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The present study explores the limitations of the surrogate reaction method for determining the (n, p) cross
sections for the target nuclei in the mass region A ≈ 50 for the neutron energies 1–20 MeV. In the past few
years there have been several experimental attempts for determining the (n, p) and (n, xp) cross sections using
the surrogate reaction method. But this method has not been benchmarked with the experimentally well-known
(n, p) cross sections. The surrogate reaction method with Weisskopf-Ewing approximation may help in providing
good constraints for the cross-section data, but this approximation has not been validated yet for (n, p) reactions.
In this paper, we have examined the validity of the Weisskopf-Ewing approximation for the (n, p) reactions and
also check the sensitivity of the surrogate reaction results with respect to the compound nucleus spin distribution.
We have simulated the cross sections obtained through the surrogate reaction method for n + 48Ti, n + 53Cr,
n + 56Fe, and n + 59Co reactions for the different schematic spin distributions of the compound nucleus and
studied the effect of assuming the validity of the Weisskopf-Ewing approximation. It has been observed that the
proton decay probabilities of the compound nucleus for the (n, p) channel are strongly spin dependent, therefore
the Weisskopf-Ewing approximation is violated. We have also observed that the cross sections obtained using the
Weisskopf-Ewing approximation show clear dependence on the spin distribution of the compound nucleus. It has
also been observed that, due to the large pre-equilibrium contributions in the (n, p) reactions at higher neutron
energies, the use of the surrogate reaction method for the neutron energies greater than ≈15 MeV may not be
suitable. It is concluded that the surrogate reaction method relying solely on the Weisskopf-Ewing approximation
is not sufficient for determining the (n, p) cross sections for the target nuclei in mass range A ≈ 50 and further
development and exploration of the surrogate technique is required.

DOI: 10.1103/PhysRevC.105.014624

I. INTRODUCTION

Reaction cross sections of the neutron-induced reactions
for a large number of stable as well as unstable nuclei over
a wide range of energy are highly important in different ap-
plications. Accurate measurement and determination of these
cross sections has been of great importance since the discov-
ery of neutron-induced nuclear reactions. When a neutron is
incident on a nucleus, different decay channels [e.g., (n, p),
(n, γ ), (n, α)] can open up depending on the neutron’s en-
ergy. Cross sections of these exit channels are necessary for
the development of the future nuclear technologies. Accurate
measurement of the cross sections is a difficult task and it
further imposes many challenges whenever cross sections of a
short-lived nucleus has to be measured because the process of
the target acquisition and preparation becomes very difficult
due to the short half-life of the target. Direct methods which
involves incident neutrons and the stable target combinations
are generally used for the cross-section measurements but, in
case of the short-lived nuclei, indirect approaches have to be
used for determining or constraining the cross sections, which
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involves performing experiments as well as reaction model
calculations. Different indirect techniques have been devel-
oped over the time, e.g., the surrogate reaction method, the
Trojan Horse method, Coulomb dissociation, asymptotic nor-
malization coefficient, and Oslo and β-Oslo methods [1–7].
In the present study we have focused on the surrogate reaction
method and this study is motivated by the recent attempts
to measure the (n, p) and (n, xp) cross sections using the
surrogate reaction method [8–10]. In these studies the sur-
rogate ratio method has been used to extract the (n, p) and
(n, xp) cross sections. As pointed out in these studies, (n, p)
cross sections for neutron energies around 14 MeV for the
short-lived nuclei produced by the activation of structural
material of the upcoming fusion reactors are important be-
cause (n, p) and (n, xp) reactions are the primary cause of
the hydrogen production in the structural materials which
can deteriorate their mechanical and structural properties over
time [8]. Also, (n, p) cross sections are important in determin-
ing the astrophysical reaction rates to be used in the stellar
nucleosynthesis studies [11]. Although some surrogate ratio
measurements have been performed to measure (n, p) [8]
and (n, xp) [9,10] cross sections for a few short-lived nuclei,
but the surrogate method has never been bench-marked by
measuring well-known (n, p) cross sections using the sur-
rogate reaction method. The surrogate reaction method has
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been successfully used in the past for determining the (n, f )
cross sections at fast neutron energies for various short-lived
nuclei [12–15]. Although this technique was originally devel-
oped in 1970s [1], there has been a renewed interest in this
method for the last two decades. A number of experimen-
tal and theoretical studies have been carried out to explore
the use of the surrogate reaction method for determining the
cross sections of various decay channels, e.g., (n, f ), (n, γ ),
(n, p), (n, xp), (p, f ), and (n, 2n) [8–10,12,13,16–36]. The
surrogate reaction method assumes that the reaction takes
place through the compound nucleus mechanism only, but
at high projectile energies pre-equilibrium and direct reac-
tion mechanisms also compete with the compound nucleus
mechanisms. Also, approximations like the Weisskopf-Ewing
approximation and the surrogate ratio approximation are gen-
erally used to simplify the application of surrogate method.
But it has been observed that Weisskopf-Ewing approxima-
tion does not always provide the cross sections with desirable
accuracy [32,33], and it depends on the reaction type and
the energy region of interest. Therefore, it becomes crucial to
study the validity of the above-mentioned assumptions and ap-
proximations before using Weisskopf-Ewing approximation
for a particular exit channel and energy range [35]. Different
studies regarding the validity of the Weisskopf-Ewing approx-
imation for (n, f ), (n, γ ), (n, n′), and (n, 2n) reactions are
well documented [32–34], but there has not been any study
about the validity of the Weisskopf-Ewing approximation for
(n, p) reactions. In the present study, we have tried to address
this problem by studying the Weisskopf-Ewing approximation
in the context of (n, p) reaction cross-section determination
by using the surrogate reaction method. The objective of the
present study is to check the validity of Weisskopf-Ewing
approximation for (n, p) reactions for the target nuclei in mass
region A ≈ 50. This mass region has been chosen for the study
because elements in this mass region are the main constituents
of the stainless-steel (e.g., Fe, Cr, Ni) which will be an impor-
tant structural material in the upcoming fusion reactors. We
have used even-even target nuclei (48Ti and 56Fe), an even-odd
nucleus (53Cr), and an odd-even nucleus (59Co) to cover the
mass region A ≈ 50 for the present study. In Sec. II, we have
described the surrogate reaction method and the Weisskopf-
Ewing approximation briefly. In Sec. III, we have presented
the methodology used in this study. Results and conclusions
are presented in the Secs. IV and V, respectively.

