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The article proposes the method for full-scale modeling of the influence of a concentrated energy flux on the 

reflective properties of an irradiated molybdenum surface. Such research allows us to deepen our understanding of 

how powerful radiation can affect the processes of radiative heat transfer. The features of structural changes at the 

macrolevel of the irradiated surface are studied. A quantitative model is proposed to assess the degree of 

heterogeneity of the distribution of the IR radiation reflectance depending on the angle of irradiation. The applied 

value lies in the possibility of testing structural materials for their use in fusion units. 
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INTRODUCTION 

One of the important tasks of practical 

implementation of energy sources based on 

thermonuclear fusion is to justify the choice of materials 

for the first reactor wall, in particular, ensuring its 

resistance to stationary temperature loads and extreme 

ones, for example, plasma cord rupture, which is 

accompanied by a direct exposure on the wall of a 

concentrated energy flow. To assess the resistance of a 

material to the action of highly intense radiation flows, 

various tools are used, for example, plasma accelerators 

[1, 2], neutron sources, high-current electron 

accelerators [3]. In our work [3], we partially considered 

the problem of assessing the resistance of molybdenum 

as a structural material when conducting research on 

controlled thermonuclear fusion. It was noted that the 

exposure on the surface of a high-current relativistic 

electron beam (HCEB) causes both a change in the 

structure of the near-surface layer and the formation of a 

rough surface, which is reflected in the reflectance of IR 

radiation. Another important component of the 

assessment of the consequences of the exposure of the 

HCEB on structural materials is the development of 

knowledge for the implementation of the inertial fusion 

method [4]. In the case of extreme loads on the 

materials of the first wall, the task arises of 

understanding to what extent the new properties of the 

material acquired as a result of such exposure are able to 

maintain their own shape, integrity, strength 

characteristics, and meet the requirements for hydrogen 

saturation [5]. It is very important that under the 

conditions of temperatures at which the plasma of a 

thermonuclear reactor exists, the prevailing heat 

exchange mode is radiation heat exchange, therefore 

differences in the reflectance coefficient of IR radiation 

can significantly affect the redistribution of temperature 

fields, the occurrence of thermal stresses in structures, 

and, if they are cyclical, become an additional 

destructive factor. 

Given the importance of this, infrared thermography 

has been used in a number of fusion devices [6–8] and 

has been a key diagnostic tool for monitoring 

temperature and studying thermal loads on elements 

facing the plasma, in order to understand the actual 

values of their thermal load and to study the possibilities 

of preventing their loss of operational characteristics. 

Therefore, the task of assessing how irradiation of the 

surface with its partial inevitable melting will be 

reflected in the reflectivity (in the IR range) of the 

surface of the refractory material arises. 

Optical methods are one of the tools for assessing 

the roughness of the microstructure [9] of the surface. 

These methods consist in the fact that the reflection or 

scattering coefficients are determined by the microrelief 

of the surface and, thus, by comparing the basic 

radiation flux of a certain optical range with the 

characteristics of the flux reflected from the studied 

surface, one can draw a conclusion about both its 

roughness and the role of the initial structure in the 

formation of the microrelief due to irradiation [9]. 

In [10], a method for estimating the roughness of 

metal plate surfaces using the thermographic method in 

the IR range was described. The authors showed that an 

increase in surface roughness increases the root mean 

square deviation of the radiation temperature, which 

was recorded at an angle of 90 degrees from the surface 

irradiated by a source of a quasi-uniform IR field at a 

given angle. These patterns were valid for cases where 

the radiation source was located starting from a certain 

distance. At smaller distances, the pattern of an increase 

in the root mean square deviation of the temperature 

with increasing roughness was observed up to a certain 

roughness value, and then its value decreased. 

Since the effects of concentrated energy flows on the 

wall are expected under the operating conditions of a 

fusion plant, it is of interest to give a quantitative 

assessment of how this can affect the radiation heat 

transfer regime. 
 

METHODOLOGY OF EXPERIMENT 

A 1 mm thick molybdenum plate was used for the 

research, which was irradiated with an electron beam 
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with the following parameters: electron energy 350 keV, 

beam current 2 kA, pulse duration 5 μs, beam diameter 

60 mm. The distribution of current density in the beam 

cross-section was non-uniform, which was due to the 

shape of the cathode. 

Thermographic measurements were made with a 

Fluke Ti 32 camera. The processing of the results of 

thermographic measurements was carried out using 

standard thermographic data processing tools as well as 

author's software, using a thermographic data matrix. 

Fractures of irradiated molybdenum samples were 

studied using a JEOL-840 scanning electron 

microscope. 
 

RESULTS AND DISCUSSION 
 

A feature of the treatment of metal targets with a 

high-current relativistic electron beam with the 

parameters electron energy 350 keV, beam current 

2 kA, pulse duration 5 μs is the formation of a complex 

relief on the surface. As a result of irradiation, a 

different-scale surface roughness is formed, which is 

characterized by curvatures, large drops (scale 1 mm), 

and smaller-scale formations (Fig. 1). It should be noted 

that different mechanisms are responsible for the 

formation of these surface fragments. Thus, the different 

degree of surface erosion is due to the non-uniformity of 

the beam current density in the cross-section and, 

accordingly, the different intensity of evaporation of the 

substance, which is monitored when studying the 

dynamics of the expansion of a gas-plasma torch [11]. 

