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ABSTRACT

The general features of the fission,probabilitiesﬁare reviewed in the
light of the modern developments on the statistical properties of nuclei. The
general thermodynamical especfs of thevfission probabilities are first discussed
without relying on any specific nuclear model. The effects of the shell
structure and of the collective degrees of freedom on the saddleepoint and
ground state phase space volume are then considered. A general method to
include the effect of shells_and pairing in the fission prebability calculation
‘is illustrated.’ The diseppearance of the shell and pairing effects with
increasing excitation energy andrits infiuence on thelfissidn probabilities‘is
exemplified by means of a.calculation performed on superheavy'elements. The
'experlmental data avallable in nuclel in the Pb reglon and lighter’ nucle1 are )
dlscussed in detall and an analy51s based upon the present knowledge of shell
and palrlng effects is performed It is found that the experlmental ev1dence
on shell effects in these data are aCCOunted for satisfactorily by including

the Nilsson model and the BCS Hamiltonian in the calculation. A reliable set

e
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of fiséion barriers is obtained and the liquid drop model.predictions are
tested. The saddle point single particle level densi£ié§Jﬁhich are also
obtained in the analysis show the expected A dependenée'and their magnitude,
ébout 8% larger than the corresponding ground state quénfity, seems to be due

to an increase in the nuclear surface at the saddle poiht,
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INTRODUCTION

Already in 1939, immediately after the discovery>of fission, it became
apparent that the fission decay rate is controlled by a rather impenetrable
potential energy barrier.l The existence of this barrier found its natural
explanation in the liquid drop'model,2 which was to becoﬁe the leading model
in the fission'proéess.

At the séﬁe time the theory of the chemical reactign rates, based upon
the existence of an activated complex (or transition state), was employed to
estimate the fission decay rate.l o

An equivalently goqd theoretical knowledge of the ﬁeutron and radiation
decay widthé,B'éésociated with the expected exponential rise of the level
density with exéiﬁation energy led to a very early theorétiéal understanding
of the fission probabilities.l’ -

The first data on fission probabilities to become availdble was in the
actinide region.5 In these elements the fission barrier height and the neutron.
binding energy aré vefy close and the resulting fission probability at energies
above the barrier'varies very slowly with energy. | |

The observations of fission cross sections rapidly rising with energy in
- lighter elements, for which the fission barrier is much largerrthan the neutronv
binding energy, prompted a new theoretical and experimental effort which on>dne
hand led to more éccurate theoretical expressions‘for the fissibn,probabilitieg

5’6 on the other produced an increasing wealth

7-18

on the basis of the uniform model,

of experimental data on lighter elements and at energies Very close to the

13,14,16-18 One should explicitly mention the pioneering work

by Huizenga gg.gl.l3; the determination of the fission barrier of 2OlTl by

fission barrier.
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Burnett gﬁ_ggglh and the work by the Berkeley group.1671§ The greatest part
of the available cross section data which could be inclgded'in two figures is
shown in Figs. 1Cand 2.

The anglysis of the data on the basis of the eérly theories successfully
accounted forithé rapidlyvrising fission cross sections and produced reliable
fission barriefs. To a large extent the bérrier determinations have been and
still are the most relevant resuits obtained in the analysis of fission
probabilities, for their contribution to the undersfanding of the potential
energies surfaces and of the liguid drop model parameteré.. Clear indications
of the shortcomings of the uniform model, and of the neceséity for more accurate models
to be used in the.evaluation of the level densities were aiso apparent.l6 The data
could be fitted only over a short energy range, and the 1efel density parameters
extracted from the data fitting showed mérked fluctuations attributable to the
shell structure. -

More recently, refined level densities, generated on the basis of the

19-22 23-30 .

shell model and of the pairing Hamiltonian, have become available and

have made it possible to account for the shell structure effects in a nearly
quantitative way. These new level densities have proven to be remarkably

successful in the analysis of the fission cross sections of the lighter

31,32 as well as in the analysis of the fission and isomer formation

cross sections in the actinides;33’3g A similar study has also been extended

elements

to the superheavy nuclei in order to investigate their stability towards fission
at the compound nucleus stage.35—37
In the present paper all of the above developments are presented to

various extents. In Sec. 1 the general features of the fission probability

theory are outlinéd, and the limiting behavior of the fission probability at
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high energies is _derived,  Furthermore, the ihsensitivi£y of.this quantitj
to the fine details of the Hamiltonian is pointedvout. In.Sec. 2 the results
obtained by using the uniform model in the analysis of_fhe lighter element
data are presented and the shortcomings of such a model are discussed. In
Sec. .3 some recent andvnew aépects of the problem are'tfeated, like theva
.relevance of thé collective degrees of freedom to the fission decay width, and
the way)in which shell and pairing effects can be included.in the calculation
of the fission probabilities. The latter point is illﬁstrated with the
calculation ofvthe fission probabilities in superheavy eiements. .In Sec. 4
the available experimental data for lighter elements are criticélly analyzed
and the»resulps'of the fitting procedure are discussed. - | |

As a last gomment the data available for lighter eiements have been
given special attention in this paper. Very‘important-wofk has been and is being
performed in the actinide region and will appear in other contributions to

this conference.
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Sec. I. THE FISSION AND NEUTRON WIDTHS: STANDARD FORMULAE AND LIMITING BEHAVIOR
In this seétion an effort is made to derive vdriqﬁé limiting forms of
the fission probability without resorting to any detailed'huclear model. It
can be shown thaf the physical features of the system.can Be summarized in
terms of simplg;thermodynamical quantities, like the fempérature which are
rather independent.of the nuclear structure details and.véry slowly with energy.
A nucleué, whose excitation energy is equal or largervthan the fission
barrier, is expected to move randomly in a restricted region of configuration
space (the compound nucleus region) until, by chance, if'finds access to the
potential energy saddle which leads to a new, almost unrestricted region of
configuration spapé (the region of the forming‘fissiOnifragﬁents). The decay
probability is equal to the number of systems per unit time overcoming the
barrier divided by the number of systems remaining in the compound hucleus
region. If the access to the barrief is random, the populatipn bf the compound
nucleus region and that of the saddle region can be takén ﬁo be proportional
to the respecfive phase-space volumeé, The randomness éésumption should be met
if the toﬁal‘deéévaidth of the . compound nuéleus is small,~namely, if its
lifetime is long. |

Under thése conditions the fission decay width can be written as:

1 .
FF = m / ps(vx) P(E - BF - x)dx (1)
' _ 0 .

where p(E) is the level density of the compound nucleus at the excitation energy

E, B_ is the fission barrier height, pS(x) is the saddle point level density

F

at the excitatidn energy x and P(E - BF - Xx) is the quantum-mechanical probability

of penetrating the barrier. This last quantity, for a parabolic barrier takes

36

the form:

o
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L 1 , '
= h .
P o1(E - BF - where Nw is the phonon

l+exp- hw

energy associated with the parabolic poténtial, called bar;ier penetrability
coefficient. An important feature of the level densityﬁgs(x) is that it refers
to all the collec#ive and intrinsic modes of the systeﬁbwith the exclusion of
the fission mode. N

The neutrbn decay width can be evaluated along similar lines and takes

the form:
q 4 £-By ; o _ ‘
W B 2 Oiny PR(¥) (B - By - x)&x @)
, 0 : : '

where Ty is the neutroh‘mass, B is the neutron binding eﬁergy, cinv is the

N
cross section associated with the inverse process and pR(x) is the level
density of -the residual nucleus.’

