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Abstract. Cross sections for compound-nuclear reactions involving unstable targets are important for many
applications, but can often not be measured directly. Several indirect methods have been proposed to determine
neutron capture cross sections for unstable isotopes. We consider an approach that aims at constraining
statistical calculations of capture cross sections with data obtained from light-ion transfer reactions such as
(p,d). We discuss the theoretical descriptions that have to be developed in order to extract meaningful cross
section constraints from such data and show some benchmark results.

1. Introduction
Neutron-capture reactions on unstable isotopes are of
interest to astrophysics and other applications [1, 2]. Cross
sections for many short-lived isotopes have to be calculated, but suffer from large uncertainties due to poorlyconstrained inputs. Several indirect methods are currently
being explored for their ability to provide constraints
for these calculations: The compound nuclei (CN) of
interest are produced via light-ion inelastic scattering and
transfer reactions, photon-induced reactions, and nuclear
β decay [3–6] and constraints come from measurements
of the subsequent CN decay. Each method has strengths,
as well as experimental and theoretical challenges that
have to be overcome in order to provide reliable capture
cross sections for nucleosynthesis modeling and other
applications. In particular, the formation of the CN in
the indirect approach has to be understood in order to
correct for differences between the measured and desired
reactions.
This contribution discusses the example of onenucleon transfer reactions. The procedure for obtaining
constraints on neutron capture calculations is explained,
the theoretical methods needed to describe (p,d) transfer
reactions that result in a CN are outlined, and a comparison
with experimental observables is shown.

2. Cross section calculations and
constraints from indirect measurements
The CN capture reaction n + A → B ∗ → γ + B is described in the statistical Hauser-Feshbach formalism [7, 8],
which accounts for conservation of angular momentum
and parity:

CN
σn+A
(E ex , J, π ) G Cχ N (E ex , J, π ) .(1)
σn+A,χ (E n ) =
J,π

Here χ = γ + B denotes the exit channel, and the
excitation energy E ex of B ∗ is related to the neutron
a
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energy via E n = A+1
(E ex − Sn ), where Sn is the neutron
A
separation energy of the nucleus B. Width fluctuation
corrections have been omitted here, but have to be included
in the calculations. The CN formation cross section,
CN
σn+A
= σ (n + A → B ∗ ), can be calculated using existing
optical potentials. The theoretical decay probabilities G Cχ N
for the different decay channels χ are often quite uncertain,
J
since they contain transmission coefficients, Tχls
, for all
competing exit channels, the associated level densities,
ρ I (U ), in the various residual nuclei, as well as information
on discrete levels:
G Cχ N (E ex , J, π ) =



J
χ   s  Tχ   s 

s I

+





J
Tχs
ρ I (U )d E χ
 J
·
Tχ   s  (E χ  )ρ I  (U  )d E χ 
χ   s  I 

(2)
The quantities  and  are the relative orbital angular
momenta in the exit channels and ρ I (U ) is the density
of levels of spin I at energy U in the residual nucleus.
The denominator includes contributions from decays to
discrete levels and to regions described by a level density.
All sums over quantum numbers must respect parity
conservation, although this is not explicitly expressed
here.
Much effort has been devoted to develop models
to calculate nuclear level densities and transmission
coefficients for particles, photons, and fission, and to
formulate parameter recommendations [9]. Auxiliary
experiments provide important constraints for these
models and their parameters. Most notably, neutron
resonance measurements provide average level spacings
and thus constraints for the level densities near the neutron
separation energy [10]. Average radiative widths provide
information on the product of the level density and the γ ray strength function.
For reactions involving unstable targets, the requisite
neutron resonance spacings and average radiative capture
widths are not available, and the decay probabilities
G Cχ N (E ex , J, π ) become the primary source of uncertainty
in calculations of capture cross sections. Evaluations
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Figure 1. Schematic of a capture reaction. In a compound neutron
capture process, the neutron and target nucleus A Z fuse to form
the compound nucleus A+1 Z, which subsequently decays via a γ ray cascade. This occurs in competition with neutron emission
(shown) and other decays (not indicated).

typically rely on regional systematics in this case, and a
factor two (or more) difference between evaluated cross
sections is not uncommon; for reactions involving nuclei
far from stability the uncertainties increase to more than an
order of magnitude. It is the purpose of indirect methods
to provide constraints that reduce the uncertainties in the
calculated cross sections. For the reactions of interest here,
the indirect approaches produce the relevant CN and obtain
useful information from observing its decay.
In an approach that has become known as the
‘surrogate method’ [3], the compound nucleus B ∗ is
produced by an inelastic scattering or transfer reaction
d + D → b + B ∗ (Fig. 2), and the desired decay channel
is observed in coincidence with the outgoing particle b
at angle θb . The probability for forming B ∗ = A+1 Z ∗ in
the surrogate reaction (with specific values for E ex , J ,
π ) is FδC N (E ex , J, π, θb ), where δ refers to the surrogate
reaction D(d, b). The quantity
Pδχ (E ex , θb ) =



