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Abstract

This paper presents a simplified theoretical model for the study of emission from laser produced plasma to better
understand the processes and the factors involved in the onset of saturation in plasma emission as well as in increasing
emission due to plasma confinement. This model considers that plasma emission is directly proportional to the square
of plasma density, its volume, and the fraction of laser pulse absorbed through inverse Bremsstrahlung in the pre-
formed plasma plume produced by the initial part of the laser. This shows that plasma density and temperature (that
means the electron-ion collision frequency v.;) decide the threshold for saturation in emission, which occurs for v >
10" 57!, beyond which plasma shielding effects become dominant. Any decrease in plasma sound (expansion)
velocity shows drastic enhancement in emission supporting the results obtained by magnetic as well as spatial
confinement of laser produced plasma. The temporal evolution of plasma emission in the absence and presence of

plasma confinement along with the effect of laser pulse duration are also discussed in the light of this model.
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INTRODUCTION

Investigation of dynamics and emission from laser-produced
plasma under different conditions (Dawson, 1964; Rad-
ziemski & Cremers, 1989; Batani, 2010; Schwarz et al.,
2010; Kumar et al., 2010a, 20105, 2011; Krasa et al.,
2011; Nath & Khare, 2011) is an important subject for
many laboratories due to its technological application in var-
ious fields of research such as material science, chemical
physics, plasma physics as well as inertial, and magnetic con-
finement fusion (Chrisey & Hubler, 1994; Bauerle, 1996;
Zel’Dovich & Raizer, 1966; Grun et al., 1981; Radziemski
& Cremers, 1989; Rai et al., 1998; Doria et al., 2004,
Borisenko et al., 2008; Hoffman, 2009;Wang et al., 2011;
Kumar & Verma, 2011; Huber er al., 2011; Fazeli et al.,
2011). Properties of laser produced plasma mainly depend
on the characteristics of the laser being used for producing
the plasma. Various types of phenomena take place in the
plasma depending on its density and temperature such as
emission of radiation ranging from visible to X-ray wave-
length, generation of high energy electrons and ions as well
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as different waves, and instabilities (Radziemski & Cremers,
1989). Any change in the free expansion of plasma affects all
of its associated properties. Optical emission spectroscopy of
the plasma produced by laser-matter interaction has been in-
vestigated by many researchers in the last two decades in
connection with laser-induced plasma emission as well as
laser-induced breakdown spectroscopy (LIBS). LIBS has
been established as an analytical tool for in-sifu determi-
nation of the elemental composition of samples in any
form (solid, liquid, gas, and aerosols) with fast response
and high sensitivity without any sample preparation and sur-
face treatment (Cabalin & Laserna, 1998; Babushok et al.,
2006; De Giacomo et al., 2007; Singh & Thakur, 2007;
Godwal et al., 2008; Schwarz et al., 2010; Nath & Khare,
2011). Along with the wide applicability of LIBS in various
fields, it has been used for the characterization of laser-
induced plasma processes occurring during the production
of thin solid films and nanoparticles of different materials
(De Giacomo et al., 2001; Puretzky et al., 2000; Wang
et al., 2007, 2011), the control of industrial processes and
medical applications (Noll er al., 2001; Sun et al., 2000).
These investigations have led to a good understanding of
the fundamental processes occurring in various experimental
conditions, particularly the distribution of excited state
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species in the plasma depend both on fluid dynamics of the
ablated particles and the balancing of elementary processes
(Capitelli et al., 2004; Batani, 2010). These aspects have
been described extensively both theoretically and experimen-
tally, and related models have been applied successfully to
the interpretation of data obtained in a wide range of con-
ditions (De Giacomo et al., 2004; Capitelli et al., 2004;
Mao et al., 2000; Rai et al., 2008; Krasa et al., 2011). This
suggests that theoretical study of plasma processes during
LIBS can be beneficial in many ways particularly in getting
optimum experimental parameters for this technique and en-
hancing the sensitivity of this analytical system.

