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It is shown that fission anisotropies from reactions with projectiles lighter than 4 =20 are well
described by the standard theory, in which it is assumed that the distribution of K values (projection
of total spin I onto the symmetry axis) is determined at the fission saddle point. Angular anisotro-
pies of symmetric fragments from heavy ion reactions with projectiles heavier than 4 =24 are, how-
ever, substantially larger than expected on the basis of this theory, an observation which recently led
to the suggestion that the K values adjust adiabatically during the descent from saddle to scission
such that the observed final K distributions reflect a thermal equilibrium at the scission point. The
predictions of such scission point models are compared with the available experimental data and it is
shown that they fail to reproduce the observed trends as a function of bombarding energy for most
systems. It is concluded that the observed deviation from the saddle point theory can be explained
as a dynamical inhibition of complete fusion with heavy projectiles. An analysis is carried out in
which the fraction of the symmetric fragment cross section originating from the fission decay of
completely fused compound nuclei can be estimated. The systematics of the inhibition to complete
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heavy ion fusion is discussed in the framework of the extra push model.

I. INTRODUCTION

Complete fusion between heavy ions can be thought of
as a complete amalgamation of all the nucleons of the tar-
get and the projectile into a composite system formed in-
side the fission barrier. For systems leading to nonfission-
ing nuclei, this process is identified by either direct obser-
vation of the residue of the fused system after thermal
evaporation of particles or by observation of characteristic
gamma rays from the final steps of the decay process.
There is little doubt that these observations are good sig-
natures for complete fusion except, maybe, at higher beam
velocities, where the emission of fast particles from the in-
teracting ions prior to fusion may not be excluded experi-
mentally.

In reaction systems leading to fissionable nuclei it has
been possible to discriminate effectively against such in-
complete fusion reaction by measuring the correlation an-
gle between the two fragments from the subsequent fission
decay of the fused system. This method ensures that the
full momentum of the beam particle is transferred to the
two final fission fragments, i.e., that there are no fast par-
ticles emitted in the forward direction prior to fusion as in
the incomplete fusion reaction. Whether a completely
fused system was formed during the process is not veri-
fied in such experiments, although this has often been an
inherent assumption in the interpretation. That fission-
like products with symmetric masses can result from reac-
tions with the typical characteristics of a direct process,
without proceeding through a step of complete fusion, has
recently been demonstrated in reactions with 2®Pb and
238U beams.!? The observation of an increased width of
the symmetric mass distribution in heavy ion reactions
has also been interpreted as the consequence of an inter-
mediate reaction mechanism.3 It therefore appears that
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the observation of final fragments possessing the typical
characteristics of the products from fission of a fused sys-
tem may not be a good signature for complete fusion. In
fact, it has been shown that the anisotropy of symmetric
fragments from a variety of heavy ion reactions does not
agree with the standard theory for fission angular distri-
butions*~1° although this model is very successful in ac-
counting for the observed anisotropies in a large number
of reactions with lighter ions.

It has been suggested that this deviation from the stan-
dard theory, which is observed only for projectiles heavier
than 4 =20, is an indication of failure to produce a com-
pletely fused system in the reaction.*—!° Recently it has
also been suggested that large angular momenta and exci-
tation energies encountered in heavy ion fusion reactions
may tend to alter the distribution of K values during the
descent from saddle to scission in such a way that the ob-
served final K distribution may reflect a statistical distri-
bution at the scission point.!!—13

In the present work, these hypotheses are scrutinized by
comparing the K distributions predicted by such scission
point models and the standard saddle point model with
experimentally determined values. It is found that the ap-
parent success of the scission point models'!—!* hinges on
unrealistic estimates of the appropriate phase space fac-
tors at the scission point. Using more realistic phase
space factors results in large discrepancies between the
predicted and measured K distributions in most cases. It
is concluded that the change in the K distribution during
the descent from saddle to scission is quite insignificant,
even at the high temperatures and angular momenta ex-
perienced in 0 and '°F induced reactions, which are
comparable to those of reactions with heavier projectiles.
It therefore appears that the angular distribution of fis-
sion fragments from the decay of a rapidly rotating, high-

