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Abstract: Elastic scattering between sd-shell nuclei differing by one,two, three and

four nucléons has been measured. The oscillating pattern of the angular distributions,

when it is observed, is attributed to the interference between direct elastic scattering

and elastic transfer. Explicit DWBA treatment of the elastic transfer or parity depen-

dent real potential analysis allow both a good reproduction of the data. The sign and

the importance of the parity potential-deduced by fitting the data are in good agreement

with the predictions of microscopic calculations in the two centre shell-model.
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1. Introduction

The optical model is the most widely used model to analyse heavy-ion elastic scatter-
ing. The standard optical model potential is taken as a local potential with negative real
and imaginary parts which rise quickly and monotonically to zero in the surface region
as in the Woods-Saxon or in the folding form-factors. Nevertheless in many (asymmetric)
systems it seems necessary to include a parity-dependent term in order to reproduce the
experimental data ). Usually it is taken real but a complex one has been used in some
systems ' ). In both cases this term produces oscillations in the angular distribution.
These oscillations are at intermediate angles when the energy is near the Coulomb barrier
and move to backward angles when th'1 energy increases ). Similar oscillations can be
produced also by allowing a certain degree of surface transparency in the standard optical
potential, but in that case their phase changes rapidly with the energy contrary to the os-
cillations produced by the parity dependence. In some systems as 28Si+32S,1GO+18O and
others( see refs. 1,7,8), this characteristic permitted to rule out the surface transparency
in favour of the parity dependence. In other cases (e.g. 16OH-20Ne,28Si-+160,12C) it seems

2 3that both mechanisms are present ' ). In particular the surface transparency enhances the
cross section at large angles (ALAS) and permits the shape resonances (gross structures)
to appear in the excitation function. The parity dependence is responsible for a further
enhancement and, specially, for doubling the periodicity of such resonances ). This latest.

12effect was seen also in inelastic and transfer excitation curves ) and even in the fusion
excitation curve of the 12C-H16O system ).

One possible reason for a parity dependence in the optical potential is that it simulates
the presence of the elastic transfer reaction which consists in a transfer between target and
projectile of the nucléons which differenciate both nuclei in such a way that the output
channel is identical to the elastic one. As a consequence of this indistinguibility both pro-
cesses interfere and produce the oscillations mentioned above which phase is slowly energy
dependent. Probably this is the obvious explanation for the parity dependence detected
in systems of similar mass nuclei and, indeed, a parity dependence should be included into
the optical analysis of the many systems which evidence such an elastic transfer ' ' ' ).
It is not clear if that explanation is suitable for the case of very asymmetric systems as
16O+28Si or 12C+28Si. The difficulty to predict the cross section in such many nucléons
transfers does not allow a reliable conclusion. Moreover the data can be, in principle,
reproduced by using a model independent optical potential which can display oscillating
features but in every case is not /-dependent. This has been done at least in the case of

IG16O+2 Si scattering ) and casts some doubts about the necessity of a parity dependence
in such systems.



On the other hand, on a microscopic point of view, it can be argued that elastic
scattering and elastic transfer are indistinguishable because of the indiscernibility of the
nucléons in both colliding nuclei. Thus the parity dependence turns to be an effect of the
necessary antisymmetrization between all the nucléons of the system. Taking into account
the elastic transfer is equivalent to use only a partial antisymmetrization and we can expect
that a fully microscopic calculation would give different results, specially for very asym-
metric systems. The theories taking into account the full antisymmetrization (RGM or
GCM) are difficult to apply to heavy ions owing to the large number of nucléons involved.
Qualitative studies in the framework of the RGM show that the antisymmetrization effects
introduce a parity dependence in the heavy-ion optical potential as it was evidert from the
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exact calculation in the case of two light-ions scattering ). Moreover, recently D.Baye
proposed a model ) based on the GCM which permits to investigate qualitative char-
acteristics of the parity dependence and applied it to a considerable number of systems
in the sd-shell. It is interesting to test the validity of these calculations in order to give
support to his predictions for systems where the origin (or even the presence) of a parity
dependence is controverted and to encourage possible extensions of the model (already
proposed in réf. ) ) and further theoretical and experimental work.

For this reason we have measured the elastic scattering in seven systems studied by
Baye and analysed the data in order to test the model predictions. In section 2 we describe
the experimental method briefly. In section 3 we evaluate the contribution of the elastic
transfer to the experimental data, in these systems and in two others we had measured
previously, by DWBA calculations. In section 4 the systems which evidence the presence
of elastic transfer are analysed by means of a parity dependent term and the characteristics
of this term are studied. We compare the results of section 4 with the model predictions
in section 5 and we summarize and give the conclusions in section 6.

