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Summary. The interaction of laserradiation in the range of intensity between 106 and 1010 W /cm2 
and at a wavelength of 1.06 p.m with metal vapors is simulated. The collision-radiation model 
is applied to describe the kinetics of nonequilibrium ionization and recombination. It is shown 
that the interaction of laser radiation with a vapor can proceed in two qualitatively different ways, 
namely, the prebreakdown regime and the optical-breakdown regime. If the radiation intensity is 
insufficient to induce avalanche ionization, the system comes into a stationary state characterized 
by the thermodynamic equilibrium, the equilibrium between the radiation and the vapor being ab
sent. At higher values of the laser intensity the optical breakdown starts, which is a nonequilibrium 
transition state from a partially ionized vapor to a fully ionized plasma where Coulomb collisions 
are predominant. The two metals under consideration, aluminum and copper, are close in their 
thermo-physical properties but differ in the configuration of the electron shells of their atoms. The 
optical-breakdown threshold and the onset time are analyzed in relation to the ionization potential, 
the total number of excited states under consideration, and the positions of lower and higher levels 
of excitation. It is shown that the radiation intensity threshold in metal vapor depends to a greater 
extent on the configuration of electronic shells of atom than on the atom ionization potential.

AMS subject classification: 80A30, 7808, 3404.
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1 Introduction

The optical breakdown of an evaporated material near the surface of a solid tar
get is a combination of processes which cause the gaseous medium to qualitatively 
change its properties. The medium transfers from the state of a partially ionized gas 
completely transparent for the incident radiation into the state of complete ioniza
tion that intensively absorbs laser radiation. Therefore the optical breakdown that 
constitutes the initial stage of the rapid formation of laser plasma is a subject of 
particular attention and of thorough studies. There is a considerable amount of ex
perimental and theoretical data on the pulsed action of a moderate intensity G of 
106 to 1010 W /cm2 and a relatively long duration r of 10-9 to 10-6 s over a wide 
range of wavelengths к from 0.238 to 10.6 p.m on different materials [ 1-17]. Both 
the fundamental and applied aspects of the problem attract considerable interest.
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From the fundamental standpoint the phenomenon of optical breakdown is related 
to general problems of the emergence and development of high-nonequilibrium sys
tems during the interaction of concentrated energy fluxes with matter. One of the 
central problems which at present has no generally accepted solution is the pro
cess of establishing a local thermodynamic equilibrium in a laser-induced plume. 
Thus, if the state of a plasma in thermodynamic equilibrium is fully determined 
by its temperature T and density p and its charge composition corresponds to the 
Saha-Boltzmann distribution [18], then in the case of a violation of the local thermo
dynamic equilibrium the plasma behavior is determined by a combination of kinetic, 
radiative, and gas-dynamic processes. In such situations major problems are as a 
rule connected with determining the charge composition and radiative characteris
tics of the material, which cannot be treated correctly without taking into account 
the kinetics of ionization-recombination processes. Owing to the strong nonlinearity 
and interdependence of numerous processes it is hard to predict which of the mech
anisms will dominate at different stages of the evolution. Therefore when studying 
nonequilibrium systems, computational experiments are of great importance along 
with full-scale experiments. The development and application of appropriate models 
is an essential part of the present work.

The best-known models describing different states of a low-temperature plasma 
are the corona model [19, 20], the radiant-thermal-conductivity model [21], and 
the collision-radiation model [22, 23]. In the framework of the corona model the 
behavior of an optically transparent plasma of a low density is described quite 
satisfactorily. The model suggests that the probability of collision-induced jumps 
between the levels is negligible as compared with the spontaneous decay. As a result, 
each collision-induced excitation event is compensated by a radiative-decay event. 
In the corona model the radiation spectrum is represented as a set of narrow lines 
against the continuous radiation background.

The radiant-thermal-conductivity model is most frequently used to describe a 
plasma of a great optical thickness and high density. This kind of plasma is char
acterized by the Saha-Boltzmann distribution of ions and equilibrium black-body 
radiation containing no lines due to their complete reabsorption.

A plasma of a variable density and an arbitrary optical thickness, in which radia
tion and collision-induced processes play an essential role, is intermediate between 
the two above mentioned limiting states and is most difficult to describe [24]. A 
laser plasma produced near the irradiated surface is an example. To analyze this 
plasma, different variants of the collision-radiation model are applied. They are 
supplemented with radiation transfer equations to take into account reabsorption of 
the linear and continuous spectra.

Placing a solid target in the radiation focal plane makes the situation more com
plicated because a number of new physical processes come into being. In general, to 
take them into account one should consider the kinetics of phase transformation in 
the target, the interaction of evaporation products with the surrounding gaseous at
mosphere and new conditions for the occurrence of optical breakdown. The optical-
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breakdown initiation in this case is closely connected with the parameters of the 
evaporated substance, which cannot be known beforehand, depend on the evapo
ration condition, and can be determined only in the course of solution. Also, the 
appearance of plasma formations results in a radical change of optical and thermo
dynamic characteristics of the gaseous medium. In earlier studies [25], the plasma 
initiation has been identified with phenomena of full or partial screening of the 
target due to a sharp increase in the optical thickness of the evaporated substance. 
In later studies [26, 27] the influence of the gas-dynamic factor has been clarified 
and estimated. Mathematical modeling has shown [28, 29] that high pressure of 
the plasma can effectively inhibit the evaporation process even to the point of full 
termination, although the surface temperature 7s remains much higher than the boil
ing temperature under the normal conditions 7b. Nevertheless, the problem of the 
plasma-target surface interaction under evaporation conditions has not been com
pleted. As a rule, the equilibrium approximations have been used [30-33], with the 
range of applicability being much narrower than the entire complex of the phenom
ena under consideration. The most complicated part of the problem appears to be the 
determination of interrelations between processes of the micro- and macro-levels. 
Therefore, despite many attempts to describe mathematically the processes under 
discussion, there is now no generally recognized physical-mathematical model, that 
would self-consistently describe the behavior of condensed and gaseous media and 
take micro-level processes into account: kinetics of nonequilibrium phase transitions 
and nonequilibrium avalanchelike ionization and recombination of gas and vapor 
atoms. A full and correct consideration of initiation and expansion of nonequi
librium laser plasma in the evaporated substance can be performed only in the 
nonequilibrium radiative-gas dynamic approximation. This approximation includes 
the collision-radiation model of nonequilibrium kinetics as one of the most impor
tant components. To develop models of this type is an important scientific problem 
for theoretical investigations of plasma.

Applied aspects of the optical-breakdown problem are connected mainly with dif
ferent technological regimes of material treatment with concentrated energy fluxes. 
In the so-called technological range of intensity G < 109 W/cm2, the laser plasma 
can exert both a positive and a negative influence. Useful plasma effects are revealed 
when the plasma is employed as a chemically active medium to synthesize carbides 
and nitrides of various metals [34]. Laser plasma can be applied to increase the 
energy input into the target due to the phenomenon of plasma reradiation in another 
spectral range that can lead to a significant increase of the total target absorption [35]. 
The laser-induced plume containing ionized and neutral particles is used in pulsed 
laser deposition [36, 37]. Laser-induced plasma spectra can be used to analyze the 
chemical composition of a medium [38, 39].

A negative plasma influence is revealed mainly in the plasma screening action of 
plasma that hinders a direct delivery of the laser radiation energy onto the surface 
to be treated.

Thus, optical-breakdown studies are important from the standpoint of monitor
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ing and control of laser action on materials. Although there is a great amount of 
theoretical and experimental works, so far there are no well-established concepts 
accounting for all the aspects of the problem. Breakdown mechanisms, their changes 
and interactions are not ultimately clear. At the same time, however, analysis of the 
available data shows that the measured values of the threshold intensity and the 
breakdown duration turn out to be much lower than the theoretical ones.

