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Products from the reactions of 170- and 252-MeV Ne with "*Cu and '*’Au have been
studied. The charge and angular distributions of the Z-identified fragments are discussed
in terms of diffusion along the mass-asymmetry coordinate. This diffusion model has
been generalized to include the effects of shape evolution, which is important for these
deeply penetrating systems, and also the effect of N /Z equilibration, which is important
for highly asymmetric systems such as Ne + *’Au.

NUCLEAR REACTIONS "Cu, '’ Au(**Ne,Z), E=170 and 252
MeV. Measured o(E,Z,0), for 6 <Z <30. Theoretical interpretation
based on a diffusion model.

I. INTRODUCTION

Reactions induced by 2°Ne are of particular in-
terest in the study of a number of aspects of
heavy-ion collisions. The Coulomb and the centri-
fugal barriers are typically small compared to
those involving heavier projectiles at the same en-
ergy over the barrier, so that in Ne-induced reac-
tions one expects deeper internuclear penetration.
Therefore, these reactions are of interest in the
study of the deep-inelastic' =7 and complete-
fusion®® processes. Another interesting feature of
20Ne induced collisions, which was pointed out in
studies of the 2’Ne + 1971%Ag reaction,’® is that the
entrance channel configuration is usually very near
the Businaro-Gallone maximum of the potential
energy as a function of mass asymmetry. Thus,

the mass transport between the projectile and tar-
get may be sensitive to this aspect of the ridge-line
potential energy.’ In this paper results are reported
from measurements of fragment energy, charge,
and angular distributions for the reactions 170-
and 252-MeV *Ne 4 "'Cu and 175- and 252-MeV
ZONe + 197 Au.

Some parameters which are useful in character-
izing these reaction systems are summarized in
Table I. A relevant parameter is the ratio of
center-of-mass energy to the Coulomb barrier
(E/B) at the interaction radius. As pointed out
previously,'®!! small values of E /B ( <L.5) are
generally associated with the side-peaked angular
distributions and the narrow mass distributions ob-
served in fairly heavy projectile-target systems,
whereas larger values of E /B are associated with

TABLE 1. Some parameters which characterize the reaction systems. E /B is the ratio of center-of-mass energy to
Coulomb barrier at the interaction radius (R; + R, + 3.2 fm), /., and 64 are the grazing angular momentum and an-

gle, respectively.

Reaction Ep, MeV)  E., MeV) E/B Iy h)  Oem)y (N/Z)py (N/Zhg  (N/Z)gygem
2Ne + 665Cu 170 130 3.2 83 21° 1.0 1.21 1.15
252 192 4.8 108 13° 1.0 1.21 1.15
2Ne + "Au 175 159 1.8 97 46° 1.0 1.49 1.44
252 229 2.6 138 28° 1.0 1.49 1.44
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the forward-peaked angular distributions and the
broad mass distributions often observed in lighter
systems. For the ?*Ne + "Cu system at 170 and
252 MeV bombarding energy, E /B is 3.2 and 4.8,
respectively (see Table I). Thus this system should
exhibit forward-peaked angular distributions at
both bombarding energies. The lower E /B ratios
for Ne + ’Au lead to the possible expectation of
side-peaked angular distributions for the 175 MeV
bombarding energy.

These 2°Ne + "Cu data are also interesting be-

"cause complementary data exist for the light-
fragment and evaporation-residue yields,” charged
particle emission,®” and y-ray multiplicity>> for
this system. These data plus the singles data
presented herein, should allow for a fairly complete
picture of the *°Ne + "Cu reaction. An interest-
ing feature of the *°Ne + '°’Au system is the sub-
stantial difference between the N /Z ratio of the
projectile and the target (see Table I). This system
may show effects due to the fast N /Z equilibra-
tion process. Of course, in order to study this pro-
cess in detail, one needs simultaneous Z and 4
measurements, nevertheless, some possible evidence
of the fast N/Z equilibrium may be seen in these
Z-identified data.

