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The various aspects of the formation of the fragment mass—energy distributions from the fission
of excited nuclei in the range Z2/A=20-43 in heavy-ion reactions are reviewed. These

are: the actual temperature of the fissioning nucleus after the emission of prefission particles, the
effect of the angular momentum transferred to the nucleus by the incident ion, the static

features of the formation of the fragment distributions of very light nuclei, the role and nature of
dynamical effects in the descent of the nucleus from the saddle point to the scission point

in the case of heavy nuclei, and the properties of quasi-fission. A fairly complete summary is given
of both the experimental data on all these aspects and the theoretical understanding based

on current ideas about the fission process.
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INTRODUCTION

For many years now the diverse aspects of nuclear fis-
sion have been studied in numerous laboratories around the
world. Nuclear fission is a phenomenon so complicated that
even now there is no clear, comprehensive picture of it. At
high nuclear excitation energies E*=40-50 MeV, when
shell effects become unimportant and the nucleus loses its
structural individuality, fission becomes simpler. Theoretical
descriptions' show that in this case the fissioning nucleus can
be treated as a drop of charged, incompressible nuclear lig-
uid. The liquid-drop model (LDM) predicts a symmetric,
single-humped distribution of fragments in mass and energy
which is Gaussian in a first approximation. Numerous ex-
perimental studies have unconditionally confirmed this prop-
erty of heated nuclei: the fission is predominantly symmetric,
in contrast to the spontaneous and low-energy fission of ac-
tinide nuclei, which in the majority of cases split into un-
equal parts, and the individual shell properties of the fission-
ing nucleus and the fragments are clearly manifested. The
observed universality of symmetric fission at higher excita-
tions can serve as the experimental foundation for viewing
the liquid-drop model as the basis for the theory of nuclear
fission. In turn, the study of symmetric fission, in particular,
such characteristics as the average fragment kinetic energy
E, and its variance 0%, the nuclear *‘stiffness” (rigidity)
d?V/d7n? to mass-asymmetric deformations 7 (this param-
eter is directly related to the experimentally observed vari-
ance of the mass distribution ail), the fission barriers E,
and the effective moments of inertia J.¢, provide a direct
method of verifying the predictions of this model.

In our earlier review? we touched briefly on some prob-
lems in the fission of heated nuclei such as the formation of
the fragment mass—energy distributions and the role played
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by the saddle point in this process. However, most of our
attention in that study? was focused on nuclei in the neigh-
borhood of lead, in connection with the discovery of the
multimode fission of preactinide nuclei. In the present review
we shall study the fission of heated nuclei in a wider range of
compound-nucleus mass numbers Ay~ 100-270 and, ac-
cordingly, Zcy in the range from 47 to 108.

All the nuclei in this range can be classified according to
a simple feature: the presence or absence of the stage of
descent from the top of the barrier to the scission point.

Nuclei with fissility parameter Z2/A=32 are character-
ized by the presence of this stage, the duration of which
increases with increasing nuclear mass and which is associ-
ated with increased manifestation of dynamical effects in the
fission process.’ Alternative ideas about the role of the
saddle point or the scission point in the formation of the
fragment mass distributions in the fission of heavy nuclei
have been around for a long time, but even the first heavy-
ion experiments, in which the fragment mass and charge dis-
tributions were studied for nuclei with Z%/A>33 (Refs. 4
and 5), revealed a sharp increase in aﬁ, (decreased stiffness)
with increasing Z2/A. This could not be described quantita-
tively or even qualitatively by the statistical model® or the
dynamical model with zero viscosity.” It was then concluded
that to make the calculations agree with experiment, it was
necessary to use effective stiffnesses averaged over the entire
path from the saddle point to the scission point in accordance
with the time behavior of the process.’

Great progress in the theoretical description of the
mass—energy distributions was made by Adeev et al. (see
their review® and references therein), who used the dynami-
cal diffusion model including two-body viscosity to explain
the observed experimental trends in the behavior of o3, and
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Other authors of theoretical® and experimental®' studies  differ strongly in different versions of the LDM. For ex-

have adopted different approaches to the study of fission dy-
namics. These authors studied the higher moments (3rd and
4th) of the fragment energy distributions, which turned out to
be sensitive to the definition of the scission point. They
solved one of the important, long-standing problems of fis-
sion physics: that of the neck thickness, zero or finite, at
which scission occurs.

Section 4 of the present review is devoted to the experi-
mental study of the dynamical aspects of the formation of the
mass—energy distributions.

A completely different situation arises for light nuclei
with Z2/A<31. For them the saddle point and the scission
point are close together in both the deformation and the po-
tential energy, and so the dynamics of the descent of the
nucleus to the scission point hardly plays any role. The fis-
sion of these nuclei can be treated in the static approach, and
it can be expected that the experimental data may serve as a
test of the various classical (nondynamical) versions of the
liquid-drop model,!! =6 which predict the existence (for zero
angular momentum) of the Businaro—Gallone!” (BG) point
at which the nucleus becomes completely unstable to mass-
asymmetric deformations 7. This model predicts that the
fragment mass distributions in the fission of nuclei above this
point in ZZ/A should be nearly Gaussian, and that in ap-
proaching this point they should greatly broaden and become
flat in a large neighborhood of A/2 at the BG point. For even
lighter nuclei they should become U-shaped.'®=2° This is il-
lustrated in Fig. 1 (Refs. 18 and 20), which shows (a) the
theoretical calculations of the nuclear potential energy V as a
function of the mass asymmetry for these nuclei;'® (b) the
corresponding fragment mass distributions calculated from
V(a;) in the statistical approach;'® and (c) the experimental
data of Ref. 19 on the fragment charge distributions in the
fission of the compound nuclei 3Kr, '%2Rb, and “*Pm.

ample, in the simple Myers—Swiatecki model'> with sharp
nuclear boundary this point lies at ZZ/A~19 for the S-
stability valley, while in the Krappe—Nix—Sierk" or Sierk!¢
models, which include short-range nuclear forces and diffuse
nuclear boundary, it lies at Z2/A~22-23 (depending on the
parameters).3'2"22 Therefore, the actual location of this point
on the mass-number axis is of fundamental importance for
choosing a model which describes experiment.

Light nuclei near the BG point have a low fission prob-
ability which falls off exponentially with decreasing Z2/A.
This makes the study of the fragment mass—energy distribu-
tions in reactions involving light charged particles with en-
ergy <80-100 MeV (low #) difficult.?-?® It is therefore
most reasonable to use ions which are not very heavy (A
=30) in reactions in which the fission probability grows sig-
nificantly with increasing Z (Refs. 27-34). Section 3 of this
review is devoted to the experimental studies of the fragment
mass—energy distributions near the BG point which we de-
termined earlier.?>**

In heavy-ion reactions it is easy to reach excitation en-
ergies at which the nucleus is so heated that its shell proper-
ties can be neglected. However, then the nucleus acquires a
significant angular momentum Z, which begins to strongly
affect the features of the fission process, as it greatly changes
the shape of the fissioning nucleus and lowers the fission
barrier.'63¢ This in the end leads to a difference between the
experimentally observed characteristics of the fragment
mass—energy distributions and the characteristics for a non-
rotating nucleus. Comparison with the theoretical predictions
of the LDM!!~!6 therefore requires accurate knowledge of
the experimental Z dependence of the mass—energy distribu-
tions. This is the subject of Sec. 2 of this review.

The multiplicities of prefission neutrons l_zp,e have been
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studied intensively in recent years. For highly excited nuclei,
these turned out to be significantly larger than the values
predicted by the standard statistical model. These results sug-
gest that fission is a rather slow, high-friction process, owing
to the manifestation of the viscosity of nuclear matter.’” The
emission of these neutrons v greatly reduces the excitation
energy (or temperature) of the fissioning nucleus.

The statistical analysis of the experimental data requires
knowledge of only the temperature at which the nucleus ac-
tually undergoes fission, and, accordingly, this requires
knowledge of the exact number of prefission neutrons. There

is a great deal of experimental data on l_lpre in the literature,
but naturally they do not encompass all the nuclei and ener-
gies needed for analyzing the mass—energy distributions.
The authors of Refs. 22 and 38 constructed an empirical
systematics of the number 1_/p,e allowing the determination of
the effective temperature of the fissioning nucleus after the
emission of prefission neutrons 17,,,8. Section 1 of this re-
view is devoted to this problem.

The first two sections of this review are thus a sort of
prelude to the last two, dealing with the analysis of the
mass—energy distributions. At the same time, the first two
sections are of independent interest. This work is based on
experiments in which the authors have been involved at the
Alma-Ata isochronous cyclotron to study reactions involving
light charged particles, and at the Nuclear Reaction Labora-
tory of the JINR, Dubna, using heavy-ion beams. The
present study is a continuation of our series of studies of the
characteristics of nuclear fission; see our earlier reviews.>*

1. THE EMISSION OF PRE- AND POST-FISSION
NEUTRONS AND THE EFFECTIVE TEMPERATURE OF
HEATED FISSIONING NUCLEI

1.1. General ideas

The experimental study of the yields of neutrons accom-
panying fission has developed rapidly in recent decades, es-
pecially for heavy-ion reactions.**=5¢ (See also the reviews
on this subject.’"7%) These studies have focused on the
regularities in multiple neutron emission v at excitation en-
ergies E* at which the fission process becomes an emission
process. In this case, the observed yields v contain a signifi-
cant contribution of prefission neutrons I_me emitted not from
fragments (l_lpost), but from the fissioning nucleus before it
splits.

Analysis of the experimental results has shown that the
magnitude and energy dependence of the two components of
the total neutron multiplicity,

V(E*) = Vpee E*) + Vpos( E¥), (1)

are unexplained within the traditional statistical ideas, be-
cause at average excitation energies E*~50—100 MeV the
number l_/p,e turned out to be much larger (by almost an order
of magnitude in the case of actinide nuclei) than predicted by
statistical models. The theoretical description of the depen-
dence ﬂp,e(E *) required consideration of the dynamics of the
fission process, including such characteristics as the viscosity
of nuclear matter (see, for example, the reviews*”).
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According to the present ideas, which have a broad ex-
perimental foundation, up to the threshold of emission fis-
sion, neutrons are emitted predominantly from excited frag-
ments accelerated in the field of their mutual Coulomb
repulsion, i.e., ¥,= ¥, . The emission of post-fission neu-
trons itself is described by the evaporation model. It is iso-
tropic in the fragment rest frame, but strongly anisotropic in
the lab frame, where the angular distribution takes the form
of fairly narrow rosettes in the fragment motion. This feature
is used to separate post-fission neutrons from pre-fission
ones. The primary emission mechanism for the latter is, as
for post-fission neutrons, evaporation (equilibrium, isotropic
in the c.m. frame). A fraction of the pre-fission neutrons
associated with the start of the emission chain is emitted
directly as a result of the nonequilibrium interaction of the
bombarding particle with the nucleus. Such neutrons can be
distinguished from the shape of their angular and energy
distributions (see, for example, Refs. 40—43 and 55.

The emission of post-fission neutrons only slightly af-
fects the observed characteristics of the fission process, for
example, the fragment mass—energy distributions, and the
magnitude of the effect and of the corresponding corrections
depends on the measurement method.®*-%? The emission of
pre-fission neutrons has very serious consequences, as it glo-
bally affects the entire fission process. It leads to new possi-
bilities, ‘‘chances,’”’ for the fission process, bringing into
play reactions in which nuclei with smaller mass and excita-
tion energy undergo fission. This creates serious difficulties
in the study of the energy dependence of the fission charac-
teristics. It is said that fission acquires an emission nature.
The distortions arising for a given characteristic are deter-
mined by ip,e. As a rule, they are considerably larger than
the effects associated with neutron emission from fragments,
and they cannot be diminished or eliminated by changing the
measurement technique, as in the case of Bpost. For this rea-

son, we shall mainly focus on the component x_ap,e. In emis-
sion fission, a nucleus with initial excitation energy E* can
undergo fission in one of (A,xnf ) reactions, where A, refers
to the bombarding particle, and x=0,1,... x. (E¥) is the
number of neutrons which can be emitted before fission.
Each such reaction gives a contribution s, (E*) to the total
fission cross section:
Xmax(E*)

OAE*)= D,

x=0

o(E*) 2

and the average yield of pre-fission neutrons is

X o (E¥)
_ S o s(E*)
Dore(E*) = ,Zo x———aff(E*) . A3)

Any characteristic of emission fission is a superposition (av-
erage)

Xmax(E¥*)

_ . op(E¥)
F(E*,A)= ;0 FA_X(E*~EVx)7}f(—E*—)
- _ dFA__f(E*)
zFA—,\:(E*)_Equre(E*) —(-1_E*—+

EFA—-E(E*—EV’—}pre)v (4)
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where F,_;(U,) is the same characteristic for the residual
nucleus A—x with excitation energy U,=E*—E x, E,, is
the average neutron separation energy for the neutron cas-
cade, including the binding energy and the kinetic energy &,
ie.,

E,=B,+&, )

and x is the integer closest to ;Pre . The approximate equality
in (4) indicates that the observables depend on the number of
neutrons emitted before fission and the method of introduc-
ing corrections for this effect. The assumption that a change
of the mass number A—A—x has much less effect than a
change of the excitation energy E*¥ -E*—E ,,l—lp,e now be-
comes obvious for most characteristics, and we shall
neglect it.

1.2. The empirical systematics of v, and v

Although there is quite a large amount of experimental

data on v and v, it naturally does not encompass all the
nuclei and energies needed for analyzing characteristics such
as the fragment mass—energy distributions. The theory in this
area has not progressed to the point of being able to predict
all the observed regularities of the pre- and post-neutron
yields. Therefore, the authors of Refs. 38 and 22 developed
and then improved an empirical systematics, based on the
above-cited experimental studies, of the multiplicities v,

and v, as functions of A and E* of fissioning nuclei.

As an example, in Fig. 2 we show a selection of the
original experimental data on the energy dependence for the
nuclei which have been studied in greatest detail.*o*#"4! ¢
shows that in both cases the total neutron yield is satisfacto-
rily described as a linear function of E*, the excitation en-
ergy of the initial compound nucleus. We also see that these
functions and their derivatives with respect to E* are mono-
tonic and vary rather slowly with the mass number A. This
allows the creation of a fairly simple approximation for the
dependence of the two components of the neutron yield on
these two parameters of the fissioning nucleus.

In Fig. 3 we show the A and E* dependences of Ep,e and

Vpost- The ‘‘experimental’’ points were obtained by linear
interpolation or extrapolation of the energy dependences, ex-
amples of which are given in Fig. 2 (solid lines). As a rule,
they pertain to specific initial compound nuclei. The excep-
tion is the group U-Cm, and in Fig. 3 we indicate the range
of their mass numbers. The linear dependence on A holds
well for vy . The family v,(A,E*) as a whole has the form
of a set of lines E*=const diverging with increasing A and
described by the expression

Vpre A,E*)=1.98-0.01334 — 0.0376E* + 0.00042A E*.
(6)

In contrast, the analogous family Epos[(A,E *) is a set of
diverging lines which curve:

Vpost(A,E*)=—4.52—0.0017A + 0.0705E*
+0.00015542—0.000216AE*. @)
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FIG. 2. Examples of the energy dependences of the neutron yields*® v, and

ﬁm for various nuclei and their linear description. The solid lines are for
the least-squares method, and the dashed lines are for the systematics (6)
and (7). The experimental data are from Refs. 46, 47, 49, 51.

The straight line in Fig. 3 approximately reproduces the

observed dependence ;post(A ,0) for spontaneous fission. We
stress the fact that the quadratic term ~A? in (7) “‘bends’’
the family of lines in Fig. 3, in qualitative agreement with the
behavior of ¥,,4(A,0).

The accuracy of the description of vy, and v is esti-
mated from (6) and (7) to be*® 6-7% for excitation energies
E*<110 MeV.

At higher excitation energies (=120-250 MeV) the
nuclear deexcitation process is more complicated: a signifi-
cant number of preequilibrium neutrons v, and protons ap-
pear (this probably depends on the type of incident ion***3).
These carry off a significant fraction of the excitation energy
AEpe, which, in general, is difficult to take into account ex-
actly. Measurements of the spectra of fission neutrons have
been used®*"3 to extract the values of Vpe and AE, for
various reactions and to estimate the nuclear excitation ener-
gies E** after emission of I—Jpe. Figure 4 shows the sys-
tematized?? data, for various ranges of nuclei, on the experi-

mentally measured values of v, and AE,., which can be

used to estimate E**,

pe->
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FIG. 3. Dependence of Epm and fl]m on the mass number A and the exci-
tation energy E* of the fissioning nucleus. The lines reproduce the descrip-
tion of the points according to (6) and (7), obtained by interpolation and
extrapolation of the linear dependences vy (E*) and vyoq(E*), examples of
which are shown by the solid lines in Fig. 2. The line at the bottom describes

the dependence Vy,q(A,0) for spontaneous fission.

Analysis?? shows that the empirical expression (6) can
give a fairly good description of Ep,e for given Z and E* only
in the range A=(Ag—5)*3, where Ag is the mass number
of the fissioning nucleus with a given Z for the S-stability
valley:

Apg—2Z=0.44%/(Az+200), ®)

where (Ag—35) is the average value of the mass number of
the fissioning neutron-deficient nucleus, usually obtained in
heavy-ion reactions. Most of the experimental data on the

multiplicity v, analyzed in Ref. 38 were obtained close to
this value for various Z. The systematics (6) does not repro-
duce the isotopic dependence in a wider range of A than that
indicated. Since in the data used below for analyzing the
mass—energy distributions the length of the isotopic chains
can reach AN~ 12, this systematics was improved in Ref. 22
by introducing the corresponding parameter.

It should be noted immediately that in the literature there
is little experimental information on the isotopic dependence
of l_zp,e for various nuclei, and the authors of Ref. 22 used a
variety of data obtained in reactions involving heavy ions
from '2C to “Ar. In Fig. 5a we show the energy dependence
of ﬂp,e for three isotope chains of the nuclei Fr, Pb, and Yb
(here the results of Refs. 40, 43, 47-50, 55, 57, and 58 have
been used). For the data with E*>115 MeV from Refs. 40,

49, and 55 the excitation energy has been corrected by l—’pe

M. G. ltkis and A. Ya. Rusanov
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FIG. 4. Systematics? of the average number of preequilibrium neutrons v,

and the energy transfer AE'pe for the indicated ranges of nuclei as functions
of the excitation energy E* in various reactions. The data are from Refs. 43
and 55.

and AE, in accordance with Fig. 4. In comparing the yields
Vpre at E* =const (dot—dash lines), the lack of experimental
data forced us to extrapolate it in small ranges for some
isotopes using the linearity of the dependence of z_zp,e on E*
(solid lines). The data shown in this form in Fig. 5a suggest
the presence of a rather strong isotopic dependence of fip,e,
and Fig. 5b demonstrates it for the same nuclear chains at
fixed Z and E*. The dashed lines correspond to the calcula-
tions using Eq. (6) with fixed excitation energy. It is clearly
seen that the values of r_zp,e are described satisfactorily in a
rather narrow range of A. The solid lines show the results of
the calculations using the improved?? systematics:

o= V48— 0.005552+0.0715+0.30, ©)

pre
where 6=(A—Ag), Ag is as before the value of A for the
B-stability valley (8) at fixed Z, and 17:£ is the value of v,
calculated from (6) for A=A . The coefficients in (9) were
fitted to obtain the best description of v(A) in Fig. 5b.
Therefore, the calculations using Egs. (6) and (9) must give

values of Egm very close to experiment. The good agreement
between the improved systematics and the earlier, unstudied
data of Refs. 55, 63, and 64 was demonstrated in Ref. 22.
Now the known number 1_/p,e for a specific reaction can
be used to calculate the effective temperature of the rotating
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FIG. 5. (a) Energy dependence of the multiplicity ¥, for chains of Yb, Pb,
and Fr isotopes.”? The data are from Refs. 43, 49, 50, 55, 57, and 58. (b)
Dependence of f/p,e on Acy at the fixed E* shown by the dot—dash lines in
Fig. 5a. Ag is the value of Ay for the B-stability valley (8). The dashed
lines were calculated using the systematics (6), and the solid lines using the
systematics (6) and (9).

nucleus at the saddle point after the emission of l_zp,e when, of

course, the initial excitation E*, E*, E*(/), and the tem-
perature 02p are known:

E*=Ecy+(AM;+AM,— AMy), (10)
E*=Ecy+(AM+AM,—AMcy), (11)
E*(/)=E*—E%(/), (12)
05={[E*(£))/a}'"?, (13)
Og={[EX(9) = Py, — E( )V a}'”. (14)

In these expressions (10)—(14), E* is calculated using
the experimental values of the ion AM;, target AM,, and
compound-nucleus AM ¢y mass defects from Ref. 65, E* is
calculated using the liquid-drop values of the mass defect for
AM cy from Ref. 66, E*(/) is calculated with inclusion of
the rotational energy of the nucleus in the ground state
E®(/) using the Sierk LDM' or the Cohen—Plasil—
Swiatecki LDM for rotating nuclei,’® E¢(/) is the fission
barrier, and a is the level-density parameter, usually taken to
be a=A/8 or a=0.093A. In addition, in Refs. 22, 35, and 67
it was assumed that each emitted neutron decreases the
nuclear angular momentum by 2%.