One can take advantage of the strong energy dependence of the level

densities and evaluate both expressions by suitably expanding the integrand

about the upper limit of integration.. The following expreSSion is obtained

™
for the fission width:
1‘ 1 1 ) S '
I = 1l _ _ v |
F 2prE5 D pS(E BF)-_’ ) . T (3)

S

where the penetrability P has been taken equal to one above, and zero below the

barrier and
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For the neutron width one obtains:

L ,
__1 s S |
Ty = Z7p(® inv 22 3.2 Pr(E - By) R ()

R

wvhere the inverse cross section has been assumed to be independent of energy

d 1n pp(x) :
and DR = T — . Recalling that in statistical mechanics
- x=E-B
N

ginp_ 45, ;3 the quantities 1/D, and 1/D_ assume the meaning of the saddle

dx dg T - S R - 4
point and residual nucleus temperatures TS and TN, respeétively.

The ratio TE can then be expressed in the following simple form:
'y

—

L2 T p.(E - B_) '
F__ .'ﬂ'h S S F » » (5)

I‘I\I hoinv oy TR2 pR(E - BN)

This approximation is accurate even at rather low excitation energies. The

above equation‘can be further simplified by expanding both level densities about

the energy E - B where B is intermediaté between BF and BN:
EE w2 T pg(E - B) o (BL .I.B.F__) o _ | )
I~ ko, 2 = T
N inv "N 1" 0 (E - B) T, T

where TR and TS are the effective temperatures in the residual nucleus and

at the saddle at an excitation energy E - B. Such an approximation becomes

%
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better the closer BF is to BN and the larger is the excitation energy E. 1In
) 1 '

T, , T  tend

TR’ S R

fact, as the excitation energy increases, the temperatureS’TS,

to a unique value T. One can also assume that the two level densities

pS(E - B) and pR(E - B) are equal, which may be a good approximation in absence

of shell and pairing effects. Assigning to the inverse cross section its

geometric value one obtains:

. B - B | |
-——I,F = 5.25 A—2/3 T_l exp (——-—N T F) ' (7)
N : . ] .

Equation (7) and to large extent Eq. (5) and Eq. (6) are remarkable for
thelr almost total lack of physical details aside from fhe neutron binding energy and
the fission barrier height.- One doeS'noﬁ even need to assﬁme any special form for
the level densities. This is an aspect 6f statistical theories which has both
good andkbad features and which, while easiiy and simply in£erpretiﬁg
experimental data, yield information very reluctantly oﬁ the detailed Hamiltonian
of the system. By means of Eq. (7) ﬁhe asymptotic behavior of PF/FN can be
estimated. For (BN'- BR) 2 0 the function is mopétonically decreasing

Y For (BN - BF) < 0 the function has s

vand eventusally tends to zero as . 7

méximum at T =,B§ - BN aﬁd thén it decreases again, tending to zero at iérge
temperatures like %u The dominance of the neutrbn decay-ovgr the fission

decay at high eﬂérgies is a conséquence_of the phaseASPaCe'volumes available

to the two modesvof deéay when energy restrictiohs:becomewirrelevant as  in the
case of larée»temperatures. Everything being equal, three unbound modes are

available for the emission of neutrons (the three cartesian coordinates of the

free neutron) while only one unbound mode is available for fission (the saddle
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point fission mode). It is also quite interesting to notice that FF/FN tends

to zero as the mass number of the system tends to infinity. The A.2/3
dependence of ;ﬁ is signifying the increasing "surfaee erea“ from which neutrons
can evaporate.

The formalism described so far can be generalized to include the

effect of angular momentum. The presence of angular momentum implies that a
certain amountvof energy is present in form of rotational energy, and it is not
available to excite the internal degrees of freedom. Therefore, Eq. (5) can be

modified as follows:

. g I
Ty w2 Ty PglE - By - EJ) 8)
r.~ Lo, 2 I
N i ' - -
inv ™N TR pR(E BN ,ER )
I h22 : 2712
where E_ = is the rotational energy at the saddle point; E_ = is the
S 235 R QSh
rotational energy in the residual nueleus after neutron emission; I is the total
: Z
angular momentum; I'2 = 12 + 22 and £ is the average angular momentum associated

with the emitted ﬁeutrons. (The approximate way in wﬁich_the angular momentum
Ais handled in FN,is well jJustified at moderate excitaﬁion energies.37). The two
moments of inerﬁia ZYR and :rs depend in general upon_ﬁbfh the eicitation energy
and the angulervmomentum. A very complete study of the equilibrium shapes of

liquid drop nuclei.in the ground state and at the saddlevpoint has been

38,40 39

performed by Cohen; Plasil and Swiatecki and by Cohen and Swiatecki.

For relatively small angular momenta one can assume the zero angular momentum
i

shapes for the evaluation of the rotational energies. Rewriting Eq. (7) on

this basis one oblains:

©
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I' I .
r {B, - B, - (E; -EJ)} ,
_P_F=5.25 p23 L gy N F - RS o (9)
N

This expression indicates that the presence of angu}ar momentum decreases the

I’
R

since er > Z{R. At larger angular momenta the fission barrier itself is

hd effective fission barrier by an amount (E. - Eé) which is always positive

decreasing due to a change in the saddle point deformation, thus increasing even

more the fissionability of the nucleus.
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-Sec. II. PRELIMINARY DATA ANALYSIS WITH SIMPLE LEVEL DENSITY EXPRESSIONS
The formalism presented in the previous section:réquires the use of
specific level density expressions both in PF and in FN. It is.mainly in these
quantities that éli the physical information concerning the nucleus at fhe saddle
point and the residual nucleus after neutron emission is contained.hl
Until very recently, the statistical properties of nuclei have been described

h2,h3 In this model the_nucleus is represented

on the basis of the uniform model.
as a system of nonfinteracting fermions occupying equidistﬁnt non—degenerate
single-particle le&els. Although this picture contains'little physics beyond
the Pauli principle, still its application to problems like.the present one

has had a reasonable success.

