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Determining (n,f) cross sections for actinide nuclei indirectly:
An examination of the Surrogate Ratio Method

Jutta E. Escher∗ and Frank S. Dietrich†

Lawrence Livermore National Laboratory, Livermore, CA 94550
(Dated: May 22, 2006)

The validity of the Surrogate Ratio method for determining (n,f) cross sections for actinide nuclei
is examined. This method relates the ratio of two compound-nucleus reaction cross sections to a
ratio of coincidence events from two measurements in which the same compound nuclei are formed
via a direct reaction. With certain assumptions, the method allows one of the cross sections to
be inferred if the other is known. We develop a nuclear reaction-model simulation to investigate
whether the assumptions underlying the Ratio approach are valid and employ these simulations to
assess whether the cross sections obtained indirectly by applying a Ratio analysis agree with the
expected results. In particular, we simulate Surrogate experiments that allow us to determine fission
cross sections for selected actinide nuclei. The nuclei studied, 233U and 235U, are very similar to
those considered in recent Surrogate experiments. We find that in favorable cases the Ratio method
provides useful estimates of the desired cross sections, and we discuss some of the limitations of the
approach.

PACS numbers: 25.85.Ec,24.60.Dr,24.50.+g,27.90.+b

I. INTRODUCTION

Nuclear reaction data play an important role in nuclear
physics applications. Unfortunately, for a large number
of reactions the relevant data cannot be directly mea-
sured in the laboratory or reliably predicted by calcula-
tions. Direct measurements of reactions on unstable iso-
topes are particularly affected since the relevant nuclei
are often too difficult to produce with currently avail-
able experimental techniques or too short-lived to serve
as targets in present-day set-ups. Calculations are highly
nontrivial since they typically require a thorough under-
standing of both direct and statistical reaction mecha-
nisms (as well as their interplay) and a detailed knowl-
edge of the nuclear structure involved. It is therefore im-
portant to explore alternative approaches for determining
reaction cross sections on unstable nuclei.

The “Surrogate Reaction Method” is a specific indi-
rect method that combines experiment with reaction the-
ory to obtain cross sections for compound-nucleus reac-
tions involving difficult-to-produce targets. While the
Surrogate method is very general and can in principle
be employed to determine cross sections for all types of
compound-nucleus reactions involving a large variety of
target nuclei, there are various challenges that have to
be addressed in order to validate and implement this ap-
proach for the different regions of interest in the nuclear
chart. For applications to (n,f) cross sections on actinide
nuclei, Younes and Britt have studied some of these issues
recently [1, 2]. For applications to (n,γ) cross sections on
lighter nuclei, in particular on s-process branch points,
work is currently underway [3–7].
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It is useful to consider whether certain simplifications
or approximations to the method can be utilized to
determine relevant cross sections. A simple, approxi-
mate version of the Surrogate technique, which we will
refer to as the “Surrogate Method in the Weisskopf-
Ewing limit” was already used in the 1970s to estimate
neutron-induced fission cross sections from transfer reac-
tions [8–12] and has received renewed attention in recent
years [13]. In the work presented here, we will focus on
a related approximation, the so-called “Surrogate Ratio
Method” or simply the “Ratio Method”.

The purpose of this paper is an examination of the
validity of the Surrogate Ratio method for determining
(n,f) cross sections for actinide nuclei. The study was
motivated by recent (d,d′f) and (α,α ′f) Surrogate exper-
iments at Yale [14] and Berkeley [15], respectively, which
were analyzed in the framework of the Ratio approach.
In the present study we will use a nuclear reaction-model
simulation to investigate whether the assumptions un-
derlying the Ratio method are valid, and employ these
simulations to assess whether the cross section obtained
indirectly by applying the Ratio method agrees with the
expected result. We will also comment on the validity
of the Surrogate Method in the Weisskopf-Ewing limit,
since it is closely related to the Ratio approach.

The experiments described in [14, 15] investigated in-
directly neutron-induced fission for 235U and 237U, while
we chose to focus on (n,f) reactions on 233U and 235U.
This choice has the advantage that we study nuclei which
are very similar to those considered in the recent experi-
ments, but for which all of the relevant cross sections are
known from direct measurements. Therefore, the results
of the present study can be used to reach conclusions
about the accuracy of the Ratio technique for measuring
the previously unknown 237U(n,f) cross section.

This document is organized as follows: In the next
section, we will introduce the main concepts employed
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in the present report. In particular, we will explain the
Surrogate method, review the Weisskopf-Ewing approxi-
mation to the method, and introduce the Ratio approach.
In Section III we describe the simulations we are using
and outline the logic of the tests we are carrying out in
order to assess the validity of the Ratio method. In Sec-
tion IV we present calculations that test the primary as-
sumption underlying the Ratio approach, the validity of
the Weisskopf-Ewing approximation. We then compare
cross section predictions of both the Surrogate Method
in the Weisskopf-Ewing limit and the Surrogate Ratio
method to predetermined reference cross sections. Our
findings and conclusions are summarized in Section V.

II. SURROGATE APPROACHES

This section introduces the main concepts employed
in this study. The Surrogate idea is explained and the
challenges associated with carrying out, analyzing, and
interpreting a Surrogate experiment are outlined. The

Weisskopf-Ewing limit of the full Hauser-Feshbach theory
is briefly reviewed in the context of Surrogate reactions
and the Ratio Method, which makes use of the Surrogate
idea and assumes the validity of the Weisskopf-Ewing
approximation, is introduced.

A. The Surrogate Idea

The Surrogate nuclear reaction technique is an indirect
method for determining the cross section for a particular
type of “desired” reaction, namely a two-step reaction,
a + A → B∗ → c + C, that proceeds through a com-
pound nuclear state B∗, a highly excited state in statis-
tical equilibrium (see Figure 1).

The formalism appropriate for describing compound-
nucleus reactions is the statistical Hauser-Feshbach the-
ory (see, e.g., chapter 10 of Ref. [16]). The average cross
section per unit energy in the outgoing channel χ′ for
reactions proceeding to an energy region in the final nu-
cleus described by a level density is given by:

dσHF
αχ (Eα)

dEχ′

= πλ2
α

∑

Jπ

ωJ
α

∑

lsl′s′I′

T J
αls(Eα)T J

χ′l′s′(Eχ′ )ρI′(U ′)
∑′

χ′′l′′s′′ T J
χ′′l′′s′′(Eχ′′ ) +

∑
χ′′l′′s′′I′′

∫
T J

χ′′l′′s′′(Eχ′′ )ρI′′(U ′′)dEχ′′

. (1)

Here α denotes the entrance channel a + A with energy
Eα and reduced wavelength λα. The spin of the inci-
dent particle is i, the target spin is I, the channel spin

is ~s = ~ı + ~I, and the compound-nucleus angular mo-
mentum and parity are J, π. The excitation energy of
the compound nucleus, Eex, is related to Eα via the
separation energy Sa(B) of the particle a in the nu-
cleus B: Eex = Sa(B) + Eα. The transmission coef-
ficient associated with the entrance channel is denoted
T J

αls and the statistical-weight factor ωJ
α is given by

(2J + 1)/[(2i+ 1)(2I + 1)]. Quantitites associated with
the exit channel of interest are denoted by primed sym-
bols: χ′ = c′ + C′, i′ is the spin of the outgoing particle

c′, I ′ is the spin of the residual nucleus C′, ~s′ =~ı′ + ~I ′ is
the channel spin and Eχ′ the energy for χ′. The energy
of the decaying nucleus, Eex, is related to Eχ′ via the
relation Eex = Sc′(B) +Eχ′ , where Sc′(B) is the separa-
tion energy of c′ in B. The transmission coefficients for
this channel are written as T J

χ′l′s′(Eχ′ ) and ρI′(U ′) de-

notes the density of levels of spin I ′ at excitation energy
U ′ in the residual nucleus C′. All energetically possi-
ble final channels χ′′ have to be taken into account, thus
the denominator includes contributions from decays to
discrete levels in the residual nuclei (given by the sum∑′) as well as contributions from decays to regions of
high level density in the residual nuclei (given by the
second sum in the denominator which involves an energy

integral of transmission coefficients and level densities in
the residual nuclei). The relevant quantitites in these fi-
nal channels χ′′ are denoted by double-primed symbols,
in analogy to the particular channel of interest, χ′. In
writing Eq. 1, we have suppressed the parity quantum
number except for that of the compound nucleus. The
level density depends in principle on parity (even though
this dependence is weak in practice), and all sums over
quantum numbers must respect angular-momentum and
parity conservation.

