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Production of the 
58

Co nuclei on 
nat

Ni in photonuclear reactions using bremsstrahlung irradiation with end-point 

energy 𝐸γmax between 35 and 94 MeV has been studied. The experiment was performed at the electron linear 

accelerator LUE-40 NSC KIPT using the methods of 𝛾-activation and off-line 𝛾-ray spectroscopy. The experimental 

flux-averaged cross-sections ⟨(𝐸γmax)⟩ were determined and compared with the literature data. The theoretical flux-

averaged cross-sections ⟨𝜎(𝐸γmax)⟩th for the production of 
58m,g

Co and 
58

Co were estimated using the cross-section 

values 𝜎(𝐸) from the TALYS1.96 code for different level density models and gamma strength functions.  

 

INTRODUCTION 

Nuclear reactions are the central tool for studying 

the structure of nuclei. Their importance is constantly 

growing. Experimental data from photonuclear reactions 

are necessary for studying the fundamental processes 

occurring in nuclear matter and are necessary for 

creating theoretical models of the atomic nucleus. For 

example, this is the study of the giant dipole resonance 

(GDR), the mechanisms of its excitation and decay, 

including the competition between statistical and direct 

processes in the decay channels, the configurational and 

isospin splitting of GDR, the exhaustion of the sum rule, 

etc. 

Photonuclear reaction cross-sections are used in 

various applications of science and technology, 

primarily in the production of isotopes and in nuclear 

medicine, in the development of modern models of 

reactors and subcritical systems controlled by 

accelerators, the calculation of radiation protection 

systems, the design of intensive neutron sources, the 

disposal of long-lived radioactive waste products, etc. 

The photonuclear cross-sections on 
nat

Ni are 

important because the reaction products, nickel and 

cobalt, are of practical interest as an important structural 

and surface material, which is often used in structural 

materials for accelerator and nuclear technology [1-3], 

in medicine [4], as calibration sources [5], etc. 

Experimental data on cross-sections for photonuclear 

reactions on nickel at energies in the range of 

12…40 MeV were obtained in a number of studies, e.g. 

[6–8]. At higher energies, the study of cross-sections on 

natural nickel using electron bremsstrahlung was 

performed in [9, 10]. The flux-averaged cross-sections 

of 
nat

Ni(,p𝑥n)
55−58

Co reactions were determined in 

these studies using the -activation technique at 

bremsstrahlung end-point energies of 55…65 MeV [9] 

and 65…75 MeV [10]. 
This work is a continuation of our experimental 

studies of photonuclear reactions on natural nickel. 

Previously, we obtained cross-sections for the reactions 
nat

Ni(γ,xn)
56,57

Ni [12] and 
nat

Ni(γ,pxn)
55,56,57

Co [13]. 

In this work, results of the experimental study of the 
58

Co production in photonuclear reactions on natural 

nickel measured using bremsstrahlung spectra of 

gamma photons with end-point energy 𝐸max between 35 

and 94 MeV are presented. The obtained data are 

compared both with the theoretical calculation 

performed using partial cross-sections 𝜎(𝐸) from the 

TALYS1.96 code [11], and with the experimental data 

available in the literature [9, 10]. 

1. EXPERIMENTAL PROCEDURE 

An experiment to study the photoproduction of 
58m,g

Co nuclei on 
nat

Ni was carried out using the 

bremsstrahlung beam delivered by the LUE-40 electron 

linear accelerator of the National Science Center of the 

Kharkov Institute of Physics and Technology using the 

induced γ-activity method and offline γ-ray 

spectroscopy. This technique has been described in 

many studies of photonuclear reactions, e.g. [14–17]. 

The schematic block diagram of the experiment is 

presented in Fig. 1. 
 

 
Fig. 1. Schematic block diagram of the experiment. The 

upper part shows the measurement room, where the 

irradiated target (red color) and the target-monitor 

(blue color) are extracted from the capsule and are 

arranged by turn before the HPGe detector for induced 

γ-activity measurements. The lower part shows the 

accelerator LUE-40, the Ta converter,  

Al absorber, exposure reaction chamber 
 

For investigation of photoproduction of 
58

Со, natural 

Ni and Mo targets of diameter 8 mm and the masses, 

respectively, ~80 and ~60 mg, were used in the 

experiment. The isotopic composition of nickel is a 

mixture of five stable isotopes with an isotopic 

abundance: 
58

Ni  0.68077, 
60

Ni  0.26223, 
61

Ni  

0.0114, 
62

Ni  0.03634, 
64

Ni  0.00926. For 
100

Mo in 
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our calculations, we have used the percentage value of 

isotope abundance equal to 9.63% [18]. The admixture 

of other elements in the targets did not exceed 0.1% by 

weight. The time of irradiation tirr and the time of 

residual γ-activity spectrum measurement tmeas were 30 

min for each energy Eγmax value. 