The expression for the uniform model level density is:

e ee/aE ) ‘
p(E) = = W . (10)

where E is the excitation energy of the system and a is the level density
parameter, which is related to the single-particle level density g by the

expression:

The level density parameter a is expected to vary in proportion to the mass

number of*the nucleus: a = %-, where K is a constant whoée value is estimated

to be around 8 or‘9.hLl Explicit expressions for the quantity FF/I‘N have been given by
Huizenga and Vandenbosch6 on the basis of.the uniform model: In these calculations

only the leading factor of Eq. (10) has been used, namely:
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o(E) « &2V 2E | . | (11)

Almost all of the experimental data available at present have been analyzed in

terms of the uniform model level density.l3’lh’l6’l7

Here we shall report the

overall conclusions of such an analysis applied to ligﬁter nuclei, without.any

critical comment on the data themselves, which will be délayed until Sec. L.
The free parameters typically eﬁployed in thié'data fitting procedure

are: the fission barrier B the penetrability coefficient hw; and FF and FN

F;
level densitytparameters ap and ay- The quantities which the fitting procedure
can mosf solidly eStablish are the fiSéion‘barrier BF and.£hé ratio i—.'

The experimental FF/rN quaptities have been readily FTitted up to 20 MeV
above the fiésion barrier. In‘this enérgy range same of fhe.éxperimental data
‘cover more thén‘six order of:magnitude. 'Thg fission bérriers have pf0ven to be
“rather insénsitive to small»variafiéns in the other parametérs.. The individual |
Valueé:of.gF and aN tﬁrn'out to be quite uhcertaiﬁ, Whilé their ratio tends_to
'femain consfant. ‘Two difficﬁlties immediately arise. The first is related to
the aF/aN ratio which appears to be closé to unity in nucléi fafvaway fram the

208_

shéll region and as high as l;S_for'nuciéi in close vieinity to Pb. The

secoﬁd difficulty is the inagbility to fit the data in a larger énergy interval

for the latter kind of nﬁclei. Because of the large ratiq of i‘E-necessary to
L fit the;low.enérgy'déta, thévfission probability,iqcreaées much too rapidly with
eneréy té fif the higher epergy data. ih othef'wérds, if appears that for this
kind of nucigirthg'effébti%e(af/aN fatio-vgriés‘sméothlj1from a rather larée -
vaiue élésé‘to the fission barrier to a Yalﬁe close to unity at higher energies.

At the same time it is‘
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found out that the‘experimental fission barriers can be>decomposed in two, parts:
a smooth liquid drép quantity and a ground state shell effect which measures
the deviation between the experimental ground staﬁe masé“gnd its liquid drop
prediction. This shell correction is at a maximum in the Pb region and has the
effect of producing a strong local increase in the fisSioh_barriers. The
moqnting'éﬁidence indicates that the anomalously high fiséibn barriérs in the
Pb region and the corresponding large ratio of aF/aN are two facets of the
same physical fact; namely the small single particle leQel density at the
Fermi surface of the spherical nuclei due to the douﬁle-shell_cloéure in 208Pb.
At the same time the data are strongly suggesting that the effect of the shells
is disappearing rather rapidly with increasing excitation energy.
An overail view of the studies illustrated abové'allows one to reach

the following c.onclusions. )

a) The stétistical formalism is pptentially able to fit the experimental
fission probabilities over many orders of magnitude; |

b) Fission_barrier heights can be extracted rather éafely from the analysis
of low energy cfoss sections;

c) Thé obtained fission barriers so obtained can be:decomposed into a smooth
liquid drop component and the ground state shell correétion;

‘ d) The uniform model is inadequate in justifying fhe widely varying ratio of

aF/aN and in reproducing the fission probabilities over a large energy range.
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Sec. III. MODERN PROBLEMS IN THE EVALUATION OF THE PHASE SPACE VOLUMES RELEVANT
TO THE FISSION PROBABILITIES

The use of the uniform model in the evaluation of the fission probabilities
does not allow one to interprete the experimental data satisfactorily. Rather
serious pfoblems are met in the attempt to evaluate the detailed form of the
phase space volume associated with the fission and neuﬁron decay. Some of these
problems can be solved, others have not yet been considered in depth. In the
present section some of these problems will be considered. In the first part,.
ohe coupling between the collective and.the internal degrees of freedom will
be studied' especially‘insofar as the fission width is eoncerned. In the -
second part the simpler but better understood problem of the inclusion of shell
and'pairing'effecfs in the formaliem will be discussed. In the third part some
examples. of calculation of the fission brobabilities of superheavy nuclei will
be shown to illostrate the disapbearence of the shell effects‘with excitation
enefgy.

Relevance of the Collective Degrees of Freedom in FF' The peculier collective

nature of;the fission process raises serious queséions regarding the contribution
of the collective degrees of freedom to the shape and volume of the phase space
which oontrols‘the fission decayxwidths. This is particularly important when

one needs to consider the fission width as a differential in the various saddle
poinﬁ.eollective coordinates and‘momenta. In ordef to explore to what extent
such coilective degrees of freedom affect the fiseion widfﬁs, let us express them
explicitly in Eq. (1). The introduction of n bound normal modes, besides the

fission mode, leads to the following expression:

1 : . dx, dp, SR ’ ) L
= : . 1 - - v i=
F - ZuplE) [dE/H - pg(E - By € RACE T Piv/emi})

(12)
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where € is the kinetic energy along the fission coordinate; xi and p; are the
saddle point normal coordinates and momenta; ai and mi dfe.thé stiffnesses and

the inertias associated with the same normal modes; the Quantity pé is the

level density aue to the intrinsic'degrees of freedom; the integration limits in thé

multiple integral:are taken in such a way as to conserve enérgy. By profiting

. ~d1n pé(x) 1
again from the strong energy dependence of pé and by setting = -7

we can rewrite Eq. (12) as follows:

[y

e ]

, ) 1 2
’ . s's RN 400 -
I o= —2 Y (E - B_) . i e'E/T de * Zpi'/-zmiTHd e Zgaixi /Tde
F - 2mp(E) Ps F n _ e Py i
0 ~0

(13)

In this expression the energy is not rigorously conserved: in fact such an
expression is weli'known in statistical mechanics as thé canonical expansion
where the fempefature, instead of the energy, characterizés the system. In this
case, the many internél degrees of freedom of the nucleus are acting as a
thermostat with ﬁhich the collective degrees of freedoﬁvare at equilibrium.

