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Abstract.  By means of numerical modelling of the combined effect 
of laser (1.06 mm) and microwave (1010 – 1013 s–1) radiation on the 
aluminium surface in vacuum it is shown that the additional action 
of microwave radiation with the frequency 1012 s–1 provides com-
plete ionisation of the metal vapour (for the values of laser radia-
tion duration and intensity used in the calculations), while in the 
absence of microwave radiation the vapour remains weakly ionised. 
The mathematical model used accounts for the processes, occurring 
in the condensed phase (heat conduction, melting), the evaporation 
and the kinetic processes in the resulting vapour. 

Keywords: laser radiation, microwave radiation, metal surface, 
plasma formation. 

1. Introduction

The action of laser radiation on a metal surface is accompa-
nied  by  heating  and  evaporation  of  the  material.  At  suffi-
ciently high radiation intensities the breakdown of the metal 
vapour occurs and the plasma is produced. The conditions for 
plasma formation in a gas under the action of electromagnetic 
fields having various  frequencies  are  studied well  enough 
[1, 2]. It is also known that the use of the combined action of 
laser and microwave radiation on a gas provides a reduction 
in the plasma formation threshold as compared to using each 
of the radiations separately [3, 4]. One can expect that in the 
case of irradiation of a metal target this threshold will be also 
reduced, and the formation of plasma near the surface will be 
determined by the appropriate choice of the microwave radia-
tion pulse parameters. The possibility to stimulate the high-
density plasma formation by means of microwave radiation 
at  the metal  surface  could  reduce  the  required  intensity  of 
laser radiation or accelerate the process of plasma formation. 
Such control of  the plasma  formation process  is  interesting 
both for the study of laser radiation impact on metals and for 
the laser and plasma metal working technologies [5].

The aim of the present work is to justify the possibility in 
principle to stimulate the plasma formation using microwave 
radiation under conditions of optical laser radiation acting on 
a metal surface. The implementation of this effect is quite pos-

sible  using  the  presently  existing  sources  of  laser  [6,  7]  and 
microwave [8, 9] radiation. 

2. Preliminary estimates

Consider laser radiation with the frequency w0 acting on the 
surface of a metal target. In the process of target heating and 
evaporating the atoms and electrons are produced. Then the 
electrons are heated by the laser radiation due to the inverse 
bremsstrahlung (i.e., the process of electron acceleration with 
absorption of the field energy) and begin to excite the atoms. 
The  subsequent  spontaneous  decay  of  the  atomic  excited 
states results in the loss of the energy, acquired by the atoms 
from the electrons. This is an essential obstacle for heating the 
electrons and promoting the ionisation of atoms by electrons. 
However, at the sufficient concentration ne of electrons, when 
the rate of atomic de-excitation by electron impact K21ne(K21 

is the coefficient of the de-excitation rate) exceeds the effec-
tive spontaneous decay rate A*

21 (with the radiation trapping 
taken into account),

K21ne > K21n*e = A*
21,  (1)

the  energy,  spent  by  the  electrons  to  excite  the  atoms,  is 
returned  to  the  electronic  subsystem again.  In  this  case  the 
channel  of  electron  energy  loss  related  to  the  spontaneous 
decay becomes to play a minor role.

The  inverse  bremsstrahlung  coefficient  grows  fast,  as 
~1/w2 [1], with decreasing electromagnetic field frequency w. 
Therefore, one should expect that the use of the microwave 
radiation with  the  frequency wm << w0  and  relatively  small 
intensity will lead to a more efficient heating of electrons and 
consequent ionisation of atoms up to the concentrations that 
satisfy  condition  (1).  It  is  necessary  to  account  for  the  fact 
that  the  microwave  radiation  stops  to  penetrate  into  the 
plasma region under the condition [1]

4 /e n mm p e
21 pw w = ,  (2)

where wp is the plasma frequency; e is the elementary charge, 
and m  is  the electron mass. From Eqns (1) and (2) we con-
clude that to make this happen not earlier than the concentra-
tion value achieves n*e, the frequency wm has to satisfy the con-
dition

213.2 10 K
A *

m
2 9

21
#Hw .  (3) 

At the same time, a significant increase in wm beyond the limit 
given  by  Eqn  (3)  is  also  undesirable,  since  in  this  case  the 
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microwave radiation absorption and the heating of electrons 
will be essentially reduced.

