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Fusion cross sections were measured for ~ Ne bombardments of 27A1 from 32 to 151 MeV

by detecting the evaporation residues from the compound nucleus decay with gas counter
telescopes. Charge, energy, and angular distributions of projectilelike fragments from the

deeply inelastic collisions were also measured at 151 MeV. The fusion excitation function
was analyzed through the barrier penetration model and compared to the predictions of the
statistical yrast line model. The critical angular momentum and the grazing angular
momentum deduced from the fusion and elastic scattering data were used in the interpreta-

tion of the kinetic energies of the deeply inelastic fragments in terms of a rotating dinuclear

model.

NUCLEAR REACTIONS Ne+ Al, E =32.5 to 151 MeV; mea-

sured evaporation residue cr(E, O); deduced o.(E) total fusion excitation
function; barrier and critical parameters. E=55.7, 63, 125, 151 MeV;
measured elastic scattering o(8); deduced optical potentials; reaction
cross sections oq. E =151 MeV; measured charge, energy, and angular
distributions for 4(Z ( 12 fragments. Natural target. Gas ioni-

zation and Si detectors.

I. INTRODUCTION

Complete fusion between complex nuclei has been
the subject of many studies. ' In most theoretical
approaches the fusion cross sections at energies im-

mediately above the Coulomb barrier were inter-
preted in terms of barrier penetration models, al-

though promising results were obtained by micro-
scopic calculations based on time-dependent quan-
tum mechanical treatments. With the use of
real one-dimensional potentials, a recent com-
prehensive analysis of up to 87 fusion excitation
functions was able to deduce fusion barriers that are

only slightly dependent on the model potential. '

The simple barrier penetration model is, however,

inadequate for describing the fusion at higher ener-

gies' where it competes with energy-dissipating
processes ' and direct reactions, ' and at sub-

barrier energies where "dynamic effects"' should be

taken into account. Even with beam energies lower

than 10 MeV per nucleon, the Ne projectiles are
well suited for an experimental study of the evolu-

tion of the reaction mechanism from sub-barrier

fusion to deeply inelastic collisions and fragmenta-
tion mechanisms, particularly when medium-mass

targets, A =27—60, are bombarded. For example,

many aspects of the Ne+" Ca collision in that en-

ergy range have been investigated by Nguyen Van
Sen et al.,

' ' Madurga et al. ,
' Frohlich et al. ,

'

and Udagawa et al."
This work is devoted to the Ne+ Al system.

The complete fusion of Ne with Al has been
studied with gas counter telescopes at 138 and 210
MeV by Kozub et al. ' and 120 MeV by Natowitz
et al. ' Several preliminary data have been reported
at 60—290 MeV by Bohne et al. using a time-of-

flight system. Earlier data obtained by Kowalski
et al. ' at 87, 140, and 198 MeV with mica track
detectors differ considerably from the more recent
results. ' The fusion data for the Ne+ Al sys-
tem, however, are still scarce compared to those for
' 0+ Al. ' ' The measurements for this sys-
tem have shown that notable discrepancies, oc-
curred between data from independent experiments,
and, that many experiments are useful, even neces-
sary, for a reliable assessment of the fusion cross
section excitation curve. Thus, although a large
body of fusion data is available for various sys-
tems, ' it is still worthwhile to concentrate experi-
mental efforts on some typical systems.

Measurements of the complete fusion cross sec-
tion of Ne with Al were performed in this work
at 32.5, 41.5, 50, 55.7, 63, 70, 100, and 151 MeV us-

ing gas counter telescopes. The data associated
with previous results' were analyzed in terms of
a barrier penetration model. The fusion barrier
parameters deduced were compared to those ob-
tained from an optical model analysis of the elastic
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scattering angular distributions that were measured
at 55.7, 63, 125, and 151 MeV by means of Si detec-
tors. The critical parameters ' were deduced
from the higher energy data, which were also com-
pared to the predictions of the statistical yrast
model. This simple model provided in a recent
analysis by Lee et al. a good description of almost
all existing fusion cross sections for compound sys-
tems up to A =80.

Medium-weight targets used in previous studies
of deeply inelastic collisions induced by Ne in-

clude Al at 120 MeV beam energy, ' Ca at 151
MeV, ' Ni at 164 MeV, Cu at 166 MeV, ' and
Cu at 170 and 252 MeV. The data are fairly illus-

trative of the concept of a rotating dinuclear com-
plex which separates into projectile and targetlike
fragments. In this work the angular distributions of
the projectilelike fragments produced by the

Ne+ Al collision at 151 MeV were measured
with an ionization chamber. The critical angular
momentum and the grazing one deduced from the
fusion and elastic scattering data were used in an in-

terpretation of the fragment kinetic energies in
terms of a rotating dinuclear system whose contrib-
uting initial angular momentum depends explicitly
on the amount of nucleon transfer. ' '

II. EXPERIMENTAL PROCEDURE

The experiments were carried out using Ne
beams from the Grenoble isochronous cyclotron.
Self-supporting natural Al targets were placed at
the center of a 1 m diameter scattering chamber.
Thicknesses of 50—100 p,g/cm were used for the
fusion measurements and 200 —500 pg/cm for the
deeply inelastic reaction measurements. The targets
were always protected from oxidation by vacuum or
argon atmosphere. A collimator composed of three
successive tantalum slits limited the focused beam
spot at the target position to about 3 mm in diame-
ter. Beam intensities up to 100 electric nA were
collected during the measurements by a Faraday
cup placed downstream of the scattering chamber.

