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Abstract

A systematic study of elastic proton and neutron scattering as well as
(p,n) charge exchange reactions was undertaken in the context of the JLM
microscopic framework in order to test the isovector part of the potential.
The study included the stable nuclei *®Ca, *°Zr, '*°Sn and ?°®Pb in the
energy range of ~25-45 MeV and the halo nucleus ®He at ~40 MeV. It was
found that the stable nuclei data can be reproduced, by an adjustment of
the isovector part through a renormalization factor, Aisoy ~ 2-2.5. The
required isovector adjustment for the halo nucleus data will be discussed.
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It is well known that in the context of the Lane model [1] a consistent de-
scription of proton elastic scattering and charge exchange reactions can provide
information on the isoscalar and isovector part of the nucleon-nucleon interac-
tion and can also, to some extent, probe differences between the proton and
neutron density distributions [2]. With the advent of radioactive beam facil-
ities, a good knowledge of the isoscalar and isovector part of the potential is
necessary in order to probe properties of nuclei near the drip line.

However, while nucleon scattering is adequately described by several theo-
ries, the interpretation of (p,n) charge exchange reactions into a phenomenolog-
ical or microscopic framework have met with limited success [3, 4, 5, 6, 7].

The microscopic JLM approach, which was derived by Jeukenne, Lejeune
and Mahaux [8, 9], has been extensively studied by Hansen et al. [10] and
Petler et al. [11]. It has been particularly successful in describing elastic proton
and neutron scattering for stable nuclei with slight adjustments, mainly on the
imaginary part of the central potential and with no adjustment on the strength
of the isovector term [12]. Moreover, it was established previously by Alamanos
et al. [13] the adequacy of JLM to describe elastic and also inelastic proton
scattering, by using measured transition density distributions. On the other
hand, no systematic study exists for (p,n) charge exchange reactions, in the
framework of the JLM model. Calculations performed in the past for 2°8Pb
[14], seem to reproduce the angular distribution structure of the (p,n) reaction
but fail to reproduce the absolute magnitude of the cross section by a factor
of 4 to 6 [14]. The origin of this discrepancy was attributed by the authors to
the very weak ratio of the real isovector to isoscalar term of the JLM approach,
which was significantly smaller than that found in phenomenological potentials
[15, 16, 17, 18] and the M3Y interaction [19], by a factor of ~2.

Thus, to clarify the situation we report in this letter a systematic study
of (p,p) and (n,n) elastic scattering as well as (p,n) charge exchange reactions



in a wide mass range of stable systems (A=48-208) and attempt to apply our
findings to the halo nucleus *He.

JLM microscopic calculations were performed in a microscopic DWBA ap-
proach, in which entrance- and exit- channel optical potentials are calculated
consistently using an energy and density dependent interaction. This interac-
tion was derived from the nuclear matter calculation of Jeukenne, Lejeune and
Mahaux [8, 9]. The starting point for computing the JLM potentials, is the
Brueckner-Hartree-Fock approximation and the Reid hard core nucleon-nucleon
interaction which provides, for energies up to 160 MeV, the energy and density
dependence of the isoscalar, isovector and Coulomb components of the complex
optical potential in infinite matter. The optical potential of a finite nucleus is
obtained by making the local density approximation (LDA), that is substituting
the nuclear matter density with the density distribution of the nucleus and in-
cluding the effect of the range of the effective interaction in a phenomenological
way [9].

Our present calculations span a broad mass range, including the nuclei *8Ca,
907r, 12908n and 2%8Pb at various proton energies. It would have been desirable
to extend our study to lighter systems, but this was not possible due to lack of
(p,n) data on isobaric analog states. Density distributions were constructed by
adopting typical Fermi type distributions and making use of electron scattering
results [20, 21]. For 2°Pb the proton density was derived from Frois et al. [22]
and the neutron density from Hoffmann et al. [23] according to the suggestion
of ref. [24]. The (p,p) elastic scattering calculations are displayed in Fig. 1, the
(n,n) ones in Fig. 2 and the (p,n) results in Fig. 3 and 4, and are compared with
experimental values determined previously [25, 26, 27, 28, 29, 30, 31]. The cal-
culations were done by adopting real and imaginary normalization factors equal
to Ay=1.0, A, =0.8 for the lighter isotopes and A, =2\, =1.0 for the heavier ones.
Initially no adjustment was applied to the isovector part (dashed lines). As
it can be seen from all figures and in agreement with previous results for (p,p)
and (n,n) elastic scattering [10, 11, 12], the calculations describe adequately well
the (p,p) angular distribution results and present also a fair compatibility with
the (n,n) ones. As for the (p,n) charge exchange reaction data, although they
describe the shape of the angular distribution well, they underestimated the
cross sections by approximately an order of magnitude. Thus the calculations
were repeated with an isovector adjustment for both the real and imaginary
part, Aij;op ~ 2-2.5. In this way the increase obtained for the (p,n) cross section
strength made the calculations compatible with the experimental values, while
no apparent change occurred for the (p,p) elastic scattering and small improve-
ments were observed for the (n,n) one. Our result, for the requested increase
of the isovector strength, confirms previous findings reported by F.S Dietrich
et al. [14] for the 298Pb(p,n)2°®Bi reaction, and brings this strength closer to
phenomenological descriptions [15, 16, 17] and the M3Y interaction. The ob-
tained potentials are summarized in Table 1. It must be pointed out here that
a systematic weak energy dependence is seen on the isovector adjustment, since