Thus,  the  additional  action of microwave  radiation will 
lead to faster heating of electrons, which may allow exceeding 
the threshold of atomic excitation and achieving the tempera-
ture, required to ionise the atoms. Correspondingly, the elec-
tron concentration will grow up to the critical value

n
e

m
4

cr
m
2

2

p
w

=   (4)

[obtained from condition (2)], beyond which the microwave 
radiation stops to penetrate into the plasma region. Further 
heating of electrons is executed by laser radiation solely. If 
ncr > n*e, then the energy of electrons that is irreversibly lost to 
excite  the  atoms  becomes  insignificant.  This  allows  imple-
mentation  of  further  complete  ionisation  of  vapour  atoms. 
To  confirm  the  present  conclusions  we  have  performed 
numerical calculations based on the model of laser and micro-
wave  radiations  interacting  with  the  metal  target  and  its 
vapour. 

3. The model of radiation – target interaction

To  describe  the  target  heating  and  evaporation,  as  well  as 
consequent ionisation of the vapour, we will use the approach, 
proposed in [10], with the additional effect of the microwave 
radiation taken into account. The model comprises the one-
dimensional heat conduction equation within the region with 
the planar moveable boundary not known a priori  [11]  that 
separates  the  solid-state  (i  =  S)  and  liquid  (i  =  L)  phases 
(Fig. 1) and is described by the expression

¶
¶
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i i
ir l= ; E,  (5)

where Ti is the temperature; ri(Ti) is the density; Ci(Ti) is the 
heat  capacity;  and  li(Ti)  is  the  heat  conductance.  At  the 
boundary (G) (Fig. 1) of the solid-liquid phase transition the 
Stephan  conditions  and  the  temperature  equality  condition 
are to be satisfied
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where Vm, Lm, and Tm are the melting front velocity, the spe-
cific  heat  and  the  temperature  of  melting,  respectively. 
Equations (5) and (6) are to be completed with the boundary 
condition on the metal surface that accounts for the balance 
of heat fluxes:

¶
¶
x
T L V r JL
L

L v v cl r= - +,  (7)

where Lv is the specific heat of evaporation; Vv is the evapora-
tion front velocity; J+ is the  laser radiation intensity passed 
through the gas layer and incident on the surface; and rc is the 
coefficient of absorption of laser radiation by the surface.

To describe  the phase  transition between  the condensed 
medium and the vapour (the boundary C in Fig. 1) we used 
the Knight evaporation model [12], by means of which from 
the equations expressing  the conservation of mass, momen-
tum and energy fluxes one can determine the gas dynamical 
characteristics  of  the  vapours  at  the  boundary  of Knudsen’  s 
layer:
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Here Rg is the universal gas constant; MM is the Mach num-
ber; TK, rK, and uK are the temperature, density and velocity 
of the gas at the exit from Knudsen’s layer; M is the mass of 
the atom; r

*
 and p

*
 are the density and the pressure of satu-

rated vapour; ga is the adiabatic exponent (ga = 5/3); and Tc is 
the temperature of the metal surface.

To describe  the processes  that  take place within  the gas 
volume  we  used  the  lumped model,  in  which  the  variables 
(concentration, temperature, etc.) are averaged over the entire 
gas layer having the thickness H (Fig. 1). In turn, the value of 
H is determined by the motion of the outer boundary towards 
the vacuum with the velocity of sound

/V k T Ms a Bg= ,  (9)

where kB is the Boltzmann constant; and T is the temperature 
of atoms and ions.

The atom is modelled by a three-level system, comprising 
the ground (1), excited (2) and ionised (e) states. The tempera-
tures of heavy particles (atoms and ions) are assumed to be 
equal. The plasma formation kinetics is described by the set of 
equations:
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Figure 1. Schematic diagram of radiations acting of the metal surface. 
Jm+ is the intensity of the microwave radiation reflected from the metal 
surface.
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Here n1, n2, and ne are the concentrations of unexcited atoms, 
excited atoms and electrons, respectively; Te  is the tempera-
ture of electrons; S1 and S2 are the electron impact ionisation 
rate coefficients for the normal and excited atoms; s12 is the 
cross section of resonance radiation absorption; E12, I1 and I2 
are the atomic excitation energy and potentials of ionisation 
from the ground and excited state; K12 and K21 are the rate 
coefficients of excitation and de-excitation of atoms by elec-
tron  impact; R1 and R2 are  the coefficients of  three-particle 
recombination  with  transition  to  the  ground  and  excited 
state; A*

