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Most analyses of multi-step direct reactions, which are based on the FKK for-
malism, use a phenomenological nucleon-nucleon interaction of Yukawa form with
a range of 1 fm to calculate the DWBA matrix elements. The overall strength
of the interaction is then fairly arbitrarily normalized. The use of more realis-
tic interactions has become common in recent years. In this paper, the use of
such interactions in the FKK formalism will be discussed, and preliminary results
shown. The more realistic M3Y interaction predicts larger cross sections compared
to the simpler interaction. This result has important implications for the FKK
description of pre-equilibrium processes.

1. Introduction

The Feshbach-Kerman-Koonin(FKK) formalism [1] has proved to be quite successful
in describing (p,p’) and (p,n) pre-equilibrium data during the last 10-15 years [2, 3,
4, 5, 6, 7, 8. The multi-step direct analysis has been found to be acceptable up to
an incident energy of 200 MeV, and an overall fit to the data seems to give a perhaps
surprisingly good fit to the data considering the complicated processes involved and the
relatively unsophisticated models used in the input.

Some of the important simplifying assumptions will be discussed in the next section
as well as some of the remaining uncertain aspects of the application of the FKK theory.
The importance of pinning down the interaction will be justified. In section 3 aspects
of effective interaction relevant to pre-equilibrium analysis will be discussed and the
results presented in section 4 with the conclusions given in the last section.

2. Assumptions used in the implementation of FKK analysis
Consider the expression for the first step in the FKK cross sections:

d?o

s = 2L + Dpn(U) Ba(L)(d*0 /dUdR) pw) . (1)
L
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where the DWBA differential cross section depends on

\ \ X Ve o) xH e oy, (2)

In this equation, L is the angular momentum transfer, w(U, L) is the density of particle
hole states and the other symbols have their usual Emm:msm-mmmvm_oémsm Wmm E

(i) Simple shell model states are used to construct the particle-hole excitations
b

.?.c A level density parameter which is independent of any shell structure is used

(iv) No distinction js made between protons and neutrons.

(v) Most nm—o.:_mao:m, including the Milan code [9], obtain the DWBA Cross-
sections by using DWUCK [10] which does not include exchange effects.

( <C A <:ww€m interaction with range 1 fm is used in the matrix element (p|V, ;/|h)
s&_nv EoS&mm. arw form factor for the DWBA calculation, This nucleon-nucleon
(NN) interaction is based on purely phenomenological studies [11].

.:Hm multi-step part, as some physicists believe, the scaling of V, may compensate for this
inadequacy. The extracted V, values are broadly in agreement with the values found in
Phenomenological inelastic scattering reactions |1 1] but, as will be argued below, this
15 not a very strong argument in view of the Proton-neutron equivalence assumed.

Recent results of experiments at NAC (12, 13] and work by Chadwick et al. [6]
have m:o.S: that unitarity considerations may imply that multiple emission may be
m:?mnmsrm:% higher than expected. The total calculated (p,p') and {p,n) cross section
I pre-equilibrium scattering alone, which fits the data, js very close Qw or even greater
than the total reaction cross section as predicted by an optical model calculation. The
use o.w an eflective interaction which has been independently normalized will help a great
deal in unravelling this and other similar issies. )

O S
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3. Effective NN interactions

The purpose of the present paper is to consider more realistic effective NN interac-
tions which have proved to be fairly accurate in predicting inelastic scattering data.

A large number of papers published during the last 20 years have looked at the
correct NN effective interaction to use in predicting nucleon-nucleus elastic and inelastic
scattering [14, 15, 16]. These studies are still continuing, but there has been notable
agreement about the important components of the force,

The NN interaction can be written in different ways. The central part can be written
in terms of of the spin-isospin exchange terms:

Verr(r) = voo(r) + Vo1 (r)T1.73 + [v10 (r) + vy, T.VJ.J_AQTQNV (3)

where o and 7 refer to the spin and isospin of the different nucleons and v;,j corre-

odd/even parameters [14], but it is easy to transform between the two descriptions
[16, 17]. The full NN interaction also includes spin-orbit and tensor components.

There are broadly two ways in which effective interactions are constructed: Firstly,
by fits to bound nucleon states (so-called G matrix techniques) [16] and secondly by
looking at free NN scattering, the t-matrix approach [18]. At energies up to a 100 MeV,
the former is more relevant, whereas the t-matrix approach is better justified at higher
energies [14].

The different components of the force are often parameterized as the sum of three
Yukawa interactions with different ranges. One of the first-examples was the so-called
M3Y interaction [16]. This interaction is purely real and seems to be applicable up to
energies of about 100 MeV [14]. A well known parameterization at higher energy is the
one by Love and Franey [18, 19]). The M3Y interaction will be used in the present worl,
since only scattering at less than 100 MeV will be considered. At incident energies
above 100 MeV, the Love and Franey interaction will be applicable, although the lower
energies that occur in the multi-step parts of the calculation, will have to be treated
differently.

