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Abstract – Mathematical model and simulation 
results for metal ablation under the powerful elec-
tron irradiation in the conditions of incomplete 
evaporation are presented. Evaporation is treated 
as generation, growth and interaction of vapor 
bubbles in irradiated substance layer. Composition 
of the ablated layer (vapor – drops mixture) is re-
sulted depending on irradiation parameters. 

1. Introduction 

One of the production methods of ultra-dispersed 
powders is the metal ablation by powerful electron 
beam and the consequent condensation of vapor [1, 2]. 
Ablated substance contains condensed drops as well 
as metal vapor at the moderate irradiation energy den-
sity. The condensed inclusions can substantially influ-
ence on the following condensation and on the result-
ing size distribution of particles. 

Powder particles condensation after electron irra-
diation had been modeled in [3]. In this work the ini-
tial drop sizes in the case of incomplete evaporation 
had been connected with the grain size in substance, 
as it was done in [4] for the electrical explosion of 
wires. But evaporation starts from the melted sub-
stance which has lost its initial solid structure under 
the irradiation as opposite to [4]. 

Present paper is devoted to the numerical investi-
gation of the ablated layer composition (condensed 
drops sizes and numbers); this information can be 
used further for more accurate modeling of the conse-
quent metal powder condensation. 

2. Mathematical model of ablation 

Let us consider a single bubble of metal vapor in liq-
uid metal. If chemical potential of vapor χV is less 
than the chemical potential of liquid χL, than metal 
atoms have tendency to pass in bubble from the sur-
rounding liquid. This process is counteracted by sur-
face tension. Gibbs potential of bubble of g atoms can 
be written as follows: 

 ( )L V 2 2/3
12 ,G g R gΔ = − χ − χ + π σ   (1) 

where σ is the surface tension; ( ) ( ) 1/3V
1 13 / 4 ;R m⎡ ⎤= πρ⎣ ⎦  

m1 is the mass of atom; ρV is the vapor density. If ΔG 
change per one atom joining is negative, than the bub-
ble growth is energy-wise efficient. This condition 
determines a critical number of atoms: 
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if cg g≥ , such a bubble will grow up, but if cg g< , 
than the bubble will disappear. 

Let us assume that all bubbles are nucleated from 
homogeneous liquid due to the thermal fluctuations. 
Probability of such fluctuations is [5]: 

 ( )Lexp /p G k T⎡ ⎤= −Δ⎣ ⎦ ,  (3) 

where TL is the temperature of liquid. Nucleation of 
bubbles with minimal (critical) size is most probable; 
therefore we will assume that all nucleating bubbles 
have the same size gc and ΔG in (3) corresponds to 
this number of atoms. Number of fluctuation zones in 
unit volume of liquid can be estimated as 

( )L
1 c/ m gρ∼ , frequency of fluctuations as / SR c∼ , 

where Lρ  is the liquid density, 1/3
1 cR R g=  is the ra-

dius of bubble, Sc  is the sound velocity in liquid. As a 
result we obtain the next equation for bubbles number 
in unit volume of liquid: 
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There are two types of processes in the existing 
bubbles: atoms transitions from liquid to vapor (direct 
reaction) and atoms transition from vapor to liquid 
(inverse reaction). Inverse reaction rate is determined 
by vapor atom collisions with the bubble boundary. 
Total number of such collisions per one bubble and 
per unit time can be estimated as ( )s2 /g R c∼ . Gibbs 
distribution is steadied in equilibrium, than direct and 
reverse reaction rates are equal to each other; that al-
lows finding out of direct reaction rate. Hence we 
found the next equation for growing of bubble: 
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⎡ ⎤∂ Δ⎛ ⎞
= − −⎢ ⎥⎜ ⎟

∂⎢ ⎥⎝ ⎠⎣ ⎦
,  (5) 

where Α is the coefficient of accommodation (prob-
ability of vapor atom transfer into liquid at collision 
with it). 