The above Hauser-Feshbach formula neglects correla-
tions between the incident and outgoing reaction chan-
nels that can be taken into account formally by includ-
ing width fluctuation corrections. These correlations en-
hance the elastic scattering cross section and reduce the
inelastic and reaction cross sections, although this de-
pletion rarely exceeds 10-20% (even at energies below
approximately 2 MeV) and becomes negligible as the ex-
citation energy of the compound nucleus increases. In the
remainder of this study we will neglect width fluctuation
corrections and rewrite the Hauser-Feshbach formula as:

dσHF
αχ (Eα)

dEχ
=

∑

Jπ

σCN
α (Eex, J, π)GCN

χ (Eex, J, π), (2)

where σCN
α (Eex, J, π) denotes the cross section for form-

ing the compound nucleus at excitation energy Eex with
angular-momentum and parity quantum numbers Jπ in
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the reaction a + A → B∗. The symbol GCN
χ (Eex, J, π)

is the branching ratio for the decay of this compound
state into the desired exit channel χ. Here and in the
remainder of the paper we suppress the prime associated
with the exit channel of interest, unless it is necessary to
distinguish explicitly between all possible final channels
(χ′′) and the particular channel of interest (χ′).

In the limit of negligible width fluctuation corrections
considered here, the formation and decay of the com-
pound nucleus are independent of each other, individ-
ually for each angular momentum and parity value. It
is this independence that allows one to determine the
desired cross section via a combination of theory and ex-
periment in the Surrogate approach. In many cases the
formation cross section σCN

α can be calculated to a rea-
sonable accuracy by using optical potentials while the
theoretical branching ratios GCN

χ for the different chan-
nels χ are often quite uncertain. The objective of the
Surrogate method is to determine or constrain these de-
cay probabilities experimentally.
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FIG. 1: 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 de-
sired reaction, a+A, by an alternative (“Surrogate”) reaction,
d + D → b +B∗, that populates the same compound nucleus.
The subsequent decay of the compound nucleus into the rel-
evant channel can then be measured and used to extract the
desired cross section.

In a Surrogate experiment, the compound nucleus B∗

is produced via an alternative (“Surrogate”), direct re-
action d +D → b + B∗ and the decay of B∗ is observed

in coincidence with the outgoing particle b. The direct-
reaction particle is typically stopped in a detector which
provides particle identification, as well as information on
the kinetic energy and direction of b. The desired exit
channel χ can be identified, e.g., by detecting fission frag-
ments from B∗ or γ rays from the desired residual nucleus
C. The probability for forming B∗ in the Surrogate reac-
tion (with specific values for Eex, J , π) is FCN

δ (Eex, J, π),
where δ refers to the reaction d+D → b+B∗. The quan-
tity

Pδχ(Eex) =
∑

J,π

FCN
δ (Eex, J, π) GCN

χ (Eex, J, π) , (3)

which gives the probability that the compound nu-
cleus B∗ was formed with energy Eex and de-
cayed into channel χ, can be obtained experimentally.
The direct-reaction probabilities FCN

δ (Eex, J, π), where∑
Jπ F

CN
δ (Eex, J, π) = 1, have to be determined theoret-

ically. In practice, the decay of the compound nucleus is
modeled and the GCN

χ (Eex, J, π) are obtained by adjust-
ing parameters in the model to reproduce the measured
decay probabilities Pδχ(Eex). Subsequently, the branch-
ing ratios obtained in this manner are inserted in Eq. 2 to
yield the desired reaction cross section. In the above dis-
cussion, we have omitted the angular dependence of both
the desired and the Surrogate reactions on the observa-
tion angle of the particles emitted from the compound
nucleus B∗. The extension of the Hauser-Feshbach for-
mulae is straightforward [16].

In practice the procedure of determining the branch-
ing ratios is a difficult task due to several theoretical
and experimental challenges: i) The decay probability
Pδχ(Eex) = Nδχ(Eex)/Nδ(Eex) is experimentally deter-
mined: Here Nδ denotes the total number of d + D →
b + B∗ reactions, usually determined by observing the
outgoing particle b, and Nδχ is the number of b-χ co-
incidences. Both Nδχ and Nδ need to be accurately
determined. If target contaminants are present, it be-
comes very difficult, if not impossible to determine a
reliable value for Nδ. ii) The theoretical prediction of
the direct-reaction probabilities FCN

δ (Eex, J, π) requires
a framework for calculating cross sections of direct re-
actions (stripping, pick-up, and inelastic scattering) to
continuum states in B∗. iii) Extracting the branching
ratios GCN

χ (Eex, J, π) from measured decay probabilities
Pδχ(Eex) requires modeling the decay of the compound
nucleus produced in the Surrogate reaction and fitting
the relevant parameters to reproduce the experimental
results. iv) The possibility that the intermediate nucleus
B∗ produced in the Surrogate reaction decays before sta-
tistical equilibrium is reached has to be excluded or min-
imized.

B. The Weisskopf-Ewing Limit

The Hauser-Feshbach theory rigorously conserves to-
tal angular momentum J and parity π. Under certain
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conditions the branching ratios GCN
χ (Eex, J, π) can be

treated as independent of J and π and the form of the
cross section (for the desired reaction) simplifies to

dσWE
αχ (Ea)

dEχ
= σCN

α (Eex) GCN
χ (Eex) (4)

where

σCN
α (Eex) =

∑

J,π

σCN
α (Eex, J, π)

= πλ2
α

∞∑

l=0

(2l + 1)Tαl(Eα) (5)

is the reaction cross section describing the formation of
the compound nucleus at energy Eex and GCN

χ (Eex) de-
notes the Jπ-independent branching ratio for the exit
channel χ. This is the Weisskopf-Ewing limit of the
Hauser-Feshbach theory. It is applicable when the fol-
lowing conditions are satisfied [17, 18]:

• The energy of the compound nucleus has to be suffi-
ciently high, so that almost all channels into which
the nucleus can decay are dominated by integrals
over the level density.

• Width fluctuations have to be negligible. This will
be the case if the previous condition is satisfied.

• The transmission coefficients T J
χ′′l′′j′′ associated

with the available exit channels have to be inde-
pendent of the spin of the states reached in these
channels. This condition is sufficiently well satisfied
since the dependence of transmission coefficients on
target spin is very weak.

• The level densities ρI′′(U ′′) in the available chan-
nels have to be independent of parity and their de-
pendence on the spin I ′′ of the relevant nuclei has
to be of the form ρI′′(U ′′) ∝ (2I ′′ + 1). It can be
shown that for sufficiently high energies U ′′, level
densities are very weakly dependent on parity, so
that the first of these conditions can be assumed to
be satisfied. The second condition, which is a pre-
requisite for a rigorous derivation of the Weisskopf-
Ewing limit from the full Hauser-Feshbach theory,
is satisfied if the spin I ′′ is smaller than the spin
cutoff parameter σcut in the relevant level-density
formula. In the actinide region σcut ≈ 6− 7, but it
is known that the Weisskopf-Ewing limit is still a
useful approximation at higher spins.

The Weiskopf-Ewing limit provides a simple and pow-
erful approximate way of calculating cross sections for
compound-nucleus reactions. In the context of Surro-
gate reactions, it greatly simplifies the application of the
method: It becomes straightforward to obtain the Jπ-
independent branching ratios GCN

χ (Eex) from measure-
ments of Pδχ(Eex) and to calculate the desired reaction

cross section. Calculating the direct-reaction probabili-
ties FCN

δ (Eex, J, π) and modeling the decay of the com-
pound nucleus are no longer required. However, Surro-
gate experiments in the Weisskopf-Ewing limit are still
challenging since the requirement that both the number
of b − χ coincidences and the number of reaction events
be accurately determined remains. Although the cross
section expressed in Eq. 4 is differential in the outgoing-
channel energy, the quantity of interest is the cross sec-
tion integrated over all final-state energies. In the fol-
lowing, we will assume the quantity GCN

χ has been inte-
grated over the energy Eχ of the final-state channel, and
will therefore remove the differentiation with respect to
energy in Eq. 4. The essential feature of this equation
remains; namely, the factorization into a formation cross
section and a branching ratio, neither of which depend
on angular momentum or parity.

