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Abstract: 
 
Continuing previous works on the dynamics of carbon plasmas generated by excimer laser ablation in 
vacuum, we report here a new study using Ar as background gas. The increased collision rate allows 
extended (both spatially and temporally) investigations of the low-emitting axial region of the unusual V-
shape transient plasma evidenced in our previous works. The systematic study performed here by fast-gate 
intensified CCD photography and space- and time-resolved optical emission spectroscopy led to an 
extensive database, especially on the evolution of C, Ar and C-dimer (monitored through the Swan bands). 
The enhancement of the dimer formation (which has an important role in carbon plasma chemistry) in the 
lateral structures is confirmed and even amplified by the use of background gas. Furthermore, temperature 
and electron density values have been estimated from the spectroscopic data, providing additional proofs 
for the validity of the plasma dynamics scenario built for this unusual plume shape.  
 
Keywords: Excimer laser ablation, Carbon plasma, Optical emission spectroscopy, Carbon dimer, Plasma 
dynamics 
 

1. Introduction 
Sustained efforts devoted to a better fundamental understanding of the complex phenomena related 

to laser ablation and laser-produced plasmas (including, e.g., investigation of laser parameters influence on 
plasma dynamics and laser-target interaction [1-3]) have led over the last decades to the development of a 
wide variety of applications in very diverse fields, such as laser surgery in medicine, welding and cutting 
in automotive industry, precision micro-fabrication, new laser-based concepts for space propulsion, etc. 
Detailed investigations on the fast transient laser-produced plasma plume have contributed to the spreading 
out of powerful analytic tools such as Laser-Induced Breakdown Spectroscopy (LIBS) [4,5] or to the 
optimization of the Pulsed Laser Deposition (PLD) technique for the synthesis of nanoscale thin films with 
numerous applications [6–9]. 

In this latter field, studying carbon plasma produced by graphite target ablation with lasers of 
various wavelengths and temporal regimes is of great interest for the synthesis of materials with high 
applicative potential, such as diamond, fullerenes, nanotubes or graphene [10–12]. Beside the ablation laser 
characteristics, other process parameters can have a significant influence on the synthesized material 
quality. For instance, the background gas pressure was shown to highly impact the structural properties of 
the PLD diamond like carbon (DLC) films: a high content of sp3 bonds (characterizing DLC), was obtained 
at pressures below 200mTorr, while above this value the amount of sp2 bonds (specific of amorphous 
carbon) is more significant [13,14]. Ablated species velocity distribution and ionization degree are other 
key factors known to directly influence the deposited film properties [15,16]. In this context, the optical 
emission spectroscopy (OES) is a most convenient, non-invasive method used to gather information on the 
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space-time evolution of plasma individual species (i.e. composition of plasma, velocity distribution of 
generated species, etc.) [17,18]. For the specific case of carbon plasmas, a major-interest player is the 
carbon dimer (C2), especially for its role in the formation of large molecules, which are assumed to be 
created by C2-chaining [19,20]. The well-known d3Πg → a3Πg Swan system [21] offers a suitable 
opportunity for monitoring the C2 formation and evolution by OES in the visible spectral range.   

In previous works [22–24] we revealed the occurrence of an unusual V-shape transient carbon 
plasma produced by excimer laser ablation of graphite in vacuum. Extensive experimental evidence on the 
enhancement of carbon dimer formation in this plasma has been brought by combining fast-gate ICCD 
imaging, OES, Faraday cup ion measurements and ablation crater depth profiling [24]. A theoretical model 
was also developed [25] in a fractal-based approach [26]. In these previous works, we connected the unusual 
shape of the plasma emission with the irradiance distribution in the excimer laser beam. However, very 
recent (unpublished) studies performed with a Nd:YAG laser [27] seem to evidence a universal character 
of the enhanced emission at the periphery of the plasma. Considering C2 is the prominent emitter in the 
carbon plasma, the observation of such an unusual shape could be due to rapid cooling at the periphery of 
the plasma with ambient gas interaction and subsequent dimer formation.  We note that a V-shaped structure 
was also observed during Nd:YAG ablation in the presence of a magnetic field [28], which led the authors 
to explain its occurrence through magnetic confinement effects. Similar structures can be seen in [29], 
although no explanation was provided for their origin. 

