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A B S T R A C T

Study on the excitation process of magnesium atom has been conducted in microwave-assisted laser plasma.
Experimentally, an Nd:YAG laser (532 nm, 5 mJ) was directed into the magnesium oxide (MgO) sample in
various gases of helium, argon, and air at a reduced pressure to induce a luminous plasma. The plasma emission
was significantly enhanced when a microwave (2.45 GHz, 400 W) was introduced into the laser plasma.
Results revealed that the emission intensity of the ionic magnesium lines that have relatively low excitation
energy (around 4 eV) is high only in helium and argon ambient gases. On the contrary, the intensity of ionic
magnesium lines having high excitation energy (8–11 eV) is high only for helium gas. The results suggested
that a particular excitation process takes place in the microwave-assisted laser plasma induced in helium and
argon gases, namely the excitation mechanism proceeds through metastable atoms overwhelmingly produced
in the microwave-assisted laser-induced plasma.
. Introduction

Laser-induced breakdown spectroscopy (LIBS) is a powerful opti-
al emission spectroscopy technique for qualitative and quantitative
lemental analysis in various phases including liquids, solids, and
ases [1–7]. In conventional LIBS, a pulse laser source is employed
o vaporize, atomize and excite a sample forming a luminous plasma.
IBS has several advantages including no need of sample preparation,
he possibility of in situ analysis, and the capability of micro-area
nalysis [8–10]. This technique has been applied in various applications
ncluding biological identification [11–13], biomedical applications
uch as human blood analysis [14–16], material analysis [17–20],
nvironmental monitoring [21–24], forensic [25–27], and space ex-
loration [28–30]. Even though rapid analysis can be realized, LIBS
till suffers from low limit of detection compared to other analyti-
al techniques such as inductively coupled plasma atomic emission
pectroscopy [31,32].

To overcome the problems, researchers suggested and developed
ouble pulse LIBS (DP-LIBS) by employing second pulse laser to en-
ance the plasma emission using colinear double pulse and orthogonal
ouble pulse [33–36]. Significant increment in signal to noise ratio
S/N ratio) and emission intensity were obtained compared to the case
f single pulse laser (standard LIBS). In DP-LIBS, first pulse laser is
enerally used to initiate first target ablation, followed by the second
aser to reheat the ablated atoms. The role of re-excitation by the second

∗ Corresponding author.
E-mail address: khumaeni@fisika.fsm.undip.ac.id (A. Khumaeni).

pulse laser in the enhancement of emission intensities was suggested by
some researchers [37–39]. The others urged the large mass removal in
DP-LIBS plays a role in the intensity enhancement [40–42].

In other direction, some researchers applied a microwave for the
enhancement of laser plasma emission. Generally, this technique re-
ferred to as microwave-assisted laser-induced breakdown spectroscopy
(MA-LIBS). Envimetrics and Liu et al. applied microwave to enhance
the plasma emission of the metal samples [43,44]. Kearton et al.
and Y. Liu et al. reported intensity enhancements by using laser-
assisted microwave spectroscopy (LAMPS) [45,46]. Ikeda et al. used
microwave to extend the lifetime of plasma emission to millisecond [47,
48]. However, in the methods, waveguides and microwave cavity were
required.

For the convenience application of microwave, we developed a
novel method of microwave-assisted LIBS (MA-LIBS) coupled by an
antenna for the enhancement of LIBS emission [49]. In this method,
a luminous plasma is induced by a low energy of pulsed laser at a
local point, at which electromagnetic field was produced by localizing
microwave radiation. A microwave (MW) is applied through an antenna
via coaxial cable to enhance the plasma emission. This present method
is very potential to be used for the enhancement of emission intensity
of elements, which enables us to improve the sensitivity of analytical
results, and for the selection of high resolution spectrometer for the
analysis of complex spectral lines, such as nuclear fuel spectrum.
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In addition to DP-LIBS and MA-LIBS, atmospheric condition such
as composition and ambient pressure also gives influence to the
bserved emission intensity [50,51]. Iida et al. reported that the He
nd Ar ambient gases are useful in increasing LIBS emission intensity
ompared to ambient air. Heavier ambient gases cause slow plasma
xpansion, resulting in shorter plasma length and lifetime [52]. Also,
he ambient gases affect the ablation rate in the order He>Ne>air>Ar
s reported by Sdorra and Niemax [53]. Idris et al. performed analysis
f carbon using LIBS in He gas and air at low pressure condition [54].
ignificant enhancement of signal intensity was obtained in He environ-
ent compared to air, which is explained by the role of He metastable