1.3. Theoretical aspects of the neutron emission
dynamics v,

In Refs. 21, 22, 35, 67, and 68 in finding the temperature
0:{, (14) it was implicitly assumed that all neutrons v, are
emitted before reaching the saddle point. For light nuclei
with Z2/A<30-32, where there is practically no stage of
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descent from the saddle point, this assumption is well justi-
fied. However, for heavy actinide nuclei it is most probably
not valid, because for these nuclei the saddle and scission
configurations are separated by a fairly long descent stage,
and if fission is a slow process, as now generally assumed,”’

some fraction of the total Bp,e can be emitted during this
descent.
When studying the fragment mass distributions, it is de-

sirable to know what part of l_zp,e is emitted before the frag-
ment formation region and what part is emitted after it, as the

second part of Epre is not very important for determining the
actual temperature. Even ten years ago there were alternative
ideas about the role of the saddle point or the scission point
in fragment mass formation. At present, the following can be
stated on the basis of the experimental (Refs. 2, 4, 5, 21, 22,
26, 35, and 67-70) and theoretical® (using the diffusion
model) studies: for nuclei with Z2/A<33 the fission barrier
dominates, while for heavier nuclei the descent stage domi-
nates, and the heavier the nucleus, the more the saddle point
is ““forgotten.’’ We shall discuss this in more detail later, and

for now we return to Bpre. Unfortunately, there is no direct

experimental information on the amount of f/p,e emitted in
the early stages of the fission process.

Recent theoretical approaches to describing I_Ipm have
been developed in Refs. 59, and 71-80 on the basis of
Langevin dynamics®7!">78 of the diffusion model’®’” and
the statistical model with delayed fission.”*%° One of the im-
portant features of the models of Refs. 59 and 71-78 is the
dimensionless parameter describing the damping of the col-
lective motion for the fission mode®"¥ y= B/2w,, where B
is the damping coefficient characterizing the viscosity of
nuclear matter and wy~1Xx10?! sec™! is the frequency of
the oscillator describing the potential energy V at the top of
the barrier.

In Refs. 59 and 72-75 the coefficient B is not a given
constant, but depends on the basic fission deformation: from
the ground state until the neck appears B=const=2
X10?! sec™!, and then up to the scission point B8 grows lin-
early to 30X 10?! sec™!. This behavior of B is not rigorously
justified, but in Ref. 72 is motivated by the fact that for 8
= const it is impossible to describe simultaneously the fission
probability, which requires small viscosity B=2-3
X 10*' sec™!, and v,,, which requires on the average S
=20X 102! sec™!. The behavior of B in Refs. 59 and 72-75
can be understood qualitatively if it is assumed that in the
fissioning nucleus it is as if the two-body dissipation mecha-
nism dominates (in magnitude) until the neck is formed, and
so small values of B characterize the situation, while after the
neck is formed and as it becomes thinner it is as though a
mechanism like surface friction with large 8 dominates, as
required to describe the fusion process, which in some re-
spects is the reverse of fission.®® With this behavior of B,
universal for all nuclei, it proved possible’>7>~"> to repro-
duce satisfactorily reproduce both the fission probability and
Vpre for a wide range of nuclei from '"*W to 2'Es.

However, it should be noted that such an ‘‘exotic’’ de-
pendence of B on the deformation may not be required for
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the simultaneous description of the fission charac-
teristics.’>’2""5 For example, the authors of Ref. 78 used the
standard wall-and-window one-body dissipation mechanism,
including the temperature dependence of the surface energy,
which tends to lower the fission barrier, and were able to
reproduce simultaneously the fusion cross section, the fission

cross section, the fragment evaporation cross section, r_zp,e,

and E,, the average total fragment kinetic energy, though
only for the single nucleus 2°°Pb at two excitation energies. It
is interesting that those authors’® also attempted to describe
all these characteristics by using the two-body dissipation
mechanism, and succeeded in reproducing everything but
E,. It turned out to be much smaller than the experimental
values.

Back™ also satisfactorily described the energy depen-
dence of vy, for the nuclei 23ge 224Th . and P'Es without
using a deformation-dependent B. He used y=5 (B=const
~10% 10?! sec™!), but did not consider or describe the fis-
sion probability.

Returning to the models of Refs. 72-75, the results for
which are summarized in Ref. 59, it should be stressed that
they are best developed for the theoretical analysis of 1_/p,e
and, moreover, in describing the dependence vy (E*) they
include the splitting of the total Epre into two components
needed for analyzing the mass—energy distributions: 5,

the number of neutrons from the ground state (before the
barrier), and vy, the number from the descent from the

saddle point to the scission point:

k76

- g, =
Vore= Vhret ¥ pre - (15)

Unfortunately, this model was not used to describe the
fragment mass—energy distributions, and it is not known
whether or not the fragment kinetic energy and the mass and
energy variances can in general be reproduced by using the
variable B, especially since the amount 5pm emitted before
the mass formation is unknown. However, the model can be
viewed as a first approximation and used to calculate the
temperature 0‘5’; with the number v8,, which for heavy nu-
clei with a long descent corresponds better to reality than use
of the total number V.

Another important aspect of this problem is the effect of
the angular momentum # on 17p,e. In the experimental stud-
ies of Refs. 21, 22, 35, 38, 67, and 70 it was assumed that

there is no # dependence up to excitation energies E*
~100-110 MeV, as is confirmed by direct experimental
data for '®Yb (Ref. 64) and ?*Pb (Refs. 45 and 47). How-
ever, at higher energies ~ 160 MeV it is present in the ex-
periment of Ref. 43 and in the theoretical studies of Ref. 71,
72, 84, and 85. This is seen in Fig. 6a, where we show the
experimental and theoretical dependence of v, on E* for
198.200pp, The open symbols show the data obtained in the
reaction ’F+81Ta, and the closed circles and triangles show
the data for the reactions 3°Si+'Er and 28Si+!"CEr,
respectively.***’ The solid lines are the theoretical calcula-
tions of v  from Refs. 59, 72, and 75 for the reactions
involving B and 30Si, and the dashed lines give the com-
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FIG. 6. (a) Dependence of the experimental***’ (points) and theo-
retical®®’>"* (solid lines) numbers v, for compound nuclei ***°°Pb on the
excitation energy E* in the reactions F+'8'Ta, *Si+'Er, and 28Si
+'7°Er, Theoretical calculations®*’2"> were made for the first two reactions.
The dashed lines are the calculation of the part of the total 1_/,,,, emitted

during the descent, for these reactions. (b) Calculated depen-

59.72,75

.58
14
pre »
of the number of neutrons (in % of the total l_lp,e) emitted before
, on E* for 2Pb in the same reactions as in Fig. 6a.

dence:
the fission barrier, 175:,
(c) Theoretical E* dependences of l—)g:e for the compound nucleus 24T
formed in the reaction '90+2%Pb, calculated in Refs. 59, 72, and 75 (solid

line) and in Ref. 76 (dot—dash line) in % of the total number v, .

ponents 1_1;’; for these reactions. It is clearly seen that the

experimental points for all three reactions coincide with each
other within the errors, and that the theoretical curves dis-
agree: for the reaction involving *°Si the calculated result is
clearly too low. In Fig. 6b we show the theoretical depen-
dences of the components v5;, in percent of the total v,
obtained from the calculations in Fig. 6a for the same reac-
tions. The curves strongly disagree at high excitations. Ac-
cordingly, in analyzing the mass—energy distributions in Ref.
70 the theoretical dependence of v&, and vy, on / was
neglected, and the values of Bgf,e calculated for reactions of
the type '%0+X and '°F+X were used, because reactions
close to these play an important role in the analysis of the
experimental data on the mass distributions in Ref. 70.

Figure 6c shows how the values of v5;, can differ in
different theoretical approaches: the solid line shows the val-
ues calculated in Refs. 59 and 72-75, and the dot—dash line
shows the results of the Back study’® for the same nucleus
224Th. This difference is a consequence of the behavior of 8
near the ground state. In Refs. 59 and 72-75 the values of 8
are small (2X10?' sec™') and the neutron fraction vg;, is
small, while in Ref. 76 the coefficient 3 is independent of the
deformation and large (10X 10?! sec™!) and the fraction v&

pre
is significant.
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Recently, 1_/p,e and its components were calculated for
250Cf (Ref. 86) using the model of Ref. 59. It was found that

as # increases from O to 30#, flp,e actually remains the same,
but l_zgf.e is decreased by a factor of ~1.5. There are direct

experimental data on ﬂp,e for the fission of 2*%Cf produced in
two reactions: ''B+2'Np and '°0+232Th (Ref. 56), which

show that 1_/p,e is higher, though slightly, for the second re-
action at the same excitation energy E*~60 MeV. This fun-
damentally contradicts the model of Refs. 59 and 72-75, and
in Ref. 56 was attributed to the large dynamical delay time
for the heavier ion in the process of ion—target fusion and
formation of the compound nucleus.

We shall see that the model of Refs. 59 and 72-75 is not
free of defects and incompletely justified assumptions. How-
ever, at present it is the model which is best developed and

tested for describing ip,e in a fairly wide range of nuclei.
Another fact in its favor is that the splitting of the total 17p,e

into %, and v}, is apparently confirmed in Ref. 87 in de-
scribing the energy dependence of the anisotropy of the fis-
sion fragments from 22*Th in the reaction '°0+2%pPb, where

the flattening of the anisotropy at high excitation energies
can be satisfactorily described by using 175; from Refs.
72-175

and not with 8= const=20X% 102! sec™!. However, this fea-
ture of the anisotropy can again be explained without resort-

ing to the idea of v§;,, as demonstrated earlier®® for lighter
nuclei.
The strong and weak points of the model of Ref. 59 and

72-T5 were evaluated in Ref. 70 on the basis of its results
for l_llg):e , and a simple systematics was constructed for z—lgﬁe as
a function of the excitation energy E* and the fissility pa-
rameter x: !

3 Z%A
"~ 50.883(1—1.7826[(N—Z)/A?])"

X (16)

This is shown in Fig. 7 for E*=50, 75, and 100 MeV in
percent of the total number l_lpl.e. Here we clearly see that on
the logarithmic scale ¥, is linear in x in two ranges, and has

a kink at x=0.745. The solid lines are the empirical descrip-
tion

log ¥8,(%)=0.0056E* —0.1115x—0.0116E*x
+2.16 for x=<0.745,

log 78(%)=0.0188E* — 6.734x +0.0198E*x
+7.17 for x>0.745. 17)

We see that for E*<100 MeV, &, differs from the total

pre
l_lpm (100%) beginning at x~0.6: up to this value of x prac-
tically all the neutrons are emitted before reaching the saddle
point. The picture is reversed in the case of very heavy nu-
clei. For example, for x~0.9 only 10-12% of the neutrons
are emitted before reaching the barrier and ~90% are emit-
ted during the descent. On the whole, this makes sense, be-

cause nuclei in this range of x have fission barriers E¥
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FIG. 7. Theoretical calculations®">"* (all points) of the dependence of v&,
(in % of the total 17,,,,) on the fissility parameter x at three values of the
excitation energy: E*=50, 75, and 100 MeV. The solid lines are the de-
scription of ¥&(x,E*) according to Eq. (17) (Ref. 70).

<1MeV (for /=0), and are close in deformation to the
ground state, so that the entire nuclear deexcitation process
occurs during the descent stage.

Let us consider variants of the possible neutron emission
stages and the effect of this factor on determining the tem-
perature of the fissioning nucleus:

1. Neutrons are not emitted before reaching the saddle
point, and the temperature at the barrier is calculated by (13),
i.e., as the initial value 02},.

2. All the neutrons vy, for any nucleus are emitted be-
fore reaching the barrier. Then we find the temperature at the
saddle point from (14) and denote it by 0:;‘.

3. A number of neutrons v&, given by (17) is emitted
before reaching the barrier. The temperature is determined as
in the preceding case, but instead of the total v, we use v,
and denote the temperature by 05;2.

When applied to analysis of the mass—energy distribu-
tions, these three methods of determining the temperature
implicitly contain the assumption that the mass distribution
is formed at the saddle point. Let us consider an alternative
assumption: that the mass distribution is formed at the sciss-
ion point, as assumed for actinide nuclei in Refs. 89-92.

Here we denote the thermal excitation energy of the
nucleus at the scission point and the corresponding tempera-
ture by ES® and 6%, and obtain them from the
expressions*® %2

E:?:E* +fo_Ek_ l—’meV_E:gt—Edef’
£3_ ( ef3
0P=(E/a)"?, (18)

where Qy is the reaction energy for symmetric fission, E; is
the average total kinetic energy of the fragments, v, E, is
the average energy carried off by all the neutrons, E}, is the
rotational energy of the nucleus at the scission point, and
E 4 is the energy going into fragment deformation.
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Some of the components in (18) require explanation of
how they are actually determined. It would seem that there is

93,94

no problem with E,, as the existing systematics indicate

a strong linear dependence of E; on the Coulomb parameter
Z%/A"3. However, the systematics of Refs. 93 and 94 in-
clude all the data on E, : the data for both spontaneous and
low-energy fission, in which shell effects dominate, and the
data for the fission of highly excited nuclei in heavy-ion
reactions. In earlier studies*"”> we showed that when data
on E, are chosen only for sufficiently heated nuclei, the na-
ture of the dependence E,(Z*/A'?) changes: beginning at
Z%/A'*=900- 1000 the data tend to lie lower than the linear
dependence®*"™” (see Fig. 24 below):

E,=0.131Z%A"3, (19)

which in the range Z%/A3=0-900 gives a good description
of experiment. The deviation increases roughly linearly with
increasing Z%/A'3. In Ref. 70 we approximated E; by the
function

E,=0.104Z%/A"3+24.3 (20)

for the range Z%/A'?=900-1800. Here we did not include

the data on E, in quasifission reactions involving ions A;
>30 from Refs. 89 and 96. Equations (19) and (20) were

used to find the values of E, for determining EZ? (18).
Let us now consider E,, the rotational energy at the
scission point. It is defined as2221097

EX =822+ 62712, (21)

where J%° is the nuclear moment of inertia about the axis
perpendicular to the fission axis. In the end the question re-
duces to finding J5°. In the LDM of Strutinskii et al.!! the
scission point is defined as the critical point corresponding to
loss of stability of the nucleus to breakup into two fragments
and is given in units of J, the moment of inertia of a solid
spherical nucleus. For the nuclei considered here Jf°

~4.2J,, from which we find that
ES~E% 142+ 652, (22)

rot ol

It is known from the classical model of a rotating liquid
drop>® that
E° =34.540(/*/A%%) MeV. (23)

In calculating E2, we used the exact value of J5° from

Ref. 11, which itself varies weakly from 4.1 at x=0.6 to 4.3
at x=0.95.

It must be made clear that in the LDM"! the scission
point is not characterized by zero neck thickness. Breaking
occurs for finite thickness without a change of the overall
elongation of the nucleus, not by gradual thinning of the
neck with increasing deformation of the fissioning nucleus,
as is often assumed.

The question of the location of and conditions for sciss-
ion of a nucleus into fragments is of fundamental importance
for understanding fission and will be dealt with separately
below in Sec. 4.
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We still need to discuss the deformation energy E 4 in
(18). Unfortunately, little can be said about it without serious
theoretical analysis. This parameter depends strongly on the
particular model defining it, on the parametrization of the
shape of the fissioning nucleus, on the viscosity coefficient
B, and on the conditions under which the nucleus undergoes
scission. We also do not know its behavior as a function of
the nucleon content of the nucleus. Therefore, following Ref.
37, we shall assume that E4;=0 and that the values of E”
and 6° calculated from (18) are the maximum values of
these quantities.

Now let us make some remarks about the points raised in
this section.

As mentioned above, in Refs. 21, 22, 35, 38, 67, 68, and
70 the decrease of the nuclear temperature only due to the

neutron emission vy, and vp, has been taken into account.
But now there are sufficient experimental data on pre-fission
charged particles—protons p and & particles @y, which
also decrease the nuclear excitation energy.%'g'9 However, at
the energies studied (E*=<100—120 MeV) on the average
only very few of them, depending on the nucleon content,
are emitted (altogether less than 0.1 per fission event). The
total energy carried off by p . and a, was estimated in Ref.
70. It turned out to be 1 -2 MeV and, in principle, must be
taken into account. However, there is something which al-
lows it to be neglected, at least in determining 0:; at the
barrier.

First, in theoretical calculations at E¥~60 MeV (Ref.
86) it has been shown that in the deexcitation of a nucleus, a
pre-fission charged particle (if one is emitted at all in the
fission process) is usually emitted first, and then this is fol-
lowed by neutron emission. The charged-particle emission
therefore practically always occurs before the barrier is
reached.

Second, in recent years there have been quite a few the-
oretical studies (for example, Refs. 100—105) where the
Thomas—Fermi or Hartree—Fock approximations were used
to study the effect of the temperature on the surface and
Coulomb energies of the nucleus. In the end, they showed
that an increase of the temperature tends to lower the fission
barrier (this is somehow similar to the effect of the angular
momentum #), and at some fairly high temperature the bar-
rier can completely disappear even for Z=0. Strictly speak-
ing, this lowering of the fission barrier must be taken into
account in the analysis, and the first direct attempts to do so
have already been made in describing the fission cross
sections’®'92106 and also Vpre (Ref. 78).

In the final analysis, it is important that for the tempera-
ture range considered here, 0:{,1'2= 1-2 MeV, the effective
barrier is decreased on the average by about 1-2 MeV ac-
cording to various theoretical estimates. Since an increase of
E* leads, on the one hand, to an increase of the numbers ﬁp,e
and &p,e, and, on the other, to a decrease of the effective
barrier height, the net result is a cancellation of the two ef-
fects (of course, within certain limits and not for all nuclei),
i.e., the temperature actually does not change at the saddle
point.

It is therefore desirable to take into account p y, and @,
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only when determining 0:? , the temperature at the scission
point. However, unfortunately, there are too few data to do
this correctly for any nucleus or reaction, and so we shall
neglect this effect.

Let us summarize the discussion in this section. The sys-
tematized information on pre- and post-fission neutrons is,
on the one hand, of independent interest for understanding
the dynamics of the fission process (see Refs. 37 and 59)
and, on the other, of pragmatic interest (as in our case): with-
out knowledge of v and its component v, it is impossible
to understand and quantitatively analyze many of the experi-
mental results on the characteristics of the fragment mass—
energy distributions in nuclear fission according to the cur-
rent ideas about the temperature of the fissioning nucleus.

2. ANGULAR MOMENTUM AND THE FRAGMENT
MASS-ENERGY DISTRIBUTIONS

There is now a great deal of data on the fragment mass
and energy distributions in the fission of heated nuclei, but
these data are quite heterogeneous and often contradictory.
They have been obtained for various excitations and a wide
variety of reactions, involving electrons, light charged par-
ticles, etc., up to uranium ions in inverse kinematics. It has
been shown in several experimental studies (for example,
Refs. 22, 35, 67, 70, 97, 107, and 108) that the characteristics
of the mass—energy distributions, in particular, the variance
of the mass distribution (MD) ¢, depend strongly on the
angular momentum ¢ transferred to the nucleus by the inci-
dent ion. In addition, it has been learned that the sensitivity

coefficient do3/dZ? is a function of temperature. To some-
how systemize all the data on the fragment mass—energy
distributions it is necessary to have accurate knowledge of
the nature and magnitude of the effect of # on the fissioning
nucleus and the fragment characteristics.

