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The compound nuclei 58Co∗ and 61Ni∗ have been populated at overlapping excitation energies by transfer
reactions 56Fe(6Li, α) 58Co∗ (surrogate of n + 57Co) at Elab = 35.9 MeV and 59Co(6Li, α) 61Ni∗ (surrogate of
n + 60Ni) at Elab = 40.5 MeV, respectively. The 57Co(n, xp) cross sections in the equivalent neutron energy
range of 8.6–18.8 MeV have been determined within the framework of surrogate reaction ratio method using
60Ni(n, xp) cross section values from the literature as reference. The proton decay probabilities of the compound
systems have been determined by measuring evaporated protons at backward angles in coincidence with
projectile-like fragments detected around the grazing angle. The measured 57Co(n, xp) cross sections are in good
agreement with both the predictions of TALYS-1.8 statistical model code with default parameters using different
microscopic level densities and data evaluation library JEFF-3.3 up to equivalent neutron energy ≈12.6 MeV,
while for higher energies the measured 57Co(n, xp) cross sections are found to be consistently higher than the
predictions. However, the TALYS-1.8 calculations with modified values of input potential parameters provide a
reasonable reproduction of the measured 57Co(n, xp) cross sections for the entire neutron energy range. The
observed discrepancies at higher energies between the experimental data and the predictions of both the JEFF-3.3
library and the TALYS-1.8 calculations with default parameters indicate the need of new evaluations for this
reaction.
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I. INTRODUCTION

Neutron-induced reaction cross sections data are most im-
portant for design and technology development of advance
reactors. The accuracy of these cross sections decides the
safety assessment of nuclear energy production. The pres-
ence of neutron energy spectra above the traditional limits
of fission reactors, for accelerator driven systems and fusion
reactors open up larger number of threshold reaction chan-
nels such as (n, 2n), (n, p), (n, α), (n, np), (n, d), (n, 3n),
and (n, nα) reactions. The highly energetic and intense neu-
tron flux produced via D + T reaction in fusion reactors
cause various reactions on structural material (stainless steel).
These incident neutrons cause atomic displacements within
the materials, leading to the generation and accumulation of
radiation defects which modifies the physical properties of the
structural materials. Perhaps, (n, xp) and (n, xα) reactions are
more problematic since they produce gaseous elements such
as hydrogen (H) and helium (He), leading to swelling and em-
brittlement of structural material of the reactor. Additionally,
this high-intensity neutron flux will produce many short- and
long-lived radionuclides by transmutation reactions with the
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elements in the initial stainless steel composition (Fe, Ni, Mn,
Cr, Co, and Nb). 53Mn(T1/2 = 3.74 × 106 yr), 54Mn(T1/2 =
312.3 d), 55Fe(T1/2 = 2.73 yr), 60Fe(T1/2 = 1.5 × 106 yr),
57Co(T1/2 = 271.79 d), 58Co(T1/2 = 70.86 d), 60Co(T1/2 =
5.27 yr), 59Ni(T1/2 = 7.6 × 104 yr), and 63Ni(T1/2 = 100.1 yr)
are some of unstable nuclei produced in mass region 50–60.
For safety assessment and understanding overall neutronics of
fusion reactors, experimental data on (n, xp) and (n, xα) cross
sections with the above radionuclei are of crucial importance
[1–4].

57Co is one of the important radionuclides produced dur-
ing the operation of a fusion reactor, predominantly via
58Ni(n, np), 58Ni(n, d), and 58Ni(n, 2n) 57Ni(β+) reactions
having neutron threshold energies of 8.31, 6.05, and 12.4
MeV, respectively, as depicted in Fig. 1. Since Ni constitutes
≈10–14% of SS composition, the intense flux of high energy
neutrons in fusion reactor will lead to significant growth of
57Co [5–7]. Since 57Co(n, p) and 57Co(n, α) are exothermic
reactions with respective Q values of 1.619 and 1.858 MeV,
57Co will contribute to production of hydrogen and helium
via (n, xp) and (n, xα) reactions. Therefore it is of utmost
importance to determine the cross section for hydrogen and
helium production via 57Co(n, xp) and 57Co(n, xα) reactions.

57Co is a short-lived isotope of T1/2 = 271.79 d, formed
specifically in reactor operational conditions. Due to the
unavailablity of the 57Co target, direct measurements of
57Co(n, xp) and 57Co(n, xα) cross sections are challenging.
Taking advantage of surrogate reaction ratio method, as used
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FIG. 1. Major pathways of 57Co production in a typical fusion
reactor.

in our earlier works [8–10], we attempt to determine the cross
sections for the 57Co(n, xp) reaction.

