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INTRODUCTION

It is especially appropriate to discuss dynamical thresholds for complete
fusion at our winter meeting in Bormio, since the first dynamical calculation
of complete-fusion cross sections was presented in Bormio 8 years ago, at the
inaugural meeting in our new 10cat1’on.1 At that time, the cross section for
forming a compound nucleus from the fusion of an equal target and projectile
was calculated by use of the criterion that the dynamical trajectory must pass
inside the fission saddle point in a multidimensional deformation space. The
dynamical trajectory for the fusing system was determined by numerically in-
tegrating classical equations of motion for nondissipative systems. These
calculations illustrated that, even in the absence of dissipation, an addi-
tional bombarding energy AE relatise to the maximum in the one-dimensional
interaction barrier is required to form a compound nucleus for sufficiently
heavy nuclear systems and/or sufficiently high angular momentum. More de-

tailed accounts of the results presented in Bormio in 1975 are published in

Rets. 2 and 3.
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In another approach, pioneered by Sw{ateck1.4- the additional energy AE

required to drive a fusing system inside the conditional saddle point for
fixed mass asymmetry was calculated from a schematic model that included one-
8,9

body wall-and-window dissipation. The expression for AE is characterized

by five constants, some of whose values have been esiimated from “he original

)
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schematic mode],4 from improved mode]s,lo’11

12

and from compam’sonss-7 with
experimental data. Although thece comparisons have sometimes been inter-
preted as evidence for one-body wall-and-window dissipation, it must be borne
in mind that the additional energy arises from the need to overcome both re-
pulsive Coulomb and/or centrifugal forces on the one hand and dissipative

forces on the other hand. No attempt has been made thus far to distinguish

between conservetive and dissipative forces.

APPROACH
It is our purpose here to study the effect of nuclear dissipation and
shape parametrization on dynamical thresholds for compound-nucleus formation
in symmetric heavy-ion reactions. This is done by solving numerically clas-
sical equations of motion for head-on collisions to determine whether the
dynamical trajectory in a multidimensional deformation space passes inside the
fission saddle point and forms a compound nucleus, or whether it passes out-

side the fission saddle point and reseparates in a fast-ﬁ'ssionlz’13

or deep-
inelastic reaction

Specifying the nuclear shape in terms of smoothly joined portions of
three quadratic surfaces of revo]ution,14 we take into account three symmetric
deformation coordinates. However, in some ~ases we reduce the number of co-
ordinates to two by requiring the ends of the fusing system to be spherical in
shape. The nuclear potential energy of defoirmation is determined in terms of
a Coulomb energy and a douh’e volume energy of a Yukawa-plus-exponential fold-
ing funcUon,15 with values of the constants determined in Ref. 16.

The collective kinetic energy 15 calculated for incompressible, nearly

14,17 Four

frrotational flow by mrans of the Werner-Wheeler approximation.
possaibilities are studied for the transfer of collective kinetic energy into

internal single-particle excitation eneryy: zero dissipation, ordinary two-



body viscosity,ll one-body wall-formula m’ssipation,e’9 and one-body wall-

and-wi ndow dissipation.s’9

RESULTS
To aid in interpreting the dynamical trajectories that will follow, we
how in Fig. 1 a contour map in r-o space of the nuclear pot ntial energy of

110 220 220

deformation for the reaction Pd + Pd - U, calculated in terms of a

Coulomb energy and a double volume integral of a single-Yukawa folding func-

tion.ls’19 The two moments r and o are defined by1-3’17’19

r =2 <z> (1)
and

g =2 <(z - <z>)2>1/2 , (2)

where z is measured along the symmetry axis and the angular brackets dencte an
average over the half voilume to tha right of the midplane of the reflection-
symmetric shape. The moment r gives the distance between the mass centers of
the two colliding ions, while o measures the fragment elongation or the neck-
ing in the combined system.

