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PART 1:

§ Use of in inverse-reactions for indirect measurements at 
University of Notre Dame

§ Applying our theory capabilities to improve predictive power of 
indirect measurements

PART 2:

§ Sensitivity of an approximation method used for indirect 
measurements

§ Applying this surrogate method to recent data

I will give a summary of the major results of my 
summer projects
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All of the elements in the universe came from a 
handful of astrophysical processes

Images: Anna Simon, SuN
GROUP @ NSCL
groups.nscl.msu.edu/SuN/

https://groups.nscl.msu.edu/SuN/
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Proton-rich elements formed in p-process

Images: Anna Simon, SuN
GROUP @ NSCL
groups.nscl.msu.edu/SuN/

https://groups.nscl.msu.edu/SuN/
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The details of the p-process(es) remain a 
mystery: unable to predict abundances

Images: NNDC chart of 
nuclides

(𝛾, p)
(𝛾, ⍺)

(𝛾, n)
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§ Astrophysics application need better cross sections

§ Orlando Olivas-Gomez from University of Notre Dame  

§ Indirect measurement of (𝛾,p) cross sections from (p,𝛾) 
experiment

Measuring (p,𝛾) can tell us about (𝛾,p)

(p,𝛾) = Proton capture
(𝛾,p) = photo-disintegration of a photon
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§ Original idea: 
— Find the best theoretical model to describe (p, 𝛾) data
— Use that model to predict (𝛾,p) cross sections

UND group measured proton capture cross 
sections

Figure: O. Gomez 
preliminary analysis

This is where I come in…

Targets:
102Pd 
108Cd  
110Cd (Never done before!)
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My work with the theory side of indirect measurements

§ Fit nuclear reaction model parameters with MCMC

§ Indirect measurement 
-> data 
-> parameter estimation 
-> predict desired reaction

§ Surrogate method

Tech specs

§ Python, multiple Hauser-Feshbach reaction codes, multiple observables, simultaneous fitting, parallel sampling, 
2000+ LOC

Notable improvements this summer

§ Ability to include prior distributions for parameters

§ Compatibility with open-source Hauser-Feshbach model code, EMPIRE

I wrote a code for this!
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Applying MCMC to linear regression

y = m x + b

Prior

Posterior
Works by censoring a random 
walk



10

§ Original idea: 
— Find the best theoretical model to describe (p, 𝛾) data
— Use that best model to predict (𝛾,p) cross sections

§ What this will improve:
— Extract more

information from the 
data

— Probability distributions for
parameters

— Uncertainty bars

I can improve the resulting theory with MCMC

Figure: O. Gomez 
preliminary analysis
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From nearest-facsimile to probability distribution

Selecting the best ‘default’ option Tuning a model to constraints given by the data
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§ Gamma-ray strength functions

§ Nuclear level densities

§ Priors mostly from Reference Input Parameter Library (RIPL-3)

I examined nuclear structure model parameters
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Nuclear reaction model parameter estimation

Parameter distributions 
from the 102Pd cross 
section fitting
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Steps
1. Find the best theoretical model to describe (p, 𝛾) data
2. Use that model to predict (𝛾,p) cross sections

With parameters that reflect the data, now we 
can find the desired cross sections

Figure: O. Gomez 
preliminary analysis
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Ag103 (𝛾,p) cross section from (p, 𝛾)-constrained 
parameters

Distribution (blue band) 
reflects information 
encoded in experimental 
error bars

Preliminary
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Improved cross sections means improved 
astrophysics models

Images: Anna Simon, SuN
GROUP @ NSCL
groups.nscl.msu.edu/SuN/

Take aways

• Re-evaluated cross sections may change 
understanding of the p-process

• Error bars tell us how much we can infer from 
the new measurements

https://groups.nscl.msu.edu/SuN/
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p + 108Cd → 109In + 𝛾
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p + 110Cd → 111In + 𝛾
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Hauser-Feshbach Model

isotopic chart, taking place at energies from several keV to
tens of MeV, are required for nuclear astrophysics, national
security, and nuclear-energy applications. Not all relevant
data can be directly measured in the laboratory or easily
determined by calculations.

Direct measurements may encounter a variety of difficul-
ties: The energy regime relevant for a particular application is
often inaccessible: cross sections for charged-particle reac-
tions, e.g., become vanishingly small as the relative energy of
the colliding nuclei decreases. For astrophysical purposes,
such as descriptions of stellar environments and evolution,
reaction rates at energies below 100 keV are needed.
Furthermore, many important reactions involve unstable nu-
clei which are too difficult to produce with currently available
techniques or are too short lived to serve as targets in present-
day setups. Producing all relevant isotopes will remain chal-
lenging even for radioactive-beam facilities.

Cross section calculations are nontrivial since they often
require a thorough understanding of both direct and statistical
reaction mechanisms (as well as their interplay) and a de-
tailed knowledge of nuclear structure. Nuclear-structure mod-
els can provide only limited information and little is known
about optical-model potentials, level densities, and spectros-
copy relevant to nuclei outside the valley of stability.

To overcome these limitations, several indirect methods
have been employed in recent years. Approaches such as the
ANC (asymptotic normalization coefficient) method (Xu
et al., 1994; Azhari et al., 1999; Gagliardi et al., 1999;
Mukhamedzhanov, Gagliardi, and Tribble, 2001; Timofeyuk,
Johnson, and Mukhamedzhanov, 2003; Timofeyuk and
Descouvemont, 2005), Coulomb dissociation (Baur,
Bertulani, and Rebel, 1986; Baur and Rebel, 1996; Baur,
Hencken, and Trautmann, 2003), and the Trojan-horse
method (Baur, 1986; Typel and Baur, 2003; Wolter and
Typel, 2003; Baur and Typel, 2004; Pizzone and Spitaleri,
2008) have yielded valuable cross section information for
various direct reactions. These methods focus on direct re-
actions, i.e., fast reactions (time scale ! 10"22 sec ) that
involve simple rearrangements of the constituents of the
target and projectile nuclei.

The present review focuses on a complementary method,
the surrogate nuclear reaction method, which aims at deter-
mining reaction cross sections for compound-nuclear reac-
tions that involve difficult-to-produce targets. In a compound
reaction, target and projectile nuclei combine to form a highly
excited, intermediate system, the compound nucleus, which
subsequently decays. The reaction proceeds on a relatively
slow time scale (# 10"22 sec ), as the formation of a com-
pound nucleus involves the excitation of many degrees of
freedom. Apart from observing the constraints of basic con-
servation laws (energy, angular momentum), the formation
and decay of a compound nucleus are considered to be
independent of each other in first order (‘‘Bohr hypothesis’’);
this independence is exploited in the surrogate-reaction ap-
proach. To obtain experimental information on the decay of
the compound nucleus (B$) occurring in the reaction of
interest (aþ A ! B$ ! cþ C), this nucleus is produced
via an alternative, ‘‘surrogate’’ reaction (dþD ! B$ þ b)
that involves a projectile-target combination (dþD) that is
experimentally more accessible (see Fig. 1). The decay of B$

is observed in coincidence with the outgoing direct-reaction
particle b. The measured compound-nuclear decay probabil-
ities can then be combined with calculated formation cross
sections for the compound nucleus in the desired reaction to
yield the relevant reaction cross section.

