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Radial Variation of Refractive Index, Plasma
Frequency and Phase Velocity in Laser
Induced Air Plasma
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Abstract—Laser-induced breakdown spectroscopy (LIBS) is a
nonintrusive technique that needs no sample preparation and even
recently, quantitative measurements were done without the need
for calibration standards. Much research has been done on the
laser induced air plasma to study the spatial variation of plasma
parameters in the axial direction of the laser beam. In this paper,
we report investigation on the radial variation of the refractive
index, plasma frequency, and phase velocity of a plasma during
laser induced breakdown of air. The results show that the radial
variations of the plasma frequency and refractive index are caused
by the radial electron density gradient of the plasma. The radial
variation of the electron density shows a noticeable depletion at the
center of the focus which results in plasma phase velocities greater
than the speed of light. Further from the plasma core the electron
density diminishes to ambient density at the edges of the plasma.
The mean full-width at half maximum (FWHM) for these plasma
profiles was found to be about 1.2 mm. The results further reveal
that the plasma has a concave parabollic electron density and a
convex parabollic refractive index profile near the center of the
laser axis, i.e., around a diameter of (0.5 mm.

Index Terms—Laser-induced breakdown spectroscopy (LIBS),
phase velocity, plasma frequency, refractive index.

1. INTRODUCTION

IR breakdown will occur when the electron density is
equal to or greater than a critical threshold. In laser-
induced breakdown spectroscopy (LIBS), free electrons collide
with neutral atoms and absorb energy from the laser resulting in
gas ionization. This inverse Bremsstrahlung process dominates
other gas ionization processes [1]. The first stage is breakdown
as the gas is ionized, followed by laser energy absorption by the
hot gas, and the last stage is defonation which results in plasma
expansion and shock wave formation [2], [3]. The evolution
of the plasma and the resulting shock waves have been studied
both experimentally and theoretically [2], [4]-[6].
LIBS has proven itself to be one of the most versatile tools
in plasma diagnosis. However, its greatest limitation has always
been the sample matrix effect [7] or the type of material being
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analyzed [8]. There was always a need for a different calibra-
tion curve for each sample matrix in which the element being
analyzed was contained. The intensity of the spectral signal of
an element depends on the matrix (solid, liquid, slurry, vapor,
or gas) in which it is contained at the time of analysis by LIBS.
Apart from that, LIBS is nonintrusive, needs no sample prepa-
ration, and can be used to detect multielements in one scan.

The LIBS technique has found vastapplications as a diagnostic
tool in elemental composition analysis for trace pollutants in soil
[9], in water [10], and for studying particle velocity, electron tem-
perature, and density in air plasmas [6], [11]. This versatility en-
ables the LIBS technique to compete with other diagnostic tech-
niques such as: XRF, AAS, ICP-OES, interferometry, and beam
deflectometry [5]. In LIBS, the quantitative infomation can be
obtained on the entire sample composition in a single run. Just
recently, LIBS has been given a shot in the arm when it was
shown that it can be used calibration free [7], [12], [13].

A comprehensive overview of the documented research (the-
oretical and experimental) is given in [14]. Here, parameters
such as laser power, wavelength, and pulse width [full-width
at half maximum (FWHM)], ambient gas choice, detector op-
timization, etc., are reviewed, giving the new LIBS user an ag-
gregated reference bank.

However, most of the work previously referred to did not look
at the effect of the laser energy on the refractive index of the
generated plasma. Also, to our knowledge, there is not enough
research on the radial profiles of electron temperature, density,
plasma frequency, refractive index, and phase velocity. How-
ever, axial profiles of some of these parameters have received
considerable attention [1], [5] and for air, an attempt has been
made to study the shock and thermal waves using beam de-
flection techniques [15]. Here, the plasma was shown to suffer
changes in refractive index by deflecting a He—Ne beam passing
through it. This was explained to be caused by the plasma effects
overlapping with the shock waves. The published results show
that the plasma expands in the axial direction, preferentially to-
wards the focusing lens. Species with higher ionization states
have been shown to propagate faster than those with less ion-
ized states [5].

A study of plasma spherical shock waves using holographic
techniques [3] showed that electron and neutral density pertu-
bations cause phase changes between the two exposure beams.
The hollographic 3-D fringe pattern observed showed that the
shock wave expanded to a radius of 6 mm in 3 ps in air while
the electron density decreased from 3.8 x 10%cm=3 atr = 0
to zero at r = 1.5 mm within 650 ns.

