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Abstract. We assess the ability of a light-composite breakup model coupled to pre-compound and compound
statistical emission models to describe selected compound nuclear cross sections. The framework employed
calculates elastic and nonelastic breakup differential cross sections using the post-form distorted wave Born
expressions of the Ichimura-Austern-Vincent approach. This has been incorporated into the EMPIRE nuclear
reaction code for the specific case of the deuteron, used in the calculations presented here. The exciton pre-
equilibrium and Hauser-Feshbach compound-nucleus models are used to account for pre-equilibrium and equi-
librium emission. The outcome of our analyses yields a satisfactory agreement between theoretical and experi-
mental values in most cases. The analysis also permits a preliminary assessment of the importance of inelastic

excitation on the cross-section predictions.

1 Introduction

Many light composite nuclei, such as the deuteron, °He
and ®Li and, to a lesser extent, the triton and *He, are
weakly-bound and thus fragment easily in a nuclear re-
action. Methods to describe such reactions, such as the
post-form distorted-wave Born expression (DWBA) of the
Ichimura-Austern-Vincent (IAV) approach [1-4] and the
continuum-discretized coupled channels (CDCC) method
[3], were developed several decades ago, but have become
more visible in recent years [5—8], with the increase in
computing power to perform calculations and of experi-
mental data to analyze. Although limited to single-step re-
actions, the IAV approach has an advantage over the more
powerful CDCC method in that it can also calculate the
contribution of nonelastic breakup, in which one of the
fragments fuses with the target. The sum of both contri-
butions is necessary to estimate inclusive cross sections in
the region of the breakup peak.

Other reactions, such as pre-equilibrium and equilib-
rium compound nuclear emission also make small contri-
butions to inclusive particle emission in the region of the
breakup peak. Outside this region, their contributions can
be the most important ones. The breakup reaction also af-
fects compound nuclear emission cross sections by reduc-
ing the contribution of projectile + target fusion but includ-
ing those of fragment + target fusion. In the simplest case
of two-body breakup, the compound nuclear problem must
contend with three initial configurations: fusion of the pro-
jectile and target as well as fusion of each of the fragments
with the target, which can occur over the wide range of
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energies resulting from the breakup. These modifications
make small changes in the inclusive emission spectra, but
are essential to the description of more specific compound
nucleus reactions.

In the following, we will discuss the simple case of
deuteron breakup. As the deuteron is weakly bound, its
breakup cross section is large and the modifications to
compound nuclear cross sections due to its breakup are
also relatively large. This case also has the advantage that
the two fragments, a proton and a neutron, are inert par-
ticles with no excited states on the scale of low-energy
nuclear physics. The formalism thus need only take into
account their kinetic energies.

The EMPIRE [9] code stands out as an extremely
versatile tool for nuclear-reaction analyses, being capa-
ble of estimating production cross sections of residual nu-
clei after multiple particle emission, as well as the spectra
and angular distributions of emitted particles. This code
has been modified to include the IAV approach [1-4] for
deuteron breakup. This enables the code to take into ac-
count elastic deuteron breakup, in which both the proton
and neutron emerge, leaving the target in its ground state,
as well as the nonelastic breakup, in which one nucleon
is absorbed or transferred while the other is emitted. The
modified code has already been utilized in our earlier in-
vestigation [8] of various sets of double differential ex-
perimental data for deuteron-induced inclusive (d,xn) and
(d,xp) emission. The present work focuses on evaluating
the ability of this updated version of EMPIRE to predict
compound nucleus cross sections, in particular, total (d,2n)
production cross sections, over a wide range of energies,
as well as the exclusive (d,pf) cross section.
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2 Formalism