The main objective of the present study is to develop and to comprehensively study 
the collision-radiation model that describes the kinetics of nonequilibrium ionization 
and recombination for the laser plasma of an arbitrary density and optical thickness. 
This model is used to study and compare the avalanche ionization process in vapors of 
two metals, aluminum and copper, which have similar thermophysical characteristics 
(in particular, the evaporation parameters) and comparable ionization potentials of 
neutral atoms but different structures of electron shells of atoms and ions.

The performed modeling of the optical-breakdown kinetics shows that the laser 
action duration and the evaporated-substance temperature are the main parameters 
that influence the threshold intensities of optical breakdown. It is also found that the 
electronic shell structure of the atom plays a more important role than the ionization 
potential. This fact has not been mentioned before. Comparative analysis of the op
tical breakdown in A1 and Cu vapors shows that atoms with lowly positioned excited 
states (Cu) have higher threshold values of the radiation intensity. The important 
role of the electronic configuration imposes rigorous demands on the description 
of the population kinetics that depends on the number of excited levels taken into 
account. Correct kinetic models for metal atoms should include at least 10 excited 
states.

2 Statement of the problem

Consider the laser action on the surface of a metal target with a flat-top temporal pulse 
shape and an intensity sufficient to maintain the intensive evaporation. According 
to the conventional concepts, the intensive surface evaporation into vacuum can be 
described using the approximation of the nonequilibrium Knudsen layer adjacent to 
the evaporated surface [40]. Macroscopically, the Knudsen layer is a gas-dynamic 
gap at which the main parameters, i.e., the temperature T, the density p and the 
pressure P of the medium, undergo a discontinuous change. It is supposed that 
passing through the Knudsen layer, the local thermodynamic equilibrium has time 
to be set in the ablation flow, and Saha-Boltzmann equations can be used to determine 
the initial concentrations of electrons and ions in the ground and excited states. In 
the present study the stages of heating and evaporating the target are not considered.

The initial values of the temperature Tq and the vapor density po are selected on 
the following grounds: they are to be found in the region of the condensed-medium- 
vapor phase transition; to correspond to the data for the outer side of the Knudsen 
layer; to provide an electron concentration low enough to absorb a considerable 
amount of the incident laser radiation. In particular, these requirements are met if
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the (7o, po) pair selected corresponds to the boiling temperature 7b under normal 
conditions. Later on, with a sufficient radiation intensity, the conditions for the 
avalanche ionization (optical breakdown) in the material vapor can be realized as a 
result of electron gas heating due to the inverse-bremsstrahlung effect.

2.1 The unsteady-state collision-radiation model

A great number of various elementary events and processes take place in the in
teraction of the evaporated material with laser radiation, and the character of the 
macroprocess is determined by their combination. The kinetics of collision-radiation 
transitions and the ionization of aluminum and copper vapors are described with the 
help of the unsteady-state collision-radiation model. This model accounts for those 
reactions only which make the greatest contribution within the considered energy 
range. As for radiation transitions, those reactions which are represented by the most 
intensive lines in the corresponding spectrum are taken into account.

Note two important facts to be accounted for by the collision-radiation model 
describing the laser plasma dynamics. The first one is the violation, at some stages, 
of the local thermodynamic equilibrium. This may occur both during the action of 
the laser pulse and on completion of the pulse. During the laser pulse action the 
translational temperature Tc becomes higher than the translational temperature T„ 
of atoms and ions due to absorption of electromagnetic radiation by electrons and a 
significant difference between the mass of the electron m and that of heavy particles 
(ions and neutral atoms) M. The plasma produced turns out to be overheated, i.e., in 
the state of ionizational nonequilibrium. At this state the average charge of the plasma 
is smaller than the equilibrium one, and the concentrations of charged particles and 
excited states differ (by being smaller) from the Saha-Boltzmann distribution [41J.

On completion of the laser action, the stage of inertial gas-dynamic expansion 
begins and for a sufficiently high expansion rate the plasma may become undercooled 
or recombinationally nonequilibrium [42]. In such a state the relations characterizing 
the degree of deviation from the equilibrium will be inverse as compared to the 
overheated state.

Therefore the laser plasma collision-radiation model must include, in addition 
to the kinetics equations, two energy'balance equations: for the electron and for 
heavy-particle systems.

The second fact to be taken into account when developing the mathematical model 
is that the energy levels of atoms and ions in metals are, as a rule, split and mixed, 
therefore a great number of excited levels and collision-radiation transitions should 
be included into the model.

The main assumptions of the present model are:

-  a monatomic plasma of one chemical element is considered;
-  at the initial state the metal vapor consists of atoms, ions and electrons which are

in complete thermodynamic equilibrium;
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-  spatial effects are not considered: all kinds of radiation except for laser freely 
leave the system;

-  the experimentally determined average electron energy does not exceed 10 to 
20 eV for the regimes considered, ions with higher ionization potentials are not 
taken into consideration;

-  photo-processes are not taken into account.

The mathematical models describing the level-by-level kinetics and ionization 
of aluminum and copper have differences owing to the electron configuration of 
atoms [43J.

At the unfilled shell of an aluminum atom there are three electrons 
\ s22s22p(’3s23p with relatively low ionization potential, namely, Уд =  5.986eV, 
7q =  18.8eV, and Уд =  28.448 eV. Electrons of the filled shell ls22s22p(’ have a 
high ionization potential, for example, Уд ~  120eV. Therefore due to above men
tioned energy restriction, the collision-radiation model of aluminum includes the 
kinetics of the neutral atom A1 (z =  0) and the first two ions Al+ (z =  1) and Al++ 
(z = 2), where z is the ionization factor. The neon-like ion Al++_l~ (z =  3) is taken 
to have no structure and is included in the form of a nucleus.

The electron structure of the copper atom differs much from that of the aluminum 
atom. In the unfilled shell of Cu \s22s22pb3s23p(’3di04s (2S) there is one electron 
with the ionization potential J® = 7.72 eV. Then there is the У-shell, whose outer 
electrons have comparatively low potentials Уд1 =  20.291 eV and Уд =  36.834 eV. 
However, electron transitions of the У-shell are characterized by a low radiating 
power and their radiative characteristics are poorly known. For this reason the 
collision-radiation model of the copper atom includes the kinetics of the neutral 
Cu atom and the first ion Cu+ (z =  1). The second ion Cu++ (z =  2) with Уд 
=  20.291 eV is included in the model in the form of a nucleus.

2.2 Elementary phenomena and transitions in the atom

Major elementary phenomena taken into account in the collision-radiation model 
are listed below.

Spontaneous radiative decay of excited states of atoms and ions:

nf„ — > nZj  +  ha>, (1)

where А(г . [s_ l] is the constant of radiation transition rate that differs from zero 
only for optical transitions permitted by the selection rules for the z-charged particle. 
Hereinafter in variables with a double subscript the first index denotes the initial 
state of transition and the second one denotes the final state.
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Excitation and deexcitation of atoms and ions by an electron impact:

K,j
nzm + e  n'j + e  , (2)

rU

where ̂  ■ [cm3 -s“ 1 ] is the excitation reaction rate for the (m , j ) collisional transition 
of a particle with the charge г and rjm is the deexcitation reaction rate for the 
inverse transition. The index j  assumes the values corresponding to the level numbers 
where the z-charged particles from the m-level can pass into, in accordance with the 
quantum-mechanical selection rules.

Ionization of the ground and excited states of atoms and ions by the electron 
impact:

nzm + e  —'%■ n\j+ l +<? +  <?. (3)

where afn [cm3 • s—1 ] is the ionization rate constant of the mth level of the z-charged 
particle, the ionization being induced by the electron impact.

Three-particle recombination, i.e., a reaction inverse to the impact ionization (the 
third particle is the electron):

qZ
n ^ + e  + e —^  nzm + e ,  (4)

where [cm6 • s— 1J is the reaction rate constant.
Tables 1 and 2 represent the ground and excited states of neutral atoms and ions 

of A1 and Cu that are taken into account in the model. Figures 1-5 show the collision 
and radiation transitions under consideration.

