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Abstract: Elastic scattering of 35Cl and 37Ci on 24Mg was measured at two c.m.

energies. Optical model analysis with different potentials are compared. Isotopics

effects on absorption are observed. The closure approximation model is found to give

a good reproduction of experimental data.
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Introduction

Systematic measurements of elastic scattering between s-d shell nuclei have been pre-
viously performed by us in order to test the mean field approximation to heavy-ion inter-
action. In those experiments only scattering between closed, or nearly closed, sub-shell
nuclei was studied. A generally good fit to experiments was obtained by analysing the
data with two different microscopic models for describing the heavy-ion effective interac-
tion ' ). First the double folding model ) with the M3Y nucléon-nucléon interaction )
which gives a real potential, was used in the analysis with a fitted renormalisation factor
and a fitted imaginary potential of Woods-Saxon shape ). Second, in the double folding
model with a complex interaction ), which gives a complex heavy-ion potential, both real
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and imaginary potentials were renormalised by factors fitted to reproduce the data )- In
both models good fits were obtained with however an unphysically large renormalisation
of the imaginary potential in the second model which is, by construction, better adapted
to higher incident energies.

In the present work we study elastic scattering of two isotopes of chlorine on 24Mg at
two different energies. The projectiles are open sub-shell nuclei while the target is strongly
deformed. Therefore these systems provide a test of models in a situation where the
non-elastic channels, responsible for the absorption and for corrections to the real folding
model potential, are probably more complicated and more numerous than in the systems
previously studied (for example transfer channels are expected to have large contributions).
On the other side, the comparison of the present two systems provide information about
the effect of substracting two neutrons off a closed shell on the effective interaction.

The data are analysed in three different ways. First, an optical model analysis is
performed with six parameters to be fitted on data. Second, the real potential is calculated
in the folding model using the M3Y interaction. As previously it is renormalised by a factor
which is fitted on data together with the three parameters of the Woods-Saxon imaginary
potential. At last, a different analysis is performed in the closure approximation model
' ) where the real and imaginary potentials are calculated simultaneously and where

all non-elastic channels are globally but approximately included. The strength of the
separable effective nucléon-nucléon interaction is adjusted to match the real potential at
large distance and large incident energy, but no parameter is fitted to reproduce the data.

In section I a brief description of the experimental set-up is presented. In section II our
three methods of data analysis are reported and the corresponding results are discussed.



Section III is devoted to our conclusions.

I - Experimental method

The experiments were done at the MP tandem of the CRN of Strasbourg. The targets
were obtained by evaporating 20jig/cm2 of 24Mg on a 20/zg/cm2 carbon foil ). Two
position sensitive detectors (48 x 9 mm2), set in time coincidence, placed at 160 mm
from the target on each side of the beam, were used to identify the reaction products
by kinematical coincidence method described in ref.l. On line analysis was performed

Q

providing a permanent control of the measurements ).

Elastic scattering of 30C/, 37C/ on 24Mg was measured at two incident energies chosen
to be the same in the c.m. system for both systems (40.7 and 48.8 MeV).

In fig.l, Q-spectra of scattering events for both systems are shown. The Q resolution
was ~ 400 keV(FWHM) which allowed to resolve the elastic and inelastic scattering. Ab-
solute values of the cross sections were obtained by normalising to Rutherford scattering
at the most forward angles. Elastic angular distributions are given in fig.2. The error bars
include both statistical and normalisation errors. The later were estimated to be of 2% at
both energies .

II - Elastic scattering analysis

The data analysis is performed with three different models. First, phenomenological
Woods-Saxon potentials with six parameters arc used. For each system and each energy,
the fit to the data is very good and we are able to determine a sensitivity radius. R f , where
ambiguities in the determination of the potentials are minimum. The value of the potential
at Rf and the reaction cross section are quite well determined ), but it is difficult to draw
any genera! statement on the behaviour of the average potential in such an analysis.