Originally introduced in the 1970s (Cramer and Britt,
1970a; Britt and Wilhelmy, 1979), the surrogate approach
has recently received renewed attention (Younes and Britt,
2003b; 2003c; Petit et al., 2004; Boyer et al., 2006; Burke
et al., 2006; Escher and Dietrich, 2006; Escher et al., 2007;
Jurado et al., 2008; Escher and Dietrich, 2010; Kessedjian
et al., 2010). A sizable number of surrogate experiments
aimed at obtaining ðn; fÞ cross sections has been carried out
over the years, and recent efforts have also considered ðn;!Þ
cross sections. In principle, the method can also provide
information about the charged-particle or two-neutron exit
channels, or for reactions induced by charged particles, but, to
date, little effort has been devoted to those cases.

In this paper, we review the present status of the surrogate
method. In Sec. II, we have compiled representative examples
from the areas of nuclear astrophysics, nuclear energy, and
national security to illustrate the importance of cross sections
for reactions on unstable targets for a wide variety of appli-
cations. The surrogate idea and formalism are detailed in
Sec. III. The majority of the surrogate experiments carried
out so far have focused on ðn; fÞ cross sections. The early
work, carried out in the 1970s, is summarized in Sec. IV, and
the more recent experiments are reviewed in Sec. V. We

FIG. 1 (color online). Schematic representation of the desired (top)
and surrogate (bottom) reaction mechanisms. The basic idea of the
surrogate approach is to replace the first step of the desired reaction,
aþ A, by an alternative (surrogate) reaction,dþD ! bþ B$, that is
experimentally easier to access yet populates the same compound
nucleus. The subsequent decay of the compound nucleus into the
relevant channel, cþ C, can then be measured and used to extract the
desired cross section. Three typical decay channels are shown here:
neutron evaporation, fission, and ! emission.

354 Jutta E. Escher et al.: Compound-nuclear reaction cross sections from . . .

Rev. Mod. Phys., Vol. 84, No. 1, January–March 2012
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Gamma-ray strength functions
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Nuclear level density
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PART 1:

§ Collaboration with University of Notre Dame experimentalists 
using in inverse-reactions for indirect measurements

§ Applying our theory capabilities to improve predictive power of 
their measurements

PART 2:

§ Sensitivity of an approximation method used for indirect 
measurements

§ Applying this surrogate method to recently new data
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Indirect Measurements are Necessary for 
Radioactive Target Measurements

Reactions on radioactive targets are difficult or 
impossible to measure.

Theory of compound nuclear reactions limited 
by available nuclear structure. 

The Surrogate Method allows indirect 
measurements of cross sections by combining 
surrogate data and theory.
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1. Formation of the compound nucleus (CN) 

2. Decay of the CN

* Conservation of energy, spin and parity

𝜎$% 𝐸 =(
)*

𝜎$+, 𝐸, 𝐽𝜋 𝐺%
+, 𝐸, 𝐽𝜋

isotopic chart, taking place at energies from several keV to
tens of MeV, are required for nuclear astrophysics, national
security, and nuclear-energy applications. Not all relevant
data can be directly measured in the laboratory or easily
determined by calculations.

Direct measurements may encounter a variety of difficul-
ties: The energy regime relevant for a particular application is
often inaccessible: cross sections for charged-particle reac-
tions, e.g., become vanishingly small as the relative energy of
the colliding nuclei decreases. For astrophysical purposes,
such as descriptions of stellar environments and evolution,
reaction rates at energies below 100 keV are needed.
Furthermore, many important reactions involve unstable nu-
clei which are too difficult to produce with currently available
techniques or are too short lived to serve as targets in present-
day setups. Producing all relevant isotopes will remain chal-
lenging even for radioactive-beam facilities.

Cross section calculations are nontrivial since they often
require a thorough understanding of both direct and statistical
reaction mechanisms (as well as their interplay) and a de-
tailed knowledge of nuclear structure. Nuclear-structure mod-
els can provide only limited information and little is known
about optical-model potentials, level densities, and spectros-
copy relevant to nuclei outside the valley of stability.

To overcome these limitations, several indirect methods
have been employed in recent years. Approaches such as the
ANC (asymptotic normalization coefficient) method (Xu
et al., 1994; Azhari et al., 1999; Gagliardi et al., 1999;
Mukhamedzhanov, Gagliardi, and Tribble, 2001; Timofeyuk,
Johnson, and Mukhamedzhanov, 2003; Timofeyuk and
Descouvemont, 2005), Coulomb dissociation (Baur,
Bertulani, and Rebel, 1986; Baur and Rebel, 1996; Baur,
Hencken, and Trautmann, 2003), and the Trojan-horse
method (Baur, 1986; Typel and Baur, 2003; Wolter and
Typel, 2003; Baur and Typel, 2004; Pizzone and Spitaleri,
2008) have yielded valuable cross section information for
various direct reactions. These methods focus on direct re-
actions, i.e., fast reactions (time scale ! 10"22 sec ) that
involve simple rearrangements of the constituents of the
target and projectile nuclei.

The present review focuses on a complementary method,
the surrogate nuclear reaction method, which aims at deter-
mining reaction cross sections for compound-nuclear reac-
tions that involve difficult-to-produce targets. In a compound
reaction, target and projectile nuclei combine to form a highly
excited, intermediate system, the compound nucleus, which
subsequently decays. The reaction proceeds on a relatively
slow time scale (# 10"22 sec ), as the formation of a com-
pound nucleus involves the excitation of many degrees of
freedom. Apart from observing the constraints of basic con-
servation laws (energy, angular momentum), the formation
and decay of a compound nucleus are considered to be
independent of each other in first order (‘‘Bohr hypothesis’’);
this independence is exploited in the surrogate-reaction ap-
proach. To obtain experimental information on the decay of
the compound nucleus (B$) occurring in the reaction of
interest (aþ A ! B$ ! cþ C), this nucleus is produced
via an alternative, ‘‘surrogate’’ reaction (dþD ! B$ þ b)
that involves a projectile-target combination (dþD) that is
experimentally more accessible (see Fig. 1). The decay of B$

is observed in coincidence with the outgoing direct-reaction
particle b. The measured compound-nuclear decay probabil-
ities can then be combined with calculated formation cross
sections for the compound nucleus in the desired reaction to
yield the relevant reaction cross section.

