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Inclusive (p, ax) reactions from 42 to 300 MeV are investigated to quantitatively understand the roles
of direct pickup and knockout processes. These two processes as well as indirect pickup are incorporated
into the intranuclear cascade model. Calculations followed by the evaporation model successfully explain the
double-differential cross-section spectra in terms of both shape and magnitude. Direct pickup occupies the low
excitation energies of the spectra, and knockout appears between the direct pickup and evaporation regions. The
contribution of knockout is negligible below 100 MeV, increases to be comparable with that of direct pickup at
160 MeV, and is dominant above 200 MeV. Indirect pickup shows an important contribution at 300 MeV. The
direct pickup and knockout processes show decreasing trends of incident-energy dependence, common to targets
ranging from '2C to ?*Bi. However, the decrease of direct pickup is much faster than that for knockout.
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I. INTRODUCTION

The mechanism of « production in proton-nucleus reac-
tions involves direct pickup, knockout (including knockon),
and indirect pickup processes, excluding the evaporation pro-
cess. The contributions of the direct pickup and knockout
processes have been an important issue [1] in elucidating the
mechanism of exclusive (p, o) reactions to discrete states.
At energies of 50 MeV or less, the angular distributions of
some transitions have been analyzed in terms of the differen-
tial cross section do /d2 and analyzing power A, by using
distorted-wave Born approximation (DWBA) theory. Bonetti
et al. [2] concluded that transitions to levels near the ground
state are due to direct pickup and those to excited states around
5 MeV are due to knockout. Meanwhile, Gadioli et al. [3]
pointed out serious ambiguities in DWBA calculations, which
are sensitive to optical-model potential parameters and various
assumptions involved in the form factor in particular, because
the differing formalism between the pickup and knockon
(knockout) calculations is aggregated to the proton exchange.
As a result, they demonstrated that the knockout calculation
can reproduce the experimental data to the same extent as the
pickup calculation, even for the ground-state transition.

More recently [4], preequilibrium model analyses have
been conducted within the Feshbach-Kerman-Koonin (FKK)
formulation [5,6] for 2>Nb( p, @) reactions at incident energies
of 65-160 MeV. Although the angular distributions of do /d 2
and A, were successfully reproduced, the model required a
reaction mechanism with an unnatural incident-energy trend:
Knockout governed the reaction at 65 and 160 MeV, but
pickup played a major role at the intermediate energy of 100
MeV. Subsequently, Cowley er al. [7] proposed an expla-
nation for this strange energy dependence and pointed out
the importance of information about the kinematics. Note,
however, that an open problem [8] remains in the justification
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of the FKK formalism. In addition, a common shortcoming of
FKK and DWBA is that the kinematics of two-body collision
is not explicitly considered, even though the kinematics is
the essential difference between pickup and knockout. The
knockout strength is suppressed because of the discrete-level
constraint [9,10] when the scattered proton is found in either
a virtual state or a lower energy state. Therefore, the transition
to the ground state via knockout must be imperceptible. It is
also anticipated that the contribution of knockout becomes
greater with increasing incident energy, because more phase
space is allowed for the scattered proton.

The o knockout process has been intensively investigated
with quasifree (p, p'a) reactions, which provide clear infor-
mation about kinematics. Comprehensive experimental stud-
ies have been conducted for the coincident measurements
of (p, p'a) reactions. At proton energies of around 50 MeV,
the reactions on targets of A > 12 are dominated by the
sequential process [11-13]: The incident proton interacts with
the target nucleus and then leaves it, whereupon the « particle
is emitted via the sequential decays of the excited nucleus.
The typical feature of the direct knockout dynamics has been
observed in experiments at 100 MeV [14] and higher [15-20].
At 156 MeV, o particles with energies of at most 40 MeV
were observed [18] coincident with protons, and they showed
evidence of the direct knockout process. At higher incident
energy [17], more contributions from the inner shell have been
confirmed.

