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Abstract: The 59Co(n,  2n)58Co reaction cross sections 
relative to the cross sections of the 115In(n, n′)115mIn reaction 
have been measured at the effective neutron energies of 
11.98 and 15.75 MeV by using activation and off-line γ-ray 
spectrometric technique. Neutron beam used in the pre-
sent experiment was generated from the 7Li(p, n)7Be reac-
tion with the proton energies of 14 and 18 MeV at the 14UD 
BARC-TIFR Pelletron facility, Mumbai. We also present the 
covariance information by taking into account the sources 
of error and the correlations between the attributes influ-
encing the measurements. The 59Co(n,  2n)58Co reaction 
cross sections from the present work are then compared 
with the values from different evaluated nuclear data 
libraries. The micro-correlation technique suggested by 
Smith was modified to generate the covariance matrix 
for the measurements of reaction cross sections as the 
efficiencies of detector for the sample and monitor are 
correlated.

Keywords: 59Co(n,  2n)58Co cross section, neutron activa-
tion, off-line γ-ray spectrometry, EXFOR, IRDFF-1.05, eval-
uated data libraries, covariance analysis.

1  �Introduction
The neutron-induced reaction cross sections are 
important for different applications such as industrial pro-
duction of radioisotopes, the design of conventional reac-
tors and Accelerator-Driven Sub-critical systems (ADSs). 
The reaction cross section data in the higher neutron 
energy region are relevant to ADSs [1]. The cross sections 
of reactions such as (n, γ), (n, n′), (n, p), (n, α) and (n, 
2n) reactions of structural materials are important from 
the point of view of neutron economy of the thermal and 
fast neutron reactors, and thus are needed for advanced 
reactor designs. This is because the neutron energies in 
conventional and advanced reactors vary from 0.025 eV to 
20 MeV. The neutron induced reaction cross sections data 
are of practical application in fusion reactor technology, 
particularly for calculations on tritium breeding, gas pro-
duction in structural materials and activation of reactor 
components [2–5]. In particular, the above mentioned 
nuclear reactions lead to the formation of hydrogen and 
helium gases in the reactor wall at different locations. The 
important structural materials for reactors are zirconium, 
niobium, stainless steel and aluminum. In reactor, stain-
less steel is used in the calandria vessel and pipe lines 
of the secondary coolant circuit. Stainless steel is con-
stituted of natural iron with different percentages of Cr, 
Mn, Co and Ni. Different neutron induced reaction cross 
sections of structural materials have been measured by 
various authors [2–5]. In particular Qaim [3] has shown the 
systematics of (n,  2n) reaction cross sections around the 
neutron energies of 14–15 MeV. He found that the (n, 2n) 
reaction cross section at 14 MeV is low for light mass 
nuclei and increases rapidly with the increasing neutron 
excess of the target nucleus. On the other hand, Bostan 
and Qaim [5] have shown that the excitation function of 
the (n, 2n) reaction shows a rapid increase in the energy 
region between 10 and 14 MeV. In view of all the above 
facts, the measurement of (n, 2n) reaction cross section of 
59Co has been chooosen in the present work.

The measurements of 59Co(n,  2n)58Co reaction cross 
sections at different neutron energies between 10 and 
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20  MeV have been reported by various authors [6–22] 
using neutron activation method and different counting 
techniques. In all the cases neutrons were produced either 
via the D + D reaction or the D + T reaction, and the meas-
urements above the neutron energy of 13.8 MeV found in 
literature are rather limited and scattered. Therefore, in 
the present work, the 59Co(n,  2n)58Co reaction cross sec-
tions relative to the 115In(n, n′)115mIn monitor reaction have 
been measured at two effective neutron energies of 11.98 
and 15.75 MeV (i. e. on both sides of 13.8 MeV). The neutron 
beams were generated from the 7Li(p, n) reaction by using 
proton beams of 14 and 18 MeV. Covariance analysis of the 
uncertainties in the cross sections was performed by taking 
into account every source of error and the correlations 
between the attributes influencing the error in the meas-
urements. The 59Co(n,  2n)58Co reaction cross section and 
its covariance analysis are important for Indian nuclear 
power programme [23]. The present data were compared 
with the values of evaluated nuclear data libraries [24–30].