Originally introduced in the 1970s (Cramer and Britt,
1970a; Britt and Wilhelmy, 1979), the surrogate approach
has recently received renewed attention (Younes and Britt,
2003b; 2003c; Petit et al., 2004; Boyer et al., 2006; Burke
et al., 2006; Escher and Dietrich, 2006; Escher et al., 2007;
Jurado et al., 2008; Escher and Dietrich, 2010; Kessedjian
et al., 2010). A sizable number of surrogate experiments
aimed at obtaining ðn; fÞ cross sections has been carried out
over the years, and recent efforts have also considered ðn;!Þ
cross sections. In principle, the method can also provide
information about the charged-particle or two-neutron exit
channels, or for reactions induced by charged particles, but, to
date, little effort has been devoted to those cases.

In this paper, we review the present status of the surrogate
method. In Sec. II, we have compiled representative examples
from the areas of nuclear astrophysics, nuclear energy, and
national security to illustrate the importance of cross sections
for reactions on unstable targets for a wide variety of appli-
cations. The surrogate idea and formalism are detailed in
Sec. III. The majority of the surrogate experiments carried
out so far have focused on ðn; fÞ cross sections. The early
work, carried out in the 1970s, is summarized in Sec. IV, and
the more recent experiments are reviewed in Sec. V. We

FIG. 1 (color online). Schematic representation of the desired (top)
and surrogate (bottom) reaction mechanisms. The basic idea of the
surrogate approach is to replace the first step of the desired reaction,
aþ A, by an alternative (surrogate) reaction,dþD ! bþ B$, that is
experimentally easier to access yet populates the same compound
nucleus. The subsequent decay of the compound nucleus into the
relevant channel, cþ C, can then be measured and used to extract the
desired cross section. Three typical decay channels are shown here:
neutron evaporation, fission, and ! emission.

354 Jutta E. Escher et al.: Compound-nuclear reaction cross sections from . . .

Rev. Mod. Phys., Vol. 84, No. 1, January–March 2012

Hauser-Feshbach Theory models compound 
nuclear reactions in two stages 

𝜎$% = 𝜎$+,𝐺%+,
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The Surrogate Idea: requires a lot of theory

isotopic chart, taking place at energies from several keV to
tens of MeV, are required for nuclear astrophysics, national
security, and nuclear-energy applications. Not all relevant
data can be directly measured in the laboratory or easily
determined by calculations.

Direct measurements may encounter a variety of difficul-
ties: The energy regime relevant for a particular application is
often inaccessible: cross sections for charged-particle reac-
tions, e.g., become vanishingly small as the relative energy of
the colliding nuclei decreases. For astrophysical purposes,
such as descriptions of stellar environments and evolution,
reaction rates at energies below 100 keV are needed.
Furthermore, many important reactions involve unstable nu-
clei which are too difficult to produce with currently available
techniques or are too short lived to serve as targets in present-
day setups. Producing all relevant isotopes will remain chal-
lenging even for radioactive-beam facilities.

Cross section calculations are nontrivial since they often
require a thorough understanding of both direct and statistical
reaction mechanisms (as well as their interplay) and a de-
tailed knowledge of nuclear structure. Nuclear-structure mod-
els can provide only limited information and little is known
about optical-model potentials, level densities, and spectros-
copy relevant to nuclei outside the valley of stability.

To overcome these limitations, several indirect methods
have been employed in recent years. Approaches such as the
ANC (asymptotic normalization coefficient) method (Xu
et al., 1994; Azhari et al., 1999; Gagliardi et al., 1999;
Mukhamedzhanov, Gagliardi, and Tribble, 2001; Timofeyuk,
Johnson, and Mukhamedzhanov, 2003; Timofeyuk and
Descouvemont, 2005), Coulomb dissociation (Baur,
Bertulani, and Rebel, 1986; Baur and Rebel, 1996; Baur,
Hencken, and Trautmann, 2003), and the Trojan-horse
method (Baur, 1986; Typel and Baur, 2003; Wolter and
Typel, 2003; Baur and Typel, 2004; Pizzone and Spitaleri,
2008) have yielded valuable cross section information for
various direct reactions. These methods focus on direct re-
actions, i.e., fast reactions (time scale ! 10"22 sec ) that
involve simple rearrangements of the constituents of the
target and projectile nuclei.

The present review focuses on a complementary method,
the surrogate nuclear reaction method, which aims at deter-
mining reaction cross sections for compound-nuclear reac-
tions that involve difficult-to-produce targets. In a compound
reaction, target and projectile nuclei combine to form a highly
excited, intermediate system, the compound nucleus, which
subsequently decays. The reaction proceeds on a relatively
slow time scale (# 10"22 sec ), as the formation of a com-
pound nucleus involves the excitation of many degrees of
freedom. Apart from observing the constraints of basic con-
servation laws (energy, angular momentum), the formation
and decay of a compound nucleus are considered to be
independent of each other in first order (‘‘Bohr hypothesis’’);
this independence is exploited in the surrogate-reaction ap-
proach. To obtain experimental information on the decay of
the compound nucleus (B$) occurring in the reaction of
interest (aþ A ! B$ ! cþ C), this nucleus is produced
via an alternative, ‘‘surrogate’’ reaction (dþD ! B$ þ b)
that involves a projectile-target combination (dþD) that is
experimentally more accessible (see Fig. 1). The decay of B$

is observed in coincidence with the outgoing direct-reaction
particle b. The measured compound-nuclear decay probabil-
ities can then be combined with calculated formation cross
sections for the compound nucleus in the desired reaction to
yield the relevant reaction cross section.

Originally introduced in the 1970s (Cramer and Britt,
1970a; Britt and Wilhelmy, 1979), the surrogate approach
has recently received renewed attention (Younes and Britt,
2003b; 2003c; Petit et al., 2004; Boyer et al., 2006; Burke
et al., 2006; Escher and Dietrich, 2006; Escher et al., 2007;
Jurado et al., 2008; Escher and Dietrich, 2010; Kessedjian
et al., 2010). A sizable number of surrogate experiments
aimed at obtaining ðn; fÞ cross sections has been carried out
over the years, and recent efforts have also considered ðn;!Þ
cross sections. In principle, the method can also provide
information about the charged-particle or two-neutron exit
channels, or for reactions induced by charged particles, but, to
date, little effort has been devoted to those cases.

In this paper, we review the present status of the surrogate
method. In Sec. II, we have compiled representative examples
from the areas of nuclear astrophysics, nuclear energy, and
national security to illustrate the importance of cross sections
for reactions on unstable targets for a wide variety of appli-
cations. The surrogate idea and formalism are detailed in
Sec. III. The majority of the surrogate experiments carried
out so far have focused on ðn; fÞ cross sections. The early
work, carried out in the 1970s, is summarized in Sec. IV, and
the more recent experiments are reviewed in Sec. V. We

FIG. 1 (color online). Schematic representation of the desired (top)
and surrogate (bottom) reaction mechanisms. The basic idea of the
surrogate approach is to replace the first step of the desired reaction,
aþ A, by an alternative (surrogate) reaction,dþD ! bþ B$, that is
experimentally easier to access yet populates the same compound
nucleus. The subsequent decay of the compound nucleus into the
relevant channel, cþ C, can then be measured and used to extract the
desired cross section. Three typical decay channels are shown here:
neutron evaporation, fission, and ! emission.