Table 1. Excited levels of neutral atom and ions of A1 included in the model

A1 A1+ A1++

\ s22s22p63s23p (2 P°) 1 .v22.v22 /763.v2 ( ‘s) l.s-22i-22/563.s- (2s )
4.v (2S) 3.v3 p (1,3P 0) 3 P (2 p °)

3d (2D) 3sAs ( ‘•35) 3d (2 p °)

4 p ? P ° ) 3s3d C 3 D) 4 s (25)
5s (2S) 3s 4 p ('■3T°) 4 p (2 p 0 )

Ad (2 D) 3s4d ( ‘■3D) Ad (2D)

5 P {2 P 0) 3s 6 4 / (2d )

4 / (2 F °) 3sl 5^ (2S)
6.s, p (2S ,2T°) 3^8 5p {2 p 0 )

5 d (2o ° ) 5 d (2 P °)

6 / (2 F °) 5 / (2P °)

6 d . f (2d . 2f ° ) 2p6l
3.v2 (7— 10) 2 p 68

2p69
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Table 2. Excited levels of neutral atom and ion of Cu included in the model

Cu Cu+

3.t23/?63d l04.t (2S) 3.t23p63d10 (25)
4.v2 (2D) 4,v ('■3D)

V ^2.4 pO 2 p~0 2A pO'j 4 P 1̂ pO 1,3 q O 3 pO'j

4 d (2D) 5s (3D)
5s (2s , 4d ) 5 P (3D, 3C, 3F. 3F ° , 3P°)
5 P i2p0) 6 s (3D)
5 d (2d )

00о

6 P (2 p°) 3d l09

IP (2P ° ) 3d1010

Cl О 00

3 d l09
3d1010

i
i
i
1

3.t2 IO

3.v29

3x28

3.v27

6 d . f

Fig. 1. Diagrams of permitted collision (a) and radiation (b) transitions for neutral atom of Al, 
ionization potential J q =  5.986 eV. a The arrows $ indicate that level can be either ionized 
by electron impact or formed by three-particle recombination; the numbers denote ionization

potential of excited levels
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Fig. 2. Diagrams of permitted collision (a) and radiation (b) transitions for Al+ , ionization po
tential yj =  18.8237 eV
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Fig.3. Diagrams of permitted collision (a) and radiation (b) transitions for Al+ + , ionization
potential Jq =  28.44 eV
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Fig. 4. Diagrams of permitted collision (a) and radiation (b) transitions for neutral atom of Cu, 
ionization potential Jq = 7.726 eV. a The arrows ф indicate that level can be either ionized 
by electron impact or formed by three-particle recombination; the numbers denote ionization

potential of excited levels
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Fig. 5. Diagrams of permitted collision (a) and radiation (b) transitions for Cu+ , ionization po
tential У0* =  20.291 eV
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2.3 The system of equations

The ion distribution evolution and the level-by-level kinetics of neutral atoms and 
ions are described by the following system of nonlinear differential equations.
For the ground state of the neutral atom (z = 0):

оd №  5 ,

7 =  1

„0, o * j V e + i > ; oV
7 =  1

( « X - ) 8 » c ) A f e . (5)

For the ground state of г-charged ions (г =  1,2, . . . ,  гт ах — 1):

Щ

dt

м~ Mz

= - ' E ( kojN6 - n o Nj ) ^  + T , AjoNi
7 =  1 7 =  1

+  J 2  ( a ; " 'NJ~' -  P j~ 'NoNe)Ne -  (a~oNo -  f a No+]^e)We • (6)
7=0

For excited states of the neutral atom and ions (m = 1 , . . . ,  M z\ z = 0 , . . . ,  гт ах 
-  1 ):

d N z  ̂ ^
if = + £(**."/ “ ъ * . ) " '  -  E  - -7.w/»w«

7=0 7=™+l

Л7" ш —1
+  E  Aj mN j - T , AnJNi i , - ( < NZm - f f n N t ' N c ) N e . (7)

7=«> + l 7=0

For the ion with г =  zmaxi

Э N^nm 
dt

M"max

- E  (■
7=0

^-max 1 дуг. • x/̂ max 
/v0 We) We (8)

For the electrons:
awe _  у л  y-» э л ^
~97  ~  ^  ^  ~~эГ

z= 1 m=0
(9)

In the system (5)—(9), N ztl is the density of the z-charged particles in the ш-state, 
Nc is the density of free electrons. M z denotes the number of excited states of the 
z-charged particle included in the model, M ZmM = 0; zmax is the maximum degree 
of ionization of the neutral atom. For the A1 vapor zmax =  3, and for the Cu vapor 
Zmax =  2, the particle having the maximum ionization degree is taken to have no 
structure, i.e., its excited states are neglected.

From the energy exchange viewpoint, in the low-temperature monatomic plasma 
it is possible to distinguish three subsystems associated with: the inner degrees of 
freedom of atoms and ions, the translational degrees of free electrons, and the trans
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lational degrees of heavy particles. Within each subsystem the energy exchange 
proceeds most rapidly. Energy exchange between the translational degrees of free
dom proceeds most slowly. As mentioned above, this is connected with a great 
difference between the mass of the electron and that of the heavy particle (an atom 
or an ion). Consequently, it is only a small portion of the kinetic energy of colliding 
particles that can be transmitted by one collision Г44]: <5 ~  2т /M. Therefore the 
energy balance of the nonequilibrium plasma is characterized by two temperatures: 
Tc for the electronic component and Tg for the heavy particles.

The equations for the energy balance of the translational degrees of freedom of 
the electrons and heavy particles are written in the following form [44]:

=  [ gm  -  ^S(Te -  7g) j(uen +  veiЖе

Srnax- 1 Cimax- 1 M '  —  \

- E E g-  - E E ĝ . oo)
-=0 m -=0 /и

m̂ax
Л/g— l̂ =S(Te - T g)(ven + vei)Ne, Ng = J 2 J 2 N»’ - 0  0

1 z=0 ,„= 0

The parameter д  characterizes the energy portion gained by the electron in the 
laser radiation electromagnetic field during one collision with an atom or an ion,

4тте2
mc(co2 + (ven +  vei)2)

Here co = 4nv  is the incident radiation frequency, uen is the frequency of electron- 
neutral collisions, vei is the frequency of electron-ion collisions, c denotes the speed 
of light, and e is the charge of the electron.

During inelastic collisions including elementary reactions of excitation, deexci
tation, ionization and recombination, the energy exchange is characterized by the 
terms:

M:

Q z i  = E b Emft in jNi n - rU Nj ) N*' (12)
j=m + 1

Qtm =  J~m «  N/„ ~ ftn К [+ 4 ) /Ve , (13)
where takes account of the energy exchange due to excitation and deexcitations
reactions of the mth level in the atom or ion; QJ- m takes account of the energy 
exchange due to ionization and three-particle recombination. The ionization energy 
of the /nth state (m Ф 0) is calculated as J~ = Jq -  where Д E'Qm denotes the
excitation energy of the mth level of the z-charged particle, and J/j is the ionization 
energy of the ground state.

Note that in contrast to the energy equation for electrons, the energy balance
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equation for heavy particles does not include the term dNg/dt that represents the rate 
of change in the concentration of heavy particles, since this concentration remains 
constant under the assumption of the monatomic plasma of one chemical element.

Thus, the energy balance equations (10) and (11), together with the equations 
for populations and charge composition of the excited levels (5)-(9), form a closed 
system describing the dynamics of processes in the nonequilibrium spatially homo
geneous laser plasma.

2.4 Saha-Boltzmann equations

To estimate quantitatively the degree of nonequilibrium, the concentrations of neu
tral atoms, charged and excited particles found as a solution of the system (5-11) 
are compared with the equilibrium concentrations calculated for the temperatures 
Ге and Tg. The equilibrium values of the concentrations of ions yv̂  Sjha and elec
trons fVeSaha are determined from the solution of the Saha-Boltzmann system of 
equations [23]:

N ^ { T k) Y ^ [ N ^ ' ^ ( T k)] _
T,mLo[N "nSilha(Tk)] 8Z Ьтг/г2 ! V Tk ) '

Z =  0, 1 , ----- Zniax — 1, r * € { 7 ’e , 7 ’g} (15)

where ge is the statistical weight of the electron, gz is the statistical sum of the 
z-charged particle, and g f  is the statistical weight of the mth state of the z-charged 
particle.