We use the zero-range post-form IAV formalism to calcu-
late the elastic (EBU) and nonelastic (NEB) breakup [1-
4] and compound nucleus formation cross sections, cou-
pled to the EMPIRE nuclear reaction code [5], to calculate
compound nucleus emission cross sections. The breakup
process is a direct reaction that produces protons and neu-
trons with a wide range of energies and angular momenta.
The inclusive proton breakup emission cross section can
be decomposed into a part in which both the proton and
neutron are emitted and a part in which the proton is emit-
ted but the neutron is absorbed. We assume that the target
acts as a spectator to the breakup and denote the contribu-
tion in which both proton and neutron are emitted as elas-
tic breakup (EBU). We label the remaining contribution
as nonelastic breakup (NEB, p) and assume that it corre-
sponds solely to breakup followed by emission of the pro-
ton and absorption of the neutron by the target. We have
d2 o d2 O'N EB,p

d2 O'E BU
= + .
dQ,dE,  dQ,dE,  dQ,dE,

ey

The contribution of the elastic breakup is written in terms
of its T-matrix element as
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with the final momentum density p,(E,) = A and l?d,

kn, and k, representing the initial deuteron momentum,
and the final neutron and proton momenta, respectively.
The §-function constrains the sum of the neutron and pro-
ton final kinetic energies to that of the initial deuteron ki-
netic energy and its binding energy.

The T-matrix element is approximated by the post-
form of the DWBA matrix element as

I (F, R
= [ @ () G
P n

=2 =2 (+) (=
XV(rpn) ¢d (rpn)XE: (rdA) 5 (3)
where B = A + 1, A being the target mass, and V(?,m)
the proton-neutron interaction. Using the local energy ap-
proximation of Buttle and Goldfarb [10] and Benzce and
Zimanyi [11], the DWBA matrix element can be rewritten
as

-
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“
where Dy is given by

Do = f dr}, V (Fon) ¢a (Fon) ~ 125 MeV-fm™2 . (5)

and A (7) is the finite-range correction factor. Although
originally derived as an approximation to the matrix ele-
ments of stripping to bound states, we have found this ap-
proximation to be equally applicable to stripping reactions
to the continuum, that is, to breakup reactions.

The nonelastic breakup cross section is given by an
expectation value of the imaginary part of the optical po-
tential between the absorbed particle and the target as,

d2oNEB.p

dQ,dE, 2
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where the effective neutron wave function, in the zero-
range approximation, is given by

¥, (k. k) = Do f d%’A(V)Xg” (a?)

G X))
The inclusive double differential proton breakup cross sec-
tion is the sum of the elastic and nonelastic breakup cross
sections given above. We do not take into account the
contribution of inelastic excitation before or after breakup.
The inclusive neutron breakup cross section is obtained by
exchanging the proton and neutron labels in the expres-
sions above.
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Figure 1. Inclusive double differential proton spectra at several
angles from deuterons incident on the target nuclei >’Al, %Ni,
118Sn, and 2®Bi at 56 MeV are compared to the experimental
data of Ref. [18]

The double differential cross sections are calculated by
reducing the expressions above to partial wave sums over
the orbital angular momenta of the proton /,, neutron [,
and deuteron /;. Spin-orbit effects are neglected. The cor-
rect energy-dependent optical potentials are used for each
partition of the energy between the proton and the neu-
tron. Efficient convergence of the radial integrals is ob-
tained by using the complex-plane integration method of
Vincent and Fortune [12]. Angular momentum conver-
gence of the double differential elastic cross section has
been confirmed by comparison with the analytical expres-
sion for the Coulomb breakup cross section [13—15]. The
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optical potentials used for the neutron and proton were
the global potentials of Koning-Delaroche [16], while the
global potential of An-Cai [17] was used for the deuteron.
More information concerning the numerical details of the
elastic and nonelastic breakup calculations can be found in
Ref [6].
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Figure 2. Inclusive double differential neutron spectra at several
angles from deuterons incident on the target nuclei Al and Cu at
102 MeV are compared to the experimental data of Ref.[19]

In Fig. 1, we compare differential proton spectra in the
region of the elastic breakup peak with experimental data
for deuterons incident on 2’ Al, 38Ni, 118Sn, and 2%Bi tar-
gets at 56 MeV [18]. The differential cross sections are
forward peaked and fall off rapidly with angle. The calcu-
lated distributions agree fairly well with the data for light
nuclei but underestimate the most forward angle data by
an increasing amount as the target mass and charge in-
crease. A systematic shift of the experimental spectra to
lower energies suggests that inelastic excitation of the tar-
get could play an increasingly important role as the target
mass and charge increase. In Fig.2, we compare differ-
ential neutron spectra in the region of the elastic breakup
peak with experimental data for deuterons incident on Al
and Cu targets at 102 MeV [19]. As in the case of protons,
the differential neutron distributions are forward peaked
and show good agreement with the experimental data, but
with increasing discrepancies at the most forward angles
as the mass and charge of the target increase. All in all, we
find that the model provides a reasonably good description
of the inclusive nucleon differential spectra.