2.1. Theoretical ideas

There are quite a few studies devoted to the various as-
pects of the theoretical understanding of the effect of Z on
the fragment mass—energy distributions for various
nuclei'%"13! The earliest studies were those of Moretto
et al. (see, for example, Ref. 109), where the fairly simple
ridge-line model (conditional saddle points in the space of
mass-asymmetric deformations;'® see also Ref. 114), similar
to the LDM, was used to calculate the potential energies of
light nuclei with A=120-150 as a function of the mass
asymmetry for various Z. For nuclei above the BG point in
Z% A these calculations predict narrowing of the parabolic
potential curve (increased stiffness) as # increases for frag-
ment masses near A/2. For the fission of very light nuclei
lying beyond the BG point it predicts a changeover, via a flat
distribution, from a curve close to an inverted parabola to the
standard parabolic dependence. If it is agreed that the shape
of the potential-energy curve in the statistical limit is respon-
sible for the shape of the fragment mass distribution, then, in
general, an increase of /7~ will lead, according to Refs. 18 and
109, to a decrease of the variance aﬁl of the mass distribu-
tion.
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This is illustrated in Fig. 8a, where we show a typical
example of calculations of the potential energy of the '%Ag
nucleus as a function of the fragment Z (conditional barriers)
and the angular momentum #, performed in Ref. 112 using
the model of Refs. 18 and 109.

Similar calculations based on the ridge-line potential
have been carried out for various nuclei in many
studies.'® ' As noted in Refs. 18 and 109, this model will
give results consistent with experiment only if the saddle
configuration of the fissioning nucleus coincides with the
scission-point configuration or is at least close to it (the de-
formations @, and a, and the potentials V(M) and
Vs(M), respectively), i.e., when the stage of descent from
the top of the barrier is absent. This possibility is realized in
the fission of light nuclei with ZYA<32 (x<0.6-0.7)
(Refs. 2 and 3), and the lighter the nucleus, the closer a is
o ag.

Sierk!"® and Carjan and Kaplan''® have also calculated,
for 119Sn and T, respectively, the potential energies as
functions of the charge (mass) asymmetry and # in various
models of a rotating liquid drop taking into account the finite
range of the nuclear forces.!® The results of these calcula-
tions are shown in Figs. 8b and 8c and are similar to those of
Ref. 109.

As mentioned above, for nuclei with Z%/A>32 the de-
scent stage already begins to play an important role, and the
picture of the formation of the mass distributions becomes
more complicated.’ Moretto and Schmitt!'® tried to apply the
statistical formalism of the model in Refs. 18 and 109 to the
calculation of the fragment mass yields for the fission of the
heavy nucleus 2*’Bk, obtained in the reaction
97 Au(*Ar,f ), however, not for the saddle configuration,
which has a cylindrical shape for this nucleus, but for the
scission configuration of two touching liquid-drop spheres
(the fragments). The result was as before: the width of the
mass distribution decreases with increasing Z, as is seen in
Fig. 8d, taken from Ref. 118. This contradicted the experi-
ment of Ref. 108, where the fission of the somewhat lighter
nucleus 2%’At in the two reactions "*Re(?*°Ne,f ) and
165Ho(“OAr,f) was studied. The inverse dependence was
found: the width of the mass distribution increases sharply
with increasing . The authors'® tried to attribute this to a
new mechanism of ‘‘fast fission,”” when the critical angular
momentum is Z.>/ E~0- i€, when the fission barrier E;at

large /' becomes zero and classical compound-nucleus for-
mation does not occur.'”® However, further studies of the
fission of Pt, Po, and Ku nuclei®”®”'7 showed that the same
effect occurs at much lower # and that therefore the inter-
pretation on the basis of the fast-fission mechanism is uncon-
vincing. This will be shown below.

In Ref. 119, Gregoire and Scheuter were among the first
to use the diffusion model to describe the mass distributions
of the same nucleus 2%5At. They studied the mass yields,
taking the scission-point configuration to correspond to the
condition that the thickness of the neck between the two

fragments is r,~0. As / increases from 0 to 70% the width
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FIG. 8. (a) Calculations''? of the potential energy B of
the '%Ag nucleus (conditional barriers) as a function of
the fragment charge Z and angular momentum #; (b)
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of the mass distribution in Ref. 119 hardly changed as the
friction coefficient changed by a factor of 20. This result is
also inconsistent with experiment.'*®

This discrepancy was to some degree corrected by Faber
in Refs. 120 and 121. In Ref. 121 he presents maps of the
potential (free) energy of the same nucleus **At as a func-

a

Mass asymmetry

tion of the mass asymmetry, the angular momentum ¢/, and
the neck parameter r, at the nucleus temperature 6
=1.6 MeV. These maps—two-dimensional landscapes of
the free energy—are shown in Fig. 9a. It follows'?! from
them that the dependence of the mass asymmetry on Z is
opposite to that on variation of the neck thickness: for defor-

Free energy (T=1.6 MeV)
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FIG. 9. (a) Maps of the free energy of At calcu-
. lated in Ref. 121 as a function of the mass asymme-
try, the neck parameter r,, and the angular momen-
tum. (b) Dependence of the free energy of 2At on
the mass asymmetry and angular momentum at
fixed r, (see the text), obtained from (a).
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L(h)

FIG. 10. Theoretical dependence of the variances o and o' of the mass
and energy distributions on the angular momentum # for the indicated
nuclei. !

mations near the saddle (thick neck) an increase of # leads to
broadening of the parabolic potential-energy curve V(M)
(decreased stiffness). In approaching the scission point (thin
neck) the # dependence of V(M) completely disappears, and
for r,=0 (touching fragments) the parabola V(M) narrows
(increased stiffness) with increasing Z, as in Ref. 118. This
is seen more clearly in Fig. 9b, obtained from Fig. 9a. There
we give the dependences of the free energy on the mass
asymmetry (only the branch for heavy fragments is shown)
and on / for fixed neck parameter r,. For clarity, the curves
for different Z/#0 are shifted by A/2 (the mass asymmetry
here is 1) relative to the curve for Z/=0. Therefore, to un-
derstand the experimental facts in the fission of heavy
nuclei® 27107108 o the basis of Ref. 121 it is necessary to
assume that deformations near the saddle, possibly during
the descent, and certainly not at the scission point for r,
=0 are responsible for the formation of the fragment mass
distributions. Adeev et al.>!''7 used the dynamical diffusion
model including two-body viscosity to calculate the fragment
mass distributions for a wide range of nuclei from 72Yb to
2%Fm as functions of E* and /. They showed that the
“memory’’ of the prehistory of the fissioning system in its
descent to the scission point plays an important role in form-
ing the mass—energy distributions, and that this in turn de-
pends on the extent and time of the descent: for a short
descent (light nucleus) the mass distribution is formed right
at the barrier, and for a long descent (heavy nucleus) it is
formed at some intermediate deformation between the saddle
and the scission point. From this point of view, in Refs. 3
and 117 it was found that for light nuclei roughly up to x
~0.65, doi,/d/<0, while for heavy nuclei do?,/dZ>0.
This agrees qualitatively with experiment, as will be shown
below. The # dependences of the variances of the mass dis-
tribution 0%, and of the energy distribution 0% calculated in
Refs. 3 and 117 for various nuclei are shown in Fig. 10. They
confirm this picture: for heavy nuclei (Po, U, Cf) both vari-
ances grow with increasing /, for the lighter nucleus '"Yb
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o3 decreases, and for '*Pt we have an intermediate situa-

tion.

This discussion would seem to pertain mainly to the
fragment mass distributions. There is considerably less the-
oretical information about the energy characteristics: the av-
erage total kinetic energy E, and its variance o%. The au-
thors of many studies™>"!!%126-130 have assumed that the
coupling between the rotational degrees of freedom and the

internal ones is small. In this case E; should be observed to
increase by an amount equal to the rotational energy of the
nucleus (21), where in (21) the nuclear moment of inertia J |
and temperature @ can be defined either at the saddle point
(6yp) or at the scission point (6), depending on how the
problem is actually treated by different groups of authors.
In Refs. 115 and 107 it was assumed that not all the
energy E,, (21) goes into increasing E,, but that part goes
into rotational motion of the fragments, and another part''>
can go into internal excitations of the fissioning nucleus or

the fragments. Accordingly, the final energy E; will also
depend on how the energy E,, is redistributed among the
various degrees of freedom. Unfortunately, at the present
time the theory has only begun to tackle this problem (see,
for example, Refs. 3, 116, and 131). Moreover, there is little
direct experimental information, and it is often
contradictory.m’m Therefore, more data must be obtained
for various regions of fissioning nuclei, energies, and inci-
dent ions.

In the case of the variance o‘ﬁ, its Z dependence has
been studied theoretically in only two publications: in Ref.
107 using the well known Wilkins statistical model'*? of the
scission point including rotation, and in Ref. 3 using the
diffusion model. In the first case the values of cré calculated
for Pt isotopes turned out to be considerably smaller than the
experimental values with a weak positive dependence on /.
In the second, the # dependence of 0% is also rather weak,
and the coefficient d 0',25/ d/? depends on the nucleon content,
increasing from 0.003 to 0.01 MeV¥#2 for nuclei in the
range from Pt to Cf, as is shown in Fig. 10.

Mention should also be made of Ref. 131, where the
diffusion model® with two-body viscosity was used to calcu-
late Ey, 0'12.5 , and 0',2” for the very heavy 22108 nucleus at
0,,~2 MeV, which has fission barrier ~0. It turned out that

as / increases from O to 307 the calculated value of E; does
not grow; instead, it decreases by 2 MeV. This result was not
commented on in Ref. 131, and it can probably be inter-
preted as follows. For a nucleus this heavy, as # increases
near the scission point the nucleus becomes more elongated,
owing to centrifugal forces. As a consequence, the energy of

the Coulomb repulsion decreases more quickly than E, in-
creases owing to E,,. The experimental data for heavy sys-

tems indicate that E; is not independent of either Z or E*
(Refs. 67 and 89). In the calculations of Ref. 131, o2 is
practically independent of /, while o3, grows by ~12%.

2.2. Experimental results

The experimental study of the effect of Z on the mass—
energy distributions began over 30 years ago,‘) with the now
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classical study of Plasil et al.®® This subject was later
touched upon to some extent in Refs. 2, 21, 22, 35, 67, 89,
97, 107-109, 111, 113-115, 127, 129, 130, and 133-135.
Unik et al.'? studied the fission of 2!°Po in reactions involv-
ing p, a, and '’C by the E, — E, technique using a semicon-
ductor spectrometer. They found that £, depends strongly on
both E* (dE,/dE*~0.06 MeV/MeV) and / (dE./d/*
~3 keV/#?%), which more than twice exceeds the prediction
of (21). No statistically significant effects were obtained for
the # dependence of the variances o3 and o%. The results
of Ref. 129 were not confirmed by Cuninghame et al.: 130 the
values of E, for fragments of 2Po produced in reactions
involving a particles and '2C and '%0 ions turned out to be
similar and independent of Z. As in Ref. 129, the variances
o5 and o> did not manifest any explicit # dependence. The
authors of Ref. 97 also used an E,— E, spectrometer in re-
actions involving *He, “He, '%C, and '°0 ions to measure the
fragment mass—energy distributions for the same nuclei
208-210p, a5 in Refs. 129 and 130. The results were analyzed
using the simple hypothesis of linear dependence of Ej, ok,

and o on 6, and 7%

1).4 X _

sp»

where X(60,7%) are the average moments of the mass—
energy distributions and X(=X(0,0). Equation (24) satisfac-
torily describes the experimental data, and the authors of
Ref. 97 obtained the values dE,/d7?>=2.9+0.7 keV/#?2,
which is close to the estimate (21), and da'i,/ d7?
~0.02 u?/A2. As before, no effect of 72 on o2 was found.

In Ref. 133, Ngo et al., studying fission for the same
Po-At nuclei by the time-of-flight method, found that, in
disagreement with Refs. 97 and 129 but in agreement with
Ref. 130, E, depends very weakly on /: dE;/d7*
<1keV/A2. This result was later confirmed in Ref. 134.
Meanwhile, in Refs. 108 and 133, and also in Ref. 134, for
the 20°At nucleus produced in reactions involving 2’Ne and
“Ar it was found that o3, depends strongly on #, while in
Ref. 134 it was also found that 0% depends on Z. Both
variances grow with increasing /.

The fragment mass—energy distributions in the fission of
lighter nuclei 176~ '®pt were studied experimentally in reac-
tions involving 32S and !0 ions in Ref. 107. The results'?’

agree with those of Refs. 108 and 134 for the variances o2

and UZ-. The growth of E, observed in Ref. 107 turned out to
be related not to the variation of /Z, but to the increase of the
excitation energy E*. The estimated values of the deriva-
tives were, as in Ref. 129, dE,/dE*~0.06, but for
dE/d7?~0. It was later shown in Ref. 67, by analyzing the
data of Ref. 107, that dE;/dE* is decreased by a factor of
two if the correction to E; for the emission of a realistic
number of neutrons v, from Ref. 38 is introduced, which is
more correct. This effect was also mentioned in Refs. 37 and
136.

Now let us consider in more detail the results of experi-
mental studies and analyses performed directly in order to
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estimate quantitatively the effect of Z on the mass—energy
distributions.

For convenience and to adhere to our classification de-
scribed in the Introduction, we first consider the traditional
region of heavy nuclei.

2.2.1. The region Z|A=31

In Ref. 67 the fission of 206204Po and 260256104 was stud-
ied and analyzed for the reactions

*He+%Pb—  2Po—f (Ref. 69)
lZC +l94Pt\

160+0s\

20N\je + 186y, 206,204P0 . f
*Mg+'%HE
2Si+'"%Yb,/
“Ar+'%py
150+**Cm\
20Ne+2%Pu
24Mg+236U—> 260104—’f
?88i+>Th /~

®Ti+2%Pb—  2°104— f

at two energies for each ion. The data of Ref. 107 on the
fission of the compound nucleus '®¢Pt produced in the reac-
tions

160+170ybN\,
186Pt-—>f
328 + 154Sm/

were also analyzed.
In Ref. 22 the fragment mass—energy distributions from
the fission of '360s (Ref. 62) were analyzed as in Ref. 67:

‘He+'82wWN\
12C+l74Yb—) 18603_)f.
160 4 0By,

Finally, in Ref. 70 all these data were reanalyzed by
taking into account the isotopic dependence of f/p,e from
Refs. 38 and 22 and v5;,, which is naturally reflected in the
temperature dependence of the mass—energy distributions.
The data of Ref. 108 for the reactions

20Ne+"Re\,
20520671, ¢
DAr+165Ho /!

were also analyzed in Ref. 70.

In Fig. 11 we show the fragment mass distributions
Y(M), and in Fig. 12 we show the energy distributions
E (M) and the variance aé(M) for the heated fissioning
nuclei 20620Po and 2562104, produced in reactions involv-
ing Ne, 28Si, “Ar, and “®Ti. The Gaussian form of Y (M),
the parabolic dependence E (M), and the weakly
M -dependent variance 0"25(M) are characteristic signs of a
liquid-drop nature of the fragment mass—energy
distributions. 2361218137 Eor 285 and heavier ions the regions
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of elastic, quasielastic, and deep-inelastic processes are dis-
tinguished at the edges of Y(M). For reactions involving
“8Ti ions the shape of Y (M) is clearly non-Gaussian, which
for similar ions and heavy nuclei indicates, according to
Refs. 68, 70, 89, 91, 96, and 138, that quasi-fission'* con-
tributes to the observed mass distribution. This will be dis-
cussed in detail in Secs. 3 and 4 below.

In Fig. 13 we show the dependences of the fragment E;
on the initial excitation energy E*(/) (12) and on the aver-
age squared angular momentum Z2? for four nuclei:
260,2561()4, 204.206.207p, 186p¢ 45 186Qg, produced in the re-
actions listed above.

Figure 13 shows that E; is practically independent of /
and E*. The complete set of results gives the upper limit
dE;1d7?<0.3 keV/#?2. Since (dEy/d7?)exy<dE,o/d7?, it
can be stated that a large part of the rotational energy goes
not into the kinetic energy of the fragments, but into other
degrees of freedom.

The absence of any effect of Z on Ej can be explained
using the measured average multiplicity of y rays M y from
fragments in reactions involving light charged particles!4%!43
(p and @) and heavy ions,!3413814L142144-147 which showed
that M, grows with increasing E* and /. In Ref. 67 it was
found that the # dependence of M, and of the energy carried
off from the fragments by 7y rays E., almost exactly corre-
sponds to the variation of E,, at the saddle point (for light
nuclei) or at the scission point (for heavy nuclei). Therefore,
the rotational energy of the fissioning nucleus apparently is
to a large degree transformed into angular momentum (spin)
of the fragments and is liberated at later stages by y emission
from the fragments.

Let us now turn to the second moments of the fragment
mass—energy distributions, 0%, and o’%. In analyzing the ex-

perimental data on the variances it is convenient to study the
temperature dependence of these quantities following from
the fairly general results of statistical mechanics.'*® In par-
ticular, it follows that if V(a,S) is the dependence of the
deformation potential energy on the variable S, then its dis-
tribution about the average value S in accordance with the
deformation a can be written as

b (s (S-5)° Oas
ap(S)~exp 20, || TS0 Ksay’

d*y
Ks.ao=|757)|,_s - (25)

0

where 6, is the temperature and K, is the stiffness to

variations of S (both at the point @=a,). A more general
expression for the temperature dependence of the variance
0% can be obtained by taking into account the zero-point
energy. Dropping the index a,, we obtain

hows [ 0/Kg for 6>hog
0 |fwg2Kg for 0<twg’

hws

0'5 T Ks (26)

where ws=(Ks/ps)"? is the oscillation frequency and sy is

the reduced mass for oscillations of the mode S.

The experiment is consistent with this prediction; in par-
ticular,

(a) the mass and energy distributions obey the Gaussian
law (25);

(b) as follows from studies of the fission of preactinide
nuclei at low temperatures camed out usmg light charged
particles,” the dependences of o and o2 on 6, follow (26),
where O'E( 0y corresponds better to the case O,<fiwg,



174 Phys. Part. Nucl. 29 (2), March-April 1998

M. G. ltkis and A. Ya. Rusanov

. 240 20 232 28 208 48
N Pu + Ne Th +  8I Pb+ T
w v
= DA A o v e et oms | ®
- 400 - o 2 g . K s ..”-"o,-.. P gl e AR .o .".
o 0 o ‘0 7 MeV/A”“ e Rl hul M:;;: TR, o 6.3 MeViA e i
g 190 } .-"___,....-....................._.__“ -.“_._“_...-.-«-m--»---...,_._“mw ..“_“m.,..-.....-..................,,_"m.‘m }
R -.-..l".. " e, ot .
- l‘o A“..A ywe e FUwwe yvevwew) [y .L. A Asddddsaiasdoalont [ A A ad A A A
“ 40 00 140 100 «0 90 140 100 40 00 140 190
186 20 176 28 164 40
S LA Ne Yo + 8 Dy + Ar
) - v y r v vvrvy N r v
= S P e el
NI:‘ 200 -,.'..'-.m ‘-.,..','-'. o PR PN X e e s e XA X . " ) ...l Me\.llf; .
%) 0 7.0 MeV/A 8.93 MoV/A
ras e Sttt eete v aga,, e . = .mw“"t'-'.m-.-_ e, ue
E’ 140 t Kl -""". 4 tab 7.0 MeV/A NM""‘-', . =T 0,00 MeVIA e e 'ab 6.3 MeV/A SO
R ‘o - e & A A | WP UUY | Acdedndado i ~d [ Aed A Al FUWWE POWwwwww
w3 30 80 130 lGO 30 8o 130 100 30 a0 130 180

Mass, u

FIG. 12. Energy distributions E, and o as functions of the fragment mass M for the same nuclei and reactions as in Fig. 11 (Ref. 67).

while 0%,(05[,) corresponds to the linear approximation 6,
>hwy, in view of the fact that Awg/hwy~5-10 MeV
and fwy~0.5 MeV (Ref. 2).

The last result is also consistent with the analyzed data
of Refs. 67 and 107 O'M depends linearly on Os , while the
dependence aE( ) is concave, in agreement w1th (26), and
poorly approx1mated by a quadratic parabola. These facts
formed the basis of the data analysis in Ref. 67. In Fig. 14

we show 772, 012” , and o as functions of the initial tempera-
ture ng. The experimental values of the last two character-
istics, the mass variance and the square root of the energy
variance, are satisfactorily described by straight lines.