354 Jutta E. Escher et al.: Compound-nuclear reaction cross sections from . . .
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𝜎$% 𝐸 =(
)*

𝜎$+, 𝐸, 𝐽𝜋 𝐺%
+, 𝐸, 𝐽𝜋

The Weiskopf-Ewing Limit applies under special 
conditions

𝜎$%
45 𝐸 = 𝜎$6+, 𝐸 𝐺%

+, 𝐸

• Works for neutron induced 
fission (n,f)

• Fails for neutron capture

𝐸 (CN) must be high -> 
decay into continuum of states
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The Weiskopf-Ewing Limit Greatly Simplifies the 
Surrogate Method

isotopic chart, taking place at energies from several keV to
tens of MeV, are required for nuclear astrophysics, national
security, and nuclear-energy applications. Not all relevant
data can be directly measured in the laboratory or easily
determined by calculations.

Direct measurements may encounter a variety of difficul-
ties: The energy regime relevant for a particular application is
often inaccessible: cross sections for charged-particle reac-
tions, e.g., become vanishingly small as the relative energy of
the colliding nuclei decreases. For astrophysical purposes,
such as descriptions of stellar environments and evolution,
reaction rates at energies below 100 keV are needed.
Furthermore, many important reactions involve unstable nu-
clei which are too difficult to produce with currently available
techniques or are too short lived to serve as targets in present-
day setups. Producing all relevant isotopes will remain chal-
lenging even for radioactive-beam facilities.

Cross section calculations are nontrivial since they often
require a thorough understanding of both direct and statistical
reaction mechanisms (as well as their interplay) and a de-
tailed knowledge of nuclear structure. Nuclear-structure mod-
els can provide only limited information and little is known
about optical-model potentials, level densities, and spectros-
copy relevant to nuclei outside the valley of stability.

To overcome these limitations, several indirect methods
have been employed in recent years. Approaches such as the
ANC (asymptotic normalization coefficient) method (Xu
et al., 1994; Azhari et al., 1999; Gagliardi et al., 1999;
Mukhamedzhanov, Gagliardi, and Tribble, 2001; Timofeyuk,
Johnson, and Mukhamedzhanov, 2003; Timofeyuk and
Descouvemont, 2005), Coulomb dissociation (Baur,
Bertulani, and Rebel, 1986; Baur and Rebel, 1996; Baur,
Hencken, and Trautmann, 2003), and the Trojan-horse
method (Baur, 1986; Typel and Baur, 2003; Wolter and
Typel, 2003; Baur and Typel, 2004; Pizzone and Spitaleri,
2008) have yielded valuable cross section information for
various direct reactions. These methods focus on direct re-
actions, i.e., fast reactions (time scale ! 10"22 sec ) that
involve simple rearrangements of the constituents of the
target and projectile nuclei.

The present review focuses on a complementary method,
the surrogate nuclear reaction method, which aims at deter-
mining reaction cross sections for compound-nuclear reac-
tions that involve difficult-to-produce targets. In a compound
reaction, target and projectile nuclei combine to form a highly
excited, intermediate system, the compound nucleus, which
subsequently decays. The reaction proceeds on a relatively
slow time scale (# 10"22 sec ), as the formation of a com-
pound nucleus involves the excitation of many degrees of
freedom. Apart from observing the constraints of basic con-
servation laws (energy, angular momentum), the formation
and decay of a compound nucleus are considered to be
independent of each other in first order (‘‘Bohr hypothesis’’);
this independence is exploited in the surrogate-reaction ap-
proach. To obtain experimental information on the decay of
the compound nucleus (B$) occurring in the reaction of
interest (aþ A ! B$ ! cþ C), this nucleus is produced
via an alternative, ‘‘surrogate’’ reaction (dþD ! B$ þ b)
that involves a projectile-target combination (dþD) that is
experimentally more accessible (see Fig. 1). The decay of B$

is observed in coincidence with the outgoing direct-reaction
particle b. The measured compound-nuclear decay probabil-
ities can then be combined with calculated formation cross
sections for the compound nucleus in the desired reaction to
yield the relevant reaction cross section.

Originally introduced in the 1970s (Cramer and Britt,
1970a; Britt and Wilhelmy, 1979), the surrogate approach
has recently received renewed attention (Younes and Britt,
2003b; 2003c; Petit et al., 2004; Boyer et al., 2006; Burke
et al., 2006; Escher and Dietrich, 2006; Escher et al., 2007;
Jurado et al., 2008; Escher and Dietrich, 2010; Kessedjian
et al., 2010). A sizable number of surrogate experiments
aimed at obtaining ðn; fÞ cross sections has been carried out
over the years, and recent efforts have also considered ðn;!Þ
cross sections. In principle, the method can also provide
information about the charged-particle or two-neutron exit
channels, or for reactions induced by charged particles, but, to
date, little effort has been devoted to those cases.

In this paper, we review the present status of the surrogate
method. In Sec. II, we have compiled representative examples
from the areas of nuclear astrophysics, nuclear energy, and
national security to illustrate the importance of cross sections
for reactions on unstable targets for a wide variety of appli-
cations. The surrogate idea and formalism are detailed in
Sec. III. The majority of the surrogate experiments carried
out so far have focused on ðn; fÞ cross sections. The early
work, carried out in the 1970s, is summarized in Sec. IV, and
the more recent experiments are reviewed in Sec. V. We

FIG. 1 (color online). Schematic representation of the desired (top)
and surrogate (bottom) reaction mechanisms. The basic idea of the
surrogate approach is to replace the first step of the desired reaction,
aþ A, by an alternative (surrogate) reaction,dþD ! bþ B$, that is
experimentally easier to access yet populates the same compound
nucleus. The subsequent decay of the compound nucleus into the
relevant channel, cþ C, can then be measured and used to extract the
desired cross section. Three typical decay channels are shown here:
neutron evaporation, fission, and ! emission.

354 Jutta E. Escher et al.: Compound-nuclear reaction cross sections from . . .
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Does the Weisskopf-Ewing approximation work?
Yes, for fission (n,f), not for gamma decay (n,g).

238Pu(n,f)

J. Escher and F.S. Dietrich, PRC 81 (2010) 024612
N. Scielzo, J. Escher, et al., PRC 81 (2010) 034608

Ressler, Burke, Escher,.. 
PRC 83 (2011) 054610

Gamma decay (n,g)

Fission (n,f)
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What about other neutron induced reactions?

• Remains untested for (n,n’) and (n,2n) reactions
• We can test the model sensitivity to Spin and Parity

isotopic chart, taking place at energies from several keV to
tens of MeV, are required for nuclear astrophysics, national
security, and nuclear-energy applications. Not all relevant
data can be directly measured in the laboratory or easily
determined by calculations.

