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ARTICLE INFO ABSTRACT

Keywords: Laser induced breakdown is a highly temporally and spatially dynamic phenomenon, normally studied using a
Analytical chemistry highly temporally resolved optical detector system. In this work, a compact, low cost optical multichannel
Optics

analyzer (OMA) system without a built-in temporal gating device and thus operated under a free running mode
was used to investigate the characteristics of laser induced plasma. A Nd-YAG laser beam was used as the exci-
Compact OMA system tation source from several samples, namely, copper, zinc, and aluminum plates. The characteristics of the plasma
Plasma characteristics emission produced under various experimental parameters, including the pulse energy, surrounding gas pressure,
Jewelry sample and collection fiber position, were examined. It was found that the essential features of emission spectra can be
Stone sample investigated even using the ungated, compact OMA system even without a highly temporally resolved gating
system. The plasma emission characteristics critically depend on the experimental parameters. A quality emission
spectrum, featuring a high intensity with a low background, can be obtained using the ungated, compact OMA
system under optimized conditions, namely, a pulse energy of approximately 8 mJ, a surrounding gas pressure of
10 Torr, and a collection fiber position of more than 5 mm above the surface of the sample. The features of the
emission spectra detected under optimized conditions are only similar to those obtained using a sophisticated,
gated OMA system. The characteristics of the emission spectra are in good agreement with the previous
assumption of the shockwave role in plasma excitation. Having quality emission spectra under the optimized
conditions, a preliminary practical laser induced breakdown spectroscopy (LIBS) analysis using the ungated,
compact OMA system was performed on several samples, such as standard brass, commercial pure gold, and
natural stone samples. The aluminum emission lines are strongly detected from the standard brass sample
(C1118) containing aluminum at 2.8%. The LIBS system also unequivocally revealed a qualitatively abandoned
impurity presence in the purportedly pure commercial gold sample. It also effectively confirmed qualitatively a Cu
presence in the blinking spots of the natural stone collected from a traditional mining site in Aceh. This result
implies the effectiveness of the LIBS using the ungated, compact OMA system for quick, practical analysis.

Plasma physics
Laser induced breakdown spectroscopy

1. Introduction has demonstrated many advantages over the conventional analytical
techniques. LIBS has a powerful capability for performing direct analysis

Laser induced breakdown spectroscopy (LIBS) as a new analytical of different types of samples, including metals and nonmetals in any form
technique now enjoys very high interest and popularity. As an emerging of solid, liquid, and gas. The unique advantages of LIBS exclusively
analytical tool, it is considered a new superstar [1]. This is because LIBS important for analysis of difficult samples are nondestructive or virtually
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nondestructive testing without tedious sample preparation, environ-
mentally friendly sample pretreatments, a simple experimental proced-
ure and equipment arrangement, and very flexible analysis. The analysis
can be conducted directly in the ablation site without requiring trans-
portation of the ablated sample into another site for excitation. More-
over, the paramount advantage of LIBS is the capability for simultaneous
multielemental analysis over a wide range of wavelengths [2, 3]. This
capability is very useful for studying plasma characteristics by observing
simultaneously the emission dynamics of many emission spectral lines
from various constituents of a sample. The wide-ranging wavelength
coverage is also very useful for identifying samples, especially those of
complex matrices, such as environmental and geological samples. In fact,
LIBS with a high spectral resolution OMA system can reveal complicated
emission spectra from environmental and geological samples [4, 5, 6, 7,
8,9, 10, 11, 121.

Not only driven by the powerful analytical performance over very
wide area of applications, the fruitful development of laser induced
breakdown spectroscopy research is also largely due to the availability of
high quality laser sources and sophisticated optical detectors. The so-
phisticated OMA system equipped with a highly resolved gating device
allows a detailed observation of plasma formation processes and dy-
namics. This observation leads to a better understanding of plasma
characteristics, opening new opportunities for improving the analytical
performance and revealing new applications of LIBS in various fields.
However, the fast development of LIBS research is witnessed mostly in
developed countries, whereas conducting LIBS research in developing
countries in limited conditions of research budget and instrumentation is
difficult.

