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Analysis of inclusive (d, x p) reactions on nuclei from ’Be to 233U at 100 MeV
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Inclusive proton emissions from deuteron-induced reactions on °Be, '>C, ?’Al, Ni, *Nb, '8!Ta, 2%8Pb,
and 23U at an incident energy of 100 MeV are analyzed using the continuum discretized coupled-channels
theory for the elastic-breakup process and the Glauber model for the neutron-stripping process in order to
investigate deuteron-breakup processes over a wide range of target mass numbers. The effects of Coulomb
interactions are taken into account to give a proper description of proton emissions at forward angles. Moreover,
the phenomenological moving-source model is used to estimate evaporation and preequilibrium components
in inclusive (d,xp) spectra. The calculation reproduces fairly well a prominent bump observed around half
the incident energy in experimental (d,xp) spectra for light and medium nuclei at forward angles of less than
20° whereas the calculation underestimates the bump component as the target atomic number increases. The
underestimation is likely due to the fact that the eikonal approximation used in the Glauber model becomes worse
due to strong Coulomb interactions. It is shown that the Glauber-model calculation for the neutron-stripping
process leads to an improvement of this discrepancy by substituting the eikonal phase shift for the quantum phase

shift given by the optical-model calculation.
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I. INTRODUCTION

Recently, research and development of intensive
accelerator-driven neutron sources has lead to renewed interest
in the study of deuteron-induced reactions. For instance, the
Li(d,xn) reaction is regarded as one of the most promising
reactions to produce intense neutron beams at the Inter-
national Fusion Material Irradiation Facility (IFMIF) [1].
Comprehensive nuclear data of deuteron-induced reactions
over wide ranges of incident energy and target mass number
are indispensable for the accurate estimation of neutron
yields and induced radioactivities in the engineering design
of accelerator-driven neutron sources. In the cases in which
experimental data are not available, theoretical-model calcu-
lations play a key role in nuclear-data production.

Nucleon emission from deuteron-induced reactions takes
place via various processes: deuteron elastic (or diffractive)
breakup and nucleon-stripping processes, sequential particle
emission from highly excited compounds and residual nuclei,
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and so on. Thus, one needs theoretical-model calculations in
which all these processes are consistently taken into account.
In particular, treatment of both the breakup and stripping
processes are of essential importance in predicting neutron
yields because the deuteron is a very loosely bound system.

In our early work, we proposed a model calculation method
that is capable of describing inclusive nucleon emissions
quantitatively and applied it to inclusive nucleon emissions
from deuteron-induced reactions on ‘Li and '>’C up to
100 MeV [2,3]. The model calculations use the continuum
discretized coupled-channels (CDCC) method [4-6] for the
elastic-breakup process, the Glauber model [7] for the nucleon-
stripping process, and the moving-source model [8] for the
preequilibrium and evaporation processes. The results showed
quite good agreement between the calculations and recent
experimental data.

As the next step, it is interesting to investigate the
applicability of our proposed calculation method to inclusive
nucleon emission from deuteron-induced reactions over a wide
target-mass-number range. Although neutron-emission data
are necessary given our motivation of engineering applications,
there are no available experimental data of double-differential
(d,xn) cross sections in the incident-energy range of interest

©2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevC.84.054606

YE, HASHIMOTO, WATANABE, OGATA, AND YAHIRO

except for the Li(d,xn) reaction at 40 MeV [9], which
we analyzed in our early work [2,3]. On the other hand,
thick-target neutron-yield (TTNY) data do exist [10]. In this
case, neutrons are emitted from deuteron-induced reactions
at energies ranging from the incident energy down to zero
energy because of energy loss in the thick target. The transport
of the incident deuteron in the thick target should be taken
into account properly for comparison with the measurements.
Thus, TTNY data are not appropriate for the validation
of the nuclear-reaction model itself. In the present work,
therefore, we have analyzed the double-differential cross
sections of inclusive (d,xp) reactions, which were measured
systematically for °Be, 2C, 2’Al, *Ni, %Nb, '3!Ta, 298pPb,
and ?#U at an incident energy of 100 MeV by Ridikas
et al. [11]. In our previous calculations, the dissociation of
the deuteron via Coulomb interactions with the target nucleus
was neglected because the atomic numbers of both target
nuclei, i.e., "Li and '2C, are small. However, it is expected that
the Coulomb dissociation would play an essential role in the
collision between a loosely bound projectile and a heavy target
nucleus [12-14]. Thus, we explicitly take into account the
Coulomb dissociation in CDCC calculations and investigate
its effect on inclusive (d,xp) reactions.

