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Abstract
Gas-dynamical expansion and radiation transfer of A1 vapour breakdown 
plasma induced by nanosecond laser action with an intensity of 
109—2 x 1010 W cm"2 at the wavelengths of 1.06, 0.512, and 0.248 jtm are 
modelled. Plasma evolution is described in the approximation of 
non-stationary radiative gas dynamics in the two-dimensional axially 
symmetrical formulation. Radiation transfer is found to exert a considerable 
effect on the evolution of the laser plasma. As the intensity increases, the 
radiative energy losses also increase, reaching 60% at 2 x Ю10 W cm-2, and 
cause the plasma temperature to be reduced proportionally. The energy 
escapes mainly through the side and, to a smaller extent, the frontal 
boundaries, the amount of energy escaping in the direction of the target 
being negligible. The dependence of plasma processes on the laser 
wavelength is due to specific features of the absorption mechanisms and the 
photo-absorption contribution under the action of visible and ultraviolet 
ranges of radiation. The spectral composition of the escaping radiation 
differs considerably from that of the equilibrium spectrum and is typical of 
plasma with a variable optical density. It is possible to take into account the 
influence of radiation on the plasma characteristics by solving the equation 
of radiation transfer in the multi-group approximation with several tens of 
spectral intervals. If the maximum available number of groups is used for 
selected spectrum intervals, the computational results can be compared to 
the experimental data of plasma emission.

1. Introduction

The action of focused laser radiation of sufficiently high 
intensity on a target causes its heating, melting and evaporation 
as well as the breakdown in a layer of evaporated matter and 
the formation of plasma LI-6]. The main characteristics of 
laser plasma (temperature, density, geometrical parameters, 
and optical thickness) vary significantly depending on the 
irradiation regime, first of all on intensity, pulse duration and 
radiation wavelength. The development of new types of lasers 
and laser-plasma techniques [7] have stimulated research in 
this field in recent years.

Studying the processes of radiation transfer is one of 
the most interesting and complex problems connected with 
describing the behaviour of laser plasma. As shown in [8], 
at temperatures not exceeding a few tens of eV and not too 
low plasma densities, the energy and pressure of the radiation 
are small compared to those of the matter. The effect of 
radiation on the energy balance and evolution of plasma is 
manifested in radiative energy losses. In addition, the intensity 
and spectral composition of escaping radiation can provide 
important information about plasma parameters [9-12].

Detailed studies of radiation transfer in plasma of ablation 
products under the action of laser irradiation in the milli- and
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microsecond range was carried out in 14, 13-18]. In particular, 
it was shown in 113, 14] that radiation energy transfer plays 
a dominant role in the evolution of an Al vapour plasma 
under the action of microsecond laser pulses with an intensity 
of 10s— 10y W cm "2, and radiative energy losses are 30—40% 
of the laser energy absorbed in the plasma. Also, it 
was established that radiative losses increase as the laser 
wavelength increases due to the higher temperature of the 
plasma [13,16]. and are reduced with a decrease in beam 
radius [ 16] due to the smaller thickness and effective emissivity 
of the plasma layer [18]. Plasma radiation transfer for the 
nanosecond duration case has been studied less extensively 
119-22]. It was established in [19] that under the action of 
an ultraviolet (UV) laser with a pulse duration of 30 ns and 
radiation intensity of up to 109 W cm-2 the radiative energy 
losses of the plasma are as high as 35%. On the other 
hand, the authors of [23], investigating the plasma cloud 
structure under the action of UV radiation (the KrF laser) 
with an intensity of 108-109 Wcm"2, established that the 
plasma expansion is spherical and after the pulse termination 
is well described by the Sedov theory of shock waves that 
does not account for radiative losses. In [20] expansion 
and radiation transfer in the air plasma were investigated 
within the problem of laser shock processing (LSP) under 
the action of radiation pulses of 1.06 and 0.353 /tm and 
an intensity of 4-17 GW cm-2 . In [21] radiation losses of 
the stationary plasma are estimated and the problems of 
inverse bremsstrahlung absorption and heating of the plasma 
are discussed. In [22] the coefficients of transmission and 
scattering are determined experimentally for a plasma layer 
under the action of the eximer laser with an energy density 
of 1-5 Jem 2 on an Ni target, the energy transfer equation is 
solved numerically, which leads to conclusions as to the values 
of the plasma absorption coefficients, the scattering function 
and typical sizes of scattering centres.

Calculation of plasma radiation transfer involves 
considerable difficulties because the presence of a large 
number of elementary radiation processes and a complex 
charge composition lead to a strong dependence of radiation 
characteristics on the radiation frequency [8,24-27]. The 
most serious computational difficulties are encountered when 
considering bond-bond transitions producing spectral lines. 
Therefore, to calculate the radiation field, approximate 
methods are employed that allow the spectrum integral 
characteristics—transmission, total radiation flux, radiative 
losses—to be determined with the required accuracy [8,28]. 
In particular, to investigate plasma of variable optical density 
the multi-group approximation is widely applied. Within 
this approximation the whole frequency range in divided 
into several intervals (groups) and the average absorption 
coefficient is calculated for each group using, for example, the 
Planck or Rosseland averaging techniques. With this approach, 
the researcher has to solve a rather complicated question of 
how to divide the spectrum into groups and, particularly, how 
many spectral groups there should be. In the limiting case of 
one spectral group, the method is reduced to the known ‘grey 
gas’ approximation [8,19]. In [4, 15] the radiation transfer 
is calculated using three spectral groups. In [17] six groups 
are used to approximate the absorption coefficient of air. In 
[29|, to investigate x-ray radiation induced by laser plasma,

the calculation involved 250 groups chosen on account of 
the special features of the continuous spectrum and the most 
prominent lines.

