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Abstract
Laser induced plasma generation and characterization, affected by laser parameters and 
sample physical properties, represent important phenomena in many fields of applications. 
In this work, we present new studies on the effects of an appropriate combination of laser 
wavelengths and pulse energies on the generated plasma characterization using a single 
shot picosecond Nd:YAG laser. The plasma plume of a pure copper sample has been gen-
erated by laser induced plasma spectroscopy (LIPS) using a single shot 170 ps laser pulse 
with wavelengths (266, 355, 532 and 1064 nm) and varying laser fluence (10–41 J/cm2). 
The spectral intensities of Cu I 324.75, 327.39, 515.32 and 521.82 nm have been observed. 
The plasma electron temperature and density have been determined from the Boltzmann 
plots and Stark-broadening profiles of the plasma spectral lines, respectively, assuming 
the local thermodynamic equilibrium (LTE) condition. It has been found that the electron 
temperature and electron density values increase from around 10,000 to 20,000  K and 
around 2 × 1017 to 1.5 × 1018 cm−3, respectively, with the increase in the laser wavelength 
and pulse fluence gradually. These observations can be understood due to the variations of 
mass-ablation rates, inverse-Bremsstrahlung, and photo-ionization with the studied pulse 
wavelength and pulse energy. The obtained results explore the opportunity to control spe-
cific generated plasma parameters by applying proper picosecond pulse parameters which 
can be considered in many fields of material science spectroscopic analysis and control the 
plasma interaction dynamics.
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1  Introduction

Plasma can be generated by the extreme change in a matter temperature to overcome the 
binding electrostatic forces between its electrons and nucleus (Eddington 1988). Con-
sequently, a hot gas is therefore composed of a mixture of neutral atoms, electrons and 
ions (Adhikari and Khanal 2013). Plasma radiation relies on the features of the isolated 
radiation kinds and the radiator’s immediate surroundings. This dependence on the plasma 
properties is a consequence of the fact that ions and electrons interact with other species 
through the long-range of Coulomb potential (Cooper 1966). Plasma spectroscopy is an 
essential diagnostic method in plasma processing and technology as well as in basic studies 
including astrophysics and plasma physics. The most useful classifications for plasmas are 
distinguished into two main groups according to their temperature i.e., the high-temper-
ature or fusion plasma and the low temperature or gas discharge (Fantz 2006). Firstly, a 
high temperature plasma state in which, electron temperature (Te), ionic temperature (Ti) 
and gas temperature (Tg) assumed to be equally where its plasma temperature (Tp) values 
ranged 106–108 K and its plasma electron density (Ne) around 1020 cm−3. Secondly, a low-
temperature plasma can be divided into two types; thermal plasma or hot plasma and non-
thermal plasma or cold plasma state. In hot plasma state Ne reaches 1020 cm−3 and Te ≈ Ti 
≈ Tg with TP fluctuate from 103 to 104 K while in cold plasma state Ne less than 1019 cm−3 
as low as 1010 cm−3 with relatively low-temperature TP ranged from 300 to 103 K where 
Te >  > (Ti ≈ Tg) (Asenjo-Castillo and Vargas-Blanco 2016). If the plasma temperature 
decreased from 300 K down to 1 K then it is called ultracold plasma which can be gener-
ated in vacuum by photo–ionizing laser-cooled atoms (Killian and Rolston 2010).

Using a laser beam to induced material breakdown is one of the most important plasma 
production techniques, by focusing a high energy laser pulse on any target material (solid, 
liquid, or gas). The produced radiation can lead to rapid, local heating, intense evapora-
tion, and degradation of the material at the focal point (Conrads and Schmidt 2000). The 
interaction between the laser beam and the material depends on the mechanical, physical 
and chemical features of the target, as well as on the properties of the laser such as the laser 
wavelength, intensity fluence and the pulse width (Thiem et al. 1994).