The other two models are semi-microscopic and microscopic respectively. The first



one is the well known folding model with the M3Y interaction ) which describes I::L- real
part of the average potential. This model is able to reproduce a large amount of experi-

o

mental data ) when a fitted imaginary potential is added. However, it has been observed
) that at incident energies close to the Coulomb barrier the folding model potential

is not deep enough which means that corrections to the folding term become important at
those energies. These further contributions are usually introduced empirically by adding
in the analysis one more parameter, an energy dependent factor which renormalises the
real potential. The second model ' ) relies on several assumptions so that closure rela-
tions over the complete sets of target and projectile states can be used. In this model
contributions of many non elastic channels, including polarisation terms and multistep
channels, are involved. Therefore it should be well adapted to study this increasing of the
real potential near the Coulomb barrier. The model, as we will see below, introduces an
effective interaction, the parameters of which are determined from the real potential of the
M3Y folding model in the vicinity of the sensitivity radius, but no parameter is fitted in
the data analysis procedure.

In the following we will give only the results of the analysis with the two first models
as they are now well known. The third model will be described with more details. The

12ECÎS code ) was used for all the cross section calculations.

1 • Phenomenological potentials

Woods-Saxon form factors are chosen for the real and imaginary parts of the optical
potential. The Coulomb potential was calculated in the standard way taking rc — 1.2
fm. Due to the strong absorption, only the tail of the potential can be known and thus
various families of best fit potentials can be found. The corresponding calculated angular
distributions only differ at backward angles where no experimental data are available. The
best fit potentials (defined by x2/n < 2.5) at a given incident energy all intersect in a
narrow range of R with a mean value called the sensitivity radius R$. In table 1 are given
the parameters of one best fit potential at each incident energy, the Rs values, the mean
values of the real potentials at Rf and the total reaction cross sections. The error bars
correspond to the dispersion of the values obtained with the different best fit potentials.
The angular distributions calculated with the potentials of table 1 are compared to the
experimental data in fig. 2 (dashed lines). In order to study the energy dependence of the
potentials, the mean values of the real and imaginary parts at R = 9.9 fm, which is close



to the sensitivity radii of table 1. are given in table 2.

At both incident c.m. energies, significantly higher reaction cross section and deeper
imaginary potential near the sensitivity radius are obtained in the 37Cl case. A stronger
energy dependence of the reaction cross section is observed in the 35C/ case. Due to the
dispersion of the values of table 2 no conclusion can be drawn on the energy dependence
of the two components of the potential in either of the mass systems. In fact the real and
imaginary parameters are not independent and in the next section we analyse the data
with a potential calculated by a semi-microscopic model what reduces the ambiguities.

2 - Folding model analysis

The total potential is written as:

V(r) = NVF(r) - iW(r) ~ Vc(r)

where Vp is the real folding model potential. N a renormalisation coefficient that can be
allowed to vary in order to fit the data, V0 the Coulomb potential and W the imaginary
potential taken of Woods-Saxon shape.

13
The folding model potential is computed with the help of the DFPOT code ). The

standard M3Y interaction ) was used. The densities are calculated taking into account
the finite size of the nucléons with the assumption of identical neutron and proton den-
sities. The charge densities used for this calculations are taken from electron scattering

. 14,15,experiments ) as:

(1)

The parameters w,c and a are given in table 3 for the three nuclei.

Following the method already described ) we determine at each incident energy the Ar

factor and the parameters of the imaginary potential. To reduce ambiguities the imaginary
depth was fixed to 60 MeV, which is jus t i f ied by the strong absorption hypothesis generally
adopted in heavy-ion interactions.

Best fit parameters for the renormalisod potentials arc reported in table 4. Errors on
N correspond to a ]0c'r variation of (he minimum value of the \2,/n curves. In this kind



of analysis the shape of the real potential is determined by the theory so that ar=-!>ie utien
inherent to any phenomenological analysis are eliminated. The values of the reci and
imaginary potentials at R = 9.9 fm. deduced from Woods-Saxon analysis and M3Y folding

analysis are compared in table 2. The angular distributions calculated with the pulei.iials
of table 4 (solid lines) are drawn in figure 2. The quality of the fit is very similar to tha:

obtained with the six parameter Woods-Saxon potentials.

