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Mathematical simulation of the spectrum 
of a nonequilibrium laser plasma

V.I. Mazhukin, M.G. Nikiforov, Ch. Fievet

Abstract. A method is proposed for calculating the spectrum 
of a nonequilibrium plasma, which is based on a non
equilibrium collision-radiation model including all common 
line broadening mechanisms (natural, pressure, Doppler, and 
quadratic Stark effect broadening) and supplemented with the 
energy balance equations for electrons and ions. The 
nonequilibrium populations o f the ground and excited states 
of neutral atoms and ions for an arbitrary instant of time art 
found by solving kinetic equations. The shape of each spectral 
line is determined by its central core calculated in the collision 
approximation up to the frequency boundary of its applic
ability, where the central core is ‘joined’ with the line wings 
calculated in the quasi-static approximation. The validity of 
this theoretical model is confirmed by simulations of a number 
of experimental studies of emission spectra under the 
conditions of a local thermodynamic equilibrium. It is shown 
that the calculated and experimental data obtained for the 
ground-state lines of the first carbon ion and neutral helium 
and argon atoms are in good agreement. The nonequilibrium 
spectrum of the optical breakdown in argon is calculated. 
Mathematical simulations showed that the intensities of 
nonequilibrium line spectra can be noticeably (by several 
times) lower than those of equilibrium spectra.

Keywords: nonequilibrium laser plasma, line spectrum, broadening 
mechanisms, kinetic model.

1. Introduction
Spectroscopy plays an important role in the methods for 
plasma diagnostics, allowing one to study and analyse 
processes proceeding in a plasma and to measure the 
plasma temperature, charge composition, and concentra
tions of particles. There exist various spectroscopic methods 
for measuring the plasma temperature such as the method 
of brightness distribution in a continuum [1], method of 
comparina-brightness of two continua [2], method of the 
relative intensities of spectral lines [3], and the measurement 
of temperature from the spectral line shape [4].
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However, all these methods have a limited field of 
applications. First, they are based on the assumption of 
a local thermodynamic equilibrium, which requires the 
additional substantiation of their application for nonequili- 
brium processes. The first and second methods [1, 2] are 
commonly used at sufficiently high temperatures, when the 
intensity of bremsstrahlung and recombination emission 
spectra is high. The third method assumes the presence 
of the Saha-Boltzmann equilibrium, while the fourth 
method requires the absence of self-absorption in a line, 
which substantially restricts the field of its applications.

Thus, neither of these methods is universal for plasma 
diagnostics. A comparison of the experimental character
istics of a plasma with the results of its mathematical 
simulation successfully supplements the known methods 
for plasma diagnostics. For this purpose, we developed 
the nonequilibrium collision-radiation kinetic model des
cribing the interaction of radiation with matter and 
supplemented with various line broadening mechanisms.

2. Nonequilibrium collision-radiation 
kinetic model

2.1 Population and ionisation kinetics

In a gas medium interacting with laser radiation, a variety 
of different elementary reactions occur, which determine 
together the character of a macroprocess. Our model and 
calculations are based on the following assumptions:

(i) the atomic plasma of one chemical element is 
considered;

(ii) a substance is initially in the thermodynamically 
equilibrium state;

(iii) the plasma is spatially homogeneous, i.e., its tempe
rature and density are spatially invariable.

The collision-radiation kinetic model includes many 
excited states of emitting atoms and ions. To each state the 
ordinary differential equation corresponds, which describes 
the balance of particles coming to and leaving the level due 
to elementary microprocesses. The realised collision-radia
tion model includes ten elementary processes (reactions) 
presented in Table 1.

Taking into account the data on characteristic rates of 
processes, the system of kinetic equations for the ground 
and excited states of neutral atoms and ions can be written 
in the form
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Table 1._________
Pro
cess Elementary 
num- process 
ber