FδC N (E ex ,

J, π, θb )

G Cχ N (E ex ,

Figure 2. CN formation and decay in a surrogate transfer
reaction. Top panel: The CN 91 Zr∗ is produced via the
92
Zr(p,d)91 Zr reaction and subsequently decays via neutron
evaporation and γ emission. Characteristic γ -ray transitions in
91
Zr are measured in coincidence with the outgoing deuteron.
Bottom panel: Measured coincidence probability for the decay
of 91 Zr. The probability of observing the 1466 keV (5/2+ →
5/2+ ) transition in coincidence with the outgoing deuteron is
given as function of E ex (black data points with error bars). The
curves show predicted coincidence probabilities based on onestep (dashed curve) and two-step (solid curve) calculations. These
results are preliminary.

B ∗ = A+1 Z ∗ (from n+ A Z ) with the extracted decay
probabilities G Cχ N (E ex , J, π ) for this state, see Eq. (1).
The problem with previous attempts of obtaining (n,γ )
cross sections from surrogate measurements has been that
the surrogate spin-parity populations FδC N (E ex , J, π, θb )
were not available and approximations had to be
introduced. Typically, it was assumed that either the decay
probabilities G Cχ N (E ex , J, π ) are independent of spin and
parity or that the surrogate and desired reactions populate
the CN in a similar manner. Both theoretical [11–13] and
experimental investigations [14–17] have demonstrated
that these assumptions are not valid.

J, π ) ,

J,π

(3)
which gives the probability that the CN B ∗ was formed
with energy E ex and decayed into channel χ , can be
obtained experimentally by detecting a discrete γ -ray
transition characteristic of the residual nucleus (or some
other suitable observable).
The distribution FδC N (E ex , J, π, θb ), which may be
very different from the CN spin-parity populations
following the absorption of a neutron in the desired
reaction, has to be determined theoretically, so that
the branching ratios G Cχ N (E ex , J, π ) can be extracted
from the measurements. In practice, the decay of the
CN is modeled using a Hauser-Feshbach-type decay
model and the G Cχ N (E ex , J, π ) are obtained by adjusting
parameters in the model to reproduce the measured
probabilities Pδχ (E ex , θb ). Subsequently, the sought-after
cross section can be obtained by combining the calculated
cross section σαC N (E ex , J, π ) for the formation of

3. Surrogate (p,d) reactions: Theory
and experimental tests
Generating accurate predictions of the surrogate spinparity (J π ) distribution is challenging, as it requires a
model for the reaction mechanisms that are involved in the
formation of the compound nucleus. Here we consider the
example of 92 Zr(p,d)91 Zr∗ which produces the CN 91 Zr∗ .
2
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γ -probability drops quickly. The solid and dashed curves
are the results of calculations that combine predictions for
the weights FδC N (E ex , J, π, θb ) in Eq. (3) with a HauserFeshbach-type decay model for 91 Zr. The calculated spin
distributions FδC N (E ex , J, π, θb ) were integrated over the
theo
(E ex ) refers to the
experimental angular range, and Pδχ
associated angle-integrated probability.
Good agreement is found for the full 1+2-step
calculation (solid curve) while the 1-step calculation
(dashed curve) fails to reproduce the ‘shoulder’ above
about 7.5 MeV. Similar shape differences are found for
other transitions (not shown).
This comparison illustrates that the two-step contributions play an important role in the reaction: The 1step removal of a neutron from the 92 Zr nucleus produces
excited states in 91 Zr with angular momentum of at most
J = 9/2 (by removal from the 1g9/2 orbital), with J =
3/2− and J = 5/2− (i.e., removal from the 1 f 3/2 and
1 f 5/2 orbitals) dominating the distribution near the neutron
separation energy. Two-step reactions, proceeding via
inelastic L = 1− , 2+ , . . . , 8+ , on the other hand, produce
spin distributions that contain contributions up to J =
25/2, with the dominant contributions near Sn coming
from J = 3/2 to J = 9/2. The coupling of inelastic
excitations and neutron removal, which leads to final states
with large J values, is found to be critical for reproducing
the measured coincidence probabilities.