for the 25 MeV (p,n) data the isovector normalization factor was 2, while for
the 35 and 45 MeV data the requested renormalization was 2.5.

To further extend our study, reaction cross section calculations were also
undertaken adopting the potentials of Table 1 and are shown in Table 2. For
reasons of completeness the calculations were repeated for \;;0,=1.0 and are also
shown in the same table, where they are compared with previously measured
values [32]. The overall agreement is adequately good for the higher energies and
fairly good for the lower ones. The general trend confirms the adjustment of the
isoscalar part made in the (p,n) data, although the differences between values
determined with Ajsoy=2.5 and Aj;0,=1.0 are of the same order of magnitude
with the errors assigned to the measured values .

Subsequently, we focused our attention on the halo nucleus SHe. A sys-
tematic study of the JLM optical potential of this nucleus will be published
elsewhere [33], by combining data obtained by different reaction techniques as
proton elastic scattering and (p,n) distributions as well as a new reaction cross
section measurement (0p=409+22mb). The (p,n) and reaction cross section
data were well reproduced by an isovector adjustment equal to A;50,=1.4 for
three different halo densities, namely a shell model one [34] and two cluster
model densities [35, 36]. The adjustment was applied both for the real and
imaginary part.

An explanation for the reduction of the isovector adjustment from the value
obtained for the stable isotopes, could possibly be attributed on the large spa-
tial extension of the neutron distribution, which characterizes He. This is quite
plausible, because as it has been reported elsewhere [14], the isovector normal-
ization adjustment is density dependent and increases with decreasing density.
To test this hypothesis we have attempted to construct gaussian density distri-
butions assuming a) equal r.m.s matter and neutron radii to the proton radius,
r.m.s=1.9 fm, that is treating the *He nucleus as a standard stable nucleus b)
equal r.m.s proton and neutron radii to the matter radius, r.m.s=2.52 fm, that
is treating the ®He nucleus as a standard stable nucleus but with more extended
spatial distributions and c) different proton and neutron radii, r.m.s,=1.9 fm
and r.m.s,=2.8 fm, adopting a structure more adequate for this abnormal neu-
tron excess nucleus with radii similar to those predicted in theory [34, 35, 36]
and close to experimental values [37, 38]. With these three distributions we re-
peated the calculations for the proton elastic scattering data, the reaction cross
section measurement and the (p,n) angular distribution. In order to reproduce
all the data it was found necessary to increase the isovector normalization factor
in case a) by 40 % to the value of Aj;,=2 compatible with the stable nuclei
results, in case b) by 18% to the value A;50,=1.65 while in case c) no increase
was found necessary and the results were described as for the halo shell model
and cluster density distributions with A\;50,=1.4. It has to be pointed out here
that the isovector adjustment is independent of the adopted real and imaginary
normalization factors of the isoscalar potential, into a maximum uncertainty of
7%. The previous and present (p,n} calculations appear in Fig. 5. The errors



assigned to the (p,n) data at backward angles (fcm > 15°) were increased from
our previous publication [39] due to difficulties in estimating the efficiency. How-
ever the data at small angles are well determined and they are reproduced with
both halo and the non halo densities of case a) and b) with smaller and larger
spatial distributions, as long as the isovector adjustment is 1.4, 2.0 and 1.65
respectively. This set of values (2.0, 1.65, 1.4) clearly indicates the sensitivity of
the isovector adjustment on the spatial extension of the distribution and raises
the question as to weather the nuclear-matter approach (LDA approximation)
can yield accurate predictions of the isovector interaction. An interesting point
however has to be noticed here concerning the potential of such calculations.
Since the shape of the angular distribution is preserved, as has been demon-
strated previously for the angular distributions of stable nuclei, irrespectively
of the isovector adjustment, the isovector renormalization can be fixed through
fits to the forward angular distribution data. Subsequently the data at larger
angles can be used in principle to probe differences between various types of
densities. This after all is the bottom line of such type of calculations [2], con-
cerning especially halo nuclei. However in the present case of *He due to the
large errors assigned to the data beyond 15% no conclusions can be drawn for
the adequacy of specific densities.