Populations of excited levels are estimated via the ground state concentrations 
/Vq, using the Boltzmann relations:

<i6>

3 Reaction rates and numerical solution

3.1 Determination of the rate coefficients

When constructing the mathematical model, special attention is paid to the correct 
determination of the rate coefficients of elementary events. There are several methods 
of solving this problem. Within the range of high energies of colliding particles 
of £ > lOOeV the calculations of the cross section by classical and quantum- 
mechanical approaches are in a good agreement with experimental data [45—48]. 
The determination of elementary reaction rates in the low-energy range of £ < 10 eV 
is the most difficult. In this case, results of experimental measurements of cross 
sections and reaction rates are usually used. But such data are available for a limited 
number of elementary processes only. Moreover, the values of cross sections reported
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in experimental papers largely differ from each other. In the present paper, the 
approximate expressions developed in view of theoretical and experimental studies 
[49-541 are used to calculate the rate coefficients.

As for the rates of spontaneous radiative decay, either the reference data are 
used [54, 55] or if the latter are not available, the decay probabilities are determined 
via the oscillator strengths f'm-

А , = 8 - 1о5{ ^ 1 ’ | А  f ] .  С ’ )

where ffn - is the oscillator strength for the transition from the mth state to the у-state 
in the г-charged particle, gfn and gj are the statistical weights of the m and j  atomic 
levels for the z-charged particle, Ry is the Rydberg constant.

If the reference data on the oscillator strengths are neither available, their values7 /i_l\
are estimated by the hydrogen-like dipole moment f ^ j  [56]

f z . =  fJ mj J i
:,(H) 8m

•(H) Д £
mj

mj A E ;.(H)
mj

where the index H denotes the corresponding values in the hydrogen atom or ion.
The value ven is determined via the cross section a of elastic collisions of electrons 

with neutral atoms and the mean velocity of thermal motion of electrons ue,

ue =  6.7 • 107УТс [cm ■ s '] , a — 10 15 /  \Z% [cm2] .

Thus, we have:

Von = Vo* J2 N?« = 6'7 • 10“ 8 E  N»> [S~ '] ' (18)
m=0 m=0

The frequency of electron-ion collisions is determined by the formula:

£max M'-
Vei -  3.64 • К Г 6 In XTc~y2 Nm [S“ ‘] - <19>

;=1 m =0

where In X is the Coulomb logarithm.
The constants of excitation reaction rates for atoms and ions are determined with 

the help of the Van Regemorter approximation formula [53J:



Interaction of laser radiation with metal vapors 59

Qzmj  is the Mewe factor:

г .  ( Д E z ■ i
Qmj =  A  +  CxZmj +  [ P x mj C ( < j )  +  » \  } ш { х ^ )  ,

x mj =  * E zmj I T c ,

where Ei is the integral exponent; the values Л, В , C, and D are the constants and 
are determined by the type of electron transition (dipole, quadrupole, etc.), their 
values being given in ref. [57].

The inverse values, the deexcitation reactions rates, are calculated from the de
tailed balance relations:

rj m =kZm j ^ eM - xmj)- (21)

The ionization reaction rates for atoms and ions are calculated with the help of 
the Lotz formula [51, 52]:

afn =  3.14 • io - 6^ * ( * '" )  exp(-x^) [cm3 • s-1 ] , (22)
Te xfn

where xfn =  J„,/Te and ^ zn is the number of equivalence electrons in the rath state 
of the z-charged particle.

In the given statement of the problem, three-particle recombination is reciprocal 
to collision ionization. The rate coefficient for this reaction is calculated from the 
detailed balance relation [44]:

3.2 Quasicontinuum

Formally speaking, any atom or ion has an infinite number of discrete excited states 
since the value of the main quantum number is not limited in the Coulomb field. 
On the other hand, in real models the number of excited states must be finite. An 
awkward question arises: what number of excited states should be taken into ac
count. There is no general rule to limit this number, therefore, when solving given 
problems one should bear in mind what properties of the medium are examined 
and what contribution to these properties is made by highly excited states, along 
with that made by free electrons. Taking into account that beginning from a certain 
excited state number M z, the properties of bound electrons are similar, in the con
text of macroscopic analysis, to those of free electrons, it is reasonable to associate 
them with a continuous spectrum. So the states with the numbers ra > M~ will be 
considered in conjunction with a continuous spectrum. By analogy with refs. [41] 
and [581 they will be named the quasicontinuum. Note that the introduction of the
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quasicontinuum is equivalent to the effective reduction of the ionization potential 
by the value Jmz+\ =  Ry/ {M z + l)2.

Needless to say that for different problems the values of M z may be essentially 
different and in general they depend on a number of parameters. The simplest way 
of solving this problem is to find M z with the help of preliminary calculations. First, 
the energy limit for the quasicontinuum should be determined. The quasicontinuum 
lower limit is found from the assumption that the energy of transition between two 
neighboring levels Д E ZM- M-+] =  J ^ z+\ — is much lower than the electron 
component temperature Te. This assumption, together with the hydrogen similarity 
of the levels constituting the quasicontinuum, provides the following criterion for 
the lower limit:

Д £ к « - + , =  ( S T T I j i  *=n  =  М щ Г -  Ry = l3'6eV'
As the density (or the optical thickness) of plasma increases, the quasi-continuous 

spectrum yields the correct limiting transition to the Saha-Boltzmann distribution. 
Account of the quasicontinuum effect on lower-excited states is taken by calculating 
the additional terms a zn and Д;, for /и =  0 , ,  M z and г =  0, . . .  , гтах — 1, for 
the rates of ionization and three-particle recombination:

“ m h T ' Ah An 4” Pm

The value afn means the reaction rate for electron transition from the mth state in 
the г-charged particle to the quasicontinuum, and Д), is the inverse value, i.e., the rate 
of the electron coming back from the quasicontinuum to the mth state. These values 
are connected by the relation of the detailed balance. Taking into account that the qua
sicontinuum consists of high energy levels, the discrete properties of these levels are 
weakly shown, the recombination flow across discrete states can be determined by 
means of the diffusion approximation [59]. According to this approximation, the rate 
of recombination from the quasicontinuum to the mth level /3zn can be expressed as:

JO 27 -  Ф ( 4  -x~M:+\)\ [cm6 • s '] .
8c8zTi

(24)

Ф(;с) =  -----
9

-2 +  x  — x 2
+  exEi(x)( 1 -----t

/  3 м  ,d t
m ) — j

4  =  Ah • 6-06 • 102l7;3/2e [cm3 • s ’], xm = Jm/T e ,
8 m

m =  0, . . . , M z, Z =  0, . . . , г max •

(25)

Hereinafter the values a z, and Д~ are used to denote the modified rates of ioniza
tion and recombination. The circumflex accent is omitted.
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3.3 Numerical approach

The system of nonlinear differential equations (5 )-(ll) describes phenomena of 
different scale whose characteristic times differ by several orders of magnitude. In 
the general case, such systems of equations are referred to as stiff systems, i.e., 
systems whose solution contains quickly as well as slowly varying components. 
The difficulties involved in solving stiff systems are well known [60, 61]. At present 
there is a thoroughly developed theoretical basis for solving such systems of large 
dimensions [62], including those with variable stiffness [63]. They are practically 
realized in various software packages widely used in solving a number of applied 
problems ]64—67].

The above discussed system (5)—(13) is solved numerically with the help of the 
LASTEC-4 package of applied programs [31] developed by the authors to solve 
the problems of nonequilibrium radiative-gas dynamics. The software is based on 
a modification of the Gear-Adams method that belongs to the class of multistep 
predictor-corrector methods. Similar to ref. [61], the software allows for automatic 
selection of an integration step and switching from the Gear stiff method to the 
Adams nonstiff one.