2  �Experimental details
The experiment was performed by using the 14UD BARC-
TIFR, Pelletron facility at Mumbai, India. The neutron 
beam was produced using the 7Li(p, n)7Be reaction from 
the proton main line at 6 m above the analyzing magnet 
of the Pelletron facility to utilize the maximum proton 
current from the accelerator. At this port, the terminal 
voltage is regulated by generating voltage mode (GVM) 
by using a terminal potential stabilizer. Further a collima-
tor of 6 mm diameter was used before the lithium target. 
The protons of beam energies 14 and 18 MeV were used 
to bombard a natural lithium (Li) target kept inside a 
Tantalum–Lithium–Tantalum (Ta–Li–Ta) stack to gener-
ate the neutrons. The lithium foil was made up of natural 
lithium with thickness 3.7 mg/cm2, and the two tantalum 
foils were of different thicknesses. The front tantalum foil 
facing the proton beam was the thinner one (3.9 mg/cm2), 
in which the degradation of proton energy, according to 
the SRIM [31] was 48–58 keV. The back tantalum foil of 
thickness more than 0.025 mm was used to stop the proton 
beam.

Two Co metal foils of radius 0.25 cm and 0.3 cm were 
wrapped separately with Al foil of thickness 0.025  mm. 
Similarly, In metal foils of size 0.5  cm × 0.6  cm and 
0.8  cm × 0.6  cm were separately wrapped with Al foil of 
same thickness to prevent radioactive contamination 
during irradiation. Two sets of Al wrapped cobalt and two 
sets of Al wrapped indium were used to make two stacks 
for the irradiation purpose. The individual stacks of Co-In 

were additionally wrapped with Al foils. The stacks were 
then mounted one at a time in 00 angle with respect to the 
proton beam direction at a distance of 2.1 cm behind the 
Ta–Li–Ta stack. A schematic diagram of the experimental 
arrangement can be found in Ref. [32].

The stacks were irradiated one after other with effective 
neutron energies of 11.98 and 15.75 MeV. The discussion on 
effective neutron energies En = 11.98 ± 0.29, 15.75 ± 0.31 MeV 
is given in Ref. [33]. The corresponding irradiation times of 
the two stacks were 7 and 11.17 h, respectively. The irradi-
ated cobalt foils from the two stacks were then allowed to 
decay for 22.8 and 12.4 h, respectively. Similarly, the cor-
responding irradiated indium foils were allowed to decay 
for 2.9 and 1.1  h, respectively. The irradiated cobalt and 
indium foils were then mounted separately on different 
Perspex plates. The γ-ray counting of the irradiated foils 
was done by using a pre-calibrated 80  cm3 HPGe detec-
tor coupled to a PC-based 4094 channel analyser kept at a 
suitable distance from the detector cap to avoid the sum-
mation effect. The resolution of the detector system had a 
full-width at half-maximum of 2 keV at 1332.5 keV of 60Co. 
The efficiency calibration as a function of energy was per-
formed by using standard 152Eu point source, maintaining 
the same geometry. Since the γ-ray counting of the stand-
ard 152Eu point source was done in the same geometry at 
a suitable distance from the end cap of the detector, the 
summation effect was avoided. This has been tested by 
doing the γ-ray counting of the standard 241Am, 137Cs and 
60Co sources in the same geometry.

The γ-ray counting of the irradiated In and Co samples 
was done many times with increasing counting time and 
decay time to have good counting statistics and to follow 
the half-lives. Besides this, the radionuclide 58Co has a 
metastable state with a half-life of 9.1  h, which dacys to 
the ground state by internal transition of 100 % branching 
intensity [4, 34]. Thus the γ-ray counting data, obtained 
after complete decay of 58mCo to 58gCo were used in calcula-
tion of the 59Co(n, 2n)58Co reaction cross section.

3  �Data analysis
The sample reaction cross section, which is to be meas-
ured, is usually derived with the help of a well-established 
monitor reaction cross section by considering their ratio 
given by the experimental observations. This method 
avoids the need of absolute neutron flux Φ, which is dif-
ficult to measure but is necessary in conventional compu-
tation of reaction cross section. The following expression 
was used in the ratio method to measure the sample 
reaction cross section.
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Table 1: Data on efficiency calibration of the detector using a 152Eu 
source.

