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Fusion and elastic scattering cross sections were measured for ' Ne bombardments of ' Ca from 44 to 70
MeV. The evaporation residues from the compound nucleus decay were detected by a gas counter telescope.

The fusion data were compared to results for "0 + ' Ca within the framework of the proximity, the Siwek-

%'ilczynska and Wilczynski, and the folding model potentials. Although the ratio crf„,/cr~ is appreciably lower

for Ne than for ' 0, consistent results were obtained for o.,„,within the experimental uncertainties.

NUCLEAR REACTIONS Ne+ Ca, E=44.1 to 70.4 MeV; Measured evapora-
tion residue 0 (E, 0). Deduced 0 (E) total fusion excitation functions. Mea-
sured elastic scattering 0 (8). Natural target. Deduced ion-ion potentials.

I~

I. INTRODUCTION

The relationship between the elastic scatter-
ing and the total reactior. cross sections for
heavy ions has been widely investigated. "Op-
tical model fits of the elastic scattering or
even the classical Blair quarter-point recipe' can
furnish a reasonable estimate of the reaction cross
section 0„. However, direct accurate measure-
ments of oR are rather difficult in contrast to the
fusion cross section o, . Mostly with gas counter
telescopes, a large body of fusion data' has been
obtained with good accuracy in the last few years.
For small Z,Z, systems at low energies, it has
been often assumed that 0,„,=OR,. thus the fusion
barrier deduced from theoretical analyses" is
nearly indistinguishable from the reaction bar-
rier. In fact, the ratio of 0, to eR might depend
on the nuclear structure~ffects which give rise
in some cases to a noticeable contribution from
processes occurring at the nuclear surface, such
as inelastic scattering or transfer reactions.

In a recent study of the system "0+ 'Ca, Qees-
aman et a/. ' have sho~n that the fusion cross sec-
tion in the energy range 45 to 63 MeV accounted
for about 9%o of the os calculated from the optical
model fit of the elastic scattering. It has been
observed in a previous work' on the ' Ne scatter-
ing from "Ca, in a similar energy range that the
inelastic scattering cross sections for excitation
of the lower collective states of the projectile and
the target exhausted about 20% of the crs deduced
from the elastic scattering. If the contributions
from other peripherial processes are also in-
cluded, the ratio o,„,/o„ is expected to be appre-
ciably lower for "Ne than for "G. Within the
framework of recent theoretical models based on
universal ion-ion potentials" there should,
nevertheless, be some consistency between the
fusion data for the two systems. The purpose of

the present work was to look into this consistency
by measuring the fusion cross section for ' Ne
+"Ca from 44 to 70 MeV. The comparison with
the "0data was performed through calculations
using the proximity and the Siwek-Wilczynska and
Wilczynski' potentials together with the Hill and
Wheeler parabolic approximation. ' Calculations
were also done with the folding model by the
Brink and Howley method. "

Elastic scattering angular distributions for
"Ne+ "Ca were also measured simultaneously
with the fusion. The data were analyzed in terms
of the optical model. The interaction barrier
deduced from the real part of the optical potential
was compared to the results obtained from the
preceding models.

II. EXPERIMENTAL PROCEDURE

The measurements were performed inside a
1 m diam scattering chamber, for both the elastic
scattering and the evaporation residues following
complete fusion. Self-supporting natural Ca tar-
gets 100 p. g/cm' thick were bombarded with "Ne
beams provided by the Grenoble isochronous cy-
clotron. A collimator composed of three succes-
.sive tantalum slits limited the focused beam spot
at the target position to about 3 mm in diameter.
Beam intensities from a few nA to 200 nA were

. collected during the experiments by a Faraday cup
placed downstrea, m of the scattering chamber.