Process frequency 
(probability)/ Process

rate

1 Spontaneous decay

N„: ^  Aj,„,

2 Collision cxcitalion/dccxcitation 

Nn', c -r* N,; + e
fnn,

3 Electron impact ionisation 

N,;, + c  ^ N ,;*1 i-2e

4 Three-body rccombinalion
-.i ft;, - No + 2c N,'„ + c

5 Laser photoionisation

N,;, + tuox —  No 1 + e 4 ,

6 Recombination
in the laser radiation field

...  iR n, .Nq + c +  Tm>) — > N,;, +  Гко

7 Ionisation
by continuous radiation

c vm - IN,;, + fuoc — > Nj'* +  e cv̂ ,

8 Recombination
in the continuous radiation field 

CR :
No'+l + c +  bu)c N,;, + tiiuc

9 Laser excitation

Ч ;, + /»0д£ ' Н ;  l v;„,

10 Excitation by continuous radiation
L v1' V

N,-;, +  Йшс —  N,;

kL.rL/
cm3 s 1

< /  
cm3 s 1

f t ; /
„„f,

’■к/

‘К /

N o tes: Nn" is the ion with the charge z in the state n; Лео/,,, is the m — n 
transition energy; Tuok is the laser radiation photon; йшс is the continuous 
radiation photon; A',„ is the probability of spontaneous decay of the 
excited state n to the state m; k;„„ and r,;,„ arc the rates of the electron- 
impact excitation and deexcitalion of the N,;, ion; a,;, is the electron-impact 
ionisation of the N/, ion from the state m; fa, is the coefficient of three- 
body recombination of the N,;, ion; and cvj, are the frequencies of 
photoionisation of the N,;, ion in the fields of laser and continuous 
radiation, respectively; *R', and “Л,;, are the coefficients of photorcombi- 
nation of the N j*1 ion in the fields of laser and continuous radiation, 
respectively; ■* v,;,„ and cv,;,„ arc the excitation frequencies of the N/, ion by 
laser and continuous radiation, respectively.

7= 1 7=1 v Bj

Mu
Л..0 I л/° _

j-

/enU , /. n0\ »rl

£  4  \ n S -  f  N f ) -  (4 °  + 4°)yv0°

+ {'RS + *R§)NiNe

for the ground state of neutral atoms (z =  0);
M. л/._,

• .f - £  (*4,- *6 - fto Nf) N e + £  («Г11Nfd t
r - l

2=1 2=0

О)

-Pf-lNSNc)Nt - {«ZN£-PsNi+iN c)N0

M-. M-. /  \

j=\ j= i \  *j '

7=1 V */ '

Afr-i
+  C-ftp +  lRo)Np+ i + У ,  (cvn- 1 + ')TV/ 1

n=0

- £ № -1 + дл г ' ) л зо; (2)

for the ground state of ions with the charge z e (1 ,2 ,...,
m̂ax ~~ 0,

dNr 
d t

2 m— I M-
■ =  T , { ^ N f - r ^ K ) N c -  £  ( } ^ N f , ~ r j mN f ) N c

7=0 j=m+\

- № N ‘m -  fa N i+lNc)Ne +  £ cv/„ [N f -  A -  TV/

M. / z \  M ~ / :

j>m \  °J '  j<m \  ° m

j< m

M.

gmz

N i

Mx / 2 \ m— 1 M.
- £ 4 - ( ^ - f ? ' * /  - £ > W  + £  AjmNj-

■ ° j  '  7=0 j~m+\j>m

+ XvZ,)K + (СЛ^ + xK ) N i +lN (3)

for the excited states of neutral atoms and ions (m =  1, 
2 , . .  . , M . ,  z =  0, l , 2 , . . . , z max -  1);

dNj
df = £  (« /‘- ‘Af/'"1 - P f - 'N Z 'N J N '

2=0 (4)

+ £  [ f v r - ' + ^ ' - K -  -  (% '-■ -f  % '- ') ] < 7 V e
Л=1

for the concentration of ions with the charge z = z* = zmax; 
and

dAf,
dr = E E t (5)

for the electron concentration. Here, TV/, is the density of 
ions with the charge z in the state m; g/, is the static weight; 
Ne is the density of free electrons; M, is the number of 
excited states of ions with the charge z included into the 
model; and zmax is the maximum degree of ionisation of a 
neutral atom. It is assumed that an ion with the maximum 
degree of ionisation has no spectral structure, i.e., its 
excited states are neglected.

2.2 Energy balance
An external electromagnetic radiation field incident on an 
absorbing medium (partially ionised gas, plasma) removes 
it from the equilibrium state. Processes of excitation, 
ionisation, recombination, and photoemission tend to 
bring the state of the absorbing medium to the corre
spondence with an external energy source, i.e., to establish a
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new equilibrium. Taking into account that the characteristic 
relaxation times of the involved kinetic processes substan
tially differ from each other (by a few orders of magnitude), 
the system of kinetic equations is traditionally attributed to 
the so-called rigid systems. The relaxation of a plasma 
occurs as a whole in a complicated way and is determined 
by the time of the slowest process. In a plasma or partially 
ionised gas, three energy subsystems can exist in which the 
local equilibrium is established much rapidly than the 
energy exchange between them. These are subsystems 
whose properties are determined by the translation energy 
of atoms and ions and the total internal energy of excited 
atoms and molecules. The latter depends on the densities of 
electrons, atoms, and ions and is usually not written 
explicitly in equations.