γ-Ray energy 
(MeV)

γ-Ray 
abundance (%)

Counts for 
976 s

Kc Efficiency

0.121782 28.53 ± 0.16 41243 ± 303 1.344 5.602E-02
0.244697 7.55 ± 0.04 5275 ± 114 1.547 3.116E-02
0.443961 2.827 ± 0.014 1144 ± 73 1.464 1.708E-02
0.488679 0.414 ± 0.003 131 ± 52 1.620 1.478E-02
0.688670 0.856 ± 0.006 257 ± 52 1.351 1.170E-02
0.964057 14.51 ± 0.07 2450 ± 70 1.415 6.889E-03
1.112076 13.67 ± 0.08 1898 ± 53 1.354 5.420E-03
1.408013 20.87 ± 0.09 2180 ± 50 1.378 4.150E-03

where σU(En) is the unknown cross section of 59Co(n, 2n)58Co 
reaction at the neutron energy En, σM(En) is the known 
cross section of the 115In(n, n′)115mIn monitor reaction at the 
neutron energy En, CU, λU, (I

γ
)U, (ε(E

γ
))U are the detected γ-ray 

counts, the decay constant of product nuclei, γ-ray abun-
dances and the efficiencies of the detector corresponding 
to characteristic γ-rays of reaction products of 58Co. Simi-
larly, CM, λM, (I

γ
)M, (ε(E

γ
))M are the detected γ-ray counts, 

the decay constant of product nuclei, γ-ray abundances 
and the efficiencies of detector corresponding to charac-

teristic γ-rays of reaction products 115mIn. The term  
   i

CL
LT

 

with clock time, CL and live time, LT is for dead time effect 
correction. WtU, WtM are the weights of cobalt and indium 
foils respectively, abnU, AvU are the isotopic abundances 
and the average atomic mass of 59Co. Similarly, abnM, AvM 
are the isotopic abundances and average atomic mass of 
115In. tirr, twait and tc are the irradiation time, waiting time 
and counting time of the samples, respectively. (Ck)U, (Ck)M 
are the correction factors which include correction factor 
due to area of the foils Ai and lastly the correction factor 
αi accounting for the low energy neutron contribution. It 
may be noted that
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where Φ represents the flux corresponding to discrete 
peaks, and ϕ is the continuum with reference to the 
neutron spectra. The terms 

1 2
,  P PE E  in Eq. (2) represent 

the neutron energies corresponding to higher and lower 
energy neutron peaks. E is the neutron energy, which cor-
responds to much lower energy tail part of the neutron 
spectra. 

1 2
,p p∑ ∑  indicates add up all the number of groups 

under higher and lower peak. The correction term αi in Eq. 
(2) was obtained by following the approach of Smith et al. 
[35]. The self-attenuation factor (gattn) of the foil was deter-

mined using the expression [36], 
μ

μ

−−= 1 ,
L

attn
eg
L  where L 

is the thickness of the sample and μ is mass attenuation 
coefficient obtained using XMuDat Ver. 1.01 [37].

The neutron spectra in the 7Li(p, n)7Be reaction for the 
proton enrgies of 14 and 18 MeV have tail parts besides 

the peak neutron energies, which can be seen from Ref. 
[32]. The threshold energy of the 115In(n, n′)115mIn monitor 
reaction is 0.5 MeV, whereas that of the 59Co(n,  2n)58Co 
reaction, it is 8.3 MeV. So it is necessary to take care of 
the contribution in the neutron flux and the flux-weighted 
reaction cross section due to the tail part of the neutron 
spectrum as well as different threshold values of the 
115In(n, n′)115mIn monitor reaction and 59Co(n, 2n)58Co reac-
tion [32]. This was taken care by using the eq. (2) instead 
of finding the individual neutron flux and flux-weighted 
reaction cross section separately.