The correct calculation of the absorption coefficient 
for laser radiation is of great importance in modelling the 
interaction of laser radiation with plasma. In the IR frequency 
range (10.6, 1.06 д т )  the interaction of laser radiation with 
metal vapour is quite well described by the bremsstrahlung 
absorption coefficient [19,20,30-32]. In [33,34] to analyse 
the interaction of plasma with laser radiation the transmission 
coefficient was measured and then used to estimate the 
attenuation (extinction) coefficient. It was established 
that under the laser action at the wavelength X > 420 nm 
the attenuation occurs due to the inverse bremsstrahlung 
absorption. For smaller wavelengths (in particular, for 
the KrF laser, X =  0.248 nm), this approach leads to 
strongly underestimated values, which implies the presence 
of other absorption mechanisms. In [35,36] the contribution 
of bond-free photo-transitions involving a laser quantum 
(photo-ionization) was taken into account. In [37] the 
collision-radiation model was applied to analyse the influence 
of photo-ionization and photo-excitation at the stage of laser 
plasma formation (optical breakdown) and it was shown that 
their contribution to absorption is dominant under the action 
of a UV laser. In [38] the absorption mechanisms of IR 
and UV laser radiation in erosion plasma are discussed, and 
the dominant role of photo-ionization in UV radiation/plasma 
interaction is underlined.

The main purpose of this study is to investigate the 
radiation transfer in Al vapour plasma in vacuum, induced 
by nanosecond laser irradiation with an intensity of 109-  
2 x 1010 W cm-2 and wavelengths of 1.06,0.512 and 0.248 д т .  
Particular attention will be paid to the following: the effect 
of radiation on the principal characteristics of the plasma; 
the spatial distribution and spectral composition of the 
radiation flux escaping from the plasma; variation of the 
radiation contribution with decreasing wavelength; the effect 
of increasing the number of spectral groups on the accuracy 
of the multi-group approximation. Section 2 of this paper 
outlines the two-dimensional radiative gas dynamics (RGD) 
model and presents a detailed discussion of specific features of 
the absorption coefficients for the given plasma parameters and 
laser wavelength. Section 3 presents general characteristics 
of the process, the initial conditions are discussed, radiative 
losses are estimated, and the influence of the wavelength 
and the spectral peculiarities of the escaping radiation are 
studied. Discussion of the basic assumptions of the model 
and comparison with the experimental results are included in 
section 4. The main results of the work are summarized in the 
conclusion.

2. Formulation of the problem

The action on the target of the laser radiation of the range under 
consideration causes a rapid heating, melting and evaporation 
of the surface layer [5]. Interaction with the radiation leads 
to the breakdown of initially transparent vapour, the plasma 
produced starts absorbing the laser radiation and as a result 
the radiation has no access to the surface. Thus, the processes 
of evaporation, the breakdown on the one side and subsequent
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evolution of the plasma appear to be separated to some extent. 
In this case the plasma can be investigated within the RGD 
approach by assuming that just above the target surface, at 
the initial instant of time, there is a motionless thin layer of 
plasma with the temperature T — Tjlot and density p — pi1(1, 
117,20,39].

2.1. System of equations and boundary conditions

The problem has axial symmetry and is solved in the cylindrical 
coordinate system introduced in the region above the target 
(figure 1). The г-axis coincides with the laser beam axis and 
is directed along the outer normal to the target surface. The 
plasma evolution is described with the following assumptions: 
(i) the plasma is an absorbing medium; (ii) the plasma 
is in the state of local thermo-dynamical equilibrium and 
satisfies the quasi-neutrality condition; (iii) evolution of the 
plasma is described in the approximation of a non-viscous 
non-thermo-conducting gas.

The plasma evolution is described by the complete system 
of equations for RGD supplemented by the laser radiation 
transfer equation and two equations of state [20,39]:
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Here, t is the time, r and г the spatial coordinates, p the density, 
и and v  the velocity vector components, p the pressure, ш the 
artificial viscosity, e the specific internal energy, qr and q- the

Figure 1. Problem set-up.

coordinates of the radiation flux vector, £2 the unit vector of 
the direction of the photon, v the frequency, /,, and /(,,, the 
spectral intensities of the plasma radiation and the black body 
radiation, respectively, kv and к the absorption coefficients for 
thermal radiation and the laser radiation, respectively and G the 
laser radiation intensity. The three terms in square brackets in 
the energy balance equation (4) describe the work of pressure, 
the release of the energy of thermal radiation and that of laser 
radiation.

The system of equations is supplemented by the initial and 
boundary conditions:

t =  t{):
it — v  — 0, 0 ^  (r x г) ^  (Lr x L: )
T =  Thm, p =  phot, 0 <  (r x г) ^ (/,- x I-) (9)
T -  7b, P =  Po (/,. x /.) < (r x г) <  (Lr x L-)

r =  0: tt =  0,
dp dv  dP
f -  =  - v  =  г -  =  °, 4 r =  0or or or

(10)
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z =  Lp P =  Po-
cU

P =  Po. U =  и =  0, q. =  -  —  ,

G = Go (13)

where Go denotes the peak intensity of the laser pulse.
The tabular equations of state (7) and (8) calculated using

the quantum-mechanical approach [40] are taken from [41]. 
The data cover the temperature range 0.025-100 e V (17 points) 
and the density range 10_6-1 gem -3 (eight points). The 
detailed consideration of the models for equations of state, 
the discussion of the applicability range and the comparison 
of the results for A1 plasma are presented in [40,42].

The main difficulty in solving the radiation transfer 
equation (5) is that its dimensionality is much greater than that 
of other equations, because the unknown function Iv depends, 
in addition, on the variables £2 and v [8,24,39]. The problem 
can be simplified and the equation’s dimensionality can be 
reduced with the help of the diffusion approximation (DA):

divW,, + ckvUv =  CKy.Ubv
c -  0 4 )
-  grad Uv + kv Wv =  0

in which c is the speed of light and Uv and Ubv are the 
spectral energy density of radiation and equilibrium radiation, 
respectively:

Ubv
8jchv}

<S(exp(/?r>/kT)  — 1)
(15)

The frequency dependence of the functions k v ( v , p, T) 
and Uv(v, p . T )  is taken into account using the multi-group 
approximation: the entire frequency range is divided into a
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finite num ber of intervals (groups), and the values o f <7, Uv, U\,v 
are taken to be independent o f frequency within each group,

v 6 [v* _ |, y*J: qv =  qk, Uy =  Uk,
p  N

Ubk =  I Uhv dv. fumin’ Углах] =  ^  ' [У A — I > УА ]
•'  A-1

( 16)

while the value of kv is averaged using the Planck technique

Q  | KyUbv du
m  гг л 

fyt , Ubv <1у

As a result, the initial equations (14) are transformed into a 
system of N equations independent of the variable v:

di \ q k + скки к =  CKkUhk.