The elastic spectra were obtained by means of
five Si surface-barrier detectors mounted at 8'
lab intervals on an arm movable around the target.
Ea.ch detector has in the lab frame an angular ac-
ceptance of about 0.5' and a solid angle of about
0.15 msr. The angular uncertainty on the detec-
tion angle was about +0.05 . Two solid-state mon-
itor detectors were placed at fixed angles in the
forward hemisphere of the chamber in order to
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evaporation residues from complete fusion of
"Ne+"Ca are clearly identified at the bottom right
part and well separated from the lighter products.
The spectra were, however, worsened at very
small forward angles because of the huge yield
of "Ne and some contribution from the fusion of
"Ne with carbon and oxygen contaminants on the
target. The measurements were discarded when-
ever the yield of the evaporation products could
not be obtained with an accuracy better than 10%.
The relative angular distributions were obtained
by using the monitor detector counting, whereas
the absolute values mere deduced from the ratio
of the fusion to the elastic yields.

iII. EXPERIMENTAL RESULTS

FIG. 1. E-AE spectrum at 63 MeV and 8' lab. The
square root of the yield is presented in the vertical
scale for events having more than one count. The moun-
tain of events with large AE arid' low E belongs to the
evaporation residues from the ' Ne+4 Ca fusion.

obtain the relative normalization for the mea-
sured angular distributions, and to control the
stability of the beam energy and the position of
the beam spot on the target. The absolute values
of the cross section were obtained by normalizing
the elastic scattering data at forward angles to
the calculated Rutherford cross section.

The evaporation residues mere detected on the
opposite side of the beam direction by a gas-flow
proportional counter having a low resistivity Si
detector on its internal rear side. The proportion-
al counter consisted of a single tungsten wire cen-
tered along the axis of a 5.5 cm long, 2 cm diam
cylinder. The counter was run with a mixture of
90 jr' Ar +10/o CH4 gas at constant pressures giving
thicknesses of about 200 pg/cm' and with a Pary-
len-C (Ref. 11) entrance window, 0.3 p. m thick.
The solid angle of the &E counter was limited to
about 0.1 msr in order to permit accurate mea-
surements at small forward angles and to account
for the multiple scattering of the heavy products
in the gas of the counter. The &F.-E spectra were
analyzed in 128 & 128 channel arrays by a conven-
tional multichannel analyzer and recorded on
magnetic tapes by means of a PDP-S computer.
A typical spectrum is shown in Fig. 1 where the

From the E-~E spectrum of the gas cmlnter
telescope, the fusion mountain could be converted
into an energy distribution. Pulse-height defects
for heavy ions in the Si surface-barrier detector
were corrected using the methods in Refs. 12 and

13. Energy losses in the target, the Parylen en-
trance windom, and the dead layers of the Si de-
tector were also taken into account by means of the
Northcliffe and Schilling stopping powers. " Some

typical energy spectra are shown in Fig. 2; the
accuracy of the energy scale is about +1 MeV.
The residues are peaked at roughly the same vel-
ocity as the original compound nucleus.

Fusion angular distributions obtained from 4'

to 24 lab are shown in Fig. 3. In order to get the
angle-integrated cross section gr (E), the angular
distribution was extrapolated into the forward
region not measured by fitting the data in the
range 0'-8' with the equation

dcrr„, /dO =a sin'8 +5 .

This form is roughly consistent with the statistical
model calculations. " The or (E) is a.ctually ob-
tained by finding the area, under the curve dcr/d8

vs 8, so. that the uncertainty due to the extrapola-
tion procedure is less than a few percent. An ex-
ample of dcr/d8 is shown in the inset on Fig. 3.
The integrated gr (E) plotted in Fig. 5 have an
accuracy of about 5-8/0, taking into account the
statistical uncertainty, the absolute normaliza-
tion, and the extrapolation procedure errors.