Direct measurements may encounter a variety of difficul-
ties: The energy regime relevant for a particular application is
often inaccessible: cross sections for charged-particle reac-
tions, e.g., become vanishingly small as the relative energy of
the colliding nuclei decreases. For astrophysical purposes,
such as descriptions of stellar environments and evolution,
reaction rates at energies below 100 keV are needed.
Furthermore, many important reactions involve unstable nu-
clei which are too difficult to produce with currently available
techniques or are too short lived to serve as targets in present-
day setups. Producing all relevant isotopes will remain chal-
lenging even for radioactive-beam facilities.

Cross section calculations are nontrivial since they often
require a thorough understanding of both direct and statistical
reaction mechanisms (as well as their interplay) and a de-
tailed knowledge of nuclear structure. Nuclear-structure mod-
els can provide only limited information and little is known
about optical-model potentials, level densities, and spectros-
copy relevant to nuclei outside the valley of stability.

To overcome these limitations, several indirect methods
have been employed in recent years. Approaches such as the
ANC (asymptotic normalization coefficient) method (Xu
et al., 1994; Azhari et al., 1999; Gagliardi et al., 1999;
Mukhamedzhanov, Gagliardi, and Tribble, 2001; Timofeyuk,
Johnson, and Mukhamedzhanov, 2003; Timofeyuk and
Descouvemont, 2005), Coulomb dissociation (Baur,
Bertulani, and Rebel, 1986; Baur and Rebel, 1996; Baur,
Hencken, and Trautmann, 2003), and the Trojan-horse
method (Baur, 1986; Typel and Baur, 2003; Wolter and
Typel, 2003; Baur and Typel, 2004; Pizzone and Spitaleri,
2008) have yielded valuable cross section information for
various direct reactions. These methods focus on direct re-
actions, i.e., fast reactions (time scale ! 10"22 sec ) that
involve simple rearrangements of the constituents of the
target and projectile nuclei.

The present review focuses on a complementary method,
the surrogate nuclear reaction method, which aims at deter-
mining reaction cross sections for compound-nuclear reac-
tions that involve difficult-to-produce targets. In a compound
reaction, target and projectile nuclei combine to form a highly
excited, intermediate system, the compound nucleus, which
subsequently decays. The reaction proceeds on a relatively
slow time scale (# 10"22 sec ), as the formation of a com-
pound nucleus involves the excitation of many degrees of
freedom. Apart from observing the constraints of basic con-
servation laws (energy, angular momentum), the formation
and decay of a compound nucleus are considered to be
independent of each other in first order (‘‘Bohr hypothesis’’);
this independence is exploited in the surrogate-reaction ap-
proach. To obtain experimental information on the decay of
the compound nucleus (B$) occurring in the reaction of
interest (aþ A ! B$ ! cþ C), this nucleus is produced
via an alternative, ‘‘surrogate’’ reaction (dþD ! B$ þ b)
that involves a projectile-target combination (dþD) that is
experimentally more accessible (see Fig. 1). The decay of B$

is observed in coincidence with the outgoing direct-reaction
particle b. The measured compound-nuclear decay probabil-
ities can then be combined with calculated formation cross
sections for the compound nucleus in the desired reaction to
yield the relevant reaction cross section.

Originally introduced in the 1970s (Cramer and Britt,
1970a; Britt and Wilhelmy, 1979), the surrogate approach
has recently received renewed attention (Younes and Britt,
2003b; 2003c; Petit et al., 2004; Boyer et al., 2006; Burke
et al., 2006; Escher and Dietrich, 2006; Escher et al., 2007;
Jurado et al., 2008; Escher and Dietrich, 2010; Kessedjian
et al., 2010). A sizable number of surrogate experiments
aimed at obtaining ðn; fÞ cross sections has been carried out
over the years, and recent efforts have also considered ðn;!Þ
cross sections. In principle, the method can also provide
information about the charged-particle or two-neutron exit
channels, or for reactions induced by charged particles, but, to
date, little effort has been devoted to those cases.

In this paper, we review the present status of the surrogate
method. In Sec. II, we have compiled representative examples
from the areas of nuclear astrophysics, nuclear energy, and
national security to illustrate the importance of cross sections
for reactions on unstable targets for a wide variety of appli-
cations. The surrogate idea and formalism are detailed in
Sec. III. The majority of the surrogate experiments carried
out so far have focused on ðn; fÞ cross sections. The early
work, carried out in the 1970s, is summarized in Sec. IV, and
the more recent experiments are reviewed in Sec. V. We

FIG. 1 (color online). Schematic representation of the desired (top)
and surrogate (bottom) reaction mechanisms. The basic idea of the
surrogate approach is to replace the first step of the desired reaction,
aþ A, by an alternative (surrogate) reaction,dþD ! bþ B$, that is
experimentally easier to access yet populates the same compound
nucleus. The subsequent decay of the compound nucleus into the
relevant channel, cþ C, can then be measured and used to extract the
desired cross section. Three typical decay channels are shown here:
neutron evaporation, fission, and ! emission.
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I tested the Weisskopf-Ewing approximation for 
the (n,n’) reaction on 90Zr targets

How does a nucleus with 
different spins decay?
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I tested the Weisskopf-Ewing approximation for 
the (n,2n) reaction on 90Zr targets

How does a nucleus with 
different spins decay?

𝑃7%45 𝐸 = 𝐺%
+, 𝐸
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A reaction produces nuclei with a range of spins 
and parities!

Escher, Dietrich, Phys. Rev. C 74, 054601 (2006)
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I chose an analytic distribution with two 
parameters to occupy the compound nucleus

𝑛 + :;𝑍𝑟
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Full picture: Weisskopf-Ewing approximation

isotopic chart, taking place at energies from several keV to
tens of MeV, are required for nuclear astrophysics, national
security, and nuclear-energy applications. Not all relevant
data can be directly measured in the laboratory or easily
determined by calculations.

Direct measurements may encounter a variety of difficul-
ties: The energy regime relevant for a particular application is
often inaccessible: cross sections for charged-particle reac-
tions, e.g., become vanishingly small as the relative energy of
the colliding nuclei decreases. For astrophysical purposes,
such as descriptions of stellar environments and evolution,
reaction rates at energies below 100 keV are needed.
Furthermore, many important reactions involve unstable nu-
clei which are too difficult to produce with currently available
techniques or are too short lived to serve as targets in present-
day setups. Producing all relevant isotopes will remain chal-
lenging even for radioactive-beam facilities.

Cross section calculations are nontrivial since they often
require a thorough understanding of both direct and statistical
reaction mechanisms (as well as their interplay) and a de-
tailed knowledge of nuclear structure. Nuclear-structure mod-
els can provide only limited information and little is known
about optical-model potentials, level densities, and spectros-
copy relevant to nuclei outside the valley of stability.

