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Abstract The cross sections for 58Co(n,xp) reactions have
been determined in the equivalent neutron energy range of
11.7–16.8 MeV by employing the surrogate reaction ratio
method and using the cross-section values for the reference
reaction 60Ni(n,xp) from the literature. The transfer reactions
57Fe(6Li,α) at Elab = 37 MeV and 59Co(6Li,α) at Elab = 33
MeV, are used to populate compound nuclei 59Co∗ (surrogate
of n+58Co) and 61Ni∗ (surrogate of n+60Ni), respectively, at
similar excitation energies. The evaporated protons at back-
ward angles measured in coincidence with the projectile-
like fragment alpha provide the proton decay probabilities
of the compound nuclei. The cross sections estimated using
the nuclear-reactions-model code talys-1.96 are consistent
with the experimental 58Co(n,xp) data for the entire neu-
tron energy range. However, the predictions of the evaluated
data libraries endf/b- viii, jeff-3.3, jendl-5,rosfond-2010
and tendl-2019 overestimate the present experimental data,
indicating the necessity to improve the model parameters of
the data libraries for this reaction.

1 Introduction

Improved and accurate nuclear data on neutron-induced reac-
tion cross sections is of utmost importance for design and
technology development of advanced reactors, such as accel-
erator driven systems and fusion reactors. The neutron energy
spectra of these reactors exceed the typical limits of conven-
tional fission reactors, resulting in more threshold reaction
channels such as (n,p), (n,α), (n,d), (n,np), (n,2n), (n,3n) and
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(n,nα). In fusion reactors, high fluence of high energy neu-
trons produced via D + T reaction induce variety of reac-
tions on the structural material (stainless steel). The reac-
tions induced by neutrons that create gaseous elements, such
as hydrogen and helium through (n,xp) and (n,xα) reac-
tions are of critical importance, as they result in swelling
and embrittlement of the reactor’s structural material. Fur-
thermore, these neutron impacts result in atomic displace-
ments within the material, producing radiation defects that
alter its physical properties. In addition to that these neutrons
also alter the chemical composition of the structural mate-
rial through transmutation reactions, resulting in noticeable
changes in the material’s structural and mechanical prop-
erties. 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), 62Cu(T1/2 = 9.67 min) and
63Ni(T1/2 = 100.1 yr) are some of the radionuclei, that are
produced through transmutation reactions on elements such
as Mn, Fe, Ni, Cr, Cu, Zn, and Nb (initial composition of
Stainless steel). To accurately predict the characteristics of
the nuclear system and fully understand the neutronics of
fusion reactors, experimental cross sections for (n,xp) and
(n,xα) reactions involving these radionuclei is of great impor-
tance [1–5].

58Co is among the dominant radionuclides produced dur-
ing the fusion reactor operation, and is formed primarily
through 58Ni(n,p), 60Ni(n,d)59Co(n,2n), 60Ni(n, 2n)59Ni(n,d)
and 60Ni(n,t) reactions as depicted by routes in Fig. 1. The
reactions 58Ni(n,p) and 60Ni(n,2n) have zero neutron thresh-
old energies whereas, 59Ni(n,d), 60Ni(n,d), 59Co(n,2n) and
60Ni(n,t), have respective neutron threshold energy of 6.5,
7.4, 5.7 and 11.7 MeV.
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Fig. 1 Primary routes for production of 58Co in a typical fusion reactor

As nickel makes up ≈10–14% of stainless steel’s com-
position, the high energy neutron flux in a fusion reactor
will result in a substantial increase in amount of 58Co [6–
8]. The exothermic reactions 58Co(n,p) and 58Co(n,α), with
Q-values of 3.09 and 3.51 MeV, respectively, result in an
enhanced yield of hydrogen and helium through (n,xp) and
(n,xα) reactions. So, it is important to measure the cross sec-
tions for 58Co(n,xp) and 58Co(n,xα) reactions, for which data
are not available in the database exfor [9] and the evaluated
data libraries have large discrepancies among them for these
reaction cross sections [10].