The bremsstrahlung spectra of electrons were 

calculated using the GEANT4.9.2 code [18], where the 

real geometry of the experimental setup was taken into 

account, as well as the spatial and energy distributions 

of the electron beam. In addition, the bremsstrahlung 

gamma fluxes were monitored by the 
100

Мо(γ,n)
99

Мо 

reaction yield. Description of the monitoring procedure 

can be found in [19, 20]. 

To process the spectra and estimate the full 

absorption peak areas ΔA, the program InterSpec 

V.1.0.12 [21] was used. Nuclear spectroscopic data 

required to study the 
nat

Ni(γ,pxn)
58

Co reaction were 

adopted from [22].  

The 
58

Co nucleus in reactions on 
nat

Ni can be formed 

in the isomeric m and ground g states. However, it is 

impossible to measure the cross-section of the 
58m

Co 

nucleus formation since the excitation energy of the 

isomeric state is only 24.89 keV, and the corresponding 

gamma transition has a low intensity of 0.039% [22]. As 

a result of the internal transition (100%), the isomeric 

state decays to a ground state with a half-life Т1/2 =  

(9.10 ± 0.09) h. In the experiment, the cooling time was 

more than tcool = 32 d, sufficient for the complete decay 

of the metastable state into the ground state. Thus, we 

measure the total cross-section of the formation of the 
58

Co nucleus on natural nickel. 

2. RESULTS AND DISCUSSION 

TALYS [11] is a computational code based on 

modern concepts of nuclear interactions, which provides 

simulation of nuclear reactions over a wide range of 

energies and atomic masses.  

Here, various parametrizations reflecting the use of a 

set of level density models (LD) and gamma-strength 

functions (GSF) were considered to give the theoretical 

cross-section values σ(E) for the photoproduction 

reactions of the 
58

Co nucleus on stable isotopes of 
nat

Ni.  

Fig. 2 shows the calculated cross-sections σ(E) of 

the formation of the 
58

Co nucleus in photonuclear 

reactions on stable isotopes of 
nat

Ni, taking into account 

the isotopic abundance. The cross-section of formation 

on 
nat

Ni is the sum of the cross-sections on 4 from 5 

stable isotopes of nickel. It is evident, that the main 

contribution to the cross-section of 
58

Со formation 

comes from the reaction on 
60

Ni.  

In Fig. 3, the calculated cross-sections σ(E) of the 

formation of the 
58

Co nucleus in metastable and ground 

states were shown. One can see that ratio of 

meta/ground is approximately 20%. As a rule, the 

accuracy of the calculation of the metastable cross-

section is low, however, since this contribution is small, 

the total cross-section for this reaction will be calculated 

with good reliability. 

Different LD (1 - 6) and GSF (1 - 9) parameters 

combinations lead to altogether 54 different theoretical 

σ(E) values. The minimum value was obtained for the 

case of a combination of parameters LD6 and GSF2, 

and the maximum  LD3 and GSF7. 

 
Fig. 2. Theoretical cross-sections of photoproduction of 

the 
58

Co nucleus on nickel isotopes (taking into account 

the isotopic abundance) and 
nat

Ni. Calculated with the 

TALYS1.96 code for the default parameters   

LD1 and GSF9 
 

 

Fig. 3. Theoretical cross-sections σ(E) for the 
nat

Ni(γ,pxn)
58

Co reaction with production of  
58

Co in 

metastable, ground states and total cross-sections. 

Calculated with the TALYS1.96 code for the default 

parameters  LD1 and GSF9 
 

 
 

Fig. 4. Cross-sections σ(E) for the 
nat

Ni(γ,pxn)
58

Co 

reaction calculated with the TALYS1.96 code  

for LD3 and GSF (1 – 9) 
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The observed difference for these combinations 

reaches ~8 times. A difference in the position of the 

cross-section maxima is also observed. Figure 4, as an 

example, shows the calculation results for parameters 

LD3 and GSF 1-9. 

In experiments on the bremsstrahlung beam, it is 

possible to determine the value of the flux-average 

cross-section σ(Еmax) of the reaction under study. This 

value is calculated using the following formula: 

 

    

max

max

,
1 1irr cool meast t t

n

E

A

N I E e e e
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  
 


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
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    (1) 

where ΔА is the number of counts of γ-quanta in the full 

absorption peak at the energy of γ-ray transition 

associated with the decay of the nucleus, λ is the decay 

constant (in s
-1

), Nn is the number of target nuclei, Iγ is the 

intensity of the analyzed γ-ray transition, ε is the absolute 

detection efficiency for the analyzed γ-quanta energy, tirr, 

tcool and tmeas are the irradiation time, cooling time and 

measurement time, respectively (in seconds). 

   max

minmax max,
thr

E

E
E W E E dE



     the integrated flux 

of bremsstrahlung quanta in the energy range from the 

reaction threshold E
min

thr up to Emax.  

