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Abstract. In the present work, we have studied the spatial evolution of the aluminum plasma produced
by the fundamental (1064 nm), second (532 nm) and third (355 nm) harmonics of a Q-switched pulsed
Nd:YAG laser. The experimentally observed line profiles of neutral aluminum have been used to extract
the excitation temperature using Boltzmann plot method whereas the electron number density has been
determined from the Stark broadened profiles. Besides we have studied the variation of excitation temper-
ature and electron number density as a function of laser irradiance at atmospheric pressure. In addition,
we have performed quantitative analysis of photon absorption and vapor ionization mechanism at three
laser wavelengths and estimated the inverse bremsstrahlung (IB) absorption and photoionization (PI) co-
efficients. The validity of the assumption of local thermodynamic equilibrium is discussed in the light of
the experimental results.

PACS. 32.30.Jc Visible and ultraviolet spectra – 32.70.Jz Line shapes, widths, and shifts – 32.80.-t Photon
interactions with atoms

1 Introduction

Pulsed laser ablation has raised tremendous interest in
the last few years, as demonstrated by the large number
of experimental and theoretical studies conducted on the
subject. It provides a powerful and flexible tool in a wide
class of research applications spanning from material sci-
ence to the field of medicine. For example, thin films of al-
most all materials grown by pulsed laser deposition (PLD)
possess unique properties. At the same time, many stud-
ies highlighted various physical processes involved in the
phenomenon as well as of in situ monitoring of the pro-
cess itself. This is accomplished by using the experimental
techniques typically employed in atomic, molecular and
plasma physics [1]. In the laser-induced breakdown spec-
troscopy an intense laser beam is focused on the surface of
a target which generates a micro plasma. This technique
is divided in to three regions, (i) interaction of the laser
beam with the target material resulting in the evaporation
of the surface layers; (ii) interaction of the evaporated ma-
terial with the incident laser beam resulting in an isother-
mal plasma formation and expansion; and (iii) anisotropic
adiabatic expansion of the ablated vapor cloud in vacuum
(or into a back ground gas). The first two regimes start
with the emergence of the laser pulse and continue until
the duration of the laser pulse, whereas the last regime
starts after the termination of the laser pulse [2].
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The laser induced plasma characteristics depend on
several parameters including the features of the target,
properties of the ambient medium, laser wavelength and
pulse duration etc. Cabalin and Laserna [3] studied the
effect of laser wavelength on the ablation threshold for
metals with different thermal properties (from Zn to W)
using the first (1064 nm), second (532 nm) and forth
(266 nm) harmonics of a Nd:YAG laser. The fluence
threshold was shown to be the lowest for the longest wave-
lengths (1064 nm), whereas the energy threshold was the
lowest for the shortest wavelength (266 nm). There are nu-
merous experimental studies devoted to the effect of laser
parameters on the evaporation process, plume and plasma
characteristics, and analytical performance of LIBS. Russo
and co-workers [4–6] investigated the effect of laser irra-
diance on electron density and plume temperature, for
a Nd:YAG laser at 266 nm on glass or silicon samples.
The effect of laser pulse duration on the laser induced
plasma emission, electron density and plume temperature
has also been reported [7–9]. Different researchers have
studied the induced plasma on different target materials
like carbon, lead, lithium, sodium and copper using dif-
ferent laser sources. Sabsabi and Cielo [10] used the fun-
damental mode of a Nd:YAG laser to study the plasma
produced at the surface of aluminum in air at atmospheric
pressure. Lu et al. [11] studied the aluminum plasma gen-
erated by an excimer laser (248 nm) in vacuum using an
optical multichannel analyzer. Colon et al. [12] measured
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Fig. 1. (Color online) Schematic diagram of the experimental
set-up.

the Stark broadening parameters of some of the Al II tran-
sition lines in the atmosphere of molecular nitrogen.