In order to analyze experimental data for inclusive par-
ticle emission, we have taken into account the contribu-
tions of other processes to the emission. We assume the

most important of these to be pre-equilibrium and equilib-
rium emission from the compound nucleus. To describe
these emission mode, we use the phenomenological ex-
citon model and the statistical Hauser-Feshbach emission
model, respectively. Our calculations were made using
a modified version of the code EMPIRE [9]. In the in-
clusive nucleon emission spectra, the pre-compound and
compound contributions to the differential spectra are most
important at low and high emission energies, outside the
breakup peak. For the compound nucleus cross sections
we will discuss in the following, these contributions are
essential.

Three different pre-compound/compound nuclei are
formed in a deuteron breakup reaction, those in which
the neutron or proton is absorbed by the target and that in
which the initial deuteron is absorbed. As the breakup of
the deuteron results in protons and neutrons with a wide
range of energies, the compound nuclei formed by their
absorption possess a wide range of excitation energies.
The differential cross sections for neutron and proton ab-
sorption are obtained from the partial wave decomposition
of the nonelastic absorption cross sections. Neglecting
spin-orbit coupling, for simplicity, this decomposition fur-
nishes a partial wave differential cross section dependent
on the orbital angular momenta of the neutron, proton, and
deuteron that, when summed over the angular momenta of
the deuteron and the emitted particle, provides the con-
tribution to the differential cross section due to nonelas-
tic breakup, do-ijB’p /dE, or do-f:[ EBn /dE,. These con-
tributions are intlegrated into the correct residual nucleus
distribution of the pre-compound decay chain in the EM-
PIRE code. For example, the differential cross section

(da‘fVEB’p /dEp)AEp at an energy E, is summed with the
»

population of the residual nucleus (Zr + 1,A7 + 1) at ex-
citation energy E* = E, + §, and angular momentum /,,
where S, is the separation energy of the proton from the
target (Zr, Ar) and AE), is the energy bin of the statistical
decay calculation. (This residual population also contains
a contribution due to neutron emission from the nucleus
(Zr + 1,Ar + 2) formed by the fusion of the deuteron with
the target.) The nonelastic breakup thus yields a contin-
uum of pre-compound nuclei that must be considered to-
gether with the residual distribution resulting from single
proton/neutron emission after fusion of the deuteron and
the target. The reaction code EMPIRE was modified to
integrate these contributions into the decay chain automat-
ically.

The partial wave cross sections obtained from the
deuteron optical potential calculation, a'l’j‘” , describe the
partial wave contributions to the reaction cross section and
thus implicitly take into account the effects of the elastic
and nonelastic breakup. The latter must be subtracted to
obtain the effective partial cross sections for deuteron ab-
sorption, o/ . We thus have

la

NEBp _

- greac _ o NEBn _ EBU
la Iy

I I

, ®)

where the partial differential elastic and nonelastic
breakup cross sections are now summed over the proton



EPJ Web of Conferences 322, 02001 (2025)

CNR*24

https://doi.org/10.1051/epjconf/202532202001

and neutron angular momenta indices, leaving only the
deuteron angular momentum index, which we write as

NEB, NEB,
do) "7P do "R
Iy Iy

dE, ' dE,

EBU
do-ld

d s
an iE,

and then integrated over energy to obtain the partial ab-
sorption cross sections,

dO_NEBp
dE,
doNEBn

NEBn  _ la

o = f dE. dE, 9)
d EBU

‘We have written the elastic breakup cross section as a func-
tion of the proton energy E,, although it can be written
equally well in terms of the elastic breakup neutron energy
E,=E;—B;-E,.