There is a clear correlation between the temperature de-
pendences of these characteristics for various bombarding
ions (Fig. 14): they all are fan-shaped with intersection point
at 0 p~1.2-1.4 MeV, when the angular momenta for all re—
actlons become roughly the same. The experimental data®
obtained for the 2°Pb(®He, f ) reaction can be included in
these families of curves for Po nuclei. The angular momenta
transferred in this reaction are much smaller than in heavy-
ion reactions, and so the open squares in Fig. 14 lie close to
the family boundary at Z2~0. Figure 14 corresponds to case
1 of the preceding section, i.e., it was constructed by assum-
ing that no neutrons are emitted before reaching the saddle
point. It is mainly illustrative, because in a realistic situation
the prefission neutrons carry off a significant amount of the
excitation energy.

Let us now separately consider the fission of 25?%A¢
nuclei'® in the reactions ’Ne+"*Re with Ne ion energies of
124 and 204 MeV and “Ar+'$Ho with Ar ion energies
from 180 to 390 MeV. For the second reaction involving
“Ar ions the analysis of Ref. 70 used the lowest six energies
in the range E,,=180-280 MeV. These were chosen be-
cause as the Ar ion energy increases after the steep, roughly
linear growth of the FWHM of the mass distribution, the
FWHM dependence on E* becomes nearly flat beginning at
E 5,=300 MeV. In Ref. 108 and later in the theoretical stud-
ies of Ref. 125 this strong growth and subsequent flattening
of the width of the mass distribution was attributed to a new

mechanism of ‘fast fission,”” which begins to operate when,
as the ion energy increases, the critical angular momentum
/. becomes larger than the value / £,=0 at which the fission
barrier vanishes. The authors of Ref. 125 think that in this
case a classical compound nucleus is not formed; instead, the
system directly enters the fission channel. However, recent
theoretical'®® and experimental”"”'136 studies have shown
that even for E =0 fission is a slow process, and the role of
the barrier in this case is effectively played by the
viscosity.!*> The term ‘‘fast fission”” is therefore not really
correct.3® On the basis of this conclusion, the authors of Ref.
70 associated the growth of the width (variance) of the At
mass distribution with the usual effect of Z. As seen in Fig.
14, in the production of 2°%2%Po nuclei close to 2%52%At by
ions up to 4Ar, all the results, including those for “Ar ions,
fit into a single picture, in which rapid growth of o, is
observed also at values of /Z considerably smaller than
/ E/~0- Moreover, the flattening of the width of the mass
distribution at high excitations can apparently be qualita-
tively attributed to the fact that the nuclear temperature is
strongly lowered in the fission process owing to the emission
of a large number of prefission particles. This process begins
to have a strong effect at E*=180-200 MeV, and no matter
how high the initial excitation was, by the time the nucleus
reaches the scission point it has an excitation of no more than
50-70 MeV (Refs. 37 and 150). However, it is not impos-
sible that the flatness of the width of the mass distribution
just indicates that the quasi-fission mechanism is operating,
as in Ref. 89.

As an example, in Fig. 15 we show the o‘,zw dependences,
but now on the effective temperatures at the saddle point and
the scission point for 2°52%A¢ nuclei and the same 29104
nucleus as in Fig. 14. We clearly see how the temperature
range is narrowed, depending on the number of neutrons fzp,e

or V&, used in the analysis. Naturally, the temperature de-
pendence of 0,2‘, also changes. For a heavy nucleus, the en-

ergy dependence of l_zp,e is such that there is almost complete
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FIG. 13. Dependence of the average total fragment ki-
netic energy E, for the indicated nuclei in various reac-

tions (see the text) on the excitation energy E*(2) (12)
(left-hand side) and on the average squared angular mo-
mentum 72 (Refs. 22, 62, 67, 69, and 107).
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equalizing of the temperatures, with weak dependence on the
initial E*,

The analysis of characteristics like those in Figs. 14 and
15 performed in Ref. 67 showed that, in general, the depen-
dences of o and o, on 05, and 7? are nonlinear and that
(24) represents the Taylor-series expansion of X( ()sp,7z)
with only linear terms. To it should be added the quadratic
and cross terms:

w2 2
+/‘wd) P+ —2X_4 @7

~ — 0, /2
2 2? 30,077

We recall that X is either a3 or o%. In Ref. 67 it was
shown that the quadratic terms in (27) can be neglected with-
out seriously affecting the description in terms of the linear
and cross terms. It was also shown that it is possible to take
(03)0=0%(0,0)=0. In our case this always implies the as-

_ X 182X X sumption that the fragment mass—energy distributions are
X( Bsp,/2)=X0+ — Ot —> 03p+ —_ formed at the point 6/=0, i.e., at the barrier or the scission
a6, 296, o2 point (i=sp or sc, and j=efl, ef2, or ef3). In Fig. 15 the
a c
5000 - v v - v §.10°
b | “ug so
4000 } 9 b mxu . ‘.|°l
3000 < "o 3-10°
e
o~
" 200e} S {240
1000 L 10!
ol - L [}
300 ~ - - -
o-'" * 0="0 %9 FIG. 14. Dependence of o, o,
ng "o and Z2 on 62, (13) for the nuclei
L ‘_,,“ 184,186py 204,25&,sz0, and 29104
TS 200} ] »:_-; {e00 produced in reactions involving
~Y .- iy various ions.
)
100 L . - - 300
[ 1f ] ~2?
1} it 1 [ ;
3 ) 3 .
= o] =% =1 , 12
b'n / bu < y 418
s}  o®
» 1s
' o ; s + .
10 14 20 25 10 18 20 2s 1.0 s 20 28
80 . MeV 8%, Mev



176 Phys. Part. Nucl. 29 (2), March-April 1998

1.3 1.8 1.9 1.3 1.6 1.9 22,18

M. G. ltkis and A. Ya. Rusanov

FIG. 15. Dependence of a2, for 252%At and %°104 on the

effective temperature at the saddle point 0:;’ , 0;’;2 and at the

200

scission point 6%2. The solid lines are the empirical
description”™ according to (27) (see the text), and the dashed
lines are the dependence of a2, on & for /=0.

4 "1 1.4 1.7 20
05 0.7, MeV

solid lines show the least-squares description of the experi-

mental data on 0'12”( 61,7%) according to (27) without the
quadratic terms and with the condition (o*i,)0=0. The data
are described satisfactorily in all six cases, except for the
reaction 28Si+232Th, for which a quasi-fission process analo-
gous to that studied in Refs. 89 and 96 for the reaction
28U +2Al occurs. In those studies®®*® asymmetry of the
forward—backward emission and broadening of the mass dis-
tributions was observed in the angular distributions for vari-
ous fragment mass ranges. In Fig. 15 the dashed lines show
the dependences 012”(0{) for /=0. Looking as the cases
with 02;1 and 6B for the 2104 nucleus, we see that practi-
cally the entire increase of ai, comes from increase of /Z,
because the temperature varies weakly in these cases. The
presence of the cross term in (27) causes the total derivative
d(f,zw/d72, which can be referred to as the coefficient de-
scribing the sensitivity of 0,2‘4 to 72, to begin to depend on
0{ : it is larger at lower temperature.

In Ref. 70 an analysis exactly like that in Fig. 15 was
performed for the data on '%60s (Refs. 62 and 22), '36Pt
(Refs. 107 and 67), and 2°4296.207pg (Ref. 67). The results for
the last two nuclei are shown in Fig. 14.

All the information on the total derivative d0'12w/ d7? is
shown in Fig. 16 as a function of Z%/A for several values of
the temperature 0{ : for 0:;1 in Fig. 16a, for 0:{,2 in Fig. 16b,
and for 62 in Fig. 16c. The data for 2°>2%At fit in well with
the dependence on the nucleon content found for other nu-
clei, and so the fast-fission mechanism is not needed in this
case to explain the growth of 0'12” with Z even for /Z,
>/Ef=0.

The results given in Fig. 16 show that the dependence of

da’,zw/ d7? on Z% A is different for different definitions of the
temperature 0{ .

The solid lines in Fig. 16 show the empirical description
of Ref. 70. The strong growth of dor,zu/ d7? for heavy nuclei
seen in Figs. 16a and 16c is mainly due to the effect of /
rather than 8. When the temperature at the saddle point is a
function of the number of neutrons v%;,, the growth of this
coefficient with Z%/A is much more moderate.

Almost all our discussion so far has pertained to the
fragment mass distributions. The situation is practically the

same for the variance of the energy distributions o-fg , and so
we shall not dwell on it, but just present the final results later
on.

We thus see that for nuclei with Z2/A=31 an increase of
/ always leads to an increase of 0> and o>, and the heavier
and less excited the nucleus, the stronger the effect of /. For

the fairly light '%0s nucleus the coefficient do?/d7? is
close to zero.

In summary, the longer the descent from the top of the
barrier and the more important the role played by dynamical
effects, the stronger the effect of the angular momentum
transferred by the incident ion to the fissioning nucleus.
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FIG. 16. Dependence of the sensitivity coefficient do,/d#? on Z%/A at the

indicated temperatures: (a) 65', (b) 657, (c) 65 for '*%0s-2%104 nuclei

(points). The solid lines are the analytical description of these dependences
from Ref. 70.
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FIG. 17. Upper figure: The two-dimensional matrices N(M,E,) for the
indicated reactions. Lower figure: The mass yields Y, E; , and 02 as func-
tions of the fragment mass M for the indicated reactions.

2.2.2. Nuclei with 22| A=20-30

For light nuclei there is much less experimental informa-
tion on the # dependence of the fragment mass—energy dis-
tributions than in the case considered above. It is essentially
all contained in Refs. 22, 35, 111, 115, and 127. These stud-
ies, using ions like Mg, Al, Cl, and so on, have shown that,
in contrast to the fission of heavy nuclei, there is not only the
angular-momentum effect, but also the problem of separating
““true”’ (classical) fission from deep-inelastic transfer and
quasifission,'>! which strongly change the shape of the mass
distributions, depending on the ion energy and on the emis-
sion angle of  fragment-like reaction  prod-
ucts 22111-113.126.127.152 There are practically no such prob-
lems for lighter ions at energies below 10 MeV/
nucleon,!922-25109-1LI3.128,153-156 s jg jllustrated in Fig.
17 (Ref. 22). In the upper part of this figure we show the
two-dimensional matrices N(M,E;) for two of the reactions
studied, 2°Ne(140 MeV)+'24Sn and Mg(164 MeV)+*Ru.
The results for the reaction involving 2°Ne represent a stan-
dard, nearly triangular, distribution, which means that the
mass distribution has a Gaussian form. However, the picture
for the reaction involving Mg is considerably more com-
plicated. The region of the symmetric peak is clearly seen for
masses near A/2, and along the edges of the distributions we
see, first, events from the elastic—quasielastic peak and, sec-
ond, the range of masses and energies where the contribution
from deep-inelastic transfer reactions is clearly manifested.
In the lower part of Fig. 17 we give the mass—energy distri-
butions of fission fragments from !2*Ba formed in reactions
using '2C and PMg. The data for reactions with '2C are
similar to those with 2°Ne, but those for reactions with Mg
merit separate discussion. The mass distribution has a com-
plicated structure reminiscent of the distribution for '!'In
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from Ref. 151 in the 3*Kr+?’Al reaction and shown below in
Fig. 20. In Ref. 151 this structure was delimited to three
regions and soundly interpreted. The symmetric peak near
M=A/2 is true fission via a compound nucleus, and this was
described by a Gaussian in Ref. 22. The edges of the distri-
bution near M =A; and A, are the result of quasielastic and
deep-inelastic transfer reactions, and are shown by the
dashed lines in Fig. 20 for !!In. This is also expressed as an
increase of E; and aé for these masses. The intervening
‘‘shoulders’” between these two mass ranges were
interpreted’>! as the result of the decay of a long-lived
nuclear system without passing through the compound-
nucleus stage, i.e., the quasi-fission process (open circles in
Fig. 20). Here we are interested only in true fission, and in
the opinion of the authors of Ref. 22 it can be distinguished
fairly well from other processes.

Agarwal et al.''! studied the reactions %0+%Mo and
32Cr+%Fe leading to the compound system '%8Sn. For the
first reaction they observed broad, Gaussian-like behavior,
practically independent of angle, of the charge (mass) distri-
bution of the reaction products near ;Zcy* 10, which can be
identified as true fission. For the second reaction they ob-
served angle-dependent, narrow charge distributions. They
showed that, even for the angle Ocp~90°, these are formed
by the decay products of a long-lived system which had not
completely reached statistical equilibrium, i.e., using modern
terminology, a quasi-fission process. For this reason it is
senseless to compare the characteristics of the mass distribu-
tions of fragments or fragment-like products of these reac-
tions, because they characterize different processes.

A similar situation was observed in Ref. 127 for a large
number of reactions and also in Ref. 113, where the reactions
160+%Y and *’C1+%Zn leading to the production of '®Ag
were studied. For the reasons discussed above, the data on
the characteristics of the mass distributions in the second
reaction were not included in Ref. 22. Regarding the energy
distributions, according to Ref. 113, £, and 0,2? are indepen-
dent of both Z and, in contrast to the mass distributions, the
detection angle 8y, .

The study of Ref. 115 is quite interesting. Those authors
studied the fission of !'%n in the reaction ¥Sc+5%Cu. Al-
though this reaction is close to the one studied in Ref. 111
(°>Cr+36Fe), the authors of Ref. 115, who measured the
charge distributions of light fragments at 6cy~90°, which
are nearly Gaussian, and the multiplicity M y of 7y rays from
fragments as a function of the charge (mass) asymmetry,
state that in this case a classical compound nucleus is
formed, and that the charge distribution is well described by
the statistical model based on the LDM including rotation. In
comparing the charge distributions of fragments of !!°Sn ob-
tained for large angular momentum (£,=70%) and of the
similar nucleus '2Rh from the reaction *>Nd+°Be (Ref. 19)
at small angular momentum (Z.=34%), the authors of Ref.
115 concluded that they had experimentally observed the
narrowing of the mass distributions with increasing /Z, as
predicted by theoretical calculations for these nuclei (see
Sec. 2.1).

In Table I we give the experimental data used in Ref. 22
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TABLE 1.
E* o‘s)p oglf)f _ g exp.  dolld”?  dVidyp?
ZY¥A  E; /. E*(/) (A-0.093) (A-0.093) E, gz ok cor. h? (A-0.093)
Reaction Acn Data x MeV £ MeV MeV Vpre MeV MeV  MeV? u? u? MeV
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
8Kr+2Al  Mp [22,151] 21.63 490 69 1079 2.11 15 1.53 169+ 16 -0.100 18*+18
0.436 579 2.23 1.70 634 +0020 2.1
160+%y 105Ag  [22,113] 21.04 140 58 1133 2.30 1.4 1.69 73+4 99+18 324+34 1.7+1.6
0.422 69.5 2.45 1.90 667 1.9
BNb+12C 1575 [22,154] 2104 1060 52 121.0 2.53 1.5 2.04 69+3 flat
0.422 85.2 2.68 2.20
BMg+¥Ru  2Ba [22] 2529 164 67 109.1 223 13 1.81 89+2 92+6  115%11 —0038 5.6+08
0.505 64.3 2.30 1.88 310 +0012 58
Zcylizgn 1243 [22] 2529 137 56 1147 2.40 1.5 191 87+3 90+8 16714 6.0%0.8
0.505 83.8 2.49 2.0 299 6.4
Ne+'2Sn Nd  [22]1  25.00 140 63  109.0 2.06 2.7 1.21 91+2 79+5  158+9 48+0.8
0.517 74.9 2.15 1.36 325 5.6
20Ne+118sn  138Ng [22] 26.09 124 56 89.3 1.82 1.8 1.20 92+6 80x6 133+8 -0.061 63+0.9
61.0 1.92 1.34 227 +0.020 7.0
%1a+°Be  “pm [1922] 2514 1157 37 71.3 1.43 1.7 0.78 261+26 34*14
0.523 60.0 1.57 1.03 318 43
B2%e+305i  162pr [22,152] 28.54 713 67 84.6 1.74 23 1.05 113*17 115+ 1.4
0.588 54.8 1.78 1.13 147 12.6
3Cl+'2%Sn  9Ho [22,165] 28.23 165 58 78.8 1.66 2.0 1.05 1046 140*15 -0.011 10.1x1.5
0.580 55.6 1.74 1.15 165 +0010 115
*He+'2Dy gy [22,26] 28.12 65 22 75.1 1.64 22 1.00 11322 81+3  171%7 9.7
0.584 71.6 1.71 1.10 176 10.6

Note. In columns 8 and 10 the temperatures 0?, and 0’;,‘ were calculated with the barriers E¢(#) from Ref. 36 (upper line) and Ref. 16 (lower line). The values

of the stiffness in column 15 were obtained using these temperatures.

to determine the quantitative # dependence of characteristics
of the mass—energy distributions. Unfortunately, aside from
the data studied in Ref. 22 in two reactions involving '2*Ba,
for other nuclei it is not possible to choose such data satis-
fying the above requirements. For this reason, in Table I we
give pairs or triplets of nuclei close in Z2/A at identical or
close temperatures 9:;1 and obtained using various ion—
target combinations with various critical angular momenta
/.. It should be noted that in this region of nuclei the fission
probability depends very strongly on # (it increases sharply
with increasing /), and so it is usually assumed that, on the
average, in fission angular momenta close to /Z, for fusion
are realized, and in Ref. 22, following Refs. 113 and 115, it
was assumed that Z .=/ for fission.

Comparing the nuclei in Table I in groups with identical
or close temperatures 0:{,1 , we immediately see that at large
/. the variance 012‘4 is smaller. This is seen especially clearly
for the lightest nuclei analyzed, '"'In (Ref. 151) and '®Ag
(Ref. 113) (the reaction '%0+%Y), where o2, differs by a
factor of two. For the reaction >Nb+!2C (Ref. 154) the mass
distribution is completely flat in a wide range about A /2
even for /.~ 50% (see Fig. 20 below). This implies that the
¢/ dependence of a,zw is quite strong, the sensitivity coeffi-
cient is doﬁ,/ dZ7?<0, and, on the whole, the nature of the
fragment mass distribution for '®>Ag corresponds to the re-
gion of nuclei below the BG point in Z*/A for /=0. Com-
parison of the data in Table I reveals that the coefficient

doy/d7* is different for different regions of Z%/A. This

experimental information was analyzed quantitatively in Ref.
22 to understand the # dependence of o2, and o% according
to the linear approximation (24), because the data were
clearly insufficient for using the more complete and accurate
expression (27). As in Ref. 70, it was assumed that in (24)
X(0,0)=0. The results of the analysis in the form of the
sensitivity coefficient do-,zw/ d7? are shown in Fig. 18 (upper
part) for the entire range of Z%/A studied: for heavy nuclei at
0{ =1.5 MeV, and for nuclei in the range Z%/A=20-30 all
at temperature 63 given in Table I, with the average value
0:;1= 1.5-1.6 MeV. For light nuclei the experimental points
are satisfactorily described by a straight line:

day/d/?=001112%/A—0.334 for Z2/A=20-31.
(28)

The solid line shows the 0:{,1 dependence over the entire
scale of Z%/A. Beginning at Z2/A=31, the dashed and dot—
dash lines show the values of do%,/d7? for 0:;2 and 0:;,3 ,
respectively.

The data in Fig. 18 present a curious picture: for nuclei
with Z%/A>30 we have do?,/d7?*>0, while for lighter nu-
clei this coefficient is less than zero, and the lighter the
nucleus (in this range), the more negative it is. The open
symbols are the theoretical calculations of Adeev et al.>!!
(see Fig. 10). Those calculations®!!7 underestimate the scale
of the effect, but predict the passage of do-ﬁ,/d?2 through
zero at roughly the same values of Z%/A. Here it should be
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FIG. 18. Upper figure: Dependence of do/dZ? on Z*A for 6!
=1.5 MeV, calculated for Z2/A<31 in Ref. 70. The points for Z2/A<31
are the data of Ref. 70, the solid lines for Z2/A<31 correspond to (28) and
65", the dashed line is for 657, and the dot-dash line is for 65 . Lower
figure: Dependence of dog/dZ* on Z*/A for 63'=1.5 MeV (Refs. 22 and
67). The open symbols are the theoretical calculation.>!\’

remembered that descent from the top of the barrier appears
for nuclei with Z%/A>30-32, and it becomes impossible to
describe the fragment mass—energy distributions using the
traditional statistical model neglecting the dynamical proper-
ties of nuclear matter.>~>*""7* The calculations in Refs. 3 and
117 were also made by taking these factors into account
within the diffusion model, and, as seen from Fig. 18, they
qualitatively reproduce the behavior of the experimental
curve (solid line) as a function of Z%/A. For nuclei with
Z%/A<30-32 there is practically no descent from the saddle,
the dynamics and viscosity become unimportant, and the
standard statistical calculations on which the LDM is based
begin to work well.

