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Abstract: Angular distributions for elastic scattering of 3 2 S by *°Ca , clastic scat
tering leading to the first 2 + state in 3 2 S and the first 3~ state in 4 ( 3a and one 
neutron stripping reactions have been measured at Eiab = 90 and 110 MeV. Angular 
distributions for alpha stripping reactions have been measured at Eiab ~ 90, 100 and 
110 MeV. The data have been analyzed in terms of the double-folding m del using 
the coupled-channel approximation for inelastic scattering. The energy depe: dence of 
the renorraalization coefficient of the folding potential founded in a previous - ;. per has 
been confirmed at these new energizB and is consistent with the dispersion re ition of 
Mahaux et al. ' ). The influence of the coupling of inelastic and transfer channels on 
the renormalization coefficient has been found to be important. The energy dependence 
of the potential diminishes with increasing coupling strength. 

NUCLEAR REACTIONS <°Ca( 3 2 S, 3 2 S), 4 0 C a ( 3 2 S , 3 l S ) , E[ah = 90, 110 
MeV; 4 C C a ( 3 2 S , 2 8 S i ) , Elab - 90,100,110 MeV; measured elastic, inelastic and transfer 
a(E,&); Double folding model, Coupled channels, DWBA. 
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1. I n t r o d u c t i o n 

The double-folding potential with a realistic interaction has been successfully 
applied as an approximation to the real part of ihe optical potential in the op
tical model analysis of heavy ion elastic scattering data. The folding potential 
describes heavy-ion scattering in ternis of the underlying nucleon-nucleon inter
action and consequently it permits a more coherent and unambiguous analysis 
of experimental data than phenomenological potentials. In particular the M3Y 
effective interaction, obtained from the G-matrix derived from the Reid nucleon-
nucleon potential ), generates double-folding potentials that describe many heavy-
ion scattering systems in a large range of energies ' ). Nevertheless the need of 
an energy-dependent and larger than unity renormalization coefficient at ener
gies near the Coulomb barrier has been observed in rather bound systems such 
as a + ^ O ^ C a , 6 0 ™ , l 6 O + 4 0 C a , 6 C , N i , 2 0 8 P b and 3 2 S + 3 2 S , 4 0 C a 5 " 7 ) . The rapid 
variation of the real potential at energies close to the Coulomb barrier is called 
"threshold anomaly". 

This behaviour seems to be due to couplings to quasielastic channels that 
produce an attractive polarization potential. This hypothesis has been investigated 
in detail by Thompson et al. 8) for the system 1 6 0 + 2 0 8 P b at 80 MeV by including 
explicitely inelastic and transfer channels. In addition loannides et al. ) have 
determined by an S-matrix inversion method a local potential which reproduces 
accurately the S-matrix elements of the coupled channel calculations of Thompson 
et al. and have found that the polarization potentials produced by inelastic and 
transfer channels are positive and of similar importance. 

The energy dependence of the polarization potential \c- produced by the open
ing of non-elastic channels when energy increases which originates a rapid variation 
of the imaginary potential with energy. The relation of the "threshold anomaly" 
with the imaginary potential is explicitly shown by the dispersion relation proposed 
by Nagarajan et al. ) which links the real and imaginary parts of the polarization 
potential. 

The "threshold anomaly1' which is a familiar phenomenon in nucleon-nucleus 
scattering ) is now also well established for heavy-ion systems ' ). However 
there is still a need for more precise and systematic data in order to test its the
oretical interpretation in terms of a dispersion relation. This phenomenon was 



reported for the first time in the 3 2 S + 4 0 C a elastic scattering ) . Later an exten

sive coupled channel analysis of the inelastic scattering data for this system has 

shown that the energy dependence of the real potential decreases with increasing 

coupling strength ). Nevertheless, for this system there exists suitable data only 

at three incident energies, 100, 120 and 151.5 MeV. (The data of Gutbrod et a l . " ) 

at energies between 80 and 90 MeV have not enough points to allow for reliable 

conclusions). In order to go forward in this study we have measured elastic and 

inelastic scattering and few nucléon transfers at 90 and 110 MeV. Measurements 

at 80 MeV were also performed but we do not include them in the present paper 

because they are not sensitive to the nuclear potential. 

The experimental method is summarized in section 2. In section 3 the previ

ously published and the new elastic and inelastic experimental data are analysed 

on the same footing. An attempt to test the impoi tance of including the coupling 

to nucléon transfers is described in Section 4. 

2. E x p e r i m e n t a l m e t h o d 

The experiments were done at the MP tandem of the CRN of Strasbourg. 

The target was obtained by evaporating 20 / igr/cm 2 of natural metallic Ca on a 

20 figr/cm 2 carbon foil. Two position sensitive detectors (48 x 9 m m 2 ) , set in 

time coincidence at 120 mm from the target on each side of the beam, were used 

to identify the reaction products by the kinematical coincidence method described 

in refs ). 

