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The resonant structure in the near threshold fission cross section of the 
thorium isotopes has long been a challenge in understanding the fission bar
rier penetrability conditions. The explanations proposed in terms of a single 
or a double humped fission barrier failed to reproduce even the rough beha
viour, when numerical calculations were performed. In hopes that a more detai
led description of the fission cross section will help to solve the problem, 
we first used the neutron time of flight facility connected with the AL 60 Sa-
clay linear accelerator to measure the fission cross section of 2 3 2 T h along 
with the fission fragment angular anisotropy 1). The fission cross section mea
surement was repeated at the Geel linear accelerator GELINA which provided us 
with a better energy resolution. This last run was accompanied by a fission 
cross section measurement of 2 3 0 T h , also at GELINA 2). In all these experiments 
the fission detector was a six-cell gas scintillator where the sixth cell was 
loaded with a neptunium deposit used to monitor the neutron flux. The aniso
tropy measurements were performed by setting,against the Th-deposit, a grid 
which stopped the fragments emitted at an angle larger than 30° (in one expe
riment) or 45° (in a second experiment)3). The best energy resolution was a-
cnieved in the GELINA runs : 2.3 keV at a neutron energy of 1.6 MeV for the 
2 3 2 T h cross section and 1.7 keV at a neutron energy of 0.7 MeV for the 2 3 0 T h 
cross section. 

Since we are mainly interested in the resonances let us concentrate on 
those located at 0.7 MeV in the 2 3 0 T h cross section and at 1.5 and 1.7 MeV in 
the 2 3 2 T h cross section. Each of them reveals a fine structure which was not 
observed earlier. Indeed, fine structure peaks with about the same width (10 
keV) have been reported in the cross section of other actinides4) and were in
terpreted as intermediate structure effects due to compound nucleus states in 
the second well of the fission barrier. However, these peaks have some typical 
properties which are not met in the thorium case : their spacings obey a sta
tistical law (Wigner distribution) and the fission fragment angular distribu
tion does not vary from peak to peak. We shall see later that the spacings of 
the Th peaks are connected by a relationship which is more strict than a sim
ple probability distribution. In addition, the fragments are more forward pea
ked on the high energy side of each gross structure, the spin increases on the 
average with energy. Such a behaviour is incompatible with the properties of 
compound nucleus states but strongly suggests the presence of simpler collec
tive states. This conclusion is supported by the calculations and the systerna-
tics of the fission barrier parameters which show that, in the thorium isoto
pes, the first maximum is definitively lower than the neutron binding energy. 
As a consequence, it is no longer possible to distinguish between class I and 
class II states in the first and r.he second well ; so, the usual intermediate 
structure, as it is found in heavier actinides, cannot develop. But the calcu
lations provide an alternative explanation of the fine structure with the ap
pearance of a third minimum in the fission barrier of light actinides when oc-
tupole deformations are permitted 5). Since the minimum is very shallow only the 
first rotational states can lie below the top of the barrier md they should 
occur as pairs of states with different parities due to the space symetry vio
lation. 

The data have been analysed in terms of the above considerations. The 
cross section is calculated as : 
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where the compound nucleus cross section OQJ and the transmission coefficients 
T n and Ty in the neutron and y~ray channels have been calculated for each spin 
and parity Jïï from the strength functions in the resonance region or by an op
tical model code 6), both calculations being in reasonable agreement. The TfS 
are the transmission coefficients of suitable fission barriers ; for a given 
projection K, the parameters of the different barriers are set equal except 
for an energy shift which reflects the presence of a rotational band : 
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We have presented earlier an analysis of the 0.7 MeV resonance in ' J i T h 
(jref.7)^. In the present communication, we propose a third scheme "version C" 
in addition to "version A" and "version B" studied at Bormio 7). 