C. The Ratio Approach

The “Ratio method” makes use of the Surrogate idea
and requires the validity of the Weisskopf-Ewing limit.
An important motivation for using the Ratio method is
the fact that it eliminates the need to accurately mea-
sure Nδ, the total number of d + D → b + B∗ reaction
events, which has been the source of the largest uncer-
tainty in Surrogate experiments performed recently. Un-
der the proper circumstances it also reduces or removes
dependence on the angular distribution of fission frag-
ments, which is not well characterized in the present ex-
periments.

The goal of the Ratio method is to determine the ratio

R(E) =
σα1χ1

(E)

σα2χ2
(E)

(6)

of the cross sections of two compound-nucleus reactions,
a1 +A1 → B∗

1 → c1 +C1 and a2 +A2 → B∗
2 → c2 +C2,

where the two reactions have to be “similar” in a sense
that remains to be specified. An independent determina-
tion of one of these cross sections then allows one to infer
the other by using the ratio R. In the Weisskopf-Ewing
limit, the ratio R(E) can be written as:

R(E) =
σCN

α1
(E) GCN

χ1
(E)

σCN
α2

(E) GCN
χ2

(E)
, (7)

with branching ratios GCN
χ that are independent of J

and π and compound-nucleus formation cross sections
σCN

α1
and σCN

α2
that can be calculated by using an optical

model.
To determine GCN

χ1
/GCN

χ2
, two experiments are car-

ried out. Both use the same direct-reaction mechanism,
D(d, b)B∗, but different targets, D1 and D2 to create
the relevant compound nuclei, B∗

1 and B∗
2 , respectively.

For each experiment, the number of coincidence events,

N
(1)
δ1χ1

andN
(2)
δ2χ2

, is measured. The ratio of the branching



5

ratios into the desired channels for the compound nuclei
created in the two reactions is given by

GCN
χ1

(E)

GCN
χ2

(E)
=

N
(1)
δ1χ1

(E)

N
(2)
δ2χ2

(E)
×
N

(2)
δ2

(E)

N
(1)
δ1

(E)
. (8)

The experimental conditions are adjusted such that the

relative number of reaction events, norm = N
(1)
δ1
/N

(2)
δ2

,
can be determined by accounting for differences in beam
intensities and beam times, as well as numbers of atoms
in each target. This requires that the same setup be used
in both experiments. The ratio of the decay probabilities
then simply equals the ratio of the coincidence events and
R(E) becomes:

R(E) =
σCN

α1
(E) N

(1)
δ1χ1

(E)

σCN
α2

(E) N
(2)
δ2χ2

(E)
, (9)

where we have set the experimental normalization factor
norm to unity.

The definition of the energy E in the above equations
remains to be specified. Typically, the energy depen-
dence of a compound-nucleus formation cross section,
σCN

α = σ(a + A → B∗) is characterized by the kinetic
energy of the projectile, Eα, while a branching ratio is
normally given as a function of the excitation energy
of the compound nucleus, GCN

χ (Eex). In a compound-
nucleus reaction, those two values are related via the sep-
aration energy Sa of the particle a in B∗: Eex = Sa +Eα.
While either Eex or Eα can be used to uniquely specify
the energy dependence of such a reaction, it is impor-
tant for the Ratio method to make the comparison of
the relevant reactions, a1 + A1 → B∗

1 → c1 + C1 and
a2 + A2 → B∗

2 → c2 + C2 at an energy that minimizes
uncertainties. Here, we take E to denote the kinetic en-
ergy of the projectile.

In Refs. [14] and [15], the Ratio method was used to ob-
tain an estimate of the 237U(n,f) cross section. Inelastic
deuteron [14] and α [15] scattering experiments on 238U
and 236U were carried out and fission fragments from the
decay of 238U∗ and 236U∗ were detected in coincidence
with the outgoing direct-reaction particle. The results
were found to be in good agreement with a theoretical
estimate by Younes et al. [19].

More recently, a variant of the Ratio approach de-
scribed here was explored for determining the 237U(n,γ)
and 237U(n,2n) cross sections [20]. Rather than compar-
ing the decay of two compound nuclei, B∗

1 andB∗
2 , formed

with the same type of Surrogate reaction, the authors de-
termined the ratio of decay probabilities for two different

exit channels, χ1 = c1 + C1 and χ2 = c2 + C2, of one

particular compound nucleus, B∗
1 = B∗

2 ≡ B∗. This is an
interesting approach that deserves further study, which is
outside the scope of the present paper. We will restrict
our considerations to applications of the Ratio method
in which two similar compound nuclei are formed in two
separate Surrogate reactions.

III. METHOD OF THE STUDY

The purpose of the present work is an examination of
the validity of the Surrogate Ratio method for determin-
ing (n,f) cross sections for actinide nuclei. In particular,
we will i) use a Hauser-Feshbach-based nuclear reaction-
model simulation to investigate whether the principal as-
sumptions underlying the Ratio method are valid, and
ii) employ these calculations to assess whether applying
a Ratio analysis to the simulated observables yields a
cross section that agrees with the expected result. While
experimental tests can be very valuable, employing a sim-
ulation provides several distinct advantages: We are able
to access physical quantities that are not directly observ-
able in an experiment, such as Jπ-dependent branching
ratios for a specific exit channel. We can alter quan-
tities that are experimentally not easily modified in a
controlled manner, such as the angular-momentum dis-
tribution in a compound nucleus before it decays, and
carry out sensitivity studies.

For our study, we need two types of reference cross sec-
tions: The first type, σα1χ1

, appears in the denominator
of the ratio R =

σα1χ1

σα2χ2

and corresponds to a known cross

section in real-world applications of the Ratio method.
The second type of reference cross section corresponds
to the unknown, “desired” cross section and serves as a
benchmark for the Ratio method. We employ the full
Hauser-Feshbach theory to calculate the reference cross
sections relevant for our study: 233U(n,f), 235U(n,f), and
235mU(n,f). We treat the calculated 233U(n,f) cross sec-
tion as the reference cross section which will appear in
the denominator of the ratio R, while the 235U(n,f) and
235mU(n,f) cross sections are to be determined from a
Ratio treatment. Upon extracting these by applying the
Ratio prescription, we can compare the results to the ref-
erence cross sections of the second type and gain insights
into the potential success of the Ratio method.

Furthermore, to simulate a Surrogate treatment, we
need to generate those quantities that are typically mea-
sured in a Surrogate experiment. In particular, we need
observables associated with the decay of a compound nu-
cleus that was produced in a direct (Surrogate) reaction.
Surrogate experiments focusing on (n,f) cross sections
typically measure fission probabilities, while determing
(n,γ) cross sections involves measuring gamma-ray in-
tensities for transitions within the residual nucleus. Both
fission probabilities and gamma intensities can be calcu-
lated with a Hauser-Feshbach code, such as the Stapre

code [21, 22] used in the present work. In order to ac-
count for the fact that a direct reaction produces a spin-
parity distribution in the compound nucleus that is dif-
ferent from the spin-parity distribution associated with
the desired reaction, we modified this code so that it is
suitable for Surrogate-reaction studies. In particular, we
included an option to allow the spin-parity distribution of
the first compound nucleus to be read in from a text file
rather than calculated from the entrance-channel trans-
mission coefficients. It is therefore possible to select an
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arbitrary Jπ distribution for a given compound nucleus
and to predict the decay of the nucleus.

In Section IV, we will discuss various tests of the
Ratio method for fission. We begin by investigating
the main assumption of the method, the validity of
the Weisskopf-Ewing limit, by explicitly considering the
branching ratios GCN

χ (Eex, J, π) of Equation 2, where χ
refers to the fission channel. In particular, we study the
GCN

χ (Eex, J, π) values that result from the fitting proce-
dure of Subsection III A below, for different spin and par-
ity values Jπ as a function of energy. We then simulate
a Surrogate fission experiment. Specifically, we study fis-
sion of 234U and 236U following excitation by a direct re-
action. Rather than attempting to predict the Jπ distri-
butions that can result from the various possible direct-
reaction mechanisms (transfer and inelastic reactions),
we consider a few simple spin-parity distributions for
234U and 236U and observe their effect on the compound-
nucleus decay. We carry out a Surrogate analysis under
the assumption that the Weisskopf-Ewing limit is valid
and infer the σ(235U(n,f)) and σ(235mU(n,f)) cross sec-
tions. The results are compared to the reference cross
sections obtained from the full Hauser-Feshbach calcu-
lations. Furthermore, we use the fission simulation to
carry out a Ratio analysis and compare the cross sections
obtained in this manner to the reference cross sections.
This comparison gives insight into the quality that can
be achieved with the Ratio method given optimal circum-
stances.

