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The threshold anomaly in the interaction of s-d shell nuclei

B. Bilwes
Centre de Recherches Nucléaires, Strasbourg, Prance

Abstract. The energy dependence of the potential near the Coulomb barrier is studied by
precise measurements of elastic scattering and quasi elastic reactions between s-d shell nuclei.
The analyses with semi-microscopic (M3Y-folding model) and microscopic (closure approximation
model) potentials allow us to demonstrate the generality of the threshold anomaly and the ability
of these models to well reproduce the experimental data.

1. Introduction

Strong energy dependence of the real optical potential near the Coulomb barrier was
observed some years ago for 32S +40 Ca (Baeza et al 1984), 16O +20S Pb (Lilley ei
al 1985) and 16O +60 Ni (Fulton et al 1985) elastic scatterings. This behavior has
been interpreted as the consequence of a dispersion relation which links the real and
imaginary parts of the optical potential (Mahaux et al 1986, Nagarajan et al 1985) :
the rapid decrease of the absorption in the vicinity of the Coulomb barrier -leads to a
rapid variation of the real part of the potential which becomes more attractive. Then
this effect, called threshold anomaly, is expected to occur in all heavy ion interactions.
However its intensity will depend on the strength of the couplings between elastic and
non elastic channels.

In order to test this assumption and to study in detail the relative importance of the
different couplings, elastic and quasielastic channels in the interaction of heavy ions
with different structures and deformations were measured with good precision over a
large angular range. Due to the strong absorption in the heavy ion interactions, only
a surface restricted region of the potential can be explored by quasielastic channel
measurements and moreover one has to be very carefull in their analysis. A recent
paper (Fricke et al 1989) has shown, for example, that the values and the shapes of
both parts of the optical potential play a role in the elastic angular distributions at
angles forward of the quarter-point angle. As we are dealing with comparison between
different mass systems, we have used in all the analyses, microscopic potentials in order
to reduce the interplay between imaginary and real values of the surface potential. In
fact, we want to know better both the mean field and the mechanism of the interaction.
The ability of describing simultaneously various output channels at different energies
forms a strong constraint that will help to avoid misinterpretations.

2. Experimental method

The experiments were done at the MP tandem of the CRN Strasbourg. Two position
sensitive detectors set in time coincidence were used to identify the reaction products
by the kinematical coincidence method described in Baeza ci al 1984, Bilwes et al 1983.
The performances of our experimental set up (mass resolution ~- 3%, Q-resolution ~



500 keV, angular resolution ~ 0.4° in the lab) make it well suited for the measurements
of the quasielastic channels (Q > —10 MeV) in the interaction of s-d shell nuclei.
However the non identification of the Z-values can be an handicap in some cases.

3. The threshold anomaly in the elastic scattering of closed sub-shell nuclei

The angular distributions of elastic scattering of 32S by 24Mg (Diaz et al 1988), 32S
(Bilwes et al 1987) and 40Ca (Diaz et al 1989) were analysed by the same procedure.
The energy independent real potential was calculated in the folding model with the
effective M3Y interaction and the nucléon density deduced from the charge density
taken from electron scattering experiments. The energy dependence was introduced
by a renormalisation factor (N) of the folding potential. The cross sections were
calculated with the ECIS code (Raynal 1981).

The imaginary potential was taken as a Woods-Saxon shape. Aiming at determining
the best value of the TV-factor searches on the imaginary parameters were done over a
grid of N values in step of 0.1. In this way we obtained at each energy a near parabolic
curve giving \'2/" versus N where n is the number of experimental points. The fig. 1
gives as an example the curves obtained in the case of 32S -f40 Ca. In fig. 2 are shown
the values of the real potential at the sensitivity radius (defined by the radius where
intersect all the phenomenological potentials obtained by fitting the data) obtained by
this method for the three mass systems. The X-axis is the ratio between the incident
energy and the Coulomb barrier for each system. An increase of more than 50% is
observed in the depth of the real potential when E/BC varies approximately from 2 to
1 in every case. The arrows on the Y-axis indicate for each system the value of the
unrenormalised M3Y-folding potential (Ar = 1). It is reached at E/BC ~ 2. Similar
results are obtained in the case of 16O +20* Pb (Lilley e1 al 1985).
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Figure 1. Curves of \'/n versus A' for 32S -f 40 Ca at 90, 100, 110. 120 and 151.5 MeV
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Figure 2. Energy dependence of the real potential at the sensitivity radii. The energies are related to
the Coulomb barrier in every case. The horizontal arrows indicate the values of the bare M3Y-folding
potentials. The lines are only to guide the eye.