The elastic scattering angular distributions ob-
tained from 44.1 to 70.4 Me& are plotted in Fig. 7.
The relative errors are about +5~/~ including statis-
tical and background subtraction uncertainties
(+4%), and absolute normalization errors (+3/~).
The numerical data can be obtained from Ref. 22

for the fusion and elastic scattering cross sections
illustrated in Figs. 5 and V.
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FIG. 2. Typical energy spectra of the evaporation
residues compared to the statistical model calculations
using the EVA code (Ref. 15). The arrows indicate the
theoretical (TH) and experimental (Exp) centroid ener-
gies.

lV. THEORETICAL ANALYSIS

A. Fusion

Theoretical calculations of the fusion energy
spectra were carried out using the statistical
model by means of the EVA code" which is an im-
proved version of the DFF evaporation code." It
was assumed that a complete equilibration of the
excitation energy is reached among the constitu-
ents of the Zn compound nucleus. Emissions of

n, p, d, t, 'He, and n were considered in the cas-
cade calculations. The evaporation particles were
a,ssumed to be emitted isotropically in the center-
of-mass frame. The simple Fermi-gas formula
was used for the level density with a level-dens-
ity parameter a =A/8, where A is the mass of the
decaying nucleus.

Four typical calculated spectra are compared
with the experimental data in Fig. 2. The theoret-
ical results are normalized so as to have the area
under ihe curve equal to the fusion cross section.

FIG. 3. Fusion angular distributions for "Ne.+ Ca.
The solid curves guide the eye through the experimen-
tal points. Extrapolation at.forward angles is perform-
ed with do/dO=asin 0+5 (see text). An example of
do/d8 distribution used to obtain the angle-integrated

0&„s{E) is shown in the inset.

The arrows on the energy axis mark the centroid
energies (E) =En;E;/Bx; of the distributions. At
63 MeV a good agreement was obtained for the
(E) whereas the width of the calculated distribution
is slightly narrower than the experimental data.
At 44.1. MeV a better agreement was obtained for
the distribution width, while the theoretical (E)
was shifted to lower energy by abmt 2 MeV; this
shift is not really conclusive in light of the ex-
perimental scale uncertainty.

The statistical model calculations for the angular
distributions are compared with the data in Fig. 4.
Because the EVA code did not provide ihe absolute
cross section, the calculations are normalized to
the experiment at the forward angles. At angles
larger than 10' the theoretical angular distribution
has a slope steeper than the experiment. Attempts
made to improve the fits by variations of the level
density parameter did not give conclusive differ-
ences. These discrepancies are probably due to
the large angular momentum of the compound nu-
cleus, which favors the emission of composite
particles. The yield of those particles is. under-
estimated in the present evaporation calculations
which do not take into account the angular moment-
um effects. Because the yield at large angle is
determined kinematically by the contribution from
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FIG. 4. Comparison of the fusion angular distribu-
tions for Ne+ Ca at 44.1 and 63 MeV with the statis-
tical model calculations (Hef. 15).

the light evaporation residues, the theoretical
angular distribution decreases more quickly than
the experiment.

The fusion energy excitation functions were com-
pared to calculations' assuming that fusion occurs
when the ion-ion potential barrier 8, has been
passed. Thus the fusion cross section is

I
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FIG. 5. Fusion energy excitation function for ~oNe

+ Ca compared to theoretical calculations. (a) solid
line: proximity potential calculations with y() =1.28 fm in
Eq. (4) (lower curve) and yp=1.37 fm (upper); dashed
line: SR%' potential with ro=1.128 fm in Eq, (8) gower)
and y()=1.241 fm (upper). {b) solid line: folding model
calculations; dashed line: Glas-Mosel calculations;
dash-and-dotted line: average trend of the total reaction
cross section.

o, = w A.'Q (2l + 1)T, ,

where A, is the reduced wasrelength, and T, is the
transmission coefficient which is calculated via
the Hill-Wheeler parabolic approximation. '

For each orbital angular momentum / it was
assumed that the ion-ion potential consists of the
sum of the point charge Coulomb potential, the
centrifugal component, and the nuclear potential.

The nuclear potential cannot be determined with-
out ambiguity from the elastic scattering data
which are sensitive only to a narrow part of the
potential tail around the strong absorption radius.
The fusion process, even at low energies, is sen-
sitive to closer distances, particularly to the
height and shape of the interaction barri. er. Sev-
eral universal ion-ion potentials have been de-
rived in the last few years. '~' "

By assuming that the range of the nuclear force
is short in comparison with nuclear dimensions,
Blocki et al. ' have shown that the ion-ion potential
is given by

where

y =0.9517(1 —1.7826P) MeV/fm',

I =(Np+N~ —Zp —Zr)/(A q+A r) .

