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Deuteron-production double-differential cross sections for 300- and 392-MeV proton-induced
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Deuteron production from intermediate-energy proton-nucleus interactions was investigated through experi-
ments and model calculations, mainly to develop a theoretical model by elucidating the mechanism of cluster
production. Spectral double-differential cross sections were measured for inclusive (p, dx) reactions on five
targets in the periodic table, namely '2C, 27Al, 'V, *Nb, and '’ Au, at beam energies of 300 and 392 MeV. The
cross sections were determined in almost the entire outgoing energy range from the highest down to 30 MeV and
at laboratory angles from 20° to 104°. To interpret the measured spectra, we proposed a new model that includes
the nucleon correlations of the initial- and final-state interactions to describe cluster knockout and pickup within
the intranuclear cascade model. The results of the model calculations showed reasonable agreements with those
of the experiments. Moreover, the model indicated reasonable predictive power for the (p,*Hex), (p, ax), and
(d, d'x) reactions measured elsewhere. The quantum molecular dynamics model underpredicts the results of the

experiments by two to three orders except for low-energy portions of the (p, dx) spectra.
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I. INTRODUCTION

The production of particles from intermediate-energy
proton-nucleus interactions has been extensively studied for
many years. As for nucleon production, its mechanism is
understood rather well and prediction of energy-angle double-
differential cross sections (DDXs) is possible with satisfactory
accuracy. Nucleon emission from the cascade phase is well
described by the intranuclear cascade (INC) and quantum
molecular dynamics (QMD) models. For nucleon emission
from the second slow phase, the evaporation model has
been established. These models are now incorporated in
macroscopic transport simulation tools, such as PHITS [1]
and GEANT4 [2], and play an essential role in developing
various technologies, for instance, accelerator-driven systems
and particulate radiation therapy.

The production of light clusters, such as d and «, has
been intensively investigated. The slow phase can be well
described by the evaporation model with statistical com-
putation. However, high-energy cluster emission processes
remain to be elucidated, and no theoretical model is as yet
available for predicting DDXs. Extensive effort is necessary
toward understanding the mechanisms of cluster production
by experiments and theoretical model calculations.
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Although the mechanism of cluster production from
nucleon-induced reactions has been investigated intensively,
crucial questions remain [3]. The reaction giving rise to
a-cluster emission has attracted particular attention and
many theoretical models have been proposed to unravel the
mechanisminvolved in such areaction. A large number of them
are based on exciton or hybrid models and have focused on two
different mechanisms. The first involves an indirect knockout
of a preformed cluster, and the second involves coalescence or
pickup, in which a cluster is formed in the course of reaction.
We consider that beam energies below 100 MeV may be too
low to distinguish the roles of knockout and pickup processes;
however, in the higher-energy domain, the roles of these
processes can be distinguished by calculations. Moreover,
the exciton model does not take angular momentum into
account and, therefore, does not consider angular distributions,
which are among the most important physical quantities.
It is clear that the classical cluster-knockout picture has
difficulty in accounting for the forward peak in experimental
angular distributions; nevertheless, this is intuitively expected
to influence higher-energy cluster production.

The QMD and antisymmetrized molecular dynamics
(AMD) models are also candidates for describing cluster
production. Cluster production lies within the framework of
molecular dynamics and, thus, may be considered to be a
natural application of such models. AMD has been studied
and is reported to reasonably describe [4] the «-cluster energy
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TABLE I. Targets used in this work.

C Al v Nb Au

Thickness (mg/cm?) 33 27 2.5 43 19

distribution resulting from collisions between heavy ions with
energies of approximately 30 MeV /u. However, such a study
was carried out in the case where the nucleon momentum
was small relative to the center of mass of the system, and
in such a scenario cluster formation should be governed by
a coalescence-like process. In fact, the coalescence model
[5-7] can reproduce the lower-energy part of the spectrum,
but not the higher-energy part. Nevertheless, there have been
no successful attempts to model the high-energy portions of
the spectra, due to heavy-ion collisions and proton-induced
reactions. The mechanism involved in high-energy deuteron
production has remained an open question because of the very
small binding energy involved. In these cases, the clustering
process must overcome a large momentum difference by quan-
tum mechanisms, and QMD and AMD lose their predictive
power.

