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Abstract: Based on the prosed criterion of the type of heating, a classification of the sources of pulsed electron 

beams was carried out, for better understanding both the nature of the thermal processes occurring under 

irradiation and for predicting their suitability for certain applications. The melting thresholds of materials were 

calculated over the wide ranges of accelerating voltages and pulse durations. On the basis of calculations, a 

refractoriness series of metals for surface-volume pulsed heating was proposed. 
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1. Introduction 

Recently, sources of pulsed electron beams (PEBs) have been widely used as a tool for delivering 

of energy in order to initiate desirable physicochemical processes in irradiated targets [1–33]. As a 

rule, energy is delivered to the surface layer of the target, the thickness of which can vary from 

fractions to hundreds of micrometers. According to the reported data, there is a fairly great variety 

of PEBs types that have been designed for various purposes, such as homogenizing surface layers of 

metallic materials via their re-melting, forming surface alloys, generating microwave or X-ray 

radiation, sterilizing medical materials, processing plant seeds, etc. Table 1 presents the names of 

some existing PEB source and their key parameters, namely U accelerating voltages and τ pulse 

durations. In addition, their beam factors (BFs) are also highlighted, the physical meaning of which 

is discussed below in the ‘Results’ section. 

Table 1. The key parameters of some sources of PEBs. 

Name Accelerating voltage U, kV Pulse duration τ, µs 
Beam factor, 

kg/(m2s1/2) 
Refs. 

SOLO 5–25 50–200 0.1–1.8 1-5 

RITM 5–25 2.5 0.7–7.9 6-20 

GESA-I 50–150 4–40 5.6–91.9 21-22 

DUET 100–200 10–300 5.8–89.4 23-25 

GESA-II 200–400 5–250 17.9–357.8 21-22 

TEU-500 400 0.1 2529 26-28 

SINUS-7 1000 0.05 14142 29-32 

As follows from the presented data, the U accelerating voltages vary from 5 up to 1000 kV, i.e., 

the minimum and maximum values differ by 200 times, while the τ pulse durations evolve from 0.05 

up to 300 µs, i.e., by a factor of 6000. Undoubtedly, such sources of PEBs initiate thermal processes in 

targets that differ in parameters and dynamics; therefore, the classifying both PEBs and the initiated 

thermal processes is required. For this purpose, simple criteria are generally used: beams can be 

classified as continuous or pulsed, relativistic or non-relativistic, high- or low-current. All these 

criteria depend exclusively on the beam parameters and are independent of the target material type. 

It is interesting to consider more complex benchmarks that would make it possible to understand the 
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nature of processes occurring under irradiation of a particular target and the possibility of using a 

beam for certain applications. Naturally, such criteria should depend not only on the beam 

parameters, but also on the target materials. The first aim of this research has been to classify PEBs 

and briefly analyze the thermophysical processes occurring in a target based on one of these 

thermophysical criterion, which is called the heating type criterion. It depends on the parameters of 

both the beam and the target, and its definition will be given below in Theoretical background section. 

In processing of metallic materials with PEBs, the initial melting mode is one of the well-known 

and widely applied for a number of practical purposes, such as surface smoothing or detecting of 

contaminants on the irradiated surface [16,19]. In this case, the first portions of the melt appear on 

the target surface. The mode of initial melting for a particular material is determined by the 

parameters of PEBs. However, the specific energy (power) absorbed by the target in the mode of 

initial melting, called the material melting threshold (MMT), is already a characteristic of the 

substance. Among other things, the MMT can be used as a kind of reference point for a comparative 

analysis of the effects of different PEBs on the same material. Respectively, the second research aim 

has been to analyze the temperature modes induced by PEBs in a wide range of their parameters, 

judging by the achievement of the MMT level. 

2. Materials and Methods 

In this research, the 𝑳𝒕𝒎 MMT is understood as the power density of PEBs [W/m2] at which the 

melting temperature is reached on the target surface by the end of a pulse. Also, the energy MMT 

(EMMT) concept [J/m2] is applied, which is related to MMT as 𝑬𝒕𝒎 = 𝑳𝒕𝒎𝝉. (1)

Computer simulation of the dynamics of temperature fields under irradiation with PEBs has 

been carried out using the ‘HEATPACK-1.0′ software package, described in [34,35]. In this case, a 

one-dimensional non-stationary heat equation has been solved numerically with a mixed surface and 

volume heat sources, considering the energy loss of an electron beam in an irradiated target. The 

initial temperature of the target was assumed to be room temperature. The target rear side has been 

supposed to be thermally insulated. The melting process has been simulated by the effective specific 

heat method. However, in this study, the parameters of PEBs have been chosen so that the target 

surface temperature reached the melting point by the end of a pulse and does not exceed it. 

