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Inclusive (p,dx) reactions at 42-392 MeV are investigated to understand quantitatively the roles of direct
pickup and knockout. These two processes are formulated and introduced into the intranuclear cascade model. The
calculated spectral shapes and magnitudes of the double-differential cross sections agree well with all experimental
observations over the entire ranges of emission energy and laboratory angle. The model reveals the contributions
of pickup and knockout in terms of incident-energy dependence. Direct pickup accounts for the highest energy
domain of the spectra of not only discrete but also continuum regions with excitations up to around 45 MeV.
Knockout becomes increasingly important with incident proton energy. It is negligible at 42 MeV, occupies the
lower half of spectra at 90 MeV, and above 300 MeV is responsible for most of each energy spectrum except the
part at highest energy. This trend is very similar to that of (p,nx) cross sections. The indirect pickup component
appears at these energies, as suggested in previous studies.

DOLI: 10.1103/PhysRevC.97.034630

I. INTRODUCTION

The purpose of this article is to improve our understanding
of inclusive (p,dx) reactions at incident energies of 42—-392
MeV. Proton-nucleus reactions are generally well described
by the two-step mechanism [1,2]. The first-step processes
(which account for most of each double-differential cross-
section [DDX] spectrum except the part at lowest energy)
in deuteron production reactions come in several competing
types according to the proton incident energy. The second
step, namely the evaporation process from excited equilibrium
states, is beyond the scope of the present study.

Considerable efforts have been made to unravel the exclu-
sive (p,d) reaction mechanisms at incident energies of around
50 MeV (i.e., the medium energy range). Direct pickup or
knockout populating low-lying discrete levels is now well
understood. However, relatively little attention has been paid to
reactions that lead to continua spreading over wide excitation
regions. We attempted to interpret (p,dx) DDX spectra by
the sum of the first-order distorted-wave Born-approximation
(DWBA) cross sections [3-5]. Our calculation results agreed
with experimental results in the low-excitation region but
underestimated them considerably in the high-excitation re-
gion. We attributed this inconsistency at high excitations to a
failing of the first-order DWBA: One or more particles may
be emitted along with the observed one, and the absorption by
the imaginary optical potential is recognized as particle loss.
Moreover, the DWBA is inadequate because high-excitation
levels are not pure single-hole states and the transitions co-
occur with large momentum transfer. In order to avoid these
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shortcomings, Hashimoto et al. [6] applied the DWBA to only
low-lying discrete levels, and calculated the high-excitation
continuum states by the intranuclear cascade (INC) model:
However, this is the case for (d, px) reactions.

Other approaches were based on phenomenological studies
of angle-integrated spectra. Kalbach [7,8] proposed an empir-
ical treatment of direct pickup for the low-excitation transi-
tions and ascribed high excitations to pre-equilibrium particle
emission, which was calculated with the exciton model [9,10].
Similar approaches were made by Konobeyev ef al. [11,12]; in
Ref. [12], in addition to direct pickup, these included the pickup
process from the 2p1h exciton state, the coalescence of two
excited nucleons above the Fermi energy, and the knockout of
a preformed deuteron. The Kalbach approach [7] suggests that
the direct-pickup yield covers a wide spectral range, whereas
the Konobeyev approach suggests that the same is true for
the knockout yield. Machner [13] extended the exciton model
to take cluster condensation into account. Hachenberg et al.
[14] attempted to describe the reactions in terms of indirect
pickup only. Although all of them gave rather good accounts
of angle-integrated spectra, their interpretations of deuteron
production mechanisms are remarkably inconsistent.

At impinging energies higher than 700 MeV, deuteron
production has been investigated in terms of knockout [15-18],
the direct production of p + N — d + w [16,18,19], and the
indirect process described by the coalescence model [20-
26]. Knockout is the process whereby a preformed deuteron
inside a target nucleus is knocked out, and a group of such
knocked-out deuterons forms a broad peak in the higher energy
domain of spectra at forward angles. The center of the peak is
shifted 10-20 MeV down from the value of proton-deuteron
elastic scattering, and its spread is understood as the Fermi
motion. It is notable that no quasifree peak is observed in
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the medium-energy reactions. The coalescence model was
invented by Butler and Pearson [20] and is based on the
assumption that any two nucleons that escape the nucleus
and whose relative momentum is less than a certain value
coalesce to form a deuteron. Note that this coalescence model
involves an idea similar to that of Konobeyev but uses different
implementations.