In addition to its research purpose, the LIBS experiment is apparently
very useful for teaching physics, because it can be used to demonstrate
directly many important, abstract concepts in physics, especially those
regarding atomic physics and optics. This technique is considered a po-
tential tool for increasing student interest and understanding of physics.
Therefore, it is very important to perform LIBS research even under
limited conditions in developing countries. Indeed, the first step for
starting LIBS research is to obtain a laser, but there is another crucial
instrument that is needed for detecting emission spectra, namely, an
optical multichannel analyzer (OMA) system. However, a gated, so-
phisticated OMA system using an intensified charge coupled device re-
mains very expensive. On the other hand, because of recent advances in
optical detection science and technology, a compact OMA system with a
relatively high spectral resolution spectrograph is now commercially
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available at an affordable cost. Unfortunately, most of the compact OMA
systems are not equipped with a built-in gating device, hindering the
acquisition of highly time-resolved emission spectra. This circumstance
makes it difficult to perform a LIBS analysis using the ungated, compact
OMA system in such a limited condition. Although it does not have a
gating system, the compact OMA system has a wide wavelength coverage
that promises very useful applications for the characterization, identifi-
cation, and classification of various samples [4, 5, 6, 7, 8, 9, 10]. To date,
the LIBS studies using a compact OMA system have mostly addressed
practical applications [13, 14, 15]. The most important and growing
application of LIBS using the compact OMA system in LIBS is for stand-off
analysis [16, 17].

On the other hand, the wide wavelength coverage of the ungated,
compact OMA system also promises the possibility for studying the
characteristics and emission dynamics of many elements in the samples
of interest. The physical characteristics of laser induced plasma, such as
the emission spectra profile, electron number density, and plasma tem-
perature, determine the LIBS analytical performance. Moreover, the
experimental parameters, including the pressure of the ambient gas,
energy of the laser pulse, and probing position of the collection optical
fiber, strongly influence the analytical performance of LIBS [18, 19, 20,
21]. Thus, a better understanding of the plasma characteristics is essen-
tial for assuring a better LIBS reliability and effectiveness. Because a
sophisticated OMA system equipped with a high spectral resolution
spectrograph and a highly temporal resolved gating function remains
very expensive considering the limited research budgets and instru-
mentation in developing countries, it is very important to study the
plasma characteristics using the compact OMA system without using any
gating function under various experimental parameters and search for
the optimum condition allowing for practical qualitative and quantitative
analysis to be performed. The capability for conducting LIBS research
even using the compact, low cost OMA system is very important because
of the wide open area of application in developing countries, especially
for practical applications ranging from environmental to geological
samples. This situation partly drives the development of a simple, low
cost LIBS system [22, 23, 24, 25]. It is well known that the lower envi-
ronmental standards and weaker law enforcement in developing coun-
tries poses a very high risk of hazard to the environment from
anthropogenic causes. On the other hand, many developing countries
have a vast wealth of natural resources, including minerals and natural
precious stones. Aceh is a region in Indonesia that has abundant natural
resources, including minerals and gemstones. It is well known that LIBS is
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Figure 1. LIBS apparatus arrangement used in this work.
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Figure 2. Emission spectrum taken from plasma produced on a pure copper
plate using a 54 mJ pulse energy under ambient air at a pressure of (a) 760 Torr
and (b) 10 Torr.

a very powerful analytical technique for analyzing complex samples,
such as environmental and geological samples. Therefore, it is very
important to conduct LIBS research in developing countries even if only a
compact, low cost OMA system is used, because of the many potential
practical applications ranging from environmental monitoring to
analyzing local geological samples. Therefore, in this work, an ungated,
compact OMA system was used to evaluate the characteristics of plasma,
and its potential for practical applications, particularly in the analysis of
various local samples, was examined.