2104 ©1985 The American Physical Society



31 COMPLETE FUSION AND QUASIFISSION IN REACTIONS . ..

ly excited compound system is determined at the saddle
point. We therefore interpret the observed deviations
from the saddle point model in the case of reactions in-
duced by heavier projectiles as an indication that a large
fraction of these reactions failed to produce completely
fused systems inside the fission barrier and that the ob-
served angular distributions reflect a significant contribu-
tion from more direct reactions in which an approximate
equilibration of the mass asymmetry and energy degrees
of freedom is achieved. This reaction channel is referred
to as quasifission'*!* or fast fission. ¢

In this paper we attempt to estimate the contribution of
complete fusion to the observed cross section for sym-
metric fragmentation by analyzing the deviations of the
observed fragment angular distributions from those
predicted by the standard saddle point model. The results
of this analysis are interpreted in the framework of the ex-
tra push model’® and the systematics of the complete
fusion inhibition in heavy ion reactions are investigated.

II. FISSION ANGULAR DISTRIBUTION THEORIES

The angular dependence of fission decays may in gen-
eral be expressed in terms of the projection, K, of the total
spin vector, I, onto the center axis of the separated fission
fragments, normally denoted the fission axis, Fig. 1(c). If
the fissioning system was formed by a full momentum
transfer reaction between spin zero targets and projectiles,
the total spin I has no component along the beam axis,
i.e., M =0 and the angular distribution of fragments may
be expressed as follows:

© I
W)= QI+DT; S pi(K)|dig®|*, Q)
1=0 K=—1I
where T is the combined probability for complete fusion
and subsequent fission decay of the Ith partial wave and
p1r(K) is the normalized distribution of final K values.

(a) Saddle

(b)

(c)

FIG. 1. Illustration of the various stages of the fission pro-
cess, i.e., saddle, scission, and post scission.
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" d(0) is the O-dependent part of the symmetric top wave

function (the & function). This expression is a general
representation of angular distributions of two-body decays
using the helicity representation.

The fusion-fission probability, T;, is in the present
work estimated in the following way. It is assumed that
the fission probability is essentially unity for the very fis-
sile systems considered in the present study. This as-
sumption is supported by the experimental observation of
very small evaporation residue cross sections in these sys-
tems. The spin dependence of the fusion probability is es-
timated in a simple model of the fusion of heavy ions
which is based on the proximity description of the nuclear
potential’® and which includes the effects of static target
deformations and zero point vibrations.!” The parameters
of the model are adjusted to reproduce the observed angle
integrated fission cross sections which ensures that a
reasonable description of the tail of the fusion cross sec-
tions at large angular momenta is achieved.

The main point of controversy is concerned with the es-
timate of the distribution of K values, p;(K). In the fol-
lowing we will discuss two different models for the esti-
mate of this distribution, namely the saddle point model
and the scission point model, which give quite different
predictions for the width of the K distributions and, con-
sequently, different fission anisotropies.

A. Saddle point model

In the standard theory, the distribution of K values is
estimated by using a level density argument at the fission

saddle point.!® This approach leads to the expression
p(K)« exp(—K2/2K3) , )
where
Jett 1 1 1
Ki=""Tog; = 3
0 ﬁz sad Jeff J” Ji (3)

The distribution of K values is therefore represented by
a Gaussian with a standard deviation K, which is related
to the nuclear temperature at the saddle point, T4, and
the moments of inertia, J, and J, for rotations around
axis parallel and perpendicular to the nuclear symmetry
axis, respectively. These moments of inertia can be es-
timated by models describing the shape of the nucleus at
the saddle point such as, e.g., the rotating liquid drop
model.’® The nuclear temperature at the saddle point,
Tqaq, is given by
172

E*—B;,—E
f rot , (4)

Toa= A/8.5

where E* is the excitation energy of the fissioning system,
By is the fission barrier, E, is the rotational energy of
the system, and A is the mass number.

The basic assumption of the saddle point model is that
the K value selected as the saddle point is traversed is un-
changed during the descent from saddle to scission.?’ The
validity of this assumption is not a priori well established,
but it has been supported by a large number of both light
and heavy ion induced fission studies over two decades.
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Recently, it has also been supported by theoretical studies
of the collective modes of dinuclear systems.?! These
studies show that the “tilting” mode, which is the only
mode (out of six possible) which can change the internu-
clear orientation relative to the spin vector and therefore
the K value, is only very weakly excited in nuclear col-
lisions. Although the situation is somewhat different in
the process of fission, this study does lend credibility to
the assumption of K conservation during the descent from
saddle to scission as assumed in the saddle point model.