In the present work, the 56Fe(6Li, α) 58Co∗ transfer re-
action has been used as a surrogate of n + 57Co reaction
to determine the 57Co(n, xp) reaction cross sections. The
60Ni(n, xp) reaction cross sections have been used as a
reference by populating 61Ni∗ compound system through
59Co(6Li, α) 61Ni∗ transfer reaction at similar excitation ener-
gies. The identification of projectile-like fragment (PLF) α in
transfer reactions 56Fe(6Li, α) 58Co∗ and 59Co(6Li, α) 61Ni∗

confirm the formation of compound systems 58Co∗ and 61Ni∗,
respectively. The evaporated protons at backward angles are
measured in coincidence with the PLF α around grazing
angle to determine the proton decay probabilities of com-
pound systems 58Co∗ and 61Ni∗. The ratios of these proton
decay probabilities are multiplied with the ratios of neutron-
induced compound nuclear formation cross sections (σ CN

n+57Co

and σ CN
n+60Ni) at corresponding excitation energy bins. This

provides the ratios of the compound nuclear reaction cross
sections [i.e., σ

57Co(n,xp) to σ
60Ni(n,xp)] as a function of excita-

tion energy. They are further multiplied by known 60Ni(n, xp)
reaction cross sections to obtain the desired 57Co(n, xp) reac-
tion cross sections. The paper has been organized as follows.
The key features of the experimental setup and data analysis
are given in Sec. II. Results and discussions are given in
Sec. III, followed by the summary and conclusions in Sec. IV.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

Freshly prepared self-supporting target of natural Fe (abun-
dance 56Fe ≈ 92%) of thickness ≈700 μg/cm2 and 59Co
(abundance ≈100%) of thickness ≈500 μg/cm2 were bom-
barded by 6Li beams of energies Elab = 35.9 and 40.5 MeV,
respectively, at BARC-TIFR Pelletron Accelerator Facility in
Mumbai. For the present experiment, the surrogate reactions
of interest, their ground-state Q values (Qgg), the compound
nuclei (CN) formed, neutron separation energies (Sn), and
corresponding equivalent neutron-induced reactions are listed
in Table I.

TABLE I. Surrogate reactions investigated in the present exper-
iment, their ground-state Q values (Qgg), the CN formed, neutron
separation energies (Sn), and corresponding equivalent neutron-
induced reactions.

E
6Li
beam Surrogate Qgg CN Sn Equivalent neutron

(MeV) reaction (MeV) (MeV) -induced reaction

35.9 56Fe(6Li, α) 58Co∗ 10.90 58Co∗ 8.573 57Co(n, xp)
40.5 59Co(6Li, α) 61Ni∗ 13.65 61Ni∗ 7.820 60Ni(n, xp)

The schematic diagram of the experimental setup is shown
in Fig. 2, which is also described in Ref. [10]. The PLFs were
identified by silicon surface barrier (SSB) �E − E detector
telescope (T) mounted at 25◦ with respect to the beam direc-
tion, around the grazing angle. The SSB telescope consisted
of �E and E detector of thicknesses ≈150 μm and 1 mm,
respectively. A typical two-dimensional energy calibrated plot
of �E versus Etotal (total energy) clearly identifies different
PLFs like proton, deuteron, triton, and α particles as shown in
Fig. 3(a). The typical energy resolution of the SSB telescope
was ≈150 keV.

The evaporated particles (e.g., p, d , t , and α) from the
compound nuclei 58Co∗ and 61Ni∗ in coincidence with the
PLF(α), were detected by two large area Si strip detector
telescopes (S1 and S2) mounted at backward angles (120◦ and
150◦) with respect to beam direction. Each position sensitive
Si strip telescope had angular opening of ≈16◦ and consisted
of a �E detector of thickness ≈60 μm and an E detector of
thickness of ≈1500 μm. Each strip detector of strip telescope
S1 and S2 had 16 vertical strips of size 3.1 mm × 50 mm
covering an active area of 50 mm × 50 mm. Figure 3(b)
shows a typical two-dimensional energy calibrated spectrum
of �E versus Etotal, acquired in one of the 16 �E -E strip
combinations of Si strip detector telescopes S1, which clearly