The system of nonlinear algebraic equations of Saha is solved with the help of a 
special iteration procedure with a high convergence rate [68].

4 Results and analysis

The principal aim of modeling is to study dynamics and general features of nonequi
librium processes taking place in metal vapors under the action of laser radiation of 
various intensity.

The optical-breakdown dynamics is conveniently characterized by the relation of 
the frequencies of electron-neutral ven and Coulomb vej collisions. According to 
ref. [63], a medium with uen vci refers to a partially ionized gas, and a medium 
having the inverse relation vcn vei is a plasma, i.e., a totally ionized gas. Thus 
the phenomenon of optical breakdown can be treated as a transition between these 
two states and is characterized by .a sharp increase of vei from the initial value that 
is much smaller than ven up to the final value that is much greater than vm .

The optical breakdown of gaseous media is well known to have a pronounced 
threshold nature as for the intensity and duration of the laser action.

Consider the behavior of vapors of aluminum and copper under the action of laser 
radiation at the wavelength X = 1.06 p,m and near threshold values of intensity. The 
laser action duration r  varies from 10-8 s to 1 s and the intensity G varies within 
the range of 106 to 109 W/cm2 for the aluminum vapor and 107 to Ю10 W /cm2 for 
the copper vapor. The above mentioned values of G and г coincide with the data of 
experimental observation of the plasma formation.

The evaporation of aluminum and copper under normal conditions is characterized
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by close values of the boiling temperature T\, and the latent heat of evaporation L t>:

TbA1 =  2793 K, LA1 =  292 kJ/mol; TbCu =  2816 K, l £u =  300kJ/mol .

The initial values of the vapor temperature and density for both metals are taken to 
be typical for the outer side of the Knudsen layer under the conditions of intensive 
surface evaporation [40]:

Tc,o — Tg,o = Tq = 0.2 eV ,

Л$(А1) =  6.0 • 1018 cm-3 , TVq (Cu) =  8.3 • 1017 cm“ 3 .

The corresponding equilibrium densities of electrons and ions are:

iVeSaha(Al) =  4 ■ 1013 cm-3 , AcSaha(Cu) =  5 ■ 10*1 cm-3 .

The equilibrium densities of excited states are determined from relation (16).

4.1 The prebreakdown regime

Depending on the value of intensity G, the laser radiation interaction with the evapo
rated material can proceed in two qualitatively different regimes. In the first one, the 
evaporated material turns into the state of a partially ionized gas with ven i>> vej. In 
the second one, vapors pass into the state of complete or nearly complete ionization
with Vei »  Ven-

The first regime is realized at an insufficiently high intensity of radiation. Main 
features of this regime in aluminum vapor at G =  107 W /cm2 are illustrated by 
the temporal dependences of excited-state densities of a neutral atom (Fig. 6a), the 
electron density (Fig. 6 b), and the temperatures of electrons and ions (Fig. 6 c). The 
same dependences for copper vapor radiated at the intensity G = 108 W /cm2 are 
given in Fig. 7a-c.

Let us consider the general pattern of the processes. At the onset, the evaporated 
substance is in the local-thermodynamic-equilibrium state and has the temperature 
Tq and the density po. and the corresponding concentrations of electrons Nc and 
excited states Nj. The electrons gain energy of the laser radiation field in electron- 
neutral collisions, but the process is slow because of low intensity G. At the begin
ning, till t % 10-8 s there are no visible changes in the densities and temperatures 
shown in Figs. 6 and 7. Then, during the time period determined by the values A J { 
(At between about 10-8 and 10-7 s), the intensive radiation decay of the excited 
states occurs. For the Al vapor, densities of the lower most populated states decrease 
by 2-3 orders of magnitude, and for the Cu vapor by an order of 1 to 1.5. As the 
densities of excited states decrease, it becomes easier for electrons to gain energy. 
The temperature of electrons in the aluminum vapor rises from 0.2 to 0.24 eV. For 
the copper vapor the temperature increases from 0.2 to 0.276 eV because energy 
losses in elastic collisions are lower. For the temperatures reached, processes of
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Nc, cm 3 Te, 7g, eV

c

Fig.6a-c. Aluminum vapor at С =  107 W /cm2. a Populations of ground and excited levels 
of neutral atom. Initial density of vapor =  6 ■ 10l8 cm~3 and initial temperature of vapor 
Tq =  0.2 eV. The curves are numbered according to the numbering of excited levels in Table I. 
b Electron concentration in A1 vapor predicted by the collision-radiation model (solid line) and 
electron concentrations calculated from the Saha equations for temperatures Te and Tg (dashed 

lines), c Temperatures of electrons 7'e and heavy particles Tg
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Fig. 7 a-c. Copper vapor at G =  10s W /cm2, a Populations of ground and excited levels of neutral 
atom. Initial density of vapor TVq =  8 • 1017 cm-2  and initial temperature of vapor 7y =  0.2 eV. 
The curves are numbered according to the numbering of Table 2. b Electron concentration in Cu 
vapor predicted by the collision-radiation model (solid line) and electron concentrations calculated 
from the Saha equations for temperatures 7'e and Tg (dashed lines), c Temperatures of electrons

7'e and heavy particles To

spontaneous decay are equilibrated by collisional processes, see plateaus in Figs. 6 
and 7 at At between about 10-6 and 10-3 s. Let us point out that during this period 
the contribution of ionization is minimal and Ne remains practically unchanged. By
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the time moment t % 10-1 s the triple-recombination process becomes dominant, 
which manifests itself in an Ne decrease and increases of Nj and Te.

The energy balance of heavy particles (atoms and ions) remains practically the 
same and the thermodynamic equilibrium is violated in both substances since Tq > 
Tg. The increase of the temperature Te results in a mutual compensation of excitation 
and deexcitation reactions. The balance of these reactions, however, is achieved when 
the values of the excited-state densities are one or two orders smaller than the initial 
ones (Figs. 6a and 7 a).

In the aluminum vapor the recombination proceeds more intensively, which is 
demonstrated by a significant decrease of Ne(t) (Fig. 6b) and a further growth of 
the temperature Te (Fig. 6c) under the influence of the released energy. Increasing 
electron temperature not only restricts the recombination but causes excited states 
to be intensively populated and, hence, the avalanche ionization to be intensified 
(Fig. 6b). Owing to higher values of Te and G, the influence of the recombination in 
the copper vapor is not equally noticeable and it plays mainly an equalizing role in 
the avalanche ionization processes. In the dependences given in Fig. 7 b and c, this 
is revealed as the fast growth of Ne and the reduction of Te.

At the second stage, the temperatures Te and Tg gradually become equalized. Upon 
reaching the thermodynamic equilibrium, the system as a whole attains a stationary 
state at which all the processes appear to be mutually balanced, the laser action 
being compensated by a spontaneous radiative decay of excited states. In full-scale 
experiments this effect can be revealed as a rather powerful radiation flux, which is 
sometimes erroneously identified as a laser plasma. Mathematical modeling shows 
that, if spontaneous transitions are not taken into consideration, Amj = 0, the system 
(5)—(11) has no stationary solutions at the intensity range considered. Comparison 
of the obtained equilibrium concentrations of electrons Ne (Figs. 6b and 7b) and 
excited particles (Figs. 6a and 7a) shows that they differ significantly from the 
values derived from the Saha-Boltzmann equations (14)—(16). Calculations show 
that these differences may be of one or two orders of magnitude, depending on the 
intensity and duration of laser radiation.

Thus, laser action regimes with intensities insufficient for optical breakdown are 
represented by a complicated pattern of nonequilibrium interconnected processes 
which are eventually responsible for the optical properties and radiative capability 
of a partially ionized vapor. Although, if the laser action is long enough, the system 
reaches the thermodynamic equilibrium, but its parameters do not coincide with 
the Saha-Boltzmann ones because of a powerful spontaneous radiation. Thereby 
the Saha-Boltzmann description turns out to be inadequate to describe the optical 
properties of the laser plume.