Details of the experimental technique are dis-
cussed in Sec. II. The kinetic-energy spectra,
charge distributions, and angular distributions are
discussed in Secs, III, IV, and V, respectively. In
Sec. VI, the evolution of the system along the mass
asymmetry coordinate is described in terms of a
diffusion model which is an extension of the model
of Moretto and Sventek.!>~!* In particular, this
new model eliminates some of the free parameters
associated with the collision dynamics, and in-
cludes a treatment of both the shape evolution and
N /Z equilibrium of the dinuclear system. In Sec.
VII, the data are interpreted in terms of this diffu-
sion model and compared with model calculations.

II. THE EXPERIMENT

The *°Ne beams were obtained from both the
LBL SuperHILAC and 88" cyclotron. The tar-
gets consisted of self-supporting natural (~400
pg/cm?) Cu and (~900 pg/cm?) Au foils. Typical
beam currents were ~ 30 na electrical, and typical
beam spot sizes were less than 3 mm diameter.
Reaction products were identified with two AE
(gas)-E (silicon) telescopes'® placed about 10 cm
from the target on movable arms. The telescope
acceptance angles, which ranged from 1 to 2.5°,
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were defined by circular collimators 1 to 3 mm in
diameter. The absolute solid angles were deter-
mined with an *'Am « source of known activity.

An energy calibration of the E-amplifier systems
was obtained from a precision mercury pulser that
was calibrated at low energies with an **'Am «
source and at high energies with elastically scat-
tered *°Ne ions. The AE amplifier systems were
calibrated utilizing the mercury pulser and measur-
ing the shift of the elastic scattering peak in the E
detector (and the corresponding amplitude in the
AE detector) for runs with and without gas in the
telescope. The laboratory energies of the frag-
ments were corrected for losses in the target and
window of the gas counter using polynomial fits to
Northcliffe and Schilling range-energy data.'® Al-
though the relative energies are known to better
than one percent, the laboratory energy of the frag-
ments could be in error by as much as two percent.

The detector signals were routed through stand-
ard linear and logic circuitry, and were serialized
and digitized with a multiplexer and a 4096-
channel analog-to-digital converter. The digital in-
formation together with marker bits identifying the
telescopes, were written onto magnetic tape in an
event-by-event format.

To identify the atomic number (Z) of the reac-
tion products, the event-by-event data were sorted
into two-dimensional AE vs E maps (960X 100
channels). An example of such a map for the
170-MeV *°Ne + "'Cu reaction is shown in Fig. 1.
Ridges corresponding to individual atomic num-
bers are clearly identifiable up to Z~25. A com-
puterized algorithm!” was used to automatically lo-
cate these ridges. The absolute Z calibration was
provided by the prominent projectile ridge.

III. KINETIC ENERGY SPECTRA

Individual energy spectra for each Z value were
obtained by defining the boundary line between
two adjacent ridge lines in the AE-E map. The
energy corrections were made and the spectra were
then edited for various experimental artifacts,
which are visible on the AE-E map (cf. Fig. 1).
One such feature is the background in the energy
spectrum for the projectile caused by collimator
scattering. Another such feature is the tendency of
the higher mass products (Z > 26) to merge togeth-
er at low energies producing a low energy spike in
the energy spectra.

Representative center of mass (c.m.) energy spec-
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FIG. 1. A AE vs E map showing contour lines of
constant cross section. This map was obtained from the
170-MeV Ne + "Cu reaction at 25° in the laboratory.
The identification of individual atomic numbers up to
Z ~25 is clearly visible.

tra from the 170-MeV Ne + "'Cu reaction at three
lab angles are shown in Fig. 2. These spectra have
been converted to c.m. spectra by assuming binary
kinematics and fragment masses which minimize
the total liquid-drop potential energy of the two
fragments in contact. These spectra exhibit the
well known features of deep inelastic reactions: a
Gaussian-shaped relaxed component at all angles
and for all atomic numbers, and a higher energy
quasielastic component at forward angles near the
grazing angle (see Table I) for atomic numbers
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FIG. 2. Center-of-mass kinetic energy spectra at
three angles for fragments produced in the 170-MeV
ONe + "*Cu reaction.

near the projectile. In the center-of-mass, the cen-
troid of the relaxed component roughly corre-
sponds to the Coulomb energy for touching frag-
ments. The relaxed component of these spectra
was separated from the quasielastic component by
fitting two Gaussians to the spectrum.

