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A combination of spark discharge and nanoparticle-enhanced laser-induced plasma spectroscopy is investigated. De-
positing Au nanoparticles at the surface of a brass target can enhance the coupling of the target and the laser. More atoms in
the brass sample are excited. As a secondary excitation source, spark discharge reheats the generated plasma, which further
amplifies the enhancement results of nanoparticles. The spectral intensity with the spark discharge increases more obvi-
ously with nanoparticle concentration increasing than without the spark discharge. Also, plasma temperature and electron
density are calculated by the Boltzmann plot and Stark broadening. The changes in the plasma temperature and electron

density are consistent with the spectral emission changes.

Keywords: laser-induced plasma spectroscopy, spark discharge, nanoparticle, spectral enhancement

PACS: 52.50.Lp, 52.38.Mf, 32.30.Jc, 42.62.Fi

1. Introduction

Laser-induced breakdown spectroscopy (LIBS) plays a
vital role in elemental analysis. It has developed rapidly in the
past many years and has been used in many fields, including
industrial detection, environmental monitoring, and biological
research. The LIBS technology has low requirements for sam-
ples, so the pretreatment of samples is simple, or no pretreat-
ment is required, and the damage to the sample is minimal.
This advantage is significant in analyzing and detecting valu-
ables and biological samples. And the LIBS can implement
in-situ detection and multi-element real-time rapid detection
of samples.!!~7]

In analyzing and detecting trace elements by the LIBS,
sensitivity is crucial.®-'!l For traditional LIBS technology,
the sensitivity mainly depends on the laser pulse energy, laser
beam incident angle, beam focusing conditions, and the type
of detection devices. Many researchers have optimized the
parameters mentioned above. On this basis, the scheme is to
enhance the spectral intensity by improving the sample and
adding auxiliary enhancement devices in the generation and
expansion stage of plasma to enhance the LIBS signal. As
is well known, the emission signal of LIBS depends on the

[12] Therefore, improv-

light absorption of the sample surface.
ing the sample surface can improve the LIBS sensitivity. It
should be noted that the chemical properties of the sample sur-
face cannot be changed in the process of improving the sam-
ple surface. And the preparation method cannot be too com-
plex; otherwise, the distinct advantages of LIBS technology

will be lost. Considering the cases above, the nanoparticles
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(NPs) were chosen and used to improve the sample surface.

Gold NPs were deposited on the surface of brass sam-
ples by dropping NPs solution on the surface samples and
drying. When the laser irradiated the sample surface, the de-
posited NPs were removed in the process of laser ablation, and
there was almost no pollution to the sample. For solids, NPs
could adjust the electromagnetic field to produce local surface
plasma resonance. If they had good geometric optical prop-
erties, they could create a very high optical response.!!3] By
observing the images of ablation craters from scanning elec-
tron microscope, De Giacomo et al. found that the sample sur-
face with NPs became irregular after having been ablated by
laser,'*! and there existed many burst cavities with the sizes
ranging from hundreds of nanometers to several microns. The
conclusion was drawn that the NPs deposited on the sample
surface were similar to multiple ignition points: each ignition
point is the source of seed electrons through field emission.
Owing to electron injection and multiphoton ionization, sub-
sequent breakdown happened to the sample to realize the en-
hancement effect. Also, they investigated the dynamics of the
plasma-induced during LIBS and nanoparticle enhanced LIBS
(NE-LIBS) by acquiring spectrally resolved images, finding
the increased quantity of material ejected during NE-LIBS. 3]
Therefore, in this work we choose NPs as our method to im-
prove the sample surface, and increase the spectral intensity
without changing the chemical properties of the sample.