2. Experimental procedures

The LIBS apparatus used in this work is displayed in Figure 1. The
main apparatus of this present LIBS setup consists of a neodymium
yttrium aluminum garnet (Nd-YAG) laser and a compact OMA system.
The Nd-YAG laser operates at a fundamental wavelength of 1064 nm
with a repetition rate of 10 Hz. The energy and the duration of the laser
pulse are 400 mJ and 8 ns, respectively. The laser beam was focused onto
the surface of the sample using a lens (f = +150 mm) under ambient air.
The sample was placed in a metal chamber fixed on a movable x-y stage.
The metal chamber can be evacuated and filled with a different gas at the
desired pressures using a vacuum pump. The plasma emission was
collected using a probing optical fiber set on one side of the plasma
perpendicular to the laser beam path. The plasma emission collected by
the fiber was then delivered to the compact OMA system. The probing
optical fiber was fixed on a movable x stage, allowing for moving the
fiber precisely along the x-axis perpendicular to the surface of the sample.
The OMA system consists of a high resolution spectrograph with a wide
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wavelength coverage, ranging from the ultraviolet (UV) to visible (VIS)
regions, namely, from 350 nm to 750 nm (HR 2000, Ocean optics). The
optical resolution of the OMA system is ~0.065 nm (FWHM). This
compact OMA system uses a high-sensitivity 2048 element charge couple
device array without a gating device. The plasma emission spectra
acquisition was performed in the free running mode without any tem-
poral gating function. To acquire an emission spectrum, the integration
time and accumulation number of the detector were set for 30 ms and 20
times, respectively. The OMA system was computer operated and
controlled using Spectrasuite software.

The influence of several experimental parameters and configuration
on the emission spectra was examined. The energy of the laser pulse was
varied gradually from 8 mJ to 70 mJ during the experiment. Similarly,
the pressure of the ambient air was changed gradually from 5 Torr to 760
Torr. The influence of the probing position of the optical fiber at the
plasma on the emission spectra was also studied by precisely moving the
fiber position from the position slightly above the sample surface (0 mm)
to positions away from the sample surface. The effect of the variation of
the experimental parameters and configuration on the characteristics of
the produced plasma was examined in terms of the appearance atomic
and ionic spectral lines and their intensities, the intensity of background
emission, plasma temperature, energy dependence profile, pressure
dependence profile and fiber probing position influence. Pure metal
samples, including copper, zinc, and aluminum plates, were used in this
work. To quickly examine the performance of LIBS using the compact,
ungated OMA system, a standard brass sample (C1118, Rare Metallic
Corporation, Japan) with specified elemental concentrations was used. In
addition, a pure gold sample purchased commercially was also used. LIBS
using the compact, ungated OMA system was used to analyze quickly
natural stone collected from Aceh, Indonesia.

3. Experimental results and discussion

Figure 2(a) displays the emission spectrum obtained from plasma
produced on the pure copper plate using the compact OMA system and a
pulse energy of 54 mJ under ambient air at a pressure of 760 Torr. The
pulse energy corresponds to a fluency of 27.52 J/ecm? in our experiment.
The optical fiber for collecting the plasma emission was probed just on
the center of the plasma at a position approximately 5 mm from the
surface of the sample. A strong emission spectrum with a very high
background level is clearly shown. The emission spectrum is mostly
dominated by copper emission lines. The copper emission lines,
including typical atomic emission lines in visible regions (Cu I 510.5 nm,
Cul515.3 nm, and Cul521.8 nm) and Cu I 578.2 nm together with ionic
emission lines (Cu II 500.7 nm and Cu II 501.0 nm), are certainly iden-
tified. However, although a very strong emission intensity of the copper
lines is observed, the emission spectrum suffers from a very high back-
ground level. Using the emission intensity at Cu I 521.8 nm and the
background level at 527.59 nm, the signal to background (S/B) ratio is
approximately 10. The high background level is due to the strong
continuous emission inherently occurring during the early regimes of the
laser induced plasma formation process, as indicated by the presence of
very strong copper ionic emission lines of Cu II 500.7 nm and Cu I 501.0
nm. The two ionic lines are overlapping. In this case, the ratio between
the intensity of the atomic emission (Cu I 521.8 nm) and ionic emission
(Cu 500.7 nm) is 2.3.

It is considered that immediately after irradiation of the focused laser
beam, the laser energy coupled to the sample through multiphoton ab-
sorption immediately causes the sample to ablate. The ablated atoms
moving at supersonic speed compress the ambient gas in the same
manner that a piston compresses fluid, resulting in the generation of a
shock wave propagating in the ambient gas. The compression of the
ambient gas by the shock front produces a high temperature and high
density region, leading to strong ionization confined by the surrounding
gas to a very small, localized region slightly above the sample surface
[26, 27, 28, 29, 30, 31]. The strong ionization causes the background
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emission to occur strongly during the early temporal regimes of the
plasma formation process through bremsstrahlung (free-free) and
recombination (free-bound) transition mechanisms in the high temper-
ature and high density plasma [32]. At the early stage of the formation
process, the high density plasma itself reabsorbs most of the emitted
atomic radiation, thus reducing the atomic emission intensity. Thus, the
emission spectrum detected in the early regimes is not a true represen-
tation of the plasma emission. With time, the initial plasma expands
radially into a larger localized region in the ambient gas and then cools,
lowering the background level and yielding to a more reliable atomic
emission spectrum from the constituents of the irradiated sample and the
ambient gas [21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32]. The plasma
temperature was estimated using the following Boltzmann two-line
method [32, 33],

