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A B S T R A C T   

Photonuclear reactions cross-sections using TALYS 1.95 code in the GDR region were studied to test the relia-
bility of various models of gamma ray strength functions. Six different gamma ray strength function models have 
been applied. The photo-neutron reactions for the isotopes 58,60,61,64Ni, 63,65Cu, and 64,66,68Zn were investigated. 
The theoretical results were compared with the experimental data from the EXFOR data library. A relative 
variance analysis has performed to choose the gamma strength function mode which describes the experimental 
data the best.   

1. Introduction 

The study of the properties of the atomic nucleus started at the 
moment of its discovery and is still a topic of a vast interest. During the 
years, an extensive experimental database describing the nuclear 
properties has been accumulated [1], and various theoretical models 
have been suggested [2] to describe the nuclear properties to various 
degrees of accuracy. The use in modern astrophysics, nuclear en-
gineering, nuclear medicine, etc. stimulates the rapid development of 
various models which are able to explain and predict the results of 
nuclear reactions involving various nuclei and initiated by various 
particles with a high level of accuracy. 

The interaction of the gamma-quantum with atomic nuclei has some 
unique characteristics. In particular, the reaction cross section has a 
wide maximum called Giant Dipole Resonance (GDR). The position of 
the maximum depends on the atomic number and is in the range of 
10–30 MeV. The width of the peak is between 4 and 15 MeV [3]. 

Various theories attempt to explain GDR with the use of different 
concepts. In the phenomenological theory of the liquid drop model, 
GDR is modeled as a collective excitation of a large number of nucleons, 
and can be described by oscillations of two incompressible, mutually 
penetrating liquids of protons and neutrons [4,5]. The accumulation of 
nuclear data resulted in a need for new models that take into account 
the dependence of the width of GDR on the deformation of the nucleus  
[6,7]. Later, a dynamic, collective model to describe the deformations 

of the nucleus was proposed that took into account the collective ro-
tational and vibrational degrees of freedom of the surface of the nucleus  
[8]. 

At the microscopic level, the motion of the nucleons can be de-
scribed within the Mean Field Approximation. The resulting energy 
levels form nuclear shells which are similar to electronic shells in an 
atom. Within this model, GDR results from transitions between different 
shells [9]. In an improved model, exchange interactions are also con-
sidered, which are not taken into account in the mean field approx-
imation [10]. This modification doesn't destroy the nuclear shell 
structure, but the energy eigenstates are coherent states in this case, 
each of which corresponds to a single degree of freedom of the nucleus. 
For light nuclei that have partially filled outer shells, GDR corresponds 
to excitations of many independent degrees of freedom corresponding 
to transitions from different shells [11]. 

Despite the existence of various theoretical models describing GDR, 
a single model which accurately describes GDR for all nuclei doesn't 
exist. As a reason, a number of popular software packages (such as 
TALYS [12]) include various modifications of phenomenological as well 
as microscopic models. TALYS is widely used nowadays by various 
authors for nuclear reaction calculations with different projectiles  
[13–18]. In this work, we have calculated photonuclear reaction cross- 
sections using TALYS 1.95 in the energy region of the giant dipole re-
sonance to test the reliability of various models of gamma ray strength 
functions. We study the dependence of cross sections of photonuclear 
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reactions of 58,60,61,64Ni, 63,65Cu, and 64,66,68Zn target isotopes on the 
choice of strength functions. 68Zn is of interest because of its applica-
tions in the production of the medical radioisotope 67Cu, and our cal-
culations serve as a preliminary estimation for 67Cu production plan-
ning. Reactions on 63,65Cu are often used to monitor flux estimation and 
to calculate flux-weighted average cross-sections in experiments with 
bremsstrahlung [19–21]. 58,60,62,64Ni isotopes were chosen because of 
having a magic proton number which results in an extensive experi-
mental data of nuclear reactions involving Ni isotopes; this allows a 
more precise calculation of accuracy of TALYS calculations in the 
considered nuclear mass range. 