To overcome these limitations, several indirect methods
have been employed in recent years. Approaches such as the
ANC (asymptotic normalization coefficient) method (Xu
et al., 1994; Azhari et al., 1999; Gagliardi et al., 1999;
Mukhamedzhanov, Gagliardi, and Tribble, 2001; Timofeyuk,
Johnson, and Mukhamedzhanov, 2003; Timofeyuk and
Descouvemont, 2005), Coulomb dissociation (Baur,
Bertulani, and Rebel, 1986; Baur and Rebel, 1996; Baur,
Hencken, and Trautmann, 2003), and the Trojan-horse
method (Baur, 1986; Typel and Baur, 2003; Wolter and
Typel, 2003; Baur and Typel, 2004; Pizzone and Spitaleri,
2008) have yielded valuable cross section information for
various direct reactions. These methods focus on direct re-
actions, i.e., fast reactions (time scale ! 10"22 sec ) that
involve simple rearrangements of the constituents of the
target and projectile nuclei.

The present review focuses on a complementary method,
the surrogate nuclear reaction method, which aims at deter-
mining reaction cross sections for compound-nuclear reac-
tions that involve difficult-to-produce targets. In a compound
reaction, target and projectile nuclei combine to form a highly
excited, intermediate system, the compound nucleus, which
subsequently decays. The reaction proceeds on a relatively
slow time scale (# 10"22 sec ), as the formation of a com-
pound nucleus involves the excitation of many degrees of
freedom. Apart from observing the constraints of basic con-
servation laws (energy, angular momentum), the formation
and decay of a compound nucleus are considered to be
independent of each other in first order (‘‘Bohr hypothesis’’);
this independence is exploited in the surrogate-reaction ap-
proach. To obtain experimental information on the decay of
the compound nucleus (B$) occurring in the reaction of
interest (aþ A ! B$ ! cþ C), this nucleus is produced
via an alternative, ‘‘surrogate’’ reaction (dþD ! B$ þ b)
that involves a projectile-target combination (dþD) that is
experimentally more accessible (see Fig. 1). The decay of B$

is observed in coincidence with the outgoing direct-reaction
particle b. The measured compound-nuclear decay probabil-
ities can then be combined with calculated formation cross
sections for the compound nucleus in the desired reaction to
yield the relevant reaction cross section.

Originally introduced in the 1970s (Cramer and Britt,
1970a; Britt and Wilhelmy, 1979), the surrogate approach
has recently received renewed attention (Younes and Britt,
2003b; 2003c; Petit et al., 2004; Boyer et al., 2006; Burke
et al., 2006; Escher and Dietrich, 2006; Escher et al., 2007;
Jurado et al., 2008; Escher and Dietrich, 2010; Kessedjian
et al., 2010). A sizable number of surrogate experiments
aimed at obtaining ðn; fÞ cross sections has been carried out
over the years, and recent efforts have also considered ðn;!Þ
cross sections. In principle, the method can also provide
information about the charged-particle or two-neutron exit
channels, or for reactions induced by charged particles, but, to
date, little effort has been devoted to those cases.

In this paper, we review the present status of the surrogate
method. In Sec. II, we have compiled representative examples
from the areas of nuclear astrophysics, nuclear energy, and
national security to illustrate the importance of cross sections
for reactions on unstable targets for a wide variety of appli-
cations. The surrogate idea and formalism are detailed in
Sec. III. The majority of the surrogate experiments carried
out so far have focused on ðn; fÞ cross sections. The early
work, carried out in the 1970s, is summarized in Sec. IV, and
the more recent experiments are reviewed in Sec. V. We

FIG. 1 (color online). Schematic representation of the desired (top)
and surrogate (bottom) reaction mechanisms. The basic idea of the
surrogate approach is to replace the first step of the desired reaction,
aþ A, by an alternative (surrogate) reaction,dþD ! bþ B$, that is
experimentally easier to access yet populates the same compound
nucleus. The subsequent decay of the compound nucleus into the
relevant channel, cþ C, can then be measured and used to extract the
desired cross section. Three typical decay channels are shown here:
neutron evaporation, fission, and ! emission.
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The tests I preformed suggest that the WE 
approximation is valid for these reactions
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The tests I preformed suggest that the WE 
approximation is valid for these reactions

𝜎$%45 𝐸 = 𝜎$6+, 𝐸 𝐺%+, 𝐸
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Variance of the predictions fall within current 
experimental error

𝜎$%45 𝐸 = 𝜎$6+, 𝐸 𝐺%+, 𝐸
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I tested the WE approximation for (n,n) and 
(n,2n) on 90Zr

1. Generate artificial spin and 
parity distributions

2. Create simulated surrogate 
data

3. Compute the WE limit using 
the simulated surrogate 
data

𝑃7%
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+, 𝐸

𝜎$%
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The simulated predictions 𝜎$%
45

are sufficiently similar for 
reasonable 𝐹(𝐽, 𝜋)

The WE limit is valid

𝐹(𝐽, 𝜋)
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Results are promising

Conclusions: 
• (n,n’) and (n,2n) reactions on Zr are much less sensitive to spin and parity than 

capture reactions
• Whether this is sufficient depends on the application
• Further investigations are required, but results are promising

Next steps:
• Investigate effects of pre-equilibrium
• Apply this theory to new Gadolinium data
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The Surrogate Idea

isotopic chart, taking place at energies from several keV to
tens of MeV, are required for nuclear astrophysics, national
security, and nuclear-energy applications. Not all relevant
data can be directly measured in the laboratory or easily
determined by calculations.

Direct measurements may encounter a variety of difficul-
ties: The energy regime relevant for a particular application is
often inaccessible: cross sections for charged-particle reac-
tions, e.g., become vanishingly small as the relative energy of
the colliding nuclei decreases. For astrophysical purposes,
such as descriptions of stellar environments and evolution,
reaction rates at energies below 100 keV are needed.
Furthermore, many important reactions involve unstable nu-
clei which are too difficult to produce with currently available
techniques or are too short lived to serve as targets in present-
day setups. Producing all relevant isotopes will remain chal-
lenging even for radioactive-beam facilities.

Cross section calculations are nontrivial since they often
require a thorough understanding of both direct and statistical
reaction mechanisms (as well as their interplay) and a de-
tailed knowledge of nuclear structure. Nuclear-structure mod-
els can provide only limited information and little is known
about optical-model potentials, level densities, and spectros-
copy relevant to nuclei outside the valley of stability.

To overcome these limitations, several indirect methods
have been employed in recent years. Approaches such as the
ANC (asymptotic normalization coefficient) method (Xu
et al., 1994; Azhari et al., 1999; Gagliardi et al., 1999;
Mukhamedzhanov, Gagliardi, and Tribble, 2001; Timofeyuk,
Johnson, and Mukhamedzhanov, 2003; Timofeyuk and
Descouvemont, 2005), Coulomb dissociation (Baur,
Bertulani, and Rebel, 1986; Baur and Rebel, 1996; Baur,
Hencken, and Trautmann, 2003), and the Trojan-horse
method (Baur, 1986; Typel and Baur, 2003; Wolter and
Typel, 2003; Baur and Typel, 2004; Pizzone and Spitaleri,
2008) have yielded valuable cross section information for
various direct reactions. These methods focus on direct re-
actions, i.e., fast reactions (time scale ! 10"22 sec ) that
involve simple rearrangements of the constituents of the
target and projectile nuclei.