The INC model describes reactions in terms of only two-
body collisions and does not consider cluster production. To
describe cluster production, the INC model must incorporate
phenomenological treatment of nucleon correlations. Thus far,
this approach has been followed in a few studies. Percolation
[8] was introduced at the end of the cascade phase, and,
more recently, surface coalescence [9,10] was incorporated
during this phase. However, the studies concluded [11,12] that
surface coalescence needs further improvement for predicting
absolute DDXs. Since the coalescence approach is insufficient
to explain the high-energy range, we consider that a new
approach, including the knockout process, is indispensable
to interpret the entire range of spectra. Although the exciton
model treats a preformed cluster as an elemental particle, to
include such a boson in the INC model is nontrivial. In a new
model of knockout, a preformed cluster should be treated as a
strongly correlated nucleon pair, not as an elemental particle.

In this work, we investigate deuteron production. To
this end, a systematic set of experimental data is essential.
Previously obtained data are mainly below 100 MeV, which
is too low to distinguish knockout and pickup contributions.

FIG. 1. Schematic of the detector.
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FIG. 2. Two-dimensional PI plot for the p + 'V reaction at 30°
and incident energy equal to 392 MeV.

Although there are several data sets in the energy domain
above 300 MeV [11-16], they are insufficient for discussing
the general trend of the reaction in detail because of the
narrow ranges of energies and angles of measured deuterons.
The data of 300400 MeV have an advantage: The real part
of the nuclear optical potential is very weak, and the NN
cross sections reach their minimum; hence, the incident proton
travels in an almost straight line and reaches deep inside
the target nucleus. Furthermore, the reaction process can be
described within the nucleon degrees of freedom, since pion
production remains negligible. These experimental data offer
a good opportunity for examining the predictive capability of
the new model.

In this study, DDXs of inclusive (p,dx) reactions are
investigated to decipher the broad features of proton-induced
reactions. The INC model is extended to describe deuteron
production, and its validity is examined. Five targets, namely
12¢C, 27A1, SV, 93Nb, and '97Au, are chosen to cover a wide
range of masses in the periodic table. The proton beam energies
chosen are 300 and 392 MeV, which are expected to clarify the
roles of knockout and pickup processes. The model study is
pursued for other cluster emission reactions, such as ( p,3Hex),
(p, ax), and (d, d'x), to prove the generalization of the model
over a range of reactions.

t -  Proton good events
[ 95MeV <E <115MeV,

40 F i :
= s |
z30r : :
g Proton bad events | | '
< [ ' :
©20¢F H * ' Deuteron
' i good events

”; L M LA .“MMMMM.

0 100 200 300 400 500
PI

FIG. 3. PI histogram for the p + 3!V reactions at 392 MeV in the
95- to 115-MeV energy range.
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p (d)

FIG. 4. Scattering p + d, where d is treated as an elementary
particle.

II. EXPERIMENTS

Experiments were carried out at the Research Center for
Nuclear Physics (RCNP), Osaka University. Since the present
data were obtained at the same time as (p,p'x) reaction
measurements, which were reported in Refs. [17,18], only
a brief explanation is given for the experimental procedure
here. In the experiments, proton beams of 300 and 392 MeV
were provided by the ring cyclotron. Either proton beam was
focused on a target in a spot of about 5-mm diameter. The target
was set at the center of a vacuum chamber of 1-m diameter. The
beam current was collected in a Faraday cup located within a
shielding wall about 4 m downstream of the target position.
The current was approximately 5 nA on the targets during the
data gathering run. A digital current integrator (ORTEC model
439) was used to measure the total charge. The total charge
was about 5-10 uC in the forward-angle measurements, and
30-50 uC in the backward-angle measurements. The targets
used were 12C, 27Al, 31V, 23Nb, and '°’Au, which are all natural
metals. Their thicknesses are listed in Table I.

The energy of emitted deuterons was measured with two
stacked scintillator spectrometers, which are shown schemat-
ically in Fig. 1. Each spectrometer consisted of three thin
plastic scintillators and three thick GSO(Ce) scintillators. The
first plastic scintillator, having a 15-mm-diameter aperture,
served as an active collimator. The second and third plastic

P d) P (d)
(@) ()

FIG. 5. Scattering p + d, where d is treated as a composite
particle.
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TABLE II. Experimental data used for parameter search.

