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Optical Probing of Laser Induced Plasma
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An investigation on the phenomenon of plume dynanscundertaken experimentally as well as theakjicA Q-
switched Nd: YAG laser (1064 nm, 10 mJ, 1.1 MW,®8n5) is tightly focused on different target metalwrbon and EPDM
samples (2cm x 2cm x 0.2 cm) at an angle Gfwith the normal of the target surfaces. The experits were performed in
air at standard temperature and pressure (298K7@drorr pressure). CW He-Ne laser (633 nm) empl@yedobe beam
for plasma plume investigation. CCD based computatrobbed image capturing system was used to stoageés on the
computer system. The shadows show changes in sapatameters as time elapsed after production tdriahablation.
Shock wave and Drag models have been applied to tira experimental data. The results thus obtastenv different
density regimes of the plasma along with the sheakes. The plume expansion exhibits a linear expansf plume at
earlier times, but at later times, plasma plumeaasmpn becomes non-uniform and plume becomes sphefihere is a
bright nucleus at the center at earlier times ¥haaishes at later times. Shock wave detaches @sédfer times.

1. Introduction

Laser-matter interaction and laser induced plasma
(LIP) is a growing field of interest for scientistad
engineers due to its vast applications [1-4]. Dgirin
laser-matter interaction, laser energy is absoklyed
the target material to cause laser induced plasma.
Thus electromagnetic energy is converted into
electronic excitation, then into thermal, chemical
and mechanical energy in order to cause melting,
evaporation, ablation processes [5]. The ablated
material continues to absorb heat until a stage
reaches when plasma formation occurs. Laser
induced plasma plume is a cloud of ejected
material having ions, electrons and neutrals [1].
Plasma plume starts expanding and its expansion in
ambient gas is affected by the background atoms
and molecules [6]. Its expansion is determined by
the interaction of plume atoms with the background
atoms and molecules [1]. Plume expansion in
ambient gas medium undergoes many processes
like deceleration, attenuation, thermalization,
formation of shock waves, and many other [7,8].
Thus it is very important to investigate plume
dynamics.

Several diagnostic techniques have been
proposed for the plume dynamics, like fast
photography [9,10], spectroscopy [10,11], and
shadow-graphy [12-17].
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In order to employ optical probing technique it
should fulfill some conditions e.g., light source
must be of small dimensions and brightness should
be sufficient in order to overcome intense plasma
radiation. As it depends on wavelength of incident
radiation so mono-chromaticity is desirable. This
technique is based on the refraction of
electromagnetic waves and electron density, so it
depends on the second gradient of the refractive
index [12,13].

Optical probing of plasma plume is a useful
technique and is used to study the fluid and gas
dynamics. This technique is beneficial in
aeronautical science and engineering. It is alsd us
to study shock wave phenomenon.

2. Models on Plasma Expansion Dynamics

Plasma expansion dynamics have been investigated
theoretically as well experimentally. Several

models have been proposed for the plume
dynamics. Some of them are described in the
sequel.

2.1. Shock wave model

The shock wave model is employed for earlier
times of the plume dynamics in the background gas
when plume expansion is isothermal. The
expansion of shock wave model from Taylor-
Sedov theory is given [18-22] as



The African Review of Physics (2016):0022

1
HOEINCRSE (1)
Where,§ is a constant that depends on specific
heats of background gas and plasma, ‘R’ is the
distance covered by shock wave, ‘E’ is the
explosion energy released by shock wavés the
gas density and ‘t’ is the delay time. If someiatit
time t is given then the expansion of shock wave is
given by following expression [21].

1
RO =& () -t (2)
Where, ‘R’ is shockwave displacement, t is the
delay time andgtis the initial time.

Shock wave model is employed at higher
background pressure. A strong shock wave is
formed at the front boundary that pushes the
background gas like some piston exerting pressure
on it due to a sudden release of explosion energy
[19-22].

2.2. Drag model

Drag model is applied to plume dynamics at later
times when plume starts expanding adiabatically.
The ablated mass acting as an ensemble of particles
will experience a viscous drag force when passing
through the background gas [19,20]. So drag model
is given by the equation [20-22]
X = xmax[l - eﬁt] (3)

Where, ¥.axis the maximum distance covered by
the plume, while is the slowing coefficient.