In Sec. I, we briefly describe the model calculations and the
treatment of the Coulomb breakup. The effect of the Coulomb
breakup and calculation results of the (d,xp) reactions on
various targets at 100 MeV are presented and discussed in
Sec. III. Finally, our conclusions are given in Sec. IV.

II. THEORETICAL MODEL

Various reaction processes are involved in inclusive nu-
cleon emissions from deuteron-induced reactions: the direct
processes, i.e., the elastic-breakup and stripping processes,
and the statistical decay processes, i.e., the preequilibrium
and evaporation processes. We use the same model approach
as proposed in Ref. [2] to analyze the experimental (d,xp)
data. For the direct processes, the CDCC method is applied
to the calculations of the elastic-breakup (EB) process, and
the Glauber model is used for those of the nucleon-stripping
process (STR) in the continuum. Moreover, we use the moving-
source (MS) model [8] to estimate the evaporation and pree-
quilibrium components (EP). Finally, the double-differential
cross sections (DDXs) of (d,xp) reactions are expressed by
the incoherent summations of these three components:

d?od-xp) _ d*ogg d*olg
L L L L L L
dEdep dEdep . dEdep Glasber
d%o
], (1)
a’EédQ’L,
MS

where the superscript L stands for physical quantities in the
laboratory system. Details of each model are given in Ref. [2].

In the CDCC method, the Coulomb breakup of the deuteron
can be treated by accounting for the Coulomb interac}ion
between the proton and the target exactly, replacing Veou(Rya)
with VcOu](F,,A), where R;a represents the displacement
between the center of mass of the deuteron and that of the
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target and 7, o denotes the displacement between the proton in
the deuteron and the center of mass of the target. In the case
of a light target nucleus, the effect of the Coulomb breakup is
small, E_nd the experimental data can be well described using
Veou(Raa) [2-6].

The differential cross section for the neutron-stripping
process is given in the center of mass of the p-n system by the
following expression based on the Glauber model [15]:

/dan {[1 18,0

dogrr _ 1
dk§  Qm)’

2
x f dF N7 S, (by)oo(P) } 6
where b, and b, are the impact parameters of the proton and
neutron perpendicular to the z axis, 7 is the relative coordinate
between the proton and neutron in the deuteron, kg is the
proton-wave-number vector, and gy (7) is the wave function of
the deuteron ground state. The Coulomb interaction is included
in the S matrix to describe the interaction between the proton

and the target, which is defined by

Sp(bp) — eiXyA(bp)

. +oo
= exp |:_hl_v_/. dz VpA(,/bf, + Zz)] , 3
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where V5 includes both the nuclear and Coulomb interactions
between the proton and the target. Since the integral in
Eq. (3) for the Coulomb interaction diverges, we use the same
prescription as in Ref. [16] in which x,a(b),) = X;IA(b,,) +
X[(,:A(bp), where XyA(b ) 18 calculated using a phenomenolog-
ical optical potential without the Coulomb potential and the
Coulomb eikonal phase shift is chosen as XPCA(b p») in the same
way as in Refs. [2,3].

The moving-source model is a phenomenological method
of estimating nucleon emissions via statistical decay processes.
Using the same procedure as described in Refs. [2,3], the
parameters involved in it are determined by fitting the
experimental DDXs at backward angles at which the direct
breakup and stripping components are negligibly small.

III. RESULTS AND DISCUSSION

Inclusive (d,xp) reactions on eight targets from °Be to 2*8U
at 100 MeV are analyzed using the models outlined in Sec. II.
The CDCC calculations are performed using the same codes
as those in Refs. [13,17]. The major input data necessary in
the Glauber-model calculation are the nucleon optical-model
potential (OMP) and the deuteron-ground-state wave function,
which are the same as those in the CDCC calculation. Both the
CDCC and Glauber-model calculations use the Watson OMP
for °Be and '>C [18] and the nucleon OMP given by Koning
and Delaroche [19] for other heavier targets at half the incident
deuteron energy.