Centroids and widths of the kinetic-energy spec-
tra, averaged over the experimental angular range,
from the 2°Ne + '®Au reaction (corrected for neu-
tron emission'®) are shown in Fig. 3. Liquid-drop
model calculations'® are shown for the mean ener-
gies which assume that the scission configuration
can be approximated as two rotating, vibrating,
colinear spheroids in contact with each other, and
in statistical equilibrium. The ?°Ne + "Cu data
(not shown) exhibit similar behavior. The overall
reproduction of the data, from the 2°Ne + '*’Au
reaction, is consistent with the assumption of a
binary reaction mechanism for the formation of
these fragments. Although some of the heavier
fragments could conceivably be produced'® by
sequential fission of the Au-like fragment follow-
ing a deep-inelastic collision, a recent study'® of
the sequential fission of Au-like fragments pro-
duced in the 252 MeV *Ne + '"’Au reaction indi-
cates that the contribution to the charge distribu-
tion from this process is probably small.
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FIG. 3. Experimental angle averaged, center-of-mass kinetic energies (upper points) and full widths at half max-
imum (lower points) as a function of the fragment atomic number for products from the Ne + '’Au reaction at 175
and 252 MeV. Calculated values are given by smooth curves (see text).

IV. CHARGE DISTRIBUTIONS

The energy spectra were integrated to give cross
sections for the deep-inelastic (DI) and quasielastic
(QE) components. The charge distributions for
different lab angles are shown in Figs. 4 and 5.
The total angle-integrated (DI plus QE) charge dis-
tributions are shown in Figs. 6 and 7 for the
lower-bombarding energy where enough data
points were obtained to make a reasonable extrapo-
lation of (do/d6). . to 0° and 180°. The error
bars shown on these latter two figures essentially
reflect the uncertainty in the extrapolations to 0°,
which are most uncertain for products near the
projectile. The 170-MeV ?°Ne + "3'Cu data report-
ed here are quite similar to the 166-MeV
20Ne + %Cu results reported in Ref. 2.

Several features in Figs. 4 —7 merit discussion.
One is the distinct difference between the trends in
the °Ne + "Cu and °Ne + *’Au data at symme-
try. While the cross section for products from the
Cu bombardment exhibit a distinct minimum near
or somewhat below symmetry (Z~19), the yield of
products from the Au bombardment first decreases
for Z values above the projectile but then increases
toward symmetry (Z~44). For the Ne + Au reac-
tion the symmetric products are likely to be the re-
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FIG. 4. Charge distributions at various laboratory
angles for the relaxed component alone in the 170- and
252-MeV ®Ne + *%5Cu reactions. For this system sym-
metry is indicated by the arrows.
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FIG. 5. Charge distributions at various laboratory angles integrated over both the relaxed and quasielastic com-
ponents in the 175- and 252-MeV *Ne + *’Au reactions.

sult of the fusion-fission process (not necessarily fusion-fission events.
preceded by compound nucleus formation). For An increase in the yield of the DI component
the °Ne + "'Cu reaction, the entrance-channel and broadening of the charge distribution is ob-
mass asymmetry is below the Businaro-Gallone served at the larger bombarding energy for both
point>!! (at least for the lowest / waves), and there- systems. These trends can be attributed to the
fore, an asymmetric mass distribution with a larger number of / waves and to the increased aver-
minimum at symmetry is expected even for age temperature associated with the higher bom-
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FIG. 6. The angle-integrated charge distributions of FIG. 7. The angle-integrated charge distribution of
the DI and QE products from the 170-MeV the DI and QE products from the 175-MeV