The usual way of performing the FKK analysis uses ONLY the vy term parameter-
ized as one Yukawa with a one fermi range. This was a common assumption at the time
that the Milan group started coding the MSD theory. The strength of 28 MeV was used
as a starting point attributed to Austin [11] and comparison to inelastic scattering [20].
Although this figure of 28 MeV is often quoted, it is interesting to note that Austin actu-
ally implied that it was dated and needed to be looked at again [11]. Furthermore, it is
not really the correct interaction to use, since vy is of course NOT the only component
of the effective interaction contributing to the particle hole excitations considered in an
FKK analysis. The Ur.» term also plays a role since the projectile is interacting with
a target nucleon. The vy term is the only one to consider when looking at collective
excitations when one expects more or less equal excitations of neutrons and protons. If
one distinguishes between collisions with protons and neutrons in the target, then one
certainly has to take the second term in eq. (3) into account [21].
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Fig. 1. Differentia] cross-sections for transitions between states in 207, corresponding to
angular momentum transfers of 0,1 and 2 calculated with the M3Y Interaction (solid line) and

the 1Y miogn:onammrm& line). The /=0 and {=1 values have been multiplied by 10" and 1¢?
respectively.

To perform FKK calculations using a more complicated interaction is easier when
On€ uses a program such as DW8] [22] which is adapted to accept the NN interaction

as sums om 5;645 forms. The use of such effective interactions has several advantages
over the simple single Yukawa shape:

(i) The central interaction is better in that g is not the only term used and the
shape of vy, is more realistic.

(ii) The spin-orbit and tensor parts of the NN interaction can be included and
studied.

(iii) The :;mg.nio: is normalized by theory and its success in many other studies,
hence any scaling needs to be justified.

( _i The p-n, n-n and P-p interactions can be properly treated without the simpli-
fying assumption of p-n m:&mzzmimrmr:m&\. This point may seem minor, but in
the Milan implementation of the FKK formalism, there are assumptions relating
to the level densities built in which were not wel] described and which has led to
much confusion and caused a difference in the strength of the extracted Vj’s in
the papers by Chadwick e¢ gl [6] and papers based on the Milan code [23].

Hfm use of a code such as DWwW8i1 [22] aliows one to calculate the direct and exchange
contributions to the cross-section.
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Fig. 2 Double differential cross sections for the first step calculations using the FKK theory
with the M3Y interaction (solid line) and the 1Y interaction (dashed line). The different
outgoing energies are indicated. The values have been multiplied by by 10" and 10? for E'=20
and 40 MeV respectively.

10™ : _ _

4. Results and discussion of calculations using a realistic effective
interaction

The results of calculations using the M3Y interaction and the single Yukawa(1Y)
interaction of strength 25 MeV and range 1 fm, that is usually used in FKK work, are
compared in fig. 1.

The results for typical particle-hole excitations inducing ! transfers of 0, 1 and 2 are
shown. The calculations have been performed for (p, p’) reactions on a 90Zr target at
an incident energy of 80 MeV. The particle-hole excitations were taken to be neutron
excitations creating a target excited by 20 MeV.

The M3Y results include exchange contributions, but the 1Y results do not, since
the strength of this interaction was essentially fixed including mainly the direct part.

A comparison of the predictions of the two interactions for all the different angular
momentum and energy transfers shows a fairly wide spread of ratios between the two
results. The ratio of the cross-sections is close to one in some cases, but the M3Y
predictions are on average about 5 times the LY results for the excitation of neutron
particle-hole states. The ratio is around 1.5 for proton particle hole states. This reflects
the well known dominance of the proton-neutron over the proton-proton interaction
[11]. The first step MSD prediction is shown for neutron target states in fig. 2, where
only the creation of neutron particle-hole states have heen considered.
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There are a number of possible improvements to these calculations as will be dis-
cussed below. However, the resylts found thus far indicate that a substantially larger
Cross section is predicted by the M3Y interaction. The 80 MeV (p,p') data was ft.
ted in Ref. [2] where a reduction in the strength of the 1Y interaction from 28 to 23
MeV was found to be needed to fit the data. The M3Y interaction thus 2335&@:%
over-predicts the data,

There are a number of possible reasons that need to be looked at to confirm these
preliminary results, e.g.

(i) The M3Y interaction, which is energy and density independent, may perhaps
not be as good as assumed. Most work on effective interactions have concentrated

potentials for heavy-ions where only part of the interaction is tested. FKK analy-
ses have in general found an energy dependent strength which follows the optical
model description [8]. Other interactions such as the one developed by Amos and
collaborators [24, 25] should be tried.

(ii) Other parameters in the model such as the level density may be in error.
Both proton and nieutron level densities can now be considered. The exact level
densities used were not so crucial in the past, since errors in the level densities
Wwere compensated by the rescaling of the effective interaction strength.

(iii) The most crucial problem may be the choice of possible particle/hole states.
The usual procedure has been to choose combinations that will lead to bound
particle states, even when the usual well depth of around 50 MeV has to be made
deeper to make sure that the particle is bound. Inclusion of these artificial states
may cause an over-estimation of the predicted cross sections.

5. Conclusions and future work

This work has shown that calculations based on a more realistic effective nucleon-
nucleon interaction leads to predictions of larger cross sections compared to the phe-
nomenological effective interaction usually employed in practical application of the FKK
theory.

combinations.

i
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