A. Nuclear-reaction model for fission

Both the calculations of the reference cross sections
and the simulations of the Surrogate experiments make
use of the Hauser-Feshbach statistical reaction theory.
The former involve a standard Hauser-Feshbach descrip-
tion of the formation and decay of a compound nucleus,
with parameters adjusted to reproduce available exper-
imental data. The simulations of the Surrogate exper-
iments employ the Hauser-Feshbach theory to describe
the decay of the relevant compound nucleus only, with
parameters taken from the reference-cross section calcu-
lations. The determination of the level schemes, level
densities, gamma strength functions, fission-model pa-
rameters, and preequilibrium parameters is described be-
low.

The following target nuclei are considered in our study:
233U which has ground-state spin and parity Iπ = 5

2
+,

235U which has Iπ = 7
2
−, and 235mU with Iπ = 1

2
+. Since

we are interested in neutron-induced reactions, appropri-
ate neutron-nucleus optical potentials are needed. For
simplicity, the calculations employ the same deformed
neutron-nucleus optical potential for all three systems,
i.e. the neutron transmission coefficients are indepen-
dent of the target nucleus. This is a suitable approx-
imation since the optical-model observables vary very
slowly over the range of uranium isotopes considered.

FIG. 2: Compound-nuclear cross section obtained from the
Flap2.2 optical-model potential [23]. This is the reaction cross
section after removal of contributions from the excitation of
directly-coupled states. The calculations were carried out for
neutrons incident on 234U and we assume σCN

n+234U = σCN
n+235U

= σCN
n+235mU = σCN

n+233U .

The compound-nucleus formation cross section σCN
n+235U

= σCN
n+235mU = σCN

n+233U is plotted in Figure 2. It is ex-

pected to be accurate to approximately 5% throughout
the energy range covered.

1. Determining the reference cross sections

We began this study with the results of an earlier
treatment of the 235U(n,2n) that had been carried out
with the stapre code [24]. In this earlier calculation,
level schemes, level densities, gamma strength functions,
fission-model parameters, and preequilibrium parameters
had been carefully adjusted to fit the available experi-
mental data on gamma production and fission. For the
present work, only small adjustments were made relative
to the earlier calculation. The calculation of neutron-
induced fission of 233U carried out for the present study
proceeded in a nearly identical manner. Since we are in-
terested in comparing reactions on the two targets, it is
important that the procedures applied to both be very
similar. The following remarks are applicable to both
calculations.

• Level schemes and gamma branching ratios were
taken from the evaluated nuclear-structure data
available on the RIPL-2 web site [25]. Level den-
sities were parameterized in the Gilbert-Cameron
form [26]. The Fermi-gas parameter was fit to the
observed average s-wave spacing, or obtained from
the Gilbert-Cameron systematics if experimental
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data were unavailable. The constant-temperature
portion was constrained to reproduce the number of
observed discrete levels at low energy, and matched
in value and slope to the Fermi-gas form at an en-
ergy somewhat below the neutron separation en-
ergy.

• Details of the deformed optical potential (‘Flap2.2’)
used in the current calculations are given in [23]; its
predicted reaction cross section is shown in Fig. 2.

• Transmission coefficients for fission were calculated
from the usual two-barrier model (see, for exam-
ple, Bjornholm and Lynn [27]) in which the fission
process proceeds through transition states built
on top of the two saddle points. In the present
calculations the transition states were represented
by a level density; no discrete transition states
were considered. For use in the fission calcula-
tions, an additional option for calculating level-
densities was added to stapre. This option allows
four constant-temperature segments, connected to
a Fermi-gas form for use at energies above the
constant-temperature segments. The level densi-
ties are required to be continuous at the match-
ing points. Separate spin-cutoff parameters may
be specified for the constant-temperature segments
and for the Fermi-gas region. The spin-cutoff pa-
rameters used in the fits to the fission data were
in the range 5–7, consistent with those in Ref. [27].
The starting values for the fission-barrier heights
and curvatures were also taken from Bjornholm and
Lynn [27]. These as well as the level-density param-
eters were varied to achieve fits to the fission cross
section data.

• The gamma transmission coefficients were calcu-
lated from a standard Brink-Axel model [28, 29] us-
ing a double-humped Lorentzian parameterization
of the giant dipole resonance, together with a small
M1 component with a Weisskopf (E3

γ) energy de-
pendence. Exactly the same parameters were used
in all nuclei considered; the strength (peak GDR
cross section) of the E1 component was adjusted to
reproduce the average of the experimental values
for the radiation width of the s-wave resonances in
the uranium isotopes.

• Preequilibrium neutron emission in the first (n,n′)
stage of the reaction was calculated with the ex-
citon model built into the stapre code. Its pa-
rameters were determined in the earlier study of
reactions on 235U by requiring that the preequilib-
rium spectrum be in approximate agreement with
known (n,n′) data in the actinide region. Exactly
the same parameters were used in all of the present
calculations for both isotopes.

• Width-fluctuation corrections were not included in
any of these calculations, nor in any of the other

FIG. 3: Fits to the 233U (top panel) and 235U (bottom panel)
fission cross sections.

results shown in this report.

The results of the fits to the fission cross sections of
233U and 235U are displayed in Fig. 3. The calculated
first-, second-, and third-chance fission as well as their
sum are shown, together with the evaluations to which
the fission parameters were fitted. The ENDL-99 [30]
evaluation and a beta version of the ENDF-7 [31] were
used for 235U and 233U, respectively.

Based on the successful fit of the experimental (or eval-
uated) cross sections for 233U and 235U, the cross sections
for reactions on the first-excited (isomeric) state of 235U
can be predicted by changing the spin and parity of the
target from 7/2− to 1/2+ and keeping all other param-
eters fixed. The prediction for 235mU(n,f) is shown in
Fig. 4, along with the evaluation for fission of the ground
state. At the lowest energies, the cross section is lower
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FIG. 4: Prediction of 235mU fission cross section using the pa-
rameters obtained from the fit to the 235U(n,f) cross section.
For reference purposes, the black line shows the evaluated
235U(n,f) cross section.

than that on the ground state by about 20%. This reduc-
tion is in qualitative agreement with the results of Younes
and Britt [1], even though the present calculation does
not include the discrete transition states on top of the
fission barriers that are believed to play a significant role
in the difference between the ground and isomeric cross
sections.

2. Simulating Surrogate experiments

In order to simulate the decay of the compound nuclei
234U and 236U, as produced in a Surrogate experiment,
we employ the Hauser-Feshbach parameters determined
in the fits to the 233U(n,f) and 235U(n,f) cross sections,
above. We also need information on the spin-parity dis-
tributions of the decaying 234U and 236U systems. In
principle, one would like to describe the direct-reaction
process (transfer or inelastic scattering reaction) lead-
ing to these compound nuclei with an appropriate direct-
reaction model and obtain information on the resulting
Jπ distribution, which in turn can be used as input in the
modified Hauser-Feshbach code. However, this is a non-
trivial task since it requires a description of transfer and
inelastic scattering reactions leading to unbound states,
as well as an understanding of preequilbrium decay fol-
lowing a direct reaction (see Section III B 2 below). More-
over, a variety of projectile-target combinations with a
range of possible incident energies may be considered for
the direct reaction that produces the compound nucleus
of interest. Different reaction mechanisms, regions of the
nuclear chart, and projectile energies will yield different

compound-nuclear Jπ distributions and also provide dif-
ferent challenges for a proper theoretical description. For
instance, for the reactions of interest here, both inelastic
α and deuteron scattering from actinide nuclei, as well as
the (3He,α) transfer reaction, have to be considered, and
a proper treatment of the deformation is required. Thus,
rather than focusing on obtaining a reliable prediction of
the Jπ distributions that can result for these cases, we
will use schematic distributions that are likely cover the
range of relevant Jπ distributions.