C~ and C~ are the half-density nuclear radii for
the projectile and the target, respectively. C is
related to the equivalent sharp radius by

C; =Z;[1 —(f/R;)'+. . . J,
where b =1 fm is the surface width, and

g,. =r, A '"—0 76+0.8A,.-'/'.

The function 4(g) is expressed in terms of the
separation distance p between the half-density
surfaces

t- =(~ c, c,)/f--

(4)

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

Calculations performed with the proximity po-
tential in Eg. (2) for "Ne +"Ca are compared to
the experimental data in Fig. 5(a). The theoretical
results are about 35% lower than the measured
data if x, =1.28 fm as recommended by Blocki
et al. ' In order to fit the data. , r, had to be x, =1.3V

fm, a,s shown by the upper solid line in Fig. 5(a).
Similar results were obtained for the "O+"Ca
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fusion data taken from Geesaman et al. ' The best
fit was obtained in Fig. 6(a) with nearly the same

as for the "Ne data, that is, ro 1 36 fm.
Theoretical calculations were also carried out

with another potential derived by Siwek-Wilczyn-
ska and Wilczynski (SWW)' from the liquid drop
model. The potential is postulated to have a
Woods -Saxon form

V(x) =-V,f1+exp[(r —C~-Cr)/afar ',
with

V, =b,„,gg~' '+A 3 —PL +A )~ ']

where 5,„,& = 17 MeV is the surface energy param-
eter. Moreover, the maximum force acting be-
tween the two nuclei is supposed to be

v, c,c,
dk -~p~p 4a C +C (7)

The half-density radii C~ and C ~ are given by

C,. =y, A '~'(1 —0.786A. '~') v, =1.128 fm. (8)

The diffuseness is obtained from Eg. (7).
Calculatioris were performed for both the "Ne

+ 'C a, and "O+ ~'C a fus ions us ing the SWW poten-
tial in Eq. (5). Comparisons with the experiment-
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FIG. 6. Fusion energy excitation function (Ref. 5) for
O+ Ca compared to theoretical calculations. (a)

proximity potential calculations with r&= 1.28 fm in
Eq. (4) (lower solid curve), ro= 1.36 fm (upper solid
curve), and ro= 1.37 fm (dash-and-dotted curve); SWW
calculations with ro = 1.128 fm in Eq. (8) (lower dashed
curve) and r~ = 1.241 fm (upper). (b) folding model cal-
culations with r z= 1.06 fm (solid curve) and r z,
= 1.10 fm (dashed curve) ~

o,„,=mA. '(l, +1)' (10)

by using the sharp cutoff approximation, i.e. ,
T, = 1 for l ~ l, and T, = 0 for l ~ l,. Calculations
following such a procedure were performed for
the "Ne +"Ca and the "O +"Ca data. The same
parametrization as in Ref. 10 was adopted. The
Woods -Saxon shape of the projectile has a radius
Rp =1.04A ~'~ fm, a diffuseness a~ =0.54 fm, and
a central density

al data are shown in Figs. 5 and 6. The calculated
value s are clear ly lower than the experimenta, l
data, unless a larger r, is used in. Eq. (8). Good
agreement was obtained with x, =1.241 fm in both
Figs. 5(a) and 6(a). These results are consistent
with the proximity potential calculations. For both
the models, radii of C~+C„=1.18 (4~'~'+A r'~')
fm had to be used instead of the original values.

Another potential which was studied in the pre-
sent analysis is the folding model potential. The
interaction potential between two nuclei whose
densities do not overlap too much can be calcu-
lated by folding the nuclear density distribution of
one nucleus with the real part of the single -nucleon
optical potential of the other; If the nucleon den-
sity distribution and the single -nucleon optical
potential are assumed to have Woods-Saxon form
factors, analytic approximations" can be derived
for the folded potential and its derivative for large
separations of the interacting nuclei. These ap-
pr oximations should be valid in the region of the
interaction barrier so that a simple iteration pro-
cedure allows one to deduce the height, the posi-
tion, and the shape of the barrier 8, from l =0
to l =l„ l, being the critical angular momentum
defined as the angular momentum l, for which
the projectile just surmounts the barrier provided
by the sum of the C oulomb and centrifugal poten-
tials and the real part of the nuclear potential.