II. SURROGATE REACTION TECHNIQUE AND THE
WEISSKOPF-EWING APPROXIMATION

According to the Bohr’s hypothesis a nuclear reaction
involving a fast neutron and a heavy nucleus is a two step pro-
cess, with each step being independent of the other [37]. The
first step is the formation of the compound nucleus in which
all the constituents share the incident energy among them-
selves. The second step is the disintegration of the compound
nucleus, which depends on the spin, parity, and the excitation
energy of the compound nucleus. Consider a reaction, where
a + A is the entrance channel α and c + C is the exit channel
χ of the reaction and let B∗ be the intermediate compound
nucleus. In the surrogate reaction technique we assume the

validity of the Bohr hypothesis. In the surrogate reaction tech-
nique the same compound nucleus B∗ is populated through
a surrogate reaction d + D → B∗ + b → c + C + b because,
for the short-lived target nucleus, the direct experiments will
be very difficult if not impossible. In the Hauser-Feshbach
formalism [38] we can give the reaction cross section for the
desired nuclear reaction as

σαχ (Ea) =
∑

Jπ

σCN
α (Eex, J, π )GCN

χ (Eex, J, π ), (1)

where Eex is the excitation energy of the compound nucleus
and Ea is the projectile energy. In a surrogate experiment
the decay probability of the compound nucleus (B∗) for a
particular exit channel χ is determined experimentally by
measuring the number of coincidence counts (Nδχ ) between
the desired exit channel particle (c) and the outgoing direct
reaction particle (b) as Pδχ (Eex ) = Nδχ

Nδ
, where Nδ is the total

number of surrogate events and δ is used to represent the
entrance channel of the surrogate reaction. Let FCN

δ (Eex, J, π )
be the probability of the formation of the compound nucleus
with excitation energy Eex in a specific spin-parity state (J ,
π ) in the surrogate reaction and GCN

χ (Eex, J, π ) be the decay
probability of the compound nucleus in that state. Then the
decay probability of the desired compound nucleus formed in
a surrogate reaction into the exit channel χ can be given as

Pδχ (Eex ) =
∑

Jπ

FCN
δ (Eex, J, π )GCN

χ (Eex, J, π ). (2)

Now assuming that the spin and parity of the compound
nucleus has no effect on the decay probabilities of the
compound nucleus (Weisskopf-Ewing approximation) which
means GCN

χ (Eex, J, π ) is independent to the spin-parity, then
Eq. (2) is greatly simplified as Pδχ (Eex ) = GCN

χ (Eex ), because∑
Jπ FCN

δ (Eex, J, π ) = 1. The Weisskopf-Ewing approxima-
tion implies that, for a compound nucleus, the probability of
decay in to a particular channel is a function of the excitation
energy only and not of the spin and parity of the compound
nucleus [39,40]. Using the Weisskopf-Ewing approximation
one can calculate the desired cross sections as

σαχ (Eex ) = σCN
α (Eex )PCN

δχ (Eex ). (3)

The cross sections with desirable accuracy can be obtained by
using the surrogate reaction method with Weisskopf-Ewing
approximation, if any of the following conditions [32] is ful-
filled:

(a) The compound nucleus formed in the surrogate re-
action is approximately populated with the same
spin-parity distribution as in the desired reaction
(serendipitous matching).