The mechanisms of other types of cluster production reac-
tion have also been investigated with observational evidence.
A representative example is the inclusive (p, dx) reactions; see
Ref. [21] and the references therein. Many experimental stud-
ies have been conducted to explore the deuteron production
mechanism by systematically measuring the energy spectra
of double-differential cross sections (DDXs). Large amounts
of experimental observations suggest that direct pickup is

©2020 American Physical Society
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dominant for reactions at impinging energies of 50 MeV or
less. However, first-order DWBA analyses fail to account for
the continuum spectra. The knockout contribution appears at
around 90 MeV, is comparable with that of direct pickup
at around 120 MeV, and is dominant above 200 MeV. For
the higher-energy reactions, indirect pickup appears in the
low-energy portion of the spectrum and then contributes more
with increasing incident energy.

In our recent study [21], we explained the continua of
(p, dx) reactions by means of a theoretical model that was
developed based on the intranuclear cascade (INC) model.
This INC-based model involves pickup, knockout, and in-
direct pickup and was applied to inclusive (p, dx) reactions
at incident energies of 40-400 MeV. Although the ordinary
INC model is used for reactions at 200 MeV or higher, we
have extended the model [22-24] to energies below 100 MeV
by introducing physics that had been neglected in previous
studies. The model calculations account well for DDX ex-
perimental data. Note that these three processes in the model
show features consistent with those observed in the aforemen-
tioned experimental studies. Because the knockout process
is modeled within a framework of two-body kinematics, less
ambiguity is expected in identifying the knockout process in
comparison with DWBA analyses.

Expanding this INC-based model is a promising approach
for quantitatively understanding the roles of direct pickup
and knockout of inclusive (p, o) reactions from 42 to 300
MeV on many target nuclei ranging from '>C and 2%Bi.
In the present work, we use the same method as that for
(p, dx) reactions and extend it to (p, ax) reactions. Therefore,
our o production model is suited to the present study. We
have already included direct pickup [25], knockout [26], and
indirect pickup [26]. Now we improve the descriptions of
direct pickup and knockout to obtain a consistent exposition
of (p, ax) reactions at incident energies below a few hundred
megaelectronvolts. Within the conventional two-step model,
the INC calculations are responsible for the fast process, and
they are followed by an evaporation model (slow process)
to calculate the entire energy range of DDX spectra. In this
work, we use the generalized evaporation model (GEM) [27],
whose role is essential in the low-energy range of the spectra;
however, the GEM is beyond the scope of the present study.

II. MODEL
A. INC model extended to low energies

The most important features of our model are described in
this section. The basic idea of the INC model is that proton-
nucleus reactions are reduced to a series of NN collisions.
The space-time evolution of the nuclear system is calculated
on an event-by-event basis by means of the Monte Carlo
method. The target nucleus is initially composed of nucleons
whose positions and momenta are randomly chosen according
to prescribed distributions. The momentum distribution is a
zero-temperature Fermi gas in a square-well nuclear potential
with a depth of V,,, = 45 MeV. The nucleon density follows a
Woods-Saxon distribution with a maximum nuclear radius of
R = ry 4 5a¢ with diffuseness ay = 0.54 fm and half-density

radius 7o = (0.978 + 0.0206A!/3)A!/3 (fm) [28], where A is
the atomic mass number. The Fermi energy is determined us-
ing the binding energy calculated with the Bethe-Weizsédcker
mass formula. The impact parameter b of the projectile is
chosen randomly within R. The energetic nucleons above
the Fermi sea are propagated in space by means of classical
mechanics. Intranuclear NN collisions are assumed to take
place when two nucleons approach each other to within a
distance less than /ony/m , where oyy is the experimental
NN collision cross section parameterized in [29]. An energetic
nucleon at the nuclear surface can penetrate the potential
barrier according to the transmission probability or can be
reflected by the barrier. The reflected nucleon is assumed to
be bound in an equilibrium state.
In the case of the (p, p'x) reaction, the DDX is expressed
by
d*c TR?
— )= ———
dEdQ 2n AEA cos6
where AE and Acosf are the bin widths of the outgoing
energy ¢ and the laboratory angle 6, respectively. The proton
emission probability P? in the present INC model [22-24]
includes the physics essential for medium-energy reactions.