2. Experimental method

The experiments have been performed at the MP accelerator of the CRN-Strasbourg.
Angular distributions of elastic scattering of 31P ,32S and 37Cl on different targets were
measured between 30 and 130 degrees in the c.m. system. The incident energies were
chosen so that the rainbow angle would be almost the same for all mass systems. As we
are mainly interested in the possible interferences between potential elastic scattering and
elastic transfer amplitudes (see eq. 1 below) this angle was chosen close to 60° c.m.. This
means that the transfer peak is expected at ~ 120° c.m. and consequently the eventually
oscillatory pattern will be observable in good conditions at intermediate angles.



The elastic scattering of 31P + 32S was measured at 86.5 MeV-lab, 31P + 28^29Si at
85.9 MeV-lab, 31P + 27Al at 79.5 MeV-lab , 32S + 30Si at 90 MeV-lab, 32S + 36S at 90
and 97 MeV-lab and 37Cl + 40Ca at 120.5 MeV-lab. Moreover two angular distributions
previously measured are included into the analysis: 32S + 34S at 97.1 MeV-lab and
32S + 28Si at 90 MeV-lab 10).

The targets were obtained either by the implantation technique ) in the case of 32S
and 36S (2-3/ug/cm2) in carbon foils (26/zg/cm2) ) , either by evaporation ) of enriched
40Ca, 27Al, or SiO2 (about 20 /ig/cm2 in every case) on carbon foils (20 /ig/cm2).

The data have been taken using the kinematical identification method with two
position-sensitive solid-state detectors mounted in coincidence, which has been described

OQ O I

previously ' ). On-line analysis was performed in order to get a permanent check of
the detectors' behaviour and to optimize the experimental conditions ( target orientation,

22statistics..) ).

The choice of the distance between the detectors and the targets was determined by
the necessary mass and energy resolutions in each case. In this method these quantities
are directly related to the angular precision. The distance was 120 mm in the 32S + 36S
case, 160 mm in the 32S + 30Si and 37Cl + 40Ca cases, 180 mm in the 31P + 28'29Si,
27Al cases and 240 mm in the 31P + 32S case. A typical energy resolution of 500 keV
was obtained which allowed to separate elastic events from inelastic ones. As the angular
resolution was in every case better than 0.5 degrees in the lab the events were stored in
steps of 1 degree in the c.m..

For each angular distribution a few different geometrical settings of the detectors
were sufficient to obtain the whole angular distributions. The error bars include both
the statistical and the relative normalization errors between the different measurements.
Absolute values of the elastic cross sections were obtained by normalizing to the Rutherford
scattering at the most forward angles.

3. Elastic transfer analysis

In the first analysis of the data we have taken into account explicitely the elastic trans-
fer by adding to the direct elastic scattering amplitude, obtained from a standard optical
potential, the transfer amplitude calculated by the DWBA. The transferred nucléons were
represented by the extreme-cluster model. Thus the "observable" scattering amplitude



/ is given by

where / is the spin of the smaller nucleus, either A or a. The 6 symbols in this formula
reflect the fact that the spin orientation does not change in the elastic scattering because
the standard optical potential is spin-independent (till now there is no clear evidence for a

*) ̂

sizeable spin dependence in heavy-ion interactions )). On the contrary it is, in principle,
possible that the spin orientation after the transfer reaction may be different from the
initial one. On the other hand the cross section is obtained from | / |2 by summing
over the final spin orientations (M'a, M'A) and averaging over the initial spin orientations
(M01M^). Thus in that sum there are two amplitudes ( /(*') and f^) when M'a = Ma

and M'A — MA, which interfere producing oscillations in the angular distributions while
only the transfer amplitude remains in the other cases contributing incoherently to the
cross section. This means that in general only a part of the elastic transfer contributes
coherently to the measured cross section while the rest tends to wash out the characteristic
interference pattern. Taking into account that the transfer amplitude is calculated in the
DWBA without spin dependent potentials it is easy to show that at a given angle 8 the
transfer cross section which adds coherently is

being «7(=o the part of the transfer cross section corresponding to a transferred angular
momentum / = O and being j] the total spin of the transferred particle.

