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A THIRD MINIMUM IN THE FISSION BARRIER

Jacques BLONS

DPhN/BE, CtN Saclay, 91191 GIf-sur-Yvette Cedex, France

The latest refinements of the fission barrier pinpointed the occurence of a
third minimum. This paper reviews the search for such a minimum through high
energy resolution fission probability measurements. After successful experi-
ments with neutrons, deuteron beams were used. Higher J spin members of a
pair of rotational bands with opposite parities were found, in the (d,pf)
experimental results, as expected. The experimental fission barrier para-
meters are compared to the theoretical calculations obtained from the macro-
scopic-microscopic model and the purely microscopic one. The properties of
nuclei at the third minimum deformation are also discussed.

1. INTRODUCTION
A new Impulse was given to nuclear fission studies when the fission isorers

and intermediate structure effects were discovered. In the mid 60's, Strutins-
ky1 proposed his evaluation of the fission barrier and, as a result, these
experimental facts began to be understood. The early successes of this inter-
pretation revived bcth experimental and theoretical activities In this field.
Using appropriate experimental techniques and more sophisticated theoretical
calculations, it was possible to obtain a systematic determination of the fis-
sion barrier parameters for a large number of nuclei. It was shown for instan-
ce at the 1973 Rochester Conference, that experimental results generally agreed
with their theoretical determination2 as far as the double-humped fission bar-
rier parameters are concerned.

Nevertheless, such an agreement was not found for the light actinides and,
in particular, for the thorium Isotopes. For these latter nuclef, the theoretf-
cal values of the first maximum and the second minimum were several MeV lower
than those obtained from the experimental data. These discrepancies largely
exceeded the experimental and theoretical uncertainties which were estimated to
be ± 0.5 and t 1 MeV respectively.

Originally, it was assumed that nuclear symmetry was preserved throughout
the fission path. However, as the theoretical calculations became more sophis-
ticated, it was established that nuclear shapes could be more complicated as
the fission process evolves. In fact, It turned out that the potential energy
surface (PES) presents more favorable paths when certain symmetries of the
nucleus are lost. For Instance, the first maximum decreases as the nucleus



loses i ts axial symmetry Iy deformation). At the second maximum, axial symmetry

is re-established but the potential energy decreases with an associated f in i te

loss of the r ight - le f t (or mass) symmetry.

For the thorium isotopes, the second maximum is predominant and the loss of

the r ight - le f t symmetry then causes the creation of a rather shallow (~ 1 MeV)

third wel l 2 . Indeed, the transmission coefficient of such a barrier can provide

resonances in sub-barrier fission probability. This transmission coefficient

has to be compared with the experimental results.

From an experimental point of view, the existence of a gross structure in

the neutron-induced fission cross-section onr(En) of 23".232Th had been known

for a long time3"7 . For 2 3 2Th, I t appeared as a succession of resonances, 50 to

100 keV wide, at excitation energies below the threshold, whereas for 2 3 0Th,

i t was represented by a single, quite isolated resonance at an incident neutron

energy of En=720 keV.

A "f ine structure" in the neutron-induced fission cross-section <rnf(En) of
232Th was observed for the f i r s t time8 by using neutron time-of-f l ight (TOF)

techniques. A similar "fine structure" in the En*720 keV resonance of 230Th was

detected three years la ter 9 . Although no precise quantitative evaluation was

presented at the time, i t was nonetheless suggested that the observed "fine

structure" ought to be Interpreted in terms of two rotational bands located in

a putative third well In the fission barrier.

These results i n i t i a t e d a whole series of high-resolution anf[En) and f i s -

sion fragment angular distribution (FFAD) measurements by different groups.

However, the resulting Interpretations were rather ambiguous and led to nume-

rous controversies, In particular, at the 1979 Jiilich Conference10. These con-

troversies were about experimental discrepancies on FFAD and on the necessity

of including both positive and negative parity bands. So, new results and ana-

lyses were urgently needed and we f e l t that the problem could be solved by

using (d.pf) reactions. As a (d,pf) reaction provides more angular momentum

into the compound nucleus (up to J = 13/2 as compared to a maximum of only 7/2

in the (n, f ) reaction), I t should be much easier to decide whether : i) addi-

tional levels are observed, 11) these levels belong to a single band or a pair

of bands.