toms in the excitation process. The role of He metastable atoms to
roduce excellent spectral quality was also reported by Hedwig et al. in
he food analysis using standard nanosecond LIBS [55]. They suggested
hat the He metastable atoms play an important role in the excitation
rocess. We have also studied the excitation mechanism of Ca and Mg
toms in various gases including He gas and air, and concluded that the
xcitation process of atoms in He gas takes place via metastable atoms
hrough penning effect as reported here [56].

In this present work, the role of ambient gases in the enhancement
f plasma emission in MA-LIBS was investigated. The mechanisms by
hich the ambient conditions affect MA-LIBS emission have been pre-

ented. Helium, argon, and air at pressure ranging from 0.6 to 12 kPa
re used to examine the effect of ambient conditions on the plasma
mission. The result certified that metastable atoms play an important
ole in the excitation process especially in He and Ar environment.

. Experimental procedure

The experimental setup used in this research is shown in Fig. 1.
second-order harmonic of Q-switched Nd:YAG laser (Quanta-Ray,

pectra Physics, 532 nm, 8 ns) was directly focused onto a sample
urface through a quartz window using quartz lens with a focal length
f 200 mm. During the experiment, the laser energy was varied from
mJ to 60 mJ by using a polarizer and a filter. The laser plasma was

nhanced by intensified microwave field induced with an antenna; the
ntenna was circular shaped with a diameter of 3 mm. As described
n our previous work [49], by using antennas with a different diam-
ter (3 mm and 9 mm), we experimentally proved that the optimum
nhancement of emission intensity was obtained when the diameter
f 3 mm was used. Microwave was generated by using a magnetron
t a frequency of 2.45 GHz (MUEGGE MG0500D-215TC, 0–1 ms).
he power of the magnetron was varied from 100 W to 400 W. The
d:YAG laser and microwave were operated in the synchronization
ode with a delay time of 10 μs for the Nd:YAG laser bombardment

elative to the microwave generation; Namely, the Nd:YAG laser was
ombarded on sample target 10 μs after microwave generation. For

a comparative study, we also used standard LIBS without microwave.
In this experiment, pulse Nd:YAG laser with an energy of 5 mJ was
employed as an energy source.

The sample used in the experiments was magnesium oxide (MgO)
pellet. The sample is 1 mm thick and 10 mm in diameter. The sample
was made by compressing MgO powder of 0.5 g by the pressure of 1.5
MPa.

During the experiment, the sample was placed in a metal chamber
equipped by windows, on which the fine gold mesh (lattice constant
of 100 μm and wire diameter of 30 μm) was attached. The chamber
unctioned to block the microwave radiation. The pressure of the
urrounding gas in the chamber was set at various reduced pressure
rom 0.26 to 12 kPa. During the experiment, various ambient gases
ncluding helium, argon, air were flowed.

The emission spectrum was obtained by using an ICCD camera (An-
or, iStar) through a high-resolution echelle spectrometer (ARYELLE)
ith the resolution of 50 pm at the wavelength of 360–460 nm. The

ight emission of the laser plasma was collected by using an optical
iber, which fed into the spectrometer. The plasma radiation at 2–5 mm
rom the sample surface was imaged in a ratio of 1:1 onto one end of
he fiber by using a quartz lens (f= 100 mm).
2

Fig. 1. Experimental setup used in this work.