FIG. 2. A schematic diagram of experimental setup inside a 1.5-
m-diameter scattering chamber. Here T is a silicon surface barrier
(SSB) detector telescope for detecting the PLFs placed at a distance
of 17 cm from the target center. The Si strip telescopes S1 and S2
(placed at 21 cm from the target center) have been used to identify
the evaporated particles like p, d , t , and α at backward angles.
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FIG. 3. (a) A typical correlation plot of �E versus Etotal (total energy) corresponding to the particles detected in Si surface barrier detector
telescope (T) placed at 25◦ for the 6Li + 56Fe reaction at Elab = 35.9 MeV. (b) A typical plot of �E versus Etotal (total energy) obtained from
one of the 16 �E -E strip combinations of Si strip detector telescope S1 placed at 120◦ for the 6Li + 56Fe reaction at Elab = 35.9 MeV.

identifies the particles of H isotopes (p, d , t) and 4He. Typical
energy resolution of a strip detector was ≈100 keV.

By measuring the 12C(6Li, d)16O∗ reaction at Elab = 20
MeV and using the known excited states of 16O∗ formed,
the energy calibration of the SSB telescope (T) and strip
telescopes (S1 and S2) have been made. Energy calibration
was also done by the known energies of α particles from a
Pu-Am α source and found to be consistent. The time cor-
relations between the projectile-like particles detected in the
T detector and the corresponding decay particles (from the
residual target) detected in detector S1 or S2 were recorded by
time to amplitude converter (TAC). Figure 4 shows a typical
two-dimensional plot of energy of α particle (Eα) detected in
telescope T versus TAC between the particles detected in T
and evaporated protons detected in S1 for 6Li + 56Fe reaction
at Elab = 35.9 MeV.

FIG. 4. A typical two-dimensional plot of energy of α particle
(Eα) detected in telescope T versus the TAC (time correlation) be-
tween the α particles detected in the single telescope T and the
evaporated protons detected in the strip detector telescope S1 for
6Li + 56Fe reaction measured at Elab = 35.9 MeV.

Two-body kinematics is employed for PLF α channel to
obtain the excitation energy spectra of targetlike compound
systems of 58Co∗ and 61Ni∗ through the “event-by-event
analysis.” The excitation energy spectra obtained for 58Co∗

and 61Ni∗ compound nuclei in coincidence with evaporated
protons are shown in Figs. 5(a) and 5(b), respectively. The
respective excitation energy spectra corresponding to the sin-
gles PLF (α) are shown in Figs. 5(c) and 5(d). Energy bin
of 0.5 MeV is used to generate each of these spectra. The
compound systems 58Co∗ and 61Ni∗ are found to be populated
at overlapping excitation energies in the range of ≈17–27
MeV, as shown by dotted lines in Fig. 5.

The proton decay (particle evaporation) probabilities from
58Co∗ and 61Ni∗ compound nuclei produced in the transfer
reactions are obtained using the following relation:

PCN
p (E∗) = Nα,p(E∗)

Nα (E∗)
. (1)

Nα and Nα,p denotes the singles (α) and coincidence counts
(between PLF α and evaporated p), obtained corresponding to
excitation energy (E∗).

The evaporation nature of emitted protons from compound
nuclei 58Co∗ has been confirmed by comparing the proton
spectrum with the statistical model code PACE4 [11] predic-
tions at excitation energy, E∗ = 22 MeV as shown in Fig. 6.
The experimental proton spectrum compare well with the pre-
dictions of PACE4 calculations, confirming proton evaporation
from the compound system 58Co∗. Additionally, an isotropic
distribution of evaporated protons in the center of mass (by S1
and S2 detector telescopes) in the angular range ≈110◦–160◦,
in coincidence with PLF(α) is also observed in the present
study, which is again confirmatory signature of evaporation.

The proton decay probabilities P
58Co
p (E∗) and P

61Ni
p (E∗) of

the excited compound systems 58Co∗ and 61Ni∗, formed in
transfer reactions 56Fe(6Li, α) and 59Co(6Li, α) at respective
beams energies of 35.9 and 40.5 MeV corresponding to the
desired and reference reactions, have been determined in steps
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FIG. 5. Excitation energy spectra of the targetlike fragments produced in 6Li + 56Fe and 6Li + 59Co reactions corresponding to PLF α with
[(a) and (b)] and without [(c) and (d)] coincidence with evaporated protons. Overlapping excitation energy regions marked between two dotted
lines are used for determining the desired cross sections.

of 1.0-MeV excitation energy bins using Eq. (1) and the
results are shown in Fig. 7. The ratio of the compound nu-
clear reaction cross sections σ