This Is I l lustrated In Fig. 1 where the predicted 2 3 0TMd,pf) probability is

calculated11 on the basis of the two-parity band analysis of the 2 3 0ThIn,f)

data. This comparison shows a large reinforcement of the (d.pti probability,

(Pr), on the high-energy side of the (n. f ) structure, In particular the 9/2*

and 11/2' components are now clearly separated. Since these features have been

calculated from the (n, f ) deduced triple-humped barrier, our challenge was to

measure the 23OTh(d, pf) probability and to compare i t with these predictions.
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FIGURE 1
The experimental, ô, and calculated, —, 23OTh(n,f) cross section , compared

with the «°Th(d,pf) calculated probability, — [réf." ].

The present paper focuses attention on the light actinides when the double-
humped barrier fails to explain the experimental results. In sect. Z1 the dedu-
ced properties of nuclei at the third minimum ara discussed. In sect. 3, we
present experimental techniques for obtaining high energy resolution both in
P. and FFAD. In sect. 4, some high energy resolution experimental data and
analyses are presented. Discussions and conclusions are presented in sect. 5.

2. PROPERTIES OF NUCLEI AT THE THIRD MINIMUM DEFORMATION
In a shallow third well at octupole deformation, some specific properties of

states are expected : 1) rotational bands, 11) energy splitting, 111) hyperde-
formation.

2.1 The rotational bands
The first characteristic of the third minimum is its shallowness (depth of

0.5 to 1 MeV). In the second well, at an excitation energy of about 3 MeV, the
level density 1s high (D 1 1 spacing - 50 eV) and the vibrational energy is
shared with neighbouring states. An example of complete damping of vibrational
states is given by the 237Mp(n,f) cross-section12. When *-:ie density of states
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decreases (OJJ~ 1 keV) the damping becomes only par t ia l , as seen in 239Pu(d,pf)

or 2 3"U(n,f) cross-sections13"15. With a shallow wel l , less than 1 HeV deep,

only low-lying levels can be trapped. These levels are purely collective in

character (rotational) and must have well defined J, K and n quantum numbers.

For a given K value, the J = K, K + 1, K + 2 . . . states constitute the rota-

tional band. The energy sequence of such a band can be expressed as

j K £K [ [ I ] J , /1»
23

where EjL is the rotat ional band-head energy for parity n, J is the angular

momentum of the rotational leve l , K is the J-projection on the nuclear symmetry

axis, 3 is the moment of inertia of the deformed nucleus perpendicular to the

nuclear symmetry axis, and a11 is the Coriolis force decoupling parameter which

vanishes for a l l K M / 2 .

Rotational levels can be observed in the experimental fission probability,

provided that the energy resolution is better than the spacing between two

adjacent states. Of course, the strength of the states is strongly dependent on

the angular momentum transferred by the entrance channel.

The FFAD can be calculated on the assumption that the fragments are emitted

along the axis of symmetry of the nucleus. The rotating nucleus can be repre-

sented16 by the symmetric top wave function

DjJKU,9,<|,) = expdMo) expdKo,) d^(e) , (2)

where <t>, 9, 4, are the Euler angles and M the projection of the angular momentum

J onto a space-fixed axis Here, df}K(e) is given by

• [ (J+M) ! (J-M) !(J+K)! (J-K) I ] 1 ' 2

(3)
f A l^flç I fl ^

x K-D HH 1 L _ .
x (J-K-x)!(M-x)!(x+K-M)!x!

where x takes al l non-negative integer values for which none of the factors in

the denominator becomes negative. I f K is preserved along the saddle to scis-

sion path, the probability of a fission fragment being emitted at an angle

lying between 9 and e + ds is then

dPKJM(9) • I (2J+l)ldjJ K ( 9 ) l 2 sine de . (4)

For unaligned targets al l projections M contribute with equal weights , also
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both ± K projections contribute to the probability. Taking into account the

symmetry properties of the d-functions, the FFAD, for an even-even target nu-

cleus and quantum numbers K and J , reduces to

with
J* dP(e) = J* w;}

o o "*
sine de = 1 . (6)

Theoretical evaluations of eq.(5) show that rotational members of the K=l/2

band give fragments peaking along the recoil direction of the fissioning nu-

cleus, while al l other K-bands give no fission fragment yield at forward an-

gles. I t follows that FFAD reflects directly the K, J quantum numbers as shown

in Fig. 2. These quantum numbers can be assigned to individual resonances pro-

9(deg)

FIGURE 2
Theoretical FFAD for different K, J fission exit channels.
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vided that a good energy resolution is achieved both in the fission probability

and FFAO measurements.

