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Abstract The effect of transverse magnetic field on laser-
induced breakdown spectroscopy of graphite plasma as a
function of fluence has been investigated. Graphite targets
were exposed to Nd:YAG (1064 nm, 10 ns) laser pulses at
various laser fluences ranging from 0.4 to 2.9 J cm~2 under
two different environment of air and Ar at a pressure of
150 and 760 torr. A transverse magnetic field of strength
0.5 tesla was employed by using permanent magnets. It is
revealed that due to the presence of the magnetic field the
emission intensity, electron temperature and number den-
sity of graphite plasma have been increased at all fluences
and for all environmental conditions. The enhancement in
plasma parameters is attributed to magnetic confinement
effect and Joule heating effect. Initially by increasing the
fluence from 0.4 to 1.5 J cm™2 (in air) and 0.4 to 1.8 J cm ™2
(in Ar), the emission intensity, electron temperature and
number density have been increased and have attained their
maximum values. Further increase in fluence was respon-
sible for the decreasing trend in all plasma parameters.
More increase in fluence (beyond 1.8 J cm™ in case of
air and 2.2 J cm™? in case of Ar) up to a maximum value
of 2.9 J cm™2, the saturation or self-sustained regime was
achieved, which is responsible for insignificant changes in
plasma parameters. The value of plasma parameter “f” was
also evaluated analytically, and it was less than one for all
conditions (fluences as well as environments), which con-
firmed the existence of confinement effect.
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1 Introduction

Laser-induced breakdown spectroscopy (LIBS) is recog-
nized as a powerful tool for elemental analysis of solids,
liquids, gases and aerosol samples [1—4]. It is simple, fast,
real time, in situ technique without the requirements of
sample preparation [5]. It is also a valuable technique for
the evaluation of electron temperature and number density
of laser-induced plasma [6].

In recent years, the use of magnetic field to confine
the laser-produced plasma has become significantly
important [7, 8]. Magnetic field can be used to con-
trol the dynamical properties of transient and energetic
plasmas in efficient ways. The plasma magnetic field
interaction is used to study inertial fusion confinement,
solar wind evolution, astrophysical jets, propagation of
charged particle beams and bipolar flows associated with
young stellar objects [9, 10]. Laser-based methods are
used for measuring the deposition of material and reten-
tion of plasma fuel on the walls of fusion devices, with-
out the removal of plasma-facing components [11]. LIBS
is also used for diagnostics of fuel retention as well as
removal and composition in international thermonuclear
experimental reactors for future fusion devices [12].
The magnetic field is used for divergence and control-
ling the ion debris in extreme ultraviolet (EUV) lithog-
raphy laser-produced plasma (LPP) sources [13, 14].
Droplet-free thin films can also be fabricated by use
of magnetic field in pulsed laser deposition [15]. The
expansion of laser-induced plasma in the presence of
magnetic field may initiate several physical phenomena
including plume confinement [16], Joule heating effect
[17], conversion of plasma thermal energy into kinetic
energy, plasma instabilities, emission enhancement and
ion acceleration [17].
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Fig. 1 Schematic of experi-
mental setup for investigation of
magnetic field effect on laser-
induced breakdown spectros-
copy of graphite plasma

Nd: YAG

(1064nm)