B (b (A (&) exp(B B &)
I; 7‘;; Aji g kT

where Ij;, A, Aji;, g, and Ej, are the line intensity, transition wavelength,
statistical weight, transition possibility, and upper level energy of the
spectral line, respectively. k is Boltzmann's constant, and T is the plasma
temperature. Furthermore, I]fi, /11'-1-, A}i, g]f, and E}, are the line intensity,
transition wavelength, statistical weight, transition possibility, and upper
level energy of another spectral line, respectively [32, 33]. The temper-
ature of the plasma produced under the present experimental parameters
of a 54 mJ laser pulse energy, corresponding to a fluency of 27.52 J/cm?,
760 Torr of surrounding air, and probing the position of the optical fiber
just on the plasma center, is approximately 7000 K. These experimental
parameters are the typical conditions adopted for LIBS. The high back-
ground emission level is basically unfavorable for spectrochemical
analysis. Thus, to obtain a spectrochemically useful spectrum using laser
induced breakdown spectroscopy (LIBS), a standard OMA system with
the capability of a fast temporal gating function is commonly used to
avoid the strong continuum emission at the beginning of plasma
formation.

Because the compact OMA system operates in free running mode
without any gating function, it is not easy to avoid the strong initial
background during spectrum acquisition. Considering the emergence
process of the continuum emission during plasma formation, obtaining
an emission spectrum with features favorable to spectrochemical analysis
is assumed to be possible even using the compact OMA system operated
in an integrated time mode without any temporal gating function. This
result can be achieved by carefully adjusting the crucial experimental
parameters. It is well known that plasma formation strongly depends on
the energy of the laser pulse coupled to the sample and the density and
specific heat of the ambient gas, as related by the Sedov equation. The
Sedov formula expresses the movement of the shock front with time as
follows [34]:

%
r= <E”> I @
ap

where r is the propagation distance of the shock front, t is time measured
from the beginning of the explosion, p is the gas density, a is a constant
involving the specific heat of the gas, and Ey is the initial explosion en-
ergy. This equation explicitly expresses that plasma temporal and spatial
behaviors depend on the energy coupled into the sample and on the type
and pressure of the ambient gas. Considering this formulation, to obtain
better features of the emission spectra using a compact, ungated OMA
system, several experimental parameters, including the pressure of the
ambient gas, the energy of the laser beam, and the probing position of the
optical fiber, were varied.

Figure 2(b) shows the emission spectrum taken from plasma pro-
duced on the pure copper sample under an air surrounding at a low
pressure of 10 Torr. When the pressure of the ambient air was 10 Torr,
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Figure 3. Pressure dependence of the copper atomic emission lines, CuI1510.5
nm and Cu I 521.8 nm, taken using the compact OMA system under time
integration mode.

the features of the emission spectrum were clearly and substantially
improved, as shown in Figure 2(b). The signal to background (S/B) ratio
is 140, approximately 14-fold better than that of the high pressure case
shown Figure 2(a). Similarly, the intensity ratio of the atomic and ionic
emission spectra is approximately 13.7, which is approximately 6-fold
that of the high pressure case, Figure 2(a). Thus, the background
extent and the ionic emission were substantially decreased, confirming
the essential role of the ambient gas in the plasma formation process. The
background and ionic emission are reduced because the plasma tem-
perature decreases at low pressure because of a weaker confinement of
the moving ablated atoms by the lower density ambient gas. The plasma
temperature is approximately 8000 K, superficially higher than that in
the case of high pressure. However, as mentioned above, the temperature
obtained under high pressure and the experimental arrangement is not
quite the true temperature of the plasma because the detected emission
spectrum strongly suffered from self-absorption. The low pressure
emission spectrum indicates that the profile of the emission spectrum
detected using a compact OMA system working under the time integra-
tion mode can be substantially improved using low pressure regimes of
the surrounding gas. For a low cost LIBS system, one might have concern
about working at low pressure because the cost of the vacuum pump is
high compared to other parts of the LIBS system. In a previous study, a
cheap miniature chamber for performing an in situ LIBS experiment was
developed [35]. The miniature chamber can be readily evacuated using a
small pumping motor. Thus, we expect that a cheap vacuum system for a
low cost, low pressure LIBS system can be constructed.