The integration of Eq. (13) can be easily performed:

n m :
- 1 ' 2nt i o
Fp-m pg(E - Bp) T (h) i i (2k)

where the quantity in the box represents the phase space volume contribution of
the collective degrees of freedom. This expression can be compared with Eq. (3).

The two expressions are identical if one sets,

— 1 2nT !
oS(E - BF) = pS(E - BF) (—h——)
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The above discussion leads to interesting obéervations regarding the validity .
of Eq. (3). An obvious failure of this equation occurs if one or more normal
mddes besides the fission mode are unbound, namely if one or more of the ai are
negative., This is predicted to occur by the liquid drop model below the
‘Businaro-Gallone point (x = 0.396) where the mass asymmetry mode becomes
u:nbound.)47 Increasing.displacements away from the saddle point along thisr
coordinate lead to a rapidly diverging integrand in Eq. (12). Under these
circumstances the canonical expansion about the saddle point cannot be justified.
In fact, the main contribution to the integrsl along the mass asymmetry coordinate
comes from around the extreme mass asymmetries and not from the symmetric region
around the saddle point. In this region of the fissionabjliﬁy parameter fission
loses its identity and merges into the evaporation (spallation) reaction; the
decay width calcﬁlated by Eq. (12) refers to the statistical emission of particles
as a whole. As a consequence a naive analysis of "fisgion" cross sections for
elements below Ag (x = 0.4) will indicate fission barriers smaller than those
predicted by the liquid drop model. In these kind of experiments "fission"
and the resulting fission barrier are defined only by the arbitrariness of the
experiﬁentef, or by the mass cut-off of the detector.

Besides the above glaring inapplicability of Eq..(3) and Eq. (14), more delicate
points can be raised by the peculiar factorization of the phase space in Eq.
(14) and (15). It ié possible that the collective degreés of freedom are
sharply defined and nearly uncoupled from the intrinsic degrees of freedbm,
leading to such a simple factorization of the phase space. On the other hand, the
single particle degrees of freedam may be very pure, leading to a much

less collective description of the system.
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It is not very clear which of the two alternatives is more fealistic,
the second one being further plagued by the extra complicafion of having to
define the number of ccllective degrees of freedom. These two extreme possibilities
bring forth the pfobleﬁ of the microscépic nature of collecfive degrees of
freedom in a manybody system. The collective states, borne out of very special
combinations of intrinsic states, may be coﬁpled to the{remaining internal
degrees of freedom to a varying extent. In the limit of complete uncoupling,
the collective states have a physical existence and do play an explicit role
in the form of'the phase space volume at the saddle point.  This phase space
volume should havebthe formvof Eq. (14) in the high temperature limit, and a

_more complicatéd form accounting for the quantum-mechanical effects at lower

48,49

temperatures. - The coupling of the collective states.to the intrinsic
states has the effect of diluting the collective ﬁature of ‘the levels over the
neighboring intrinsic levels. The collective aspects of.thé system now appear
as strength functions. In classical terms, the motion along the collective
coordinates becomes . affected by viscosity, the largest momenia are strongly
damped-out and the phase space associated with them is distorted and limited.
As the collective motion becomes damped beyond criticality, the strength function
loses its structure and the collective state is reabsorbed into the background
of intrinsic levels. Therefore, depending on whether viscosity is large or
small, the two ektremes of the picture do apply. This-ﬁncertainty is not very
important at high energies or when the integrated form of the decay width is

considered. Instead, it is of extreme relevance when ﬁhe differential form of the decay

width in the coordinates and momenta of some collective coordinates is to be
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used to establish the distribution of the initial conditions for the dynamical
descent from the saddle to the scission point. Unfortunately, complication
adds fo comblicaﬁion since similar considerations apply for the neutron width
FN as well altﬁdugh to a éomewhat smaller degree. In fact, this very modern

problem directly involves the overall theory of level densities.

Shell and Pairing Effects in Level Densities. While, because of its difficulfy,

the problem of the strength functions associated with the collective . features

of the. system has not yet received the amount of attention it deserves, other
detailed‘featureé of the level densities have been worked’but to a satisfactory
degree. The le&él densities at low excitation energies are expecﬁed to be
greatly influenced‘by the detailed structure of‘the sinﬁle'particle levels close
to the Fermi surface; as wéll as by the two-body residual interaction. Recently
a substantial success has been achieved in the development of a theoretical

formalism which allows one to calculate the level density of a nucleus on the

basis of a given Shell model and of the pairing interactioh.l9~30 The simplest
Hamiltonian containing both A features is the following:
_ * t T . '
H=) e o, g -0 Y &y aq o6 - (16)
+k '

.r‘_
where 3( are the shell model single particle energies, a k and ak are the
creation and annihilation operators respectively, and G ié the strength of the
pairing interaction. The diagonal form of this Hamiltonian can be used to

evaluate the Grand Partition function e’:2128530

Q= Z B(Ek - A - Ek) + 2 Z in[l + exp - B(Ek - ‘Ymk)]+ Z ln[l + exp - B(Ek + 'Ymk)]

N | - o an
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where m  are the’single particle spin projections, A is'thé chemical potential,
Y is the angulér velocity, B is the reciprocal of the temperature, A is the gap

parameter which indicates the extent of the pairing correlation, and

Ek = ‘Jiek - A)2 + A2 represent the energies of the intrinsic modes of
excitation of the system (quasi-particles).
The boundary conditions are introduced in the formalism by means of the

following equations:

gé% =0 or }: 5%;-[tanh %-B(Ek:- Ymk) + tanh % B(Ek + Ymk)] = %- gap equation;
(18)
08 _y = z: 1 fk ~ A tanh ;‘B( ) + tanh ;'B(E . - ) particle
da - 2Ek anfh B = Ym ) + tenh 3 x T My equation;
| (19)
I8 _ v = z: 1 _ 1 | angular momentum
ou e | T+ exp B(Ek - Ymk) 1+ exp-B(Ek + Ymk) equation
| (20)
- _ 2
30 €k 1 ' 1 A~
-SETES L & [l " TeE {tanh 2 BB - ym) + tenh 5 B(E, + Ymk)}] G
energy equation | (21)

where & = BX and 4 = By. This set of four equations defines the quantities B,
Y, A, A in terms of E, M, N, G. This set of values is used to evaluate the

entropy:

S=0+BE - o - uM (22)



~19- . , LBL-191k4

The level density of the system is then obtained by means of the expression:

s | '
n72 172 ‘ (23)

p =
(2m)

where n is the number of first integrals of motion which are explicitly considered

£

in the problem, and

where ai is th¢ seﬁ of Lagrange multipliers associated with the first integrals
of motion. Althouéh very simple, the present formalism apcouﬁts rather well
for the pairing effects, the shell effects, their mutual’ interactioﬁ and
their dependenge ﬁpén the excitation energy.