Various techniques (Singh & Thakur, 2007; Fazeli et al.,
2011; Kumar & Verma, 2011) have been reported to increase
the plasma emission (visible to X-rays), which decides the
signal and sensitivity of LIBS. Mainly the dual pulse exci-
tation scheme (Babushok et al., 2006; Rai et al., 2003a) as
well as magnetic and spatial confinement of the plasma are
important techniques (Rai et al., 2003b; Guo et al., 2011),
which increase the plasma emission by an order of magni-
tude. It is supposed that during the plasma confinement kin-
etic energy of the plasma is transformed into thermal energy,
which helps in heating and exciting the atomic species of
plasma resulting in enhanced plasma emission. Recently, a
new technique of plasma confinement has been found that
uses the combination of magnetic and spatial confinement
(Guo et al., 2011), which effectively improves the emission
from the plasma manifold (24 times). In this case, the
plasma is confined by a magnetic field as well as by the re-
flected shock wave from the wall of a small cavity. It has
been reported that the combination of both the techniques
compresses the plasma at the center of cavity resulting in
an increased rate of collisions among the plasma particles,
which leads to an increase in the number of atoms in the
higher energy state and hence enhanced emission intensity.
However, the saturation of atomic emission from the
plasma inherently limits the laser fluence coupled to
plasma that is used for optimizing the detection sensitivity.
The saturation phenomenon (plasma emission and material
ablation) has been studied by many researchers (Bauerle,
1996; Rai et al., 2003b; Fang & Ahmed, 2007; Batani,
2010) for solids as well as liquid samples, which takes care
about dynamic equilibrium between laser energy absorption
and plasma expansion as well as consequent cooling. Satur-
ation in plasma emission has also been reported with an
increase in laser intensity, which occurs comparatively at
lower intensity in the presence of magnetic confinement
(Rai et al., 2003¢). The plasma shielding effect in laser abla-
tion (Zeng et al., 2005; Batani, 2010; Leitz et al., 2011) also
plays an important role in this process. Therefore, the study
of the saturation process and its dependence on different
plasma parameters is important for enhancing the efficiency
of plasma emission. The variation in emission intensities
with the focusing distance and the laser pulse energy is
related to shielding effects of the plasma produced, which de-
pends on the type of absorption wave obtained at different
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power densities during the initial plasma formation process
(Aguilera et al., 1998). The theoretical basis for enhancement
in plasma emission as a result of magnetic confinement as
well as under double pulse excitation has been reported ear-
lier (Rai et al., 20035, 2008). Still very little theoretical work
is known about the process of plasma emission and saturation
under the effect of variation in plasma parameters and
confinement.

This paper presents a simple analytical model to explain
the enhancement in emission from laser produced plasma
after the confinement (irrespective of confinement tech-
niques). Effect of various other plasma parameters as the
plasma density and temperature as well as the laser pulse dur-
ation affecting the emission characteristics and saturation is
also discussed.

THEORY OF PLASMA EMISSION

Vaporization and atomization of a major portion of the
sample after laser matter interaction is preceded by heating
of samples, which leads to phase changes and ejection of
materials away from the surface. Heating of conducting
solids by a short laser pulse is essentially thermal in nature.
Laser photons are absorbed by electrons in the conduction
band of the material, and the energy is given up by collisions
with other electrons and lattice phonons, that are converted
into heat. The time between collisions is on the order of
~ 107" s, which is a very short period of time compared to
~107% s of laser pulse duration. In this case, when the inci-
dent laser flux density reaches a value in excess of ~10° W
cm 2, the ejected vapor becomes ionized and begins to
absorb part of the incident laser energy. At atmospheric
pressure, an atmospheric shock wave may precede the ejected
material, absorbing a large fraction of the laser energy before
the energy reaches the sample material followed by an emis-
sion from the plasma (Radziemski & Cremers, 1989). This
indicates that plasma formation using single pulse laser can
be understood as generated by the combination of two
pulses, the initial portion of the laser pulse (Pedestal) and
the main portion of the laser pulse. For this it is necessary
to understand first the case of dual laser pulse excitation fol-
lowed by emission from plasma and then to simplify it for
emission from single pulse laser produced plasma.

Plasma Emission from Dual Pulse Laser

Normally, double pulse LIBS (Singh & Thakur, 2007) uses
two laser pulses separated by microsecond time delay. The
first laser creates the plasma expanding normal to the target
surface, whereas the second laser pulse gets absorbed in it
followed by further ablation of target material by the residual
second laser pulse. The absorption of second laser in the
plasma created by the first laser pulse can be assumed to
be dominated by inverse Bremsstrahlung absorption, which
occurs due to electron — ion collisions in the plasma. If
plasma electrons are subjected to momentum changing
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collisions as they oscillate back and forth in the laser electric
field, the laser light wave undergoes an effective damping.
The spatial damping rate of wave energy, k;;, can be given
by (Max, 1982)

)

Where n, and 7T, are the density and temperature of the
plasma and Z is the atomic number of the target material.
This shows that inverse Bremsstrahlung is strongest for the
low temperature, high density, and high Z target materials.
According to Eq. (1) a uniform plasma of length L and den-
sity n, < n. will produce a one way absorption fraction given
by

agps = 1 — exp(—kipL). 2

For weak absorption k;,L. < 1 and o, = kL. For strong
absorption, k;L > 1 and a,,,—1. This indicates that ab-
sorption fraction is linear in k;,L for small absorption and
then saturates when k;L is large. Even the long plasma
length enhances the absorption. The result of inverse Brems-
strahlung absorption in inhomogeneous plasma is more com-
plicated. A simplified version of absorption fraction for a
linear density profile is given by (Max, 1982)

_® Lvei(L)} )