Figure 3 shows a complete plot of the pressure dependence of the
copper atomic emission lines, Cu I 510.5 nm and Cu I 521.8 nm, taken
using the compact OMA system under a time integration mode. The
plasma was produced on the pure copper plate using a laser pulse energy
of 54 mJ under ambient air. The emission spectrum was detected by
probing the collection optical fiber approximately in the center of the
plasma region. Along with the copper atomic emission lines, the back-
ground level reading at 520.0 nm was also plotted. The background level
increases significantly with pressure because the temperature and den-
sity plasma increase with pressure. Notably, the pressure dependence of
the emission spectrum obtained using this compact, nongated OMA
system is just similar to that of the standard OMA system normally
adopted in LIBS. The emission intensity of the copper atomic lines
sharply increases at lower pressure regimes, followed by a rapid decay at
higher pressures. It is assumed that the sharp increase in the emission
intensity under low pressure regimes is due to a larger amount of ablation
from the target material compared to the high pressure case due to the
optimum reduction of the plasma shielding. As mentioned above,
assuming the obeyance of the Boltzmann distribution, the plasma
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Figure 4. Emission spectrum taken from plasma produced from a pure copper
plate under ambient air at a pressure of 10 Torr using a pulse energy of (a) 70
mJ and (b) 8 mJ, respectively.

temperature was estimated using the Boltzmann two-line method. The
estimated temperature is relatively high, thus it can excite various ele-
ments for performing spectrochemical analysis using the compact,
ungated OMA system.

Figure 4(a) exhibits the emission spectrum taken from plasma pro-
duced from the pure copper plate under ambient air at a pressure of 10
Torr when the pulse energy was increased to 70 mJ, corresponding to a
fluency of 35.67 J/cm?. In comparison with the 54 mJ case, Figure 2(b),
the overall intensity of the emission spectrum greatly increases with
energy; however, the background level and ionic emission including
noise also increase largely. The copper ionic emission lines, Cu II 500.7
nm and Cu II 501.0 nm, appear clearly along with the copper atomic
emission lines of CuI1510.5 nm, CuI515.3 nm, Cul521.8 nm, and CuI
578.2 nm. The signal to background (S/B) ratio of 52.1 is reduced by
more than half compared to the 54 mJ case shown Figure 2(b). The
atomic to ionic emission intensity ratio is approximately 3.8, which is
approximately 3.6 times lower than that of the 54 mJ case, Figure 2(b).
The moving speed of the ablating atoms, as expressed by the Sedov
equation, increases with the laser energy, thus the higher the laser energy
is, the higher the ablating speed will be. The higher speed of the ablating
atoms causes a stronger compression with the ambient gas, resulting in a
higher temperature and higher density plasma followed by higher
continuous and ionic emissions [36, 37, 38, 39, 40]. This result is clearly
observed in Figure 4(a); the emission spectrum produced using a higher
laser pulse energy exhibits a higher continuum level and higher intensity
of ionic emission lines. On the other hand, as displayed in Figure 4(b),
when the pulse energy of the laser beam was reduced significantly to a
low value of 8 mJ, corresponding to a fluency of 4.08 J/cm?, the profile of
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the emission spectrum was remarkably improved, featuring a strong in-
tensity and extremely low background of the copper atomic emission
lines, CuI510.5 nm, Cul515.3 nm, Cul521.8 nm, and CuI 578.2 nm,
without any copper ionic emission lines, Cu II 500.7 nm and Cu II 501.0
nm. The signal to background (S/B) ratio is 180.5, a significant increase
from the energy cases of 54 mJ and 70 mJ. The atomic to ionic emission
intensity ratio is 100.5, a large increase compared to the energy cases of
54 mJ and 70 mJ. When the pulse energy was decreased significantly, in
this case from 70 mJ to 8 mJ, the moving speed of the ablated atoms was
reduced significantly, weakening the compression with the ambient gas,
thus lowering the ionization degree and yielding a very low background
and ionic emission, as observed in Figure 4(b). The features of the
emission spectrum are favorable for performing qualitative and quanti-
tative analysis. The low energy emission spectrum of plasma under a low
pressure surrounding gas using the compact OMA system operated in free
running mode is just comparable to that of using the standard OMA
system [27, 29].