The fusion cross sections for 30—100 MeV in-
cident energies were measured by detecting the eva-
poration residues with a gas-flow proportional
counter having a low resistivity Si detector on its
internal rear side; this counter has been described
previously. ' The experiments at 151 MeV were
performed with an ionization chamber described
elsewhere. ' Both counters were run with a mixture
of 90% Ar + 10% CH4 gas at constant pressures.
Low pressures corresponding to about 200 pg/cm

b,E gas detector were used for the detection of the
heavy evaporation residues, instead of pressures
about four times higher for the projectilelike frag-
ments produced by the deeply inelastic collisions.
The solid angles sustained by the bE gas counters
were limited to about 0.1 msr, allowing accurate
measurements at the small forward angles, whereas
the sensitive areas of the E solid detectors were
chosen to be large enough to take into account the
multiple scattering of some heavy fragments on the
3E-detector gas.

Two Si monitor detectors were placed at fixed
forward angles in order to obtain the relative nor-
malization of the fragment yield detected by the gas
counter, and to control the beam centering on the
target. The absolute normalization of the cross sec-
tion was obtained by comparing the fragment yield
to the elastic counts within the same E-hE com-
bination. The accuracy of the elastic cross section
measured by the gas counters was checked at 55.7,
63, 125, and 151 MeV by comparing the results to
the angular distributions that were independently
measured using solid-state detectors with the same
experimental setup as in Ref. 14. The consistency
between the fusion measurements made with the
proportional co@pter and with the ionization'
chamber was checked by comparing their data at 63
MeV. The overall features of the E vs b,E spectra
at 151 MeV are similar to those shown by Natowitz
et al. '9 in their study of the Ne+ Al system at
120 MeV.

The experimental procedure for obtaining the
fusion and deeply inelastic elemental yields, energy
spectra, and cross section has been described in de-
tail. ' ' Two typical elemental yields are plotted in
Fig. 1. The upper part shows the charge distribu-
tion of the projectilelike fragments detected at 14'

and 151 MeV incident energy, the elastic scattering
peak being discarded. The charge resolution ob-
tained is about hZ=0. 3. The lower part in Fig. 1

shows the charge distribution obtained at 63 MeV
and 10' by running the gas counter at low pressure.
The charge resolution is then about b,Z=1, suffi-
cient to separate the evaporation residues with
16&Z &25 from the lighter fragments produced
mostly by the large elastic scattering yield, the
background, and some small contributions from the
fusion of the Ne projectiles with C and 0 contam-
inants.

III. EXPERIMENTAL RESULTS

The fusion angular distributions were measured
from 4' to an angle where the contribution of the
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FIG. 1. Typical examples of energy-integrated elemen-
tal yields deduced from the ionization chamber E vs hE
two-dimensional spectra. (a) Projectilelike fragments
produced from 151 MeV ' Ne collision with ~7AI, detect-
ed at 14' by the gas counter run at high pressure (see
text); the elastic scattering peak is taken off the spectra
during the off-line data reduction. (b) Evaporation resi-
dues (16(Z &23) from the fusion of 63 MeV ~ Ne with
'Al, detected at 10' by the gas counter run at low pres-

sure.

yield to the angle-integrated cross section 0.~„, is
negligible. In order to obtain O.f„„the angular dis-
tribution was extrapolated into the 0' —4' region not
measured by fitting the data in the range 0' —8'

with the equation'

dot IdQ=a sin 8+b .

The or„, was actually deduced by finding the area
under the curve do'fag/18 vs 8, so that the uncer-

tainty due to the extrapolation procedure does not
exceed a few percent. Some typical dot„,jd8 angu-
lar distributions are shown in Fig. 2. The general
pattern is similar to that observed for other systems.
The integrated cross sections 0.f„, are reported in
Table I with errors including the statistical uncer-
tainty, the absolute normalization, and the extrapo-
lation procedure uncertainties. The Of„, are plotted
in Fig. 3 together with data at 120 MeV from Na-
towitz et al.,'9 at 138 and 210 MeV from Kozub
et al., ' and at 60—290 MeV from Bohne et al.

10

The excitation function has an average trend similar
to those obtained for neighboring systems such as
0+ Al, in agreement with the Glas-Mosel

picture.
The elastic angular distributions measured at

55.7, 63, 125, and 151 MeV are plotted in Fig. 4.
The errors are about +5% including statistical and
background subtraction uncertainties (+3%), and
absolute normalization errors (+3%). The angular
accuracy is about +0.05' and the Ne beam ener-

gies are determined with an uncertainty of about 1

MeV. The elastic cross section falls off to —, of the
Rutherford value at 52.7', 44.3', 19', and 16',
respectively. The numerical tabulations of the data
can be obtained from the authors.

TABLE I. Experimental fusion cross sections and crit-
ical fusion angular momenta.

