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In this paper, an experimental investigation of the ablation plasma generated from the copper substrate by means
of nanosecond laser pulses is presented. We studied the evolution of the ablation plasma in the first 1000 ns after
plasma onset using the fast-gated imaging and optical emission spectroscopy methods. Plasma imaging showed
that the expansion of the plume front can be described using a so-called drag model, with the expansion limit
increasing with laser fluence from 254 pum for 30 J/cm? to 375 pum for 67 J/cm?. By using the Boltzmann plot
and Stark broadening methods, it was found that within the first microsecond after onset, the electron excitation

temperature and electron number density decrease from 1.2 €V to 0.8 eV and from 4x 10'® cm™3 to 5x 10> cm™3,

3

respectively. Using the McWhirter criterion, we confirmed that in the considered time range the plasma remains in
astate of local thermodynamic equilibrium. © 2020 Optical Society of America

https://doi.org/10.1364/A0.400488

1. INTRODUCTION

Since the invention of the laser in 1962, particularly great
scientific interest has concerned the investigation of ablation
plasmas (generated with laser radiation) at a relatively late stage
of the plasma lifetime. This is somehow justified by the practical
interest in the development of the laser-induced breakdown
spectroscopy (LIBS) technique [1-5], for which the analysis of
the radiation emitted by the plasma is typically performed at
times longer than 1000 ns after the onset of the plasma. In com-
parison, the properties of ablation plasmas at the earlier stages
of their evolution (in the nanosecond time range) have been
investigated superficially, and only a limited number of studies
have focused on this subject. However, a better understanding
of the early stage of plasmas is beneficial for applications such as
laser micro- and nanomachining, plasma sputtering deposition,
synthesis of nanoparticles, laser-assisted material analysis, laser
ion sources, and others.

Recently, Wu et al. [6] studied the early stage of a tungsten
plasma (up to 1000 ns after plasma onset) generated with
nanosecond laser pulses in air at a pressure of 10 mbar. The
time-resolved images showed that under reduced pressure, the
plasma expanded hemispherically for only up to 100 ns after
the laser pulse, and afterwards the plasma took a plume-like
shape. Hermann et al. [7] investigated plasma produced via
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laser ablation of a steel sample with 4 ns laser pulses. They found
that the kinetic pressure within the ablated plume decreased
monotonically with elapsing time for up to a few microseconds
after plasma onset. Freeman ez a/. [8] reported on the physics of
copper plasma (up to 2000 ns after the plasma onset) generated
using 8 ns and 40 fs laser pulses in a vacuum and air. He found
that the presence of the air enhanced the plasma density and
temperature by limiting the process of plasma expansion. Qiu
et al. [9] studied the plasma dynamics expanding in ambient
air using a fast-gated imagining technique. In his research, he
used 1064 nm, 8 ns laser pulses focused onto a brass target. He
observed that the shock wave generated during laser ablation of
the target material detached from the plasma frontata very early
stage, and both traveled separately at different velocities.
Elnasharty [10] studied the influence of laser pulse param-
eters (energy and duration) on the spectroscopic properties
of the early stage plasma generated from an aluminum target.
He found that both the electron number density and ioniza-
tion temperature increase with increasing laser fluence and
decreasing pulse duration. Similar results were reported by
Rahman ez al. [11] who studied the spectroscopic properties
of plasma generated during laser ablation of a glass substrate.
Unnikrishnan ez /. [12] investigated copper plasma generated
by means of 6 ns laser pulses using the optical emission spec-
troscopy method in the time range from 300 ns up to 2000 ns
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after plasma onset. They concluded that the considered plasma
was in local thermodynamic equilibrium (LTE) only in a short
time window between 700 ns and 1000 ns after plasma onset.
Skocic et al. [13] reported on the formation of the double layer
in an early stage copper plasma generated using nanosecond
laser pulses in ambient argon under reduced pressure. Using an
optical time-of-flight method, he found that three consecutive
beams were emitted from the irradiated zone. The first was
associated with Cu I1I ions followed by Cu Il ions and finally by
abeam of neutral Culatoms.

In this paper, we report on the experimental studies of laser-
induced ablation plasma generated in ambient air from the
surface of a copper target irradiated by nanosecond laser pulses.
We studied the formation and expansion of the plasma plume at
the early stage of its evolution (up to 1000 ns after plasma onset)
using the optical imaging and emission spectroscopy methods.
Optical imaging of the early stage plasma revealed that the
plume front expansion can be described using the so-called drag
model, and the plume expansion limit increases with the laser
fluence. By applying the spectroscopic methods of a Boltzmann
plot and Stark broadening, we found the temporal variation of
the electron excitation temperature and the electron density in
the plasma plume.