In the present paper, we continue these investigations by a systematic optical and spectroscopic 
study on the V-shape carbon plasma generated in Ar background gas. The enhancement of the collisional 
processes brought by the Ar gas gives access to a better characterization (through ICCD fast imaging and 
time- and space-resolved optical emission spectroscopy) of the low-emitting axial region of the V-shape 
plasma. Spectral features of atomic C, Ar and molecular C2 (Swan bands) were monitored on extended 
spatial (axial and radial) ranges and for long delays after the ablation pulse. Furthermore, plasma 
temperature and electron density calculations have been performed in order to better describe the various 
structures dynamics and to highlight the role of the ambient gas in the overall evolution scenario. 

 
2. Experimental details 
The V-shape carbon plasma is generated through KrF excimer laser ablation of a pyrolytic graphite 

target in 5 Pa argon gas environment. A detailed description of the experimental setup is given in [24], we 
only recall the main elements here. The laser beam with a typical energy profile (top-hat on the long axis, 
and approximately Gaussian on the short axis) was focused on the target at 45° incidence through a spherical 
lens of 0.5 m focal distance, without additional optics for beam shaping or homogenizing. The working 
pressure and the laser fluence (2.1 J/cm2) were kept constant during the measurements. The distance 
between the focusing lens and the target was maintained at LP=46 cm, which previously led to the V-shape 
plasma formation for ablation in vacuum [24]. 2D snapshots of expanding plasma were recorded with an 
Andor iStar ICCD camera at 50 ns gate width. Features corresponding to different time delays and space 
regions are investigated by OES using the same gate width and 1 mm space-resolution. The spectral 
measurements were made by using a 33 cm focal length monochromator (Shamrock SR-303I-A) fitted with 
a 600 lines/mm grating, with an instrumental broadening of 0.25 nm. The spectrally resolved transient 
optical signal was recorded for five spots along the target normal (z=2.5 mm, z=5 mm, z=7.5 mm, z=10 
mm, and z=12.5 mm) and four points along the radial direction (x=5 mm, x=7.5 mm, x=10 mm, and x=12.5 
mm), as indicated below by the open circles in Fig. 1. With respect to the Oxyz coordinate system displayed 
in the top left panel of Fig. 1, the target is located in the xOy-plane, the laser beam is incident in the yOz-
plane at 45° with respect to the z-axis, and the long and short axes of the laser spot correspond to Ox and 
Oy axes, respectively. The plasma emission is recorded from the xOz-plane. 
 
 

3. Results and discussion 
3.1. Plasma ICCD imaging and global expansion velocities 
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The ICCD images (Fig. 1) recorded at different delays reveal the V-shape plasma structure that can 
be observed after the initial stages of expansion, similarly as in vacuum. Along the normal direction to the 
target surface, there are initially fast ejected particles which are decelerated by the ambient gas [30,31] (see 
the arc-shape emitting region for example at 0.6 µs), leaving behind two radiating lateral arms. Such two 
types of ejected particles (structures) are well-known, being formed through distinct mechanisms, i.e. 
acceleration in the self-generated electric field given by charge separation at early stages, and then ejection 
through thermal processes, respectively [32-34]. At later times, after about 2 µs, these arms transform in 
two plasma balls, flying almost parallel with the target normal, until they finally merge in a single structure. 
We note that each image from Fig. 1 was normalized to its maximum intensity, for a better observation of 
the plasma evolution, while the total plasma emission decreased with time. 

 

 
Fig. 1. Fast-gate (50 ns) ICCD images of V-shape carbon plasma expanding in argon gas (circles indicate the 

regions used for OES measurements). 
  

By cross-sectioning ICCD images, one obtains the maximum emissivity coordinates of the fast 
central structure and of the slow lateral ones (red and black spots, respectively, in Fig. 2a). Then, plotting 
them vs. delay – Fig. 2b, we obtain initial linear dependences for delays lower than 0.7 µs and 2 µs, 
respectively. The corresponding velocities are 𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑥𝑥 ,𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑧𝑧 � = (0, 1.5)⋅104m/s, and 
𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥 ,𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑧𝑧 ) = (2.1, 6.2)⋅103m/s. After the initial stages both structures are slowed down and tend 
to similar z-positions in time (see dotted curve in Fig. 2b). The time-dependence of the maximum emissivity 
positions obeys the well-known drag model [35,36], as previously shown in [24].  

We note that for higher irradiation regimes [37] (for example by using tighter focusing or shorter 
pulse durations), or for a different target material, a better velocity separation is obtained between the faster 
particles ejected through electrostatic mechanisms and the slower ones resulted from the subsequent thermal 
processes. 
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Fig. 2. a) Space position of maximum emission intensity at various time delays for the fast central plasma (red spot) 

and the slow lateral structures (black spot) and b) resulting expansion velocities. 
 