In the reaction shown in Fig. 1, the two separated spherical 110

Pd nuclei
move up the binary valley near the bottom of the figure from right to left,
and come into solid conta:t at the point indicated by the two adjacert solid
cir.les. This point is slightly inside the maximum in the one-dimensional
interaction barrier calculated as a function of r alone, bul is on the side of
a steep hill with respe 't to fragment elongation (increasing o). In order for
a compound nucleus to ve formed, the dynamical trajectory must pass inside the
fission saddle point, located at the intersection of the dashed 6.2-MeV con-

tours, and become trapped in the potential-energy hollow surrounding the

spheve, whose location is indicated by the solid circle.



110 110 220

“or the reaction Pd + Pd » U, some typical dynamical trajec-
tories are shown in Figs. 2-5. Figure 2 gives the dependence of the trajec-
tories upon dissipation for a c. 1ter-of-mass bombarding energy that exceeds
the maximum in the one-dimensiona  interaction barrier by 20 MeV. In Fig. 3,
similar trajectories are shown for the widely used approximation in which the

end bodies are constrained to be spheres.m’11

The dependence of the trajec-
tories upon bombarding energy is shown in Fig. 4 for two-body viscosity and in
Fig. 5 for one-body wall-formula dissipation.

For symmetric projectile and target nuclei that lie along Green's -pproxi-
mation to the valiley of ﬁ-stabi]iuy,zo the dependence of the trajectories upon
the nuclear system is shown in Fig. 6 for two-body viscosity and in Fig. 7 for
one-body wall-formula dissipation. In each case, as the value of ZZ/A for the
combined system increases, the location of the fission saddle point moves
inward and the dynamical trajectory mnves outward.

A~ shown in Fig. 8, for systems with ZZ/A larger than a threshold value
(ZZ/A)thr which depends somewhat upon dissipation, tne center-of-mass bom-
barding energy must exceed the maximum in the one-dimensional interaction
barrier by ar amount AE in order to form a compound nucleus. For both types
of one-body dissipation our calculated values of AE are in general an order of
magnitude larger than those for zero dissipaticn and ordinary two-body vis-
cos'ty. The values of AE for wall-formula dissipation are larger than those
for wall-and-window dissipation primarily because the surface normal veloci-
ties measured relative to the stationary center of mass of the entire system

in the former case are larger than the normal veiocities measured relative to

the moving centers of mass of each half of the system in the latter case.



COMPARISON WITH EXPERIMENTAL DATA
Iii order to compare the additional energy AE required for compound-
nucleus formation that we have calculated for symmetric systems with experi-
meytal values, it is necessary to scale the asymmetric nuclear systems that
have been studied experimentally into symmetric ones. Near the contact re-

gion, the effective value¥ 7»10-12,21

1/3 ,1/3,,1/3 1/3

2 =
(z /A)eff =41 Zz/[A1 Ay (A1 + A, )] (3)

defined in terms of the atomic numbers and mass numbers of the prcjectile and
target provides an approximate scaling. Because the dynamical trajectery of a
fusing systemn moves from the contact region, where (ZZ/A)eff is appropriate,

to the saddle-point region, where ZZ/A for the combined system is appropriate,

scaling in terms of the geometric mean’*10»21

(Z2/) o = LEEMYEEM) 112 (4)

should be approximately valid.

Figure 9 compares calculated values of the additional center-of-mass
bombarding energy AE required for compound-nucleus formation with existing
experimentai values., Solid symbols denc'e values extracted from measurements

21-23

of evaporation residues, which require the formation of true compound

nuclei. Open symbols denote values extracted from measurements of nearly sym-

[
metric fission-1ike fragments,“’24’25

where fast-fission processes involving
cignificant mass transfer but not true compound-nucleus formation also con-
tribute.