In the present work, we have studied the effect of the
laser wavelength and fluence on the emission lines and also
on the plasma parameters of aluminum. A Q-Switched
Nd:YAG laser operating at its fundamental (1064 nm),
second (532 nm) and third (355 nm) harmonic has been
used to ablate the aluminum surface. Excitation temper-
atures and electron number density have been calculated
at different positions along the direction of propagation
of the plasma. In addition we have discussed the laser
absorption via inverse bremsstrahlung (IB) and photoion-
ization (PI) processes for these three laser wavelengths.
The effect of the self-absorption and the minimum crite-
ria for the local thermodynamic equilibrium (LTE) is also
discussed.

2 Experimental details

A schematic diagram of the experimental set-up shown in
Figure 1 is similar as in our previous work [13–15]. The
energy source used in the experiments was a Q-switched
Nd:YAG (Quantel Brilliant) laser, pulse duration of 5 ns
and 10 Hz repetition rate. The laser beam was focused
through a 20 cm quartz lens on the sample in a cham-
ber. The sample was mounted on a 3-dimensional sample
stage, which was rotated to provide a fresh surface after
each laser pulse to avoid deep crater. The distance between
the focusing lens and the sample was less than the focal
length of the lens to prevent any breakdown of the ambi-
ent gas in front of the target. The emission from the plume
was registered by the LIBS2000 (Ocean optics Inc.) detec-
tion system in conjunction with an optical fiber (high-OH,
core diameter: 600 µm) having a collimating lens (0–45◦

field of view), placed at right angle to the direction of
the plasma expansion. The optical emission of the plasma
was observed through a 5 cm diameter fused silica win-
dow. The emission signal was corrected by subtracting
the dark signal of the detector through the LIBS software.
The LIBS2000 detection system is equipped with five spec-
trometers each having 5 µm slit width, covering the range
between 200–720 nm. Each spectrometer has 2048 element
linear CCD array and an optical resolution of ≈0.06 nm.
The LIBS2000 detection system and the Q-switch of the
Nd:YAG laser were synchronized. The LIBS2000 system
triggered the Q-switch of the Nd:YAG laser and the flash
lamp out of the Nd:YAG laser triggered the LIBS2000 de-
tection system through a four-channel digital delay/pulse
generator (SRS DG 535). The out put data were averaged
for 10 laser shots. The system has been calibrated in wave-
length by recording the well-known lines of neon, argon
and mercury covering the wavelength range 200–720 nm.
The uncertainties in the measurement are ≈0.02 nm. All
the five spectrometers installed in the LIBS2000 are man-
ufacturer calibrated in efficiency using the DH-2000-CAL
standard light source. The data acquired simultaneously
by all the five spectrometers were stored on a PC through
the OOI LIBS software for subsequent analysis.

3 Results and discussion

In the first set of experiments the 1064 nm laser has
been used to ablate the material. The spectrum of the
Al plasma was recorded at different positions along the
direction of the propagation of the plasma. The spectrum
reveals a number of neutral as well as ionic lines of alu-
minum. The neutral aluminum lines at 226.90 nm cor-
respond to 5d 2D5/2 → 3p 2P3/2 transition, 336.70 nm,
337.31 nm to 4d 2D3/2,5/2 → 3p 2P1/2,3/2, transitions,
308.21 nm, 309.28 nm to 3d 2D3/2,5/2 → 3p 2P1/2,3/2 tran-
sitions, 394.40 nm, 396.15 nm to 4s 2S1/2 → 3p 2P1/2,3/2