In computer simulation, rectangular-shaped pulses have been considered, during the pulse 

duration τ at constant both U(t) accelerating voltage and j(t) current density. The U accelerating 

voltages have been varied in a wide range from 103 up to 106 V when studying the MMT. 

Numerous materials have been considered as targets, the list of which is given in Table 2 with 

their key thermophysical properties [36]. In addition, their materials factors (MFs) are presented, the 

physical meaning of which is discussed below in the Results section. The BaseM material is a virtual 

pseudo-metal that does not exist in nature. Its properties are collective and close to some average 

values of a wide class of real metals and alloys. Its MMT and EMMT values have been used as 

measuring units, against which those of other materials have been calculated to facilitate comparison. 

Table 2. The key thermophysical properties of the investigated metals. 

Metal 
Density ρ, 

kg/m3 

Heat capacity cp, 

J/(kg K) 

Thermal 

conductivity λ, 

W/(m K) 

Melting point 

Tm, K 

Material 

factor, 

kg/(m2s1/2) 

Mg 1.70⋅103 1037 156 923 32.0 

Be 1.85⋅103 1825 201 1551 28.5 

Al 2.70⋅103 900 237 933 53.3 

Ti 4.54⋅103 522 22 1943 27.6 

BaseM 7.00⋅103 560 67 1000 57.9 

Cr 7.20⋅103 448 94 2130 77.7 

Fe 7.90⋅103 448 80 1812 75.1 
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Ni 8.90⋅103 445 91 1453 85.3 

Cu 8.92⋅103 384 400 1357 192.8 

Zr 6.51⋅103 277.7 22.7 2155 46.1 

Mo 1.02⋅103 250 138 2893 150.2 

Ag 1.05⋅103 235 429 1235 276.9 

W 1.93⋅103 132 163 3695 308.2 

3. Theoretical Background 

Assuming that the surface layer of an irradiated target consists of a set of successively arranged 

parallel microscopic plates, the overall target area can be heated during a pulse duration τ in two 

ways: sequentially (1) or simultaneously (2). Sequential (plate-by-plate) heating (1) is caused by 

thermal conduction, when the heating front propagates at a certain speed from the surface into the 

target. Simultaneous heating (2) of many microscopic plates occurs as a result of the instantaneous 

energy input into their integral area. According to solid state physics, any such a plate is a local 

subsystem of nuclei located in an electron gas. Respectively, it can receive energy (be heated) either 

from nuclear subsystems of neighboring plates, which corresponds to sequential heating or through 

the excited electron shell of an atom upon instantaneous heating. It should be noted that both heating 

modes are not associated with mass transfer. 

As mentioned above, mathematically, the difference between the two heating modes lies in the 

fact that energy (heat) propagates with a certain finite speed, sequentially heating layer by layer in 

the first case, but a target is heated almost instantly in its entire volume in the second case, i.e., the 

energy propagation speed can be considered as infinite. So, the beam energy is completely released 

on the surface in the first case, and the r thickness of the energy release layer is zero. In the second 

case, it is above zero, corresponding to the extrapolated particle range in the target. So, it is heated 

with a surface source in the first case, but with a volume one otherwise. It is clear that surface heating, 

when the extrapolated particle range in the target r is zero, is a mathematical approximation, but in 

reality, energy is always released in a layer of finite thickness. However, if the thickness of the layer 

heated during a pulse via thermal conduction 𝑟௧௛ is much greater than the r extrapolated particle 

range in the target, then the heating source can be considered as a surface one. On the contrary, if it 

is much thinner, then the heating source is a volume one. Let’s introduce the γ heating type criterion 

as follows 𝛾 = 𝑟𝑟௧௛ . (2)

The γ heating type criterion enables to understand the nature of thermal processes occurring in 

a target of a particular material under irradiation with PEBs. 

Obviously, the following three options are possible: 

ቐγ≫1,  volume heating

γ~1 mixed heating

γ≪1,  surface heating
 (3)

For the general notation of the heat equation, two 𝑝௛ and 𝑝௩ auxiliary parameters have been 

added, which are equal to 0 for both γ≫1 and γ≪1 conditions, but are equal to 1 in all other cases. 

It is known that a one-dimensional problem should be solved for calculating the T( 𝑟 ,t) 

temperature at a point in a sample with a 𝑟 radius vector at a t time if the following condition is 

fulfilled: 𝐷/2 ≫ 𝑟 + 𝑟௧௛ , (4)

where D is the cross-sectional dimension of the homogeneous energy release region of an 

electron beam. 

