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Abstract. The pre-equilibrium proton induced emission of light complex nu-
clei with energies in the continuum has been studied comprehensively for many
years. Double—differential cross sections and especially analyzing power distri-
butions are typical of an intranuclear nucleon-nucleon multistep statistical re-
action mechanism. The final stage of the reaction may be a result of a direct
pickup or knockout of the ejectile. The discussion on this subject continues to
be a hot topic for theoretical and experimental investigations.

In this contribution we will report results about the cross section and analyz-
ing power distributions for the “>Nb(p,a) reactions at 100 MeV incident energy
to the continuum. A formalism based on the statistical multistep direct emis-
sion formulation of Feshbach, Kerman and Koonin is found to give a reasonably
good reproduction of cross section and analyzing power distributions at vari-
ous emission energies. The contribution of the pickup and knockout reaction
mechanism for various proton energies is discussed in detail.

1 Introduction

This contribution may be considered as a supplement to the paper [1], since it
contains results about the cross section and analyzing power distributions for
the ?3Nb(j,) reactions at 100 MeV incident energy and additional outgoing
energies, not reported there.

The pre-equilibrium reactions have been explored both experimentally and
theoretically for many years [2—4]. It has been shown that the reaction mech-
anism can be understood fairly accurately in terms of a series of multiple in-
tranuclear nucleon-nucleon collisions, which finally end in a direct transfer of
the emitted particle. The reaction mechanism of the direct transfer depends on
the incident energy of the projectile and on the ejectile. For example the double-
differential cross section and analyzing power of proton-induced emission of
3He into the continuum in the incident energy range below 200 MeV is consis-
tent [5-7] with a simple two-nucleon pickup process convoluted with (p, p’) and
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(p,p’, p") cross sections within the statistical multistep direct emission model of
Feshbach, Kerman and Koonin [9].

In our recent papers [1,8] we have investigated the properties of the “3Nb(p,cv)
reactions at 160 MeV to 65 MeV incident energy to the continuum, especially
the dependence of the reaction mechanism on the proton energy. It was shown
that the reaction changes from a dominant knockout process at 65 MeV incident
energy, to a combination of pickup and knockout participating at 100 MeV, and
then back to only knockout being important at 160 MeV. Here we will complete
the systematics of outgoing energies for the “*Nb(p,«) reaction at 100 MeV in-
cident energy. This will confirm the conclusion that the reaction mechanism of
the direct transfer at 100 MeV incident energy is a combination of pickup and
knockout.

We will sketch briefly the experimental procedure in Sec. II and the theo-
retical formulation of our study in Sec. III. The comparison of the experimental
and theoretical results is discussed in Sec. IV.

2 Experiment

The reaction *Nb(p,) at an incident energy of 100 & 0.5 MeV was measured at
iThemba LABS in Faure, South Africa. A description of the facility is available
in Ref. [10].

Two detector telescopes, each consisting of a 500-um silicon surface-barrier
detector followed by a Nal(T/) crystal coupled to a phototube, were positioned
at symmetric angles on opposite sides of the incident beam in a 1.5-m diameter
scattering chamber. The telescopes were collimated to a solid angle acceptance
of about 1.1 msr. The scattering-angle positions were set to an accuracy of better
than 0.2° with respect to the incident beam.

Two self-supporting targets of naturally occurring niobium (100% in the iso-
tope ?3Nb) of thicknesses of approximately 1 and 5 mg/cm? were used. The
main systematic uncertainty in the cross section data — about 8% — originates
from the absolute value of the target thickness and its uniformity.

The incident proton beam was polarized to a nominal value of 80% perpen-
dicular to the reaction plane, and the direction of the polarization was switched
at 5-s intervals during measurements. Variation between the degree of polar-
ization for the two directions was less than 10%. These values were monitored
regularly by means of elastic scattering of the proton beam from a carbon target
at a scattering angle where the analyzing power is large and known accurately.

The use of detector telescopes positioned symmetrically with respect to the
incident proton beam, together with the switching of the polarization direction
allows us to minimize systematic errors in the analyzing power measurements.
The vector analyzing power is calculated from the expression [11], which fol-
lows from the standard Basel-Madison conventions, as

L—-R

" PLAR) W

107



S.S. Dimitrova, A.A. Cowley

with
L=+/L,Ry, 2
and

R =+/L4R,. 3

The average polarization of the beam is P. The summed counts in each detector
for a given energy interval in the spectra are indicated by L (left) or R (right),
with subscripts which indicate the spin direction of the projectile as either up
(u) or down (d). The convention is as defined by a spectator facing along the
momentum direction of the incident beam upstream from the target.