The energy balance of the translational degrees of 
freedom is described by two equations for energy with a 
common exchange term. The electron and ion temperatures 
Tc and Tj are found from their simultaneous solution. The 
mechanism of the electromagnetic field energy transfer to 
free electrons substantially depends on the laser radiation 
wavelength. The electron energy balance in the IR region is 
determined by the energy of elastic collisions of electrons 
with atoms and ions (inverse bremsstrahlung effect) and is 
supplemented with the energy released during relaxation 
and recombination.

The energy of laser radiation in the visible and UV 
regions becomes comparable with the ionisation energy of 
excited states and the influence of inverse bremsstrahlung 
effect rapidly decreases. In this case, photoprocesses begin 
to play an important role in the energy balance of free 
electrons. The energy losses in the electron subsystem are 
mainly caused by inelastic processes (electronic excitation 
and ionisation) and quasi-elastic collisions accompanied by 
energy transfer between atoms and molecules. The trans
lational energy of atoms and ions is completely determined 
by energy exchange with the electron subsystem.

Equations for the energy of translational degrees of 
freedom of electrons and heavy particles are written in the 
form [5, 6]

з а д

2 dr

- 52 52 Q'"j ~ 52 52 6">A£+ 52 i>- (6)
r=0 /ii=0 г=0 ш=0 r=()

7]) ( bin 'I' t’ei) ̂ c

\  = \  №  -  m v m +  v„ r ,

where

(7)

4 ne~ = * = ^ ;V:"■ 5252'V,'«•mcc[ur + (v0I1 + vci)2] M ;1

M.
QmAE  ̂2 Tiy»!((r„,pV„, — Г /шЛ,;)Л,с,

./=/11+1

M.
q ;„ Ф = 52 [(^ - ■’Ж ' Ж  -  4-;x .ay;+i)+

ш=0

+  (Йшс - J=)( Ч Л £  -  cK N ' N i+')]-,

G is the laser radiation intensity; vc„ and vci are the 
frequencies of electron-atom and electron-ion collisions; 
QmAE' Qmj> and gmф are the specific powers characterising 
the energy exchange due to inelastic collisions, ionisation-  
recombination, and photoionisation-photorecombination, 
respectively; N-t is the ion concentration; e is the electron 
charge; me is the electron mass; М.л is the atom mass; Ejm is 
the energy of transition between the j  and m levels of the 
ion with the charge z; and Jl, is the ionisation potential of 
the m state of the ion with the charge z.

The system of differential equations (1)—(7) is supple
mented with the corresponding initial conditions (/ =  0)

N0(0) =  <  Nm{0) = N l  Nt {0) =  Щ0) =  N°,

Гс(0) = 7j(0) =  To. (8)

The presence of an external source (laser) violates the 
equilibrium distribution. In one case, due to radiative losses 
the concentrations of charged particles in excited states can 
be lower than the Saha-Boltzmann concentrations and the 
average charge of the plasma proves to be smaller than the 
equilibrium charge [3]. In another case, the reverse situation 
can take place, when the excited states of a particle, whose 
concentrations are higher than the equilibrium Saha- 
Boltzmann concentrations at the same temperature, are 
saturated upon resonance absorption of photons, and the 
average charge of the plasma is larger than the equilibrium 
charge [5].

By solving simultaneously the system of kinetic ordinary 
differential equations (1) — (5) and energy balance equations 
(6), (7) with initial conditions (8) and a given external energy 
source, we can obtain new (not Saha-Boltzmann) level 
populations, which allow us to calculate not only the 
relative line intensities but also their absolute values.

Note that the description of level population processes 
and the charge composition of plasmas in the nonequili
brium approximation finds widespread application in the 
last years [7-14]. A specific feature of the nonequilibrium 
ionisation of atoms and ions of most chemical elements, in 
particular, metals is that their energy levels are split and 
intermixed. Therefore, a great number of excited states (of 
the order of 10 for each particle) and collision-radiation 
transitions between them should be taken into account in 
the description of the kinetics of energy levels [7, 8].

