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Introduction
Optical emission spectroscopy (OES) is an effec-

tive tool to analyze optical emission from laser-in-
duced plasma. It is largely used to identify the ele-
mental composition of solid, liquid, gas and aerosols 
samples in a vacuum or in a controlled atmosphere 
[1]. The emitting species in laser-induced plasma 
are characterized by their optical emission spectra. 
The later helps to determine plasma parameters 

Abstract
Understanding plasma chemistry in methane by measuring kinetic and thermodynamic features 
of the ionic, atomic, and molecular emission in laser ablation plume is crucial especially for 
thin film synthesis of hydrogenated carbon. We report the emission spectroscopy of carbon 
plasma produced by ultraviolet nanosecond laser in a methane atmosphere. Atomic and 
molecular emitting species including C, C+, C2, and CH were identified. The rate of the ablated 
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and the kinetic properties of species in the plasma. 
Excitation, de-excitation, ionization, and recombi-
nation are among the main processes responsible 
for the signatures of the atomic and molecular spe-
cies on the emission spectra [2].

The emission spectroscopy from plasma spe-
cies is related to the laser ablation (LA) conditions. 
The LA processes are strongly connected to laser 
parameters (wavelength, fluence, and pulse dura-
tion) and the material properties (physicochemical 
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properties) and the nature and pressure of the am-
bient gas [3]. Depending on the nature of the am-
bient gas, the physics and dynamics of the plasma 
change significantly. The expansion of plasma un-
der a reactive atmosphere is very complex. Plasma 
species are held back by gas particles due to elastic 
and inelastic collisions [3]. In the expansion stage, 
the plasma can undergo the diffusion of particles, 
shock wave formation, hydrodynamic instabilities 
as well as chemical reactions [4]. To our knowl-
edge, there are very few works have investigated 
the interaction of laser-induced carbon plasma and 
methane atmosphere by OES [5]. However, sev-
eral authors have investigated the laser produced 
plasma from different materials like carbon, Tita-
nium, Aluminum in vacuum as well as in controlled 
atmospheres [6-10]. In their works, they used time 
and space resolved optical emission spectroscopy 
to elucidate the kinetic and dynamic aspects in the 
laser induced plasma. We have used the OES tech-
nique to get information about physicochemical 
processes involved in carbon plasma in methane. 
In our previous work, a carbon plasma emission in 
methane and argon atmospheres has been inves-
tigated [11]. At a fluence of 9.6 J.cm-2, the spatio-
temporal evolution of emitting species like C, C+, 
C2, CH, Ar was studied at a pressure of 0.3 mbar of 
methane and 0.3 and 1 mbar of argon. It was found 
that the C and C2 present a triple and double peaks 
respectively at 1 mbar of argon atmosphere in con-
trast to methane one. The multiple structures have 
been ascribed to the reflected shocks and the os-
cillation in the plasma. To continue investigating 
the effect of methane pressure on carbon plasma, 
we have studied its behavior at different methane 
pressures for a laser fluence of 7.8 J.cm-2. A compar-
ison between the time-of-flight profiles of emitting 
species into different methane pressures is made. 
The evolution of the ablated mass of carbon versus 
laser fluence is presented. The temperature and 
stream velocity of C2 is determined by the shifted 
Maxwell distribution function (SMB). Spatiotempo-
ral evolution of species provided from plasma, gas, 
and plasma-gas interaction is studied in vacuum 
and methane environments.

Experimental Setup
The experimental setup has been given in de-

tail in our previous work [11]. In this experiment, 
carbon plasma was generated by a KrF excimer la-
ser (Lambda Physik Compex 102, λ = 248 nm, 25 

