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Abstract. Cross sections for compound-nuclear (CN) reactions are important for nuclear astrophysics and
other applications. Direct measurements are not always possible for the reactions of interest and calculations
without experimental constraints can be quite uncertain. Thus indirect approaches, such as the surrogate reac-
tion method (SRM), are being developed to fill the gaps. The SRM, which uses a (direct) inelastic scattering
or transfer reaction to obtain information on the decay of a specific compound nucleus, has a long history of
providing probabilities for fission, γ, and particle emission. While earlier implementations of the method used
minimal theory to provide approximate cross sections for (n,f) reactions, better theoretical descriptions of the
underlying reaction mechanisms have made it possible to also obtain (n,γ), (n,n’), and (n,2n) cross sections that
agree well with benchmarks. I discuss multiple applications of the modern implementation of the SRM, high-
light theory advances that enable them, and comment on opportunities offered at new experimental facilities.

1 Introduction

Many applications in the areas of nuclear astrophysics,
nuclear energy, and national security require cross sec-
tions for compound-nuclear reactions [1–3]. When re-
action data is available, nuclear data evaluators perform
calculations to complement the measurements by pro-
viding interpolations (mostly in energy), some extrapo-
lations (typically to neighboring isotopes), and estimated
uncertainties. Evaluations use a combination of R-matrix
and Hauser-Feshbach (HF) reaction theory to describe
compound-nuclear (CN) reactions; direct-reaction theory
is used to provide transmission coefficients for HF calcu-
lations and additional contributions that are not included
in the HF description. The discussion in this paper is fo-
cused on constraining cross sections for reactions that can
be described in the HF formalism. These are reactions that
involve statistical averages over strongly overlapping CN
resonances [4].

The HF formalism expresses the reaction cross section
as a product of the formation cross section and the decay
probability:

σαχ(Ea)=
∑
J,π

σCN
α (Eex, J, π) GCN

χ (Eex, J, π) Wαχ(J) . (1)

Here σCN
α (Eex, J, π) describes the formation of the CN at

excitation energy Eex, spin J, and parity π, by fusing a
projectile a with a target nucleus A and GCN

χ (Eex, J, π) de-
scribes the decay of the CN into the channel of interest, χ.
The product reflects the fact that the reaction proceeds in
two stages – formation and decay of the intermediate CN.
The sum runs over all spins and parities (J, π) of the CN.
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For a neutron capture reaction, A(n, γ)B, we have α = n+A
and χ = γ. Corrections to the factorization are encoded in
the width fluctuation correction factor, Wαχ(J) [5].

Multiple models are needed to calculate the compo-
nents in the HF formula: Optical models enable us to cal-
culate the transmission coefficients (TCs) which quantify
the fusion of neutrons or charged particles with the target
to form the CN, and for the evaporation of these particles
from the CN. The probability for the decay into a specific
decay channel requires similar TCs for additional parti-
cles (e.g. deuterons, α particles, etc.), as well as γ strength
functions (γSFs) for the emission of photons, and informa-
tion on fission barriers for decay by fission. Also needed
are level densities in the intermediate and residual nuclei
involved in the reaction.

Many models have been developed for use in HF cal-
culations [6]. Most are based on phenomenological de-
scriptions of the underlying nuclear properties and involve
adjustable parameters. The multitude of choices that are
available can make the calculations quite uncertain, in par-
ticular when multiple decay channels compete. Nuclear
data evaluators use their subject-matter expertise to select
the most appropriate models and rely on experimental data
to constrain the model parameters. This becomes a chal-
lenge when no data exists, as is typically the case for un-
stable isotopes, both near and – especially – far away from
the valley of stability.

To address this challenge, a multi-pronged approach is
needed: 1) We need to develop microscopic theories that
are able to predict the structure and reaction ingredients.
Such theories use protons, neutrons, nuclear forces, and
a quantum-mechanical many-body framework as building
blocks. 2) We need to perform direct measurements of
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the desired reaction cross sections, where possible. 3) We
need to obtain constraints from indirect measurements. All
three of these components are required: Predictive theory
is needed, as it is not feasible (or desirable) to measure
every single reaction cross section used in applications.
Direct measurement provide stringent tests of theoretical
predictions, and indirect measurements are indispensable
when direct measurements cannot be carried out.