20Ne + %3%Cu reaction. See text. Ne + '7Au reaction. See text.
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barding energies. Another feature evident in the
charge distributions, particularly for the
20Ne + "¥Cu system, is the odd-even effect. As
suggested by the calculations of J. Gomez del Cam-
po,?° this effect may result from the preferential
population of even atomic numbers during particle
evaporation following the collision process.
Another feature of the charge distributions is the
striking asymmetry about the projectile Z value.
The cross section is high below Z =10, but falls off
rapidly above Z=10. This feature is most pro-
nounced at forward angles where the quasielastic
component dominates the cross section. However,
an asymmetry is observed even at backward angles
where there is no contribution from quasielastic re-
actions. It is difficult to interpret this trend in
terms of the ridge-line potential, especially for the
2Ne + 7Au reaction. Since the ridge-line poten-
tial energy for the °Ne + '*’Au system would pro-
duce a drift toward symmetry, the enhanced yield
for Z <10 is not likely to be due to equilibration
of the mass asymmetry degree of freedom. An ex-
planation in terms of projectile fragmentation also
seems unlikely, since this process in not expected
to be important below 20 MeV/A4 bombarding en-
ergy.?! One possible explanation may be the equili-
bration of the N /Z ratio of the fragments. Since
there are fewer protons than neutrons available,
especially for the °Ne + *’Au system, the N /Z
ratio can be more easily equilibrated by the
transfer of protons from the projectile to the target
nucleus. Numerous data exist *2* which demon-
strate the short relaxation time for N /Z equilibra-
tion.

V. ANGULAR DISTRIBUTIONS

The center-of-mass kinetic-energy spectra were
integrated to give the angular distributions shown
in Figs. 8 and 9. For the most part, these angular
distributions are typical of deep inelastic scattering
of light projectiles based on E /B systematics.'®!!
The angular distributions of products close to the
projectile from the 2°Ne + "'Cu system are for-
ward peaked. For smaller atomic numbers this
forward peaking is quite strong, while for larger Z
values, the angular distributions have a 1/sin6 ap-
pearance. The angular distributions from the
2Ne + 7Au system exhibit a similar dependence
on Z value. For the 175-MeV reaction, however,
there is also some evidence for a side peak for
products near the projectile Z value. This side
peaking in the angular distributions of the DI
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FIG. 8. Center-of-mass angular distributions of pro-
ducts for the 170- and 252-MeV *°Ne + %%°Cu reac-
tions. The dashed lines indicate a 1/sin8 distribution.
For each Z value a scale normalization factor is given
(i.e., for Z=8, X 103 which must be multiplied times
the ordinate scale to read off the angular distribution in
mb/sr.

products can be understood in terms of the life-
time, moment-of-inertia, and rotation angle of the
dinuclear system. In previous work'®!! it was sug-
gested that the onset of side peaking should be
correlated with a ratio E/B of <1.5. For the
175-MeV *°Ne + "7 Au reaction, E/B=1.8 (see
Table I). This value is only slightly larger than the
transition value of 1.5 and confirms the approxi-
mate validity of this scaling parameter, but sug-
gests that the side peaking persists to higher ener-
gies for more asymmetric systems.
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FIG. 9. Center-of-mass angular distributions of products for the 175- and 252-MeV *Ne + '’Au reactions. For
each Z value a scale normalization factor is given (i.e., for Z=8, % 10'9) which must be multiplied times the ordinate

scale to read off the angular distribution in ub/sr.

The overall pattern of the angular distributions
as a function of Z value indicates that the lifetime
of the dinuclear complex increases for exit channel
asymmetries progressively removed from the en-
trance channel.’* The fact that the distributions of
products with Z values below that of the projectile
are side or forward peaked implies that the average
lifetime for the formation of these products is
smaller than the average rotation period of the
dinuclear system. The 1/sin6 distributions for the
products farther removed from the projectile Z
value indicate that these products are associated
with substantially longer times (> one rotation
period), and with a lifetime distribution which is
sufficiently broad to insure that no correlation ex-
ists with the initial angle. This will be discussed
further in Sec. VIL

VI. THE MODEL

As discussed in the Introduction, several features
of *°Ne induced reactions (e.g., deeply penetrating
and highly asymmetric) render the interpretation of
the data in terms of simple phenomenological dif-
fusion models'®!%? rather difficult. In this sec-
tion, a generalized diffusion model is briefly

described which can be applied to *°Ne induced re-
actions.