Assuming all vapor bubbles in physically small 
volume of substance have the same size, one can write 
the next equation for mass of vapor (per unit volume): 

 1 1

Vdm dn dgm g m n
dt dt dt

= + .  (6) 
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Next we treat liquid and vapor as two-phase het-
erogeneous medium as it was done in [3, 4]. The cor-
responding model of multiphase heterogeneous me-
dium dynamics is described in [6]. This model lets one 
to compute dynamics of the expansion of the target 
layer heated by beam. Equations (4)–(6) are necessary 
for the model closure in part of mass transfer between 
phases. Processes of the energy and momentum trans-
fer and the pressure relaxation of phases have been 
taken into account as well. 

We consider in this work only the stage of vapor 
bubbles growth. After the bubbles grow large enough 
they will merge with each other forming a simply 
connected phase. On the contrary the liquid will di-
vide into separate drops. These drops will play further 
a role of condensation centers in expanding and cool-
ing vapor. Number and sizes of liquid drops are de-
termined by vapor bubbles number and sizes. Let as 
establish this connection in simplest case of equal dis-
tance between the bubbles centers. Bubbles will merge 
then their diameter 2R reaches the value of distance 
between centers. Single bubble occupy the volume 

34 / 3Rπ , liquid volume per one bubble at this time is 
( ) 38 4 / 3 R− π . Let us assume that number of resulting 
drops is equal to the number of vapor bubbles, and 
then ( ) 38 4 / 3 R− π  is volume of one liquid drop. 
Drops will obtain a spherical form after the liquid 
phase division due to the surface tension, and the ra-
dius of such spherical liquid drop can be estimated as 

( )1/3
L 6 / 1 .R R R= π − ≈  So, the vapor bubbles radius 

at their merging determines the liquid drops radius; 
the merging passes then the vapor volume fracture 
achieves the value V 0.5.α ≈  A number of smaller 
drops can form during the vapor bubbles merging, but 
we neglect it here. 

We use the wide-range equation of state [7]. Pro-
posed in [7] analytical dependencies give us opportu-
nity to calculate chemical potential. 

Continuum mechanics equations have been solved 
by the semi-analytical method [8]. Electron transport 
problem have been calculated by the method [9]. 

3. Results and discussion 
Numerical simulations have shown the formation of 
liquid drops with diameters from several tens up to 
several hundreds of nanometers in the incomplete 
evaporation case. Size and number of drops are con-
nected with each other and they are determined by the 
beam energy injection rate. 

Example of calculation results for the model elec-
tron beam action on copper target is presented on 
Figs. 1 and 2. Electrons energy was 1 MeV, current 
density 30 kA/cm2, and the pulse duration 50 ns. One 
can see from Fig. 1 that substance layer with initial 
thickness ~ 300 μm has been partially evaporated. The 
condition of bubbles merging ( V 0.5α ≥ ) has been 
reached in major part of this layer at the time 300 ns 
from the pulse start. 

 
Fig. 1. Volume fractions of vapor (1) and liquid (2) phases, 
time moment 300 ns. Electron irradiation of copper target: 
electrons energy 1 MeV, current density 30 kA/cm2, pulse  
  duration 50 ns 

 
Fig. 2. Histogram of the size distribution of drops (fraction 
of particles number) at the time moment 300 ns. Electron 
irradiation of copper target: electrons energy 1 MeV, current  
  density 30 kA/cm2, pulse duration 50 ns 

Figure demonstrates the size distribution of drops. 
It had been estimated in manner described above 
through the vapor bubbles sizes at merging. It is in-
termediate result, because the drops will be subjected 
further to evaporation and condensation. Drops sizes 
will change, but the number of drops (the number of 
the condensation centers) will remain fixed. This 
number is very important for the following inhomoge-
neous condensation, which is expected to be simulated 
in the continuation of present work. 

4. Conclusions 
Method of estimation of the ablated layer composition 
have been proposed and used for numerical investiga-
tion of electron beam action on copper target. 

Simulations have shown the formation of liquid 
metal drops with diameters from several tens up to 
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several hundreds of nanometers in ablated layer in the 
incomplete evaporation case. Existence of these drops 
is very important for the following inhomogeneous 
condensation. Size and number of drops are connected 
with each other, and they are not determined by the 
grain sizes in initial solid substance, but they are de-
termined by evaporation kinetics, depending on the 
beam energy injection rate. 
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