The mass resolution was better than 2% and thus allowed us to separate clearly 

scattering on 4 0 C a from scattering on target impurities. The Q-energy resolution 

was about 500 KeV, which permitted to resolve the excitation of the first 2 + level 

in 3 2 S at 2.24 MeV. The 3~ state at 3.74 MeV and the 2 + state at 3.90 MeV in • , 0 Ca 

could not be resolved. Nevertheless it can be deduced from B(F2,0+ —» 2 + ) = 90 

e 2 fm 4 and fl(£3,0+ — 3 _ ) = 17100 e 2 fm 6 " ) that the excitation strength of 

the 2 + level should be at most 10 % of that of the 3~ level. Experimental angular 

distributions of elastic and inelastic scattering are given in figures 6-9. Absolute 

values of the elastic cross section were obtained by normalizing to Rutherford 

scattering at the most forward angles. The error bars include both statistical errors 

and errors arising from normalizing to Rutherford. The latter were estimated to be 

of 2%. Concerning the inelastic scattering with Q less than - 4 MeV the individual 
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levels could not be resolved but angular distributions were obtained for intervals 
of Q covering up to - l ô MoV. Total cross sections were obtained by integrating 
the differential cross sections over angle: as the experimental data do not cover 
the whole angular range, the angular distributions were extrapolated by means of 
coupled channel fits described below; in this way the integrated cross section at 
angles out of the measured range was estimated to be about 7 % at 110 MeV and 
10 % at 90 MeV of the total inelastic cross section. 

The mass resolution allowed us to identify few nucléon transfer reactions 
easily. At 110 MeV the most important ones were the alpha transfer reactions 
4 0 C a ( 3 2 S , 2 8 S i ) 4 4 T i and 4 t l C a ( 3 2 S , 3 6 A r ) 3 6 A r , and the one nucléon transfer reac
tions 4 0 C a ( 3 2 S , 3 1 S ) 4 1 C a and 4 0 C a ( 3 2 S , 3 1 P ) 4 1 S c . Two and three nucléon transfer 
reactions were also observed but their cross section was negligible. At 90 MeV only 
the alpha transfer reactions were observed. In figure 1 Q-spectra for one and four 
nucléon transfer reactions are given. Angular distributions of the peaks referred by 
arrows are considered in the following except for the one proton stripping reaction. 
The data for the ground state-ground state transitions are given in figure 11 for 
the one neutron stripping and in figure 12 for the alpha stripping. In figure 13 are 
given the angular distributions for the Q = -5 .9 MeV peak in the alpha transfer 
reaction. As the energy resolution did not allow to identify most of the individual 
states in the mentioned transfer reactions, angular distributions were obtained for 
Q intervals chosen in order to cover the measured range of excitation energy. The 
differential cross sections at angles out of the measured range were calculated by 
DWBA calculations using the PTOLEMY code; in the case of the alpha transfer 
reaction leading to 4 4 T i it was estimated to be about 5 % of the total cross section 
at 110 MeV and 17 % at 90 MeV; for the alpha transfer leading to 3 6 A r the esti
mation gives 16 % at 110 MeV and 28 % at 90 MeV; finally for the one nucléon 
transfers the non measured cross section was estimated to 8% of the total cross 
section. 

In Table 1 the total cross section for the inelastic and transfer reactions men
tioned above are given. 

•1 



3. Elastic and inelastic scattering analyses 

S.l Elastic scattering 

In first place we analysed the new elastic data by using standard Woods-Saxon 
potentials for both real and imaginary parts. The purpose of this analysis was to 
determine on one side the sensitivity radius and on the other side the parameters 
of the optical potential to be used in DWBA calculations for transfer reactions. 
The code ECIS ) was used in all the calculations. In Table 2 we present the best 
fit potentials for each energy. We give also some relevant quantities as the strong 
absorption radius RSA and the reaction cross section OR, which are determined 
unambiguously from the experimental data. We give in addition the value of the 
real and imaginary potential at RSA which present some dispersion at 90 MeV 
because the potential is best determined at the radius of sensitivity which differs 
somewhat from the strong absorption radius. 

If we consider these quantities and those deduced at 100, 120 and 151.5 MeV 
in the previous paper ) together, we observe that the strong absorption radius 
diminishes between 90 and 151.5 MeV almost linearly with a rate of 0.006 fm/MeV. 
Fusion cross section can be obtained by substracting the measured quasielastic 
cross section given in Tabie 1 from the reaction cross section given in Table 2, The 
result is < r / u a . = 420 ± 30 mb at 90 MeV and ajUBi = 856 ± 40 mb at 110 MeV. 
Fusion cross sections were measured for this system by Gutbrod et al. ) giving 
< /̂u«. = 354 ± 25 mb at 90 MeV. Extrapolation of different measurements between 
80 and 107.5 MeV gives an estimated Ofue, a 766 mb at 110 MeV. Thus, we obtain 
indication that about 20% of the flux escapes to channels different from fusion and 
quasielastic ones. 

In a second step we calculated the double-folding potential with the DFPOT 
code ) and we fitted the experimental data following the same procedure described 
in a previous analysis ' ' ). A renormalization coefficient N for the folding po
tential was introduced in order to fit the data. A standard Woods-Saxon potential 
was used for the imaginary part. 

