UNIVERSITY OF OXFORD

Department of Physics

PARTICLE AND NUCLEAR PHYSICS

THE ANALYSING POWERS OF (p, *He) REACTIONS

K. Spasova, 5.8. Dimitrova and P.E. Hodgson

VEC6000-NV DS

To be published in J. Phys. G

Address: Department of Physics g

% Ref OUNP-2000-03 7
Particle & Nuclear Ph . jcs

o
i:i»\-# Keble Road :
Oxford OX1 3RH
UK.

AU e

il



The Analyzing Powers of (p,3 He) Reactions

K. Spasovd, S.S.Dimitroval?, P.E.Hodgson!
'Nuclear and Astrophysics Laboratory, Oxford, UK
?Department of Theoretical Physics,

” Bishop K.Preslavsky” University,

9712 Shumen, Bulgaria
SInstitute for Nuclear Research and Nuclear Energy,
1784 Sofia, Bulgaria.

July 25, 2000

Abstract

Several studies of analysing powers have shown that they provide in-
formation on the reaction mechanism. We have analysed data for (p,® H e)
reactions using the Feshbach-Kerman-Koonin multistep theory with the
deuteron pick-up model. It is found that the analysing powers are sensi-
tive indicators of the contributions of successive steps to the reactions.

PASC: 24.10.-i

1 Introduction

There have been relatively few measurements of the analyzing powers in reactions
leading to the emission of composite particles in the continuum, but already they
have yielded important information on the nuclear reaction mechanism. It has
been shown for example that the analyzing powers of the (p,a) reaction on
72 MeV by ®Ni could be fitted with the knock-out mechanism but not with
the pick-up [1]. The attempt to describe the analyzing power of %N i(p,® He)
reaction at 72MeV incident energy to the continuum assuming (p, d){d}? He)
reaction mechanism within the exciton model was unsuccessful [2).

The (p,® He) cross-sections of Cowley et al [3] have been successfully analyzed
using the deuteron pick-up model, but corresponding analyzing powers are not
available. The previous analysis of the cross-sections of the (p,® He) reaction [3]
showed that the cross-section for small energy loss is dominated by the first step
of the reaction and that as the outgoing energy decreases the contribution of the
second step rapidly increases and soon dominates.



The aim of the present study is to verify the deuteron pickup as a mechanism
of the (p,® He) reaction and study the multistep contribution to the analyzing
power by analyzing the data of Lewandowski et al [4] for (p,® He) reactions at
72 MeV incident energy. We made the calculations as the first stage of a series
of calculations of analyzing powers and as a preliminary to our analysis of the
new data from the National Accelerator Centre in Faure, South Africa 5]

The method of analysis is described in Section 2 and the results are given in
Section 3. Qur conclusions are given in Section 4.

2 Method of Analysis

According to the statistical direct theory of Feshbach, Kerman and Koonin
(FKK) [6, 7] the double-differential cross-section of a multistep reaction can

be written as:
d2a a2 \ 7 step d2c two-- step
(deE) = (deE) * (deE) o (1)

The one step double-differential cross-section of the (p;? He) transition to a con-
tinuum state characterized by the an excitation energy E has the form [3] :

d’o one—step _ Z o0+ 1 d_O' DWBA (2 2)
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where AFE is a small energy bin around E. The differential cross-section of
the (p,® He) reaction in the Distorted-Wave Born Approximation (DWBA) [8] is
presented as follows:

do\ PB4 . L2041

dO' DWUCK
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We assume that the target consists of a core to which a deuteron is bound in a
shell model state. The (p,® He) reaction is described as a direct deuteron pick-up
reaction. The sum in (2.3) runs over all possible neutron-proton configurations
{nt}. N is the normalization constant, Gz({nk}z) are the spectroscopic factors
for a proton and neutron to form a deuteron bound state with quantum num-
bers (N, L, J). Macroscopic form factors for the deuteron in the target nucleus
have been applied. They are obtained using " well-depth” procedure for & Wood-
Saxon potential with geometrical parameters adjusted so that microscopic and
macroscopic form factors are almost identical [9]. In the present work the pos-
sible deuteron states are included explicitly. The distorted wave functions were
calculated using the optical model with a potential of the form:
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where V,(r) is the Coulomb potential, f(r) = [1 + exp (%)]
g(r) is the radial derivative of f(r).

The second step contribution to the cross-section is calculated using the stan-
dard FKK procedure [10].

