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Reutilization of nanosecond pulse laser energy and
its performance in single particle triggered LIBS
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A method that can reutilize the energy of a nanosecond pulse laser beam and its performance in single
particle triggered laser induced breakdown spectroscopy (LIBS) were studied. The propagation direction
of the laser beam (Nd-YAG laser, 1064 nm, 9 ns and 0—80 mJ) was changed in an appropriate way and the
energy overlapped at one point in space. In this setup, the energy used to break down pure air was
reduced by 25% and the emission intensity of air plasma improved by 220% under the same pulse
energy. Besides, the plasma temperature estimated by the relative line-to-continuum intensity ratio
was improved by almost 900 K at 20 mJ. Furthermore, this method was applied in single particle
triggered LIBS. NaCl particles with a diameter of ~10 um were used as the target sample and the
scattered light of an 808 nm continuous laser beam was employed as a trigger signal to trigger the
Nd-YAG laser. The emission line intensity of Na element was enhanced by 200%. This method can not
only improve the emission intensity of a gas sample but can also be applied to single particle samples
and has great significance in the application of ns-LIBS and the research and development of portable

rsc.li/rsc-advances LIBS equipment.

1. Introduction

Laser induced breakdown spectroscopy (LIBS) is a powerful
element analysis technique, based on the spectral analysis of
characteristic emission from micro-plasma generated by the
interaction between a focused high-energy laser beam and
the sample.'”® LIBS is a versatile tool in that it can determine
the elemental composition of matter in any phase (solid,
liquid, and gas). Some special samples like aerosols or
particles in flames can also be detected by LIBS.>** Due to its
attractive advantages, including real-time monitoring, fast
response and no sample preparation, LIBS exhibits great
potential in nuclear reaction detection, space exploration,
environmental monitoring, archaeological verification,
mining, etc. However, the sensitivity and accuracy of LIBS are
still unsatisfactory, which is a great block to its continued
development.

Nanosecond laser is widely used in the LIBS technique due
to its large adjustable range of energy, good pulse stability
and long lifetime. Its acceptable cost and excellent mechan-
ical stability make nanosecond laser more popular as a pump
source in LIBS equipment. In order to improve the sensitivity
and accuracy of nanosecond LIBS (ns-LIBS), many methods
have been developed, such as dual-pulse excitation, spatial
confinement, microwave-assisted LIBS flame-enhanced
LIBS,**** etc. In these methods, dual-pulse excitation plays
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an important role and has proved to be a very effective way to
improve the analytical performance of ns-LIBS. However,
most of these methods require the introduction of new
devices and suffer from system complexity or operation
inconvenience. Some easy techniques that can enhance
optical emission may have great significance in the applica-
tion of ns-LIBS.

The confinement of a continuous wave to improve light-
matter interaction has been widely studied,”® but few
researchers have considered the short pulsed laser beam. It is
widely known that light travels 0.3 m in 1 ns, and this means
that the energy of a 1 ns pulse laser can be distributed by 0.3 m
in space. When the propagation direction of the pulse laser is
changed in an appropriate way, the energy can be overlapped at
one point, and at this point, the energy will be larger than that at
any other point in the optical path. In this work, the above
method was used to improve the performance of LIBS using
a single pulse nanosecond laser beam. Using this method,
a lower energy can be used to breakdown pure air and generate
plasma and the emission intensity of air plasma can be
enhanced by two times under the same pulse energy. When
using this method in single particle triggered LIBS, a higher
emission intensity can be measured under a lower pulse energy.
The advantage of this method is that when the pulse energy is
not sufficient to generate the plasma, the overlapped point can
reach the threshold, which cannot be achieved by any other
methods. Furthermore, this method has great significance in
the application of ns-LIBS and the research and development of
portable LIBS equipment.
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2. Experimental setup

