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Abstract The present work aimed to study the variation
in the plasma parameters (temperature and density) of the
Ti plasma generated by 1,064 and 532 nm lasers at dif-
ferent ambient N, pressures for different delay times. The
characterization of the plasma-assisted pulsed laser abla-
tion of the titanium target is discussed. The emission
spectra of the titanium plasma produced in the present
study have been carefully investigated over the whole UV—
NIR (200-1,000 nm) spectral range. Boltzmann plots of
suitable spectral lines have been employed to derive the
excitation temperature, and the electron density is derived
from the Stark widths of the Ti II spectral line at
350.49 nm.

1 Introduction
Over the past few years, the interaction of laser light with

solid targets and the consequently produced plasma have
been studied [1-4]. Despite great efforts to exploit laser
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matter interaction for material processing and diagnostic
purposes, many aspects still need to be elucidated and
clarified [5]. Plasmas induced by nanosecond lasers are
successfully employed for thin-film deposition over a wide
range of classical and novel materials [6] and for in situ
qualitative elemental analysis [7, 8]. Pulsed laser deposi-
tion (PLD) has emerged as a very versatile, flexible, and
efficient procedure for obtaining high-quality thin layers
[9-11]. When PLD is carried out in the atmosphere of a
reactive gas, the flux of laser-ablated material interacts
with the gas molecules all along the transit from the target
to the collector surfaces [12-14]. The deposited layer
consists of a chemical compound that is considerably dif-
ferent from the base material. The plasma produced by
PLD using short laser pulses has been shown to be an
efficient tool to produce small particles in the nanometer
size range [15-17]. However, little is known about the
physical mechanisms involved in the particle formation.
Recently, molecular dynamic simulations have been used
to analyze short-pulse laser ablation [18]. The calculations
predict plume composition, kinetic energies of species, and
the size distribution of nanoparticles at the early stage of
plume expansion. However, experimental results suitable
for the validation of these theoretical findings are still
lacking.

Surface modification of titanium to improve its wear
resistance has been the subject of a number of investiga-
tions including the use of high-power lasers [19-25]. Laser
surface nitriding in particular is an attractive process
because of its simplicity and the possibility of producing
hard layers of substantial depths (>1 mm) with minimum
effect to the “bulk” of the material [26]. Laser surface
nitriding was initiated by the work of Katayama et al. [21],
and since then, there have been a number of other inves-
tigations. The process involves using the intense optical
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energy of the laser to melt the surface in a nitrogen-con-
taining atmosphere. Extensive and rapid solution of nitro-
gen in molten titanium occurs, and dendrites of TiN are
produced at traverse speeds of the order of 100 mm/s [22].
As in all laser surface modification processes, surface
layers are produced by overlapping of single melt tracks.

The surface of titanium targets can be modified by a
variety of laser treatments carried out in ambient gases, and
different compounds are likely to be formed [27]. Nitrides
are considered one of the most important titanium com-
pounds for their interesting properties [28—30], which exhibit
properties characteristic of both covalent and metallic
compounds [31]. Titanium nitride coatings obtained by laser
modification techniques have been used for the production of
high-performance coatings with increased corrosion resis-
tance [32-34], improved machining tools [35-37], biocom-
patible coatings [38], and increased wear resistance in
tribology applications [39-42]. In addition, they have
exhibited optical properties, which make them attractive
candidates for decorative coatings [43]. The latter have
specifically been suggested for TiO, coatings obtained with a
similar laser technique [44]. Its very good electrical con-
ductivity and excellent performance as an adhesion layer
make TiN an interesting material for microelectronic appli-
cations, e.g., as a diffusion barrier between silicon substrates
and aluminum metallizations [45, 46].

The applications of titanium and its alloys are numerous.
Due to its high strength to weight ratio, it is used in air-
plane parts, fasteners [47], and gas turbine engines [48] and
for parts such as the compressor blades, casings, engine
cowlings, and heat shields. Since titanium has good cor-
rosion resistance, titanium’s resistance to chlorine and acid
makes it an important material in chemical processing [49].
One of the most notable recent uses of titanium is in arti-
ficial hearts first implanted in a human in 2001 [50].
Finally, titanium materials are used in the production of
numerous consumer products. It is used in the manufacture
of such things as shoes, jewelry, computers, sporting
equipment, and watches [51, 52].