First, we investigate the effects of the Coulomb elastic
breakup in deuteron-induced reactions. The Coulomb inter-
action between the deuteron and the target nucleus becomes
stronger as the target atomic number Z increases. Therefore,
the incident deuteron is expected to dissociate easily into a
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FIG. 1. (Color online) Comparison of CDCC calculations with
and without Coulomb breakup in (d,xp) reactions on °Be, *®Ni, and
208pb at 100 MeV and 8°. The experimental data are from Ref. [11].

neutron and a proton in the case of high-Z target nuclei.
Figure 1 shows comparisons of the calculated DDXs of
100-MeV (d,xp) reactions using the CDCC method with and
without the Coulomb-breakup process on three targets, °Be,
58Ni, and 29%Pb, at 8°. It is obvious that the effect of the
Coulomb elastic breakup becomes prominent with an increase
of the target atomic number. Moreover, the calculations
considerably underestimate the measurements over the entire
emission-energy range. This indicates that the other reaction
processes must be involved in proton emission, i.e., neutron
stripping to the continuum, preequilibrium, and evaporation
processes.

Next, the DDXs calculated with Eq. (1) are shown for
Be, 2’Al, ¥Ni, >Nb, and 2%®Pb at forward emission angles
along with experimental values [11] in Figs. 2—-6. Comparisons
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FIG. 2. (Color online) Comparison of the calculated DDXs of
Be(d,xp) at 100 MeV with the experimental data for different proton
emission angles. The experimental data (dots) are from Ref. [11].

between the calculated and experimental DDXs at 8° are
made for all the targets to determine the manner in which
they vary with the target atomic number in Fig. 7. In these
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FIG. 3. (Color online) Comparison as in Fig. 2 for the target
nucleus 27 Al
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FIG. 4. (Color online) Comparison as in Fig. 2 for the target
nucleus **Ni.

figures, the dotted curves correspond to the elastic-breakup
components calculated with the CDCC method, and the dashed
curves represent the neutron-stripping components calculated
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FIG. 5. (Color online) Comparison as in Fig. 2 for the target
nucleus **Nb.
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FIG. 6. (Color online) Comparison as in Fig. 2 for the target
nucleus 2%Pb. The Glauber-model calculation with the same eikonal
phase shift as in Figs. 2-5 is shown on the left and that with the
quantum phase shift on the right.

with the Glauber model. The evaporation and preequilibrium
components plotted by the dot-dashed curves are estimated
using MS-model calculations. The parameters used in the
MS model were determined by fitting the experimental data
at backward angles at which the contribution from direct
processes is expected to be negligibly small. As an example,
Fig. 8 shows the case of ¥Ni for proton emission at 120°.
The parameters obtained for all the targets are summarized in
Table I. As can be seen from Figs. 2-7, the calculations are in
good agreement with the measurements for the target nuclei up
to 3¥Ni in both shape and magnitude except at 20°. Meanwhile,
the calculations for heavier target nuclei, i.e., 208pp (see the left
side of Fig. 6), underestimate the experimental data by a factor
of about 2 around the center of the broad peak. In addition,
Fig. 7 reveals an interesting trend in which the relative fraction
of the elastic-breakup process increases with the target atomic
number whereas the neutron-stripping component calculated
with the Glauber model increases gradually with the target
atomic number, and the Coulomb effect is less appreciable
than that seen in the CDCC calculations for the elastic-breakup
process.

Here, we examine the effect of the Coulomb interac-
tions on the Glauber-model calculations and consider the
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FIG. 7. (Color online) Comparison of the calculated DDXs of
(d,xp) reactions at 100 MeV with the experimental data for 8° on
different targets from °Be to 2**U. The experimental data (dots) are
from Ref. [11].

underestimation seen in the (d,xp) spectra for high-atomic-
number nuclei. Brooke et al. [20] proposed a noneikonal
calculation for the scattering of loosely bound n-cluster
composite nuclei by replacing the eikonal phase shift with
the quantum partial-wave phase shift to noninteger angular
momenta and demonstrated that this method is more accurate
for energies as low as 10 MeV/nucleon than the eikonal

TABLE 1. Parameters of the moving-source model with the following expression:

BNi(d, xp) at 100 MeV and 120° using the moving-source model.
The dotted and dashed curves represent the components of the
evaporation and preequilibrium processes, respectively. The solid
curve gives their sum.

approximation. We have decided to incorporate a similar
noneikonal approach into our Glauber-model calculations of
the neutron-stripping process to see noneikonal effects on the
inclusive neutron-stripping process. The eikonal S matrices
used in the Glauber-model calculations are replaced by the
quantum S matrices given by the optical-model calculations
with the ECIS code [21]. For simplicity, we transform the quan-
tum S matrix given for the integer orbital angular momentum
L into that for the corresponding impact parameter b using the
relation kb = </L(L + 1), where k is the wave number.
Figure 9 shows comparisons of the moduli of the S matrices
for the neutron and proton for 2®Pb at incident energies of 50,
100, and 200 MeV as functions of L. Both S matrices coincide
with each other as the incident energy increases, confirming
the effectiveness of the eikonal approximation used in the
Glauber model at high energies. The DDXs of the 2%®Pb(d, xp)
reaction at 100 MeV are calculated using the quantum S
matrices for 50 MeV at half the incident energy. As shown
in Fig. 6, the DDXs calculated with the quantum S matrices
[see Fig. 6 (right)] are closer to the experimental data than those
with the eikonal S matrices [see Fig. 6 (left)] although some