The non-uniformity of the solidified substance after 

irradiation is responsible for the spatial heterogeneity of 

internal stresses caused by the thermoelastic effect 

[12, 13], which leads to the fact that the movement of 

the crystallization front occurs under the action of an 

acoustic-thermal pulse. The field of influence of the 

thermoelastic effect will be determined by the 

expression [13] 

                  , , , ,r z t Г D r z t   ,                    (1) 

where Г
c



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  Grüneisen coefficient;  – 

tightness;   – specific heat capacity; 
 

– density; 

 , ,D r z t  – absorbed radiation energy. Due to the 

symmetry with respect to the beam axis, we consider 

cylindrical coordinates, neglecting the azimuthal 

component. Formula (1) determines the stresses in the 

solid part of the target, while hydrodynamic 

disturbances in the molten part will be additionally 

caused by changes in thermophysical characteristics due 

to the phase transition from solid to liquid and from 

liquid to gaseous. Under such conditions, Richtmyer-

Meshkov instability will form, which will consist in 

local penetrations of a denser phase into the neighboring 

one. Another component of the occurrence of stresses 

will be the pressure generated during the evaporation of 

the substance, the value of which is described by the 

expression [14].  
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where E – internal energy of the vaporizing substance; 

M – mass of a molybdenum atom; 
Bk – Boltzmann's 

constant; W – specific energy of evaporation of the 

liquid phase. 

Given that the current density in the beam cross-

section is non-uniform, we also obtain a non-uniform 

distribution of the absorbed radiation energy. The pulse 

front duration is 5 μs, during which the accelerating 

voltage and current values also have a pulsed nature, as 

can be seen from the oscillogram in Fig. 1. 
 

 
 

Fig. 1. Oscillogram of the electron beam pulse (upper 

curve – accelerating voltage, middle curve – beam 

current value, lower curve – total electric current  

of the diode) 
 

Thus, we have two sources of non-uniformity due to 

only electrophysical parameters: one caused by the 

beam current density, the other by the non-uniformity of 

the radiation parameters during the pulse action. The 

irradiation of the molybdenum target was carried out 

with a single pulse. As a result of the irradiation, a part 

of the surface melted in places where the absorbed dose 

was sufficient. Fig. 2 shows the fractograms of the 

fracture of the near-surface layer of the target. As can be 

seen, cylindrical pores (contoured by red color 

rectangular)  are formed and the grains are elongated 

along the direction of internal stress formation pores 

(contoured by blue color rectangular). High-pressure 

pulses are also capable of causing a decrease in the 

lattice period, which was confirmed by us in the work 

[15]. 

The formation of pores can be caused by the 

presence of a small amount of low-melting impurities 

on the surface, which have a lower melting point and 

form local areas of superheated liquid, the pressure in 

which is insufficient to violate the integrity of the 

surface layer. Hollow formations will also be reflected 

in the thermophysical properties. A decrease in grain 

size will lead to a deterioration in heat transfer, which 

was also noted in [16], which studied the effect of laser 

radiation on the surface of molybdenum. In the case 

when the internal energy of the locally molten area is 

sufficient to destroy the outer layer, craters appear, as 

indicated in [17]. Relaxation of internal stresses caused 

by a change in the green structure can also form 

deformation reliefs, as discussed in [18, 19]. The nature 

of radiation heat transfer will depend on the presence of 

surface curvatures after irradiation. The formation of the 
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surface relief will occur under conditions of spatial 

temperature differences. Thus, the dynamics of the 

temperature field of the molten part of the target will be 

determined by heat removal into the depth of the target, 

heat removal to the periphery of the target, and also by 

the non-uniformity of the beam current density itself. 

The presence of a temperature difference along the 

surface can lead to the occurrence of Marangoni 

instability, which is observed when concentrated energy 

flows are applied to the surface of metals [20], this 

instability is another reason for the occurrence of 

irregularities on the target surface. 
 

 

 
 

Fig. 2. SEM image of fracture areas of the molybdenum 

target in the near-surface region 
 

Experimental and numerical studies show that as a 

result of the action of high-current electron beams on 

the surface of metals and alloys, a surface with a 

complex relief is formed [21]. It can be expected that at 

a curvature scale of 10 μm and more, the angle of 

incidence of the IR radiation flux will affect the value of 

the radiation reflection coefficient. 

The importance of understanding the influence of 

the shape features of the formed relief is as follows. In 

the conditions of a thermonuclear reactor, the 

predominant part of the heat exchange between the 

plasma and the reactor walls is carried out in the 

radiation heat exchange mode. The heterogeneity of 

thermal loads in the initial state is due to the 

heterogeneity of the spatial density of the plasma, but in 

the case of direct plasma exposure on the wall materials, 

a change in the micro and macrostructure occurs, as a 

result of which the value of the reflection coefficient in 

the IR range changes. This, in turn, causes the 

heterogeneity of the distribution of temperature loads 

already determined by the state of the surface of the first 

wall. It is to reproduce the process of damage to the first 

wall that the molybdenum target was irradiated with a 

HCEB. Subsequently, the target was placed in a test 

stand, where an intense stream of IR radiation was 

directed at the target at different angles, which, after 

reflection from the target, was recorded by a 

thermographic camera. Fig. 3 shows a thermogram of a 

fragment of the surface of the irradiated molybdenum 

target.  