Some guidance for selecting possible Jπ distributions
can be found in the literature. One-nucleon strip-
ping reactions, such as (α,3He), (20Ne,19Ne), etc., with
intermediate-energy projectiles, E ≈ 20-40 MeV/A, have
received much interest in recent years. Experimental [32–
34] as well as theoretical [35] work has been devoted to
understanding the continuum spectra from such single-
nucleon stripping reactions on spherical nuclei. In the
reactions considered, relatively large angular-momentum
transfers (l = 5, 6, 7) resulted in the population of high-j
single-particle orbitals (1h11/2,1i13/2, 1j15/2, etc.), which
were a major focus of those studies. Calculations for the
239Pu(d,p)240Pu reaction at Ed= 13 MeV [36] and for the
two-nucleon stripping reaction (t,p) at Et = 15-18 MeV
for the actinide region [1] have shown smaller angular-
momentum transfers to be relevant as well. Since reac-
tions involving targets with large ground state spins can
produce compound-nuclear Jπ distributions peaked at
larger angular-momentum values, it is reasonable to con-
sider J > 10 as well. Furthermore, inelastic scattering on
even-even targets exhibits a characteristic asymmetry be-
tween natural and unnatural parity states: In the absence
of a spin-dependent interaction only Jπ= 0+, 1−, 2+, . . .
are populated (in a DWBA description). It is therefore
worthwhile to study the effects of Jπ distributions that
contain natural (or unnatural) parity states only.

For the purposes of the present study, we consider six
different distributions. The first four, distributions a,
b, c, and d, assume equal probabilities for positive and
negative parity states, and are plotted in Figure 5 (top
panel). These distributions have mean angular momenta
〈J〉 of 7.03, 10.0, 12.97, and 3.30 for the curves labeled
a, b, c, and d, respectively. The last two distributions, e
and f, with mean angular momentum 〈J〉=3.30, assume
that only natural parity states (0+, 1−, 2+, etc.) or only
unnatural-parity states (0−, 1+, 2−, etc.) are occupied,
respectively, see Figure 5 (bottom panel). In Section IV,
the dependence of the calculated branching ratios and
extracted cross sections on the Jπ distributions of the
relevant compound nucleus will be investigated using the
schematic forms introduced here.

B. The role of preequilibrium decays

Central to the Surrogate approach is the assumption
that the formation and decay of the intermediate nuclear
state – in both the “desired” and the Surrogate reaction
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FIG. 5: Distributions of total angular momentum for the com-
pound nuclei considered in this study. We assume that the
Jπ distribution produced in a realistic Surrogate reaction falls
within the range of the cases studied here. (top) Distributions
a-d. The mean angular momentum is 〈J〉 = 7.03, 10.0, 12.97,
3.30 for distributions a, b, c, and d, respectively; positive and
negative parities are taken to be equally probable. (bottom):
Distributions e and f. Distribution e contains positive-parity
states only, while distribution f contains only negative-parity
states. Both have the same mean value 〈J〉 = 3.30.

– are independent of each other (apart from conserving
constants of motion). This is only valid if the intermedi-
ate nucleus equilibrates (becomes a compound nucleus)
before it decays into the final reaction products.

1. Preequilibrium neutron emission in the desired reaction

Preequilibrium neutron emission is important for
neutron-induced reactions at incident energies above a
few MeV, and was therefore included in the calculations

FIG. 6: The solid lines represent the fit to 235U(n,f) as shown
in Fig. 3. The dashed lines are a calculation with identical
parameters except that preequilibrium effects are turned off.

of the (n,f) cross sections described above. The Surrogate
approach provides information on the decay of the de-
sired compound nucleus and is thus not able to determine
cross section contributions due to preequilibrium effects
in the desired reaction. Here we consider the effects of
preequilibrium emission on the (n,f) cross section. Fig. 6
shows the full calculation of the 235U(n,f) cross section as
described earlier (solid line), together with the same cal-
culation without preequilibrium but identical parameters
otherwise (dashed line).

The principal effect of preequilibrium neutron emission
is on first-chance fission; i.e. fission of the compound nu-
cleus formed by fusion of the incident neutron with the
target. Preequilibrium neutron emission corresponds to
a fast (n,n′) process that bypasses this stage and, conse-
quently, reduces the compound-nucleus formation cross
section. This is reflected in a reduction of first-chance
fission, see Fig. 6. In the region where first-chance fis-
sion dominates, (En . 7 MeV), the correction to the
total fission is less than 10%. At the highest energies
(≈ 20 MeV), the depletion of first-chance fission is quite
large, in the neighborhood of 40%. However, second-
and third-chance fission are dominant in this region, so
the net correction to the total fission is much less, not
exceeding ≈15% over the entire energy range.

The effects of preequilibrium on second- and third-
chance fission are much smaller than for first-chance.
Although the preequilibrium (n,n′) process bypasses the
first compound nucleus, for sufficiently low energies of the
inelastically scattered neutrons the residual nucleus will
be able to undergo fission. This component of the fission
cross section originates from the same residual nucleus
that is reached by neutron emission from the first com-
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pound nucleus, and thus must be added to the fission
component (second-chance fission) arising from purely
compound processes. The net result is that second- and
higher-chance fission cross sections are much less sensitive
to the inclusion of preequilibrium than the first-chance
process.

In principle, it is necessary to independently determine
preequilibrium corrections to the cross sections extracted
from a Surrogate analysis. We do not determine such cor-
rections in our current study. For the cases considered
here, the total fission cross sections calculated with and
without preequilibrium were found to be within 15% of
each other. Moreover, we expect that the corrections for
preequilibrium should be very similar for targets differing
only by two neutrons (233U(n,f) vs. 235U(n,f) as studied
here, or 235U(n,f) vs. 237U(n,f) as presently being in-
ferred from experiments using the Ratio method [14, 15]).
Therefore, the errors incurred by omitting preequilibrium
corrections are likely to be significantly smaller than 15%
when the Ratio method is used.

2. Preequilibrium decay in the Surrogate reaction

The objective of a Surrogate reaction d+D → b+B∗

is the production of a compound nucleus B∗, the decay
of which we observe experimentally. In order to infer
useful information on the desired decay probabilites, one
needs to be sure that the observed quantities (such as b-
fission coincidence events) are indeed associated with the
desired nucleus B∗ and that this nucleus was in statistical
equilibrium before the decay.

Experimentally, it is often not possible to verify this:
fission fragments might originate from the desired com-
pound nucleus or from a neighboring nucleus, the inter-
mediate nucleus might have decayed before reaching equi-
librium, etc. A theoretical assessment is also difficult,
since it requires a thorough understanding of the pro-
cess by which the desired compound nucleus is formed.
For example, inelastic scattering can excite a target nu-
cleus by producing one-particle one-hole (1p-1h) states,
which can evolve to 2p-2h, 3p-3h, etc., configurations
and eventually to a compound nucleus. At any stage it
is possible that a particle escapes, thus preventing the
formation of the desired compound nucleus. For a strip-
ping reaction, one has to disentangle the contribution
from various processes, such as breakup, breakup-fusion,
and direct stripping to resonances, and determine the
probability that the relevant resonance state evolves to
produce a compound nucleus. Moreover, it is not suffi-
cient to estimate the probability of preequilibrium decay
for a given Surrogate reaction, one also needs to deter-
mine its effect on the Jπ distribution of the desired nu-
cleus. It is expected that preequilibrium decay proceeds
predominantly through particular Jπ states, i.e. the Jπ
distribution of the decaying compound nucleus is likely
to be different from the distribution that was present im-
mediately following the direct-reaction process.

The model employed here does not make any state-
ments or assumptions about possible preequilibrium ef-
fects in the Surrogate reaction. It starts with a given
compound nucleus and Jπ distribution and follows the
decay of that nucleus in the Hauser-Feshbach framework.
The process of producing a particular Jπ distribution for
a given compound nucleus via a direct reaction deserves
additional attention in a more complete treatment of Sur-
rogate reactions. This is outside the scope of the present
study.

IV. SURROGATE METHODS FOR FISSION

For this study we carry out various tests relevant to
the Surrogate method in the Weisskopf-Ewing limit and
the Ratio method. We focus on applications to neutron-
induced fission. First, we calculate branching ratios for
fission as a function of the spin and parity of the initially
formed compound nucleus. We then study the validity
of the Surrogate method for calculating fission cross sec-
tions for individual nuclei using the Weisskopf-Ewing as-
sumption. This is done by comparing the predictions of
the method with the reference cross sections calculated
from the full Hauser-Feshbach theory, as outlined in the
previous section. Finally, we study the validity of the
Ratio method by the same technique. Our findings are
presented below.

A. Branching Ratios and the Weisskopf-Ewing

Assumption

The branching ratios GCN
χ=fission(Eex, J, π) defined in

Eq. 2 are independent of the spin and parity values Jπ
if the Weisskopf-Ewing limit of the full Hauser-Feshbach
theory is applicable. While these branching ratios cannot
be directly measured in a fission experiment, they can be
extracted from a calculation of the (n,f) cross section and
their Jπ-dependence can be studied. This allows us to
assess the validity of the Weisskopf-Ewing assumption.