These results confirm the ability for the M3Y-folding potential to well describe the
heavy ion elastic scattering (Satchler and Love 1979), but for energies not too close to
the Coulomb barrier.

The following step is to check the consistency between the real and imaginary parts
of the potential. For this purpose we have applied the dispersion relation to the values
of the imaginary part at the sensitivity radius and we have compared the predicted
values of the real part to the "experimental" ones. .

We will in the following focus our interest on the 32S +40 Ca system. First, we give
in fig. 3 the experimental cross sections and the best fit curves in the renormalised
M3Y-folding model. (Note the linear scale). Then in fig. 4 we give the values of the
real and imaginary potentials at R = 10 fm obtained with the procedure described
previously (see fig. 1). The error bars correspond to a 10% variation of the minimum
value of the X~/n curves. The dispersion relation in the so-called substracted form
(Mahaux ci al 1986, Nagarajan ci al 1985) links the real and imaginary potentials
through the equation

AVE,(r; E) = (E-E,)
p r
T Jo

W(T; E')
(E'- Ef)(E' - E)

dE' (1)

where Es is a convenient reference energy and

A VE. (r; E ) - T ( T - ; E) - T(r;E,)

and P means the principal value of the integral. The energy dependence assumed for
W(IO fm) and the corresponding energy dependence calculated for V ( I O fm) with eq.(l)
are represented by full curves on fig. 4. We have taken the highest incident energy for
the reference energy (E5 = 151.5 MeV). The good agreement between "experimental
points" and the calculated curve shows clearly that the threshold anomaly is due to
the closure of non elastic channels at the lower energies.
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Figure 3. Experimental data compared with predictions using the renormalised M3Y-folding poten-
tial.
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Figure 4. Energy dependence of the potential at the sensitivity radius. The renormalised M3Y-
folding model is used for the real part, fitted Woods-Saxon for the imaginary part. The curve in the
upper part is calculated with the dispersion relation (eq. 1 ) using the curve of the lower part.

It would be very interesting to be able to predict the energy dependence of the
optical potential near the Coulomb barrier. With this aim we have compared the
predictions of the closure approximation model (Vinh Mau 1986, 1987) to our data.

We will not repeat here the basic assumptions of the model as the first talk of
this conference is devoted to its detailed description. We just recall that the two
parameters Ep and ET are the average values of the whole energy spectra for both
projectile and target nuclei and that by using a reference potential ( the renormalized
M3Y-folding potential) at the sensitivity radius for the highest energy (where correction
of the real part is minimal) one can deduce the r0 -strength of the interaction used
in this model assuming an interaction range of 1.69 fin (;/= Q.~fm~~). This is a
reasonable range according to the gaussian form taken for the effective interaction.



Once these parameters are known they remain unchanged in the. potential and cross
section calculations. ^

The parameters used in the following calculations are Vy? — 56.82 MeV, fi =
0.7fm'2, Ep = 3 MeV and ET = 4.5 MeV. ——^

The angular distributions calculated with these potentials (curves A) are compared
in fig. 5 with the experimental data. The values of the potentials at the sensitivity
radius (R1, — 10 fm) are shown in fig. 6 by full lines. Also shown are the points deduced
in the preceding analysis with renormalised MSY-folding potential.

Figure 5. Experimental data and prediction? of the closure approximation model (curves A). The
curves B are calculated with the imaginary potential of llie model and fitted renormalised M3Y-folding
potentials. The corresponding values of the real potential are indicated by crosses in fig. 6.

Fipnrn 6. Energy dependence of ( l ie real and imaginary pud-ntial at l l i < - sensitivity radius calculated
in the closure approximation model. The point*- arc those of f i e - •!• The crosses refer to the curves B
of fig. 5.

The general tendency is well reproduced. However. \v<- note t h a n t h e closure approx-
imation model underestimates the points at the lowest energies for both the real and



and imaginary potentials. Concerning the absorption, this is surprising as in the clo-
sure approximation model all the channels are taken into account in a global way. It
can perhaps reflect the limitations of the model for energies too close to the Coulomb
barrier. On the other hand we have already noticed than by fitting the data the
deduced imaginary and real potentials are not independent. For this reason we can
now make the hypothesis thai the microscopically calculated absorption is the good
one. Assuming that the real part of the potential is well described in the MSY-folding
model, we can deduced its energy dependence with the help of a renormalisation factor
N' obtained by fitting the data. In the table are compared the renormalisation factor
of the M3Y-folding potential obtained either with fitted imaginary parameters (N) or
with the microscopically imaginary potentials ( N ' ) .