2. EXPERIMENTAL

In order to examine ablation plasma at its early stage, we used
the fast-gated optical imaging and emission spectroscopy tech-
niques. In both of these techniques, a train of laser pulses was
used to induce a series of quasi-identical plasmas from the target
surface. Each image and spectrogram in the series corresponding
to succeeding pulses was delayed by the constant interval of
At with respect to the previous one. As a result, a set of time-
resolved images and spectrograms of the plasma was recorded,
each representing the plasma at a different point in time of its
evolution.

A. Laser Setup

The laser used for plasma generation (Fig. 1) was a multimode
neodymium-doped yttrium aluminum garnet (Nd:YAG)
(Quantel Big Sky Laser) solid state laser with second harmonic
generation (A =532 nm). The laser pulse power shape was
monitored with a Thorlabs DET10A fast photodiode and
displayed on an oscilloscope. The pulse width measured at
FWHM was 26ns=+ 1ns, and the pulse-to-pulse energy
stability was 2%.

The ablation plasma was generated by focusing the laser
pulses onto the surface of a copper target using a 100 mm
focal lens (diameter of the laser spot on the target surface was
60 um). The target was a 500-pm-thick plate made of 110-type
copper alloy (99.9% Cu). After each pulse, the copper target
was shifted stepwise horizontally, so that the next pulse hit the
target in a previously non-irradiated spot. The laser fluence
on the target surface was a variable parameter ranging from
30J/cm? to 67 ] /cm?, varied by altering the peak power energy
(the duration and general shape of the laser pulse were not
affected when changing its peak power). The ablation plasma
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Fig.1. Experimental setup for investigation of laser ablation plasma
using imaging and optical emission spectroscopy methods.

was induced in ambient air under atmospheric pressure and a
temperature of 23°C.

B. Plasma Imaging Setup

The imaging of the ablation plasma was performed using an
Andor iStart fast-gated intensified CCD (ICCD) camera with
a resolution of 1024 x 1024 pixels. The ICCD camera was
equipped with 10 times magnification Nikon microscopic lens,
and an NF533-17 bandpass optical notch filter (A =533 nm)
was used to suppress the scattered laser radiation (and protect
the camera from damage). The ICCD camera was focused onto
the region of plasma formation (field of observation size was
550 um x 550 wm). The time delay between the laser pulse
and ICCD camera trigger was set using a Tektronix AFG3102
delay generator. The ICCD images of the plasma plume were
captured at times ranging from —33 ns to 60 ns, where £ =0
corresponds to the peak of the laser pulse power. The temporal
resolution of the recorded set of plasma images was Az =1 ns,
and the ICCD camera gating time was A¢ = 2 ns. The plasma
plume imaging was carried out for three values of the laser pulse
fluence F; = 30J/cm?, Fy = 45 J/cm?, and F3 = 67 J/cm?.

C. Plasma Spectroscopy Setup

The emission spectra of the plasma radiation were registered
with an Andor Mechelle 500 fiber-coupled, echelle-type spec-
trometer with an Andor iStar ICCD camera. The gratings of the
spectrometer were 52 groves/mm, resulting in a spectral range
from 250 nm to 850 nm and a resolution of about 0.05 nm. The
plasma radiation was focused onto the entrance of the optical
fiber using a single lens collimator placed at a fixed distance of
100 mm from the plasma plume, at angle of 45° to the target
surface. Thus, the spectrometer registered the average radiation
(spatially integrated) emitted from the entire plasma region.
In order to suppress any scattered laser radiation, optical filters
were mounted in front of the collimator. Since we were not
able to find an optical notch filter suitable for the full spectral
range of the spectrometer, we used two filters interchangeably: a
495SOSP filter from Omega Optical [transparent for UV and
near-visible (VIS) radiation ranging from 250 nm to 500 nm]
and a NF533-17 filter from Thorlabs (transparent for VIS
radiation ranging from 400 nm to 850 nm, except a narrow
band around A = 532 nm). For each time delay A, the plasma
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Fig. 2.  Evolution of laser-generated plasma in ambient air at early
stage of expansion for various laser fluences. Laser pulse width, 26 ns;
ICCD camera exposure time, 2 ns.

spectrum was recorded twice: with the UV-transparent filter and
with the VIS-transparent filter. Next, both spectra were com-
bined during data processing, resulting in a full range spectrum.
The plasma emission spectra were recorded on time delays,
ranging from # = —50 ns to # = 1040 ns, with a temporal reso-
lution of Ar = 10 ns and a gating time of 2 ns. The laser fluence
was a constant parameter F = 45 ] /cm?.