It has been shown that in the JLM theoretical framework, a consistent de-
scription of (p,p), (n,n), (p,n) and reaction cross section data of stable nuclei
spanning a broad mass range (A=48-208) can be obtained by adopting an isovec-
tor renormalization factor of the order Ai;op ~ 2-2.5, depending on the energy.
This adjustment brings the isovector over the isoscalar strength of the interac-
tion closer to both phenomenological potentials and the M3Y interaction. The
situation appears more complicated for the halo nuclei, pointing out the limi-
tations of the nuclear-matter approach adopted in the JLM theory. Due to the
abnormal neutron excess of °He and to the sensitivity of the isovector part on the
density, a reduced normalization factor equal to A;so,=1.4 was obtained. This
normalization factor can not be used a priori for other halo nuclei. However,
despite these shortcomings of the interaction, (p,n) charge exchange reaction
data can be used safely to probe density differences. This can be achieved by
fixing the isovector potential at small scattering angles of the (p,n) angular dis-
tribution and then observing the density differences at larger angles. Obviously
new (p,n) data at larger angles and of better statistics are necessary to test the

difference between neutron and proton density distribution for the halo nucleus
He.
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1 FIGURE CAPTIONS

Fig. 1 JLM calculations for proton elastic scattering at different energies
and for various nuclei. Dashed lines correspond to A;;0,=1.0, solid lines to
Aisoy=2.5. The similarity of the calculations shows that they are not sensi-
tive on the isovector term. Calculations were done for the lighter isotopes
with A,=1.0 and A,=0.8 and for the heavier ones with A,=X,=1.0 (see
Table I). The data are from ref. [25, 26, 27].

Fig. 2 JLM calculations for neutron elastic scattering for various nuclei.
Dashed lines correspond to Ais0,=1.0, solid lines to Ajs,y,=2.5 for 48Ca,
208Pb and to Aisop=2.0 for 9°Zr, 120Sp. Calculations were done for the
lighter isotopes with A\,=1.0 and A,=0.8 and for the heavier ones with
Ay=Ay=1.0 (see Table 1). The data are from ref. [29, 30, 31].

Fig. 3 JLM calculations for (p,n) charge exchange reactions for 8Ca and
9Zr at 25, 35 and 45 MeV. Dashed lines correspond to Ajsov=1.0, solid
lines to Ajs0p=2.0 for the 25 MeV data and A;.,=2.5 for the 35 and 45
MeV ones. Calculations were done with A,=1.0 and A,,=0.8 (see Table 1).
The data are from ref. [28].

Fig. 4 JLM calculations for (p,n) charge exchange reactions for 12°Sn and
208ph at 25, 35 and 45MeV. Dashed lines correspond to Ajs0,=1.0, solid
lines to Aj;0p=2.0 for the 25 MeV data and \;;,,=2.5 for the 35 and 45
MeV ones. Calculations were done with A, =X, =1.0 (see Table 1). The data
are from ref. [28].

Fig. 5 JLM calculations for the ®He(p,n)Li charge exchange reaction.
The solid line corresponds to a shell model halo density distribution [34]
with Ajsop=1.4. The lines for the two other halo densities [35, 36] were
inseparable at low momentum transfer and they are not shown in this figure.
The other three lines the dashed, dotted and dotted-dashed correspond to
the gaussian distributions of case a), b) and c) (see text) and was done for
Aisov=2.0, 1.65 and 1.4 respectively. The data are from ref. [39].



nucleus A, Aw  E,(MeV) Jisou

BCa 1.0 08 25.0 2.0
48Ca 1.0 08 35.0 2.5
“Ca 1.0 0.8 45.0 2.5
907Zr 1.0 0.8 25.0 2.0
907r 1.0 08 35.0 2.5
907r 1.0 08 45.0 2.5
1206n 1.0 1.0 25.0 2.0
1206 1.0 1.0 35.0 2.5
1206n 1.0 1.0 45.0 2.5
208pp, 1.0 1.0 25.0 2.0
208pp, 1.0 1.0 35.0 2.5
208pp 1.0 1.0 45.0 2.5

TABLE 1. JLM potentials, adopted through the proton, neutron elastic
scattering and the (p,n) charge exchange reaction study.



Ucalculated(mb) o'measured(mb)
nucleus E,(MeV) Aisov=2.5 Aisov=1.0

BCa 30.3 1011 953 999+55
45.3 894 835 908+34
907 30.0 1331 1294 1249+45
40.0 1307 1262 1316+65
120Gy 30.0 1557 1517 1589450
40.0 1593 1543 1618473
208pp 30.0 1858 1785 2117490
40.0 2043 1961 2023+100

TABLE 2. Calculated reaction cross sections into the JLM framework,
adopting the potentials of Table 1, are compared with measured values
[32].
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Fig. 3
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