2.2 The energy split t ing

A typical property of nuclei in the third well is their reflection asymme-

tr ic shape. 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

positive and negative values of the deformation coordinate e3 describing the

octupole deformation. For a reflexion asymmetric shape, the nuclear wave func-

tion no longer has a well-defined parity. Definite-parity wave functions can

nonetheless be constructed from these i l l -defined-parity wave functions * (e 3 )

and (|)(-e3) by forming the linear combinations

<l< = /•=• M E 3 > + * ( - ea ) l i *" = / - M e 3 ) - * ( -ea ) ] (7)

leading to different eigenvalues E + and E".

The rotational bands will thus have opposite parities but the same moment of
inertia 3. In addition, the absolute value of the decoupling parameter a11

should be identical and its sign should be different for the different pari-
ties 17

a11 = - a"11 . (8)

+
The energy s p l i t t i n g ûE+ = EKK * EKK depends on the transmission coeff i -

c ient of the barr ier between the two third wells. Theoretically, AE, can be

expressed In a quasi-classical procedure18 '19.

2.3 The hyperdeformation

The experimental observation of pairs of rotational bands with the same K

quantum number but opposite parities could strongly support the existence of

the third well . However, an another condition must be f u l f i l l e d . Calculations

[ r e f s . 2 ' 1 9 ] Indicate that the third minimum is expected at a quadrupole e2 ~

0.9 deformation. This value indicates that the nucleus Is more elongated in the

third well rather than in the second one : the corresponding moment of inert ia ,

3 , wil l then be larger or the inertia parameter, VZO, wil l be substantially

smaller than the 3.3 keV observed In the second we l l 2 0 .

3. EXPERIMENTAL TECHNIQUE

From an experimental point of view, the evidence of a third minimum in the

fission barrier could be sought by observing nuclear levels as resonances in

the fission probability. These "class I I I levels" had to have the characteris-

t ic properties presented in the previous section. So there was a double

challenge :
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i ) Vo reach an energy resolution which would be better than the spacing between

two adjacent levels of the expected rotational bands and to make sure that they

form rotational bands, i i ) To assign the J, K and * quantum numbers to the

individual resonances. These quantum numbers can be deduced from the fission

probability and FFAD.

Until now, the best energy resolution for the fission probability near the

threshold, was obtained with the neutron time-of-f l ight (TOF) technique. TOF

experiments were performed using a linear electron accelerator (linac) or an

underground nuclear explosion as a neutron source.

With a l inac, the neutron flux is relatively low, so the fission events had

to be induced in up to 6.6 g of f iss i le material, in a stack of targets contai-

ned in a large gas scint i l lator . Such experiments were performed at Saclay8,

G e e l 9 ' 2 1 and Oak Ridge 2 2 , where "fine structures" were observed in "0 .232J n

(n , f ) and 2 3 1Pa(n,f) cross-sections. The energy resolution was 1.7, 2.3 and 0.4

keV respectively. Due to the large diameter of the targets U ~ IS cm), a true

FFAO could not been measured. However, a fission fragment anisotropy was obtai-

ned at Saclay18 and Oak-Ridge23 by putting an aluminium grid against each tho-

rium target.

With a nuclear expl ision, the available high neutron flux permits the use of

a small target. Thus, a good angular resolution in FFAO can be added to the

high energy resolution in P .̂ In the Los Alamos experiment, the fission events

were detected in silicon detectors positioned at 9 == 100* and 125* respective-

ly . In these conditions, a "fine structure" was observed in the 2 3 0 TMn,f )

cross-section2* with an energy resolution of about 1 keV .

Oths- technique, using monoenergetic neutron beams, was also applied : a Van

de Graarf accelerator was used for producing the neutron flux via the 7Li(p,n)

or 3H(p,n) reaction. The fission fragments were detected using silicon or

Makrofol track detectors. With this technique, Pfand FFAD can be measured s i -

multaneously. Usually, the energy resolution is not as good as In the TOF expe-

riments. By this method, FFAD were measured for 2 3 0 TMn, f ) at Harwell7*2 5 ,

Bordeaux26"28 and Lucas Heights2 9 '3 0 with 3 to 5 keV energy resolution.