The extension of the FKK theory to include analyzing powers is described by
Bonetti et al [11]. The analyzing power is defined by:

, R =1ryA/? and
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orL+0g’
where o7, and og are the left and right cross-sections, respectively. The sum of
or, and og define the double differential cross-section of the reaction. As in the

multistep direct theory (MSD) each left and right cross-section can be written
in the form:

Ay =

(2.5)
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If we denote by A; the analyzing power of the i — th step:
o az—atep d;—atep (2 7)
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the analyzing power of the multistep reaction can be written as a sum over the
contributions for each step:

_ Alo.one—step + Azatwa—atep + ...
Ay - gone—step | gtwo-step |

(2.8)

In these calculations the total analyzing power includes the one- and two-step
contributions. The left and right cross-sections are obtained from the DWUCK4
(12]. To calculate the two-step double- differential cross-section the experimental
(p,p') cross-sections at 65 MeV incident energy are used [13]. As the avail-
able data are for energy loss above 12 MeV we extrapolated the {(p,p") double-
differential cross-sections for smaller energy losses. The use of experimental
(p,p') cross-sections implies that the contributions of some higher step processes
are also included.

3 Results

We calculate the cross-sections and the analyzing powers for ®Ni, °®Zr and 2% Bi
since the required data for the double differential (p, o) cross-sections are readily



available. Calculations have been performed with several 3He optical potentials
[14, 15, 16]. We have chosen the optical potential which gives the best overall fit
of both differential cross-section and analyzing power. The results for the Perey
3He optical potential [14], and the Madland and Schwandt proton potential
[17, 18] are shown in Figs.1-3. The calculated cross-sections are normalized to
those with the highest outgoing energy of 50MeV.

Although the results show considerable sensitivity to the *He optical po-
tentials, some general trends can be seen. The contribution of the second step
increases the total cross-section and decreases the total analyzing power, repro-
ducing the shape of the experimental data as the outgoing energy decreases.
This consideration applies especially to the lighter nuclei. In the case of heavy
nuclei like 2°° Bi, where the statistical MSD theory of Feshbach -Kerman-Koonin
is expected to work best, the calculated differential cross-section and analyzing
powers reproduce the shape and the magnitude of the experimental data quite
well.

4 Conclusions.

The analyzing power is a very sensitive indicator of the reaction mechanism. The
results show that the statistical multistep direct formalism with the deuteron
pickup process is applicable to the (p,® He) reaction . The comparison with the
experimental data shows that the multistep process becomes important when the
outgoing energy decreases and that it reduces the analyzing power significantly.

Acknowledgments.

S5.5.D. acknowledges the support of the Royal Society and the Bulgarian Sci-
ence Foundation under contracts ® — 809 and & — 905 . K.S. thanks IAEA for
financial support.

References

(1] Bonetti R, Crespi F and Kubo K I 1989 Nucl. Phys. A 499 381
[2] Jasicek H, Markum H and Miiller H H 1978 Phys. Lett A 66 188

[3] Cowley A A, Arendse J G, Stander J A, Richter W A, Dimitrova S S,
Demetriou P and Hodgson P E 1997 Phys.Rev. C 55 1843

[4] Lewandowski Z, Loeffler E, Wagner R, Mueller H H, Reichart W and Schober
S 1982 Nucl. Phys. A 389 249

[5] Cowley A A, private communication

[6] Feshbach H, Kerman A and Koonin S 1980 Ann.Phys. (N.Y) 125 429



[7] Gadioli E and Hodgson P E Preeguilibrium Nuclear Reactions 1991 (Oxford:
Clarendonpress)

[8] Sens J S and de Meijer R J 1983 Nucl.Phys. A 407 45
9] de Meijer R J, Put L W and Vermeulen J C 1981 Phys. Lett B 107 14

[10] Bonetti R, Camnasio M, Colli Milazzo L and Hodgson P E 1981 Phys. Rev.
C24 71

[11] Bonetti R, Colli Milazzo L, Doda I and Hodgson P E 1982 Phys.Rev. C 26
2417

[12] Kunz P D and Rost E 1993 in Computational Nuclear Physics, ed Langanke
K et al (Berlin: Springer) p.88

[13] Sakai H, Honoso K, Matsuoka N, Nagamashi S, Okada K, Maeda K and
Shimizu H 1980 Nucl. Phys. A 344 41

(14] Perey C M and Perey F G 1976 At. Nucl. Data Tables 17 1
[15] Fulmer C B and Hafele J C 1973 Phys.Rev.C 7 631
[16] Ridley B W, Conlon T W and Braid T W 1968 Bull. Am.Phys.Soc. 13 117

[17) Madland D G 1988 in Proceedings of Specialists’ Meeting on Preequilibrium
Reactions (Semmering, Austria) p.103

[18] Schwandt R, Meyer H O, Jacobs W W, Bacher A D, Vigdor S E, Kaitchuck
M D and Donoghue T R 1982 Phys.Rev. C 26 55

Figure Captions.

Fig.1. Double - differential cross sections and analyzing powers for the
8 Ni(p,® He)*®*Co reaction at an incident energy of 72MeV and three outgo-
ing energies, compared with Feshbach-Kerman-Koonin calculations for one-step
(dashed curves) and two-step (dot-dashed curves) processes. The sum of the
two contributions is given by the solid curves. The experimental data are from

(4.
Fig.2. The same as Fig.1. for the reaction %°Zr(p,® He)®Y.

Fig.3. The same as Fig.1. for the reaction 2®Bi(p3 He)?" Pb.
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