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Abstract.  We report an experimental investigation of the broaden-
ing and shift of discrete lines in the plasma spectrum produced in 
the laser ablation of silicon in a broad pressure range (102 – 107 Pa) 
of the ambient gas (Ar, He, H2). The broadening and line shifts are 
measured in relation to the distance from the target and initial gas 
pressure. The threshold nature of the resulting dependences is found 
to be related to the formation of virtual percolation clusters pro-
ceeding in the hot dense plasma.

Keywords: laser ablation, percolation, shift and broadening of spec-
tral lines.

1. Introduction

According to Zhukhovitskii [1], a dense plasma with a tem-
perature exceeding the boiling temperature of condensed sub-
stance may be the site of formation of ‘hot’ virtual clusters: 
atomic chains and fractal-like structures. The term ‘hot’ may 
also be used in reference to percolation clusters, both critical 
and subcritical, which emerge in the model of dynamic perco-
lation [2, 3]. The formation of hot clusters changes the optical 
and electrical characteristics of the plasma. Since percolation 
is a threshold process, it would appear reasonable that such 
characteristics as the width, shift, and intensity of spectral 
lines would exhibit threshold behaviour.

The past 20 – 30 years have seen numerous investigations 
of the atomic and ionic spectra of the products of laser abla-
tion, but they have not exhibited threshold-like variations of 
spectral characteristics. We note that the majority of papers 
were concerned with the investigation of only the atomic and 
ionic spectra of target substance, while the changes in the 
spectra of buffer gases were scarcely studied. However, the 
reaction of a buffer inert gas to the emergence of hot virtual 
clusters consisting of the target material atoms would be 
expected to be more pronounced. The gas atoms, on finding 
themselves in the immediate vicinity of a cluster, do not enter 
in its composition and retain their discrete spectrum. Local 
field fluctuations in the cluster as well as the higher electron 
density in its immediate vicinity may result in a significant 
difference of the spectral dependences for the buffer gas from 
the corresponding dependences for target atoms.

The use of hydrogen as a buffer gas shows promise and is 
of importance for recording the percolation transition. The 
simplest atom and the most abundant element in the Universe 
is most often the object of theoretical and experimental 
research. Its spectra are actively studied in the optical break-
down [4 – 7]. The broadening of spectral lines is used for deter-
mining the electron density in experiments involving labora-
tory plasmas of different composition and with a purpose-
fully introduced admixture of hydrogen [8]. As a result, vast 
material has been accumulated for the width and shift of 
hydrogen spectral lines in relation to different factors, for 
instance pressure. Since the laser plume is a rather complex 
object with discontinuities of gas-dynamic parameters in its 
volume, studying hydrogen spectra in the plasma of ablated 
substance is of major significance. It is noteworthy that the 
study of the width and shift of the spectral lines of hydrogen 
and silicon in dense plasmas is, in particular, of astrophysical 
interest, because these lines are present in the visible radiation 
of the Sun and other stars [9].

2. Experimental facility and methods

Silicon was ablated by single ~10-ns pulses of laser radia-
tion with a wavelength of 1.06 mm. The radiation was 
focused onto the target with a flat-convex lens with a focal 
length F = 300 mm; the focal spot radius was equal to 0.15 ± 
0.05 mm. The energy density at the target surface was equal to 
~70 J cm–2. We note that the transition from normal vapori-
sation to a phase explosion [10, 11] is attended with a signifi-
cant increase in plume luminosity [12] and takes place for a 
threshold flux density above 19 ± 4 J cm–2.

The target under investigation was placed into a hermeti-
cally sealed chamber (the inner diameter and length were 
equal to 25 and 150 mm). The buffer gas pressure pb in the 
chamber could be varied from 0.001 to 100 atm; for a buffer 
gas, we used hydrogen, helium, and argon.

We investigated the spectrum and intensity of laser plasma 
radiation propagating in two directions: longitudinal, in 
opposition to the laser beam, and transverse, perpendicular to 
the plume axis. In the latter case, we recorded the emission of 
a plasma layer located at a selected distance from the target 
surface. The spatial resolution was equal to ~100 mm. Time-
integrated spectra were obtained using a diffraction grating 
spectrometer (600 grooves mm–1). The slit width was equal to 
30 mm and the spectral resolving power l/dl » 24000. The 
spectra were studied in a wavelength range 350 < l < 900 nm. 
The width of recorded spectral range was determined by the 
focal distance F of a collecting lens. With an F = 800 mm lens, 
a spectral interval of ~50 nm was imaged onto a CCD linear 
array. This interval is sufficiently broad (Fig. 1) to encompass 
the 634.7- and 637.1-nm spectral lines of silicon and the 
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656.3-nm line of hydrogen (the Ha Balmer line). This circum-
stance allowed us to study and compare the line shifts relative 
to each other in one experimental realisation.