The isotope 58Co is not available in nature, thus direct
measurements of cross sections for 58Co(n,xp) and 58Co(n,xα)
reactions are challenging. Following our earlier works [5,11–
13], we aim to determine 58Co(n,xp) reaction cross sections
by utilizing the surrogate reaction ratio method (SRM).

In the present work, the compound nuclei (CN) 59Co∗
(surrogate of n+58Co) and 61Ni∗ (surrogate of n+60Ni) were
populated at matching excitation energies by the transfer
reactions 57Fe(6Li,α) and 59Co(6Li,α), respectively. Using
60Ni(n,xp) as the reference reaction, the cross sections for
the desired reaction 58Co(n,xp) are obtained by employing
the SRM. The experimental setup and data analysis have been
described in detail in Sect. 2. The results and discussions can
be found in Sect. 3, and the summary and conclusions are
presented in Sect. 4.

2 Experimental details and data analysis

The experiment was performed by bombarding 6Li beams
of energies Elab = 37 and 33 MeV, on freshly prepared self-
supporting targets of 57Fe (enrichment ≈ 95%, thickness ≈
850 μg/cm2) and 59Co (abundance ≈ 100%, thickness ≈
500 μg/cm2), respectively at BARC-TIFR Pelletron Linac
Accelerator Facility, Mumbai.

Figure 2 shows the schematic representation of the experi-
mental configuration, where PLFs were identified by employ-

Fig. 2 Schematic experimental setup consisting of a Si surface barrier
(SSB) detector telescope (T) positioned at 17 cm away from the target
center to detect the projectile-like fragments (PLFs). S1 and S2 represent
Si strip telescopes, each positioned at 17.6 cm from the target center
for identification of the p, d, t, and α particles evaporated from the
compound nucleus

ing a silicon surface barrier (SSB) telescope T comprising of
one ΔE detector having thickness of ≈ 150 μm and one
E detector having thickness of ≈ 1 mm. The telescope was
placed at 23◦ (around grazing angle) with respect to the direc-
tion of beam. Energy calibrations of both the detectors were
performed using 229Th alpha source, emitting alphas hav-
ing five different known energies in the range of 4.6–8.7
MeV. After calibrating ΔE and E detectors separately, one
can find the incident energy (Etotal) of the PLFs by adding
energy deposited in the two detectors, on event by event
basis. Figure 3a shows the energy calibrated two dimensional
correlation plot of ΔE versus Etotal which is clearly distin-
guishing the different PLFs, i.e., proton (p), deuteron (d),
triton (t), and α particles. By identifying alpha band from the
above plot, one can confirm the formation of the CN 59Co∗
and 61Ni∗ populated in the transfer reactions 57Fe(6Li,α) and
59Co(6Li,α), respectively. The SSB telescope had an energy
resolution of ≈ 160 keV.

To detect the charge particles (such as p, d, t, and α) evap-
orated from CN of interest (59Co∗ and 61Ni∗), two large area
Silicon strip detector telescopes (S1 and S2) were placed at
backward angles 140◦ and 160◦. Each strip telescope, having
total active area of 50 × 50 mm, is made of 16 segmented
ΔE (thickness ≈ 55 μm) and 16 segmented E detectors
(thickness ≈ 1500 μm). Each strip telescope was placed at a
distance of 17 cm from the target centre. Energy calibrations
were performed using the same method discussed earlier. A
typical two dimensional ΔE versus Etotal correlation plot
corresponding to one of the ΔE − E strip combinations of
the S1 telescope is shown in Fig. 3b, which clearly identifies
different isotopes with z = 1 and z = 2. The energy reso-
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Fig. 3 A Typical energy
calibrated 2D spectra of ΔE
versus Etotal (total energy) for
outgoing particles in 6Li + 57Fe
reaction at Elab= 37 MeV,
acquired using (a) Si surface
barrier detector telescope (T)
placed at 23◦ and (b) one of the
16 ΔE − E strip combinations
of Si strip detector telescope S1

Fig. 4 For 6Li + 57Fe reaction at Elab = 37 MeV, a two-dimensional
plot of the α-particle energy (Eα) detected in the telescope T versus
time correlation between the α particles detected in the telescope T and
the protons detected in the telescope S1

lution of a ΔE or E strip detector was found to be ≈ 100
keV.