Not pretending to complete citation, we mention among 
many papers those in which the most typical approaches 
were proposed. Depending on the aims of the study and 
chemical elements investigated, the two- [9] and three-level 
[10-12] kinetic models are often used, which enter, as a rule, 
as a part into more complicated gas-dynamic [13] or 
radiative gas-dynamic [14] models. The most complete 
kinetic model describing the nonequilibrium ionisation of 
atoms and ions of metals is presented in papers [7, 8]. 
However, this model neglects photoprocesses. In our paper, 
the model [7, 8] is supplemented with photoprocesses in 
laser-radiation and continuum fields.

We used the kinetic nonequilibrium collision-radiation 
model (l)-(8 ) to study the optical breakdown in papers 
[5, 6], where expressions for all kinetic coefficients are 
presented.
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3. Mechanisms of spectral line broadening
The emission of an atom or ion during its transition 
between the discrete states m and n is not strictly mono
chromatic due to line broadening effects. The shape of each 
spectral line is determined by its central core, which is 
calculated in the collision approximation, and by the line 
wings broadened by ion fields. In the general case, the line 
core is described by the Voigt spectral function .S',;,,,(Лео), 
which is a convolution of the Doppler DS'm(Aw) and 
Lorentzian LS ,̂„(Aco) contours [15]

Sm п(Д«) =
• 00

L5',;,„(Aco)D5'L(Aco)dco
-C O

r-V2(l)D

°° exp(-_y2)d>>
-no a 2 +  [(Део/сор) -  у ]2

(9)

where a — AwL/Ao>D; Aw = w — co°„; a>,9„ = Emn/h is the 
frequency of the line centre; Em„ is the m — n transition 
energy; Дсос = (сот„/с)(2Т^/М)1' 2 [15] is the Doppler 
broadening; AwL = Дсон + AcoN + Део4 is the Lorentzian 
broadening determined by a sum of different collision 
mechanisms; AwH =  (A„ +  Am)/2 [15] is the natural line- 
width; A„ and Am are the decay probabilities for the n and 
m levels; AcoN = лг2и.л [16] is the line broadening
caused by neutral particles; u, =  (2 T JM .d)1̂ 2 is the atom 
velocity; ra is the atom radius; Aw4 is the line broadening 
caused by the electric field of electrons and ions (quadratic 
Stark effect).

For the spectral lines of non-hydrogen-like atoms, the 
quadratic Starke effect takes place, at which the line 
splitting is proportional to the square of the electric-field 
strength. In the case of adiabatic collisions [15],

Am4 = 38.8C42/,[(ucl/:, +  ui1/3 )ЛГс + 2и,,/3^ ] (10)

where uc and иj are the thermal velocities of electrons and 
ions. The non-adiabaticity of collisions is taken into 
account with the help of the function J(P) [17]:

C4e = CAJ(fi), (12)

where

/»= СД e [°,oo])

is the dimensionless parameter; f„„ is the oscillator strength 
of the transition; wnm is the transition frequency; z is the 
plasma charge; and Ry is the Rydberg constant. The 
parameter ft —* 00 corresponds to the adiabatic perturba
tion of levels, and when inelastic collisions dominate, (! —» 0 
and J(P) —* 0.

The collision approximation is valid in the frequency 
range wmn 4  Uc, [17], where QCI — ueipy are the Weis- 
skopf frequencies for electrons and ions;

Pb } =  5.1 x 1019
p 2 -1-1/2
*-mn 1
f  f 5/ 2 J mn *

is the Weisskopf radius; and T  is the plasma temperature. 
In the frequency range wmn > QC I the line wings are located, 
which are broadened by the microfields of ions and are 
calculated in the nearest neighbour approximation [15]:

S 'U A u )  =  К ^ y - 4  Ц  exP N <) ■ ( 13>

The central core (9) is jointed with wings (13) in the 
frequency interval wmn ~  Qj by using the cubic spline 
interpolation. To provide the adequacy of the model, the 
condition of the applicability of binary approximation 
2Vc,i Pb =  £e,i ^  1 should be fulfilled [14].

In a dense hot plasma, where the line broadening is 
mainly determined by the quadratic Stark effect, the 
formation of the line shape strongly depends on the method 
of determining the constant C4 [18-20]. Usually, its values 
lie in the range from 10” 15 to 10“ 12 cm4 s-1. For compar
ison, we present the values of C4 for different elements and 
different transition wavelengths taken from the literature 
and the values of C4e calculated from (12) (Table 2). It 
follows from Table 2 that constants C4 and can 
substantially depend on the choice of the number of 
perturbing levels and spectroscopic data used [21-23].