As mentioned above, plasma plays an essential role in
determining the characteristics of the deposited layers in
PLD and on surface modification of titanium to improve its
wear resistance. Precise knowledge of the electron tem-
perature and electron density is a necessary requirement for
better understanding the basic plasma processes as plasma
dynamics, heat conduction, melting, vaporization of solid
targets, and development of the mechanisms of excitation
and recombination process in laser plasmas. The excitation
temperature is often determined from the relative intensi-
ties of some suitable optically thin spectral lines with small
separation in wavelength but wide separation in the exci-
tation energies. The derivation of the electron density from
line profiles requires well-isolated and optically thin
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spectral lines affected by the plasma electric field, which
results in broadening of the lines.

In continuation of previous investigations [53], the
present work aimed to study the variation in temperature
and density of the Ti plasma generated by 1,064 and
532 nm lasers at different ambient N, pressures for dif-
ferent delay times.

2 Experimental setup

A schematic diagram of the experimental setup is shown in
Fig. 1. The experiments are performed in such a way that a
Q-switched Nd:YAG laser [type Brilliant B from Quantel]
is used for producing the titanium plasma at the funda-
mental wavelength (i.e., 4 = 1,064 nm) and at the second
harmonic wavelength (i.e., 2 = 532 nm).

The laser beam is focused onto the target using a quartz
lens (fj = 50 cm) at 45°; however, the lens position is
optimized and readjusted for obtaining the best focus for
both laser wavelengths. The calculation of the power
density and the focal spot radius was done using the rela-
tion wy ~ 2.44 )»Wil [53], where w; is the diameter of the
laser beam before focalization (&1 cm), w, is the diameter
of laser beam at the focus; fis the focal length of the lens,
and 4 is the laser wavelength. In the present work, the laser
energy per pulse is 490 mJ in 6 ns and 200 mJ in 5 ns at
the target surface for a laser focal spot of 0.65 and 0.32 mm
for the fundamental and second harmonic wavelengths,
respectively. This corresponds to irradiance on the target of
0.6 x 10'> W/ecm? for the fundamental wavelength and of
1.2 x 10" W/ecm? for the second harmonic wavelength.
The calculated spot size is consistent with the visual
observation of the target spots.

A quartz beam reflector is used for monitoring the
reproducibility of the incidence laser beam energy on the
target, which partially reflects about 6 % of the incident laser
energy to an absolutely calibrated energy meter-type Ophier
model 1Z02165. The target is mounted in a stainless steel
vacuum chamber with the aid of a rotating target holder,
which is slowly rotated to provide a fresh surface after each
laser pulse and to avoid a deep crater. The chamber is
evacuated down to <6 x 107 Torr using a turbo molecular
pump backed by an oil-sealed mechanical rotary pump.

The plasma emission is collected in the direction par-
allel to the target surface (side—on view) with the aid of a
quartz lens of focal length (f, = 20 cm); the lens is posi-
tioned to produce a 1:1 image of the plasma plume at the
entrance aperture of an Echelle spectrograph [type Catalina
Corp, model SE 200]. The instrument is coupled to an
intensified charge-coupled device (ICCD) camera [type
Andor, model iStar DH734-18F]. The entrance aperture of
a spectrograph is a circular opening 50 um in diameter, and
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Fig. 1 Schematic diagram of
the experimental setup
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the ICCD is contained in a camera head mounted at the exit
port. The emission from the plasma is collected by scan-
ning the spectrograph over the wavelengths of interest. The
system is fed by KestrelSpec software to acquire images
from the supported camera, align and focus the images,
calibrate and analyze the spectral data. The system of
detection covers a wavelength range from 200 to 1,000 nm
with a constant resolution of AA/A = 4,500 over three
points. An Oriel low-pressure Hg pin lamp is used for
wavelength calibration. The spectra are acquired at dif-
ferent delays after the laser pulse, using constant opening
gates of the ICCD (2 ps). The choice of the gate corre-
sponds to a compromise between the need of not having
very large variations in the signal during the measurement
time, and at the same time having a good signal for cal-
culating line intensities and widths. The experimental
measurements are collected from three different single
shots for three different “fresh targets”; this allows us to
present an average and a standard deviation of the results.