In recent years, there have been many mature meth-
ods of additionally enhancing the LIBS, such as spatial con-
finement LIBS,!"®!8] sample pre-heating LIBS,!"?!1 mag-

[22-24

netic confinement LIBS, 1 and double pulse or multi-
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pulse LIBS.[>5] Most of these methods require additional laser
equipment or optical auxiliary equipment, thereby usually in-
creasing the complexity and cost of the system. A spark dis-
charge (SD) system coupled to the LIBS is considered to be a
low-cost and straightforward method to overcome the low en-
ergy values of lasers by reheating the plasma, increasing emis-
sion intensity to improve the signal intensity of plasma. Li et
al. compared the ablation craters and found that the SD will
not increase the ablation mass of the sample.!?®! Zhou et al.
proved that SD-LIBS can obtain a stronger emission through
lower discharge voltage. In addition, the SD-LIBS has made
progress of reducing relative standard deviation and improv-
ing the signal-to-noise ratio, indicating the great advantage of
using a nanosecond discharge circuit to increase the spectral
emission of plasmal?’! In general, the air resistance between
the two electrodes is high, and SD will not occur. With the
plasma generated, the SD size gradually becomes bigger with
the expansion of the plasma. The electric field between the two
electrodes re-excites the plasma. The atoms and ions within
the plasma obtain more energy, and are excited to a higher
level to achieve the enhancement effect. (8]

In addition, some previously published papers show
that the enhancement effect after the two enhancement
methods, such as a combination of electrical spark and
pre-heated sample,!*”! combining pre-heated sample and

spatial confinement, 3!

combining spatial and magnetic
confinement, 132! combining spatial confinement and dual-
pulse excitation,*34 combining magnetic confinement dual-
pulse excitation,!**! and combining NPs and dual-pulse,®!
have been combined, is better than using only a specific en-
hancement method. In view with these studies, in this paper
the NPs are combined with the SD to assist LIBS, which can
improve LIBS signal. When the laser irradiates the sample sur-
face, more atoms are excited due to the action of NPs. In the
process of plasma expansion, the plasma is reheated by SD to
absorb energy further. Also, plasma temperature and electron
density are calculated. The plasma temperature and electron
density are two characteristic parameters of plasma, which are
helpful in gaining a more in depth understanding of the be-
havior of plasma and improving the application in elemental

analysis.

2. Sample preparation and experimental devices

The sample preparation process is very simple as shown
in Fig. 1. The sample Au NPs were provided by Shanghai
Chao Wei Nanotechnology Company in the form of suspen-
sion. Its concentration was 1000 ppm. The Au NPs were di-
luted into a solution of target concentration with bottled pu-
rified water, and mixed with the solution thoroughly through
ultrasonic vibration. In the ultrasonic cleaning instrument, the
brass samples had been cleaned carefully with alcohol and

pure water. A pipette gun was used to drop the resulting so-
Iution onto the surface of the brass sample quantitatively, the
sample was transferred onto a constant temperature heating ta-
ble, and then dried at 60 °C. The preparation method is similar
to the surface enhancement method of converting liquid sam-

ples into solid samples. 1]
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Fig. 1. Nanoparticle solution preparation and sample drying process.
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Fig. 2. SD-LIBS experimental devices (I: iris; M and L: lens; ICCD: inten-
sified charge-coupled device).

The experimental device is shown in Fig. 2. The whole
discharge experiment was carried out under normal tempera-
ture and pressure. The laser source used in the experiment was
an Nd: YAG nanosecond laser; the laser energy was 20 mJ and
kept unchanged; the laser repetition rate was set to be 1 Hz. A
direct-current power supply provided the voltage for the dis-
charge circuit. The sample was used as one electrode, and
another pure tungsten electrode was added to the edge of the
plasma. The distance between the two electrodes was about
3 mm. This could improve the stability of the optical path
and avoid influencing experimental results by the electrode
angle.37) The laser was focused on the sample by using a
100-mm focusing lens. The sample was fixed on a movable
three-dimensional platform to ensure that each laser pulse and
SD are at different sample positions. The plasma signal was
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collected by two lenses and coupled to a spectrometer (Spec-
tra Pro 500, PI Acton, Princeton instruments) through an op-
tical fiber. The spectrometer was equipped with an intensified
charge-coupled device (ICCD, PI-MAX4). An external diode
trigger was used to synchronize the time between emission and
laser. The delay time used in this experiment was 1.0 ps for
avoiding continuous emission, and the gate width was 50 ps
for collecting more line emission.

