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Abstract – The intense charge particle irradiation 

of systems like support films is used for material 

adhesion improvement as a result of layer mixing. 

The main mixing mechanisms are Richtmyer–

Meshkov instability on the interface, thermoacti-

vated diffusion and thermocapillary convection. 

  Richtmyer–Meshkov instability on the interface 

can cause near-surface mixing only in case of sur-

face perturbations corresponding to the wave num-

ber range which is defined by irradiation regime. 

  To research roles of thermoactivated diffusion 

and thermocapillary convection in mixing the 

mathematical model has been developed. It de-

scribes medium flow as a result of irradiation tak-

ing into account mentioned mechanisms. 

The numerical research reveals the main near-

surface mixing mechanism of melted medium is 

thermocapillary convection. But the pulse duration 

is necessary to be less than characteristic heat  

conduction time to arise convective flow. The mix-

ing zone is 1–20 µm depending on the irradiation 

regime. 

1. Introduction 

At the present time, material is widely treated by in-

tense charge particle beams (electrons or ions) with 

power density ≥ 106 W/cm2 to improvement of near-
surface layer property [1, 2]. This treatment can result 

in increase of mechanical strength, wear resistance 

and corrosion resistance [1]. The essential factor  

in property generation is mass transfer taking place  

in irradiated target. The experiments in [3–5] have 

shown irradiation causes near-surface layer mixing. 
  The research of mass transfer in treated targets is 

very actual at development of irradiation coating 

method [6]. 

Now there is no a consistent description of near-

surface layer mixing at irradiation. Some possible me- 

chanisms of mass transfer are diffusion [6], Richt-
myer–Meshkov instability [6, 7] and convection [9, 10]. 

  The quantitative depth estimations for mixing zone 

caused by thermostimulated diffusion are about 1 µm. 

Experimental mixing depths are considerably greater 

than the estimations and approach some tens µm. 
In [11] it has been shown Richtmyer–Meshkov in-

stability on the interface can cause near-surface mix-

ing only in case of surface perturbations correspond-

ing to the wave number range which is defined by 

irradiation regime. Therefore for such mixing special 

surface treatment is needed that is difficult problem. 

  Convective flow can arise at nonuniform target 
heating with depth. As we simulate irradiation of me- 

tal target it is possible two convection types: thermo-

capillary and thermogravitational. The contribution  

of thermogravitational convection to mixing is negli-

gible as during irradiation material elements move 

with alternating acceleration. After irradiation, they 
move inertially. 

According to [12] irradiation can cause near-sur- 

face layer mixing. But numerical calculation of Bous-

sinesq system has given only qualitative phenomenon 

regularities. 

The mathematical model of medium flow at intense 

charge particle irradiation and the numerical method 

based on the mass velocity division on the potential 

and the vortex components have been developed. 

2. Mathematical model 

The most of irradiation regimes correspond to the case 

when near-surface target layer melt. 

Free surface and complex (vortex) flow make dif-
ficult to use not only Eulerian coordinates but also 

Lagrangian coordinates at numerical calculation. 

Let us divide the velocity vector on the potential 

and the vortex parts: = +
� � �w p
v v v  and use the moving 

system referencing with the potential velocity 
�p
v . 

Then the grid keeps its regularity in calculations with 

free surface and vortex flow. Therefore, such approach 

combines advantages of both Eulerian and Lagrangian 
coordinates. 

Using the following relations: = ∇ϕ
�p
v  and 

[ ]= ∇Ψ
�

�

w

v , Poisson equations for scalar and vector 

potentials can be written as 
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Boundary condition is ( ) 0=

� �

w

v n . This is equivalent  

to 0∂Ψ ∂ =l , then l is coordinate along grid contour, 

or Ψ = const, considering const = 0. During the veloc-
ity division, we solve equation (1) with mentioned 

boundary conditions. The potential part is defines as 

= −
� � �p w
v v v . 

Let us write continuum mechanics equations in 
moving coordinates. The total time derivative is iden-

tified as 

( )
∂

= = + ∇
∂

�
� pDU U
U v U

Dt t
. 