3. Experimental Setup

Nd:YAG laser (1064 nm,10 mJ,1.1 MW, 9-14 ns)
is tightly focused on the target materials (C, @i,

Fe, Ag, EPDM) to generate plasma. In order to
probe the dynamics of plume CW He-Ne laser (633
nm) is passed through the plasma. Probe laser is
expanded and collimated with the help of an
assembly of concave and convex lenses of different
focal lengths. The defocused (magnified) images
are captured by CCD based computer controlled
image grabbing system, which are stored on
personal computer for analysis.

4, Results and Discussion

The images show a dense core region indicating
plasma plume, while the outer region contains two
shockwaves. One is a primary/external shock wave
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SW;, which moves with the supersonic speed

initially and is formed due to the sudden pressure
exerted by the excited plume atoms and molecules
on background gas. The propelling atoms are
excited, that results in the increase of thermal
energy, thus leading to the formation of

secondary/internal shock wave $ifvside plasma

[8, 23-25]. The plume and both primary and

secondary shockwaves increase with time, but then
their propagation slow down and become almost
constant with increasing time.

From Fig. 1(a,b,c), it is observed that
displacement against time graphs show an
exponential increase with time. It is shown from
that for a long time shockwave from EPDM
propagated upto larger displacement than any other
targets, and shock wave remains for longer time
than the other target.

As it is clear from the Fig. 1(a), the
displacement covered by primary shock wayg,d
goes up to 13.53 mm upto 300000 ns, while for any
other target the time delay is taken upto the 8000
ns. Shockwave formation by silver and carbon
travels almost same displacements, though
shockwave in silver it iniates earliergg for the
silver initiates from 4.12 mm and for carbon it is
from 5.15 mm, but for carbon and silvesd ends
at 6.06 mm and 6.13 mm. Shockwave formed by
aluminum plasma propagates to more displacement
than carbon and silver; maximumgyd for
aluminum is 8.80 mm.

The same behavior is shown in Fig. 1(b) for the
displacement covered by secondary shock wave
dsw» for aluminum propagates more than carbon
and silver and EPDM has the highestygd The
maximum &y, for EPDM is 12.40 mm, whereas
for carbon dy, is 5.62 mm, for gy, silver it is
5.56 mm and for aluminumgg, is 7.89 mm.

Similarly, the plume expansionyg,. for the
polymer is higher than other targets as shown in
Fig. 1(c). And for aluminum it is more than carbon
and silver. While for carbon and silver plume front
position Qume is almost the same. Maximum
dispalcement for the plume front poisition for
carbon is 2.40 mm, for silver it is 2.78 mm, for
aluminum @yme is 4.63 mm, and for EPDM it is
9.03 mm.

The velocity versus time graphs for all the
material targets show an exponential decrease with
time for all the target materials. From the
comaprison graphs in Fig. 3(a,b,c) it is observed
that the polymer has the lowest velocity while
aluminum shows the highest velocity in all the
three graphs of comparison.
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In Fig. 2(a), the maximum velocity of primary
shockwave yy; for aluminum is 1.45x10m/s and
it goes down to the value of 1.11X10n/s.
Similarly for the carbon g, starts from 1.03x10
m/s down to 7.66x¥Om/s, whereas for silver it
moves from 4.12x10m/s down to 7.57 xf0om/s,
which shows that both carbon and silver exhibits
the same final values of shockwave velocities. For
EPDM, &y initiates from1.21x10m/s to 45.11
m/s, thus having the lowest value of shockwave
velocity.

Figure 2(b) shows the same trend as in the
previous figure, alumiunum exhibits highest values
of velocity of secondary shockwaveyy, while
EPDM shows the lowest. The maximum velocity
Vswofor aluminum is 1.33x1%n/s and it goes down
to the value of 9.8xFfOm/s. Similarly for the
carbon y, starts from the 9.4xfam/s and goes
down to 6.95x1® m/s, while for silver it moves
from6.70x10 m/s down to 7.02 xfOm/s, which
again shows that both carbon and silver exhibés th
same final values of shockwave velocities. For the
EPDM, w2 initiates from 1.12x10m/s to 41.32
m/s, thus having the lowest value of shockwave
velocity.