A Time to Digital Converter (TDC) was used to register
the time correlations between the particles detected in the
telescope T and the particles detected in the telescope S1 or
S2. A sharp peak in the TDC spectra was observed which was
further used to obtain the real coincidence events between the
alpha detected in T and proton detected in S1 and/or S2. A
two-dimensional plot of the α-particle energy (Eα) detected
in telescope T versus TDC output gated with alpha band from
T1 and proton band from S1 is shown in Fig. 4 for 6Li + 57Fe
system at Elab = 37 MeV. The intense band as shown by a
red contour in the above plot corresponds to the coincidence
events of our interest. However, the contribution from random
background estimated from the remaining region of Fig. 4 has
been taken into account to obtain the real coincidence events.

The excitation energy spectra of target-like compos-
ite nuclei 59Co∗ and 61Ni∗ formed in the transfer reac-

tions 57Fe(6Li,α) and 59Co(6Li,α), respectively, are obtained
through “event-by-event analysis”using the 2-body kinemat-
ics. The excitation energy spectra recorded in singles as well
as in coincidence with the evaporated proton correspond-
ing to the 59Co∗ are shown in Fig. 5(a, c), and those corre-
sponding to 61Ni∗ are shown in Fig. 5(b, d), respectively. One
can notice that there are significant overlaps in the excitation
energy spectra corresponding to the two compound nuclei.

To confirm that the protons detected in the strip telescopes
in coincidence with the α detected in T, are actually evap-
orated at back angles from the nucleus 59Co∗, the proton
energy spectra are compared with the ones obtained from
59Co∗ formed at E∗ = 25 MeV using the statistical model
code pace4 [14] and shown in Fig. 6. It can be observed
that the emitted proton spectrum and pace4 predictions are
in good agreement with each other, thus confirming proton
evaporation from the compound system 59Co∗. Furthermore,
angular distribution of those protons is found to be isotropic
in the center of mass in the angular range (≈ 130◦–170◦)
spanned by S1 and S2, which is another affirmative sign of
evaporation. The similar comparison has been made for the
other nuclei 61Ni∗, but not shown here.

Now, the following expression is used to obtain the proton
decay (particle evaporation) probabilities from the compound
systems 59Co∗ and 61Ni∗ produced in their respective transfer
reactions, in steps of 1.0-MeV excitation energy bin.

PCN
p (E∗) = Nα,p(E∗)

εNα(E∗)
. (1)

Here, Nα represents the singles counts (α-PLF) and Nα,p

represents the counts of α-PLF which are coincidence with
the evaporated p, both acquired at the same excitation energy
(E∗). ε is the efficiency of detecting evaporated protons in
coincidence with the PLFs. The ratios of Nα,p to Nα obtained
as a function of E∗ for compound systems 59Co∗ and 61Ni∗
are presented in Fig. 7.

123



  187 Page 4 of 9 Eur. Phys. J. A           (2023) 59:187 

Fig. 5 Excitation energy
spectra corresponding to the
target-like compound nuclei
59Co∗ and 61Ni∗ formed in 6Li
+ 57Fe and 6Li + 59Co reactions,
respectively, corresponding to
α-PLF with (a, b) and without
(c, d) coincidence with
evaporated protons. The desired
cross sections are determined
for matching excitation energy
range within the two dotted lines

Fig. 6 The energy spectrum of protons (in coincidence with α-PLF)
emitted from compound nucleus 59Co∗ at excitation energy E∗ ≈ 25
MeV, corresponding to 6Li + 57Fe reaction at Elab = 37 MeV. Con-
tinuous line represents the prediction of the same by pace4 [14] after
normalization

Following the description given in Refs. [5,11–13], the
cross sections for the desired reaction (σ

58Co(n,xp)) are deter-
mined using the following expression:

σ
58Co(n,xp)(E∗)

σ
60Ni(n,xp)(E∗)