This CN is relevant to the 90 Zr(n,γ ) reaction, for which
much information (resonance spacings, average radiative
width, cross section) is known; this case thus serves as
illustrative example and useful test case.
In the example considered here, the surrogate reaction
produces 91 Zr∗ by removing neutrons from inner shells
of the 92 Zr nucleus: 2p1/2 , 2p3/2 , 1f5/2 , 1f7/2 , etc., hole
states are involved in the production of 91 Zr∗ near Sn .
Their location and fragmentation as a function of E ex was
obtained using the dispersive optical model approach of
Mahaux and Sartor [18]. At the high excitation energies
involved, one-step (p,d) pickup processes have to be
complemented by contributions from two-step processes
such as (p,p’)(p’,d) and (p,d’)(d’,d), in which the initial
92
Zr or the final 91 Zr are inelastically excited. The
calculations were carried out using the coupled-channels
code F RESCO [19]. The proton-nucleus optical potential
by Koning and Delaroche [20] was used to describe
the entrance channel, and the deuteron-nucleus potential
by Daehnick et al. [21] was employed for the exit
channel.
Due to the large number of states in the energy band
populated, the different contributions can be assumed
to add incoherently. The weights FδC N (E ex , J, π, θb ) of
the final spins can then be determined from the relative
contributions of the individual cross sections to the total
(p,d) cross section.
To test the theoretical description of this process, one
can compare the total (p,d) cross section to the measured
cross section. The dispersive optical model, which gives
energy-averaged quantities, is not expected to reproduce
the details of the rich nuclear structure present at low
excitation energies (E ex  2–3 MeV). At higher energies
(E ex ≈3–10 MeV) the combination of dispersive optical
model and two-step approach is found to be in reasonable
agreement with the measurements [22]. Observables that
are very sensitive to the details of the spin distribution
of the CN prior to decay are individual γ -ray transitions
in 91 Zr. The present case involves stable nuclei for which
information on levels, level densities, and γ -ray strength
functions is available, so the γ -cascade can be modeled
and tests of the theory predicting the CN population
FδC N (E ex , J, π, θb ) can be carried out. This is, of course,
opposite to the planned procedure of determining an
unknown cross section by adjusting the decay model to
reproduce the surrogate data, but it allows us to test the
description.
The requisite experiment was carried out at the Texas
A&M University Cyclotron Institute, where the K150
Cyclotron was employed to provide a 28.5-MeV proton
beam. Particle-γ coincidence data was collected using the
STARLiTeR array, a combination of a silicon telescope
array and five HPGe clover detectors [23]. The outgoing
deuteron was detected at angles around 30◦ –60◦ and
γ -rays for transitions between low-lying states (E n <
2 MeV) were measured.
In the bottom panel of Fig. 2 the predicted surrogate
theo
probabilities Pδχ
(E ex ) are compared to this data. Here
we show the coincidence probability for the 1466 keV
transition (from the 5/2+ state at 1.466 MeV to the 5/2+
ground state) as a function of E ex in 91 Zr. When the
CN 91 Zr is populated below the neutron threshold (Sn =
7.19 MeV), less than 10% of the decays proceed through
this transition. As the excitation energy is increased
beyond Sn , neutron emission begins to compete and the

4. Conclusions
We outlined a procedure for obtaining constraints for
calculations of neutron capture cross sections using
observables from experiments with transfer reactions.
To illustrate the idea, we discussed preliminary results
from a (p,d) experiment in the Zr region. The decay of
compound nuclei in this region is known to be particularly
sensitive to the spins and parities populated via a surrogate
reaction [11, 12, 14, 23, 24]. We demonstrated that the lightion reaction can be sufficiently well described to reproduce
the indirect measurement observables. This is a first step
towards extracting the desired cross section from the
indirect data. An application of the method to obtain
an unknown cross section for capture on a neighboring
unstable isotope is underway [22].
An advantage of using inelastic scattering and transfer
reactions to produce the CN of interest lies in the variety
of projectile-target combinations that can be utilized.
That makes it possible to reach a large number of
isotopes, in particular when the technique can be combined
with radioactive beams in inverse-kinematics experiments
[25, 26].
Current investigations focus mostly on isotopes close
to stability, where benchmarking is facilitated by the
availability of auxiliary information and, in some cases,
directly-measured cross sections. The longer-term goal is
to develop methods that can be used for a wider range of
reactions. Radioactive beams are now available at multiple
facilities. The availability of these exotic beams makes
it possible to produce important isotopes using inelastic
scattering and transfer reactions in inverse kinematics,
as well as via β-decay, and to study of the subsequent
competition between neutron and γ -ray emission.
We thank the Operations and Facilities staff at the Texas A&M
University Cyclotron Institute for support during the experiment.
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S. Goriely, T. Belgya, A. Ignatyuk, A. Koning,
S. Hilaire, V. Plujko et al., Nuclear Data Sheets 110,
3107 (2009)
[10] S.F. Mughabghab, Atlas of Neutron Resonances,
Resonance Parameters and Thermal Cross Sections
Z = 1 − 100, 5th edn. (Elsevier, Amsterdam, 2006)
[11] C. Forssén, F. Dietrich, J. Escher, R. Hoffman,
K. Kelley, Phys. Rev. C 75, 055807 (2007)
[12] J.E. Escher, F.S. Dietrich, Phys. Rev. C 81, 024612
(2010)

4