3. Results and discussion

As reported in our previous work [49], the enhancement of LIBS
plasma emission occurs when the microwave coupled by a loop an-
tenna was introduced into the LIBS plasma. In this work, the role of
ambient gases in the enhancement of plasma emission in MA-LIBS was
investigated.

Fig. 2 shows a comparison of integrated emission spectra of mag-
nesium taken from the magnesium oxide sample in the wavelength
region of 275–300 nm by using LIBS (dashed blue line) and MA-LIBS
(red line) in (a) helium gas, (b) argon gas, and (c) air. The spectra
were taken at a reduced pressure of 1.3 kPa. The laser energy and
microwave power were 5 mJ and 400 W, respectively. The spectra were
accumulated for 30 pulses for both microwaves on and off, with each
laser shot hits at a fresh point of the moving sample surface to avoid
shot-to-shot fluctuation. For data acquisition in conventional LIBS, the
gate delay time and gate width of spectrometer were 2 μs and 600
s, respectively, while for MA-LIBS case, the data acquisition started
t 2 μs after laser bombardment and the gate width of spectrometer
as also set at 600 μs. It is seen in Fig. 2 that regardless of gas kinds,

he background intensity in the emission spectra is almost negligible.
owever, in argon gas and air, the spectra of LIBS emission relatively
oisy compared to the case of helium gas. The emission intensity of
eutral and ionic Mg lines (blue dotted line) is relatively weak for the
onventional LIBS in all gases. The intensity (red line) significantly
nhanced when the intensified microwave was injected into the LIBS
lasma. The enhancement was defined as the ratio between the MA-
IBS intensity and LIBS intensity after subtracting background emission
s defined also in our previous paper [49]. Based on this definition,
t is obtained that the enhancement happens for all neutral and ionic
g emission lines and their enhancement varies in all gases including
e, Ar, and ambient air. For example, enhancement of ionic Mg II
80.3 nm emission intensity for helium gas, argon gas, and air is
pproximately 350, 860, and 600 times as shown in Figs. 2(a), 2(b), and
(c), respectively. Furthermore, the enhancement of Mg II 279.6 nm in
ll gases is also relatively high. Namely, the enhancements are 660,
05, and 125 in He, Ar, and ambient air, respectively. However, it
hould be emphasized that the emission intensities of Mg ionic line that
ave a high excitation energy (∼9 eV), namely Mg II 279.8 nm, Mg II

292.9 nm, Mg II 293.7 nm can clearly be observed only for the case
of He surrounding gas [Fig. 2(a)] and they are faintly detected in the
argon and air plasmas [Figs. 2(b) and 2(c)].

Table 1 summarizes the observed emission lines of Mg along with
their spectroscopic parameters, taken from the Kurucz and NIST atomic
database [57,58], and their intensities. As indicated in Table 1, the
excitation energy of Mg II 279.6 nm and Mg II 280.3 nm are 4.4 eV

and 4.4 eV, respectively; Mg II 279.8 nm is 8.9 eV; Mg II 292.9 nm
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Fig. 2. Emission spectrum of magnesium taken from the magnesium oxide sample by using LIBS (dashed blue line) and MA-LIBS (red line) in (a) helium gas, (b) argon gas, and
(c) air.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
and Mg 293.7 nm have higher excitation energies of 8.7 eV; and Mg II
448.1 nm is 11.6 eV from the ground state of the Mg ion (Mg1+ ion).
t is also observed that ionic Mg line with a high excitation energy (Mg
I 448.1 nm) only clearly appears with relatively high intensity in the
ase of He gas and it is negligibly week intensity in argon gas and air
Table 1); the Mg II 448.1 nm has very high excitation energy of 11.6 eV
rom the ground state of the Mg ion (Mg1+ ion). It is probably difficult
o excite atoms that have a high excitation energy. Larger emission
ntensity of ionic Mg lines that have a high excitation energy observed
nly in helium plasma interprets that there is any particular excitation
rocess in laser plasma induced in helium environment.