0093-3813/$20.00 © 2006 IEEE
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This work reports an investigation on the radial variation of
the refractive index, plasma frequency, electron density, and
phase velocity changes of an air plasma generated by laser-in-
duced breakdown of air. Some deductions and comparison with
theoretical results previously discussed are also presented. Mea-
suring the refractive index quantitatively gives an indication of
how much the plasma phase velocity increases above the speed
of light in a laser induced plasma. These parameters are func-
tions of plasma frequency which, in turn, is a fuction of plasma
electron density. Such information is valuable in experiments
aimed at harnessing (controlling) lightning discharges via laser
induced plasmas. In Section II, the theoretical backgroud is pre-
sented, while Section III describes the experimental setup and
procedure for the work reported here. Results and discussions
on electron density, plasma frequency, phase velocity changes,
and other possible applications of the LIBS technique are cov-
ered in Section I'V. Finally, Section V presents the conclusions
derived from this work.

II. THEORY

A. Temperature Measurement

Assuming that the plasma is in local thermodynamic equilib-
rium (LTE), then the Boltzman distribution can be used to esti-
mate the population of an excited state. The measured emission
intensity (7,5, ) of a line is related to the population of the ex-
cited state by the following equation [5], [7]:

gm
ZAnm

Inm = FCsAnm ( ) eXp(_Em/kBTR) (1)

where Cj is the concentration of the emitting species, Ay, 1S
the transition probability, A, is the emitted wavelength of the
detected line, g,, is the statistical weight of the upper level of
the transition, F,, is the excitation energy, kp is the Boltzmann
constant, and Z is the partition function of the emitting specie
at the electron temperature 7. The collecting optical system af-
fects the intensity of the detected signal so that the actual mea-
sured signal differs from the original emission signal. Thus, in
(1), F'is the experimental parameter that accounts for the optical
efficiency of the collecting system, plasma density, and volume
[12]. Now, we define the following quantities:
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and substituting (2) into the natural logarithms of (1) gives the
following equation that defines the Boltzmann plane:

Y = mz + cs. 3)

For each species in a sample, the slope m gives the plasma tem-
perature while the intercept (¢ ) gives the sample concentration.
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B. Density Measurement

The collisional processes between atoms and ions affect
the shape and width of the spectral line. One such process
is the Stark broadening due to collisions of charged species.
Not only is the line broadened, but the peak wavelength is
shifted. The electron density in such collisions is given by the
Saha—Boltzman equation [7], [16]
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where the g, refer to the statistical weights of the species of
population NI and NI in their ground state, F is the ion-
ization potential of the NI specie in its ground state and N is
the electron density. For the NI line at 500.325 nm, the ioniza-
tion potential was obtained from data books as 14.534 eV [17].

The electron temperature and density from (3) and (4), re-
spectively, are then used to get the plasma frequency and the
real part of the refractive index for an air plasma.

The plasma frequency (w,, ) relates to the electron density ac-
cording to [18] NITI

N.e?
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where ¢, is the permitivity of free space, . is the electron mass,
and e is the electron charge.

The refractive index is a function of w,, and laser frequency
(w). However, the refractive index consists of the imaginary part
(n;) responsible for laser energy attenuation and the real part
(n,) responsible for laser phase change. Their relations to the
plasma frequency [19] are as follows:
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is the electron-neutral collision frequency [22].
The laser phase and group velocities [23] are given by
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Fig. 1. Schematic of the experimental set-up.