The pairing'correlation, in the ground state, depends upon the'single
pafticle level density at the Fermi surféce. When the nucieus is in a shellv
region, the single particle level density at the Fermi surface is small and the
ﬁairing effects ére‘also small. The 6pposite occurs in an antishell region
where the singie partiéle level density is larée-and so.is the'pairing correlation.
In other wofds, the pairing_gffects tend to counteract the shell effects: when
the latter is large thekformer is small and vice versa.

As the éXCitatioﬁvénergy increases, the gap parameter A and the pairing
correlétion steadily decrease and eventually vénish because of the blocking effect of -
thé»ngsi—particles.‘ The shellreffects also are ﬁashed away by the inéreasing

excitatioﬁ.energy. This is due to the fact that the fluctuations in the single
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particle level density are averaged out by the Fermi distribution. The statistical
averaging function is in fact the negative derivative offthé Fermi function,
which becomes bféader as the temperature and the excitation}energy increase.

The angﬁlaf momentum of the system is generatedvby.breaking pairs and by
aligning the spins. of the resulting quasi-particle excitétidns. Each quasi-
particle blocks a single pérticle level making it unavailabie for the pairing
interaction. Therefore,.the pairing correlation and the éap parameter decrease
and eventually ?énish as the angular momentum increases. 'Séme.of the features
discussed abovevcan be observed in Fig. 3 and Fig. 4 where the resulfs of a
calculation baséd on the Nilsson model and on the pairing ﬁamiltonian are shown
for the nucleu§-220Rn.30 In Fig. 3 the dependénce of the néutron gap parameter
upon the temperature T and the angular momentum I is preéented in the form of
an isometric projection. The surface A(T,I) intersecté the T,I plane along a
curve which defines the boundary between the paired anditheiunpaired region.

In Fig. 4 the le&el density surface is projected on the energy-angular momentum
plane. The loﬁér'near—diagonal line in the figure rééresents_the yrast line,
or the locus of the states with lowest energy at fixed éngular momentum, The
boundaries betwéén paired and unpaired phases-for neutrons.and protons are also
shown. Their peculiar crossing is due to the way in which'fhe éngular momentum
is shgred between.fhe neutron and proton components; N

Application of the Level Density Formalism to the Calculation of the Fission

Probabilities. In order to illustrate the effect of shells and pairing on the

fission probabilities, the above formalism will be applied to superheavy nuclei.35’36

For such nuclei the relevance of shell and pairing effects is overwhelming and a

calculation applied to them does clearly display the features discussed above.
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| First the shell structure in the potential energy surface will be

discussed. Ip Fig; 5c the'potential energy of figx is shown as a function of
the deférmation parameter €. This calculafion has been performed using
the Nilsson model.gnd of the Strutinski normalization piocédure. In the same
figure the liqUid-drop poténtial energy is also shown aé a function of €. The
~latter curve shOﬁs that for this nucleus, whose fissionability parameter is
close to unity,'the liquid drop fission barrier is vaniéhingly small. The former
curve shows that the shell structure generates a rather deéb minimum at
sphericity and, becguse of it, the nucleus is stabilized against fission by a
barrier of about.T.S MeV. ‘Similar plots for other nucleivafe shown in Fig. 5a-c. .

| In order tosobserve how the shell effects diséppear with excitation
energy, the level density at the ground state deformation and at the saddle
point deformation can be calculated. This calculation isvshown in Fig. 6. It
can be observed that the saddle point lével density risés,fgster than the
ground state level;density. In fact, the level deﬁsity value reached at 60 MeV
“excitation energy by the nucleus in the ground state deformation is reached at
about 7.5 MeV iqwér'igggl excitation energy by the nucléus at the saddle point.
Since the potential energy difference between the ground state and the saddlé
point is in fact 7.5 MeV,‘énd since such a difference ié exclusively due to the
shell effeéts, it'ié possible to conclude that, at 60 MeV, the nucleus does not
retain any relevant>trace of shell effecfs. In ordér ﬁo"bgtter appreciate thé
evolution of thebsysﬁem as the éxcitatién energy increaSes, it isvpossiﬁle to
calculate, for eachvexcitation energy, the probability 6f‘fiﬁding the nucleus
at the various deformations. Assuming statistical coupiing between the

intrinsic modes and the collective fission mode, one obtainsfg5’26
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P(E,e)de = 2

- p~1/2 p(E,)ae : | ‘ (24)

where E is the compound nucleus excitation energy, E_ =E = V(e) is the local

T

excitation energy at the deformation €,m is the inertia along the coordinate

gandD:.d;.M—x—)-

dx

x=Eq

The naturalblogarithm of the deformation probability of iigx is shownbin Fig. Tb
for various excitation energies. At low excitation enefgy;'the deformation
probability shows a marked peak at € = 0 and a deep minimu@_atve = 0.225, 1If
the nucleus were stable against fission, the deformatiqn'pfﬁbability would be
bounded along any deformation coordinate. Since the systemucan undergo fission,
the probability goes through a minimum and eventually diverges as the deformation
increases. This ﬁinimum actually controls the flow of probability from the

35,36

compound nucleus_fegion to the region of forming fragments,_ As the excitation
energy increases, fhe structure of the deformation probability becomes less
pronounced, thejéompound nucleus peak becomes broader and the rate-controlling
minimum fills in}_'At the highest excitation energy, the defofmation probability
becomes almost flat from sphericity to the location of thé fission barrier,
indicating that‘the oscillations of the potential energy are completely

irrelevant to the behavior of the excited system. In other words, the system

behaves as if the fission barrier had vanished. Similar comments can be made

290

llOX whose deformation probability is shown in Fig. Ta.

about the nucleus
Another important point can be made in this discussion. The critical stage, or
transition state, controlling the fission decay probability has been assumed,

so far, to be located at the saddle point. The saddle point is an extremum in
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~ the potential eneféy surface and does not have any direct connection with the
phase space.region which controls the decay. The defofmationvprobability surface
includes the dveréll phase space and detenninés the position of the transition
state which is ;Qcated on a saddle point which is unsteble in n-1 degrees of
freedom and(stéble along the fission mode. The locationsbof the deformation
| probability saddle point and of the potential energy saddle point in general
do not coincide{' In particular, the disappearence of thé éhell effects discussed
above may be résponsible for a shift in the location of the transition:state.35’36
Some evidence that this is occurring is available from the fission fr;gment
angular distribuﬁions in the actinide region. The moment of inertia for the
saddle point éonfiguration appears in fact to shift from the expected valueb
corresppnding té the actual potential energy saddle point to the value consistent
with the liquid drop saddle point.21’29’50