21  is  the  effective  rate  of  spontaneous  decay  of  the 
excited atomic states for the planar  layer with the thickness 
H, determined in accordance with [13]; A21 is the atom spon-
taneous decay rate; mb is the coefficient of inverse bremsstrah-
lung for the laser radiation; the quantities Cea and Cei deter-
mine  the  elastic  energy exchange between  the  electrons and 
the heavy particles (atoms and ions); vea and vei are the rates 
of electron – atom and electron – ion collisions; and j1, j2 and je 
are the flux density values for the evaporated normal atoms, 
excited atoms and electrons, respectively. In the equation for 
the  temperature  Te  the  heating  of  electrons  by  laser  and 
microwave  radiation  due  to  the  inverse  bremsstrahlung  is 
taken into account by the second and the third terms, respec-
tively, where rm  is  the coefficient of reflection of  the micro-
wave  radiation  from  the  ionised  region,  the  definition  of 
which will be given below, and Jm is the microwave radiation 
intensity. The first term in the right-hand side of the second 
equation in the system of Eqns (10) accounts for the income 
of electrons due to thermionic emission from the metal sur-
face, and the second term describes a decrease in the concen-
tration of electrons due to the gas layer expansion. The same 
considerations are valid for the concentrations of atoms. The 
particle  flux  densities  j1  and  j2  were  determined  using  the 
Boltzmann  and  Saha  formulae with  the  temperature TK  at 
Knudsen’s  layer  boundary,  as  well  as  the  quasi-neutrality 
condition (  ji » je, ji being the flux density of ions). Then
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The intensity J, averaged over the gas  layer thickness H 
that enters Eqns (10) is determined by solving the quasi-sta-
tionary transport equation dJ/dx = –mb J  with the mean val-
ues of concentrations
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Here we use the following notations: J0 is the intensity of the 
input  laser  radiation;  J +  is  the  intensity  of  the  radiation 
passed through the layer with the thickness H and incident on 
the metal  surface;  J *  is  the  intensity  of  radiation,  reflected 
from the surface; and J  –  is  the  intensity of  radiation at  the 
exit from the layer having the thickness H. 

When microwave radiation acts on a weakly ionised gas 
layer, a part of this radiation penetrates into it and a part is 
reflected  from  it. Besides,  a minor  fraction of  the  radiation 
passed through the  layer can be absorbed by the metal sur-
face.  As  a  result,  the  fraction  of  the  microwave  radiation 
power  absorbed  by  the  plasma  layer  is  determined  by  the 
coefficient

r = 1 – rr – ra,  (13)

where  rr  is  the  reflection  coefficient  of  the  system  ‘plasma 
layer + metal surface’; and ra is the coefficient that determines 
the  fraction  of microwave  radiation  absorbed  by  the metal 
surface. The coefficients rr and ra depend on the layer thick-
ness H and the complex dielectric constants of the plasma (e2) 
and the metal (e3), which are defined by the expression [14]
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where wp2 and wp3 are the plasma frequencies of the consid-
ered vapour layer and the metal, and G2 and G3 are the corre-
sponding collision rates that determine the relaxation rate of 
the electron distribution function. For the plasma layer G2 = 
vea +vei1). Note, that the first medium is vacuum, for which the 
dielectric  constant  e1  =  1.  For  given H  the  coefficient  r  is 
determined by the following expressions [15]:
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where  c  is  the  velocity  of  light  in  vacuum.  The  absorption 
coefficient ra has the form [16] 
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1) When the degree of ionisation is smaller than 10–4 (i.e., when the role 
of microwave radiation is important), the rate vei in the expression for G2 
can be neglected. Indeed, at Te > 0.3 eV the ratio of the cross section of 
electron – ion collisions sei = (4pe4 lnL)/(9kB

2Te
2) [2] to the cross section 

of electron – atom collisions sea ~ 10–15 cm2 [2] will amount to less than 
104. Therefore, vei /vea < 1.
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4. Results of calculations

Using the present model, we have calculated numerically the 
effect of laser and microwave radiation on the aluminium sur-
face. For  the aluminium atom  the 3P, 4S,  4D energy  levels 
and  the  ionised  state were  taken  into  account. The  values 
wp3 » 2.25 ´ 1016 s–1 and G3 » 1.25 ´ 1014 s–1 for aluminium 
were taken from Ref. [14]. Figure 2 presents the time depen-
dences of the concentration of atoms in the ground state (n1), 
the total concentration of atoms in all excited states (n2), the 
concentration of electrons nе, the temperatures Te of the elec-
trons and T of the heavy particles (atoms and ions) under the 
action of a rectangular-shaped laser pulse having the duration 
tp = 5 ´ 10–7 s and the intensity J0 = 2 ´ 108 W cm–2. The laser 
radiation wavelength was l = 1.06 mm. At the moment of time 
t = 0 the laser pulse was delivered onto the target and after the 
time interval tc = 3 ´ 10–7 s the rectangular-shaped microwave 
pulse with the duration tm = 2 ´ 10–7 s, the intensity Jm = 105 
W cm–2, and the variable frequency wm was supplied.

