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Inclusive „p,a… reactions on 27Al, 59Co, and 197Au at incident energies of 120, 160, and 200 MeV
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Measurements of inclusive (p,a) reactions on27Al, 59Co, and197Au at incident energies between 120 and
200 MeV are compared with the trend expected from systematics and also with calculations based on a
statistical multistep direct reaction theory. Although reasonable agreement is obtained between the experimen-
tal angular distributions and the predictions of the parametrized systematics at various emission energies,
significant discrepancies are nevertheless observed. Calculations with the quantum-mechanical multistep for-
mulation confirm that the higher-step contributions are more important at these incident energies than found in
a previous study at lower projectile energies.@S0556-2813~96!03007-5#

PACS number~s!: 25.40.Hs, 24.50.1g, 24.60.Gv
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I. INTRODUCTION

Inclusive nucleon emission induced by protons at incid
energies in the range 100–200 MeV is described reason
well @1–3# by quantum-mechanical formulations such as
statistical multistep theory@4# of Feshbach, Kerman, an
Koonin. For composite ejectiles, such asa particles, the re-
action mechanism is not understood to the same extent a
needs to be determined whether the dominant process c
sponds to the knockout of preformeda clusters, or alterna
tively to pickup of nucleons as the projectile traverses
nuclear medium. For reactions to discrete states at lowe
cident energies the pickup reaction mechanism is prob
more important, whereas there is evidence that the knoc
reaction dominates in reactions to the continuum at hig
incident energies@5#. Therefore it is important to investigat
whether the recent@6# successful description of the inclusiv
(p,a) reaction on93Nb, 107Ag, 118Sn, 165Ho, and169Tm, at
incident energies of 30 and 44 MeV, in terms of t
quantum-mechanical multistep formulation ofa knockout,
can be extended to higher incident energies and to othe
clei.

Whether the inclusive (p,a) spectra follow the systema
ics of the phenomenological parametrization@7# of Kalbach
in this energy range is also of interest, as it may prov
guidance to a formal theoretical treatment of the reac
process. For angular distributions of inclusive spectra
197Au(p,p8) at incident energies of 100 and 200 MeV,
was found previously@8# that the Kalbach systematics d
scribe the experimental quantities very well. At incident e
ergies between those two values, however, small but sig
cant discrepancies are encountered. It was suggested th
observed differences could be eliminated by a simple m
fication of the parametrization that introduces a smooth t
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sition from the lower incident energy to the upper valu
instead of the sharp discontinuity in the original formulatio
Nevertheless, the need for such a modification is not firm
established, as the deviation between the original param
zation and the experimental data is relatively minor. For t
present investigation, which also includes the (p,a) inclu-
sive reactions on197Au, it is important to determine whethe
a discrepancy similar to that found for (p,p8) applies and, if
so, whether the same modification to the parametrization
proves the situation.

In this paper we investigate the (p,a) inclusive reactions
between 120 and 200 MeV on27Al, 59Co, and 197Au. We
compare the angular distributions between 10° and 16
with the predictions of the phenomenological parametriz
tion of Kalbach @7#. The (p,a) results for 59Co are also
compared with calculations based on the statistical multis
direct mechanism in which a preformeda cluster is knocked
out by the incident proton.

II. EXPERIMENTAL PROCEDURE

The continuum energy spectra were measured at the
tional Accelerator Centre for inclusive (p,a) and (p,3He)
reactions on27Al, 59Co, and 197Au at incident energies of
120, 160, and 200 MeV. The accelerator and experime
equipment have been described elsewhere@9#.

A detector telescope, consisting of a 150mm silicon sur-
face barrier detector followed by three Si~Li ! detectors of 5
mm nominal thickness each, and a 2 mmsilicon surface
barrier veto detector, was used. This arrangement was ch
instead of the telescope with a NaI scintillator used for o
previous (p,p8) inclusive studies@1–3,8–10#, because for
778 © 1996 The American Physical Society
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FIG. 1. Laboratory angular distributions for the inclusive reaction27Al( p,a) at incident energiesEp of 120, 160, and 200 MeV and
various emission energies, as indicated. The distributions have been multiplied by the indicated factors for the purpose of display
shown with error bars where these exceed the symbol size. The curves are distributions, predicted by the Kalbach systematics,
to the experimental data.
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acceptable count rates of the composite ejectiles, the pro
rate would be high enough to lead to gain instabilities in
scintillator-phototube assembly.