2. Calculation methods 

For nuclear reaction simulations various input parameters are 
needed, such as nuclear masses, characteristics of the ground and ex-
cited states of the nucleus, level densities, optical potentials, GDR 
parameters and so on. For calculations using software packages such as 
ALICE, EMPIRE, GNASH, UNF, TALYS, these parameters are taken from 
the RIPL-3 (Reference Input Parameter Library) database [22]. 

When modelling nuclear reactions which include transitions be-
tween excited levels, the concept of the gamma-ray strength function, 
which is related to the photoabsorption cross section, is often in-
troduced. In the phenomenological approach, various modifications of 
the Lorentzian are used to describe the strength function. However, for 
most unstable nuclei there aren’t enough data points to fit the phe-
nomenological model parameters of GDR, and therefore this description 
is impossible. Because of this, various microscopic models are of use, 
and are included in nuclear reaction parameter calculation software 
systems such as TALYS. 

TALYS 1.9 includes 8 different models of gamma-ray strength 
functions [12]. In this article we discuss 5 of these that describe the 
experiment better. 

The first two of the models described in this article use a Lorentzian 
representation of the GDR: Kopecky-Uhl model uses a Generalized 
Lorentzian form (Modified Lorentzian model, MLO), and Brink-Axel 
model uses a Standard Lorentzian (Standard Lorentzian model, SLO). In 
SLO giant dipole resonance shape is described by [12]: 
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(where Sn is the neutron separation energy, En is 
the incident neutron energy, the pairing correction, and a is the level 
density parameter at Sn). 

Two other models are based on the microscopic theories - Hartree- 
Fock BCS tables (HF), Hartree-Fock-Bogolyubov tables (HFB) [22] - 
which contain the tabulated microscopic gamma ray strength functions, 
calculated from the corresponding theory for each isotope. 

The fifth model is Goriely’s hybrid model (GHM) which has a 
Lorentzian form but also includes the effects of the pygmy resonance  
[23]. 

The latest version of TALYS package (version 1.95) introduced some 
updates to gamma-ray strength functions. In particular, E1 data tables 
were improved, Simplified Modified Lorentzian (SMLO) was introduced  
[24]. Calculations using SMLO model are also included in the article. 

3. Results and discussion 

The cross sections of 58Ni(γ,n)57Ni, 60Ni(γ,n)59Ni, 61Ni(γ,n)60Ni,  
64Ni(γ,n)63Ni, 63Cu(γ,n)62Cu, 63Cu(γ,2n)61Cu, 65Cu(γ,n)64Cu, 64Zn 
(γ,n)63Zn, 66Zn(γ,n)65Zn, and 68Zn(γ,n) 67Zn reactions were simulated 
using different gamma-ray strength functions of TALYS 1.95. 
Experimental data from Experimental Nuclear Reaction Data Library 
(EXFOR) is used to compare the results of the calculations to the ex-
periment [1] 

61,64Ni(γ,n) reactions cross-sections have been measured experi-
mentally by Utsunomiya et al. [25], while 58,60Ni(γ,n) reactions were 
measured by Utsunomiya et al. [25], Goryachev et al. [26], and Fults 
et al. [27]. The sources of irradiation in the experiments were Laser 
Compton Scattered Photons, Bremsstrahlung, and Positron annihila-
tions, respectively. All three experimental results were compared to 
calculations (in case of [26,27] only the data at energies below (γ, pn) 
reaction threshold were used). 

58Ni(γ,n)57Ni reaction data of [25,27] display two humps around 
the top of the giant dipole resonance (Fig. 1a). Data of [26] are scat-
tered and indicate a complicated structure of GDR (Fig. 1). Gamma-ray 
strength function models MLO and GHM give similar results and are in 
a relatively good agreement with the experimental data but do not 
display the two humps. SMLO results have a similar form to MLO and 
GHM but are located lower. The HF model displays two humps in the 
giant dipole resonance region, but the width of GDR is significantly 
broader. SLO and HFB display small humps in the energy region below 
15 MeV, which do not coincide with the experimental data. The max-
imum of the cross section is shifted towards higher energies in case of 
HFB which is a recurring result also present in the following calcula-
tions using HFB. 