The data at 100, 120 and 151.5 MeV were reanalysed because the errors at 
low angles have been increased in order to bettor take into account the uncertainty 



arising irom the normalisation to Rutherford of the experimental data. 

The analysis was made by fixing A' at given values and fitting the parameters 
of the Woods-Saxon imaginary potential. The results are presented in figure 2. 
We considered as equivalent those fits whose \ 2 differ by less than 10 % from the 
minimum value. The results for the five energies are presented in Table 3. Only 
the value of N at 100 MeV differs significantly from the one reported in ref. ) for 
the same energy. The necessity of an energy dependent renormalization coefficient 
for this system is thus confirmed. The fits obtained by folding potential analyses 
are not as good as those obtained with phenomenological potentials. The best 
value of N is determined mainly by the oscillatory part of the angular distribution 
in the rainbow region as can be seen in fig. 3 in which a linear scale was chosen to 
emphasize this point. The impossibility of a good fit may reflect the inadequacy 
of accountinc for the polarization potential by only a renormalization coefficient. 

The WooCs-Saxon and folding potentials are compared in fig. 4-A. The imag
inary potentials of Table 3 are plotted in figure 4-B. The systematic decrease of 
absorption with decreasing energy at distances larger than 10.5 fm reflects the 
closure of transfer and inelastic channels when energy approaches the Coulomb 
barrier which in this system is about 77 MeV. 

The dispersion relation interpretation of the threshold anomaly relates the 
simultaneous decrease of absorption and increase of the real potential with de
creasing energy by the equation, 

P f™ W(r,E') 
V{r,E) = VlT,Es) + {E-Es)-jg ( g , _ ; s K £ L E ) ^ ' (0 

where P means the principal value of the integral, W(T,E) and V[T,E) are the 
imaginary and real part of the optical potential, and Es is some reference energy 
whose choice has no effact on the predicted variation with the energy. The value of 
V(rtEs) is determined in such a way that the right-hand side of the last equation 
gives the empirical value of the potential at Es- This relation is valid in principle 
for any radius r but the ambiguities in the determination of the optical potential 
for heavy ion systems make it useful only in the vicinity of some "sensitivity" 
radius where the potential is best determined. This sensitivity radius differs in 
general from the strong absorption radius, and is taken as the crossing point of 
different empirical potentials. It has some energy dependence. Moreover the dis
persion relation is valid only at a given value of r which force us to take an energy 
independent, sensitivity radius. We have taken it as 10 frn which is an average 
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value for the five energies measured. Then we describe the energy dependence of 
the imaginary potential by two linear segments which reproduce the general trend 
of the experimental values and calculate the real potential from the dispersion re
lation. The result is given by the dashed line in figure 5. The qualitative behaviour 
of V[E) is not changed cither by more realistic, rounded, shapes of W(E) or by 
the choice of W(E) at high energies'). 

It should be noticed also that as the energy decreases the experimental data 
are less sensitive to the optical potential. This is the source of the larger dispersion 
of V{RSA) a n d W{RSA) a>- 90 MeV observed in table 2. Moreover, when a fixed 
geometry is taken for the real potential (e. g. folding shape), this additional 
constraint produces a smaller dispersion oî the fitted potentials. For this reason 
the error bars in figure 5 are smaller than the dispersion of the empirical Woods-
Saxon potentials. 

We can see in fig. 5 I hat the imaginary potential at 10 fm does not begin 
to decrease even at 90 MeV in spite of the Coulomb barrier proximity. Thus the 
present data oblige us to take the vanishing of the imaginary part at energies 
greater than 70 MeV which is the value chosen in ref. ). The real and imaginary 
potentials obtained in that reference with the latter energy is given by the full 
line in fig. 5. It is seen that the new value permits to reproduce the empirical 
real potential at 90 MeV but gives less agreement with the point at 100 MeV 
than the full line curve. The points marked with "x" have been obtained from 
the experimental data of Gutbrod et al. ) and are not very reliable but suggest 
a rapid decline in both the imaginary and real part of the optical potential when 
energy approach the barrier. The point marked with " j " at 100 MeV has been 
taken from ref. } in which it was deduced from the experimental data of Richter 
et al. ) which are restricted to angles lower than 100 degrees. 

We could have applied the dispersion relation to a more external radius (for 
instance at 10.25 fm). In this way the imaginary potential would decrease sooner 
with decreasing energy as can be seen in fig. 4; however the fit to the empirical 
real potential is not improved. This does not imply necessarily that the dispersion 
relation cannot explain the threshold anomaly for this system because the form of 
the real part of the polarization potential is not the same than that of the folding 
potential ). For this reason ?. consistent test of the dispersion relation requires 
to determine the real potential without imposing constraints to the form of the 
polarization potential. Nevertheless the latter procedure has the inconvénients 
arising from the well-known ambiguities of the heavy-ion optical potential. 