E~,b (MeV)

32.5
41.5
50
55.7
63
70

100
151

og„, (mb)

125+10
450+35
712+60
823+40

1044+70
1090+70
1280+60
1007+50

5

13
18
20
25
27
35
38

gr$~
0

'IQQQ 41.5
l I

0 5 15 20 25
L&E) &NGLE (deg)

FIG. 2. Typical angular distributions of the evapora-
tion residue cross section for Ne+~7Al. The total
fusion cross section of„, is obtained by integrating the
solid curve over the angle. The most forward part not
measured is deduced from the extrapolation procedure
performed on the do.g„,/dQ angular distribution (see
text).
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FIG. 3. Fusion energy excitation curve for 2
Ne+ "Al

including data from Kozub et al. (Ref. 18), Natowitz
et al. (Ref. 19), Bohne et al. (Ref. 20), and the present
work. The solid line curve represents the Glas-Mosel
model calculations with parameters V~ ——19.21 MeV,
rz ——1.44 fm, V„=—73.08 MeV, and r„=0.73 fm. The
dashed line: calculations with the barrier penetration
model using the proximity potential with ro ——1.35 fm.
The dashed-and-dotted straight line (marked s.y.): sta-
tistical yrast model predictions using the parameters ob-

tained by Lee et aI. for ' 0+"Al, ro ——1.22 fm, and
EQ= 10 MeV.
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At 151 MeV, energy spectra were obtained for
fragments from Be to Al, in addition to the fusion
and elastic scattering measurements. Most spectra
present a bell-shaped distribution corresponding to
a strongly damped process. At backward angles
and/or for the fragments far from the projectile,
these distributions are nearly symmetric, and their
width is practically independent of the fragment
detected. But for the fragments near the projectile,
the distributions at forward angles are broader and
more asymmetric with a longer low-energy tail.
Some typical spectra are shown in Fig. 5. At angles
forward of the grazing angle a bell shaped structure
could not be clearly observed for the Ne fragment
because of the elastic scattering yield, the low-

energy background, and the increasing contribution
from inelastic scatterings and quasielastic com-
ponents, and also of the decreasing energy separa-
tion between the elastic peak and the strongly
damped component. For fragments with Z & 12 the
evaporation residues give rise to a low energy com-
ponent which superposes on and progressively dom-
inates the deeply inelastic component at forward an-

gle.
The elemental yields deduced from the bell-

shaped part of the fragment spectra present a clear
odd-even effect as a function of the fragment
charge, as illustrated in Fig. 1. This effect, also ob-

served in other systems, is partly attributable to par-

I I I I I I I I

20 40 60 80
c.m. ANGLE (degj

FIG. 4. Elastic scattering angular distributions for
~ Ne+~~A1 compared with the best-fit optical model cal-
culations using parameters in Table III.

ticle decays from the excited primary fragments
favoring the formation of final even-charge prod-
ucts. ' The variance of the charge distribution de-
cro„ases at forward angle where the yields of the
fragments near the projectile are strongly dominant,
similar to previous results. ' ' '

The elemental angular distributions displayed in
Fig. 6 are more and more forward-peaking when
the transferred nucleon number decreases. Those
for Be, B, and Mg are fairly close to the dashed
curves corresponding to a I /sin8, angular distri-
bution. The angular behavior of the total kinetic
energy EF calculated for the centroid of the bell-

shaped structure using two-body kinematics is
shown in Fig. 7. For fragments far from the projec-
tile, EF is nearly independent of angle while for the
other fragments, for example, N and 0, EF de-

creases as the angle increases up to about 30', and
then keeps a nearly constant value beyond this an-
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FIG. 6. Angular distributions of the bell-shaped part
of the spectra. The dashed curves are deduced from a
1/sino, angular distribution, using two-body kinemat-
ics and the most probable g values; the curves are nor-
malized to the data at 30'.
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FIG. 5. Bell-shaped energy spectra for fragments from
Be to Al produced by the 2

Ne+ "Al collision. Typical
statistical error bars are plotted. The solid lines are
drawn to guide the eye. At 8' the spectra are not shown
for Be, B, and C since their shape is nearly independent
of angle, whereas no clear bell-shaped structure can be
observed for Ne (see text).

gle. The overall features of the elemental cross sec-
tion and of the total kinetic energy suggest a fully
relaxed process for the production of Be, 8, and

Mg. Such a mechanism is also present for the other
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FIG. 7. Total kinetic energies of the fragment exit
channel in the center-of-mass system.
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fragments, but it should compete, particularly at
forward angles, with a fast interaction time process,
although the data for Ne+ Al are somewhat less
illustrative of such a competition than for slightly
heavier systems. '

The total elemental yields were obtained by in-

tegrating over angle the do /d8i, b deduced from the
angular distributions in Fig. 6. The do/d8i, b data
were extrapolated into the forward angular range
not measured by a smooth hand-drawn continua-
tion. For the Ne fragment, the data at angles less
than 10' were tentatively obtained by interpolation
between the distributions for F and Na; such an in-
terpolation is assumed in light of the forward angle
distribution similarity for those fragments. The
angle-integrated elemental yields are reported in
Table II where the error bars take into account the
statistics uncertainty and the extrapolation pro-
cedure errors. The cross sections so obtained actu-
ally include some contributions from the quasielas-
tic collisions, particularly at forward angles where
the deeply inelastic component cannot be unambi-

guously resolved from the quasielastic component.
Through the binary process, the fragments lighter
than the projectile have kinematically associated
particles which provide some contributions to the
lower-Z part of the evaporation residues. An accu-
rate evaluation of these contributions is rather diffi-
cult since the associated fragments are excited and

generally particle decay. With the use of the cross
sections in Fig. 6, a rough estimate was, neverthe-
less, made: These contributions, which may be sig-
nificant, about 10% for the intermediate fragments
around Z =13, represent only a few percent of the
total fusion cross section and are comparable to the
detection loss of the very low energy evaporation
residues falling below the energy threshold of the
gas counter. The contributions from the fission of
the V compound nucleus are expected to be negli-
gible since the fission barrier predicted by the

liquid-drop model ' vanishes at a relatively high
angular momentum, l =46%, compared to the
fusion critical angular momentum deduced from
the data with the sharp-cutoff approximation, and
reported in Table I.