A schematic diagram of the single particle triggered LIBS setup
used in this work is shown in Fig. 1. A Q-switched Nd:YAG laser
(Beamtech Optronics, Lapa series, pulse duration of 9 ns)
operating at 1064 nm and 20 Hz was used. The laser beam was
focused by a plano-convex lens (Lens 1) with a focus length f=
50 mm and an approximate focus spot diameter of 25 pum.
Subsequently, the laser beam was collimated by another plano-
convex lens (Lens 2), and the propagation direction was
changed by reflector 1, 2 and 3, then focused by a plano-convex
lens (Lens 3) at the same point as the focus spot of Lens 1. The
distance of the optical path from the focus point of lens 1 to that
of lens 3 is about 0.6 m, which equals 2 ns of laser in a time
scale. The luminescence emission from the plasma was
collected by a pair of fused quartz lenses with the same focus
length f= 50 mm and focused onto a UV fusing quartz fiber (200
pm) that was matched to a 0.75 meter Czerny-Turner spec-
trometer (Andor Technology, Shamrock 750). An intensified
charge-coupled device (ICCD) (Andor Technology, iStar 334T)
was equipped to analyse the spectra. The ICCD was sequentially
triggered by the laser system, the ICCD detector start signal
integration had a delay time of 0 ns relative to the laser beam
and the gate time was set to 1 us. When the setup worked in the
triggered pattern, the Q-switched Nd:YAG laser and the ICCD
were sequentially triggered by a digital delay generator (Stan-
ford Research Systems, DG535), and the DG535 was triggered by
the scattering signal generated when a single particle passed
through an 808 nm continued laser beam (5 mW, 200 pm x 2
mm). The distance of the center of the 808 nm continued laser
beam and the focus point of the 1064 nm pulsed laser beam was
adjusted to be 500 pm, and the delay time from the scattering
signal to the pulsed laser beam was set to be 247 ps to ensure
that the pulsed laser has the right effect on the single particle.

3. Results and discussion

3.1. The spectra of plasma

In this experiment, we found that there is a part of the pulsed
laser beam that can pass through the air plasma and cannot be
utilized again in the process of air plasma generation. If this part
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Fig. 1 Schematic diagram of the single particle triggered LIBS setup.
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of the laser beam was reflected in an appropriate way and then
focused again right at the position of the air plasma, the wasted
energy can be reutilized. In this method, the emission spectra of
air plasma generated by a single pulse laser beam was investi-
gated and are shown in Fig. 2. The red line shows the spectra
recorded using the LIBS setup shown in Fig. 1 without a beam
block, and the blue line shows the situation when the beam block
was used to prevent the propagation of the leftover pulse laser
beam. We defined the former case to be reutilized-single-pulse
LIBS (RUSP-LIBS) and the latter one to be single-pulse LIBS (SP-
LIBS). Generally, the spectra consist of continuous spectra
[Bremsstrahlung emission (free-free transitions) and radiative
recombination (free-bound transitions)] and a series of nitrogen
and oxygen lines, e.g., NI at 742.3, 744.1, 746.8, and 868.0 nm, N
II at 463.0, 500.5, 567.9, and 594.2 nm, O I at 777.2, 822.7, and
844.6 nm, H I at 656.2 nm, etc. In Fig. 2, it is easy to find the
continuous spectra and the special line spectra both for RUSP-
LIBS and SP-LIBS. When the single pulsed energy is adjusted to
be 20 mJ, both the continuous emission intensity and the line
emission intensity of RUSP-LIBS are stronger in contrast to that
of SP-LIBS. As the single pulsed energy increases from 20 mJ to 38
m]J, the emission intensity of RUSP-LIBS is always stronger than
that of SP-LIBS, but the gap between them becomes smaller. As
the single pulsed energy further increases up to 48 mJ and 56 mJ,
there is no obvious distinction between the spectra of RUSP-LIBS
and SP-LIBS. Besides, the breakdown threshold of air in this LIBS
setup was also measured, which reduced by 25% from 16 m] in
SP-LIBS to 12 mJ in RUSP-LIBS. This can be attributed to the
stronger energy intensity at the focus point in RUSP-LIBS in
contrast to that in SP-LIBS.

To better understand the influence of RUSP-LIBS, we
removed the continuous spectra and only compare the emission
line intensity. The enhancement factors at each wavelength
under different single pulse energies were calculated and are
shown in Fig. 3. Obviously, the enhancement factor reached the
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Fig. 2 The emission spectra of air plasma generated by a 1064 nm
pulse laser in RUSP-LIBS (red line) and SP-LIBS (blue line) under pulsed
energy of 20, 25, 30, 38, 48 and 56 mJ, respectively.
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maximum value at 20 m]J, and then reduced with increasing
energy, finally becoming almost 1 at 48 and 56 m]. Furthermore,
the enhancement factor of N II is much bigger than that of N I
under a low pulse energy such as 20 mJ or 25 m]. Subsequently,
the integrated emission intensity from 450 nm to 900 nm both
in RUSP-LIBS and SP-LIBS was calculated. As shown in Fig. 4,
the integrated emission intensity increased gradually, but the
enhancement factor reduced with the increase of single pulse
energy. The enhancement factor reached its maximum at 20 m],
but it was negligible at 48 and 56 mJ. Because when the single
pulse energy is set to be 20 mJ, the air plasma is weak, and the
absorption is also weak, the utilization efficiency is low enough
in SP-LIBS so that a large part of the energy passes through the
air plasma, and this energy can be reutilized in RUSP-LIBS to
improve the utilization efficiency. But, with the increase of
single pulse energy, the air plasma gets stronger, and the
absorption also gets stronger, the utilization efficiency
increases in SP-LIBS, the amount of energy passing through the
air plasma becomes lower, and the difference between RUSP-
LIBS and SP-LIBS gradually becomes inconspicuous.