Aaps = 1 —exp{ 5 o
wherev,; (L) is the electron-ion collision frequency at critical
density and c is the speed of light. This indicates that inverse
Bremsstrahlung absorption is strongest for low temperature,
high densities, high Z targets, and long density scale lengths.
It is sensitive to details of the density profile near the critical
surface and can be diminished considerably if the profile falls
steeply at the critical surface. For simplification purpose, we
have considered plasma expansion length L ~ C,T, where C;
is the ion acoustic (plasma expansion) speed and 7 is the
plasma expansion time. An expression for the electron—ion
collision frequency v,; can be given as (Bittencourt, 1986)

Ve = 3.62x 107, T, InA 57" “)

where n; (m ™) is the ion density in the plasma, 7, (K) is the
plasma temperature and In A ~ 10. Electron-ion collision fre-
quency v,; is considered to be the constant over the whole
plasma length.

In the planar geometry, the volume of the radiating plasma
can be approximately given by V= nRL for a plasma column
of diameter 2R and length L. The mass ablated by the first
and the second laser pulse can be given as m;nR>t, and
momR*ty, respectively, where 72, and i1, are the mass abla-
tion rate after the first and the second laser pulse, and t; is
the time duration of both the lasers. The parameters of both
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the lasers are considered to be the same. It is well known
that the plasma emission takes place through three processes,
the Bremsstrahlung emission, the free-bound transition, and
the bound-bound transition. In each case, the plasma emis-
sion is strongly dependent on the product of electron and
ion density (oc n.n;), the temperature of plasma as well as
on the volume of plasma. Considering that the plasma emis-
sion is proportional to the square of the plasma density (n, =
n;) and the plasma volume, one can write an expression for
the emission intensity after the first laser pulse (/) as

. 2
iRty )
L < | ———F+ R°CTh). 5

! <7TR2CS1T1> (T[ st 1) ( )

Where the first factor is the plasma density and the second
factor is the volume of the plasma. Cy; is the ion acoustic
speed of the plasma due to first laser pulse and T is the
time of plasma expansion that is gate delay from the first
laser when the emission was recorded in single pulse LIBS.

The emission after the second laser pulse (/) can be writ-
ten as

. 2
mamR2 1y, ) ,
I, oc iR Cy1 At R°CyT:
2 <T[R2C51Al+7TR2C52T2) (TR*Cai At + TR CaT2)
32 Cy1 Atv,;
x| 1 —exp Bl 6)
15 c

Here the first factor describes the plasma density after the
time (Af+ T), the second factor represents the plasma
volume after the time (Af + 75) and the third factor equals
the fraction of the second laser absorbed in the plume of
the plasma created by the first laser pulse. Af is the time
delay between the lasers, Cy, describes the ion acoustic
speed after the second laser pulse and 75 is the time (gate
delay) after firing the second laser. To deduce a simplified
expression for enhancement in double pulse emission and
canceling all the common factors affecting the single and
double pulse LIBS emission, the enhancement (E) is ob-
tained by normalizing the sum of plasma emission under
single and dual pulse LIBS by the emission from single
pulse LIBS (Rai et al., 2008).

L+ 1 I
:] —
I +11 ’
|:1 e P{ 32C51Aw¢?i}]
2| l—expy—o———
753 15 c
E=1 —
+ (ml) AZ+C52 T, ’ (7)
T, CaT

where one can take for the value of 7' any value between A¢
(for maximum emission) and the time of peak emission in
double pulse LIBS (from first laser pulse) without any sig-
nificant change in the result. Eq. (7) has been used to study
the effect of different parameters on the enhancement in
plasma emission under dual pulse excitation, which
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explained various observations of dual pulse LIBS as re-
ported earlier (Rai et al., 2008) . According to Eq. (7) zero
delay between lasers (At = 0) provides an enhancement of
unity (E = 1), just like a single pulse LIBS emission.

Plasma Emission from Single Pulse laser

Eq. (7) above obtained for dual pulse excitation of the plasma
can be simplified for single pulse case under the light of
above discussion that the plasma is formed and starts expand-
ing when the initial portion of laser pulse interacts with the
matter. So a single laser pulse can also be considered operat-
ing as dual pulse with certain assumptions. Mainly one can
consider that after the plasma formation by pedestal of the
laser, it expands for the period 1, (duration of laser pulse)
during which the laser gets absorbed in the expanding
plasma. This indicates that Ar delay between two lasers in
Eq. (7) can be replaced by 1, for the single pulse case. Eq.
(7) can be simplified in two ways as described below to
better understand the dependence of important plasma par-
ameters on the emission characteristics of the plasma as
well as on its temporal behavior.