3 Results and discussions

The study of the emission from the titanium plasma gener-
ated by the lasers at the wavelengths of 532 and 1,064 nm at

different N, ambient gas pressures for different delay times
reveals that the continuum at the initial stage decreases with
the increase of the delay time. The emission spectrum of the
plasma consists mainly of transition lines of Ti I and Ti II,
covering the range of (200-1,000 nm). At lower ambient
pressure values, the intensities of Ti spectral lines last only
for a few hundreds of nanoseconds even not more than
500 ns at 15 Torr. As the ambient pressure gets higher, the
lines can last for up to several microseconds and even reach
about 25 ps at 760 Torr.

Figures 2 and 3 show the spectral distribution of Ti II
spectral lines at 321.71, 325.29, and 350.49 nm for dif-
ferent delay times, while Figs. 4 and 5 show the variation
in the emission intensity of the Ti II spectral lines at
321.71, 325.29, and 350.49 nm generated by the lasers of
wavelengths 532 and 1,064 nm for different pressures of
N, ambient gas. These results reveal that the intensities of
the Ti II spectral lines are much higher for the plasma
generated by the 1,064 nm laser than for the 532 nm laser
for different pressures of N, ambient gas. We should
mention that the higher intensity of the spectral line may be
attributed to stronger ablation of the sample. The mass
ablation of the metal depends upon the thermodynamic and
optical properties of the sample as well as on the laser
properties (wavelength, pulse duration, and irradiance).
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Fig. 2 Spectral distribution of Ti II lines at 321.71, 325.29, and
350.49 nm emitted from the plasma generated by laser wavelengths
of 532 and 1,064 nm at 350 Torr of ambient N, gas at different delay
time

The effect of the ambient atmosphere (N,) plays a domi-
nant role in the mass ablation rate with the incident laser
beam properties. In the model introduced by Fornarini et al.
[54], the interactions between the incoming radiation and
the solid sample depend upon numerous variables related
to the laser, the sample, and the surrounding atmosphere.
These variables include wavelength, energy, spatial and
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Fig. 3 Spectral distribution of Ti II lines at 321.71, 325.29, and
350.49 nm emitted from the plasma generated by laser wavelengths
of 532 and 1,064 nm at 74 = 1 ps for different pressures of ambient
N, gas

temporal profile of the laser beam, and the thermal prop-
erties of the sample. The incident beam is partially
reflected by the sample surface and partially absorbed by
the bulk to a degree that depends on the nature of the target
and the temperature it reaches under laser irradiation. The
rate of the radiation—solid interaction is also known to
depend on the laser wavelength [54].
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Fig. 4 Variation in the emission intensity of Ti II lines at 321.71,
325.29, and 350.49 nm emitted from the plasma generated by laser
wavelengths of 532 and 1,064 nm at 350 Torr of ambient N, gas
versus the delay times
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of ambient N, gas

For evaluating the plasma parameters and extracting
quantitative data from the line intensities, it is important to
verify that the plasma is not optically thick for the lines
being used for this purpose. The ratio of emission inten-
sities of resonant and nonresonant lines was verified
according to a procedure for the “optically thin” limit
described by Cremers and Radziemski [55], Simeonsson
and Miziolek [56], and Sabsabi and Cielo [57]. The absence
of self-absorption is a necessary requirement for a spectral
line to be used in the calculations of the excitation tem-
perature and the electron density in the produced plasma.