B. Scission point models

In the scission point model'!~13 it is assumed that the
K distribution is readjusted adiabatically during the des-
cent from saddle to scission such that the fission anisotro-
py reflects a statistical distribution of K values at the scis-
sion point. Assuming that the system at scission rotates
like a rigid body, one again finds that the distribution of
K values is a Gaussian with a variance

2 Jeff . 1 L _L

KO— ﬁz Tscnsa Jeff _J” Ji ’ (5)

where the moments of inertia, J, and J, and the tem-

perature, T, refer to the scission shape. Estimating the

values of K in the scission point model is therefore re-

duced to a problem of estimating the scission shape and
the nuclear temperature at that shape.

From the systematics of measured total kinetic energies
in fission, Eg, we obtain a limit for the compactness of
the system at scission by assuming that the observed ki-
netic energy arises solely from the Coulomb repulsion be-
tween the fragments at scission. This represents an upper
limit for the Coulomb repulsion consistent with a com-
pletely damped motion from saddle to scission, which
leaves no room for kinetic energy of the fragments when
they arrive at scission. It should be kept in mind that the
assumption of some prescission kinetic energy would re-
sult in a lower estimate of both the effective moment of
inertia, Js, and the temperature, T, leading to a de-
crease in the estimate of the value of K,. The systematics
of total kinetic energies in fission?? is accurately repro-
duced by assuming that it represents the Coulomb repul-
sion between two coaxial spheroids of equal volume,
separated by a distance of d =2 fm and with a ratio of
minor to major axis of a/c =0.58. This shape uniquely
determines the moments of inertia to be used in Eq. (5).

The temperature at scission is estimated from the rela-
tion
Ec m. +stm Edef"Erot 2

A/ 8.5 ’

Tscis = (6)

where Q. is the reaction Q value for going to a sym-
metric mass split, E4 is the energy bound in fragment
deformation estimated at 12 MeV from studies of low en-
ergy fission in the actinide region, E_ , is the center of
mass energy of the reaction, E, is the rotational energy
of the complex, and E is the Viola estimate?? of the total
kinetic energy, which presently is identified with the
Coulomb repulsion energy at scission.
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Recently, Bond'!"!? has studied the scission point model
using a slightly different estimate of the K, parameter.
He estimates the phase space factors at scission by assum-
ing that the two fragments can rotate independently, i.e.,
not as a rigid body, under the condition of valid angular
momentum couplings of the final channel spins and the
orbital angular momentum to the total spin of the system.
He shows that this gives rise to a Gaussian distribution of
channel spins

p(S)=(28 + Dexp[ — (S + 7

Ty
5)2/28%]; So= h Jy,

where J|, is the moment of inertia parallel to the symme-
try axis assuming that the scission point configuration is
represented by two touching spheres and the temperature
at the scission point, Ty, is computed according to Eq.
(6) omitting, however, the deformation energy of the frag-
ments. As pointed out by Rossner et al.!* the fission an-
gular distribution obtamed from this approach is well ap-
proximated by Eq. (1) if K3 is replaced by S3 in the distri-
bution of K values. The main differences between this ap-
proach and the one sketched above is that the relevant
moment of inertia is the axial moment of inertia for a sys-
tem of touching spheres, whereas using a more reasonable
scission point configuration consistent with observed total
kinetic energles leads to approximately 30% smaller esti-
mates of K3,

In a very similar approach Rossner et al.!> have stud-
ied the prediction of a scission point model in which the
distribution of final K values is estimated from the distri-
bution of channel spin. These authors assume a scission
point configuration, which is consistent with the observed
total kinetic energies in fission. The channel spin distri-
bution is, however, estimated on the basis of fragment
moments of inertia perpendicular to the symmetry axis.
Since the generation of axial spin components, K, depends
on the moments of inertia around the symmetry axis, this
approach appears unJustlﬁed and it leads to an overes-
timation of the K} parameter of a factor of 2 compared
with the rigid scission point estimate of Eq. (5).