En/rancement factor

Fig. 3 The enhancement factor at each wavelength of the emission
intensity in RUSP-LIBS compared to that in SP-LIBS under a single
pulsed energy of 20, 25, 30, 38, 48 and 56 mJ, respectively.
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Fig. 4 The integrated intensity of all emission lines from 450 nm to
900 nm (red and black square) and the enhancement factor (blue
square) in RUSP-LIBS compared to that in SP-LIBS under a single
pulsed energy of 20, 25, 30, 38, 48 and 56 mJ, respectively.
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3.2. The electron temperature

The influence of the plasma temperature was studied to
understand the increase of line emission intensity obtained in
RUSP-LIBS. Under the assumption of a local thermodynamic
equilibrium (LTE), the population densities of atomic or ionic
electronic states are described by Boltzmann distributions and
the electron temperature T, can be assumed to be equal to the
excitation temperature Te. Therefore, T. can be estimated by
the relative line-to-continuum intensity ratio, and the equation
for the method is given by:****

- |:(El — Ek — AEI)
o CAugi A7 TP

& U AT he he
‘5[1 - eXp( - AkTe>] + G[eXp( - AkTe)]

where C, = 2 x 10° ¢ and &, are the line emission coefficient
and the continuum coefficient, respectively; the ¢)/e. ratio can be
calculated from the integrated line intensity and continuum
intensity for a certain bandwidth (A1); Agi is the Einstein
transition probability weighted by the upper energy level
degeneracy; U; is the partition function for the ion, which is
a weak function of temperature; A. and A; are the continuum
wavelength and center wavelength of the spectral line in nm
units, respectively, and it is assumed that A. very nearly equals
A;; E; and Ej are the ionization potential and the upper level

energy, respectively; AFE; is the decrease of the ionization
potential of atoms in the presence of a field of ions and it is
small enough to be insignificant; £ and G are the free-bound
continuum correction factor and the free-free Gaunt factor,
respectively, and for nitrogen, we have used £ =1.8and G = 1.1
obtained for argon;** the constants 4, ¢ and k are the Planck
constant, the speed of light and the Boltzmann constant,
respectively.

In this work, the N II 594.2 nm line to continuum ratio was
used to deduce the electron temperature. Since only the time-
integrated emission was measured with a delay time of 0 ns
and a gate time of 1 ps, the time-averaged electron temperature
during the first 1 us was obtained. Furthermore, the difference
in the air plasma generation process between RUSP-LIBS and
SP-LIBS is right in this duration. Fig. 5 shows the evolution of
the electron temperature as a function of single pulse energy
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Fig.5 The electron temperature as a function of single pulse energy in
RUSP-LIBS compared to that in SP-LIBS.
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both in RUSP-LIBS and SP-LIBS. Fig. 5 shows that the electron
temperature both in RUSP-LIBS and SP-LIBS becomes higher as
the single pulse energy increases. The electron temperature was
8050 K in RUSP-LIBS at 20 mJ, which is 12% higher than the
value of 7178 K in SP-LIBS. When the single pulse energy was
adjusted to be 25 and 30 mJ, the electron temperature was 8143
K and 8282 K in RUSP-LIBS, which are 5.7% and 2% higher than
that in SP-LIBS. As the single pulse energy was increased up to
38, 48 and 56 my], the electron temperature in RUSP-LIBS was
almost equal to that in SP-LIBS. The upward trend in electron
temperature can be found to strongly correspond with the
emission intensity and the enhancement factor discussed in
Section 3.1.

The whole energy of a single pulse laser beam can be sepa-
rated into three parts in the generation process of air plasma:
the first part of the energy provides the ionization energy of air,
holds up the air plasma, and finally converts to the continuous
emission and emission of the nitrogen and oxygen lines; the
second part of the energy can pass through the air plasma, and
then be measured by an energy meter at the end of the propa-
gation direction; the third part of the energy is scattered by the
air plasma, or absorbed and reflected by the optics elements
such as the lens and reflectors. In this work, we use the whole
energy and the second part of the energy to calculate the energy
utilization efficiency in the air plasma generation process. The
energy of the single pulse laser beam at position 1 (P1) and
position 3 (P3) in RUSP-LIBS and at position 1 (P1) and position
2 (P2) in SP-LIBS, P1, P2 and P3, are pointed out in Fig. 1. As
shown in Fig. 6, the utilization efficiency in RUSP-LIBS is always
higher than that in SP-LIBS. The difference is relatively great at
its maximum from 32.3% to 60.5% (increasing by 87.3%) at 20
m], then it reduces at 25 and 30 m], and finally becomes steady
at 38, 48 and 56 m]. Furthermore, the trend of utilization effi-
ciency strongly corresponds to the emission intensity and the
enhancement factor discussed in the Section 3.1.