Many groups have studied the interaction of expanding
plasma with magnetic field. Bhadra [18] reported that a
laser-produced plasma explosion is stopped by a magnetic
field B at a distance of R ~ B~23, Neogi and Thareja [19,
20] investigated laser-induced carbon plasma in a non-uni-
form magnetic field by using fast photography and emis-
sion spectroscopy. They observed oscillations in the tem-
poral evolution of emission species, which were attributed
to edge instability. Effect of strong external magnetic field
(~20 T) on laser-produced plasma is reported by Pisarc-
zyka et al. [21]. They reported that uniform and elongated
plasma column was formed on the axis of magnetic coils.
They also investigated X-rays and population inversion in
the magnetically confined plasma. Kokai et al. [16] reported
that during the laser ablation of graphite plasma, the growth
of carbon clusters is enhanced in the presence of the mag-
netic field. They explained it as the ion neutral reaction
due to an increase in ionic species, resulting from the col-
lisional ionization of neutral species through confinement
of electrons, which leads to growth of large carbon clusters.
Rai et al. [22] studied the optical properties from liquid and
solid samples and revealed that when these plasmas inter-
act with steady magnetic field of about 0.5 T, an enhance-
ment of emission was observed about 1.5-2 times. Joshi
et al. [23] observed the effect of transverse magnetic field
on plasma plume emissions of laser-produced Li plasma
by atomic analysis. Harilal et al. [17] investigated the
effect of transverse magnetic field on laser-produced alu-
minum plasma. They observed the change in plume struc-
ture and dynamics, an enhancement in emission, ionization
and velocity due to the presence of the magnetic field by
using fast photography, emission spectroscopy and time-
of-flight spectroscopy. The effect of axial magnetic field on
dynamics of laser-induced tin plasma was investigated by
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Roy et al. [7]. They investigated that both the electron tem-
perature and electron density were increased by employing
magnetic field at various distances from the target. Li et al.
[5] studied the effect of magnetic field (0.8 T) on laser-
induced copper plasma by employing spectral- and tempo-
ral-resolved emission spectroscopy. An enhancement of all
spectral lines for all neutral, singly and doubly ionized spe-
cies is observed. They also observed the effect of magnetic
field on plasma parameters.

The enhancement in the emission intensity, electron
temperature and number density is expected due to con-
finement as well as adiabatic compression and Joule heat-
ing effect. In order to confirm that magnetic field effect is
responsible for enhancement of plasma parameters, experi-
ment was performed at eight various fluences ranging from
0.4 to 2.9 J cm™2. Nd:YAG laser (1064 nm, 10 ns, 10 Hz)
was used as a source of irradiation. Graphite plasma is gen-
erated similarly at two different environments of air and Ar.
These two gases are filled at two different pressures of 150
and 760 torr independently. The spectral lines of graphite
plasma are measured by LIBS spectrometer. The electron
temperature and number density of plasma are evaluated by
using Boltzmann distribution and Stark broadening.

The confinement effects of magnetic field on graphite
plasma can make it more useful in thin-film deposition of
diamond-like carbon (DLC), ion implantation, nanostruc-
turing of carbon, carbon nanotubes, nanowires, graphene,
etc.

2 Experimental setup

The schematic setup of experimental setup for detection and
analysis of spectral lines of laser-induced graphite plasma
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along with employment of magnetic field is shown in Fig. 1.
A Q-switched Nd:YAG laser 1064 nm (CRF 200: Big Sky
laser Technologies, Quantral, France) with pulse duration of
10 ns, with a pulse energy ranging from 25 to 200 mJ and
at repetition rate of 10 Hz was employed for plasma genera-
tion. Rectangular-shaped graphite (C) material with dimen-
sion 20 x 20 x 10mm? was used as a target material. Before
laser treatment, samples were grinded and then cleaned with
acetone for the removal of contamination. Graphite targets,
after mounting on sample holder, were placed in stainless
steel chamber. The chamber was evacuated to the residual
base pressure 10> mbar by using rotary pump. Two perma-
nent magnets of diameter 2.8 cm with magnetic field strength
0.5 T which measured by Tesla coil were used to generate
transverse magnetic field. The magnets were fixed in Teflon
casing and were placed parallel to each other at a distance of
7 cm. They were mounted on aluminum holder at a height
of 6.3 cm from the bottom of the chamber. Graphite target
was placed in such way that it was at equal distance from
both magnets as shown in Fig. 1. The laser beam generates
the plasma after passing through a focusing lens of a focal
length 50 cm by hitting target at an angle of 45° normal to
the surface. The diameter of focused spot size was 116 wm.
The magnets were placed in such way that magnetic field
lines were perpendicular to the plasma plume expansion. For
minimum relevant breakdown of environmental gases, the
graphite targets were exposed at a distance 49.7 cm from the
focusing lens (which is less than focal length).