Particle identification was achieved with a standardDE-
E technique in which various combinations of the detecto
in the telescope were used to measure energy loss and
energy of the ejectiles. This allowed the reliable separat
of the a particles of interest from other ejectiles, especial
3He.
Energy calibration of the detector elements was based

the kinematics of the elastic scattering reactio
1H(p,p)1H and 2H(p,p)2H from a deuterated plastic target
The self-supporting targets were metals of natural eleme
~100% occurrence of the isotope of interest! of thickness in
the range of 1–4 mg/cm2. The uncertainty in the thicknesse
ton
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of the targets~up to 8%! is the main contribution to the
systematic error on the data.

III. RESULTS AND DISCUSSION

The experimental angular distributions for the (p,a) re-
action on27Al, 59Co, and197Au at incident energies of 120,
160, and 200 MeV are shown in Figs. 1–3. These distrib
tions have been multiplied by the indicated factors for th
purpose of display. Data are shown with error bars whe
these exceed the symbol size.

A. Comparison with parametrized systematics

It is found that the shapes of the experimental (p,a) dis-
tributions are reproduced reasonably well by the predictio
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FIG. 2. Laboratory angular distributions for the inclusive reaction59Co(p,a). For other details, see caption to Fig. 1
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of the Kalbach parametrization, in which the calculated d
tributions are normalized to the experimental data for ea
distribution. However, in spite of the encouraging agreem
between the experimental data and the phenomenolog
formulation, as seen especially for the results on197Au in
Fig. 3, systematic deviations are encountered. The b
agreement between the formulation and the (p,a) data is
obtained for 197Au at 120 MeV. As the incident energy i
increased, the slopes of the predicted curves deviate incr
ingly from the measured distributions for this target. For t
two lighter target masses~Figs. 1 and 2! the deviation be-
comes more severe with decreasing target mass, especia
high emission energies.

The results of the comparison for the (p,a) reaction on
197Au are very different from those found previously@8# for
the (p,p8) reaction. For the latter reaction a difference b
tween the data and the phenomenological systematics
only encountered for incident energies intermediate betw
100 and 200 MeV, and the deviations could be correla
is-
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with the known@8# discontinuity in the parametrization. In
the present investigation, however, the influence of the d
continuity in the parametrized systematics appears to be n
ligible and the agreement with the experimental data is ev
better at 120 and 160 MeV than at 200 MeV.

B. Comparison with calculations
of the multistep direct reaction theory

The (p,a) cross sections were calculated using the mu
tistep direct theory of Feshbach, Kerman, and Koonin@4#
extended by Olaniyiet al. @6# and Guazzoniet al. @11#. The
formalism is summarized in these two papers, so here w
show how the theory is further developed to include the mu
tistep processes that are increasingly important at higher
ergies.

In these calculations, following the work of Bonettiet al.
@5,12#, it is assumed that the (p,a) reaction takes place by a
knockout process. The incident proton collides with a pre
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FIG. 3. Laboratory angular distributions for the inclusive reaction197Au(p,a). For other details, see caption to Fig. 1
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formeda-particle in the target nucleus, knocks it out and
captured by the residual nucleus. Olaniyiet al. @6# estimated
the contribution of two-step processes and found them to
rather small at 44 MeV, the highest energy studied. As t
incident energy increases, the multistep processes beco
more probable, and must certainly be included at the en
gies considered here. The calculation was therefore modifi
to include the (p,p8)(p8,a) and (p,n)(n,a) two-step pro-
cesses and the four (p,N)(N,N8)(N8,a) three-step pro-
cesses. These processes contribute incoherently and, as
each include just one nucleon-alpha interaction and o
a-particle preformation factor, the cross sections include t
same~unknown! normalization factor. This is not the case
for example, for processes like (p,a)(a,a8) which contain
additional unknown factors, in this case the strength of t
a-a interaction.

In the previous calculations@6# it was assumed that the
proton is captured into a bound state of the residual nucle
is
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but as the energy increases it is more likely that both
proton and thea particle are unbound after the interactio
and so this possibility was also included in the calculatio
Phase space arguments indicate that the proton is likely t
unbound for incident energies above 100 MeV, particula
for low ejectile energies. For calculational convenience
represent the unbound proton wave functions by quasibo
ones calculated with a Woods-Saxon potential, the dept
which is adjusted to give a small proton binding ener
(0.2 MeV!.