3. RESULT AND DISCUSSION
A. Imaging of Plasma Plume

The process of plume formation and expansion can be fol-
lowed by viewing the consecutive series of time-resolved images
shown in Fig. 2. In each image, the copper target is located at
the bottom and marked with a hashed area, and the laser beam is
directed from the top, perpendicular to the target surface. The
different colors represent the relative intensity of the emitted
radiation (black, minimal; white, maximal). The time delay Az
of each image (in relation to the laser pulse peak) is marked in its
corner.

As can be seen in Fig. 2, the plasma expansion process looks
similar regardless of the laser fluence. The plasma appears at
the time #=—30ns (i.e., 30 ns before the pulse peak) and
expands into a form that resembles a mushroom-like shape.
After + =40 ns, the plasma starts to decay. It was possible to
monitor the plasma decay process until the intensity of the
emitted radiation decreased below the sensitivity threshold of
the ICCD camera, i.e., to time # = 60 ns. It can be seen that the
intensity of the plasma radiation increases with the laser fluence.
This can be explained by the fact that an increase in the laser
fluence enhances the number density of electrons and species in
the plume, which is, alongside the excitation temperature, the
main factor affecting the total emission intensity [14-16].

The particles ejected from the irradiated region of the target
material leave a layer of phase discontinuity (the Knudsen layer)
with the majority of the particles having their velocity vector in
the direction perpendicular to the target surface [17,18]. In the
initial stage of the plasma formation, the particles emitted by
the leading edge of the laser pulse form a small but dense plasma
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Fig.3. Plasma plume front position for three values of laser fluence.
Data points are fitted with drag model curves (solid lines). Dotted line
represents the normalized power of the laser pulse (right-side vertical
axis) as a function of time.

spot over the material surface, and, since the ablation contin-
ues over the whole pulse duration, this near-surface plasma is
sustained by the newly ejected particles. The energetic particles
of the expanding, early plasma collide with molecules of the
ambient air, which leads to their deceleration and formation
of a traveling plasma front on the plasma-air boundary. On the
other hand, the plasma particles produced by the later part of the
laser pulse, which travel behind the plasma front, do not expe-
rience deceleration from the ambient air, as they travel in the
channel developed by the preceding particles until they catch
up with the plasma front. Thus, the region between the surface
plasma and plasma front is characterized by a relatively low
density, and no significant emission is recorded from this region.
Using the time-resolved images of the plasma plume, we deter-
mined the transient position of the plasma frontas a function of
time (Fig. 3).

The position of the plasma front expanding in the ambient
gas can be described mainly by two alternative models: (i) blast
wave model and (ii) drag model. The blast wave model assumes
that the plasma front follows very closely to the blast wave (gen-
erated during laser ablation of the material) described by the
classic Sedov—Taylor theory [19,20]. In this model, the plasma
initially expands at supersonic velocity, but is gradually deceler-
ated until its velocity reaches the speed of sound. In contrast, in
the drag model, the initial high expansion velocity of the plasma
front is continuously decelerated by the ambient gas molecules
until the plasma front reaches its expansion limit (called the
stopping distance) [21]. As seen in the Fig. 3, the plasma front
initially (for times r =30 ns) propagates at a relatively high
velocity (of an order of 10° m/s), but is constantly decelerated
with elapsing time, until its velocity decreases below the speed of
sound (to about 100 m/s for # = 360 ns). As a result of this decel-
eration, the plasma front approaches its expansion limit. This
suggests that the drag model better describes the expansion of
the plasma front in the discussed case than the blast wave model,
in which the velocity of the plasma front would decrease only to
the speed of sound and continue its expansion. Assuming the
drag model, the plasma front position R; in time is described
by Eq. (1):