d*og
dElI?;S};,Iv |MS: Z,‘:Lz NO,i‘/ E[I; exp[_(Ell;+El,i

—2,/ELE, ; cos QPL) / T;], where the subscripts i = 1 and 2 represent the evaporation and preequilibrium processes, respectively.

Target No.1 (mb/MeV3/2 sr) E, (MeV) T: MeV) No.» (mb/MeV3/2 sr) E( >, MeV) T, (MeV)
‘Be 1.06 2.0 6.98
2c 1.18 2.58 8.30
27A1 8.03 0.0 3.60 1.86 1.2 8.30
S8Nj 25.0 0.0 3.30 4.20 1.0 8.00
SBNb 20.0 0.0 3.30 2.20 1.0 8.50
181y 1.00 0.0 1.0 2.20 1.0 8.80
208p 1.00 0.0 1.0 2.20 1.0 8.80
28y 1.00 0.0 1.0 2.20 1.0 8.80
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FIG. 9. (Color online) Comparison of the moduli of § matrices
of n (or p) incidence on 2%Pb given by quantum (solid) and eikonal
(dashed) methods, respectively, as a function of angular momentum
L at incident energies of 50, 100, and 200 MeV.

underestimation is still seen. The stripping process is known
to take place mainly around the peripheral region. The orbital
angular momentum corresponding to the impact parameter
equal to the radius of 2°®Pb is about L = 12. As shown in
Fig. 9, the modulus of the quantum S matrix for the neutron
is smaller than that of the eikonal S matrix, and the situation
is opposite for the proton. According to the Glauber-model
expression given by Eq. (2), the neutron absorption represented
by 1 — 1S, (by)|? is enhanced, and proton emission becomes
preferable in the Glauber-model calculation with the quantum
S matrix than with the eikonal S matrix. Thus, we can state
that the DDXs calculated using the quantum S matrices are
larger than those using the eikonal S matrices.

In Fig. 10, we compare our model calculations for
energy-integrated angular distributions of 100-MeV deuteron
incidence on °Be and 2%Pb with the experimental data [11].
It is shown that the elastic-breakup and neutron-stripping
processes are dominant in proton production at angles less
than 30°, and the statistical decay processes provide a major
contribution at larger angles. In the case of °Be, the neutron-
stripping process is more predominant than that of the elastic
breakup at very small angles whereas in the case of 2%8Pb, the
latter has a larger contribution than the former because the
Coulomb breakup easily takes place due to a strong Coulomb
interaction. The lower part of Fig. 10 shows that the relative
fraction of the neutron-stripping process is enhanced by the
Glauber-model calculation with the quantum S matrix, result-
ing in much better agreement with the experimental data at
forward angles.

Ridikas et al. [11] have discussed the effect of the Coulomb
dissociation of the deuteron in the analysis of their experimen-
tal 100-MeV (d,xp) data. The angular distributions calculated
using the adiabatic model [14,22,23] are shown for 9Be and
208pp in Fig. 11 of Ref. [11]. There are some differences
between our CDCC calculations and their adiabatic-model
calculations. For the lighter nucleus °Be, the adiabatic-model
calculation gives a much smaller differential cross section
than the CDCC calculation by a factor of about 6 at 0°.
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FIG. 10. (Color online) Comparison of the calculated energy-
integrated proton angular distributions with the experimental data
for 100-MeV deuteron incidence on Be and 2%Pb. The Glauber-
model calculations for 2°®Pb with the eikonal S matrices (middle)
and the quantum S matrices (bottom) are shown for comparison. The
experimental data (dots) are from Ref. [11].

The difference can be easily explained by the fact that the
CDCC calculation shown in Fig. 10 includes the effect of the
nuclear dissociation, which is more predominant compared
with the Coulomb dissociation for °Be as shown in Fig. 1.
In contrast, the comparison for 2*Pb demonstrates that both
calculations provide similar cross sections at very forward
angles less than 10°; however, the differential cross sections
from the CDCC calculations decrease more rapidly than
those from the adiabatic-model calculations at larger emission
angles. The adiabatic model of Refs. [14,22,23] switches off
the neutron-target interaction (optical potential). This makes
absorption of the incident flux significantly weak. When the
proton in the deuteron is emitted at relatively large angles,
both the proton and neutron pass inside the target nucleus.
Thus, the weak absorption is expected to contribute to larger
Coulomb-breakup cross sections compared with the present
CDCC calculation at large emission angles. It should be noted
that the adiabatic model will work well in the cases in which
both the proton and neutron are emitted at very forward angles
as shown in Ref. [23].