The final product of this formalism is the fifst chance fission
probability shown.for various isotopes in Figs. 8a-c. in»order to obtain a
reference point in the interpretation of-fhese quentities one can use Eq. (T)
as an approximation to the FF/FN expressiqn. For a nuéleus with A ~ 300, the
temperature T = 1 MeV corresponds to an exéitation energy between 30 and L0 MeV.
When BF = Bﬁ th¢ fission probgbility at that temperature is PF ~ 0.1. Similarly,

p = 07> By - By = 2.88 MeV;

= 0.9, BN - BF = 6.35 MeV. In all of

in order to obtain PF = 0.5, BN - BF = 2.15 MeV; for P

Pe 0.8, BN - BF = 3.5 MeV; for PF

‘ for P
ﬁhese cases, the fission probability should decrease slowly with enefgy; An :
inépeétion of the fission probabilities calculated for the superheavy nuéléi
shows that for éXéitation energies larger than 35 MeV the& assumne VeryVhigh

values, as high as 0.95. Such high values are predicted by the Eq. (7) for

neutron binding energies 4 to 6 MeV larger than the fissibn barriers. Since the
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neutron bindingfénérgies are about L to 6 MeV, the effective barrier felt by these
supérheavy nucléi is practically zero. On the other.héhd,.at lower excitation
energies the effective barriers are very close to the trﬁe barriers. 1In
particular, the fission probabilities are indeed véry émall;for isotopes of
element 114 and 116, where the shell effects are responsiblé for very large

fission barriers. Furthermore, for nuclei where BF ~BN the fission probabilities
are subjected to:peculiar fluctuations at low energieés mainly related to the
different energy dependence of the pairing correlation at the saddle point and

in the ground state (Fig. 8a).



-25- L  LBL-191k

Sec. IV, THE EXPERIMENTAL FISSION PROBABILITIES IN LIGHTER ELEMENTS

Extraction of the Total Fission Probabilities. The experimental data available

 for lighter elements at energies reasonably close to the barrier are proton and.alpha
induced fission cross sections as a function of energy for various targets ranging'from
the heavy rare earths to bismuth. The cross sections which are going to be

16-18 are characterized by errors between 10% and 30%, due to

analyzed here
various causes, such as uncertainties in the beam curreht reading, in the solid angle,
in the detectioﬁ efficiency, in the angular distributions_ghd in the beam energy.
The oﬁseryed.fission events arise from two sourceé. The first and
hopefully the main source is from the compound nucleus formed by the complefe fusion
of target and ffojectile with a subsequent thermalization of the kinetic energy.
The sepond source is the compound nucleus formed after-a direct reaction or
a preequilibriuﬁ>decay has taken place. The latter source is expécted to be of
minor importance in the first 20 MeV above the barrier, because of the strong
energy depeﬁdence‘of the fission probability, but it is expected to be substantial
in the high bombarding energy region. Even if one can'disregard the.contribution
to fission due tQ direct reactions, one‘should estimate thé fraction of the
total reaction cross section associated with direct feaqtions. This is important
in the calculstion of %he total fission probability: PF,T é OF/OC, where

O, and O

F are the fission cross section and the compound nucleus cross section,

51

C
shows

respectively. Recent erk in hHe induced reactions in the Pb region
that the compound nucleus cross section is very close to the reaction cross
section up to 25 MeV bombarding energy, it decreases by perhaps 30% with respect

to the total cross section at 70 MeV, and may be a factor of 2 to 5 lower at

120 MeV. One of the greatest uncertainties is related to the precompound
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emission of neutf@ﬁé. For these reasons it is very hard to analyze the data
above TO MeV, .Theitotal fission probabilities up to this-eﬁergy were determined
by dividing the total fission cross section by the reaction.cross section
obtained by an optical model. The use of the optical model may produce systematic
errors as large as 25%.

The First Chance Fission Probabilities. The quantity prédicted by the theory

is the first chance fission probability P = I’F/(I‘F + FN). The experimental total

F,1

fission probability P includes also the probability that the nucleus undergoes fission

F,T

after one or more neutrons have been emitted. The problem then arises of
estimating the highér order fission probability in order to transform PF T into
. 9

In principle, if the total fission probability P is available for two

Pp,1- F,T

nuclei with the same Z and differing only by one neutron, it should be possible
to extract PF,l for the heavier nucleus. Unfortunately, the various uncertéinties
associated with the experimental data, but especially the uncertainty in the
compound nucleus cross section make this proceedure very dubious. The only safe
conclusion which can be usually drawn is the establishment of an upper energy
limit below whiéh the contribution of higher order fissibn becomes unimportant.

One might also consider the possibility of obtaining a theoretical estimate of

the higher order fission probability. Unfortunately, here the problem is even more

serious, With a saddle temperature of about 2 MeV, a variation of 10% in the saddle
: .

single particle level density &p produces a variation in FE of a factor of about 150!
. N r
Even a small variation of 1% in & produces a variation of ~ T0% in TE ! This

: N
means that any attempt to correct for higher order fission is likely to fail.

Fortunately, the counterpart is more pleasant; large variations in the fission
probabilities at high energies involve only minute changes in the single particle

level density parameters. We shall make use of this conclusion later on.

A
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In practice, the fission cross section is divided by the total reaction cross
section and the resulting quantity is assumed to be equal to the total fission
F,T up to 25-30 MeV above the barrier wherelﬁhe contribution of
higher order fission is small. In the next 10-15 MeV the effect of higher order

probability P

fission is expected to be approximately counterbalanced by the decreasing

compound nucleus cross section. Because of these reasons, it has been assumed
: ' r

or to FE up to 70 MeV
it

that the above defined P is also equal to P

F,T F,1

4
excitation energy in He induced fission.
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Analysis ofvthe Déta. At this point one migﬁf be tempted to consider the
possibility of comparing the eXperiménfal data directly wifﬁ the theoretical
fission probabilities calculated on the basis of,the shell model. This atfempt
has been madevby Véndenbosch and Mosel{32' The results of»such an investigation
are shown in Fig.l9;b The agfeement between experiment and fheory is rather
poor as expeéted; ‘The fiséidn probabilities are very sensitive to the height
of the fission barrier and to the ratio of the.single particlé level densities
to be used in FF and FN. The present mbdels do not reproduce both quantities
accurately enough tq'jusfify any hope of immediate success for this approach.

An approach.which leads to a better result is a hybrid»formalism. In
this formalism the heutron‘binding energy is taken frém‘the experimental masses
and the level density to be used in FN.is calculated from the Nilsson model and
the pairing Haﬁiltohian. Insofar as the evalﬁation of F% ;s concerned, the fission
barrier height as well as the barrier ﬁenetrability are taken to be‘free parameters;
the level denéity ié evaluated on the basis of the uniform model and of the pairing
Hamiltonian, The single particle level density at the éaddle and the
saddle gap parameter are also free parameters. The anguiar momentum is accounted
for voth in Tp andfin TN.