60Ni(γ,n)59Ni reaction cross-sections are given in Fig. 2. For this 
reaction, MLO, SLO, GHM give similar results but the maximum is 
shifted slightly to lower energies relative to the experiment. The max-
imum of the distribution is shifted significantly to the lower energies for 
HF and to the higher energies for HFB. 

61,64Ni(γ,n) reactions cross sections were measured by [25] up to 
energies 19 and 16 MeV, respectively. SMLO, SLO, MLO and GHM give 
relatively similar results and are close to the experimental ones in the 
region where the experimental data is available. HF results are sig-
nificantly wider than all other models for energies below 15–16 MeV. 
Even though there is no experimental data for higher energies to 
compare the models to, there is a good agreement between the models 
in this region (Figs. 3,4). 
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Fig. 1. 58Ni(γ,n)57Ni reaction cross-section.  

G.H. Hovhannisyan, et al.   Nuclear Inst. and Methods in Physics Research B 482 (2020) 25–30

26



The quality of the description of available experimental data with 
the TALYS 1.95 code was estimated based on statistical analysis. We 
determine the relative variance of theoretical and experimental data, D, 
using [28]: 
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where i
calc is the calculated cross section, i

exp is the experimental cross 
section, and N is the number of experimental data points. The results 
are presented in Table 1. According to Relative Variance Analysis 
(RVA), the best strength function model for 58,60Ni(γ,n) reaction is 
MLO, for 61Ni(γ,n) – GHM, and for 64Ni(γ,n) – MSLO. These three 
models result in similar values of D for all Ni isotopes and are better fits 
to the experimental data than the other three models (see Table 1). 

In Figs. 5–7 we present cross section calculations for 63Cu and 65Cu 
together with the same cross sections measured using quasi-mono-
chromatic γ-rays produced by an annihilation of monoenergetic posi-
trons [29–31]. In case of reference [29] only data up to the (γ,pn) re-
action threshold were used. The MLO model, display similar results 
(Fig. 5) for 63Cu(γ,n)62Cu reaction, and the calculated data follow the 
shape of the experimental results but are shifted to the lower energies. 
HF and HFB give a good description of the data for energies higher than 
20 MeV. SLMO gives the most accurate description of the experimental 
data in this case (see Table 2 and Fig. 5). 

In the case of 65Cu(γ,n) 64Cu + 65Cu(γ,np) 63Ni reaction, MLO, SLO 
and GHM results are again similar and fit the experimental measure-
ments quite well (Fig. 7). The calculations of HF and HFB lay higher for 
the whole spectrum. SMLO results are in between the two. The best 
strength function model for 65Cu(γ,n) 64Cu + 65Cu(γ,np)63N reaction 
according to RVA is GHM (see Table 2). 
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Fig. 2. 60Ni(γ,n)59Ni reaction cross-section.  
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Fig. 3. 61Ni(γ,n)60Ni reaction cross-section.  
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Fig. 4. 64Ni(γ,n)63Ni reaction cross-section.  

Table 1 
Relative variance of theoretical and experimental data for Ni isotopes.         

Autors Models 

MLO SLO HF HFB GHM SMLO  

58Ni(γ,n)57Ni 
Utsunomiya et al. 0.1473 0.4230 0.7478 0.4332 0.1705 0.1783 
Goryachev et al. 0.3534 0.871672 1.2451 0.8198 0.3997 0.3953 
Fultz et al. 0.2731 0.6658 1.0372 0.6084 0.2721 0.2597 
Average 0.2579 0.6534 1.0100 0.6205 0.2808 0.2777  
60Ni(γ,n)59Ni 
Utsunomiya et al. 0.2180 0.1744 0.7469 0.4809 0.2751 0.2341 
Fultz et al. 0.1935 0.1821 0.6243 0.3605 0.2581 0.2179 
Goryachev et al. 0.2572 0.6541 1.5830 1.3002 0.2965 0.8005 
Average 0.2229 0.3369 0.9847 0.7139 0.2766 0.4175  
61Ni(γ,n)60Ni 
Utsunomiya et al. 0.2029 0.7572 0.5330 0.4335 0.1525 0.2009  
64Ni(γ,n)63Ni 
Utsunomiya et al. 0.3053 0.5077 0.8456 0.4213 0.2932 0.0967 
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The SLMO is the best strength function model (Fig. 7 and Table 2) 
for 63Cu(γ,2n)61Cu reaction, which is often used as a monitor for 
photons flux estimation [19–21]. 

