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Charge, energy, and angular distributions of products from reactions between Ne. and Ni have been
measured at 164 MeV. The total reaction cross section inferred from the quarter-point of the elastic
scattering data is 2010 mb. Products with 6 & Z & 20 account for 30% of the total reaction cross section.
The evaporation residue cross section was also measured and found to be 1236 mb, or 61% of the total cross
section. Products with atomic number near that of the projectile have angular distributions which increase in
the forward direction and have energy spectra characteristic of both quasielastic and deeply inelastic events.
Products with atomic numbers greater than 14 show an angular distribution do/dQ ~ 1/sing, and have
kinetic energies that are characteristic of Coulomb repulsion following binary fission, indicating that
complete damping has occurred. However, the yield near Z = 19 is low, and thus symmetric fission, if
present at all, 'accounts for a rather small fraction of the total reaction cross section.

NUCLEAB BEACTIONS Ne+ Ni; E=164 MeV; strongly damped; 10 (g& (70';
quasielastic; product energies, charge distributions, cross sections do/d8, m;
evaporation residue cross section GER, reaction cross section; gas ionization

detector ~; surface barrier detector E.

I. INTRODUCTION

Deeply inelastic collisions between heavy ions
and target nuclei have been the subject of con-
siderable interest since their original investiga-
tion by Artukh et gE. ' This interest ha, s been in-
tensified by the observation that for very heavy
systems, deeply inelastic collisions account for
a very large fraction of the total reaction cross
section. " The main feature of these reactions
is the considerable damping of the energy of the
incoming projectile, which may be accompanied
by a relatively large transfer of mass and charge.
While a large number of systems involving
very heavy ions (A ~ 40) and heavy targets (A ~ 100)
have been investigated and interpreted in terms
of a variety of theoretical models, ' only a few
studies have been made with lighter ions in-
cident on relatively light nuclei. ' " The region
of composite system mass numbers ra.nging from
about 60 to 120 is of particular interest to us,
since it involves nuclei that are fairly light„but
also sufficiently heavy so that nuclear structure
and single-particle effects are not expected to
dominate the reactions.

In undertaking this work, we have been governed
by two main motivations: First, we wished to
establish the features of the deep inelastic reac-
tions in this region of nuclei and compare them
with the well-established features of these reac-
tions in the heavier systems. Second, w wished'

to see to what extent, if'any, fission takes place
in these relatively light systems, and what its
characteristics are." In this paper we present
results from "Ne bombardments of nickel at
164 MeV. Preliminary results for the same re-
action, but primarily at 173 MeV, were re-
ported earlier. " In addition, some results for
related systems "Ne+ "Ti and "Ne+ "Zr have
been presented. "

Previous work involving composite systems
with 50&A. & 100 includes "0+Ni at 96 MeV, '
"Ar+ "Ni at 280 MeV, ' "8+"Ti at 105 to 166
MeV, ' "and "Cl+ "Al at 140 to 170 MeV "'"
Thus our system involves a relatively higher
relative velocity (higher MeV per nucleon) and
a lighter projectile (with the exception of Ref. 6)
than have been studied previously. The existence
of deeply inelastic reactions in this region has
been established in Hefs. 6 and 7 and confirmed
in later work. In Refs. 9 and 12 the binary nature
of these processes was established by means of
coincidence experiments, and the question of
fission was specifically addressed for the systems
"S+' Ti and "Cl' "Al in Hefs. 10-12. It was
observed that yields of fissionlike products were
obtained and that their properties followed fission
systematics. Certain ambiguities as to the nature
of these products, however, remained.

Models involving transport theory, energy dis-
sipation, angular momentum transfer and other
fundamental bulk properties of nuclei are being
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successfully applied to deeply inelastic reactions
in heavier systems. 4 It is our intent, once suf-
ficient systematic data are available, to test the
range of validity of some of these models by
applying them in this relatively light region. As
far as fission is concerned, as was pointed out
above, the situation rema, ins ambiguous. '
The large angular momenta involved in heavy ion
reactions are expected to lower the fission bar-
rier of rotating compound nuclei sufficiently to
make fission a competing deexcitation process, ""
and, indeed, fissionlike events have been observed.
It is, however, difficult to distinguish fission from
those deeply inelastic processes that involve both
a large amount of mass transfer and an interac-
tion time of the order of several rotations, re-
sulting in an angular distribution that is uniform
in dv/d8 in the center-of-mass system. It is
possible that the near-zero fission barrier in-
hibits the formation of compound nuclei in the
first place, and it is difficult to confirm the
presence of fission experimentally due to a lack
of a specific signature of the process in this light
region.