3.3. Single particle triggered LIBS

The advantage of RUSP-LIBS in contrast to SP-LIBS was inves-
tigated in Section 3.1 and 3.2, and the experimental results
indicate that RUSP-LIBS can reduce the breakdown threshold of
a gas sample or enhance the emission intensity under the same
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Fig. 6 The utilization efficiency of single pulse energy in RUSP-LIBS
compared to that in SP-LIBS.
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pulse energy compared to SP-LIBS. In this section, the perfor-
mance of single particle triggered RUSP-LIBS was investigated
using a NaCl particle. Firstly, the value of single pulse energy
was studied using a NaCl particle with a diameter of ~100 pm in
SP-LIBS. The energy was adjusted to be 20 mJ and 10 m], which
are higher and lower than the breakdown threshold of air,
respectively. Fig. 7 shows the emission spectra of pure air
plasma at 20 m] (black line), NaCl single particle plasma in air
at 20 mJ (red line) and NaCl single particle plasma in air at 10
mJ (blue line). The emission spectra of the NaCl particle at 20
m] contain the emission line of Na element and the air plasma
emission. In this situation, the emission line of Na element is
obscured in the emission spectra of air plasma and is not
obvious. The situation is different in the spectra of the NaCl
particle at 10 mJ, which contain a prominent emission line of
Na element and a very small contribution of the emission
spectra of the air plasma background. So, in single particle
triggered LIBS, when the pulse energy is adjusted to be under
the breakdown threshold of air, the emission spectra of the
single particle plasma become clearer and contain little air
plasma emission background, which can be insignificant.
Based on the experimental results, the single pulse energy
was adjusted to be 10 m]J, and a NaCl particle with a diameter of
~10 um, which is less than the size of focus point, was used.
The emission line of Na element (588.9 nm and 589.6 nm) was
measured both in RUSP-LIBS and SP-LIBS. As shown in Fig. 8,
the particular emission line of Na element can be obviously
seen in both cases, and the emission intensity in RUSP-LIBS was
about 2 times higher than that in SP-LIBS. Besides, the signal to
noise ratio (SNR) was also calculated to be 67 in RUSP-LIBS,
which is 31% higher than the value of 51 in SP-LIBS. It must
be pointed out that when using a NaCl particle with a diameter
of ~100 pm, the emission intensity was almost the same in both
RUSP-LIBS and SP-LIBS. Because the size of the NaCl particle is
larger than the focus point, the energy of the laser beam is
almost completely absorbed by the NaCl particle. In this situa-
tion, little energy of the laser beam can pass through the plasma
and be reutilized. The above results indicated that the emission
intensity and SNR can also be improved in single particle
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Fig. 7 The emission spectra of plasma of pure air (black line, 20 mJ),
a NaCl single particle (~100 pm) in pure air (red line, 20 mJ) with the
single pulse energy over the breakdown threshold and a NaCl single
particle in pure air (blue line, 10 mJ) with the single pulse energy under
the breakdown threshold in SP-LIBS.
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Fig.8 The Na element emission spectra of the plasma of a NaCl single
particle (~10 um) in pure air under the pulse energy of 10 mJ in RUSP-
LIBS compared to that in SP-LIBS.

triggered RUSP-LIBS when the diameter of the particle is less
than the size of the focus point of the laser beam.

4. Conclusions

In this work, a method that can reutilize the energy of a nano-
second pulse laser beam was described wherein the propagation
direction of the laser beam was changed in an appropriate way
and the energy overlapped at one point in space. In this method,
the energy used to break down pure air was reduced by 25% and
the emission intensity of air plasma improved by 220% under the
same pulse energy. Besides, the plasma temperature estimated
by the relative line-to-continuum intensity ratio was improved by
almost 900 K at 20 m]J. Furthermore, this method was applied in
single particle triggered LIBS. When the single pulse energy was
lower than the breakdown threshold of air, the emission spectra
contain a small amount of air plasma background. Subsequently,
the emission line intensity of Na element in the spectrum of the
NacCl particle with a diameter of ~10 pum was enhanced by 200%.
This indicated that the method can not only improve the emis-
sion intensity of a gas sample but can also be applied to single
particle samples. Besides, the lower single pulse energy and the
higher emission intensity have great significance in the applica-
tion of ns-LIBS and the research and development of portable
LIBS equipment.
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