Table 1. Comparison of the renormalisation factor of the M3Y-folding potential obtained either
with fitted imaginary parameters (A') or with the microscopically imaginary potentials (N'). The
\"/n, n being the number of points and the calculated total reaction cross section, are given in
both cases.

E(MeV)

90
100
110
120
151.5

N

1.52
1.42
1.20
1.05
0.92

\-ln

3.4
3.6
3.1
1.6
1.7

cr(mb)

462
749
993
1157
1586

A"

1.35
1.15
1.06
0.95
0.86

\-/n

9.7
19.6
8.2
2.9
2.9

tr'(mb)

455
747
976
1153
1545

With only one parameter we obtain a very good agreement with the data. This can
also be observed in fig. 5 (curves B). The values of the real potential corresponding
to the N' factor are represented by crosses in fig. 6. The energy dependence of these
values is very similar Io the energy dependence of the real potential calculated in the
closure approximation model. It seems that only the energy independent part of this
potential has Io be reduced Io get a full agreement.

In conclusion we have observed a strong enhancement of the real potential (> 50%)
near the Coulomb barrier in the elastic scattering between various closed sub-shell
nuclei. We have verified that this behavior is governed by the dispersion relation
which links the imaginary and the real part of the potential. We have shown that, in
case of 32S -f-40 Ca. the closure approximation model allows us to predict very well the
energy dependence of both parts of the potential.

'... Isotopic effects and the threshold anomaly

The mass systems considered til l now are closed sub-shell nuclei. The collective exci-
tations are *hen expp«~ted to play a predominant role in the polarisation potential.

This was studied in detail in the case of 32S -f40 Ca (Bihves r/ al 1986, Diaz el al
1989). For this system, the inelastic channels correspond to ^ 90?x of the quasielas-
tic cross section. We have shown that the energy dependence of the real potential
diminishes when the number of inelastic channels explicitely included in the coupled
channel fits increases. However, we have found that the coupling between the elastic
channel and t h e one-neutron or o-transfer channel has a large influence on the real
potential although the cross section is very low (respectively -^ 3(/[ and — 4% of the



quasielastic cross section). In order to better understand the respective roles of in-
elastic and transfer reactions we have measured elastic and quasielastic channels in
the interaction of two isotopes of chlorine with 24Mg (Ferrero et al 1990). As 24Mg is
strongly deformed and the chlorine are open sub-shell nuclei both inelastic and trans-
fer channels are expected to have large contributions to the absorption. In fact, many
transfer channels are open as can be seen in the one-line mass spectra (fig. 7) in the
interaction 35Cl -h24 Mg at 90 MeV. The pick-up by the projectile of 1 and 4 nucléons,
the stripping of 1 to 4 nucléons are clearly observed.

35
Cl

Mg-

40 M,

Figure 7. On-line mass spectra. Mj i* the mass identified in detector 1,
binary reactions with the same input channel are located on a line MI 4-
the horizontal line are observed the scattering on target contaminants.

l? in detector 2. All the

o = Mproj 4- Mtnrg- On

We measured the two mass systems at identical c.m. energies between 1 and 1.6
times the Coulomb barrier. First results of the analysis done with the procedure already
described will be given in the following.

In fig. 8 we show for each isotope the energy dependence of the two components of the
potential at the sensitivity radius (9.9 fm). The renormalised M3V-folding potential is
assumed for the real part . The error bars have the same meaning as in the 32S -f40 Ca
case. The curves in the top part of the figure are calculated with the dispersion relation
(eq.l) using the W variation indicated by the curves in the bottom part.

First we note that the absorption is stronger in the 3 'C1 case than in the 35Cl one
for energies larger than 34 MeV (c.m.). The real potential is deeper and its energy
deendence slower in the 3 'C1 case than in the 3uC'l one. A good areement with
the dispersion relation is obtained in the 35Cl case. The result for the 3'C1 is less
conclusive.

We know that the form of the calculated curve for the real potential is very dependent
on the way the absorption is decreasing to zero at the Coulomb barrier. On the other
hand we have found it difficult to well reproduce the observed oscillations in the forward
angular range at energies near the Coulomb barrier. We suspect that the Coulomb
excitation is playing an important role at these energies and that by neglecting it
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Figure 8. Comparison of the energy dependence of the real and imaginary potentials for 35Cl+24 Mg.
Renormalised M3Y-folding potential with fitted Woods-Saxon for the imaginary potential are used.
The upper curves are calculated with eq. (1) , using the energy dependence of the absorption drawn
in the lower part of the figure.

we are deducing imaginary potential values which include the long range Coulomb
absorption. This means thai we overestimate the nuclear absorption, specially near
the Coulomb barrier.