57Co(n,xp) and σ
60Ni(n,xp) has been

obtained at the same excitation energy using the following

FIG. 6. Measured proton energy spectrum in coincidence with
PLF α particles for the 6Li + 56Fe reaction at Elab = 35.9 MeV cor-
responding to a compound nucleus excitation energy of ≈22 MeV.
The prediction by the statistical model code PACE4, normalized to
the data, is shown as a continuous line.

relation:

σ
57Co(n,xp)(E∗)

σ
60Ni(n,xp)(E∗)

= σ CN
n+57Co(E∗)

σ CN
n+60Ni(E

∗)

P
58Co
p (E∗)

P
61Ni
p (E∗)

, (2)

The reference reaction 60Ni(n, xp) cross sec-
tions (σ

60Ni(n,xp)) as a function of excitation energy are

FIG. 7. The proton decay probabilities Pp(E∗) as a function of
excitation energy (E∗) for the excited compound systems 58Co∗ and
61Ni∗ formed in transfer reactions 56Fe(6Li, α) and 59Co(6Li, α) at
6Li beams of energies Elab = 35.9 and 40.5 MeV, respectively.
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taken from JENDL-4.0 [12] evaluation that closely reproduces
the available experimental data taken from EXFOR [13],
as shown in Fig. 11 of Ref. [9]. Thus, the uncertainties
in the cross sections of the reference reaction 60Ni(n, xp)
have not been considered while determining the cross
sections for the desired 57Co(n, xp) reaction. The neutron
capture cross sections leading to compound systems 58Co∗

and 61Ni∗ (σ CN
n+57Co and σ CN

n+60Ni) are calculated by using
TALYS-1.8 [14] statistical model code in the excitation
energy range E∗ = 17–27 MeV. The calculated neutron
capture cross sections along with the measured proton decay
probabilities for compound systems 58Co∗ and 61Ni∗, and
the reference reaction 60Ni(n, xp) cross sections have been
used to determine 57Co(n, xp) reaction cross sections over
excitation energy range, E∗ = 17–27 MeV in steps of 1.0
MeV excitation energy bin. The excitation energy range was
then converted to equivalent neutron energy range of En =
8.6–18.8 MeV, using the expression En = A+1

A (E∗ − Sn),
where A+1 (=58) is the mass number and Sn (=8.573 MeV)
is the neutron separation energy of the compound nucleus
58Co. The cross sections for 57Co(n, xp) reaction have been
determined as a function of equivalent neutron energy as
discussed in the following section.

It is important to verify the validity of the surrogate ratio
method (SRM) which is applied here to determine the de-
sired (n, xp) cross sections. It may be mentioned that Chiba
et al. [15,16] suggest that the surrogate ratio method can be
employed to determine neutron-induced fission and capture
cross sections if (1) the spin distributions in two compound
nuclei populated by two surrogate reactions used in the SRM
are equivalent, (2) the difference of the representative spin
values between the neutron-induced and surrogate reactions
is not much larger than 10h̄, and (3) the weak Weisskopf-
Ewing condition on Jπ -by-Jπ convergence of the branching
ratios are satisfied. To check these three conditions, detailed
calculations have been carried out for the present systems as
described in the Appendix and it was found that the SRM ap-
proach is valid to determine the desired (n, xp) cross sections.

FIG. 8. The experimental cross sections for 57Co(n, xp) reactions
obtained from the surrogate ratio method have been plotted as a
function of equivalent or incident neutron energy (En) as shown
by filled circles. The gray shaded band represent additional un-
certainty in the central value of the determined cross sections due
to theoretical systematic uncertainties inherent to surrogate ratio
method. The lines represent the predictions for the cross sections of
57Co(n, p), 57Co(n, np), and 57Co(n, xp) reactions obtained from
JEFF-3.3 evaluation.

III. RESULTS AND DISCUSSIONS

Using Eq. (2) and following the surrogate ratio method
described above, the cross sections for 57Co(n, xp) reaction
have been determined and the results are shown as filled
circles in Fig. 8. The error bars on the cross sections shown in
the figure include only the statistical errors, and the error bars
on equivalent neutron energies correspond to the width of the
energy bins of 1.0 MeV. Table II contains the numerical values
of the following quantities which are relevant to the above
figure: (i) the measured proton decay probabilities Pp(E∗) for

TABLE II. The measured proton decay probabilities Pp(E∗) for the compound nuclei (CN) 58Co∗ and 61Ni∗ formed in the transfer reactions
56Fe(6Li,α) and 59Co(6Li,α), corresponding calculated neutron capture cross sections leading to CN 58Co∗ and 61Ni∗ (σ CN

n+57Co
and σ CN

n+60Ni
), the

cross sections for the reference reaction 60Ni(n,xp), the desired 57Co(n,xp) cross sections that are deduced using Eq. (2) at each excitation
energy (E∗) bin, and equivalent neutron energy (En) for CN 58Co∗ corresponding to each E∗ bin.