Table 2.

Element Transition
wavclcngth/nm C ^/cm 4 s-1 C4/cm 4 s 1

Arl 104.82 6.0 x 10~15
8.0 x 10"15 [2] 
5.9 x 10"'5 [18]

Arl 106.66 5.8 x 10“ 15
8.0 x 10"15 [2] 
6.2 x 10~IS [18]

Mgl 517.2 1.8 x 10-'5

1ОX0

Mgl 518.3 1.8 x 10~,s 3.0 X  10_1S [1]

N al 616.07 2.3 x 10"l? 3.6 X  10 '13 [15]

N al 819.48 6.8 x 10“ n

7Г0X

4. Simulations and analysis of results

4.1 Simulation o f spectral line shapes 
in an optically transparent plasma
The proposed model of broadening of spectral line (9) was 
tested by analysing the results of two experimental papers 
[24, 25] in which four lines were studied. The optical 
transparency was provided in both experiments by the low 
electron density Nt < 2 x 1017 cm 3.

In [24], the shape of the 392.0-nm line of the first carbon 
ion CH was measured by assuming the local thermody
namic equilibrium at the temperature T — 1.82 eV and the 
electron density 1VC = 1.12 x 1017 cm-3. The half-width of 
this line was 0.6 A.

Figure 1 shows the shape of the 392.0-nm line of С II 
calculated by using model (1) — (13). The calculated half
width is 0.56 A for the same T  and /Vc as in [24]. The 
simulation also showed that the line shape is determined by 
the quadratic Stark effect and the calculated Voigt profile 
completely coincides with a Lorentzian profile under experi
mental conditions. The calculated half-width of the line 
differs from the measured value less than by 7%. Taking 
into account the error of measuring the electron concen
tration, this coincidence is acceptable. Figure 2 shows the 
dependence of the line half-width on the electron density.
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Figure 1. Shape of the 392.0-nm line of the first carbon ion CII for 
T = 1.82 cV and Ne = 1.12 x 1017 c m '3.

Figure 2. Dependence of the half-width of the 392.0-nm spectral line of 
the lirsl carbon ion CII on the electron concentration.

The half-widths of the 587.6-nm and 667.8-nm lines of 
He I in a helium plasma measured by assuming the local 
thermodynamic equilibrium at the temperature T = 2 -3  eV 
are presented in [25]. It was found that the central parts of 
the lines had a complicated structure due to splitting. The 
electron concentration was within (1 -  10) x 1016 cm- '1. The 
measured half-widths were 1.2 — 2.0 A for the 587.6-nm line 
and 3 -  4 A  for the 667.8-nm line of He I.

The calculated half-widths are 2.0 A  for the 587.6-nm 
line and 3.4 A for the 667.8-nm line of He 1 for T ~  2.5 eV 
and 7VU =  1017 cm-1. The line broadening is predominantly

determined by the quadratic Stark effect. The calculated 
half-widths lie within the interval of the corresponding 
measured values.

Table 3 presents the parameters corresponding to the 
collision, quasi-static, and binary approximations.

Therefore, the conditions 1 and с -4 1 are fulfilled 
for all the three lines, which justifies the use of the binary 
approximation. Collisions between electrons lead to the 
broadening of the central parts of the lines in the collision 
approximation because the inequality Am 4  Qu is valid for 
all the lines. Since the inequality Am < flj is fulfilled, we can 
assume that the central parts of all the lines are completely 
broadened in the collision approximation. If the reverse 
inequality A со > Q, is fulfilled, it is necessary to take into 
account the quasi-static influence of ions on the line centre.

4.2 Simulation of the emission spectrum 
of a locally equilibrium plasma
The nonequilibrium collision-radiation kinetic model 
(l)-(8 ) together with the line broadening model (9)-(13) 
allows us to calculate the line emission spectrum of a 
plasma. The simulation was based on the results of 
experimental paper [26] in which the line emission spectrum 
of an A rl plasma was measured. The measurements showed 
that the plasma was in the local thermodynamic equilibrium 
with the temperature T =  2.2 ±  0.15 eV and the electron 
density A7, =  (0.2 — 1.45) x 1017 cm-1. The kinetic model of 
the argon atom contained 25 states and considered 45 
transitions between them. The values of temperature and 
density obtained in [26] were used as initial parameters.

