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Abstract. We use the zero-range post-form DWBA approximation to calculate deuteron elastic and
nonelastic breakup cross sections and estimate the breakup-fusion cross section that could serve as a surrogate
for a neutron-induced reaction cross section. We compare the angular momentum dependence of the breakupfusion compound nucleus formation cross section with that of the corresponding neutron-induced cross
section.

1. Introduction
Deuteron-induced reactions, in particular the (d, p) and
(d, n) stripping reactions were crucial in the past in
determining many aspects of shell structure and in
validating the shell model of the nucleus. These stripping
reactions have reassumed this role in the last few years
as an important tool for determining the structure of
exotic nuclei. However, the stripping mechanism is not the
only component of a deuteron-induced reaction that can
be applied to the study of the nucleus. These reactions
have also been considered for many years as substitutes
– surrogates – for neutron-induced reactions [1, 2]. In this
case, competition between elastic and inelastic breakup,
absorption of only a neutron or a proton and absorption
of the deuteron must be taken into account to determine
the formation or not of a compound nucleus. Deuteron
breakup-fusion reactions are those in which only a neutron
or a proton is absorbed. These form compound nuclei with
a wide range of excitation energies and angular momenta
and are the cross sections of interest as surrogates to
neutron- and proton-induced reactions. Measurements of
the 238 U(d,pf) cross section, surrogate of the 238 U(n,f)
cross section, have been performed recently[3–5]. A
theoretical estimate of this cross section requires the cross
section for deuteron breakup – neutron fusion with the
target. We estimate this by the nonelastic breakup cross
section and compare its angular momentum dependence
with the corresponding neutron-induced CN formation
cross sections.

2. The elastic, nonelastic and
breakup-fusion cross sections
A reasonable theoretical description of elastic deuteron
breakup was developed and applied to a multitude of
experimental data almost forty years ago by G. Baur
and collaborators [6, 7]. The double-differential inelastic
breakup cross section can be written in terms of its
a
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momenta, respectively, k d is the initial deuteron
momentum and the sum of neutron and proton final kinetic
energies is constrained to the sum of the initial deuteron
kinetic energy and its binding energy by the δ-function.
The T-matrix element can be well approximated by the
post-form of the DWBA matrix element,
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which, in turn, can be well-approximated within the zerorange DWBA approximation by including corrections for
finite-range effects and nonlocality [8, 9].
To calculate the nonelastic breakup cross section, one
first analyzes the inclusive double differential breakup
cross section, here given for the proton, again in the postform of the DWBA. The initial state of the target is its
ground state,  A , but the final neutron-target state, ψnc A ,
can be any composite state allowed by energy and angular
momentum conservation,
2π 1
d 3σ
=
dk 3p
vd (2π )3
 
−
→ −
→
×
 ψ̃ p(−) ( k p , r p )ψnc A

(3)

c

2


−
→ −
→

→
→
r ) ψd(+) ( k d , R )φd (−
r ) A 
× v pn (−
×δ(E d + εd − E p − E nc A ) .
This can be separated into an elastic and nonelastic
part [10, 11], denoted here by ebu for elastic breakup and
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Figure 2. Cross section summary from EMPIRE-3 for 15 MeV
deuterons incident on 238 U.

Figure 1. Direct proton and neutron emission spectra due to the
elastic and nonelastic breakup of 15 MeV deuterons incident on
238
U.

neb for nonelastic breakup, as
d 3σ
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The contribution due to elastic breakup is the double
differential elastic breakup cross section of Eq. (1)
integrated over the neutron momentum. The nonelastic
breakup cross section takes the form of an expectation
value of the imaginary part of the optical potential,
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Figure 3. Initial populations, fission and production cross
sections from EMPIRE-3 for 15 MeV deuterons incident on 238 U.