As the laser intensity G increases, so do the values of Ne, TV/",, Te, Tg, and vej. The 
relation between the frequencies ven and vej remains the same (ven vej) approxi
mately up to G ~  107 W/cm2 in the aluminum vapor (Fig. 8) and G ~  109W /cm2 
in the copper vapor (Fig. 9). At a sufficiently high intensity (3 • 107 W /cm2 for the A1 
vapor, 2 • 109 W /cm2 for the Cu vapor) the density of charged particles becomes so
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vei ’ ven i S

Fig. 8a, b. Frequencies of electron-neutral uen and electron-ion uej collisions in Al vapor calcu
lated at initial density /Vq =  6 • 1018cm- 3 , initial temperature Го =  0.2eV and the following 
values of laser radiation intensity G: a 1 106 W/cm2, 2 3 - 106 W /cm2, 3 5 - 106 W/cm 2.4 107 W / 
cm2, 5 2 • 107 W /cm2; b 1 3 • 107 W /cm2, 2 5 ■ 107 W /cm2, 3 108 W /cm2, 4 5 - 108 W /cm2.

5 1()9 W /cm2
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Fig. 9a, b. Frequencies of electron-neutral uen and electron-ion vej collisions in Cu vapor calcu
lated at initial density N® =  8.3 • 1017 cm- 3 , initial temperature Tq = 0.2 eV and the following 
values of laser radiation intensity G: a /  106 W /cm2, 2 3- 106 W /cm2, 3 107 W /cm2, 4 108 W/  
cm2, 5 3 • 108 W /cm2, 6 5 ■ 108 W /cm2, 77 - 108 W / c n r ;b /2 -  109 W /cm2, 2 5 • 109 W /cm2,

3 1010 W /cm2
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high that the frequency of Coulomb collisions becomes comparable with and then 
quickly exceeds that of electron-neutral collisions (vei > uen) (Figs. 8b and 9b).

4.2 Optical breakdown

Temporal dependences of the temperatures Te and Tg and the electron concentration 
Ne calculated at the intensities G = 108 W /cm2 for A1 and G = 5 ■ 109 W/cm2 for 
Cu are presented in Figs. 10-12.

Let us define two threshold values of intensity as the lower and higher thresholds 
of breakdown. The lower breakdown threshold is the value of the radiation intensity 
at which collision frequencies become approximately equal, vej % ven- The action 
duration in this case is not restricted beforehand. In other words, the lower breakdown 
threshold presents a minimum possible value of the intensity that, however, can 
induce the electron-ionic avalanche development. But the time necessary for the 
avalanche to develop can turn out to be unrealistically long as compared to the 
actual laser pulse duration. Therefore, the notion of a higher breakdown threshold 
is introduced as the minimum radiation intensity that will induce the avalanche at a 
specified and fixed pulse duration.

The avalanche development of optical breakdown is characterized by the domi
nation of electron excitation and the step-by-step ionization of a neutral atom. With 
this taken into account, the dynamics of optical breakdown can conventionally be 
divided into two stages. At the beginning of the first stage, the electrons rapidly gain 
energy in the laser radiation field, colliding mainly with neutral atoms, vej <<c ven. 
The energy exchange between the electron subsystem and heavy particles is slow 
because of the great difference between the mass of the electron m and that of the 
atom M, m /M  being in the range of 10-4 to 10-5 . Therefore the electron tempera
ture Tc at this stage is much higher than the vapor temperature To (Fig. 10). At this 
stage nearly all the electron energy is expended to fill the excited levels. Ionization 
losses are not great because of the low rate of ionization limited by the electron 
temperature Te <£ 1 eV. As long as the relation ven ;§> uCi is fulfilled, the electron 
temperature does not change because the acquisition of energy by electrons is com
pensated by excitation losses. As the density of excited states and charged particles 
increases, so does the frequency of Coulomb collisions. This is the slowest stage of 
the avalanche ionization process. Once the value ve; becomes compatible with the 
frequency of electron-neutral collisions, the electron temperature begins to grow 
rapidly. The avalanche ionization enters the fast stage at which the charged-particle 
concentrations increase by several orders of magnitude (Fig. 11) and as a result the 
energy exchange between the subsystems is accelerated.

Another peculiarity of the temperature evolution is the behavior of Te after the 
avalanche ionization has been completed: if the intensity is not very high (G < 
3 • 108 W /cm2 for Al), the temperature becomes stationary. At such an intensity the 
maximum electron temperature can be as high as about 3 eV, which is sufficient for
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Fig. 10. Temperatures of electrons Y'e and heavy particles Tg calculated in A1 vapor at the laser 
radiation intensity C =  10s W/crn2 (a) and G = 5 • 109 W /cm2 (b)

the total ionization of neutral atoms and single- or twice-ionized particles. At higher 
intensities, due to a limited number of ions taken into account by the model, the 
temperature can rise indefinitely.
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Ne, cm 3 Ne, cm 3

Fig. 11. Electron concentration in vapors predicted by the collision-radiation model (solid line) 
and electron concentrations calculated from the Saha equations for temperatures Tc and Tg (dashed 

lines), a Aluminum (G =  108 W /cm2), b copper (G =  5 ■ 109 W /cm2)

Fig. 12. Populations of electron levels (V®(t) of the neutral A1 atom under the action of laser 
radiation with the intensity G =  108 W /cm2

The evolutions of the electron concentration Ne in the A1 vapor at the laser radia
tion intensity G = 108 W/cm2 and in the Cu vapor at G =  5 • 109 W/cm2 are shown 
in Fig. 11. For both substances the temporal dependences of the concentrations of 
electrons and ions calculated by the kinetic model are compared with the values 
found for the two temperatures 7’e and Tg from the Saha equations. The comparison 
shows that the curves determined by the kinetic model lie between two equilibrium 
curves N^aha(Tc) and (V|aha(rg) at Tc Ф Tg and completely coincide when the 
temperatures become equal Te ~  Tg.
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Thus, the comparison of the curves Ne(t) = N^iha(Te), and
ÂeSaha(7’g) points to a strongly nonequilibrium avalanche ionization which is due 
to the difference between the temperatures of the two subsystems. In the optical- 
breakdown regime the radiation transitions are of little significance, since the fre
quency of Coulomb collisions uei appears to be much higher than that of electron- 
neutral collisions vei 2> r’en and that of the spontaneous decay of excited states 
vei Azmj. Therefore, once the system reaches the thermodynamic equilibrium, 
the plasma charge composition coincides completely with the Saha-Boltzmann dis
tribution.

The evolution of excited-level concentrations of a neutral atom in the A1 vapor 
irradiated with an intensity exceeding the threshold one is shown in Fig. 12. At Г ~  
10—8 s one can observe the intensive spontaneous radiative decay of the excited states 
of the atom, due to which the concentration of atoms in excited states diminishes 
and that of the atoms in the ground state grows. This can be observed in Fig. 12 in the 
form of a trough in the values of excited-state populations. Later on, as the electron 
temperature Tc rises, excitation and deexcitation by electron impacts start to play 
an important role. The populations start to increase gradually before the moment of 
optical breakdown and then rise sharply and approach steady-state values.

Calculations show that the threshold intensities of optical breakdown for the A1 
and Cu vapors differ by about two orders and are equal to Go =  3 • 107 W /cm2 
for A1 and Go =  2 • 109 W /cm2 for Cu. On the other hand, the optical-breakdown 
durations for A1 and Cu for near-threshold radiation intensities and an unlimited 
laser pulse duration are comparable and equal to to — 3 • 10-2 s and to — 10-2 s, 
respectively. These facts can be explained by special features of the electron shell 
configurations and by different ionization potentials of the neutral A1 and Cu atoms, 
which will be considered below.