To study in detail the excitation mechanism of atoms taking place
n the microwave-assisted laser-induced plasma region, the effect of
he ambient gas and the microwave radiation were studied. Two pa-
ameters including ambient gas pressure and time dependence were
xamined. First, we examined the effect of the ambient gas pressure
n ionic Mg emission intensities in various surrounding gases obtained
3

from the magnesium oxide sample taken by using laser plasma without
microwave radiation (LIBS). For this purpose, ionic Mg emission lines
having low ionic excitation energy of 4.4 eV (Mg II 280.3 nm) and ionic
Mg lines having high excitation energy of 8.9 eV and 8.7 eV for Mg II
279.8 nm and Mg II 293.6 nm, and excitation energy of 11.6 eV (Mg
II 448.1 nm) were used.

Fig. 3 displays how the ionic Mg emission intensities changes with
the gas pressure for (a) Mg II 280.3 nm, (b) Mg II 279.8 nm, (c) Mg II
293.6 nm, and (d) Mg II 448.1 nm in various gases of He, Ar, and am-
bient air. It can clearly be seen that for all ionic Mg lines, the emission
intensity peak occurs at a low pressure of around 0.27 to 0.67 kPa for
Mg II 280.3 nm, Mg II 279.8 nm, Mg II 293.6 nm, and Mg II 448.1 nm
in all various ambient gases. With increasing the ambient pressure, the
emission intensity peaks decrease. This phenomenon also happens as
reported by Bashir et al. and Knight et al. [59,60]. Namely, at lower
ambient pressure, the laser plasma easily expands into the low-pressure
region, which then reduces the density of the plasma constituent.
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Table 1
Elements, wavelength, energy level, and transition probability for the neutral and ionic Mg emission lines used in this study.

Elements Wavelength
(nm)

Energy level (eV) Transition
probability (108)

Rel. Intensity (He) Rel. Intensity (Ar) Rel. Intensity (air)

Lower Upper LIBS MA-LIBS LIBS MA-LIBS LIBS MA-LIBS

Mg I 277.669 2.7115918 7.175454 6.6 100 1400 100 1000 50 800
Mg I 277.827 2.7091048 7.170427 5.5 100 1000 100 900 50 700
Mg I 277.983 2.7115918 7.170427 4.1 550 4000 350 3200 200 2000
Mg I 278.128 2.7115918 7.167870 5.4 130 1200 50 800 50 600
Mg I 278.297 2.7166397 7.170427 6.4 190 1400 100 1000 50 700
Mg II 279.078 4.422431 8.863761 16.0 50 1000 – 200 – –
Mg II 279.553 0 4.433784 10.4 50 33,000 300 32,000 20 2500
Mg II 279.799 4.433784 8.863654 28.7 840 11,000 – 3000 – –
Mg II 280.270 0 4.422431 5.14 300 106,000 100 86,000 50 30,000
Mg I 285.212 0 4.345803 14.7 2850 33,000 950 60,000 380 73,000
Mg II 292.863 4.422431 8.654710 2.3 400 9000 250 1500 – 500
Mg II 293.651 4.433784 8.654710 4.6 1350 24,000 500 4800 – 500
Mg I 382.936 2.709105 5.945917 2.7 5550 8000 1300 13,000 1600 13,000
Mg I 383.230 2.711592 5.945917 2.0 1300 1500 300 2000 300 2000
Mg II 448.113 8.863654 11.62969 1.3 5600 19,000 60 1800 – –
Mg I 517.268 2.711592 5.107827 1.0 3300 8300 500 15,000 800 17,500
Mg I 518.360 2.716639 5.107827 1.7 5100 11,000 600 20,500 1200 23,500
With decreasing the plasma density, the laser absorption via inverse
Bremsstrahlung also decreases, decreasing the plasma shielding effect.
The decreased plasma shielding effect allows more photons to reach the
sample target, resulting in increased mass ablation of material target
and finally increasing emission spectrum intensity. Once the ambient
pressure increases, the plasma shielding effect also increases, retarding
the photons to attain the sample target. Therefore, mass ablation of the
target decreases, decreasing the spectrum intensity.