However, i f the neutron-induced reactions lend themselves to high energy

resolution measurements, they are, nevertheless, of limited use because : i )

They are limited to excitation energies just above the neutron binding energy.

11) They only bring a small angular momentum into the fissioning nucleus, since

only neutron energies below - 2 MeV are of practical use.

Appropriate (d,p) reactions, leading to the same fissioning nucleus, do not

suffer from the above drawbacks. Pf and FFAD of several Isotopes of thorium and

uranium were investigated31 with the deuteron beam of the Saclay Tandem Van de

Graaff accelerator. The overall energy resolution was about 7 keV. The experi-



mental lay-out is schematically represented in Fig. 3. The experimental proce-
dure consisted in measuring the energy of the proton emitted at 130* in the
laboratory in coincidence with a fission fragment emitted at an angle, 9, with
respect to the recoil direction of the fissioning nucleus.

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
Fig. 4., each one corresponding to a 10* (or 5*) span in polar angle relative
to the recoil direction of the fissioning nucleus. 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.

PARAOAY

RECOIL C n P

DICTION »

K
TARGET

OEUTERONS

OUI

PPAO1

FIGURE 4
Lay-out of the PPAO anodes.

tions.
sjs SE

PPAD2

The l ines,

«ass
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 scintillator. The SWPCs were used as position sensitive
detectors by means of a charge division applied to both ends of the resistive
wire. The use of these two detectors allowed, firstly, to correct the curvature
of the focal surface and, secondly, to Identify the proton trajectory in the
Q3D. The plastic scintillator, 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 PPAD's catho-
des.
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4. EXPERIMENTAL RESULTS AND ANALYSES

The available experimental data concerning fine structure, i f any, have been

analysed, for 229.231,233Tt1 a n d 232Pa> according to the Hauser-Feshbach's theo-

ry 3 2 . In the compound nucleus model, I t is generally assumed that a nuclear

reaction proceeds in two indépendant steps : the f i rs 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 l ike Y or, possibly, neutron emission.

The experimental data have been analysed following tne procedure described in

r e f . 2 1 : the compound nucleus crcss-*section is calculated in the OUB approxima-

tion while the fission transmission coefficient is calculated as the transmis*

sion coefficient of a one--dimens1onal barrier.

4.1 2 3 1Th
The 231Th nucleus i s , by far, the most striking test ground for the third

well hypothesis. So2 i t was extensively studied. Among the numerous amount of

experimental results, only high energy resolution data is discussed here.

The f i r s t evidence of "fine structure" in the 720 keV resonance of 231Th was

found in the TOF experiment9, at the Geel linear accelerator (GELINA). The

high-energy resolution (6E => 1.7 ksV) allows the observation of the splitt ing

of this resonance in narrow peaks.

Also spectacular are the Los Alamos a , (E , ;9) results21*,obtained at two an-

gles, e»100* and e»125*, with respect to the neutron beam. Not only do the

<Jn f(E.;6) results show the same fine structure as the GELINA data, but the en?

suing experimental rat io , R(En) * dnf(En;125*)/an f(En;100*), also gives accura-

te and badly needed information on FFAD.

Furthermore, several FFAD were measured for this resonance, usixg monoener-

getic neutron beams. As mentioned in the introduction, they led to numerous

controversies. F i rst ly , large discrepancies between different expérimental sets

were observed. Secondly, within a same set, large fluctuations were seen be-

tween two adjacent points. This could result from an inacurate determination of

the energy point. The new FFAD obtained at Lucas Heights30 seem, now, the most

reliable result, since they show a smooth variation with energy and, when inte-

grated over all angles, they reproduce fa i r ly well the fission cross-section

obtained from TOF experiments. Extensive analyse; of these data have been under

taken by several groups [ r e f . 1 0 ' 1 8 ' 2 1 ' 2 7 ' 2 9 ' 3 0 ] . All agree on the necessity of '

using two rotational bands with opposite pari t ies. Only the Saclay group21 was

able to f i t simultaneously al l the experimental data as shown in Fig. 5.

In this analysis, the En =• 720 keV resonance Is described as a superposition

of two rotational bands of opposite parities with K»l/2. The deduced rotational

band parameters are
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200 -

FIGURE 5
"Simultaneous best f i t " (SBF) [ r e f . 2 1 ] to the experimental cross-section9,
FFAD r a t i o 3 0 and R(En) = 9n f (En ;125*)/an f (En ;100'] from ref.21* data points for

the En J1ItQ key resonance in « ° T h ( n , f ) .