A. Evolution along the mass asymmetry coordinate

The time evolution of the population &, of a
given asymmetry, A, for the system is treated using
the master equation as discussed previously.'>'* In
our treatment we have assumed that the micro-
scopic transition probability between asymmetries
A and A’ are of the form

noop4(E —Vy)
PAE —Vi)+ps(E—=Vy) '

Agar= (1)
where ng is the appropriate one-way flux of nu-
cleons and o is the area of the window between the
fragments. These quantities are taken from the
one-body proximity formulation.'>?® A justifica-
tion for this form for the transition probability is
given in Ref. 27.

B. (N /Z) equilibrium

The correct way to describe the total dispersion
due to mass transfer is to simultaneously solve the
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master equation for both the neutron and proton
degrees of freedom. To decrease the length and
cost of the model calculations, we treat the two
sources of dispersion independently, i.e., we com-
pute the total dispersion in the charge distribution
@, as a convolution of the dispersion due to N/Z
equilibrium @y, and the dispersion ®, due to
motion along the charge asymmetry coordinate,

y= [ Oy (Z'~Z0)y(Z ~Z")dZ’ , 2)

where Z labels the entrance channel asymmetry.
In practice, this expression is implemented by solv-
ing for @y first, and then using this dispersion as
the initial condition for the diffusion along the
charge asymmetry coordinate.

Since the potential energy as a function of
charge division is harmonic for fixed mass asym-
metry, one can utilize the analytical solution'! to
the Fokker-Planck equation assuming that the drift
and dispersion can be approximated by average
values for a given impact parameter

1
Dp ()= —F——
Nz O'NZ\/Z’IT

X exp{ —[Z —Zoexp(—t/75z)1 /2087 }
(3)

where Z is the entrance-channel asymmetry and
Tnz is the mean lifetime for N /Z equilibrium.
This quantity we estimate in a simple model
where

TA,

R 4)
TNz ZCch()U (

Here T is the average nuclear temperature during
the collision and C is the curvature constant of the
harmonic potential as a function of Z for fixed
mass. The quantities A¢ and Z are the mass and
charge of the composite system. The ratio T/C is
the thermal variance of the equilibrium distribu-
tion, and is therefore roughly a measure of the
number of random charge transfers necessary to
achieve equilibrium. The quantity (2Z_.nyo0/A4,.) is
just the total rate of charge transfer. For the actu-
al variance, oyz>, both a quantal?® and a thermal
width were included

2o fr o 1
Nz ="¢ 2+exp(ﬁw/T)—1l

X [l—exp(—zt/er)} . (5)
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C. Charge distributions

The final cross sections for each Z and [ wave
are given by
dogz 21

=0T [, (mndr (6)

lmax

where I1(¢) is a Gaussian lifetime distribution'*
centered at the mean lifetime 7; and with a vari-
ance assumed proportional to 7;. The mean life-
times are estimated from the dynamics (see Sec.
VID). The proportionality constant in the lifetime
variance is left as an adjustable parameter. The to-
tal reaction cross section oy is assumed to be the
geometrical cross section for the target and projec-
tile separated by their half-density radii.?®*°

D. The dynamics

The model requires several quantities which
depend on the details of the dynamics of the sys-
tem at different impact parameters. Besides the
mean lifetime, these quantities include the average
window area between the fragments, the rotation
angle of the system, and the scission radius. Rath-
er than treat these quantities as free parameters,
they are estimated by solving the classical equa-
tions of motion for the entrance-channel asym-
metry. The shape evolution of the system along
with dissipative forces are included in a schematic
way. We make use of recent ideas of Swiatecki®!
and of Randrup?? on neck formation and its effect
on mass transport. The neck between the two ions
is treated as a cylinder. Neglecting volume conser-
vation and the Coulomb energy of the cylinder, the
contribution of this neck to the potential energy is
then just the difference between the surface energy
of the cylinder and the surface energy of the neck
area of the two ions, with proper proximity correc-
tions.