It should also be noticed that that the emission lines of Mg II
280.3 nm, Mg II 279.8 nm, Mg II 293.6 nm, and Mg II 448.1 nm
has highest intensity for helium gas compared to the case of argon
gas and ambient air as shown in Figs. 3(a), (b), (c), and (d), respec-
tively. However, for argon gas, the emission intensities of ionic Mg II
280.3 nm, Mg II 279.8 nm, and Mg II 293.6 nm still clearly appear
and it is very weak for ionic Mg II 448.1 nm. For ambient air case, all
ionic Mg intensities are negligibly weak. As shown in Table 1, the Mg
II 280.3 nm, Mg II 279.8 nm, Mg II 293.6 nm, and Mg II 448.1 nm
have ionic excitation energy of 4.4 eV, 8.9 eV, 8.7 eV, and 11.6 eV,
respectively, from the ground state of the Mg ion (Mg1+ ion = 7.6
V). It is probably difficult to excite atoms that have a high excitation
nergy. The excitation process can take place only when the plasma
emperature is very high. This implies that the excitation process in the
ir case proceeds through thermal excitation process, while a different
xcitation mechanism occurs in the argon and helium gas cases.

The effect of the ambient gas pressure on ionic Mg emission inten-
ities in various gases of He, Ar, and ambient air was then examined
sing laser plasma with microwave (MA-LIBS). The sample employed
s the same with the sample used in Fig. 3. It should be mentioned
hat the microwave used in this work is pulsed with the pulse width
f around 400 μs. The laser energy was 5 mJ and the MW power and
uration were 400 W and 800 μs, respectively. For data acquisition,
he gate delay time was 1 μs and the measurement time duration was
00 μs. Fig. 4 displays the graphs how the ionic Mg intensities in He, Ar,
nd ambient air change with ambient pressure for (a) Mg II 280.3 nm,
b) Mg II 279.8 nm, (c) Mg II 293.6 nm, and (d) Mg II 448.1 nm.
t can clearly be seen that the graphs shows almost the same profile
ith Fig. 3. Namely, all ionic emission intensity peaks occur at low
ressure of around 1.3 kPa and their intensities then decrease with
ncreasing the ambient pressure. However, it should be noticed that
he emission intensities of all ionic emission lines increase in He, Ar,
nd ambient air using MA-LIBS. The microwave plays an important role
n the increment of emission intensities. As reported in our previous
ork [49], when the microwave is introduced into the laser plasma,

he electrons in the plasma region are accelerated by the electric field
f the microwave radiation, increasing the kinetic energy of electron.
ith the kinetic energy increment, the number of collisions between
4

electrons and other plasma constituents increases, which affects the
densities of electrons, ions, and neutral atoms in the plasma, allowing
the improvement of emission intensities.

It should also be noticed that the emission intensity of ionic Mg
having low excitation energy of 4.4 eV is higher in Ar and He gases, and
it is faintly detected in ambient air. For ionic Mg having high excitation
energy of 8.7 eV (Mg II 293.6 nm) and 8.9 eV (Mg II 279.8 nm), the
intensities are significantly high in He gas and very low in Ar and
ambient air. For ionic Mg line having very high excitation energy of
11.6 eV, the intensity is high only in He gas, and it is negligibly week in
Ar and ambient air. This interesting phenomenon cannot be explained
by the model of excitation process via thermal excitation process, in
which the atoms are excited in the high plasma temperature.

To understand the excitation mechanism of Mg atoms in microwave-
assisted laser plasma, it is also imperative to understand the emission
lifetime of ionic Mg having low and high excitation energy obtained
by using LIBS with and without microwave. First, we examine the
time profile of the ionic Mg emission taken by using LIBS without
microwave. Fig. 5 displays time dependence of (a) Mg II 280.3 nm, (b)
Mg II 279.8 nm, (c) Mg II 293.6 nm, and (d) Mg II 448.1 nm obtained
from the magnesium oxide sample by using LIBS without microwave in
various gases of He, Ar, and air.