The surrogate reaction method (SRM) is an approach
that combines theory and experiment to provide such indi-
rect constraints for CN reactions. The approach has been
used in various forms since the 1970s, when it was in-
troduced to obtain cross sections for neutron-induced fis-
sion (see Ref. [7] for a review). Over the past decade, the
method has seen much new development, in both experi-
ment and in theory. The focus has shifted from (n,f) reac-
tions to neutron capture, for which there is strong interest,
in particular in the nuclear astrophysics community. The
approach can also be used for other neutron-induced reac-
tions, e.g. (n,n′), (n,2n), (n,p), (n,α), and for reactions with
other incident particles, such as protons or alpha particles.
This paper describes the surrogate concept, highlights re-
cent developments, and points out new opportunities.

The SRM formalism and illustrative applications are
described in the next section. A central tenet of the modern
implementation of the method is the integration of reaction
theory, which makes it possible to account for the “spin-
parity mismatch” - the difference in the way the interme-
diate, compound nucleus is populated in the surrogate re-
action relative to the population occurring in the desired
reaction. This issue is treated in Sect. 3. Opportunities for
using the SRM at radioactive beam facilities and for new
fission studies are considered in Sects. 4 and 5, respec-
tively. Present limitations of the approach are mentioned
in Sect. 6 and concluding remarks are given in Sect. 7.

2 Surrogate reactions method

This section introduces the modern surrogate reactions ap-
proach and illustrates the method with examples that em-
ploy different surrogate mechanisms, including transfer re-
actions and inelastic scattering, to obtain cross sections for
neutron-induced reactions.

2.1 Concept

The method makes use of the fact that the reaction of in-
terest, a + A → B∗ → c + C, proceeds in two stages,
with the cross section uncertainties arising primarily from
a lack of information on the competing decay channels.
To obtain data that constrain the decay models, one per-
forms an alternative ‘surrogate’ reaction – inelastic scat-
tering or a transfer reaction - that uses a more accessi-
ble projectile-target combination to produce the CN B∗:
d +D→ B∗ + b. More precisely, the reaction initially pro-
duces a doorway state (Bd). If the doorway state evolves to
the CN (Bd → B∗), one can measure an observable for the
decay channel B∗ → c +C of interest, in coincidence with
the outgoing particle b from the surrogate reaction. Ob-
servables used to identify the decay channel may include

fission fragments, recoiling reaction remnants, or charac-
teristic γ transitions in the remnant nuclei. The concept is
illustrated in Fig. 1 (top) for the 92Zr(p,d) case, which was
used to determine the 90Zr(n,γ) cross section [8]. In that
case, γ transitions in 91Zr were measured in coincidence
with the outgoing deuteron from the (p,d) reaction.

Formally, we express the probability for observing the
characteristic decay observable as

Pδχ(Eex) =
∑
J,π

FCN
δ (Eex, J, π) GCN

χ (Eex, J, π) , (2)

where FCN
δ (Eex, J, π) is the spin-parity population of the

CN and δ refers to the formation of the CN in the surrogate
reaction. The spins and parities of the CN are those of the
doorway state; they depend on the surrogate reaction. Cal-
culations of FCN

δ (Eex, J, π) are discussed in Sect. 3.2. As in
Eq. (1), GCN

χ (Eex, J, π) describes the decay of the CN and
contains models with uncertain parameters, such as level
densities (LDs) and γ-ray strengths functions (γSFs). By
adjusting decay models and parameters to reproduce mea-
sured coincidence probabilities, Pδχ(Eex), one obtains the
constraints needed to calculate the desired cross section.

2.2 Direct (p,d) as a surrogate reaction mechanism

The first SRM application that accounted for the spin-
parity population of the CN as described above utilized
a (p,d) reaction to obtain neutron capture cross sections.
The 90Zr(n,γ) and 87Y(n,γ) cross sections were determined
using surrogate 92Zr(p,d)91Zr∗ and 89Y(p,d)88Y∗ reactions,
respectively [8]. The 90Zr capture cross section is known
and served as a benchmark for the method. A 28.5 MeV
proton beam was impinged on a 92Zr target which pro-
duced the 91Zr∗ CN (see Fig. 1, top). The angle and energy
of the outgoing deuteron were used to reconstruct the en-
ergy of the CN. The setup made it possible to scan through
energies in 91Zr from the ground state to Eex ≈14 MeV. In
coincidence with the deuteron, characteristic γ-rays, cor-
responding to transitions between low-lying states in 91Zr
were used to identify the decay channel.