For most PEBs, the D parameter can be considered as their diameters. Condition (4) means that 

the beam radius should be much larger than a size of the heated near-surface region during the 

observation of the process. If the beam diameter is greater than sizes of the irradiated target, then this 
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condition is satisfied for any t values. In this case, temperature fields in targets irradiated with PEBs 

upto initial melting modes can be calculated by solving the one-dimensional non-stationary heat 

equation 𝜌𝐶(𝑇) 𝜕𝑇(𝑥, 𝑡)𝜕𝑡 = 𝜕𝜕𝑥 ቆ𝜆(𝑇) 𝜕𝑇(𝑥, 𝑡)𝜕𝑥 ቇ 𝑝௛ + 𝐿௏(𝑥, 𝑡)𝑝௩,    𝑥 ∈ [0; 𝑙], 𝑡 ∈ [0; 𝜏) (5)

with both initial and boundary conditions, the left of which has the form −𝜆(𝑇) డ்డ௫ቚ௫ୀ଴ = 𝐿௦(t)𝑝௛, (6)

where 𝐿௏(𝑥, 𝑡) is the heat source function or the volume heat source, 𝐿௦(t) is the surface heat source. 

In the heat equation, the use of the 𝑝௛  and 𝑝௩  auxiliary parameters enables to simplify 

calculations when considering edge cases. If γ≫1, i.e., heating is performed by a volume heat source, 

then 𝑝௛ = 0 and the first term on the right side of equation (5), as well as the right side of the 

boundary condition (6) are equal to zero. If γ≪1 due to the application of a surface heat source, then 

then 𝑝௩ = 0 and the second term on the right side of equation (5) vanishes. In all other cases, the 

surface is heated with both 𝐿௏(𝑥, 𝑡) and 𝐿௦(t) heat sources during a pulse duration. 

It should be clarified that the power density is understood to be that already absorbed by a 

target, but not emitted by an electron beam. It is clear, only part of the electron beam energy is 

absorbed under real conditions, while the rest one (up to 40%) is reflected. 

3.1. Heating with a Volume Heat Source 

Let us consider the γ≫1 case in more detail, when equation (5) is transformed into the following 

one 𝜌𝑐(𝑇) 𝜕𝑇(𝑥, 𝑡)𝜕𝑡 = 𝐿௏(𝑥, 𝑡), (7)

which is integrated easy 𝑇(𝑥, 𝑡) = න 𝐿௏(𝑥, 𝑡)𝜌𝑐(𝑇)௧
଴ 𝑑𝑡 + 𝑇଴(𝑥), (8)

where 𝐿௏(𝑥, 𝑡) = 𝑗(𝑡)𝑈(𝑡)𝑟(𝑡) 𝑓 ቀ𝑥𝑟 , 𝑡ቁ. (9)

In this case, 𝑓 ቀ௫௥ , 𝑡ቁ is the electron energy loss function normalized by its extrapolated range 

(depth of penetration). 

Considering that 𝑟(𝑡) = 𝐶଴(𝑈(𝑡))ଷ/ଶ ∕ 𝜌, (10)

where 𝐶଴  = 10-17/2 kg/(m2W3/2) and 𝜌  is the density of the target material [34]. Substituting the 𝑟(𝑡) expression in formula (9), it can be written as 𝐿௏(𝑥, 𝑡) = 𝑗(𝑡)𝜌𝐶଴𝑈(𝑡)ଵ/ଶ 𝑓 ቀ𝑥𝑟 , 𝑡ቁ, (11)

and, combining equations (11) and (8), finally it corresponds to 

𝑇(𝑥, 𝑡) = 1𝐶଴ න 𝑗(𝑡)𝑓(𝑥𝑟 , 𝑡)𝑈ଵଶ(𝑡)𝐶(𝑇)௧
଴ 𝑑𝑡 + 𝑇଴(𝑥). (12)

Taking accelerating voltage 𝑈(𝑡) = 𝑐𝑜𝑛𝑠𝑡 and the material specific heat capacity 𝐶(𝑇) = 𝑐𝑜𝑛𝑠𝑡 

in expression (12), it has been rewritten as 
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𝑇(𝑥, 𝑡) = 𝑓(𝑥𝑟)𝐶଴𝑈ଵଶ𝐶 න 𝑗(𝑡)௧
଴ 𝑑𝑡 + 𝑇଴(𝑥). (13)

It can be concluded from the last expression (13) that temperature is proportional to the area 

under the j current density profile and does not depend on its shape. Assuming 𝑗(𝑡) = 𝑐𝑜𝑛𝑠𝑡 and 

considering the surface temperature by the end of a pulse (𝑡 = 𝜏), it can be stated that 𝑇(0, 𝜏) = 𝑓(0)𝑗𝜏𝐶଴𝑈ଵଶ𝐶 + 𝑇଴(𝑥). (14)

As follows from expressions (13) and (14), temperature variations in the surface layer are directly 

proportional to j current density, and inversely proportional to the square root of U accelerating 

voltages. Also, temperature is inversely proportional to the specific heat of the target material and 

does not depend on its thermal conductivity. The surprise in these formulas is that temperature does 

not depend on the material density, although the thickness of the energy release layer is varied for 

different densities of the target material. The reason is the fact that the number of nuclei of a 

substance, to which the beam energy is transferred, remains unchanged upon varying its density. On 

the one hand, the specific density of nuclei increases in direct proportion to the substance density, 

and temperature should decrease. On the other hand, the energy release volume reduces due to the 

inverse relationship between the electron range and the substance density. Thus, these two opposite 

tendencies compensate each other, and temperature does not change, but the heated surface layer 

thickness varies in proportion to the substance density. 