Цк =  grad Uk. q --
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к =  1..........N
N N

Ulr. С/.- ) =  X / / b  U =  J 2  Vk
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The numerical solution of the problem is performed by 
the finite-difference method that is presented in detail in [ 17]. 
The algorithm consists of the main cycle on the time variable, 
and each time step includes three stages: (i) the solution of 
the radiation diffusion equation for each frequency group; 
(ii) the coupled solution of the averaged equation of the 
radiation diffusion and the energy equation; (iii) the solution 
of gas-dynamic equations.

2.2. Plasma absorption coefficient

The main mechanisms of quantum absorption in the plasma 
are connected with the free-free, bond-free (the continuous 
spectrum) and bond-bond (the discrete spectrum) transitions 
[8,43]. Thus, the total absorption coefficient is written in the 
form of the sum

=  J 2 n'ai t { v ) + J 2 nJ(rj k ^ + «v
i jk

where n-,, n denote the populations of the electron levels in 
atoms and ions, ст(ьг, ОдЬ are the absorption cross-sections for 
photo-ionization and photo-excitation, «■'* is the coefficient of 
bremsstrahlung absorption, and the summation is performed 
for all the processes permitted and accounted for in the given 
model. The photo-ionization cross-sections and the initial 
spectroscopic characteristics required for calculations (the 
ionization potentials, the energy levels, the oscillator strengths, 
the level lifetimes and some others) are found by solving the 
equation for the radial wave function of the electrons for all 
atoms and ions within the Hartree-Fock-Slater (HFS) model 
[25,26,44]. In some cases the calculated results are corrected 
using the reference data from the tables given in [45,46]. The 
linear absorption cross-section Стд is represented in the form of 
the product of the transition oscillator strength and the spectral 
line function. The line function is specified as having the Voigt 
shape, accounting for the thermal Doppler effect and electron 
impact broadening determined separately for neutrals and ions 
[25,47]. For the coefficient of bremsstrahlung absorption in

the ion field the following relation can be written [8]:

*«• = _____^ z V  Л  _  exp f  -  -  Y i
'' 3mhc(6jankyi2 \  \  T ) )

(18)
where /ге, n: are the electron concentration and the total 
concentration of ions with charge г (the index c =  0 
corresponds to a neutral atom); Zmax is the maximal ion 
charge accounted for in the model (for Al Zmax =  14), /?, 
m, and e are Planck’s constant, the mass and the charge 
of the electron, respectively. The charge composition of 
the plasma for a given density and temperature is found 
from the condition for collision-radiation equilibrium (CRE) 
[25,48,49]. The collisional processes include electronic 
excitation, de-excitation and ionization, three-particle and 
dielectron recombination, the radiative processes include 
spontaneous radiative transitions between the levels and photo
recombination. At a high density of the plasma and a low 
temperature the results of calculations by the CRE model 
approximately coincide with the Saha-Boltzmann distribution, 
whereas at a low density and a high temperature the calculation 
results correspond to the coronal approximation.

On the diagrams presented in figures 2(a) and (b), several 
of the most prominent lines of the absorption coefficient at

Figure 2. Linear absorption spectrum of Al plasma evaluated at 
(a) T =  2 eV and (b) T =  15 eV.
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Figure 3. Charge composition of A1 plasma evaluated at (a) p = 2.5 x 10 4gcm ■’ (JVn =  5 x I0l8cm 3) and (/;) p =  2.5 x 10 ’ gem 1 
(Nn =  5 x 1019cm-3).

temperatures of 2 and 15eV are shown. At a relatively 
low temperature (figure 2(a)), these are the lines of photo
transitions in a neutral atom and the first ion of Al. At the 
temperature of 15eV (figure 2(b)), the most prominent lines 
are shifted into the short wavelength region and correspond 
to photo-transitions in the third and fourth ions. In order to 
explain the presence of particles with the ionization potentials 
of 120 and 154 e V in the plasma, let us consider how the charge 
composition of the plasma calculated by the CRE model varies 
as its temperature and density vary. In figure 3, the values of 
temperature T =  1, 2, 5, 10, and 15eV are indicated on the 
.r-axis (without complying with the scale). There are groups 
of columns crosshatched differently opposite each temperature 
value. The columns correspond to neutral Nd atoms and the 
N +, N 2+, A 3+, jViv ions. The height of each column is equal to 
the share of the given particles at a given temperature (the sum 
of the shares assigned to all the columns in the group equals 
100%). The results presented in figure 3(a) were obtained at 
the plasma density of 2.5 x IO- 4 gcm -3 . At the temperature of
1 eV the singly charged ions constitute the main share (78%) 
of particles in the plasma. As the temperature rises to 2eV  
the doubly charged ions become dominant, at 5 and 10 eV— 
the third ion, at 15eV—the fourth ion. Such a dependence 
corresponds roughly to the Saha distribution, according to 
which at a low plasma density the ion with the given ionization 
potential J z becomes dominant at a characteristic temperature 
of ~ 0 .1-0.2У: [49]. As the density rises, the plasma ionization 
degree is lowered (figure 3(b)). Thus, at the temperature of
2 eV it is not the second but the first ion that becomes dominant.

2.3. Laser radiation absorption coefficient

At a fixed radiation frequency equal to the laser frequency 
v =  V], the HFS model makes it possible to determine the 
absorption coefficient for laser radiation. Figure 4 represents 
the temperature dependences of the absorption coefficient for 
the wavelengths X =  1.064, 0.512, and 0.248/zm and the 
density p =  2.5 x 10-2 and 2.5 x lO^gcm"-3.

For the region T < lOeV, as the wavelength decreases, 
the behaviour of the absorption coefficient is explained 
by the increasing contribution of photo-absorption. For 
the radiation wavelength X =  0.512 д т  (the quantum 
energy is hv =  2.42 eV), the bond-free transitions from the 
upper excited states of the atom become permitted, which

Figure 4. Absorption coefficients of laser radiation at wavelengths 
Л =  1.064, 0.512 and 0.248 д т ,  determined by the HFS model.

compensates the decrease in the bremsstrahlung effect, and 
the total absorption coefficient roughly coincides with the 
coefficient for X =  1.06/zm. At X =  0.248 p m  the quantum 
energy is hv = 5eV, which is only slightly smaller than 
the ionization potential of 5.98 eV for the Al atom. In this 
case photo-absorption becomes dominant and the value of 
the total coefficient becomes much greater than the value of 
the absorption coefficient for X =  1.06 and 0.532 pm.  In the 
temperature region T > lOeV one can see the inverse cubic 
dependence of the absorption coefficient on the frequency 
and the quadratic dependence on the density. This indicates 
that the absorption coefficient is determined by the inverse 
bremsstrahlung effect. As shown above (figure 3), in the 
T >  lOeV temperature range the majority of particles are 
multi-charged ions and, owing to their energy structure, the 
probability of photo-transitions involving the laser quanta in 
question is very small.