The deuteron absorption cross section O'Z can become
negative at large values of the angular momentum, due
to the fact that breakup is not included explicitly in the
parametrization normally used to fit the optical potential.
In this case, we take the effective deuteron absorption cross
section to be 0 and adjust the reaction cross section ac-
cordingly. Since all of the cross sections are associated
with absorption by the same target, the latter corrections
are small, when they occur. These considerations are taken
into account automatically in the modified version of the
reaction code EMPIRE.

The differences between the partial wave contributions
to the cross sections can be clearly seen when these are
written in terms of the corresponding effective transmis-
sion coeflicients T}, defined as

g
o-lzk—2(21+1)T,. (10)
d

In Fig. 3, we show the effective transmission coefficients
for the breakup and absorption processes of a 15 MeV
deuteron incident on 2*3U. The solid line represents the to-
tal reaction cross section. Its value of about one for lower
partial waves indicates that almost all flux in the internal
region of the nucleus is removed from the elastic channel.
The dashed-dotted and dashed-double-dotted lines corre-
spond to the fraction of the flux that leads to proton or
neutron absorption following a (nonelastic) breakup reac-
tion in which the other particle is emitted. It is interesting
to note that both processes have substantial contributions
from the internal region. We also note that more protons
are absorbed than neutrons. These are common features
of all of our calculations. The deuteron absorption cross
section, obtained by subtracting the breakup contributions
from the reaction cross section, is shown by the dashed
line in the figure. We note that it corresponds to little
more than 60% of the absorbed flux in the nuclear inte-
rior, with the remainder of the reaction flux correspond-
ing to the breakup channels. Finally, the contribution of
elastic breakup, denoted by the dotted line in the figure,

is small in the nuclear interior and possesses a small but
long Coulomb tail, only partially shown in the figure. Elas-
tic breakup does not form a compound nucleus, but con-
tributes to the inclusive emission spectra. At much higher
energies, we observe that the breakup channels dominate
the reaction cross section in the nuclear surface, limiting
deuteron absorption to the interior region.
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Figure 3. The partial wave contributions to the reaction cross
section (solid black line), of deuteron absorption (dashed red
line), proton (dashed-dotted green line) and neutron (dashed-
double-dotted blue line) absorption from nonelastic breakup, and
elastic breakup (dotted magenta line) are shown for deuterons in-
cident at 15 MeV on 2*U. More details can be found in the text.

3 The (d,2n) reaction

The (d,2n) reaction is of special interest for several rea-
sons. Deuteron breakup reduces the two-step compound
nucleus reaction cross section

d+(Z,A) - (Z+1,A+2)" - (Z+1,A+1)"+n — (Z+1,A)+2n

because of the flux lost to breakup. Part of the flux returns,
however, through the nonelastic (NEB, n) reaction,

d+(Z,A) - p+n+(Z,A) -» (Z+1,A+1)"+n — (Z+1,A)+2n.

For heavy nuclei, the Coulomb barrier inhibits charged
particle emission so that neutron emission dominates. The
compound nuclear emission cross section is then a func-
tion of the absorption cross sections (deuteron, proton and
neutron) and the breakup one. As all of these cross sec-
tions are constrained by other emission channels as well,
the (d,2n) reaction provides a test of the ability of the
breakup-fusion model to describe details of the breakup
process, such as its angular momentum and energy trans-
fer, correctly. Our calculations for a number of target nu-
clei are shown below.

We find the overall agreement between the calculations
and the experimental data to be good. We observe, how-
ever, a consistent overestimation of the data at higher in-
cident energies. We believe this to be due to issues with
pre-equilibrium emission in the calculations. Although we
take into account pre-equilibrium emission after deuteron
absorption, it is not taken into account in proton absorp-
tion after a breakup reaction. With increasing energy, the
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by solid curves, are compared with experimental data
for various (d,2n) reactions, including '°7Au(d,2n)'’Hg
[20-27], '®Tm(d,2n)'Yb [28-31], '°Tb(d,2n)'*Dy [32-
34], %Te(d2n)'**1 [35, 36], *°Zr(d,2n)*°Nb [37, 38], and
89Y(d,2n)*Zr [39-45].

breakup proton would have an increasing probability of
being emitted before equilibrium is reached. Taking this
reaction into account would reduce the cross section at
these energies and provide better agreement with the data.
Despite the general good agreement seen here, the exam-
ination if isomeric and ground states cross sections, not
shown here, reveals large discrepancies between the ex-
perimental data and the calculations in several cases. Such
disparities require further investigation before any firm
conclusion can be reached.