The spectra were analyzed by LIBS spectrometer system
(LIBS 2500 plus) with spectral range of 200-980 nm at a
resolution of 0.1 nm and integration time of 2.1 ms. The
delay time of 1.25 ps between the laser trigger and data
collection was kept constant for all measurements. The
emission spectra were collected by collecting lens of focal
length 5 cm and were transmitted by optical fiber to CCD
arrays. The OLIBS software was used to analyze the data.

All measurements of laser-induced breakdown spectros-
copy were taken in the presence and the absence of mag-
netic field.

The following four sets of experiments were performed:

1. Air was filled in vacuum chamber at a pressure of
150 torr. The first set of experiment was performed by
exposing the graphite target to laser pulses at eight dif-
ferent energies ranging from 25 to 200 mJ correspond-
ing to laser fluences of 0.4-2.9 J cm 2.

2. Similarly, second set of experiment was performed by
filling air at a pressure of 760 torr. LIBS analysis was
performed at same parameters as have been employed
for experiment 1.

3. In order to explore the effect of magnetic field on
graphite plasma in the presence of environmental
gases, the third set of experiment was performed by
filling Ar gas at a pressure of 150 torr. The emission
spectra were collected for same parameters as were
used in experiments 1 and 2.

4. The fourth and last set of experiments was done by fill-
ing Ar gas at a pressure of 760 torr under similar condi-
tions as have been used for experiments 1, 2 and 3.

3 Results and discussion

LIBS spectra of graphite plasma in the spectral range from
300 to 900 nm, obtained at a laser fluence of 1.5 J cm™>
in the presence of Ar at a pressure of 150 torr, are shown
in Fig. 2 (a) without magnetic field and (b) with magnetic
field.

3.1 Effect of magnetic field on graphite plasma
parameters in air

3.1.1 Emission intensity

Graphs of Fig. 3 show the variation in the emission inten-
sity of graphite plasma for the selected spectral lines of
473.51, 602.85 and 612.08 nm as function of laser fluence
in air in the absence and presence of the magnetic field at
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Table 1 Relevant spectroscopic data of laser-produced graphite plasma taken from NIST database [25]

Wavelength (nm) Transitions Energy of upper level E (em™) Statistical weight g Transition probabilities 10%s7h
473.51 25%2p5p — P 85203.6 0.000457
602.85 25%2pSd — *F° 863272 0.000481
612.08 2s%2p7 s — P° 87718.5 5 0.002
a pressure of (a) 150 torr and (b) 760 torr. They depict that
. . . . . . . . imnlmn Em N(T)
emission intensity increases with increasing laser fluence  In " =T, +In T (1)
and achieves its maxima at fluence of 1.5 J cm™2. With gm-imn ¢ 1)

further increase in laser fluence from 1.5 to 1.8 J cm 2,

decreasing trend in emission intensity is observed. When
fluence is increased from 1.8 J cm~2 to a maximum value of
2.9 J cm™2, the intensity of emission lines shows insignifi-
cant changes and the possible mechanisms responsible for
this behavior are explained in discussion section. The value
of emission intensity is observed to be higher for all spec-
tral lines in the presence of the magnetic field as compared
to non-magnetized plasma. Similarly, it is also revealed that
all spectral lines show their maxima at the same fluence of
1.5 J cm™ for both pressures. The comparison of Fig. 3a,
b shows that the emission intensity of graphite plasma in
air is greater for high pressure of 760 torr as compared to
lower pressure of 150 torr. It is true for all spectral lines
observed without and with magnetic field. These results
reveal that laser fluence, magnetic field and pressure of
environmental gas play a key role for controlling the emis-
sion intensity of spectral lines.