(fi2/20)+ = 1.9 ± 0.3 keV ; a+ = 0.2 ± 0.2 ,
fa/23)- = 2.1 ± 0.1 keV ; a" = - 0.3 t 0.2 .

and AE+ _ = EjK - E£K = 8.5 keV.

Additional experimental (d,pf) data, obtained at Saclay31, have to be taken

into account in the analysis and compared to the predicted fission probability

shown in Fig. 1 . As shown in Fig. 7, data collected 1n the forward direction

fa l ls quite accurately on the predicted curve. In particular, additional 9/2+ ,

11/2- and 13/2* spin members not seen in the (n.f ) cross-section now clearly

show up, as expected. Nevertheless, as Indicated in r e f . 3 1 the calculated Pf in

the sideward direction (60* < e < 90*) , is appreciably smaller than the experi-

mental 2 3 0ThId, f ) data.

Such a difference was attributed to a higher-value K quantum number contribu-

t ion. Additional K»5/2 or K=7/2 rotational bands restore equally well the expe-

rimental probability.
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A K = 5/2 band was predicted by theoretical calculations19. However, taking
the FFAD also into account, a better fit was obtained with K = 7/2. The result
of the fit is indicated by the full lines in Fig. 6 . A K = 7/2 rotational band
has no effect on the anf, since 700 keV neutrons do not bring enough angular
momentum into the nuclear system to feed nuclear states with spins as large as
J = 7/2 and more. Thus, the adjunction of such high K rotatinal bands does not
affect the analysis of the (n,f) data.

S.J26«E«5.850MeV

Hi*

5.8S0«E«5.860MeV 5.860«E«5.880M«V

Ht

5.900« £«5.906MiV

Il

JvIV'
Vi
ill

\

-

Ui

30 60 90 0 30 60

Sldig.)

90 0 30 60 90

FIGURE 6
Experimental 231Th fission fragment angular distributions compared with the
calculated values. The dashed lines represent the Kn = 1/2* contributions alone
and the full lines represent the sum of the K" = 1/2* and 7/2* contributions.

Fig. 7 summaries the experimental status about 2 3 1Th. The neutron results,
where the K = 7/2 bands are not fed, are compared with the (d,pf) data at for-
ward angles, where the K = 7/2 contribution is negligible. It is particularly
rewarding to see all the expected members of the two K = 1/2 rotational bands
from J = 1/2 up to J = 13/2. Indeed, this feature 1s a strong indication of the
presence of a third minimum in the 231Th fission barrier.
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FIGURE 7
Comparison of the experimental and calculated 2 3 0 TMn, f ) cross-section with the

experimental and calculated 23OTh(d,pf) probability.

4.2 233Th

The 2 3 2Th(n,f) cross-section was measured at Saclay8, Bordeaux26, Geel9 and

Oak-Ridge23 with an energy resolution of 7 keV, 3 keV, 2.3 keV and 8.4 keV

respectively, at E = I . 6 HeV. Anisotropy ratios were also obtained at Saclay18

and Oak-Ridge23. FFAO using monoenergetic neutron beams were obtained at Bor-

deaux26, Geel3 3 , with an energy resolution of 5 keV and 8 keV respectively, at

E n =I .6 MeV. Extension to higher spin states was provided by (d.pf) reaction31 ,

with 6E » 7 keV.

In contrast with the 231Th case, where a strong resonance stands up isola-

ted, the 233Th data exhibits two resonant structures, 60 mb and 40 mb high, at

E n =I .6 MeV and 1.7 MeV respectively, lying above a background cross-section of

about 60 mb. This background cross-section was attributed2 1 to the contribution

of open channels which seriously complicate the analysis. Nevertheless, satis-

factory SBF were also reached for both the 2 3 2 TMn, f ) and 2 3 2TMd,pf) data :

1) The 2 3 2 TMn, f ) data analysis

The SBF takes into account the anf(En) cross-section21, the FFAD33 and ani-

sotropy r a t i o s 1 8 ' 2 3 . The contribution of open channels was evaluated by a f i t

of the data In the neutron energy range between 0.8 and 1.5 MeV. This was done
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using triple-humped barriers with a third minimum deep enough to accomodate

more than one resonant state 2 1 , namely the intrinsic and one (or two) fj-vibra-

tionai states. Six independent fission exit channels were used to f i t the f i s -

sion cross-section and FFAO up to 1.8 MeV as shown in Figs. 8 and 9. I t can be

1.2 1 3 U 15 16 17 18
En (MeV)

FIGURE 8
Different K-fiss1on channel contributions (dashed lines) to the experimental

2 3 2Th(D,f) cross-section. Their sum is shown as a ful l l ine.