C. Comparison with data,
evidence for complete fusion inhibition

Since the different models for angular distributions all
give rise to Gaussian K dlstnbutlons it is sufficient to
compare the predicted K3 values with those obtained
from an analysis of experimental fission angular anisotro-
pies.® The results of such a comparison with recent exper-
imental data is shown in Fig. 2. We observe that the sad-
dle point model (solid curves) gives an excellent account
of the observed K3 values for the °F+ 2°Pb and
16O + 232Th reactions, whereas it slightly overpredicts the
K3 values for the '®0 + 238U reaction. In contrast, nei-
ther the dependence on excitation energy nor the absolute
values of K3 are reproduced by the rigid scission point
model (dashed curves). The scission point models by
Bond!"!? (dot-dashed curves) and Rossner et al.'> (dotted
curves) approximate the measured values of K3 at the
lower excitation energies, but fail to reproduce the ob-
served increase with excitation energy, which reflects the
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FIG. 2. Comparison of K3 values derived from the analysis
of experimental fission anisotropies with the prediction of the
saddle point model (solid curves) and the rigid coaxial spheroids
scission point model (dashed curves) as a function of excitation
energy of the fissioning systems. The prediction of the scission
point models of Refs. 12 and 13 are represented by the dot-
dashed and dotted curves, respectively.

contraction of the scission point with angular momentum
as predicted bg the rotating liquid drop model.”” The ex-
perimental K values for the system **Mg + 208pb are
compared to the model predictions in Fig. 2(d). For this
system we observe a deviation of the experimental points
from the predictions of the saddle point model although
they still are very far from the rigid scission point model
predictions. This trend is enhanced for the Si + 2%Pb
and the 3?8 + 2Pb reactions although the limit of K
equilibration at the scission point, represented by the pre-
dictions of the rigid scission point model, is not reached
even in these reactions. The scission point models of
Bond!"!? and Rossner et al.!> are able to account for
some of the data points of these reactions, although they
fail to account for the dependence on the excitation ener-
gy.

In the reactions '°O + 2%2Th, 28Si -+ 2%Pb and
160 4 238y, 328 4 298Pb, compound systems of equal fissil-
ity would be formed if both reactions led to complete
fusion. Overlapping ranges of angular momentum and
excitation energy are covered in both reactions. The ob-
served differences in K3 values therefore cannot be ex-
plained by a breakdown of the saddle point model at tem-
peratures and angular momenta explored in these studies.
Instead we are forced to conclude™® that these differences
arise from the breakdown of the assumption of complete
fusion for the heavy projectiles. A substantial fraction of
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the cross section for symmetric mass products must
originate from reactions which fail to produce a complete-
ly fused system inside the fission barrier. Otherwise, the
reactions Si,S + Pb should have shown K (2) values similar
to those of the O + Th,U reactions, respectively, as
predicted by both saddle and scission point models.

Having reached the conclusion that only a fraction of
the symmetric mass cross section in the reactions of Mg
and heavier projectiles comes from the fission decay of
completely fused systems, we will in Sec. III attempt to
estimate the magnitude of this fraction of the cross sec-
tion. This is done by assuming that it is associated with
the lowest partial waves and that the subsequent fission
decay occurs according to the saddle point model, guided
by the success of this model to describe the fission aniso-
tropies from reactions with lighter projectiles.

III. QUASIFISSION CONTRIBUTION

When attempting to divide the fission cross section into
one part stemming from compound nucleus reactions and
another part associated with quasifission, we shall first
define a procedure for calculating ‘“standard” angular dis-
tributions for the two types of reactions. From the sys-
tematics of Jg/J ¢ values, obtained from a recent analysis
of a large amount of fission angular distribution data,’ we
find that the Jo/J.¢ values for compound nucleus fission
is given by the rotating liquid drop model (RLDM), us-
ing, however, a redefined value of the fissility parameter,
namely

x’=xRLDM+O.O3 . (8)
The standard RLDM fissility, xgrpm, is given by

I (a)
Quasifission

CN-fission

Aen I?

(b '
é_ ) Quasifission

ICN 12

FIG. 3. Schematic illustration of the assumed division of the
partial cross sections for complete fusion and quasifission reac-
tions (a), and the associated values of J,/J s (b).
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Z*/4
50.883{1—1.7826[(N —Z)/A]*}
With this redefinition, we obtain agreement with the a-
induced data, as required, since these reactions are expect-
ed to proceed only through compound nucleus formation.

