acta physica slovaca vol. 45 No. 6, 733 — 740 December 1995
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Extensive comparisons of multistep direct calculations for (p,p) inclusive reac-
tions, based on the Feshbach, Kerman and Koonin theory, with data obtained
with the open-sector cyclotron at the National Accelerator Centre, Faure, in-
dicate that good general agreement is obtained for angular distributions up to
incident energies of 200 MeV. However, some remaining discrepancies at very high
and low emission energies require special consideration, and possible remedies are
discussed.

1. Introduction

During the past few years many pre-equilibrium (p,p’) cross-section measurements
have been carried out at the National Accelerator Centre, Faure, South Africa employing
the 200 MeV separated-sector cyclotron. Angular distributions and energy spectra
have been measured for incident proton energies from 80 to 200 MeV on target nuclei
with masses ranging from A = 58 to A = 181. For all the inclusive experimental
measurements a simple detector telescope has been employed using standard AE - E
particle identification techniques. The telescope consisted of an active collimator, one
or more AE Si detectors and a Nal(T1) photomultiplier. Details of the equipment and
experimental techniques closely resemble those given in Refs. {1, 2, 3]. The overall
systematic error in the cross-section data is considered to be less than 10%.

Multistep direct calculations have been carried out for all the nuclei involved using
the Feshbach, Kerman and Koonin statistical multistep direct (MSD) reaction theory
[4], employing the multistep direct reaction code of Bonetti and Chiesa {5]. The targets
and incident energies used, and the references for the MSD calculations, are summarized
in the following table:
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Fig. 1. Angular distributions for **Y(p, p') at incident energies E, of 120, 160 and 200 MeV
and various emission energies E, [10]. Statistical error bars are shown where these exceed
the symbol size. The curves are results of MSD calculations based on single-nucleon emission.
Results are multiplied by the indicated factors for display.

It is evident that some systematic discrepancies are found particularly at very high
and very low emission energies, where the theoretical predictions fall significantly below
the experimental cross-sections. These are the most crucial aspects that will be focused

on.

2. Possible refinements in the calculations

Since any multistep direct calculation is based on a number of assumptions and
simplifying approximations, which could influence the accuracy of the calculations, it
is necessary to consider the influence of these. Many of the parameters entering into
a calculation have been investigated by the Stellenbosch University group and its col-
laborators. A list of important factors to consider follows, with references to recent
discussions, mainly for (p,p’) inclusive reactions in energy region 80 - 200 MeV.

1) The level densities assumed, usually expressed in terms of a level density parameter
a, and a spin cut-off parameter o [6].

2) Multiparticle emission, which contributes to the experimental cross-section, but is
not, considered explicitly in the theory [6, 7].

3) Collective effects, which are prominent at low excitation energies of the residual

nucleus.
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4) Sensitivity of the calculations to the optical model potential used [6].

5) The effect of distinguishing between protons and neutrons in the multistep chain [8].
6) The form of the two-body effective interaction employed [9, 6, 10).

7) Variations in the effective interactio
cascade [11].

8) Possible transitions between the multistep direct (P)
chains in sequential decay processes [12].

9) Multistep compound contribution
10) Ad hoc factors included in MSD codes

1 strength for the various steps in the multistep

and multistep compound (Q)

. ect -neutron
distinguishability [13, 8].

11) Sensitivity of calculations to the
P — h excitations [13].

12) Counsistency between results calc
and Chiesa, Koning and Akkerman

choice of particular single-particle states in the

ulated with different codes, e.g. the codes of Bonetti
s, and Chadwick and Young.
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Mechanisms 1 and 3 are expected to play a role only at very high emission and
very low emission energies respectively. The first mechanism has been discussed in Ref.

[6]. The discrepancy between the FKK theory and experiment at low excitation energy
(= 20-40 MeV) can possibly be explained in terms of a direct two-particle knock-out
process. This is dealt with in a contribution at this conference by A.A. Cowley, and
will not be discussed further. It is also evident that for the highest emission energy
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angular distributions, with and without the inclusion of two-nucleon emission. At an
emission energy of 100 MeV the calculated correction for two-nucleon emission is almost
negligible, and hence the V, value can be determined from a consideration of the primary
emission of protons only.

.: is evident that the inclusion of multinucleon emission is quite important for high
excitation energies and forward angles. However, there is still a shortfall in the theo-
retical values by a factor 2-3 at the highest excitation energies. The amount of this
discrepancy is very much dependent on the energy dependence assumed for the two-
body effective interaction, as will be shown in the next section.

4. The two-body effective nucleon-nucleon interaction

‘ It has been customary to assume a simple Yukawa force of 1 fm range, with effective
Interaction strength V;, in studies of multistep direct interactions. The systematics of
V%, such as its energy dependence, has also been extensively studied [9, 6, 10].

. In the cascade of nucleon-nucleon interactions in a multistep direct reaction, the in-
cident projectile is continually losing energy as it progresses through the various stages
(characterised by different P — h excitations) of the multistep chain. As a result the
strength of the effective interaction should be increased for decreasing energy, as previ-
ous studies have also shown. Fig. 3 shows calculations where an energy-dependent V;
has been used. The solid line shows a theoretical calculation with a constant Vo, and
the dashed line an exponential energy variation found previously [9] of

Vo o exp(—0.0049E).

The dotted line is based on a linear dependence, namely

Vo = 18.2 —- 0.048F,

with a slope chosen to approximate the energy variation of Vo as found in recent calcu-
lations for the set of targets with 4 = 115 — 181.

As may be seen in F 1g. 3, the specific choice of the energy dependence implies large
uncertainties at low emission energies where the multinucleon contribution is largest.
This uncertainty makes it difficult to draw a reliable conclusion about the adequacy of
the calculated multinucleon contribution.

It is also evident that the convenient Yukawa interaction form has some limitations.
In a study of analyzing power measurements in the 8Ni(7,p’ ) in 1982, Bonetti et al.
[15] showed that it is not possible to reproduce the magnitude and energy variation
of the measurements without the inclusion of noncentral terms, such as spin-orbit and
tensor terms, in the interaction. ’

6. Conclusions

. It .rmm been shown that multinucleon emission makes a significant contribution to
inclusive (p,p’) cross-sections for incident energies near 200 MeV, particularly at high
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Fig. 3. Theoretical predictions with different functional forms of the energy dependence of
the effective interaction in the multistep calculations. The solid line is a calculation with no
energy dependence, the broken line an exponential energy dependence and the dashed line a
linear energy dependence. See the text for the parameters used in the different forms.

excitation energies and forward angles. However, it has also been argued that uncer-
tainty about the form of the effective two-body interaction to use, and in particular its
energy dependence, makes it difficult to judge the accuracy of the two-nucleon emission
calculations properly.

It is clear that at the present stage of multistep direct calculations, a more realistic
interaction form than a simple Yukawa potential is called for, which would also make
possible the prediction of polarization obscrvables such as the analyzing power. More
stringent tests of the two-body effective interaction, which require a simultaneous fit of
cross-sections and analyzing powers are required. Experiments employing the polarised
beam facility of the 200 MeV open-sector cyclotron at the National Accelerator Centre,
South Africa, are being planned with this goal in mind.
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