Energy (MeV) Target Angle
300 CNb,Au  20,30,45,60,75,90,105
(p,d) Al 25,30,45,60,75,90,105
Present 392 V,Ta,Au  20,30,45,60,75,90,105
result C 20,30,40,50,75,90,105

Al 20,35,45,55,75,90,105
Nb 20,30,45,55,75,90,105

(p, *He) [26] 160,200 Co,Au  20,30,40,50,60,80,100,120

(p, @) [27]

160,200 Co,Au  20,30,40,50,60,80,100,120

scintillators were AE detectors 1 and 2 mm in thickness,
respectively. Two GSO(Ce) crystals were cubic with an edge
length of 43 mm, and the final one was a cylinder 60 mm in
diameter and 230 mm in length. A total depth of 316 mm was
sufficient to stop 400-MeV protons and deuterons. Through
experimental studies, deuteron light outputs of GSO(Ce) have
been determined [19] as a function of deuteron energy. Energy
calibration was performed by referring to proton energy,
which was measured by using monoenergetic protons from
p-hydrogen elastic scattering off a CH, film. Deuteron energy
was determined from the light output difference between
protons [20] and deuterons. The spectrometers were installed
on a goniometer outside the chamber. Deuteron energy spectra
were measured at laboratory angles from 20° to 104°.

High-energy deuterons may undergo nuclear reactions
before being stopped or may scatter out of the crystal. The ratio
between the number of stopped deuterons and the total number
of deuterons is referred to as the peak-to-total efficiency of
the spectrometer and is necessary to determine absolute cross
sections. Thus far, efficiency has been determined as a function
of deuteron energy up to 400 MeV [19] in both experiment and
simulation calculations.

The DDXs are determined by

d*c . Y
dQds ~ PS,pAQAg’

where Ae is the energy bin width required for data reduction,
A is the solid angle of the detector, P is the peak efficiency,
S; is the surface density of the target, and ¢ is the total charge
of the incident proton beam. The number of deuterons in
A€, which is represented by Y, is obtained by the particle
identification (PI) technique. The quantity PI is given by

Pl = E}, — (Ewt — AE), )

tot

(D

where E\y is the total energy deposited in the detector and A E
is the energy measured in the dE detectors. The parameter b is
set at 1.73, which is the optimum value to separate deuterons

TABLE III. Parameters determined for three types of reactions.

d t,*He o
i (fm) 12 15 17
Ay (fm MeV/c) 2000 2250 2500
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FIG. 6. Energy-angle distributions of the '2C(p, dx) reaction at
300 MeV. Solid lines indicate the present INC calculations. Factors
indicated in parentheses are multipliers to avoid data pile up.

from protons. A typical example of a two-dimensional PI-E
plot is shown in Fig. 2 for the case of the p+°'V reaction
at 392 MeV. Furthermore, Fig. 3 presents an example PI
histogram in the 95- to 115-MeV energy range. The number
of deuterons is counted by a peak fitting program that can
subtract the background noise from the protons.

The systematic error of DDX has been estimated [17,18]
to be about 10% in total. The main contributions of this
error come from uncertainties in the beam current integration
(5%), the target thickness (3—5%), and the proton-deuteron
separation in PI analyses (7% or less). Statistical errors were
less than 1%.
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FIG. 7. Same as in Fig. 6, but for the ’Al(p, dx) reaction.
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FIG. 8. Same as in Fig. 6 but for the **Nb(p, dx) reaction.

III. THEORETICAL MODEL

A. INC

The INC model used presently was detailed in Ref. [18].
Thus, only a brief description is given here. The ground
state of the target nucleus has a Woods-Saxon shape density
distribution and a square-well potential V; of 45 MeV in
depth. Fermi momentum is calculated by considering nuclear
binding energy. The nuclear radius R, and the diffuseness a
are calculated by using Negele’s parameters [21],

Ry = (0.978 4+ 0.0206A /)13 A3 fm, (3)
ag = 0.54 fm. @

The cutoff of the nuclear radius Rp.,x has been chosen as
Rimax= Ro + 8ayp. Nucleon-nucleon cross sections and angular
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FIG. 9. Same as in Fig. 6 but for the '’ Au(p, dx) reaction.
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FIG. 10. Same as in Fig. 6 but for the '?C(p, dx) reaction at
392 MeV.