transitions and 669.60 nm to 5p 2P3/2 → 4s 2S1/2 transi-
tion. The lines at 281.61 nm (4s 2S0 → 3p 2P1) 358.65 nm
(4f 3F3 → 3d 3D3) and 466.30 (4p 1P1 → 3P2 1D2) be-
long to signally ionized aluminum, whereas the observed
transition lines belonging to doubly ionized aluminum
are 360.19 nm (3d 2D3/2 → 4p 2P3/2), 361.23 nm (3d
2D3/2 → 4p 2P1/2), 370.20 nm (4p 2P1/2 → 5s 2S1/2) and
371.31 nm (4p 2P3/2 → 5s 2S1/2) shown in Figures 2a
and 2b. Some impurity lines due to magnesium Mg II, at
279.55 nm, Mg I, at 279.83 nm and 285.21 nm have also
been detected. The assignment of these lines is done using
the NBS (NIST) database. Similarly the spatial distribu-
tion of the transition lines has been recorded using the
532 nm and 355 nm lasers. In all the three laser wave-
lengths the fluence is kept at ≈5.5 × 1010 Wcm−2.

3.1 Excitation temperature and electron number
density

The excitation characteristics of the laser produced
plasma are determined from the plasma properties such
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(a) (b)

Fig. 2. The emission spectrum generated by the 1064 nm laser showing predominately the spectral lines originating from
transitions in the neutral and singly ionized and doubly aluminum and magnesium.

Table 1. Spectroscopic parameters of neutral Al transition lines.

Wavelength Transitions Statistical weight Transition Upper level energy
λ (nm) gk gi probability A (s−1) Ek

(
cm−1

)

257.51 4d 2D5/2 → 3p 2P3/2 6 4 2.8 × 107 38 933.97
265.24 5s 2S1/2 → 3p 2P1/2 2 2 1.3 × 107 37 689.41

308.21 3d 2D3/2 → 3p 2P1/2 4 2 6.3 × 107 32 435.45
309.28 3d 2D3/2 → 3p 2P3/2 4 4 7.4 × 107 32 436.79
394.40 4s 2S1/2 → 3p 2P3/2 2 4 4.9 × 107 25 347.75
396.15 4s 2S1/2 → 3p2P1/2 2 2 9.8 × 107 25 347.75

as temperature and electron number density. The analyti-
cal measurements are generally performed after the initial
plasma, when a state of local thermal equilibrium (LTE)
sets in. The population of the excited states follows the
Boltzmann distribution and their relative emissivity (Imn)
is given as [16,17],

ln
(

λmnImn

gmAmn

)
= ln

(
N(T )
U(T )

)
− Em

kTexc
, (1)

where λmn, Amn and gm is the wavelength, the transi-
tion probability and the statistical weight of the upper
level, respectively. Em is the excited level energy, Texc

is the excitation temperature, k is the Boltzmann con-
stant, U(T ) is the partition function and N(T ) is the to-
tal number density of atoms. From equation (1), a plot
of ln (λmnImn/gmAmn) versus Em for the observed spec-
tral lines follow a straight line and its slope −1/kTexc

yields the excitation temperature. The transition lines at
265.24 nm, 257.51 nm, 308.21 nm, 309.27 nm, 394.40 nm
and 396.15 nm have been used to draw the Boltzmann
plot. The relevant spectroscopic parameters for these tran-
sitions, taken from NIST database, are listed in Table 1.

In LIBS, two spectroscopic methods are commonly
used to determine the electron number density. The first
method requires measure of the Stark broadening of the

spectral lines and the second method requires the measure
of the population ratio of two successive ionization states
of the same element. The emission spectral lines of the
laser produced plasma are noticeably broadened therefore
electron number density can be extracted from the widths
of the spectral lines. There are two important line broad-
ening mechanisms in the laser plasma i.e. Doppler broad-
ening and Stark broadening. The Doppler broadening can
be estimated from the relation [18,19]

∆λ = 2λ

√
2kT ln 2

mc2
, (2)

here λ (m) is the wavelength, k (J K−1) is the Boltzmann
constant, T (K) is the absolute temperature, m (kg) is the
atomic mass and c (m s−1) is the velocity of light. At a
temperature of 10 000 K, the Doppler width is estimated
≈0.005 nm for the transition at 396.15 nm. This width
is too small to be detected in the present studies, there-
fore it is neglected. The Stark broadening of the spectral
lines in the neutral and singly ionized species occur when
an emitting atom at a distance r from an ion or elec-
tron is perturbed by the electric field. The FWHM of the
Stark broadened profile is related with the number density
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through the relation [20–23]