The plots in figure 5 make it possible to compare the 
values of the absorption coefficient calculated by the HFS 
model that takes all possible ionization levels, Zmax =  14, into 
account and the results obtained using the model that accounts 
only for the bremsstrahlung absorption (18) and evaluated at 
a different number of ionized states, Zmax =  3 and 6 (the IB 
model). At temperatures below 10 eV the IB model gives quite 
accurate values for absorption at the wavelength of 1.06 д т  
(figure 5(a)), and the values are underestimated by several 
times for the visible range, X =  0.532 p m  (figure 5(b)). For

189



V 1 Maxhukin et al

Figure 5. Comparison of absorption coefficients of laser radiation 
predicted by different models at wavelength (а) л =  1.064 д т ,
(b) 0.512 д т ,  and (c) 0.248 д т .

the UV radiation A. =  0.248 д т  (figure 5(e)), the deviation 
is as high as several orders of magnitude because photo
absorption plays the main role. As the temperature rises the 
results obtained using different models become closer. In the 
temperature region T > 20-30 eV, as the temperature rises, 
the bremsstrahlung absorption coefficient *■'' passes through 
a maximum and then decreases. The point at which the 
maximum is reached depends on the number of ions accounted

for in the model— at this temperature all particles in the 
plasma are in the state of maximal ionization, the electron 
concentration reaches its limiting value, therefore at higher 
temperatures decreases as ~ l/7 '3 (18).

3. Analysis of modelling results

3.1. Modelling conditions and specification of  the initial 
region

Let us analyse the influence of radiation transfer on 
the expansion of laser-induced Al vapour plasma in 
the following range of action parameters: the intensity 
Go =  109—2 x 10K)W cm - : , the pulse duration г =  10 ns, 
the focusing spot radius R — 0.025 cm and the wavelengths of 
1.06, 0.532 and 0.248 д т ,  which correspond to the Nd-YAG 
laser operating in the fundamental and doubled frequencies and 
the KrF laser, respectively. The spatial and temporal intensity 
distribution in the pulse was taken to be rectangular. The 
considered parameters correspond to the energy density F =  
Go x г =  10-200 Jem-2 and the total pulse energy E =  F x 
ttR2 =  0.02-0.4 J. The chosen regimes are considered by the 
authors of this paper to illustrate the effect of radiation transfer 
on the laser plasma and at the same time to be quite realistic. 
The lower limit of the laser intensity, Go =  109 Wcm 2, 
corresponds to the beginning of the ‘high-irradiance regime’ 
[6], and the upper limit, Go =  2 x  1010 W cm-2 , to the intensity 
used in LSP [50].

The parameters of the initial hot region 0 <  (r x  :) ^ 
(/"hot x Zhnt), '’hot =  fi: the temperature T — Thot, the 
density p  =  Phot and the thickness г hot arc specified by 
using experimental data and modelling results. According to 
[61, the thickness of the removed layer for plasma-dominated 
regimes of laser ablation in vacuum can be approximately 
predicted using the following relation: X v % B(Gqt2/1/Х) х,г. 
The experimental data on ablation of aluminium targets by 
nanosecond laser pulses were taken to evaluate the В constant 
[51-53]. The calculated X v values for the action regimes 
considered in this paper are given in table 1.

Additional information on the parameters of the initial 
hot region have been obtained by modelling laser-induced 
evaporation in vacuum [54]. The model includes the non-linear 
heat transfer equation and the double-front variant of the Stefan 
problem describing melting and evaporation. The boundary 
conditions at the Knudsen layer have been formulated within 
the Crout approximation [54,55]. The calculations have 
shown that the thickness of the vapour layer formed in a time 
of 10 ns is approximately 20 д т  and is weakly dependent on 
the irradiation intensity. Setting zho, =  20 д т ,  the density of 
the initial hot region is calculated to be phot =  Pai x Xv/zh01, 
Pai =  2.7 g cm-3 .

Much more uncertain is the estimation of the temperature 
7h0t. The principal reason is the lack of reliable data for the 
absorptivity of the target surface Asur at high temperatures, 
which controls the intensity of the absorbed radiation 
AsurG. At room temperature the Asur of pure aluminium is 
approximately 10% and is practically independent of radiation 
wavelength in the spectral range X e [0.2-1 | д т  [38,56]. 
Modelling with the constant value of Asur gives a steady-state 
vapour temperature Tvapour % 0.35 eV at Go =  109W cm -2
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Table 1. Estimated values of evaporated layer thickness X,, and initial hot region density ph„,.

Wavelength X (pm) 1.06 1.06 1.06 0.53 0.248
Intensity G0 (W cm"2) 104 5 x 104 2 x I0I() 5 x 109 5 x 10‘
Evaporated layer thickness Xv (pm) 0.22 0.38 0.75 0.53 0.75
Initial hot region density pi„„ (gent ■’) 2.2 x I0“: 5 x 10 2 1 x It)"1 7.2 x 10"2 1 x 10

and 7’vap0UI % 0 .7 eV at 10'° Went"2. If the increase of Asur 
is accounted for being induced by the surface temperature rise 
and melt formation, the predicted Tvapour is 1.5-2 times higher. 
With the above results in mind the temperature of the initial 
hot layer is specified as 7]™, =  0.5 eV and is not varied. More 
accurate specification of this parameter is possible by using 
some experimentally determined time-resolved characteristics 
of the plasma and accounting for the temporal shape of the 
laser pulse [20].