Optical emission spectroscopy is one of the common techniques used for plasma diagno-
sis and can give information about the sample chemical composition in addition to plasma 
characteristics. Laser-generated plasma irradiates emission-spectra of various types, mostly 
extent from ultraviolet to visible and infrared regions. The technique which based on 
the spectroscopic analysis of laser generated plasma optical emissions frequently known 
as laser induced plasma spectroscopy (LIPS) or laser induced breakdown spectroscopy 
(LIBS) (Rusak et al. 1997). The technique is suitable for quick and online basic assessment 
of all material phases (Baskevicius et al. 2016). LIPS efficiently used to evaluate the pres-
ence target’s trace components with conventional calibration and creative calibration-free 
methods (Gondal and Dastageer 2014). Due to growing concern about real-time (online) 
scanning, the field of LIPS has evolved rapidly as a consequence of a wider spectrum of 
applications and recent developments for LIPS analytical technologies in the trade. LIPS 
can be utilized quickly in laboratory, industry, in-situ, in stand-offs up to over 110 m, as 
sample preparation is not necessary for LIPS (Tawfik 2015).

Over the last ten years, ultrafast laser light has been a hot subject of studies extend from 
picosecond to femtosecond laser pulse applications (Jarota et  al. 2019). The considera-
tions of picosecond lasers include optical coherence tomography, new solutions for optical 
communications and laser ultrashort pulse management. The processing of ultrafast laser 
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materials provides various advantages over conventional procedures: a quick, accurate and 
versatile technique, due to the electron-phonon interaction and quicker vaporization of 
the target martial than energy transferred throughout the surrounding areas (Phillips et al. 
2015; Sugioka 2017). For picosecond laser pulses, it has been previously shown that pico-
second pulses induce plasma ablation with reduced heat-affected zone and less heat dissi-
pation compared to nanosecond pulsed laser ablation. By the end of these ultrafast picosec-
ond laser pulses, the electron energy distribution generally archives an equilibrium state. 
These effects are due to the duration of the whole process is in the range of the electron-
lattice relaxation time, which is typically in the picosecond regime for metal targets (Ding 
et al. 2011; Tan et al. 2018).

LIPS is affected by laser pulse parameters, which have been studied by several scientists 
to reveal the plasma evaluation. Kompitsas et al. (2000) used the LIPS technique to ana-
lyze environmental samples using nanosecond pulsed Nd:YAG laser at NIR(1.064 μm) and 
UV (355 nm) with varied pulse energy from 10 to 50 mJ. They concluded that, the qual-
ity of the spectra depends on the various experimental parameters. Abdellatif and Imam 
(2002) 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. They determined 
that, the maximum value of the Te was found at a certain distance away from the target 
surface depending on the laser wavelength whereas, the Ne reaches its highest value near 
the target surface. Fornarini et al. (2006) considered a range of fluencies 50–250 J/cm2 of 
Nd:YAG laser wavelengths 1064 and 355 nm with pulse duration 8 ns based on the analyti-
cal outcomes acquired from the use of LIPS diagnostics of bronze plasma. They inferred 
that; more limited thermal effects are expected if a laser with a shorter wavelength is con-
sidered. Unnikrishnan et  al. (2010) investigated the time-resolved Nd:YAG laser oper-
ated at 355 nm, pulse width of 6 ns, repetition rate of 10 Hz and laser pulse irradiance of 
4.5 × 108 W/cm2 to induce Cu plasma spectroscopy of neutral atom and ion line emissions 
at atmospheric pressure. They indicated that, the optimum delay time is considered from 
the temporal evolution of the intensity ratio of two Cu I lines, assuming plasma optically 
thin and LTE conditions necessary for the LIPS analysis of samples. Naeem et al. (2013) 
group measured the pure copper plasma parameters applying a 532 nm Nd:YAG pulsed 
laser with a pulse duration of 5 ns and 10 Hz repetition rate at pulse energies of 17.6 and 
88.6 mJ. They concluded that, a direct relationship between the plasma parameters and the 
laser irradiation whereas they were inverse to the distance from the sample surface. Mes-
saoud Aberkane et al. (2015) determined the effect of 50 mJ Nd:YAG laser wavelengths 
1064, 532 and 355 nm at 7, 9 and 10 ns pulse duration in air at atmospheric pressure on the 
correlation between Te and surface hardness of Fe–V–C metallic alloys. They decided that, 
the surface hardness measurement using LIPS is more efficient by applying excitation laser 
in the NIR than in the UV. Asamoah and Hongbing (2017) studied the effect of variations 
in laser energy 150, 250 and 350 mJ of the nanosecond Nd:YAG laser source of 1064 nm 
at 1 Hz repetition rate and 10 ns duration pulse width used to investigate the plasma Te 
of Mg. They found that, the Te values of the Mg plasma increase rapidly with increas-
ing laser energy. Recently, the ultrafast femtosecond laser with pulse wavelength 800 nm, 
pulse duration of 50 fs and 1.9 mJ laser energy, was used to generate a high Te and low Ne 
plasma with strong spectral intensity by changing the space between the focusing lens and 
the sample surface in the LIPS configuration (Xu et al. 2019). They found that, the plasma 
condition at high Te and low Ne can be used to improve the spectral resolution of LIPS. 
It can be inferred from these previous considerations that most of them have studied the 
effects of only one or two laser parameters on the plasma profile using nanosecond laser 
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pulses while most of the ultrafast studies focus on one laser parameter only, i.e. rare studies 
considered the effects of different wavelengths and energies under the regime of ultrafast 
pulses especially picosecond pulses.