At proton bombarding energies of around 400 MeV,
deuteron continua have been explained rather successfully in
terms of knockout and indirect pickup. The latter [27,28] is
pickup by a secondary nucleon scattered via one or more
nucleon-nucleon collisions between an incident proton and
a target nucleon below the Fermi energy. It was proposed
to explain the low-energy spectra of large angles (>60°)
at a bombarding energy of 300 MeV, which could not be
explained by the direct-pickup theory. The measured target-
mass dependence of the reaction cross sections supports the
indirect process. It has been suggested that this process is
negligible below 200 MeV [27] but important at 600 MeV
[28].

In our previous work [29], we developed the INC model to
include these two processes, and we succeeded in reproducing
experimental DDX spectra of (p,dx) reactions at 300 and
392 MeV over nearly the entire energy range including the
quasifree bump observed at forward angles on various target
nuclei. The remarkable feature of the INC is that it treats
two-body collision kinematics exactly, and hence quasifree
peaks were shown to come from nucleon-nucleon collision but
not nucleon-deuteron elastic scattering. It was shown also that
the knockout contribution dominates most of each spectrum,
that the indirect pickup appears in the low-energy region
just above the evaporation energies, and that the coalescence
component is unimportant. This last feature is consistent with
Refs. [27,30].

The above context suggests that inclusive (p,dx) reac-
tions in the medium-to-intermediate energy range should be
interpreted as direct-pickup and knockout processes. In the
present study, we analyze DDX spectra to reveal the roles of
the two processes by improving our INC model. Although
the INC model had been applied to reactions at incident
energies higher than roughly 200 MeV, we extended the model
successfully [31,32] to the lower part of the medium-energy
range by introducing some physics that had been neglected in
previous studies on INC. Therefore, our extended INC model
(referred to hereinafter as the EINC model) is fruitful for
the present purpose. We have already included direct pickup
[33], knockout [29], and indirect pickup [29] in INC. Now
we improve the descriptions of direct pickup and knockout to
obtain a consistent exposition of (p,dx) reactions at incident
energies of 42-392 MeV. We choose 2’ Al as the target nucleus
because DDX data on >’ Al could be obtained at five incident
energy values, the most available in the energy range of interest.

II. MODEL

A. EINC model

Because the EINC model is detailed fully in Refs. [31,32],
we merely outline it herein. The original INC model in-
volves transferring energy to the target nucleus through only

a sequence of nucleon-nucleon collisions. When nucleon i
approaches nucleon j within a distance equivalent to the
nucleon-nucleon cross section oy [34], that is,

o (1)

V,'j < p

the probability of the two nucleons colliding is judged phe-
nomenologically using the Pauli blocking operator:

Olij) =1 — O(E; — Ep)[l — O(E; — Ep)llij),  (2)

where E; is the energy of nucleon i after the collision and
Er is the Fermi energy. ® denotes the unit step function. The
scattering angle is determined stochastically to follow angular
distributions of N N collisions.

The EINC model includes additional physics that are im-
portant for medium-energy reactions. For instance, the proton
production DDX by proton incidence is expressed by

d*o 1
= Ototal
dEdQ |, , 2w AEA cos(9)

P?(0,¢), 3)

where AE and Acos@ are the bin widths of the outgoing
energy, &, and the emission angle, 6, respectively. Oioar 1S
the proton-nucleus total cross section, which is assumed
to be equal to mR2 .. Rmux is the maximum nuclear ra-
dius in femtometers given by ry + 4ag, where ro = (0.976 +
0.0206A'/3)A1/3 and ay = 0.54. The proton emission proba-

bility P? is written symbolically as
PP(0,8) = PLi(1 + Pcp)G + G(QPyy)G + G(QPyy)
x G(OPyN)G + - 1PL PLilo.c )

where the processes are in time order from left to right.
G is the space development operator for energetic particles,
which travel linearly inside the target nucleus. The proton
deflection function P is determined to reproduce the angular
distribution of elastic scattering, and it provides a deflection
angle at the nuclear surface for both the entrance and the
exit channels. Pcg is the probability of energy transfer by
collective excitations. Py is the NN collision probability to
fulfill Eq. (1) and provides the energy and direction of the
scattered nucleon after in-medium collision. P is the barrier
transmission probability for the escaping proton. The functions
regarding proton emission are curtailed. After the cascade
process, we calculate evaporation using the generalized evap-
oration model [35].