Equating 𝑇(0, 𝜏) = 𝑇௠ in expression (14) and making some transformations, it turns to be 

𝐿௧௠ଵ = 𝑗௠ଵ𝑈 = [𝐶(𝑇௠ − 𝑇଴)] 𝐶଴𝑓(0) 𝑈ଷଶ𝜏 . (15)

Expression (15) determines the threshold of the absorbed electron beam power density at which 

the melting temperature is reached on the target surface, in other words, this expression specifies the 

MMT in the volume heating case (at γ≫1). 

3.2. Heating with a Surface Heat Source 

In the γ≪1 case, equation (5) is transformed into (16) with the left boundary condition (17) 𝜌𝑐(𝑇) 𝜕𝑇(𝑥, 𝑡)𝜕𝑡 = 𝜕𝜕𝑥 ቆ𝜆(𝑇) 𝜕𝑇(𝑥, 𝑡)𝜕𝑥 ቇ, (16)

−𝜆(𝑇) డ்డ௫ቚ௫ୀ଴ = 𝐿௦(t). (17)

If 𝐿௦ (t)=const, then the solution of equation (16) with the boundary condition (17) has the 

following form [37]: 𝑇(𝑥, 𝑡) = 2𝐿௦√𝑎𝑡𝜆 𝑖𝑒𝑟𝑓𝑐 ൬ 𝑥2√𝑎𝑡൰ + 𝑇଴(𝑥). (18)

Describing the a thermal diffusivity in accordance with its definition and considering 

temperature on the target surface by the end of a pulse, the following dependence can be written: 

𝑇(0, 𝜏) = 2𝐿௦ඨ 𝜏𝜌𝑐𝜆 𝑖𝑒𝑟𝑓𝑐(0) + 𝑇଴(𝑥). (19)

Equating 𝑇(0, 𝜏) = 𝑇௠ in expression (19) and making some transformations, it turns to be 𝐿௧௠ଶ = 𝑗௠ଶ𝑈 = ൣඥ𝜌с𝜆(𝑇௠ − 𝑇଴)൧൫2𝑖𝑒𝑟𝑓𝑐(0)√𝜏൯ିଵ. (20)
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Expression (20) determines the threshold of the absorbed electron beam power density at which 

the melting temperature is reached on the target surface, in other words, this expression specifies the 

MMT in the surface heating case (at γ≪1). 

It can be concluded from expression (20), that 𝐿௧௠ଶ values depend as a power function with a 

degree of ½ not only on thermal conductivity, but also on other thermophysical properties of the 

target material, such as density and heat capacity. In addition, the melting temperature has the 

greatest influence on the MMT according to the directly proportional relationship. From general 

considerations, it is clear that the PPM should decrease with increasing pulse duration. It can be seen 

from the formula that this is the case, the PPM falls as the root of the pulse duration. So, its rising by 

100 times lowers MMT by 10 times. 

4. Results 

Let us find an expression for the γ heating type criterion in a case of target irradiation with PEBs. 

Firstly, an 𝑟௧௛thickness should be assessed for the layer heated via thermal conduction during a τ 

pulse duration. It can be written based on the ∆𝑇(0, 𝜏) ≫ ∆𝑇(𝑟௧௛ , 𝜏) condition and taking into account 

the temperature field expression (18): 𝑟௧௛ = 2√𝑎𝜏. (21)

Then, substituting formulas (21) and (10) into (2), the following dependence of the γ heating type 

criterion can be obtained: 

𝛾 = 𝐶଴ ቆ𝑈ଷ/ଶ𝜏ଵ/ଶ ቇ / ቆ4𝜆𝜌𝑐௣ ቇଵ/ଶ. (22)

It follows from expression (22) the that γ values are positive in all cases. If the target material is 

irradiated with different types of PEBs, the γ values are the same if the 𝑈ଷ/𝜏 = 𝑐𝑜𝑛𝑠𝑡 condition is 

met. Thus, a τ pulse duration has to be increased by 8 times when a U accelerating voltage is doubled. 

It should be noted that the dividend on the right side of expression (22) depends solely on the 

parameters of PEBs, while the divisor only on the material properties (the mentioned above BF and 

MF parameters, respectively). The calculated BF ranges for sources of PEBs are given in the fourth 

column of Table 1, and the MF for the studied metals are presented in the last column of Table 2. If 

BF is numerically equal to MF, then γ=1, which means that contributions from the volume and surface 

sources are equal, i.e., the heating type is volume-surface or mixed. Accordingly, if the dividend is 

much larger or smaller than the divisor, then the heating type is volume or surface, respectively. 