Table 4 presents the calculated (Fig. 3) and experimental 
relative intensities and half-widths of spectral lines for Arl. 
The difference between the experimental and theoretical line 
shapes can be explained by the error in measuring the 
constants of quadratic Stark effect, which prove to be 
understated for the lines 1-3  and 7. This error is caused 
by several factors. First, the broadening constant was 
calculated assuming that only the upper level of the 
transition was perturbed, whereas the lower level remained 
unperturbed. It follows from this assumption that the 
constants C4 of transitions from the same energy state 
are identical. In this case, the broadening constants will be 
identical for transitions at 801.48 and 842.46 nrn which 
occur from the state with AE =  13.095 eV. Second, the 
accuracy of calculation of C4 directly depends on the 
accuracy of measuring spectroscopic characteristics of

Table 3.
Element //nm Д7./А Arn/s"1 fle/ s - ' Gi/s-1 Ee Ej

CII 392.0 0.6 7.4 x 10" 4.1 x 1015 2.3 x 1012 1.2 x I0“6 1.8 x 10-3
He I 587.6 2.0 2.2 x 1012 2.4 x 1015 5.7 x 1012 8.6 x 10-6 9.5 x 10"4
He 1 667.8 3.4 3.6 x 10'2 2.1 x 1015 5.0 x 1012 1.3 x 10"5 1.4 x 10"3
Table 4.
Number 
of line 
in Fig. 3 ,

Intensity (arb. units) Intensity
difference (%)

Line half-width/A Line half-width
Cj/cm4 s 1wavclcnglh/nm Experiment Calculation Experiment Calculation difference (%)

i 800.61 0.24 0.17 +29.0 1.7 2.3 35.3 1.28 x 10"15
2 801.48 0.46 0.33 +28.0 1.8 2.3 27.8 1.26 x 10-15
3 810.37 0.69 0.99 -44.0 2.1 - 1.10 x 10“15
4 811.53 1.0 1.0 0 2.6 - 1.62 x 10~15
5 826.45 0.46 0.46 0 2.2 2.3 4.6 1.29 x I0“ 15
6 840.82 0.66 0.62 -6.0 2.2 2.4 9.1 1.41 x 10- '5
7 842.46 0.75 0.69 -8.0 1.9 2.3 21.1 1.26 x 10~15
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Wavclength/nm

Figure 3. Equilibrium emission spccirum of the argon plasma calculated 
for T =  2.2 cV and N, = 1.1 x 1017 cm- ’ .

different transitions. Finally, it is necessary to take into 
account the number of levels considered, which is always 
finite in a theoretical model. Table 5 presents the total 
number к of perturbing levels for Ar I, which were consid
ered in the calculation of the broadening constant.

It follows from Table 5 that the constants C4 calculated 
from (11) in the temperature range 1-3 eV can differ 
approximately twice from those presented in 
[1, 2, 15, 18]. Because of this, we believe that it is admissible 
to use a new broadening constant C4 = (0.5 -  2.0)C4 in 
calculations.

The calculation of the line intensities and half-widths 
with a new constant C4 resulted in a better agreement with 
experimental data. The difference between the theoretical 
and experimental line intensities does not exceed 20 %, while 
the maximum difference in the corresponding half-widths 
proved to be less than 10 %. In the subsequent calculations, 
we used the constant C4 instead of C4.

4.3 Mathematical simulation of the emission spectrum 
of a nonequilibrium laser plasma
A number of problems of the laser action such as the 
optimisation of pulsed laser deposition in manufacturing 
photoelectric lead-based transducers [27], the optimisation 
of a UV and soft X-ray radiation source [28-30] based on 
the radiative cooling of a laser plasma require detailed 
information on physical processes. Spectroscopic diagnostic 
is one of the efficient means for solving such problems. A 
specific property of the laser plasma is its thermodynamic 
nonequilibrium caused by the release of the laser pulse 
energy in the electron component, the hydrodynamic 
expansion of substance and radiation carrying out. The 
absence of a local thermodynamic equilibrium in the

plasma with an arbitrary transparency considerably affects 
the plasma composition, the degree of its ionisation, and 
absorption coefficients, which finally strongly complicates 
calculations of the emission spectrum.