= σCN
n+58Co

(E∗)
σCN
n+60Ni

(E∗)
P

59Co
p (E∗)

P
61Ni
p (E∗)

(2)

The experiment for both the desired and the reference
surrogate reactions was performed using the same experi-

Fig. 7 Nα,p/Nα , the ratio of α-PLF counts in coincidence with the
evaporated protons to the singles α-PLF counts as a function of E∗, for
compound systems 59Co∗ and 61Ni∗ formed in the reactions 57Fe(6Li,α)
and 59Co(6Li,α), respectively

mental geometry/setup which make the ratio of efficiency
corresponding to the desired reaction to that of the refer-
ence reaction equal to 1 in Eq. (2). Therefore, while tak-
ing the ratio of P

59Co∗
p (E∗) to P

61Ni∗
p (E∗) in Eq. (2) one

can omit the ε term. The cross sections for neutron-induced
compound nucleus formation i.e., σCN

n+58Co
and σCN

n+60Ni
are

calculated for E∗ = 22–27 MeV, using the nuclear-reactions-
model code talys-1.96 [15]. In Ref. [12], it has been found
that the direct measurements on 60Ni(n,xp) cross sections are
quite close to the evaluations by jendl-4.0 [16]. Therefore,
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the jendl-4.0 evaluated cross sections were used as reference
for the present work.

Now using (1) the cross sections for 60Ni(n,xp) reac-
tion, σ

60Ni(n,xp), (2) the calculated neutron-induced com-
pound nucleus formation cross sections, σCN

n+58Co
(E∗) and

σCN
n+60Ni

(E∗), obtained from the talys-1.96 code and (3)
the measured proton decay probabilities for compound sys-
tems, P

59Co∗
p (E∗) and P

61Ni∗
p (E∗), obtained from Eq. (1), the

desired cross sections for the 58Co(n,xp) reaction are deter-
mined at same excitation energy with the help of Eq. (2). The
desired reaction cross sections have been obtained in steps of
1 MeV of excitation energy bin in the range of E∗ = 22–27
MeV.

Using the following relation, this E∗ range is later con-
verted into equivalent neutron energy range of En = 11.7–
16.8 MeV.

En = A + 1

A
(E∗ − Sn) (3)

Here, A + 1 (= 59) and Sn (= 10.454 MeV) are the mass
and the neutron separation energy of the compound nucleus
59Co, respectively.

In Ref. [17], Chiba et al. have investigated the applicabil-
ity of the SRM to determine n-induced fission (or capture)
cross sections, where they studied the branching ratio to the
fission (or capture), up to Jπ = ( 21

2 )± and neutron energy
of 5 MeV. It was found that by satisfying three conditions
given in the paper, the SRM can be employed to determine
neutron fission and capture cross sections to the accuracy
of order of Jπ -by-Jπ convergence of the branching ratios
(defined in the paper). Following Ref. [17], we have also
investigated the applicability of the SRM to determine the
desired (n,xp) cross sections and, studied the proton decay
branching ratios, up to Jπ = (9)± and excitation energies
of our interest. We have found that the SRM can be used to
determine the desired (n,xp) cross sections with the accuracy
of the order of Jπ -by-Jπ convergence (as discussed in the
following subsection) subjected to the fulfillment of follow-
ing three conditions. The three conditions to be satisfied are:
(1) weak Weisskopf–Ewing condition which requires Jπ -by-
Jπ convergence of the branching ratios in the two surrogate
reactions, (2) the spin distributions in two compound nuclei
populated by the two surrogate reactions used in the SRM
are almost equivalent, and (3) the representative spin values
populated in both the surrogate reactions are not much larger
than 9h̄.