As it was discussed before, the use of the sheli model in the evaluation
of FN does accouﬁf fpr the‘groung_state shell effects. One might then consider
the possibility of accounting for the shell effects at the saddle point in the
same way. This has.been done by Britf‘gg_gl.33 in the analysis of the fission and
isomer formation probabilities in the actinide region. _In»this\work, however, it has
been decided not to.follow this appfoachqur the following reasons. First, in

the lead region and below, the shell effects in the neighborhood of the saddle
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point are expectedrto be small because of the large deformation. Furthermore,

the saddle point cénnot be located in a shell region,.bécﬁuse it would be a

minimum, nor cah it bé.in an antishell region because if:vould be a maximum., It

must be somewhéfé;between a shell and an antishell regioﬁ_which means, close to

the liquid drop surface. This situation is quite differenf from that of the

ground state which always is in a shell region, namely in a minimum. In othef

words the saddle masses are expected to be far smoother than the ground state massés.

A superficial glanée at some shell model calculations méy give the impression

that the shell fluctuations at the saddle are quite large. This impression is

somewhat misleading and étems from an inadequate parameterization of the nuclear

shape. 1In fact,‘a.shell model calculation with a truncated deformation spacé

has a tendency»to locate the saddle point in an antishell region. When more

collective degfees of freedom are introduced, the saddle.moves toward the

liquid drop surface in between a shell and an antishéll region. Therefore, one

may feel justified in using thé uﬁiform model for the evaluation of FF because of the

small shell effects'to be expected at the saddle point,.and furthermore because Qf a

major lack of iﬁfOrmation about whatever shell structure does exist in the saddle region,
The form#lism used in fitting the data contains five parameters which

in principle can be considered to be free. 1In FN one has the oscillator gquantum

hwo which specifies the level spacing of the Nilsson modé}; ip FF’ the barrier

penetrability coefficient ﬁw;.the fission barrier BF;'the-dénsity of the doubly

degenerate single particle levels &ps the gap parameter A assumed to be the same

_ fbr neutrons and protons. Two different energy ranges have been studied. The

first incliudes the data up to TO MeV excitation energy and the second up to

120 MeV.
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In a préiiminary attempt to fit the data, all Of1the five parameters
have been conéideféd free. The most interesting result hés been the largé
uncertainty w1th which both ﬁw and gF are determlned -iEqﬁivalently good fits
could be obtained by keeplng the product of these two quantltles constant and by vi
adjusting the f1551on barrier in a minor way. This efféct can be predicted on
the basis ofvK; (7).

Becguse-of the above conclﬁsiqn, hwé was assigned.the value,hl/Al/3
which contains tﬁe.pfoper A.dependence and should be'réaséﬁably accurate. The
data were then fittéd with the remaining four parqmeters.: The resulting fits
appear to be quite good and the ﬁarameters are essentially_identical in both
energy'ranges. nge of the fits are shown in Fig. 10 aﬁalFig. 11.

The barrier penetrabilities'for those cases where data are available
very close to the>Barrier ha&e an average.value of 1 MeV; The rather large
dispefsion obsérved in these quantities depends mainly upohAthe way in which the
corrections for U of Th conteminants ﬁere performed close -to the barrier.

In order to,obtain a more consistent set of fiséion barriers3 the
barrier penetrability cogfficients were fixed‘at 1 MeV. The fits obtained in
this way are as goodvaé the previous onés and the resulting parameters are shown
in Table I. The fission barriers quoted in the table should be considered to
be accurate withihvl.MeV. Assuming that no shell effect afe present at the
saddle point, the experimental barriers frém which the grbund state shell éffects are
subtracted should follow closely the smooth liquid drop ﬁrediction. In Fig. 12
the experimental barriers corrected for the ground state shéll effects and
expressed in units of 1/600 of the surface energy of the corresponding spherical
nucleus are plotted as s function of the fissionability parameter x. In the
same graph the gfound sfaté shell effects are shown. The solid line represents the

smooth liquid drop prediction. The experimental fluctuations about the liquid drop
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"value are at most 1 MeV, well within the experimental uncertainties. Therefére,
one is led to the.conclusion that the experimental shell.effectsvat the saddle
point are, for:this region of elements, rather small,

The saddle ;ingle particle level densities are'sﬁéwn as a function of

mass number in Fig. 13. The two lines bracketing the data correspond to the

2 .
level density parameters ap = A/9 and ap = A/8 where aF'= %—-gF. A reasonable
average line passing through the data corresponds to aF_=_A/8.5. The fluctuations

about the average are smaller than 5%. When the fits are'performed with Fermi

gas level densities, the ratio aF/aN varies from‘abéut_l.o in the upper rare earths to
1.5 in the 208Pb shell region. Thus, it éppears that thé level densities based

_upon the Nilsson diagram have accounted for the major part of the shell effects

and for their disappearence with energy. A closer examiﬁafion shows thét the deviations
are not sﬁatistical in nature, but correlate quite weli_with the residual shell

effect552

not accounted for, or overaccounted for, by the Nilsson model. It is

" interesting : to notice the avérage value of'aF,'equal to A/8.5, as

compared with the corresponding average quantity on FN thained by smoothing the

shell model spéctrum. This last quantity is ay = A/9.2.giving a ratio |

.aF/aN = 1.08. Although it is not possiblé at this stage to reach any'definite
conclusion regarding this experimental point, an increaée in the saddle point single
particle level density should be expected on ﬁhe basis'of‘a-very simple argument. In a
Fermi gas the single particle level denéity at the Fermi surface depends upon the
particle densify; The higher the particle density, the iower the single particle

level density. The nuclear matter is less dense on the surfdce of the nucleus

53

and the surface is larger in a deformed nucleus. Eishop et al.”” have shown that

the ratio of the single particle level densities at the Fermi surface for the
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deformed to the undeformed nucleus is given by:

S B A RU R V
R"15'+-h5(f + 2f7'%)

where g3/2 is the ratio.of the major to minor axis (Fig. 14). This ratio varies
from 1.05 at x = .7 to 1.1 at x = 0.65 in surprising agreément with the
experimental ratio of 1.08 obtained in the same fissionébility range.