3.1.2 Electron temperature

The electron temperature is responsible for various excita-
tions and ionization processes that occur in laser-induced
plasmas (LIPs). To calculate the electron temperature,
plasma is assumed to be in local thermodynamical equilib-
rium (LTE), and the population of excited atoms follows
the Boltzmann distribution, which is governed by following
equation [24]:
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where Amn, Imn, Amn are wavelength, intensity, transi-
tion probability of the upper and lower state.E, and g,
are the energy of the upper state and statistical weight,
and T,, U(T),N(T) and K are electron temperature, parti-
tion function, total number density and Boltzmann con-
stant, respectively. By assuming that distribution is the
Boltzmann, a straight line is fitted by plotting of a loga-
rithmic term on left-hand side versus E,, whose slope is
equal to —1/kT,. Electron temperature is evaluated by the
selection of three transition lines of graphite plasma at
473.51 nm (2s22p5p°— P), 602.85 nm (2s2p5d — F°)
and 612.08 nm (2s*2p7 s — 3P°). The relevant spectro-
scopic data of graphite plasma used for valuation of elec-
tron temperature are taken from NIST database [25] and
are listed in Table 1. Graphs of Fig. 4 reveal variations of
electron temperature of graphite plasma in air as function
laser fluence with and without magnetic field at a pressure
of (a) 150 torr and (b) 760 torr. It is revealed from these
figures that electron temperature increases with increas-
ing laser fluence and achieves its maxima at a laser flu-
ence of 1.5 J cm™2. When laser fluence is increased from
1.5 to 1.8 J cm™2, the electron temperature decreases sig-
nificantly. With further increase in laser fluence from 1.8
J cm~2 to maximum value 2.9 J cm™2, it is observed that
electron temperature remains constant with insignificant
changes. This region can be considered as saturation region
of graphite plasma. Various physical processes responsi-
ble for three different trends of excitation temperatures are



Effect of magnetic field on laser-induced breakdown spectroscopy of graphite plasma

Page 50f 10 63

Fig. 4 Variation of electron (a) (b)
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explained in discussion section. From both Fig. 4a, b, it is
observed that electron temperature is higher in the pres-
ence of magnetic field for both pressures. However, greater
value of electron temperature is observed at high air pres-
sure of 760 torr.

If collisional process dominates over radiative process,
then plasma is considered to be in local thermal equilib-
rium (LTE). The McWhirter criteria for lower limit of num-
ber density are given by [26]:

ne > 1.6 x 1012112 AE? )

where T is the plasma temperature (K), and AE is the
energy gap between the two states (eV). At 7 = 7050 K
(the maximum calculated temperature), the calculated elec-
tron number density is n, ~ 4.3 x 10'2 cm?, which fulfills
the local thermal equilibrium condition (LTE).

3.1.3 Electron number density

The electron number density is estimated using stark broad-
ening of an isolated graphite line. Plasma species are under
the influence of electric field of fast-moving electrons and
slow-moving ions. The perturbing electric field shifts the

Fluence (Jcm‘2)

energy level of species, which is leading to broadening,
regarding Stark broadening. Pressure and Doppler broaden-
ing contribute insignificantly and hence can be neglected.
The electron number density can be related to full width
at half maximum [FWHM (A /)] of Stark-broadened line
by the relation [27]:

1y = () 35 (o) 1= 1285 ") ()

3)
where A is ion broadening, and w is the electron impact
width parameter. Np(cm™>) is number of the particles in the
Debye sphere. The first term in Eq. 3 is due to electrons
broadening, and the second term is due to ions broadening,
which can be ignored due to minor contribution. Therefore,
Eq. 3 reduces to the following expression:

ne
The graphite line (I) at wavelength of 602.85 nm is used to
calculate the electron number density under the considera-
tion that line is not self-absorbed and its shape is well fit-
ted by the Lorentzian function. Graphs of Fig. 5 show the
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variation of electron number density of graphite plasma
in air as a function of laser fluence without and with mag-
netic field at a pressure of (a) 150 torr and (b) 760 torr. It
is observed from Fig. 5a, b that electron number density
increases with increasing laser fluence and achieves its
maxima at fluence of 1.5 J cm™2. With further increase
in laser fluence, the number density decreases signifi-
cantly and shows the same trend as is observed for elec-
tron temperature. For higher fluence regime ranging from
1.8 J cm™2 to maximum value of 2.9 J cm™2, the number
density almost remains constant with insignificant changes.
This fluence regime is responsible for saturation of plasma
parameters. Graphs of Fig. 5a, b depict that number den-
sity of graphite plasma is enhanced due to the employment
of magnetic field for both pressures (150 and 760 torr) of
the air. However, the maximum value of number density is
obtained at 760 torr.

(a) 200 |—=— without B (473.51 nm) ! !
180 +—*— with B (473.51 nm)

|—4— without B (602.85 nm)

160 4—— with B (602.85 nm)

|—&— without B (612.08 nm)

140 “}—«— with B (612.08 nm)

1201
1001

[<]
o
1

60
40
201

Intensity (a.u)

00 05 1.0 15 20 25 3.0
Fluence Jcm?

3.2 Effect of magnetic field on graphite plasma
parameters in Ar

3.2.1 Emission intensity

Graphs of Fig. 6 show the variations of emission intensity of
graphite plasma as a function of laser fluence without and with
magnetic field in the presence of Ar as an environmental gas at
a pressure of (a) 150 torr and (b) 760 torr. In Ar environment,
the maximum value of emission intensity is achieved at laser
fluence of 1.8 J cm™2 for both pressures (150 and 760 torr).
Again, it is revealed that the emission intensity is enhanced
in the presence of the magnetic field in Ar environment. The
maximum emission intensity is observed for high pressure of
760 torr in the presence of 0.5 T magnetic field. The compari-
son of Figs. 6a, b with 3a, b shows that emission intensity in
case of Ar environment is higher as compared to air.

(b) 200 T—rits (473.51 hm)
180 +—*— with B (473.51 nm)
(—a— without B (602.85 nm)
160 +—v— with B (602.85 nm) 1
|—o— without B (612.08 nm)
140 1——with B (612.08 nm) _
120 1
100 -
80
60
40
20
00 05 10 15 20 25 3.0
Fluence Jcm)

Intensity (a.u)

Fig. 6 Variation of emission intensity of graphite plasma as a function of laser fluence without and with magnetic field in the presence of Ar as

an environmental gas at a pressure of a 150 torr and b 760 torr

Fig. 7 Variation of electron (a) (b)
temperature of graphite plasma - T T T = y y T S
in the presence and in the 5 7000 —Without B 5 7000+ :w::h‘:“
absence of magnetic field as a o T With B ] o 4
function of laser fluence under 2 60004 2 6000
Ar environment at a pressure of o g |
a 150 torr and b 760 torr “é.’_ 5000- ] g. 5000
7] _ 3 | 1
‘;_:, 4000- "":' 4000
o
[e] = J
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3000 1 %
= 2000 +————————————
2000 T T T T T T 00 05 10 15 20 25 3.0
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Fluence (Jcm?)
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Fig. 8 Variation of number (a) (b)
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Table 2 Evaluated values of plasma parameter 8, maximum and minimum values of electron temperature and number density of graphite
plasma, without and with magnetic field, in the presence of air and Ar, at two different pressures of 150 and 760 torr

Without magnetic field

With magnetic field

Air 150 torr  Air 760 torr  Ar 150 torr  Ar 760 torr  Air 150 torr  Air 760 torr  Ar 150 torr  Ar 760 torr

T, (K) (maximum) 4040 4090 4500
T, (K) (minimum) 2570 2600 2600
n, (x 10'® cm=3) (maximum) 1.92 2.35 225
n, (x 10'"® cm~3) (minimum)  0.24 0.59 0.23