4.3 Influence of electron shell structure and ionization potential on threshold 
values of radiation intensity and duration

To estimate the influence of the electronic configuration and the ionization potential 
of a neutral atom on the principal characteristics of the optical breakdown let us 
perform a computational experiment, where the value of the neutral A1 atom ioniza
tion potential У9 =  5.98 eV will be raised up to that of the Cu atom J® =  7.7 eV. 
Conversely, the Cu atom ionization potential will be lowered down to the value of 
the A1 atom one. The increase in the ionization potential У9(Al) is accompanied by 
a growth of the intensity threshold values (Fig. 13a), and at 7q(A1) =  7.7eV the 
value of Go reaches 4 ■ 108 W/cm2. This is approximately 5 times lower than the 
intensity required for the Cu vapor breakdown under the same conditions. Hence, 
at the same values of the ionization potentials 7q(A1) =  Jq (Cu) = 7 .7eV the 
intensity threshold values remain essentially different. This is connected with the 
particular electron configurations of the atoms. This conclusion is confirmed by
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Fig. 13. Dependences Gq(Jq ) of the laser radiation intensity threshold values (a) and 1q(Jq ) of 
the breakdown time values (b) on the ionization potential of the A1 neutral atom calculated without 

quasicontinuum being taken into account (solid line) and with quasicontinuum (dashed line)

simulation of breakdown in the Cu vapor when the ionization potential Уд (Си) is 
lowered to 7q (Al). At Jq (Cu) =  5.9 eV the threshold values of Gо are found to be 
4 times higher than those for the A1 vapor. The breakdown duration decreases as the 
ioinization potential Jq increases (Fig. 13 b) because of the higher threshold values 
of the intensity.

Influence of the resonance level position

As noted above, the electron shells of the A1 and Cu atoms have significant differ
ences. First of all, in the A1 atom, whose ionization potential is about 1.7 eV lower 
than that of the Cu atom, the resonance level is approximately twice as high as the 
first excited state in the Cu atom. Moreover, the resonance level in the Cu atom is 
metastable, i.e., the optical transition from this state to the ground state is forbidden.

In order to study the dependences of the main characteristics of the optical break
down on the position of the resonance level in the A1 atom, we shall use a simplified 
scheme of the electron structure of the atom. The vapor will be considered as an 
ideal two-level monatomic gas, in which particles can be only at one of the three 
states: the ground state with the concentration NЦ, the first excited state (7V{’), and 
the single-charged state (/Vq =  Ne). Furthermore, in the mathematical model under 
consideration we shall vary the resonance level excitation energy from 0 to
the values corresponding to the atom ionization potential 7° and also vary the 
quantity itself. Then the threshold intensity values Co and the avalanche duration to 
are determined from the simplified version of the system (5)—(11).
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Fig. 14. Dependence Go(A £ q| ) of the laser radiation intensity threshold values versus excitation 
energy of the A1 neutral atom resonance level; A £ qi (Al) =  3.14eV

Figure 14 represents the dependence of the threshold intensity Go on the resonance 
level excitation energy of the neutral A1 atom at two initial temperatures of the vapor. 
When the resonance level position is shifted from its real position A £ q,(A1) =  
3.14eV towards the ionized continuum АЕщ -»• Jy, the threshold intensity values 
are decreased by about three orders. The shift towards the ground state A £ q,
0 results in a rapid growth of the threshold intensity values. Depending on the 
initial temperature the maximum increase is about three orders for To — 0.3 eV 
and about five orders for To =  0.2 eV. The maximum values of Go are observed 
at the excitation energy AEyt =  0.1 eV. When the ground and resonance levels 
are brought closer together, the threshold intensity decreases sharply. To explain the 
observed relation between the resonance level excitation energy and the threshold 
intensity of optical breakdown, let us analyze the electron energy variation due to 
the electron excitation and deexcitation as well as ionization and recombination 
reactions at laser radiation intensities in the vicinity of the threshold intensity Go-

Figure 15 gives the values of Qy f  (12) electron energy variation due to electron 
excitation and deexcitation reactions of resonance level for the A1 vapor in the case 
when the laser radiation intensity G =  Go — SG, where SG is small as compared 
to Go (SG/Gq ~  0.01). As noted above, in this case after a certain time the system 
comes to equilibrium with the external laser radiation and all the processes become 
steady. Since the electron-ion avalanche does not develop under such conditions, 
energy losses of electrons due to ionization of atoms are negligible. Most losses of 
the electron energy are connected with the electron excitation of the atom resonance 
state.

As has been noted, the principal difference of the electron shell structure of the Cu 
atom from that of the A1 atom is that the resonance state in copper is metastable and 
the probability of radiative decay of this state into the ground state is small. Besides,
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Fig. 15. Dependence characterized the electron component energy losses due to
reactions of excitation and deexcitation of the resonance level of the Al neutral atom

the probability of the formation of an atom in the resonance state by collision of a Cu 
atom in the ground state with an electron is much smaller than that of the formation 
of an atom in the second excited state. Also the transition of the Cu atom into the 
metastable resonance state is favored not only by collision transitions but also by 
spontaneous radiative decay of the second excited state. Thus, in the Cu vapor the 
values of the threshold radiation intensity Go and the breakdown time to are both 
dependent on the energy of the resonance level AE^, and the second level Д е Ц2 .

In order to determine what level has a greater effect on the Gо and to values, two 
series of calculations are performed on the model with only two excited levels being 
taken into account: in the first series the excitation energy of the second level A £ q2 
is fixed and the excitation energy of the metastable resonance state A £ q, is varied; 
in the second series the energy A Eqj is fixed and the energy A is varied. The 
calculation results are given in Fig. 16. It can be seen that the excitation energy of 
the metastable state exerts a weak influence on the threshold intensity Go, whereas 
the energy of the second excited state (with the optical transition from this state 
to the ground one being permitted) exerts a stronger effect on the value of Go- In 
addition, the behavior of the dependence Go(A £ q2) coincides qualitatively with a 
similar dependence GotAE^)  for the Al vapor (Fig. 14).

The results obtained indicate that in order to initiate the optical breakdown in the 
vapor of a metal whose atoms have electron levels with small excitation energies, it 
is necessary to use a laser radiation with a higher intensity than that used to initiate 
the breakdown of atoms with excited state being positioned at higher energies. The 
presence of metastable levels also makes a contribution to the optical-breakdown 
dynamics.

Now we shall analyze the variation in the breakdown duration fo(A£°) versus
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Fig. 16. Dependence Со(ЛЕ^т ), m =  1,2, of the laser radiation intensity threshold values on 
the excitation energies of the 1st and 2nd excitation levels of the Cu neutral atom

the excitation energy of the resonance electron state of the neutral atoms of A1 
and Cu. These dependences calculated at the threshold laser radiation intensity 
G = Go (A S0) are presented in Fig. 17a for the Cu vapor and in Fig. 17b for the A1 
vapor. To understand the reasons for the difference in the breakdown durations for 
different excitation energies of the resonance state of a neutral atom, it is necessary 
to analyze the dynamics of the development of the electron-ion avalanche from the 
beginning of the laser action on the metal vapor.