3. Results and discussion
3.1. Spectral intensity

Figure 3 shows the comparison of spectral intensities for a
selected nanoparticle concentration (6 ppm) and different dis-
charge voltages. The voltages are 0, 2, and 4 kV. The above
three panels show the spectra of brass samples without NPs,
and the below three panels display the spectra obtained by de-
positing NPs with a concentration of 6 ppm on the surfaces of
brass samples. It can be seen from the figure that the com-
bination of SD and NPs has a noticeable enhancement effect
on the spectral emission. After combining the two enhance-
ment methods, the enhancement effect is more than ten times
that of the traditional LIBS technology. For the case with NPs
and 4 kV, the spectral intensities for 510.0 nm and 521.8 nm
reach saturation, are close to those with NPs and 2 kV. So, the
spectrum at 515.3 nm is selected as the curve with the concen-
tration of NPs.
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Fig. 3. Comparisons between spectral intensities without ((a)-(c)) and with

((al)—(cl)) NPs (6 ppm) and different discharge voltages.

Figure 4 shows the spectral intensity of Cu (I) with a
wavelength of 515.3 nm. The voltages used are 0, 2, and 4 k'V.

When nanosecond laser irradiates the surface of the brass sam-
ple, many electrons and atoms escape from the sample sur-
face to form gaseous cluster plasma. The plasma resistance
is smaller than that of air, and two electrodes are connected
by plasma to form a closed circuit. A strong electric field
is formed between the two electrodes, and the air is broken
down, resulting in SD. More particles absorb energy and are
excited to higher energy levels. Therefore, it is observed that
the spectral intensity obtained with SD is significantly higher
than that without SD. With discharge voltage increasing, the
energy deposition of plasma increases, the enhancement effect
will become more evident.

10

Cu (I) 515.32 nm

o

oo
=
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0 1 2 3 4 5 6
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Fig. 4. Evolution of Cu (I) 515.3-nm spectral intensity with nanoparticle
concentration for different discharge voltages (0 kV, 2 kV, and 4 kV).

In addition, the line emission is significantly improved
after depositing NPs. The enhancement of NPs is attributed
mainly to the three aspects below. (i) Because the size of
Au NPs is small, the breakdown threshold of metallic NPs
is much lower than that of bulk metal,!'>! which can effec-
tively reduce the lower limit of laser excitation of plasma. 38!
The ablation efficiency is improved by reducing the ablation
threshold, which is the advantage of low thermal conductiv-
ity of small-size objects under laser irradiation.3%! (ii) Laser
irradiates the sample surface, and each NP is equivalent to an
ignition point,['* heating the adjacent sample. (iii) The NPs
attached to the sample surface make the sample surface rough,
and the rough structure on the metal substrate surface has a
better enrichment effect on light.**) When irradiated by laser,
it will absorb more energy, improve the coupling efficiency be-
tween laser and metal substrate, and excite more sample parti-
cles to achieve the effect of spectral enhancement. Also, with
the increase of the nanoparticle concentration, the line emis-
sion under SD increases more evidently than that under SD.

When the concentration of NPs is low, the enhancement
effect is relatively weak. With the increase of the concentra-
tion of NPs, the enhancement effect is positively correlated
with the concentration, and the enhancement effect is pro-
nounced. When the concentration of NPs reaches a specific

085201-3



Chin. Phys. B 31, 085201 (2022)

value, the enhancement effect is not apparent. 411 Ag a result,
the inter-particle distance effectively induces the collective os-
cillation of conduction electrons in NPs under laser irradiation,
like the scenario in surface-enhanced Raman spectroscopy. 4]
On the other hand, when the concentration of NPs is too high,
the NPs will prevent the laser from reaching the sample sur-
face. Many researchers have optimized the case,!*!*3] which
will not be described in detail here.