3.2 Coupled channel calculations 

In a previous work ) it was reported that the energy dependence of the renor-
malization coefficient N for this system diminishes when one includes explicitely 
some inelastic channels by means of the coupled channel approximation. In the 
following we study the behaviour of N with the coupling strength by analysing 
the new data in the same way: first in two channel calculations we consider the 
coupling of elastic scattering either with the first 2 + level of 3 2 S either with the 3~ 
level of 4 0 C a , then in a three channel calculation the coupling between the three 
preceeding levels. The formalism was given in detail in reference ). Only the 
results are given here. 

As in ref. ) we obtained that it is necessary to renormalize both the form 
factors and the central potential. We have taken the same renormatization constant 
N for the central potential and for all the coupling potentials. Moreover the 
imaginary depth W has been fixed to 125.8 MeV because its variation does not 
improve the fits, and we fitted N,Rw and aw- The coupled channels code ECIS 
was employed in these calculations. The values of the best fit parameters are given 
in Table 4. 

There is also some uncertainty in the determination of the optimun value 
of N by coupled channel fits; however coupled channel calculations are too time 
consuming to do grid searches as in the elastic channel analysis. In fact we did 
searches starting from different potentials and we found that the final JV value may 
be changed by about ±0.1 around the best value without a significant deterioration 
of the fits. 

The fits obtained by coupling two channels are given in figs. 6 and 8 and those 
with three channels in figs. 7 and 9. They are fairly good for a double-folding model 
with only three free parameters. High-order effects are important at energies close 
to the barrier and it is essential to take them into account to obtain a satisfactory 
agreement with the experimental data. These high order effects arise mainly from 
the coupling of excited states to the ground state. The coupling between the 2 + 

and 3~ levels is not very important as can be seen in figures 7 and 9. 

In the upper part of figure 10 the depth of the folding potential at 10 fm as 
a function of energy is plotted for different coupling strengths. The values at 100, 
120 and 151.5 MeV are taken from ref. ). In the lower part of the figure the 

8 



imaginary central potential at 10 fm is shown. The lines are drawn in order to 
guide the eye. It can be seen that the variation of the real potential with energy 
decreases as more channels are included in the analysis. Moreover the maximum 
value of the potential is reached at higher energies when the number of channels 
increases. This is due to the shift of the fall off in the imaginary potential as can 
be seen in the figure. This behaviour is in agreement with the dispersion relation. 
When the number of coupled channels increases the polarization potential becomes 
less important; for this reason the maximum value of the real potential decreases 
with the number of channels. Moreover the new channels added have a higher 
threshold because the lower ones are included first. In consequence the "threshold 
anomaly" shifts to higher energies when the strength of coupling increases. 

A curious feature in fig. 10 is the behaviour of the potential at energies greater 
than 100 MeV for the three channels case. The observed increase in both the real 
and imaginary potential is not to be expected either from the coupled channel 
approximation nor from the dispersion relation. This behaviour may be due to the 
constraints imposed to the real potential, namely to ;ake the same renormalization 
coefficient for all the form factors and the central potential. AJthougth the real 
form factors must be renormalized to obtain a good fit, it is not evident thai, the 
renormalization coefficient has to be the same than for the central potential. A re
cent study ) shows that all the form factors verify a dispersion relation analogous 
to eq. 1 and consequently, may also exhibit the "threshold anomaly". As not all 
the channels are closed by the barrier at the same energy the "threshold anomaly" 
will occur at different energies for each channel and each form factor will need a 
different renormalization coefficient. However, to fit independently a renormaliza
tion coefficient for each form factor would introduce too many parameters which 
would lead to ambiguities. 

The remaining energy dependence of the real potential may be attributed to 
the polarization potential generated by the not included inelastic channels and 
by transfer reactions. The inelastic channels with Q < —4 MeV can contribute 
significantly to the polarization potential because they are sharply closed by the 
barrier. On the other hand a recent study ) on the polarization potential pro
duced by one-nucleon transfers shows that it is long ranged and that the real part 
reaches its maximum value when the rate of decrease of the imaginary potential is 
maximum. Then we can expect that at energies near 100 MeV the polarization po
tential produced by transfers must be important but may be localized at distances 
greater than 10 fm. 
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4. Few nucleoli t ransfers 

In order to test the role of few nucléon transfers on the polarization potential 
we did calculations taking into account the coupling between the elastic scattering 
and the strongest one neutron and a transfer transitions observed (see fig. 1). 
As we used the ECIS code in which transfer cross sections are calculated in the 
zero range approximation (ZR) the first step was to study the accuracy of this 
approximation. For this purpose we did DWBA calculations with the PTOLEMY 
code which treats exactly recoil and finite range (EFR-DWBA). Then we compared 
the results of coupled channel (ZR-CC) and of EFR-DWBA calculations. As in 
PTOLEMY only Woods-Saxon potentials can be used and the present study con
cerns the renormalization of folding potentials, it was necessary to obtain Woods-
Saxon potentials equivalent to the folding potentials. The procedure used was to fit 
the elastic data with a Woods-Saxon potential whose imaginary part was fixed to 
that obtained previously by fitting the same data with the folding potential (first 
line of Table 4). In the following we call these Woods-Saxon potentials "equivalent 
potentials". 