The present review focuses on a complementary method,
the surrogate nuclear reaction method, which aims at deter-
mining reaction cross sections for compound-nuclear reac-
tions that involve difficult-to-produce targets. In a compound
reaction, target and projectile nuclei combine to form a highly
excited, intermediate system, the compound nucleus, which
subsequently decays. The reaction proceeds on a relatively
slow time scale (# 10"22 sec ), as the formation of a com-
pound nucleus involves the excitation of many degrees of
freedom. Apart from observing the constraints of basic con-
servation laws (energy, angular momentum), the formation
and decay of a compound nucleus are considered to be
independent of each other in first order (‘‘Bohr hypothesis’’);
this independence is exploited in the surrogate-reaction ap-
proach. To obtain experimental information on the decay of
the compound nucleus (B$) occurring in the reaction of
interest (aþ A ! B$ ! cþ C), this nucleus is produced
via an alternative, ‘‘surrogate’’ reaction (dþD ! B$ þ b)
that involves a projectile-target combination (dþD) that is
experimentally more accessible (see Fig. 1). The decay of B$

is observed in coincidence with the outgoing direct-reaction
particle b. The measured compound-nuclear decay probabil-
ities can then be combined with calculated formation cross
sections for the compound nucleus in the desired reaction to
yield the relevant reaction cross section.

Originally introduced in the 1970s (Cramer and Britt,
1970a; Britt and Wilhelmy, 1979), the surrogate approach
has recently received renewed attention (Younes and Britt,
2003b; 2003c; Petit et al., 2004; Boyer et al., 2006; Burke
et al., 2006; Escher and Dietrich, 2006; Escher et al., 2007;
Jurado et al., 2008; Escher and Dietrich, 2010; Kessedjian
et al., 2010). A sizable number of surrogate experiments
aimed at obtaining ðn; fÞ cross sections has been carried out
over the years, and recent efforts have also considered ðn;!Þ
cross sections. In principle, the method can also provide
information about the charged-particle or two-neutron exit
channels, or for reactions induced by charged particles, but, to
date, little effort has been devoted to those cases.

In this paper, we review the present status of the surrogate
method. In Sec. II, we have compiled representative examples
from the areas of nuclear astrophysics, nuclear energy, and
national security to illustrate the importance of cross sections
for reactions on unstable targets for a wide variety of appli-
cations. The surrogate idea and formalism are detailed in
Sec. III. The majority of the surrogate experiments carried
out so far have focused on ðn; fÞ cross sections. The early
work, carried out in the 1970s, is summarized in Sec. IV, and
the more recent experiments are reviewed in Sec. V. We

FIG. 1 (color online). Schematic representation of the desired (top)
and surrogate (bottom) reaction mechanisms. The basic idea of the
surrogate approach is to replace the first step of the desired reaction,
aþ A, by an alternative (surrogate) reaction,dþD ! bþ B$, that is
experimentally easier to access yet populates the same compound
nucleus. The subsequent decay of the compound nucleus into the
relevant channel, cþ C, can then be measured and used to extract the
desired cross section. Three typical decay channels are shown here:
neutron evaporation, fission, and ! emission.
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The (General) Surrogate Method Combines 
Surrogate Data and Theory 

isotopic chart, taking place at energies from several keV to
tens of MeV, are required for nuclear astrophysics, national
security, and nuclear-energy applications. Not all relevant
data can be directly measured in the laboratory or easily
determined by calculations.

Direct measurements may encounter a variety of difficul-
ties: The energy regime relevant for a particular application is
often inaccessible: cross sections for charged-particle reac-
tions, e.g., become vanishingly small as the relative energy of
the colliding nuclei decreases. For astrophysical purposes,
such as descriptions of stellar environments and evolution,
reaction rates at energies below 100 keV are needed.
Furthermore, many important reactions involve unstable nu-
clei which are too difficult to produce with currently available
techniques or are too short lived to serve as targets in present-
day setups. Producing all relevant isotopes will remain chal-
lenging even for radioactive-beam facilities.

Cross section calculations are nontrivial since they often
require a thorough understanding of both direct and statistical
reaction mechanisms (as well as their interplay) and a de-
tailed knowledge of nuclear structure. Nuclear-structure mod-
els can provide only limited information and little is known
about optical-model potentials, level densities, and spectros-
copy relevant to nuclei outside the valley of stability.

To overcome these limitations, several indirect methods
have been employed in recent years. Approaches such as the
ANC (asymptotic normalization coefficient) method (Xu
et al., 1994; Azhari et al., 1999; Gagliardi et al., 1999;
Mukhamedzhanov, Gagliardi, and Tribble, 2001; Timofeyuk,
Johnson, and Mukhamedzhanov, 2003; Timofeyuk and
Descouvemont, 2005), Coulomb dissociation (Baur,
Bertulani, and Rebel, 1986; Baur and Rebel, 1996; Baur,
Hencken, and Trautmann, 2003), and the Trojan-horse
method (Baur, 1986; Typel and Baur, 2003; Wolter and
Typel, 2003; Baur and Typel, 2004; Pizzone and Spitaleri,
2008) have yielded valuable cross section information for
various direct reactions. These methods focus on direct re-
actions, i.e., fast reactions (time scale ! 10"22 sec ) that
involve simple rearrangements of the constituents of the
target and projectile nuclei.

The present review focuses on a complementary method,
the surrogate nuclear reaction method, which aims at deter-
mining reaction cross sections for compound-nuclear reac-
tions that involve difficult-to-produce targets. In a compound
reaction, target and projectile nuclei combine to form a highly
excited, intermediate system, the compound nucleus, which
subsequently decays. The reaction proceeds on a relatively
slow time scale (# 10"22 sec ), as the formation of a com-
pound nucleus involves the excitation of many degrees of
freedom. Apart from observing the constraints of basic con-
servation laws (energy, angular momentum), the formation
and decay of a compound nucleus are considered to be
independent of each other in first order (‘‘Bohr hypothesis’’);
this independence is exploited in the surrogate-reaction ap-
proach. To obtain experimental information on the decay of
the compound nucleus (B$) occurring in the reaction of
interest (aþ A ! B$ ! cþ C), this nucleus is produced
via an alternative, ‘‘surrogate’’ reaction (dþD ! B$ þ b)
that involves a projectile-target combination (dþD) that is
experimentally more accessible (see Fig. 1). The decay of B$

is observed in coincidence with the outgoing direct-reaction
particle b. The measured compound-nuclear decay probabil-
ities can then be combined with calculated formation cross
sections for the compound nucleus in the desired reaction to
yield the relevant reaction cross section.