The longitudinal radiation, which propagated in opposi-
tion to the laser beam and was integrated over the entire vol-
ume of the plasma cloud, was directed to the input of an 
SFL-451 spectrofluorimeter with the spectral operating 
range 400 <  l < 900 nm and a resolution of 6.4 nm. The 
resultant spectra permitted us to compare the intensities of 
different spectral lines and the continuous plasma emission.

Konjevic [13] formulated the reliability criteria for plasma 
diagnostic techniques based on measurements of the broad-
ening and shift of spectral lines. Required, in particular, are 
the uniformity of the plasma region under study, its stationar-
ity during the measurement period, and the existence of local 
thermodynamic equilibrium. The plasma produced in the 
laser ablation by the pulses of nanosecond duration is charac-
terised both by nonuniformity and nonstationarity, and local 
thermodynamic equilibrium is broken near the discontinuity 
surfaces of gas-dynamic parameters. A high substance density 
in the plume is attended with different instabilities, intermit-
tency, and turbulence.

Different plasma spectroscopic techniques were devel-
oped to minimise these difficulties. Wide use is made of spec-
troscopy with a high temporal resolution. In the case of a 
phase explosion and an explosion wave, which occur in the 
ablation by nanosecond-long laser pulses, the most signifi-
cant changes take place near the discontinuity surfaces of 
gas-dynamic parameters. The high motion velocity of these 
surfaces permits using spatial resolution instead of the tem-
poral one: a time interval of 100 ns, which is typical for 
experiments with temporal resolution, corresponds to a spa-
tial interval of 1 mm when the explosion wave velocity is 
equal to ~104 m s–1.

3. Density variation in a laser plume

3.1. Explosion wave

Nonstationary wave motion for a point explosion was first 
considered by the authors of Refs [14, 15]. In the case of a 
strong point explosion, the wave motion is self-similar and it 
is possible to obtain an analytical solution in the case of adia-

baticity and one-dimensionality of motion [16]. The key 
parameters for the description of velocity, density, and pres-
sure profiles behind the wave front are, apart from the time, 
the energy delivered to the target surface, the adiabatic expo-
nent of the ambient gas, and its density. The two last-named 
parameters, as well as the sound velocity and the initial gas 
density related by the adiabatic equation, characterise one of 
stagnation points of the problem. This point is located ahead 
of the explosive wave and its parameters are denoted by sub-
script 0 [17]. In the present work, subscript 3 is employed for 
the corresponding parameters of another stagnation point, 
which is located immediately at the target surface. Subscripts 
1 and 2 correspond to the shock wave front and the contact 
surface between the plasma and the buffer gas.

The strength of a shock wave and its many other param-
eters are defined in terms of the pressure ratio p1/p0. A shock 
wave is termed strong when its velocity is ten or more times 
greater than the sound velocity in the surrounding medium 
(the Mach number M ³ 10, p1/p0 ³ 100). In the passage of a 
shock wave, the density of the medium is relatively little 
changed [14 – 17]. The buffer gas at the front of a strong shock 
wave obeys the following relation (neglecting ionisation and 
dissociation):
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For a monoatomic gas, its density increases four-fold at this 
discontinuity.

3.2. Rarefaction wave

The vapour behind the contact surface may be treated as a 
working gas, whose expansion forms a shock wave in the sur-
rounding gas. A discontinuity of gas-dynamic variables is 
formed at the contact surface: the density and temperature 
undergo a step-like change, while the pressure and velocity 
are continuous. According to Refs [17, 18], in this case there 
applies the following inequality:
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whose fulfilment necessitates that the vapour density should 
be at least two orders of magnitude higher than the ambient 
gas density. It is also known that a rarefaction wave propa-
gates toward the target through the domain occupied by the 
vapour [17]. In the laboratory frame of reference, for every 
local point its velocity is defined by the difference of the local 
flow velocity u, which is directed away from the target, and 
the local sound velocity [16, 17]:
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For an ideal gas with a constant heat capacity, the follow-
ing relations hold for a centred rarefaction wave [17]:
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Figure 1.  Silicon and hydrogen spectra for buffer gas pressures of ( 1 ) 1 
and ( 2 ) 5 atm, and He – Ne laser line.
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where the variables without a subscript refer to local param-
eters of the rarefaction wave. When the rarefaction wave 
propagates through the monoatomic vapour of the target 
material, its density is much (by more than a factor of 10, [16]) 
higher than the density of the surrounding gas. Account 
should be taken of the fact the formation of dimers, trimers, 
etc. in the dense gas leads, according to expressions (4) – (7), 
to an increase in all parameters of the rarefaction wave. The 
following approximation holds good for polyatomic nonlin-
ear molecules whose all vibrational and rotational degrees of 
freedom are excited [19]:

g » (3N –  2)/(3N – 3).	 (8)

As the number of atoms N in molecules increases, the adi-
abatic index approaches unity and the magnitudes of sub-
script-free parameters in formulas (4) – (7), which are calcu-
lated with participation of formula (8), become higher 
(Fig. 2). In the calculation of the dependences plotted in 
Fig. 2, the data on the characteristics of the laser plume were 
borrowed from Ref. [16]. At the effective number of atoms 
Neff ~ 6, the density in the medium, as compared to single-
atom vapour, increases by 16 times.

According to Ref. [20], for percolation to occur in a 
Coulomb system, the density must be close to the critical one, 
which is equal to 750 ± 100 kg m–3 for silicon [21]. At normal 
conditions, the respective densities of surrounding gases H2, 
He, and Ar are equal to 0.09, 0.179, and 1.784 kg m–3. In view 
of inequality (2) and relation (7), the critical density of ablated 
material (silicon) may be reached for the normal pressure of 
the surrounding Ar gas. For He and H2, it will take external 
pressure 10 – 20 times higher than the normal one, which is 

consistent with the data of our experiments [22 – 26]. To do 
this requires that polyatomic molecules (clusters) are effi-
ciently produced in the region where the rarefaction wave 
takes place.

4. Formation of fractal structures  
in a laser plume

Earlier we observed the formation of fractal, in particular 
percolative, structures in the ablation of silicon and different 
metallic targets by quasi-continuous laser radiation with a 
duration of ten milliseconds [22 – 24]. Linear and fractal 
microclusters accumulated in cold peripheral plume layers 
with irradiation of so long a pulse [22 – 24]. For sufficiently 
low (below two atmospheres) pressures of the surrounding 
gas, it was possible to observe the deposition of microclusters 
on the chamber walls and a specially introduced glass sub-
strate for ten – fifteen minutes upon cessation of the laser 
pulse. When the initial gas (argon) pressure in the sample-
containing chamber was higher than two atmospheres, suffi-
ciently many fractal structures managed to accumulate in the 
outer layer of the laser plume during laser irradiation, so that 
their density exceeded the percolation threshold. As a result, 
the microclusters merged into a linked fractal shell, which did 
not disintegrate into parts upon termination of the laser pulse 
and found itself on the substrate [22 – 24]. When use was made 
of helium as the ambient gas, the threshold pressure required 
to trigger the formation of the linked fractal shell increased to 
ten atmospheres [22].

A similar behaviour of spectral line intensities in relation 
to the pressure of the ambient atmosphere is also observed in 
the ablation of different targets by pulsed laser radiation of 
nanosecond duration. Figure 3 shows experimental data 
obtained in the ablation of silicon and copper targets in the 
atmosphere of argon. This plot serves to illustrate the similar-
ity of the dependences obtained for different targets, the dif-
ference in positions on the pressure scale between the inten-
sity peaks of the discrete spectra of argon and target sub-
stance, as well as the coincidence on the pressure axis between 
the intensity peaks of the buffer gas and continuum spectra. It 
should be added that the like behaviour was also observed for 
other metals under our investigation: Al, Ag, Mg, Ti, etc. In 
the ablation in the atmosphere of helium, the intensity peaks 
take place at pressures approximately five times higher than 
in the ablation in argon atmosphere. The same pressure ratio 
with replacement of Ar by He is observed under 10-ms long 
quasi-continuous irradiation [22, 24]. Of significance is the 
fact that the positions of peaks on the pressure axis remain 
invariable as the pulse duration is changed by a factor of ~106 
(provided the gas is the same).