elements, which are closely related to the nonelastic matrix
elements through the breakup wave functions, are only
conditionally convergent. A simple brute force application
of standard integration methods requires integrating to
radii of the order of a nanometer, which can be reduced
to radii of the order of picometers by using asymptotic
expansions of the Coulomb wave functions to approximate
the integral in the external region analytically. We have
found the most efficient means of performing the integrals
to be their extension to the complex plane [14], in which
case the numerical integration can usually be limited to at
most several hundreds of fm.
Inclusive elastic and nonelastic (d, p) and (d, n)
breakup cross sections have been calculated recently by
our group in the post form, as well as by others, using
both the prior and post forms of the DWBA [15–18]. The
results of the various groups have been found to be quite
consistent.
In Fig. 1, we show the elastic and nonelastic neutron
and proton breakup spectra for 15 MeV deuterons incident
on 238 U. The elastic spectra are symmetric about the
midpoint energy, due to the fact that the two particles
share the kinetic energy remaining after breakup. However,
because of the low incident energy and the high charge
of the target, the two peaks are widely separated. A
simple classical argument, based on the fact that the proton
emitted after breakup reaccelerates while the neutron does
not, places the two peaks at

1
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where the effective neutron wave function is given by
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The structure of this cross section suggests a simple
interpretation in which the deuteron first breaks up, after
which the neutron propagates before being absorbed by
the nucleus, while the proton is emitted. However, the
expression from which it is derived, Eq. (4), describes a
one step process.
To perform numerical calculations, the wave functions
and matrix elements are expanded in partial waves. The
deuteron breakup – neutron fusion cross sections at a
given value of the neutron orbital angular momentum and
kinetic energy are estimated by summing the nonelastic
breakup proton emission partial wave cross sections over
the possible values of the deuteron and proton angular
momenta. The deuteron breakup – proton fusion cross
sections are calculated in similar manner as a sum of the
appropriate partial wave cross sections over the deuteron
and neutron angular momenta. By taking the breakup
fusion cross sections to be the nonelastic ones, we neglect
the effects of inelastic scattering and of other direct
reaction channels, such as pickup reactions.
In the calculations, we have used the KoningDelaroche global optical potentials [12] in the proton and
neutron channels and the potential of Ref. [13] to describe
the deuteron scattering. The elastic breakup matrix

where E d is the deuteron energy, εd the deuteron binding
energy, Z the target charge and Rebu the average breakup
2
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Figure 4. (a) Energy - angular momentum distribution of the (d, p) differential CN formation cross section for 15 MeV deuterons incident
on 238 U. (b) Renormalized partial wave reaction cross section for neutrons incident on 238 U.

radius. In this case, we estimate an average breakup radius
of Rebu ≈ 14,7 fm, far outside the 238 U radius of about
7,5 fm.
The nonelastic neutron and proton breakup spectra in
Fig. 1 are also sharply peaked and somewhat similar in
form to the elastic breakup spectra. However, here the
proton emission spectrum has about twice the amplitude
of the neutron one. This is consistent with the intuitive idea
that a neutron will be more easily absorbed (and a proton
emitted) than a proton will be absorbed (with a neutron
emitted), when the target is highly charged. However, this
is not always the case at higher energies [17]. We also note
from the high energy peak of the nonelastic proton breakup
spectrum that the associated absorbed neutron has a very
low average energy kinetic energy of about 1.8 MeV. In
contrast, the absorbed proton associated with an emitted
nonelastic neutron has an average kinetic energy of about
11 MeV.

Figure 5. Average angular momentum as a function of energy of
the inclusive (d, p) and neutron reaction cross sections (in red).
The scaled (d, p) differential cross section, σ (d, p)/ (50 mb), is
shown as a red dotted line. The corresponding (d, n) and proton
reaction cross sections are shown in blue.

3. A more complete description of
deuteron-induced reactions

reaction cross section of 880 mb (given as the initial
population of 240 Np in Fig. 3), 192 mb correspond to elastic
breakup. The breakup-fusion neutron emission, leading
to production of the 239 Np compound nucleus, has a
cross section of 133 mb, while the breakup-fusion proton
emission, leading to the 239 U compound nucleus has a
cross section of 232 mb. After taking into account preequilibrium emission, which in this case is principally
neutron emission yielding 239 Np, the 240 Np compound
nucleus formation cross section has been reduced to only
188 mb, less than 25% of the total reaction cross section.
In Fig. 3, we show the initial populations, production
and fission cross sections for each of the nuclei populated
in the 15 MeV deuteron-induced reaction on 238 U. The
initial population of interest as a surrogate for a neutroninduced reaction is the 239 U population of 237 mb, coming
mostly from the neutron absorption of 232 mb from
the breakup-fusion reaction. The large initial population
of 395 mb of the neighboring 238 U arises from the
elastic component of the breakup reaction (192 mb) and
neutron emission from 238 U. The initial population of
the 239 Np is also large, due to the proton absorption of
133mb from the breakup-fusion reaction as well as preequilibrium and equilibirum neutron emission from 240 Np.
The statistical neutron emission cascade continues beyond
239
Np, producing a reasonably large initial population
of 307 mb for the 238 Np nucleus and a smaller initial
population of 89 mb for 237 Np.