Each γ transition yields probability data of the type
shown in the bottom panel of Fig. 1. The probability of
observing the 1882 keV γ-transition falls off above S n,
since neutron emission becomes competitive. This fall-
off provides constraints for the models used in statistical
decay calculations for the CN 91Zr, in particular for LDs
and γSFs.

To determine the constraints, appropriate spin-parity
populations FCN

δ (Eex, J, π) are used in Eq. 2 and the pa-
rameters in GCN

χ (Eex, J, π) are fitted to reproduce the mea-
sured coincidence probabilities, Pδχ(Eex). This was done
using Monte-Carlo sampling of a prior distribution for five
LD and nine γSF parameters, and applying a Bayesian ap-
proach. Subsequently, the desired 90Zr(n,γ) cross section
was calculated using parameters sampled from the pos-
terior distribution [8]. The CN formation cross sections
σCN
α (Eex, J, π) were calculated with the Koning-Delaroche

optical-model potential [10]. The capture cross section
was found to be in good agreement with direct measure-
ments and evaluations [8].
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Figure 1. Top panel: The surrogate 92Zr(p,d) reaction was used
to produce the CN 91Zr∗, which subsequently decayed by neutron
evaporation and γ emission. The experiment measured the prob-
ability of observing γ transitions between low-lying states in 91Zr
in coincidence with the deuteron from the surrogate reaction (Re-
produced from Ref. [9].). Bottom panel: Measured coincidence
probability for the 1882 keV transition, as function of the 91Zr ex-
citation energy, and fit (grey band) achieved by adjusting parame-
ters in the CN decay models. The resulting parameters were used
to extract the 90Zr(n,γ) cross section, see Ref. [8] (©American
Physical Society, 2018, reproduced with permission).

The SRM relies only on the surrogate reaction data. In
the application discussed, no use was made of auxiliary
quantities, such as the average s-wave resonance spacing
(D0) or average radiative width (⟨Γγ⟩) which, if available,
provide stringent constraints on the LDs and γSFs, and
thus on the (n,γ) cross section. This is important, since -
unlike in this benchmark case - D0 and ⟨Γγ⟩ are not avail-
able for capture reactions on unstable nuclei. In fact, since
the SRM provides constraints for parameters of the LD
and γSF models, one can calculate D0 and ⟨Γγ⟩. The re-
sults are shown in the first line of Table 1. Results from
other work, all of which rely on direct measurements of
D0 and ⟨Γγ⟩, are shown for comparison. Overall, reason-
able agreement is found with the available data.

Table 1. Average s-wave resonance spacing (D0) and gamma
decay width (⟨Γγ⟩), extracted from the analysis of surrogate

92Zr(d,p) data, compared to values from direct measurements.

D0 [keV] ⟨Γγ⟩ [meV] Reference
10 185 Surrogate (p,d), Ref. [8]
6.89 (0.53) 170 (20) Mughabghab, Ref. [15]
6.00 (1.40) 130 (40) RIPL-3, Ref. [6]
7.18 (23) 180 (137) Guttormsen, Ref. [14]
7.18 (23) 130 (40) Guttormsen, Ref. [14]

The parameter constraints determined from the fit to
the surrogate (p,d) data also allow for the calculation of the
γ-ray strength function. The E1 and M1 γSFs are shown
in Fig. 2. The thick curves are the average values, and the
grey and orange bands give the uncertainties; the dashed
black curve is the total. Results from other measurements
are shown for comparison.

Both the capture cross section [8] and the decay mod-
els (Fig. 2) compare favorably with other measurements
for this n+90Zr benchmark case. This provides confidence
for using the method to determine cross sections for re-
actions on unstable nuclei, such as neutron capture on
the short-lived 87Y isotope. Using the same experimen-
tal setup as employed for the Zr case, a surrogate 89Y(p,d)
experiment was performed. Cross sections were obtained
for neutron reactions involving both ground and isomeric
states states in 87Y and 88Y [8, 11].
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Figure 2. E1 (blue curve, grey band) and M1 (orange band)
γ-ray strength functions obtained from surrogate 92Zr(p,d) data,
with uncertainties. The sum (dashed black curve) are compared
to data by Berman et al. [12], Utsonomiya et al. [13], and the
indirect measurement by Guttormsen et al. [14].