distributions are given by Cugnon et al.’s parameters [22].
The occurrence of collisions is judged from Pauli blocking,
which forbids collisions leading to nucleons having momenta
smaller than the Fermi momentum. Nucleons under the Fermi
sea are treated as spectators and are not traced in terms of
their positions. A nucleon reaching the nuclear surface is
assumed to be emitted when its energy is higher than the
threshold. Reflection or refraction by the changing nuclear
potential is not included. The model assumes the nucleus
to be at equilibrium when all of the cascade particles that
are not emitted fall below the threshold energies. At the end
of the cascade phase, the residual nucleus deexcites through
evaporation, and a statistical technique was used to compute
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FIG. 11. Same as in Fig. 6 but for the 2’Al(p, dx) reaction at
392 MeV.

PHYSICAL REVIEW C 84, 064617 (2011)

10’ - INC =
10° Expt =
10™ E

_ 10° o, =
> 102 20" =
= 10" e
w _5 3
s 10 E
E 10 0 3
é -1 0—7 60 (X1 0_3) ,:lj
2 4o :
107° 3
10710 105°(x107) 4
107" .

| | | | 3

0 100 200 300 400

Energy [MeV]

FIG. 12. Same as in Fig. 6 but for the 3'V(p, dx) reaction at
392 MeV.

the evaporation of nucleons and clusters, such as deuterons
and « particles. The subsequent evaporation calculations were
performed with the computer code GEM [23]. The present INC
model computes the reaction cross section by multiplying the
geometric cross section by the ratio between the number of
incident protons that interact in the target nucleus and the total
number of trials.

B. Extension of INC model to include nucleon correlations

There are several processes responsible for deuteron for-
mation in the (p,dx) reaction. In this work, we consider
only indirect pickup and knockout processes. To incorporate
these processes, the standard INC model is extended to include
nucleon correlation in both the initial and final states of the
reaction. We ignore the direct pickup process, which excites
a shell-model-like state of the residual nucleus, since that
process is impossible to handle within the INC framework.
We also ignore the direct deuteron formation process via

p+(N)—>d+m or y. (@)

In the higher-energy domain, the direct deuteron formation
process [15] will become significant, which is accompanied by
the pion production p + (d) — d + 7; however, this is negli-
gible in the present energy range. The process accompanying
y emission also has negligible intensity. The contribution of
the evaporation process is excluded.

The initial-state correlation appears in the ground state of
the target nucleus and is responsible for the knockout process;
p+(d) — p+d. In addition to the single-particle state,
the nuclear ground state includes a cluster state, such as a
deuteron and an « particle, as a higher-order component of the
wave function. The ground-state wave function |Gr) for the
A-nucleon system is expressed by the superposition of various

064617-5
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cluster states as

|Gr) = c1](s.p-)a) + c2[(s.p.)a—2(d)2)
t+e3l(s.p)a—a(a)s) +---. (6)

Many repetitions of the INC calculation will simulate this
superposition of the wave function. Note that only the single-
particle state |(s.p.)4) has been assumed in not only the ordinal
INC model but also QMD and other nuclear reaction theories
that describe spallation reactions.

The underlying physics is based on the existence of a
preformed cluster inside a target nucleus. In a previous study,
a preformed deuteron was assumed to be a single elementary
particle. In such a case, the diagram of the p + (d) scattering
process can be depicted as Fig. 4 and accounting for the
experimentally observed forward-peaked angular distribution
is difficult in (p, dx) reactions. Note that the actual process is
more complex than the present model; for instance, in reality an
integration process [24] is included that stimulates excitation
of spin-forbidden states.