The critical angular momentum l, has been ori-
ginally" derived from the elastic scattering exper-
imental cross sections by using the classical re-
lationship'

L, =l, g~ =@cot(8,(4/2),

where q is the Sommerfeld parameter and Hz /4 is
the angle at which the observed cross section has
fallen to 4 of the Rutherford result. In fact, the
angular momentum deduced from Eq. (9) is re-
lated to the total reaction cross section which,
in addition to the fusion process, takes into ac-
count the peripheral reactions occurring on the
tail of the ion-ion potential.

It might be more suitable to use the fusion
cross section in order to obtain the critical ang-
ular momentum used in the folding model. " Equa. -
tion (1) could be reduced to
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FIG. 7. Elastic scattering angular distributions for
Ne+ Ca compared to the optical model calculations

with parameters in Table I.

p =0.212(1+2.66A '
) 'fm '.

The single-nucleon potential for the target nu-
cleus has a Woods-Saxon form factor with depth
V~=50 MeV, diffuseness a~=0.65 fm, and radius
&~=r~A~' ', where ~~ is taken to be a free pa-
rameter. The radius x~ is searched in order to
get for the folded potential a critical angular mo-
mentum l, equal to the value deduced from the fu-
sion data through Eq. (10). The best fits were ob-
tained with x~ =1.10+6.03 fm. Calculations per-
formed with the average x~ are shown by the solid
line in Fig. 5(b). With the same radius, the theo-
retical results for the system ' P+ 'Ca are about
5% higher than the experimental data. Very good

agreement with the data can be obtained with a
slightly lower value, x~ =1.06 fm.

If Eq. (9) had been used to deduce the critical
angular momentum from the quarter-points of the
elastic scattering shown in Fig. '7, radii of x~
=1.25-1.30 fm would be obtained for the "Ne+"Ca
folded potential, similar to previous results for
Ge targets. "

The Glas-Mosel model4 was also used to fit the
'Ne+4'Ca experimental data. . The dashed curve

shown in Fig. 5(b) was obtained with Vs =28.60
MeV, R~ =9.34 fm, hu =10 MeV, the high-energy
parameters being arbitrarily fixed to V„=O MeV,
R /(A ' '+A r'~') =1 fm. The large 8&v might re-
flect effects" due to the large deformation of "Ne;
more measurements near the Coulomb barrier
will be needed in order to clarify this point.

B. Elastic scattering

The elastic scattering angular distributions were
analyzed in terms of the optical model. Calcula-
tions were performed with the SPI code" using a
four -parameter potential

(v+fw)
I +exglr r, (/1 "'-+A '~')]/a} '

where V~,„, is the Coulomb potential for a uniform-
ly charged sphere of the same radius as the com-
plex nuclear part.

The determination of the nuclear potential
strength is actually subject to ambiguities, so
that V could be fixed arbitrarily. In order to com-
pare the ion-ion potential obtained from the elastic
scattering with the SWW potential, Eq. (6) was
used, to calculate the strength V which is V =65.54
MeV for 'Ne +"Ca.

For each angular distribution a gridding search
was made for the imaginary depth. For a chosen
value of W in the range 0-65 MeV the X' minimi-
zation was performed by adjusting x, and a. The

TABLE I. Optical model parameters for Ne+ Ca. The total reaction cross sections
Oz deduced from the elastic scattering fits and the fusion cross section (TfUS calculated from
the real part of the optical potential are compared to the experimental fusion data.