3.2. Space-time evolution of plasma species 
To get more insight on the plasma components evolution, the atomic and ionic species were tracked 

by using time-resolved OES of ≈1 mm2 emitting regions of plasma, along the Ox and Oz axes. The recording 
gate time of 50 ns and accumulation for 100 laser pulses ensured a good signal-to-noise ratio for all plasma 
species in the considered experimental conditions and allowed to obtain a low level of continuum 
(broadband) emission. In Fig. 3, typical spectra for the two investigated spectral ranges are presented for 
z=12.5 mm from the target and two x-distances from the plasma symmetry plane (yOz). The displayed 
spectra are « raw data » (i.e. “as recorded”), however, sensitivity calibration was applied when using 
individual lines intensities in temperature calculations (see below). They reveal the presence of C2 
molecules through the Swan bands corresponding to the transitions between the vibrational levels described 
by ∆𝑣𝑣 = −1,0,1,2, with 𝑣𝑣 the vibrational quantum number, in the spectral range between 430 nm and 570 
nm (Fig. 3a). Several emission lines are identified based on [38] as corresponding to atomic C, Ar, and C+ 
(less intense) species, in the spectral range between 700 nm and 840 nm (Fig. 3b), where vibrational-
rotational transitions are absent. Among them, λ=833.5 nm (C), λ=811.5 nm (Ar) and λ=416.5 nm (C2) are 
further monitored, being considered as relevant for corresponding species evolution. An interesting feature 
revealed by Fig. 3a (to be used in the following) is the clear reduction of atomic C emission with respect to 
the C2 bands intensity, when going off-axis (red curve). 
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Fig. 3. Typical plasma emission spectra recorded at z=12.5 mm away from the target, on the plasma symmetry axis 
(x=0, black curves), and at x=12.5 mm in radial direction (red curves) corresponding to a) C2 Swan system and b) 

atomic Ar spectral regions, respectively. 
 

In Fig. 4a,b, the time-resolved spectra at z=12.5 mm from the target, recorded for various delays, 
show the presence of a maximum emissivity of each plasma component, at distinct times (see thicker 
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curves). When extracting the time-evolution of relevant lines intensities at various distances, this conclusion 
becomes clearer: atomic C is mostly present near the target, at early times, while the dimer persists for 
longer times and distances. Most of the Ar emission occurs, as expected, far away from the target. The 
emission of Ar lines can be seen at high distance even at early times, and most probably this is due to the 
photo-excitation processes induced by high-energy photons emitted by the plume at the initial stages of its 
expansion. We note however that simple atomic collisions are not to be excluded. Indeed, the ejected atoms 
(and ions) exhibit a velocity distribution which can contain a minority of high-speed species in the high-
energy tail. For instance, species with 2.5×105 m/s (not so uncommon, especially for ions) can travel the 
12.5 mm distance in 50 ns. On the other hand, the maximum emission observed can be related with the 
maximum of the velocity distribution of ejecta. Indeed, the maximum intensity of the Ar 811.5 nm line is 
recorded at z=12.5 mm after about 0.6 µs (Figure 4c), which is very close to the ≈700 ns needed by most 
of the plasma species to reach 12.5 mm, as it can be observed from velocity measurement based on ICCD 
images. In our opinion, this maximum is given by excitation processes brought by collisions with the plume 
particles. 

In [24] we deduced a linear dependence for position vs. time for maximum intensity, but this is 
valid only for vacuum expansion, and not in the ambient gas as in the present experiments. Also, we can 
infer a significant difference when comparing with the results from [24], where “the most significant 
emission of C2 is near the target surface, while CI and CII are observed up to tens of millimeters away.”, 
that allowed us to conclude: “for the fast-central part of the plasma most of the C2 molecules are the result 
of three-body recombination processes”. The present observations imply distinct mechanisms for the 
production and the excitation of plasma species: neutral carbon and its singly-charged ion are directly 
ejected at initial stages, the dimers are formed in the slow plasma tail, while Ar excitation is the result of 
collisions with the fast plasma structure. 
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Fig. 4. a,b) Time-resolved emission spectra for two selected spectral regions, recorded at 12.5 mm from the target 

along the plasma z-axis, and c) the derived time-evolutions of representative atomic and molecular species at various 
distances from the target. 