4.1 One nucléon transfers 

The one nucléon transfer cross section decreases very rapidly between 110 
and 90 MeV (see Table 1). The theoretical total transfer cross sections calcu
lated in the DWBA approximation with the potentials of Table 2 give the ratio 
CT(r(llO MeV) /a t f (90 MeV)~ 8, in agreement with the behaviour of the experi
mental data. Only the data at 110 MeV are useful for the present study because 
the experimental errors at 90 MeV are too large to allow for reliable conclusions. 
We consider in the following the reaction 4 0 C a ( 3 2 S , 3 1 S ) * 3 Ca with Q=-6 .68 MeV 
which corresponds to ground state - ground state transition. 

In a first step we compared the results obtained with EFR-DWBA and 
ZR-DWBA. The curves (2) and (3) in fig. 11-A are the results obtained 
with PTOLEMY (EFR-DWBA) and ECIS(ZR-DWBA) respectively using Woods-
Saxon potentials equivalent to the folding potential (first line of Table 4). As we 
can see EFR-DWBA and ZR-DWBA curves are very similar. This result gives us 
some confidence to use zero range approximation in the following analysts. 
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Both calculations give angular distributions with the maximun shifted about 8 
degrees with respect to the experimental data. Moreover the spectroscopic factors 
needed are larger than those obtained in light ion reactions ). The EFR-DWBA 
curves in the figure are the cross sections obtained with the experimental spec
troscopic factors taken from the literature multiplied by a factor 2.35; the ECIS 
curves have been normalized to the data. One possible explanation of these dis
crepancies could be the contribution of multistep processes which are expected to 
be important at energies close to the Coulomb barrier because this reaction are 
Q-mismatched. 

The curve (1) in figure 1J-B is a ZR-CC calculation with the folding potential 
fitted to the elastic data in both entrance and exit channels. It was obtained that 
doing ZR-CC calculations instead of ZR-DWBÀ calculations did not affect the 
transfer curve but it was necessary to reduce strongly the N value (from 1.23 to 
1.08) to keep a good fit of the elastic data in CC calculations. 

In order to reproduce the peak nosition of the experimental data the imaginary 
part of the optical potential in the exit channel was fitted simultaneously to one 
neutron transfer and elastic data in ZR-CC calculations. The result of the fit was a 
stronger imaginary potential in the exit channel. The value of the renormalization 
coefficient obtained is close to the value found previously with identical entrance 
and exit potentials. Best fit parameters are given in Table 5. The corresponding 
values of the potential are reported by a black point in figure 10. 

The dashed curves in figure 11 were calculated with these modified imaginary 
potentials in the exit channel and keeping unchanged the spectroscopic factors, 
curve (4) with the folding potential and curve (5) with the equivalent Woods-
Saxon one. 

In conclusion, it is observed that the coupling of one nucléon transfer to the 
elastic scattering has a strong influence on the renormalization coefficient of the 
real potential. The values of N obtained depend weakly on the optical potential 
used in the exit channel. The DWBA calculations are shifted with respect to the 
experimental angular distributions and its magnitude is larger that expected from 
empirical spectroscopic factors deduced from light ion reactions. Increasing the 
absorption in the exit channel allows us to eliminate the angular shift but not to 
get the right absolute values. Similar results are obtained with EFR-DWBA and 
ZR-CC calculations. Although the ZR approximation is known to be inadequate 
for heavy ions the strong modification of the real potential obtained by coupling 

11 



the transfer channel to the elastic one gives indications of the important role played 
by transfers in the polarization potential near the Coulomb barrier. 

4-2 Alpha-transfers 

We restricted the analysis to the a-s (ripping of the projectile corresponding 
to the reaction 4 0 C a ( 3 2 S , 2 8 S i ) 4 4 T i with Q = - 5 . 9 MeV which is the strongest tran
sition below the particle decay threshold of 4 4 T i (fig. 1). Our experimental set.-up 
does not allow to resolve the levels of 2 8 S i and 4 4 T i in this excitation range. In 
the calculations we supposed that the observed peak corresponds to the formation 
of 4 4 T i ( 4 + ,4.06 MeV) alone. However it should be stressed that the experimental 
curve is a superposition of different levels. Contrary to the one nucléon transfer 
reaction a closure of the alpha transfer reaction is not observed between 110 and 
90 MeV as it can be seen from the experimental total cross sections given in Table 
1. In fact it was possible to measure the angular distribution at 90 MeV. We also 
included in the following analysis unpublished data measured previously at 100 
MeV which makes it possible to study the energy dependence of the renormaliza-
tion coefficient. Moreover at 100 MeV we could measure the ground state - ground 
state transition (Q= —1.82 MeV). As the latter data are well resolved we used them 
to test the optical potentials and the ZR approximation. 