B. Deuteron production process

We assume that direct pickup and knockout take place
via the initial-state interaction with probabilities Py, and
Py, respectively. These probabilities are determined to fit
experimental data. As Eq. (4), we write the deuteron emission
probability by proton bombardment as

PY0,e) = PLi(Pap + 0 pia Peo)lG + G(Quin Pan)G
+G(Qusn Pan)G(Qain Pan)G+ - - 1PE PLilo e,
(5)
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FIG. 1. Spectraof 42-MeV >’ Al(p,dx) reactions at 30-90°. Lines
and dots show results of present model and experiment, respectively.
To avoid overlap, factors indicated in the figure are multiplied.

where PZ is the deuteron transmission probability, which is
given by the unit step function at the Coulomb potential at a
distance of Ry + 1.5 fm from the center of the target nucleus.
0 p+a 1s the Pauli blocking operator defined by Eq. (2) for
in-medium p + d collision, and P,y is the deuteron-nucleon
collision during deuteron transport inside the nucleus. Herein,
we assume that in-medium deuteron-nucleon collision occurs
via interaction between a nucleon and one of the nucleons of
the deuteron. The deuteron deflection Pd”lef is [36]

PL.(0) = exp[—0.001(1.3¢ +In A + 6)8] ©6)
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FIG. 2. As Fig. 1 but for 68 MeV.

10! 2741

E,=90 MeV

DDX [ mb/ (sr MeV) ]

Deuteron Energy [ MeV |

FIG. 3. As Fig. 1 but for 90 MeV.

in terms of ¢ and target mass A. Assuming that the maximum
single-hole excitation is the 45-MeV depth of the nuclear
potential, we write Py, as

45
Pyp =N Wap(U)dU, @)
0

where N is the normalization factor and Wyp(U) is a strength
distribution function with excitation energy U:

2

Wap(U) = s(U)pU) + [EES ek ®
The state density p(U) is formulated [37] by
(U —0.25(p* + h*> + p — 3h))r*-1
p(U) = P E ©)

plhl(p+h—1)

for the excited states of p particles and % holes. In this case, we
used p = 0and & = 1.s(U) is introduced to dampen transition
strength to highly excited states and limit the maximum single-
hole excitation:

1 :0<U <35

s(U) = {0.05(55 —u) :35<u<4s. 10

The second term of Eq. (8) expresses the high susceptibility
of strong transitions to low-excitation states, among which the
strength distribution is well described by the Breit-Wigner
function. We choose the width I' as 10 MeV from results
of Refs. [3-5]. We note that in Ref. [33] the single-particle
energy of a picked-up neutron was calculated from its in-
medium momentum assigned as the initial value of the INC
nuclear ground state under the on-shell condition. However,
momentum is not an eigenvalue in the nuclear system, and
this implementation is less reasonable for light and heavy
nuclei. Therefore, we determine the excitation energy of the
single-hole state independently herein.
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FIG. 4. As Fig. 1 but for 300 MeV.

The kinetic energy of a deuteron produced by direct pickup
is given by

Eq = Einc - U (11)

in the nucleus. We take the reaction Q value and the recoil of
the residual nucleus into account as a final-state interaction.
For the knockout calculation, the preformed deuteron is
prepared at the nuclear surface where the incident proton
arrives. As the deuteron constituents, we choose the proton
and neutron located closest to the proton arrival position. We
then reassign their locations and momenta: The location of
one is to be the arrival position, the location of the other
is determined randomly within a sphere of deuteron radius,
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FIG. 5. As Fig. 1 but for 392 MeV.
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FIG. 6. Contributions of direct pickup (solid line) and knockout
(broken line) for 42-MeV %’ Al(p,dx) at 30°.

and their momenta are determined so as to correspond to the
on-shell single-particle energy given by Eq. (8).

Indirect pickup is also included in the present model, the
implementation of which is described in Ref. [29]. When a
cascade nucleon i is escaping the target nucleus, it can pick
up another nucleon j having the opposite iso-spin under the
condition

rijPij <A, (12)

where r;; and p;; are the relative position and momentum,
respectively, of particles i and j. A is the clustering parameter
determined in Ref. [29].
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FIG. 7. As Fig. 6 but for incident energy of 68 MeV.
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FIG. 8. As Fig. 6 but for incident energy of 90 MeV.