(b) The desired decay probabilities are nearly independent
to the spin and parity of the compound nucleus.

More details on the surrogate reaction method can be found
in Ref. [35].

III. METHODOLOGY

A surrogate experiment is mostly concerned about exper-
imentally determining the particular decay probability of a
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FIG. 1. Reaction cross sections for 59Co(n, p), 56Fe(n, p), 48Ti(n, p), and 53Cr(n, p) with contributions from compound nucleus and pre-
equilibrium mechanisms.

desired compound nucleus formed in a surrogate reaction.
In the present study we have simulated the experimental re-
sults of a surrogate experiment under different circumstances.
To simulate the experimental decay probabilities of a surro-
gate experiment one needs to know the spin-parity-dependent
branching ratio [GCN

β (Eex, J, π )] of the compound nucleus for
the desired decay channel and the spin-parity distribution of
the compound nucleus formed in a surrogate reaction over
the desired excitation energy range [Fδ (Eex, J, π )]. Although
difficult to calculate, spin-dependent branching ratios can be
calculated from the statistical calculations if all the model
parameters are well optimized to reproduce the experimental
data related to the decaying nucleus and detailed information
on the structure of the decaying nucleus is available [33,34].
Also the calculations for the Fδ (Eex, J, π ) of a compound
nucleus populated through a surrogate reaction not only de-
pend on the spin distribution of the level densities but also
depend on the reaction mechanism of the formation of the
compound nucleus in a direct (surrogate) reaction, which
makes it difficult to address this problem [32,34]. In this paper
we have studied the (n, p) reactions, so we have calculated the
spin-dependent branching ratios for the proton decay of 49Ti,
54Cr, 57Fe, and 60Co compound nuclei in the excitation energy
range 11–28 MeV. We can calculate the decay probability of
the compound nucleus formed in a surrogate reaction for dif-
ferent schematic spin distributions by using Eq. (2). Applying

these decay probabilities in Eq. (3), we calculated the (n, p)
cross sections for the desired reactions.

A. Spin-parity-dependent branching ratios

Spin-dependent proton decay probabilities have been
calculated using TALYS nuclear reaction code [41]. Level den-
sities were calculated by using the backshifted Fermi gas
model [42], and the optical model parameters of Koning and
Delaroche were used [43] in the calculations. These parame-
ters were fine tuned to reproduce the available experimental
data by using the adjusted parameters from the code’s struc-
ture directory (talys/structure/best) [44], which sufficiently
reproduces the experimental trends. The calculations of TALYS

for the 48Ti(n, p), 53Cr(n, p), 56Fe(n, p), and 59Co(n, p) re-
actions using the best set of parameters are presented in the
Fig. 1 along with the experimental data from the EXFOR data
library [45]. We have also calculated the contributions from
compound and pre-equilibrium reaction mechanisms in the
reaction, TALYS predictions are consistent with the experimen-
tal data. TALYS allows us to start the decay calculations from
an initial population of the excited compound nucleus. Users
can define the population of the compound nucleus in de-
sired energy and spin-parity states. We started our calculations
by populating the compound nucleus in a single spin-parity
state of specific excitation energy and then calculated the
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FIG. 2. Spin-dependent proton decay probabilities as a function of compound nucleus excitation energy or the corresponding equivalent
neutron energies for (a) 60Co, (b) 57Fe, (c) 49Ti, and (d) 54Cr compound nuclei for positive parity states..

production cross sections for the desired residual nucleus. The
ratio of the final population (of the reaction residue) to the
initial population of the compound nucleus gives the desired
decay probability of that specific state. We have excluded the
contributions from the main competing channel (n, n′ p) by
using the population of the desired residual nucleus instead
of proton production cross sections. We have used only the
compound nucleus calculations and contributions from the
pre-equilibrium has not been included in the calculations.
GCN

β (Eex, J, π ) for 49Ti, 54Cr, 57Fe, and 60Co over an exci-
tation energy range 11 to 28 MeV have been calculated and
presented in the Figs. 2 and 3.