For the optical potential generating /(ei' we took the form

V0pt(r] = NVF(r) + iW(r) + Vc(r) (2)

where VC(T) is the Coulomb potential for a uniform charge distribution of radius
R = 1.2(Al/3 +^2/3) fm> w(r) is the Woods-Saxon form factor with well-depth W, radius
RW and diffuseness aw, and VF(T) is the folding potential ) which is multiplied by a
renormalization factor N, In the calculation of Vp (r) we have used the M3Y nucléon-
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nucléon interaction ) and the nuclear densities deduced from charge densities assuming
that the neutron and proton distributions are the same and taking into account the finite
size of the charge distribution of the nucléons. The charge densities used were deduced
from electron scattering as reported in ref ), except for the case of 34S where we used

no

the nuclear density obtained from 1 GeV proton scattering ).

29
We determined the free parameters of Vopt by fitting the data ) but without forcing

to fit also the data at backward angles (Ocm > 110°) when there are oscillations as we



were trying to see if such oscillations arise from the elastic transfer. Moreover we fixed
the well-depth of the imaginary potential to W — 50 MeV in order to reduce the number
of parameters. This particular choice of W was verified to be without importance. The

same quality of fits were obtained by changing M7 unless we chose a small value of W (< 5
MeV). This is due to the strong volume absorption produced by such a deep imaginary
potential which makes the scattering sensitive only to the tail of the optical potential and

consequently relates W and RW by the Igo ambiguity. It is worth mentioning that fixing
the value of W does not prevent a surface transparency of the optical potential which is
certainly present in some heavy ion systems.

The values of the Vopt parameters obtained from the data are reported in table 1 with
a few characteristic quantities as the grazing angular momentum /g, the reaction cross
section a/j, the strong absorption radius RgA and the values of the real and imaginary

potentials at RSA- The fits can be seen in figures 1 to 5 (dashed lines). We observe that the
theoretical angular distributions produced by Vort have the typical profile of the heavy-ion
scattering at energies near the Coulomb barrier when it is dominated by strong absorption

and that they fit very well the experimental data except for the presence of oscillations in
some systems. We have verified that it is not possible to reproduce such oscillations with
an optical potential of the form (2). The only way to produce oscillations at backward
angles without destroying the fit in the rainbow region was to use a small imaginary well-
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depth (W < 5 MeV), which is considered unrealistic for heavy-ion scattering ), and even
in this case the data reproduction was not very good. This indicates that the origin of
these oscillations must be the elastic transfer. We will come back to this point later.

In table 1 the mean value of the renormalization factor is < N >= 1.34 ± 0.17 which
is a little bit high in comparison with the value < N >= 1.06 ±0.11 obtained in a
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similar analysis by Satchler and Love ) of 67 heavy-ion systems. This may be justified
because the neutron distribution is not equal to the proton distribution as we supposed
for simplicity, specially when the number of neutrons and protons are very different (v.g.

ir. :he 36S case). Moreover the incident energies of the present data are near the Coulomb
31

ba ;ier and lower than the energies for the data in réf. ). This can be a reason for the
°2

value of < TV > to be greater than 1 as it reflects the threshold anomaly " ).

The characteristics of the bound states, the values of the binding potential parameters
and the spectroscopic factors given in table 2 are those used in the DWBA transfer calcu-

•ao

lations ) . The resulting curves are presented in figures 1 to 5. The dash-dotted curve is

the transfer cross section and the full curve is the total elastic cross section obtained from
(1). We can see that the reproduction of the data is in general very good except perhaps at
the more backward angles in some systems. An interesting feature of the elastic transfer is

a/o

E = 86.5 MeV



that, the entrance and exit channels being equal, only one spectroscopic factor and one op-
tical potential are involved in the DWBA calculation. This eliminates the indétermination
arising from the exit channel optical potential which is normally unknown in the common
DWBA calculations. Moreover the spectroscopic factor can be determined directly from
the data and not only as a product of spectroscopic factors as in the common case.

For the systems which data show a well-developed oscillatory pattern the spectroscopic
factors obtained in this work are in genera! agreement with others when they are available,
either deduced from light-ion scattering or calculated theoretically (see table 2). This fact
supports the elastic transfer to be at the origin of the backward angle oscillations observed
in these data.

This is obvious in the case of one proton transfer (32S+31 P) because the same spec-

troscopic factor as with light-ion scattering was obtained, as it is generally found for the
well-matched one nucléon transfers ' ). It is justified in the 32S+28Si and 32S+30Si cases
in view of the spectroscopic factors obtained although there are discrepancies with the data

at the more backward angles for the latter system. For the other two nucléons transfer
cases (fig. 2) the quality of the fits and the reasonable values of the deduced spectroscopic
factors support also this conclusion. In the case of 31P+28Si the spectroscopic factor de-
duced in this work is greater than the one obtained in the 28Si(a,p)reaction ). We think

that this discrepancy does not weak our conclusion but could indicate that the mechanism
of the three nucléons transfer is different in the two reactions. Nevertheless a stronger

test of the origin of such oscillations would be to follow their behaviour with the energy.
We did not perform measurements at various energies for the systems measured specially
for this work (see section 2) but we previously studied in detail the evolution of 32S+28Si
elastic scattering with the incident energy. In réf. ) we reported 25 angular distributions

at energies ranging from 90 to 102 MeV. We concluded from the stability of the oscillations
with the energy that their origin is the elastic transfer. For the system 32S+34S the data
at three incident energies are available and the same kind of analysis leads to the same

conclusion.