As shown above (Fig. 15), at small resonance state excitation energies A at 
the stage preceding the emergence the electron-ion avalanche, the major fraction 
of the electron energy is spent to excite the resonance state. As a consequence, the 
resonance level is rapidly populated. The ionization rate of this level is low because 
of the high ionization energy Jj0 =  — A £qi • Due to the latter circumstance the
electron-ion avalanche develops slowly. With increasing A E ^ the resonance level 
is populated not so intensively as in the case of small AEq| , electron energy losses 
due to excitation diminish, but the ionization rate grows. In this connection the time 
taken for the avalanche to develop is decreased and reaches the minimum value 
at A £° ~  Jq/2  (Fig. 17). As A £ () grows above J®/2, the small resonance state 
excitation rate begins to decelerate significantly the population process, which leads 
to decelerating the electron-ion avalanche development regardless of the fact that the 
ionization rate of this state grows rapidly. As a result of the mutual action of these 
two processes the breakdown durations for the A1 and Cu vapors are increasing as 
the excited state approaches the ionization continuum. When the initial temperature 
of the vapor increases up to Tq =  0.3 eV, the dependence to(AE°) does not vary 
qualitatively. The excitation energy of the metastable electron level of the Cu atom 
has only a weak influence on the duration of optical breakdown (Fig. 17 a).
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Fig. 17. Dependence of the breakdown time on the excitation energies of the resonance states of 
Cu (a) and A1 (b) neutral atoms, a tg(AE[]m), m =  1.2, for the 1st and 2nd excitation levels of
the Cu neutral atom, b ) for different initial temperatures (solid lines) and with allowance

for higher-excited states (dashed line)

Influence of higher-excited states

The behavior of Gg{ A  £°) and tg(AE°) is changed if other excited states of neutral 
atom, beside the resonance one, are also taken into account. Calculations for the A1 
vapor on the basis of the model with 10 excited states of the neutral atom taken into 
account show that in this case the step-by-step ionization of excited states exerts a 
considerable influence on the formation of the electron-ion avalanche, decreasing 
the duration of ionization by several orders (Fig. 17 b, the resonance level excitation
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energy A^oi varies from 0 to A f^ fA l)). In addition, the minimum of the break
down period ?o(A £q| ) is shifted from the A £ q| ~  Jq/1  point towards lower values 
and occurs at A £ qj ~  1 eV. Also it should be pointed out that when higher-excited 
states are included into the model, this leads to an increase of the threshold values 
of the laser radiation intensity Go-

The result obtained indicates that higher-excited states have a significant effect on 
the duration of optical breakdown and the threshold radiation intensity and should 
be taken into account when developing the collision-radiation model.

Highly excited states m > M z can be included into the model by means of the 
quasicontinuum approximation. The influence of the quasicontinuum is noticeable 
for the calculations of the threshold values of optical breakdown and the steady-state 
values of charged-particle densities in the laser plasma. So far the influence of the 
quasicontinuum on the optical-breakdown dynamics has not been clarified. It is com
monly assumed that the role of the quasicontinuum is negligible because the ion dis
tribution in the course of optical breakdown is much lower than the equilibrium one.

The influence of the quasicontinuum on the characteristics of the optical break
down is similar to that of the introduction of additional excited states into the 
collision-radiation model. Figure 13a and b represents the Go(Jq) and de
pendences of the threshold radiation intensity and the optical-breakdown duration 
on the ionization potential of the neutral atom. Calculations were performed for the 
A1 vapor by the model with 10 excited levels with and without taking the quasi
continuum into account. The introduction of the quasicontinuum raises the intensity 
threshold values Go by about 2 times and decreases the avalanche duration to by
2.5 times. As the ionization potential increases up to 7.7 eV, the influence of the 
quasicontinuum is diminished (Fig. 13). This is connected with the fact that the 
calculations are carried out with a constant number of excited states and, when the 
value of (Al) is increased, a noticeable energy gap is formed between the last 
excited level and the ionization continuum. The results obtained indicate that in the 
optical-breakdown simulation the number of levels to be taken into account must be 
larger than (or equal to) 10. The influence of higher levels can be taken into account 
by the quasicontinuum model.

Also the quasicontinuum approximation significantly influences the laser plasma 
parameters when the system approaches its steady state. The calculations performed 
show that the quasicontinuum has only a weak influence on the results while the 
plasma is in the overheated and ionizationally nonequilibrium state and the popula
tions of the excited levels are much smaller than the ones defined from the Boltzmann 
distribution. But the role of the quasicontinuum increases as the system approaches 
its equilibrium state. In this case the calculated values of concentrations are much 
different (by factors of 2-A) from the equilibrium distribution if the quasicontinuum 
is not taken into account.
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Let us consider the influence of two quantities, namely, the initial temperature 
Tt {t)|/=o =  Tg(t)\,=Q =  To and the laser action duration r  on the parameters 
of the optical breakdown (Fig. 18).

As the initial temperature Tq grows, the vapor ionization enhances the initial 
concentrations of charged particles and, hence, the frequency vei increases. In this 
way the relation uei ven is achieved at considerably lower values of the threshold 
intensity G. As the initial vapor temperature 7o rises from 0.2 eV to 0.4 eV, the 
value of the lower breakdown threshold becomes 2-10 times smaller.

At temperature 7o > 0.4 eV the initial frequency of Coulomb collisions is found 
to be higher than the frequency of electron-neutral collisions vcj > vcn, be., from the 
very beginning the evaporated substance is already in the plasma state. To establish a 
new equilibrium state in such situations, much shorter times and smaller intensities 
are required. Depending on the intensity applied, the breakdown duration at Го =  
0.4 eV is shifted from the millisecond range to the micro- or nanosecond range.

Thus, the upper threshold values can be determined by the curves of Fig. 18. It 
should be noted that while the initial temperature To increases, the predicted val
ues of threshold intensities become closer to the experimental data [2, 11]. This 
demonstrates that, on the one hand, the kinetic models considered are applicable for 
the micro-level process description and, on the other hand, determine the direction 
of further analysis for physical processes that should be taken into account in more 
complex and completed models. Among the factors that can induce significant eleva
tion of the evaporated-matter temperature are the energy release rate and conditions 
of gas-dynamic expansion under the presence of the external atmosphere.

4.4 Influence of initial temperature and irradiation duration

Breakdown time to for Al, s

Intensity, C , 109 W /cm 2 

a

Fig. 18. Dependence to(Gq) of breakdown t 
for the different values of

Breakdown time to for Cu, s

b

for Al (a) and Cu (b) on laser radiation intensity 
initial temperature of vapor Tq
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5 Conclusion

The interaction of laser radiation and evaporated substance involves a number of 
highly nonequilibrium processes. The nonequilibrium of the processes is determined 
by fast absorption of the radiation energy in the electronic subsystem and the slow 
energy exchange between the subsystems. Depending on the duration and intensity 
of the radiation, the micro-level processes can proceed in two qualitatively different 
regimes: the prebreakdown regime and the optical-breakdown regime.

The prebreakdown regime is characterized by the violation of the equilibrium 
between the matter and the radiation. This leads to a deviation of the charge compo
sition of the partially ionized gas from the Saha-Boltzmann distribution and indi
cates that it is unjustified to use equilibrium approaches for the determination of the 
optical vapor properties playing an important role in laser welding and some other 
applications. As a result of the optical breakdown, the evaporated substance passes 
to the near-equilibrium plasma state. The radiative transitions lose their importance 
because of the total domination of the collisional reactions. The charge composition 
can be determined from the equilibrium Saha equations.

The studies performed allow us to determine that it is the electronic shell structure 
of the matter that plays a determining role in the avalanche development, while the 
influence of ionization potentials is less significant. A comparative analysis of the 
optical breakdown in the A1 and Cu vapors shows that atoms with lowly positioned 
excited states (Cu) have higher threshold values of radiation intensity. For example, 
Gthres for the Cu vapor is approximately by one order of magnitude higher than 
that for the A1 vapor. In atoms with highly positioned levels of electronic excitation 
the optical breakdown proceeds at a lower radiation intensity, but the avalanche 
development duration is several times longer.

A detailed analysis of the optical-breakdown kinetics in aluminum and copper 
vapors shows that kinetic models for metal atoms should include not less than 10 
excited states. The influence of higher excited states can be effectively accounted 
for by the quasicontinuum approximation. This statement is quite general and is 
exceedingly important for the correct description of the level population and the 
ionization kinetics in nonequilibrium radiative-gas dynamics problems.

The modeling performed for main features of the optical breakdown in aluminum 
and copper vapors confirms the threshold nature of this phenomenon and reveals 
its dependence on the intensity and the duration of the laser pulse and the medium 
temperature. Computations with varying initial temperatures show a good qualitative 
agreement with experimental data. However, quantitative coincidence should be 
expected if the target and the gas-dynamic phenomenon models will be taken into 
account.
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