The remaining part of the computational domain (rhot x 
Chot) ^  (r x z.) ^  (Lr x L-), Lr =  5cm , L: =  25cm  
is initially filled with argon at the temperature Г0 =  0.03 eV 
and density po =  3 x l()-ft gem "3, which corresponds to the 
pressure of ~ 2  x 10 3 bar. The role of the background gas 
will be commented on in section 4. The equation for radiation 
transfer was solved for the spectral range 0.1-200 eV, which 
was divided into groups in the following way: h v e  [0.1—1 ] eV 
was one group, and for the remaining part of the range hv e 
[1.0-200] eV the logarithmic scale was used/? v, e [200('
200'/A,]eV, / =  I.........N — 1, N is the number of groups
taken in calculations to be equal to 7, 21,61, 101 and 1001.

3.2. General characteristic of  the process

Consider the specific feature of expansion of the plasma 
induced by the laser action at the wavelength of 1.06 pm,  
intensities of 109, 5 x l0 9, 2 x l 0 l0W cm~2 and the pulse 
duration of 10 ns (figures 6 and 7). Figure 6 shows the 
temperature distribution in plasma at the instant of pulse 
termination t =  10 ns. In all the cases the distributions are 
characterized by the presence of a hot region—the plasma 
core— with typical temperatures of 9 eV, 15 eV and 20 eV for 
three values of the intensity, respectively. The major part 
of the plasma pattern has a slightly lower temperature and 
the temperature decreases sharply at the boundaries of the 
plasma pattern. The figure also clearly shows the variation 
of the pattern shape as the intensity grows. At 109 W cm-2 
the expansion in the axial and radial directions proceeds at 
almost the same velocities and at 2 x 10l() W cm -2 the plasma 
pattern is elongated along the z-axis. The typical velocity of the 
plasma axial expansion varies from 40km s_l at 109 W cm-2 
to 150km s"1 at 2 x 10ю W cm -2 . At a later instant of time 
t =  50 ns (figure 7), the plasma temperature decreases two 
times and the plasma pattern shapes are similar for the three 
cases, with the ratio of the axial to radial sizes being 2:1 .

Figures 8 and 9 present the distributions of the density, 
velocity and radiation flux at the same instants for the laser 
action of 5 x 109 W cm-2 . The size and shape of the 
plasma pattern in the density diagram of figure 8(a) (the pulse 
termination time t =  10 ns) roughly correspond to the ones in 
the temperature diagram (figure 6(b)). The density decreases 
from ~  10-3 g cm"3 in the centre of the region to ~  10-5 g cm"3 
close to the outer boundary. At a later instant of time t =  50 ns

Figure 6. Plasma temperature distribution at laser intensity 
(a) Co =  109 Wcm 2, (b) 5 x 109 Wcm 2 and 
(c) 2 x I010 W cm-2, / =  10ns.

(figure 9(a)), the intensive expansion gives rise to a rarefaction 
zone inside the region. In this zone the density is lower than 
that of the background. The typical value of the velocity at the 
instant of 10 ns is 50km s-1 , it is reached at the centre of the 
plasma pattern (figure 8(/?)). Later the velocity is gradually 
reduced and at the instant of 50 ns it is 30 km s-1 (figure 9(/;)). 
In contrast to the velocity, the typical value of the radiation 
flux (figures 8(c) and 9(c)), at the same period of time is 
reduced by three orders of magnitude, from 5 x 108 W cm ”2 
to 5 x l()5 W cm-2 . The flux maximum is achieved not at 
the front but in a denser and cooler region close to the target, 
figure 8(c).

3.3. Influence of  radiation transfer

Now, we consider how important the effect of radiation transfer 
is on the plasma evolution and, in particular, what number
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Figure 7. Plasma temperature distribution at laser intensity 
(a) Cu =  109 W cm 2, (b) 5 x 109 W cm"2 and 
(c) 2 x 10 10 W cm - 2 , 1  =  50ns.

(a) 0.1

0.05

Density t = 10ns

(b) 0.1

-0.05 r0 , 0.05r [cm]

Velocity t = 10ns

0.05

50km/s
. , t i i ,
и n  I / ,
\ \ \ i t i / .
\ \ it i / / /
\ \ \ II / / / .
v \  M. \ \ \ I. \ \ t l \ i t i

- 0.1

/ / / I / / / / /

-0.05 0 , 0.05r [cm] 0.1

Figure 8. Distributions of (я) plasma density, (/?) velocity and 
(c) thermal radiation flux at laser intensity G0 =  5 x 109 W cm-2, 
l =  10 ns.

of groups allows us to calculate the plasma characteristics 
with sufficient accuracy when solving the radiation transfer 
equation within the multi-group approximation.

Figure 10 shows the dependences of the positions of the 
axial AZ(f) and radial A R(t) boundaries of the plasma for 
three different values of the intensity calculated using the 
model with the number of spectral groups being 7, 21 and 
without allowance for radiation. One can see that in the case 
when the radiation transfer is not considered and there are no 
radiative energy losses, the model gives overestimated values 
for the plasma sizes. The radiation grows in importance as the 
intensity rises and at 2 x 10l()W cm -2 the axial deviation is 
15-20%. On the other hand, computations performed taking 
into account radiation transfer with seven and 21 spectral 
groups give practically the same results.

The dependences in figure 11 illustrate the effect of 
the radiation transfer on the plasma temperature. The plots 
T(r =  0, z) on the beam axis for two instants of time 10 
and 50 ns calculated with different numbers of spectral groups 
are given for three intensity values. Exclusion of radiation 
transfer leads to strongly overestimated values of temperature.

The maximum deviation is achieved at 2 x Ю10 W cm-2 and 
is %20eV or 50%. In the course of time the absolute value 
of deviation decreases and the relative one is conserved. At 
the intensity of 109 W cm-2 the accurate temperature profile 
with respect to the number of groups can be obtained even 
with seven groups, whereas at a higher intensity 61 groups are 
required.

The diagrams in figure 12 show the total share of 
radiative losses £ emitted/£iaser (the ratio of the energy removed 
by thermal radiation to the laser energy absorbed in the 
plasma) calculated for different numbers of groups. The 
major part of the energy is removed during the laser pulse 
action and the period ~ r  after termination of the pulse. As 
the intensity rises the radiative losses increase: from 10% 
at 109W cm -2 (figure 12(a)) to 60% at 2 x 10ioW citT 2 
(figure 12(c)). Computations with a small number of groups 
give overestimated values of the radiative energy removal. 
At the lowest intensity (figure 12(a)) the values of the ratio 
Eemitted/Eiaser calculated with seven and 101 groups differ by 
20%. With increased intensity and, accordingly, the plasma 
temperature the dependence of the computational accuracy on 
the number of groups is smaller.
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Figure 9. Distributions of (a) plasma density, (b) velocity and 
(c) thermal radiation flux at laser intensity Gn =  5 x Ю4 W cm-2, 
t =  50 ns.