In figure 12 are reported the experimental date for the Q= —1.82 MeV transi
tion at 100 MeV. In this case we did also the same set of calculations es those given 
in figure 11 for the one nucléon transfer case. In the figure the full curves were 
calculated with the same optical potential in the entrance and exit channel. Curve 
(1) is the ZR-DWBA calculation with the folding potential and curve (3) is the 
EFR-DWBA calculation done with an equivalent Woods-Saxon potential. Curve 
(2) has been calculated with a folding real part and a fitted imaginary potential tn 
the exit channel and in the ZR-CC approximation and curve (4) with an equivalent 
Woods-Saxon potential and EFR-DWBA approximation. The potential parame
ters used in figure 12 are given in Table 5. In order to get the same maximum in the 
crocs section it was necessary to multiply the EFR-DWBA curves by two different 
factors (0.04 for the full line curve and 0.08 for the dashed line one). In the same 
way the strength of the fc -n factor which couples the elastic and transfer channels 
was found to be twice as important for curve 2 as for curve ] . Thus whatever the 
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approximation is the magnitude of the cross section depends on the exit channel 
potential. Moreover although the shape of the angular distribution shows almost 
no variation with it in the EFR-DWBA calculations it changes appreciably when 
the ZR-CC approximation is used. This is in contradistinction with the results 
obtained in the analysis of the one neutron transfer of the precedent section and 
makes the validity of the zero range approximation more suspect in this case. 

Nevertheless it was not necessary to modify the renormalization coefficient of 
the folding potential in the ZR-CC calculation. This means a weak coupling with 
elastic channel, certainiy due to the low cross section of this reaction which gives 
us some confidence in the fitted imaginary potential obtained for this transition. 
Thus, we kept it in the calculations for the Q = - 5 . 9 MeV transition at 90,100 and 
110 MeV. 

In figures 13 and 14 are summarized the results of the analysis of the Q= —5.9 
MeV transition. Fig. 13 deals with ZR-CC calculations and folding potentials and 
fig. 14 with EFR-DWBA calculations and equivalent Woods-Saxon potentials. 
At each incident energy the folding potentials in the entrance channel are those 
deduced by fitting the elastic data. As previously the full lines correspond to 
calculations done with the same potential in entrance and exit channels and the 
dashed curves to fitted imaginary potentials in the exit channel. The parameters 
used in the calculations are given in Table 6. 

In figure 13, as in figure 12, the strength of the form factor is nearly twice 
as important for the dashed line curve as for the full line curve at 110 MeV. By 
keeping this strength constant for the dashed line curves (i.e. exit channel potential 
different from the entrance one) the energy dependence of the experimental data 
is well reproduced. In the contrary it was necessary to increase this strength with 
decreasing energy in the case of identical in and out potentials (full line curves). 

The EFR-DWBA cross section was multiplied by the same normalization fac
tor at the three energies in figure 14, 0.025 in the case of identical in and out 
potentials (full line curves) and 0.05 in the case of different ones (dashed curves). 
The absolute magnitude of the cross sections is very sensitive to the optical poten
tial in the exit channel although the shape of the angular distributions is not. In 
any case the energy dependence observed experimentally is reasonably well repro
duced by the calculations. 

The agreement with the data is slightly better with the ZR-CC calculations 
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(fig. 13) than with the EFR-DWBA ones. It deteriorates in both cases with 
decreasing incident energy (see fig. 14). As in the one nucléon transfer the calcu
lations are shifted towards large angles. 

It is obtained that the coupling of elastic scattering and the Q = -5 .9 MeV 
a-transfer transition has a significant influence on the «normalization coefficient 
of the folding potential. Nevertheless as neither the EFR-DWBA nor the ZR-
CC approximations seem to be able to reproduce the experimental data, only a 
qualitative conclusion can be drawn from our calculations. The values at 10 fm of 
the potentials obtained by fitting the imaginary potentials in the exit channel are 
given in figure 10 by crosses. Its energy dependence is reduced in comparison to 
the "threshold anomaly" seen in the elast-c scattering analysis. 

5. S u m m a r y and conclus ions 

Precise measurements of elastic scattering of 3 2 S on 4 0 C a and inelastic scat
tering to the first 2 + level in 3 2 S and the first 3~ level in 4 0 C a were made at 90 and 
110 MeV incident energies of 3 2 S . Total experimental cross sections were deduced 
for quasi-elastic reactions, i.e. inelastic scattering and few nucléon transfers with 
Q greater than —15 MeV. 

The analysis of the elastic channel by the double-folding model with the M3Y 
nucleon-nucleon interaction confirms the necessity of an energy dependent renor
malization coefficient N already reported in refs. ' ). The behaviour of the real 
potential at 10 fm is in qualitative agreement with the dispersion relation predic
tion. The discrepancies may be due to the constraints imposed on the empirical 
potential. Measurements at lower energies (below 80 MeV) of observables other 
than the elastic scattering exhibiting a potential sensitivity would be interesting 
in order to determine the rale of decreasing of the imaginary potential. Higher 
renormalizations for the real potential are expected to be necessary in this energy 
region. 

It has been shown that the folding model with an M3Y effective interaction 
gives a good description of inelastic scattering. The energy dependence of the 
real potential diminishes when the number of channels explicitely included in the 
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coupled channel fits increases. The behaviour of the real and imaginary parts of the 
optical potential with energy is in agreement with that expected from the dispersion 
relation. Some evidence was pointed out about the necessity of renormalizing by 
different amounts each real form factor, that is in agreement with the dispersion 
relation. 