A multiplet is very useful in the assessment of self-
absorption [53, 58, 59]. Testing the self-absorption of Ti I

spectral emission lines reveals that all Ti I spectral lines are
affected by self-absorption. By examining the intensity
ratio of the doublet lines of the transition 3d*CF) 4 s—
3d*CF) 4p of Ti II at 321.71 nm and Ti 325.29 nm [53],
the calculated optically thin limit was found to be 1.35. The
experimental measured ratio agreed with this limit within
acceptable error bars for different delay times. Recalling
the fact that transitions not ending in the ground state are
hardly affected by any self-absorption [58]; it can be
concluded that the spectral lines arising from transitions
between the same or higher energy levels are all free of
self-absorption for the present experimental conditions.

Due to the short plasma life time at lower N, pressures,
the emission intensity of one of the Ti II spectral lines at
A =348.36 nm used for temperature measurements
becomes very weak, and the excitation temperature can be
calculated for just a few hundreds of nanoseconds at the
lower values of ambient N, pressures, i.e., at 25 Torr, it can
be calculated up to 1.5 and 3 ps for plasmas produced by
the 532 nm and 1,064 nm lasers, respectively. As the
ambient N, pressure gets higher, the calculation of the
excitation temperature can be performed for several
microseconds (>10 ps at 760 Torr). However, measure-
ments of the electron density from the Stark width of the
line profile of the Ti II spectral line at A = 350.49 nm are
possible up to 10 ps for lower pressures, and as the N,
pressure gets higher, the density can be performed up to
25 ps at 760 Torr.

4 Measurements of plasma temperature

In LTE or near LTE, the relative intensities of spectral lines
solely depend on the electron temperature since the popu-
lation densities of the upper levels follow a Boltzmann
distribution. The intensity of a spectral line thus is given by
[60, 61]:

L NO EBXC
lj = —hvgiAij - ; 1
I a8 ’U(T)eXp< kBTeXC) M)

where U(T) is the partition function, L is the plasma length,
Aj; is the transition probability, g; is the statistical weight of
the upper level, N, is the number density of atoms in the
ground state, T,y is the excitation temperature ~ electron
temperature, and E.,. is the excitation energy of the upper
level. By plotting In (I A/gA) versus E.,., the so-called
Boltzmann plot is obtained. In LTE, it is a straight line with
the slope equal to —(1/kgT).

In the present work, the temperature of the generated
titanium plasma has been calculated using Boltzmann plots
of the well-developed five Ti II spectral lines for which we
had proved their accuracy and stability for temperature
measurements [53]. The spectroscopic atomic data of these
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Table 1 The spectroscopic atomic data of the Ti II spectral lines
used in calculations

i (nm) E; (eV) Ey (eV) 8i 8k Ag (STH
286.23 1.2369 5.5672 4 6 4 x 107
321.71 0.0279 3.8808 8 10 1.69 x 107
325.29 0.0279 3.8384 8 10 3.83 x 107
348.36 4.3083 7.8663 10 8 9.7 x 107
351.08 1.8927 5.4232 8 8 9.25 x 10’
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Fig. 6 Boltzmann plots at different pressures of the ambient N, gas
for the plasma generated by 532 and 1,064 nm lasers at 74 = 1 ps

Ti II spectral lines are presented in Tables 1 [62]. Since the
wavelength interval between the selected spectral lines is
not small enough, a correction of their intensities is nec-
essary. The necessary correction has been performed using
the sensitivity calibration curve obtained by a deuterium—
tungsten—halogen lamp.

Figure 6 shows typical Boltzmann plots at different
pressures of ambient N, gas for the plasma generated by
the 532 nm and 1,064 nm lasers. The regression was
between (0.966 and 0.999) for different experimental
operating conditions.

The temporal evolution of the temperature at different
N, ambient pressures for the titanium plasmas generated by
the lasers of wavelengths of 532 and 1,064 nm shows that
the temperature is considerably high at the initial stage of
the plasma, and then, it decreases quickly with the delay
time as shown in Fig. 7.