The dependences in figure 13 show the distribution of 
the energy removed by radiation in different directions. The 
major part of the energy is removed in the side direction and 
a smaller part in the frontal direction. The energy removal in 
the direction of the target is insignificant and its contribution 
does not exceed I %.
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3.4. Influence of  radiation wavelength

We shall now analyse the plasma evolution under the action 
of laser radiation at three different wavelengths X =  1.06, 
0.532 and 0.248 д т .  Several plasma characteristics taken at 
the beam axis r — 0 at t =  5 ns are shown in figure 14: (a) rate 
of energy release, (b) temperature and (c) density. Relations 
between these quantities for the action with 1.06 and 0.53 д т  
indicate that in these cases the radiation/plasma interaction 
is controlled by inverse bremsstrahlung absorption: the energy 
release rate, the temperature and the plasma size are greater for 
longer wavelength. For the action with 0.248 д т  the photo
ionization gives an additional contribution to the interaction, 
which manifests itself as the maximum of div G and T at the

Figure 10. Coordinate of axial A Z  and radial Д R plasma 
boundaries determined by different models at laser intensity 
Co =  104, 5 x I0l) and 2 x 10l() W cm”2.

forefront of the plasma. The peculiarities of the profiles in the 
plasma centre result partially from different initial conditions.

The distributions of plasma temperature and density 
obtained make it possible, using the Saha formula, to 
calculate the electron concentration and to compare it with the 
critical concentration Ne.crit =  t tmv 2/ e 2, on reaching which 
the plasma becomes opaque and reflects the incident laser 
radiation. The values of jVe.crit for the laser wavelengths under 
consideration are listed in table 2, where one can also find the 
computed maximum values for the electron concentration. It
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Figure 11. Plasma temperature plot at the beam axis at laser 
intensity (a) Go =  1()‘\  (/;) 5 x 104 and(c)2x 10'° Went-2.
I =  10 ns.

follows from the data presented that the concentrations of the 
order of critical ones can only be achieved under 1R action 
with a wavelength of 1.06/zm and with the maximum (for 
this study) intensity. Even in this case, however, interaction 
of laser radiation with the plasma of ‘above-critical’ density 
does not occur, because the maximum values of concentration 
are achieved in the region in the vicinity of the target and 
the laser radiation is shielded at the plasma front where the 
concentration is much lower (figure 14).

In figure 15 one can see that lower temperatures of the 
plasma underthe action of visible radiation with X =  0.532 д т  
and UV radiation with X =  0.248 ц.т are responsible

Figure 12. Total radiative energy losses predicted with different 
numbers of spectral groups at laser intensity {a) G» =  10‘\
(b) 5 x  I0l) and (c) 2 x l()lllWcm-2.

for the fact that the radiative energy losses are reduced to 
25% and 20%, respectively, as compared with the action of 
X =  1 .0 6 д т . Additional calculations of these quantities for 
different numbers of groups showed that the results for 61 and 
101 groups coincide with an accuracy of a few per cent.

194



Modelling of radiation transfer in plasma

Figure 13. Radiative energy removal through the upper boundary, 
side boundary of the plasma pattern and the target surface at laser 
intensity (a) G„ =  104. (b) 5 x 104 and (c) 2 x I0,n WcitT2.

z [cm]

Figure 14. Plasma characteristics at the beam axis at laser 
wavelength A =  1.06. 0.532 and 0.248 gm, Gu =  5 x 104 W cm- ’. 
t =  5 ns: (a) laser energy release rate div G(z. r =  0).
(/;) temperature and (c) density.

3.5. Spectral characteristics of  plasma X =  1.06/xm. The number of groups of the multi-group
approximation was taken to be 21, 61, 101 and 1001. The 

Figure 16 represents the spectral characteristics of the side most remarkable feature is the presence of a great number 
radiation flux escaping from the plasma at t — 10 ns, as of lines in the spectra. As a consequence, the spectrum can 
calculated under the action of G() =  5 x 109 W cm-2 , be reproduced by only the most detailed spectral grid, as
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Table 2. Comparison of critical electron concentrations and the 
maximal concentrations predicted in computations.

Electron concentration (cm '■’)
Wavelength ----------------------------------------------------------------
(д т )  Critical Calculated maximum

1.06 9.8 x I02l) 6.0 x 10211 (G0 =  5 x 10i; W cm 2)
1.6 x 1021 (C„ =  2 x 10'° W cm-2) 

0.532 3.9 x 1021 1.2 x I021 (G„ =  5 x l09W cm -2)
0.248 1.8 x IO 22 1.8 x 1021 (C0 =  5 x l09Wcm 2)

10-9 10-8 Time [s] Ю"7

Figure 15. Total radiative energy losses at laser wavelength 
X =  1.06, 0.532 and 0.248 д т .

Figure 16. Spectral radiation heat flux at the side boundary at laser 
intensity G0 =  5 x 109 Wcm 2, t = 10 ns.

shown in figure 16(a). The plots for the narrower spectral 
range (figure 16(b)) clearly show that as the number of groups 
decreases, curves 2, 3, 4, the lines become indistinguishable 
and the predicted intensity of escaping radiation decreases 
inversely proportionally to the width of the spectral interval 
of the given group.

Typical values of plasma optical thickness are depicted in 
figure 17. The results are calculated for plasma parameters 
at the instant t =  5ns: T =  lOeV, p  =  10_2gcm -3 
(plasma pattern centre), figure 17(a) and T =  15eV, 
p =  3 x 10"4 gem  3 (region at the distance of r{ from the 
surface) (figure 11(b)). As is seen (figure 17(a)), the plasma

hv [eV] hv [eV]

Figure 17. Optical thickness of the plasma evaluated at 
(a) z =  4 x I0“3 cm and (b) z =  o , Cpi.„ma =  0.05 cm.