Finally, the variations of the total-proton-production cross
sections with target atomic number Z are analyzed in Fig. 11.

054606-6



ANALYSIS OF INCLUSIVE (d, xp) REACTIONS ON . ..

3500 . i ‘
Ridikas+2000 @
Total Proton Production
3000 | Neutron Stripping (Glauber) --------- ]
Elastic Breakup (CDCC)
Statistical Decay (MS) -----
2500 | 1
=
E
'E 2000 1
bt
% °
« 1500 ]
2
£
Q
1000 ]
so0 o/ T 1

Atomic Number, Z

FIG. 11. (Color online) Total-proton-production cross sections as
a function of the atomic number Z. The elastic-breakup component
calculated by CDCC, the neutron-stripping component calculated by
the Glauber model with the quantum S matrix, and the evaporation
plus preequilibrium component estimated by the moving-source
model are given by the dotted, dashed, and dot-dashed lines,
respectively. Their sum is given by the solid line. The experimental
data (dots) are from Ref. [11].

Two direct components, i.e., the elastic-breakup and neutron-
stripping components, increase monotonically with increasing
atomic number and significantly contribute to the proton
production for target nuclei with low Z and high Z. Meanwhile,
evaporation and preequilibrium components are relatively
important in the total (d,xp) cross sections for target nuclei
with medium atomic numbers, i.e., 2’Al, ¥Ni, and Nb.
Reduction of these components with increasing atomic number
is seen for target nuclei heavier than 3Ni. This seems to
be explained by the Coulomb barrier effect because the
evaporation and preequilibrium components are predominant
in the low-proton-energy range as shown in Figs. 2—-6.

In the present analysis, the phenomenological moving-
source model was used to estimate the evaporation and
preequilibrium components. To make the estimation more
reliable and predictable for future nuclear-data production,
it will be necessary to calculate these statistical decay compo-
nents with both preequilibrium and Hauser-Feshbach models.
In the case of deuteron-induced reactions, the statistical
decay calculations become complicated because three different
compound nuclei are formed by absorption of either a neutron
or a proton or both in the deuteron. However, there is no
currently available, general-purpose model code capable of
accounting for these compound nuclei properly. Thus, we aim

PHYSICAL REVIEW C 84, 054606 (2011)

to develop such a code dedicated to deuteron-induced reactions
by incorporating the results of the CDCC and Glauber-model
calculations into statistical decay calculations as our next step.

IV. SUMMARY AND CONCLUSIONS

Inclusive (d,xp) reactions on °Be, '>C, ?’Al, ¥Ni, *3Nb,
181y 208py and 238U at 100 MeV were analyzed systemati-
cally using the continuum discretized coupled-channels theory
for the elastic-breakup process, the Glauber model for the
neutron-stripping process, and the moving-source model for
the preequilibrium and evaporation processes. In our analysis,
particular attention was paid to the deuteron-breakup processes
over the wide atomic-number range of target nuclei. The
Coulomb interaction was taken into account in both the
calculations of the elastic-breakup and stripping processes.

The calculations reproduced both the shapes and magni-
tudes of the experimental (d,xp) spectra at forward angles of
less than 20° quantitatively well for target nuclei with atomic
numbers less than that of >®Ni whereas they underestimated
the prominent bump observed around half the incident energy
as the target atomic number increased. The analysis revealed
that the stripping process is more dominant than the elastic-
breakup process for light and medium target nuclei and
that the elastic-breakup process is considerably enhanced
due to the effect of the Coulomb breakup for heavy target
nuclei. It was found that the underestimation seen in the
inclusive (d,xp) spectra for high-atomic-number nuclei is
improved by replacement of the eikonal S matrix with the
quantum S matrix in the Glauber-model expression. This
suggests the importance of the noneikonal effect in (d,xp)
reactions with high-atomic-number nuclei even at an incident
deuteron energy of 100 MeV. Thus, more quantum mechanical
approaches beyond the semiclassical Glauber model will be
necessary to describe accurately inclusive (d,xp) reactions for
high-atomic-number nuclei at relatively low incident energies
below 100 MeV.
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