Also noteworthy are the differences which manifest 
themselves in experiments for the specifies ablation regimes. 
Unlike the irradiation by a millisecond pulse, when a linked 
fractal shell is formed on reaching the threshold pressure, in 
the case of nanosecond irradiation we failed to discover the 
corresponding fractal structures in experiments. It is likely 
that there exists a strong coupling between the dense plasma 
and the target surface in the phase explosion. Under milli-
second irradiation [25], for some metals (Ni, Re, Pb) a simi-
lar effect gives rise to porous cones on the target surface, 
where characteristic craters are observed in the majority of 
experiments. Interestingly, in the ablation by higher-power 
femtosecond pulses it was determined that ramified nano-
clusters are formed in a time shorter than 10 ns [27].
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Figure 2.  Dependences of the effective adiabatic index g ( 1 ) as well 
as of rarefaction wave parameters a/a3 ( 2 ), 50p/p3 ( 3 ), T/T3 ( 4 ), and 
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The outlined data are indicative of the possible similarity 
of percolation structure formation mechanisms for the speci-
fied laser ablation regimes. It is noteworthy that this similar-
ity of processes that take place on different scales (spatial and 
temporal) is a characteristic property of fractals, in particular 
in the percolation [28].

5. Shift and broadening of spectral lines

5.1. Broadening of hydrogen and silicon spectral lines  
in relation to the pressure

In Ref. [26] it was determined that the pressure dependences 
of the broadening of the spectral lines of a buffer gas are sig-
nificantly different from the corresponding dependences for 
the atoms and ions of the target material. In comparison with 
the radiation of the target atoms, the radiation of buffer gas 
atoms emanates from higher-density plasma layers and their 
spectral line profiles are complex in shape. The profile of the 
broadened spectral lines of target substance is quite accu-
rately described by a single Lorentzian profile. In the case of 
a buffer gas, a single-profile approximation describes experi-
mental profiles adequately only for relatively low pressures: 
below 2 atm for argon and below 10 atm for helium. At higher 
initial pressures, a rather good (to better than 10 %) approxi-
mation of the profile of a discrete line is provided by its expan-
sion into two Lorentzian profiles. Figure 4 shows the depen-

dences obtained by approximating the investigated hydrogen 
line profile by one and two Lorentzian profiles. Both approx-
imations clearly demonstrate the threshold-like behaviour of 
the dependences on the buffer gas pressure: a characteristic 
knee is observed for a threshold pressure  ptr » 2.5 atm.

Figure 5 shows the pressure dependences of the broaden-
ing of silicon spectral lines in the atmosphere of hydrogen and 
argon. In the analysis of the line shapes, use was made of the 
single-profile approximation. It is noteworthy that the 
changes of the half-width of silicon spectral line are signifi-
cantly smaller than those observed for hydrogen. Calculations 
of the Stark line broadening based on the well-known expres-
sions and tables [29] lead to the following conclusion. Up to a 
certain threshold, to which there corresponds a pressure of 
~2.5 atm, the radiating hydrogen and argon atoms as well as 
silicon ions are in the plasma domain where the free-electron 
density is equal to ~1017 cm–3. Above the threshold, the main 
contribution to hydrogen and argon radiation is made by the 
atoms which reside in the plasma with a higher electron den-
sity (~1018 cm–3). It would be reasonable to assume that the 
atoms and ions of the target substance radiate from the layers 

1

1

3

3

2

2

0.001 0.01 0.1 1 10 pb/atm

0.001 0.01 0.1 1 10 pb/atm

a

b

0

0.2

0.4

0.6

0.8

1.0
J (arb. units)

0

0.2

0.4

0.6

0.8

1.0
J (arb. units)
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adjacent to the contact surface for sufficiently low pressures, 
when the plasma density is below the percolation threshold. 
As a whole, the volume occupied by the plasma is optically 
thick and is characterised by continuum radiation. When the 
plasma density of the layer adjacent to the contact surface 
exceeds the percolation threshold, the densities of free atoms 
and ions of the target substance become substantially lower. 
The buffer gas atoms are almost invariable in number, 
because they are not parts of clusters. The higher electron 
density in the layer behind the contact surface gives rise to the 
broadening of buffer gas spectral lines.