In only nucleon degrees of freedom, the symbolic expression
for PP is given as

PP, &) = PL.(1 + Pex)(G + GPyy G
+ GPynGPynGH -+ - )PEPL o6 (2)

C

PP(0, ¢), (1)

where the time order of the process is from left to right, and
G is the space development operator for particles inside the
target nucleus. Because of the square-well nuclear potential,
particles move along a straight line inside the nucleus and are
deflected when they cross the boundary of the nucleus. The
proton deflection function pf.; provides a deflection angle at
the nuclear surface for both the entrance and the exit channels,
which has been shown to reproduce the angular distribution
of proton-nucleus elastic scattering. Pcg is the probability of
energy transfer by collective excitations. Pyy is the in-medium
NN collision probability to provide the energy and direction
of the scattered nucleons, which are calculated as described
above with the Pauli blocking operator:

0lij) = [1 — OE; — Ep)Ill — O(E; — Ep)llij),  (3)

where E; is the energy of nucleon i after the collision and Ep
is the Fermi energy. ® denotes the unit step function. P is the
barrier transmission probability for the escaping proton. The
functions for proton emission are curtailed.

B. « production process

The « particle production process is attributable to direct
pickup, knockout, and indirect processes. We assume that
direct pickup and knockout take place in the initial-state
interaction and that the indirect process takes place in the
final-state interaction. Other interactions causing «-particle
integration or disintegration are not considered. Therefore, the
o emission probability is written as

P* = P> 4 p*/, @)
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where P%/ and P*/ are the o emission probabilities due to the
initial- and final-state interactions, respectively.

The o« emission probability due to the initial-state interac-
tion in proton-induced reactions is written as

PO, &) = Ph(Pap + QpraPio)(G + GPunG
+GPayGPunG + - PP, .. (5)

where P;, and Py, are the probabilities for direct pickup and
knockout, respectively. The probabilities are determined to
fit the experimental data, and their details are explained in
the following sections. These two processes are assumed to
take place via the initial-state interaction, namely, the first
interaction between the projectile and the target. pr is the
Pauli blocking operator for the in-medium p + «; collision,
where the particles i and j in Eq. (3) are respectively the
incident proton and one of the four nucleons in the « particle,
which have energy equal to one-fourth that of the « particle.
Note that in this work the o particle is treated as a four-
nucleon system inside the nucleus rather than as an elemen-
tary particle. This treatment is essential for reproducing the
prominent quasifree bump observed in the 400-MeV region
of (p, dx) spectra [26]. P,y is the a-nucleon collision during
« transport inside the nucleus, which is calculated under the
assumption that the in-medium nucleon-« collision occurs via
interaction between a nucleon and one of the nucleons of the
o particle. Breakup of the « particle is disregarded. For o
transport, G works on the center of mass of the « particle. The
constituent nucleons move while maintaining their positions
relative to the center of mass, but every particle potentially has
its own momentum. P is the « transmission probability from
inside to outside the nucleus, which is given by the unit step
function at the Coulomb potential at a distance of y + 1.5 fm
from the center of the target nucleus. P5; is the  deflection
[30] at the nuclear surface when the « particle leaves the
nucleus:

P =exp[—0.001(1.2¢ — 10InA +40)9].  (6)

The Q value of the reaction and the recoil of the residual
nucleus are taken into consideration as a final-state interaction
after the cascade process is terminated.

C. Direct pickup of triton

The triton pickup process for (p, o) reactions is described
in a similar way to that for the (p, d) reaction [21]. We assume
that the residual nucleus is in a (v=2, 7~!) state. The energy
E,, of the « particle just after pickup is given by

E.=E,~U, %

where E, is the energy of the incident proton. The excitation
energy U of the nucleus is given by

UZEF_E[, (8)

where Er and E, are the Fermi energy and the single-particle
energy of transferred triton, respectively. By assuming that the
maximum excitation energy U™ is due to the deepest-hole

state, we define the probability Py, as

Uﬂ\ﬂx
Py =N / Wiow(U) + kWgnU)IdU.  (9)
0

The weighting factor k, which is introduced to choose low-
or high-excitation states, and the normalization factor N are
determined by fitting to the energy spectra according to the
incident energy and the target nucleus. These two parameters
are essential for reproducing the DDXGs.

The population of low-lying states is calculated by the
Breit-Wigner function:

FZ
(U - Epeak)2 + Fz’

Wiow(U) = (10
which is known to describe the high susceptibility of strong
transitions to low-excitation states. We choose the peak energy
Epeac and the width I' to be 0 and 2 MeV, respectively, in
order to fit the spectral shapes near the ground state for a large
amount of experimental DDX data. Although setting these
parameters at the fixed values independently of the target and
incident energy is a crude approximation, it is reasonable for
considering DDXs, in which details of the shell structure are
smeared out. The excitation energy of highly excited states is
given by

Whigh(U) = s(U)p(U), an

where p(U) is the state density given by the Williams’ for-
mula [31] and s(U) is the damping factor of the transition
strength to the highly excited state. These two functions are
expressed by

[U —0.25(p* + h* + p — 3h)|Pti!