For compound nucleus fission we therefore use the fol-
lowing prescription for the Jg/J ¢ values,
Jo

J eff

9)

XRLDM =

=max(a +b612,0.3), (10)

where a =Jy/Jg4(x',] =0) and b is the associated
theoretical rate of decrease of J,/J.; with the squared
spin of the fissioning nucleus. A minimum value of
Jo/Jes=0.3 is chosen in order to simulate possible K
breaking for systems with nearly spherical saddle points,
‘low barriers, and large angular momenta, Fig. 3.
Somewhat arbitrarily we associate quasifission reactions
with a value of Jy/J.g=1.5 independent of angular
momentum. This exceeds the largest value obtained from
the analysis of the experimental data.’ In this analysis, we
furthermore assume that the compound nucleus (CN)
cross section corresponds to / values from zero up to a

TABLE 1. Experimental complete fusion cross sections de-
duced from fragment angular distribution.

Eyy, len ocN E,,
Reaction (MeV) (%) (mb) (MeV)
BF 4 208pp 110 38+4 545+90 3.0+2.0
120 47+4 765+90 49429
135 61+4 1090+ 90 4.6+2.7
150 71+3 1260+70 6.4+2.2
170 79+2 1355+60 11.3+2.5
190 84+2 1490440 19.5+2.0
Mg + %Pp 140 3446 255480 49+23
145 39+4 360+65 5.6+2.0
160 56+4 630+70 7.4+2.5
170 61+4 725+80 11.543.0
190 73+3 930+80 17.5+£3.2
210 83+4 1140+ 100 21.0+5.2
288j + 208pp 160 24+10 110+60 6.842.2
170 35+6 220+65 10.8+2.5
180 48+4 385+65 13.24+2.5
200 63+4 555+70 20.0+3.3
220 78+3 750+60 23.5+3.1
240 88+4 920+80 28.4+4.8
260 96+4 1070+90 33.545.5
328 4+ YTAu 185 30+10 105460 9.0+2.8
198 45+8 260+80 10.6+4.3
219 65+4 550+ 60 15.243.0
225 64+4 420+50 21.0+3.8
328 1 208pp 198 36+6 185+55 12.7+3.1
210 46+3 315435 17.2+1.8
219 53+3 375+40 20.142.5
225 57+3 365450 22.443.0
250 69+2 32.0+2.2

535+30

value of Icn(to be determined in the analysis), above
which the reaction proceeds via quasifission, i.e.,

0
TeD) =max(a +b/%,0.3); I<len ,

=15, I>ICN . (11)

This corresponds qualitatively to the dependence of K3 on
angular momentum proposed by Vandenbosch.??

The values of /oy and the corresponding cross sections
for complete fusion and quasifission are listed in Table I
for the reactions analyzed using this procedure. The de-
duced compound nucleus cross sections are shown as solid
triangles in Fig. 4. Since the determination of the com-
plete fusion cross sections from fragment angular distri-
butions, as outlined above, is based on a somewhat arbi-
trary assumption about the anisotropy associated with
quasifission reactions, it is necessary to investigate the
sensitivity of the resulting complete fusion cross sections
to this assumption. In Fig. 5 we show the effect of as-
suming that the K distributions for quasifission are asso-
ciated with shapes of the intermediate complex represent-
ed by touching spheres (open circles) and the scission
point shape (solid dots). These two shapes correspond to

19 . 208pp, 28y + 208pp,

2000

1000

T

265 + 208py,
2000

1000

Cross Section (mb)

2000

1000

% .
200 300

100 200
Ejab (MeV)

FIG. 4. Comparison of experimental cross sections with
theoretical model calculations. Filled circles represent fission
cross sections (Ref. 7), open circles are taken from Ref. 24
(%0 + 238U), and solid squares represent measurements in which
full momentum transfer was required (Refs. 10 and 25). The
solid triangles represent the deduced complete fusion cross sec-
tion. The calculated cross sections for touching (solid curves),
capture (dashed curves), and complete fusion (dashed-dotted
curves) are shown.
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FIG. 5. Complete fusion cross sections determined under the
assumption that the effective moment of inertia, Jo/J s, takes
values corresponding to touching spheres (1.13, open circles), the
scission shape (2.11, solid dots), and an intermediate shape used
in the present analysis (1.50, solid triangles). Measured total fis-
sion cross sections (solid squares) and calculated touching cross
sections (solid curve) are included for comparison.

values of Jo/J of 1.13 and 2.11, respectively. It is be-
lieved that this range of shapes will include the shapes at
which the K distributions are determined in a quasifission
reaction. It is observed that the deduced values of the
complete fusion cross section are just barely outside the
statistical error bars. The systematic error on the deduced
complete fusion cross section, associated with the un-
known anisotropy for quasifission reactions, is estimated
to be less than about 30—40 %.