For the systems where no clear oscillations are observed only an upper limit of the

spectroscopic factors can be given.

The low statistics at backward angles of the data for the 3'C.l+40Ca system prevent
obtaining significant information about the corresponding elastic transfer. However DWBA

calculations with a relatively high value of the spectroscopic factor (5 = 1) predict (see
fig. 3) a very small yield for such a transfer as it is expected intuitively. Therefore it will
not produce measurable effects on the total cross section.

cr/aR
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Foi the case of 31P+27A1 the transferred momentum can take values ranging from
/ = O to / = 4, the / = O component beeing négligeable in comparison with the / = 2,4
ones (see fig. 5). As it was mentioned before only the / = O component interferes with
the direct elastic scattering. Thus the predicted oscillations in this system have very
small amplitudes. It would be necessary to measure with a great precision to observe
such kind of oscillations and possibly extract a spectroscopic factor. From our data we
could only deduce an upper limit (S < 0.24) which is comparable to the value of the
spectroscopic factor obtained in the 32S+28Si case. This is compatible with the equality
of the theoretical values in both cases ). (The absolute values from experiments depend
rather strongly on the binding potential and the optical potential used and consequently
the direct comparison with the theoretical values is difficult. The comparison of relative
values is more significant).

The angular distribution at 90 MeV for the 32S+36S system does not show evident
oscillations but is compatible with values of the spectroscopic factor up to S — 0.24 that
is rather high for a 4n transfer. The data at 97 MeV have too low statistics at backward
angles to be usefull in this respect.

In conclusion, at least in the intermediate angle region (6cm < 130°) it is clear that
the oscillations observed in some of the studied mass systems are produced essentially by
the elastic transfer and conversely when the transfer cross sections are expected to be very
low no oscillations are observed.

4, Analysis with a parity dependent optical potential

Let us suppose that the projectile a is composed by the ejectile b plus x nucléons.
Schematically a transfer reaction can be written

(b + x) + A —> b + (A + x)

If the 6 and A nuclei are identical the residual nucleus B formed by the target A plus
x nucléons is the same nucleus as the projectile. Thus we have two indistinguishable
reactions, A(a,a)A which is the direct elastic scattering and A(a,b)B which is the elastic
transfer. As both reactions are physically indistinguishable we must add the corresponding
scattering amplitudes to obtain the observable amplitude. This is the point of view of the
precedent section. On the other hand we can describe the system by a wave function
properly symmetrized with respect to the two (idertical) nuclei A and b. If, for simplicity,
we suppose the nuclei a and A whithout spin the wave function \I> reads

aA>+u(-rf,)\bB> (3)



where the function u(ra) describes the relative motion of the colliding particles a and A
and the ket | aA > their intrinsic states. The vector rtt or r^ relies the center of mass of A
and a or B and 6 respectively (see figure 6). Projecting the equation (H — E)ty — O over
< a A we obtain an equation which determines U(T)

{TIa + Vopt(ra) + (e - £)}u(rQ) + / drpK(Ta,rp)u(-rp) = O (4)

where TTa is the kinetic energy operator, Vopt is the optical potential between a and A,
£• is the intrinsic energy of these nuclei and K is the kernel which appears in the CRC

QO

equations (e.g. see réf. )). It is clear that including the elastic transfer reaction directly
in the wave function (3) leads to add a non-local term to the optical potential. Equation
(4) can be solved by an iterative method. The first iteration gives the amplitude expressed
in equation (1) of the precedent section. The small range of non-locality of K suggests
another possible approximation, that is to substitute the ncn-local potential by some kind
of local equivalent potential transforming (4) into

{Trn + Vop1(ra) + (E-E) + V11(T0)P]U(T01) = Q (5)

where P is the parity operator PU(T) = U(-T). It is easy to solve this equation with the

usual optical model codes because when expressed in terms of partial waves the parity
dependent term VT(r}P reads simply V v ( r ) ( ~ l ) 1 . What is remarkable is that, if Vp(r) is
correctly chosen, equation (5) (which implies much less calculations than formula (1) of

precedent section) will take into account the elastic transfer not only in the first order but
in all orders.