III. EXPERIMENTAL SETUP AND PROCEDURE

The schematic setup of the experiment is shown in Fig. 1. The
1064-nm Nd:YAG Q-switched laser (CONTINUUM Powerlite,
Model PL9010) has a pulse width of 10 ns and variable repeti-
tion rate from O to 10 Hz. The maximum output energy was 1J
per pulse. The laser energy was measured using an energy meter
(SCIENTECH, Model P50). The laser pulse was focused in at-
mospheric air using a planoconvex quartz lens (f = 150 mm).
The maximum spot radius was calculated to be 13.55 ym and
for a minimum input laser energy of 50 mJ, the minimum inten-
sity was calculated to be 8.7 x 102 Wem™2. This was above
the air breakdown threshold intensity of 2.0 x 1012 Wem ™2 as
given in [1], [4], and [14]. The detection system was an Ocean
Optics LIBS2000+ Spectrometer. It consisted of seven HR2000
high-resolution miniature fiber optic spectrometers. Each has a
2048-element linear charge-coupled device (CCD) array and all
the spectrometers are triggered to acquire and read out data si-
multeneously. The detectors covered the spectral region from
UV, VIS, to IR, i.e., from 200 to 980 nm. The LIBS signal was
collected by a bundle of seven optical fibers which supply each
of the miniature spectrometers. The input ends of the fibers are
merged into a single fiber with seven inlets. For this reason, a
diffuse piece of glass (sand-blasted quartz) was used in front of
the fiber inlet to scatter the light equally to all the seven inlets.
The plasma plume was imaged one-to-one onto the entrance of
the fiber via a lens system as shown in Fig. 1. The imaging lens
and collecting fiber are fixed together on the same stand. A small
x-translation stage was used to vary the position of the focusing
lens. This varied the radial position of the plume relative to the
imaging lens system. This method of radial imaging was chosen
instead of changing the radial position of the collecting lens rel-
ative to the plume, because it was important to keep the optical
efficiency of the collecting system constant [7], [20]. The max-
imum radial translation of the stage from the mean r = 0 posi-
tion was 2 mm. Beyond this, the intensity of the signal was too
weak. The error introduced by the high quality plano—convex
focusing lens when the laser falls on slightly different positions
was negligible. The laser pulse delay was synchronized to the

LIBS 2000+ spectrum analyzer using a programmable timing
generator (PTG) from Stanford Research Systems (Model DG
535). The delay time between the laser pulse and the signal col-
lecting system was controlled by the Ocean Optics Software that
came with the detector. A delay time of 500 ns was found to give
the best signal-to-noise ratio (SNR).

The emission spectrum was averaged over ten scans and
stored onto a computer using the Ocean Optics Software. The
same software allowed for element identification (using an
inbuilt library), peak analysis, FWHM determination, as well
as producing time, resolved 2- and 3-D plots.

The Boltzmann plot technique [5] was used to determine the
temperature of the plasma at each radial position of the fo-
cusing lens. For a multielement sample, multiple parallel lines
can be plotted for each element species in the sample. A plot of
In(LumAnm/gm Anm) versus energy E,, gives a straight line of
negative slope and using (3), the temperature is deduced from
this slope. It was clear that the temperature will be the same
whichever specie was selected. The N 11 specie was chosen be-
cause it gave the widest energy difference. A linear fit to the ex-
perimental data validated the assumption of Maxwellian elec-
tron distribution and also served as a check for errors in line
assignment and transition probability values.

The NI1,500.325-nm line was also used for determining the
electron density because it is one of the strongest lines which
could be resolved by our spectrometer. Equation (4) was then
used to calculate N, from measured temperatures. This was re-
peated for each radial position from which plasma parameter
profiles were plotted as shown later.

The experiment was repeated for different laser energies to
see the effect of laser energy, from threshold energy density to
200 mJ per pulse.

IV. RESULTS AND DISCUSSIONS

Table I shows the lines and other constants used to determine
the excitation temperature for air spark by the Boltzmann plot
technique.
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TABLE 1
SPECTROSCOPIC DATA FOR NI LINES!

Wavelength, Ay, (£0.1) Ey, (upper level)  gm, Anm ‘ Configuration
(nm) (eV) (upper level)  (108s—1)
399.5 21.60 5 1.35 252.2p.(2P*).3s - 2s2.2p.(2P*).3p
460.7 21.15 3 3.26 2s2.2p.(2P*).3s - 2s2.2p.(2P*).3p
500.1 23.13 7 1.05 2s2.2p.(2P*).3p - 2s2.2p.(2P*).3d
500.3 20.94 3 0.08 2s2.2p.(2P*).3s - 2s2.2p.(2P*).3p
500.5 23.14 9 1.16 2s2.2p.(2P*).3p - 2s2.2p.(2P*).3d
566.7 20.65 5 0.37 2s2.2p.(2P*).3s - 2s2.2p.(2P*).3p
568.0 20.67 7 0.53 252.2p.(2P*).3s - 2s2.2p.(2P*).3p
568.6 20.65 3 0.19 2s2.2p.(2P*).3s - 2s2.2p.(2P*).3p
2.4 4 8e+17 1
2.2
6e+17 1
(\’)ﬁ
% 2.0 £
~— L —o— E=175mJ
o 2> 4e+17 Eem
= L = —a—E= 85m
..g 18 g ——E= 50mJ
g [0]
8. ©
£ 1.6 1 S 2e+17
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c ] 2
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-2 -1 0 1 2 Fig. 3. Variation of electron density versus plasma radius.
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Fig. 2. Variation of electron temperature with plasma radius.