2.3 Direct (d,p) as a surrogate reaction mechanism

The second SRM application that accounted for the spin-
parity population of the CN in the manner described above
employed a (d,p) reaction: A 95Mo(d,p) experiment was
performed to obtain the 95Mo(n,γ) cross sections [16].

In regular-kinematics, a (d,p) surrogate reaction has
limited use for inferring the cross section of a neutron-
induced reaction, since it requires the same target that a
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direct measurement of the desired reaction would use. For
inverse-kinematics experiments with radioactive beams,
however, (d,p) has some attractive attributes: When im-
pinging a heavy unstable beam on a deuterated target, the
outgoing protons can be conveniently detected at back an-
gles. In addition, since (d,p) measurements are expected to
be used for probing single-particle structure of exotic iso-
topes, nuclear structure investigations and surrogate mea-
surements can be performed in the same experiment.

The 95Mo(d,p) case was carefully selected to provide a
meaningful benchmark: The CN nucleus produced in the
surrogate reaction, 96Mo∗, is even-even, with a γ-decay
pattern that is relatively simple to model in HF decay cal-
culations. Several known γ transitions were observed,
including a 2+ → 0+ collector transition. The desired
95Mo(n,γ) cross sections has been measured directly over
a broad energy range. The cross section extracted from the
surrogate experiment was found to be in excellent agree-
ment with the directly-measured result and nuclear data
evaluations [16].

2.4 Inelastic scattering as a surrogate reaction
mechanism

A third application of the SRM with consideration of the
spin-parity population of the CN used inelastic scatter-
ing for an actinide nucleus. Perez Sanchez et al. [17]
performed an inelastic alpha scattering experiment with
a 240Pu target and observed the decay of the CN 240Pu∗.
They measured the probabilities for observing the outgo-
ing α with a) the γ channel and b) the fission channel. Us-
ing calculated spin-parity populations, they modeled the
CN decay and adjusted parameters in the HF calculation
to reproduce the observed γ and fission coincidence prob-
abilities. The extracted fission and capture cross sections
were found to be in reasonable agreement with direct mea-
surements. They also demonstrated that not taking into ac-
count the differences in the spin-parity populations of the
desired and surrogate reactions gives results that deviate
significantly from the correct cross section.

Inelastic scattering is known to produce compound nu-
clei at very high excitation energies, making it an ideal
surrogate reaction mechanism for determining (n,n′) and
(n,2n) cross sections. An experiment for that purpose was
performed at LBNL [18]. A 50-MeV 3He beam was used
to produce 91Zr∗ at excitation energies up to Eex ≈ 34 MeV.
At low energies, the 91Zr∗ nucleus was seen to decay solely
by γ emission. Above S n, neutron emission (followed by
γ transitions in 90Zr) started to compete. At even higher
energies, two neutrons were emitted and γ transitions in
89Zr were observed. Thus, one surrogate experiment pro-
vided information on three exit channels, as identified by
γ-transitions in 91Zr, 90Zr, and 89Zr. Utilizing calculated
spin-parity populations for the full energy range, LD and
γSF parameters were fitted to reproduce the measured sur-
rogate coincidence probabilities. Subsequent sampling of
the fitted parameters made it possible to determine the
90Zr(n,γ), 90Zr(n,n′), and Zr(n,2n) cross sections from one
experiment.

For the 90Zr(n,n′) and 90Zr(n,2n) reactions, both the to-
tal cross section and partial cross sections for populating
isomeric final states were obtained. The preliminary re-
sults were found to be in good agreement with the directly
measured data and available nuclear data evaluations.
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3He3He’
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Figure 3. Inelastic 3He scattering was used as a surrogate reac-
tion mechanism to populate the CN 91Zr∗. The subsequent decay
of the compound nucleus into the channels 91Zr + γ, 91Zr + n
and 91Zr + 2n, was measured by identifying characteristic γ tran-
sitions in three residual nuclei, 91Zr, 90Zr, and 89Zr, Using theory
to calculate the spin-parity population in 91Zr∗ and fitting the de-
cay models to reproduce the surrogate data made it possible to
obtain the 90Zr(n,γ), 90Zr(n,n′), and 90Zr(n,2n), (n,γ) cross sec-
tions from this experiment.