In this model the Rayleigh dissipation function
(due to only one-body dissipation) can be written as

F= %)

% :277}100(7"2—!- —;-u, —+—47m01nﬁ2 s

1
2
(7)

where n is the one-way nucleon flux (taken here
as 0.243 X 102 nucleons fm~2s~!). The quantities
I and n are the length and radius of the neck,
respectively, and the quantity o is the effective
window between the fragments
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o=mn*+27RbW(I/b)exp(—n*/2Rb) , (8)

where W(//b) is the dimensionless proximity
current®® and R is the reduced radius. The first
term in Eq. (7) corresponds to one-body (window
formula®®) dissipation. The second term is just the
dissipation associated with motion of the wall of
the cylindrical neck (wall formula®?).

Neck formation is assumed to occur when the
overlap density of the two ions equals the half-
density. This occurs at a separation of about 1.73
fm for a trapezoidal density distribution.’! The
window radius for this geometric limit of
minimum neck formation as a function of separa-
trion s between the half-density radii of the two
surfaces is just

ng=V2R(1.73—s) . )

Typically, the growth of the neck will be charac-
terized by a rapid motion along this geometrical
limit until near the classical turning point. When
the ions begin to separate, the collapse of the neck
is then hindered by one-body dissipation.’* While
integrating the equations of motion, we also com-
pute the average values of the window area and the
excitation energy needed for the charge diffusion
calculation.

E. Rotation angles and final angular momenta
as a function of asymmetry

In addition to the entrance-channel trajectory
described above, one also needs trajectories for
events where there is a net mass transfer, which
may deviate significantly from the entrance-
channel trajectory. To compute the potential ener-
gy and transition probabilities as a function of
asymmetry, we assume that the average overlap is
constant and that the neck radius scales’! with the
reduced radius. The average excitation energy is
taken as E5 =(E*) + Vz,—Vz, where Z,, is the
entrance channel asymmetry and ( E* ) is the aver-
age excitation energy for the entrance channel
asymmetry. To compute rotation angles and final
angular momenta as a function of asymmetry, the
angular equations of motion®* are solved for every
asymmetry assuming that the average overlap is
constant and that the moment of inertia varies
linearly in time from the entrance-channel value to
the final value.

VII. RESULTS
A. Lifetimes

Calculated mean lifetimes for the *°Ne + "Cu
and *°Ne + *’Au reactions are shown in Figs. 10
and 11 as a function of incident / wave. Results
are presented for calculations with and without
neck formation. The bifurcation into the neck and
no-neck curves occurs as soon as the trajectory for
the system reaches the critical distance (s=1.73
fm). Clearly, the inclusion of the neck has a
dramatic influence on the lifetime distribution for
both systems by displacing the critical / wave for
trapping of the ion-ion complex to higher incident
angular momenta. This increases the complete-
fusion cross section substantially. It is interesting
that for the **Ne + '"7Au reactions no complete
fusion is predicted in the absence of a neck,
whereas substantial complete fusion is predicted
when a neck is allowed to form. Since the data
seem to display a substantial fusion-fission com-
ponent, this is perhaps an indication of the impor-
tance of neck formation. The complete fusion
events are treated here according to the method
outlined in Ref. 35.

B. Potential energies and N /Z equilibrium

The dynamically averaged effective potential en-
ergies along the line of N /Z equilibrium for the
2Ne + "Cu and *Ne + '"Au systems as a func-
tion of asymmetry are shown in Figs. 12 and 13.
These figures illustrate an important difference be-
tween the 2’Ne + "'Cu and **Ne + '"’Au systems,

30+

20, 64
woNe+ ;.Cu

L
o 20

FIG. 10. Calculated average lifetimes for diffusion as
a function of incident / wave for the 2’Ne + ®*Cu reac-
tions. The solid and dashed lines are, respectively, for
calculations with and without neck formation.
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FIG. 11. Calculated average diffusion lifetimes as a
function of incident / wave for the Ne + '’Au reac-
tions. See Fig. 10.