Figure 8 shows the variation in the excitation tempera-
ture with different N, ambient pressures at different delay
times for the titanium plasma generated by the laser
wavelengths of 532 and 1,064 nm. It can be noticed that the
excitation temperature increases with increasing the
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Fig. 8 Variation in the temperature for the Ti plasma generated by
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pressure of the ambient N, gas. Moreover, the temperature
decreases by increasing the delay time.

The measured temperature ranged from about 1.66 to
1.1 eV and from 1.4 to 1.12 in the delay time range
(0.1-10 ps) for the plasmas produced by the 1,064 and
532 nm lasers, respectively, at atmospheric pressure of Nj.
At very low pressure (25 Torr), the corresponding tem-
perature ranges were from 1.46 to 1.1 eV and from 1.22 to
1.01 eV. The detailed values for other pressures can be
seen in Table 2; from the table, we also see that the plasma
life time is low for lower N, pressures and increases as far
as we reach the atmospheric pressure of N, ambient gas.
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E 5 Measurements of plasma electron density
z ==s<
B O N RE R The measurement of the Stark broadening of spectral lines
£ is considered the most powerful spectroscopic technique
2| E for determining the electron density of dense plasmas. This
'L a o E‘ E' method is based on the assumption that the Stark effect is
the dominant broadening mechanism, in comparison with
g Doppler broadening and other pressure broadening mech-
3 o o e — anisms due to collisions with neutral atoms (i.e., resonance
ol I S e and van der Waals broadening). The validity of this
£l assumption was generally admitted in works on laser-
E g induced plasmas and justified in various studies [55, 63,
s =29 64]. In case of well-isolated lines in neutral and singly
shtep e e ionized atoms, Stark broadening predominantly occurs by
£ electron collisions. Since Stark broadening is rather weakly
= independent on the temperature, the electron density can be
\O [T N . .
S|, ,2zZzZz determined with good accuracy.
g The FWHM of Stark-broadened lines is related to the
2 g electron number density [65, 66] and can be given by:
- R Ninjp = 2W e 5 N V() 3y 3
/“1/2_ WW 1+1.75A 1016 I—ZND 5 ( )
: | | |
Tlo waoamn where W is the electron impact parameter or Stark width
slzdadaem parameter, A is the ion impact parameter, and N, is the
= number of particles in the Debye sphere, which can be
(e
%) S g 3
= Tr a T 5o estimated from the relation:Np = 1.72 x 109% (4)W and
Q < | @ d - N
o ~ w | — e e e e
g A are functions of temperature and can be obtained by
8 g second order polynomials from [66].
= 2 ) . .
S Tl o < o In laser-induced plasmas with low temperature and high
2 S|lzgd ot s densities, the contributions by Doppler, van der Waals, and
5 z resonance broadenings are entirely very weak, so the sec-
= = g ond term of the Eq. (3) can be neglected. Then,
S |2z esaR9 , Ne
§ I e —_ = = = = = A/L]/z = ZWW (5)
<
g E In the present work, the Ti II spectral line at 350.49 nm
° T+ o a0 = 0 © was used for determining the electron density of the pro-
> Q o on ﬂ‘ v o O . .
o B Eal el duced plasma [53]. The Stark width parameter of the Ti II
§ :: spectral line of 350.49 nm has been experimentally deter-
3 s | E o ot oo mined by Hermann et al. [67, 68]. The least-square fit
g g, § ST aaaa method to the profile is used to obtain the FWHM of this
2 line. The measured instrumental width is 0.09 nm (deter-
g E mined from the FWHM of the Hg line at 4 = 280.35 nm
s Tlo o v m o o emitted by a standard low-pressure Hg lamp). Figure 9
Q
= % S|ZT I3 %8s presents an example of the line profile of the Ti II at
; % El A = 350.49 nm with its best fit for the plasma generated by
2|g S g the 1,064 and 532 nm lasers at 350 Torr of N, ambient
5 =) IS N O 0 —= > Q d -1
sl sl an s pressure and at zg = 1 ps.
E) The temporal evolution of the electron density at dif-
a2 ferent N, ambient pressures for the titanium plasmas gen-
= é o o o o erated by the two lasers at the wavelengths of 532 nm and
£l GR8=88&8S8 1,064 nm shows that the electron density is considerably
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Fig. 9 Profile of the Ti II line at 350.49 nm (dot line) with its best fit
(solid line) for the plasma generated by the 532 and 1,064 nm lasers
at 350 Torr of N, ambient gas and for 4 = 1 us
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Fig. 10 Temporal variation in the electron density for the Ti plasma
generated by 532 and 1,064 nm lasers at different pressure of ambient
N, gas