E∗ σ CN
n+57Co

σ CN
n+60Ni

P
58Co
p (E∗) P

61Ni
p (E∗) σ

60Ni(n,xp) σ
57Co(n,xp) En(≡ n+57Co)

(MeV) (mb) (mb) (barn) (barn) (MeV)

17 1301.2 1320.4 0.00079 0.00021 0.09 0.35±0.10 8.6±0.5
18 1239.4 1268.9 0.00104 0.00022 0.12 0.53±0.15 9.6±0.5
19 1179 1213.9 0.00121 0.00036 0.14 0.48±0.10 10.6±0.5
20 1116 1156.1 0.00147 0.00045 0.20 0.64±0.10 11.6±0.5
21 1051.4 1096.6 0.00185 0.00054 0.26 0.87±0.11 12.6±0.5
22 987.4 1037.7 0.00206 0.00046 0.31 1.31±0.15 13.7±0.5
23 923.9 982.2 0.00209 0.00063 0.34 1.08±0.10 14.7±0.5
24 864.8 928.6 0.00203 0.00076 0.38 0.95±0.07 15.7±0.5
25 809.6 876.7 0.00225 0.00081 0.42 1.08±0.07 16.7±0.5
26 758.2 826.7 0.00222 0.00090 0.45 1.03±0.06 17.7±0.5
27 708 777.7 0.00217 0.00097 0.49 0.98±0.06 18.8±0.5
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FIG. 9. (a) The experimental cross sections for 57Co(n, xp) reactions as a function of equivalent or incident neutron energy (En) have been
compared with TALYS-1.8 predictions with default potential parameters using different level density models (see text). (b) The experimental
cross sections for 57Co(n, xp) reactions as a function En have been compared with TALYS-1.8 statistical model calculations with modified input
potential parameters for two cases: (i) Enriched and (ii) natural targets (see text). The level density model with “ldmodel 4” option has been
chosen to obtain the best reproduction of the present measurements at all energies.

the compound nuclei (CN) 58Co∗ and 61Ni∗ formed in the
transfer reactions 56Fe(6Li, α) and 59Co(6Li, α), (ii) corre-
sponding calculated neutron capture cross sections leading
to CN 58Co∗ and 61Ni∗ (σ CN

n+57Co and σ CN
n+60Ni), (iii) the cross

sections for the reference reaction 60Ni(n, xp), (iv) the desired
57Co(n, xp) cross sections that are deduced using Eq. (2) at
each excitation energy (E∗) bin, and (v) the equivalent neutron
energy (En) for CN 58Co∗ corresponding to each E∗ bin. The
experimental systematic uncertainties are much smaller than
the error bars shown in these figures. The advantage of the
surrogate ratio method is that most of the systematic errors on
cross sections that may arise from detector efficiency, flux nor-
malization, etc., reduce significantly while taking their ratios.
The systematic errors in the equivalent neutron energies due to
the uncertainties in beam energy, target thickness, kinematic
broadening, etc., are found to be much smaller than the width
of each energy bin.

However, there are theoretical systematic uncertainties
inherent to the application of the SRM to determine the
57Co(n, xp) reaction cross sections that arise mainly due to
the deviation in Jπ -by-Jπ convergence of the branching ratios.
In order to determine the theoretical systematic uncertainty
corresponding to each data point, we have calculated the
deviation in J dependence of the decay probability ratios
[P

58Co
xp (E∗)/P

61Ni
xp (E∗)] corresponding to the surrogate reac-

tions from that of n-induced reactions. The statistical model
code PACE4 has been used to perform these calculations at the
excitation energies E∗ = 17–27 MeV, in steps of 1 MeV. It
is observed that the above deviation is of the order of 8–19%
for the excitation energy range E∗ = 19–27 MeV. Hence SRM
may be used to determine the desired reaction cross sections to
the above accuracy for the excitation energy range E∗ = 19–
27 MeV (i.e., equivalent neutron energy range En = 10.6–18.8

MeV). However, for data points below E∗ = 19 MeV (En=
10.6 MeV) there are substantial deviations (up to ≈56%)
in convergence leading to large systematic errors where the
weak Weisskopf-Ewing condition may not be satisfied. The
theoretical systematic uncertainties determined above are rep-
resented by gray shaded regions around the experimental data
points in Figs. 8 and 9.