A complete description of a deuteron-induced reaction
would require taking into account other direct reactions
and, most importantly, the formation of the compound
nuclei due to deuteron absorption as well as from the
neutron absorption or proton absorption of breakupfusion. We will not take into account any other direct
reactions here. Deuteron absorption by the target forms
a compound nucleus distributed over a range of angular
momentum states, but with a well-defined excitation
energy, determined by the initial deuteron energy. The
breakup-fusion reactions form two other compound nuclei
(the compound nucleus formed by deuteron absorption
minus a proton or a neutron) with a fairly wide distribution
in both excitation energy as well as angular momentum.
These distributions can be included in a nuclear reaction
code and the subsequent decay of the compound nuclei
can be calculated. We have integrated the deuteron elastic
breakup and breakup-fusion into the EMPIRE-3 reaction
code[19]. At the moment, we take the breakup-fusion cross
sections to be the nonelastic breakup ones, thus neglecting
the effects of inelastic breakup, and do not take into
account pre-equilibrium emission from the breakup-fusion
nuclei.
Cross sections taken from the EMPIRE-3 output for
the case of 15 MeV deuterons incident on 238 U are shown
in Figs. 2 and 3. In Fig. 2, we see that, of the total
3
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If we now look at the fission and production cross
sections for the surrogate nucleus 239 U, we find both to
be quite small. The production cross section is actually
greatly underestimated, as our calculation does not take
into account stripping to bound states. The small 239 U
fission cross section of 29 mb is due to the low average
energy of the absorbed neutrons, as deduced above from
Fig. 1. We estimated the average kinetic energy of the
absorbed neutrons to be about 1.8 MeV while the kinetic
energy necessary for fission of 239 U is about 1.5 MeV.
Thus, the initial 239 U population decays for the most part
by neutron emission. We note that the production cross
section of 238 U is almost equal to its initial population,
consisting of 238 U in its ground state, from the elastic
breakup process, and in low-excited states resulting from
already low-energy neutron emission from 239 U.

difference limits the extent to which the (d, p) reaction can
substitute a neutron-induced one. However, it also opens
the possibility of studying nuclei over a wider range of
initial populations.
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4. (d,p) breakup-fusion as a surrogate
neutron-induced reaction
To better compare the neutron reaction cross section
with the nonelastic (d, p) breakup cross section, shown
in the left panel of Fig. 4 as a function of neutron
energy and orbital angular momentum for a deuteron
energy of 15 MeV, we have renormalized the former so as
to reproduce the angular momentum summed nonelastic
(d, p) cross section as a function of the neutron energy,
dσ(d, p) σn (E, l)
d σ̃n
(E, l) =
dE
d E σn (E)

(8)

The renormalized neutron reaction cross section is shown
in the right-hand panel of Fig. 4. We immediately observe
the greater extension in angular momentum of the inclusive
nonelastic (d, p) cross section.
To quantify the difference, we compare the average
angular momenta of the distributions as a function of the
neutron energy E, shown by the red curves in Fig. 5. We
observe that the difference in average angular momentum
of the (d, p) and neutron reaction cross sections is largest
at low neutron energy, but is still about one unit of angular
momentum in the region of the energy peak of the (d, p)
reaction. A similar conclusion holds for the (d, n) reaction
and a proton-induced one, as can be seen by comparing the
blue curves in the figure.
We thus find that a (d, p) reaction typically furnishes
more angular momentum to the compound nucleus than a
neutron-induced reaction at the same neutron energy. This
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