B. Schematic spin distributions

Since calculations for the energy-dependent spin-parity
population of the compound nucleus require the knowledge
of reaction mechanisms taking place in a surrogate reaction,
which makes it complex to be calculated. To study the effect of
the difference in the spin-parity distribution of the compound
nucleus formed in a desired reaction and surrogate reaction,
we have assumed various schematic spin-parity distributions.
We have also calculated the spin distributions of the com-
pound nucleus formed in the 48Ti(n, p), 53Cr(n, p), 56Fe(n, p),
and 59Co(n, p) reactions at neutron energies 5, 10, 15, and 20

MeV which are presented in the Fig. 4. In this study we have
used the even-even target nuclei 48Ti and 56Fe with ground
state spin 0+, the even-odd nucleus 53Cr with spin 3/2−, and
the odd-even nucleus 59Co with spin 7/2−. Spin distribution
[FCN (Eex, J, π )] for the neutron-induced reactions are calcu-
lated by using optical model calculations as FCN (Eex, J, π ) =
σCN (Eex, J, π )/

∑
J ′π ′ σCN (Eex, J ′, π ′), where σCN (Eex, J, π )

is the compound nucleus formation cross section in that state.
It is clear from Fig. 4 that the mean spin value of the distri-

bution increases with increasing neutron energies and also the
spread of the distribution increases as the energy increases be-
cause of the contributions from higher partial waves at higher
energies. It can be clearly observed from these figures that
the compound nucleus is populated within J ≈ 10 h̄ for all the
reactions studied here for the neutron energies 5–20 MeV. In
a surrogate reaction compound nucleus can be populated with
spin-parity distribution centered at low spin values or at high
J values [20,34,35]. Therefore, in this study we have assumed
that the compound nucleus formed in a surrogate reaction does
not match the compound nucleus spin-parity distributions of
the desired reaction. We have taken five different schematic
spin distributions, namely, a, b, c, d, and e as presented in
Fig. 5. To keep the calculations simple the schematic spin
distributions are considered to be independent of energy.
The mean spin of the a, b, c, d, and e distributions for the
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FIG. 3. Spin-dependent proton decay probabilities as a function of compound nucleus excitation energy or the corresponding equivalent
neutron energies for (a) 60Co, (b) 57Fe, (c) 49Ti, and (d) 54Cr compound nuclei for negative parity states.

compound nucleus corresponding to even-even target nuclei
(48Ti and 56Fe) are at 1.5, 3.5, 5.5, 7.5, and 9.5, respec-
tively, while variance for these distributions were set equal
to the mean. For the compound nucleus corresponding to the
odd-even and even-odd target nuclei (53Cr and 59Co) mean
spin of the same distributions were assumed at 1, 3, 5, 7,
and 9 for distributions a, b, c, d, and e, respectively. These
schematic distributions are normalized Gaussians and we have
assumed that the spin distributions are same for positive-
parity and negative-parity states. The surrogate results for
each schematic distribution has been calculated individually
and we have studied the effect of difference in the spin-parity
distribution of the compound nucleus.

IV. RESULTS

Since the surrogate reaction method only accounts for the
compound nucleus contributions therefore it becomes neces-
sary to check the pre-equilibrium contributions in the desired
reactions i.e., (n, p) reaction for this study. The cross sec-
tions for 48Ti(n, p), 53Cr(n, p), 56Fe(n, p), and 59Co(n, p)
reactions along with the contributions from the compound as
well as pre-equilibrium mechanisms have been calculated by
using the TALYS nuclear reaction code, and the results are pre-
sented in Fig. 1. We have used two-component exciton model

[46] for the pre-equilibrium calculations and well-optimized
parameters from the “best” directory in the TALYS code have
been used for the calculations [44]. It is observed from Fig. 1
that for neutron energies <12 MeV pre-equilibrium con-
tributions are very small relative to the compound nucleus
contributions in all reactions under consideration. In the cases
studied, the contribution from compound-nuclear processes
peaks at around 14–15 MeV. At higher energies, the contri-
bution from pre-equilibrium processes becomes stronger and
surpasses the compound-nucleus contribution. Hence it may
be acceptable to apply the surrogate reaction method for (n, p)
reactions for equivalent neutron energies below ≈15 MeV,
but for energies greater than ≈15 MeV the surrogate reaction
method with the Weisskopf-Ewing approximation may not
provide cross sections with the desirable accuracy.