3 Spin-parity population of the CN

A CN formed by fusion of a neutron with a target has typi-
cally a different (J, π) population than when it is formed
via a transfer reaction or inelastic scattering. This is
referred to as the ‘spin-parity mismatch’ or ‘(J, π) mis-
match.’ The examples discussed above used calculated
surrogate (J, π) populations for the decaying CN to deter-
mine the uncertain level density and γ-ray strength func-
tion parameters. This procedure is necessary, as the spins
and parities populated impact how the CN decays.

3.1 Impact of spin-parity populations on CN decay

The question of how the (J, π) population impacts the
decay of the CN has been thoroughly studied. Mul-
tiple publications have investigated the behavior of the
GCN
χ (Eex, J, π) values that occur in Eq. 2, for various (J, π)

combinations, as a function of excitation energy in CN.
The decay calculations were performed for nuclei for
which the LD and γSF models are reasonably well known,
in several regions of the nuclear chart.

Some of these sensitivity studies also investigated the
impact of ignoring the (J, π) mismatch on cross sections
obtained from simulated surrogate experiments. They
performed a so-called Weisskopf-Ewing (WE) analysis
of the simulated data by assuming that the CN decay
is independent of (J, π), i.e. GCN

χ (Eex, J, π) ≈ GCN
χ (Eex).
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In this situation PCN
δ,χ (Eex) ≈ GCN

χ (Eex) holds since∑
J,π FCN

δ (Eex, J, π)= 1 for all energies. In the WE limit,
the application of the surrogate method becomes very sim-
ple, as the cross section of the desired reaction reduces
to σWE

αχ (Ea) = σCN
α (Eex) GCN

χ (Eex), where σCN
α (Eex) =∑

J,π σ
CN
α (Eex, J, π) is the CN formation cross section.

In multiple studies, gamma emission was found to be
very sensitive to the (J, π) values of the CN, in particu-
lar for nuclei with low level densities, e.g. near shell clo-
sures [19–22]. When neutron emission is the only compet-
ing channel, the decay pattern is seen to be very sensitive
to the low-energy behavior of the s- and p-wave neutron
transmission coefficients and the properties of the states in
the neighboring nucleus that are energetically accessible.

As a consequence of this sensitivity, neutron capture
cross sections extracted from surrogate reaction data un-
der the WE assumption can deviate significantly from the
actual cross section. This was demonstrated not only in
the sensitivity studies [19–21], but also in multiple appli-
cations [16, 17, 22–24]. Even for well-deformed nuclei
with high level densities, such as the Gd isotopes, the re-
sulting (n,γ) cross sections were seen to be off by factors
of 3-10 [22], and the deviations are expected to be worse
for nuclei near closed shells, e.g. for 90Zr.

Calculated fission decay probabilities GCN
f iss(Eex, J, π),

on the other hand, were found to be less sensitive to
the CN (J, π) values [25]. This is in line with results
from early surrogate applications to (n,f) reactions, which
used the WE approximation to determine (n,f) cross sec-
tions. The WE approximation, as well the "Ratio" variant
thereof [26], was used in almost all applications to fission,
including some recent applications [27–29]. Notable ex-
ceptions include the work by Younes and Britt [30, 31].

While using the WE or Surrogate Ratio approxima-
tion to obtain fission cross sections from surrogate reaction
data gives results that are generally in reasonable agree-
ment with direct measurements, discrepancies can occur at
low energies (En ≤ 1-2 MeV), and at the onset of first and
second-chance fission [25]. It is therefore recommended
that one correct for the (J, π) mismatch in fission applica-
tions, if possible.

Sensitivity studies have also been performed to assess
the effect of (J, π) populations on CN decay by the emis-
sion of one neutron, two neutrons, or multiple protons.
This is relevant for applications to (n, n′) and (n, 2n) re-
actions [32], and (n, xp) reactions [33, 34]. The studies
find that these decays are less sensitive to the CN (J, π)
values than γ emission cases, but the WE approximation
can generally not be justified.

3.2 Calculating spin-parity populations for
surrogate reactions

The (J, π) population of the CN formed in a surrogate re-
action depends both on the structure of the nucleus and
on the reaction mechanism used to produce the CN. This
means that the (J, π) population cannot simply be taken
to be equal to the (expected) intrinsic spin distribution of
the nuclear level density. A simple counterexample is pro-

vided by inelastic α scattering, which populates preferen-
tially natural-parity states.