Case 1

In this case, assumption is made that the At = t; (laser
time duration), T = 1, /2 (time of peak laser intensity). T,
is the time at which the measurement of the plasma emission
is taking place. Other consideration is that Cy, = 2Cy;. In this
situation, Eq. (7) can be written as

o\ 32 Cyitive
o B Rl T
E—1 g = .®
o)
T
This equation can provide information about the emission

from the plasma at different time duration that means the
variation of emission with the gate delay (7).

Case 2

In this case, we consider At =1; and T} =T, = T is the
gate delay or the time of measurement of the emission after
the laser peak. Ratio of the laser pulse time duration T; and
gate delay 7 (time of measurement) will be negligibly
small for nanosecond time duration laser (t;/T = 0). After
these assumption Eq. (7) can be written as

2
_ ny Csl 32 CslTLvei
= 1+<m1> <Cs2> [1 exp{ I5 ¢ ” ©

This indicates that the plasma emission under single pulse
laser plasma interaction is mainly dependent on the square
of the ratio of the mass ablation rate after full pulse and initial
mass ablation, the ratio of plasma sound velocity, the plasma
collision frequency and the pulse duration of laser.
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RESULTS AND DISCUSSION

In order to achieve a better understanding of the physical pro-
cesses arising in single pulse LIBS, we have estimated the in-
tensity of emission for different plasma parameters arising
during the laser plasma interaction. The important parameters
are: the mass ablation rate, plasma density, plasma tempera-
ture, electron-ion collision frequency as well as the laser time
duration. In fact, the effect of laser intensity on the plasma
emission will be taken care by the increase in plasma density
and temperature as both are directly proportional to the laser
intensity.

Effect of Material Ablation

Figure 1 shows the variation in the emission intensity calcu-
lated theoretically using Eq. (9) for different values of the
ratio of mass ablation rate of full laser pulse and its pedestal
given as = ™ For this calculation, v,; ~ 3.62 X 1012 s~ !is taken
correspondmg to a plasma density of 10'’cm ™ and a plasma
temperature of 1 eV. The ratio of plasma sound velocity of
full intensity plasma and initial (pedestal) plasma is kept as
% ~2. The variation has been shown for 1, 10, and 20 ns
laser pulses. The variation shows that the emission intensity
increases as the value of Z m2 increases. Initially, increase in
emission intensity is slow but for the higher value of ratio
of mass ablation rates, it increases fast as emission is pro-
portional to the square of ratio of mass ablation rates. Nor-
mally, material ablation is directly related with the laser
intensity, which indicates that ultimately an increase in the
laser intensity increases the plasma emission. The time dur-
ation of the laser pulse also plays an important role in
plasma emission as emission intensity increases with an in-
crease in the time duration of laser. These observations are
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Fig. 1. (colour online) Variation in emlssmn intensity from plasma with
change in ratio of mass ablation rate (—) for plasma produced by 1, 10,
and 20 ns time duration laser.
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as expected because an increase in interaction time keeps the
plasma hot for a longer time as a result of efficient absorption
of the laser providing more emission from the plasma. These
results are in agreement with the experimental observations
reported earlier (Zeng et al., 2005; Leitz et al., 2011).

It is well known that many parameters decide about the
initial ablation of sample material by pedestal of the laser
at very low intensity (Piepmeier, 1986). These parameters,
such as sample reflectivity, thermal conductivity, vaporiza-
tion temperature, heat capacity and latent heats of fusion,
and vaporization, are important in determining the total
amount of material removed from the sample. At starting
of the laser pulse, electrons and ions are released from the
surface by photoelectric and thermionic processes. The free
electrons above the surface gain energy by absorbing photons
from the laser beam. This initial plasma may trigger the gen-
eration of more plasma that is formed by thermal ionization
of the vaporizing bulk material of the sample. Initially, at
lower irradiances, the sample material at the surface is not
heated much above its boiling temperatures. In this case, velocity
of the vaporizing materials is on the order of ~10*cm s~
However, at higher irradiances the velocities of the sample
species reach values above 10°cm s~ corresponding to
the particles with energies above their normal boiling temp-
eratures (Piepmeier, 1986). In this situation, X-rays and
highly ionized species are also observed indicating that ener-
gies of the plasma reached from ten to hundreds of electron
volts, which comes down after expansion. Individual par-
ticles of high energy result from the highly energetic
plasma generated by inverse Bremsstrahlung absorption of
the high power density of laser beam. The amount of material
ablated depends on the time duration of the laser. It is several
orders of magnitude lesser for short time duration laser
(Piepmeier, 1986, Zeng et al., 2005; Leitz et al., 2011).
This is because much shorter time is available for conduction
of heat into the sample. This indicates that energy of the
shorter laser pulse is therefore useful in processes near the
surface rather than in vaporizing material at greater depth.
Crater depth in material ranges from 1 to 10 ym for a Q
switched laser and the amount of material ablated is generally
at and below the microgram level (Piepmeier 1986). A com-
parison shows that short pulse micro and nanosecond laser
systems generally allow high ablation rates, where the possi-
bility of thermal damage of the target piece is higher. On the
other hand ultrafast picosecond and femtosecond laser sys-
tems provide lower ablation efficiency but allow a higher pre-
cision in ablation (Leitz et al., 2011).