In this analysis a difference in the energy dependence of the real potential between
the two Cl isotopes is observed. While an increase of about 20% with decreasing energy

is observed for 35C/, such an energy dependence doesn't appear for 37C/. Indeed in this
case the renormalisation factor appears to be constant while the imaginary potential has a
strong variation, decreasing of about 40% when the energy increases up to 124 MeV. Both
results are not compatible with the results of 35C/ neither with what one expects from
theory and could come from too stringent constraints in the analysis. In order to check this
point we have made the analysis for 37C/ at 124 MeV taking N — 0.98, the value obtained

for 35C/ at 120 MeV and adjusting the three parameters of the imaginary potential. This
leads to W(9.9) — 0.55 MeV with \2/n = 2.1. Although the behaviour of W seems
more conform to what one expects one should notice that these values correspond to a fit

deterioration with a x2/n increase of 40% with respect to the minimum value obtained in
the previous systematic analysis. However these results show that more experimental data
are necessary before one may conclude about a peculiar behaviour of this system.

The renormalised real potentials and the associated imaginary Woods-Saxon poten-
tials in the surface region for 35C/ and 3'Cl are compared in figure 3. The stronger
absorption in the 37C/ case, already found in the phenomenological analysis, is confirmed
at. the two considered energies .

8 - Closure approximation

The nucleus-nucleus interaction ) is written as:

V = t/0 - AV (2)

where Un is the double folding model real potential and AF is given by the following
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equations :
AV = AU + W

= £ V^n(R}Gm,n(R,R'}Vm,n(R'} (3)
m,n

being

Vm,n(R) =< <&*l\ Vij(R)\tâVÏ > (4)
t€P
jer

<££ and *&£ are the wave functions of the projectile in state m of energy Em and of the

target in state n of energy En, respectively. Gn^n(R, R') is the propagator of the two
nuclei relative motion and v is the two body interaction defined as :

Vij ( R ) = v(7î -Tj + ̂ ) (5)

The coordinates are defined in fig. (4). In equation (2), UQ is calculated with the same uty
as AV.

The model relies on the following assumptions :

1. The propagator Gm,« can be approximated by its WKB limit so that it can be
written :

— * — > — m p*sK™.»
Gm,n(R,R') = Gntn(») = — - - (6)

where
l- V1(R] - V6(JZ)] (7)

with U= i\~R + IR' \ , s - \~R - R'\ , VC(R] and V1(R) are the Coulomb and the local
optical potentials between the two ions. mr the reduced mass, and E the energy in the
c.m. system.

2. All excited states in the target, and in the projectile which have the strongest
contribution to the sum in eq. (3) are concentrated in a narrow energy range. Therefore
E^1 and JE1^f can be replaced by average values Ep and ET respectively in eq. (7) giving
the local momentum. The propagator of eq. (6) is now independent of states m and n
and can be factorized out of the summation in eq.(3) once AV has been separated into
three terms corresponding to ( m ^ O, n — O), (m = O. n ^- O), and ( m ^- O. n ^- O).
One may then use closure relation over the complete set of target and projectile states for
each of these terms, taking care of substracting the term corresponding to ground states



from closure. The final potential depends now on projectile and target ground stat< j

functions and on average excitation energies only.

3. When closure is used in eq. (3) we are left with matrix elements of the square of
a two body operator that are,therefore, of two, three and four-body operators. To avoid

this difficulty, we have assumed a separable two-body interaction of the following form :

(8)

what leads to the calculation of products of matrix elements of one and two body oper-
ators only. The resulting expression of AV is simple enough to be calculated easily for
any system and any energy. The detailed formula can be found in réf. ). Because of
the summation over all projectile and target states, the model takes into account all pos-
sible non-elastic channels : fusion, excitation of one or both nuclei, one-particle transfer,
particle emission, etc. Furthermore, because the potential has been included in the WKB
propagator of eq. (6), the model incorporates also contributions from multi-step processes
such as multi-particle transfer. However, all these complex processes could be included
because of simplifiying assumptions which have introduced parameters to be fixed before
performing numerical calculations.