Taken together, all erperimental values of AE in Fig. 9 agree much better

with results calculated for underdamped motion arising from two-body viscosity



than with results calculated for overdamped motion arising from either type of
one-body dissipation. However, because the solid symbols usually lie somewhat
abcve the open symbol:, and because the error bars for the three solid symbols
with the largest values of (ZZ/A)mean extend to », this conclusion must be

regarded as tentative.

OUTLOOK
We are entering a new era in tihe study of large-amplitude collective

nuclear motion. Up to now, theoretical approaches with vastly different pic-
tures of the underlying nuciear dynamics have proved capable of reprcducing
many of the gross experimental features of heavy~ion reactions with fair ac-
curacy because they include correctly the dominant nuclear, Cot.lomb, and cen-
trifugal forces. However, with the arrival of a new generation of experiments
and calculations testing specific predictiuns such as the additional energy
required for compound-nucleus formation, we are on the brink of determining

the magnitude and mechanism of nuclear dissipation.
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FIGURE CAPTIONS

Fig. 1. Potential-energy contours, in units of MeV, for the reaction

110 110 220

Pd + Pd » U, calculated with a single-Yukawa macroscopic model (Ref.

19). The moment r is tie distance bz2tween the centers of mass of the two
halves of the system, and the moment o is the sum of the root-mean-square
extensions along the symmetry axis of the mass of each half about its centar

of mass, both measured in units of the radius R, of the combined system. The

0
location of the sphere is given by the solid point, and the location of two

touching spheres is given by two adjacent solid points.

Fig. 2. Effect of dissipation on dynamical trajectories in the r-o plane

110 110 220

for the reaction Pd + Pd -+ U at AE = 20 MeV in the full three-

quadrzc*ic-surface parametrization. The interval AE is defined as the dif-
ference between the bombarding energy in the center-of-mass system and the
maximum in the one-dimensional interaction barrier. Solid circles indicate
the single-sphere and tangent-spheres configurations, and the open circle
indicates where the neck radius is 3.0 fm. The saddle-point configuration for
the combined system is indicated by a cross (x).

Fig. 3. Effect of dissipation on dynamical trajectories in the r-o plane

110 110 220

for the reaction Pd + Pd ~» U at AE = 20 MeV when the end bodies are

constrained to bz spherical.

Fig. 4. Effect of bombarding energy on iynamical traiectories in the r-o

110 110 220

plane fur the reaction Pd + Pd » U, calculated for two-body viscosity

with coefficient p = 0.02 TP,

Fig. 5. Effect of bombarding energy on dynamical trajectories in the r-o

110 110 220

plane for the reaction Pd + Pd » U, calculated for wall-formula dis-

sipation.



Fig. 6. Effect of the nuclear system on saddle-point configurations and
dynamical trajectories in the r-o plane for AE = 0.5 MeV, calculated for two-
body viscosity with coefficient p = 0.02 TP. Each saddle noint and trajectory
is labeled by the value of ZZ/A for the combined system, with the symmetric
target and projectile chosen to 1ie along Green's approximation to the valley
of B-stability (Ref. 20).

Fig. 7. Effect of the nuclear system on saddle-point configurations and
dynamical trajectories in the i1~o piane for AE = 0.5 MeV, calculated for wall-
formula dissipation.

Fig. 8. Effect of dissipation on the additional center-of-mass bombarding
energy AE relative to the maximum in the one-dimensional interaction barrier
required to form a compound nucleus in a head-on collision. The smooth curves
are drawn by hand through the calculated points.

Fig. 9. Comparison of additional energy AE required for compound-
nucleus formation calculated for symmetric systems with experimental values for
asymmetric systems characterized by (ZZ/A)mean, defined by Ea. (4). Values
extracted from evaporation-residue measurements are represented by solid
symbols (e, Ref. 22; m, Ref. 23; and &, Ref. 21), whereas values extracted from
measurements o1 nearly symmetric fission-1ike fragments are represented by

open symbols (o, Ref. 5; O, Ref. 24; and A, Ref. 25).
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