In Sec. II we describe the experimental method,
and in Sec. III me present the results. In Sec. III
the total reaction cross section is considered
first, and the component cross sections are dis-
cussed in order of decreasing impact parameter
b. The quasielastic, deeply inelastic collisions
and fission and evaporation residue products are
descr ibed.

II. APPARATUS AND EXPERIMENTAL PROCEDURE

Experiments were done at the Oak Ridge Iso-
chronous Cyclotron (ORIC) with beams of "Ne'
heavy ions at tmo different energies, 164 and 173
MeV. Results obtained at the two energies were
very similar to each other, and only data obtained
at 164 MeV will be presented here; the 173 MeV
results are given in Ref. 18.

The targets were self-supporting natural nickel
foils. . Data from two foils, one 113 and the other
'I04 pg/cm', were compared and no significant
difference in the relative charge yields was noted.
Since the increased yield from the thicker target
served to decrease counting times, the ma. jor
part of the results were obtained with it. Typical
beam currents were 20 electrical nA.

The data mere taken with two different charged-
particle detector systems. Each consisted of a
gas ionization chamber to obtain. „the energy loss
AF, and a silicon surface-barrier detector to

record the remaining energy (E —nE). One
system consisted of a multiangle telescope with a
position-sensitive silicon detector, "and the
other was a small-aperture single-angle telescope
with a. 25 mm sj.licon detector. - The latter tele-
scope was necessary to measure products in the
forward direction. The entrance windows mere
Formvar films about 50 gg/cm' thick. The
methane gas pressure was 48 Torr (corresponding
to 361 pg/cm').

The multiangle telescope provided nine spectra
at 1 intervals for each angular setting. The
(aE;, E') data were recorded in nine two-param-
eter arrays. The energy E' was obtained by
analog addition of AE to (E —hE). An energy
spectrum for each nuclear charge Z was ob-
tained from the arrays by the appropriate masking
of the (aE, E') contour maps. The first and last
intervals of the position-sensitive detector showed
a large decrease in detection efficiency for
smaller values of nuclear charge than the projectile
and in particular in the forward direction. This
was attributed to end effects and the data were
discarded.

The data were converted from laboratory to
center-of-mass coordinates with the assumption
of two-body kinematics. '" The massA, for the
composite system is 78, and for the light frag-
ment A, the mass is taken as 2Z, where Z is the
observed nuclear charge. The mass of the heavy
fragment mas assumed to be A, =A, -A, . Since
the observed charge Z is after particle evapora-
tion, the above procedure leads to some errors
in the center-of-mass distributions. This
problem of particle evaporation is treated in some
detail in Sec. III C, but here its effect on the
centt. r-of-mass transformations is considered
negligible. In order to obtain a continuous dis-
tribution in the energy-angle coordinates, an
interpolation procedure was used to obtain in-
termediate energies and angles. Grid fluctuations
introduced by the transformation due to finite
angle and energy resolution mere minimized by
adding appropriately scaled random numbers
during the transformation process.

The effect of target impurities was investigated
by bombarding carbon targets with Ne ions and by
comparing the distributions obtained with the Ni
data. %e are able to conclude that Ne reactions
with target contaminants, such as carbon and
oxygen, if any, do not contribute an observable
amount to our cross sections.

Data from our various angles were normalized
by means of fixed monitor detectors, and absolute
cross sections mere obtained by normalizing to
elastic scattering at small angles where the
scattering is assumed to be Rutherford.
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HI. RESULTS AND DISCUSSION

The total reaction cross section, deduced from
ela.stic scattering data, is discussed in Sec. IIIA.
This cross section can be divided into a quasi-

.elastic (QE) contribution, a deeply inelastic con-
tribution (DI), and an evaporation residue (ER)
part, discussed in Secs. IIIB, IIIC, and IIID,
respectively. Fission is considered together with
deeply inelastic reactions in Sec. GI C.

cross section. %e are unable to identify a separate
fission component; its contribution, if any, is
included in the DI component. Thus we compare
O„with 0,„+g«, where o» denotes the sum of
QE, DI, and fission processes and where o ER is
the evaporation-residue cross section. The ex-
perimental cross section 0» was found to be
625+ 25 mb and o «1236 + 50 mb (see Sec. III D).
Their sum, 1861+ 75 mb, compares favorably
with g~ of 2010~ 80 mb deduced above.