Effect of Plasma Density (Laser Energy)

It is well known that during laser matter interaction an in-
crease in laser intensity increases the plasma density as
well as plasma temperature. Plasma density increases due
to increased material ablation, whereas plasma temperature
increases due to absorption of laser energy into plasma pre-
formed due to pedestal (initial part) of the laser. To better
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understand the effect of plasma density and temperature on
the process of plasma emission, calculation was made
using Eq. (9) for different values of electron-ion collision fre-
quencies, because it is decided by the value of plasma den-
sity and temperature. Ultimately, this collision frequency
plays an important role in absorption of laser energy into
plasma. For this calculation, we took :’;—: =4 and g—: =2
Figure 2 shows the variation in emission intensity with an in-
crease in plasma density (10" to 10?° cm ™) for different
values of plasma temperature (1, 5, and 10 eV). It shows
that initially plasma emission increases slowly followed by
a fast nearly linear increase in emission between 10'° to
10" cm™>. However, a further increase in plasma density
beyond 10" cm™ shows saturation in emission. It has
been noted that the emission intensity is high for lower
value of plasma temperature, which is expected as the
value of electron-ion collision frequency remains high for
low plasma temperature. This increases the absorption of
the laser intensity by the plasma, which results in a stronger
emission. Another observation is that emission intensity
starts increasing and saturating at comparatively lower-value
of plasma density for low temperature plasma. Again the role
of plasma frequency is found to be more important. Finally,
one can say that an increase in laser intensity increases the
plasma density as well as the temperature, where the balance
between the two effects leads towards saturation in emission.

It is important to compare the results of this calculation
with the experimental observations. Rai et al. (2003b) has re-
ported the effect of laser energy on the LIBS signal in the
presence of magnetic field. LIBS spectra of aluminum
alloy sample were recorded in the absence as well as in the
presence of a magnetic field, where the energy of the laser
was varied from 10-150 mJ (4x 10°-60 x 10° W /cm?).
The variation of chromium line intensity (I =357.87 nm)
with laser energy in the absence of a magnetic field shows
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Fig. 2. (colour online) Variation in emission intensity with an increase in
plasma density for plasma temperature of 1, 5, and 10 eV.
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that emission intensity increases first very slowly and then
very fast up to nearly 20 mlJ. Further increase in laser
energy saturates the chromium line emission intensity. It
seems that initially the laser radiation is absorbed up to
20 mJ, where ablation of the material and consequently den-
sity of plasma increases with laser intensity and gets satu-
rated. These observations are similar as obtained by
theoretical calculations (Figs. 1 and 2). However, the
excess laser energy beyond 20 mJ (=8 x 10° W/cm?) is
not being coupled (absorbed) to laser produced plasma.
This is possible only due to shielding produced by the
plasma near critical density (1021 cm73) surface formed at
high laser intensity where electron-ion collision frequency
is >10" s7'. Similar behavior of plasma emission has
been reported (Aguilera et al., 1998). Probably excess laser
energy is being reflected from the critical density surface
of the plasma, where the plasma frequency becomes equal
to the laser frequency. In this case, laser can not propagate
toward the higher plasma density side. At higher plasma den-
sity, self-absorption of emission is also possible leading to
saturation, when the experiment is performed at higher
laser intensity. The presence of self-absorption can be ob-
served from the measurement of full width at half maximum
of the Lorenzian profile of line emission (Aguilera et al.,
1998). Both the processes are possible in the high density
plasma, which can contribute toward saturation (or decrease
in saturation) in the emission. The breakdown in gases sur-
rounding the target also shields the laser energy reaching
the target surface, which results in decrease and/or saturation
in material ablation from the target surface and consequently
in the plasma emission (Batani, 2010; Lee et al., 2011). Rai
et al. (2003b) further report that the presence of magnetic
field shows no significant effect on atomic line emission in-
tensity, when the laser energy was below 10 mJ (when the
plasma density is low). However, an increase in the emission
intensity in the presence of a magnetic field was noted for
laser energy between 10 to 50 mJ. This enhancement in emis-
sion in the presence of magnetic field is due to an increase in
the plasma density (electron-ion collision frequency) as a
result of magnetic confinement of the plasma, which is effec-
tive at lower plasma temperature, when the laser intensity is
lower. However, this enhancement in emission intensity de-
creased, when the laser energy was further increased beyond
50 mJ. The plasma emission in the presence of a magnetic
field was even lower than the emission observed in the
absence of a magnetic field for laser energy >80 mlJ
(32 x 10° W/cm?). It seems that along with reflection of
laser energy from critical density level and self-absorption
of emission, some other loss factors are also added up in
the presence of magnetic field. This extra factor may be
due to the presence of density fluctuation (instability) in
the plasma, which is generated at higher laser intensity in
the presence of a magnetic field. Density fluctuations are ex-
pected in this situation due to bouncing of the plasma near
B = 1 location, where plasma kinetic energy becomes equal
to the magnetic energy. Even some high-frequency
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instability, such as large Larmor radius instability is also ex-
pected in such plasma condition (Cabalin & Laserna, 1998;
Rai et al., 2003b). The presence of instability in the plasma
can lead to the scattering of laser light as well as the loss
of plasma particles as a result of cross field diffusion. This
may be the reason behind the decrease in emission intensity
even after saturation, when the laser energy is more than 80
mJ in the presence of magnetic field. Similar behavior is
noted for iron line emission at A = 358.12 nm with an in-
crease in laser energy in the absence and presence of mag-
netic field.