In this study, the preformed cluster is considered to be
a composite of nucleons but not an elementary particle. A
schematic of the deuteron knockout process is shown in Fig. 5,
where (a) corresponds to a direct term and (b) to the exchange
term. Note that the exchange process is essential for explaining
the forward peak in the angular distribution. Since a high-
energy cluster is produced via interference, this cannot be
interpreted from a classical viewpoint. The artificial criterion at
the initial state of reaction is defined through a parameter A; as

’nm g )"ia (7)

where r,, is the distance between two nucleons. If two

nucleons are found near the nth nucleon, that is,
ram < A; and  ry < A4, (8)

a cluster having a mass of 3 is assumed to be produced.
Similarly, we treat a cluster up to an « particle. In this process,
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FIG. 13. Same as in Fig. 6 but for the **Nb(p, dx) reaction at
392 MeV.
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FIG. 14. Same as in Fig. 6 but for the '*’Au(p, dx) reaction at
392 MeV.

energy conservation is assumed to be fulfilled. The emission
direction is determined by the sum of the momentum vectors
of all nucleons.

The final-state correlation is responsible for the indirect
pickup or coalescence process. The coalescence process is
deuteron formation by a proton and a neutron emerging from
the nuclear surface. Indirect pickup is that process when a
cascade proton picks up a bound neutron. Such pickup is a
well-known direct process induced by an incident fast nucleon.
Here, we ignore these differences and call all such processes
pickup.

The pickup process is dominant in the low-energy part of
the spectrum above the evaporation regime. We assumed that,
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a E
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FIG. 15. Contributions of knockout (broken lines), pickup (dotted
lines), and evaporation (solid lines) to the '2C(p, dx) reaction at
300 MeV.
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FIG. 16. Same as in Fig. 15 but for the '>?C(p, dx) reaction at
392 MeV.

through this process, a cluster is produced when two or more
nucleons are found within a limited phase space in the final
state. Nonexcited nucleons below the Fermi level, in addition
to excited nucleons, can be picked up by a leading particle at
the nuclear surface of Ry,.x. This assumption is similar to that
in the Iwamoto-Harada model [25] but differing from that in
coalescence models, which assume that an outgoing cluster
is formed by nucleons excited above the Fermi level. The
clustering criterion can be written through a parameter A ; in
the form

rnmpnmg)‘ffs (9)
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FIG. 17. Same as in Fig. 15 but for the '’ Au(p, dx) reaction at
392 MeV.
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where ry, and pyy, represent the distances between nucleons in
phase space. Since the opportunity exist to find more nucleons
in the neighborhood of the emitting one, heavier clusters up to
an o particle are considered as in the case of the initial state.
In this process, momentum conservation is assumed to hold.

The parameters A; and A ; are chosen in order to reproduce
spectral DDXs observed experimentally. Calculated (p, dx)
spectra are affected by the inclusion of reactions emitting
tritons and helium ions. Although beam energies are low,
experimental data on (p,? Hex) [26] and (p, ax) [27] reactions
are available at 160 and 200 MeV. We, therefore, include these
data for searching critical parameters dependent on the mass
of the emitting ions from the deuteron to the « particle. Three
parameter sets are thus determined in order to obtain the best
fit to the data. These sets are summarized in Table II. In the
calculation, cluster formation candidates are searched for with
the first priority given to a, the second priority to *He and
tritons, and the last priority to deuterons. If the total energy
is positive and can tunnel through the Coulomb barrier, the
candidate cluster is emitted. If this candidate fails, the next
one is tested. In Table III critical parameters determined in this
study are listed. Results of comparisons between the calculated
and observed data are discussed in the next section.

C. QMD

QMD calculation was performed with the PHITS code. In
QMD, nuclear reactions are calculated as the time development
of a p+ A system. The motion of the nth nucleon having
position R, and momentum P, is assumed to be given by the
Newtonian equations

OH . oH
== bh=-—7 (10)
P, IR,

n

where H is the Hamiltonian consisting of the relativistic
kinetic+mass energy and Skyrme-type effective N-N interac-
tion, the Coulomb and symmetry energy terms of the total
system including the projectile and the target. In addition
to this, nucleon-nucleon scattering is calculated for the time
development. All parameters values used were default values
of the PHITS QMD code and were the bulk properties of the
nucleus determined over a wide mass range. The in-medium
nucleon-nucleon scattering was calculated in the same manner
as that used in the present INC computation. Pauli blocking
was checked after each scattering with a blocking probability
calculation of the phase-space occupancy [28].

Once the equilibrium was attained, evaporation calculations
were performed for nucleons and clusters with the GEM [23]
computer code, as in the case of INC.