In order to test this hypothesis we did coupled channel calculations taking into
account the elastic channel and the strongest inelastic one, that is the 2~*~ (1.37 MeV)
level of the 24Mg. We switched off the nuclear transition potential and we used the
standard /32 value. As an example are compared in fig. 9 the best fit curves without
(curve A) and with coupling (curve B) in the case of 35Cl -f-24 Mg at 79.9 MeV (note
the linear scale). Such a coupling is observed to alter the elastic curve till very low
angles and to allow a better description of the data in the Coulomb-nuclear interference
region. This means that already for value of ZjZs = 204 the Coulomb excitation has to
be taken into account to reproduce precise experimental data when collective nuclei are
involved. (The well known example 1 &O+1 8 4W given by Love ci al (1977) corresponds
to ZjZ2 = 592).

This calculation was done at all the energies for both systems. The fig. 10 is analo-
gous to fig. 8 but for the CC calculations. No grid search was done and consequently
the points have no error bars. We observe a strong decrease of the absorption (~ 30%)
which becomes stronger with decreasing energies (~ 50%). We observe at the same
time a slight and uniform decrease of the real part (~ 6%). A better agreement is
obtained in the CC calculations between tlie "experimental points" and the dispersion
relation. We still obtain stronger potentials and slower decrease of the absorption for
37Cl than for 35Cl.

It is not clear at the moment why the real potentials are so different at the highest
energy for the two isotopes. While no renornialisation factor is needed in the 35Cl
case, N = 1.15 in the other case. Although we have applied our standard procedure
we cannot totally exclude that some compensations between both components of the
potential occur by fitting the data. For this reason an attempt to get a direct estimation
of the absorption was done by measuring the cross section of the quasielastic channels.

Approximately the same inelastic cross sections were obtained for the two systems.
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Figure 9. Best fit angular distributions calculated without (curve A) or with (curve B) coupling to
the Coulomb excitation.
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Figure 10. Same as fig. 8 in the case of CC calculations including only Coulomb excitation.

In fig. 11 are given an order of magnitude for the cross sections for the most important
transfer channels at the highest incident energy of this study. (The arrows indicate
that the corresponding transfers cannot be separated with our experimental set up).
The one neutron stripping in the 37Cl case is the strongest transition with ~ 23 mb.
The ratio of the transfer cross section to the inelastic one is about 10% in the 35Cl
case and about 40% in the 37Cl case. The enhancement of the transfer cross sections
and the role of the one-micleon stripping in it in the 37Cl case are displayed in fig. 12.

These results are in favor of a stronger absorption for this isotope and consequently
the question of its deeper real potential is left open.

In summary the threshold anomaly is observed in both the interactions of 35Cl and
37Cl with 24Mg. However the energy dependence is smoother in the 31Cl case. This
can be explained by a smoother decrease of the absorption near the Coulomb barrier
that is in fact observed in the values deduced from the analyses. Overall deeper (real
and imaginary) potentials are found in the 37Cl case. Bigger transfer cross sections
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Figure 11. Magnitude of the few nucléon transfer cross sections observed for the two projectiles at
48.8 MeV(c.m-). The Q values are given in MeV for each reaction.

Figure 12. Sum of the few nucléon transfer cross sections measured for 35Cl and 37Cl at 4 energies
(full lines). The one-nucléon stripping cross sections are shown by dashed lines.

were also measured in this case, the most important channel being the one neutron
stripping one.

Following the Stelson's argumentation (1988) the enhancement of the one-neutron
stripping in the 31Cl case by comparison to the 35Cl case may be due to the lower
one-neutron separation energy (9.4 MeV for 31Cl, 12 AIeV for 35Cl). It would be very
interesting to know if corresponding isotopic effects are present in sub-coulomb fusion.



This would give support to Stelson's suggestion about the predominant role of neutron
flow in the enhancement of sub-coulomb fusion.

5. Conclusions

We have observed the threshold anomaly in all the studied mass systems. Moroever
isotopoc effects were observed in the elastic scattering of 35Cl and 37Cl+24Mg. In every
case the energy dependence of the real and imaginary potentials fulfilled the dispersion
relation. The M3Y-folding model was found to very well reproduce the experimental
data but with an energy dependent renormalisation of the real potential and a Woods-
Saxon imaginary potential that necessitates 2 energy dependent parameters. In the
contrary it was shown that the closure approximation model, with only 4 parameters
chosen a-priori according to the nuclear properties of the interacting nuclei, was able
to very well predict the energy dependence of the potential at the sensitivity radius in
the 32S +40 Ca case. A good reproduction of the experimental angular distributions at
various incident energies was also obtained.
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