1.S

1.4 1.5

232Th (n.f)

1.7
En(NlV)

FIGURE 9
Experimental w((En;0*)/W(En;90*) data points, compared with calculated values.
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seen that the experimental cross-section, including gross and fine structures,
can be well described between 1.2 and 1.8 MeV. Also the experimental FFAD and
the gridded data were fairly well reproduced. As in the 231Th case, the fine
structure could be described only by using two rotational bands with opposite
parities, ûE+ _ = - 22 keV, and inertia parameter : ̂ 2/2U = 2 keV.

ii) The 232Th(d,pf) data analysis
In order to compare the (d.pf) data to the previous (n,f) results, the same

analysing procedure as for the 23OTh(d,pf) reaction was used. The fission exit
channels are those used to fit the 232Th(n,f) data.

A good fit to the fission probability and FFAD could be obtain in the 6.0-
6.6 MeV excitation energy range31. Fig. 10 shows a detail of this fit around
E o w > = 6.4 MeV corresponding to the En = 1.6 MeV resonance in the

 232Th(n,f)
cXC • 'I

reaction also shown in the figure. Once again, as for 231Th, it is particularly
satisfying to find, at the right energies and with the good intensities, the
different components of a pair of rotational bands with opposite parities.
While the 1.6 MeV neutrons feed principally the J < 5/2 components of the rota-
tional bands, a large enhancement of the (d.pf) fission probability is observed

3/2* 5/2- 7/2*

2 K Th (d.pf )
2MTh(n.f)100

63S0 6U)Q

EXCITATIOM ENERGY (k«V|

FIGURE 10
Comparison of the experimental and calculated 232ThJn,f) cross-section with the

experimental and calculated 232Th(d,pf) probability.



the fission path. However, as the theoretical calculations became more sophis-
ticated, it was established that nuclear shapes couTd be more complicated as
the fission process evolves. In fact, It turned out that the potential energy
surface (PES) presents more favorable paths when certain symmetries of the
nucleus are lost. For Instance, the first maximum decreases as the nucleus
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for J > 5 /2 . Part iculary spectacular is the 6.4 MeV peak where the J * = 9/2+

and 7/2" levels are expected to be reinforced in (d,pf) reaction.

4.3 230Th

The 229Th neutron binding energy is equal to 6.8 HeV. Thus, the region below
the fission threshold cannot be reached by neutron bombardment. The 230Th fis-
sion probability and FFAD was studied at Saclay, using the 229ThId,pf) reac-
tion. The overall energy resolution was about 12 keV. The data, presented in
Fig. U shows also a fine structure effect.

>

.00

5.70<E«5.76MtV 5.76<E<5.85MeV

5.6 5.7 5.8 5.9
EXCITATION ENERGY (MeV)

0 30 60 90 0 30 60 90 0 30 60 90

Qldeg.)

FIGURE U
The simultaneous best f i t to the experimental fission probability and angular

distributions in the 2 2 9TMd,pf) reaction for 5.6 < E < 5.9 KeV.

Following the success achieved in ascribing the observed fine structures to

class I I I levels of the fissioning nuclei 231Th and 2 3 3Th, a similar analysis31

was undertaken for 2 3 0Th. A SBF of the fission probability and FFAO was carried

out using two rotational bands : K*0, J11O+, 2 + , 4+ and 1 " , 3", 5". As for the

neighbouring nuclei, the rotational parameter turns out to be fi2/23=2±0.2 keV.