In the deduction of equations (4) or (5) we supposed that the colliding nuclei do not
have a spin, in the general case when one or both nuclei have a spin these equations are
not applicable unless the spin orientation cannot change in the transfer reaction. For the
systems where the spin can change in the transfer most part of the transfer cross section
becomes incoherent with the elastic cross section making unnecessary a parity dependent
term in the optical potential. For this reason we did not analyse the 37Cl+40Ca and
31P+27Al systems with a parity dependent potential. Moreover the angular distributions
do not show an oscillating structure in such systems.

For the other mass systems studied in this work we applied equation (5) with the
optical potential Vopt given in table ] and the parity dependent potential of the form

(6)

0/0R

31P+
32S



A which is obtained eliminating the term V^j, - Vopt in the kernel .K"(rQ,rg), neglecting the
38

er non orthogonality term and the recoil- ). The parameter Np can be fitted in order to
correct these approximations. It takes into account also the spectroscopic factor. The
transferred particle is denoted by x while <j>(ri,x) and (J)(TAX) are the bound wave functions

4\ • corresponding to x in the projectile (a = b + x) and in the residual nucleus (B = A + x)
respectively (see figure 6), VAX being the binding potential which generates this bound
state. We used for VAx the binding potentials of table 2. Finally the sign ( — I ) * I A in
equation (6), where IA is the spin of the core nucleus (IA = /?,) arises because in the
systems where IA is not an integer the plus sign in (3) must be changed by a minus dign
(i.e «P is antisymmetrized in respect to A and b).

By fitting the Np parameter it was possible to obtain theoretical angular distribu-
tions (see figures 7 to 10) practically identical to the full curves in figures 1 to 5 which
were obtained with an explicit treatment of the elastic transfer by means of the DWBA
approximation (sect. 3). This means that the parity dependent potential given in (6) is
adequate to generate a local potential equivalent to the non-local potential in equation
(4), the approximations implicit in (6) being corrected by Np. Moreover it means that the
transfer proceeds in one step as it is supposed by the DWBA. This conclusion is generally
found in similar analyses of elastic transfer from other systems ) when a deep imaginary
potential is used.

We have investigated what are the characteristics of Vp(r) which are determined by
the experimental data. Other forms for V?,(r) different from (6) were tested. In partic-
ular we made Vp(r) proportional to the folding potential V1,(r) = CNVp(r) and we took
also a Yukawa form factor Vp(r) — Npe~Pr/r with different values for /3, By fitting the
parameters C and Np we could obtain in many cases theoretical curves very similar to
the ones represented in figures 7 to 10. The corresponding potentials are equivalent to the
potential of (6). In figure 11 we have represented a few of such equivalent potentials for
the system 32S+28Si. We see that they all have the same value at a radius which is very
close to the strong absorption radius RSA- It is clear also that the scattering is insensible
to the inner part of the potentials. We have verified this point by "cutting" the potential
Vp(r) of equation (6) at a radius Rc into the form

Vp(r) i f r > f l c

and observing the theoretical curve. For all the systems the theoretical prediction was
unchanged for R0 less than K 9 fm. This restricts the sensitivity region of V},(r) to a zone
of about 2 fm around the strong absorption radius which in these systems is approximately
10 fm (see table 1). In consequence we have characterized the importance of Vp{r) for each

9
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particular system by the ratio VPF =| VP(RSA)/^VF(KSA) I - Moreover in the sensitivity
region the sign of V1, is determined without ambiguity because a change of the sign must
produce a 180° shift in the theoretical oscillations (as it is evident from the deduction of
equation (5)).

5. Comparison with Baye's model

In réf. ) Baye derived the properties of the parity dependent part Vp(r) of the
optical potential from expectation values of the microscopic hamiltonian calculated with
parity-projected wave functions constructed in the two-centre harmonic oscillator shell-
model. Representing the range of Vp(r) by the parity radius Rp beyond which the parity
dependence becomes negligible the model of réf. ) indicates that Rr essentially depends
on the difference è = AI - A2 between the mass numbers A1 and A2 of the colliding nuclei,
but it is influenced also by the shell structure of the colliding nuclei. For the parity effects
to be observable in the experimental data Rp must be greater than, or close to, the strong
absorption radius RSA- Nevertheless the value of Rp cannot be determined unambiguously
from the data because it depends on the particular form taken for the parity dependent
potential Vp(r). As it was shown in section 4 the ratio Vpl. between Vr f r ) and the real part
of the standard optical potential at RSA is more suitable to represent the importance of
Vp(r) because it is stable upon a change in the Vp(r) form.