P = Pl (p+h— D) (12
for the excited states of p particles and 4 holes, and
1, 0<U < Vg,
s(U) = (l]]:::‘[//F7 Vi U < U™, (13)

respectively. We calculated po(U) with p =0 and & = 3, and
s(U) with U™ = 3V,, and Vp = 3EF. It is assumed that the
momentum direction of the produced « particle is given by
the added vector of the incident proton and the transferred
nucleons.

D. Knockout of « particle

The knockout calculation is in principle the same as that in
Refs. [21,26], which assumes the existence of an « particle in
the target nucleus. A preformed « particle is prepared at the
nuclear surface before the proton-a collision. This « particle
is composed of two protons and two neutrons 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 others are determined randomly within
a sphere of «-particle radius (1.8 fm), and their momentum
magnitudes are determined so as to correspond to the on-shell
single-particle energy given by Eq. (11) with parameters of
p=0and h =4 for p(U) in Eq. (12), and U™ = 4V,,, and
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TABLE I. Experimental data (target and incident energy) used
for analysis.

Target Incident energy (MeV)
2¢ 42,62, 68

LN 28.8, 42, 61.7, 68, 90, 120, 160, 200
BNi 42, 68, 90

¥Co 120, 160, 200

9y 61.5

NZy 42, 68,90

%Nb 100

1¥Ag 300

197 Au 61.7, 68, 120, 160, 200

209Bj 38.7,42, 61.7, 90

Vi = 4Ep for s(U) in Eq. (13). The direction of each mo-
mentum is kept unchanged. Because the o particle is treated
as a group of four nucleons, their binding energies are not
considered here. Note that the reassignment of locations and
momenta is performed when knockout is chosen by the Monte
Carlo method, the purpose of which is to reasonably treat
intranuclear «-particle transport. Because «-particle knockout
occurs with probability of less than 1% out of all proton-
nucleus reactions, the reassignment does not affect the other
reaction channels. It has been confirmed that other reactions
including the production of clusters (d, ¢, 3He, and o) can be
calculated with good accuracy by the same simulation.

The proton-« collision is assumed as the collision between
the incoming proton and the o constituent nucleon nearest to
the incoming proton. The energy of the virtually scattered o
particle is given by the sum of the energies of the four nu-

ro
g C E,=62MeV

DDX (mb/(sr MeV))
=

| T N
0 10 20 30 40 50 60

o Energy (MeV)

FIG. 1. Spectra of the 62-MeV '2C(p, ax) reaction at 30°-90°.
Lines and dots show results of present model and experiment,
respectively. The multiplicative factors indicated in the figure were
used to avoid overlap.

DDX (mb/(sr MeV))
=

A | I I S A 0
10 20 30 40 50 60

o Energy (MeV)

1 I I I ‘89' J I J | J
100 PY E,=61.5 MeV
10 30
107!

1072

1073

107 S

107°°

10—7 ° ~
0

FIG. 2. Same as Fig. 1 but for the 61.5 MeV ¥Y(p, ax) reaction
at 30°-99°.

cleons. For the Pauli blocking judgment according to Eq. (3),
pr is applied to one-fourth the energy of the « particle as
well as the energy of the proton (the collision partner). If the
collision is blocked, all the particles involved in this virtual
scattering are returned to their original state. The direction of
the a-particle momentum is calculated as the vector sum of
the four nucleons.