It can clearly be seen that regardless of excitation energy level, all
ionic Mg emission lines including Mg at 280.3 nm, 279.8 nm, 293.6 nm,
and 448.1 nm as in Figs. 5(a), 5(b), 5(c), and 5(d), respectively, have
almost the same profile of delay time. Namely, in He gas, the emission
intensities are very high at early time and then decrease with increasing
time. Furthermore, all ionic Mg has long lifetime emission up to 50 μs.
On the other hand, both in Ar gas and ambient air, the emission
intensities of all ionic Mg lines are very weak from initial to later stage
of delay time. Also, the lifetime of the emission intensities are very
short up to 5 μs. This result is the same agreement with the results
reported by Muliadi et al. [61,62]. Namely, the emission lifetime of
atoms is much longer in He gas environment compared to the other
gas like air and nitrogen. Olenici-Craciunescu et al. also reported that
in plasma jet induced in different noble gases of He, Ne, and Ar,
the emission of atoms having high excitation energy only clearly be
detected in the He surrounding gas [63]. We have also confirmed that
the lifetime of atoms having high excitation energy such as ionic Ca II
373.7 nm (excitation energy of 6.5 eV from the ground state of the Ca1+
ion) is much longer in He surrounding gas than the case of nitrogen and
carbon dioxide gas environment as reported here [64]. This interesting
phenomenon has been explained by using the excitation model via
metastable He atoms.

Time profile of ionic Mg intensities obtained from the LIBS with
microwave was then examined. Fig. 6 shows how the emission intensi-

ties of ionic Mg having low excitation energy (Mg II 280.3 nm) and
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Fig. 3. Pressure dependence of (a) Mg II 280.3 nm, (b) Mg II 279.8 nm, (c) Mg II 293.6 nm, and (d) Mg II 448.1 nm taken from the magnesium oxide sample by using LIBS
without microwave in various gases of He, Ar, and air.
Fig. 4. Pressure dependence of (a) Mg II 280.3 nm, (b) Mg II 279.8 nm, (c) Mg II 293.6 nm, and (d) Mg II 448.1 nm taken from the magnesium oxide sample by using LIBS

with microwave in various gases of He, Ar, and air.
high excitation energy (Mg II 279.8 nm, Mg II 293.6 nm, and Mg
II 448.1 nm) changes with a delay time in various gases of helium,
argon, and ambient air as shown in Figs. 6(a), (b), (c), and (d),
5

respectively. Time duration of each point plotted in the graph was
5 μs. It is seen that time profile of all ionic Mg emission lines are
almost the same profile with the time dependence obtained by using
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Fig. 5. Time dependence of (a) Mg II 280.3 nm, (b) Mg II 279.8 nm, (c) Mg II 293.6 nm, and (d) Mg II 448.1 nm taken from the magnesium oxide sample by using LIBS without
microwave in various gases of He, Ar, and air.
Fig. 6. Time dependence of (a) Mg II 280.3 nm, (b) Mg II 279.8 nm, (c) Mg II 293.6 nm, and (d) Mg II 448.1 nm taken from the magnesium oxide sample by using LIBS with

microwave in various gases of He, Ar, and air.
LIBS without microwave as displayed in Fig. 5. Namely, in Helium
gas environment, all ionic Mg lines including ionic Mg at 280.3 nm,
279.8 nm, 293.6 nm, and 448.1 nm have very high emission intensities
6

at early stage and then the intensities decrease with increasing delay
time. Furthermore, the intensity of all ionic Mg emission lines are
enhanced due to the introduction of microwave radiation as explained
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above. However, their intensities are relatively very weak especially
in Ar gas and ambient air compared to the case of He gas, except
the intensity of ionic Mg II 280.3 nm in Ar gas, which is almost the
same profile with the intensity in He gas. This phenomenon cannot
be explained when the excitation process taking place only by thermal
process because the introduction of microwave into the laser plasma
increases the plasma temperature even in ambient air as reported in
our published work [49]. Nevertheless, the intensity of all ionic Mg
lines is very weak in ambient air. It is supposed that in He and Ar gases,
the excitation mechanism takes place through other excitation process,
namely metastable atoms via penning effect.