A. Electron Temperature and Density

Maximum temperature measured for the air plasma was
2.2 eV, and the corresponding density was determined to be
7 x 10 cm™3 for laser energy of 175 mJ. These results are
in good agreement with those found in [1], where the energy
for breakdown in air was around 200 mJ. LTE was tested using
the highest energy gap in the NI lines and was found to give
an electron density of 1.87 x 10'® cm™3, as also shown in
[11]. The minimum electron density recorded in this work was
1.2 x 107 cm~3 at the minimum laser energy, which is above the
LTE criteria. For the temperature variation with plasmaradius, an
average of ten scans were used to calculate the temperature from
the recorded intensity. Time-integrated intensities were used,
therefore, the temperature values presented are indicative of the
average conditions in the spark, and not defining the conditions at
a particular stage in the plasma. Cutting across the cross section
of the plasma shows the strong dependence of the temperature
on radial position. From Fig. 2, we see that there are sharp tem-
perature increases within a plasma diameter of 2.0 mm. Also,
the higher the energy of the laser, the higher the temperature.

INIST Data Base. [Online]. Available: http://physics.nist.gov/cgi-bin/ASD/
lines.pl

However, this increase in plasma temperature with energy is by a
factor ofless than two. At the edges of the plasma, the temperature
approximates the ambient gas temperature. The FWHM of the
temperature profile for the largest energy is about 1.8 mm. It can
be noticed that the electron temperature difference for the max-
imum and minimum laser energy used in this work is less than
0.4 eV when the energy difference is as large as 125 mJ per pulse.
This shows that the plasma does not get hotter as it is heated, but it
expands [1]. This phenomenon explains the slight deep in plasma
temperature observed for laser energies greater than 50 mJ.

Figs. 3-5, are plots of electron density, normalized plasma
frequency, and refractive index (real) versus radial distance from
the focal point for different laser energies. The choice of nega-
tive position is arbitrary and as such, distances to the left of the
focal point were chosen to be negative.

Time integrated intensities were used to calculate the electron
density, and the values presented here are indicative of the av-
erage conditions in the spark, and do not define the conditions
at a particular stage in the plasma evolution. Therefore, the re-
sults are a mean value out of ten scans. The cross section of the
plasma shows the strong dependence of the density on radial
position. In Fig. 3, the electron density for the highest input en-
ergy (E = 175 mJ) has a FWHM of about 1.2 mm. The plasma
had a slight hollow at the center where the electron density was
less than the immediate surroundings. That is, the density had
a concave parabollic shape as also observed in [21], within a
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Fig. 5. Variation of real part of refractive index versus plasma radius.

plasma diameter of 0.5 mm around the axis. The slight hollow
in the plasma could be due to a shock wave which blows the
free electrons and compresses them against the cold neutral gas
at the boundary [4]. This creates a slight void at the center of
the plasma, while at the same time, cooling the plasma. The re-
sults presented here are in good agreement with the numerical
results by Zeng et al. [2], where they considered only the posi-
tive radial variation of electron density, and also agree with the
experimental results by Gatti er al. [3]. The interferograms in
[3] also show the void at the center of the plasma spark. It is
important to note that in these two references and this paper, the
density also depends on the time after the laser pulse. For this
paper, the scan delay time was about 500 ns.

B. Plasma Frequency and Laser Phase Velocity Change

Since laser energy absorption in a plasma depends on whether
the plasma frequency (w,) is less than the laser frequency (w),
the plasma frequency versus plasma radius for different laser
energies was plotted. Fig. 4 shows that in this paper the normal-
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ized plasma frequency was always less than the laser frequency,
which was calculated to be w = 1.77 x 10'®s~!. The max-
imum electron-neutral collision frequency was calculated to be
Vee = 2.09 x 101971, The normalized plasma frequency for
the highest input laser energy has a FWHM of about 1.3 mm.
One can, thus, deduce that for the air plasma in this paper, there
exists an evanescent domain defined by ve. =< w,, < w, where
laser energy is absorbed in the plasma. The laser energy is not
cutoff in the plasma since w, < w; a certain percentage is still
transmitted through the plasma. The plasma frequency has the
same profiles as the electron density in good agreement with (5).