which can explain the dramatic differences ob-
served in their charge distributions near symmetry.
For low / waves the driving force for diffusion in
the 2°Ne + "Cu reaction is toward the compound
nucleus (greater asymmetry). This effect is dimin-
ished and is eventually reversed for higher / waves
where the rotational energy produces a minimum
at symmetry. On the other hand, for the Ne + Au
reaction, the potential always exhibits a minimum
at symmetry. However, this latter system may be
first driven towards asymmetries greater than that
of the entrance channel because of the rapid N/Z

T T T T T T

20 64
wwNe +,,Cu
100 - T

8o | 170 MeV 1 252 MeV i
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FIG. 12. Calculated total effective potential energies
as a function of asymmetry for the 2’Ne + %Cu reac-
tions.
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FIG. 13. Calculated total effective potential energies
as a function of asymmtery for the *Ne + '*’Au reac-
tions.

equilibration process. Typical N /Z equilibration
times 7y, from Eq. (4), are about 10~2? sec, usual-
ly much shorter than the interaction times shown
on Fig. 11. The equilibrium Z value due to N/Z
equilibration for the 2°Ne + *’Au reactions is 8.
This increase of the initial asymmetry may push
the 2°Ne + "’Au system over the Businaro-Gallone
mountain (see Fig. 13). Thus the driving force for
diffusion would then be towards compound nu-
cleus formation rather than towards symmetry.
The driving force toward symmetry increases for
both systems with increasing bombarding energy so
that the effect of the N /Z equilibration should be
compensated to some effect. For the 2°Ne + "Cu
systems, the effect of N/Z equilibration and of the
potential energies shown here is such that the
trapped / waves will mostly populate the com-
pound nucleus asymmetry, and therefore contribute
to the evaporation residue cross section. On the
other hand, Ne + Au collisions will also populate a
symmetric fusion-fission-like component to an ex-
tent similar to that observed experimentally. Of
course, compound nucleus formation followed by
fission will also contribute to the symmetric com-
ponent. From Figs. 10 and 11 a critical angular
momentum for complete fusion can be estimated
from the angular momentum at which the lifetime
becomes infinite. These angular momenta are:
1., ~49% for 170-MeV *’Ne + "Cu, ., ~53% for
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252-MeV ®Ne + "'Cu, I ,~55% for 175-MeV
Ne + "Au, and 1,,~60% for 252-MeV

20Ne + 7Au. The evaporation residue cross sec-
tion has been measured? for 166-MeV *Ne + Cu
to be (1276+80) mb implying /. =(60+1)%4. This
is somewhat higher than the estimate from the
dynamical calculation suggesting that neck forma-
tion or energy dissipation may be more efficient
than that given by this schematic model. On the
other hand, this discrepancy could also arise if dif-
fusion toward greater asymmetries by higher /
waves substantially contributes to the apparent eva-

poration residue yield (essentially incomplete fusion
reactions).

C. Angular distributions

In Figs. 14 and 15 experimental and calculated
angular distributions are shown for representative
fragment Z values both above and below the pro-
jectile. It should be noted that these calculated an-
gular distributions have not been normalized. In
fact there is only one free parameter in these cal-
culations which is the ratio of the variance of the
reaction lifetime to its mean value, o%/7. Chang-
ing this variable adjusts the slope of the angular
distributions for atomic numbers near the projec-
tile. A value of 02/7=0.10 yielded the best fits
for the °Ne + "*Cu reactions, while ¢?/7=0.20
appeared more appropriate for the 2Ne + '7Au
reaction. These values correspond to fairly narrow
lifetime distributions. The model calculations have
not been corrected for charged-particle evaporation
which may have shifted these data by as much as
one to three charge units.*”?° Probably, the most
meaningful comparison with experiment is then at
the lower bombarding energy and for products
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FIG. 14. Calculated and experimental angular distri-

butions for representative products for the *’Ne + "!Cu
reactions.
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close to the projectile Z value where the average
energy loss (and hence, charged-particle evapora-
tion) is least.