A. Total reaction cross section

The total reaction cross section may be deter-
mined from measurements of the elastic scat-
tering at forward angles following the 4-point
method oi Blair." The elastic cross section was
found to decrease to one-fourth of Rutherford
at (17.'I + 0.5)' in the laboratory system or 23.7'
in the center-of-mass system (c.m. ). The total
reaction cross section for heavy ions is given
by a sum of partial cross sections for definite
orbital angular momenta weighted by the barrier
transmission probabilities

gs = mX'(f, „+1)'.

The de Broglie wavelength X is 1.07' 10 "cm,
and a value for the angular momentum quantum
number /, „ is calculated from the expression

I,„=q cot(~8, ), (3)

where 0, is the center-of-mass scattering angle
and g is the Sommerfeld parameter. The value
of / „73is obtained with q = 15.4 and 8, = 23.7 .
The total reaction cross section calculated by
this method is 2010+ 80 mb.

As was discussed above, the total reaction
cross sections& may be thought to consist of a
quasi-elastic component, a deeply inelastic com-
ponent and a fusion contribution. Antici, pating our
results for these other processes, we may check
whether the above value of (7~ does in fact agree
with the sum of the others. While our results
indicate the existence of distinct QE and DI
processes, it is hazardous to decompose them
quantitatively, and we have not attempted to do so.
The measured evaporation-residue cross section
has to be combined with fission to obtain the fusion

In the sharp cutoff approximation, the transmission
coefficients 7, are put equal to unity for / ~ 1

and zero for l &/, „. Thus the summation over l
yields

B. Quasielastic reactions

A quasielastic component for products with
charges near the projectile (Z = 10) is observed,
as can be seen in the energy spectra of Figs. 1-3
at 8, =17', 24', and 35, respectively. These
events are represented by the peaks in the spectra
at the highest energies and correspond to velo-
cities nearly equal to the primary beam of "Ne.
In some cases (charges 9, 10, and 11) the quasi-
elastic events could be resolved from the strongly
damped events, but in general there is a con-
tinuous distribution of events from the quasi-
elastic region to the deeply inelastic region. The
angular distributions associated with the quasi-
elastic events are forward peaked and their cross
section becomes negligible some 10 beyond the
grazing angle. This is in accord with the ex-
pectation that they are principally few nucleon
transfer reactions, which are known to decrease
strongly beyond the grazing angle.

The energy of the incident neon is 8.2 MeV/
nucleon in the laboratory system and the quasi-
elastic events should differ in energy from the Ne
by integral multiples of 8.2 MeV if they are char-
acterized by the projectile velocity. The peaks
in the Z=9 and 8 energy spectra, e.g. , Fig. 1,
occur at 8.2 and 17.2 MeV below the elastic peak and
could correspond to a one-proton and a two-proton
transfer. Again referring to Fig. 1, the peaks are
at 10.7 and 20.5 MeV below the elastic peak for
the Z = 11 and 12 spectra, respectively. These
values are larger than for Z = 9 and 8, but they are
consistent with one- and two-proton transfers.
However, for Z= 12 the data are not inconsistent
with the transfer of two protons and one
neutron.

Angular distributions for both quasielastic and
deeply inelastic products are shown for charge
states Z = 6 (carbon) to Z = 24 (chromium) in
Fig. 4. The solid curves in this figure are there
to guide the eye. The rapid increase in the
cross section for small angles and for products
near the projectile is typical of quasielastic reac-
tions. The angular distributions mill be dis-
cussed further in Sec. III C.
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FIG. 1. Center-of-mass energy spectra are shown for Z= 6 to 14 at a center-of-mais angle of 17'.

C. Strorigly damped reactions

As pointed out above, the deeply inelastic col-
lisions cannot be unambiguously resolved from
the quasielastic reactions, and both types of re-

actions appear to belong to the same continuum
of processes. %hereas energies of the transfer
products are near that of the projectile, the
energies of the deeply inelastic products are ex-
pected to be near the kinetic energy due to Cou-
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lomb repulsion, if complete damping has taken
place. The energy spectra Figs. 1-3 show the
disappearance of the quasielastic component as the
angle is increased. At a center-of-mass angle
0, ~ 35 this component appears to be negligible,
and all events beyond this angle can be assumed
to be strongly damped events. Figure 5 shows
the first moment of the energy spectra for 0,
= 40 as a function of atomic number, Z.