In this work, we aim to apply the picosecond laser induced plasma spectroscopy to 
investigate the produced copper plasma profile. The emission lines of LIPS spectra are 
studied in the visible region. The combined effects of different laser wavelengths and laser 
pulse energies on the plasma plume electron temperature and electron density were consid-
ered. We intentionally try to control a specific region of plasma temperature and electron 
density by controlling the parameters of a picosecond laser plus.

2 � Material and methodology

2.1 � Material

A solid sample of a pure metal copper disk (K. J. Lasker Ltd., USA, purity of 99.99%) with 
a diameter of 3 cm and thickness 0.25 cm is used as a target sample.

2.2 � X‑ray diffraction sample analysis

The purity of Cu disk is confirmed by the X-ray diffraction (XRD) analysis carried out 
used the Bruker instrument model D8 discover advanced diffractometer (Germany). The 
instrumental parameters were set as follows: Cu-Kα graphite monochromator radiation, 
40 kV, electrical current 30 mA, and 2θ range with a scanning speed of 1° per minute from 
5° to 80°.

2.3 � Experimental LIPS setup

The schematic diagram of the used LIPS setup is shown in Fig. 1, where an ultrafast pico-
second Nd:YAG pulse laser, instead of nanosecond laser was used in the LIPS setup as 
described previously  in detail elsewhere (Aslam Farooq et al. 2013; Qindeel and Tawfik 
2014). Briefly, in this experiment, the plasma was produced using a picosecond Q-switched 
Nd:YAG laser (SL334, Eksapla, Lithuania) at four laser wavelengths (Lλ) 266 nm (UV), 
355  nm (UV), 532  nm (Vis) and 1064  nm (NIR) at repetition rate 1–5  Hz and pulse 

Fig. 1   A schematic diagram of 
the LIPS system
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duration from 500 to 170 ps. A laser power meter (model 11 Maestro, Standa LTD. Lithu-
ania), was used to monitor the energy for each laser pulse with accuracy  ± 1%.

In the current experimental setup, the wavelengths of the Nd:YAG (Lλ) (266, 355, 532 
and 1064 nm) were operated at different energies in the range from 20 to 80 mJ ± 5%. The 
laser beam fluencies varied gradually from 10 to 41 J/cm2 at 170 ps pulse duration for sin-
gle-shot pulses are used. A plane–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 mm ± 0.1 mm 
to produce the 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 x–y 
scanning stage to provide refresh sample material for each laser pulse to minimize errors. 
A Plano-convex quartz lens with 100 mm focal length was adjusted to the center of the 
plasma plume to collect the plasma emission at position 90° to the laser axis. Then the col-
lected emission was transferred to an Ocean Optics spectrometer (HR4000 UV–NIR, from 
200–1100 nm) using an optical fiber with 400 µm core diameter. The delay time between 
the laser pulse Q switch and the spectrometer detection was adapted to 1 μs and the inte-
gration time was optimized at 10 μs, which was considered as the optimum delay to obtain 
LTE plasma hypothesis as found before (Aslam Farooq et  al. 2013; Qindeel and Tawfik 
2014).