In table 3 we compare both qrantities Vpp and Rp. The parity radius Rp is greater
than RSA for the system 31P+32S which, as deduced from the experimental data in section
4, shows the most important parity dependence (Vpp = 0.16). Disregarding the case of
32g_|_3Gg ^6 Other systems show also a parity dependence although they have a parity

radius Rp which is up to three fermis below RSA- This is not against the validity of the
model because the harmonic oscillator shell-model does not provide wave functions with a
good asymptotic behavjour and we expect that Rp will increase up to Rp > RSA for such
systems if it is obtained with more realistic wave functions. On the contrary, the small
value of Rp for 32SH-36S indicates that the tail of the wave functions is unimportant for
the evaluation of Rp in such a system and its value would remain essentially the same in
a more realistic calculation. From the analysis of our data we deduced an upper limit of
0.01 for Vpp. With this value (i. e. Vp(r) is only 1% of the optical potential real part)
the parity dependence produces small oscillations which we cannot rule out from the data
(see fig. 10). We can expect that a precise measure of the differential cross section for
6 > 100° would lower the possible value of \'PP making negligible the parity dependence in
agreement with Baye's prediction.

10
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Although both Vpp and Rp show that the parity effect increases when the nucléon
number difference 6 = A1 — A% decreases, the parity radius for systems with a fixed 6-

value may vary because of differences in the internal structure of the colliding nuclei. This
is the case of the three systems with 6 = 2 of table 3 . The parity radius Rp is almost
the same for 3IP+29Si and 32S+30Si but diminishes for 32S+34S due to the change of
the subshell ). This is partially supported by the behaviour of Vpp which diminishes

from 32S+30Si to 32S+34S but is unexpectedly small for the system 31P+29Si. This may
indicate that not only the number of nucléons which différenciâtes both colliding nuclei
and the subshell involved are important but also what kind of cluster can be formed with

such nucléons (d,2n,2p,etc..). Concerning this point it would be interesting to compare
experimentally the 32S+36S and 32S+36Ar systems. Both have a similar predicted parity
radius (Rp = 3.2 and 2.8 fm respectively, see réf. )). Thus according to the model a parity

dependent term is not necessary to fit the experimental data but, from the point of view
of section 3, while the elastic transfer in the system 32S+36S must be negligible because
there are four neutrons involved, it could be important in the case of 32S+36Ar because
the four transferred nucléons can form an alpha particle.

The sign of Vp(r) near the parity radius can be also calculated from the model of réf. )
and it is unambiguously determined by the experimental data as it was pointed out in the

precedent section. In table 3 we compare the sign deduced from the model and from the
experiment observing that they agree for all the analysed systems. The sign predicted by
the model is also in agreement with analyses of experimental data for other systems with

6 < 4 as 180+I60,29Si+28Si ,30Si+28Si and.20Ne+160 J '2). We can conclude that Baye's
model successfully predicts the sign of Vr(r) for systems with a nucléon number difference
6 < 4 and describes reasonably well the importance of such a parity potential although

the internal wave functions representing the colliding nuclei may be oversimplified.

Concerning more asymmetric systems (6 > 4) the model has been applied to a few
cases in réf. ) and it does not predict a sizeable parity effect. This is verified by the ex-

periment for the 32S-H24Mg and 32S+40Ca systems where analyses with a standard optical
potential (eq. 2) could reproduce the data ' ). On the other hand the oscillating struc-
ture which appears in the differential cross section at backward angles for the 24Mg+16O

system has been attributed ) to the elastic transfer process which proceeds principally

through the (sequential) 2a transfer mechanism. This hypothesis is supported by the
a-cluster stnicture of 4N nuclei as 24Mg. The fact that neither this a-cluster structure
nor the sequential transfer mechanism are included in the model of réf. ) may induce a

underestimate of the parity effects for systems as the above mentioned.

Finally we comment briefly the case of 1GO+28Si scattering. It is quite clear from

11



the analysis of the 12C cluster elastic transfer in réf. ) that this is not the mechanism
responsible for the parity dependence apparently present in this system because it was
necessary to add a phase shift to the DWBA amplitude in order to reproduce the data.
This phase shift may simulate a Sa sequential transfer which could be a more favoured
process than a single 12C transfer. The sequential process generates a parity potential
with an imaginary component ) contrary to the single step process (see section 4). This
would justify the kind of parity dependent term used in réf. ' ). Nevertheless this system
shows a great surface transparency which can reveal characteristics of the optical potential
usually hidden in systems dominated by strong absorption. For instance the deduced
optical potential can have oscillating features ) which in turn may arise from a strong
coupling with inelastic or transfer channels ' ).