IV. CROSS SECTIONS
A. Capture

The cross sections for capture, which encompasses
quasifission and complete fusion reactions, is in the
present work estimated on the basis of the extra push
model.'*!® The capture cross section is in this model as-
sociated with reactions which proceed inside the condi-
tional (fixed entrance channel mass asymmetry) saddle
point. For heavy projectiles, a radial injection energy
which exceeds the interaction barrier by an amount E, is
needed. It is given by

E o= x+V(l) 5 (12)

where E, is called the extra push energy and V (/) is the
angular momentum dependent interaction barrier.>°
The extra push energy E, follows a simple relationship,

E,=E X (XBass—Xin)” (13)
where Ey, is the characteristic energy of the system,
P myr§ AYAYAY 4V
#* A ’
(14)

2048
Ech - 81

m

3
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and a and xy, are parameters of the model, which have
been determined from the analysis of experimental data.
The radius parameter is #o=1.16 fm, which is consistent
with a surface tension coefficient of

y=1.2496{1—-2.3[(N —Z)/A4)*} .°

The atomic mass unit is denoted m. The system parame-
ter X p,s 1S given in terms of the balance of forces at the
distance of maximum attraction, i.e.,
F Coul +F cent
Bass=1.2—— .

¥ Bass (Fnucl )max (13)
In the estimation of the centrifugal force, F..y, it is as-
sumed that only a fraction, f, of the total angular momen-
tum remains in the orbital motion. From the analysis of
capture cross sections in 2%Pb and 2*®U induced reactions,
values of x},=0.70, and a =7(*3¥U) and a =10(°*Pb)
have been found. The angular momentum fraction f ob-
tained in this analysis ranges from f =0.54—0.65.

We have estimated the capture cross sections for the re-
actions of the present study using the parameters, a =7,
x4 =0.70, and f=0.55. Calculated capture cross sec-
tions are represented by dashed curves in Fig. 4. We ob-
serve that the part of the measured fission cross section
which is associated with capture reactions (this excludes
sequential fission) is reasonably well described by the cal-
culations for %0 and F induced reactions. For the
heavier projectiles (**Mg and 2%Si) in reactions on 2%Pb
targets, where the sequential fission contribution is strong-
ly suppressed by the low fissility of targetlike reaction
products, we see that the calculated capture cross section
is slightly underestimated. This discrepancy could be re-
moved by decreasing the value of the angular momentum
fraction f for these systems. Such a change seems, how-
ever, unjustified and we conclude that the extra push
model does not seem to be able to account for these cross
sections.

B. Complete fusion

For heavy projectiles, the extra push model predicts
that an extra-extra radial injection energy, over and above
the extra push energy needed to induce capture, is re-
quired for the formation of a compound nucleus inside
the true fission saddle point (fission barrier). Thus

Eem 2Ew+V(D) . (16)

The extra-extra push energy, E,,, can be estimated
from the fusion cross sections ocy, deduced from the
analysis of the angular distributions. We approximate the
I-dependent interaction barrier by

272
Vin=vy+ T 17)
2,lLRO

where V), is the s-wave interaction barrier, u is the re-
duced mass, and R, is the center distance for the s-wave
barrier. The largest / wave contributing to the fusion and
touching cross sections, respectively, are determined from
the relations
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E.,. =V, +I“’ih— : (18)‘
c.m. 0 2,URO
and
127
Ec.mA =VO+Exx+m . (19)

The touching cross section, oy,q,, €ncompasses reactions
which traverse the interaction barrier V (/). Since, in the
sharp cutoff model, the cross section is proportional to
the square of the maximum [/ wave, we find

12 E
OCN _ 2CN —1_ XX (20)
O touch ltouch Ec.m. - VO '
or
OCN

Exx=(Ec.m. - VO) 1—

1
Otouch

The extra-extra push energies, E,,, obtained from this re-
lation are listed in Table I. The extra push model predicts
the following relation,

Exx=Ech'a“2[xm(l)_xth]2 ’ (22)

where x4, is the threshold parameter and x,,([) is the an-
gular momentum dependent mean fissility tentatively
given by’