III. RESULTS AND DISCUSSION

The spectral DDXs for 2’ Al(p,dx) reactions as obtained
from calculations (solid lines) and experiments (dots) are
displayed in Figs. 1-3 at incident energies of 42, 68, and
90 MeV, respectively. The measured laboratory angles are
indicated in the figures. The experiments at 42 and 68 MeV
were carried out by Harada er al. [38], and those at 90 MeV
were carried out by Wu er al. [39]. The numerical data are
cited from Ref. [40]. The calculation results agree well with the
experimental data at all angles and over the entire energy range
except in the evaporation region. At the highest energies in the
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FIG. 9. Contributions of direct pickup (solid line), knockout

(broken line), and indirect pickup (dash-dotted line) for 300-MeV
2 Al(p,dx) at 20°.

forward-angle spectra, the scatter in the experimental data is
due largely to several strong transitions to low-lying discrete
levels. The second term of Eq. (8) is responsible for this energy
domain and is found to reproduce reasonably the average trend
of the experimental data. In Figs. 4 and 5, the calculation
results for the 300- and 392-MeV reactions, respectively,
are compared with the experimental data [29]. Taking into
consideration the lack of experimental data above 200 MeV
for the 300-MeV reaction, we conclude that the present model
gives fair accounts at these energies. We note that the quasi-
free-like bump observed at 20° in the 392-MeV reaction is
reproduced well by the calculation. By contrast, calculation
with the previous model underestimated the experimental data
considerably at large angles [29]. The essential improvement
in this regard must be the inclusion of particle deflections at
both the entrance and exit channels.

The contributions of pickup and knockout are shown by the
solid and broken lines, respectively, in Figs. 6-8 for incident
energies 42, 68, and 90 MeV, respectively. The evaporation
yields are not displayed. Because direct pickup occupies the
entire range at 42 MeV, knockout is assumed to be small
enough. As shown in Fig. 7 at 68 MeV, the knockout yield
increases from that in the case of 42-MeV incidence, but
direct pickup is still dominant down to around 12 MeV, which
corresponds to an excitation of roughly 45 MeV. The knockout
yield is comparable to the rescattering yield of the direct
pickup observed below roughly 12 MeV, where evaporation
is dominant. At 90 MeV (Fig. 8), the knockout contribution
increases to account for the lower half of the spectrum, and
its total yield is comparable with that of direct pickup. For the
300-MeV case, the components of direct pickup, knockout,
and indirect pickup are indicated in Fig. 9 by solid, broken,
and dash-dotted lines, respectively. The knockout contribution
appears to be dominant over most of the energy range. The
direct-pickup contribution is limited to a very narrow region
at the highest energies. Unlike at lower incident energies, the
indirect-pickup component appears. However, its contribution
is still negligible, as suggested in Ref. [27].

The determined values of the model parameters Py, and
Py, are listed in Table I as a function of incident energy.
The actual knockout probability Q p+d Peo (i.€., knockout is
allowed by the Pauli principle) is also shown in the third
column of Table I. The pickup probability Py, decreases
rapidly with increasing incident energy, which is qualitatively
consistent with the conclusions of Refs. [28,41]. Meanwhile,

TABLE 1. Determined values of probabilities for direct pickup
(Pgp) and knockout (Py,), together with actual knockout probability
Q p+d P ko-

Beam energy Pickup Knockout
(MeV) Py (%) Pio (%) QpiaPro (%)
42 6 <1 <04
68 6 3 1.3
Al(p,dx) 90 2.5 16 8.5
300 0.2 7 5.1
392 0.04 10 7.5
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FIG. 10. Cross sections of knockout production for deuterons
(dots) and neutrons (solid line) as function of incident proton energy.

the knockout probability increases with incident energy up to
90 MeV and then remains effectively constant for 90-392 MeV.
The energy value of 90 MeV is close to the deuteron potential

depth. In Fig. 10, we plot deuteron knockout cross sections as
a function of incident proton energy. Because we attribute the
(p,nx) reaction to the knockout mechanism, we draw its cross
section as a solid line in the figure. Both neutron production
and deuteron production show similar energy dependences,
supporting the deuteron-knockout probability obtained in the
analysis with the present model. The neutron cross section
becomes constant at around 50 MeV, which is close to the
neutron potential depth. This fact is also consistent with
the deuteron-knockout case. Therefore, the increasing cross
sections with energy can be attributed to the expansion of the
final-state phase space.

IV. CONCLUSION

To elucidate the deuteron production mechanism in (p,dx)
reactions below 392 MeV, we modeled the processes of direct
pickup and knockout and incorporated them into the INC
model. Calculations following the evaporation model success-
fully explained the DDX continua in terms of both shape and
magnitude. Pickup occupies the highest energies of the spectra
in both the discrete and continuum regions, whereas knockout
is located between the pickup and evaporation regions. The
contribution of knockout is negligible at 42 MeV, increases
to be comparable with that of pickup at 90 MeV, and is
dominant above 300 MeV. Indirect pickup takes place at 300
and 392 MeV, but its contribution is limited to the lower spectral
energies.
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