Inelastic neutron scattering is known to be important
for heavy deformed nuclei, such as most of those for which
we have calculated (d,2n) cross sections. However, inelas-
tic scattering is not taken into account in our calculations.
If it were to be an important part of the nonelastic cross
section, it would reduce the nonelastic flux available for
formation of the compound nucleus. Alternatively, if the
breakup process itself is inelastic, the energy available to
the proton in a (NEB, n) reaction would be smaller on
the average, thereby reducing its fusion probability and
again reducing the formation of the compound nucleus.
Since inelastic scattering increases with the deformation,
we might expect to find a correlation between the defor-
mation of a nucleus and any discrepancy between the ex-
perimental data and our calculations. We would expect the
calculation, which does not take into account the effects of

a heavy target is strongly inhibited. In a deuteron-induced
reaction, the target + neutron nucleus will be populated al-
most exclusively in this case by breakup followed by neu-
tron fusion and proton emission. Here, we compare model
predictions with recent experimental data for the reaction
238U(d,pf). We assume that the (d,p) channel leads exclu-
sively to elastic breakup or to nonelastic breakup with ab-
sorption of the neutron. To study the 2*°U fission induced
by the absorbed neutron, we need a good description of
the fission barriers and barrier densities, as the entrance
channel properties of the breakup neutron are not the same
as those of a normal incident neutron. Here we use fis-
sion barrier and barrier density parameters obtained from
the recent CIELO evaluation of neutron-induced reactions
on 2%8U [49]. The neutron-induced fission cross section,
238U(n,f), obtained using these parameters is compared to
experimental data taken from the EXFOR library in Fig.
6. We note that the agreement is good but far from perfect,
due to the fact that we did not take into account all of the
nuances of the evaluation.

We show in Fig. 6 the calculated angular distributions
of protons emitted after the breakup of deuterons incident
on 238U at 15 MeV. The black solid curve corresponds to
the inclusive elastic plus nonelastic (EBU + NEB, p) pro-
ton emission. The blue dashed curve corresponds to the
protons emitted from breakup reactions in which the neu-
tron was absorbed, the (NEB, p) reaction. At forward an-
gles the elastic breakup dominates the angular distribution,
while at backward angles the ratio between the two an-
gular distributions is fairly constant and the curves run in
parallel.

Two measurements of the (d,pf) reaction exist, on with
18 MeV deuterons, by Britt and Cramer in 1970 [51] and



EPJ Web of Conferences 322, 02001 (2025)

https://doi.org/10.1051/epjconf/202532202001

CNR*24
2000 ——F————t————————— T T A
dof — Nebp g
t P — Total p
1500 20F i .
E TS d+Pve@15Mev
a2 L 3 L ]
£ 1000 E 8o -
eI W f ]
5 60 3
L = F : ]
500 afF 3
[ 0 4
[ LS.
0 0 s 1 |
) 5 6 7 8 9 10 1 12
Neutron energy (MeV) E) (2”U) (MeV)
Figure 5. The 2*U(n,f) fission cross section calculated with Figure 7. The differential spectra for elastic (EBU), nonelastic

fission barrier and density parameters of the CIELO evaluation
[49] (blue curve) compared to experimental data obtained from
the EXFOR library [50].
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sive (EBU + NEB, p) proton emission angular distributions from

deuterons incident on 2**U at 15 MeV.

a more recent one with deuterons of 15 MeV by Ducasse
et al. [52]. The more recent experimental measurement
of the (d,pf) reaction was performed at two backward an-
gles, 126° and 140°. The counts observed as a function
of proton emission energy were converted to fission prob-
abilities, Py, as the ratio of coincidences of proton emis-
sion with fission N (p and f) divided by the total number
of proton emissions N (p) and the efficiency of fission de-
tection £ (f),
_ N(pand f)
TN

The fission probabilities obtained at the two angles were
very similar. The experimental group also measured the
probability of gamma emission in coincidence with proton
emission in a similar manner. In this case, they found the
gamma emission probability to be about 50% higher at the
smaller angle.