In our calculation the branching ratio for one
particular Jπ combination is obtained as follows:
First, all parameters (level densities, gamma strength
functions, fission-model parameters, etc.) of the
Hauser-Feshbach-plus-preequilibrium calculation are de-
termined as outlined in Section III A 1. Since
the modified Stapre code allows one to calculate
the quantity

∑
J,π f

CN(Eex, J, π)GCN
χ (Eex, J, π), where

fCN(Eex, J, π) is an arbitrary Jπ distribution in the
compound nucleus, we can set fCN (Eex, J, π) = 1 for
a particular (J, π) value (J0, π0), and zero otherwise.
This allows us to obtain the individual branching ratios,
GCN

χ=fission(Eex, J0, π0), samples of which are plotted in
Figures 7–9. Note that the results shown are the actual
branching ratios (i.e. fission probabilities) that are used
in the full calculation of the (n,f) cross section.
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Figure 7 gives the GCN
χ (Eex, J, π) for the 233U(n,f) re-

action for fission proceeding through positive and nega-
tive parity states of the compound nucleus 234U. We ob-
serve that the branching ratios exhibit a significant Jπ
dependence. In particular, for low energies, En = 0 − 5
MeV (where En is the energy above the neutron separa-
tion energy in the compound nucleus; En = Eex(234U)−
Sn, corresponding to the energy of the incoming neu-
tron in the desired (n,f) reaction), the GCN

fission(Eex, J, π)
differ in both their energy dependence and their magni-
tude for different Jπ values. We find variations as large
as a factor two in absolute value. With increasing en-
ergy, the differences decrease, although the discrepancies
become more pronounced as the thresholds for second-
chance and third-chance fission of 234U are crossed, at
≈6 MeV and ≈13 MeV, respectively. For energies above
5 MeV, the differences are at most 25-30%. Compar-
ing the top and bottom panels of Figure 7, we also note
that the dependence of the GCN

fission(Eex, J, π) on parity
is much smaller than the angular-momentum effect. It is
clear that for low energies (below 2 MeV) the Weisskopf-
Ewing approach is not a good approximation, while the
energy regime above 5 MeV merits further study.

Figure 8 shows the branching ratios for the
235,235mU(n,f) reactions for positive and negative parity
states in the compound nucleus 236U. We find trends sim-
ilar to those exhibited by the previous case. The discrep-
ancies are more pronounced in this case than in the 234U
example, with differences of up to a factor three in the
absolute values. Here as well, the GCN

fission(Eex, J, π) be-
come more alike with increasing energy except near the
thresholds for second-chance and third-chance fission.

The calculations demonstrate that the validity of the
Weisskopf-Ewing approximation depends on the range
of Jπ values that play a role in the decay of the com-
pound nucleus. While it may be possible to apply the
Weisskopf-Ewing approximation to a reaction that pop-
ulates a narrow range of Jπ states, this description will
break down for cases which involve a wide range of
angular-momentum values. For example, for reactions
that populate only the J = 0, . . . , 4 states in 236U it is
reasonable to expect the Weisskopf-Ewing approximation
to provide a valid description of fission of 236U, at equiva-
lent neutron energies above En ≈1.0 MeV (see Figure 9).
On the other hand, if the states that are populated in
the compound nucleus before the decay have large an-
gular momenta (J & 5 here), the condition J . σcutoff

required for the Weisskopf-Ewing limit to be a good ap-
proximation to the Hauser-Feshbach theory is no longer
satisfied and the branching ratios may depend on Jπ.
It is therefore worthwhile to not only study the depen-
dence of the branching ratios on the spin and parity of
the decaying nucleus, but also to develop and test theo-
ries that allow for a prediction of the Jπ populations of
a compound nucleus following a variety of possible direct
reactions.

The findings here illustrate an important point: Re-
stricting one’s consideration to reactions induced by neu-

trons with kinetic energies above several MeV does not
guarantee the validity of the Weisskopf-Ewing limit. The
validity of this approximation depends clearly on the en-
ergy of the compound nucleus as well as on the range of
Jπ values that play a role in the decay of the compound
nucleus. Angular-momentum values larger than the spin
cutoff factor invalidate the Weisskopf-Ewing assumption,
and we have seen that this assumption also breaks down
near the threshold for second-chance and, to a lesser de-
gree, third-chance fission. We have to conclude that it
is not a priori clear whether the Weisskopf-Ewing limit
applies to a particular reaction in a given energy regime.
This needs to be verified for each case of interest.

FIG. 7: Calculated branching ratios GCN
fission(Eex, J, π) for

neutron-induced fission on 233U. Results are shown for pos-
itive (top panel) and negative (bottom panel) parity states
with total angular momenta J = 0, 5, 10, 15, 20 in the com-
pound nucleus 234U∗.
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FIG. 8: Calculated branching ratios GCN
fission(Eex, J, π) for

neutron-induced fission on 235U and 235mU. Results are shown
for positive (top panel) and negative (bottom panel) parity
states with total angular momenta J = 0, 5, 10, 15, 20 in the
compound nucleus 236U∗.

B. Simulated Surrogate Fission Cross Sections in

the Weisskopf-Ewing Approximation

Using the branching ratios discussed in the pre-
vious subsection we can now simulate a Surro-
gate fission experiment. While the individual
branching ratios GCN

χ (Eex, J, π) do not depend on
the formation mechanism for the compound nu-
cleus, the measured decay probabilities Pχ(Eex) =∑

J,π f
CN (Eex, J, π) GCN

χ (Eex, J, π) depend on the

relative weights fCN(Eex, J, π) which in turn are
determined by the process that formed the com-
pound nucleus. For example, fCN(Eex, J, π) =
σCN

n+A(Eex, J, π)/
∑

J′,π′ σCN
n+A(Eex, J

′, π′) for the

FIG. 9: Same as in Figure 8, but for small total angular
momenta, J = 0, 1, 2, 3, 4, and 5, of the compound nucleus
236U∗.

neutron-induced reaction n + A → B∗, where
σCN

n+A(Eex, J, π) is the cross section for forming
the compound nucleus at energy Eex with angular
momentum J and parity π. On the other hand,
fCN(Eex, J, π) = FCN

δ (Eex, J, π) for a Surrogate re-
action, δ = d + D → b + B∗, is determined by the
relative direct-reaction cross sections for the individual
Jπ values.

In our simulation of a Surrogate reaction, we consider
six possible distributions (shown in Figure 5) for the
weights FCN

δ (Eex, J, π) and investigate their effect on the
extracted (n,f) cross sections. With the help of the mod-
ified Stapre code we determine

P
(p)
δχ (Eex) =

∑

J,π

F
CN (p)
δ (Eex, J, π) GCN

χ (Eex, J, π) ,

(10)
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where χ = fission, which simulates an experimen-
tally observable b-fission coincidence probability, for each
of the selected compound-nuclear Jπ populations, p =
a, . . . e. These distributions are normalized so that their
sum over all J and π values is unity. We then calculate
the desired fission cross section,

σ
WE (p)
(n,f) (Eex) = σCN

n+A(Eex) G
CN (p)
fission(Eex), (11)

assuming Jπ-independent branching ratios

G
CN (p)
fission(Eex) = P

(p)
δχ (Eex). This procedure corresponds

to a Surrogate analysis in the Weisskopf-Ewing approxi-
mation of the simulated (d+D → b+B∗ → b+ fission)
experiment, since in this limit, we have Pδχ = GCN

fission×∑
J,π F

CN
δ and, as noted above,

∑
J,π F

CN
δ = 1. The

compound-nucleus formation cross section σCN
n+A(Eex) is

taken to be the one shown in Figure 2.
The deduced (n,f) cross sections for a given target nu-

cleus and Jπ distribution p can then be compared to the
calculated reference cross sections obtained as described
in Section III A 1. In particular, the extracted cross sec-
tions should not depend on the Jπ distribution chosen
if the Weisskopf-Ewing limit is a good approximation.
However, given the findings presented above, we should
not be surprised to find that the cross sections obtained in
the manner described differ significantly from each other
as well as from the reference cross sections, particularly
for energies lower than 5 MeV and high compound nu-
cleus spins.