The same behavior of velocities is shown for
the plume expansion in Fig. 2(c). Aluminum plume
moves with higher velocities than the other target
materials, and polymer has the lowest one. The
maximum plume velocity gime for aluminum is
8.03x1¢ m/s and it goes down to the value of
5.79x1G m/s. Similarly for the carbongyme starts
from the 4.23x1Hm/sdown to 2.99xF¥0m/s while
for silver it moves from 6.83xfm/s down to 3.47
x10% m/s. And for the EPDM, Mme initiates from
8.16x1¢ m/s to 30.11 m/s, thus having the lowest
value of plume velocity.

The graphical representation for the
acceleration versus time for all the targets shaw a
exponential decrease with time as shown in Fig.
3(a,b,c). From the graphical representation, it is
clear that aluminum has the highest acceleration in
comparison with the other targets. While EPDM
shows the lowest value of acceleration.

From Fig. 3(a), primary shockwave accelaration
asw1 of aluminum initiates from 8.87x1@n/s* and
ends at 0.14 mfis thus having the highest
shockwave acceleration, andygfor carbon and
silver have almost same final values of accelematio
i.e., awi for carbon has value of 6.7>4@/< to
0.094 m/4 while for ayy; of silver starts from
5.49x1G m/s to 0.095 m/& And EPDM possess
lowest value of shockwave acceleration, i.e., for
polymer a, starts from 3.75 mfso 2x10° m/s’.
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Figure 3(b) presents the same trend for the
secondary shockwave accelaration as for the
previous one, i.e., s, of aluminum possess
highest value, initiates from 8.55x1®/Sand ends
at 0.12 m/§ thus having the highest shockwave
acceleration; gy,for carbon and silver have almost
same final values of acceleration i.egyafor
carbon has value of 6.20¥1fn/s* to 0.087 m/
while for ayy, of silver starts from3.88x¥an/<’to
0.088 m/4& EPDM possess the lowest value of
shockwave acceleration, i.e., for polymegya
starts from3.40 mfdo 10° m/<.

The plume expansion acceleration as shown in
Fig. 3(c) also exhibits the same behavior as fer th
shockwave acceleration. Aluminum has highest
value plume acceleration i.e.gy@ for aluminum
starts from 6.17xT0m/< and ends at 0.072 /s
Similarly g,ume for carbon and silver have almost
same final values of plume acceleration i.gyuma
for carbon has value of 2.95¥16n/s to 0.037
m/<, while for gyme Of silver starts from 5.32x10
m/$ to 0.043 m/& And EPDM possess lowest
value of shockwave acceleration, i.e., for EPDM
Byume Starts from 2.29 miso 10° m/<.

5. Conclusions

Plasma is transient in nature and it shows differen
regimes. Different facts like deceleration,
snowplowing effect and formation of shockwaves
are also prominent. The displacement for primary
and secondary shock waves and the plume increase
with an increase in time, which shows a linear
relation as in Fig. 1 [26-30]. So the displacement
covered by primary and secondary shockwaves
dswiand dy,, as well as for the plumeyghe are
13.53 mm, 12.40 mm and 9.03 mm, respectively, at
3x10¢ ns as in Fig. 1. While the velocity and
acceleration for the shockwave and plume decrease
with an increase in time. Velocity for the primary
and secondary shockwavesyand &y, as well as

for the plume yume Show a decrease in values i.e.,
45.11 m/s, 41.21 m/s and 30.11 m/s, respectively,
at 3x10ns as in Fig. 2. Values of acceleration for
primary and secondary shockwaveg,and aw,,

as well as for the plumep@, show a decrease in
values i.e., 2x16 m/¢, 10° m/¢ and 10° m/&,
respectively, at 3xfhs as shown in Fig. 3.
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Fig.1: Displacement versus time graph for diffenmaterial plume for (a) Shockwavels(d)

(b) Shockwave2 (gy,) and (c) Plume front (gne
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Fig.2: Velocity versus time graphs for different matepaime for (a) Shockwave 1 dy)
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