Thereby, in accordance with conditions (3) and formula (22), the ‘BF–MF’ phase space can be 

divided into three Z1–Z3 regions, which correspond to the volume, mixed and surface heating types, 

respectively. All of them are highlighted in different colors in Figure 1. In the Z2 central region, there 

is a dotted line corresponding to the γ heating type criterion of 1. In addition, dashed lines are plotted 

in Figure 1, limiting the range of BF changes for each of the sources of PEBs given in Table 1. The 

dashed lines should extend over the entire MF range, but they are limited to small segments in order 

not to clutter the drawing. Between the dashed lines limiting each BF range, the corresponding PEB 

source name is given. 

It follows from Figure 1 that the sources of PEBs fall into different Z1–Z3 phase space regions, 

while, depending on its parameters and types of the target, the same PEB can be located in several 

areas. So, the ‘RITM’ and ‘SOLO’ facilities are in the Z3 region, i.e., their heating sources are of the 

surface type for almost all target materials. However, part of the dotted line of the upper ‘RITM’ 

range is in the mixed heating region. This means that the heating source is of the mixed type for the 

Ti, Mg and Al targets at U accelerating voltages at the upper level of the range. The ‘GESA’ and 

‘DUET’ sources of PEBs are in the Z2 mixed heating region. Nevertheless, both ‘GESA-1′ and ‘DUET’ 

sources can be considered of the surface type in the lower energy range at high τ pulse durations for 

most target materials, except for Ti and Mg. The ‘TEU-500′ and ‘SINUS-7′ ones fall into the Z1 volume 

heating region, but ‘TEU-500′ is in the region of mixed heating when irradiating W. 
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Figure 1. The sources of PEBs in the ‘BF–MF’ phase space. The Z1–Z3 regions correspond to volume, 

mixed and surface heating, respectively. 

The 𝐿௧௠ଵ  and 𝐿௧௠ଶ  values, given by formulas (15) and (20) for the γ≫1 and γ≪1 cases, 

respectively, depend both on the material thermophysical properties and on the parameters of PEBs. 

It has been of interest to calculate the contribution of the material thermophysical properties to MMT, 

i.e., parts of the formulas in square brackets. The obtained results are shown in Figure 2. The left 

(yellow) columns refer to the pulsed surface heating, while the right (green) columns reflect the 

pulsed volume one. The data are given in relative units, normalized to the contribution to the MMT 

values for the BaseM material, which is numerically equal to 1.13x107 and 3.92x105 for the γ≪1 and 

γ≫1 cases, respectively. 

 

Figure 2. The contributions of the material thermophysical properties to the MMT values. Left 

(yellow) and right (green) columns are for the 𝛾 ≪ 1 and 𝛾 ≫ 1 cases, respectively. 
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The contributions of the material thermophysical properties into the to MMT values for the 

surface heating case are in a wide range: from 0.9 for the most fusible Mg in this series of materials 

up to 6.1 for the most refractory W. In the volume heating case, this spread is noticeably lower: from 

0.6 for Ag up to 2.2 for Ti, with the exception of Be, which contribution is 7.1. 

Since MMT depends on the U accelerating voltage as the 𝑈యమ power function for the γ≫1 case 

according to formula (15), it has been interesting to follow the change in both EMMT and MMT over 

the entire U range of the studied sources of PEBs. Figure 3 shows the calculated EMMT curves 

obtained using the ‘HEATPACK-1.0′ software package for the BaseM material at three different τ 

pulse durations. Also, dashed lines indicate curves calculated using analytical expressions (15) and 

(20) for the γ≫1 and γ≪1 cases, respectively. In addition, arrows indicate the points on the curves 

corresponding to certain γ values. It can be concluded that the agreement between the calculated and 

analytical curves is satisfactory. 

 

Figure 3. The EMMT versus U accelerating voltage dependences. Curves (1)–(3) for τ=0.1, 1 and 10 

µs, respectively. 

It follows from Figure 3 that EMMT changes by an order of magnitude as the τ pulse duration 

increases, from 3.2⋅103 J/cm2 at τ=0.1 µs up to 3.2⋅104 J/cm2 at τ=10 µs, at low U values. However, the 

difference between the EMMT levels decreases with increasing the U accelerating voltage, and they 

cease to depend on the τ pulse duration starting from a certain U value. 

Figure 4 shows the calculated MMT curves for the same τ pulse durations as in Figure 3. It can 

be concluded from these data that the MMT behavior is completely different: the variations between 

its levels do not decrease, but increases with rising the U accelerating voltage. In contrast to EMMT, 

MMT reduces with rising the τ pulse duration. 