In this section, we studied the dynamics of the emission 
spectrum of the nonequilibrium plasma produced in the 
argon atmosphere and determined the main parameters of 
this spectrum. The laser plasma was produced by irradiating 
the argon plasma with the initial temperature T0 = 0.5 eV 
and concentration N0 = 2 x 1017 c m '3 by the 1.06-pm 
pulses from a neodymium laser. The values of the laser 
pulse intensity G & 1.1 x 108 W cm-2 and duration г fs 
0.1 s were selected to provide the passage of the plasma 
to the equilibrium state with parameters corresponding to 
the experiment by the pulse end [26].

Figure 4 shows the dynamics of the plasma discharge. 
The electron component of the argon plasma strongly 
absorbs laser radiation, resulting in the heating of free 
electrons up to the temperature Te 0.8 eV by the time t 
5 x 10-5 s (Fig. 4c). This leads to the increase in the 
concentration N\ -  N l2 of excited states by one-tw o orders 
of magnitude (Fig. 4a) and the electron concentration by a 
factor of 1.3 (Fig. 4b), which is considerably lower than the 
equilibrium electron concentration NeSaha(7c) calculated by 
the Saha formulas at the electron temperature. Then, the 
process passes to a slow stage of the optical breakdown 
development, at which the excited states are gradually 
populated at virtually constant values of Гс and Nc. For 
t =  (2 — 4) x 10-2 s, a rapid stage of the breakdown is 
developed, which is caused by the intense ionisation of 
excited states. The nonequilibrium cascade ionisation is 
accompanied by a rapid increase in the concentration 
and energy of free electrons, as well as by a gradual 
equating of temperatures Ге and 7T By the instant of 
time t «  0.5 s, the system passes to the equilibrium sta
tionary state with the temperature Tc = 7] «  2.35 eV, the 
electron concentration ^  a  1.8 x 1017 cm-3, and the degree 
of ionisation close to unity (Fig. 4).

The complex dynamics of a plasma discharge is mani
fested in the emission spectrum and dominating line 
broadening mechanisms. Figures 5-10  present the emission 
spectra and spectral functions S ( a) of the nonequilibrium 
argon plasma corresponding to the four instants r| — r4 
indicated by the arrows in Fig. 4c.

Figure 5 shows the emission spectrum of the argon 
plasma obtained at the instant t, before the optical break
down onset (vcn > vei) for Tt = 0.88 eV, 7] -- 0.54 eV, and 
Nc = 1.9 x 1013 cm-3. Because the electron density is low, 
the line broadening is mainly determined by pressure, i.e., by 
collisions with neutral particles. The amplitudes of spectral 
functions 5(A) are almost the same for all the lines, being

Table 5.
Numbc 
of line 
in Fig. 3

Transition
wavelcngth/nm C4/cm 4 s"1 C i/cm4 s 1

Intensity (arb. units) 

Experiment Calculation

Line half-width/A 

Experiment Calculation
к

1 800.61 1.28 x 10~15 6.0 x 10~16 0.24 0.29 1.7 1.7 42

2 801.48 1.26 x 10~15 7.5 x 10 '16 0.46 0.46 1.8 1.8 46

3 810.37 1.10 x 10“15 1.8 x 10“ 15 0.69 0.69 - 3.0 39

4 811.53 1.62 x 10"15 1.6 x 10~15 1.00 1.00 - 2.6 32

5 826.45 1.29 x 10 '15 1.3 x 10"15 0.46 0.46 2.2 2.3 34

6 840.82 1.41 x 10“IS 1.4 x 10‘ 1S 0.66 0.66 2.2 2.4 37

7 842.46 1.26 x 10"IS 1.4 x 10~15 0.75 0.72 1.9 2.1 46
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equal to ~ 4 x  10 11 s. The excited-state populations are 
104 — 10s cm-1, so that the radiation power density in lines 
is ~  10“6 W cm"3 (Fig. 5).

10» 10-7 |0-(, ,0-5 10-4 10-.1 |0-2 |0-l
Timc/s

Figure 4. Time dependences of the concentrations of excited slates of 
atoms (a) and electrons (b) and of the electron and ion temperatures (c).

Wavelcnglh/nm

Figure 5. Nonequilibrium spectrum of the argon plasma calculated for 
r e = 0.88 cV, T, = 0.54 cV, and Ne = 1.9 x 101 ’ cm"3.

Figure 6 (the instant of time t2) shows the emission 
spectrum after the optical breakdown onset (ven v?j) for 
Г, =  0.95 eV, Г; =  0.73 eV, and Nc =  8.5 x 1013 cm"5. The 
excited-state populations increase by 20-100 times, result
ing in the increase in the power density in lines up to 
10“5 — 10"4 W cm"3 and in a decrease in the spectral- 
function amplitude (down to ~ 3 x  10"11 s) caused by 
the increasing influence of the Stark effect.