In another plasma experiment (Rai er al., 2003c), the
plasma is formed from liquid jet target having magnesium
in low concentration. It is noted that the intensity of all
three magnesium lines increases linearly with laser energy
up to ~ 300 mJ in the absence of magnetic field. But the pres-
ence of the magnetic field shows an enhancement in the
LIBS intensity up to 200 mJ, followed by a saturation/de-
crease toward higher laser energy. The maximum signal en-
hancement was observed between 150-200 ml of laser
energy. Similar enhancement in the emission intensity was
noted for other elements also such as Magnesium, chromium,
and titanium in aqueous solution in the presence of magnetic
field. Although the threshold laser energy for the breakdown
was ~ 10 mJ for solid sample in comparison to ~ 50 mJ for a
liquid sample, even then the basic observations are similar
for solid or liquid samples. The enhancement in the emission
intensity was noted mainly for moderate laser energy after
the breakdown. Finally, these experimental observations
are found in agreement with the theoretical calculations.

Saturation in Plasma Emission

The study of variations in plasma emission with electron den-
sity and temperature for laser of different time duration can
provide better understanding of saturation in plasma emis-
sion. For this purpose, the calculation is performed using
Eq. (9) with a consideration that ;Z—T =4, gﬁl =2and T, =
1eV and the results are presented in Figure 3, which shows
the variation in plasma emission with change in plasma den-
sity for different time duration of the laser t;. It is shown
that the plasma emission starts increasing at ~10'® cm™>
for a laser of 1 ns time duration. This increase became fast
with an increase in plasma density, which saturates at
~10" cm ™. Similar variations are noted for 10 and 20 ns
time duration laser, but with minor change in the threshold
for initiation and saturation of emission, which occur at
lower density for large time duration lasers. Higher time dur-
ation laser produce comparatively more plasma emission as a
result of more material ablation (Zeng et al., 2005; Leitz
et al., 2011). Here again the electron-ion collision frequency
and laser plasma interaction time play an important role. In
this case, the plasma collision frequency increases with an
increase in the plasma density, which helps in increasing
the absorption of laser in plasma through inverse Bremsstrah-
lung and consequently the plasma emission, whereas large
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Fig. 3. (colour online) Variation in emission intensity with an increase in
plasma density for plasma produced by 1, 10, and 20 ns time duration laser.

time duration of laser provides longer time for plasma to
expand and absorb the laser efficiently.

The effect of plasma temperature on its emission has also
been obtained using Eq. (9), where the plasma density was
constant at ~10'" cm ™ keeping all other parameters the
same as in Figure 3. In this case, emission from plasma is cal-
culated by varying the plasma temperature for different time
duration laser. Figure 4 shows that plasma emission is very
high for low temperature plasma, which decreases first very
fast and then slowly with an increase in plasma temperature.
The reason for decrease in plasma emission with an increase
in plasma temperature is due to decrease in electron-ion
collision frequency as v,; ¢ (Te)73/ 2. Here again plasma
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Fig. 4. (colour online) Variation in emission intensity with an increase in
plasma temperature for plasma produced by 1, 10, and 20 ns time duration
laser.
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emission is high for longer time duration laser as seen in ear-
lier case. In this case, saturation is seen at lower plasma
temperature near 1 eV. Results of Figures 3 and 4 indicate
that saturation in the plasma emission is possible only
when the plasma density is high and plasma temperature is
low. In other words, one can say that instead of plasma den-
sity and plasma temperature, electron-ion collision frequency
play an important role in deciding the saturation in plasma
emission, which is v,; > 10"> s7! as has been discussed
earlier.