Rg= Ry (1 — 57/3t)7 (1)
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where Ry is the expansion limit of the plume, and 8 is the
slowing coefficient. The experimental points in Fig. 3 were
approximated with curves described by Eq. (1). Based on
the approximation parameters, it was found that the expan-
sion limit Ry, of the plume increases with the laser fluence
(Rmax =254 um for F; =30]/cm?, Rpy=2312um for
F,=45]/cm?, and R, =372um for F3=67]/cm?).
However, the slowing coefficient was found to be independent
on the laser fluence B =3.15 x 107" s71 £0.3 x 10711 571,
The average velocity of the plasma plume front in the first 100 ns
after the onset ranges from 2.4 x 10° m/s to 3.6 x 10° m/s
and increases with the laser fluence. It is interesting to compare
the obtained results with the work done by Zhou ez al. [22],
who investigated a plasma plume generated from a silicon
target in ambient air using laser pulses of similar parameters
(A = 1064 nm, # =200 ns, F = 40 J/cm?) to those used in our
study. They suggested that the expansion of the plasma front
generated by the nanosecond laser pulses in ambient air can be
reasonably well described by the blast wave model. However,
the results of our studies did not confirm this thesis, but rather
support drag model expansion. This inconsistency of conclu-
sions may be due to fact that Zhou in his work observed the
plasma plume only up to 400 ns after onset, in which the plasma
front was still expanding with supersonic velocity, which might
wrongly suggest the blast wave model of plasma expansion.

B. Plasma Spectroscopy

Typical examples showing the temporal evolution of the emis-
sion spectrum of the laser ablation plasma (for three time delays:
0 ns, 90 ns, 450 ns) are given in Fig. 4. Itis worth noting that the
lack of a spectrum signal around the 532 nm band is the result
of the use of the optical filter matched to the laser wavelength.
From Fig. 4, we can observe that the plasma spectrum at the
early stage of plume formation (for # = 0 ns) is characterized by
a relatively large amount of continuum radiation. Generally,
there are two main phenomena occurring in the plasma plume
that are responsible for the emission of continuum radiation: (i)
the radiative two-body recombination of ionized species (effect
of the free-bound transitions) and (ii) bremsstrahlung (effect
of the free—free transitions) [23]. In the early stage plasma, the
contribution of the bremsstrahlung process to the emission
of continuum radiation prevails over the radiative recombi-
nation, since, at this stage, the plasma recombines mainly via
non-radiative three-body processes [24,25]. Apart from the
continuum radiation in the early stage spectrum (r = 0), we also
observe a wideband emission component of the 377.06 nm line
and the doublet 435.26 nm and 437.65 nm (FWHM of those
lines is about 25 nm) attributed to the electronic transitions
within excited copper ions (Cu III). The broadening of those
Cu III spectral lines is a result of the Stark effect, which is caused
by the electric field within the dense plasma at the early stage of
its evolution. Such wide line bands corresponding to the highly
ionized ions at the early stage of the plasma expansion were also
reported in Refs. [8,26,27]. As the plasma density decreases with
elapsing time, the Stark broadening effect becomes weaker and
ionic Cu Il lines appear in the plasma spectrum (for # = 90 ns),
followed by atomic spectral lines Cu I (for # =450 ns). This
time sequence of species appearance in the plume is the result of
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Fig.4. Typical examples of the plasma spectrum generated from the
copper target. The measurements were taken at time delays: (a) 0 ns,
(b) 90 ns, and (c) 450 ns, with respect to the laser pulse maximum
(t=0). Laser pulse duration # =26 ns and fluence F=45]/cm?.
Spectrometer gating time was 2 ns.

the consecutive recombination of the highly ionized Cu III ions
to the ions of the lower ionization degree Cu Il and eventually to
the neutral Culatoms.

It is generally accepted that an ablation plasma generated
using nanosecond laser pulses can be considered to be a plasma
in LTE [28,29], which we confirmed in the latter part of this sec-
tion using the McWhirter criterion. Accepting this assumption
allowed us to apply two methods in order to study the plasma’s
parameters: (i) a Boltzmann plotanalysis to measure the electron
excitation temperature and (ii) a Stark spectral line broadening
method to determine the electron number density in the plume.
For a plasma in LTE, the electron excitation temperature T,
which describes the population of excited energy atomic lev-
els, and the observed light intensity 7;; of radiative transition
between levels £ and 7 are related by Eq. (2):