4.4 229Th

A measurement of <*nf(En) «"d
 FFA0 for 2 2 8TMn,f) reaction with monoenergetic

neutrons was performed at Harwell25. With an energy resolution of about 25 keV,
the shelf at about E » 750 keV previously reported by Vorotnikov31* Is now
resolved into a distinct resonance (FWHM * 55 keV). It is striking to note the
large similitude in height, width and energy with the well Isolated 230ThJn,f)
peak at 720 keV observed by James et al.7 before this resonance was fine struc-
tured in the data of Blons et al.9 or Veeser et al.21*. Assuming that, here
also, this resonance is constituted by a pair of rotational bands, the FFAD



calculated11 on the basis of the two-parity band analysis of the 2 3 0 TMn,f )

data. This comparison shows a large reinforcement of the (d,pt/ probability,

(Px) , on the high-energy side of the (n.f ) structure. In particular the 9/2+

and l l / 2 ~ components are now clearly separated. Since these features have been

calculated from the (n, f ) deduced triple-humped barrier, our challenge was to

measure the 2 3 0ThId, pf) probability and to compare i t with these predictions.
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indicates that they would correspond to K=l/2 as in 231Th. However, James notes
that the admixture of states with K > 1/2 should more stronger than in 231Th.

4.5 232Pa
The fission cross-section and the FFAD for the 231Pa(n,f) reaction were mea-

sured at Bordeaux28 using monoenergetic neutron beams with neutron energy reso-
lution of 2 keV at En = 160 keV. The fission cross-section was subsequently
measured at Oak-Ridge22 in a TOF experiment with an improved energy resolution
of 0.4 keV. These measurements have shown the existence of a fine structure in
the fission cros-section around En « 160 keV. In particular, a narrow resonance
(FWHM » 2.9 keV) was observed at En = 157 keV, with quantum numbers K, J, * =
3, 3, +. A second resonance, at En = 173 keV, could be attributed K, J, n » 3,
3, -. These two resonances could be considered as the heads of two rotational
bands with opposite parities. The higher J components of the rotational bands
which would correspond to orbital quantum numbers i > 2 are weakly fed. They
could, however, be present in the structure around En * 190 keV. Moreover, due
to the high energy resolution, class I resonances were observed for the first
time, below E n = 100 eV. Their behaviour shows the absence of intermediate
structure due to class II levels. So, the compound states are directly coupled
to the vibrational resonances observed at E n » 157 keV. This feature was
explained22 by a triple-humped fission barrier with a first maximum below the
neutron binding energy.

5. DISCUSSION AND CONCLUSION
The analyses presented in the previous section provide us with experimental

information on fission barrier parameters, energy splitting between the two
rotational bands with opposite parities and deformation of the nucleus in the
third well. It Is Interesting to compare these results with those given by
different theoretical calculations.

5.1 The barrier parameters
Fig. 12 shows the fission barriers for 230»23if233xh as calculated by Howard

et al.35 and by Bengtsson et al.19, using the macroscopic-microscopic model.
The apparent discrepancies of both the energy and the position of the third
minimum can be attributed to the inclusion of the 6 order deformation parame-
ter, E6, In the Bengtsson calculations. The analysis of the experimental data
cannot determine whether the outer C or the intermediate B hump is the highest.
Nevertheless, most recent sophisticated theoretical calculations19'36 indicate
that the outer hump 1s the lowest. This feature is also adopted for the presen-
tation of the experimental results in Fig. 12. A better agreement is found
between experimental and theoretical results when e£ Is included in the caicu-



Z. I The rotational bands

The f i rs t characteristic of the third minimum Is its shallowness (depth of

O.S to 1 MeV). In the second well , at an excitation energy of about 3 MeV, the

level density Is high ( D j 1 spacing ~ 50 eV) and the vibrational energy is

shared with neighbouring states. An example of complete damping of vibrational

states is given by the 237NpCn,f) cross-section12. When *-he density of states
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Iations. Then, i t seems clear that i t is extremely important to take into

account high order deformations.
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FIGURE 12
Theoretical f ission barr iers re la t ive to ground-state for 2 3 0 > 2 3 1 > 2 3 3 Th
from re f . 3 5 (dashed Unes) and from re f . 1 9 ( fu! l l ines) , compared with the

experimental values denoted by crosses.

In Fig. 13, the depth, AV, of the third minimum as a function of the neutron

number 1s shown for thorium Isotopes. Both in theory19 and experiment31, this

depth Increases with the neutron number. More generally, in the theoretical

calculations1 9 , deeper third minima, up to 1.5 MeV are predicted for neutron-

rich nuclei. Unfortunately, these nuclei are not accessible with present expe-

rimental techniques.