Assuming that a particular surrogate reaction produces
a (J, π) population similar to that of an n-induced reaction
is not justified. Even in a (d,p) surrogate reaction, which
deposits a neutron on a target nucleus, there are reaction
processes involving the breakup of the deuteron and the
emission of the proton that make the formation of the CN
different from what occurs in standard neutron absorption.

To calculate the relevant (J, π) population for a given
surrogate reaction, it is necessary to go beyond a simple
application of available direct-reaction tools. In the cases
studied so far, it was necessary to develop descriptions for
nuclear structure properties at excitation energies between
5-15 MeV (for neutron capture applications) and higher
(up to about 35 MeV for (n,2n) applications). In addition,
two-step reactions were found to play a role.

To calculate the (J, π) population, we recall that a sur-
rogate experiment uses a direct reaction, which produces a
doorway state Bd that damps into the relevant CN B∗. We
only need to calculate the (J, π) population for Bd, since
the damping process preserves energy, spin and parity.

In the (p,d) reaction discussed above, deep neutron
holes were created to produce excitation energies near the
neutron separation energy (7.19 MeV for 91Zr and 9.35
MeV for 88Y). The location and fragmentation of the holes
is not well known, but can be calculated by using infor-
mation contained in dispersive optical-model potentials
(DOMPs). Neutron DOMPs give energy-averaged nu-
clear properties such as single-particle energies and spec-
tral functions, which can be used in calculations of neu-
tron removal. In addition to 1-step neutron removal, it is
necessary to calculate contributions from two-step reac-
tions. In the (p,d) application discussed in Ref. [8] two
types of two step-reactions were found to contribute: in-
elastic proton scattering in the entrance channel, followed
by neutron removal, (p,p′)(p′,d), and neutron removal fol-
lowed by inelastic deuteron scattering in the exit channel,
(p,d′)(d′,d). Including both 1-step and 2-step contributions
is important for reproducing the measured (p,d) ‘singles’
cross sections, in magnitude and angular distribution, and
for obtaining the proper (J, π) population.

The (d,p) reaction appears - at first glance - to be the
ideal surrogate for a neutron-induced reaction, as it de-
posits a neutron on the same target nucleus. However,
the proton that is observed in the surrogate experiment can
come from various mechanisms, only one of which is rel-
evant to the application. Elastic deuteron breakup, for ex-
ample, does not produce the CN of interest, so it has to be
calculated and corrected for. The process of interest is one
in which the deuteron breaks up into a proton and neutron,
with the neutron being absorbed while the proton is ob-
served in the detector. Over the past decade, the develop-
ment of the proper formalism to describe this process has
received much attention. The theory has been developed
in parallel by several groups [35–37] and the associated
codes were found to give consistent results [38].

In the (n,2n) application discussed above, 3He inelastic
scattering was used to populate the 91Zr nucleus at various
excitation energies, from the low-lying states to about 35
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MeV. The structure of all states that could be reached by
inelastic scattering were described using the quasi-particle
Random-Phase Approximation (QRPA) with a Skyrme in-
teraction [18, 39, 40]. Using a folding model and an effec-
tive α-nucleon interaction, coupling potentials were pro-
duced that made DWBA calculations possible. In addition
to 1-step inelastic scattering, two-step contributions from
(3He,d)(d,3He′) and (3He,α)(α,3He′) were calculated. At
energies above Eex ≈ 10 MeV, all three contributions were
needed to reproduce the measured ‘singles’ cross section
and to calculate the (J, π) population of the CN.

The examples discussed here illustrate the significant
progress made in understanding and theoretically describ-
ing the surrogate reaction mechanisms that are used to in-
directly infer unknown cross sections.

4 Surrogate reactions with radioactive
beams

Radioactive-beam facilities provide new opportunities to
study properties of exotic nuclei. An important area of
application is the measurement of properties that allow us
to calculate cross sections for unstable isotopes more reli-
ably. This is of particular interest for gaining insights into
the processes that are responsible for the synthesis of the
heavy elements [1–3]. Multiple surrogate reactions experi-
ments have already been carried out and are being (or have
been) used to determine neutron capture cross sections.