Then conservation laws for an elementary volume 

can be written as: 

continuity equation: 

 ( )– – ;
∂ ∂

ρ = ρ ρ
∂ ∂

�

p
wi
i

i i

v

v

x x

 (2) 

equation of motion: 
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�
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i i k i

k
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internal energy equation: 

 2
2 ;

⎛ ⎞∂ ∂
ρ = σ + η + + − ρ⎜ ⎟

∂ ∂⎝ ⎠
� wi

ik ik ik i

i i

q U
U v v D v

x x
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stress deviator tensor: 
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The program testing has been conducted by means 

of modeling of thermogravitational and thermocapil-

lary convections at different conditions [10, 15, 16]. 

  At comparison with [10, 15] the initial perturba-

tion is defined as a point vortex in the grid center. 
There is the square calculating domain with dimen-

sions h×h. The particle velocity on the domain bounda-
ries is considered equal zero. The gravitational accel-

eration is = −
� �

zg ge , when 
�

z
e  is the unit vector 

directed along Z-axis. For all calculations, Prandtl 

number is 1. According to theoretical analysis [10], 

steady flow is formed at such boundary conditions. 

  In modeling [14] side boundaries x = 0, x = 1 are 
isothermal while temperature is linear function on 

boundaries z = 0, z = 1. The comparison has been car-

ried out for two values of Rayleigh number Ra = 2000 

and Ra = 400000. 

In both cases, flow becomes steady independently 

of initial perturbation. In the case of Ra = 2000 there 
is perfect matching of calculating results for data  

in [14]. The formed steady flow pattern is one central 

vortex while at Ra = 400000 the flow pattern contains 
two vortexes having opposite rotational directions 

which are defined by initial conditions. 

The differences of numerical streamlines from 

ones in [14] take place in the intense flow area (the 

vortex centers). It is supposed to be explained by ta- 

king into account medium compressibility in our model. 
  Besides numerical results are in a good agreement 

with data in [10] for Ra = 5300 and Ra = 8000. 

The last test is the comparison of the numerical re-

sults with the thermocapillary convections calcula-

tions in [16] (Fig. 1). 
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Fig. 1. The calculated streamlines Ma = 20 (a) streamlines  

  in [16] Ma = 20 (b) 

The calculation has been conducted for domain h×4h 
with non-slipping boundaries x = 0, x = 1, z = 0.  

The boundaries z = 0, z = 1 are adiabatic while the 
boundaries x = 0, x = 1 are isothermal and the tem-

perature of left boundary is more than right one: 

T(x = 0) > T(x = 1), Marangoni number is 20. 

The decrease of surface tension with temperature 

results in the vortex near colder boundary. 

3. Convection at irradiation of metal target  

by intense electron beam 

The estimation of Marangoni number has been made 

to define irradiation parameters at which thermocapil-

lary convection of near-surface layer arises. We have 
used 1D program BETAIN [17]. We investigate iron 

target irradiation. The irradiated target has been made 

from iron. The power density W varies from 0 to 

70 J/cm2 while monochromatic electron energy Te 

belongs to the range from 0 to 200 keV. 

Figure 2 shows Marangoni number isolines for dif-

ferent W and Te. The electron pulse duration is 1 μs. 

  For Marangoni number estimation the tabular data 
for iron without temperature dependence have been 

used such as T = 1.6 ⋅ 10–3 N/m ⋅ K (temperature sur-

face tension coefficient), η = 4.6 ⋅ 10–3 Pa ⋅ s (kine-

matic viscosity), χ = 2.1 ⋅ 10–5 m2/s (thermal diffuse- 
vity coefficient).  

According to linear theory [10], the growth  

of small initial perturbation takes place only when 
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Marangoni number is more than 80. In the case of 

short pulse duration (1 μs) the numerical research re-
veals the domain (Te, W) with Ма > 80 is sufficiently 

restricted. Besides, this domain is almost horizontal 
(W = 25–35 J/cm2). 
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Fig. 2. Isolines of Marangoni numbers for iron target irradi-

ated by monochromatic electron with energy T
e
. Power den- 

  sity is W. Pulse duration is 1 µs 

At little electron energy there is no thermocapillary 

convection as characteristic thermal conduction time 

theat is less than pulse duration τ. During irradiation 

thermal conduction forms temperature field decreasing 

with molten target depth.  