3 � Results and discussion

3.1 � Result of X‑ray diffraction sample analysis

The X-ray diffraction (XRD) measurement pattern of the copper target is shown in Fig. 2.
The XRD pattern in Fig.  2 of the Cu target represents three characteristics peaks 

observed at 43.8°, 50.9° and 74.6° that referred to (111), (200) and (220) planes of Cu, 
respectively. These planes of Cu confirm a pure cubic phase of fcc structure (JCPDS 
No.85–1326) (Sahai et al. 2016; Dong et al. 2018).

3.2 � LIPS spectrum studies

The qualitative compositional analysis of the Cu target is achieved from the optical emission 
spectrum of the laser produced plasma created on its surface using an ultrafast picosecond 

Fig. 2   XRD pattern of a pure 
Cu target
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Nd:YAG pulsed laser, fluence gradually from about 10 to 41 J/cm2. Figure 3a–d represents 
the LIPS emission spectra of the Cu sample covering the wavelength ranges 250–550 nm 
at different laser wavelengths 266, 355, 532 and 1064 nm. All the spectra were recorded 
under identical experimental conditions. This spectral region is selected because it gathers 
the highest Cu emission lines intensities which should be under optically thin and plasma 
in LTE as crucial conditions for the measurements of plasma parameters. The four selected 
strong lines of singly ionized copper are Cu I 324.75, 327.39, 515.32 and 521.82 nm due 
to the transitions (3d104p, 2P3/2 → 3d104s,2S1/2), (3d104p, 2P1/2 → 3d104s,2S1/2), (3d104d, 
2D3/2 → 3d104p,2P1/2) and (3d104d, 2D5/2 → 3d104p,2P3/2), respectively.

The characteristics and transitions of the selected Cu emission lines have been identified 
with the help of the NIST database as shown in Table 1, where these data used to calculate 
the plasma plum parameters (Kramida and Ralchenko 2019). 

Figure 4 demonstrates the increase in the signal to noise (S/N) ratio for both spectral lines 
324.75 and 327.39 nm at showed the same trend with a decrease of Lλ at the same laser pulse 
energy. It has been recognized from Figs. 3 and 4, that the behavior of increment of both of 
the Cu emission spectral intensity and S/N ratio with the decrement of the laser wavelengths. 
This profile can be understood since photon energy increases for shorter Lλ that results in a 
high mass-ablation rate of copper. Consequently, more free electrons, ions and excited atoms 
are generated and cause an increment in the plasma emission intensity i.e. improve the S/N 
ratio (Murbat 2017; Safeen et al. 2019). Similar behavior due to the effect of varying the laser 
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Fig. 3   LIPS emission spectra of Cu target using laser pulse energies from 20 to 80  mJ at different laser 
wavelengths (Lλ) a 1064 nm, b 532 nm, c 355 nm and d 266 nm
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wavelength on the observed S/N ratio was reported by Kompitsas et al. (2000); Abdellatif and 
Imam (2002).

3.3 � Plasma parameters and LTE considerations

To provide accurate consideration of LIPS plasma parameters, the local thermodynamic equi-
librium and optically thin plasma conditions are assumed in which case the emissions from 
electron collisions are much larger than from the radiative processes (Gojani 2012). For opti-
cally thin plasma at LTE, the re-absorption effects of plasma emission are negligible (Liu 
et al. 1999). So, the spectral line intensity is a measure of the population of the corresponding 
energy level of an element in the plasma (Gojani 2012).