Let us discuss the physics of this process, but taking into
account the changes introduced by the rotational degrees of
freedom. It is known from the classical model of a rotating
liquid drop® that the angular momentum and the associated
rotational energy have an effect on the nucleus similar (but
not identical) to that of the Coulomb repulsive forces, which
tend to break up the nucleus. Accordingly, the ground equi-
librium state becomes deformed, the saddle point in general
is shifted to smaller deformations, approaching the ground
state in this coordinate, and the fission barrier is lowered.
However, the properties of the rotating nucleus are mani-
fested differently in different ranges (different x). For light
nuclei (small x) near the BG point the saddle point is hardly
shifted at all to smaller deformations with increasing /, and
the nucleus remains a system with a thin, nearly unchanged,
neck. In contrast, the equilibrium state becomes strongly de-
formed, approaching the saddle-point configuration. Numer-
ous potential-energy calculations (see Sec. 1.1) show that in
this case the stiffness of the fissioning system to a mass-
asymmetric deformation at the saddle point d?V/d7? grows

M. G. Itkis and A. Ya. Rusanov 179

with increasing /, while the corresponding mass distribution
naturally narrows.

The picture is reversed for heavy nuclei with x>0.7:
now as Z increases the saddle configuration approaches the
equilibrium one, which itself is weakly changed, the neck
disappears altogether at large /, and, as shown by static
calculations of the deformation potential energy by Faber'?!
for 25At and by Adeev et al>'!7 for nuclei from 2'%Po to
243Fm, the stiffness at or near the saddle d>V/d7? does not
grow, as for light nuclei, but decreases with increasing #. If
the fissioning heavy nucleus ‘‘remembers’’ its prehistory in
the descent to the scission point, as occurs in the diffusion
model, > then 012‘, will grow with increasing /Z, as is seen
experimentally.

For intermediate nuclei falling between these two ex-
tremes, where there is almost no descent stage, 0'12‘, is deter-
mined by the saddle values of the viscosity.!'” As Z in-
creases the equilibrium and saddle deformations shift toward
each other by roughly equal amounts, and, as again follows
from Refs. 3 and 117, d?V/d 7” is practically independent of
/Z, and so da2,/d/*~0.

In the lower part of Fig. 18 we show the dependence of
da’/d7? on Z*A. There are few data for light nuclei, but it
is clearly seen that a% does not depend on # within the
errors. For heavier nuclei the data at 0§;l= 1.5 MeV behave
rozughly like the mass variance: they grow with increasing
Z4/A.

Therefore, the experimental # dependence of the char-
acteristics of the fragment mass—energy distributions in a
wide range of nuclei with A~ 100-260 allows the determi-
nation of ¢, and ¢ for any values of # and /.

3. STATISTICAL PROPERTIES OF THE FRAGMENT
DISTRIBUTIONS AND THE BUSINARO—-GALLONE
POINT

As already noted, in the fission of nuclei with ZYA
=32 the descent stage is absent (for small /) and the dy-
namics of the passage of the nucleus from the saddle to the
scission point is unimportant. The important factor in the
theoretical study of the fission process in this case is the
static properties of the deformation potential-energy surface.
For highly excited nuclei they are described by the LDM,
where one of the basic parameters is the stiffness of the
nucleus to mass-asymmetric deformations (shape variations)

_ d*V/dn?. We have already touched on some qualitative as-

pects of this subject in the preceding section for the example
of 205At. Let us now discuss this characteristic in more de-
tail.

In his classic studies,'? Strutinskii defined the mass-
asymmetric deformation 7 as

7=2(VL—VR)/(VL+VRg), (29)

where V| and Vi are the volumes of the parts of the asym-
metric figure describing the fissioning nucleus located to the
left and to the right of the middle of the neck. The deforma-
tion parameter 7 most naturally characterizes an asymmetric
nuclear configuration and can be associated with the mass
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asymmetry of the future fragments if it is assumed that
breaking occurs at the ““thinnest’’ part of the neck, i.e., in the
middle. Then

n=(4A)(M—A/2). (30)

In the statistical approach'? the probability for this fission
mode or the fragment mass ratio M/(A— M) is described as

Y(M)~exp{2(a[E*—V(M)]'?}, 31
where a is the level-density parameter and V(M) is the po-
tential energy of the system, which can be written as

daxv

V(n)=V(0)+ 2 a7 7”+.... (32)

7=0

Restricting ourselves to the two terms in (32), assuming that
the second term is small compared to the potential energy
V(0), and using (31), for Y(M) we obtain the experimen-
tally observed Gaussian distribution with variance

, A? (dzv)
di’

M7 16
where 6 is the nuclear temperature.

Therefore, the shape of the distribution Y (M) is deter-
mined by the dependence of the potential energy V(7) on
the mass-asymmetric deformation. In the simplest situation
close to reality, this is the harmonic-oscillator potential, the
stiffness of which to asymmetric oscillations of the nuclear
shape d?V/d7* determines the variance 0'12”. Conversely,
from the experimental data on o3, we can easily find this
important static parameter of the LDM:

d*vidy*=A0/160%,. (34)

-1
] 9, (33)
0

In principle, in any modification of the LDM, d?V/d 7? can
be determined at each point of the nuclear deformation tra-
jectory from the ground state to the scission point, as shown
for the example of 2%°At (Ref. 121) in Sec. 2. However, it is
well known that the saddle point,>'8?2137158 (he descent
stage,? and the scission point®!3%15%160 play a special role.

The simplest assumptions are those of the statistical
model, which originate from the idea that in a particular state
of the nucleus, for example, at the saddle point or the sciss-
ion point, the conditions for statistical equilibrium in all the
nuclear degrees of freedom are satisfied. In this case, Egs.
(31)—(34) must involve quantities corresponding to the se-
lected nuclear state, the saddle or the scission point V;(M),
0;, (d*V/dn?*);, where i=sp or sc. On the other hand, the
experimental determination of the stiffness d2V/d7* using
(34) requires only knowledge of the real temperature 6" and
the experimentally measured dispersion o},. Comparison of
the experimental stiffness with various versions of the theo-
retical LDM calculations shows whether or not a given
model describes the experiment. However, practically all the
existing calculations have been performed for the case of a
nonrotating nucleus (#=0), and so the correct comparison
with their results requires the use of variances 0’12w corrected
for the effect of /Z, as described above in Sec. 2.

The theoretical behavior of d2V/dn?* (Refs. 3 and 12) as
a function of Z%/A for nuclei in the B-stability valley is
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FIG. 19. Dependence of the nuclear stiffness to mass-asymmetric deforma-
tions d?V/d7? on the fissility parameter Z2/A. The solid line is for the
saddle point, and the dashed line is for the scission point.>'2

shown in Fig. 19. The solid line shows the stiffness calcu-
lated for the saddle point, and the dashed line shows it for the
scission point. In this figure we clearly see that beginning at
7%/ A~ 32 the stiffness for the scission point begins to differ
strongly from that for the saddle, i.e., this is when descent
from the top of the barrier appears. The heavier the nucleus,
the more extended this stage, and the stronger the effect of
the dynamics and viscosity on the formation of the fragment
mass—energy distributions.

It should be noted that the form of the Z%/A dependence
of d2V/d 5?, while differing quantitatively by the location of
the critical points on the two axes, is similar to that shown in
Fig. 19 for any modification of the LDM.'216

The first characteristic feature of the behavior of the the-
oretical curve d2V/d»n? for the saddle point as a function of
Z%/A is the presence of the maximum located in the range
Z*/A=30-33 with position depending on the specific modi-
fication of the LDM. This form of the stiffness curve with a
maximum has been confirmed experimentally,2'21’26'69'70 as
will be discussed below. The second feature, which is the
most important for us in this section, is the presence at small
x of the BG point, at which the nuclear stiffness is
d’vid 7%=0, i.e., at which the nucleus becomes absolutely
unstable to mass-asymmetric deformations. The theoretical
value of the BG point is also model-dependent and lies in the
range Z2/A~19-26. According to the theory, at this point,
in the fission of a nucleus into approximately equal parts
near A/2, there should be a flat, mass-independent fragment
distribution corresponding to the limit of infinite variance.

Repeated attempts have been made to determine experi-
mentally the BG point in reactions involving high-energy
protons (0.6—1.0 GeV).2%!6!-183 They have shown, more
qualitatively than quantitatively, that in fact the fragment
mass distribution becomes relatively broader as the mass
number of the fissioning nucleus decreases. However, unfor-
tunately, the quantitative interpretation of these data may not
be reliable, owing to the large set of excitation energies and
fissioning nuclei arising after the emission cascade, the num-
ber of particles in which can reach several dozen. These
experimental studies are reviewed in Ref. 20, and we shall
not dwell on them here.

Another class of experiments to study the fragment
mass—energy distributions of light nuclei is based on heavy-
ion reactions (Refs. 19, 22, 35, 55, 109-115, 122, 123, 126—
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128, 151-156, and 164-168). They also have characteristic
features, primarily owing to the significant angular momen-
tum / transferred to the nucleus by the incident ion, as
shown in the preceding section. For ions (or targets, in reac-
tions with inverse kinematics) which are not too heavy, such
as °Be and !2C with energy up to 10 MeV/nucleon, it is
possible, to some degree, to neglect the effect of /. Such
experiments have been carried out by the Moretto group
(see, for example, Ref. 19), and their results are summarized
in Refs. 114 and 167. They showed that, as predicted by the
LDM, a transition from Gaussian to U-shaped fragment
charge (mass) distribution occurs as the mass of the fission-
ing nuclei decreases from 150 to 80 (see Fig. 1).

As already noted, the problem of separating true fission
from deep-inelastic transfer and quasi-fission arises when
ions heavier than Mg are used.'>!

Therefore, the shape of the mass distribution and the
values of the experimental variances of light nuclei in heavy-
ion reactions cannot be used directly to obtain a quantitative
characteristic like the BG point, and so it is impossible to
evaluate the validity of any particular version of the LDM.
Until the studies carried out by the present authors in Refs.
22 and 35 were performed, this question remained open, al-
though it was shown qualitatively in Ref. 168 that the experi-
ments agree better with the rotating liquid-drop model of
Sierk!® than with the classical Cohen—Plasil-Swiatecki
model.*

We recall that the same situation occurs for another
characteristic that we do not study here: the fission barrier
E;. Let us give some examples.

The authors of Ref. 23 studied the strongly asymmetric
fission modes of !!!In in the reaction "Ag(*He,f ). The
conditional fission barriers [the barriers at a given mass
(charge) asymmetry] for the fragment Z studied were ob-
tained by using the statistical description of the excitation
functions of these modes. In Ref. 169 Sierk showed that
these data are described well by the LDM taking into ac-
count the finite range of the nuclear forces,'>!® the fission
barriers in which are considerably lower (by 1011 MeV for
111n) than predicted.”® This would appear to be a weighty
argument in favor of the model of Refs. 15 and 16. However,
in Ref. 170 the same data on the excitation functions of !!!In
were analyzed, but taking into account the rotational en-
hancement of the level density. The barriers, obtained with
the same good accuracy as in Ref. 169, corresponded to the
LDM prediction, but according to Ref. 13.

The strongly asymmetric barriers of !“*Tb in the reaction
8Kr+5Cu were recently studied'”" as in Ref. 23. The barri-
ers found experimentally lie between the predictions of Ref.
13 and those of Refs. 15 and 16.

Mention should also be made of Ref. 167. There, as in
Ref. 23, the excitation functions were studied for individual
Z of the fragments of the even lighter fissioning nucleus "Br
in the inverse reaction ®Cu+'2C. The fragment charge
(mass) distribution has a U shape for all the excitation ener-
gics studied, which agrees with the predictions of any ver-
sion of the LDM for such a light nucleus. The conditional
barriers for each fragment Z were extracted by analyzing the
cross sections oz and accurately coincided with the Sierk
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FIG. 20. Charge distributions (left) and mass distributions converted from
them?? of fragments or fragment-like particles (right) for the indicated nuclei
and their Gaussian description (solid lines). (a) The reaction **Nb+'2C (Ref.
154); (b) #Kr+2Al (Ref. 151); (c) La+°Be (Ref. 19); (d) *Cl+'*'Pr
(Ref. 165).

calculations.!® This suggests that the results of analyzing
such experiments are rather ambiguous, and that it is appar-
ently premature to conclude that any particular model is cor-
rect, although the LDM of Refs. 15 and 16 is more realistic
than the model of Ref. 13, and theoreticians themselves are
convinced that it describes the physics of a real, heated, fis-
sioning nucleus.'”

Let us now discuss the experimental studies of Refs. 22,
35, and 70, where the questions of the BG point and the
agreement between experiment and the theoretical ideas be-
hind the LDM was studied in greatest detail. In addition to
the fragment mass—energy distributions in the fission of light
nuclei in reactions mainly involving ?°Ne ions, those studies
analyzed a large number of results from other groups (Refs.
19, 26, 55, 62, 69, 107, 111-114, 127, 128, 151, 152, 154,
164-166, and 173). The fragment charge rather than mass
distributions were measured in many of these studies (Refs.
19, 111, 114, 128, 151, 154, and 164—166). In Refs. 22, 35,
and 70 these distributions were converted into mass distribu-
tions, using the proportionality of charge and mass, and then
the resulting mass distributions were described by a Gauss-
ian, using the least-squares method. As examples, in Fig. 20
we show typical charge distributions of fragments or
fragment-like reaction products and the mass distributions
obtained from them for several nuclei, together with their
Gaussian description.

In Refs. 22, 35, and 70 only those results were analyzed
for which, first, for fragment masses M =An/2 (Zn/2) the
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clear peak corresponding to symmetric fission is observed
and, second, the edges of this symmetric distribution are well
separated from the peak corresponding to deep-inelastic
transfer and quasi-fission reactions as, for example, in Ref.
151 for "In (see Fig. 20). Reactions like 3’C1+%Zn from
Refs. 112 and 113, 32S+7Ge from Ref. 126, 28Si+"*Ge from
Ref. 127, and so on, were excluded from the analysis, be-
cause the charge (mass) distributions depend on the detection
angle and it is not possible to separate true fission from the
fission-like and quasi-fission components, which distort the
mass distributions, 3131152

The experimental variance o‘%, in the Gaussian descrip-
tion of the mass distribution (Figs. 17 and 20) was extracted
from the data on the mass distributions used for the analysis
in Refs. 22, 35, and 70. This was then corrected for the
angular-momentum effect as described in Sec. 2. Then Eq.
(34) was used to calculate the stiffness of the fissioning
nucleus d?V/d7*. Equation (34) also involves the nuclear
temperature 6g,, the value of which depends on the barrier
height E{/) and the level-density parameter a. To make the
analysis complete, 0§p and 0:; in these studies were calcu-
lated using the fission barriers from the Cohen—Plasil—
Swiatecki (CPS) rotating liquid-drop model®® and the Sierk
(S) model.'® In addition, a=0.0934 and a=A/8 were often
used.

Figure 21 shows the role of the corrections for emission

Vpre in O, and for the angular-momentum effect in o, . Each
experimental point corresponds to two values of the stiff-
ness: the upper points were obtained with the Sierk
barriers,16 and the lower ones with the CPS barriers.* In Fig.
21a we show the values of d?V/d#? without any of these
corrections. The data show that the stiffness is approximately
constant in the range Z2/A=24-33, and, moreover, that the
spread in the points is so large that reasonable extrapolation
to the value dV/d7*=0 is impossible. Therefore, the vari-
ous models cannot be tested. It is also interesting to note one
detail: the results of Refs. 62 and 107, where the fission of
1860s and !36Pt, respectively, was studied in reactions in-
volving various ions, do not agree with the unified stiffness
for each of these nuclei, as should follow from any LDM.

In Fig. 21b we show the same data, but with a correction

introduced for Zp,e , i.e., instead of 0(s)p , as in Fig. 21a, we use

the temperature Bﬁlf,‘. The data basically have the same be-

havior as in Fig. 21a, although there is an overall decrease in
the magnitude of the stiffness.

Figure 21c shows the influence of the / effect on
d*vidqy? at OSP. This effect turns out to be stronger than the
temperature effect. We see that in this case the experimental
data already show a definite trend, i.e., d*vid 772 decreases in
going to light nuclei, although the point spread is still too
large for an accurate determination of the BG point.

In Fig. 22 we show the experimental values of d*V/d%?
taking into account both corrections, i.e., with 0:;1 and o2
(£=0). It should first be noted that the point spread is much
less than in Fig. 2lc, and the values of d?V/d7? for '360s
and '8Pt are transformed into single values of the stiffness
for these nuclei, instead of an entire set of values, as in Figs.
21la and 21b.

These data are also compared with the theoretical calcu-
lations of the stiffness made for the B-stability valley for

d*V/dn?
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FIG. 22. The stiffness d2V/d7* taking into account two corrections, i.e., o'
corrected for Z and 0;’,’ (Ref. 22). The theoretical curves are the stiffness
calculated for the saddle: the solid line is from Ref. 12, the dashed line with
two dots is from Ref. 13, the dot—dash line is from Ref. 14, the dashed line
is from Ref. 15 with parameters from Ref. 16, and the dotted line is from
Ref. 22 with parameters from Ref. 16; E{(/) is from Ref. 16, and a
=0.093A.
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various versions of the LDM: the simple Myers—Swiatecki
(MS) LDM with sharp nuclear boundary;'® the Strutinskit
(Str.) LDM taking into account the dependence of the sur-
face tension on the surface curvature o=oy(1—I") for
I'=—0.1 and (Z*/A) ;=45 (Ref. 12); the Myers (M) drop-
let model;'* and the Krappe—Nix—Sierk (KNS) LDM with
finite nuclear-force range'> with the Sierk drop parameters
(S) of Ref. 16. The LDM including the finite range of the
nuclear forces,' used for the calculations in Ref. 22, differs
from the calculations of the Adeev group given in Ref. 21 in
that the fission barrier is calculated for fixed fission asymme-
try n taking into account the change of the elongation of the
nucleus « (the basic fission deformation) for different 7, i.e.,
along the ridge line mentioned earlier, which for nuclei with
Z%/A>?29 tends to large « (large elongations of the nucleus)
with increasing 7. The resulting dependence V(7) was ap-
proximated by a parabola for % in the range from O to 7
~0.2-0.3, differentiation of which gives the effective value
of d*V/dn*. Here the nuclear shape was described by the
parametrization based on Cassini ovals.!”*

The experimental information shown in Fig. 22 reveals a
clear alignment of the data, the totality of which is not de-
scribed by any modification of the LDM. However, there is a
surprising degree of agreement between experiment and the
Sierk model'® in the region Z%/A=22-30 with a=0.093A
and barriers E{/) from the same model.'6 Moreover, this
model accurately predicts the location of the BG point,
which is easily determined by linear extrapolation of the ex-
perimental data to zero: (Z%/A)pg=22+0.6. It has been
shown?” that the location of the BG point on the Z%/A axis is
not sensitive to variation of E{/) and a.

To complete our discussion about the dependence of the
nuclear stiffness d>V/d5? on the nucleon content, tempera-
ture, and angular momentum for the experimental data on
light nuclei, let us compare these data with the well known
dynamical calculations of Nix,” performed in the statistical
limit for a nonviscous, nonrotating nuclear liquid on the ba-
sis of the LDM with the parameters of Ref. 13.

This comparison is made in Fig. 23a. There we show the

experimental and theoretical dependence of d2V/d%* on the
fissility parameter x (Ref. 7). Naturally, as in the LDM,"? the
theoretical calculations’ give the BG point at xpg=0.396.
Extrapolation of the experimental data, from which several
strongly diverging points in Fig. 23a have been excluded, to
zero gives xgg=0.44*+0.01. A similar difference between
the experimental and theoretical’ BG points was discussed
above; moreover, the Nix stiffness curve does not reproduce
the general behavior of d2V/d7? for x>0.6. This is com-
pletely understandable, because the calculations’ neglected
the nuclear viscosity and better reflect the behavior of the
liquid as a function of x at the scission point, which in this
case, according to Refs. 3, 7, and 11 and Fig. 19, grows
monotonically with increasing nuclear mass.