Considering that immediately after the laser irradiation on the sample
surface, there is an initial high temperature and density plasma confined
in a small localized region that emerges slightly above the sample surface
and is responsible for the high background and ionic emission, another
possible strategy to eliminate the high background and ionic emissions
when detecting emission spectrum using the compact, ungated OMA
system is moving the probing position of the collection optical fiber away
from the high temperature and high density plasma region on the sample
surface. Figure 5(a), (b), (c), and (d) show the emission spectrum
detected from plasma induced on the pure copper plate using the pulse
energy of 54 mJ when the probing position of the collection optical fiber
was set at 3 mm, 5 mm, 7 mm, and 9 mm above the sample surface,
respectively. The plasma was generated under ambient air at a low
pressure of 10 Torr. In all these cases, the emission lines due to the copper
atom can definitely be observed. However, when the probing position of
the optical fiber was set 3 mm above the sample surface, the emission
spectrum suffered from a very high background and ionic emission. The
signal to background (S/B) ratio is 13.1, and the atomic to ionic emission
intensity ratio is 5.4. It is considered that at this probing position, the
optical fiber collects emission mostly from the high temperature and high
density regions of the plasma slightly above the sample surface. When the
probing position of the collection fiber was moved to 5 mm from the
sample surface, the total emission obviously increases, but unfortunately
the background level and ionic emissions also increase substantially. The
signal to background (S/B) ratio is 46.5, which is more than threefold
that of the 3 mm case. The atomic to ionic emission intensity ratio is 5.8,
very close to that of the 3 mm case. It is understood that at this probing
position, the plasma emission from the high temperature and high den-
sity plasma region and also from the low temperature and low density
plasma region enters the numerical aperture of the collection optical
fiber entirely well. However, when the probing position was moved
farther away, to 7 mm, the background and ionic emission were greatly
diminished. The signal to background (S/B) ratio of 821 is increased
considerably compared to those of the 3 mm and 5 mm positions. The
atomic to ionic emission intensity ratio of 364.3 is increased tremen-
dously compared to those of the 3 mm and 5 mm positions. The profile of
the emission spectrum taken using the compact, ungated OMA system is
enhanced incredibly. The copper atomic emission lines, Cu I 510.5 nm,
CuI515.3 nm, Cul521.8 nm, and Cu I 578.2 nm, appear clearly with a
very strong intensity, narrow spectral width, and negligible background.
Neither of the copper ionic emission lines, Cu II 500.7 nm and Cu I1 501.0
nm, appear in the emission spectrum. When the probing position was
shifted even farther, to 9 mm above the sample surface, the profile of the
emission spectrum was further improved. It is considered that when the
probing position was shifted far away, namely, to 7 mm and 9 mm, the
emission collected by the optical fiber is mainly from the low tempera-
ture and low density plasma region, while the emission from the high
temperature and high density plasma localized in a small region slightly
above the sample was not significantly coupled into the optical fiber. For
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Figure 5. (a), (b), (c), and (d) show the emission spectrum detected from plasma induced on a pure copper plate using a pulse energy of 54 mJ when the probing
position of the optical fiber was set at 3 mm, 5 mm, 7 mm, and 9 mm above the sample surface, respectively.
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Figure 6. (a), (b), (c), and (d) show the emission spectrum taken from plasma produced on a pure zinc plate using the compact, ungated OMA system detected at
different probing positions of the optical fiber above the sample surface, namely, 3 mm, 5 mm, 7 mm, and 9 mm, respectively.

the 9 mm probing position, although the total emission intensity was
reduced to approximately half that of the 7 mm case, the copper atomic
emission lines, Cu I 510.5 nm, Cu I 515.3 nm, Cu I 521.8 nm, and Cu I

578.2 nm, appear clearly with a negligible background and ionic emis-
sion. The signal to background (S/B) ratio of 667.7 was decreased
slightly from that of the 7 mm case. The atomic to ionic emission
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Figure 7. (a), (b), (c), and (d) demonstrate how the emission spectrum taken from

intensity ratio of 404.2 is the highest of all cases, 3 mm, 5 mm, 7 mm, and
9 mm. This emission spectrum taken using the compact, ungated OMA
system under such a large integration time at an optical fiber probing
position of 9 mm above the sample surface is only similar to that obtained
with a standard, gated OMA system and very favorable for spec-
trochemical analysis, as show in previous works [27, 28, 29, 30].