ns pulse duration). Using two cylindrical lenses, 
the laser beam was focused on the target surface 
at an angle of 45° with respect to the normal of 
the target surface. The laser fluence obtained on 
a spot size of 0.02 cm2 was 7.8 J.cm-2. The target is 
placed in a cylindrical stainless steel chamber un-
der vacuum at a pressure of 10-6 mbar. We inject-
ed methane at pressures of 0.3, 1 and 5 mbar. For 
plasma diagnostic, we used an Acton spectrometer 
of Czerny-Turner optical configuration. The light 
emitted by the plasma is reproduced on the entry 
slit of the spectrometer (dimension 100 µm wide × 
2 mm long) through mirrors. The resolution power 
of the spectrometer is of 10000 equipped with a 
holographic network of 1200 lines/mm and has a 
dispersion of 6 Å/mm, which leads to a spectral res-
olution of 0.06 nm. The image of the plasma plume 
is conveyed to the entrance slit of the spectrom-
eter. The analysis of the plume is carried out slice 
by slice by moving the image of the plasma on the 
entrance slit of the monochromator with a step 0.3 
mm to provide spatially resolved measurements. 
The spectrometer is coupled to a fast PM Photo-
multiplier (Hamamatsu R294) with a rise time of 2 
ns. The PM is connected to an oscilloscope (Tek-
tronix TDS3032, 5 GS/s, 300 MHz) to record the 
time of flight signals of the emitting species. The 
oscilloscope is triggered in external mode when the 
laser irradiates the target. This triggering is done 
using a photodiode illuminated by the reflection of 
the laser coming from the focusing lens. Figure 1a 
shows the time of flight signal of the neutral carbon 
C (I) at 247.8 nm obtained during the irradiation of 
a graphite target under vacuum. Using time-of-
flight signals, time- and space- resolved character-
ization for each species detected is possible. We 
have recorded an emitting spectrum (Figure 1b) of 
carbon plasma in a methane atmosphere at a pres-
sure of 0.3 mbar. The spectrum was obtained using 
an ICCD detector (Princeton instruments PI-MAX, 
1024 × 256 pixels, pixel size = 24 × 24 μm) at a gate 
time of 10 μs for a delay of 100 ns. The spectrum 
is characterized by an emission from atomic lines 
C+ and molecular bands of C2 and CH for different 
vibrational sequences.

Measure of the Ablated Mass
Figure 2 presents the evolution of the rate of the 

ablated mass of carbon by laser pulse as a function 
of the laser fluence. We can see that the rate of 
ablated mass increases with laser fluence. Extrap-
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Where τ is the laser pulse duration, Tvap the va-
porization temperature, T0 the surface tempera-
ture, R the reflection coefficient, K the thermal con-
ductivity, and D the thermal diffusivity.

We calculated the threshold fluence value for a 
carbon target, using the formula (1), we got for: Tvap 
= 4623 K, T0 = 300 K, Kth = 0.2 W.cm-1.K-1, R = 0.21, D 
= 12.58 cm2.s-1 and τ = 25 × 10-9 s [12], a threshold 
fluence of 0.0432 J.cm-2. The later value is very low-
er than that measured.

Time of Flight Analysis
Figure 3 shows the time of flight signals of C(I) at 

247.8 nm recorded under vacuum and at 0.1, 0.3, 
1, and 5 mbar of methane for different distances 
from the target surface. The emission intensity of 
the C decreases with the distance of the target. At 
5 mbar, the time of flight signals are broad starting 
at 6 mm from the target surface. This broadening is 
due to the increase in the population of the excited 
species of C in the plasma plume. The effect of the 
ambient gas pressure on plasma expansion is mani-
fested by the confinement of the plasma. Collisions 
multiply by increasing the pressure of the ambient 
gas, which promotes chemical reactions between 
the expanding species and the gas particles.

Study of the Distribution of C2 Molecules
The stream velocities and the translational tem-

peratures of the C2 molecule are determined by the 
shifted Maxwell Boltzmann distribution function 
(SMB), which is given by the relation [13]:

olating the curve with the x-axis gives a threshold 
ablation fluence of 2.6 J.cm-2. This value is lower 
than the detection threshold of the C+ which is 6 to 
10 J.cm-2 and higher than the detection threshold 
of the C and C2 species which is 1 J.cm-2 [6]. The 
removed mass of carbon on a spot size of 0.02 cm2 
for a fluence of 7.8 J.cm-2 is 0.35 µg/pulse. In or-
der for material to be ejected from the irradiated 
target, the surface energy density must be greater 
than a limit value called the threshold fluence. This 
value depends on the parameters of the laser and 
the physical properties of the irradiated target, it is 
given by the relation [12]:

( )
vap 0

threshold

T -T
F  = πK

2 1 R Dτ
τ
 
  − 

         (1)

Figure 1: a) The signal in red is the time of flight of C(I) 247.8 nm recorded in vacuum at 10-6 mbar of pressure 
and that in black the laser response ; b) Emission spectrum of carbon plasma in methane atmosphere at a 
pressure of 0.3 mbar.