103 104 105 106

103

104

105

106

E
tm

, J
/m

2

U, V

1

2

3

0.1

1

10

1

10

0.1

0.01

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 July 2023                   doi:10.20944/preprints202307.0970.v1

https://doi.org/10.20944/preprints202307.0970.v1


 9 

 

 

Figure 4. The MMT versus U accelerating voltage dependences. Curves (1)–(3) for τ=0.1, 1 and 10 µs, 

respectively. 

At a given U accelerating voltage, the MMT can only be achieved by adjusting the j current 

density. Such U(j) relationships, called current–voltage dependences (CVDs), are shown in Figure 5. 

They have been calculated for the same cases as presented in Figs. 3 and 4. The left branch of the 

CVDs is decreasing, i.e., increasing the U accelerating voltage we should reduce the j current density. 

The reason is that at γ≪1, the 𝐿௧௠ values do not depend on the U accelerating voltage. Respectively, 

the temperature field is only determined by the energy density of the surface source. To keep the 

energy input constant as the U accelerating voltage is increased (Figure 4), the j current density 

should be proportionally reduced. The right branch of the CVDs is increasing, i.e., when enhancing 

the U accelerating voltage, the j current density should also be risen. This is explained by the fact that 

an increase in the U accelerating voltage enhances the electron range and the heated layer thickness 

at 𝛾 ≫ 1. It follows from formula (15) that the j current density should increase as √𝑈 with rising 

the U accelerating voltage. Therefore, the inclination angle of the left branch of the CVDs is greater 

than that of the right one. Tracing the relationship between the CVD behavior and the γ values, it 

turns out that 𝜕j/ ∂𝑈 = 0 for γ=1. 

 

Figure 5. The current–voltage dependences for τ=0.1 (1), 1.0 (2) and 10.0 µs (3). 
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5. Discussion 

In this section, the authors discuss in more detail some of the interesting results presented above. 

For example, formula (20) has been obtained from the solution of the heat equation, which determines 

MMT for the surface heating case (γ≪1). Such a formula can be written without solving differential 

equations, but from a simple energy balance condition. For this purpose, the Q amount of heat 

necessary for melting a layer with the x thickness should be assessed: 𝑄 = 𝜌𝑠𝑥𝑐(𝑇௠ − 𝑇଴), (23)

where s<D is the heated sample face area. 

Dividing the left and right parts by s and substituting in (23) the estimate for the x=0.5𝑟௧௛ heated 

layer thickness, where 𝑟௧௛ is determined by formula (21), the MMT dependence can be written as: 𝐿 = (𝑇௠ − 𝑇଴)ඥ𝜆𝜌𝑐/𝜏. (24)

Since the assumption that the entire layer of the x thickness is heated to the melting temperature 

is taken into account, formula (24) gives the upper MMT estimation. As for formula (20), it reflects 

real MMT values, considering that a temperature distribution inside the heated layer of the x 

thickness is non-uniform. The heated surface actually reaches the melting point, however, 

temperature reduces with increasing depth and is lower at the x coordinate. The difference between 

the exact and approximate formulas, as can be concluded from their comparison, does not depend 

on either the parameters of PEBs or the material properties. Approximate formula (24) always 

overestimates by ≈11%. This fact indicates that the layer of the x thickness is actually heated up to 

high temperatures close to the melting point by the end of a pulse. In addition, thermal heating turns 

out to be strongly localized near the surface, since the temperature drops sharply with rising depth 

and it is already an order of magnitude lower than the melting point at a depth of 2x. 

Discussing in more detail Figure 1, it should be noted that the ‘BF–MF’ phase space regions can 

be used for a simplified classification of PEBs. Indeed, PEBs falling into one or another region of the 

phase space makes it possible to draw conclusions not only about the possibility of using certain 

approaches to calculate temperature fields in targets, but also about their potential applications. Thus, 

PEBs that fall into the surface heating region are mainly applied to modify metallic surfaces and form 

surface alloys. Accordingly, they are not suitable for sterilizing medical materials. On the contrary, 

PEBs from the volume heating region cannot be used for surface modification, since they are factually 

suitable for sterilization of liquids, fracture of solids or microwave generation. Ones from the mixed 

heating region, depending on another parameter, namely the j current density, can be used in a large 

number of applications, such as surface modification, initiation of radiation-chemical 

transformations, and disinfection of biological materials. 

Thereby, the ‘BF–MF’ phase space regions, drawn on the basis of the γ heating type criterion, 

enable to understand not only the nature of the thermal processes occurring under irradiation of a 

particular target, but also the possibility of using PEBs for certain applications. The γ heating type 

criterion is called complex because it depends not only on the parameters of PEBs, but also on the 

target material. 