IV. RESULTS AND DISCUSSION

A. Deuteron spectral DDX and improved INC

All the data are shown in Figs. 6-14.

Circles in the figures depict experimental results of deuteron
spectral DDXs from (p, dx) reactions. Statistical errors are
indicated by vertical lines on the data. The spectra are

064617-7



YUSUKE UOZUMI et al.
:
3 10°F 50 MeV 3
3 10 3
5 10° . 1
E 10°® E . 100 MeV 4
> E 3
(=] E E
a L * 200 MeV
;E 300 MeV E;
3 E
E . | I | I | I | I | I 1 3

0 20 40 60 80 100 120
6 [ degree ]

FIG. 18. Angular distributions for the 'C(p, dx) reaction at
392 MeV.

multiplied by the indicated factors for display purposes.
Overall, spectra are characterized by a high-energy portion
whose intensity decreases sharply with increasing angle. In
the case of a light target, '>C, broad peaks having a width
of about 100 MeV are present in the highest-energy part at
20°, where the deuteron energies are very close to the proton
beam energy. These peaks could be indicative of the quasifree
proton-deuteron scattering (QFS) discussed in previous work
[13-16]. In contrast, no prominent bumps are seen for medium
and heavy targets. These features are very similar to those of
(p, p'x) reactions [17,18], but the magnitudes are roughly
1/10 of those for (p, p’x) reactions.

The solid lines in the figures show the present INC results.
Overall, they are in good agreement with the experimental
data. However, the highest ends of the spectra at 20° are
underestimated. These high-energy spectra are governed by

vl ool voodd ol ool o 1

N 200 Me

300 MeV

DDX [ mb/sr MeV ]
-
S
o
HHTI'[ HTWI’[ HTWI’[ HTWI’[ HH“ HHM HHM TT HHM HTM HHM HTM HHM T

ool ool ol ol ol ol

TR S T T Y T I N Y N |
20 40 60 80 100 120

6 [ degree ]

o

FIG. 19. Angular distributions for the '°’Au(p, dx) reaction at
392 MeV.
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FIG. 20. Same as in Fig. 6 but for the 3*Co(p, x>He) reaction at
200 MeV. Experimental data are taken from Ref. [26].

the direct pickup process, which is not presently considered
in the model. The underprediction tends to increase at larger
angles and for heavier targets. However, this trend should be
considered as a general aspect of INC calculation [18], due to
the assumption of a straight trajectory of nucleons.

The contribution from each of the knockout, indirect
pickup, and evaporation processes is indicated in Figs. 15
and 16 for the 12C(p, p’x) reactions at 300 and 392 MeV,
respectively. Deuterons from the knockout process appear for
wide energy and angle ranges. In particular, the contribution
from the knockout process is dominant in the higher-energy
domain at forward angles, the region in which the QFS peak
has been suggested to exist. The single-step knockout process,
that is, p + (d) — p +d, is consistent with the QFS. The

T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘
10" E — INC
10° E ¢ Expt

DDX [ mb/sr MeV ]

oo ool ool ool o voomd v ol vl o ool ol ol
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FIG. 21. Same as in Fig. 6 but for the **Co(p, xa) reaction at
200 MeV. Experimental data are taken from Ref. [27].
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FIG. 22. Same as in Fig. 6 but for the *Co(p, xa) reaction at 200
MeV. Experimental data are taken from Ref. [27].

indirect pickup process contributes largely in the middle to
lower portions of the energy spectra. At 105°, both processes
appear very similar to each other. The evaporated deuterons
are observed in the lowest-energy range and are dominant
below 20 MeV. The same graphs are shown in Fig. 17 for
the %7 Au(p, p’x) reaction at 392 MeV. In the case of a heavy
target, the overall trends are almost same as those in the case
of a light target.

Typical angular distributions of emitted deuterons are
shown in Figs. 18 and 19 for the '>C(p, dx) and '’Au(p, dx)
reactions at 392 MeV. At high emission energies, the observed
distributions are forward peaked, and the distributions become
more isotropic with decreasing energy. The present INC gives
overall accounts of the measured angular distributions. In par-
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FIG. 23. Same as in Fig. 6 but for the 2’ Al(d, xd') reaction at
100 MeV. Experimental data are taken from Ref. [29].
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FIG. 24. Results of QMD (dashed lines) and observation for the
2C(p, xd) reaction at 392 MeV.

ticular, that the forward-peaked distributions are reproduced
well is worth emphasizing.