The energies Ep and ET of equations (6-7) are taken as the average value of the ener-
gies of the most strongly excited states of projectile and target in scattering experiments.
There is some ambiguities in their determination but previous results have shown that the
potential is not too sensitive to small changes of these energies ). In the present work,
we have taken ET = 1.37 MeV. the energy of the lowest excited state of 24Mg which is
by far the most strongly excited as shown in fig. 1. For the Cl isotopes, the situation is
not so clear. Indeed 37C/ is a closed shell nucleus for neutrons, while in 35C/ there are
two neutron holes in the s-d shell. 30C/ is then expected to have a larger density of states
at low excitation energy than 37C/ and reasonnable values for Ep would be slightly lower
for 35C/ than for 37C/. From fig. 1, it is difficult to justify this choice and it would rather
suggest to take the same value for both nuclei. For this reason Ep = 3 MeV is chosen in
both cases. The parameters VQ and /z of our separable interaction are determined from the
folding model real potential. It has been shown that ^ = 0.7 fm~2 was a reasonable value
reproducing well the slope of the real potential for systems similar to ours and we have
used this value here. Once fj is fixed, v$ is adjusted so that to reproduce the renormalised
M3Y folding model potential at the sensitivity radius and for the highest energy (when
AJ7 is minimum) as given in table 2. These four parameters are summarised in table 5
for both systems. Note that the values of v$ for 3°C7 and 37C/ arc very close and are
consistent with those used previously in réf. ').



The real and imaginary potentials are calculated for each system and each energy with
the densities of eq. (l) and table 3. The corrections due to the finite size of nucléons have
been neglected for this first test of the closure approximation model. The corresponding
angular distributions are shown in fig. 5. A stricking agreement with the data is obtained.
It can be even sligthly improved at the lowest energies by decreasing the EF values (curves

C). This is a reasonable modification because (despite of the fact that Ep is not precisely
determined) the number of open channels decreases at energies close to the Coulomb barrier
and because it is observed experimentally that only the lowest levels are excited with an
appreciable cross section at low energies. This improvement at low energies is visualized
in table 5 where it can be seen that the x2/n values obtained by comparison with the
experimental data are lowered. In all cases the agrément between theory and experiments
is slightly better for 37CJ than for 35C/.

The calculated potentials corresponding to the curves A and B of fig. 5 are drawn
in fig. 6 and 7 and compared to the M3Y renormalised folding potentials and their fitted
imaginary parts. Our parameters have been chosen so that our calculated potentials co-
incide for the highest energies with the folding ones at R=IO fm but they are also in very
good agreement in all the surface domain. At lower energies where no more parameters
are adjusted, there is still a very good agreement. The calculated imaginary potentials
are more absorptive than the fitted ones what is reflected on the angular distributions in
fig.5 : our cross sections are at larger angles too small compared to experimental data. In
table 5 the total reaction cross sections calculated with our potentials are reported. They
are close (< 6%) to those in tables 1 and 3 obtained with the Woods-Saxon and the M3Y
folding potentials respectively.

Ill - Conclusions

Elastic scattering of 35C/ and 37C/ on 24Mg has been measured at two identical c.m.
energies. The high precision of the data allows to deduce the values of the optical potential
at the surface with less than 10% of imprecision. At the two incident energies the surface
absorption is found stronger in the 37C/ case. (The difference increases with decreasing
energy).

A renormalisation factor of the folding model potential calculated with the MSY

9



interaction is necessary in every case. An energy dependence of this factor is obs^rv,-.. j:i
the 35C/ case, compatible with the well known threshold anomaly, while in the '" Ci ? i n-
renormalisation factor is the same for both energies, suggesting that the anomaly <loc-- 01
yet manifest itself at 103.5 MeV. However there is some uncertainty in the détermination
of N and more complete set of data (in particular at lower energies) is needed to confirm
or not this difference between the behaviours of real potentials for the two systems, ir.
both systems and for both energies the total reaction cross sections calculated with our
rcriGrmalised M3Y potential agree within the error limits (< 2%) with those calculated

with our phenomenological potentials.

Our data have been analysed with the real and imaginary potentials calculated in a
closure approximation model. These potentials have been shown previously to reproduce
globally the properties of the phenomenological ones but no cross section analysis had ever
been done. This first attempt is quite encouraging. The agreemsnt between theoreticai

and experimental angular distributions is very good even if the potentials are sligthiy too
absorptive compared to our phenomenological ones. Also the calculated total cross section
differ by less than 6% of those calculated with the phenomenological potentials. This first
experimental test of the closure approximation model is very promising. Further studies
are in progress for other mass systems to confirm (or not) its success in reproducing
experimental data and to get a better understanding of the absorption mechanisms in
heavy-ion reactions which would help to make predictive statements on potentials to be
used, for example, in subcoulomb barrier fusion studies.
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Figure Captions

Fig. 1 Q-spectra for 35Cl and 37Cl scattering on 24M^ at the same c.m. energy. The enenries
and spins of lower levels of 24Mg are indicated by vertical lines. The lower levels o.
the Cl isotopes are indicated by dashed lines. In both cases the lower break-up eit*T&
is given.