Thise three analyses provide us with the following sets of parameters : 
"version B" was also considered by Bjornholm 
and Lynn ), but it has to be rejected becau
se the 7/2" component gives too high a cross 
section and an anisotropy ratio R(0°/90°) * 
W(0°)/W(90°)9) near 748 keV. Also it does 
not reproduce even the gross behaviour of 
R(55°/80°) - oF(55°)/aF(80°) ratio deduced 
from the LASL experimental data 1 0). Version 
A shows a reasonable fit to the fission 

cioss section and anisotropy ratios, as displayed in Fig. 1 whereas version C 
shows an even better fit to the fission cross section and to the R(55o/80°) 
ratio. In both, versions A and C, some of the calculated parameters have been 
adjusted. In particular, the a F has been increased by * 30 Z for the J ï ï=3/2 + 

component7). Note that the actual parameters may differ from the calculated 
ones because the rotation-particle-coupling (RPC) between the K-l/2 and the 
K-3/2 resonances located at 720 keV and 950 keV 1 1) respectively was neglected. 
Moreover, the different J11 components have been calculated with fission bar
riers of identical shapes. A simultaneous least square fit to the experimental 
data (LASL 55°, LASL 80° and our results) shows a spin dependence of the widths 
(10 ± 1 keV for spin J/2 and 7 ± 1 keV for 3/2). Such a variation could be 
produced by increasing one barrier height by an amount as small as 35 keV 1 2 ) . 
Fig. 2 shows that due a to stronger overlapping between l/2+ and 3/2 + components, 
this latter component can be reduced by about 30 7, 

The analysis of the 2 3 2 T h cross section (Fig. 3) is more complicated be
cause the pedestal cross section on which the resonances sit disturbs some
what the angular distributions. In order to describe correctly this pedestal 
which is presumably formed by almost open fission channels one has to begin ' 
the analysis at lower energy, in the region where the cross section begins to 
rise ; this means fitting the cross section and Che anisotropy from about 0.7 
MeV up to 1.8 MeV or more and reproducing all the fine structure observed in 
this range. Of course, it is easy to build a fine structure by adding more 
and more new fission channels 1 3) ; but this procedure gives too high a cross 
section above 2.'> MeV when all fission channels are open and, on the other 
hand, one knows from calculations that the number of single particle levels 
in this energy range does not exceed 8 [_ref.u)j. The analysis hs.s been con-



ducted along this direction and using the same procedure as in the 2 3 0 T h ana
lysis (quasi-degeneracy of the parity, fi2/23«2keV). Fig. 4 shows that both 
the gross and the fine structures of the fission cross section can be quanti
tatively accounted for, provided that the third well may contain two vibra
tional resonances. However, it is impossible to reproduce even qualitatively 
the fission cross sections in the forward direction (8 < 45° and 9 < 30°), if 
one does not introduce RPC between different rotational bands for which K dif
fers by one unit. A Coriolis coupling of 15 Z is sufficient to achieve a rea
sonably agreement between the calculated and experimental cross section Fig.5. 

The most important feature in the analysis of the 2 3 1 T h and 2 3 3 T h vibra
tional resonance is the impossibility to reproduce the fission cross section 
with a single parity 2» 3''). Such a behaviour is indeed already a clear indica
tion of the mass asymétrie third minimum. Furthermore, while the moment of 
inertia 3, as measured in neighbouring nuclei, is two times larger in the se
cond well than in the first well ; our value is more than three times larger, 
which agrees with the calculated value in the third well 1 5). Finally, this 
interpretation explains the "thorium anomaly" and reconciles the experiments 
and the calculations through the three humped fission barrier hypothesis5). 
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Fig. 1 - 2 3 0 T h cross sec
tion calculated as a super
position of two rotational 
bands with opposite parti-
ties and K=l/2. Calculated 
W(0°)/W(90°) and ap(55°)/ 
Oj.(80°) ratios obtained 
from versions A and B as 
compared with the Bordeaux 
experimental points9) and 
with the^p(55o)/fF(80°) 
ratio obtained by the au
thors from the raw LASL ex
perimental data 1 0). 
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Fig. 2 - 2 3 0 T h cross section calculated as a superposition of two rotational 
bands with opposite parities and K=I/2. Calculated W(0°)/W(908) and 0F(55°)/ 
0^(80°) ratios obtained from version C as compared with the Bordeaux experi
mental points ) and with the Op(55°)/Op(80°) ratio obtained by the authors 

l o-from the raw LASL experimental data ) 
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Fig. 3 - Experimental 2 3 Z T h fission cross sections integrated up to 45° to 
45* and 31° and over all angles. 
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Fig. 4 - 2 3 2 T h fission cross section calculated in the same manner as in 
Fig. I wnen several K fission channels are involved. 
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Fig. 5 - Calculated 2i£1h f iss ion cross sections integrated up to 45° and 31° 
and over a l l angles. 