The contributions of the material thermophysical properties to MMT have already been 

considered above (Figure 2), but this parameter is more interesting as a whole, taking into account 

the parameters of PEBs also. In the surface heating case (γ≪1), MMT is described by formula (20). 

This expression, in addition to the term in square brackets, which reflects the contribution from the 

material thermophysical properties, includes the 2𝑖𝑒𝑟𝑓𝑐(0) = 1.13 constant and the contribution 

from the parameters of PEBs, which is defined as the τ pulse duration with a power of –1/2. Assuming 

τ=10–6 s, we can see that MMT is equal to the contribution of the material thermophysical properties 

in relative units (according to Figure 2), multiplied by 1010 W/m2. For Mg and W, 𝐿௧௠ = 9.0 ∙ 10ଽ and 6.1 ∙ 10ଵ଴ W/m2, respectively. Considering formula (1), EMMT can be easy assessed for each metal 

also. In the surface heating case at γ≪1 and the τ pulse duration of 10–6 s, EMMT is appear to equal 

to the contribution of the material thermophysical properties, i.e., the height of the left (yellow) 
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columns in Figure 2. So, from the diagram we can easy see, for instance, that 𝐸௧௠ = 0.9 and 6.1 J/cm2 

for Mg and W, respectively. 

For the γ≫1 case, the contribution to MMT from the parameters of PEBs is determined not only 

by the τ pulse duration, but also by the U accelerating voltage according to formula (15). Therefore, 

it is easier to consider an equation for EMMT, since, taking into account formula (1), expression (15) 

can be rewritten in a convenient way without the dependence on the τ pulse duration: 

𝐸௧௠ = 𝐶଴𝑈ଷଶ𝑓(0) 𝐶(𝑇௠ − 𝑇଴). (25)

In expression (25), f(0)=0.9 [34]. The contribution from the parameters of PEBs is defined as the 

U accelerating voltage with a power of 3/2. At U=106 V, the contribution of the parameters of PEBs to 

EMMT, multiplied by the 𝐶଴𝑓(0) = 1.110-17/2 constant, is 3.5, and EMMT is 1.372⋅106 J/m2 for the 

BaseM material. For assessing EMMT for another metal, this value should be multiplied by the 

contribution from the material thermophysical properties, i.e., the height of the corresponding right 

(green) column in Figure 2. At U=106 V, EMMT lie in the range (0.77–9.74)⋅106 J/m2 for all metals, i.e., 

varies by an order of magnitude. When the U accelerating voltage changes by 10 times, EMMT varies 

proportionally by √1000≈31.6 times. 

So, EMMT values have been considered for different materials as a function of the U accelerating 

voltage. For calculating MMT, formula (1) should be used, and the obtained EMMT values should be 

divided by the τ pulse duration. 

Figure 2 is useful in that it demonstrates the different behavior of MMT for both surface and 

volume heating types. For surface heating, the most refractory of the considered materials are W, Mo, 

and Be, but Be, Ti, and Mg are those in the volume case. The latter two are simultaneously the most 

fusible ones in surface heating. The behaviors of the most refractory W and the most fusible Mg are especially 

impressive. Indeed, a 6.8 times higher energy density is needed for melting W in surface heating. 

However, the situation changes radically in volume heating. PPM of Mg is almost 1.5 times higher 

than that of W. This is explained by the fact that the heat capacity of the first is almost 5.5 times higher 

than that of the second, but during volume heating, it is the heat capacity that makes the key 

contribution to the MMT from thermophysical properties of materials. Figure 2 also shows that Be is 

the key material for the pulsed power technologies, which ranks third and first in terms of refractoriness 

for the surface and volume heating types, respectively. In pulsed volume heating MMT for Be is 3.2 

times higher than that for Ti, which occupies the second place. 

To facilitate the materials selection for the design of one or another component of the operating 

electron-beam equipment, which are simultaneously subjected to both surface and volume heating, 

it can be proposed to form a general series of refractoriness of metals in pulsed heating by multiplying 

EMMT (for both γ≪1 and γ≫1 cases). The obtained results are shown in Figure 6. The series classifies 

metals not only from the point of view of the complexity of the heating of surface layer up to the 

melting point, but also by their ability to accumulate heat upon processing. So, Be can absorb a 

relatively large amount of heat while remaining at a rather low temperature. Its closest competitors 

are Mo, W, and Cr, which are significantly (by 3.5–4.2 times) inferior in this respect. 
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Figure 6. The refractoriness series of the metals in pulsed heating. 