Fig. 2 Experimental angular distributions of the elastic scattering. The curves are obt»'m«
by using the Woods-Saxon potentials of table 1 (dashed lines) and the M3Y fokiirî!.
potentials of table 4 (solid lines).

Fig. 3 Comparison between 35C/ -I- 24Mg and 37C/ + 24Mg potentials. The surface real (top
curves) and surface imaginary (bottom curves) potentials deduced from the M3Y
folding analysis are plotted for the two c.m. energies : 40.7 MeV-cm (left curves),
48.8 MeV-cm (right curves).

Fig. 4 Coordinates used in the closure approximation model.

Fig. 5 Angular distributions calculated in the closure approximation model with the param-
eters given in table 5. The curves A.B,C correspond to different average excitation
energies as defined in the table 5.

Fig. 6 Comparison of the surface potentials at 40.7 MeV-cm energy deduced in the M3Y-
folding model analysis (crossed curves) and in the closure approximation analysis
with parameter set of table 5 (solid curves) for the 35Ci + 24Mg (left side) and the
37Cl + 24Mg (right side) systems. The black dots refer to die potentials corresponding
to the curves C of Fig. 5.

Fig. 7 Same legend as Fig. 6 but at 48.8 MeV-cm energies.
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Table Captions

Table 1 A set of best fit parameters for Woods-Saxon potentials - R3 is defined by the inter-
section of different best fit potentials.

Table 2 Comparison of the potentials obtained from phenomenological and M3Y-folding model
analyses at 9.9 fm. The energies and potentials are given in MeV.

Table 3 Density parameters for 24Mg5
35C/ and 37C/.

Table 4 Best parameters for the M3Y-folding model real potentials and the corresponding
phenomenological Woods-Saxon imaginary potentials.

Table 5 Parameters of the closure approximation model. The labels A, B, C refer to the
different curves of fig. 5.
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Table 2.-

Woods-Saxon M3Y-folding

Mass system E -V (9.9 fm) -W(9.9 fm) -V(9.9 fm) -W(9.9 fm)
35Cl + 24Mg 120 0.80 ±0.04 0.34 ±

100 0.85 ± 0.05 0.35 ±
37Cl + 24Mg 124 0.92 ±0.11 0.46 ±

103.5 0.81 ± 0.04 0.55 ±

Table 3.-

w c (fm)

Mass system
35C/ + 24M5

37C/ + 24Mg

0.02 0.72 ± 0.04 0.31 ± 0.03

0.03 0.86 ± 0.02 0.30 ± 0.02

0.05 0.875 ± 0.05 0.43 ± 0.04

0.07 0.875 ± 0.07 0.58 ± 0.02

a(fm) Ref
24Mg -0.249 3.192 0.604 14
35C/ -0.120 3.490 0.602 15
37C*/ -0.130 3.554 0.588 15

Table 4.-

£(MeV) N -W(MeV) T1(Jm) c/(/m) X

120 0.98 ± 0.05
100 1.17 ± 0.03

124 1.17 ± 0.07
103.5 1.17 ± 0.09

60.0
60.0

60.0
60.0

2/n or(mb)

1.116 0.578 1.26 1173
1.184 0.494 0.66 853

1.155 0.552 1.48 1243

1.103 0.657 1.57 995

Table 5.-

Mass system

35C/ + 24Mg

37Cl + 24Mg

E VQ

(MeV) (MeV)

120 44.41

100
»

124 48.51

103.5
"

M
(fm-2)

0.7
•;

"

0.7
n

n

Ep

(MeV)

3
3)

2

3
V)

2.5

ET

(MeV)

1.37
n

1.37
1.37

Vt

1.37

X2/»

3.3

11.0
5.3

3.6

5.0
3.3

Or

(mb)

1211

910
921
1272

968
974

curve

A

B
C
A

B
C
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