The effect of the laser energy on the refractive index of an
air plasma was investigated for energies from 50 to 200 mJ per
pulse. Now, refractive index is a function of plasma frequency
and electron collision frequency. It has a real part, which is
responsible for laser phase change and an imaginary part, re-
sponsible for laser energy attenuation. Only the variation of the
real part of the refractive index with plasma radius, as shown
in Fig. 5, is reported here. These results show that, within the
laser energies used in this paper, the refractive index decreases
and the laser velocity in the plasma increases above the velocity
of light in vacuum. The plasma phase velocity becomes greater
than the velocity of light. This is indeed so, since it is the phase
velocity which changes in the plasma. Information and energy
travel at the laser group velocity and this cannot be greater than
the speed of light. Our results show that for the laser energies
used, and within a plasma diameter of 0.5 mm, the plasma has
a convex parabollic refractive index. This configuration of the
refractive index and density in the plasma makes a plasma ca-
pable of guiding a Gaussian beam without much distortion and
independent of wavelength [21]. The laser defocuses itself re-
ducing the effect of the focusing lens. Thus, the plasma-laser
system enters into a self-regulating regime of self-focusing and
defocusing [1], where the plasma limits catastrophic breakdown
of air by increasing the phase velocity of the purtubing laser and
vice versa. This is much noticable at higher energies probably
due to absorption saturation. The FWHM of the refractive index
with the highest input energy was found to be about 1.2 mm. The
higher the laser energy input, the higher the FWHM, indicating
plasma expansion instead of increased heating.

For this work, v, > ¢ and v, < c and these results show the
behavior of the laser phase velocity in the plasma. The LIBS
technique can, thus, be used to measure phase velocity changes
in a plasma. The technique also gives valuable information
about the electron collision frequency in the plasma. The plasma
electron density and electron-neutral collision frequency are
crucial in understanding the behavior of transport coefficients
of plasmas [19]. Thus, a versatile and quick diagnostic tool
(like LIBS) for N, and v.. measurements could be very helpful
in research application like ITER and JET tokamaks? [24] and
Plasma Focus Fusion devices [25], etc.

C. Possible Applications of the LIBS Technique

The LIBS detecting system can be modified and used to detect
changes in electron concentration in the ionosphere due to earth-
quake activity and to detect infrared emissions from cracking

2ITER. [Online]. Available: http://www.iter.org/index.htm
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rocks, hours (or minutes) prior to an earthquake [26]. Recently,
much study has been done to control lightning discharges both
for energy storage and protection [27], [28]. Thus, if the com-
peting dynamics of self-focusing, diffraction, and plasma defo-
cusing are balanced, the self-guided laser beam can be prop-
agated over multiple Rayleigh lengths. The profile of the re-
fractive index and electron density in a plasma provides valu-
able information for designing plasma waveguides. To guide a
Gaussian beam without distortion, one needs a concave para-
bolic-shaped electron density and a convex parabollic-shaped
refractive index near the laser axis. The results of this paper
show that the laser induced air plasma has such profiles.

V. CONCLUSION

Laser induced breakdown spectroscopy has been demon-
strated to be a useful and versatile tool for density, phase
velocity, plasma frequency, and refractive index measurements
in an air plasma. The estimated FWHM of these profiles was
found to be close to 1.2 mm. The results confirm previous
experimental results that the plasma counteracts higher energy
deposits by expanding instead of getting hotter. The electron
density at the center of the plasma plume is slightly hollow
probably due to the effect of the shock wave. From the measured
parameters, the behavior of plasma frequency and laser phase
velocity change were determined. Laser phase velocity changes
are due to a decrease in the real part of the refractive index,
which in turn is caused by radial electron density gradients. The
laser phase velocity then travels at a speed greater than the speed
of light in the plasma. Understading this mechanism could find
an application in lightning discharge control [29]. The laser
induced air plasma has a concave parabollic-shaped electron
density and a convex parabolic-shaped refractive index near
the laser axis, i.e., around a diameter of 0.5 mm. The electron
density and electron—neutron collision frequency are crucial in
understanding transport coefficients of large scale plasmas as
found in thermonuclear fusion devices like tokamaks, etc.
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