  
The space-distributions of emitting species and their correspondence with the plasma structures 

revealed by ICCD fast imaging (Fig. 1) can be obtained when the results from Fig. 4c are replotted as a 
function of z for various time delays (see Fig. 5). The wider spreading of C2 molecules in comparison with 
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atomic C becomes clearer, their emission maxima being located relatively close to the target, behind the 
fast plasma structure (see the corresponding ICCD images from Fig.1). Moreover, the maximum emission 
position of neutral Ar is shifting with time away from the target (Fig. 5b) and the maxima located at 7.5 
mm and 10 mm (for 0.3 µs and 0.4 µs delays, respectively) perfectly match the fast plasma structure 
evolution evidenced by ICCD imaging in Fig.1. 
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Fig. 5. Axial intensity distributions of the main radiating plasma species: a) atomic carbon, b) argon and c) carbon 

dimers, at various delays from the laser pulse. 
 

 In order to retrieve the composition of lateral plasma structures, OES measurements in radial 
direction were performed. Thus, for the distance of z=12.5 mm away from the target, we recorded the 
emission spectra at various delays after the laser pulse along the lateral direction, x. In Figs. 6a,b the time-
evolution of spectra recorded for x=5 mm and x=12.5 mm (which in Fig. 1 correspond to the regions of 
intensified emission of radiation for the lateral arms, between 1µs and 3 µs), shows again a specific 
maximum of emissivity of each plasma species, at different moments of time. Thus, atomic C and Ar emit 
mostly between 0.3 µs and 1.8 µs, with a decreasing intensity when departing from the central axis (Fig. 
6c). In a different manner, C2 dimer emits mainly between 0.6 µs and 6 µs, more intense at x=5 mm, and 
less on the central axis and outer (x>5 mm) regions. As already done above for the axial dependence, the 
radial evolution from Fig. 6c is replotted as a function of x for various delays in Fig. 7. 
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Fig. 6. a),b) Time-resolved emission spectra recorded at z=12.5 mm for the radial positions a) x=5 mm and b) 

x=12.5 mm, and c) derived time-evolutions of representative species. 
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Spectral lines intensity dependence with x-coordinate at z=12.5 mm agrees with previous sequential 

ICCD images: within the time frame 0.6-3 µs a maximum of C2 emission is recorded for x=5 – 7.5 mm (see 
Fig. 7a), i.e. for the lateral arm seeds of V-shape plasma. This dependence is also valid for neutral C (Fig. 
7b), but only at later times, 2 µs and 3 µs; most of its emission occurs in the axial region, at early times. 
We also note a decrease of the C emission after 0.8 µs, simultaneously with an increase of the C2 emission, 
which let us infer an enhancement of the dimer to atom ratio in the lateral regions.  
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Fig. 7. Emission intensity radial evolutions of: a) molecular and b) atomic carbon selected spectral lines at various 

delays from the laser pulse. 
 

The radial intensity variation of different plasma species evidenced here is less marked than the 
one recorded for the expansion in vacuum [24]. Starting from the plasma symmetry axis, it begins with a 
slight variation region (Fig. 7a,b), until a rapid decrease occurs, as one goes further in radial direction. For 
a better comparison of the two cases, it should be noted that for the plasma produced in vacuum the radial 
variations of the intensity of different species were determined close to the target surface and at early times 
(300 ns). The main difference between the variations of different emitting species with lateral x-distance, 
in vacuum and argon ambient gas, arises from the confinement of the plasma (which is more pronounced 
at higher delays and distances from the target) in the latter case. Also, the (fast) intensity decrease which 
should happen as we get closer to the symmetry axis (see Fig. 6b of [24]) is compensated in ambient gas 
by increased recombination processes of the ions (which in vacuum display a clear maximum on the axis, 
see Fig. 11 of [24]). The recombination processes in the axial region lead to an enhancement of both dimer 
and neutral carbon atoms and, consequently, to a slower radial variation of the emitting species. Therefore, 
we conclude that the effect of the ambient gas is to enhance the dimer formation for the lateral regions. 
 

3.3. Temperature evaluations 
 Among various methods to obtain the plasma temperature, probably the most used one considers 
relative intensities of ionic or atomic spectral lines in Boltzmann plots [39]. This depends critically on 
whether the plasma is in local thermodynamic equilibrium (LTE) or not, a good spectral resolution, 
optically thin plasma, and a low level of continuum (i.e. broadband) with respect to the line intensities [40]. 
All these conditions are clearly not met simultaneously for the entire space-time domain considered here; 
moreover, the energy spacing between the upper levels of the spectral lines considered for each species is 
relatively low. In these circumstances, an insight on the plasma energetics is provided below by estimating 
the vibrational temperature of C2 emission and the temperature associated with the continuum spectrum. 
  