During the last decade, microscopic calculations for PES have extensively

progressed. Such a calculation based on the Hartree-Fock-Bogolyubov procedure

is presented at this conference36 for 2 3 0 > 2 3 2 T h . Quadrupole and octupole para-

meters were constrained and the density-dependent f in i te range Interaction,

DlS, re f . 3 7 was employed. I t is quite satisfying to observe the third minimum

at large quadrupole deformation, for the f i rs t time In a purely microscopic

calculation. This feature appears clearly 1n Fig. 14 where the theoretical

barrier parameters for 230Th agree fa i r ly well with the experimental values.



lying between e and e + de is then

dPK J H (e) = - (2J+l)idjJ K ( e ) l 2 sins de . (4)

For unaligned targets al l projections M contribute with equal weights , also
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143

FIGURE 13
The depth of the third minimum, AV, calculated as a function of the neutron
number. The experimental values are given for 230Th (K=O), 231Th (K»l/2) and

233Th (K-3/2).
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230Th
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FIGURE 14
Fission barrier for 230Th as determined by Berger et al.36 from the HFB calcu-

lations, compared with the experimental values31.

5.2 The energy splitting

Experimental results on thorium isotopes can only be fitted with pairs of
rotational bands. This feature rules out the class II collective states hypo-
thesis. The energy splitting, 4E+ _, between the heads of the two rotational
bands is found equal to 50 keV for' 230Th, 8.5 keV for 231Th and 22 keV for
233Th. In all cases, these values are larger than those calculated19 when assu-
ming a tunneling at constant values of the quadrupole deformation and of the
mass parameter. Nevertheless, 1t Is possible to find, in the two dimensional
e 2, e3 space, a path

10 with less action integral and giving A E + _ , values
closer to the experimental ones.
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FIGURE 2
Theoretical FFAD for different K1 J fission exit channels.
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5.3 The hyperdeformation

The analyses of the experimental data give values of the moment of iner t ia ,
Z- 3 , close to 500 MeV1 for the three studied isotopes 230'231.233Jn. Moments
n ^
of inertia have been calculated with the Nilsson and Woods-Saxon potentials30

as a function of deformation. For large deformation, e2 ~ 0.9, the results are

very close to rigid-body values. Also the Influence of the octupole deformation

(see FIg. 15) or of an odd particle seems rather small19 . In these conditions,

as i l lustrated In Fig. 15, the experimental values are consistent with the

moment of inertia at the third minimum. This deformation corresponds to a 3 : 1

axis ratio (hyperdeformation). By comparison, 1n the second well where the

moment of inertia 1s 300 MeV"1, the axis ratio is 2 : 1 (superdeformation).
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//
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FIGURE 15
Moment of iner t ia , 3, calculated as a function of deformation for 240Pu
[ r e f . 3 8 ] (reflexion symmetric shapes). For 232Th [ r e f . 1 9 ] values calculated at
the third minimum (octupole-deformed shape are also shown. The experimental
values of 3, at the f i r s t and the second minimum for 2"»°Pi: [ r e f . 2 0 ] and at the

third minimum for 231Th [ r e f . 3 1 ] are denoted by crosses.

To conclude this paper, we would like to summarize the present situation as

follows. Over the years, both experiments and theoretical studies concerning

the th i rd minimum have been extensively deveiopped and discussed [ r e f . 2 ' 1 0 ' 1 8

19.21.27.29-31.35.39-"»o], today, a third minimum Is found in both theoretical

macroscopic-microscopic and purely microscopic calculations. Experimentally,

when high energy resolution was achieved, a third minimum was observed in

230«23i.233Th PES. A good agreement is now reached concerning the fission

barrier parameters. The hyperdeformation of the class I I I states is consistent

with theoretical predictions. Even a secondary property, l ike the neutron num-

ber dependence of the depth, AV, I S well supported by the calculations. Final-



From an experimental point of view, the evidence of a third minimum in the
fission barrier could be sought by observing nuclear levels as resonances in
the fission probability. These "class III levels" had to have the characteris-
tic properties presented in the previous section. So there was a double
challenge :
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I y , i t should be pointed out that the fission cross-section of many l ight ac t i -

nides such as 2 2 7 ' 2 2 8 R a , 227Ac or 229*231»Th exhibits, just below the fission

threshold, a shoulder or even resonances at an excitation energy a few MeV

greater than the f i rs t maximum of the barrier. I t appears that when sufficient

energy resolution is achieved, results as spectacular as those obtained for
* 230.23i.233Th a r e achieved.
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