B. Test of improved INC with other reactions

As described in Sec. II, the parameter search was completed
by including (p,3He) and (p, ) reactions. In this section, we
discuss these results. Moreover, further tests of the present
INC was performed with the (d, d’x) reactions. The results for
these reactions are also discussed here.

In Figs. 20 and 21, the solid lines are the current calcu-
lated results, and the dots are experimental DDX data for
the (p,*Hex) [26] and (p,ax) [27] reactions on °Co at
200 MeV. On the whole, these figures give a better account
of the observed trends with changing angles and energies
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FIG. 25. Same as in Fig. 24 but for the **Nb(p, xd) reaction at
392 MeV.
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FIG. 26. Same as in Fig. 6 but for the ?’ Al(d, xd') reaction at 100
MeV. Experimental data are taken from Ref. [30].

for both reactions. Each of the knockout, indirect pickup,
and evaporation processes are indicated in Fig. 22 for the
PCo(p, ax) reaction. The figure implies that o emission
is governed by the knockout process and that the pickup
process is minor. This result is consistent with the conclusion
in a previous experimental study [29] of (p, wx) reactions.
Figure 23 shows that the current model can describe the
deuteron inelastic scattering, specifically, the 2IAId, d'x)
reactions at 100 MeV [30].

The values of A; and A f listed in Table III are dependent on
the (p, dx), (p,3 Hex), and (p, ax) reactions at 160-200 MeV,
but independent of the incident and emission energies, and the
mass of the target nucleus. The larger values for « particles
than for other clusters might be attributable to the fact that o
particles are more rigid than other light clusters. Although the
strength of the final-state interaction is sensitive to the target,
the sharp dependence might disappear at very high excitation
energies.

C. QMD GEM calculation of (p, dx) and (d, d'x) reactions

Figures 24 and 25 show two representative selections for
comparison between the QMD GEM results, indicated by
long-dashed lines, and observations for the '*C(p, dx) and
91Nb(p,d)c) reactions at 392 MeV. Overall, the calculated
results are of smaller magnitude than those from observations.
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The QMD calculations appear to decrease faster than the
observations for the high-energy portions of the forward-
angle spectra. In the highest-energy domain, QMD tends to
underpredict observations by two to three orders of magnitude.
With decreasing deuteron energy, the discrepancy becomes
smaller. However, QMD still underestimates the experimental
results at approximately 50 MeV, the lowest observation
energy. The contribution of evaporation seems to be prominent
in the energy range lower than about 30 MeV. QMD calcu-
lations were also performed for the >’ Al(d, d'x) reaction at
100 MeV (Fig. 26). However, the results imply that the QMD
treatment of deuterons is unsuitable, although QMD succeeded
in describing heavy-ion reactions.

The deuteron formation in QMD may be understood to
be coalescence-like in the final state. Clustering occurs via
only the Skyrme-type two-body potential, which is introduced
to produce a nuclear mean field. The potential does not
induce any strong correlations that usher in cluster formation.
Note that the interference plays an essential role in clustering,
since the system is in an unbound energy state initially. For
instance, the capture goes through an unbound state of a pn pair
and then falls down to thebound state: p +n — pn — d + y.
Although nucleons are referred to as wave packets in QMD,
their wave properties are not considered, and the characteristics
of a wave function cannot be described, such as diffraction
and interference. As the result, QMD shows remarkable
underpredictions for high-energy deuterons but reasonable
accounts at lower energies.

V. CONCLUSION

Deuteron production from intermediate-energy proton-
nucleus interactions was investigated. Double-differential
cross sections were measured for (p, dx) reactions at 300 and
392 MeV on five target nuclei. To explain our observations, we
proposed a model including nucleon correlations at the initial-
and final-state interactions for knockout and pickup processes,
respectively, on the basis of the intranuclear cascade model.
The model can give a reasonable account of the trends in
the observed distributions with changes in both target mass
and incident proton energy. The model can also reproduce
distributions of other cluster productions and deuteron inelastic
spectra satisfactorily.
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