/N 1 hcln
l =— E , 2
" (gkAki> kg Texe et <47TP) @

where Ay; is the transition line wavelength, g4 is the degeneracy
of the upper energy level, Ay is the transition probability, £
is the Boltzmann constant, £} is the energy of the upper level,
L is the characteristic plasma length, 7 is the number density,
and P is the partition function. If, for a given spectrum, we plot
the In(Zy;A4i/ g4 Asi) component of the selected spectral lines
versus the energy E, the Bolezmann plot analysis allows us
to calculate the electron excitation temperature 7;, from the
slope of the linear function that approximates the data points.
A detailed description of the Boltzmann plot analysis method
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Table 1. Spectroscopic Parameters of the Selected Lines of Cu | used for the Boltzmann Plot Analysis
Wavelength A;; (nm) Radiative Transition Upper Level Energy E;, (eV) grAp (s71)
27.6 4555*D;/; — 4s4p*Ds), 7.73 2.76 x 10®
458.7 4s55“Ds;y — 4s4p ‘s 7.8 1.92 x 108
46516 4858 4D7/2 — 4S4p 4F9/2 7.73 304 X 108
510.61 4p 2P3/2 — 4522D5/2 3.82 8 x 106
515.31 4d2Ds), — 4p’Py), 6.19 2.4 % 10°
521.81 4 dzDs/z g 4p2P3/2 6.19 45 X 108
570.09 4p 2P3/2 — 4522D3/2 3.82 9.6 x 10°
578.24 4p2Py;, — 452Dy 3.79 3.3 x 10°
22 _5I7o.og nm I I I I - = 14 T T T T T T 16 <
_ 510.61 nm | % - } - °
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Fig. 5. Boltzmann plot for eight Cu I transition lines corre- Time [ns]

sponding to the spectrum captured at time delay # =450 ns. Solid
line, approximation function. Electron excitation temperature
To.=1.0440.08cV.

can be found in Refs. [24,30,31]. In this paper, the electron
excitation temperature was determined using the Boltzmann
plot method based on the eight preselected Cu I transition lines
(Table 1). It should be mentioned here that except from the
measuring uncertainty of the lines’ intensities, the accuracy of
the Boltzmann plot method can be affected by the uncertainty
of the transition probabilities, self-absorption of emission lines,
aswell as a deviation from L'TE conditions [27].

A typical Boltzmann plot corresponding to the plasma spec-
trum captured at time delay # = 450 ns is shown in Fig. 5. The
data points were reasonably well approximated with a straight
line with a coefficient of determination R? =0.96. From the
slope of the approximation function (2= —0.96=+0.07),
the electron excitation temperature was calculated to be
Texe =1.04 £0.08 eV (12, 070 £ 928 K).

By applying the Boltzmann plot method for all plasma
spectra captured at time delays ranging from #=150ns to
t = 1050 ns, we found the temporal variation of the electron
excitation temperature in the plasma plume (Fig. 6). For the
time range considered in Fig. 6, the electron excitation tem-
perature decreases from about 1.12 €V at £ =150 ns to about
0.88 €V at r=1050 ns. The Boltzmann plot method could
not be successfully applied for spectra captured at times before
¢ =150 ns, since the strong continuum radiation prevents us
from accurately determining the intensity of all considered
transition lines.

In the regime of nanosecond laser pulses, photothermal
ablation of the target material is the main process resulting in
the generation of the excited species forming the plasma plume

Fig.6. Temporal variation of the electron excitation temperature in
the plasma plume calculated using the Boltzmann plot method.

[20]. However, the excitation of the plasma species can also
take place afterwards as a result of a plasma shielding process, in
which a trailing part of the laser pulse is absorbed by the plasma
via photo-excitation [32,33]. Ye, in our studies, the laser pulse
ends at about time # =50 ns, so the plasma shielding process
after this time is negligible (for the time range from 150 ns to
1050 ns). On the other hand, excitation and de-excitation of
the plasma species can also occur due to collisional interactions
of the plasma species with each other and with air molecules
[34-36]. Since the contribution of the collisional interaction
increases with the plasma density, this process results in signifi-
cant excitation/de-excitation only in the highly dense regions
of the near-surface plasma and in the plasma front. As it was
shown in Section 3.A, the near-surface plasma disappears with
the end of the laser pulse, and the plume expands only up to
about 100 ns after the laser pulse, reaching its expansion limit
in this time. Thus, it can be assumed that for the time range
considered in Fig. 6, neither plasma shielding nor collisional
excitation/de-excitation of the plasma species is quantitatively
significant. The decrease in the electron excitation temperature
can be attributed primarily to the radiative de-excitation of the
neutral atoms.