64,66,68Zn(γ,n) reactions cross–section calculations with gamma-ray 
strength functions are given in Figs. 8–10. We used quasi-monochro-
matic γ-ray source data of [32] and bremsstrahlung source data of  

[33,34] for comparison of the calculated results with the experiment. In 
case of Ref. [33] only the data at energies below (γ, pn) reaction 
threshold were used. 

The results from MLO, SLO, GHM, and SLMO models for 64Zn 
(γ,n)63Zn reaction are close to each other, but lay lower for the entire 
spectrum. HF and HFB results are very different from the other models: 
they are situated higher and are noticeably wider, which results in a 
better fit to the experiment. HFB is the best description of the reaction 
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Table 2 
Relative variance of theoretical and experimental data for Cu isotopes.         

Autors Models 

MLO SLO HF HFB GHM SMLO  

63Cu(γ,n)62Cu 
Dzhilavyan et al.  0.4556  0.3737  0.3862  0.2346  0.5038  0.1951 
Sund et al.  0.4936  0.3953  0.4807  0.3680  0.5397  0.2884 
Fultz et al.  0.5027  0.4066  0.6302  0.5635  0.5410  0.3372 
Average  0.4840  0.3919  0.4991  0.3887  0.5311  0.2735  
65Cu(γ,n)64Cu + 65Cu(γ,np)63Ni 
Fultz et al.  0.2811  0.3251  0.9230  1.0202  0.2578  0.4141  
63Cu(γ,2n)61Cu 
Sund et al.  0.3362  0.5075  0.3299  0.8744  0.5281  0.2333 
Fultz et al.  0.5131  0.6083  0.1427  0.4435  0.6321  0.1641 
Average  0.4247  0.5579  0.2363  0.6589  0.5801  0.1987 
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according to RVA (see Table 3 and Fig. 8). 
In the case of 66Zn(γ,n)66Zn and 68Zn(γ,n)67Zn reactions all models 

give similar results for energies higher than 19 MeV. SMLO is the best 
fit to the experimental data (see Table 3). 

4. Conclusions 

Photo-neutron reaction cross-sections of 58Ni(γ,n)57Ni, 60Ni 
(γ,n)59Ni, 61Ni(γ,n)60Ni, 64Ni(γ,n)63Ni, 63Cu(γ,n)62Cu, 63Cu(γ,2n)61Cu,  
65Cu(γ,n)64Cu, 64Zn(γ,n)63Zn, 66Zn(γ,n)65Zn, and 68Zn(γ,n)67Zn reac-
tions have been investigated using different gamma-ray strength func-
tion models included in TALYS 1.95. A single model of gamma-ray 
strength function that works the best for all reactions considered 
couldn’t be identified. In the majority of considered cases, the phe-
nomenological models give better descriptions of the observed data. HF 
model has been the least successful (with the sole exception of 63Cu 
(γ,2n)61Cu reaction) when comparing the calculations with the ex-
perimental results based on the absolute value as well as based on the 
shape of GDR. The SMLO model, only included in the latest TALYS 
version 1.95, is the only one describing 63Cu cross sections accurately 
and can be used for flux estimation and to calculate flux-weighted 
average cross-sections in experiments with bremsstrahlung. For photo- 
neutron reactions on 65Cu, GHM is the best gamma-ray strength func-
tion model. Moreover, the MLO, GHM, and SLMO give similar results on 
photo-neutron reactions for Ni nuclei and are the best models to de-
scribe the experimental data. MLO is the best model for 58,60Ni isotopes, 
GHM - for 61Ni, and SMLO - for 64Ni. In case of 64Zn(γ,n)63Zn reaction, 
the MLO, SLO, GHM, and SLMO models give similar results and de-
scribe the shape of GDR well, but are located lower for the entire 
spectrum. For 66,68Zn isotopes, calculated data are higher than the ex-
perimental ones on the maximum. A reevaluation of the parameters 
used is needed in this case. 
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