape, the parity is no longer a good
quantum number. Nevertheless, definite-parity wave functions can be cons-
tructed from each wave functions *(e3) and *(-e3) by forming the linear
combinations

<j,+ = I/Î72" [4,Ce3 and

An examination of the potential energy surface within the framework of the
triple-humped barrier shows that there are, in fact, two third wells at
posi t ive and negative values, c j t j , of the deformation coordinate G3 de-
scribing the octupole deformation. Without coupling between the two octupo-
le third wells, the theory predicts a parity doubling of all rotational
states (Bohr et al . 1975). A separation between the parity doublets arises
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2 ^ P u (reflexion symmetric shapes) and for 232Th at the third well . The
experimental values of J, at the first and the second minimum for " 0 P u and

at the third minimum for 2 3 1Th are denoted by crosses.

when the coupling between the two wells Is switched on. The energy split-
ting. AE+,_ between the heads of the two rotational bands depends on the
transmission coefficient of the barrier between the two third wells. Theo-
retically, AE+ can be expressed in a quasi-classical procedure (Landau et
al 1963). '' .

W exp[- ̂ i W 2 H ( V U J ) - E U ) de3j

where ± a are the values of e3 at the turning point, m and E0 are the fre-
quency of vibration and the energy of the state in one potential well,
respectively, n is the mass parameter and V U 3 ) the height of the barrier
between the two octupole third wells.

As we have shown in section 3, experimental results on
i i

can Onlyp
be f i t t e d with pairs of rotational bands. The energy spl i t t ing, A E + , is
found equal to 8.5 keV for 231Th and -22 keV for 2 3 3Th. I t is d i f f icu l t to
compare this value to the theory In a static calculation since the mass
parameter, n, is unknown. I f the mass parameter is assumed to be Indepen-
dent of deformation, ^ = 0.0540 Ab/34i2 MeV'1 the calculated value when
assuming a tunneling at constant value of the quadrupole deformation is
largely smaller than the experimental one (Paya 1980). Nevertheless, i t is
possible to f ind, in the two dimensional e 2 . e, space, a path with a lower
action integral and giving AE+ _ value closer to the experimental one. For
instance, in Figure 9, AE+ Ms 0.01 keV for the path labelled c, while
A E + > . is 5 keV for the path labelled b \

5. CONCLUSION

Today, a third minimum is found in both theoretical macroscopic-microscopic
and purely microscopic calculations. Experimentally, when high energy reso-
lution is achieved, a third minimum is also observed in the PES. The hyper-
deformation of the class I I I states is consistent with theoretical predic-
tions (Bengtsson et al 1987). Also the observation of parity doublets indi-
cates the occurence of pear-shaped deformation. I f the 231Th nucleus i s , by
far , the most striking test ground for the third well hypothesis, a similar
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work was undertaken for the two
other thorium isotopes 230 and
233 and lead to the same con-
clusions (Blons et al 1988).
Indeed in both cases, the ana-
lyses indicate the necessity of
involving two rotational bands
of opposite parities and iner-
tia parameter equal to 2 keV.

Fig. 9. Potential energy sur-
face as function of coordinates
E 2, £„. e3 and e5 (Moiler et al
1972). The different paths used
in the calculation of AE + _ are

also shown.
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