1 - 5ns 
2 -  10ns
3 - 50ns
4 - 100ns
5 - 200ns
6 - 500ns

Figure 18. Evolution of spectral lines Al i (3.14 eV) and Al i 
(4.02 eV) of radiation heat flux at the side boundary at laser intensity 
Go =  5 x 109W cm "2.

in the pattern centre is optically thick. Closer to the outer 
boundary the density decreases and the plasma becomes 
transparent in almost the entire spectral range (figure \ l(b)).

In real plasma spectroscopy most observations are 
performed in a narrow spectral range lying in either the 
visible or UV parts of the spectrum 2-5 eV. The evolution of the 
strongest lines is followed in time and/or space; in the case of Al 
the strongest lines are Al i (3.14 eV) and Al i (4.02 eV) lines that 
correspond to the radiative decay of the first 42S i /2 and second 
32Оз/2.5/2 excited states of the neutral atom into the ground 
state 32P1/2.3/2- The spectral dependences of the radiation 
flux at the side boundary qv (figure 18), were computed for 
G0 =  5 x 109 W cm -2, r =  10 ns using the spectral grid 
including 60 nodes logarithmically uniformly distributed plus 
16 nodes in each of the 3.0-3.2 and 3.9^1.1 eV intervals, which 
provides the spectral resolution of 0.0125 eV. During the pulse, 
curves 1 and 2, the lines are practically indistinguishable or are 
strongly broadened. Starting from t =  50 ns the lines become 
visible, with the peak-to-background intensity ratio increasing 
with time. The line widths, curves 5 and 6, also increase with 
time, although the spectral resolution does not appear to be 
sufficient to represent this effect well enough.
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4. Discussion and comparison with experiment

The results of this study show that the contribution of thermal 
radiation in the evolution of plasma induced by nanosecond 
laser radiation can be significant. At an intensity exceeding 
5 x 104 W cm-2 , plasma radiation removes 30-60% of the 
laser energy accumulated in the plasma and redistributes it 
efficiently. In comparison with microsecond action [13] the 
effect of radiation manifests itself at higher laser intensity 
and plasma temperature. The differences are explained by 
the relatively small thickness of the radiative plasma layer 
f'piasmu ~  0.1 cm and fast density decrease caused by three- 
dimensional expansion [18]. The main parameter affected 
by radiation transfer is the plasma temperature. This fact 
can be additionally illustrated by the temporal dependence of 
the total internal £jnt and kinetic E ,̂n energy of the plasma 
computed both with and without radiation transfer under the 
action of Go =  5 x 109 W cm-2 , к =  1.06/rm (figure 19). 
Radiative energy transfer directly reduces the internal energy 
(the temperature), which leads to the reduction of pressure, the 
expansion slows down and kinetic energy decreases.

Calculations of energy transfer for different numbers of 
groups showed that it is possible to obtain accurate enough 
values of the main plasma characteristics using several tens 
of groups. A further increase in the number of groups does 
not give any practical advantage. On the other hand, the 
energy transfer should be taken into account over a sufficiently 
broad spectral range with the upper boundary (/?v)max % 
10 x Tpiasma- If this condition is not fulfilled the value for 
the radiative energy transfer may be underestimated. For 
example, in the calculation for Gq =  2 x 10loW cm-2 , 
л =  1.06 д т ,  assuming the upper limit of the spectral range 
(hv)max =  100eV instead of (hv)max =  200eV, the total 
value for radiative losses turned out to be underestimated by 
about 25%.

Consider further the validity of assumptions used in the 
model. While analysing the plasma expansion in vacuum, one 
can distinguish two zones [6,38]. The zone of hydrodynamic 
flow abuts the target surface and can be described in the 
continuum medium approximation. When the plasma density 
falls to an extent such that the mean free path of the plasma 
particles becomes comparable to the plasma size, the plasma

Time [s]

Figure 19. Influence of radiation transfer on internal (£;„,) 
and kinetic (Ekin) energy of the plasma, at laser intensity 
Go =  5 x KFW cm 2.

enters the zone of inertial free-molecular expansion and can be 
analysed, for example, by means of direct statistical modelling. 
If a study is aimed at analysis of the hydrodynamic zone, the 
vacuum is substituted by a low-pressure medium, with the 
same equation of state as that of the vapour. In the case of 
A1 vapour plasma, this approach corresponds to expansion in 
a low-pressure argon atmosphere [ 19,31].

For the DA to be applicable for calculating the radiation 
transfer, the anisotropy of optical properties must be small, 
which is realized, in particular, in optically thick plasma [8,24]. 
As follows from the results of section 3.5, this condition 
is fulfilled in the central region of the plasma plume. The 
powerful radiation flux formed here is partially reabsorbed 
and partially passes into the more rarified and optically thin 
boundary region of the plasma. According to the results of [8], 
the DA overestimates the attenuation rate of radiation flux in 
this ‘configuration’; however, the quantitative error is not great 
at small optical distance from the radiation source. Another 
problem of DA application in an optically thin medium is the 
limitation of radiation flux that should not exceed the value 
of cU .  In our study the flux limitation was implemented 
on the finite-difference level by respective approximation of 
1 / ( kv A z), 1 /(KvAr)  coefficients of the flux.

The approximation of local thermodynamic equilibrium 
(LTE) is widely used in the analysis of erosion plasma. Its 
applicability depends primarily on the electron-ion relaxation 
time, which is the time needed for the electron gas to transfer 
the absorbed laser energy to heavy particles through elastic 
collisions [8]:

_  3.15 x 108Ам7’[еУ]3/2 
Ll Z A[cm-3 ] x In A

where Am(= 27) is the atomic weight, Z the degree of 
ionization, In A denotes the Coulomb logarithm and N  is the 
concentration of particles. Taking T =  10 eV and Z =  3, 
one obtains that the relaxation time is shorter than the pulse 
duration at a density of M 0 -4 gem -3 (N ~  2.3 x 10 18 cm-3) 
or higher. Thus, plasma non-equilibrium can manifest itself in 
the region near the plume boundaries.