3.3.1 � Measurement of plasma temperature

Under the above-assumed LTE, conditions, the plasma temperature is considered from the 
emission lines intensities of Cu applying Boltzmann plot method (Liu et al. 1999), which is 
given by;

(1)I =
CF

�

Aki gk

U(T)
exp(−

Ek

KTe
)

Table 1   Spectroscopic parameters of the emission lines of Cu I used to calculate the plasma parameters, 
taken from NIST database (Kramida and Ralchenko 2019)

Wavelength 
(nm) of Cu I

Transitions Transition probabil-
ity (Aki) (107 s−1)

Energies (eV) gk

Upper level Lower level Ek Ei ΔE

324.75 3d104p, 2P3/2 → 3d104s,2S1/2 13.95 3.816 0 3.816 4
327.39 3d104p, 2P1/2 → 3d104s,2S1/2 13.76 3.785 0 3.785 2
515.32 3d104d, 2D3/2 → 3d104p,2P1/2 6.00 6.191 3.785 2.406 4
521.82 3d104d, 2D5/2 → 3d104p,2P3/2 7.50 6.192 3.816 2.376 6

Fig. 4   Variation the signal to 
noise (S/N) ratio of the observed 
LIPS emission spectral lines, 
a Cu I 324.75 nm and b Cu I 
327.39 nm, using different laser 
wavelengths (Lλ) at a laser pulse 
energy of 20 mJ
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The natural logarithm of Eq. 1, gives

 where I is the intensity of the spectral line, λ is the wavelength of the spectral line, K is 
the Boltzmann constant, U(T) is the partition function, Aki is the transition probability, gk 
is the statistical weight for the upper level, Ek is the exciting level energy, Te is the elec-
tron temperature, F is an experimental factor and C is the species concentration.

Figure  5a–d represents Boltzmann plots for Cu I lines (324.75, 327.39, 515.32, 
521.82 nm) where the ln(I.λ/Aki.gk) is considered for each exciting level energy Ek at dif-
ferent Lλ, under a gradually increase laser pulse energy from 20 to 80 mJ, respectively. The 
slope of each relation can deduce the electron temperature from Eq. (2) with uncertainty 
of about  ± 10%, which mainly determined from the transition probabilities and emission 
line intensities (Qindeel and Tawfik 2014; Xu et  al. 2019). The observed data from the 
Boltzmann plots are summarized in Table 2 with the linear fitting of R2 (correlation coef-
ficient value) for each of the laser pulse energies. 

From Table  2, it can be found that the plasma plume temperature values range from 
about 10,000 to 20,000 K depend on the laser wavelength and pulse energy. At Lλ 1064, 
532, 355 and 266 nm, the values of the plasma temperature increased from about 14,565 to 
19,967 K, from 13,355 to 17,265 K, from 11,982 to 15,242 K and from 10,698 to 14,222 K 
due to a steep increase in the laser pulse energy from 20 to 80 mJ, respectively.

(2)ln
I �
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= −
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Fig. 5   A Boltzmann plots for the Cu I lines (324.75, 327.39, 515.32, 521.82 nm) at different laser pulse 
energies and different laser wavelengths a 1064 nm, b 532 nm, c 355 nm and d 266 nm
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Figure 6 demonstrates the variation of the Cu plasma temperature with the laser pulse 
energy at different Lλ, where the plasma temperature elevated with the laser pulse energy 
and wavelength which is agreement with previous works (Bogaerts and Chen 2005; Hoff-
man et  al. 2011; Hussein et  al. 2013). This increase of the plasma temperature with the 
laser pulse energy can be understood due to two reasons. Firstly, due to an increase in the 
mass-ablation rate (Hussain et al. 2016; Murbat 2017). Secondly, due to one of two interac-
tion probabilities of a so-called ‘‘plasma shielding’’ (Cabalin and Laserna 1998; Bogaerts 
and Chen 2005), first, once a plasma is formed, a part of the laser beam is absorbed by the 
plasma, by electron-ion inverse-Bremsstrahlung or electron–neutral inverse-Bremsstrahl-
ung, and second, by photo-ionization as a dominated interaction. The probability of elec-
tron-ion process is much greater than that by electron–neutral, except in the very early 
stages of the laser evaporation process, and thus electron–neutral is generally considered 
negligible during laser ablation processes (Bogaerts and Chen 2005; Hussein et al. 2013). 
The values of inverse-Bremsstrahlung absorption and the photo-ionization absorption coef-
ficients αIB and αPI respectively, are given by a previous work (Chang and Warner 1996) as 
follows;