The influence of the probing position of the optical fiber on the
emission spectrum taken using the compact, ungated OMA system under
the free running mode was also examined for other samples, namely,
pure zinc and pure aluminum plates. Figure 6(a), (b), (c), and (d) show
the emission spectrum taken from plasma produced on the pure zinc
plate using the compact, ungated OMA system detected at different
probing positions of the optical fiber above the sample surface, namely, 3
mm, 5 mm, 7 mm, and 9 mm, respectively. The experiment was con-
ducted using a laser energy of 54 mJ under ambient air at a pressure of 10
Torr. Similar results to those of the copper plate sample were found. For
example, at the 3 mm probing position, strong zinc atomic emission lines,
namely, Zn1468.0 nm, Zn1472.2 nm, Zn 1 481.0 nm, and Zn I 636.2 nm,
appear together with a high background level and ionic emission (Zn II
492.4 nm). However, the background level and ionic emission then
decrease quickly with the increase in the probing position of the optical
fiber. An emission spectrum with largely improved features is obtained
when the probing position of the collection fiber was 9 mm above the
sample surface.

Similar results were obtained for the emission spectrum of the pure
aluminum plate sample using the compact, ungated OMA system.
Figures 7(a), (b), (c), and (d) demonstrate how the emission spectrum
taken from the pure aluminum sample changes with the probing position
of the optical fiber. The emission spectrum was detected from a plasma
generated on the pure aluminum plate using a laser pulse of 54 mJ under
ambient air at a pressure of 10 Torr. Correspondingly, when the plasma
emission was detected at the 3 mm probing position, as exhibited in
Figure 7(a), strong aluminum atomic emission lines, Al I 394.4 nm and Al
1 396.2 nm, were surely detected. However, the emission spectrum suf-
fers from a very high background level and ionic emission, Al II 466.3
nm. As displayed in the consecutive figures, the background and ionic
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a pure aluminum sample changes with the probing position of the optical fiber.

emission decrease quickly with the increase in the probing position of the
optical fiber. As shown in Figure 6(d), the optimal profile of the emission
spectrum was obtained when the probing position was 9 mm above
sample surface, as with the pure copper and zinc plate samples. These
results confirm the crucial influence of the probing position of the
collection fiber on the features of the emission spectrum detected from
the laser induced plasma [20]. These results suggest that the optimum
probing position is at a position away from the sample surface.
Notably, a superficial discrepancy is observed in the emission spectra
shown in Figure 7, especially between Figure 7(a), Figure 7(b) and
Figure 7(c), Figure 7(d). Some emission lines in the emission spectrum
displayed in Figure 7(a) and Figure 7(b) are absent from Figure 7(c) and
Figure 7(d). This result makes one think that the spectra are for different
samples. Actually, these emission lines are second order emission lines
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Figure 8. Emission lines due to second order emission in the UV region
disappear when a UV filter was set in front of the optical fiber during detection
of the emission spectrum.
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Figure 9. Emission spectrum taken from a brass standard sample (C118) containing aluminum as an impurity.

occurring in the ultraviolet (UV) region and are neither atomic nor ionic
aluminum emission lines. To confirm this explanation, a UV filter was
used during acquisition of the emission spectrum. As presented in
Figure 8, the second order emission lines in the UV region disappeared
when a UV filter was set in front of the optical fiber during detection of
the emission spectrum. This result confirms that the emission lines are
due to aluminum, as shown in Figure 7(c) and (d).