IV. THEORETICAL ANALYSIS

A. Elastic scattering

The elastic angular distributions measured at
55.7, 63, 125, and 151 MeV were analyzed in terms
of the optical model. Calculations were performed
with the SPI code using a four-parameter poten-
tial

U(r) = Vc,„t- (V+i W)

1+exp I [r ro(A—&' i +A& ' i )]/a J

where Vc,„i is the Coulomb potential for a uniform-

ly charged sphere of the same radius as the complex
nuclear part. Since the present measurements were
limited to cross sections higher than 10 times the
Rutherford value and a smooth exponential falloff
was observed for the ratio o/oz beyond its max-
imum as shown in Fig. 4, a four-parameter poten-
tial is expected to provide an acceptable description
of the data, similar to previous works. '

Although measurements of large-angle elastic
scattering introduce more empirical constraints on
the optical model, the heavy-ion elastic scattering
is sensitive only to the surface region of the nuclear
potential, ' so that there is until now no definite re-
ceipt to determine unambiguously the potential
strength at the interior of the nucleus.

In the present analysis, the real potential strength
V is postulated as previously' ' to have the value
deduced from the liquid drop model by Siwek-
Wilczynska and Wilczynski, "

TABLE II. Energy- and angle-integrated elemental
cross section for deeply inelastic fragments produced in
the Ne+ Al collision at 151 MeV.

V=b,„g[Aq
i +Ay i

(Ar+Ar) ii]—, (3)

Fragment

Be
8
C
N
0

Yield
(mb)

12+ 2
35+ 3

130+13
105+11
315+50

Fragment

F
Ne
Na
Mg

Total

Yield
(mb)

195+ 30
(250+ 50

100+ 10
90+ 9

1230+180

where b,„~——17 MeV is the surface energy parame-
ter. For the Ne+ A1 system, V=56.86 MeV.

The strength V being fixed, a gridding search was
made for the imaginary depth W. For a chosen
value of 8' in the range 0—57 MeV the g minimi-
zation was performed by adjusting ro and a. The
best fits shown in Fig. 4 were obtained with 8' =45
MeV for all the angular distributions considered,
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and various combinations of ro and a tabulated in
Table III. The energy-averaged radius and diffuse-
ness are consistent with the results obtained for the

Ne+ Ca system' using Eq. (3) for V.

The experimental elastic scattering cross sections
in Fig. 4 fall off to —, of the Rutherford value at

c.m. angles 0&&4 reported in Table III together with
the classical grazing angular momenta deduced
through the Blair relationship

where q is the Sommerfeld parameter. The classi-
cal total cross section is then

where A; is the reduced wavelength.
The grazing angular momenta obtained with Eq.

(4) are practically equal to the angular momentum
for which the optical model transmission coefficient
is equal to 0.5, so that the 0.~

' calculated through
Eq. (5) are well consistent with the optical model to-
tal cross section O.z as reported in Table III. The
height and position of the s-wave interaction bar-

rier, also reported in Table III, will be compared to
the fusion barrier parameters in the next section.

B. Fusion

or„,=alt g (21+1)T(, (6)

Although promising results have been obtained
from microscopic approaches of the fusion pro-
cess, the simple semiclassical model based on the
penetration of the nucleus-nucleus potential barrier
was so far widely used to deduce the s-wave barrier
parameters. Fusion is assumed then to occur when

the nucleus-nucleus potential barrier has been

passed. ' Thus the fusion cross section is

COACT

I'~(g) =4ny &u(g),
Cp+ CT

where

(7)

where X is the reduced wavelength, and T~ is the
transmission coefficient which may be calculated
via the Hill-Wheeler parabolic approximation.

This model is used in the present analysis of the
fusion data. For each orbital angular momentum /

the nucleus-nucleus potential was assumed to con-
sist of the sum of the point charge Coulomb poten-
tial, the centrifugal component, and the nuclear po-
tential.

The nuclear potential may be the real part of the
optical potential deduced from the fits of the elastic
scattering data. Since the elastic scattering is sensi-
tive to a narrow part of the potential tail around the
strong absorption radius while the fusion process is
sensitive to closer distances, particularly to the
height and the shape of the interaction barrier, a
simultaneous fit of the elastic scattering with the
optical model and of the fusion data may provide a
reliable nuclear potential tail. In fact, the reaction
theory calculations involving the nuclear potential
require generally a potential taking into account ex-
plicitly the mass, charge, and size of the interacting
nuclei. By deducing such a potential would imply
an extensive systematic measurement and analysis
of the elastic scattering and fusion data. Universal
nucleus-nucleus potentials were, instead, deduced by
several authors' using simple basic assumptions.
Vaz et al. ' have used such potentials in a systematic
analysis of 87 fusion excitation curves In th.is work
the proximity potential is employed in order to
compare the results to those obtained in previous
works' ' using such a potential.