Fig. 8 a The proton decay probabilities (branching ratios) Pxp of dif-
ferent spin states (J ) for the compound nucleus 59Co∗ produced in the
surrogate reaction 57Fe(6Li,α) along with Pxp for same CN produced
in n-induced reaction n+58Co, as a function of excitation energy (E∗),
b Same as (a) but for CN 61Ni∗ produced in the surrogate reaction
59Co(6Li,α) and n-induced reaction n+60Ni, c ratio of Pxp of two CN
59Co∗ and 61Ni∗ i.e Pxp(59Co∗)/Pxp(61Ni∗) of various spin (J ) states
produced in surrogate reactions along with Pxp(59Co∗)/Pxp(61Ni∗) for
CN produced in the the n-induced reactions, as a function of E∗. Exci-
tation energy region within the shaded gray band is of our interest for
determining the desired cross sections

2.1 Jπ -by-Jπ convergence

Statistical model calculations are carried out to determine
the proton decay branching ratios (proton decay probabil-
ities) Pxp of individual spin (J ) states of the compound
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Fig. 9 Calculations using platypus (a three-body classical dynamical
model code) to compute the incomplete fusion/transfer cross sections
for the reactions 57Fe(6Li,α)59Co∗ at Ebeam = 37 MeV (solid line) and
59Co(6Li,α)61Ni∗ at Ebeam = 33 MeV (dashed line)

nuclei 59Co∗ and 61Ni∗ (the CN populated in corresponding
surrogate reactions 57Fe(6Li,α) and 59Co(6Li, α), respec-
tively), using the code pace4. The calculations are per-
formed up to J = 9 for excitation energies ranging from
15 to 28 MeV, as shown by colored dashed/dotted lines in
Fig. 8(a, b). In the excitation energy range of our interest
(E∗ = 22–27 MeV), the Pxp shows similar behaviour for
both the parity states (±) of the same J-value. Hence, only
J-dependence of Pxp is considered in the present study. The
black solid curves (n-induced curve) in these figures rep-

resent the proton decay branching ratios of the CN 59Co∗
and 61Ni∗ produced in the respective neutron-induced reac-
tions n+58Co and n+60Ni, calculated using the code pace4.
The results indicate that proton decay probabilities (Pxp)
depend significantly on J -state of the decaying compound
nucleus (59Co∗ and 61Ni∗), indicating that the standard
Weisskopf–Ewing approximation (which assumes indepen-
dence of decay branching ratios from spin-parity states) is
not fulfilled for present systems. However, the ratio of the
two decay probabilities (Pxp(59Co∗)/Pxp(61Ni∗)) for each J
state (colored dashed/dotted lines in Fig. 8c) converge among
themselves and to that of neutron induced reaction (black
solid line in Fig. 8c) with an uncertainty of 5.5–8.7% for exci-
tation energy range E∗ = 22–27 MeV (gray band in Fig. 8c),
indicating the weak J dependence of the ratio. But, for the
excitation energies lower than 22 MeV (En = 11.7 MeV)
J -curves diverge substantially (up to 47%) from n-induced
curve, implying that the weak Weisskopf–Ewing condition
may not be fulfilled for E∗ lower than 22 MeV. Hence, first
condition i.e., weak Weisskopf–Ewing approximation which
requires the “Jπ -by-Jπ convergence”of the branching ratios,
is satisfied for E∗ = 22–27 MeV.

2.2 Equivalence of spin distribution

The spin distributions (σJ vs J ) of the 59Co∗ and 61Ni∗ com-
pound nuclei formed in the surrogate reactions 57Fe(6Li,α)
and 59Co(6Li,α), at respective beam energies of 37 and 33
MeV, are calculated using platypus [18–20], a three-body
classical dynamical model code. The parameters for the inter-
action potentials of projectile-target (6Li+57Fe/59Co) and of
fragment-target (α+57Fe/59Co) are taken from the global
Broglia–Winther parametrization [21], while the parameters
for the fragment–fragment (d+α) interaction potentials are

Fig. 10 The cross sections for
58Co(n,xp) reactions,
determined by SRM, as a
function of equivalent or
incident neutron energy (En),
represented by filled circles, are
compared to the predictions
from different evaluated nuclear
data libraries. The gray shaded
area surrounding experimental
data points indicates additional
uncertainty in measured cross
sections due to systematic
uncertainties inherent to
application of SRM (see text)
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Fig. 11 The measured cross section for 58Co(n,xp) reactions are com-
pared to the predictions from the talys-1.96 code using various level
density models (see text)

taken from Ref. [22]. The input parameters determining the
probability density of two-body projectile 6Li in ground state
is taken from Ref. [23]. The calculated spin distributions (σJ

vs J ) of both the populated compound nuclei are found to
be very similar, as presented in Fig. 9. This demonstrates the
equivalence of the spin distributions of the two compound
nuclei populated in respective surrogate reactions of interest.