In order to ascertain the degree of damping in
the deeply inelastic events, it is instructive to
compare the measured kinetic energies with those
expected for fission events. Davies et al."have

successfully compared their predictions with a
large body of fission kinetic energy data. They
predict, for a symmetric mass split (Z, =Z, =19),
that the total-fragment kinetic energy would be
47.4 MeV, This energy, based on deformed
spheroids, can be parametrized by two spheres
separated by a distance S such that the total
kinetic energy ET„is given by

(4)

where ~, is the radius parameter, and Z = Z~ = Z2
andA =A, =A, are the fragment nuclear charges
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FIG. 3. Center-of-mass energy spectra are shown for Z=6 to 16 at a center-of-mass angle 35 . The quasielastic
component is no longer observable at this angle.

and masses, respectively. For ETK

so = 1.2 fm, Z = 19, and A = 39, S was found to be
2.83 fm. Equation (4) can now be generalized to
asymmetric mass splits such that

Z28
&&&) y $

In this manner, a predicted single-fragment kinetic
energy curve (as a function of fragment charge)
can be generated. It is indicated in Fig. 5 by the
solid curve.

In order to compare the above theoretical pre-
diction directly with the data, we have corrected
the calculation for particle emission. If we assume
binary events and that a division of available ex-

citation energy is in proportion to the fragment
charges, and if effects of angular momentum can
be neglected, then the number of particles eva-
porated from the fragments can be calculated
using the statistical model computer code ORNL

ALIcE 6 Preevaporation masses and Q values
were used to determine the excitation energy to
be shared between the two products. Subsequent
particle emission, and thus final products, are
determined by calculations that make use of the
binding energies of the intermediate nuclei. The
change in total kinetic energy due to the mass
loss associated with particle emission transforms
the solid curve of Fig. 5 to the open circles. It
can be seen that there is excellent agreement
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between calculated and experimental points for
Z ~ 14. The higher observed total kinetic energies
for Z & 14 are probably due to a combination of
two effects. First, for those products relatively
close to the projectile, not only has relatively
little net mass and charge transfer taken place,
but the damping may not be complete. However,
this does not imply that such reactions are to be
interpreted as direct transfer reactions. Second,
it is probable that these light fragments have
more nearly spherical shapes than spheroidal
shapes, leading to a more compact scission

FIG. 4. Center-of-mass angular distributions integra-
ted over particle energy for products Z= 6 to 24. Note
that the cross section is (do/d8). The tlat distributions
Z &14 are indicative of equilibrium processes.

configuration and hence to higher kinetic energies.
In the above discussion the effects of viscosity

and of angular momentum have been neglected.
For these very light systems Qavies eI; p)."have
shown that viscosity is riot expected to play a
role. This is due to the fact that predicted fission
barrier shapes are very strongly necked-in,
and descent from saddle to scission is very short.
For a large body of fission data it has been ob-
served that the fragment total kinetic energies are
essentially independent of angular momentum
Eggers gt g). ' described large angular momentum
effects in the deeply inelastic products from "Ne
+ 'Al. However, Braun-Munzinger eg g)."have
pointed out that a large angular momentum con-
tribution is not required in Ref. 14 if a different
charge-separation distance is postulated at the
time of scission. They also point out that, in
order'to determine the angular momentum effects
on kinetic energies, data at several energies
are required. We shall thus content ourselves
with pointing out that our results are cqnsistent
with what is expected from fission systematics,
without the specific inclusion of an angular
momentum component.

The rise at forward angles in the angular dis-
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tribution of Fig. 4 for charges near that of the
projectile is similar to that observed for "Ar
+ Th, ' and very likely implies contributions from
negative angles associated with orbiting. " The
angular distributions per unit angle do/de of pro-
ducts with Z ~ 15 are constant in the center-of-
mass system. Thus these products are either
fission fragments or were formed during inter-
action times that were longer than the time re-
quired for one rotation of the composite system.

The overall product charge distribution is
shown in Fig. 6. The maximum in cross section
for the charge products near the charge of the
projectile may be characteristic of the quasi-
elastic processes and of partially damped events
which involve little mass and charge transfer. '

The centroid of the curve is approximately Z = 8
with a width at half maximum of ~Z-4.