B (for maximum value) - -

B (for minimum value) - - _

5000 5920 6240 6140 6770
2810 2730 2770 2700 2920
2.36 3.02 3.08 322 3.37
0.78 0.44 0.75 0.44 1.06
- 0.0021 0.0023 0.0024 0.0027
- 0.0001 0.0002 0.0001 0.0004

3.2.2 Electron temperature

Graphs of Fig. 7 show the variations of electron tempera-
ture of graphite plasma in the presence and also in the
absence of magnetic field as a function of laser fluence
under Ar environment at a pressure of (a) 150 torr and (b)
760 torr. The maximum value of electron temperature is
achieved at laser fluence of 1.8 J cm™2 for both pressures
of Ar. It depicts that electron temperature enhances in the
presence of magnetic field, and maximum value of elec-
tron temperature is observed at a pressure of 760 torr. The
trend of electron temperature as a function of laser fluence
in Ar (150 and 760 torr) remains similar to that observed
in case of air (150 and 760 torr) with the only difference
that maxima in case of Ar are achieved at laser fluence of
1.8 J cm™2, in contrast to 1.5 J cm™? in air.

3.2.3 Electron number density

Graphs of Fig. 8 reveal the variations of electron number
density of graphite plasma in the presence and also in the
absence of magnetic field as a function of laser fluence
under Ar environment at a pressure of (a) 150 torr and (b)
760 torr. The trend of electron number density as a function

of laser fluence in Ar (150 and 760 torr) remains similar to
that observed in case of air (150 and 760 torr) with the only
difference that maxima in case of Ar are achieved at laser
fluence of 1.8 J cm~2. The maximum electron number den-
sity is observed at 1.8 J cm~?2 for both pressures (150 and
760 torr). It is observed that number density increases in
the presence of magnetic field and that maximum value is
obtained at a pressure of 760 torr in Ar. The trend of elec-
tron number density is similar to electron temperature for
both environments.

4 Discussion

The results obtained from LIBS reveal that the emission
intensity, electron temperature and number density are
strongly affected by magnetic field, in different environ-
ments and their corresponding pressures. The values of
the emission intensity, electron temperature and number
density are higher for Ar than air. Similarly for a pressure
of 760 torr, all plasma parameter values are greater than
those of 150 torr for both environments, i.e., air and Ar.
Maximum and minimum values of electron temperature
and number density of graphite plasma, without and with
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magnetic field, in the presence of air and Ar, at two differ-
ent pressures of 150 torr and 760 torr, are listed in Table 2.

Initially, at low fluence the ablation rate increases with
increasing laser fluence, which in turn increases the electron
temperature and number density [28]. If plasma reaches its
maximum value of temperature and number density, then
plume absorbs laser energy continuously through inverse
bremsstrahlung, and photo ionization processes and shields
the target from incoming laser irradiation [29]. With the
increasing laser fluence, the electron temperature and num-
ber density decrease because less energy is deposited on
the target’s surface due to shielding effect of plasma. There
could be two possible reasons for the decrease in emission
intensity of graphite spectral lines: first is the self-absorp-
tion of emission lines or second is the reflection of laser
fluence by the magnetic field confined plasma in the pres-
ence of magnets after a fluence of 1.5 J cm™2 in case of air
and 1.8 J cm™2 in case of Ar [22]. At higher laser fluence,
the saturation region is observed due to the self-regulating
regime in addition to the shielding effect [30].

In plasma, the rate of change of electron temperature is
a combination of three terms: electron heating due to colli-
sional de-excitation of metastable ions, elastic collision and
recombination of ions [24]. When the pressure increases
inside the plasma, inelastic collision increases due to
greater confinement effects of plasma. At 760 torr pres-
sure, the highest value of electron temperature is observed,
because electrons gain energy through recombination of
ions and collisional de-excitation [24]. The following rela-
tion explains the inelastic collision rate at which electrons
lose their energy with respect to electron temperature [31].