2.3 Spin population in the surrogate reactions

The spin distribution presented in Fig. 9 is used to deduce
the representative spin (J ) values populated in the compound
nuclei 59Co∗ and 61Ni∗ by their respective surrogate reac-
tions. Clearly, the J-values populated by both the surrogate
reactions used in the present study are not much larger than
9h̄.

Therefore, all three conditions are fulfilled for the present
systems, implying that the SRM can be reliably employed
to deduce the reaction cross sections of our interest, for E∗
range of 22–27 MeV, with a theoretical systematic uncer-
tainty (accuracy) of 5.5–8.7%.

3 Results and discussions

The 58Co(n,xp) reaction cross sections are determined using
Eq. (2) following the SRM methodology as described above
and the results are presented as filled circles in Figs. 10 and
11. In these figures, the cross section error bars represent
statistical errors, whereas equivalent neutron energy error
bars correspond to the width of 1.0-MeV energy bins. The

numerical values for various quantities used in Eq. (2) to
determine 58Co(n,xp) reaction cross sections and results are
given in Table 1. The experimental systematic uncertainties
in the present work are considerably lower than the error
bars shown in these figures. The SRM has the advantage of
significantly reducing most of the systematic errors on cross
sections that may arise from detector efficiency, flux normal-
isation, etc. The systematic errors in equivalent neutron ener-
gies caused by uncertainties in target thickness, beam energy,
kinematic broadening, etc. are estimated to be considerably
smaller than the energy bin width [5,24].

Deviations in Jπ -by-Jπ convergence of branching ratios
described in Sect. 2.1, are the main source of theoretical sys-
tematic uncertainties in application of the SRM to determine
the 58Co(n,xp) reaction cross sections. This deviation is eval-
uated at each E∗ bin, and found to be 5.5–8.7% for the E∗
range of 22–27 MeV (i.e., equivalent neutron energy range
En = 11.7–16.8 MeV). The gray shaded areas surrounding
the experimental data points in Figs. 10 and 11, depict the
evaluated theoretical systematic uncertainties.

The measured 58Co(n,xp) cross sections are compared
with the predictions of evaluated nuclear data libraries:
endf/b- viii, jeff-3.3, jendl-5, rosfond-2010 and tendl-
2019, as shown in Fig. 10. The evaluated 58Co(n,xp) cross
sections are obtained by adding cross sections for pro-
ton emitting 58Co(n,p), 58Co(n,np) and 58Co(n,2p) reaction
channels which are possible sources for proton emission con-
tributing in the measured excitation energy region. The eval-
uated 58Co(n,xp) cross sections are observed to be consis-
tently higher than the measured ones in the entire equivalent
neutron energy range of interest.

Statistical model calculations (Hauser–Feshbach statis-
tical model [25]) are performed to quantify the cross sec-
tions for the 58Co(n,xp) reaction using the talys-1.96 code.
Nuclear masses, ground-state deformations, γ -ray strength
functions, transmission coefficients and nuclear level densi-
ties (NLD) of nuclides involved, which are used as default
input to the talys-1.96, are taken from the latest Reference
Input Parameter Library RIPL-3 [26]. The transmission coef-
ficients used in present calculations, are calculated by global
parameterisation of optical model potentials for neutron and
proton proposed by Koning and Delaroche [27]. The discrete
levels of all the nuclei involved have been taken from the
level density estimates using the option “disctable 3”. In the
talys-1.96 version, there are six different options for deter-
mining the level densities of the nuclei involved in a reac-
tion, each corresponding to a different level-density model.
The first three options “ldmodel 1, 2 and 3”derive level den-
sity from three phenomenological analytical expressions i.e.,
(i) constant temperature + Fermi gas model [28], (ii) back-
shifted Fermi gas model [29] and (iii) Generalized superfluid
model [30], respectively. Whereas, the other three options
take tabulated level densities derived from microscopic mod-
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Table 1 The neutron-induced compound nuclear formation cross sec-
tions for CN 59Co∗ and 61Ni∗ (σCN