3.1  �Energy and efficiency calibration of HPGe 
detector with covariance analysis

In this experiment, energy and efficiency calibration of 
HPGe detector was carried out using single standard point 
source 152Eu. For this purpose, eight γ-ray energies were 
chosen. The experimental data (C) and auxiliary data (I

γ
, 

A0, T1/2) were observed for each of these γ-ray energies and 
the same are presented in Table 1. With the information on 
uncertainty in each of these observations and the micro-
correlations between them, efficiency vector of the detec-
tor ε ε ε ε=� 1 2 8( , ,.., )T corresponding to these γ-ray energies 
and the relevant covariance information were obtained.

After completing the calibration process, a linear 
model Z ≈ AP was chosen to derive a suitable linear par-
ametric function to obtain the efficiencies of the detec-
tor at characteristic γ-rays corresponding to the reaction 
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products 58Co, 115mIn. The linear parametric function log 
ε = p0 + p1 log E + p2(log E)2 with p0 = − 5.040, p1 = − 1.295 
and p2 = − 0.128  was used as the best fit for the energy 

and efficiency model with corresponding χ
= ≈

−

2

0.57 1. 
8 3

 

Further details on choosing the appropriate model, and 
step by step procedure of estimation of the efficiencies of 
the detector corresponding to characteristic γ-rays with 
a covariance analysis are available in Ref. [38]. Table 2 
provides the results of efficiencies estimation with the cor-
responding correlation matrix.

3.2  �Estimation of 59Co(n, 2n)58Co reaction 
cross section with covariance analysis

Basic data (half-life, γ-ray abundance, and isotopic abun-
dance) along with uncertainty information used in obtain-
ing σU(En) were retrieved from ENSDF data sets through 
NuDat web interface [34] maintained by National Nuclear 
Data Center (NNDC) and are presented in Table 3.

Applying the interpolation technique we obtain the 
cross section of the 115In(n, n′)115mIn monitor reaction at the 
effective neutron energies of 11.98, 15.75 MeV (IRDFF-1.05, 

[30]). Further to obtain covariance information, we refer 
to relative covariance information for the cross sections 
in the corresponding energy group available in the IRDFF-
1.05 file, and then propagate the same to the monitor cross 
sections at the desired energies. The details of monitor 
cross section along with covariance and correlation matri-
ces are given in Table 4.

The corresponding covariance information for σU(En) 
with covariance matrix 

σ ( )U nE
V  whose (i, j)th entry is given 

by

	 σ
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 is 

the partial uncertainty in (σU(En))j due to lth attribute. (Skl)ij 
is the correlation between kth attribute in the ith experi-
ment and lth attribute in the jth experiment. Readers are 
referred to Appendix A of Ref. [39] for the detailed descrip-
tion of Eq. (5).

To compute σU(En), the attributes considered are 
σM(En), CU, CM, λU, λM, AvM, AvU, WtU, WtM, abnM, (I

γ
)U, (I

γ
)M, 

(ε(E
γ
))U, (ε(E

γ
))M, AU, AM, (gattn)U and (gattn)M. The terms tirr, 

twait and tc given in the Eq. (1) are observed without 
error and treated as constant. The partial uncertainties 
in σU(En) due to each of the attributes mentioned above 
were obtained as described in Eq. (5) and presented in 
Table 5. The observations between any two attributes are 
independent of each other except for the pair of attributes 
(ε(E

γ
))M and (ε(E

γ
))U, where the correlation between each of 

the observations of (ε(E
γ
))M and the observations of (ε(E

γ
))U 

Table 2: Efficiencies of the detector corresponding to energies of 
characteristic γ-rays and uncertainty matrix.

Radionuclide γ-Ray energy 
(MeV)

Efficiency Correlation 
matrix

58Co 0.81076 0.00845 ± 0.00017 1 0.87
115mIn 0.33624 0.0228 ± 0.00057 0.87 1

Table 3: Data required for estimating σU(En).

Nuclide Tag number Weight (g) Half-life γ-ray abundance (%) Isotopic abundance 
of target nuclide (%)

115mIn In-1 0.0675 ± 0.0013 4.486 ± 0.004 h 45.9 ± 0.1 95.71 ± 0.05
In-2 0.0737 ± 0.0015

58Co Co-1 0.3800 ± 0.0076 70.86 ± 0.06 days 99.45 ± 0.01 100
Co-2 0.2171 ± 0.0043

Table 4: Monitor cross sections as obtained by interpolating the cross section data taken from IRDFF, along with covariance matrix and 
correlation matrix.