Some of the calculated quantities,” in particular, the tem-
perature dependence of alzw, have been used in several ex-
perimental studies to extrapolate the data to a common tem-
perature. It is now seen from comparison of theory and

experiment that such an extrapolation is not completely cor-
rect. In Fig. 23b the straight lines show the theoretical de-

pendences 0',%,( 05,) of Ref. 7 (naturally, for Z=0) for the
indicated x. In the parentheses we give the values of x for
which this growth of 0'12‘,(03,1) corresponds to the actual
growth observed experimentally (also for #=0). These val-
ues of x were obtained from the solid line for the stiffness in
Fig. 23a and Eq. (34).

In summary, we should again stress the surprising agree-
ment between the static calculations of the stiffness in the
model of Refs. 15 and 16, taking into account short-range
nuclear forces and performed at the saddle point, and the
“‘experimental’’ values of d>V/d7”? found in the statistical
approach at the same point for nuclei in the range Z*/A
=20-30.

On the one hand, there would seem to be nothing sur-
prising in this—for these nuclei the saddle point and the
scission point really coincide, there is no descent dynamics,
and the assumption of the Bohr—Wheeler transition-state
model,158 which has been tested many times, is valid. How-
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ever, on the other hand, there is a dynamics of the passage of
the nucleus from the ground state to the saddle configuration,
and the above-mentioned experimental fact—the establish-
ment of statistical equilibrium between the collective and
internal degrees of freedom at the saddle point—requires that
this passage be slow. This can occur if the viscosity of
nuclear matter (its dissipation properties) is sufficiently
large. In the opposite case of small viscosity (8<1), accord-
ing to Refs. 3 and 175 the nucleus will remember its
prehistory—its state before reaching the saddle point, where
the stiffness of the fissioning system is smaller than at the
saddle. In this case there should be no agreement between
theory and experiment in Fig. 22.

Dynamical calculations of the mass—energy distributions
of fragments from the ground state taking into account vis-
cosity and using the data on vy, pye, and so on, should
shed light on this problem. Theory has taken only the first
few steps in this direction.>®'7>'7®

4. THE DYNAMICS OF THE FORMATION OF THE
FRAGMENT MASS-ENERGY DISTRIBUTIONS
OF NUCLEI WITH 2%/A>32

There have been many studies devoted to the experimen-
tal investigation of the mass—energy distributions (MEDs) of
fragments of excited heavy nuclei (Refs. 2, 4, 5, 9, 10, 20—
22, 26, 35, 49, 50, 53, 55, 62, 67-70, 89-91, 93-97, 107,
108, 114, 129, 130, 133, 134, 138, 141, 155, 173, and 177-
203). Various aspects of the fragmentation process as a func-
tion of the excitation energy (temperature) and nucleon con-
tent have been studied.

The theoretical description of the characteristics of the
fragment MEDs for heated heavy nuclei encountered serious
difficulties some time ago.®”-!*"1%160.204 The comprehensive
analysis of the experimental data performed in Ref. 202 in
1985 indicated that there is uncertainty in the description of
the MED formation mechanism.

The first advances in this area were made in studies by
Nix and Sierk and coauthors, who included friction forces
(viscosity)—the dissipative properties of nuclear matter—in
the dynamical fission model.2%>~2!5 The model and its param-
eters and the conditions for breaking of the neck were
modified.2%2%2!! 1t was assumed that the viscosity mecha-
nism is a two-body 0ne?05:206208.210-213 imilar to friction in
an ordinary liquid, or a one-body one, owing to interaction of
a nucleon with a “wall”” 2-21% or with a wall and
window?!! (inclusion of the presence of the neck), or with a
surface and window.?'*?!> However, all these calculations
were performed only for the one-dimensional case. The total
fragment kinetic energy E; and other characteristics of the
MEDs were not taken into account.

In the last ten years there has been considerable progress
in explaining the features of the fragment MEDs in terms of
the diffusion model (Refs. 3, 117, 119, 131, 157, 175, and
216-223). In it the evolution of the fissioning nucleus is
described by the Fokker—Planck (FP) equations for the dis-
tribution functions of the collective variables, in which not
only conservative forces and friction forces, as in ordinary
dynamics, but also fluctuations of these variables are taken
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into account. This approach is fairly general, and it leads, as
limiting cases, to the well known results of the statistical
model (for large friction) and the dynamical model (for small
or no friction).

The Adeev group, , whose work is sum-
marized in Refs. 3 and 223, studied the entire spectrum of
questions about the formation of the fragment mass—energy
and charge distributions, and used the diffusion model sys-
tematically and successfully for describing their features
quantitatively.

In the last few years studies have appeared where the
fission process is described by the Langevin equation, a
physical analog of the FP equations. In this approach it is
assumed that fluctuations of the collective variables are taken
into account ‘‘exactly,” in contrast to the FP equations,
where they are included “‘on the average.”” ® These models
are still in the developmental stage, but the first results on the
description of pre-fission particles™’!~75224-226 apd the en-
ergy distributions®’®!76224-227 3re very promising.

Throughout this section, in analyzing the experimental

3,18,131,156,220-223

data on Ek, 0,2‘,,, and o’ﬁ, we shall study the theoretical
approaches describing the observed fragment MEDs in
greater detail.

The authors of Refs. 67, 68, 89-91, 96, 111, 113, 126,
127, 134, 138, 139, 151, 178-180, 189, 192-194, 197-199,
and 228, in studying (theoretically and experimentally) the
fission of very light (near the BG point) nuclei and very
heavy nuclei with Z2/A=>36 in massive-ion (A;=27) reac-
tions (or for very heavy targets in reactions with inverse
kinematics), have shown that the fragment mass distributions
and, for heavy nuclei, also the angular distributions, cannot
be understood and described on the basis of the standard
theoretical ideas which work well for lighter ions (targets).
This process has become known as quasi-fission and is char-
acterized by large angular anisotropy of the fragments and
large width of the mass distribution compared to normal fis-
sion. It is often very difficult to determine experimentally the
boundary between classical fission and quasi-fission. This
question will also be discussed in this section.

4.1. The fragment energy distributions

The total fragment kinetic energy E and its variance aé
are the quantities usually measured in experiments. A typical

example of the distributions E, and 0% as functions of the
fragment mass M for the fissile nuclei 2%2**Po and 2°Ku in
several reactions is given in Fig. 12 in Sec. 2. These are
liquid-drop  distributions  characteristic = of  excited
nuclej;>7107:137 E; (M) has a parabolic shape, and a,zs(M) is
nearly independent of the fragment mass. The distributions
E; and aﬁ for various nuclei averaged over all fragment
masses have been investigated in very many studies. In our
earlier review? we summarized the data on these character-
istics, but there we assumed that E, depends fairly strongly
on the angular momentum ¢/ transferred to the nucleus by
the incident ion and, accordingly, we introduced corrections
for this effect. After our measurements?>%” and analysis of
the work of other authors,588%107.113.133.134 4t pecame clear

that E; is practically independent of both / and the excita-
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FIG. 24. (a) Dependence of the average total fragment kinetic energy E, on
the Coulomb parameter Z2/AY3 (Ref. 35). The lines are the description of
the data in the ranges 0<Z%/AY><900 and Z¥A*>900 using the expres-
sions given in the figure. (b) Dependence of the variance o2 on Z/A ' for
0°p— 1.5 MeV (Ref. 35). The solid line was calculated using the diffusion
model,? and the dashed line is the Nix calculation.’

tion energy E*, and that the corrections were not needed
(see Sec. 2 above). Moveover, since the publication of our
earlier review,2 new, important information has been ob-
tained about these fragment characteristics for various nuclei
produced in reactions involving various ions (Refs. 9, 10, 21,
22, 35, 49, 50, 55, 67, 68, 70, 114, 127, 128, 134, 167, 177,
178, 183, 184, 197, 201, and 229-231).

It was shown in Refs. 2, 21, and 35 that if we use only
the data on sufficiently heated nuclei, discarding low-energy
and spontaneous fission (which are strongly influenced by
shell effects) and also quasi-fission reactions involving mas-
sive ions, the dependence of E; on the Coulomb parameter
Z?/A" is not a linear function, as follows from the system-
atics of Refs. 93 and 94, but has a kink at Z%/A "3~ 1000.

This is illustrated in Fig. 24a, where the various symbols
show the experimental results from different authors, and the
two straight lines show the least-squares description of these
data in the ranges Z%/A'3=0-900 and 900-1800 given by
Egs. (19) and (20), respectively

Figure 24b shows o-E at 00 ~1.5 MeV as a function of
Z%/A', Of course, it would be more correct to use the tem-
perature at the scission point OSC , since it is this which is
mainly responsible for the width of the E; distribution. How-
ever the theoretical calculations® with which the experimen-
tal data in Fig. 24b are compared were performed for the
temperature at the saddle point 6,=1.5 MeV. Then the real
temperature 0"“ or 6“2 is desuable but our analysis showed

that, on the one hand, the inclusion of vpm makes the depen-
dence aE( 0, steeper while, on the other, the / correction

M. G. kkis and A. Ya. Rusanov 185

of the data in Fig. 24b, obtained mainly in reactions involv-
ing 12C, 160, and 2Ne ions,?! is such that it smooths out this
dependence. The two effects cancel out and, on the average,
the dependence remains unchanged. We have therefore not
introduced any corrections into the data of Fig. 24b.

In this figure we clearly see the sharp increase of a‘%
beginning at Z%/A 3~ 1000, while 0% is almost constant for
0<Z%/A"3<1000. The kink in E, and the start of the
growth of o} at the same value of Z*/A' are naturally in-
terpreted as the starting point of the descent stage.

The dashed line in Fig. 24b shows the results of the Nix
calculations’ using the LDM for a nonviscous liquid. The
solid line shows the calculations of the Adeev group® using
the diffusion model with two-body viscosity with coefficient
vo=1.5X10"% MeV-sec-F~3, which corresponds to
the hydrodynamical viscosity x~0.024 tP (1 terapoise
=6.24%X 10722 MeV-sec-F~?), and in the language of damp-
ing of the collective motion corresponds to S~2-3, low
viscosity. We shall see that the diffusion model® is capable of
describing the data well, beginning at Z%/A'*~1100, i..,
where the descent dynamics must be taken into account.
However, a drawback of this model is the fact that it cannot
be used to calculate the fragment MEDs for nuclei which do
not have the descent stage, since in it the evolution of the
fissioning system starts at the top of the barrier.

Another important detail concerning the determination
of the conditions for the nucleus to break up into fragments
should be mentioned. This is the scission criterion, for which
there are two fundamental theoretical points of view: the
scission criterion is either taken to be the vanishing of the
neck thickness r,=0 (this criterion has been used in many
studies by Nix ef ql."137:205-207.211.214215) " 1 the condition
that the Coulomb and nuclear forces are equal: Fc=Fy.

When the criterion r,=0 is used, the scission configura-
tions lie outside the range of possible continuous nuclear
shapes in the liquid-drop model.! 12298232 Moreover, the
LDM completely loses meaning when r, becomes compa-
rable to the internucleon separation. The scission criterion
Fc=Fy is physically more justified. After the fissioning
nucleus passes through this point it becomes extremely un-
stable to breakup—the system passes from the fission valley
into the valley of separated fragments.>'!?>?> Rapid breaking
of the fairly thick neck occurs almost without any change in
the elongation of the nucleus, and there certainly is no
gradual thinning of the neck with increasing deformation. It
is this scission criterion which has been used in all the
diffusion-model calculations of Adeev ef al.,® shown by the
solid line in Fig. 24b.

In Fig. 25 we show the neck radii r,, in fermis calculated
in Ref. 208 with the condition Fc=Fy for two types of
nuclear viscosity, two-body (left) and one-body (right), as a
function of Z%/A'3. The neck radius r, grows with the
nuclear mass, becoming about 2—-2.5 F for Z?%/A3~2000.

Whereas in the studies of the Adeev group™!!”173:220-222
the main emphasis was on the theoretical description of the
variances o> and a2, in the studies of Nix and Sierk ef al.
a large number of variants were used to calculate the total
fragment kinetic energy for symmetric fission as a function
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of the type of viscosity and the neck radius r,,.

In Fig. 26 we compare all the experimental information
on E; (the same as in Fig. 24a), for clarity represented as a
deviation AE;=E,—0.131 Z%/A'? from the linear depen-
dence describing experiment for Z2/A3<1000 (Fig. 24a),
with various modifications of the theoretical calculations
(solid lines).2%82!1215 Figures 26a and 26b are for two-body
viscosity, and Figs. 26¢ and 26d are for one-body viscosity.

In Fig. 26a we show the results of Ref. 211, where the
LDM including short-range nuclear forces' was used to cal-
culate E; for fission into equal parts at r,=0. The experi-
mental data for heavy nuclei are described fairly well for u
=0.015 tP, but for lighter nuclei in the range Z*A'?
~900-1200 the coefficient w=0.010 tP is preferable.

Figure 26b shows the results of Ref. 208 obtained using
a liquid-drop model close to that in Ref. 211 (Fig. 26a), but
with the scission criterion F=Fy, when scission occurs at
finite neck thickness, as shown on the left in Fig. 25. In this
case a satisfactory description of experiment is obtained for
un=0.03 tP, i.e., for viscosity coefficient twice as large as in
the case of zero neck. This is associated with the extent (in
deformation) of the descent stage: for the criterion r,=0 the
descent is, of course, longer. This, on the one hand, tends to
decrease the Coulomb repulsion energy of the fragments E¢,
owing to the elongation of the fissioning nucleus compared
to the shape with the neck. On the other hand, it tends to
raise the pre-scission kinetic energy E, accumulated by the
nucleus during the descent, because the two-body viscosity
hinders the formation of the neck.2% That is, the larger u is,
the more elongated is the scission configuration of the
nucleus. According to Ref. 208, the interplay of the terms in
the kinetic energy E;=E +E, causes E; to be larger for
the criterion F = Fy for a given u, and to obtain agreement
with experiment it is necessary to increase the viscosity co-
efficient, thereby decreasing the calculated E; . In the end,
the theoretical description of E; using the two-body friction
mechanism is insensitive to the scission criterion.

The authors of Ref. 8 arrived at the same conclusion.
They calculated E; with the scission criteria Fc=Fy and
r,=0, but using Langevin dynamics. The ‘‘exact’’ inclusion

of the fluctuations of the collective variables in the two cases
had practically no effect on the average values of these vari-
ables.

As mentioned above, the two-body friction mechanism
is similar to friction in an ordinary liquid, when energy is
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FIG. 26. Comparison of various versions of the theoretical calculation of E;
with the experimental data in the form of the deviation AE, from the line
E,=0.131Z%/A" as a function of Z>/A"3. (a) Calculations of Ref. 213
using the dynamical model with r,=0 and two-body viscosity; w is the
viscosity in tP. (b) The same as in (a) but with the scission condition F¢
=Fy (Ref. 208). (c) The calculations of Ref. 211 using the wall-and-
window one-body dissipation mechanism for variable neck thickness r,. (d)
The calculations of Ref. 215 using the surface-and-window one-body dissi-
pation mechanism; kg is the reduction coefficient.
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dissipated in collisions of nucleons with each other. How-
ever, owing to the Pauli principle, the nucleon mean free
path in the nucleus exceeds the nuclear diameter, and so the
validity of models based on this mechanism is doubtful.
Nevertheless, as we shall see in examples of the theoretical
description of (ré and E,, (Figs. 24b, 26a, and 26b) and, later,
o3, (see Sec. 4.2), they give good results. This can be treated
phenomenologically as the case of small friction.

A physically more justified assumption is that the
nuclear viscosity mechanism is one-body in nature, as pro-
posed and developed by Swiatecki et al.?3® This mechanism
is based on nucleon interactions (collisions) with a stationary
““‘wall’’ rather than with each other. The wall is a simplified
image of the nuclear surface. If the presence of the neck is
taken into account in the interaction with the wall at large
deformations, when the nucleus is dumbbell-shaped, this vis-
cosity (dissipation) mechanism is referred to as wall-and-
window one-body dissipation.

In Ref. 211 Sierk and Nix used this mechanism to de-
scribe E; while varying the neck radius (the window) r. In
Fig. 26¢ we show the results of their calculations for r,=0,
2.5, and 3.0 F and a cylindrical neck. The experimental data
for Z%/ A< 1100 are described best for r,=0, while for the
heaviest nuclei r,=2.5 F. Since for the condition Fc=Fy
(right-hand side in Fig. 25) r, for light nuclei decreases to
1-1.5 F and the real scission point as a function of Z%/A '3
corresponds not to a strictly defined radius but to one varying
from a minimum to a maximum value, the description of the
entire set of data will be very good. For heavy nuclei the
condition r,=0 does not satisfy the experimental require-
ments.

Griffin and Dworzecka?** have studied a quantum ver-
sion of one-body dissipation and have shown that viscosity
in a real nucleus amounts to only about 10% of the value
calculated using the wall expression. Accordingly, Nix and
Sierk proposed a modified version of the one-body dissipa-
tion mechanism, 2215 called surface-plus-window dissipa-
tion. In it the contribution to the dissipation from nucleon
interactions with the nuclear surface is decreased by almost a
factor of 4. The reduction coefficient (window) k, was found
by analyzing the experimental widths of isoscalar and octu-
pole resonances and was ks=0.27, with k;=1 corresponding
to complete one-body viscosity.

In calculations of E; with the scission criterion r;=0 in
Ref. 215, the authors varied k¢ from 0.1 to 1.0. The results of
those calculations®® are compared with experiment in Fig.
26d. A practically ideal description is obtained for £,=0.5,
but it should be stressed that all the theoretical calculations
of E; in Fig. 26 were obtained for strictly symmetric fission,
i.e. for fragment mass equal to A/2. The experimental data

correspond to average values E; which on the average are
usually 2—-4 MeV smaller than E;(A/2). This means that to
correctly compare theory and experiment, all the data in Fig.
26 should be raised by ~3 MeV on the average (or the the-
oretical values should be lowered). Then in Fig. 26d the best
description will be for k,~0.3, which practically coincides
with k;=0.27, found independently of fission.

Therefore, the surface-plus-window and wall-and-
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FIG. 27. Comparison of the calculated®?? values of o' with the experimen-
tal data (crosses) for 0:’p= 1.5 MeV (Refs. 8, 10, and 227). The dark points
are the calculation with the condition Fc=Fy, and the light circles and
circles with the crosses are the calculation with r,=0, both for two-body
viscosity. The open squares and triangles are the calculation of Ref. 227
with two- and one-body viscosity, respectively, for random breaking of the
neck. The theoretical points are joined by hand.

window versions apparently agree best with the experiment.
However, the two-body viscosity mechanism should not be
excluded. As seen in Figs. 26a and 26b, it may be essential
for describing E; in the region of very heavy nuclei with
Z%/Z"*=1600, where the theoretical values of E; are too
high, and those for the one-body mechanism are too low.
Accurate experimental values of the fragment E; become
extremely important in this range of nuclei. The available
data on E, for Z%/A3~2000 pertain to quasi-fission reac-
tions and, as will be shown below, apparently are not suit-
able for testing the viscosity mechanism in the case of clas-
sical fission. :

Now let us turn to the more detailed discussion and the-
oretical analysis of the variance of the total kinetic energy
0129. As shown in Fig. 24b, the experimental dependence of
0% on Z%/A"3 for heavy nuclei is reproduced well by the
diffusion model® with two-body viscosity, and the scission
condition is close to Fc=Fy.

Recently, in Ref. 8 the fragment energy distributions
were described by a two-dimensional model based on the
Langevin equation, which the authors refer to as Langevin
fluctuation—dissipation dynamics (LFDD). Here the fission
process is modeled numerically as the behavior of Brownian
particles—fissioning nuclei, whose motion is studied.?

The dependences of E; and o on Z%/A"? were calcu-
lated for the same two-body viscosity coefficient and tem-
perature as in Ref. 3, but with different scission conditions:
Fc=Fy and r,=0. It turned out that in this model E; is not
sensitive to the scission criterion, which corresponds to the
theoretical calculations of Nix and Sierk shown in Figs. 26a
and 26b.