high at the initial stage of the plasma, and then, it decreases
quickly with the delay time as shown in Fig. 10. Therefore,
the electron density ranged from about 2.8 x 10" to
74 x 107 em™ and from 1.78 x 10" to
6.17 x 10" cm™ in the delay time range from 0.1 to
10 ps for plasmas produced by the 1,064 nm and 532 nm
lasers, respectively, at atmospheric pressure of N,. While at
very low pressure (25 Torr), the density ranged from
1.39 x 10" t0 1.67 x 10'7 cm™ and from 8.89 x 10" to
1.67 x 10" cm™? in the delay range from 0.1 to 10 ps for
plasma produced by the 1,064 nm and 532 nm lasers,
respectively. These values can be seen in Table 3.

Figure 11 shows the variation in the electron density
with different pressures of N, ambient gas at different
delay times for the titanium plasma generated by laser
wavelengths of 532 nm and 1,064 nm. It can be noticed
that the electron density increases with the pressure of the
ambient N,, and it decreases with increasing delay time.

6 Conclusions

From the present study, at lower ambient pressure values of
N>, the intensities of Ti spectral lines last only for a few
hundreds of nanoseconds even not more than 500 ns at
15 Torr. As the ambient pressure is increased, the inten-
sities of the lines can last for up to several microseconds
and even reach about 25 ps at 760 Torr. However, it is
observed that the intensities of the spectral lines increase
with increasing ambient N, pressures, especially at the
higher values of the ambient N, pressure where the
intensities of the lines increase rapidly. Continuum radia-
tion results from collisions of electrons with heavy parti-
cles, neutrals, and ions and is also due to recombination of
the electrons with ions. Thus, it can be inferred that at the
initial stage of the plasma near the ablated surface, there
are a large number of electrons, ions, and neutrals in the
excited states.

Table 3 Electron density values for plasma produced by both laser wavelengths at different delays

P (Torr) Electron density x 107 (cm™)

tq = 0.1 ps tq = 0.5 ps tq = 1.0 ps tq = 3.0 ps tq = 5.0 us tq = 10 pus
532 nm 1,064 nm 532nm 1,064 nm 532nm 1,064 nm 532nm 1,064 nm 532nm 1,064 nm 532 nm 1,064 nm
25 8.89 13.9 7.08 9.17 7.22 8.06 4.17 4.44 2.50 2.22 1.67 1.67
50 9.17 14.8 7.78 9.67 7.32 8.61 4.67 6.39 2.92 4.58 2.22 2.08
100 10.0 16.1 8.61 11.4 7.50 10.0 6.67 7.50 3.33 7.08 2.33 542
200 13.6 21.7 9.72 14.7 8.06 11.7 7.33 8.75 4.17 7.80 2.92 6.39
350 15.8 26.7 11.1 22.5 10.0 15.3 8.33 9.17 6.25 8.61 4.17 7.25
760 17.8 28.0 13.1 24.5 12.0 17.0 9.43 9.30 8.25 8.80 6.17 7.40
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mention that the higher intensity of spectral lines may be
attributed to higher ablation of the sample. The mass
ablation of the metal depends upon the thermodynamic and
optical properties of the sample as well as on laser prop-
erties (wavelength, pulse duration, and irradiance). The
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role in the mass ablation rate with the incident laser beam
properties. Then, the changes in the properties of the
plasma emission are due to the plume expansion changes,
which are determined by the interaction of the plasma with
the ambient atmosphere atoms.
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