  where Lλ is the laser wavelength in µm, Te plasma electron temperature, En and Ne are the 
ionization energy and electron density of the excited state n, respectively; h is the Planck 
constant; ν is the laser frequency (ν = c/ Lλ) and I is the ionization potential of the ground 
state atom. According to Eqs.  (3 and 4) at different laser wavelengths, it can be inferred 
that the inverse–Bremsstrahlung will be leading at 1064 nm (NIR) while photo-ionization 
will be the dominated absorption mechanism at 266 nm (UV) (Mao et  al. 1998; Cowpe 
et al. 2011). Meanwhile, for picosecond pulse regime, it has been found that the plasma 
shielding retains a great impact on the process of ultrafast pulsed laser ablation, due to the 
inverse Bremsstrahlung most of the laser energy will be absorbed by the free electrons of 
the target, especially at higher laser fluence (Tan et al. 2018). The later retain more ener-
getic electrons i.e. higher electron temperature and electron density with the increase of the 

(3)�IB = 1.37 × 10−35L3
�
N2
e
T−1∕2
e

(4)�PI = 7.9 × 1018
(

En
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Fig. 6   The effect of different 
laser wavelengths (Lλ) and pulse 
energies on the Cu plasma tem-
perature (Te)
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picosecond laser wavelength and pulse energy. These observed results are in good agree-
ment with previous work by others (Hoffman et al. 2011; Hamad 2016; Tan et al. 2018).

3.3.2 � Determination of the plasma electron density

In order to estimate the plasma electron density, we have considered the Stark-broadening 
profile of Cu I 324.75 and 327.39 nm. The fundamental line width ΔλFWHM is determined 
by deconvolution for each observed line profile as a Lorentz profile (Qindeel and Tawfik 
2014; Asamoah and Hongbing 2017) using Origin software version 9.5 at fixed laser pulse 
energy at 40 mJ as represented in Figs. 7. Assuming LTE conditions as mentioned before, 
the electron density is considered by adopting Boltzmann distribution of the electron den-
sity as in following in Eq. (5) (Mohamed 2008; Mortazavi et al. 2014):

  where Ne is the electron density (in cm−3), ΔλFWHM is the fundamental line width at half 
maximum and We is the electron impact parameter (Stark-broadening value). The aver-
age values of the We for Cu I 324.75 and 327.39 nm found from reference (Il’in 2003) as 
0.00469 and 0.00406 nm, respectively. The Stark line width ΔλFWHM can be corrected by 
subtracting the instrumental Δλinstrument from the observed line width Δλobserved as follows:

The observed values of the plasma electron density at different laser pulse energies 
from 20 to 80  mJ are shown in Fig.  8. It can be implied that the plasma electron den-
sity values which considered for the Cu emission lines are varied from about 2 × 1017 to 
1.5 × 1018 cm−3 depending on the laser pulse energy and wavelength. The observed Ne val-
ues have been listed in Table 3. 

It can be concluded from Table 3 that, the difference between the electron density val-
ues for Cu I 324.73 and 327.39 nm lines are just fractions of order magnitude which can 
be understood due to the fluctuations in We values for these Cu lines (Il’in 2003; Hoffman 
et al. 2011). At Lλ 1064, 532, 355 and 266 nm, the values of the plasma electron density 
increased from about 0.44 × 1018 to 1.55 × 1018 cm−3, from 0.50 × 1018 to 1.47 × 1018 cm−3, 
from 0.45 × 1018 to 1.24 × 1018 cm−3and from 0.24 × 1018 to 1.21 × 1018 cm−3 due to a steep 
increase in the laser pulse energy from 20 to 80 mJ, respectively.