The proximity potentia1, derived by Blocki
et ul. assuming that the nuclear force is short in
comparison with nuclear dimensions, is given by

TABLE III. Optical model parameters' for Ne+ 'Al. Also reported are the total reaction cross sections o ~ deduced
from the elastic scattering fits, the fusion cross section of„, calculated from the real part of the optical potential, the
height Vq and position rq ——Rq l(20' '+27' ') of the interaction barrier, " the grazing angular momenta lg, deduced
from the c.m. quarter-point angle 6I~&4, and the classical total reaction cross sections o.q

E~,b (MeV) ro (fm) a (fm) oq (mb) of„, (mb) V~ (MeV) rz (fm) 0~~4 (deg) Ig (h) o'p ' (mb)

25
28
49
53

0.671
0.675
0.687
0.728

55.7
63

125
1S1

1274
1441
2147
2035

1.170
1.163
1.190
1.095

19.06
19.12
18.67
19.60

956
1082
1273
762

52.7
44.3
19
16

1.59
1.58
1.62
1.53

'With V=56.86 MeV (see text) and W =45 MeV. The energy-averaged radius and diffuseness are (ro) =1.15+0.04 fm
and (a ) =0.69+0.03 fm.
Energy-averaged values ( Vz ) =19.1+0.4 MeV and ( rz ) = 1.58+0.04 fm.
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@=0.9517(1—1.7826I ) MeV/fmz,

I= (Np+Nr Z—
p
—Zz. )/(A~+. Ar ),

(8)

and Cz and Cr are the half-density nuclear radii for
the projectile and the target, respectively, and I is
the neutron excess of the total system. The C's are
related to the equivalent sharp radii by

C,.=R,. 1 — + ~ ~
b

R
(10)

where b = 1 fm is the surface width, and

R =re —0.76+0.8'
with ro 1.28——fm. The function y(g) is expressed
in terms of the separation distance g between the
half-density surfaces

(12)

by means of a universal cubic-exponential formu-
la.

Blocki et al. have suggested that some variation
of the proximity potential standard parameters, par-
ticularly the nuclear radii, may be necessary in or-
der to take into account the individual nuclear
properties of the colliding nuclei. Vaz and Alex-
ander in a systematic analysis of the fusion data
have found that small changes in the parameters y,
b, and R are required to give reasonable fits to the
experimental data; variations in y or b have, howev-

er, much smaller effects than in R.
Calculations performed with the proximity po-

tential for Ne+ Al provided for the low-energy
part of the excitation curve results about 30%%uo lower
than the measured data if ro 1.28 fm——as recom-
mended by Blocki et al. To fit the data, as shown
in Fig. 3, ro had to be increased up to ro 1.35 fm. ——
Such a value is consistent with those deduced from
the Ne+ Ca and ' O+ Ca data, rp ——1.37 and
1.36 fm, respectively. ' Moreover, the near barrier
fusion cross sections of the ' 0+ Al (Refs.
22 —26) and 'sF+ Al (Ref. 47) can also be well

reproduced with ro ——1.35 fm. These results sup-

port a previous observation' that there is no signi-
ficant effect of the large static deformation of the

Ne projectile on the fusion cross section at ener-

gies immediately above the interaction barrier. This
deformatian leads to an enhancement of the total
reaction cross section o& by contributions fram
peripheral reactions, particularly inelastic scatter-
ings, so that of„, is appreciably smaller than o.z
even at energies not far above the interaction bar-
rier. In the present study on Ne+ A1, the ratio
o.~„,/o. ~ is about 0.7 in the 40—70 MeV laboratory

energy range.
The simple barrier penetration model based on

Eq. (6) is generally inadequate for the description of
the high energy part of the fusion excitation
curve. ' With a proximity potential having

rp = 1.35 fm the critical angular momentum I„for
Ne+ Al, defined as the angular momentum for

which the projectile just surmounts the barrier pro-
vided by the Coulomb, centrifugal, and nuclear po-
tentials, attains a saturated value, l„=37, for
E~,& &110 MeV, i.e., no minimum in the total po-
tential energy and then no fusion occurs for partial
waves with 1&37. The theoretical cross sections
calculated with Eq. (6) are then proportional to
1/E, as shown in Fig. 3, where the data are well

fitted up to about E&,&
——150 MeV.

In fact, the average trend of the data is rather in
the form

(rr„, nRJ (——1 —. Vj/E, ), (13)

with

and

RJ ——Rs ——1.44(20'~ +27'~ ) fm

VJ Vg: 19 2 1 MeV

for Elab 40—80 MeV,

RJ =R,„=0.73(20'~ +27'~ ) fm

and

is slightly larger. Similar results were obtained with
the proximity potential having rp ——1.35 fm in Eq.
(11): V~ ——19.4 MeV and

R =1 54(20' +27' ) fm .