Neutron energy (MeV) 115In(n, n′)115mIn cross section (b) Covariance matrix Correlation matrix

11.98 ± 0.29 0.1530 ± 0.0122 1.479E-04 6.301E-06 1 0.247
15.75 ± 0.31 0.0565 ± 0.002 6.301E-06 4.408E-06 0.247 1
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are correlated, with correlation coefficient equal to 0.87 
(refer to Table 2).

The observations of the attributes CU, CM, WtU, WtM, AU, 
AM, (gattn)U and (gattn)M with reference to different neutron 
energies are independent of each other and therefore the 
corresponding micro-correlation matrices are identical 
and equal to the identity matrix of order two. The cor-
relation matrix of the measurements σM(En) for different 
neutron energies will now be considered as the micro-
correlation matrix associated with the attribute σM(En) and 
the same was taken from Table 4.

The micro-correlation matrices associated with the 
attributes λU, λM, AvU, AvM, (I

γ
)U, (I

γ
)M, (ε(E

γ
))M and (ε(E

γ
))U 

are identical and equal to matrix of order two with all 
entries equal to one, as the same observation of attributes 
were used in different neutron energy cases. Substituting 
the partial uncertainties data presented in Table 5, and the 
above information of micro-correlations in Eq. (5), the ele-
ments of covariance matrix 

σ ( )U nE
V  of σU(En) were generated 

and the same are presented in Table 6.

4  �Results and discussion
In the present work, the measurements of 59Co(n, 2n)58Co 
reaction cross sections and covariance analysis of their 
uncertainties were obtained relative to the standard 
cross sections of 115In(n, n′)115mIn reaction at the effective 
neutron energies of 11.98 and 15.75 MeV. The micro-corre-
lation technique introduced by Smith [40] was modified 
to obtain the covariance information. The 59Co(n, 2n)58Co 
reaction cross sections from the present work and litera-
ture as well as the evaluated data of different nuclear data 
libraries such as JENDL 4.0 [27], CENDL 3.1 [25], JEFF 3.2 
[28], ROSFOND 2010 [26], TENDL 2015 [41], and ENDF/B-
VII.1) [24, 42] are plotted in Figure 1. It is observed that the 
cross section measured in the present experiment at the 
neutron energy of 11.98 MeV is in good agreement with 
all the evaluated data, but in the case of 15.75 MeV, the 
present measurement is comparatively lower than the 
evaluated data. It may be noted that the experimental data 
based on the D + T reaction are in good agreement with the 

Table 5: Partial uncertainties in σU(En).

Attributes Partial uncertainties in 59Co(n, 2n)58Co Correlation

En = 11.98 (MeV) En = 15.75 (MeV)

Co Gamma-ray counts CU 2.73E-02 4.64E-02 Uncorrelated
Decay constant λU 1.97E-04 6.13E-04 Fully correlated
Average atomic mass AvU 1.60E-08 4.96E-08 Fully correlated
Weight of sample WtU 4.69E-03 1.46E-02 Uncorrelated
Gamma-ray abundance (I

γ
)U 2.37E-05 7.34E-05 Fully correlated

Efficiency of detector (ε(E
γ
))Ub 4.67E-03 1.45E-02 Fully correlated

Correction factor for area AU 4.54E-03 1.41E-02 Uncorrelated
Correction factor for gamma-ray attenuation gattnU 9.25E-05 1.93E-04 Uncorrelated

In Monitor cross section σM(En) 1.87E-02 2.71E-02 Partially correlateda

Gamma-ray counts CM 4.15E-03 1.23E-02 Uncorrelated
Decay constant λM 1.31E-05 1.05E-04 Fully correlated
Average atomic mass AvM 2.05E-06 6.36E-06 Fully correlated
Weight of sample WtM 4.64E-03 1.47E-02 Uncorrelated
Isotopic abundance abnM 1.23E-04 3.81E-04 Fully correlated
Gamma-ray abundance (I

γ
)M 5.14E-04 1.59E-03 Fully correlated

Efficiency of detector (ε(E
γ
))Mb 5.84E-03 1.81E-02 Fully correlated

Correction factor for area AM 3.21E-03 9.93E-03 Uncorrelated
Correction factor for gamma-ray attenuation gattnM 3.86E-04 4.97E-04 Uncorrelated

aCorrelation value is given in Table 4. bCor ((ε(E
γ
))U, (ε(E

γ
))M) = 0.87.