At little power density (W < 10 J/cm2) target sub-

stance remains solid. In the case of great power den-

sity (W > 40 J/cm2) a plasma torch is generated after 

irradiation and thermocapillary convection is also im-

possible to develop. 

If the pulse is longer than 1 μs (for example it is 10 

or 30 μs) heat is efficiently removed by thermal con-

duction. Characteristic thermal conduction time is 

commensurate with the pulse duration at electron  

energy Te = 50–200 keV. But Marangoni number in 

not more than the critical value. 

According to Marangoni number estimation  

we use appropriate irradiation parameters with (Ма = 

= αΔTh/ηχ, Ма > 80, ΔT is the characteristic differ-

ence of temperatures; h is the characteristic linear di-

mension of area) to carry out the research of near-

surface layer mixing of treated target. As a result of 

irradiation of iron target the near-surface layers melt. 

  It is worth noting that initial surface temperature 

distribution is nonuniform. The electron beam is 

firstly normal to flat target surface. But there are 

roughnesses on the surface therefore the angles of 

beam incidence are different on various target areas 

depending on roughness. But as the dose is defined by 

the angle of incidence target surface heating is nonuni-

form. Thus, there are necessary conditions to thermo-

capillary convection development. 

Set disturbance of surface by the periodic function 

with wavelength L. 

The numerical research has shown that 1) two vor-

texes having opposite rotational directions are formed 

in near-surface layers, 2) mixing area depth depends 

on relation L/H (H is the depth of the temperature 

maximum location), 3) the mixing uniformity depends  

on the ratio L/H as well. 

Figure 3 shows the concentration distribution on 

target depth induced by irradiation of support film 

AL/FE by electron beam. 
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Fig. 3. The concentration dependence on mixing depth: 1 – 

  data in [5]; our results: 2 – L/H = 0.5, 3 – L/H = 3 

The calculations for various L/H have been made. 

The structure of concentration essentially depends on 

the ratio L/H as it is obvious from Fig. 3. 
The curve for the rate value L/H = 3 (L = 60 µm) is 

most close to experimental results. The penetrations 

depth of aluminium into iron has the same order of 

magnitude as the observed in experiments, as a whole. 

The difference of impurity concentration distribution 

from the experimental one can be explained by the 
following reason: the real target surface perturbation is 

the set of different harmonic modes (with different L), 

while there is only one mode in our calculations. 

4. Conclusion 

The mathematical model of complex medium flow at 

intense charge particle irradiation has been developed. 

The model is based on the mass velocity division on 
the potential and the vortex components. It makes 

possible to combines advantages of both Eulerian and 

Lagrangian coordinates. The developed model takes 

into account mixing processes: thermocapillary con-

vection, diffusion. The classical convective problems 

have been used for the program testing. 
The conducted research has shown the main liquid 

mixing mechanism in near-surface layers of irradiated 

target is thermocapillary convection.  

The flow velocity growth has been taking place 

until the moment t ≈ 1/10theat (theat is the characteristic 
heat conduction time), until the moment near surface 

there is the layer with increasing temperature with the 
target depth. The velocity growth is exponential as the 

linear theory predicts. The induced flow field causes 
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intense layer mixing that leads to quick formation of 

uniform temperature field. 

But the pulse duration τ is necessary to be less 

than characteristic heat conduction time theat to arise 

convective flow. The mixing zone is 1–20 μm depend-
ing on the irradiation regime. Only in this case the 

necessary temperature field is formed. 

We have calculated the domain in coordinates: 

electron energy Te and power density W for normal 

monochromatic electron beam for which thermocapil-

lary convection is possible. 

According to the calculation at pulse duration 1 μs 

this domain corresponds to power density W = 20–

40 J/cm2 and Te > 120 keV. 

The numerical research has shown that 1) two vor-

texes having opposite rotational directions are formed 

in near-surface layers, 2) mixing area depth depends 

on transversal scale of calculation area, 3) mixing uni-
formity depends on transversal scale too. 

The calculated mixing depths are in agreement 

with experimental data. 

The obtained results allow making a conclusion, 

that the main near-surface mixing mechanism of 

melted medium is thermocapillary convection. 
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