6. Conclusions

Systematic study of the elastic scattering of nuclei belonging to the sd-shell and dif-
fering by one to four nucléons was pursued. The angular distributions were measured on
a large angular range at energies near the Coulomb barrier. A general good reproduction
of the data was obtained by optical model analyses with folding potentials calculated with
the M3Y interaction. Nevertheless a renormalization of the potentials was necessary in all
cases. The fact that the mean value of this renormalization factor (< W >= 1.34) is close
to the unity constitutes a justification of the folding model. The value slightly higher than
one can be related to the threshold anomaly recently put in evidence in the interaction of
heavy-ions near the Coulomb barrier .

The oscillatory pattern observed at intermediate angles for some mass systems has
been explained by the interférence between the elastic transfer and the direct elastic scat-
tering. In the case of one nucléon and a transfers a very good agreement with the data
is obtained by DWBA calculations using the spectroscopic factors deduced from reactions
induced by light-ions. In the other cases when no reference value was available in the liter-
ature the spectroscopic factors were deduced by fitting the experimental data. Reasonable
values were obtained, which support the elastic transfer reaction as the origin of such os-
cillations. A definitive proof of the role of the elastic transfer would be the stability with
the incident energy of the oscillation phase. This has been demonstrated in the case of
the two neutron transfer (32S-f-34S) and of the a transfer (32S+28Si) , systems previously
studied at various incident energies.

A further analysis of the oscillating angular distributions has been pursued by in-
troducing a parity dependent term in the optical potential. No special sensitivity to the
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shape of this term was found. In fact only the sign of the parity dependent potential
and its magnitude in the vicinity of the strong absorption radius can be deduced without
ambiguity from the experimental data. It was found that a parity potential of only a few
percent of the folding potential is able to produce oscillations. The same quality of fits
than in the DWBA analysis was obtained, in particular no angular shifts were observed.
This means that a simple parity dependent term added to the standard optical potential
can simulate very well the elastic transfer or more complex antisymmetrization effects.

These results have been compared to the microscopic calculations of D. Baye in the
two-centre harmonic oscillator shell-model. A total agreement between the predicted signs
and the fitted ones has been obtained in the seven cases where oscillations are present.
A comparison between the calculated parity radius (Rp) and the experimental strong-
absorption radius (RSA) shows that parity effects are present even if Rp is two or three
fermis smaller than RSA although we have shown that only the value of the parity depen-
dent potential in a zone of about two fermis centered in RSA may have an influence on
the cross section. Thus we think that the antisymmetrization effects are underestimated
by the model of D. Baye as it is applied in réf. ). This is probably due to the use of the
harmonic oscillator functions. It would be interesting to use shell model functions with a
correct asymptotic behaviour. It is possible in that model (see réf. )) but requires more
extensive calculations. We also pointed out the possible role of cluster effects or sequential
transfer mechanisms which are not taken into account in the model.
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1.
Folding optical potentials

SYSTEM

37Cl+4UCa
32g_|_3Cg

32g_L34g

3̂ S+3"Si
328+28Si
31p+32g

31p+29gi

31p+28Si

31P+27JU

(MeV)

120.5
90.0
97.0
97.1
90.0
90.0
86.5

85.9
85.9
79.5

A'

1.11
1.69
1.57
1.31
1.12
1.20
1.37

1.50

1.33
1.19

-W

(MsV)

50.0
50.0
50.0
50.0
50.0
50.0
50.0

50.0
50.0
50.0

Rw

(fm)

8.41
8.05
7.94
7.95
7.49
7.65
8.15
7.49

7.56
7.37

aw

0.506
0.503
0.509
0.477
0.555
0.471
0.391
0.485

0.488
0.483

CT/T

(nib)

1045
944

1080
967
924
752
734
854
839
732

C,"

42.2
32.8
36.5
33.7
29.4
25.7
26.9
27.4
26.6

23.4

H

10.76
10.47
10.35
10.25
10.15
9.88

10.12

9.92

9.98
9.85

(MeV)

0.967
0.713
0.826
0.913
0.717

0.974
0.905
0.882

0.790
0.839

(MeV)

0.476
0.404
0.435
0.399
0.411

0.435
0.322
0.331

0.349
0.293

«)/,, is defined by 1-| SiJ= 1/2



ThbleS.
Bound states characteristics

SYSTEM
x + A

PH-31P
2nH-32S
2PH-30Si
d-f^Si
SpH-37Q
tH^Si
4n+32S
Q-H28Si

QH57Al

/X

1/2
O
O
1

1/2
1/2

O
O
O

N

1
2
2
2
1
3
4
4
3

L

O
O
O
O
1
O
O
O
2

J

1/2
O
O
1

3/2
1/2

O
O
2

(MeV)

57.9
74.6
88.9
80.6
78.7
99.4
105.

