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In this paper, we investigate a new method to control the plasma electron number density of copper
metal using a near-infrared (NIR) picosecond Nd:YAG laser-induced plasma spectroscopy (LIPS)
technique. The applied laser parameters are as follows; laser pulse energy and intensity varied
from 29.2 t0 59.4 mJ + 3% and from 6.01x10'%to 12.35x10'° W/cm? + 5%, respectively, for a single
pulse at 170 ps pulse duration, and beam diameter about 0.5 + 0.1 mm. By considering the Stark
broadening of a specific spectral line, electron density can be calculated using a neutral copper line
at 521.8 nm, assuming the local thermodynamic equilibrium (LTE) condition. The observed elec-
tron density values were 1.09x10'6, 2.24x10'®, 3.60x10'°, and 4.75x10'® cm™ for the laser pulse
energies 29.2,41, 52.4, and 59.4 mJ, respectively. The plasma electron density values are increased
with the increase in laser pulse energy. Such findings were interpreted due to an increase in the
mass ablation rates with laser pulse energy. The obtained results explore the ability to control the
plasma electron density by controlling the picosecond pulse energy. These results can contribute
to the development of plasma technologies and their applications in many fields.
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1. Introduction

The plasma produced a hot gas composed of a mixture of neutral atoms, electrons, and
ions by an exaggerated change in a substance temperature to vanquish the binding
electrostatic forces between electrons and nucleus [1]. The plasma radiation was af-
fected by the properties of both the target and its surroundings [2]. Laser-induced plas-
ma spectroscopy is an essential diagnostic method in plasma treating and technology.
The finest suitable orderings for plasmas are distinguished into two main groups ac-
cording to their temperature. The first group, the high temperature or fusion plasma
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where, its plasma temperature 7, values ranged 10°~10% K while, the second, the low
temperature or gas discharge where 7, values ranged from 10° to 10* K [3].

The laser-induced plasma spectroscopy (LIPS) [4] is one of the most fundamental
and essential plasma production techniques, by focusing a high fluence laser pulse on
the target material. The generated radiation can cause fast, local heating, intense evap-
oration, and degradation of the material at the focal point [5].

The interaction between the laser beam and the material depends on the physical
and chemical properties of the target. Besides, the properties of the laser such as the
laser wavelength, fluence, intensity, and pulse width, affect such interaction as well [6].

The LIPS technique is suitable for the essential evaluation of the material phases
and is used to estimate the ratio of the target’s impurities components with a creative
calibration-free method [7].

In the recent decade, picosecond laser has been an important topic of research appli-
cations [8]. Picosecond laser applications include optical coherence tomography, new
solutions for optical communications, and laser ultra-short pulse management. The pro-
cessing of picosecond laser materials delivers many vital advantages over conventional
procedures: a rapid, accurate, and versatile technique, due to the electron—phonon inter-
action and faster vaporization of the target substance than energy transferred through-
out the surrounding areas [9]. Also, previously it has been shown that picosecond
pulses induce plasma material processing with reduced heat-affected zone and less heat
dissipation compared to nanosecond pulsed laser processing [10].

The previous literature survey indicated that LIPS is related to laser pulse param-
eters. In 2000, KompiTsas et al. [11] used the LIPS technique to analyze environmental
samples using nanosecond pulsed Nd:YAG laser at IR (1.06 um) and UV (355 nm) with
varied pulse energy from 10 to 50 mJ. They concluded that the quality of the spectra
depends on the various experimental parameters. In 2002, ABDELLATIF and IMaMm studied
the plasma laser parameters achieved by the nanosecond Nd: YAG laser at varying laser
wavelengths (1064, 532, and 355 nm) with different laser pulse energies (60, 100, and
500 mJ) for aluminum plates at different focusing lengths [12]. They determined that
the maximum value of the 7; was found at a certain distance away from the target surface
depending on the laser wavelength, whereas the electron density N, reaches its highest
value near the target surface. In 2010, UNNIKRISHNAN et al. studied time-resolved
Nd:YAG laser operated at 355 nm, a pulse width of 6 ns, a repetition rate of 10 Hz, and
laser pulse irradiance of 4.5 x 10® W/cm? to induce Cu plasma spectroscopy of neutral
atom and ion line emissions at atmospheric pressure [13]. They indicated that the opti-
mum delay time is considered from the temporal evolution of the intensity ratio of two
Cullines, assuming plasma optically thin and local thermodynamic equilibrium (LTE)
conditions necessary for the LIPS analysis of samples. In 2013, NAEEM ef a/. measured
the pure copper plasma parameters applying a 532 nm Nd: YAG pulsed laser with pulse
duration of 5 ns and 10 Hz repetition rate at pulse energies of 17.6 and 88.6 mJ [14].
They concluded that there was a direct relationship between the plasma parameters and
the laser irradiation, whereas they were inverse to the distance from the sample surface.
In 2015, MESSAOUD ABERKANE et al. determined the effect of 50 mJ Nd:YAG laser
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wavelengths 1064, 532, and 355 nm at 7, 9, and 10 ns pulse duration in the air at atmos-
pheric pressure on the correlation between T;. and surface hardness of Fe-V-C metallic
alloys [15]. They decided that the surface hardness measurement using LIPS is more
efficient by the IR wavelength than the UV for the excitation laser. In 2019, the ultrafast
femtosecond laser with pulse wavelength 800 nm, pulse duration of 50 fs and 1.9 mJ
laser energy, was used by Xu et al. to generate a high 7; and low N, plasma with strong
spectral intensity by changing the space between the focusing lens and the sample sur-
face in the LIPS configuration [16]. They found that the plasma condition at high T,
and low N, can be used to improve the spectral resolution of LIPS.