3.3.1 Temperature evaluation from vibrational spectra 
To characterize carbon laser-produced plasma, the vibrational temperature (𝑇𝑇𝑣𝑣𝑣𝑣𝑣𝑣) is often used, and 

it is deduced in the assumption of a Boltzmann distribution for the population of various excited 
(vibrational) levels of the C2 molecule. The emission intensity of a vibrational transition (𝐼𝐼𝑣𝑣′𝑣𝑣") is given by 
[41,42]: 
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𝑙𝑙𝑙𝑙 ∑ (𝜆𝜆4𝐼𝐼𝑣𝑣′𝑣𝑣")𝑣𝑣" = 𝐶𝐶1 −
𝐸𝐸�𝑣𝑣′�
𝑘𝑘𝐵𝐵𝑇𝑇𝑣𝑣𝑣𝑣𝑣𝑣

     (1) 
where 𝑣𝑣′ and 𝑣𝑣" are the vibrational quantum numbers of the upper and lower states, respectively, 𝜆𝜆 is the 
(𝑣𝑣′ → 𝑣𝑣") transition wavelength, 𝐸𝐸(𝑣𝑣′) is the energy of the upper vibrational level, 𝐶𝐶1 is a constant, and 𝑘𝑘𝐵𝐵 
are the Boltzmann constant. Thus, log-linear plot of 𝑙𝑙𝑙𝑙 ∑ (𝜆𝜆4𝐼𝐼𝑣𝑣′𝑣𝑣")𝑣𝑣"  vs. 𝐸𝐸(𝑣𝑣′) allow to obtain the vibrational 
temperature through the slope of the linear dependence. Our estimations were made using ∆𝜈𝜈 = −1,0,1,2 
vibrational sequences and the constants from [21]. We note that Eq. (1) does not take into account the 
rotational levels. Our spectral resolution does not allow resolving the rotational structure. Moreover, the 
vibrational temperatures were calculated by measuring the bandhead intensities, which usually encompass 
only a few rotational levels. A complete theoretical treatment would derive the temperature from a fit 
against theoretical spectra, where the rotational levels should be included [43-46], but this is beyond the 
scope of our work, as we do not have the required spectral resolution. 

The calculated temperatures share the same order of magnitude with literature data [41,42] derived 
by using the same methodology. They are plotted in Fig. 8, as time-dependencies at various distances from 
the target – Fig. 8a in comparison with C2 emission (516.50 nm vibrational band) intensity, and then as 
space-dependencies in axial and lateral directions at various time-delays – Figs. 8b,c. 
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Fig. 8. Calculated vibrational temperature: a) time variation at different distances along the normal to the target, in 
comparison with C2 emission (516.50 nm vibrational band) intensity, b) axial and c) radial evolutions (determined for 
z = 12.5 mm from the target) at various delays from the laser pulse. The error bars are obtained from the standard 
errors of the parameters deduced through the numerical fitting. 

 
 We generally observe fluctuations around 𝑇𝑇𝑣𝑣𝑣𝑣𝑣𝑣 =0.9 eV and large error bars at short delays, 
probably due to a high level of continuum emission. Fig. 8a) reveals an initial temperature drop for z=(2.5; 
5; 7.5) mm or an early maximum (better observable for z=12.5 mm), followed by a plateau region. This is 
related to the fast-emitted structure, which gives the arc-shape radiating structure (see Fig. 1) at (0.4-0.6) 
µs, corresponding to z=(10-12.5) mm from the target. Plasma re-heating far from the target is obviously the 
effect of ambient gas, having in view that the collisions it induces convert kinetic energy into thermal one. 
We note that high temperatures do not favor the C2 formation and this is confirmed by superposing the C2 
emission (516.50 nm vibrational band) intensity on the temperature evolution (Fig. 8a). Finally, the plateau 
region is given by subsequent thermal ejection of particles from the target at later times. By converting 
these experimental data into axial evolutions (Fig. 8b), one can clearly notice the increasing trend of the 
temperature towards the region where the fast structure is located, and then an almost constant value for 
later times, as the plasma cools down. 

Regarding the radial evolution of the vibrational temperature (Fig.8c), a shallow minimum can be 
noticed in the 0.8-2 µs time interval. This corresponds to the maximum emission regions of the lateral 
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radiating balls when looking back to the ICCD images in Fig. 1. As we move towards later times (3 to 5 
µs), the axial plasma slowly cools down, simultaneously with energy being carried out of this region by the 
lateral plasma balls. In this scenario, the minimum temperature encountered for the region of the lateral 
plasma structures is somehow surprising. We can nevertheless speculate on a possible loss of (vibrational) 
excitation energy by the dimer formation process itself. 