As in the previous calculations, we use the computer p
gramDWUCK4 @13# which, however, calculates only the d
rect terms of the DWBA transition amplitude. This may
used for the (p,a) knockout reaction, which is an exchang
reaction, because the direct and exchange amplitudes
the same angular distribution for a zero range interaction

The orbital angular momentumL of the preformeda par-
ticle was assumed to be zero, as in the work of Tamuraet al.
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@14#. Calculations withL54 gave a very similar angular
distribution. The nucleon optical potentials used were tho
of Walter and Guss@15# for E,50 MeV and of Schwandt
et al. @16# for 50,E,200 MeV. The optical potential of
Avrigeanu et al. @17# was used for thea particles. The
single-particle state densities were taken to begN5A/13 and
ga5gN/4. The exciton number in the expression for the sp
cutoff parameter was taken to ben52 for the residual
nucleus after the one-step (p,a) reaction.

The effective nucleon-nucleon interaction had th
Yukawa form with radius 1 fm, and its strengthV0 was fixed

FIG. 4. Comparison between measured and theoretical ang
distributions for the reaction59Co(p,a) at an incident energy of
120 MeV for variousa-particle emission energiesEa . The thin
solid curves are first-step (p,a) knockout contributions. The con-
tributions for (p,p8)(p8,a) ~dotted curves! and (p,n)(n,a)
~dashed curves! are indicated separately, with a single dot-dash
curve representing the sum of three-step contributions. The summ
cross sections are shown as thick solid lines. The results of
theoretical calculations are compared directly with the experimen
data in the laboratory coordinate system because the effec
center-of-mass motion is negligible compared to the influence
experimental errors.

FIG. 5. Comparison between measured and theoretical ang
distributions for the reaction59Co(p,a) at an incident energy of
160 MeV for various emission energies. See also caption to Fig
se
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by the fit to 58Ni(p,p8) inclusive cross sections at the appro
priate energy. The difference inV0 @2,18# for (p,p8) and
(p,n) reactions was included in the calculations of the mu
tistep processes. The (N,a) interaction was taken to be zero
range. Only the (p,p8)(p8,p9)(p9,a) three-step process was
calculated, and the resulting cross section was multiplied
four to take account of the other three processes. This ca
lation is affected by the energy dependence of the nucle
nucleon effective interaction, which was included in the ca
culations@19#.

In all the calculations the normalization factor was ad
justed to give the best overall fit to the double differenti
cross sections at all outgoing energies for a particular re
tion. The results for59Co(p,a) at 120, 160, and 200 MeV
are shown in Figs. 4–6 with the contributions of the one
two-, and three-step processes shown separately. On
whole the fit is reasonable considering the approximatio
made, although there are some notable discrepancies tha
serve further study. The (p,p8)(p8,a) and (p,n)(n,a) two-
step processes dominate at the higher ejectile energies
have similar angular distributions. As expected, the thre
step processes become progressively more important as
ejectile energy decreases, and the angular distributions
come less forward peaked as the number of steps decrea
Similar conclusions were reached by Tamuraet al. @14# from
their analysis of the93Nb(p,a) reaction at an incident en-
ergyEp565 MeV and emission energyEa545 MeV. Some
additional calculations with bound protons only gave muc
reduced cross sections at low outgoing energies that did
fit the data, showing that it is essential to include the u
bound proton configurations.

IV. SUMMARY AND CONCLUSIONS

Good agreement was obtained between predictions of
parametrized systematics of Kalbach@7# and the experimen-
tal angular distributions of inclusive (p,a) reactions on
27Al, 59Co, and197Au at incident energies of 120, 160, an
200 MeV over a large range of emission energies. The d
crepancies that are encountered are found to become m
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FIG. 6. Comparison between measured and theoretical ang
distributions for the reaction59Co(p,a) at an incident energy of
200 MeV for various emission energies. See also caption to Fig
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noticeable with increasing incident energy, and also with
creasing target mass number.

Calculations based on the statistical multistep direct re
tion theory of Feshbach, Kerman, and Koonin@4# reproduces
the measured (p,a) angular distributions reasonably we
Further calculations with exchange matrix elements trea
the unbound proton configuration in a rigorous way are n
essary for a more accurate analysis. The present calcula
are sufficient to show that the overall features of the (p,a)
data can be described by the multistep theory, and in part
lar that the second- and higher-step contributions to the
action at the incident energies explored in this work are m
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important than at the lower incident energies studied pre
ously.
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