In this work, we aim to generate a plasma breakdown and diagnosis of the plasma
profile of a copper target by using laser-induced plasma spectroscopy via the picosecond
laser. The emission lines of LIPS spectra are studied in the visible region. The combined
effects of NIR laser wavelength at different laser pulse energies on the plasma plume
electron density were measured. We intentionally try to control a specific region of
plasma density by controlling the picosecond laser plus energy.

2. Methodology

In this experiment, the plasma was produced using the ultrafast picosecond Q-switched
Nd:YAG laser (SL334, Eksapla, Lithuania) at NIR wavelength 1064 nm single-shot
pulse.

The laser-generated different laser pulse energies £,: 29.2, 41, 52.4 and 59.4 mJ
+ 3%, which produced different laser pulse fluencies £, and intensities /, range from 10
to 21 J/cm2 +3%and 6.01 x 10'%to0 12.35 x 10'° W/cm2 + 5%, respectlvely, for pulse
duration 170 ps. A laser power meter (model 11 Maestro, Standa Ltd., Lithuania)
was used to monitor the energy of each laser pulse with an accuracy in the range +1%.
The schematic diagram of the used LIPS setup is shown in Fig. 1. A plano-convex
quartz lens with 150 mm focal length was used to focus the laser beam on the Cu disk
target with a spot size of about 0.5 + 0.1 mm to produce a plasma plume, where the
diameter of the spot was adjusted by changing the distance between the laser lens and
the target. The copper target was placed on the xyz micro-scanning stage. The plasma

NIR (1064 nm)
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Fig. 1. A schematic diagram of LIPS system.
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emission lines were collected by a plano-convex quartz lens with 100 mm focal length,
which was positioned at an angle of approximately 90° to the laser beam axis, to focus
the collected light on an optical fiber (400 um core diameter) to be delivered to an Ocean
Optics spectrometer model (HR4000 UV-NIR) covering an optical range from 200 to
1100 nm. The delay and integration times were adapted to 1 and 10 pus, respectively,
which were considered as optimum conditions to obtain the LTE plasma hypothesis
as found before [17].

3. Result and discussion
3.1. LIPS spectrum studies

A qualitative compositional analysis of the Cu target was observed using the optical
emission spectrum of the laser-produced plasma created by a single-shot picosecond
Nd:YAG laser. The Nd:YAG laser generates pulses at 1064 nm, with tuned intensity
values gradually from about 6.01 x 10'% to 12.35 x 10'® W/cm? + 5%, respectively.
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Fig. 2. LIPS emission spectra of Cu target using laser pulse energies from around 29.2 to 59.4 mJ using
NIR laser wavelength.
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Table. Spectroscopic parameters of the emission line of Cu I used to calculate the plasma electron
density, taken from the NIST database [18].

Wavelength ~ Transitions Transition probability =~ Energies [eV]

[nm] Upper level Lower level 4 [107s7'] E, E; Bk
324.75 3d'%p, 2P, — 3d'%4s,2S,, 13.95 3.816 0.000 3.816
327.39 3d'%p, 2P, — 3d'%4s,2S,, 13.70 3785 0.000 3.785
521.82 3d'%d, 2D, — 3d'%4p,2P;,  7.500 6.192 3.816 6.000

The LIPS emission spectra of the Cu sample covering the wavelength range from
250 to 550 nm at different laser pulse energies 29.2, 41, 52.4, and 59.4 mJ using 1064 nm
laser wavelength are shown in Fig. 2. This spectral region is selected because it gathers
the highest Cu emission lines intensities, under optically thin and plasma in LTE as
crucial conditions for the measurements of plasma parameters. The selected charac-
teristic line of singly ionized copper is Cu I 521.82 nm due to the transitions 3d '%4d,
2Ds;, — 3d'%4p, 2Py 5.

The characteristics and transitions of the selected Cu emission line have been iden-
tified with the help of the NIST database as shown in the Table, where these data were
used to calculate the plasma electron density [18].