 
3.3.2. Temperature evaluation from continuum emission 
The analysis of the continuum optical emission can provide useful insights on the plasma 

energetics, especially in the framework of nanoparticle formation [47]. Fig. 9a) shows typical power spectra 
presented in the form of log-linear plots of ln (𝐼𝐼𝜆𝜆5) vs. 𝜆𝜆−1 for the spectral region (452.5 - 466.5) nm. The 
results are well fitted by a straight line, that in the assumption of a Boltzmann distribution is having the 
slope ℎ𝑐𝑐/𝑘𝑘𝐵𝐵𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, with ℎ the Planck constant and 𝑐𝑐 is the speed of light. This allows computing the value 
of the temperature associated with the continuum spectrum [48]. 
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Fig. 9. a) Log-linear plots of ln (𝐼𝐼𝜆𝜆5) vs. 𝜆𝜆−1 for the spectral range (452.5, 466.5) nm and temperature space-time 
evolution b) along the z-axis, and c) in x-lateral direction. The error bars are obtained from the standard errors of the 

parameters deduced through the numerical fitting. 
 

 The common feature is the time-decrease of the temperature for all analyzed regions, from a few 
thousand K to about 600 K. This can be well characterized by exponential decays with characteristic times 
that linearly increase with z (for x=0 mm), from about 50 ns (for z=5 mm) to 300 ns (for z=12.5 mm), and 
with x (for z=12.5 mm) from 300 ns (for x=0 mm) to 420 ns (for x=12.5 mm). Space evolution (insets in 
Fig. 9b,c) shows an increase of the continuum temperature with the distance from the target and in lateral 
direction for all time-sequences, almost similarly as the vibrational temperature (Fig. 8b). This can be given 
by kinetic to thermal energy conversion and/or non-radiative recombination processes, both promoted by 
collisions with the ambient gas. 

 
3.4. Electron density evaluations from atomic lines broadening and shifting 
To measure the electron density of the plasma, the Stark broadening mechanism of spectral lines is 

usually assumed [49,50,51]. The line full width at half maximum (FWHM) can be computed in the electron 
impact approximation and corrected for the relatively unimportant quasi-static ion broadening [39]. 
Together with the broadening, there is also a shift of the line center. An estimation of the FWHM, ∆𝜆𝜆1/2 , 
and the line shift, ∆𝜆𝜆𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖, for neutral atoms is given by [39]: 

∆𝜆𝜆1/2 = 2𝑊𝑊 ∙ 𝑁𝑁𝑒𝑒 + 3.5𝐴𝐴 ∙ 𝑁𝑁𝑒𝑒1/4 �1− 3
4
𝑁𝑁𝐷𝐷
−1/3�𝑊𝑊 ∙ 𝑁𝑁𝑒𝑒   (2) 

∆𝜆𝜆𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐷𝐷 ∙ 𝑁𝑁𝑒𝑒 ± 2𝐴𝐴 ∙ 𝑁𝑁𝑒𝑒1/4 �1 − 3
4
𝑁𝑁𝐷𝐷
−1/3�𝑊𝑊 ∙ 𝑁𝑁𝑒𝑒   (3) 

where in both equations the first term is given by the electronic contribution, and the second one is the 
correction for the ions. ND is the number of particles in the Debye sphere, the coefficients W, A and D are 
independent of Ne and slowly varying with the electron temperature Te. The minus sign in Eq. (3) applies 
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to the high-temperature range for lines that have a negative value of D/W at low temperatures. For singly-
charged ions, the relationships are obtained from Eqs. (2) and (3) by replacing the numerical coefficient 3/4 
by 6/5 [39]. A list of W, A, D theoretical values is given in [39], while experimental values can be found in 
[52].  In the case of neutral atoms and singly-charged ions, it is usually assumed that the electron 
contribution dominates the Stark-broadened profile. Therefore, Eqs. (2) and (3) are reduced to the first term 
and a proportionality exists between the FWHM and the line shift, in the hypothesis that D/W is not 
temperature-dependent.  