The situation regarding the variance o is different. The
experimental data on o-i- (crosses; Refs. 10, 21, and 35) are
compared with the calculations®?*” in Fig. 27. The darkened
points are for the condition Fo=Fy, and the open circles
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and circles with a cross are for the condition r,=0. As in
Ref. 3, agreement with experiment is obtained for the sciss-
ion condition Fc=Fy at Z*/A=31. For lighter nuclei the
calculation gives values of o3 which are much too low. This
is the region of nuclei where the saddle-point configuration
practically coincides with the scission configuration, and so
in Ref. 8 the dynamical calculations were started at the top of
the barrier. Both the evolution of the nucleus to the saddle
point and the effect of the post-scission motion (oscillations)
of the fragments were neglected. This is apparently the rea-
son why the calculated values of ai- for light nuclei are much
too low in this case.

An alternative point of view on the formation of Ué,
suggested in Ref. 8, is the following. For nuclei with Z%/A >
<31 the saddle-point configuration coincides with the sciss-
ion configuration only for the condition F-=Fy. If the cri-
terion r,=0 is used, descent occurs for these nuclei, and
fluctuations of the collective variables during the descent
succeed in pushing the variance to values considerably
higher than the experimental ones, as shown by the open
circles in Fig. 27. In principle, by decreasing the two-body
viscosity coefficient and thereby lowering 0%, it is possible
to reproduce the experimental data with the criterion r,=0,
but then E; apparently is not described (see Fig. 26a).

Change of the viscosity mechanism does not correct the
situation. In Ref. 227 Kosenko carried out LFDD calcula-
tions similar to those of Ref. 8, but for the one-body surface
viscosity mechanism with k;=0.27. The results for the two
scission criteria were practically the same as in Ref. 8. In
Ref. 8 it was suggested that for a real nucleus the situation
regarding the scission point might be intermediate between
the two extreme cases considered. In Ref. 227 it was as-
sumed that the neck is broken randomly after passing
through the nuclear configuration with F=Fy, and aé was
calculated for both types of viscosity. This showed that the
intermediate version of the scission conditions is much
closer to experiment for nuclei with Z2/A"3<31. These re-
sults are shown in Fig. 27 by the squares (two-body viscos-
ity) and triangles (one-body). However, we see that the situ-
ation is worse for heavier nuclei. We think that at present,
when there are no LFDD calculations describing the dynam-
ics for light nuclei from the ground state, and the effect of
the post-scission motion of the fragments has not been taken
into account, it is too early to maintain that the intermediate

version of the scission conditions is realized in fission. Even
though it is a beautiful and plausible scission mechanism, it
is unlikely that a real nucleus breaks up at a strictly defined
point with F = Fy; rather, there is probably a small region
of nuclear deformations involved.

In addition to E; and 0,25 , the first and second moments
of the energy distribution, for symmetric fission the authors
of Ref. 8 also calculated the third and fourth moments, re-
spectively referred to as the asymmetry coefficient vy, and
the excess coefficient vy,, defined as

y1=(Ex—Ep)* (a2, 35)

¥2=(E—Ep)*(0%)*—3. (36)

These characterize the difference of the distributions from
Gaussians, for which y;=0 and y,=0. The calculations® of
v, and y, were again performed for the two scission criteria
and for the two-body viscosity mechanism, and, in Ref. 227,
for the one-body surface viscosity mechanism. It turned out
that the values of 7y, and 7y, calculated for the two criteria
Fc=Fy and r,=0 differ greatly not only in magnitude, but
also in their Z%/A dependence: y, and ¥, have a maximum
in the vicinity of Pt (Z2%/A~32) in the first case (r,=0), and
are close to zero in the second.

These results® stimulated Zhdanov et al. to perform spe-
cial experiments9"° to carefully measure and analyze the
four moments of the energy distributions for compound nu-
clei from Os to U, produced in reactions involving light
charged particles (p, 3He, and a) at various excitation ener-
gies.

In Fig. 28 we give the data on y, and 7y, for all the
nuclei studied as a function of the initial excitation energy at
the saddle point EJ, for fragment masses near A/2 (Refs. 9
and 10). The set of all experimental data shows that the
energy distributions of the symmetric mode are characterized
by a small, constant coefficient y, = —0.1 (slightly extending
the low-energy tail of the distributions) and y,=0. These
results hold for nuclei from Qs to 2>>U and for excitation
energies E;‘;, practically from zero to several tens of MeV.
The smallness of y; and y, implies that it is a satisfactory
approximation to take the energy distribution to be a Gauss-
ian for fixed fragment masses.

In Fig. 29 we compare the values of y, and ¥, calcu-
lated in Ref. 8 for the two scission criteria with the experi-
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FIG. 29. Comparison of ,(A/2) and y,(A/2) calculated® for two-body
viscosity with the experimental data (Ref. 10) (crosses) as a function of
Z%/A. The dark points are the calculation with the condition Fc=Fy, and
the open circles and circles with crosses are for the condition r,=0. The
theoretical points are connected by lines.

mental data®'® represented as a function of Z%/A. Experi-

ment obviously rejects the criterion r,=0, as the difference
between the compared quantities is so large for it. The situ-
ation regarding the other criterion Fc=Fy is not so clear.
The experimental and the calculated values are of the same
order of magnitude and quite small. However, one cannot
speak of quantitative agreement in the case of the asymmetry
1, because for one half of the nuclei studied the signs are
the same, while for the other half they are the opposite. The
calculated excess y, is in better agreement with experiment
for the criterion Fc=Fy. Use of the one-body dissipation
mechanism hardly changes the situation shown in Fig. 29
(Ref. 227).

It should be emphasized that the experiments®!® were
performed for the range of nuclei where the data on o agree
with theory, i.c., for Z2/A=31. For lighter nuclei it is appar-
ently not worth calculating v, and y,, which for Fo=Fy
tend to large values with decreasing Z%/A. The theory in this
case does not describe the second moment 0%, and so it is
not likely that the higher-order moments correspond to real-
ity.

Unfortunately, so far there are no statistically significant
calculations for the intermediate version of the scission cri-
terion.

Therefore, experimental and theoretical study of the
fragment energy distributions shows that their description is
practically insensitive to the viscosity mechanism of nuclear
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matter. It depends much more strongly on the conditions for
the nucleus to break up into fragments. This is particularly
true of the higher moments of the energy distribution, the
experimental characteristics of which reject the scission cri-
terion r,=0.

There are a few other studies in which two-dimensional
models based on Langevin dynamics were used to calculate
the fragment energy distributions for the nuclei 2°Pb (Ref.
78), 23At (Ref. 176), and 2SFr (Refs. 224 and 225). All
these calculations differ from that in Ref. 8 in that they treat
the evolution of the fissioning system starting not from the
barrier, but from the ground state. We discussed Ref. 78 in
Sec. 1. Its main conclusions, and also those of an earlier
study by the same authors,'’® amount to the statement that
the best descripticn of the fusion—fission process, including
the fusion cross sections, the evaporation residues, the mul-
tiplicities of pre-fission neutrons, and also E , is obtained by
using the one-body wall-and-window  dissipation
mechanism.?!!

In Refs. 224 and 225 the calculated values of E,, 0?; s
and the n, p, and o multiplicities for 2>Fr were compared
with the experimental data from Ref. 55. The use of two-
body viscosity with the coefficient w varying in the range
from 0.015 to 0.060 tP did not lead to agreement between the
calculated values and experiment: Ek , 0125, and ;p,e turned
out to be smaller than the experimental values.

4.2. The fragment mass distributions

One of the most important problems in fission physics is
to understand the mechanism for the formation of the frag-
ment mass distributions. This was the case ten years ago,’
and it is still the case now. Of course, during these years a
great deal has been done experimentally, and theory has
gone a long way in making sense of all the data. The most
important area is the spontaneous and low-energy fission of
nuclei with A=200. Here the new idea of multimode (het-
eromode) fission, associated with discovery of valleys in the
potential-energy surface in the multidimensional deformation
space, has, in a fairly simple and physically clear way, led to
a unified explanation of the main features and regularities of
the asymmetric fission of these nuclei. There have been
many original studies devoted to this problem. Their results
are summarized in Refs. 2, 235, and 236.

The situation regarding highly excited nuclei is some-
what different. As shown in the preceding section, the theo-
retical description of the energy distributions is a prominent
topic in the literature. Unfortunately, this cannot be said of
the mass distributions. In fact, the only series of studies de-
voted to the theoretical aspects of the formation of the mass
distributions of excited nuclei (for the modern concept of
them) which has produced results that can be compared with
experiment was that performed by Adeev et al. using the
diffusion mode >!17131:157220-223 e ghall base our analysis
of the experimental data on these results.

It was shown in the experimental studies of Refs. 2, 4, 5,
21, 26, 68—70, and 181 that the fragment mass distributions
for heavy nuclei excited above E*=40-50 MeV are nearly
Gaussian, and their widths (variances) at equal (or similar)
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E* increase with increasing mass of the fissioning nucleus.
In practice, the only characteristic of the mass distributions
requiring analysis is the variance o .

The authors of Ref. 70 collected and analyzed practically
all the experimental information on 0,2” for fission fragments
of heavy nuclei obtained in reactions involving felectrons,182
light charged particles (Ref. 2, 26, 62, 69, 173, and 177), and
heavy ions (Ref. 21, 49, 55, 68, 89, 91, 152, 165, 180, 184,
and 185) up to Ar (Refs. 50, 55, 178, 179, 181, and 183).
To systemize the data on the mass distributions, the results of
the analysis7° were represented as the dependence of the
nuclear stiffness to mass-asymmetric deformations d?V/d 7
(34) on Z%/A. Of course, it might be objected that d*V/d 7*
is a static parameter, which theoretically should be deter-
mined only at specific points of the nuclear deformation tra-
jectory, and that it does not reflect the dynamical picture of
fragment mass formation in the case of an extended descent.
However, owing to the amount and diversity of the experi-
mental data in this case, this is simply a convenient method
for representing the data which is independent of the reaction
and excitation energy (temperature) at which a particular re-
sult was obtained.

The only parameter in the expression for the stiffness
(34) is the temperature 0{ , where i=sp or sc, j=efl, ef2, or
ef3 (see Sec. 1), and crﬁ, is the experimental variance cor-
rected for the # effect (i.e., for /=0) according to the pro-
cedure described in Sec. 2.

The data for nuclei with Z%/A=33 should be split into
two parts: those obtained in reactions involving ions with
A;=<26 and those for which A;=27-40. This is because for
ions of the first group the fission process occurs, as a rule, via
the formation of a classical compound nucleus, and the frag-
ment characteristics, in particular, oﬁ, , always correspond to
true fission. For heavier ions quasi-fission processes may oc-
cur together with the associated broadening of the mass dis-
tributions (Refs. 21, 55, 68, 89, 96, 136, and 138). Let us
therefore first consider the first group of data.

In Fig. 30 we show the dependences of d’V/d7n* on
Z?/A obtained in reactions involving ions with A;<26 for a
reasonable definition of the temperature: for 0::,1 in Fig. 30a,
for 0:;2 in Fig. 30b, and for 6°® in Fig. 30c. The temperature
was calculated for the level-density parameter a=0.093A
and fission barriers E{/) from the study by Sierk.' The
open circles are the results of Ref. 22 (the same as given in
Sec. 3). The other points are from the analysis of the data of
various authors in Ref. 70. Since in Ref. 22 and in Fig. 22 the
analysis was performed only for the temperature 0:{,‘ (all the

neutrons flp,e emitted before the saddle), in Figs. 30b and 30c
these data were redefined, beginning at Z%/A=28.5 in accor-

dance with the systematics for v&;, [Eq. (17) and Fig. 7] and
the value of the temperature at the scission point (18). In Fig.
30 we also show the theoretical calculations of the stiffness
for /=0. The solid line shows the calculations of Ref. 3
using the simple LDM with sharp nuclear boundary"? for the
saddle point, and the dotted line shows the calculations of
Ref. 22 using the LDM with finite-range nuclear forces'®
also for the saddle. In Fig. 30c, where the stiffness was cal-

culated using the temperature or the scission point, the dot—
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FIG. 30. Dependence of the experimental stiffness dV/d 7’ in the entire
range of Z%/A for #=0 for various definitions of the temperature 6 (Ref.
70). The light circles are the same data as in Fig. 22 (leaving out some
individual points not following the overall behavior). Theoretical curves:
solid line—the calculation of Ref. 3 with the LDM parameters of Ref. 13 for
the saddle point; dotted line—the calculation of Ref. 22 using the LDM
including short-range nuclear forces,'S also for the saddle; dot—dash line—
the calculation of Ref. 3 with the parameters of Ref. 13 for the scission
point; dashed line—the calculation of Ref. 3 using the diffusion model with
the parameters of Ref. 13 and two-body viscosity.

dash line shows d*V/d 7? calculated using the model of Ref.
13 also for the scission configuration. The dashed line in Fig.
30 shows the calculations of Adeev et al.> using the diffusion
model with the two-body dissipation mechanism.

The physical results which follow from the data on
d*Vid»? are:

1. The existence of a maximum in the experimental stiff-
ness curve allows a qualitative understanding, from simple
arguments, of why the angular momentum ¢ affects the vari-
ance U,ZM of the mass distributions differently, decreasing it
for light nuclei and increasing it for heavy nuclei (see Fig.
18).

As is known from Ref. 36, the effect of # on a fissioning
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nucleus is like making the nucleus heavier, i.e., it corre-
sponds to an effective increase of Z%/A (or x).2° As /Z in-
creases for a light nucleus, i.c., as (Z%/A).s becomes large,
the nucleus becomes stiffer, i.e., d>V/d 7;2 grows, which in
turn corresponds to decrease of ori, with increasing /.

The situation is the reverse for heavy nuclei: as / grows
the parameter (Z%/A) also tends to large values, and so
these nuclei have smaller d>V/d#* (downward slope), i.c.,
the stiffness decreases, o3 increases, and this corresponds to
positive values of the total derivative do,/d/?. Therefore,
the relation between the experimental characteristics in Figs.
18 and 30 is obvious, and this allows understanding of the
entire set of data on 0%, d*V/d7?, and da3,/d/>.

2. Different definitions of the temperature 6/ do not lead
to qualitatively new results. For heavy nuclei the absolute
values of d*V/d7? are somewhat changed.

3. The values of the stiffness calculated using H:f(igi
depend strongly on model representations of the emission

v - In particular, if the number of neutrons emitted during

the descent v, is not very large, as in Refs. 59 and 72-75,
the stiffness curves for 6! and 8:[{2 must approach each
other, particularly in the region Z%/A=31-37.

4. The experimental stiffness determined at the scission
point was, we recall, obtained by using the maximum value
0:;3. If the deformation energy E 4¢ is somehow included in
(18), the stiffness at this temperature will approach that at the
other two.

5. The stiffnesses obtained from reactions involving
electrons and light charged particles, and from heavy-ion re-
actions, do not stand out in Fig. 30, but fit in with the com-
plete set of points. This indicates that the corrections to 0'12”
for the influence of Z have been introduced correctly.

6. The experimentally determined stiffness for nuclei
with Z%/A<30 is well described by the LDM'S indepen-
dently of the definition of 8/. This conclusion is trivial, be-
cause for these nuclei the saddle and scission points practi-
cally coincide in deformation and energy.

7. For nuclei with Z2/A=34 the experimental stiffness
does not correspond to the theoretical calculations either for
the saddle point, where the prediction is d*V/d7*=0 for
Z%/A~37, or for the scission point, where the stiffness
should grow continuously with increasing Z%/A. The values
of the experimental stiffness lie between these two extremes,
although the effect of the saddle is significant. This conclu-
sion is far from new, but it acquired a rigorous quantitative
foundation in Ref. 70, where a large amount of experimental

data was analyzed and the effect of # on o, and of Ve ON
6! was correctly taken into account.

The diffusion-model calculations of Adeev et al.’
(dashed line in Fig. 30) give a good reproduction of the
experimental stiffness in Fig. 30a for nuclei with Z2/A=34,
while for other cases (Figs. 30b and 30c) they qualitatively
describe the behavior of these dependences. However, they
were obtained by using the parameters of the LDM!? (solid
line), which itself for light nuclei, where there is no descent
stage and the dynamics is not important, does not correspond
to experiment. Unfortunately, there are still no calculations

M. G. ltkis and A. Ya. Rusanov 191

using the diffusion model based on the LDM including the
finite range of the nuclear forces.'>'¢

This problem has yet another interesting theoretical as-
pect. The dashed line in Fig. 30 was calculated by assuming
a two-body dissipation mechanism of nuclear matter. How-
ever, experiments performed in the last decade to determine
the multiplicity of pre-fission neutrons®”* (see Sec. 1), the
features of pre-fission 7y rays emitted from a giant dipole
resonance,”’ the properties of quasi-fission,® and also our
analysis of the energy distributions in the preceding section,
all favor a one-body diffusion mechanism in the nucleus,?®
or, according to the studies of Frobrich and Gontchar,*72-7
some combination of such mechanisms (an intermediate ver-
sion).

Calculations using a surface one-body dissipation
mechanism with k,=0.27 were performed in Refs. 3 and
222. It turned out that o3, is weakly (within 10-20%) sen-
sitive to the dissipation mechanism, but the reasons why
large values of (r},, occur for heavy nuclei are different. For
two-body dissipation the descent from the saddle occurs over
a finite, relatively short time (4—8 X 107 2! sec; Ref. 3). In
this case the fissioning system at the scission point ‘‘remem-
bers’’ its prehistory, and the faster the descent, the closer to
the saddle are the remembered stiffnesses. Since the stiffness
grows monotonically in going from the top of the barrier to
the scission point, fewer of its values are remembered than at
the scission point, and the corresponding variance 0,2” Srows.

For the one-body mechanism the descent proceeds
nearly an order of magnitude more slowly (20-50
X 1072" sec; Ref. 3), and this causes the prehistory to be
forgotten. However, the large magnitude of the viscosity
(friction) leads to strong dissipation of the energy concen-
trated in the collective degrees of freedom into the internal
degrees of freedom. The nucleus is more strongly heated by
the time scission occurs, and this is naturally accompanied
by a significant increase of the fluctuations of the collective
variables, including the mass asymmetry. In the end, this
causes the stiffnesses determining the values of o2, to be
averaged over a large part of the descent and, accordingly,
over the time progression of the process.>” It thus becomes
clear why the experimental variances o3, and the corre-
sponding stiffnesses in Fig. 30 lie between the two extremes,
saddle and scission. The data in Fig. 30 can therefore be
averaged for a given temperature at the barrier and in sciss-
ion:

[(@*VIdn?) ) o r+ (d2VIdn?)5]12. (37
In this case
(05 2+ 06512, (38)

which will correspond to the experimental stiffness and tem-
perature roughly in the middle of the descent (not shown in
Fig. 30).

We see that the mass distributions, like the energy char-
acteristics, cannot give any direct answer to the question of
which friction mechanism, two- or one-body, is realized in
the nucleus.

The basic feature distinguishing one friction mechanism
from the other in calculations is the time for the descent from
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FIG. 31. The total fission time (the symbols with errors), extracted from the

data on 17,,,‘ for the indicated reactions for various nuclei, as a function of
x (Refs. 37, 55, and 75). Theoretical curves: dot—dash lines—the
calculation?'? of the descent time using the dynamical model with two-body
viscosity for u=7=0 and wu=7%=0.02tP; lower dotted lines—the
calculation® using the diffusion model also with two-body viscosity for u
=0 and pu=0.02 tP; solid line—the calculation?'* with one-body viscosity
for /=0; the dashed line is the same as the solid line but adapted to /
=804 (Refs. 37 and 75); dark circles—the calculation” of the most prob-
able fission time; upper dotted line—the average descent time in the diffu-
sion model® with the one-body surface viscosity mechanism for k,=0.27.

the saddle to the scission point. As mentioned above, the
difference between the times in the two cases can reach an
order of magnitude. If it were possible to measure the time
experimentally, the friction mechanism could be determined.

A special sort of clock for measuring the average fission
time (the time for the nucleus to reach the barrier, plus the
descent time) is, according to Refs. 37, 47, 49, 50, and 55—
58, the average multiplicity of pre-fission neutrons I—me. To
emit an observable number l_lpm in going from the ground
state to the scission point, the nucleus needs to survive for
some finite time. Conversely, the desired fission time can be

extracted from the data on Bp,e by using model representa-
tions of the neutron evaporation. A procedure of this type,
based on a modified statistical model with the introduction of
a time-delay parameter to allow the model to describe ex-
periment, was suggested in Ref. 50 and used in Ref. 55 to

analyze the experimental data on vy, as a function of the
excitation energy and nucleon content of fissioning nuclei.