The experimental 57Co(n, xp) cross sections have been
compared with those obtained from an evaluation data li-
brary JEFF-3.3 [17], as shown in Fig. 8. The 57Co(n, p),
57Co(n, np), and 57Co(n, 2p) reactions with energy thresholds
of 0.0, 6.134, and 9.099 MeV are possible sources of proton
emission contributing to the total 57Co(n, xp) cross section in
the measured excitation energy region. The individual cross
sections for two dominating reaction channels 57Co(n, p)
and 57Co(n, np), evaluated using JEFF-3.3, have been shown
as single-dashed (dark green) and double-dashed (blue)
lines, respectively. The cross sections for 57Co(n, 2p) proton
emission channel are found to be negligibly small for incident
neutron energies up to 20 MeV (not shown in the figure). The
57Co(n, xp) cross sections from JEFF-3.3 evaluation are found
to be in good agreement with present measurements up to
the equivalent neutron energy ≈12.6 MeV, whereas for higher
energies the experimental cross section values are higher than
the JEFF-3.3 predictions.

Next we have tried to understand the 57Co(n, xp) cross
sections quantitatively by carrying out statistical model cal-
culations. The statistical model code TALYS-1.8 has been
employed to calculate 57Co(n, xp) cross sections for neu-
tron energy up to 20 MeV within the framework of
Hauser-Feshbach statistical model [18]. The key input pa-
rameters required in the calculations such as nuclear masses,
ground-state deformations, discrete energy levels, γ -ray
strength functions, transmission coefficients, and nuclear level
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densities of nuclides involved are taken from the Reference In-
put Parameter Library RIPL-3 [19]. The global optical model
potentials for neutron and proton proposed by Koning and
Delaroche [20] have been used to calculate the transmission
coefficients. The TALYS-1.8 code predictions with default pa-
rameters for 57Co(n, xp) reaction cross sections for various
level density options are shown in Fig. 9(a), along with the
present experimental data for a comparison. In TALYS-1.8
calculations, there are different options available for level
densities of the nuclei involved in a reaction. Three options
“ldmodel 1, 2, and 3” correspond to three phenomenolog-
ical level density models. i.e., (i) constant temperature +
Fermi gas model [21], (ii) back-shifted Fermi gas model
[22], and (iii) generalized superfluid model [23], respectively.
Two more options, i.e., “ldmodel 4” and “ldmodel 5” cor-
respond to the microscopic level densities obtained from (i)
Goriely’s tables [24] and (ii) Hilaire’s combinatorial tables
[25], respectively. The calculated 57Co(n, xp) reaction cross
sections using “ldmodel 2 and 3,” being very close to that us-
ing “ldmodel 5,” are not shown in Fig. 9(a). It has been found
that the 57Co(n, xp) cross sections predicted by TALYS-1.8
code using the default optical model potential parameters and
any one of the level density parameter options from “ldmodel
1 to ldmodel 5” compare reasonably well with experimental
data for equivalent neutron energy (En) up to ≈12.6 MeV. But
for En > 12.6 MeV, the TALYS-1.8 predictions are found to
underestimate the experimental data. To explain the present
data at all energies, the input optical model potential pa-
rameters to the TALYS-1.8 code corresponding to the neutron
interaction are required to be modified. The radius parameters
rv and rw corresponding to the real and imaginary components
of the volume-central potential seen by incident neutron are
increased to 1.798 and 2.157 fm from their default values of
1.199 and 1.199 fm, respectively. The depth parameter w2

corresponding to the imaginary component of the volume-
central potential has been increased from its default value of
80 to 85.6 MeV. The TALYS-1.8 calculations with modified
input potential parameters and using “ldmodel 4” option, as
shown by the solid curve in Fig. 9(b) are found to be in
good agreement with the experimental data at all energies
except the lone data point at 13.6 MeV whose value is much
larger than the prediction. In all the TALYS-1.8 calculations
of the present study, the discrete level densities of the initial
as well as final-state nuclei have been considered by using the
option “disctable 2” that corresponds to the experimental level
densities available in the RIPL database.