Laser Absorption and Shielding Effect in Plasma

The observation of figures 1 and 2 can be better understood
by considering variation in the laser absorption mechanism
with an increase in laser intensity. For lower laser intensity,
a laser-supported detonation wave is expected in which the
laser absorption region propagates as a shock wave (Aguilera
et al., 1998). In this regime, if the electron density remains
below the critical density then an increase in laser intensity
will increase its absorption in the plasma resulting in more
ablation as well as plasma emission. This is the reason why
plasma emission increases linearly with laser intensity.
When the plasma density reaches critical density level, the
plasma becomes opaque to the laser beam, which shields
the target. In this case, coupling of laser intensity to
plasma decreases, which lead to a saturation in plasma emis-
sion. This phenomenon can be observed in both types of tar-
gets (solid and liquid) when the laser intensity is in the
medium range. This saturation takes place at comparatively
low laser intensity for solid in comparison to liquid sample
due to production of higher plasma density in the case of
solid targets. At higher laser intensity, the absorption mech-
anism changes to laser- supported radiation wave, in which
plasma temperature becomes very high resulting in transpar-
ent plasma for the laser beam, which starts emitting
Bremsstrahlung (background) emission due to its high temp-
erature (Aguilera et al., 1998). The plasma shielding effect is
then reduced and the ablation of the target material enhanced.
In this regime also, plasma emission (X-rays and visible) in-
tensity increases linearly. Saturation in the X-ray emission
was also noticed in the form of change in the slope with an
increase in the laser intensity. However, this saturation was
found to be correlated with the loss of plasma energy in
form of the generation of instability and high energy particles
in the plasma along with emission of high energy X-rays (Rai
et al., 2000a, 2000b). Normally, the high-intensity laser
experiment involves measurement of X-ray emission under
vacuum conditions. However, the high laser intensity exper-
iment in air also shows saturation, where the shielding of the
laser occurs by the air plasma (Aguilera et al., 1998; Lee
et al., 2011). In this case, presence of the target surface en-
hances breakdown in the surrounding gas, which is why air
plasma is also formed when the laser is focused below or
on the sample surface (Multari et al., 1996).
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EFFECT OF PLASMA CONFINEMENT

It is well known that laser produced plasma expands away
very fast from the target surface and emits various types of
emission ranging from X-ray to visible emission. Both
types of plasma emission increase after plasma confinement.
Two types of plasma confinement have been reported as
magnetic and spatial confinement for enhancing the emission
from laser produced plasma. In both the cases, plasma expan-
sion is decelerated. Here, we have tried to find the effect of
expansion velocity on the plasma emission using Eq. (9).
For this calculation, we have taken v,; ~3.62 x 10'? s ! cor-
responding to a plasma density of 10'” cm™* and a plasma
temperature of 1 eV. The value of Cy,/Cy; has been changed
from 0.1 to 10. Figure 5 shows that the emission intensity is
very high when the value of Cy,/Cj; is low toward 0.1, where
it decreases very fast as the value of C,, increases. This
observation shows that deceleration in plasma expansion en-
hances the plasma emission. It seems that the plasma volume
increases with an increase in Cy, and the corresponding
energy density of absorbed laser decreases, which is reflected
as decreased plasma emission. This indicates that enhance-
ment in emission is mainly dependent on the order of
plasma confinement. This supports the results of enhance-
ment in emission by magnetic and spatial confinement.
More enhancements in spatial confinement are due to com-
paratively better confinement/deceleration of plasma. In
the case of magnetic confinement, the plasma diffuses
across the magnetic field as a result of plasma instability
and fluctuations in the plasma, which degrades the plasma
confinement, whereas spatial confinement is free from
these problems. However, the combination of both the con-
finement techniques is beneficial as has been reported by
Guo et al. (2011). Enhancement in plasma emission is inde-
pendent of the technique used for plasma confinement. Only
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Fig. 5. (colour online) Variation in emission intensity with an increase in
ratio of expansion velocity (Cy,/Cy) for plasma produced by 1, 10, and
20 ns time duration laser.
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one factor is important, and that is the efficiency of the
plasma confinement. This result further indicates that spatial
confinement of dual pulse produced plasma may provide
even more enhancement in emission than the combination
of magnetic and spatial confinement.