T ~ -

Beam Target

2o 1 r 20%pp
s / y

15 /

// ﬁ
® i

o5 r

(o0 o 3
E nen l
/ E? = 0" (Xpm—Xyp) *a't (lf:)

_ | . | "
03 o 0.2 0.4 0.6

(o’
Len

FIG. 6. Experimental values of the square root of the extra-
extra push energy are shown as a function of the squared max-

imum angular momentum leading to complete fusion for reac-
tions of '°F, 2*Mg, 2Si, and 32S -+ 208pp,
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2
xm(l)=\/ooxm+f| ! ’ . (23)
ch

where X, =V X Xja —x(1—1V'x Bass/% )% In this ex-
pression x is the fissility of the compound nucleus and 12,
is a characteristic angular momentum given by

&=1Tanlp,—o/(1—=x)""* (24)

where Ip _g is the spin at which the fission barrier van-

ishes. [ is the characteristic angular momentum for
capture, i.e., the angular momentum at which the max-
imum nuclear force (F,uq)max and the centrifugal force
F o balance each other in the entrance channel.> In or-
der to ascertain whether the experimentally determined
extra-extra push energy depends on the system parameter
X, (1) in the expected way we have pIotted the quantity
(Exx /E)'"? as a function of (Icy /12)? for four reactions
for which several bombarding energies were measured and
the I/ dependence can be studied. The results are shown in
Fig. 6. We find that the expected linear relationship be-
tween the two plotted parameters is indeed suggested by
the data.

The expected increase of (E,, /E.)!/? with projectile
mass is also found in the data. This is illustrated in Fig.
7, where the values of (E,,/E.;)'/? determined from an-
gular distribution data extrapolated to / =0 are plotted as
a function of the mean fissility x,, =x,,(! =0) for a num-
ber of reactions. From this analysis, which includes also
data for 7Au, 2Bi, and ?**U targets, we find the linear
relationship expected on the basis of Egs. (22) and (23) us-
ing the parameters a’’=8+2 and x,=0.63+0.03. The
smooth dependence of (E,, /E)!"? shows no indication
of the “cliff,” which was predicted theoretically from the
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FIG. 7. The square root of the extrapolated extra-extra push
energy for central (/ =0) collisions is shown as a function of the
mean fissility, x,,.
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initial highly schematical model. This would have result-
ed in an abrupt increase in the deduced value of (E,, /E ;)
when the x,, parameter reached the value x . Previous
estimates of the value of x ¢ range from x4 =0.85 to
0.76. The present study indicates that x e <0.68 since
the presence of an extra-extra push is observed only for
reactions of Mg ( 4 2°®Pb) and heavier projectiles.

The angular momentum dependence of the extra-extra
push energy is consistent with an angular momentum
fraction of f=0.4. The fact that the f value determined
from the complete fusion cross sections is substantially
lower than those extracted from the capture cross sections
(0.54—0.65) probably indicates that the tentatively pro-
posed form of the mean fissility is inadequate.’> Along
with the experimentally determined values of a”’ =8+2
and x.;=0.63+0.03, this value is used to calculate the
complete fusion cross sections, which are represented by
dot-dashed curves in Fig. 4. As expected, there is good
agreement with the experimental complete fusion cross
sections deduced from the fragment angular distributions.

For comparison, we also include recent experimental
determinations of the extra-extra push energy from a
study of complete fusion in symmetric or nearly sym-
metric systems by means of evaporation residue measure-
ments.”® These data are represented by solid triangles in
Fig. 7. We observe that there is a surprisingly good agree-
ment between the two sets of data, (obtained by entirely
different methods), except for the %°Zr + °°Zr point,
which falls outside the systematics. The reason for this
deviation is not well understood, although it may be asso-
ciated with the shell closure of these reaction partners.