Figure 2: Rate of the ablated mass of carbon as a 
function of the laser fluence.
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well fitted by the SMB function as shown in the fig-
ure. At 3.5 mm from the surface of the target, the 
temperatures obtained are of the order of 0.28, 
0.6, and 0.97 eV for methane pressures of 5, 1, and 
0.3 mbar respectively.

Figure 4b shows the evolution of the translation 
temperature of the molecule C2 as a function of the 
distance of the target surface for 0.3, 1, and 5 mbar 
of methane. The spatial evolution of the translation 
temperature of the C2 molecule decreases progres-
sively away from the surface of the target for the 

( )
2

B

m z- -V
2k T t-4f t  = Azt exp

    
   

         (2)

Where f(t) is the intensity of emitting species, 
A is the normalization constant, kB the Boltzmann 
constant, m is the mass of the species, z is the dis-
tance from the target, V is the stream velocity, and 
T is the translational temperature.

Figure 4a shows the time of flight signal of C2 fit-
ted by the SMB function at 0.3, 1, and 5 mbar of 
methane for a fluence of 7.8 J.cm-2. The signals are 

Figure 3: Time of flight signals of C(I) 247.8 nm under a) Vacuum and at b) 0.1; c) 0.3; d) 1 and e) 5 mbar of 
methane atmosphere for different distances from the target.
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decrease of the temperature and the velocity of 
the different populations excited in the plasma.

Spatiotemporal Study of Species
Spatiotemporal evolution allows explaining the 

behavior of the emitting species in the plasma 
and to predict its origin. Figure 5 shows the dis-
tance-time and intensity-distance curves of the 
molecule C2 observed in carbon plasma under 0.3, 
1, and 5 mbar of CH4 for a fluence of 7.8 J.cm-2. For t 
< 0.5 μs, the velocity of the molecule C2 is the same 
for the three applied pressures. Beyond this time, 
the molecule C2 is faster in the pressure of 0.3 mbar 
of CH4 followed by 1 and then 5 mbar. We also ob-
serve that its spatiotemporal evolution is relatively 
confined for 5 mbar. The intensity-distance curves 
indicate that the maximum emission intensity of 
molecule C2 is close to the surface of the target (5 
mm) for 1 mbar and 5 mbar. For 0.3 mbar, the max-
imum emission intensity of the molecule C2 is 8 mm 

different pressures. At 0.3 mbar of CH4 between 
3.5-6.3 mm, the translation temperature of the 
molecule C2 remains constant then decreases. The 
figure indicates that the translation temperature 
values of the molecule C2 obtained at 0.3 mbar are 
greater than those observed at 1 mbar followed by 
the values at 5 mbar of methane.

Figure 4c shows the velocity of the populations 
of the C2 molecule as a function of the distance of 
the target surface for 0.3, 1 and 5 mbar. This veloc-
ity increases to a maximum then decreases for the 
three applied pressures. This maximum is 8.4, 6.3, 
and 2.8 mm from the target surface for 0.3, 1, and 
5 mbar respectively. This shift can be explained by 
the braking of the particles by the pressure force. 
The effect of the ambient gas pressure slows down 
the expansion of the plasma, which decreases the 
translational speed of the particles in the plasma. 
Moreover strong collisions could be formed be-
tween plasma species. These collisions lead to the 

Figure 4: a) Time of flight signal of C2 fitted by SMB function b) and c) Shows respectively the evolutions of the 
temperature and the stream velocity as a function of the distance from the target surface at 0.3, 1 and 5 mbar 
of methane atmosphere.
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emission rates and intensities. The molecular C2 be-
haves like C up to 4 mm from the surface of the tar-
get and like C+ beyond this distance. The maximum 
emission intensity of C+ and C2 is 7 and 9 mm from 
the target surface respectively. The behavior of C2 
molecules returns to the different origins of C2 for-
mation. It can be formed directly from the surface 
of the target by dissociation of clusters and/or by 
recombination processes of atomic species in the 
plasma.