In our case we focused on the λ=833.5 nm line of neutral C, which is dominant in the 820-860 nm 
spectral range. Its profile is not significantly influenced by continuum radiation and fits well a Lorentzian 
function, allowing us to accurately derive the center and the FWHM of the line.  In Fig. 10a we plot the 
time-evolution of these parameters for various z distances from the target surface. 
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Fig. 10. a) Time-evolution of the center and FWHM of the neutral C 833.5 nm line at various z-distances from the 

target, b) on-axis space-evolution of the FWHM, and c) FWHM vs. center of line at various delays and axial 
positions. The error bars are obtained from the standard errors of the parameters deduced through the numerical 

fitting. 
 

We observe that the FWHM decreases from ∆𝜆𝜆 = 2.4 nm to ∆𝜆𝜆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.25 nm, i.e. a value given by 
the instrumental broadening, with an exponential time decay constant of about τ=60 ns in average. A similar 
behavior was observed for the center of the line, which is shifted by up to 1.5 nm at early times and tends 
to the theoretical value within 0.4 µs. These shifts have similar order of magnitude with values reported in 
[53]. We note that in the plots the values having an adjusted coefficient of determination lower that 0.95 
were removed. 

Line deconvolution with the instrumental Gaussian profile can be generally used to get the “pure” 
Stark width. However, having in view that our recorded spectra are of relatively low spectral resolution, we 
can simply subtract the instrumental width from the total one, to obtain rough estimations for the space-
time evolution of the electron density. According with [54], for Ne=1016 cm-3, it was theoretically estimated 
∆𝜆𝜆1/2 = 0.148 Å and 𝜆𝜆𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖 = 0.147 Å at T=20000 K, while for T=10000 K, it resulted ∆𝜆𝜆1/2 = 0.127 Å, 
and 𝜆𝜆𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖 = 0.144 Å. These values are by two orders of magnitude lower than our results and they have a 
weak dependence on the temperature, allowing us to estimate in this case electron densities of the order of 
Ne=1018 cm-3 (having the same order of magnitude as often reported in literature - for example see [53]), 
with the previous exponential time decay constant of τ=60 ns. 

Converting the results into space-dependencies of FWHM (proportional with electron density) at 
various time sequences (Fig. 10b), it results an increasing trend with z, behavior that agrees with the ones 
of the vibrational (Fig. 8b) and continuum temperatures (inset of Fig. 9b). When plotting the FWHM vs. 
the line center (Fig. 10c) for various time delays, we generally observe linear dependences for all distances 
from the target, with Pearson correlation coefficient r > 0.95. Since the slopes were similar, concatenated 
data were used to obtain a space-time average slope of 2.373 (i.e. a W/D ratio of 1.186) with Pearson r=0.96. 
Having in view Eqs. (2) and (3), these results confirm the negligible ion contribution, the weak temperature 
dependence of the W/D ratio, and its reasonable approximation with unitary value. The same behavior is 
observed when investigating the radial evolution (Fig. 11, for a distance from the target z=12.5 mm). In 
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Fig. 11a the spectral line FWHM and center show again exponential time-decays, with an average time 
constant τ=90 ns. Converting data in space-dependences at various time sequences, the electron density 
shows a local maximum for x = 7.5 - 10 mm, i.e. in the lateral arms observed in ICCD images (Fig. 1) and 
this maximum coincides with a vibrational temperature minimum (see above). These observations are to be 
interpreted in the overall formation/excitation/ionization balance of dimers and C/Ar neutrals and ions. 
Moreover, the FWHM vs. line center plot (Fig. 11c) leads to a W/D ratio of 0.892, again close to the assumed 
theoretical value of 1. All these are consistent proofs for the electron-impact approximation and for the 
axial-radial evolution scenario built for the transient plasma structures. 
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Fig. 11. a) Time-evolutions of the center and the FWHM of neutral C 833.5 nm line at various lateral x-distances, 
and b) linewidth evolution in lateral x-direction, and c) FWHM vs. center of line at various delays and lateral 

positions. The error bars are obtained from the standard errors of the parameters deduced through the numerical 
fitting. 

 
4. Conclusions 

 An excimer laser-produced carbon plasma of unusual V-like shape expanding in Ar background 
gas was studied using fast-gate ICCD imaging and optical emission spectroscopy, to investigate the space-
time distribution of molecular and atomic species. Among them, the C2 dimer (which plays an important 
role in the formation of large molecules) was found in a previous study (expansion in vacuum [24]) to be 
enhanced mainly through three-body recombination. The plasma images recorded at various delays reveal 
the V-shape plasma structure that can be observed after the initial stages of expansion, similarly as in 
vacuum [24]. Along the normal direction to the target surface, there are initially fast ejected particles which 
are decelerated by collisions with the background gas, leaving behind them two radiating lateral arms. At 
later times ( ≳ 2 µs), these arms transform into two plasma balls, flying almost parallel with the target 
normal, until they finally merge in a single structure. The corresponding velocities at initial stages were 
𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑥𝑥 ,𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑧𝑧 � = (0, 1.5)⋅104m/s, and 𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥 ,𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤𝑧𝑧 ) = (2.1, 6.2)⋅103m/s. After the initial 
stages, both structures are slowed down, and the time-dependence of the maximum emissivity positions 
obeys the well-known drag model. 