The experimental deuteron-induced >*U fission prob-
ability is the ratio of the coincident proton-fission cross
section to the inclusive proton cross section, which con-
tains a large contribution from the elastic breakup protons,
where the neutrons are also emitted. Although this quan-
tity can be calculated theoretically, a more meaningful def-

(NEB, p) and inclusive (EBU + NEB, p) proton emission from
deuteron breakup on 2*¥U at 15 MeV.

inition of the fission probability would compare the coin-
cidence count to the count of protons for which the neu-
tron was absorbed, that is the (NEB, p) cross section. The
differential spectra for elastic (EBU), nonelastic (NEB,
p) and inclusive (EBU + NEB, p) proton emission from
deuteron breakup on 2¥U at 15 MeV are shown in Fig.7
as a function of the equivalent excitation energy of the
299U nucleus. The nonelastic proton emission (NEB, p)
dominates at low excitation energy but is surpassed by the
elastic breakup at higher energies. To convert the experi-
mental data to a more meaningful fission probability, the
data should be rescaled by the ratio of the inclusive proton
emission spectrum over the nonelastic (NEB, p) one.
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Figure 8. The 23¥U(n,f) and 2**U(d,pf) fission probabilities cal-
culated with EMPIRE are compared to the rescaled experimental
data of Refs. [51] and [52].

In Fig.8, we compare the rescaled experimental fission
data with fission probabilities for 2*U(n,f) and >*¥U(d,pf)
calculated with EMPIRE using the optical potentials and
fission barriers and densities of the CIELO evaluation [49].
We observe that the deuteron fission probability exceeds
the neutron one by a factor of 30% to 50%. This is an ef-
fect of the greater angular momentum transferred by the
neutron of the deuteron at an energy equivalent to that for
a solitary neutron. We observe that the corrected data of
Britt and Cramer [51] is still about a factor of two lower
than expected theoretically, but that the data of Ducasse et
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al. [52] is reasonably well described by the model. Al-
though we have no explanation for the great difference be-
tween the Britt and Cramer data and the calculation, the
agreement with the Ducasse et al. data is quite encourag-
ing.

5 Conclusions

This study is devoted to an analysis of the ability of
an extended theoretical framework consisting of the IAV
breakup model coupled to pre-equilibrium and equilib-
rium compound nuclear emission to describe inclusive nu-
cleon emission spectra as well as compound nuclear pro-
duction cross sections in deuteron-induced reactions. To
this end, the TIAV breakup model has been integrated in
the nuclear reaction code for the specific case of deuteron-
induced reactions. The results obtained are quite promis-
ing. The extended model furnishes a generally good de-
scription of the inclusive differential and total emission
cross sections for both protons and neutrons. We also ob-
tain very reasonable results for the total (d,2n) activation
cross section over a wide range of energies, as well as en-
couraging results for the fission probability of the exclu-
sive 233U(d,pf) reaction.

There is still much room for improvement, however.
The calculated inclusive differential emission spectra tend
to lie at slightly higher energy than the experimental ones,
suggesting energy loss associated with inelastic scatter-
ing. The theoretical calculations also systematically un-
derestimate the magnitude of the forward angle breakup
cross section of deuterons incident on heavier targets. The
theoretical (d,2n) activation cross sections systematically
overestimate the experimental ones at high energy, which
suggest that pre-equilibrium proton emission is underes-
timated in the calculations. Calculations of the exclusive
2381(d,pf) fission probability showed good agreement with
one set of experimental data but poor agreement with an-
other set. More precise calculations as well as more data
are needed.

Finally, we note that the deuteron is the simplest nu-
cleus susceptible to breakup. Many other light projectiles
possess fragments with excited states or more complex
three or four body breakup modes. Even the next sim-
plest cases, *H and 3He, possess both two- and three-body
breakup modes. The IAV model provides a reasonable de-
scription of the two-body breakup channel in these cases
[53], but no attempt has yet been made to describe the
three-body breakup modes. There is clearly much to be
done.
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