From  Figs  2a  and  2b  it  is  seen  that  in  the  absence  of 
microwave  radiation  the  vapours  arising  under  the  laser 
action remain weakly ionised. In this case the production of 
electrons is mainly caused by their thermal emission from the 
surface. At  the  initial  stage, when  the  concentration  of  the 
vapours is small, their heating by the laser radiation is insig-
nificant, the temperature of electrons  is equal to that of the 
vapour and is determined by the temperature of the surface 

(Fig.  2b).  With  the  growth  of  vapour  concentration  the 
absorption of  the  laser  radiation  increases  and  the  electron 
temperature  begins  to  grow. The main  energy  losses  of  the 
electrons are due to the vapour expansion and the transfer of 
energy to atoms in the process of inelastic collisions. With the 
growth  of  the  electron  temperature  an  additional  channel 
arises for the energy losses related to the excitation of atoms 
followed by their spontaneous decay. These losses hamper (at 
moderate intensities of laser radiation) further heating of the 
electrons and stabilise their temperature at the values, insuf-
ficient for ionising the atoms by electron impact. 

The additional use of microwave radiation aimed at heat-
ing  the  electrons  leads  to  the  growth  of  their  temperature 
(Figs 2c,  f, h). This  is particularly  strongly pronounced at 
wm = 1010  s–1  (Fig. 2d) and 1012  s–1  (Fig. 2f), when  the  fast 
growth of the electron temperature is observed that stops as 
the critical concentration of the electrons ncr is attained. Then 
the fast decrease in the temperature follows due to the energy 
expenditure for the ionisation and heating of atoms. From the 
results obtained at wm = 1010 s–1 it follows that yet one more 
factor exists that stimulates the further growth of the electron 
concentration,  namely,  the  excessive  heating  of  electrons 
(Te max ~ 90 eV). At the microwave radiation ‘cut-off’ (ncr = 
3.2 ´  1014  cm–3),  this  energy,  accumulated  in  the  electronic 
system,  is  spent  mainly  for  the  ionisation  of  atoms,  which 
leads to the fast increase in the electron concentration up to 
the value ne ~ ncrTe max /I1 » 5 ´ 1015 cm–3. At such concentra-
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Figure 2. Concentration and temperature dynamics of the particles in the absence of the microwave radiation (a, b) and under the action of the 
microwave radiation having the frequency wm =  (c, d) 1010, (e, f) 1012 and (g, h) 1013 s–1.
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tions the main role begins to be played by electron – ion colli-
sions, which leads to the growth of laser radiation absorption 
and further heating of electrons.

For  better  understanding  of  the  obtained  numerical 
results let us compare them with the theoretical conclusions 
presented above. As shown by the estimates, the main contri-
bution to the electron energy losses is due to the atomic tran-
sition 3P – 4S (l » 0.4 mm). For this transition K21 » 8 ´ 10–8 
cm3 s–1 and A21 = 1.5 ´ 108 s–1. As follows from the numerical 
calculations,  the  concentration  of  normal  atoms  n1 ~ 
1019 cm–3 is achieved during the action of the laser pulse. The 
thickness of the gas layer is H » 0.06 cm. Taking into account 
that at the present concentrations the main role is played by 
the resonance broadening of the absorption line correspond-
ing to the mentioned transition, we arrive at the estimate of 
the absorption cross-section s12 » 1.4 ´ 10–13 cm2. Then we 
find the effective spontaneous decay rate A*

21  for  the planar 
layer [13],

*

/2
.A

n H
A 3 3 1021
12 1

21 5
#

ps
= =  s–1,  (17)

and from Eqn (1) calculate ne* » 4 ´ 1012 cm–3. At wm = 
1010  s–1  (Figs  2c  and  2d)  the microwave  radiation  ‘cut-off’ 
occurs earlier (ncr = 3.2 ´ 1010 cm–3) than the concentration ne* 
is achieved, and condition (1) does not hold. Therefore, the 
effect of the microwave radiation on the vapour is small. It is 
worth noting that the very notion of ‘cut-off’ is rather conven-
tional. Even at ne > ncr  the microwave radiation penetrates 
into the plasma region by the skin layer depth d, heating the 
electrons. In Eqns (15) and (16) this effect  is not taken into 
account. 