To verify the LTE condition, the criteria of minimum electron density, proposed by 
McWhirter relation (7), which consider the collisional processes are dominated over the 
radiative processes, has been considered as following (Liu et  al. 1999; Mortazavi et  al. 
2014):

 where ΔE is the highest energy difference between the upper and the lower energy level 
(eV) and Te is the plasma temperature (K). The Cu emission spectral line 324.73 nm is the 
highest energy difference line as given in Table 1. According to R.H.S of relation (7), the 
Ne considered for Cu I 324.73 nm, where ΔE is 3.816 eV and the max Te is 19,967.25 K 
which gives Ne value of 1.25 × 1016 cm−3. On the other hand, the observed electron density 
values the Cu lines were in the range of 1018 cm−3 as shown in Fig. 8 and Table 3. Thus, 

(5)Ne ≈

(

Δ�FWHM

2We

)

× 1016

(6)Δ�FWHM = Δ�observed − Δ�instrument

(7)N(e) ≥ 1.6 × 1012 × ΔE3 × T (1∕2)
e
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relation (7) is valid which indicates that the studied plasma can be considered in the LTE 
condition.

4 � Conclusion

This work investigated the effects of a picosecond laser wavelength and pulse energy vari-
ations on the observed copper plasma characterizations using the LIPS technique. It has 
been observed that, the copper emission lines intensities (S/N), plasma temperature and 
density have shown strong dependence on laser wavelength and pulse energy. Both of ion 
inverse-Bremsstrahlung and photo-ionization absorption mechanisms are considered for 
the interaction shielding mechanisms with the copper surface and plasma. Using picosec-
ond pulses enhances the plasma shielding due to the inverse Bremsstrahlung as dominant 
absorption mechanism over photo-ionization. So that, most of the laser energy would be 
absorbed by the free electrons of the target, especially at higher laser fluence and preserve 
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Fig. 8   The dependence of the plasma electron density (Ne) on the laser wavelength (Lλ) at 40 mJ (± 5%) for 
Cu I lines a 324.73 nm and b 327.39 nm

Table 3   Data analysis of the plasma plume electron density (Ne) at different laser pulse energies and laser 
wavelengths (Lλ)

Laser 
pulse 
energy 
(mJ)

Laser wavelengths

Lλ 1064 nm Lλ 532 nm Lλ 355 nm Lλ 266 nm

Ne × 1018 (cm−3) at Ne × 1018 (cm−3) at Ne × 1018 (cm−3) at Ne × 1018 (cm−3) at

324.73 nm 327.39 nm 324.73 nm 327.39 nm 324.73 nm 327.39 nm 324.73 nm 327.39 nm

20 0.447 0.448 0.498 0.501 0.413 0.502 0.188 0.281
30 0.549 0.515 0.596 0.547 0.425 0.542 0.255 0.307
40 0.836 0.843 0.857 0.847 0.620 0.751 0.530 0.505
50 0.978 0.985 0.981 0.996 0.846 0.878 0.647 0.655
60 1.127 1.111 1.131 1.147 0.901 0.910 0.883 0.847
70 1.295 1.230 1.241 1.282 1.129 1.152 1.087 1.008
80 1.554 1.550 1.469 1.485 1.215 1.282 1.227 1.204
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more energetic electrons i.e. increase the electron temperature and the electron density 
with the increase of the picosecond laser wavelength and pulse energy. These effects can 
explain the observed increase of electron temperature and density values by increasing the 
laser wavelength from 266 up to 1064 nm.

The obtained results confirmed that, by controlling the picosecond laser pulse parame-
ters the observed copper plasma temperature can be tuned from around 10,000 to 20,000 K 
and the plasma density can be tuned from about 2 × 1017 to 1.5 × 1018 cm−3

, which may be 
applied to partial control of the plasma interaction dynamics in the spectroscopic analysis 
of the material sciences.
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