In addition, the increase in the concentration of NPs en-
hances the coupling between the laser and the sample. This is
equivalent to increasing laser energy. And, the plasma shield-
ing effect will become evident with the increase of the laser
energy. So, the plasma shielding effect will occur with the in-
crease in the concentration of NPs, which can hinder the laser
and the sample surface from interacting. The plasma emis-
sion cannot increase continuously nor significantly.[*!l At this
time, SD plays a role; the particles in the plasma absorb energy
by SD, which is equivalent to reheating the plasma and fully
ionizing the particles in the plasma. The higher the discharge
voltage, the more energy the plasma absorbs from spark dis-
charge, and the more pronounced the enhancement effect.

3.2. Plasma temperature

The error of using two spectral lines to calculate the elec-
tron temperature is relatively large. The measurement error of
plasma temperature is largely due to the measurement of the
transition probability and intensity of the spectral line. There-
fore, the two spectral line method should be rewritten and cal-
culated with multiple spectral lines to improve the calculation
accuracy. Since the sample we selected in the experiment is
Cu, there are three spectral lines near 515.3 nm, and these
spectral lines are relatively close to each other so that the reli-
able transition data can be found. For example, the difference
in the upper-level excitation energy of the spectral line in Ta-
ble 1 is significant, so the three spectral lines are used to calcu-

late the plasma temperature. **! The formula is as follows:*!

Al E
Infl — | =——=+C 1
n (g A) 7 To )]
where A is the wavelength, [ is the intensity, g is the degen-
eracy, A is the transition probability, E is the energy, k is the
Boltzmann constant, 7 is the plasma temperature, and C is the
intercept. Figure 5 shows a typical Boltzmann plot without

and with NPs (6 ppm) at discharge voltages of 0 kV and 2 kV,
respectively.

Table 1. Spectral parameters of Cu (I) lines.

Line A (nm) Transition gxA@B™) E(V)
Cu() 5105 3d'%4p'(>Py),)-3d%4s*(°Ds;p)  8.0x10°  3.82
Cu() 5153 3d'%4d'(°D;,)-3d"%4p'(®p;jy) 24x108  6.19

Cu( 5218 3d'%4d'(*Ds;,)-3d'"%4p! (>psp)  4.5%108 6.19
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Fig. 5. Typical Boltzmann plot without (a) and with (b) NPs (6 ppm) at
discharge voltages of 0 kV and 2 kV.
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Fig. 6. Evolution of plasma temperature with nanoparticle concentration at
0kV and 2 kV.

Figure 6 displays the calculated plasma temperatures for
different nanoparticle concentrations at 0 kV and 2 kV. After
depositing NPs, the plasma temperature increases. The NPs
enhance the interaction between the laser and the target, and
increase the plasma temperature, but the enhancement effect is
not linearly related to the concentration of NPs. The change in
the plasma temperature with the concentration of NPs is simi-
lar to that with laser energy increasing. The plasma shielding
effect is gradually strengthened with the nanoparticle concen-
tration increasing in a range from 2 ppm to 6 ppm. So the
plasma temperature slowly reaches saturation. When a volt-
age of 2 kV is applied to the two electrodes, the SD hap-
pens, and thus reheating the plasma. The more particles in
plasma absorb the energy from SD, the plasma temperature
increases.#® And, the SD has not the plasma shielding effect;
the plasma temperature increases continuously in the concen-
tration range from 2 ppm to 6 ppm. Therefore, when the SD is
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combined into NE-LIBS, it is equivalent to further amplifying
the enhancement effect of NPs.