At wm = 1012 s–1 (Fig. 2, e, f) we have ncr = 3.2 ´ 1014 cm–3 

>>   ne* and the ‘cut-off’ (shown in Fig. 2e by a vertical dashed 
line) occurs when condition (1) is already certainly satisfied. 
In this case significant heating of electrons by the microwave 
radiation is produced, which allows increasing the degree of 
plasma ionisation. With the growth of the ionisation degree 
(³10–4)  the  main  role  in  the  absorption  of  laser  radiation 
begins  to  be  played  by  the  electron –  ion  collision,  which 
essentially  increases  the  absorption  of  this  radiation  and, 
therefore, the rate of electrons heating.

At wm = 1013 s–1 (Fig 2, g, h) the absorption coefficient for 
the microwave  radiation  is  significantly  smaller  than  in  the 
previous case, which does not allow further development of 
atomic ionisation by electrons.

The  intensity of  the microwave  radiation  is  also  impor-
tant. The minimal value of the microwave radiation intensity, 
required for successful stimulation of plasma formation, can 
be  roughly  estimated  from  the balance between  the  energy, 
lost  by  the  electrons  to  excite  the  atoms,  and  the  energy, 
acquired from the microwave radiation,

2mb Jm min /ne = K12n1E12,

together with the condition that during the pulse the concen-
tration must be able to attain the value

ne* » ne0exp(S1n1tm).

Here  for  simplicity  of  estimating  the  absorbed  microwave 
radiation  energy  we  use  the  inverse  bremsstrahlung  coeffi-
cient mb. Then at wm = 1012  s–1 and tm = 2 ´  10

–7  s  for  the 
concentration n1 ~ 1019 cm–3, obtained by numerical calcula-

tion, we have the estimate Jm min ~ 3 ´ 104 W cm–2. At wm = 
1010 and 1011 s–1 the radiation ‘cut-off’ occurs before the value 
ne* is attained.

At full  ionisation of  the vapours  the absorption of  laser 
radiation is significantly increased, which can lead to plasma 
screening of the target and reducing the fraction of laser radi-
ation that reaches the target surface. This is well seen from the 
comparison of Fig. 2a and Fig. 2e. In the absence of the stim-
ulating  action  of  microwave  radiation  (Fig.  2a),  when  the 
degree of vapour ionisation is not high, the maximal vapour 
concentration is achieved at the end of the laser pulse. On the 
contrary, at full  ionisation of the vapours (Fig. 2e), starting 
from the moment of  time  t » 0.41 ms a  fast decrease  in the 
total plasma concentration is observed prior to the laser pulse 
termination. This  is  explained by  the growth of  the plasma 
layer  optical  thickness  and  the  increase  in  laser  radiation 
absorption by plasma, which leads to the reduction of the tar-
get  surface heating by  this  radiation.  Indeed, at  the plasma 
concentration ne ~ 1019 cm–3, the electron temperature T » 
1 eV, and the plasma layer thickness H » 0.06 cm, obtained in 
this  regime,  its  optical  thickness  for  the  laser  radiation 
amounts  to ~20.  The  screening  of  the  surface  leads  to  the 
reduction of its temperature Tc and the thickness of the evap-
orated metal layer Dv, which is well seen in Fig. 3, where the 
horizontal lines mark the values of Tc and Dv in the absence of 
the microwave radiation.

5. Conclusions

Thus,  in  the  present  paper  it  is  shown  that  the  additional 
action of microwave radiation with small  intensity and cer-
tain frequency can lead to full ionisation of the target vapours 
at the intensities of the laser radiation, which are by one or 
two orders of magnitude smaller than those required for full 
vapour ionisation in the absence of microwave radiation. The 
role of the latter consists in efficient heating of the electrons 
and creating such concentration of them, at which the quench-
ing of the excited atoms and their ionisation are implemented 
mainly by electron impact. At the same time, the intensity of 
laser radiation should be chosen such as to provide during the 
interaction time the production of vapour with sufficient den-
sity, for which the effective life time (1/A*

21) of excited atomic 
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Figure 3. Dependences  of  the  target  surface  temperature Tc  and  the 
evaporated layer thickness Dv on the microwave radiation frequency at 
the moment of pulse termination.
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states  is  considerably  increased.  Earlier  plasma  formation 
leads to the screening of the target against the laser radiation.

The use of the considered phenomenon seems to be most 
promising for the  laser radiation of  the visible or IR range, 
where the probability of multiphoton or tunnel ionisation 
of  atoms  by  the  radiation  with  moderate  (smaller  than 
109  W  cm–2)  intensity  is  not  large.  In  the  case  of  laser  UV 
radiation, the two- and three-photon ionisation of atoms can 
lead to fast plasma formation [17, 18] even in the absence of 
the microwave radiation. 
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