E. Indirect pickup

Indirect pickup is considered to be a final-state interaction
and is known to be responsible for the low-energy part of
the spectra of proton-nucleus reactions above a few hundred
megaelectronvolts. This process is included in the present

T
10! 298 £ = 61.7 MeV
30

10°

= 10" .
¢ 18_2 45°(x10%)
= IO‘i N
=10 s .
Z 0 60°(x10) L
O

107 .
>< -8 °
a 10
A 107

10—10

10*11

[ (| -

0 10 20 30 40 50 60 70 80
o Energy (MeV)

FIG. 3. Same as Fig. 1 but for the 61.7 MeV 2”Bi(p, ax) reaction
at 30°-90°.
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10' "N, = 42 Me\
*Ni E, =42 MeV
10°
107!
1072
1073
107
107
1076
1077
10°®
107
10—10
10—11

DDX (mb/(sr MeV))

0 10 20 30 40
o Energy (MeV)

FIG. 4. Same as Fig. 1 but for the 42-MeV *Ni(p, ax) reaction
at 30°-90°.

model, and its implementation is described in Ref. [26]. The o
emission probability due to the final-state interaction in proton
bombardment is written as

P/ (0, ¢) = PL .(GPyyG + GPyyGPynG + - - -)
X PYPLPEP ],
+P£:fPCE(G + GPynG 4+ GPyyGPynG + - - )

X Py PP Pice oo (14)
where PY is the nucleon transmission probability and P? is
the « formation probability due to indirect pickup. According
to Eq. (14), a nucleon that has sufficient kinetic energy to

101 T | T | T | T 5|8 T | T | T |

Ni E, =68 MeV

DDX (mb/(sr MeV))
=

0 10 20 30 40 50 60 70
o Energy (MeV)

FIG. 5. Same as Fig. 1 but for the 68-MeV *Ni(p, ax) reaction
at 30°-90°.

1 T | T | T | T | T | T | T | T | T | T
10 *™Ni E, =90 MeV

DDX (mb/(sr MeV))
=

0 10 20 30 40 50 60 70 80 90 100
o Energy (MeV)

FIG. 6. Same as Fig. 1 but for the 90-MeV **Ni(p, ax) reaction
at 30°-90°.

leave the nucleus after any interactions is able to pick up other
nucleons at the exit. The calculation algorithm of this process
is similar to, but simpler than, that of the coalescence method
employed by molecular-dynamics models [32,33] and other
INC models [34,35]. The basic assumption is that a cascade
nucleon i escaping the target nucleus can pick up three other
nucleons j having the proper isospins, if each of them fulfills
the phase space condition

rijpij <A, (15)

where r;; and p;; are the relative position and momentum,
respectively, of particles i and j, and A is the clustering
parameter, which is determined to be 3500 fm MeV/c. The

¥Co E,=120MeV

DDX (mb/(sr MeV))
>

0 20 40 60 80 100 120
o Energy (MeV)

FIG. 7. Same as Fig. 1 but for the 120-MeV ¥Co(p, ax) reaction
at 30°-80°.
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>
Q
>
7
=
E
=
)
)
0 50 100 150
o Energy (MeV)

FIG. 8. Same as Fig. 1 but for the 160-MeV ¥Co(p, ax) reaction
at 30°-80°

momentum of the « particle is given by the vector sum of
the constituent nucleons. The energy is calculated from the
momentum. If the energy is high enough to penetrate the
barrier, indirect pickup occurs and the « particle is ejected.
Otherwise, the leading nucleon i is emitted as a free nucleon,
and nucleons in the o particle are set in their states before the
clustering process.

III. RESULTS AND DISCUSSION

The calculated DDX spectra for (p, x) reactions can be
compared with various experimental data covering a wide
range of incident energies and a wide range of the mass of

¥Co E, =200 MeV

DDX (mb/(sr MeV))
=

80°(x10°)
I T T T B R |

0 50 100 150 200
o Energy (MeV)

FIG. 9. Same as Fig. 1 but for the 200-MeV ¥Co(p, ax) reaction
at 30°-80°.

T [ T I
Ag E,=300 MeV

DDX (mb/(sr MeV))
=

o Energy (MeV)

FIG. 10. Same as Fig. 1 but for the 300-MeV " Ag(p, ax) reac-
tion at 20-160°.

the target nucleus. In the present work, we used the data listed
in Table 1. The experimental data are cited from Ref. [36]
for experiments [4,37—41]. The resultant spectra for 62-MeV
(p, ax) reactions on '>C, ¥y, and 2®Bi are displayed as
solid lines in Figs. 1-3, respectively. The experimental data
are indicated by dots. The measured laboratory angles and
some factors depending on the angles are multiplied to avoid
overlap are indicated in the figures. Similar comparisons for
the different incident energies are displayed in Figs. 4-9 from
42 to 200 MeV. The results for incident energies of 42, 68,
and 90 MeV on the Ni target are shown in Figs. 4-6,
respectively. The spectra at 120, 160, and 200 MeV on the

1 ()1 [T1— Direct pickup—

10°

DDX (mb/(sr MeV))
=

—_
S
&
T

TR I T Y NN NN SR N M |
10 20 30 40 50 60 70

o Energy (MeV)

[en)

FIG. 11. Direct pickup component (solid line) for the 68-MeV
38Ni(p, ax) reaction at 30° and evaporation component (broken line).