The remaining energy dependence of the real potential can be attributed to the 
neglect of excitation of higher-lying states and of few nucléon transfer reactions. 
In order to study the latter hypothesis one neutron and o transfers have been 
measured. It has been found that the coupling between the elastic channel and 
the strongest transition observed in each case has a large influence on the real 
optical potential. At 110 MeV where both transfers can be compared the stronger 
effect is observed for the coupling to one neutron transfer. This can be related 
to the closure of this channel near this energy. The energy dependence of the 
real potential is reduced by taking into account the coupling to a-transfer reaction 
for which data are available at 90,100 and 110 MeV. A more quantitative study 
should be done because only ZR coupled channel calculations were considered in 
the present analysis and only two channels were included. 

When the same optical potentials are used in both entrance and exit channels 
it has been found that the calculations do not reproduce the position of the peak of 
the experimental data at energies near the Coulomb barrier for both one neutron 
and a transfer transitions. By increasing the absorption in the exit channel it was 
possible to reproduce well the shapes of the angular distributions. This could be 
related to the presence of open-shell nuclei in the exit channel although it could 
also be a way of simulating effects produced by more complicated mechanisms like 
coupling between inelastic scattering and transfer channels. Also, the experimental 
spectroscopic factors obtained in light ion reactions are too small in our case. 
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FIGURE CAPTIONS 

Figure 1: Top: Q-spectrum for the one nucléon stripping reactions. Bottom: Q-

spectrum for the a stripping reaction. The arrows indicate the transitions 

taken into account in the analysis,except for the case of one proton stripping. 

Figure 2: Curves of * 2 / n versus N for 3 2 S + ^ C a at 90,iù0,l iû, i . i j and 15; Ï MeV. 

Figure 3: Experimental data for 3 2 S + 4 0 C a at 90,100 and 110 MeV laboratory energies 

compared with predictions using the folding model: renormalized (full line) 

and unrenormalized (broken line)potentials. 

Figure 4: A) Comparison of best fit Woods-Saxon and folding real potentials at 90 and 

110 MeV. The strong absorption radius are given at each energy. B) Best 

imaginary potentials obtained at each energy with folding real potentials (cf 

Table 3). 

Figure 5: "Experimental values" for the real and imaginary potentials for S 2 S + 4 0 C a 

at 90,100,110,120 and 151.5 MeV at 10 fm and predicted real part by the 

dispersion relation. The curves for the real part have been calculated with 

a 2-segment imaginary part. The energy at which the imaginary potential 

vanishes was 70 MeV (full curve) and 77 MeV (dashed curve). V(E) and W{E) 

are given in MeV. The crosses refer to values obtained from experimental data 

of ref. ) and the square to the value deduced from analysis in ref. ). 

Figure 6: Two-channel fit to the elastic scattering and the 2 + of 3 2 S at 110 MeV 

(full line) and the prediction obtained by neglecting the reorientation effects 

(dashed line). 

Figure 7: Three-channel fit to the data (full line) and the prediction obtained by sup

pressing the interaction between the 2 + and 3~ (broken line). 

Figure 8: The same as fig. 5 but for 90 MeV. For comparison are given the predictions 

(curves with crosses) obtained with the best fit potential of elastic scattering 

alone (cf Table 4). 
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Figure 9: The same as fig. 6 but for 00 McV. 

Figure 10: Energy dependence of the real and imaginary potentials at 10 fm for the 
following couplings: elastic (full line), 0 + - 2 + (dotted-dashed), 0 + - 2 + - 3 -

(double dotted-dashed). The crosses refer to the coupling between elastic 
scattering and the strongest a transition. The point refers to the coupling 
between elastic scattering and one neutron stripping. 

Figure 11: One neutron stripping corresponding to ground state - ground state transition. 
For the theoretical curves see Table 5. 

Figure 12: One a stripping corresponding to ground state - ground state transition. For 
the theoretical curves see Table 5. 

Figure 13: a stripping with Q= —5.9 MeV leading to a superposition of levels in **T\. 
The theoretical curves are ZR-CC calculations with different potentials (see 
Table 6). 

Figure 14: Same as Figure 13 but the curves are EFR-DWBA calculations (see Table 6). 
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TABLE 1 
Experimental total cross sections 

Eiai, <r(Inel.) a[ 1 miel.) "(Ti) "(Ar) oj ; 
(MeV) (mb) (mb) (mb) (mb) (mb) 

110 134 ±15 3.6 ±0.6 4.8 ± 1.1 1.4 ± 0.4 144 ± 17 
90 66 ± 1 0 <0 .1 6 ± 3 2 ± 1 74 ± 14 

a) Sum of <7(Inel.),a(l nucl.), ff(Ti) and a(Ai) 

TABLE 2 
Best Woods-Saxon fi ts 

EM -V Rv Ov -W Rw aw X*/n an KSA -V(RSA) -W(RSA) 
(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (mb) (fm) (MeV) (MeV) 