Drag and Shock Wave Models
To highlight the dynamics of the plasma expan-

sion in the methane gas, we investigate the deal of 
spatiotemporal evolution of species with the linear, 
theoretical shock wave model and empirical drag 
model.

from the target surface. Plasma expands to great 
distances at low pressure because the plasma pres-
sure is greater than that of the ambient gas.

Figure 6 shows the distance-time and intensi-
ty-distance plots of C(I) at 247.8 nm under vacuum, 
and at 0.3, 1, and 5 mbar of the CH4 for a fluence 
of 7.8 J.cm-2. In vacuum, the C behaves linearly in 
the plasma indicating a free expansion of plasma. 
The velocity of neutral C is less important at 5 mbar 
than that of 0.3 and 1 mbar. The intensity of C in-
crease to reach a maximum then decreases contin-
ually. The maxima are situated at 4.2, 5.6, 2.8, 2.1 
mm for vacuum, 0.3, 1, and 5 mbar, respectively.

Figure 7 shows the distance-time and inten-
sity-distance plots of the species C, C+, C2, and 
CH observed in carbon plasma under 0.3 mbar of 
methane gas. We note that C and CH have similar 

Figure 5: Distance-time and intensity-distance plots of the molecule C2 under 0.3, 1 and 5 mbar of CH4.

Figure 6: Distance-time and distance-intensity plots of C (I) 247.8 nm under vacuum and at 0.3, 1 and 5 mbar 
of CH4.
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from the target, the curve agrees well with the lin-
ear model. In this first stage of expansion, the ef-
fect of the methane is negligible and the plasma 
easily expands under its strong internal pressure. 
The drag model exhibits a good agreement with the 
R-t plot between 5.2-16.1 mm. The evolution of the 
R-t plot of C2 depends on t0.4 in the region 10.5-16.1 
mm from the target surface, which corresponds to 
the spherical shock wave. When the mass of the 
ambient gas is greater than that of the plasma, a 
shock wave is formed. This is explained by the dif-
ference in pressure and density between the two 
media. Collisions, which occur in the mixing zone, 
slow down the expansion of the plasma.

Conclusion
The emission spectroscopy of carbon laser ab-

lation in a methane atmosphere is investigated by 
optical emission spectroscopy. The rate of the ab-
lated mass carbon increases gradually as a function 
of laser fluence. The time of flight signals clearly 
showed that the pressure of methane has a great 
influence on the evolution of the emitting species. 
The spatiotemporal evolution of molecular C2 high-
lights the recombination character in the plasma. 
The CH radicals are coming from the dissociation of 
methane gas by electronic impact processes. Colli-
sions multiply by increasing the pressure of the am-
bient gas, which promotes chemical reactions be-
tween the expanding species and the gas particles. 
The good agreement of the R-t plot of C2 proves 
that a spherical shock wave could be formed in the 
mixing zone between plasma and methane gas.

Shock wave model is giving by [14]:

( ) 20
0

0

R  = ξ
ρ

n
nEt t

 
 
 

          (3)

Where R is the propagation distance, 0ξ  1≈  is 
the constant related to both geometric and ther-
modynamic quantities, 0ρ  is the background gas 
density and 0E  is the plume energy, n is a constant 
depending on the symmetry of the shock wave.

Drag model equation [15]:

( ) ( )( ) = 1 t
fR t R exp β−−           (4)

Where fR  is the stopping distance of the plume 
and β  is the slowing coefficient.

Figure 8 shows the distance-time plots of C2 fit-
ting with linear, shock wave and drag models, at 
0.3 mbar of methane atmosphere. For 2.1-4.2 mm 

Figure 7: Distance-time and intensity-distance plots of C, C+, C2, and CH at 0.3 mbar of CH4.

Figure 8: Distance-time plot of C2 with the shock 
wave, drag and linear models fits at 0.3 mbar of CH4.
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