Temporal Evolution of Emission from Confined Plasma

The temporal evolution of plasma emission is obtained using
Eq. (8). For this purpose, we have considered 7T} = 1,/2
(Peak time of laser) and 75 is varied, which is equivalent
to the time delay at which the emission intensity is recorded.
To see the effect of plasma confinement and the laser time
duration on the temporal evolution, calculations have been
performed first for different values of Cy/C, as 2, 0.5,
and 0.1 keeping laser time duration constant at 10 ns and
then for 1, 10, and 20 ns time duration laser keeping C,,/
C constant at ~ 2. Figure 6 has the variation of plasma emis-
sion with time delay for decreasing value of Cy,/C,;, which
shows plasma confinement effect. It shows that for Cy,/Cy;
~2 plasma emission first decreases very fast and then
slowly with time delay. After adding the confinement
effect by decreasing the values of Cy,/Cy; to 0.5 and 0.1,
plasma emission increases for all the delay time. Even the
rate of decay in emission intensity changes, which indicates
that plasma emission last for a longer time in the case of
plasma confinement. It further shows that maximum en-
hancement in the emission after confinement occurs around
the time delay of 20 ns. This happens because of slowing
down of decay in plasma emission as a result of plasma con-
finement. Figure 7 shows the variation in temporal evolution
of plasma emission obtained from a laser having time dur-
ation of 1, 10, and 20 ns. Here the plasma emission is less
for 1 ns laser produced plasma, which initially decays fast
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Fig. 6. (colour online) Variation in emission intensity with time of measure-
ment after laser peak for plasma having ratio of expansion velocity (Cy»/Cy1)
as 0.1, 0.5, and 2.
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Fig. 7. (colour online) Variation in emission intensity with time of measure-
ment after laser peak for plasma produced by a laser of 1, 5, and 10 ns time
duration.

and then slowly. The rate of plasma decay decreases with an
increase in time duration of the laser. Even the emission is
higher for the plasma produced by a longer time duration
laser, which is due to efficient heating of the plasma for
a longer time as discussed earlier. It also shows that
plasma produced by a long time duration laser lasts for a
longer time. These observations are in agreement with the
experimental observations (Zeng et al., 2005; Leitz et al.,
2011).

Similar observation has been reported experimentally
(Rai et al., 2003b). They have studied temporal evolution
of chromium line emission from aluminum alloy in the ab-
sence and presence of a magnetic field (magnetic confine-
ment) and reported that plasma emission was maximum at
~2 ps after which it started decreasing. The emission inten-
sity lasted for nearly 20 ps. An overall increase in intensity
was noted for all the delay in the presence of magnetic
field (magnetic confinement), whereas the shape of the
curve remained the same. This result is similar as shown
in Figure 6. The decay in emission with time indicates
that initially the plasma is hot and the emission from it
is dominated by the background emission, which contains
mainly Bremsstrahlung emission. As the gate delay in-
creases, the plasma expands away from the target and
gets cool resulting in a decrease in emission. The presence
of the magnetic field increases the effective density of
plasma in the emission volume as a result of confinement
of laser produced plasma, which ultimately increases the
probability of radiative recombination, electron-ion col-
lision frequency as well as absorbed energy per unit
volume. All of these factors play role in increasing the
plasma emission.

During magnetic confinement enhancement in plasma
emission and deceleration in plasma expansion changes
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with plasma B (Rai et al., 2003b). It is well known that
plasma B depends mainly on the density and temperature
of the plasma, which decreases as the plasma expands
away from the target. It also depends on the intensity of
magnetic field, which remains constant during this exper-
iment. It is shown that initially for a higher value of f,
the plasma deceleration and enhancement in emission is
negligible. However, as the  decreases below 10, the
ratio of plasma expansion velocities v,/v, decreases and
the ratio of emission intensity /,/I; (value of enhancement)
increases. This indicates that Bremsstrahlung emission,
which occurs at higher plasma temperatures and density
(B> 10) and comparatively at early time (smaller gate
delay) after the plasma formation, cannot contribute to
the enhancement in the emission. Mainly line emissions
are getting affected due to recombination radiations or heat-
ing of plasma as a result of its confinement. These reported
results are also in qualitative agreement with the theoretical
findings of this paper.

CONCLUSIONS

A simplified model is presented to study the emission from
laser produced plasma, which explains qualitatively some
of the important results obtained in LIBS and laser plasma
interaction experiments. This shows that the saturation in
emission is found to be dependent on the time duration of
the laser as well as on the plasma density and plasma temp-
erature, particularly on the electron-ion collision frequency.
Onset of saturation in the emission becomes effective for
electron-ion collision frequency v,; > 10"* s™'. However,
the confinement of plasma, which is correlated with the de-
crease in plasma expansion velocity, increases the plasma
emission drastically. The increase in plasma emission is
found to be mainly dependent on the efficiency of the
plasma confinement, which can be achieved by any tech-
nique. Another observation is that plasma emission decays
(decreases) very fast and then slowly with time. However
confinement of the plasma makes the decay of the plasma
emission slow, due to which the plasma emission lasts for
a longer time. These results indicate that the combination
of the dual pulse experiment with spatial and magnetic con-
finement may enhance the plasma emission even more than
what is reported till date (Singh & Thakur, 2007; Guo
et al., 2011). Similar results are possible even for the X-ray
emission from laser produced plasma after its confinement.
The results of this study have been obtained after many
assumptions, where the inter-dependence of different
parameters is not taken into account. However, further inves-
tigation is needed for improvement of this model considering
various other parameters and its inter-dependence along with
an experiment for an efficient confinement of the plasma,
which will be beneficial for increasing the plasma emission
(visible to X-ray) and consequently the sensitivity of LIBS.
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