Table 6: 59Co(n, 2n)58Co reaction cross sections.

Neutron energy (MeV) 59Co(n, 2n)58Co cross section (b) Covariance matrix Correlation matrix

11.98 ± 0.29 0.2358 ± 0.0368 0.00129 0.00045 1 0.18
15.75 ± 0.31 0.7301 ± 0.0687 0.00045 0.00476 0.18 1
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evaluated data. However, the experimental data above the 
neutron energy of 15 MeV based on the 7Li(p, n) reaction 
are below the evaluated data. In view of this, the experi-
mental data from the present work and similar data from 
literature [14, 22] based on the 7Li(p, n) reaction neutron 
sources are presented in Figure 2. It can be seen that the 
experimental data based on the 7Li(p, n) reaction neutron 
sources around 15–20 MeV are lower than the evalu-
ated data, which supports our present observation. The 

lower experimental value around the neutron energies of 
15–20 MeV may be due to the use of quasi-mono energetic 
7Li(p, n) reaction neutrons and 115In(n,  n′)115mIn reaction 
monitor, where correction for the neutron background 
may not be so perfect.

Further, it can be seen from Figures 1 and 2 that the 
data from different evaluations have slight variation. Ignor-
ing the slight deviations, one can see from Figures 1 and 2 
that the experimental and evaluated 59Co(n, 2n)58Co reac-
tion cross section increases with neutron energy. However, 
the increase in trend is very fast from the threshold 
value to the neutron energy of 15 MeV. Above 15 MeV, the 
59Co(n, 2n)58Co reaction cross section increases slowly with 
neutron energy. Similarly, sharp increase of (n, 2n) reaction 
cross section of 44Sc and 55Mn within the neutron energies 
of 10–14 MeV and near constant value above 14 MeV was 
shown by Bostan and Qaim [5], which supports our present 
observation. On the other hand, it was observed by Qaim 
[3] that if the value of (N-Z)/A is greater than 0.1, then the 
(n,  2n) reaction cross section increases gradually around 
the neutron energy of 14–15 MeV. More probably, this is the 
reason for near constant value of 59Co(n, 2n)58Co reaction 
cross section above 15 MeV as seen from Figures 1 and 2. 
Besides this, opening of other reaction channels may also 
cause the gradual increase or near constant value of (n, 2n) 
reaction cross section within 14–20 MeV neutron energy. 
This observation indicates the partitioning of the excita-
tion energy in different reaction channels.
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Figure 1: A plot showing the comparison of experimental 59Co(n, 2n)58Co reaction cross section from the present work at the effective 
neutron energies of 11.98 and 15.75 MeV with the literature data (for reference given on the right, see EXFOR [43]).
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Figure 2: Comparison of experimental 59Co(n, 2n)58Co reaction 
cross section (barns) based on experiments using only the 7Li(p, n) 
reaction (for reference given on the right, see EXFOR [43]).
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5  �Conclusion
The 59Co(n,  2n)58Co reaction cross section at the effec-
tive neutron energies En = 11.98 and 15.75 MeV has been 
determined by using the activation method and off-line 
gamma ray spectrometric technique. The covariance 
analysis in the uncertainty of the reaction cross section 
has been performed by taking into account every source 
of error and considering the correlations between the 
attributes influencing the experimental data. We also 
provide table of partial uncertainties data required for 
a comprehensive compilation in the IAEA EXchange 
FORmat (EXFOR) database [43]. The 59Co(n, 2n)58Co reac-
tion cross section at the neutron energy of 11.98 MeV is 
found to be in agreement with the evaluated data, but 
at effective neutron energy of 15.75 MeV it is found to be 
slightly lower than the evaluated data. It was also found 
that the 59Co(n,  2n)58Co reaction cross section increases 
from threshold energy to the neutron energy of 14–15 MeV 
and therefter increases very slowly or remains nearly con-
stant up to the neutron energy of 20–21 MeV, which may 
be due to the partitioning of the excitation energy in dif-
ferent reaction channels.
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