n+58Co
and σCN

n+60Ni
) calculated using

talys-1.96 code, the experimental proton decay probabilities Pp(E∗)
of the corresponding compound nuclei (CN) 59Co∗ and 61Ni∗ produced

via transfer reactions 57Fe(6Li,α) and 59Co(6Li,α), the cross section val-
ues for the reference reaction 60Ni(n,xp), the cross sections for desired
reaction 58Co(n,xp) determined using Eq. (2), and (v) the equivalent
neutron energy (En) corresponding to excitation energy (E∗) of the
compound nucleus 59Co∗ deduced using Eq. (3)

E∗ σCN
n+58Co

σCN
n+60Ni

P
59Co
p (E∗) P

61Ni
p (E∗) σ

60Ni(n,xp) σ
58Co(n,xp) En

(MeV) (mb) (mb) (b) (b) (MeV)

22 968 1037 0.00075 0.00146 0.31 0.15±0.010 11.7±0.5

23 906 982 0.00084 0.00150 0.34 0.18±0.010 12.8±0.5

24 843 928 0.00092 0.00156 0.38 0.20±0.010 13.8±0.5

25 785 876 0.00105 0.00170 0.42 0.23±0.010 14.8±0.5

26 731 826 0.00110 0.00171 0.46 0.26±0.011 15.8±0.5

27 680 777 0.00118 0.00178 0.49 0.28±0.012 16.8±0.5

els, i.e., “ldmodel 4, 5 and 6”correspond to the microscopic
level densities obtained from (i) Goriely’s tables [31], (ii)
Hilaire’s combinatorial tables [32] and (iii) Temperature-
dependent Gogny–Hartree–Fock–Bogoliubov level densities
from numerical tables [33]. The calculated cross sections for
58Co(n,xp) reaction using these ldmodel options in talys-
1.96 are shown in Fig. 11. It is observed that the calculations
using “ldmodel 1 and 3”options compare best with the mea-
sured data for equivalent neutron energy range of our interest.

4 Summary and conclusion

In summary, we have employed the surrogate reaction ratio
method to determine the 58Co(n,xp) reaction cross sec-
tions. Here, the 59Co∗ and 61Ni∗ nuclei, which are desired
to be formed in respective reactions: n + 58Co and n +
60Ni, are instead populated using two surrogate reactions:
57Fe(6Li,α)59Co∗ and 59Co(6Li,α)61Ni∗, respectively at sim-
ilar excitation energies. Thereafter, the ratio of proton decay
probabilities from those two compound nuclei were mea-
sured in the excitation energy range of 22–27 MeV. The
ratio of formation cross sections of those two nuclei in
the two n-induced reaction was calculated using the code
talys-1.96. Finally, the cross sections for 58Co(n,xp) reac-
tion have been determined using 60Ni(n,xp) cross sections
as the reference, in the equivalent neutron energy of 11.7–
16.8 MeV. The experimental results of the 58Co(n,xp) cross
sections are compared with the predictions from nuclear-
reactions-model code talys-1.96 and the predictions from
the evaluated data libraries: endf/b- viii, jeff-3.3, jendl-
5, rosfond-2010 and tendl-2019. The talys-1.96 predic-
tions compare well with the measured 58Co(n,xp) cross sec-
tions, whereas predictions of all of the above evaluations
are found to be higher. The observed differences between
the measured 58Co(n,xp) reaction cross sections and predic-
tions from the evaluated data libraries: endf/b- viii, jeff-3.3,

jendl-5, rosfond-2010 and tendl-2019, indicate the need
to revisit and improve the model parameters of these evalu-
ations for this reaction.
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