014604-6



DIRECT PICKUP AND KNOCKOUT PROCESSES IN ...

PHYSICAL REVIEW C 102, 014604 (2020)

T S — B PR

E [ == Knockout E

§ 10° :E 7 7-- Indirect pickup é
@] E 3
= o r .
= 10 E 3
S :
é 10 E E
o - ]
A0 E
10 E' : [ E

0 10 20 30 40 50 60 70 80 90 100

o Energy (MeV)

FIG. 12. Components of direct pickup (solid line), knockout
(broken line), and indirect pickup (dotted line) for the 90-MeV
3Ni(p, ax) reaction at 30°.

% Co target are shown in Figs. 7-9, respectively. Figure 10
shows a comparison of the 300-MeV ™ Ag(p, ax) reaction.
The calculation results reproduce the experimental data fairly
well at all angles and over the entire energy range, although
slight inconsistencies are observed in the highest energy re-
gion and the evaporation region. At the highest energies in the
forward-angle spectra, the scatter in the experimental data is
due to discrete-level structures.

The contributions of direct pickup, knockout, and indirect
pickup are shown by the solid, broken, and dotted lines,
respectively, in Figs. 11-15 for incident energies of 68, 90,

1 01 El T | 17T | 17T | T i_l\'_ T ])llrlec|t I;lclkl;p | T g

E [ =— Knockout E

= 100 E " "-- Indirect pickup 5
> E 3
Q C ]

= 107 E e 3
— E =

w2 - -

5 107 F £
g - ]

o O ET E
A0tk | :
c ] ]

10 EI [ RN TN AN AR BT E

o

20 40 60 80 100 120
o Energy (MeV)

FIG. 13. Same as Fig. 12 but for the 120-MeV *Co(p, ax)
reaction at 30°.

T
[L— Direct pickup
[ =— Knockout

o vl vl ool ool ol ol 1

" "-- Indirect pickup

10°

107
107
107

107

DDX (mb/(sr MeV))
T III|'|T|'| T III|'|T|'| T III|'|T|'| T IIII|T|'| IIIII|T|'| IIIII|T|'|_|—

-5
10 E .
0 50 100 150
o Energy (MeV)

FIG. 14. Same as Fig. 12 but for 160 MeV.

120, 160, and 200 MeV, respectively. Figures 11 and 12 show
the results on the ¥Ni target, and Figs. 13—15 show the results
on the °Co target. The evaporation yields are not displayed.
At energies of 42 and 68 MeV, direct pickup occupies the
entire range and knockout is negligible, therefore the 42-MeV
result is omitted. As shown in Figs. 12 and 13, the yields
of knockout and indirect pickup appear and increase with
increasing energy from 90 to 120 MeV, but both are still neg-
ligible in comparison with direct pickup. Figure 14 shows that
at 160 MeV, knockout contributes as much as direct pickup,
and the knockout yield is larger than that of direct pickup
in a narrow region just above the evaporation. At 200 MeV,
Fig. 15 shows that the knockout extends its territory almost
entirely. It is notable that the energy trend of knockout is

101 EI T T [ T T T T [ T T T T] i)ill'ecltplicllul; g
E " =— Knockout E

= 100 " "1-- Indirect pickup
> U ' E
() C ]
= 107" g E
;U-; E_.:::'..-F“\Lﬁ.\ E
20T ;
E g : i E
El 3
N | -
A 107 g 3
- W IFIm m

-5 0t It

10 T A B R | |E; L1 “|!“!II HI ” ”I [ a

()

50 100 150 200
o Energy (MeV)

FIG. 15. Same as Fig. 12 but for 200 MeV.
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I T I T I
[T— Direct pickup
[ =— Knockout