2m, 12
Oar = FBUea ng [5kT,/mm,] (®)]

where o, illustrates the elastic scattering of the electron
cross section. Mp is the mass and np represents the density
of background gas atoms. Mp is inversely proportional to
the cooling. Thus, lighter gases are effective for rapid cool-
ing (air is rapid cooler than Ar).

As described in Figs. 3, 4, 5, 6, 7 and 8, the emission
intensity, electron temperature and number density are
higher in case of Ar than air. It is attributed to the fact that
the cascade condition is more favorable in the case of Ar
as compared to air. For the development of cascade-like
growth, the necessary condition is given by the following
relation [27].

de 472 ] Veff  2MeVeftE
— >0

i

(6)

Mecw? M

where ¢ is the free electron energy, m, is the mass of
electron, e is charge of electron, M is mass of the neutral
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particle of the background gas, E is the first ionization
energy of the gas, I is the irradiation intensity, w is the
cyclic frequency of the radiation and vegr is the effective
electron-neutral collision. The first term of Eq. 6 remains
same for all gases because it represents the growth rate of
energy by the absorption of laser irradiation. Due to ine-
lastic and elastic collisions with neutral particle of gas, the
rate of energy loss of plasma is described by the second
term of Eq. 6. In cascade growth, E/ M is the decisive factor
for energy loss calculation. The calculated values of E/ M
are 0.39, 0.52 and 0.43 for Ar, N, and O,, respectively,
which confirm that cascade condition is more favorable in
the case of Ar than air.

When transverse magnetic field is applied, the emis-
sion intensity, electron temperature and number density of
graphite plasma are increased as compared to the absence
of magnetic field. It is attributable to the fact that transverse
magnetic field significantly slows down the propagation of
the ablated plume and consequently confinement effects
occur [32]. The plume front penetrates into the magnetic
field during the confinement, but it is not fully stopped
by magnetic field. It is reported that along the axial direc-
tion, the peak expansion velocity is higher as compared to
radial expansion velocity [32]. The interior of the plasma
is shielded by the outer layer of the plasma from the mag-
netic field, which influences the magnetic field interaction
and magnitude [32]. The Lorentz force influences ions and
electrons in the plasma, when magnetic field is applied to
the LIPs. Magnetic field decelerates expansion as well the
as diffusion of plasma. The parameter § of plasma from
magneto-hydro-dynamics (MHD) equations is given by
[33]:

8mnekT,  Particle or thermal pressure

B =

B2 Magnetic field pressure )

where B is the magnetic field (G), n, represents the elec-
tron number density (cm™), k illustrates the Boltzmann
constant and electron temperature is the (eV). The ratio of
particle pressure to magnetic field pressure is the plasma
parameter §, and it indicates the size of diamagnetic effect.
The deceleration of the plasma expansion under the effect
of externally applied magnetic field is given as [34]:

1\ 12
2=(1-5) ®

where v, is the asymptotic plasma expansion velocity in the
absence and v, in the presence of magnetic field. The mag-
netic field stops the plasma, when 8 = 1. The magnetic con-
finement will be effective for g < 1. The magnetic confine-
ment does not remain effective for 8 > 1. Using Eq. 7, the
values of g are estimated for maximum as well as minimum
value of electron temperature and number density for both
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environments of air and Ar at a pressure of 150 and 760 torr
and are listed in Table 2. The analytical value of g is smaller
than 1 for all cases and hence provides the proof for the
existence of plume magnetic confinements. Therefore, the
magnetic plasma can be treated as a compressible fluid [35].

As can be seen from Figs. 3a, b and 6a, b, the emission
intensities of all spectral lines are enhanced in the pres-
ence of magnetic field. The magnetic confinement of LPP
is the main reason for effect of enhancement. As the plasma
plume expands across the magnetic field, the electrons
and ions will be separated by Lorentz force in the direc-
tion perpendicular to magnetic field and mass flow velocity
[36]. This current generates a deep force in the direction
of plasma plume expansion, which decelerates the bulk of
plasma. Thus, due to the presence of the magnetic field, the
expansion of the plasma decelerates. The emission intensi-
ties are significantly increased because the collision exci-
tation and rate of recombination are increased, when the
plasma is confined. It is reported previously [20] that for
carbon, the magnetic field enhances the optical emissions
from ionic and atomic species in the plume.