The atomic and molecular species were monitored by using time-resolved OES of ≈1 mm2 emitting 
regions of plasma. We observed that the atomic C is mostly present near the target, at early times, while the 
dimer persists for longer times and distances. The Ar emission was evidenced mostly far from the target. 
Spectral lines intensity radial evolution agrees with the sequential ICCD images: a maximum of C2 emission 
is recorded for the lateral arms of the V-shape plasma, while a minimum is observed on the axis. This is 
also valid for neutral C, but only at later times, 2 µs and 3 µs; most of its emission occurs in the axial region 
at early times. Comparing these results with the previous ones for expansion in vacuum [24], we conclude 
that the effect of ambient gas is to increase the ratio between the dimer and the atomic C for the lateral 
regions. 
 The spectroscopic study also allowed calculation of vibrational and continuum temperatures, which 
evidences the role of the background Ar gas in re-heating the plasma far from the target. Finally, we used 
Stark-broadening and shifting of the 833.5 nm C line for electron density evaluations. By plotting the 
spectral line FWHM vs. central wavelength for various time delays and axial-radial positions, a 
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confirmation of the negligible ion contribution to the broadening/shifting mechanism was provided. 
Furthermore, the consistency of the temperature and density evolutions give solid proofs for the validity of 
the plasma dynamics scenario built for this unusual plume shape. 
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Figure caption 

Fig. 1. Fast-gate (50 ns) ICCD images of V-shape carbon plasma expanding in argon gas (circles 
indicate the regions used for OES measurements). 
 
Fig. 2. a) Space position of maximum emission intensity at various time delays for the fast central 
plasma (red spot) and the slow lateral structures (black spot) and b) resulting expansion velocities. 
 
Fig. 3. Typical plasma emission spectra recorded at z=12.5 mm away from the target, on the plasma 
symmetry axis (x=0, black curves), and at x=12.5 mm in radial direction (red curves) 
corresponding to a) C2 Swan system and b) atomic Ar spectral regions, respectively. 
 
Fig. 4. a,b) Time-resolved emission spectra for two selected spectral regions, recorded at 12.5 mm 
from the target along the plasma z-axis, and c) the derived time-evolutions of representative atomic 
and molecular species at various distances from the target. 
 
Fig. 5. Axial intensity distributions of the main radiating plasma species: a) atomic carbon, b) 
argon and c) carbon dimers, at various delays from the laser pulse. 
 
Fig. 6. a),b) Time-resolved emission spectra recorded at z=12.5 mm  for the radial positions a) x=5 
mm and b) x=12.5 mm, and c) derived time-evolutions of representative species. 
 
Fig. 7. Emission intensity radial evolutions of: a) molecular and b) atomic carbon selected spectral 
lines at various delays from the laser pulse. 
 
Fig. 8. Calculated vibrational temperature: a) time variation at different distances along the normal 
to the target, b) axial and c) radial evolutions (determined for z = 12.5 mm from the target) at 
various delays from the laser pulse. The error bars are obtained from the standard errors of the 
parameters deduced through the numerical fitting. 
 
Fig. 9. a) Log-linear plots of ln (𝐼𝐼𝜆𝜆5) vs. 𝜆𝜆−1 for the spectral range (452.5, 466.5) nm and 
temperature space-time evolution b) along the z-axis, and c) in x-lateral direction. The error bars 
are obtained from the standard errors of the parameters deduced through the numerical fitting. 
 
Fig. 10. a) Time-evolution of the center and FWHM of the neutral C 833.5 nm line at various z-
distances from the target, b) on-axis space-evolution of the FWHM, and c) FWHM vs. center of 
line at various delays and axial positions. The error bars are obtained from the standard errors of 
the parameters deduced through the numerical fitting. 
 
Fig. 11. a) Time-evolutions of the center and the FWHM of neutral C 833.5 nm line at various 
lateral x-distances, and b) linewidth evolution in lateral x-direction, and c) FWHM vs. center of 
line at various delays and lateral positions. The error bars are obtained from the standard errors of 
the parameters deduced through the numerical fitting. 
 
 