The trends observed in the data (side or forward
peaking near the projectile Z value followed by a
transition to 1/sin@ behavior above the projectile)
are present in the calculations (see Figs. 14 and
15). The addition of neck formation was necessary
in the *°Ne + "Cu systems to reproduce the ob-
served flattening of the distribution at backward
angles (see Fig. 14). Although some flattening in
the 2°Ne + "'Cu distribution could be achieved by
selecting a rather broad lifetime distribution (in-
stead of a long-lived component), such a distribu-
tion does not produce the correct slope of the an-
gular distribution in the forward hemisphere. It is
particularly satisfying that the side peak in the
175-MeV Ne + “7Au data emerges from the
model calculations (see Fig. 15). It is also interest-
ing that the flattening of the distribution at back-
ward angles is less pronounced in the 2°Ne + *’Au
data. This is predicted by the model simply be-
cause for higher / waves the fragments do not
penetrate deeply enough to form a neck, which
would increase the collision lifetime. Nevertheless,

for a large range of / waves a neck eventually does
form (see Fig. 11) leading to a symmetric
compound-nucleus fission component in the charge
distribution similar to that observed in the data.

The deviations of the calculation from the data
for atomic numbers removed from the projectile
has been a consistently puzzling feature of these
data. The tendency is to overproduce nuclei
heavier than the projectile and underproduce nuclei
lighter than the projectile. This effect is perhaps
most dramatically represented in the angle-
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integrated charge distributions. Figure 16 shows
the calculated and experimental charge distribution
for the 170-MeV 2°Ne + ™Cu reaction. The fact
that this discrepancy does not appear reconcilable
by any reasonable variation of the dynamical vari-
ables in the model and that it appears so dramati-
cally in the charge distributions (for which many
of the details of the dynamics have been integrated
out) suggests that it may relate to more fundamen-
tal considerations. It is possible that this effect
may be due to changes in the potential energy sur-
face when more realistic configurations are in-
volved, or that it may require a more detailed
understanding of the microscopic transition proba-
bilities.

To some extent these deviations can be attribut-
ed to charged particle evaporation. In the
20Ne + "!Cu reaction, particle emission would
cause a reduction in the backward angle yield for
products heavier than the projectile and a corre-
sponding increase of lighter products, an effect
which is observed in the data. Because of the dif-
ferent shape of the potential energy versus asym-
metry (and hence, the different preevaporation
yields) the opposite effect should occur at back-
ward angles for the Ne + °’Au reaction prod-
ucts. For this system, charged particle evaporation
should cause an increase in the calculated back-
ward angle yield of lighter fragments as yields
from the symmetric fission components are mixed
in. This also is consistent with the data.

VIII. CONCLUSION

In summary, we have presented data for °Ne-
induced reactions with a light target ("**'Cu) and a
heavy target (1*’Au) at two bombarding energies.
These data have been interpreted in the framework
of a diffusion model in which nearly all of the free
parameters have been eliminated by treating the
dynamics explicitly. Two important additions to
the model have been introduced to achieve a
reasonable reproduction of the data. First of all,
the influence of shape evolution has been included

1000 T T
i 170 - MeV 20Ne+MatCy
o |
2 t
N 10— —
° " ROl
¢‘+’Q
- _
| | |
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FIG. 16. Calculated and experimental angle-
integrated charge distributions for the 170-MeV
Ne + "'Cu reaction.

to increase the collision lifetimes and produce more
complete fusion events. Secondly, the evolution of
the Z distribution towards (N /Z) equilibrium has
also been included to enhance the drift toward
greater asymmetries. In this way, we believe that
we have achieved at least a qualitative understand-
ing of most of the features of these data. To quan-
titatively reproduce the data, more detailed calcula-
tions are needed which include more realistic nu-
clear shapes, particle evaporation, and such effects
as the coupling of fluctuations in the mass trans-
port to the evolution of the system. Some efforts
along these lines are currently underway.>
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