∆λ1/2 = 2ω

(
Ne

1016

)
+ 3.5A

(
Ne

1016

)1/4

×
[
1 − 3

4
N

−1/3
D

]
ω

(
Ne

1016

)
, (3)

here ∆λ1/2 is the width of the spectral line, ω is the elec-
tron impact broadening parameter, A is the ion impact
broadening parameter, Ne is the electron number density
and ND is the number of particles in the Debye sphere.
This relation consists of two terms; the first term is the
contribution of electron impact broadening in the line
width and the second term represents the contribution of
ion impact broadening. The line width is predominantly
associated with the first term only as the effect of the
ion impact broadening parameter is relatively very small.
Therefore, the second term can safely be ignored and the
relation governing the width of a spectral line may be
written in a much simpler form as:

∆λ1/2 = 2ω

(
Ne

1016

)
. (4)

The true line width ∆λ1/2 is determined by subtracting
the instrumental line width from the experimentally ob-
served line profile [4]. The instrumental width of the LIBS
2000 spectrometer system is extracted as 0.05(2) nm us-
ing a narrow line width dye laser. The value of ω has been
taken from reference [24]. The extracted electron number
density contains about 15% error attributed to uncertain-
ties in the width measurement, the instrumental width
de-convolution and the electron impact parameter.

The condition that the atomic and ionic states should
be populated and depopulated predominantly by electron
collisions, rather than by radiation, requires an electron
density which is sufficient to ensure the high collision rate.
The corresponding lower limit of the electron density is
given by McWhirter criterion [25]:

Ne � 1.6 × 1012T 1/2∆E3, (5)

where T (K) is the plasma temperature and ∆E (eV) is
the energy difference between the states, which are ex-
pected to be in local thermodynamic equilibrium (LTE).
At a temperature ∼10 000 K, equation (5) yields Ne ≈
1015 cm−3, which ascribe the validity of LTE. The use of
the emission spectroscopy for the measurement of temper-
ature and electron number density requires optically thin
spectral lines. The aluminum plasma is observed to be op-
tically thin as in case of self absorption the strong lines
appear to have either a flat toped profile (saturation) or
a dip at the central frequency (self absorption) [26]. The
self absorption depends on the oscillator strength, level
energies degeneracy, broadening parameters and also on
the plasma parameters [17]. In the present work we did
not find any saturation or dip at the central frequency of
the observed emission lines.

In the spatial behavior of the plasma generated by the
1064 nm, 532 nm, and 355 nm lasers, at irradiance of

Fig. 3. (Color online) Variation of the excitation temperature
along the direction of propagation of the plume using 1064 nm,
532 nm and 355 nm lasers.

≈5.5× 1010 Wcm−2. The excitation temperature close to
the surface of the target is estimated as 9630 K, 8590 K
and 8160 K respectively. This temperature decreases to
7660 K, 7065 K and 6525 K at about 5 mm from the tar-
get as shown in Figure 3. The number density close to the
target in the case of 1064 nm, 532 nm and 355 nm lasers
are 1.3×1018 cm−3, 1.7×1018 cm−3 and 2.7×1018 cm−3,
these values decreases to 4.2×1017 cm−3, 5.1×1017 cm−3

and 9.3 × 1017 cm−3 at about 5 mm from the target re-
spectively, shown in Figure 4. The plasma temperature
decreases steeply as a function of distance from the tar-
get. A high value of the temperature at the surface of the
target is attributed to the absorption of the laser energy
via the inverse bremsstrahlung (IB) process. The IB pro-
cess is usually described by the inverse absorption length
(αib), which is given by [27–30]:

αib(cm−1) ≈ 1.37 × 10−35λ3N2
e T−1/2

e . (6)