3 Calculations

We describe the (p,«) inclusive reactions at incident energy of 100 MeV as a pre-
equilibrium reaction. We assume that this type of reaction occurs in a series of
intranuclear N-N steps preceding a final process in which the « particle is emit-
ted. The single step direct reaction can be a knockout of an « cluster or a pickup
of a triton. We will consider the contribution of both reaction mechanisms to the
total double-differential cross section and analyzing power for different energies
of the o particle in the outgoing channel.

The theory applied to the (p, ) reaction is based on the multistep direct
theory of Feshbach, Kerman and Koonin (FKK) [9]. The details of the calcu-
lations of the characteristics of the “3Nb(p,a) reaction at an incident energy of
100 MeV are described in Ref. [1], thus now we will just briefly outline the main
expressions.

The double differential cross section within the statistical multistep direct
model [9] is a sum of terms related to one-, two- and so on steps.

o Lo 1—step Lo 2—step
= = + o 4)
dQdE dQdE dQdE
The first-step cross section is the cross-section of the direct transfer reaction
calculated in terms of the DWBA:

< d%o >1‘Step (2] + 1) doPW

dOdE = —————(0,N,L,J. E
deE Z AE dQ ( ) ) aJa )’ (5)
(p2)  N,L,J

where the differential cross sections do®"W /d2 to particular (N, L, .J) states are
calculated using the computational code DWUCK4 [12].

As in the previous studies we use the hybrid nucleus-nucleus optical poten-
tial [16] in the incident and outgoing channels. It has real and imaginary parts:

U(r) = NEVPE(r) 4 iNTW (r), (6)
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which generally depend on the radius-vector r connecting centers of the inter-
acting nuclei. The parameters N % and N/ correct the strength of the microscop-
ically calculated real VP and imaginary W constituents of the whole poten-
tial. In our calculations their values for the proton-nucleus potential are equal to
unity. Very good agreement with the experimental data for the highest emission
energy E,,;1=98 MeV can be obtained if the values of N R and N7 for the exit
channel are kept equal to unity as well. For the rest of the outgoing energies we
used the values N =1 and N’=2.

The second-step cross section is calculated as a convolution of the (p,p’)
cross section and the direct (p, «) cross section:

(d% )“t“’_ / dk (dza(ki,k)) (d%(k,kf))l‘mp o
dQdE @m)* \ dudE; ), \ dydEy ’

(p,)

where k;, k and k; are the momenta of the initial, the intermediate and final
steps. Analogously we calculate the third-step double differential cross-section
as well.

The theoretical (p,p’) and (p, p’, p"") double-differential cross section dis-
tributions which are required to calculate the contributions of the second- and
third-step processes were derived from Refs. [13, 14]. These cross section dis-
tributions were extracted by means of a FKK multistep direct reaction theory,
which reproduce experimental inclusive (p,p’) quantities [13] on target nuclei
which are close to those needed for this work, and in an appropriate incident en-
ergy range. Interpolations and extrapolations in incident energy and target mass
were introduced to match the specific requirements accurately.

In previous work [8], intermediate steps which involve neutrons, such as
(p,n, @), were not explicitly taken into account because we assumed that dif-
ferent nucleons may be treated on an equal footing in the multistep part of the
reaction. This meant that a simple renormalization of the (p, p) and (p,p’, p’")
cross sections should be introduced to correct for the influence of the interme-
diate counterparts which involve neutrons. In these present calculations we take
into account explicitly the (p,n, ) process by assuming that d%c ™)/ dQdE =
dQO'(p’pl)/deE and also the four possible combinations of two-step intranuclear
collisions (p, x, ), x = n,p with d>cP**)/dQdE = dQJ(””’/*p”)/deE.

The extension of the Ferman-Feshbach-Koonin theory from cross sections
to analyzing power is described by Bonetti et al. [15]. The multistep expression
for the analyzing power becomes

1—step 2—step
d’c d’c
A (m) + 4 (m) +o
d20 1—step d20 2—step
(deE) (deE) U

(®)

Amultistep =

with 4;, {i = 1,2,...} referring to analyzing powers for the successive multi-
steps.
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The mechanism of the direct (p, ) reaction has been discussed intensively
over the years but a decisive conclusions has not been made.

In our previous paper [1] we made the conclusion that the reaction mech-
anism in the 2>Nb(p,a) reaction changes from a dominant knockout process at
65 MeV incident energy, to a combination of pickup and knockout participating
at 100 MeV, and then back to only knockout being important at 160 MeV. The
theoretical double-differential cross sections have rather different shapes for a
knockout or pickup reaction mechanism. Whereas the pickup cross section can
be scaled to fit the forward angles, the knockout cross section reproduces the
experimental data very well at larger angles. The sum of the cross sections orig-
inating from both reaction mechanisms is required for a good fit to the complete
set of experimental data over the whole range of scattering angles. The scaling
factors, which are needed to fit the experimental differential cross sections at
98 MeV emission energy, the highest value of the kinematically allowed outgo-
ing energy, where only the direct transfer takes place, are kept unchanged for the
rest of the calculations at other outgoing energies.