 

 
 

Fig. 3. Thermogram of a fragment of the surface of an 

irradiated molybdenum target (on the right, the 

distribution of radiation temperature along the L0 line) 
 

The figure shows that at the same thermodynamic 

temperature, the value of the radiation temperature is 

significantly non-uniformly distributed over the surface. 

The fluctuations in the values of the radiation 

temperature are an indirect reflection of the non-

uniform distribution of the absorbed dose over the 

surface. Such non-uniformity could not be due solely to 

the non-uniformity of the beam current density. There is 

obviously a contribution from various mechanisms of 

formation of hydrodynamic instabilities. Having 

obtained a set of thermograms of the irradiated target, 

the apparatus for quantitative assessment of the non-

uniformity of the radiation temperature field was used to 

establish differences in the spatial distribution of the 

radiation temperature field due to the change in the 

reflection coefficient caused by irradiation. The absolute 

values of the radiation temperature obviously decreased 

with increasing deviation from the normal of the angle 

of incidence on the target. At the same time, under the 

condition of uniform distribution of roughness, the 

influence of the reflection coefficient from different 

angles of incidence should be the same. In the case of 

the formation of a certain surface texture caused by 

irradiation, we can expect an non-uniform change in the 

reflection coefficient for different angles. Since the 

value of the reflection coefficient will be non-uniformly 

distributed over the surface, it is important for us to 

assess the dependence of its integral generalizing value 

on the angle of incidence of the radiation flux. One of 

the numerous tools for quantifying the background of IR 
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radiation is the use of Shannon entropy, as was done, for 

example, in [22]. When registering the radiation flux 

with a thermally sensitive matrix, the Shannon entropy 

will be determined from the expression: 

            

0

ln

I

i i
k

i

n n
H

N N


  ,                                (3) 

where n  – the number of pixels in the selected 

temperature cluster corresponding to the value of the 

conditional radiation temperature I ; N  – the total 

number of pixels covered by the studied area on the 

thermogram. Preliminary clustering of the array into 40, 

50, and 60 temperature intervals was carried out, which 

was done in order to verify the obtained data. The 

entropy values are shown in Fig. 4 , it is obvious that for 

a larger number of temperature intervals the entropy 

will be greater. 
 

 
 

Fig. 4. Dependence of Shannon entropy for the 

reflection coefficient on the surface of a molybdenum 

target on the angle of incidence of IR radiation (for 

previously made clusters at 40, 50, and 60 intervals) 
 

With increasing angle between the normal to the 

surface and the incident vector of IR rays, the entropy 

value increases, probably due to mutual scattering on 

neighboring irregularities and the creation of a pseudo-

uniform background. At the same time, at a certain 

angle of incidence, a decrease in entropy is observed, 

which may be due to the anisotropy of the relief shape, 

which arises on a macroscale due to the hydrodynamic 

instabilities formed in the molten layer of the target. 
 

CONCLUSIONS 
 

Irradiation of the molybdenum surface to remelting 

with high-current electron beams leads to the formation 

of a spatially disordered surface relief of various scales. 

The nature of the irregularities is influenced by the non-

uniformity of the electron beam current density, the 

non-uniformity of the heat flux absorption field by the 

target volume and the mechanisms of hydrodynamic 

instability that arise in the liquefied part of the target 

material. 

The influence of the newly formed relief on the 

non-uniformity of the reflectance coefficient in the IR 

range at different directions of irradiation can be 

assessed by registering the reflected flux to determine 

the value of Shannon entropy in the matrix array of the 

radiation temperature field. 
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ОЦІНКА ВПЛИВУ ОПРОМІНЕННЯ СИЛЬНОСТРУМОВИМ ЕЛЕКТРОННИМ ПУЧКОМ 

НА РЕЖИМИ РАДІАЦІЙНОГО ТЕПЛООБМІНУ МОЛІБДЕНОВОЇ МІШЕНІ 

С.Є. Донець, В.В. Литвиненко, О.Л. Рак, В.В. Шатов, А.Р. Шимановський 

Запропоновано спосіб імітаційного моделювання впливу концентрованого потоку енергії на відбивні 

властивості опроміненої поверхні молібдену. Таке дослідження дозволяє поглибити розуміння того, як може 

впливати високопотужне випромінювання на  процеси радіаційного теплообміну. Досліджено особливості 

зміни будови на макрорівні опроміненої поверхні. Запропоновано кількісну модель оцінки ступеню 

нерівномірності розподілу коефіцієнта відбиття ІЧ-випромінювання залежно від кута опромінення. 

Прикладне значення полягає в можливості тестування конструкційних матеріалів для їх використання  в 

термоядерних установках. 
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