In order to determine the variation of the electron number
density in the plasma plume, we applied the Stark broadening
method to the 521.81 nm Cu I spectral line. Although the three
major mechanisms responsible for the broadening of the spec-
tral lines in the investigated plasma are Doppler broadening,
resonance broadening, and Stark broadening, the Doppler and
resonance broadenings are much weaker in comparison to the
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Fig. 7. Temporal variation of the electron number density calcu-

lated from the Stark broadening of the Cu 1 521.81 nm spectral line.
Inserted plot: profile of the CuI521.81 nm line captured at time delay
t = 450 ns, approximated by the Lorentz function (solid red line).

Stark effect and can be neglected in further analyses [37-40].
Spectral lines broadened solely due to the Stark effect have a
Lorentzian profile, and, in the first approximation, the FWHM
of this profile is given by Eq. (3) [40—44]:

e
AApHwWHM = 20 (W) , (3)

where w is the electron impact parameter, and 7, is the electron
density. In the following calculations, we took the parameter
@ = 0.22 nm (given for a temperature of 10* K) from the spec-
troscopy data tables provided by Konjevic and Wiese [45]. A
typical profile of the Cu I 521.81 nm spectral line captured at
time delay # =450 ns is shown in the inserted plot in Fig. 7.
The line width in this case is AApwym = 0.571 nm, which
gives an electron number density of 7, = 1.18 x 10'® cm™3.
Using this method for each spectrum captured in the time range
from # = 150 ns to # = 1050 ns provided the temporal variation
of the electron number density in the plasma plume shown in
Fig. 7. The electron number density in the plasma plume is
equal to 4 x 10'° cm™ ar time # = 150 ns, and, within 1 ps,
it decreases almost one order of magnitude to 5 x 10" cm ™.
We can distinguish two effects responsible for the decreasing
of the electron number density in the plasma: plasma expan-
sion, which effectively leads to the dilution of the electrons in
the plume, and plasma recombination via inelastic collisions
between free electrons and ions. As discussed above, for the
time range considered in Fig. 7, the plasma plume had already
reached its expansion limit, and the decrease in the electron
number density can be attributed mainly to the recombination
process.

In order to verify the LTE assumption of the investigated
plasma, we applied the McWhirter criterion, which describes
the minimal electron number density necessary for collisional
sustainment of LTE in the plume [46-48]. The McWhirter cri-
terion is satisfied when the electron number density (expressed
in cm ™ units) is greater than Eq. (4):

ne>1.6-102T2(AE), 4)

where 7; is the electron temperature [in kelvin (K)], and AE
is the highest energy of the considered radiative transitions
[in electron volts (eV)]. In the present study, the highest value
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of T, was 1.5 x 104K (for =250 ns) and AE=2.9¢V for
the transition at 427.6 nm. For those values, the McWhirter
criterion is satisfied when 7, > 4.8 x 10> cm™>. Figure 7
shows that for the investigated time range (from 150 ns to
1050 ns), the electron number density in the plasma is greater
than 5 x 10" cm™3, which satisfies the McWhirter criterion
and confirms the LTE assumption taken for the calculation
of the electron excitation temperature using the Boltzmann
plot method and the electron number density using the Stark
broadening method.

4. CONCLUSIONS

In this work, we studied ablation plasma generated from a
copper target by means of nanosecond laser pulses using the
fast-gated imaging and spectroscopy methods. Our studies were
focused on the early stage plasma expanding in ambient air up
to 1000 ns after plasma onset. Optical imaging revealed that the
expansion of the plasma front is decelerated by the air molecules,
and, hence, the plasma expands for only up to about 100 ns
after the laser pulse, reaching its expansion limit in this time. It
was found that the plasma expansion limit increases with the
laser fluence. The results suggest that the expansion of a plasma
plume in ambient air can be successfully described using the
so-called drag model of expansion. Optical emission spectros-
copy showed that both the electron excitation temperature and
the electron number density decrease in the time range from
150 ns to 1000 ns after the pulse. Since the laser pulse has already
ended in this time range, and the plasma has already reached
its expansion limit, neither the plasma shielding process nor
collisional de-excitation is quantitatively significant, thus the
decrease in the electron excitation temperature was attributed
primarily to the radiative de-excitation of the neutral atoms in
the plasma plume. The decrease in the electron number density
is mainly due to the recombination processes taking place in the
plume. Finally, using the McWhirter criterion, we confirmed
that the considered early stage plasmaisin LTE.
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