E/gb (Mev) r (fm) g (fm) ~~ (mb) ~6M ( b) 0 fgs ( mb)

44.1
48.9
51.2
55.7
60.2
63
70.4

1.176
1.137
1.207
1.180
1.199
1.203
1.195

0.69
0.716
0.666
0.68
0.679
0.669
0.681

338
577
769
931

1145
1227
1436

132
325
531
656
844
921

1078

160+ 20
340+ 25
477+30
605 +45
743+ 60
852 +60

1121+ 90

With V =63.54 MeV (see text) and W=40 MeV. The energy-averaged radius and diffuseness
are (r) =1.18+0.02 fm and (a) =0.68 +0.02 fm.
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TABLE II. Height and position of the interaction bar-
rier for ~ONe+ Ca.

Model V~ (Mev) x~ (fm) V&(R~) (MeV) '

Proximity
SWW
Folding
Glas- Mose l
0Mb

28.3
28.0
28.7
28.6
28.0

1.53
1.53
1.52
1.52
1.55

-2 ..46
—2.64
—2.52
-2.24
—2.25

Nuclear potential at the barrier maximum, R~ =x~
1/3 +~ i/3)

b Energy-averaged values V~ = 28.0 + 0.3 Me V, x~ = 1.55
+0.03 fm, and V&=-2.25+0.10 MeV.

best fits could be obtained with 8' around 40 MeV,
so that W was also fixed to this value and only x,
and a were adjusted in order to get the fits shown
in Fig. 7. The parameters x, and a so obtained
are reported in Table I. Their average values
(x) =1.18+0.02 fm and (a) =0.68 +0.02 fm differ
by about 10% from the SWW potential parameters
deduced from the best fit of the "Ne+ 'Ca fusion
excitation function, namely, r, =(C +Cr)/
(4 '~3+4 '~3) =1.136 fm and a =0.777 fm.

Also reported in Table I are the total reaction
cross sections o ~, together with the fusion cross
sections o, "calculated from the real pa.rt of the
optical potential by using Eq. (1). The a f„, are in
fair agreement with the measured data o,'"„~. The
average trend of gs is plotted in Fig. 5(b). The
af"„, account for about 65% of os for 20Ne+'OCa,

instead of the 90% for "0+"Ca.
The position and height of the s-wave interaction

barrier and the nuclear potential at the barrier
maximum deduced from the real optical potential
are comparable with results from the other models
as reported in Table II.

V. CONCLUSION

Cross sections for the complete fusion of "Ne
with 'Ca were measured by detecting the evapora-
'tion residues from the Zn compound nucleus de-
cay with a gas-flow counter telescope. Discrep-
ancies between the experimental angular distribu-

tions and the predictions from the simple evapora-
tion model suggested large angular momentum
effects. A more detailed study is desirable.

The fusion excitation curves could be reproduced
by calculations using the proximity. and the Siwek-
%'ilczynska-Wilczynski potentials, provided larger
radii were used, na, mely, C; =1.13A' ' fm. Such
a variation of the radii does not contradict the
physical content of the models. Indeed, Blocki
et al. ' have suggested that some variation of the
proximity potential standard parameters, partic-
ularly the nuclear radii, may be necessary in order
to take into account the individual nuclear proper-
ties of the colliding nuclei; this should also be
true for the SWW potential. The results from the
present work are in agreement with conclusions
from a systematic analysis of the fusion data using
the 'proximity potential. " Paz and Alexander" 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, how-
ever, much smaller effects than in R. The best
fit increases &R plotted vs the charge product
Z~Z~ scatter around an average curve having a
broad maximum at aboutZ+Z~ = 200, which is the
value for the "Ne+ Ca system.

Although the ratio of the fusion to the total reac-
tion cross section is noticeably lower for "Ne+"Ca
than for "0+ 'C a, there is a consistency between
their fusion data. Both data could be reproduced
with nearly the same parameters within the frame-
work of the proximity, the SWW, or the folding
potential.

The elastic scattering data for "Ne+ 'Ca were
analyzed in terms of the optical model using a
four-parameter potential. When the strength of
the potential real part was fixed to the value pos-
tulated in the SWW model, the interaction barrier
characte. . istics deduced from the best-fit optical
potential were comparable to that provided by the
other models.

The authors wish to thank A. Maurice for dedic-
ated technical, assistance, and Dr. Y. Eyal for pro-
viding them with the EVA code.
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