After inspecting the dependence of the features of the emission
spectra taken using the compact, ungated OMA system on the experi-
mental configurations, namely, the energy of the laser pulse, the pressure
of the surrounding gas, and the position of the probing optical fiber, and
determining the optimum experimental conditions, LIBS using the
compact, ungated OMA system was applied to a semiquantitative prac-
tical analysis. Figure 9 shows the emission spectrum taken from a brass
standard sample (C1118) containing aluminum at a concentration of
2.80%. This standard alloy contains Cu (75.1%) and Zn (21,9%) as the
major constituents, and the minor and trace elements include Al, Fe, Pb,
and Si. The plasma was produced using a laser pulse of 54 mJ under air as
the surrounding gas at a pressure of 10 Torr. The integration time of the
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Figure 10. Emission spectrum taken from plasma produced on a gold sample
using a Nd-YAG laser of 54 mJ under air at a pressure of 10 Torr.

detector of the compact, ungated OMA system was set for 300 ms with 20
accumulations. The probing position of the optical fiber was set at 2 mm
above the sample surface. The aluminum atomic emission lines, Al I
364.4 nm and Al I 396.2 nm, along with the strong, typical copper
emission lines of Cu1510.5 nm, Cul515.3 nm, Cul521.8 nm, and Cul
578.2 nm, are clearly apparent. The limit of detection under the current
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Figure 11. (a) Photo of a natural stone sample collected from a traditional
mining site in the Geumpang region, Pidie Regency, Aceh, Indonesia; and (b)
emission spectra detected from different spots on the natural stone sample.
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experimental conditions for aluminum in the brass standard sample is
roughly 0.18%.

In addition to the brass standard sample, a commercial gold sample
claimed to be of high purity was purchased from an ordinary shop and
spectrally analyzed using LIBS with the compact, ungated OMA system
under optimized experimental conditions. Figure 10 shows the emission
spectrum taken from the plasma produced on the gold sample using a Nd-
YAG laser of 54 mJ under air at a pressure of 10 Torr. The probing po-
sition of the collection optical fiber was set at 5 mm above the sample
surface. It is clearly apparent that there are many strong emission lines
due to gold, namely, Au I 406.5 nm, Au I 479.3 nm, and Au I 583.9 nm.
However, unfortunately, the spectrum is actually not purely due to gold,
as abandoned emission lines due to impurities appear in the spectrum
along with Au emission lines, refuting the high purity claim made by its
sellers.

Next, the compact, ungated OMA system was applied to analyzing a
natural stone collected from a traditional gold mining site in the Geum-
pang region located in Pidie Regency, which is a part of the Aceh pre-
fecture in Indonesia. These traditional miners do not have access to well
established analytical tools because of limited funds and knowledge.
Based on direct visual observations, many spots on the surface of the
natural stone glitter, thus traditional miners believe that the natural stone
contains gold, as displayed in Figure 11(a). This superficial assumption
results in an increase in the price of the natural stone. However, a mea-
surement using the ungated, compact OMA system, as shown in
Figure 11(b), clearly revealed the falsity of this conjecture. The emission
spectra were taken from different spots on the stone surface, namely, the
glittering spot of 3 and the unglittering, normal spots of 1 and 2. Strong
copper emission lines, namely, the atomic lines of Cu I 510.5 nm, Cu [
515.3 nm, Cu I 521.8 nm, and Cu I 578.2 nm, together with the ionic
emission lines of Cu II 500.7 nm and Cu II 501.0 nm, were undoubtedly
detected from the glittering spot (spot 3), whereas they were absent from
the spectra of the unglittering spots (spot 1 and spot 2). This result
confirmed that the glittering occurs because of the presence of copper,
not because of gold content.

4. Conclusion

Characteristics of laser induced plasma can be studied systemati-
cally using an ungated, compact OMA system under a time integrated
mode. By optimizing several experimental parameters, including the
pressure of the ambient gas, the energy of the laser pulse, and the
probing position of the optical fibers, quality emission spectra with
features favorable for spectrochemical analysis can be obtained using
the compact OMA system, just similar to those obtained using a so-
phisticated, precisely temporal gated OMA system. The optimum con-
dition was achieved at a low ambient gas pressure of 10 Torr, a low
energy laser pulse of 8 mJ, and a probing position of the collection
optical fibers of more than 5 mm from the sample surface. The LIBS with
the ungated, compact OMA system under the optimum condition was
used for preliminary practical applications, namely, inspection of the
standard brass alloy and commercial high purity gold. It was also
applied to studying geological samples of a natural mining stone, con-
firming the eventuality of the LIBS with a compact, ungated OMA sys-
tem for quick, practical analysis.
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