800 810 820 830 840 850
Wavelength/nm

Figure 6. Nonequilibrium spectrum of the argon plasma calculated for 
Tj = 0.95 cV, 7) = 0.73 cV, and Nc = 8.5 x 1013 cm"1.

The instant of time in Fig. 4c corresponds in fact to 
the establishment of a local thermodynamic equilibrium in 
the plasma at Гс = 1.38еУ, 3ri =  1.35eV, and Nc =
1.4 x 1016 cm"3. The broadening of spectral lines is pre
dominantly determined by the Stark effect. For this reason, 
the radiation power density in the lines continues to grow, 
achieving 0.1-0.7 W cm"3 (Fig. 7) and the amplitudes of 
spectral functions S(A) decrease by 2 -5  times compared to 
the amplitudes at the instant of time t2 (Fig. 8).

Wavelength/nm

Figure 7. Nonequilibrium spectrum of the argon plasma calculated for 
Tc = 1.38 eV, Г| = 1.35 eV, and Nt = 1.4 x 10lfi cm"3.

The emission spectrum and spectral functions presented 
in Figs 9 and 10 correspond to the equilibrium spectrum (at 
the instant 14 in Fig. 4c) of the system in the stationary state 
with the temperature T = 2.35 eV and the electron concen
tration JVe =  1.8 x 1017 cm"3. The equilibrium populations 
of levels achieve 1012 — 1013 cm"3 and the radiation power 
density is 0.5-1.5 W cm"3.
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Wavelenglh/nm

Figure 8. Spectral function S(2) corresponding to the nonequilibrium 
spectrum in Fig. 7.

Wavelength/nm

Figure 9. Equilibrium spectrum of the argon plasma calculated for 
T' = 2.35 cV, and Nc = 1.8 x 1017 cm"3.

Figure 10. Spectral function S(/) corresponding to the equilibrium 
spectrum in Fig. 9.

Simulations showed that the maximum radiation power 
density during the interaction time was achieved before the 
establishment of the stationary state, when the temperature 
and electron density have already stabilised, while the level 
populations achieved the maximum value before their decay 
(Fig. 4a). The radiation power density in each line in the 
stationary state decreased by 20% -30%  compared to its 
maximum value.

Table 6 presents the calculated and experimental [26] 
relative intensities of the emission lines in the equilibrium 
spectrum. One can see that the relative intensities are in 
agreement with an acceptable accuracy.

Table 6.

Number 
of line in Fig.3

Transition
wavelcngth/nm

Intensity (arb. units) 

Experiment [26] Simulation

1 800.61 0.29 0.30
2 801.48 0.46 0.49
3 810.37 0.69 0.68
4 811.53 1.00 1.00

5 826.45 0.46 0.50
6 840.82 0.66 0.67

7 842.46 0.72 0.73

Thus, the emission spectra of the equilibrium and 
nonequilibrium plasma can strongly differ from each other, 
even if they correspond to the same temperatures and the 
same initial concentrations of particles.

5. Conclusions
We have calculated the line emission spectrum of the 
nonequilibrium argon plasma and developed a complete 
collision-radiation kinetic model describing processes of 
the nonequilibrium population of levels taking into account 
the main line broadening mechanisms and nonequilibrium 
ionisation of atoms and ions. The kinetic model was 
supplemented with the energy balance equations for 
electrons and atoms.

This physicomathematical model was tested based on 
experiments in which the parameters of spectral lines of 
different elements (He, C, Ar) were measured under the 
conditions of a local thermodynamic equilibrium. A com
parison of the results of simulations and measurements has 
demonstrated acceptable agreement between the calculated 
and experimental linewidths and line shapes.

The mathematical simulation of the optical-breakdown 
argon plasma has shown that the intensities of nonequili
brium line spectra can be noticeably (by several times) lower 
than those of equilibrium spectra. Due to the use of shorter 
and higher-power laser pulses, the nonequilibrium emission 
spectrum differs from the equilibrium spectrum not only 
quantitatively but also qualitatively, i.e., the spectra contain 
the different number of lines.

The results obtained in the paper can be used to 
substantiate physicomathematical models proposed for 
simulations of nonequilibrium dynamic situations in plasma 
discharges and to calculate the corresponding line spectra.
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