In light of the fits displayed in Fig. 3, this proximi-

VJ ——V„=—73.08 MeV

for E~,&&120 MeV. Calculations using the Glas-
Mosel model with these parameters and a barrier
width %co=12 MeV reproduced fairly well the
whole excitation curve, as shown in Fig. 3. The
parameters Vz and Rz are the height and position
of the s-wave potential barrier, whereas R„and V„
are the critical radius and the potential at this dis-
tance. The average height of the interaction
barrier obtained from the optical model fits of the
elastic scattering data, Vz ——19.1+0.4 MeV, as re-

ported in Table III, is consistent with the value
from the Glas-Mosel model, whereas the average
position,

R =1.58+0.04(20' +27' ) fm



202 NGUYEN VAN SEN et al.

ty potential can provide an acceptable description of
the ion-ion interaction in the theoretical interpreta-
tion of the deeply inelastic collisions at 151 MeV,
discussed in the next section.

The higher energy fusion cross sections are also
compared to the predictions of the "statistical yrast
line" model, based on the formula

or„,=(+I,Ip)[1+(Q b,Q—)/E]j, (14)

where I, is the compound nucleus moment of iner-
tia assumed to be equal to that of a spherical rigid
body of radius R =roA, '~; p and E are the reduced
mass and c.m. energy of the entrance channel,
respectively; Q is the Q value for the formation of
the compound nucleus in its ground state, and b, Q
is an additional energy to the yrast line. The basic
assumption of this model is that heavy ions do not
fuse at the usual yrast line of the compound nucleus

where the nuclear temperature is T =0, and the lev-

el density low; fusion occurs if the system lies on or
above the statistical yrast line in a region with T p 0
and high level density. The statistical yrast line is
assumed then to run parallel to the yrast line with
an additional energy b, Q.

Most of the experimental cross section for sys-

tems up to A&+A2 ——80 could be fitted by Lee
et al. using Eq. (14) with the parameters

ro 1.20+0.——05 fm and bQ=10+2. 5 MeV. Some
experimental data, however, such as those on the
' 0+ Al system, do not follow the systematics of
this model. Lee et al. in a later work have shown
that in fact their own measurements agree with the
predictions from the statistical yrast line model, cal-
culated with ro=1.22 fm and b, Q =10 MeV. The
discrepancy of these predictions with the data at the
highest energy is attributed by the authors to the
underestimate of the fusion cross section in Kozub
et a/. ' measurements which excluded high Z nuclei
at energies (15 MeV from the fusion yields.

Figure 3 shows a similar situation for the
Ne+ Al system. The high energy part of the

fusion cross section, including the present measure-
ments and other available data, ' falls off, in
function of increasing energy, faster than the pre-
dictions from the statistical yrast line model using
the same parameters as for 0+ Al. Variations
on the parameters within the standard deviation in-
dicated by Lee et al. could not eliminate these
discrepancies.

C. Deeply inelastic collisions

The kinetic energies of the deeply inelastic frag-
ments reflect the scission configuration of the dinu-

clear complex, which may be approximately
described by two uniform spheres of radii R3 and
Rq joined by a thin neck. The mass centers of the
two spheres are then separated by a distance

d =R3+R4+5, (15)

where pf is the reduced mass of the exit channel
and F the ratio of the exit channel angular momen-
tum to the entrance channel angular momentum l;.
In classical friction models this ratio for a scission
configuration with a pure rolling motion is F= —,,
whereas for a rigid rotation of a sticking configura-

tion,

F=pf d l(IJ,fd +I3 +I4 ), (17)

where I3 and I4 are the moments of inertia of the
separated fragments,

2
Ig ———,m) R; (18)

I; being the fragment mass. The predominance of
the sticking configuration in deeply inelastic reac-
tions is supported by y-ray-multiplicity data
and previous analyses' ' ' of the fragment ki-
netic energies. Such a configuration is assumed in
the present analysis, which calculates the friction
factor through Eq. (17).

On light systems the centrifugal barrier in Eq.
(16) is comparable to the Coulomb one, so that the
rotation of the complex plays a significant role in
the behavior of the kinetic energy. An unambigu-
ous assessment of the rotational contribution in Eq.
(16) requires an exact knowledge of l;, d, and the
nuclear potential at d.

In their analysis of Ne+ 7A1 data at 120 MeV,
Natowitz et al. ' assumed that the deeply inelastic
collisions arise for any detected fragment from a
fixed angular momentum chosen to be just above
those leading to fusion. With V„„,~ taken from
Bass, they have solved Eq. (16) for the scission
distance which was found to be 10.2 fm for the
symmetric division. Braun-Munzinger et al. ' have
pointed out the ambiguities in such a determination
of the rotational energy based on measurements of
the fragment energies at a single bombarding ener-

gy. These ambiguities can be, nevertheless, removed
when the dependence of the final channel kinetic

where 5 is the neck length and R; is about
R, =1.2A, '" fm.

The total kinetic energy of the rotating dinuclear
system at scission is

, I;(l;+1)A'
Fp Vc,„](d——)+ V„„,](d)+F ~, (16)

2pf d
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energy on beam energy is analyzed. Such an
analysis performed by the authors for Cl+ Al
led to a large scission distance as in Natowitz
et al. ' And Betts and DiCenzo reanalyzing the
data for Ne+ Al and Cl+ Al assumed that
the scission effectively occurs at the critical distance

d =R„=1.0(AI' +A2' ) fm,

so that the nuclear potential V„at this distance can
be deduced from the fusion data. ' They demon-
strated that, in fact, equally consistent methods of
analysis can lead to quite different values for the
scission radius and concluded that a study of Eq.
(16) alone is insufficient for an unambiguous deter-
mination of the final fragment energies.