Originally introduced in the 1970s (Cramer and Britt,
1970a; Britt and Wilhelmy, 1979), the surrogate approach
has recently received renewed attention (Younes and Britt,
2003b; 2003c; Petit et al., 2004; Boyer et al., 2006; Burke
et al., 2006; Escher and Dietrich, 2006; Escher et al., 2007;
Jurado et al., 2008; Escher and Dietrich, 2010; Kessedjian
et al., 2010). A sizable number of surrogate experiments
aimed at obtaining ðn; fÞ cross sections has been carried out
over the years, and recent efforts have also considered ðn;!Þ
cross sections. In principle, the method can also provide
information about the charged-particle or two-neutron exit
channels, or for reactions induced by charged particles, but, to
date, little effort has been devoted to those cases.

In this paper, we review the present status of the surrogate
method. In Sec. II, we have compiled representative examples
from the areas of nuclear astrophysics, nuclear energy, and
national security to illustrate the importance of cross sections
for reactions on unstable targets for a wide variety of appli-
cations. The surrogate idea and formalism are detailed in
Sec. III. The majority of the surrogate experiments carried
out so far have focused on ðn; fÞ cross sections. The early
work, carried out in the 1970s, is summarized in Sec. IV, and
the more recent experiments are reviewed in Sec. V. We

FIG. 1 (color online). Schematic representation of the desired (top)
and surrogate (bottom) reaction mechanisms. The basic idea of the
surrogate approach is to replace the first step of the desired reaction,
aþ A, by an alternative (surrogate) reaction,dþD ! bþ B$, that is
experimentally easier to access yet populates the same compound
nucleus. The subsequent decay of the compound nucleus into the
relevant channel, cþ C, can then be measured and used to extract the
desired cross section. Three typical decay channels are shown here:
neutron evaporation, fission, and ! emission.
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isotopic chart, taking place at energies from several keV to
tens of MeV, are required for nuclear astrophysics, national
security, and nuclear-energy applications. Not all relevant
data can be directly measured in the laboratory or easily
determined by calculations.

Direct measurements may encounter a variety of difficul-
ties: The energy regime relevant for a particular application is
often inaccessible: cross sections for charged-particle reac-
tions, e.g., become vanishingly small as the relative energy of
the colliding nuclei decreases. For astrophysical purposes,
such as descriptions of stellar environments and evolution,
reaction rates at energies below 100 keV are needed.
Furthermore, many important reactions involve unstable nu-
clei which are too difficult to produce with currently available
techniques or are too short lived to serve as targets in present-
day setups. Producing all relevant isotopes will remain chal-
lenging even for radioactive-beam facilities.

Cross section calculations are nontrivial since they often
require a thorough understanding of both direct and statistical
reaction mechanisms (as well as their interplay) and a de-
tailed knowledge of nuclear structure. Nuclear-structure mod-
els can provide only limited information and little is known
about optical-model potentials, level densities, and spectros-
copy relevant to nuclei outside the valley of stability.

To overcome these limitations, several indirect methods
have been employed in recent years. Approaches such as the
ANC (asymptotic normalization coefficient) method (Xu
et al., 1994; Azhari et al., 1999; Gagliardi et al., 1999;
Mukhamedzhanov, Gagliardi, and Tribble, 2001; Timofeyuk,
Johnson, and Mukhamedzhanov, 2003; Timofeyuk and
Descouvemont, 2005), Coulomb dissociation (Baur,
Bertulani, and Rebel, 1986; Baur and Rebel, 1996; Baur,
Hencken, and Trautmann, 2003), and the Trojan-horse
method (Baur, 1986; Typel and Baur, 2003; Wolter and
Typel, 2003; Baur and Typel, 2004; Pizzone and Spitaleri,
2008) have yielded valuable cross section information for
various direct reactions. These methods focus on direct re-
actions, i.e., fast reactions (time scale ! 10"22 sec ) that
involve simple rearrangements of the constituents of the
target and projectile nuclei.

The present review focuses on a complementary method,
the surrogate nuclear reaction method, which aims at deter-
mining reaction cross sections for compound-nuclear reac-
tions that involve difficult-to-produce targets. In a compound
reaction, target and projectile nuclei combine to form a highly
excited, intermediate system, the compound nucleus, which
subsequently decays. The reaction proceeds on a relatively
slow time scale (# 10"22 sec ), as the formation of a com-
pound nucleus involves the excitation of many degrees of
freedom. Apart from observing the constraints of basic con-
servation laws (energy, angular momentum), the formation
and decay of a compound nucleus are considered to be
independent of each other in first order (‘‘Bohr hypothesis’’);
this independence is exploited in the surrogate-reaction ap-
proach. To obtain experimental information on the decay of
the compound nucleus (B$) occurring in the reaction of
interest (aþ A ! B$ ! cþ C), this nucleus is produced
via an alternative, ‘‘surrogate’’ reaction (dþD ! B$ þ b)
that involves a projectile-target combination (dþD) that is
experimentally more accessible (see Fig. 1). The decay of B$

is observed in coincidence with the outgoing direct-reaction
particle b. The measured compound-nuclear decay probabil-
ities can then be combined with calculated formation cross
sections for the compound nucleus in the desired reaction to
yield the relevant reaction cross section.

Originally introduced in the 1970s (Cramer and Britt,
1970a; Britt and Wilhelmy, 1979), the surrogate approach
has recently received renewed attention (Younes and Britt,
2003b; 2003c; Petit et al., 2004; Boyer et al., 2006; Burke
et al., 2006; Escher and Dietrich, 2006; Escher et al., 2007;
Jurado et al., 2008; Escher and Dietrich, 2010; Kessedjian
et al., 2010). A sizable number of surrogate experiments
aimed at obtaining ðn; fÞ cross sections has been carried out
over the years, and recent efforts have also considered ðn;!Þ
cross sections. In principle, the method can also provide
information about the charged-particle or two-neutron exit
channels, or for reactions induced by charged particles, but, to
date, little effort has been devoted to those cases.

In this paper, we review the present status of the surrogate
method. In Sec. II, we have compiled representative examples
from the areas of nuclear astrophysics, nuclear energy, and
national security to illustrate the importance of cross sections
for reactions on unstable targets for a wide variety of appli-
cations. The surrogate idea and formalism are detailed in
Sec. III. The majority of the surrogate experiments carried
out so far have focused on ðn; fÞ cross sections. The early
work, carried out in the 1970s, is summarized in Sec. IV, and
the more recent experiments are reviewed in Sec. V. We

FIG. 1 (color online). Schematic representation of the desired (top)
and surrogate (bottom) reaction mechanisms. The basic idea of the
surrogate approach is to replace the first step of the desired reaction,
aþ A, by an alternative (surrogate) reaction,dþD ! bþ B$, that is
experimentally easier to access yet populates the same compound
nucleus. The subsequent decay of the compound nucleus into the
relevant channel, cþ C, can then be measured and used to extract the
desired cross section. Three typical decay channels are shown here:
neutron evaporation, fission, and ! emission.
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