For the purpose of additional verification the plasma was 
modelled for the same conditions as those in [59,60]. In [59] 
the authors analysed experimentally the A1 vapour plasma 
in vacuum, the plasma was induced by the laser action with 
к — 1.06/zm, the intensity Go =  3 x 108 W cm-2 with 
an asymmetrical shape of the pulse, the pulse duration at 
half-maximum r =  120 ns and a spot diameter of 150 д т .  
The temperature and electron density of the plasma were 
determined by analysing the plasma emission spectrum, the 
lines of the A1 first and second ions being considered separately. 
The dashed line in figure 20 shows the plasma temperature 
7’cxp(Al++) as obtained in the experiment and averaged over the 
plasma domain. The maximum value is reached at the pulse 
peak; then, the temperature rapidly decreases during a period 
of the order of the pulse duration. The average calculated 
temperature of the plasma Tav.i(f) =  A V>)/ JT AV,,
where AV, is the volume of the grid cells, is much lower 
(figure 20, solid line). The difference is primarily related to 
the averaging procedure, since the formula applied takes into 
account each cell contribution in temperature linearly, whereas 
the contribution of each cell to the second ion lines decreases

197



V I Ma/.hukin el al

Time [ns]

Figure 20. Comparison of plasma temperatures determined 
experimentally [59] 7[,xp(AP+) and predicted numerically at the 
same laser action parameters TM [(t) (averaged over the plasma 
pattern), /[.v :(r) (averaged along the beam axis). The dotted line 
denotes the temporal dependence of the laser intensity G(t).

much faster as the temperature decreases. On the other hand, 
the temperature curve 7],v.;>(/), as determined by averaging 
along the plasma axis c =  0, majorizes the experimental curve 
from above (figure 20).

In [60] the action of the Nd-YAG laser with X =  1.06 /лп 
and pulse duration r =  20 ns, at intensities of (0.1-12) x 
I09 W cm-2 on the Al target in a medium at normal pressure 
was considered. A photodetector placed at an angle of 45° 
to the beam axis recorded the average intensity of radiation 
emitted in the solid angle of 1.3 x 10-4 sr within the spectral 
range 693-697 nm. The same quantity was computed for 
С(Г= 109, 5 x I09 and 1.2 x Ю10 W cm-2 (figure 21). One 
can see in the figure that the computed values are several times 
greater than the experimental ones but are characterized by 
almost the same dependence on the intensity. The reason's for 
deviation are supposed to be the different setups of the physical 
and computational experiments and, in particular, due to the 
attenuation of the radiation as it is propagated from the plasma 
cloud to the detector as well as due to errors in predicting the 
angular dependence of the radiation field introduced by the DA.

The collection of experimental data on the temperature 
of laser-induced erosion plasmas for different target materials 
and laser wavelengths is presented in [38, p 361. According 
to the data the temperature of plasma generated by laser 
radiation with the wavelength of 1.06/um rises from lOeV 
at G =  109 W cm-2 to 2 0 -2 5 eV at G =  2 x l()l0WciTr2. 
Coincidence with the results in figure 11 is rather good.

In the last few years the majority of studies of laser- 
induced plasmas is devoted to pulsed laser deposition (PLD) 
techniques, that utilize UV laser radiation with the intensity 
of 108— 109 W cm-2 . The generated plasmas are relatively 
cold, 7p[asmL, =  2-3 eV [61] and partially transparent for 
laser radiation. In [62], the optical properties of Al plasma 
created by the XeCl laser, X =  0.308 gm, G =  109 W cm-2 , 
т =  30 ns were studied and the typical optical thickness 
of the plasma was estimated to be 0.23. It means that 
intensive laser heating and evaporation of the target surface 
will continue after the plasma formation. In this case, the 
heat transfer, the phase transformations of the target and the 
processes in the plasma become closely coupled. Thus, the
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Figure 21. Average power emitted by the plasma into a specified 
solid angle in the spectral range AX = 69.3-697 nm determined 
experimentally [60] and predicted numerically at the following laser 
parameters: X = 1.06 цт . г =  20 ns, G =  1()‘\  5 x 109 and 
1.2 x 10'° W cm"2.

initial hot layer approximation that is valid and effective for 
modelling of opaque plasmas under the condition that the major 
part of target material evaporates before plasma formation, is 
inadequate for PLD plasma modelling.

5. Conclusion

The performed modelling of gas dynamical expansion and 
radiation transfer of Al vapour plasma under the action of a 
nanosecond laser allowed us to conclude the following:

(1) Radiation transfer significantly affects the plasma 
evolution when the intensity is greater than 109 W cm-2 . As 
the intensity rises the radiative energy losses increase and reach 
60% at 2 x 10l() W cm-2 , causing a proportional reduction of 
the plasma temperature whose typical values are 10-20eV. 
The energy escapes largely through the side boundary and to 
a smaller extent through the front boundary, the amount of 
energy escaping in the direction of the target being negligible.

(2) At fixed laser intensity the most intensive energy 
release, the highest temperature and the maximum value 
of radiative losses are observed for the action of the 
IR range at 1.06 /cm. The dependence of the processes 
occurring in the plasma on the laser wavelength is due to 
the mechanisms of absorption. As the wavelength decreases 
from 1.06 to 0.532 and 0.248 gm  (increase in the quantum 
energy) the photo-absorption processes become energetically 
allowed. At a relatively moderate temperature (T ~  1 eV) 
their contribution is l^ t orders greater than the inverse 
bremsstrahlung absorption, therefore at the stage of initial 
heating the plasma absorbs the short wave radiation more 
intensively. As the temperature rises (T ~ 5 e V )  due to 
changes in the plasma charge composition the principal 
absorption mechanism is the inverse bremsstrahlung effect, 
whose coefficient decreases proportionally to the third power 
of the wavelength.

(3) The spectral composition of escaping radiation differs 
much from the Planck equilibrium distribution and is typical 
of plasma with a variable optical density. It is possible 
to take into account the effect of radiation transfer on the 
plasma characteristics by solving the equation for radiative
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transfer within the multi-group approximation with 3()—50 
speetral groups covering the spectral range with the upper limit
livnux ~  ЮТ.

(4) By using the maximum available number of groups 
for selected spectrum intervals (determined by the available 
data on the plasma absorption coefficient) the model allows 
us to qualitatively analyse the spectral composition of the 
escaping radiation (for example, appearance/disappearance 
of particular lines, the relation of their intensities) and to 
calculate the total value of radiative losses over the given 
spectral range. This makes it possible to obtain computed 
information to be compared with experimental data of laser 
emission spectroscopy.
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