Results for the 233U(n,f) cross section deduced from
simulated Surrogate experiments are shown in Figure 10
(top panel). Cross sections obtained for the four Jπ dis-
tributions p = a, b, c, and d are given, along with the
reference cross section for this reaction. Cross sections
obtained for distributions e and f are almost identical to
the result for p = d and are not plotted. We observe that
the inferred cross sections for p = a, b, and c are too large,
by up to 15-20% for energies above 5 MeV and up to 50%
for smaller energies, while the results for p = d, e, and f
are within 10% of the expected cross section for all en-
ergies considered. The deduced cross sections clearly de-
pend on the Jπ distribution considered for the compound
nucleus. This reflects the fact that the Weisskopf-Ewing
limit is not strictly valid in this case. The uncertainties
are particularly large for energies below 3 MeV, as ex-
pected given the findings of Section IVA. For energies
En ≈ 0−5 MeV, the extracted cross section for distribu-
tion d is in excellent agreement with the reference cross
section, since in this energy range the Jπ population of
the compound nucleus 236U, as produced in the neutron
+235U fusion process is similar to distribution d, see Fig-
ure 11. Identifying a Surrogate reaction that produces
a compound nucleus similar to the one produced in the
desired reaction obviously yields the best results for the
extracted cross section.

The bottom panel of Figure 10 shows similar results
for the extracted 235U(n,f) and 235mU(n,f) cross sections.
Note that the results are the same for both cases since

we simulate the Surrogate reaction with the same six
possible Jπ distributions and we assume the compound
nucleus formation cross section to be independent of the
target nucleus for the range of uranium isotopes studied
here. Here as well, we find that the results for distri-
bution d, e, and f are almost undistinguishable and we
plot only the cross section extracted for p = d. The
findings are similar to those for the 233U case, but the
discrepancies between the different curves are more pro-
nounced here. For distributions p = a, b, and c, the
Surrogate analysis overestimates the cross sections by
as much as 40% for energies larger than 5 MeV and a
factor 2.5 in the low-energy regime. For distributions p
= d, e, and f, we find that the extracted cross sections
are in very close agreement with the expected results for
En = 0 − 8 MeV and too large by about 10-15% for
larger energies. The influence of the spin-parity distri-
bution in the compound nucleus on the extracted cross
sections is significant; again, this reflects the fact that the
Weisskopf-Ewing approximation is deficient at low ener-
gies (below about 3 MeV) when not enough channels are
open and at higher energies when the spin-parity dis-
tribution extends to values significantly higher than the
spin-cutoff parameter in the level densities in the decay
channels. While the extracted cross sections are least
sensitive to the underlying Jπ distributions in the energy
range En = 13−20 MeV, they overestimate the cross sec-
tion by 10-15%. These discrepancies are primarily due to
preequilibrium effects, which reduce the reference cross
section (see Section III B and Figure 6), and are not in-
cluded in the type of Surrogate reaction measurements
simulated here.

C. Simulation of the Ratio Method for Fission

We are now in a position to carry out a Ratio anal-
ysis, using results from the simulated Surrogate exper-
iments d + D → b + B∗ → b + χ in which the com-
pound nuclei 234U and 236U decay by fission. As ex-
plained in detail in Section II C, the Ratio method makes
use of the Surrogate idea and assumes the validity of the
Weisskopf-Ewing limit. While a Surrogate analysis in the
Weisskopf-Ewing approximation requires that one deter-
mine the absolute probabilities Pδχ = GCN

χ for the decay
channel of interest (χ = fission in the current case), for
the Ratio method it is sufficient to determine the rela-
tive probabilities in order to relate the unknown desired
cross section σα1χ1

to a known cross section σα2χ2
via

Equation 6.

In this study we treat the reference cross section
σ(233U(n,f)) as the known cross section and σ(235U(n,f))
as the unknown desired cross section. We have

R(E) =
σCN

n+235U (E) GCN
236U∗→f (E)

σCN
n+233U (E) GCN

234U∗→f (E)
=

GCN
236U∗→f (E)

GCN
234U∗→f (E)

(12)
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FIG. 10: Weisskopf-Ewing estimates for (n,f) cross sections,
using different estimates for the distribution of angular mo-
menta in the initial compound nucleus, compared to the calcu-
lated reference cross section. The latter were obtained from
a careful adjustment of a complete (n,f) calculation. (Top
panel) Estimated and expected cross sections for 233U(n,f).
The crosses represent the 233U(n,f) reference cross section.
(Bottom panel) Estimated and expected cross sections for
235U(n,f) and 235mU(n,f). The crosses represent the 235U(n,f)
reference cross section and the circles represent the reference
cross section for 235mU(n,f). In both cases, the results for
distributions e and f are almost identical to the cross section
extracted for distribution d and are not shown.

since σCN
n+233U = σCN

n+235U here. The branching ratios are
those shown in Figures 7–9. For each Jπ distribution
considered, p = a, . . . , f we determine the ratio R(p)(E)

from the associated probabilities P
(p)
δχ and deduce the de-

sired cross section σ(p)(235U(n,f)) = R(p) × σ(233U(n,f)).
We carry out such an analysis for both the ground state,

FIG. 11: Angular-momentum distribution of positive-parity
states of the compound nucleus 236U, following neutron ab-
sorption by 235U, for various neutron energies. The negative-
parity distribution is qualitatively similar.

235U, and the unstable first excited state, 235mU, of the
target nucleus. Since both 235U(n,f) and 235mU(n,f) pro-
ceed through the same compound nucleus, 236U, the com-
parison of the two cases will provide insight into the role
of the target spin in the neutron-induced reactions.

The (n,f) cross sections deduced from the Ratio analy-
sis of the simulated Surrogate experiments are shown in
Figure 12 for 235U(n,f) (top panel) and 235mU(n,f) (bot-
tom panel). In each case, the inferred cross section is
compared to the calculated reference cross section.

We observe that the Jπ distributions, p = a, . . . , f
have a much smaller effect on the cross sections deduced
here than on the cross sections obtained from a Surro-
gate analysis in the Weisskopf-Ewing limit; i.e. the Ratio
method is less sensitive to the details of the spin-parity
distributions.

For both examples, we find relatively good agreement
between the simulated Ratio results and the expected
cross sections for energies above about 3 MeV. The
largest discrepancies, which may be as large as 50%,
occur where the Weisskopf-Ewing approximation is no
longer valid, i.e. at small energies (En ≤ 3 MeV) and
for angular-momentum distributions with high average
J values. We also find differences of up to about 25%
near the threshold for second-chance fission. At the same
time, the cross sections associated with distribution d are
in excellent agreement with the expected results for en-
ergies up to about 7-8 MeV, where preequilibrium effects
set in. Overall, the agreement is slightly better for the
235U target than for the 235mU case.

For situations in which the Weisskopf-Ewing limit pro-
vides at least a rough approximation, e.g. for En = 5–20
MeV in the cases considered here, the Ratio method fur-
ther reduces the discrepancies between the extracted and
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expected cross sections, thus providing significantly im-
proved results. Effects that, in the Surrogate Weisskopf-
Ewing approach, cause deviations from the correct re-
sults seem to affect the 235,235mU(n,f) and 233U(n,f) cross
sections in a similar manner and hence cancel in part in
the Surrogate Ratio treatment. This is in particular no-
table for the preequilibrium decays, the effects of which
were pronounced in the Weisskopf-Ewing approach and
are significantly smaller here.

Despite the apparent success of the Ratio treatment,
there remains a dependence on the form of the initial
spin-parity distribution in the compound nucleus, which
is not well know at this time. It would be helpful to
have realistic calculations and experimental data that al-
low one to place constraints on the possible compound-
nucleus Jπ distributions. Some information on the spins
of a compound nucleus decaying via the emission of γ
rays can in principle be inferred from a measurement of
the γ-ray intensities. This will be the subject of a sepa-
rate study.

D. Fission Fragment Angular Distributions and

Surrogate Analyses

Nuclear fragments resulting from fission of a nucleus
B* that has been excited in a direct reaction, such as a
transfer reaction or an inelastic excitation, are in general
not isotropically distributed. This then implies that it
is not straightforward to infer the total number of fission
fragments from a realistic experiment in which the fission
detectors cover only a portion of 4π. In a Surrogate re-
action, fission fragments are detected in coincidence with
the outgoing particle from the direct reaction.