4.1 Experiments utilizing discrete γ transitions

Two (d,p) surrogate reaction experiments with Sr beams
were conducted at TRIUMF in Vancouver, Canada. In
each, a Sr beam was impinged on a CD2 target. The pro-
tons were detected in the segmented Si array SHARC and
a set of HPGe clovers was used to detect coincident γ tran-
sitions in the CN. The first of these experiments was used
in a study of structural properties of 96Sr [41]; an analysis
is underway to investigate if the coincident decay probabil-
ities can be used to determine the 95Sr(n,γ) cross section.
The second experiment [42] was designed to determine the
93Sr(n,γ) cross section and provide some insights into the
decay of the 94Sr nucleus, which was found to emit a sur-
prisingly large number of gammas when produced by β-
decay [43]. The analysis for this experiment is underway.

4.2 Experiments detecting recoiling nuclei

While the TRIUMF measurement tagged the channel of
interest using γ-rays, an inverse-kinematics 84Se(d,p) ex-
periment conducted at the NSCL detected beam-like re-
coils in the S800 spectrometer and protons in the OR-
RUBA barrel array [44] (see Fig. 4). Unreacted beam par-
ticles, 84Se, as well as 85Se formed in the (d,p) reaction,
and 84Se, resulting from the formation of 85Se with sub-
sequent neutron emission, moved through the spectrome-
ter. A blocker was used to detect only 85Se, the nucleus
of interest for the γ channel, in coincidence with protons.
The measurement provided the probability for decay into

the γ channel, rather than for decay through a specific γ
transition in 85Se, but the procedure for determining the
84Se(n,γ) cross section was analogous to that used for the
earlier experiments. The preliminary cross section for this
unstable isotope was found to be similar to, but lower than
the best available calculation, the TENDL23 evaluation,
which relies on a combination of microscopic structure
predictions and extrapolated regional systematics.

85Se*

g
n

Surrogate reaction

dp

84Se

Nucleus of interest
For 84Se(n,g) 

84Se(n,g) cross section from 84Se(d,pg) 

Figure 4. Schematic depiction of an 84Se(d,p) reaction that was
carried out in inverse kinematics to obtain the (n,γ) cross section
for 84Se, which is two neutrons away from the next stable Se iso-
tope. In the experiment, recoiling beam-like particles (here 85Se)
were detected instead of γ transitions in the remnant nucleus.

An inverse-kinematics (d,p) surrogate reaction experi-
ment that similarly focused on detecting recoils was con-
ducted at RIKEN [45]. 77,79Se beams were produced at the
BigRIPS separator and impinged on a CD2 target. Resid-
ual Se nuclei were detected in the SHARAQ spectrometer,
in coincidence with protons that were identified in a Si
strip detector. Estimated (J, π) populations were used in
Hauser-Feshbach decay calculations and LD parameters
were adjusted to reproduce the surrogate decay probabili-
ties. The parameters constrained in this manner were used
to calculate the 79Se(n,γ) cross section. In addition, a vari-
ant of the WE approximation, the Surrogate Ratio method,
was used to obtain the neutron capture cross section for
79Se relative to that for 77Se.

An inelastic proton scattering experiment was con-
ducted in inverse kinematics at the heavy-ion storage ring
at GSI/FAIR [46]. 208Pb ions were accelerated in the
ring and intersected with a hydrogen gas target. The
inelastically-scattered protons were detected in a Si tele-
scope and beam-like residual recoils were detected in a
double-sided strip detector. The probability for observ-
ing the neutron channel, which competes with γ decay
of 208Pb, was determined as function of the 208Pb exci-
tation energy. Predicted (J, π) populations were combined
with HF decay models to calculate the probability of neu-
tron evaporation. Multiple combinations of LDs and γSFs
were found to result in good agreement with the mea-
sured probabilities. These were also seen to provide cap-
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ture cross sections that are in agreement with the evaluated
207Pb(n,γ) cross section.

5 Revisiting fission

Describing the fission process and the various fission ob-
servables is a challenge for nuclear theory. Descriptions
presently in use range from phenomenological models
with adjustable parameters to microscopic static or time-
dependent approaches that aim to predict observables. A
large amount of data is needed to constrain the parame-
ters and test the theory predictions. In addition, many ap-
plications require fission cross sections, fission fragment
distributions, and associated observables.