3.3. Electron density

Generally, Stark broadening plays a leading role in a
plasma with an electron density more than 10'> cm™3.147] The
spectral line is no longer strictly dependent on the velocity nor
on the temperature distribution of electrons or ions. The elec-
tron density can be estimated by using the Stark broadening
of the spectral line. The Stark broadening line caused by the
collision of atoms in the plasma with a large number of fast-
moving free electrons is of the Lorentzian type. The broaden-
ing caused by the ion perturbation field makes the spectral line
profile Gaussian, but its contribution to spectral line broaden-
ing is much smaller than that of electron collision. Therefore,
the line shape is Lorentzian, and its line profile is shown in
Fig. 7.

8 T 81— T
(a) (b) o
7t O Measured line{ 7
Fitted line
—~ 6 6
0
=
g
5 5 5F
o)
-
& 4 4
2
% 3t 3
[}
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5154 515.8
Wavelength (nm)

e

515.0  515.4
Wavelength (nm)

Fig. 7. Lorentz fitting of Cu (I) 515.3 nm without (a) and with (b) SD at
2 kV for 6-ppm concentration of NPs.

Figure 7 shows slight asymmetry on both sides of the
spectral line. The spectral line reflects the internal change
process of the plasma. It will be affected by the surrounding
particles, such as the intense collisions among electrons and
the effect of electric field perturbation produced by ions. The
collision among electrons leads the spectral lines to broaden
and the central frequency to increase. In addition, the non-
uniformity of particle density in plasma is also one of the im-
portant reasons for the asymmetry of spectral lines.

At present, the Stark broadening method is an important
method of obtaining the electron density of the plasma. Once
the spectral line shape is determined, the electron density can

be obtained from!2%)

ne
1Nn16° (2)

Ady =2
1/2 (010

where AL, /2 is the width, @ is the collision parameter, ne is
the density. In plasma, the broadening of atomic spectral lines

results from the adjacent charged particles acting on lumines-
cent atoms, so the broadening of spectral lines is a function of
electron density. As can be seen from Fig. 8, comparing with
simple samples, the plasma density increases significantly af-
ter adding NPs. Still, the changing trend of electron density
rises up slightly with the increase of nanoparticle concentra-
tion. The reason is the same as that for the plasma shielding
effect caused by the rapid expansion rate of plasma generated
by nanoparticles mentioned above. It can be seen from the fig-
ure that without nanoparticles, the simple discharge has a weak
effect on electron density. It is further proved from the mech-
anism that SD will not increase the ablation quantity of the
sample. After the voltage is applied, the electron density in-
creases linearly with the concentration of nanoparticles due to
the fact that the SD fully ionizes more particles in the plasma,
and thus improving the optical emission line intensity.

1.70

0 kV
— % 2kV

1.65¢

1.60p

Electron density (106 cm—3)

0 1 2 3 4 5 6
Nanoparticle concentration (ppm)

Fig. 8. Evolutions of electron density with nanoparticle concentration in-
creasing at 0 kV and 2 kV, respectively.

4. Conclusions

The combination of electrical spark and NPs enhanced
LIBS technology is introduced. The study is mainly to ana-
lyze the optical enhancement of two techniques. The evolu-
tion of the spectral intensity with nanoparticle concentration
is measured. Comparing with the spectra produced by a single
laser pulse, the enhancement effect of NPs is evident. But the
spectral line intensity of Cu (I) for higher nanoparticle concen-
tration does not change significantly with the concentration of
NPs. The reason is that the higher concentration of NPs pro-
motes the absorption of laser energy, and the plasma shielding
effect appears earlier. The SD made up for this disadvantage.
After the plasma is generated, the discharge transmits the en-
ergy to the plasma, thus the plasma is reheated, resulting in
the enhancement effect. The combination of the two methods
proves to be able to significantly enhance the emission inten-
sity of LIBS technology.
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