82.3
86.2

r!;1
(fn,)

1.25
1.25
1.25
1.25
1.25
1.25
0.97''
0.971-'
0.97'-'

0<l

(fin)

0.65
0.65
0.65
0.65
0.65"
0.65
0.65
0.65
0.65

e
(MaV)

-8.86
-20.06
-16.16
-15.68
-24.95
-17.90
-36.94
-6.94
-9.67

&

1.0
1.7
2.0
1.1

0.6
<0.24

0.24
<0.24

Serf

1.0 ±0.1

0.14»!

0.22'"

fc

1.2*1

2.3331

0.09*1
0.09*»

a) Wxxk-Saxon potential with n> and oo fixed and
V fitted to generate a (TV1 L, J] state with energy s.

e) Spectroscopic factors used in the present analysis (S = C2S).

'') Deduced from light-ion reactions ).
r) fo = To(A1I3 H-41/3)
^ ) A spin-orbit potential Vso = 6 MeV was introduced.

*) M. 36J h) Réf. 37) <) Réf. °5) >') Réf. 4G) *) Réf. 47)

TfableS.
Characteristics of the parity dependence

SYSTEM (fhl) (MeV) H
SiPH-32S
31PH-29Si
32SH-30Si
32g^_34g

31P-H28Si
32SH-28Si
32SH-30S

10.12
9.92

10.15
10.25
9.98
9.88

10.47

0.151
0.053

-0.087
-0.086
-0.023

-0.058
-0.008

0.16
0.064
0.12

0.095
0.03
0.06

<0.01

-0.18
-0.06

0.12
0.08
0.03
0.05

<0.01

11.8
9.4
9.3
7.7
8.1
7.1
3.2

H-
H-
-_
_
_

—

'l}Vt,(r) given by eq.(6)

c) Deduced by fitting experuTEntal data with Vv(r) - CNVr(r)

•')Hom24)
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Figure captions

Fig. 1 : Angular distribution of 31P + 32S elastic scattering. The dashed curve is the optical model calculation with
the parameters of table 1. The dash-dotted curve is the DWBA calculation of the elastic transfer with the

same optical potential and the bound-state parameters and the spectroscopic factor of table 2. The solid line is

obtained by adding coherently the two precedent amplitudes (see eq. 1).

Fig. 2 : The same as figure 1 but for the systems differing by two nucléons: 31Pn-20Si (Id), 32SH-311Si (2p) and 32SH-34S

(an).

Fig. 3 : The same as figure ] but for the systems differing by three nucléons: 31Pn-28Si (It) and 37Cl-I-40Ca (3p). In the

latter case the dash-dotted curve is an estimation of the total cross section (sum of the components / = 0,1, 2

with S = 1). The estimated yield of this reaction is so small that the effect on the elastic cross section must be

négligeable.

Fig. 4 : The same as figure 1 but for the system differing by four neutrons: 32S-T30S at two incident energies. The

spectroscopic factor used is S = 0.24.

Fig. 5 : The same as figure 1 but for the systems differing by an a: 32Sn-28Si and 31PH-27Al. In this latter case
the cross section of the interferring I = O component is very low and consequently the expected oscillations are

negligible.

Fig. 6 : Coordinate definitions for the transfer of a cluster x between two cores b and A.

Fig. 7 : Parity dependent potential analysis of 31Pn-32S elastic scattering. The dashed curve is obtained without

parity dependent term ( identical to the dashed curve in figure 1). The solid curve is obtained with the parity

dependent term (eq. 6) whose parameters are given in table 2.

Fig. 8 : The same as figure 7 but for the case of nuclei differing by two nucléons.

Fig. 9 : Th ! same as figure 7 but for the case of 31Pn-28Si .

Fig. 10 : The same as figure 7 but for the case of 32Sn-36S and 32Sn-28Si.

Fig. 11 : Comparison of the parity dependent part of the optical potential obtained by fitting the 32SH-28Si data with

different parametrizations. Here Vp(r) is the folding potential renormalized by the factor N given in table 1
(see section 3). The curve labelled with D is the parity potential V1, (r) of the form given by eq. (6) and the

signs between brackets indicate the sign of that potential.
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