N "7L-- Indirect pickup
>
[
=
7
=
e LS
\E/ I o an
' l__l
< L "L
a T
a) ' H
li
It
| | | Illl |
0 100 200 300
o Energy (MeV)

FIG. 16. Same as Fig. 12 but for 300-MeV Ag(p, ax) reactions
at 20°.

qualitatively consistent with the results of (p, p'a) studies.
Figure 16 shows the 300-MeV results for the Ag target, which
indicate that the knockout yield increases at higher energy,
where the knockout is dominant, but the DDX values are
small; alternatively, the indirect pickup grows steeply and
occupies the low-energy part of the o spectrum, in which most
of the « yield is consumed.

The resultant cross sections of low and high excitations in
direct pickup are plotted in Figs. 17(a) and 17(b), respectively,
for the targets of 12C (¢), 1°0 (+), 2’ Al (o), ®Ni (), >*Co (O),
8y (M), Zr (2), Nb (&), 'PAg (v), '°Sn (¥), 7 Au (x),
and 2Bi ({). The cross sections for low excitations decrease
with the incident energy from 40 to 300 MeV. All targets
show similar energy dependence to each other. In the results
for high excitation, the cross sections are almost constant
regardless of energy below 100 MeV, whereas they decrease
with energy above 100 MeV. Moreover, they tend to increase
with the target mass. The cross sections for knockout are
displayed in Fig. 18 for nine targets from >’Al to *Bi; the
symbols in this figure are the same as those in Fig. 17. The
cross sections decrease with the energy and tend to increase
with the target mass. Both the pickup and knockout cross
sections decrease with increasing energy, but the pickup
cross sections decrease much faster than the knockout cross
sections. With energy increasing from 50 to 300 MeV, the
pickup cross sections decrease by three to four orders of
magnitude, whereas the knockout cross sections decrease by
only two orders of magnitude.

In this work, the (p, ax) reaction was modeled with four
processes: (a) direct pickup leading to low excitation, (b)
direct pickup leading to high excitation, (c) knockout, and
(d) indirect pickup. To describe these processes, we intro-
duced six parameters that need adjustment to reproduce the
experimental data. Four of these parameters, N, k, Py, and A,
determine the magnitude of the DDXs. N and k are parameters
in Eq. (9) for processes (a) and (b). Py, and A are parameters

10° (a)

Cross Section (mb)
S
o>
o
4

_.
o

L

[:q@)

0 50 100 150 200 250 300 350
Incident Energy (MeV)

10? (b)

107

Cross Section (mb)

0 50 100 150 200 250 300 350
Incident Energy (MeV)

FIG. 17. (a) Cross sections of direct pickup leading to low
excitations for various targets and incident energies. Symbols are
defined in the text. (b) Cross sections of direct pickup leading to high
excitations. Symbols are defined in the text.

for (c) and (d), respectively. The contributions of (a)—(c) are
significant, meaning that N, k, and Py, play essential roles. In
contrast, the contribution of process (d) is unclear, because it
is important at higher incident energies. In addition to these
four parameters, we introduced two parameters Epeax and I' in
Eq. (10) for process (a), the cross sections of which are much
smaller than those of processes (b) and (c). These parameters
determine the spectral shape in a narrow region near the
ground state, and thus their importance is not very high.

IV. CONCLUSION

We investigated the «-particle production mechanism by
proton bombardment below 300 MeV. The processes of direct
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FIG. 18. Cross sections of knockout leading to low excitations in
various targets and incident energies. Symbols are defined in the text.

pickup and knockout were modeled and incorporated into the
INC model. The calculated DDX spectra agree well with the
experimental DDXs 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 low-excitation-energy domain
of the spectra. Knockout becomes increasingly important with
incident proton energy. Its contribution is negligible below
120 MeV, dominates the narrow region of the spectrum at
160 MeV, and at 200 MeV is responsible for almost the entire
range of the energy spectrum above the evaporation region.
At 300 MeV, knockout occupies the higher energy part of the
spectrum, where DDX values are small. Alternatively, indirect
pickup is responsible for the large DDX region. Both direct
pickup and knockout show incident-energy trends that are
independent of the target over a mass range of 12 to 209. It
is found that both direct pickup and knockout decrease with
incident energy, but direct pickup decreases much faster than
knockout.
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