The calculated 57Co(n, xp) cross sections using TALYS-1.8
with modified input potential parameters for enriched target
(100% 56Fe) and natural Fe target are shown respectively
as solid and dashed lines in Fig. 9(b). Natural Fe target has
the abundances of 54Fe (≈5.85%), 56Fe (≈91.75%), 57Fe
(≈2.12%), and 58Fe (≈0.28%), leading to the contributions
from 55Co(n, xp), 57Co(n, xp), 58Co(n, xp), and 59Co(n, xp)
reactions, respectively. The TALYS-1.8 calculations have been
performed to evaluate the (n, xp) cross sections corresponding
to each isotope. Finally, the cross sections are added with the
weight factors equal to their abundance in natural target to
obtain the cross sections for a natural target (dashed line). The
cross sections for an enriched target (solid line) is obtained

from TALYS-1.8 considering only 57Co(n, xp) reaction cross
sections which corresponds to 100% enriched 56Fe target. The
difference in the results of (n, xp) cross sections obtained
using natural Fe and enriched (56Fe) targets is estimated to be
maximum up to 11% in the neutron energy range of present
measurements. The calculated values of 57Co(n, xp) cross
sections using TALYS-1.8 for both the enriched (100% 56Fe)
and natural Fe targets are in good agreement with the present
data within the experimental uncertainties.

IV. SUMMARY AND CONCLUSION

In summary, we have determined the 57Co(n, xp) cross
sections by employing the surrogate reaction ratio method.
The 58Co∗ and 61Ni∗ compound systems which are the sur-
rogates of n + 57Co and n + 60Ni reactions are populated by
transfer reactions 56Fe(6Li, α) 58Co∗ and 59Co(6Li, α) 61Ni∗,
respectively. The compound systems 58Co∗ and 61Ni∗ are
populated at overlapping excitation energies and the proton
decay probabilities are measured in the excitation energy
range of 17–27 MeV for both the compound systems. The
57Co(n, xp) cross sections in the equivalent neutron energy of
8.6–18.8 MeV have been determined within the framework of
surrogate reaction ratio method using 60Ni(n, xp) cross sec-
tions as the reference. Present measurements of 57Co(n, xp)
cross sections have been compared with the predictions of
TALYS-1.8 statistical model code and available data evaluation
library JEFF-3.3. The experimental cross sections compare
reasonably well with the predictions of both the TALYS-1.8
code with default parameters and the data evaluation library
JEFF-3.3 up to En ≈ 12.6 MeV, whereas for En > 12.6 MeV,
the present data are found to be consistently higher than both
the predictions. However, by adjusting the input potential
parameter for neutron-nucleus interactions into the TALYS-1.8
code, the calculated cross sections are observed to be in very
good agreement with the experimental data over the entire
energy range of our interest. The present study leads to a
conclusion that new evaluations may be necessary to explain
the discrepancies at higher energies between the experimental
data and the predictions from both the TALYS-1.8 calculations
with default parameters and the JEFF-3.3 library.
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APPENDIX: APPLICABILITY OF SURROGATE RATIO
METHOD

Detailed calculations have been carried out for the present
reaction systems to verify the three conditions put up by Chiba
et al. [15,16] (as mentioned in Sec. II) for the applicability of
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the surrogate ratio method to determine the neutron-induced
capture cross sections, as described below.

1. Equivalence of spin distribution

To find the equivalence of the spin distributions (σJ ver-
sus J) of two compound nuclei 58Co∗ and 61Ni∗ which
are populated by surrogate reactions 56Fe(6Li, α) 58Co∗ and
59Co(6Li, α) 61Ni∗, respectively, and used in the SRM, the
incomplete fusion cross sections have been calculated at beam
energies 35.9 and 40.5 MeV using the three-body classical dy-
namical model code PLATYPUS [26–28]. Potential parameters
(projectile-target, i.e., 6Li + 56Fe/59Co and fragment-target,
i.e., d+target and α+target) used as inputs to this code are
taken from the global Broglia-Winther parametrization [29].
The fragment-fragment, i.e., d + α interaction potential pa-
rameters are taken from Ref. [30]. The key inputs of the d + α

system for the PLATYPUS calculations (e.g., those determining
the intrinsic probability density function of the 6Li ground
state) are given in Ref. [31]. The calculated results for incom-
plete fusion/transfer cross sections for the two systems have
been compared in Fig. 10.