5.2. Shifts of silicon and hydrogen spectral lines  
in relation to the pressure

A high electron density [6, 7], the existence of its gradients in 
laser plasmas, and the specificity of transfer processes at the 
threshold of percolation [30] underlie the interest in studying 
spectral line shifts in laser ablation. Figures 6 and 7 show 
respectively the experimental pressure dependences of the 
shifts of the 634.7-nm silicon ion line and the Ha hydrogen 
line. A single-profile approximation was employed for the 
silicon spectral line (Fig. 6), and single- and two-profile 
approximations for the Ha line (Fig. 7). The dependences 
obtained in the silicon ablation in the atmospheres of hydro-
gen and argon are compared in Figs 5 and 6. As these plots 
suggest, not only does the buffer gas determine the position of 
the threshold on the density axis, but it also affects the width 
and shift of the spectral lines of the target material. This dif-
ference is primarily observed at above-threshold pressures. It 
is noteworthy that hydrogen, unlike a rare gas, may also par-
ticipate in the formation of percolation clusters as a chemi-
cally active element.

The character of dependences plotted in Figs 6 and 7 
changes markedly on exceeding the threshold pressure. Where 
percolation takes place, the majority of silicon ions are parts 
of clusters, while the solitary ions, which radiate a discrete 
spectrum, are spatially remote from this domain. The depen-
dence nevertheless becomes more wavy in comparison, for 
instance, with the dependence for the Ha line at the same pres-
sures (Fig. 7). The possible reason may lie with the emergence 
of silicon ions near a contact surface, which also is a fractal 

object. The dimensionality of this fractal coincides with the 
dimensionality of the percolation clusters located in the 
plasma volume [31]. The dynamic nature of hot percolation 
cluster formation (their decay and restructuring) has the 
effect that fluctuations are inherent in cluster growth and 
decay in the volume and surface layer of the plasma [2].

5.3. Broadening and shift of spectral lines in relation  
to the distance from the target

The density of ablated substance cloud decreases with dis-
tance from the target due to expansion and recombination of 
plasma components. In the investigation of the broadening 
and shift of spectral lines in relation to the distance from the 
target, for a sufficiently high pressure it is possible to pass 
through the threshold domain and, on the one hand, obtain 
information about the percolation structures and electron 
density as the contact surface recedes from target and, on the 
other, estimate the electron density gradient near the contact 
surface.

Figure 8 shows the spatial dependences of the broadening 
and shift of the hydrogen line under study, which were 
obtained for initial pressures exceeding the threshold one. 
The two profiles which approximate the line profile differ 
widely in half-width and shift. For the narrow profile, the 
shift is negligible and the half-width increases monotonically. 
Characteristic of the broad profile are an alternating-sign 
shift and unexpectedly strong changes of the half-width with 
approach to the target surface. In this case, the line shift, mea-
sured simultaneously with the half-width, changes only 
slightly within the uncertainty of the two-profile approxima-
tion. By contrast, the pulsations are stronger pronounced for 
the line-shift dependences with variation of the initial pres-
sure (see Fig. 7). The data shown in Fig. 8 suggest that the 
electron density is highest at some distance from the surface 
and decreases on either side of this point with about the same 
gradient.

6. Conclusions

The broadening and shift of the spectral lines of a buffer gas 
and target substance were first compared in the plasma pro-
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duced by laser ablation. Our experimental investigations were 
mostly carried out for a silicon target placed in a hydrogen 
atmosphere. It was determined that the dependences of the 
half-width and shift of the spectral line of a buffer gas on the 
pressure and distance from the target exhibit threshold-like 
behaviour. The threshold is due to the formation of percola-
tion clusters of atoms and ions of the target material in a 
dense plasma, the discrete lines of the target material practi-
cally vanishing from the optical spectra of the plasma. The 
threshold-like behaviour, which is characteristic for the spec-
tral line of the buffer gas, is attended with the broadening, 
shift, and asymmetry of its profile. Above the threshold, the 
density fluctuations of electron plasma component were 
found to result in the instability of the broadening of the spec-
tral line of the surrounding gas in the domain where percola-
tion took place.
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Figure 8.  Dependences of the half-width v of ( 1, 4 ) the broad profile as 
well as of the shifts Dv of ( 2, 5 ) the narrow and ( 3, 6 ) broad profiles, 
which were obtained in the decomposition of the spectral line of ambi-
ent gas, on the distance d from the target surface: ( 1 – 3 ) Si target, the 
initial hydrogen pressure is equal to 45 atm, l = 656.3 nm, and ( 4 – 6 ) a 
Cu target, the initial helium pressure is equal to 40 atm, l = 587.6 nm.