4 Results

The results from the experiments and the theoretical studies of the *>Nb(p,a)
at 100 MeV incident energy are available for outgoing energies starting from
98 MeV (with 106 MeV as a kinematic limit due to a positive (J-value of the
reaction of 6.4 MeV) down to 34 MeV. In [1] we have chosen the ones which
are representative of the contribution of both reaction mechanisms to the total
differential cross section and analyzing power, including the highest and the
lowest outgoing energies. Here we will show some complementary examples.

First of all we will illustrate the contribution of the one-, two and three-step
processes to the differential cross section and the analyzing power for 78 MeV
outgoing energy, where all three multistep processes form the shape and the
magnitude of the differential cross section and the analyzing power at the same
extend.

The theory predicts that the relative contribution of the first-step reaction de-
creases as the emission energy drops, with higher steps becoming progressively
more important towards lower emission energy. This is a general feature of
multistep calculations, as was also found in our previous work [5-7]. Although
the actual step which is dominant at a specific emission energy only influences
the shape of the cross section relatively slightly, an appreciable contribution of
higher steps affects the analyzing power distribution profoundly.

In Figure 1 the experimental data for the double-differential cross sections
and analyzing power for the “*Nb(p,) reaction at an incident energy of 100
MeV and a—particle outgoing energy E,,;=78 MeV are compared with the the-
oretical cross section calculations assuming pickup reaction mechanism for one,
two and three steps. We have chosen the pickup reaction mechanism because it
dominates for this incident energy [1]. It is seen that at 30 MeV below the upper
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Figure 1. Double-differential cross sections (a) and analyzing power (b) as a function of
scattering angle 6 for the 2>Nb(p,c) reaction at an incident energy of 100 MeV and a—
particle outgoing energy E,.+:=78 MeV. Theoretical cross section calculations assuming
pickup reaction mechanism for one step (———) two steps (-----) and three steps (—-—-— )
are shown, with the sums of the contributions plotted as continuous curves.

kinematical limit of the outgoing energy the one step contribution is significant
just for the forward angles while the two and three step processes determine en-
tirely the magnitude of the rest of the double differential cross section. The role
of the direct process to the analyzing power is to determine the shape of the dis-
tribution but the higher steps smooth the distribution and decrease its magnitude.

As mentioned before the aim of this paper is to test the conclusions about
the role of the reaction mechanism of the 93Nb(p,cu) reaction at 100 MeV inci-
dent energy for different outgoing energies. In Figure 2 we plot the multistep
double differential cross section and the analyzing power assuming pickup and
knock out at five values of the outgoing energies ranging from 98 to 38 MeV.
It is seen that the sum of the contributions of both reaction follows the shape
of the experimental distributions at the highest emission energy of 98 MeV. The
differential cross sections of the knockout reaction mechanism decrease faster
than those for pickup towards lower emission energies. Therefore, on average
the total differential cross section is dominated by the pickup contribution at an
incident energy of 100 MeV.

Results for the analyzing power are also very interesting. For lower outgoing
energies the magnitude of the analyzing power data decreases and the interplay
of pickup and knockout reaction mechanisms accurately reproduces the experi-
mental data. For example in panel (g) neither mechanism alone reproduces the
behavior of the experimental analyzing power well at backward angles.

Furthermore, as for the lowest a-particle emission energy [1], at 38 MeV the
analyzing power of the ?>Nb(p,) reaction is essentially zero from the experi-
ment, in agreement with the theoretical prediction.
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Figure 2. Double-differential cross sections (a)-(e) and analyzing power (f)-(j) as a func-
tion of scattering angle 6 for the **Nb(p,r) reaction at an incident energy of 100 MeV
and various a-particle emission energies Foyut as indicated. Theoretical cross section
calculations for pickup (— — —) and knockout (- - -) are shown, with the sums of both
reaction mechanisms plotted as continuous curves. The experimental analyzing power
distributions are compared with theoretical calculations for pickup (— — —), knockout
(- - ) and the sum of both reaction mechanisms (solid lines).
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5 Conclusion

The reaction mechanism in the “3Nb(p,a) reaction at 100 MeV is a combination
of pickup and knock out. The contribution of pickup increases smoothly, starting
from the highest outgoing energy until at low emission energies it totally domi-
nates the differential cross section and analyzing power. The explicit account of
the two and three step processes which involve intermediate neutron scattering
significantly improves the reproduction of the experimental data at low outgoing
energies by the FKK calculations.

The usual assumption is that a target such as ?>Nb is representative of nuclei
in general as far as the pre-equilibrium (p,«) reaction is concerned. However, the
present conclusion regarding the change in the ratio of participating mechanisms
for this target needs to be confirmed for other nuclear species.
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