It can be observed that the spin distributions for both the
systems are very close to each other. Hence, the above ex-
ercise suggests that the spin distribution(σJ versus J) in two
compound nuclei 58Co∗ and 61Ni∗ which are populated by sur-
rogate reactions 56Fe(6Li, α) and 59Co(6Li, α), respectively,
are equivalent.

2. Spin population in neutron-induced and surrogate reactions

The average spin angular momenta < J > populated for
the incomplete fusion/transfer reactions have been calculated
from the spin distribution shown in Fig. 10 and found to be

FIG. 10. Cross sections for incomplete fusion/transfer corre-
sponding to the capture of deuteron fragment by the target in the
reactions 56Fe(6Li, α) 58Co∗ (dashed line) and 59Co(6Li, α) 61Ni∗

(solid line) at beam energies 35.9 and 40.5 MeV, respectively,
calculated using the three-body classical dynamical model code
PLATYPUS.

5.1 and 5.6h̄ for two systems, respectively. However, the av-
erage spins populated in compound nuclei 58Co∗ and 61Ni∗ in
neutron-induced reactions n + 57Co and n + 60Ni for neutron
energies corresponding to the peaks of excitation energies
of CN populated in surrogate reactions 56Fe(6Li, α) 58Co∗

and 59Co(6Li, α) 61Ni∗ calculated using the statistical model
code PACE4 are found to be ≈4 and 5h̄, respectively. So the
differences in spin values between neutron-induced and cor-
responding surrogate reactions used in the present work are
much less than 10h̄, thus satisfying the second condition of
Chiba et al. [15,16].

3. Jπ-by-Jπ convergence

The statistical model code PACE4 was used to calculate
(i) the decay branching ratios of various spin (J) states of
the compound nuclei 58Co∗ and 61Ni∗ formed in the sur-
rogate reactions 56Fe(6Li, α) 58Co∗ and 59Co(6Li, α) 61Ni∗,

FIG. 11. (a) The decay branching ratios Pxp of various spin
(J) states of compound nucleus 58Co∗ formed in the surrogate re-
action 56Fe(6Li, α) 58Co∗ and of corresponding n-induced reaction
n + 57Co, as a function of excitation energy (E∗). (b) Same as
(a) but for compound nucleus 61Ni∗ formed in the surrogate re-
action 59Co(6Li, α) 61Ni∗ and of corresponding n-induced reaction
n + 60Ni. (c) Ratio of Pxp of various spin (J) states of compound
nuclei 58Co∗ to 61Ni∗ compared with the ones corresponding to the
n-induced reactions, as a function of E∗.
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respectively, and (ii) the branching ratios of the corresponding
neutron-induced reactions, i.e., n + 57Co and n + 60Ni. The
decay probabilities Pxp for compound nuclei 58Co∗ and 61Ni∗

decaying to xp (proton emission) channels from various J
states have been calculated up to J = 9 for different exci-
tation energies in the range of E∗ = 15–28 MeV as shown
in Figs. 11(a) and 11(b), respectively. It can be seen that
Pxp has significant J dependence for each of the compound
nuclei 58Co∗ and 61Ni∗ for the entire excitation energy range
in the present study. So the standard Weisskopf-Ewing ap-
proximation which assumes that decay branching ratios are
independent of spin-parity states, is not fulfilled in the above
case and the absolute surrogate method is not useful. How-
ever, the ratio of decay probabilities Pxp(58Co∗)/Pxp(61Ni∗)
as shown in Fig. 11(c) shows a weak J dependence, where a
good convergence is observed among all J distributions. The
ratios of the proton emission probabilities [σ (n,xp)/σ (n,total)]

of 58Co∗ to that of 61Ni∗ populated by neutron capture re-
actions are also shown in Fig. 11 as black dash-dotted line
(with down-triangles). It can be observed that all the curves
in Fig. 11(c) appear to converge to the black dash-dotted
line within the deviation of 8–19% in the excitation energy
range of E∗ = 19–28 MeV. It may be mentioned here that
the most probable J values populated in two surrogate re-
actions are around 5h̄ (see Fig. 10) corresponding to which
the percentage deviation in the probability ratios is found to
be up to 10%. Hence, in case of the surrogate ratio method
the “Jπ -by-Jπ convergence” condition of Chiba et al. (known
as weak Weisskopf-Ewing approximation) is satisfied for the
present systems in the excitation energy range of E∗ = 19–28
MeV and the calculations suggest that the SRM would give
a reasonable estimate of the 57Co(n, xp) reaction cross sec-
tions for the corresponding equivalent neutron energies within
the theoretical systematic uncertainties of 8–19%.
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