Surrogate reactions can contribute useful information
in this context, since various fission properties can be ob-
served in coincidence with the surrogate-reaction ejectile.
The approach provides control over the energy of the fis-
sioning nucleus and makes it possible study fission below
the neutron threshold. The early surrogate reactions mea-
surements, performed in the 1970s, were focused on ob-
taining (n,f) cross sections (for a review, see Ref. [7]).

Both the early (n,f) measurements, as well as
more recent fission applications [27–29], employed the
Weisskopf-Ewing approximation in the analyses of the
surrogate data. The recent measurements often used the
Surrogate Ratio method, a variant of the WE approxima-
tion [26]. The work by Younes and Britt [30, 31] is no-
table, as it incorporated corrections for the (J, π) mismatch
in a re-analysis of older data. More recently, the role of
width fluctuations in fission applications has been theoret-
ically investigated [47].

Multiple new opportunities are emerging for studying
fission properties with surrogate reactions. At Argonne
National Laboratory, the solenoidal spectrometer HELIOS
was used in an inverse-kinemematics (d,p) experiment in
which a 238U beam impinged on a CD2 target [48]. The
outgoing protons were deflected in the magnetic field and
detected upstream in a Si array, while the fission fragments
were detected downstream in gas-filled heavy-ion detec-
tors. The resulting coincidence probabilities were used to
extract fission barriers for 239U, which in turn were com-
pared to the barriers used in nuclear reaction evaluations.
The idea of using a solenoidal spectrometer with a radioac-
tive beam has received a lot of interest. Future measure-
ments are planned with SOLARIS at FRIB and with the
ISOLDE Solenoidal Spectrometer at CERN.

6 Present limitiations of the method

The surrogate reaction method is a powerful approach for
studying decay properties of compound nuclei. When
considering new applications, it is important to keep the
present limitations of the method in mind.

Most importantly, the method outlined here can only
be used to determine a cross section of a reaction that can
be described in Hauser-Feshbach theory, i.e. as an average
over strongly-overlapping resonances. Compound-nuclear
reaction that proceed through the formation of resolved or

weakly-overlapping resonances are not expected to be re-
liably extracted from a surrogate experiment. This applies,
for example, to reactions of astrophysical interest that are
dominated by individual resonances. The SRM is also not
able to provide cross section constraints for direct reac-
tions, such as direct neutron capture.

The surrogate reaction employed has to form a door-
way state that damps into the CN of interest. More work
is needed to better understand the equilibration process.
In addition, practitioners of the method need to critically
examine experimental observables for indications of pre-
equilibrium decays (which, in some circumstances, can be
accounted for).

Finally, the SRM is not a substitute for theoretical ap-
proaches that predict reactions. Since it is not possible to
measure all reactions of interest, due to the sheer num-
ber of them, it is important to develop theoretical predic-
tions for CN reactions. The SRM can then provide tar-
geted cross section results to validate theory and address
specific needs.

7 Outlook and conclusions
The surrogate reaction method combines theory and indi-
rect measurements to constrain cross section calculations
for compound reactions that cannot be measured directly.
The method employs inelastic scattering or transfer reac-
tions in regular or inverse kinematics to form the CN of
interest and measures the decay of the CN. The surro-
gate analysis relies on observables that indicate CN de-
cay into a specific channel of interest to determine pa-
rameter constraints needed to calculate the desired cross
section. It does not use auxiliary quantities (such as
D0 or ⟨Γγ⟩), which are unavailable for unstable isotopes.
When Bayesian parameter inference is implemented, it is
straightforward to obtain quantified uncertainties and cor-
relations along with the desired cross section.

A critical element for obtaining reliable cross sections
is the use of theory to account for the spin-parity mis-
match between the surrogate and desired reactions. The
last decade has seen significant progress in this area. The
development of theoretical descriptions of the surrogate
reaction mechanisms has made it possible to extract cross
sections for challenging reactions, such as neutron cap-
ture, from surrogate data. Additional work is required
to efficiently and reliably determine many unknown cross
sections of interest. This includes the development of
broadly-applicable descriptions of inelastic scattering and
transfer reactions, including for deformed nuclei, a better
understanding of the equilibration mechanism in nuclei,
and the role of width fluctuations in surrogate reactions.
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