To check the validity of the Weisskopf-Ewing approxi-
mation we have calculated the spin-parity-dependent proton
decay probabilities for the compound nuclei under considera-
tion, which are presented in Figs. 2 and 3. It is clear from these
figures that the decay probabilities around excitation energies
corresponding to 14 MeV neutron energy show a strong spin
dependence and the dependence on parity is not drastic. The
large variation in the decay probabilities with respect to the
spin can be attributed to the proton transmission coefficients
and the shell structure of the low-energy residual nucleus.
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FIG. 4. Spin distributions of the compound nuclei formed in the 48Ti(n, p), 53Cr(n, p), 56Fe(n, p), and 59Co(n, p) reactions for neutron
energies 5–20 MeV.

Figures 2 and 3 present a clear violation of condition (b) for
the Weisskopf-Ewing approximation listed in Sec. II. There-
fore, the Weisskopf-Ewing approximation cannot be used
unless condition (a) holds, namely, the condition that the
compound nucleus populated in a surrogate reaction has the
same spin distribution as that of the desired reaction. We have
simulated the cross sections obtained thorough a surrogate
reaction corresponding to the different schematic spin dis-
tributions (a, b, c, d, and e as presented in Fig. 5) to study
the sensitivity of the surrogate results on the spin distribution
of the compound nucleus. The cross sections for 48Ti(n, p),
53Cr(n, p), 56Fe(n, p), and 59Co(n, p) reactions were derived
for different schematic distributions by using Eq. (3) and are
presented in Fig. 6 along with the experimental data from the
EXFOR data library and the evaluated data from ENDF/B-
VIII for comparison. It is clear from Fig. 6 that the derived
(n, p) cross sections are very sensitive to the spin distribution
of the compound nucleus populated in the surrogate reaction.

In the 48Ti(n, p) reaction for neutron energies <14 MeV, the
average difference in the simulated cross sections correspond-
ing to the distribution b with respect to a; c with respect to
b; d with respect to c; and e with respect to d is around 10%,
15%, 20%, and 30%, respectively. Similarly for the reaction
53Cr(n, p), the average difference of 5%, 15%, 25%, and 35%
is observed for the results of distribution b with respect to a;
c with respect to b; d with respect to c; and e with respect
to d, respectively, for incident energies <14 MeV. For the
reaction 56Fe(n, p), the simulated results from the distribution
b with respect to a; c with respect to b; d with respect to c;
and e with respect to d for neutron energies <14 MeV are
observed to differ on average by around 5%, 20%, 30%, and
40%, respectively. Finally, for reaction 59Co(n, p), the average
difference of about 20%, 30%, 40%, and 50% between the
results corresponding to the distribution b with respect to a; c
with respect to b; d with respect to c; and e with respect to d,
respectively, is observed for energies <14 MeV. For incident
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FIG. 5. Energy-independent schematic spin distributions used in
the present work.

neutron energies >14 MeV, the average difference between
the results corresponding to various schematic spin distribu-
tions is �10%. It is also observed from Fig. 6 that the trend
of the results from the surrogate reaction method is similar to

the trend of the desired results for neutron energies <14 MeV,
but for neutron energies >14 MeV the trend of the simulated
results is different than the desired cross sections. From these
observations it is clear that the (n, p) cross sections derived by
surrogate reaction method are very sensitive to the mean value
and shape of the spin distribution of the compound nucleus for
neutron energies <14 MeV. For neutron energies >14 MeV
the results of the surrogate method are less sensitive to the
spin distribution of the compound nucleus.

V. CONCLUSIONS

It is observed in this study that proton decay probabilities
are highly spin dependent and the Weisskopf-Ewing approx-
imation is violated for the (n, p) reactions. Therefore, (n, p)
cross sections derived through the surrogate reaction method
assuming the validity of the Weisskopf-Ewing approxima-
tion will not be reliable. It is clear from this study that the
Weisskopf-Ewing approximation is not sufficient for deriv-
ing the (n, p) cross sections for target nucleus in the mass
region A ≈ 50. It is also concluded from this study that due
to the large pre-equilibrium contributions for neutron energies
greater than ≈15 MeV, the surrogate reaction method with
Weisskopf-Ewing approximation may not be suitable to ex-
tract the (n, p) cross sections. The present study recommends

FIG. 6. 48Ti(n, p), 53Cr(n, p), 56Fe(n, p), and 59Co(n, p) cross sections corresponding to different schematic distributions derived by
assuming the validity of the Weisskopf-Ewing approximation.
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that the surrogate reaction method with the Weisskopf-Ewing
approximation is not appropriate to obtain or constrain the
(n, p) cross sections for neutron energies around 14 MeV. In
light of the present study it is suggested that other variants of
the surrogate reaction method like the surrogate ratio method
[31] or the modeling approach [25,26,29,35] should be ex-
plored theoretically as well as experimentally for constraining
the (n, p) cross sections.
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