For comparison with the experimental average 

cross-sections, the theoretical values of σ(Еmax) were 

calculated using the cross-sections σ(E) from the 

TALYS1.96 code and the bremsstrahlung γ-flux 

W(Е,Еγmax) calculated in GEANT4.9.2 using the 

formula:  
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  (2) 

The calculation of the experimental cross-sections 

⟨σ(Eγmax)⟩ was performed according to formula (1),  

using the gamma-quantum flux from the reaction 

threshold with the minimum threshold energy E
min

thr = 

19.99 MeV. For the theoretical calculation by the 

formula (2) also used the value E
min

thr. This threshold 

corresponds to the reaction of formation of 
58

Со on 
60

Ni. 

To obtain the experimental values of the average 

cross-sections ⟨σ(Eγmax)⟩ for the 
nat

Ni(γ,pxn)
58

Co 

reaction, the 810.76 keV transition with intensity of 

99.45% was used. However, there is a γ-ray transition 

with a similar energy, 811.85 keV, corresponding to the 

decay of the 
56

Ni nucleus, which is formed in the 
nat

Ni(γ,xn) reactions. This 811.85 keV γ ray contributed 

to the measured full absorption peak at 810.76 keV, 

artificially increasing its intensity. To calculate the 

magnitude of this contribution, the induced activity of 

the 
56

Ni nucleus was measured at the 158.38 keV γ-ray 

transition and recalculated to the expected activity for 

811.85 keV γ-ray transition, taking into account the 

intensities Iγ(158.38) = 98.8% and Iγ(811.85) = 86.0%, 

and the detector registration efficiency . 

The experimental flux-averaged cross-sections 

⟨σ(Eγmax)⟩ obtained in the experiment for the 
nat

Ni(γ,pxn)
58

Co  reaction are shown in Fig. 5.  

Experimental average cross-sections σ(Еγmax) for 

photonuclear reactions on 
nat

Ni with the formation of 

cobalt isotopes 
55-58

Co were obtained in [9,10]. It is 

important to highlight that the work of Naik et al. [10] 

involved an analysis of data for the reaction 
nat

Ni(γ,pxn)
58

Co, as presented in the earlier work of 

Zaman et al. [9]. In this analysis, a correction was made 

to account for the contribution from the activity of the 
56

Ni nucleus for the γ-ray transition with an energy of 

Еγ = 810.78 keV. As can be seen from Fig. 5, the 

magnitude of this contribution can have a significant 

impact on the cross-sections ⟨σ(Еγmax)⟩ for the 
nat

Ni(γ,pxn)
58

Co.  

Our previously obtained experimental data for the 

reactions 
nat

Ni(γ,pxn)
55,56,57

Co [13] are in good 

agreement with the results of Naik et al. [10]. At the 

same time, the cross-section of the reaction 
nat

Ni(γ,pxn) 

with the formation of 
58

Co nuclei significantly exceeds 

the results reported in [9, 10], see Fig. 5. 
 

 
Fig. 5. The bremsstrahlung flux-averaged cross-section 

σ(Еγmax) for the reactions 
nat
Ni(γ,pxn)

58
Co. The 

experimental data: red circles and green triangles – our 

data for tcool = 32-53 and 194-224 days, respectively; 

black empty and full circles – data from Zaman 2018 

[9] and Naik 2020 [10], respectively. The theoretical 

curves are denoted by different colors  

(see figure for explanation) 

3. CONCLUSIONS 

The total flux-averaged cross-section ⟨σ(Eγmax)⟩ for 

the 
nat

Ni(γ,pxn)
58

Co reaction has been measured in the 

range of bremsstrahlung end-point energies Eγmax = 

35…94 MeV. The obtained ⟨σ(Eγmax)⟩ were compared 

with experimental data from the literature and 

theoretical estimates. The theoretical values of 

⟨σ(Eγmax)⟩th were calculated using the partial cross-

sections σ(E) from the TALYS1.96 code for different 

level density models LD 1-6 and photon strength 

functions GSF 1-9. A large number of theoretical 

estimates with close results makes it difficult to choose 

the optimal curve for describing the experimental data. 

The comparison showed that the measured flux-

averaged cross-sections for the 
nat

Ni(γ,pхn)
58

Co reaction 

are in satisfactory agreement with several calculation 

estimates within the TALYS1.96 code (LD1 + GSF 6, 9; 

LD3 + GSF 3, 8, 9). 
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