Indeed Eq. (16) can be satisfied either by a solu-

tion with d much larger than the nuclear radii so
that the nuclear potential is practically negligible or
by a solution with d comparable to the nuclear radii
where the increases of the Coulomb and rotational
parts can be compensated for by the attractive nu-

clear potential. In a recent study' of the system
Ne+ Ca, it was suggested that these two solu-

tions correspond to the two physical components of
the deeply inelastic collision: a fast interaction time
and partly damped component at forward angle,
and a fully damped component at backward angle.
The fully damped component is associated with a
large overlap between the colliding nuclei, i.e., with
a small impact parameter. It is reasonable to as-
sume then that the deeply inelastic collisions arise
from a few incident partial waves just larger than
those leading to fusion as in previous analy-

ses. ' ' ' The partly damped component near the
grazing angle is associated with a large scission dis-
tance. Since the dynamic equilibrium is not estab-
lished, the kinetic energy damping should depend
on the amount of nucleon transfer which is related
to the initial impact parameter, i.e., on the degree of
overlap between the interacting nuclei in the initial
stage of the reaction. It may be thus assumed that
the deeply inelastic transfer reaction is associated
with a small number of partial waves centered at

I; =al„+(1—a)ls, , (19)

where a accounts for the degree of nuclear overlap
and l„and lg, are, respectively, the critical and
grazing angular momenta. Equation (19) does not
include the contribution from the low angular
momentum window predicted by the time depen-
dent Hartree-Fock theory, ' but not yet experimen-
tally confirmed.

Assuming that the nucleon transfer is proportion-
al to the volume of one of the interacting nuclei

which is swept by the other nucleus, Simbel and
Abul-Magd' have shown that

a =(N/N, „)' (20)

and that the grazing occurs at

1V,„ is approximately

(22)

3
+max= 4~1

'2

1—
7gr

' 1/3 2

1
2+ (23)

The grazing distance Rg, can be deduced from the
quarter-point angle 8&~4 of the elastic scattering an-

gular distribution through the classical relationship

(24)
sin 2 ~1/4

Rg, —— 1+
k

where rl and k are the Sommerfeld parameter and
the wave number, respectively. With 6I1/4 ——16', as
reported in Table III,

Rs, ——1.55(20' +27' )=8.85 fm . (25)

With the critical radius deduced from the available
fusion data through the Glas-Mosel mo"el,
r„=073 fm, the .maximum number of transferred
nucleons is then N,„=18.6. If a standard value
r„=1 fm is used, N,„=8.4. This latter value is
more consistent with the experimental results, since
the fragments with N&8, such as Be and B, are
essentially produced by a fully equilibrated system:
Their angular distributions are very close to a
1/sin8, picture, their c.m. kinetic energies and
the width of their energy spectra practically in-
dependent of angle, as discussed in Sec. III. Thus a
critical radius of 0.73 fm deduced from the fusion
data in Fig. 3 is probably too small, and more mea-
surements at high energy are needed to clarify this
point. A similar conclusion has been drawn by Lee
et pl. in theIr analysIs of the 0+ Al fusion
data 18,22 —25

In the following calculations, a r„of 1 fm was
adopted, and then an Nma„of 8.4 was used in Eq.
(20). The initial angular momentum 1; was calculat-
ed through Eq. (19) with 1„=38and ls, =53, de-
duced from the fusion and elastic scattering data,

where N is the number of transferred nucleons and

N,„ is the maximum of this number corresponding
to a maximum overlap and then to the initial angu-
lar momentum equal to 1„. If it is assumed that 1„
corresponds to an overlap at the critical distance

(21)
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respectively. The nuclear potential in Eq. (16) was
the proximity potential, with ro ——1.35 fm in Eq.
(11), obtained from the low-energy fusion data fit;
the mass and charge dependence of the nuclear po-
tential is accounted for in the determination of the
proximity potential parameters. It was assumed
that the fragment mass is twice its charge, except
for Be considered to be Be. A point-charge poten-
tial was used for the Coulomb part,
Vc,„)(d)=Z3Z4e /d. The only parameter to be
varied in the calculations of the total kinetic ener-

gies Ez was then the neck length 5 defined in Eq.
(15).

Calculations with 5 =3.7 fm, corresponding to an
elongated dinuclear complex whose mass centers are
separated by a distance of 10.5 fm, are compared in
Fig. 8 to the data at 12'. The data at the grazing
angle, Og, ——9.5' laboratory, cannot be used since the
damped component is then dominated by the strong
quasielastic component, particularly for the frag-
ments near the projectile. With an angular momen-
tum dependence deduced from Eq. (19) the calcula-
tions, represented by the dashed line, yield a max-

I I I I I I I I I I

12'

(30-40 &

imum at the projectile charge Z =10, while the ex-
perimental distribution is centered around Z=9.
Such a shift is understandable in terms of particle
decay from the excited fragments prior to the detec-
tion. The kinetic energy calculated with Eq. (16)
should then be corrected for the kinetic energy lost
by the fragments through the evaporation process.