Angular correlations between the outgoing direct-
reaction particle and fission fragments were studied in the
1960s for (d,pf), (t,pf), (t,df), and (α, α′f) reactions [37–
43]. For a given projectile-target combination, the dis-
tributions W(θ, φ) were found to depend on a variety of
parameters: i) the energy E∗ to which the nucleus B∗ was
excited in the direct reaction; ii) properties of the tran-
sition states populated in B∗, such as the parity π of the
relevant state, as well as the angular-momentum J and its
projections K and M on the body-fixed and laboratory-
fixed axes, respectively; iii) the angle ψ of the outgoing
direct-reaction particle with respect to the beam direc-
tion. Both the stripping and the inelastic scattering stud-
ies found the anisotropies in the fission fragment distri-
bution to be particularly large near the fission threshold.
In fact, the dependence of the angular distribution near
the fission barrier on the J,K,M, and π quantum num-
bers of the transition states was exploited to study the
structure of these states.

These findings imply that for a proper application
of the Surrogate method, the angular correlations have
to be known. A detailed description of the spatial
anisotropies is required if one needs to determine the to-
tal number of fission fragments from a measurement at a

FIG. 12: Estimates of the 235U(n,f) (top panel) and
235mU(n,f) (bottom panel) cross sections obtained from the
Ratio method, using different estimates for the distribution
of angular momenta in the initial compound nucleus. Distri-
butions e and f yield results very similar to those for case d
and are not shown. The crosses represent the reference cross
sections as obtained in Section IIIA 1.

particular location in space. Petit et al. [13], in a recent
Surrogate experiment, measured angular distributions of
fission fragments and accounted for the anisotropies ex-
plicitly.

Alternatively, it might be possible to carry out the fis-
sion fragment measurements in coincidence with the out-
going direct-reaction particle at an angle that is associ-
ated with only minor anisotropies in the fission-fragment
distribution. The latter strategy was followed by Cramer
and Britt [8], who detected outgoing protons from (t,pf)
reactions on several actinide targets at back angles in or-
der to minimize the effects of the angular correlations on
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their results. It is not obvious that such angles can be
found for all cases of interest.

Similarly, knowledge of the angular correlations is im-
portant for a successful application of the Ratio method.
The two strategies outlined above for Surrogate applica-
tions, correcting the measured fission counts or restrict-
ing the coincidence measurements to selected angles for
the direct-reaction particle, can be pursued here as well.
However, the treatment of the anisoptropies greatly sim-
plifies in the Ratio approach when the angular correla-
tions for the two compound nuclei that are being com-
pared are very similar. In this case, the ratio of the
angular distribution functions for the two nuclei can be
approximately set to unity, as was seen in Ref. [15].

V. SUMMARY AND CONCLUSIONS

We have examined the validity of the Surrogate Ratio
method for determining (n,f) cross sections for actinide
nuclei. The study was motivated by recent (d,d′f) and
(α,α ′f) Surrogate experiments at Yale [14] and Berke-
ley [15], respectively, that were analyzed in the frame-
work of the Ratio approach. Both experiments deter-
mined the ratio σ(237U(n,f)) / σ(235U(n,f)), which made
it possible to obtain the (n,f) cross section for the short-
lived (τ1/2 =6.8d) isotope 237U [14, 15, 44], since the
235U(n,f) cross section was already known. We investi-
gated the assumptions underlying the Ratio method and
carried out simulations to assess whether the cross sec-
tions that are obtained indirectly by applying the Ratio
method agree with the expected results.

More specifically, we carried out statistical calcula-
tions for (n,f) reactions on 233U, 235U, and 235mU tar-
gets and examined the resulting fission branching ra-
tios. We found the individual fission branching ratios
GCN

fission(E, J, π) to be clearly dependent on the Jπ val-
ues of the compound-nuclear states. Both the energy of
the decaying compound nucleus as well as the range of
angular momentum (and parity) values of the states pop-
ulated in the reaction place limitations on the validity of
the Weisskopf-Ewing approximation.

We simulated physical quantities that can be measured
in a Surrogate experiment and carried out a Surrogate
analysis that made use of the Weisskopf-Ewing approxi-
mation. The extracted cross sections were seen to deviate
from the expected reference cross sections by up to 40%
for neutron energies above 5 MeV, and larger deviations,
as much as a factor of 2.5, were found at lower energies.
For energies below about 10 MeV, the discrepancies be-
tween the inferred and reference cross sections can to a
large extent be attributed to the differences in the spin-
parity distributions. The effect is particularly striking for
the energy regime En ≈ 0-3 MeV. Prequilibrium effects,
which were included in the reference cross sections, but
not in the simulated Surrogate reactions, were seen to
contribute to the deviations at higher energies (En &13
MeV).

We also applied a Ratio analysis to the simulated phys-
ical quantities and compared the results to the reference
cross sections. The fission cross sections inferred in this
manner were found to be in much better agreement with
the expected results than the cross sections inferred from
the previous (Surrogate Weisskopf-Ewing) analysis. The
Ratio analysis yielded deviations less than 50% at low
energies (En ≈ 0-3 MeV) and no more than 25% for the
larger energies investigated. Variations in the Jπ distri-
butions had a much smaller effect effect on the extracted
cross section and the deviations due to preequilibrium
effects were diminished as well.

It needs to be emphasized that these findings apply
to the Ratio analyses of the experiments simulated here.
In actual experiments, additional uncertainties are intro-
duced, e.g. determining the total number of fission frag-
ments requires, in principle, a quantitative understand-
ing of the fission fragment angular distribution associ-
ated with the chosen Surrogate reaction. Furthermore,
we have concentrated here on a region of the nuclear chart
for which it is empirically known that many of the rel-
evant properties, such as transmission coefficients, vary
only very slowly with mass number. Carrying out bench-
mark experiments, in which the Ratio approach is used
to extract a known cross section, could help shed light
on these issues.

The experiments required for a Ratio analysis are sim-
pler than those that need to be carried out if a full Surro-
gate analysis (or a Surrogate analysis in the Weisskopf-
Ewing limit) is planned. The primary advantage of con-
sidering relative branching ratios and relative cross sec-
tions lies in the fact that the number of direct-reaction
events, Nδ, does not need to be determined for a Ratio
analysis. Furthermore, unlike in the full Surrogate treat-
ment, it is not necessary to calculate the direct-reaction
probabilities, FCN

δ (E, J, π), or to model the decay of the
compound nucleus.

The Ratio method is based on the Weisskopf-Ewing as-
sumption and is therefore, in principle, only valid in this
limit. We have seen that it is not a priori clear whether
the Weisskopf-Ewing limit applies to a particular reaction
in a given energy regime. This needs to be verified for
each case of interest. At the same time, our calculations
indicate that in situations where the Weisskopf-Ewing
limit provides at least a rough approximation, the Ratio
method can give useful results. It seems that small to
moderate deviations from this assumption cancel in the
Ratio approach. Thus, a Ratio analysis of a Surrogate
experiment is a useful tool for obtaining a first estimate
of an unknown cross section. Moreover, such an analysis
can provide a valuable test for a result obtained from a
complete Surrogate analysis.

The Ratio method is limited by the requirement that
for obtaining an absolute result for an unknown cross
section σ(a1+A1 → B∗

1 → c1+C1) a reliable independent
cross-section measurement for a similar reaction, a2 +
A2 → B∗

2 → c2 + C2 must be available. Furthermore, it
is required that a direct-reaction mechanism, D(d, b)B∗,
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and target-projectile combinations can be identified that
make it possible to produce the compound nuclei, B∗

1 and
B∗

2 , respectively.
One can expect reliable cross section estimates from

the Ratio approach only when the two reactions that
are analyzed, D1(d, b)B

∗
1 and D2(d, b)B

∗
2 , are sufficiently

similar. When small systematic errors or small viola-
tions of the prerequisite assumptions, such as the va-
lidity of the Weisskopf-Ewing approximation or the ab-
sence of preequilibrium decays, affect both reactions in
the same manner, it is likely that the effects cancel in
part in the Ratio analysis. Uncorrelated errors and devi-
ations, on the other hand, will increase the overall uncer-
tainty in the final result. A reasonable definition of sim-
ilarity might require that i) the same projectile initiates
the compound-nucleus reactions that are compared, i.e.
a1 = a2, and the same kind of decay (gamma emission,
charged-particle emission, or fission) is considered in both
cases; ii) the decays of the compound nuclei B∗

1 and B∗
2

have similar properties (number and kind of open chan-
nels, separation energies for the various channels, level
densities in the residual nuclei, etc.); iii) the direct (Sur-

rogate) reactions which produce the compound nuclei
employ the same mechanism, D(d, b)B∗, and projectile-
ejectile combination, d− b, in both cases. All three con-
ditions apply to the cases studied here.
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