The two effects: adiabatic compression of plasma by
magnetic field and resistive Ohmic/Joule heating effect also
cause the increase in electron temperature, in the presence
of external magnetic field [17]. The magneto hydrody-
namic (MHD) model can be used to understand Joule heat-
ing effect, which describes the expansion of ionized plasma
in magnetic field. In the plasma, the generalized form of
Ohm’s law is given by [37]:

E+V xB=J/og+ (J x B)/nee &)

where E and B are the electric and magnetic field fields, V
is the mass flow velocity, J is the electron conduction cur-
rent, and o the conductivity, n, is the density of charge par-
ticles and e is the electric charge. When the plume expands
across a magnetic field, work is performed against the term
J x B that decelerates the flow. The heating occurs when
the electrons gain energy from the plume kinetic energy
and the force J x B compresses the plasma until the kinetic
pressure equals the magnetic pressure. That is why elec-
trons continue to excite toward higher charge states and
lead to Joule heating effect. Electron’s collisional ioniza-
tion increases by magnetic field, which increases the ion by
both electron temperature and number density [35].

The electron number density increases in the presence of
0.5 T magnetic field in Ar and air for both pressures of 150
and 760 torr. The plasma is confined in a smaller region due to
magnetic confinement and correspondingly the electron num-
ber density increases. The number density can be estimated
from mass ablation rate mechanism (that is dm/dr o 10,
The number density increases in external magnetic field
as compared to field free case because the velocity of bulk
plasma decreases in the presence of magnetic field [38].

5 Conclusions

The influence of transverse magnetic field on graphite
plasma parameters as a function of laser fluence has been
investigated under ambient environments of air and Ar at
two different pressures of 150 and 760 torr. It was found
that all plasma parameters, i.e., emission intensity, elec-
tron temperature and number density, are increased in the
presence of the transverse magnetic field. These results
confirm that magnetic field is responsible for significantly
enhancing the plasma parameters for all fluences and envi-
ronmental conditions. The other influencing factors for
plasma parameters are fluence as well as nature and pres-
sure of environmental gases. It was observed that maxi-
mum values of emission intensity, electron temperature
and number density are obtained at fluence of 1.5 J cm™2
in case of air environment for both pressures of 150 and
760 torr. In case of Ar environment, maximum value of
emission intensity, electron temperature and number den-
sity are achieved at 1.8 J cm™ at a pressure of 150 and
760 torr. However, higher pressure of 760 torr is respon-
sible for enhanced emission intensity, electron tempera-
ture and number density as compared to lower pressure
of 150 torr, and it is true for both environments. It is also
observed both electron temperature and electron number
density have greater values in case of Ar environment as
compared to air. The effect of magnetic field on graphite
plasma can make it more useful in various scientific and
industrial applications, e.g., thin-film deposition of dia-
mond-like carbon (DLC), carbon ion implantation using
laser-induced graphite plasma as ion source, micro/nano-
structuring of carbon, fabrication of carbon nanotubes,
nanowires and graphene. In addition, the confined plasma
in the presence of magnetic can be used in inertial confine-
ment fusion by employing high-intensity lasers. In future,
laser-induced breakdown spectroscopy of metallic, insulat-
ing and semiconducting materials in the presence of strong
magnetic fields can be employed to increase the density
and kinetic energies of ablated species. These generated
species can become useful tool for surface, structural and
mechanical modifications of the materials and will have
tremendous applications in material science, medicine
and industry. The employment of magnetic field on laser-
induced plasma can be used as an analyzer for energy and
mass separation of ions and isotopes according to their
charge to mass ratio.
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