If the recoil effect is neglected, the postevapora-
tion kinetic energy of the detected fragment is

m3 —hm3El E3, (26)

where m3 and E3 are the mass and energy of the
primary fragment and hm3 is the mass loss. The
postevaporation total kinetic energy is then related
to the energy calculated in Eq. (16) by

hm3
EF——EF 1— hm3

1+
Pl~ —I3

(27)

where m, is the composite system mass.
The kinetic energy correction implies then the

calculation of the average number of particles eva-
porated by the fragment before detection. By as-
suming that the total excitation energy is divided
between the fragments in the ratio of their masses,
an iterative procedure using an evaporation code
and Eq. (27) may, in principle, be used to fit the ex-
perimental data. ' ' In this work the excitation en-

ergy of the projectilelike fragments is about 10—30
MeV. Such energies are not far above the threshold
for production of nucleons and alpha particles so
that the average number of particles evaporated de-
pends appreciably on both the charge and the mass
of the fragment. Measurements of the charge dis-
tribution alone are not sufficient for an accurate
determination of the decay mass hm 3.

A rough estimate of b,m3 can, however, be made
by assuming that the outcoming fragment loses its
excitation energy down to the particle threshold at
about 10 MeV by evaporating nucleons which take
off roughly 10 MeV each. The average number of
evaporated nucleons by a primary fragment is then

b,m =(E,„, 10)/10, — (28)

I I I I I I I

6 8 10 12

FIG. 8. Total kinetic energies of the fragments detect-
ed at 12' and angle-averaged values between 30' and 40'.
The solid {dashed) lines are calculations based on a rotat-
ing dinuclear model with {without) corrections for parti-
cle decay from the excited primary fragments.

where E,„, is the excitation energy in MeV. Calcu-
lations with the evaporation code EVA (Ref. 58) con-
firm the simple estimate in Eq. (28) to within 30%.

The particle decay corrections using Eqs. (27) and
(28) lead to the solid line curve in Fig. 8 (upper),
which is in qualitative agreement with the data
when the number of transferred nucleons X is
smaller than the maximum %,„=8.4. For frag-
ments with X&N „,an overlap factor + =1 was



27 FUSION AND DEEPLY INELASTIC COLLISIONS OF 2 Ne. . . 205

assumed in the calculations. In fact, their produc-
tion is governed by a fully equilibrated system, as
discussed precedingly.

Similarly, the angular behavior of the experimen-
tal cross section and kinetic energy shown in Figs. 6
and 7 suggests a fully equilibrated process for the
fragment production at angles backward of 30'. In
order to minimize the accidental uncertainties, aver-

age values of the kinetic energy between 30' and 40'
are plotted in the lower part of Fig. 8. The calcula-
tions were performed with 5 = —0.5 fm; that corre-
sponds to an interaction distance of 1.1
(20'~ +27'~ ) fm. The angular momentum l; be-

fore the scission was kept fixed to 1„+1=39.Par-
ticle decays of the primary fragments were also
corrected for using Eqs. (27) and (28). The data are
then well reproduced by these calculations based on
a fully equilibrated dinuclear complex formed by a
maximum overlap of the colliding nuclei in the ini-
tial stage. The mass centers of the dinuclear com-
plex are then separated by a distance of 6.5 fm in-

stead of 10.5 fm obtained for the elongated configu-
ration leading to the fast component.

V. SUMMARY AND CONCLUSION

The collision of Ne on Al was studied by
measuring cross sections of complete fusion, elastic
scattering, and deeply inelastic reactions. The aver-

age trend of the fusion excitation curve can be easi-

ly fitted by the Glas-Mosel model calculations to
deduce the s-wave interaction barrier and the criti-
cal parameters. The high energy part is in notable
discrepancy with predictions from the statistical
yrast line model. However, no definite conclusion
can be drawn since a critical radius of 0.73 fm de-
duced from the data presently available is probably
too small and more measurements at high energy

are needed to clarify this point.
Angular distributions of the deeply inelastic

products were measured at 151 MeV for fragments
from Be to Mg. Although the we+ Al system is
relatively light, the main features of the data are
similar to those observed for heavier systems. The
fragment total kinetic energies were interpreted
with a model based on the scission of a rotating
dinuclear complex whose contributing initial angu-
lar momentum depends explicitly on the amount of
nucleon transfer. The production of the Be, B, and
Mg fragments is determined essentially by a fully
equilibrated dinuclear complex whose components
are separated by a distance close to the fusion criti-
cal distance. The rotational energy contribution to
the fragment kinetic energy is determined by the
angular momentum just greater than l„. Such a
process is also present in the production of the frag-
ments closer to the projectile, but it competes at an-
gles around the grazing one with a fast interaction
time process governed by the formation of an
elongated dinuclear complex having a neck length
of about 3.7 fm. The amount of transferred nu-
cleons depends then on the initial angular momen-
tum of the colliding nuclei, which determines their
degree of overlap through their initial impact
parameter. A qualitative understanding of the frag-
ment production in the deeply inelastic collisions
was obtained through the present crude approach.

In light of the results obtained in this work it
would be useful to perform a more detailed investi-

, gation of the Ne+ Al system based on a com-
plete measurement of the mass, charge, and energy
spectra of the reaction products. Some preliminary
data have been reported elsewhere.
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