In Fig. 31 (Refs. 37, 55, and 75) we show the ‘‘experi-
mental’’ average total fission times (the symbols with errors)
obtained in the indicated reactions as a function of the fissil-
ity parameter x. The results for ®Ni ions should have been
excluded from these data, because they characterize quasi-
fission (more on this in the following section). The various
curves are the theoretical average descent times and not the
total fission times. Although this comparison is not com-
pletely correct, for heavy nuclei (x=0.75), for which the
saddle-point configuration is close to the ground-state one
and the fission process essentially consists of a single de-
scent, it is to some extent justified.
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In the lower part of Fig. 31 the dot—dash and dotted lines
show the calculations of Refs. 213 and 3, respectively, for a
nonviscous nucleus (7= u=0) and using two-body viscos-
ity with 7= u=0.02 tP. The solid line shows the calcula-
tions of the dynamical model?'3 for /=0, and the dashed
line is the same but adapted to /= 80 (Refs. 37 and 75) for
the one-body wall-and-window mechanism. The upper dot-
ted line is the calculation of Adeev et al.? for the diffusion
model using the one-body surface-and-window mechanism
with k;=0.27. The large darkened circles are the calcula-
tions of Gontchar”” with the intermediate dissipation
mechanism (see Sec. 1 above).

What do we learn from Fig. 31? The calculations
using two-body friction are not capable, in contrast to the
mass—energy distributions, of reproducing the ‘‘experimen-
tal”” fission times. The dynamical model*** with one-body
viscosity gives a behavior as a function of x which is oppo-
site to that observed experimentally: the descent time grows
with increasing nuclear mass along with the extent of the
descent.2!® A picture close to the experimental one is ob-
tained in the diffusion model.> Here the fissioning system
spends a long time near the saddle, and then it leaves it and
reaches the scission point.> For a relatively light nucleus
(x~0.7) there is almost no energy difference between the
saddle and the scission point, and the nucleus *‘fluctuates’’
for a long time on the nearly flat potential surface. In this
case the descent time is large. For heavy nuclei (x
=0.8-0.9) the saddle—scission-point energy difference be-
comes large, and the fissioning nucleus begins the descent
right away, which leads to smaller times than those seen in
Fig. 31.

We stress the fact that the diffusion model® was not used
to describe v, . In it the descent times for one-body viscos-
ity were calculated for the fragment mass—energy distribu-
tions, and the agreement between the ‘‘experimental’’ and
calculated values in Fig. 31 undoubtedly favors the one-body
dissipation mechanism.

For the ‘‘intermediate’’ version of viscosity proposed by
Frobrich and Gontchar,"-™ the behavior of the most prob-
able fission time is also close to the experimental behavior.

However, we should not be seduced by the quantitative
agreement between the ‘‘experimental’’ times and the theo-
retical ones, because the experimental times are themselves

3213

model-dependent. These times, extracted from the I—me data
of the same study,’ have recently been reanalyzed in Ref.
238, using a new time-dependent combined statistical model
taking into account the fusion dynamics.!* The new values
of the experimental fusion—fission times turned out to be an
order of magnitude larger than those in Fig. 31. On the av-
erage they are (2-5)X 10~ 19 sec. However, the tendency
for the time to decrease with increasing x remains.
Another, in our opinion, convincing (although indirect)
argument for the nature of dissipation in the nucleus is the
case of low-energy fission, which is rather far from our situ-
ation. It is well known that in the thermal-neutron induced
fission of actinide nuclei, the proton even—odd effect in the
fragment yields decreases with increasing nuclear
mass, 36239240 which is interpreted in those studies as a
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FIG. 32. Dependence of the dissipated energy E 4 on Z%/A extracted from
the data on the even—odd effect in low-energy actinide fission.?** The
dashed line is the least-squares description of the data.

manifestation of the viscosity properties of nuclear matter
during the descent stage. The heaver the nucleus, the longer
the descent (in the deformation, but possibly not in the time),
and it is natural to expect that the energy dissipated from the
collective degrees of freedom to the single-particle ones is
larger. The proton pairs are split, owing to heating of the
nucleus. The energy going into the breaking of these pairs,
i.e., the dissipation energy E i, can be found from the ex-
perimental data on even—odd effects and the fragment yields,
using theoretical representations of the energetics of this
breaking.236'239’24° In Fig. 32, taken from Ref. 240, we show
the dependence of E 4 on the parameter Z%/A. The dashed
line is the least-squares description of the data. Here E g
=0 for Z2/A=33.5. Let us now return to the stiffness
d*Vid? in Fig. 30. As already mentioned, the maximum of
the stiffness curve is located at Z2/A~34, and the change-
over from the monotonic growth characteristic of light nuclei
occurs at Z2/A~33.5. It is this point which can be inter-
preted as the beginning of the manifestation of the descent
from the top of the barrier, because the stiffness grows con-
tinuously for the scission point.
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Therefore, the relation between these apparently hetero-
geneous data on the properties of low-energy fission and ex-
cited nuclei is obvious. It would appear to indicate that the
same dissipation mechanism, one-body friction, is realized in
both cases, because in fission induced by thermal neutrons,
and especially the shell process, the Pauli principle imposes
even more rigorous conditions on two-body nucleon colli-
sions than at high excitations.

There is a viewpoint regarding the formation of the mass
distributions differing from that of Adeev efal® Brosa
et al.?>?" have constructed a model of fission which at-
tributes the large variance of the mass distributions to break-
ing of the neck by random fluctuations (a similar possibility
was also considered in Ref. 5), completely neglecting the
viscosity of nuclear matter. However, the parametrization of
the fissioning nucleus with a thick, elongated, cylindrical
neck chosen in Refs. 235 and 241 seems rather artificial. For
a physically more realistic neck, as, for example, in Refs. 3,
11-16, 205-215, and 232, the contribution to the observed
variance from fluctuations of the scission location is no more
than 5-10% (Ref. 3).

Now let us consider the variances of the mass distribu-
tions as functions of the temperature 0{ , the angular momen-
tum /Z, and the nucleon content.

Figure 33 shows the behavior of 0-12” for 0{ =1.5 MeV as
a function of the fissility parameter x for /=0 and /
=50%. The values of o3, for /=0 were obtained from the
experimental averaged stiffness curves in Fig. 30a and Eq.
(33). The variance for /= 50# was found by using the coef-
ficients da-ﬁ,/d?Z (Figs. 16 and 18) for the corresponding
temperatures 0{ . In Fig. 33 the circles show the data for
light nuclei,”? and the squares show the data for heavy
nuclei.” In Figs. 33b and 33c the data begin at x=0.6, be-
cause for lighter nuclei the dependence o%(6%,7?) is the
same as in Fig. 33a. We hope that Fig. 33 needs no further
commentary.

4.3. The properties of quasi-fission

In studying the properties of the mass distributions in the
preceding subsection we limited ourselves to reactions in-
volving ions (or targets in inverse kinematics) with A;<27.
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In interactions with such ions, nuclei undergo complete fu-
sion followed by true fission, which is what we have studied
up to now.

Now let us consider the features of reactions involving
ions with A;=27, which often lead to a process referred to as
quasi-fission.

Theoretical approaches to the description of fusion and
quasi-fission in reactions involving massive ions have been
worked out in greatest detail by Swiatecki ef al?>® and
Feldmeier'® using dynamical models with a one-body dissi-
pation mechanism.

The interaction of a massive ion with a nucleus is shown
schematically in Fig. 34 (Ref. 242). The following can occur
in such a collision, depending on the impact parameter: com-
plete fusion with the formation of a classical compound
nucleus which can then undergo fission in the usual manner;
deep-inelastic scattering; or the intermediate case, quasi-
fission. In the latter the colliding nuclei at some time form a
double system with a neck. Then nucleon exchange and mass
redistribution begin, after which the neck can disappear alto-
gether without the system reaching the deformations charac-
teristic of a fission barrier or, even more so, of the ground
state. Complete relaxation of the mass-asymmetric coordi-
nate does not occur. The last stage of the fission process,
descent, does occur, apparently often without a complete tra-
jectory.

We thus see that the quasi-fission process occurs over a
time shorter than that for true fission. The ‘‘nuclear
clock’’—the multiplicity l_zp,e—for such reactions clearly in-
dicates this> (see Fig. 31, for reactions involving ®Ni ions).

Experimentally, one naturally observes a superposition
of all possible nuclear decay channels. The contribution of
each component depends on the particular reaction studied:
the mass, the ion and target charges, the incident ion energy,
the excitation energy of the system, the detection angle of the
products, etc., and it is often quite difficult to separate one
reaction channel from the others, for example, to separate
true fission and quasi-fission.

The properties of quasi-fission reactions have been stud-
ied in greatest detail in Refs. 89, 96, and 138, where the
fusion—fission—quasi-fission cross sections, the fragment an-
gular distributions, the fragment mass—energy distributions,
and the mass—energy and mass—angle correlations were
studied in the inverse kinematics using beams of 2°Pb (Ref.
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FIG. 34. Schematic depiction of the trajectories in the interaction of a
massive ion with a target nucleus leading to true fission, quasi-fission, and
deep-inelastic scattering.?*?

138) and 28U (Refs. 89 and 96) ions and targets from
150 to #Y.

As an example, in Fig. 35 we show the results from Ref.
96, which reflect the main properties of fission and quasi-
fission in the reactions 28U +160, 27Al, Ca for uranium-ion
beam energy equal to 6 MeV/nucleon.

On the left in Fig. 35 are the two-dimensional fragment
distribution matrices in the total kinetic energy and mass
(Ey M), in the middle are the two-dimensional mass—angle
matrices in the c.m. of the system, and on the right are the
mass distributions (yields) of the reaction products summed
over angles.

The reaction 228U+ %0 is an example of true fission: the
fragment matrix (E;,M) has the classical triangular
form,>"*” and the mass distribution itself is independent of
the angle; accordingly, the yields for forward and backward
angles are the same (dot—dash lines on the right-hand figure).

The reaction 2**U+?7Al has similar properties, but the
mass—angle correlation clearly displays a rotation of the ma-
trix for the lightest and heaviest fragments, reflecting the
nonequilibrium nature of the process for these fragments.
This is also manifested in the width of the mass yields (right-
hand figure). It is increased, because the distributions for
forward and backward angles no longer coincide (dot—dash
lines). However, it should be noted that the mass yields mea-
sured in such reactions for 6., ~90° and nearby angles in
many experiments are obtained by using fragment detectors,
and the width will in practice not be distinguished from that
in ordinary fission. In this case the quasi-fission process can
be identified only from the fragment angular distributions,???
the anisotropy of which turns out to be larger than in true
fission.®

The reaction 233U+%Ca shows that the contribution of
quasi-fission dominates with a clearly expressed forward—
backward asymmetry of fragment-like products. While the
shape of the distribution is reminiscent of a Gaussian with
large variance, it is formed, as seen in the right-hand figure
of Fig. 35 (dot—dash line) from nonequilibrium fission-like
products.

The signs of quasi-fission were clearly formulated in
Ref. 89:

(a) a large width of the mass distributions incompatible
with the fission of a compound nucleus;

(b) asymmetry in the fragment mass—angle correlations;
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c.m. frame; right—yields of reaction products. The dot—dash line is the forward—backward product distribution according to the average pictures.

(c) large angular anisotropy of the fragments, which can-
not be attributed to the fission of a compound nucleus.

Characteristics of the fission and quasi-fission processes
as detailed as those obtained in Refs. 89, 96, and 138 have
not been obtained in most of the experimental studies (Refs.
5, 55, 67, 68, 107, 108, 178181, 183, 186, and 198). Often
only the variance o}, or the full width at half the maximum
of the mass distribution are obtained, and from these alone it
is difficult and often impossible to understand the formation
mechanism in a particular reaction. For example, the large
width of the mass distribution for heavy nuclei can be asso-
ciated both with the effect of the angular momentum # in the
standard mechanism of true fission and with, as we shall see,
quasi-fission.

In Fig. 36 from Ref. 68 we show the experimental data
directly as the variances o2, and o' measured in Refs. 2, 21,
89, 138, 181, 186—189, 195, and 203 and the values calcu-
lated using the diffusion model® (solid lines) for nuclei with
x>0.6. No corrections for / and @) have been introduced.
Here the reactions differ noticeably in the excitation energy
in the entrance channel, but the differences in the effective
temperature 6 are small, within 20%. In Fig. 36 we intro-
duce differentiation with respect to the incident-ion mass.
The dark symbols show the data for reactions involving
“light’’ heavy ions for strongly asymmetric ion—target sys-
tems, A,/A;= 10, the light symbols are for reactions involv-
ing massive ions, A;/A;<10, and the stars are for reactions
involving light charged particles (A;<4).

The x dependence of 0,2‘, (Fig. 36a) has two branches.
Up to x=0.85 the data are, on the average, located at the
same mass and correspond to true fission, practically inde-

pendently of the entrance channel, the temperature, and the
angular momentum. Beginning at x=0.85 (Z%/A~ 40) they
abruptly split. For “‘light’’ ions 0,12” in general is less than
800 u?, and for massive ions quasi-fission comes into play,
strongly broadening the mass distributions, and 012‘,, grows by
nearly an order of magnitude.

A different situation occurs for the variance % shown in
Fig. 36b. If there are differences between the cases of light
and heavy ions, in general they are small.

An interesting picture is observed for the total fragment
kinetic energy. In Fig. 37 we compare the experimental val-
ues of E; for true fission and quasi-fission. This figure has
been constructed like Fig. 26. The data are shown in the form
of deviations AE for two types of reaction. The dark points
are the same as in Fig. 26 beginning at Z2/A"3=800, and the
light points are the results of Refs. 55, 89, 96, and 196,
where quasi-fission was studied in reactions involving ions
(targets) from 2’Al to "™Zn. For comparison, in this figure we
show the same theoretical calculations of E; by Nix and
Sierk as in Figs. 26a and 26d with two- and one-body vis-
cosity.

The measurement results displayed in this form show
that in quasi-fission there is probably no complete relaxation
of E,; on the average, it is clearly higher than for normal
fission. Moreover, the actual value for a particular nucleus
apparently depends on the conditions in the entrance chan-
nel, in contrast to true fission, where there is no such
dependence®”'?7 (see Sec. 2).

Let us confirm this by some typical examples. The au-
thors of Ref. 55 studied the fragment mass—energy distribu-
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tions in the reactions '°0+2%Pb—??*Th and %Ni+'>*Sm
—213Th, leading to fission and quasi-fission of thorium. In
the second case E; and oé are, respectively, 8 MeV and
~200 MeV? higher than in the first reaction, although for
reactions involving !0 ions the initial excitation energy is
higher (by ~50 MeV). One might get the impression that
different thorium isotopes are studied in these reactions.
However, the data of Glagola et al.'? for true fission show
that in the reactions 32S+!#-1545m—176-186pt  where the
platinum isotopes undergo fission and the isotope chain
reaches 10, E is the same for all isotopes to within 1 MeV.

Furthermore, in Ref. 89 in the reactions 223U+%*Ca it

was found that E; for the “Ca ion is again higher by 6 MeV
on the average than for “’Ca ions. The variance o2 is also

AE.. MeV
w S v 1 v v v A ' v v AJ ' v v
. -uq

800
22/A 13

FIG. 37. Comparison of the experimental values of E, for true fission and
quasi-fission, represented as AE, (as in Fig. 26). The dark symbols are the
same as in Fig. 26 beginning at Z%/A">=800. The light symbols are the
results of Refs. 55, 89, 96, and 195 for reactions involving ions with A;
>27. The solid and dashed lines are the same as in Figs. 26a and 26d.
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somewhat larger for the heavier ion. These examples show
that it is very likely that the quasi-fission trajectories in the
configuration space of a composite (but not compound) ion—
target system differ, even in the final (descent) stage, from
the trajectories characteristic of true fission. Apparently, in
quasi-fission the nucleus is broken up in more compact con-
figurations. The authors of Ref. 89 arrived at the same con-
clusion.

Unfortunately, at present there are no direct experimen-
tal data on the comparison of the energy characteristics of the
fragments of ‘‘classical’’ fission and the fragment-like prod-
ucts of quasi-fission for the same nucleus. Such experiments
could shed light on the fusion—fission—quasi-fission dynam-
ics of massive ions and nuclei.

The problem of the fragment kinetic energy was studied
theoretically in Ref. 243 for the reactions *2S+23%U and
“OAr+232Th leading to the quasi-fission of 27°272108 nuclei.
There it was noted, first, that the Swiatecki parame-
trization”? of the nucleus with a neck is quite suitable for
such reactions, because the calculated mass dependence of
the distance between the fragment centers of mass D (M)
characterizing the Coulomb repulsion energy are quite close
to experiment.'® Second, breaking of the neck occurs not at
zero neck radius, but at finite . The best agreement with
experiment was obtained for r,=2/9 of its length, as sug-
gested in Refs. 235 and 241. Third, it turned out that D (M)
is actually the same for these two reactions, both in absolute
value and in behavior. However, the authors of Ref. 243
considered only central ion—target collisions, and it is not
known how the system will behave for other possible impact
parameters which are characteristic also of quasi-fission (Fig.
34) and for which it is important to include the angular mo-
mentum of the system. In addition, it is not clear in that
study®** which pre-scission energy is realized for these reac-
tions: is it the same one? Therefore, the theoretical under-
standing of the properties of the energy distributions for
quasi-fission essentially remains incomplete.

CONCLUSION

In this review we have analyzed the characteristics of the
fragment mass—energy distributions in the fission of excited
nuclei covering the range of Z%/A from 20 to 43.

We have considered a wide range of questions related to
the static properties of the liquid-drop model and the ability
of various modifications of it to describe experiment. Com-
parison of the theoretical and experimental information about
the stability of heated nuclei to mass-asymmetric shape
variations leads to the conclusion that the LDM including
short-range nuclear forces, at least for light nuclei with
Z%/A=20-30, gives a sufficiently good reproduction of the
experimentally observed dependence of d?V/dn? on the
nucleon content and correctly predicts the location of the BG
point.

Dynamical processes play an enormous role for heavy
nuclei with Z2/A>32. They lead to dissipation of the energy
stored in the collective degrees of freedom to the internal
degrees of freedom. Therefore, in the theoretical study of the
formation of the fragment mass—energy distributions it is
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impossible not to introduce the concept of the viscosity of
nuclear matter, though neither the energy nor the mass dis-
tributions are sensitive to the viscosity mechanism. Only a
combined analysis of the experimentally observed character-

istics for both the fissioning nucleus (l-lpre 0% ,07) and the
fragments (the mass—energy distributions) can confirm that
the one-body dissipation mechanism dominates in the
nucleus.

The fragment kinetic energy and its variance depend
weakly on the conditions under which the nucleus breaks up
into fragments, but the higher moments of the energy distri-
bution rule out the scission criterion r,=0.

The solution of the complete set of problems associated
with the formation of the fragment mass—energy distribu-
tions has been made possible by the experimental determina-
tion of the angular-momentum dependence in a wide range
of fissioning nuclei with Acy=100-260. This dependence
has turned out not to be so simple, as it changes sign with
increasing nuclear mass.

A large but secondary role is played by the systematics

of the average neutron multiplicity vy, Vi, and v,
which allow the fairly accurate determination of the tempera-
ture of a fissioning nucleus with any nucleon content.

On the whole, the recent experimental and theoretical
studies of the various aspects of the fission of heated nuclei
give a fairly complete picture of this complicated phenom-
enon.

The study of the properties of quasi-fission reactions
shows that in this case there is no complete relaxation in
either the mass coordinate or, apparently, in the energy char-
acteristics.

The authors of the present study hope that it will stimu-
late both experimental groups and theoreticians to solve the
remaining important problems, such as the energy character-
istics of superheavy compound systems, the properties of
quasifission as a function of A, Z,, A;, Z;, E;, and so on,
the fragment mass—energy distributions near the BG point in
reactions involving light particles at Z/~0, the dynamical
aspects of the description of the mass—energy distributions in
the model with short-range nuclear forces, the more accurate
theoretical analysis of the dependences of o and o2 on £/
and on the nucleon content, and, finally, the complete theo-
retical analysis of all experimentally observed properties of
the fusion—fission process from a unified point of view.

It seems to us that the most promising technique for
further progress will be based on 3-or perhaps n-dimensional
Langevin dynamics.

The authors are grateful to G. D. Adeev, V. V. Pash-
kevich, L. I. Gonchar, G. 1. Kosenko, Yu. Ts. Oganesyan, and
V. N. Okolovich for many fruitful discussions and their en-
during interest in this topic.

DWe do not take into account the studies of this problem in the low-energy
asymmetric fission of actinide nuclei.
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