One feature of this distribution is the odd-even
effect in the cross section. The yields for the
even charges are in most cases larger than the
adjacent odd-Z yields. Evaporation calculations
described earlier show that the nuclei initially
formed in a reaction have a very small probability
of survival. For atomic numbers greater than
Z = 16, the probability that no particles will be

500
I I I I I I I I I I I
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I I I I I I I I I I I

0 2 4 6 8 30 32 l4 16 18 20 22 24
Z

FIG. 6. Cross sections for production of atomic species
are shown. Note the odd-even effect in the yield.

emitted or that neutron emission only takes place
is less than 5/o for any given initial Z; and A, .
Most of the final products are obtained after the
emission of at least one proton, and the number
of protons evaporated can be as many as four or
five. For each final charge Z& the fractional
contribution from even- or odd-Z, initial states
can be determined. The results show an even-
odd correlation for Z& ~ 16 and an anticorrelation
for Z& &16. It is therefore likely that the even-
odd effect has its origin both in the formation of
the initial nuclides as well as in the evaporation
process.

No evidence is seen for change in the overall
charge distribution of Fig. 6 which might cor-
respond to a distinct fission component. Thus it
is not clear whether the yield near symmetry
(Z = 19) arises from the tail of the deeply in-
elastic charge distribution or from the presence
of bona fige fission events, i.e., events that are
due to the fission of the compound nucleus. In
any case, the yield in this region is very low,
and thus symmetric fission, if present at all,
accounts for a rather small fraction of the total
reaction cross section.

D. Evaporation residue products

The composite (fused) system of target and
projectile must reach a state of equilibrium in all
degrees of freedom in order to become a com-
pound nucleus. The nuclear system can deexcite
either by particle emission or by fission. Since
the, fission contribution was found to be small,
we shall equate fusion and compound nucleus
formation cross sections with evaporation residue
cross sections.

The evaporation residue nuclei have a very
forward-peaked angular distribution with a width
of only a few degrees determined by the recoil
due to evaporation of particles and the multiple
scattering in the target. The energy of the eva-
poration residue products will depend on the num-
ber and direction of evaporated particles, but
their most probable energy will be near the kinetic
energy of the center of mass in the laboratory
system.

The measurements of the evaporation residue
products were obtained at 1 intervals from 3 to
20' in the laboratory system, with an angular
resolution of approximately 0.25'. The major
factor governing the precision of the measure-
ments at small angles is the very rapid increase
in the Rutherford cross section as the angle
decreases. For our detector aperture the change
in the cross section is about 40% at 3 . However,
since the ER angular distribution also .changes
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rapidly in this region, this uncertainty does not
have an appreciable effect on the total ER cross
section.

The ER products fogm a mountain in the E'
versus AE plane with a ridge running toward
E' = ~E = 0. The sum of the events identified as
evaporation residues were normalized by the
number of elastic events, . Since the Rutherford
cross section is known, the Eg cross section may
be calculated from it. The yalue of the total cross
section after integration over angle and energy is
o«= (&236+ 50) mb. This accounts for approxi-
mately 61% of the total reaction cross section.

Theoretical calculations of the EH cross sec-
tion agree quite well with the mea, sured value.
The Bass model" gives 1270 mb assuming neg-
ligible fission, and )he evaporation code ALICE

gives 1150 mb. Thus the observed fusion gross
section is consistent with both the Bass entrance-
channel model and with the liquid-drop fission-
competition model. " '&

IV. SUMMARY ~0 CONCLUSION

The relatively light Ne+ Ni system exhibits many
features that are similar to those foqnd in reac-

tions between heavier ions and targets. Both
quasielastic and deeply' inelastic events have been
observed. Angular distr ibutions of products with
charges near that of the projectile are forward-
peaked, indicating the presence of nuclear or-
biting similar. to that observed in argon-induced
reactions. For nuclear charges with Z & 14, the
angular distributions per unit solid angle are
proportional to ljsin6t, , indicating relatively
long reaction times. No sideward peaking was
observed. The kinetic energies of products with

Z & 14 were similar to those predicted by fission
theory, implying deformed shapes at the time of
scission. The overall charge distribution has
even-odd oscillations that could arise both from
the intrinsic distribution and from the subsequent
deexcitation process. No distinct fission compo-
nent was identified, but the products from nearly
symmetric charge divisions were found to exhibit
properties that are consistent with fission charac-
teristics. The evaporation residue cross section
is consistent both with an entrance channel de-
scription and with a limit imposed by fission com-
petition. The total reaction cross section is well
accounted for by the measured reaction products.
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