The saddle gap parsasmeters A shown in Table I afe characterized.by rather
large uncertainties. ‘The only safe experimental indicatioh is that the gap parameters
are rather small. The average value is in fact somewhat smaller than the ground
state value in thé same region. While the large uncertainties associated with
this quantity do‘ﬁqt juStify any sérious speculation, it may be possible that
the smallness of the gap parameters may be due to some extent to the rather
large angular momentum with which the compound nuclei ére‘prepared at excitation
energies close to the barrier. The gap parameter and the pairing correlation
are in fact diminished by the presence of angular moménfym,_as it can be seen
in Fig. 3 and Fig. 4. It is also possible that this pafameter is actually
compensating for other quantities not included in the formalism, like the
saddle point shell effects. In fact, pairing effects gnd shell effects behave
much in the same way with excitation eneréy. However, if one assumes the
decrease-in'pairing to be fuliy due to shell effects at the éaddle point, such
shell corrections would amount to 1 MeV at most..

Indicatiéns of a rather large gap parameter at fﬁe saddle point of

2 -
loPo were obtained from the fission fragment angular distributions of the

N
He induced fission of 2O6Pb and 207Pb.5h These very low energy angular

distributions suggested a gap parameter as large as 1.5 MeV. The experiment
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has been recently duplicated by Itkis gﬁ_gl,ss with comﬁlete agreement on the
data. While the high energy data seem to be consisteht with A ~ 1 MeV the
lowest energy‘déta remain unexplained with such a valﬁe. Shell model
calculations are_in progress to estimate the value of A‘ngpessary to fit thé
experimental data. While the fission probabilities are nof the most sensitive
quantities to use in the exploration Qf the superfluid properties of the system,
the present analysis seems to indicate a saddle gap paraﬁéter definitely lower

than 1.5 MeV.:

CONCLUSION
It appeérs that the most relevant features associétéd with the fission

probabilities are now understood in fair to good detaii;  The sheli model, in
conjunction with the liquid drop model can provide a neérly quantitative
description of:the potential energies relevant to the problem. At the same
time the statistiéal—thermddynamiéal behavior of fhe‘system can be ﬁredicted
in an equivaléntly géod detail. 1In fact, a new picture is emerging where the
ground étate and the saddle point properties are discuésed on the same basis
as the statistical‘properties of the compound nucleus and of the transition
state. The same physical structure responsible for the_anomolouély small masses
of nuclei in the,208Pb region is ;een to be responsible*fér the unusually high
fission barriers_of the same nuclei and for the very rapid increase in their
fission probabiiities.

‘It is to be recognized that the present status of the theory still falls
short of a cdmpletely quantitative underétanding, Thé fission barriers cannot

be predicted with accuracies better than a few MeV and similar difficulties are
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encountered in reliably predicting the details of the'pdfential energies. The
same uncertainties in the shell structure affect the é&aiuation bf the level
densities and of.other related statistical quantitiesin_furthermore, in the
actinide region where the fission probabilities can be’obsérved at extremely
low energies above the barrier, delicate problems ariséxéssociated with the K

inapplic&bility:of[statistical mechanics and to the onset of fluctuations

requiring more of a spectroscopical than a statistical interpretation.
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Table 1. Pafameters obtained from the analysis of fission probabilities.31

Reaction” Ref. Ps ) ‘;gf_l A
(MeV) o (MevT) (MeV)
CagBt * gH,e +ézlig‘“° 126) 17.0 76T 0.38
2ggpb + gHe +;2§EP§' [161 19.5 . T7.36 0.06
“oTPb + gHe N ééiPO [16] 19.7 7.08 0.8k
Eggpb * gHé »»2égpo [16] 20.5 Tuke 0.60
_28231 + iH > 2égPo .[16] 21.k S T7.33 0.17
gggpb'; iH > 22331 [16] 23.3 “T.55 0.22
QSSPb + 0 > ?g;Bi [16] 21.9 :7.63 0.11
1$;Au + :He > 2giTl [16] 22.3 7.57 0.39
l?gAu + 0 > 132H [16] 20.4 T3 0.68
lggRe + gHe -+ 1$$;r (17] 23.7 A-7.16 0.05
lggRe + ;He > 1?311‘ [17] 22.6 ‘-._6,81; ©0.10
1§ﬁw * gHe > %$2OS (18] k.2 689 '0.5k
1$Sw + gHe > 12205 [18] 22.7 6.8k 0.83
%+ fme » 186os (18] 23.4 | 666 0.43
lgéTa +'gHe + lggRe (16] 2k.0 6.51 0.60
lTCSLLu + gHe > 1%1’& [17] 26.1 _”.6..53 0.99
lgng * gHe > ;$5Lu (171 28.0 6.17 0.87

The barrier penetrations have been set equal to 1.0 MeV.
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FIGURE CAPTIONS
. )4 . ) “ . .

Fig. 1. Examples of He induced fission cross sections 1n_11ghter elements.

The data are taken from Ref. 13, 14, 16-18.
Fig. 2. Exemples of lH induced fission cross sections on lighter elements.  The

data are taken from Ref. 16.
Fig. 3. Isometric projection of thé neutron gap parameter as a function of

' : 220 30

temperature and angular momentum for the neutron component of 86Rn. ‘The

angular momentum refers to the neutron component only.

Fig. 4. Lines of.constant natural logarithm of the level density in the energy-

angular momentum plane for the nucleus 2§2Rn.30

The iowest line going
diagonally from lower left to upper right is the.yrast'line. The boundaries
of the neutron 'and proton superfluid phases are also shown.

Fig. 5. Potential energy profiles36vof some superheav&-ngclei calculated on
the basis of the liquid drop model (solid line) and of the Strutinski
method (solid line with dots) |

Fig. 6. Level densifies as a function of local excitation energy36 calculated

296,

for the ground state and saddle point deformation of 116%*

Fig. 7. Logarithms of the deformation probabilities at various excitation

290 296
110% (a) and 110

Fig. 8. First chance fission probabilities for various superheavy nuclei.

energies36 for the nuclei X (b).

Fig. 9. Comparison between some experimental fission probﬁbilities and some

32

shell model calculations.

Fig. 10. Least-squares fits to the fission probabilities of some compound

nuclei produced with proton bombardmen‘t.31

Fig. 11. Least-squares fits to the fission probabilities of some compound

L
nuclei produced with He bombardment.31
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Fig. 12. Experiﬁéﬂtal fission barriers corrected for the‘ground stgte shell
| effects (upﬁer points) and ground state shell effects (lower points) as a
- | function of thé fissionability parameter. The'solié-l;ne represents the
smooth liquidzdrop prediction.31 |
Fig. 13. Experimental saddle point single particle level densities as a function
of ﬁass numbér. The two dashed lines correspond té a level density
parameter a equal to A/8 and A/9, respectively.l3x,
Fig. 1k, Ratio.of the single particle level densities fdr a deformed and a
non-deforméd Fermi gas nucleus as a function of the:major to minor saxis

53

ratio.
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