Figure 3 shows the changes in the EMMT behavior on the τ pulse duration with the increase in 

the U accelerating voltage. Based on formulas (1) and (20), EMMT has been written for the surface 

heating case: 𝐸௧௠ = 𝑗௠𝑈 = [ඥ𝜌с𝜆(𝑇௠ − 𝑇଴)]√𝜏(2𝑖𝑒𝑟𝑓𝑐(0))ିଵ. (26)

At low U values, EMMT is described by formula (26), but by expression (25) at high U levels. It 

is clear why at low voltages, i.e., at γ≪1, with increasing pulse duration, the EMMT increases. The 

longer pulses, the more energy can propagate deep into the bulk and the more it needs to be delivered 

to the near-surface layer to compensate for heat removal. At high U, when the γ≫1 condition is 

satisfied, heat conduction is excluded from the energy propagation mechanisms, therefore, all the 

energy released into the surface layer remains there, and heat removal into the bulk does not occur. 

Accordingly, only the fact of the energy accumulation becomes important, regardless of the τ pulse 

duration. It is possible to input either large amount of energy upon short period of time or small 

amount of energy upon large period of time (see Figure 4). 

Moreover, Figure 3 presents a good algorithm for satisfactorily estimating EMMT for both any 

materials and any PEBs. It suffices, using analytical formulas (26) and (25), to draw two straight lines, 

which, as we can see, describe EMMT well in all ranges, except for the γ∊[0.1;1] interval. As for this 

interval, EMMT can be predicted by any known interpolation method. 

Returning again to the current–voltage dependences shown in Figure 5. we should note the 

following. It is surprising that some conclusions can be drawn about the nature of the occurring 

thermal processes only by changing the parameters of PEBs and observing the target surface without 

any data on its thermophysical properties. Namely, when the left side of CVDs deviates from direct 

proportionality, the heat source ceases to be surface and becomes mixed. However, the heat source 

should be considered volume, when CVD passes through the the 𝜕𝑗/ ∂𝑈 = 0 point, in accordance 

with Figure 3. In essence, CVDs can be seen as a practical guideline for operators of various sources 

of PEBs to determine j current densities that provide MMT at a given U accelerating voltage. 

In this study, all the above results concerning surface heat sources are true not only for PEBs, 

but also for other pulsed beams (laser, ion and plasma), if their parameters satisfy the γ≪1 condition 

[38–40]. However, expression (22) is not applicable in such cases, since the particle range is expressed 

not by formula (10), but by another one corresponding to their types. 
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6. Conclusions 

1. Based on the proposed complex γ heating type criterion, PEBs have been ranked for better 

understanding both the nature of the thermal processes occurring under irradiation and for 

predicting their suitability for certain applications. The γ heating type criterion is called complex 

because it depends not only on the parameters of PEBs, but also on the target material. 

2. It has been shown that the most refractory of the considered materials are W, Mo, Be and Be, Ti, 

Mg in the case of pulsed surface and volume heating, respectively. However, Ti and Mg are 

simultaneously the most fusible ones in pulsed surface heating. 

3. Both MMT and EMMT have been calculated over the wide ranges of U accelerating voltages and 

τ pulse durations. At low U levels (γ≪1), EMMT increases with rising the τ pulse duration. The 

longer the τ pulse duration, the more energy is transmitted into a target bulk and the more it 

needs to be input to the surface layer. At high U levels (γ≫1), heat removal into the target bulk 

does not occur. Therefore, only the fact of accumulation of a given amount of energy becomes 

important, regardless of the τ pulse duration. 

4. It was established that to calculate MMT and EMMT for any both materials and PEBs, it is 

sufficient to use analytical formulas (26) and (25) and interpolate the data within the γ∊[0.1;1] 

interval. 

5. The general refractoriness series of metals is ranked for pulsed heating processes. It classifies 

metals not only in terms of the complexity of their heating up to the melting points, but also by 

their ability to accumulate heat under irradiation. 

6. Be is the unique refractory material in pulsed heating processes. It can absorb a relatively large 

amount of heat without a noticeable rise in temperature. The closest ones are Mo, W, and Cr, 

which are significantly (by 3.5–4.2 times) inferior in this respect. 

7. The temperature distribution profile in a target under irradiation with PEBs, normalized to the 

electron range, does not depend on the density of the target material in the case of a volume heat 

source. The reason is the mutual compensation of two opposite tendencies. On the one hand, the 

specific density of nuclei increases in direct proportion to the substance density, and 

temperature should reduce at a fixed energy. On the other hand, the energy release volume 

decreases due to the inversely proportional relationship between the electron range and the 

substance density, and temperature should increase. 

8. The CVDs have been calculated, which can be considered as practical guidelines for determining 

the j current densities that provide MMT at a given U accelerating voltage. 

9. Some conclusions can be drawn about the nature of the occurring thermal processes inside the 

target, observing only the CVD behavior, without any data on material thermophysical 

properties. Namely, when the left side of CVDs deviates from direct proportionality, the heat 

source ceases to be surface and becomes mixed. Moreover, the heat source can be considered 

volume, when it passes through the ∂j/∂U=0 point. 
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