3.2. Plasma electron density

In order to estimate the plasma electron density, we have considered the Stark broad-
ening profile of Cu I 521.8 nm. The fundamental linewidth AApyq 1s determined by
deconvolution for each observed line profile as a Voigt profile using Origin software
version 9.5 at a fixed laser NIR wavelength and different laser pulse energies as rep-
resented in Fig. 3. Assuming LTE conditions, as well be verified later, the electron
density is considered by adopting Boltzmann distribution of the electron density as fol-
lows [19, 20]:

N ~ Alpwam < 106
¢ 2W,

(1
where N, is the electron density (in cm™>), Adpyyy is the fundamental line width at
half maximum and W, is the electron impact parameter (Stark broadening value).
The average value of the W, for Cul 521.8 nm is 0.180 nm, as given by previous work
Porov et al. [21]. The Stark line width AApy\ can be corrected by subtracting the
instrumental (AZ;,¢rument) from the observed line width (A4 perveq) @s follows [22]:

Aj'FWHM = A2 Aiinstrument (2)

observed —

The observed values of the plasma electron density at different laser pulse energy
values of 29.2, 41, 52.4, and 59.4 m]J are shown in Fig. 4. It can be implied that the
plasma electron density values considered for the Cu emission lines are increased from
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Fig. 3. Line profile of Cu I lines at 521.8 nm fitted with Voigt function using Origin software version 9.5
for 29.2, 41, 52.4, and 59.4 mJ pulse energy using NIR laser wavelength.
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Fig. 4. The dependence of the plasma electron density N, on the laser pulse energy £, for 29.2,41.0, 52.4,
and 59.4 mJ pulse energy for Cu I line 521.8 nm using NIR laser wavelength.
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about 1.09 x 10'% to 4.75 x 10'® cm™ depending on the laser pulse energy, which is
in agreement with previous results by others [23-25].

This increase of the electron density with the laser pulse energy can be understood
due to an increase in the mass-ablation rate (m*) with the increase of the laser pulse
energy [26, 27] as indicated in Eq. (3). Equation (3) is a semi-empirical model devel-
oped by RACIUKATITIS et al. [28], in addition to Q1 and La1 [29] as follows:

2

In P 3)

4 nw2Fp_C

where V* is the ablation volume rate per a single shot pulse, p is the solid target density,
w is the beam waist of the laser beam at the target surface, d) is the effective absorption
depth of the target, Ej, is the laser pulse energy, F, . is the critical threshold fluence of
the laser. Equation (3) represents the evidence that the mass ablation rate is increasing
with the laser pulse energy. The latter retain more energetic electrons, i.e., higher elec-
tron density with the increase of the picosecond laser pulse energy [30, 31].

To verify the LTE condition, the critical electron density, proposed by the criterion
given by McWhirter, is considered as follows [7, 20]:

N,>1.6x 10" x AE? x T2 (4)

where AE is the highest energy difference between the upper and the lower energy level
(eV) and T is the plasma temperature (K).

The plasma temperature is measured from the emission lines intensities of Cu by
applying the Boltzmann plot method [5, 32], which is given by

In 12 = — 1 E,+In FC
Akigk KTe U(T)

)

where [/ is the intensity of the spectral line, 4 is the wavelength of the spectral line, K is
the Boltzmann constant, 4, is the transition probability, g, is the statistical weight for
the upper level, E; is the exciting level energy, T is the plasma temperature, C is the
species concentration, F' is an experimental factor and U(T) is the partition function.

Figure 5 demonstrates Boltzmann plots for Cu I lines (324.75, 327.39, and 521.82 nm)
where the In(/4/4,;,g;) is considered for every exciting energy level E; applying the
highest laser pulse energy of 59.4 mJ. The associated electron temperature can be con-
sidered from the slope into Eq. (5) which is found to be 13492 K with an uncertainty
of about +£8%.

The Cu emission spectral line 324.73 nm is the highest energy difference (AE =
= 3.816 eV) line, as given in the Table. According to the right-hand side of Eq. (4),
the N, is considered for Cu I 324.73 nm, where AE is 3.816 eV, and the T, is 13492 K
which gives N, value of 1.03 x 10! cm=3. On the other hand, the observed electron
density value of the Cu lines for the minimum laser pulse energy (29.2 ml) is
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Fig. 5. Boltzmann plots for the Cu I lines (324.75, 327.39, and 521.82 nm) using NIR laser wavelength.

1.1 x 10'6 cm=3 as shown in Fig. 4. So, according to McWhirter by validation rela-
tion (4), the studied plasma can be considered in the assumption of LTE and optically
thin conditions [7, 20].

4, Conclusion

This work presented a new method to control the plasma electron number density of
copper metal using the NIR picosecond LIPS method with varied pulse energy. It has
been observed that the copper emission spectra intensities and electron density have
shown strong dependence on the laser pulse energy, due to increasing the mass ablation
rate with the laser energy. So, most of the laser energy would be absorbed by the free
electrons of the target, especially at higher laser fluence, and preserve more energetic
electrons, i.e., it increases the electron density. These effects can explain the observed
increase of plasma electron density values of Cu I line 521.8 nm with increasing the
laser pulse energy gradually from around 29.2 up to 59.4 mJ. These obtained results
can be applied to control the plasma densities in many technological applications.
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