110 16.5 9.37 0.363 20.0 8.08 0.572 1.2 1005 10.43 0.84 0.32 
7.52 9.98 0.270 8.72 9.61 0.272 1.3 998 10.51 0.92 0.31 
9.40 9.76 0.323 8.25 9.47 0.324 1.5 991 10.48 0.91 0.35 
30.6 9.06 0.399 2.96 9.59 0.440 1.5 1004 10.47 0.86 0.35 

90 10.7 9.77 0.269 14.4 8.64 0.465 0.94 499 10.63 0.42 0.20 
7.52 10.1 0.161 8.72 9.49 0.280 1.2 491 10.66 0.23 0.13 
19.3 9.58 0.298 14.4 7.56 0.625 1.1 496 10.61 0.59 n.ii 
11.7 9.96 0.206 20.0 9.26 0.229 1.4 486 10.67 0.36 n.04 

a) RSA is given by RSA = {{v + {l2 + h/i(hn + l))1''*} 



TABLE 3 
Best folding fit -

Etat N -W Itw a\v x-> 
(MeV) (MeV) (fm) (fm) 

151.5 0.93±0.11 21.7 8.49 0.542 1.9 

120 1.08±0.07 29.3 6.41 0.490 1.6 

110 1.23±0.08 22.0 8.76 0.440 3.0 

100 1.47±0.07 8.99 8.45 0.318 2.8 

90 1.56±0.14 5.75 9.6G 0.267 3.2 

TABLE 4 

Best coupled-channe il fils 

Ei.h Channels A' -W Rw o». X2/n 
(MeV) fM~VÏ Trnl cv,.l 

110 0 +(Elastic) 1.23 125.8 7.88 0.464 3.1 
0+2+ 1.24 125.8 7.41 0.560 6.8 
0+2+3" 1.29 125.8 7.30 0.610 12. 

90 0 +(Elastic) 1.56 125.8 8.42 0.349 33 
0+2+ 1.39 125.8 6.70 0.607 6.5 
0+2+3" 1.30 125.8 6.51 0.657 7.5 



TABLE 5 
Potentials used in figures 11 and 12 

Elab Kind of Real Potential") Imaginary Potential') Fljure.Curve 
(MeV) Cale ulation 

110 ZR-CC N = 1.08 125.8 7.88 0.464 11,' 
EFR-DWBA 23.1 9.1S6 0.408 125.B 7.88 0.464 11,2 
ZR-DWBA 23.1 9.156 0.408 125.8 7.88 0.464 11,3 

ZR-CC N = 1.05 125.8 7.88 0.464 
125.8 7.88 0.600 

(in) 
(out) 

H,4 

EFR-DWBA 23.1 9.156 0.408 125.8 7.88 0.464 
125.8 7.88 0.600 

(in) 
(out) 

11,5 

100 ZR-DWBA N = 1.47 125.8 8.31 0.372 12,1 
ZR-CC N = 1.47 125.8 8.31 0.372 

45.8 9.58 0.354 
linl 

lout) 
12,2 

EFR-DWBA 20.8 9.52 0.325 125.8 8.3) 0.372 2,3 
EFR-DWBA 20.8 9.52 0.325 125.8 8.3. 0.372 

45.8 9.58 0.354 
(in) 
(out) 

i2,4 

a) In the case of folding potentials N is given, 
when Woods-Saxon —V,RViav in MeV,fm,fm aso given. 

6) Woods-Saxon parameters — W% Rw > &w in MeVtfm,fm for the in and out channels. 



TABLE 6 
Potentials used in figures ]3 and 14 

Elat, Kind of Real Potential") Imaginary Potential*) Figure,Curve 
(MeV) Calculation 

110 ZR-CC N = 1.12 125.8 7.88 0.464 13,1 
ZR-CC N = 1.15 125.8 7.88 0.464 

48.5 9.58 0.358 
(in) 
(out) 

13,4 

EFR-DWBA 23.1 9.156 0.406 125.8 7.88 0.464 14,1 
EFR-DWBA 23.1 9.156 0.408 125.8 7.88 0.464 

45.8 9.58 0.354 
(in) 
(out) 

14,4 

100 ZR-CC JV = MB 125.8 8.31 0.372 13,2 
ZR-CC N = 1.30 125.8 8.31 0.372 

48.5 9.58 0.358 
(in) 
(out) 

13,5 

EFR-DWBA 20.8 9.52 0.325 125.8 8.31 0.372 14,2 
EFR-DWBA 20.8 9.52 0.325 125.8 8.31 0.372 

45.8 9.58 0.354 
(in) 
(out) 

14,5 

90 ZR-CC N = 0.82 125.8 8.42 0.349 13,3 
ZR-CC N = 1.10 125.8 8.42 0.349 

48.5 9.58 0.358 
(in) 
(out) 

13,6 

EFR-DWBA 31.7 9.22 0.375 125.8 8.42 0.349 14,3 
EFR-DWBA 31.7 9.22 0.375 125.8 8.42 0.349 

45.8 9.58 0.354 
(in) 
(out) 

14,6 

o) In the case of folding potentials N is given, 
when Woods-Saxon —VyRv,av in MeV,fm,fm are given. 

6) Woods-Saxon parameters -W,Rw,aw m MeV,fm,fm for the in and out channels. 