Based on the experimental results above, it is certified that the
ambient gases strongly affect the excitation process of Mg ions in the
plasma region, resulting in intensity difference depending on ambient
gases. This further implies that the excitation and ionization process
is based on collisions with ambient gas species. As reported in some
papers [61–66], plasma induced in helium and argon gases produced
metastable atoms, which could become an excitation source in the
laser plasma; the rare gases including helium and argon possess the
metastable level states that have long lifetime compared to other levels.
In this case, the amounts of energetic electrons produced in the plasma
recombine with the gas species in the plasma region, producing lots
of metastable atoms. The argon has metastable states at 11.55 eV
and 11.72 eV, while the helium metastable state is 19.82 eV. It is
assumed that the population of the metastable atoms significantly
increases when the microwave was injected into the laser plasma. This
is because the electrons populated in the plasma are accelerated by
the electromagnetic field induced by the microwave to provide high
kinetic energy, inducing the cascade ionization of gas species in the
plasma region. At later stage, the electrons recombine with the ionized
gas in the plasma region and excited species of metastable atoms are
overwhelmingly produced. The population of metastable atoms in the
microwave-assisted laser plasma is much larger compared to the case
of laser plasma only because the amounts of energetic electrons and
ionized gas produced in the microwave-assisted laser plasma are much
plentiful. The metastable state has 106-107 longer lifetime than other
states and can play an important role as an energy reservoir for exciting
and ionizing other atoms through penning effect; Penning effect is
the process of ionization of gas atoms or molecules by collisions with
metastable atoms [65].

From the results above, we also obtained that the ionic Mg lines
that have a high excitation energy (more than 8 eV from the ground
state of the Mg ion) including Mg II 279.8 nm, Mg II 293.6 nm, and
Mg II 448.1 nm can effectively be excited in the helium gas case.
Duffendack et al. reported that the metastable helium atoms play an
important role as an excitation source of magnesium ions having a high
excitation energy [66]. In their research, normal low voltage arcs were
maintained in mixtures of magnesium vapor with hydrogen, argon,
neon and helium respectively. A similar role of He metastable atoms
in excitation has also been observed by Olenici-Craciunescu et al. [63].
They reported that, by using plasma jet induced in different noble gases
including He, Ne, and Ar, the emission of the 𝑁+

2 first negative system,
which has a high excitation energy, can only be detected in the He
surrounding gas. In our study, we propose that the magnesium atoms
are excited via metastable helium atoms overwhelmingly produced in
the microwave-assisted helium plasma. It should be mentioned that
in our microwave-assisted helium plasma, many metastable helium
atoms are produced because the plasma has a large a diameter of
approximately 15 mm. For argon gas case, it is assumed that the
metastable argon atoms would not be expected as an excitation source
because the ionization potential of argon and excited state of argon
metastable atoms are less than the excitation potentials of these lev-
els [66]. Further study is necessary to affirm the role of metastable
helium atoms in the excitation process in microwave-assisted laser
plasma.
7

4. Conclusions

Study on effect of ambient gas in microwave-assisted laser plasma
has been carried out by using magnesium oxide sample in microwave-
assisted laser-induced plasma. An intensified microwave was intro-
duced into the LIBS plasma to enhance the plasma emission. The
results certified that the ionic magnesium emission intensity varies with
ambient gas kinds including helium, argon, and air. The ionic Mg line
having low excitation state (Mg II 280.3 nm) clearly appears in He and
Ar ambient gases, while the ionic Mg line having high excitation energy
state (Mg II 279.8 nm, Mg II 293.6 nm, and Mg II 448.1 nm) can only
be detected in helium microwave-assisted helium plasma. Metastable
helium atoms are supposed to play an important role as an excitation
energy source of magnesium emission in He gas environment.
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