Correlating the experimentally determined extra-extra
push energies with the mean fissility x,,, as was done in
the preparation of Fig. 7, relies on the validity of plausi-
ble, but untested, scaling laws of the extra-push model. In
order to obtain a global view of the inhibition of complete
fusion, we construct a map of the experimental extra-extra
push energies as a function of the target (Z,) and projec-
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FIG. 8. Experimentally determined extra-extra push energies
are displayed (MeV) in a Z; vs Z, map. Data points obtained
from the analysis of fragment angular distributions are
represented by solid circles, whereas solid triangles represent
extra-extra push energies obtained from evaporation residue
measurements (Ref. 26). Solid curves represent contours of
equal extra-extra push energies drawn by hand on the basis of
the data. The dashed curve represents the locus above which ex-
tra push energies are required to induce capture. This curve is
drawn on the basis of parameters determined in Ref. 2.

tile (Z,) charge numbers, see Fig. 8. We see that the mea-
surements seem to follow smooth contours, shown for
extra-extra push energies of E,,=0, 10, and 20 MeV.
The dashed curve represents the locus above which an ex-
tra push energy is required to induce capture, as observed
in several studies. We observe that the E, =0 and E,, =0
contours merge for symmetric systems as expected, be-
cause the capture and complete fusion reactions, per defi-
nition, are inseparable for such systems. The dotted curve
in Fig. 8 represents the locus at which the fission barrier
vanishes. Since this curve lies above the contour, at which
the extra-extra push sets in (E,, =0), it is apparent that
the dynamical inhibition of the complete reaction is al-
ways more severe than the requirement of a finite fission
barrier ensuring the stability of the compound system.

The following picture emerges from the present
analysis. Starting from reactions between “light” heavy
ions (below the E,, =0 curve in Fig. 8) complete fusion
will occur if the interaction barrier is traversed. The total
reaction cross section will therefore consist of just two
components: quasielastic scattering (plus transfer) and
complete fusion. Upon an increase of the projectile
and/or target masses one first encounters the quasifission
reaction and only after a further increase do the deep in-
elastic scattering reactions make their appearance. Thus
the systematic ordering is the inverse of the historic se-
quence of observation.

Fusion cross sections calculated with the extra-extra
push formalism using the presently deduced parameters
are shown as dashed curves in Fig. 4. We see that the
agreement with the experimental fusion cross sections ex-
tracted from the analysis is good as could be expected
since the parameters are deduced from the very same
cross sections. It would be interesting to test the predic-
tive power of the extra-extra push model, with the
presently adopted parameters, by comparing with mea-
surements of evaporation residues, where one knows posi-
tively that fusion has taken place. For heavy systems, the
extraction of an experimental fusion cross section from
the measured evaporation residue cross section requires an
accurate knowledge of the branching ratio for fission and
neutron decay, which introduces large uncertainties also
in these estimates of the fusion cross section and places
such a comparison outside the scope of the present work.

V. SUMMARY

In the present work, is has been shown that the angular
distributions of fragments from the fission decay of com-
pound nuclei formed by complete fusion reactions with
heavy ion projectiles are consistent with those expected on
the basis of the saddle point model of fission. This model
is based on the assumption that the K distribution is un-
changed during the descent from saddle to scission. The
fact that the saddle point model gives a good account of
the angular distributions shows that this assumption is
well justified, even in the case of high temperatures and
angular momenta as encountered in such reactions. On
the other hand, it appears that the recently proposed con-
cept that the fission anisotropies should be determined by
a statistical distribution of K states at the scission point is
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in contradiction with the data, both in terms of absolute
value and dependence on excitation energy of the K}
values. It is shown that the apparent success of these scis-
sion point models'! 13 is largely due to inconsistencies in
the evaluations of the phase space factors at the scission
point.

On the basis of a systematic comparison of fission an-
isotropies obtained in reactions with projectiles of varying
mass, it is concluded that the deviations from the predic-
tions of the saddle point model, which is observed for the
heavier projectiles, A4 >20, is caused by a failure to
achieve complete fusion in these cases and not by a sud-
den change in the fission decay. Following this con-
clusion, it is attempted to determine the fraction of the
cross section originating from complete fusion reactions.
It is found that this fraction decreases with projectile
mass and energy. The reduction in complete fusion cross
section is expressed in terms of an extra-extra push ener-
gy, E,,, which is required in excess of the interaction bar-
rier in order to induce complete fusion in accordance with
concepts of the extra push model.'*!*> The scaling of this
extra-extra push energy is studied by including published
data for complete fusion in nearly symmetric systems in
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the analysis.

The concept of an abrupt increase in Ej, (the cliff'*) as
a function of the means fissility, X,,, is not supported by
the present analysis. The threshold, for the onset of the
extra-extra push obtained from the present analysis,
x4, =0.63+0.02, is significantly lower than those ob-
tained from the analysis of capture cross sections,
X4, =0.70.">'* This discrepancy may be due to a defi-
ciency in the scaling properties of the extra push model.
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