Here λ (µm) is the wavelength of the laser photons, Te (K)
is the electron temperature, and Ne (cm−3) is the electron
density. In the case of fundamental 1064 nm laser, the IB
absorption αib is approximately equal to 0.29 cm−1 at the
laser irradiance of 5.5 × 1010 Wcm−2. This implies that
1.6×108 Wcm−2 is absorbed in the plasma plume, which
is nearly four times greater than the 532 nm laser and
six times greater than 355 nm laser. It is evident from
Figure 3 that the temperature is greater in the case of
1064 nm laser than 532 nm and 355 nm lasers. Thus the
IB process is more efficient in the case of IR as compared
to 532 nm and 355 nm lasers because of its λ3 dependence
(see Fig. 3). The decrease of the excitation temperature
away from the target is attributed to the fact that ther-
mal energy is rapidly converted into the kinetic energy of
the plasma, which causes expansion of the plasma. Dif-
ferent values of number densities for three different laser
wavelengths depend upon the coupling of the laser light
with the target. The reflection of the light from the metal
also plays an important role which depends on the ther-
mal conductivity, roughness and laser wavelength. In the
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Fig. 4. (Color online) Variation of the electron number density
along the direction of propagation of the plume using 1064 nm,
532 nm and 355 nm lasers.

case of aluminum metal the reflectivity for the 1064 nm,
532 nm and 355 nm lasers are ≈0.95, 0.92 and 0.92 re-
spectively [31]. The infrared laser has a relatively higher
reflectivity as compared to the visible and ultraviolet (UV)
radiation. Once the plasma is formed, its growth is gov-
erned by the photoionization (PI) and multiphoton ioniza-
tion (MPI) process of the excited atoms. The first excited
state of aluminum lies 3.14 eV above the ground state,
whereas the ionization potential is 5.99 eV. Thus with
the UV photons (3.46 eV at 355 nm) the PI process of
the excited states is more probable, whereas in the vis-
ible (2.31 eV at 532 nm) and IR (1.17 eV at 1064 nm)
two-photon ionization and three-photon ionization is re-
quired. Thus the number density in the case of 355 nm
laser is higher than that of 532 nm and 1064 nm lasers.
As it is clear from Figure 4, the number density has the
highest value for 355 nm laser, which can be attributed to
the fact that the mass ablation is higher for 355 nm and
has minimum value for the 1064 nm laser.

In the case of UV laser, direct photoionization (PI) of
the excited atoms becomes the dominant ionization mech-
anism. The photoionization process is given by [1,29,30]

αPI = σPINn ≈
∑

n

2.9 × 10−17 (En)5/2

(hν)3
Nn, (7)

where σPI is the photoionization cross-section, hν (eV) is
the photon energy, En (eV) is the ionization energy and
Nn (cm−3) is the number density of the excited state n. In
this equation the summation is performed over the energy
levels which satisfy the condition hν > En. Note that the
above equation, although derived for hydrogen like atoms,
can be applied to complex atomic systems as discussed by
Amoruso et al. [28]; and Zel’dovich and Raizer [29]. The
electrons generated by the photoionization process are not
in thermal equilibrium and the recombination process re-
duces the number density of the electrons and ions gen-
erated by photoionization. The decrease of Ne is mainly
due to the recombination between the electrons and ions in
the plasma. On the other hand, the recombination process

can counterbalance the electron generation by electron
impact (EI) ionization and photo ionization (PI). If the
recombination time constant is comparable to the laser
pulse duration, an electron generated by the ionization
process can effectively contribute to the IB absorption.
The rate of recombination can be estimated by consider-
ing the relaxation time of the three-body recombination
and photo-recombination process. In particular the rate of
the EI from the first aluminum excited state (ε = 3.14 eV)
τ−1
EI is given as [28,29]

τ−1
EI ≈ 2 × 10−10N∗

(
IH

IAl − ε∗

)2

T 0.5
e exp

(
−IAl − ε∗

T

)
,

(8)
where, N∗ is the excited state number density, and IH

(13.6 eV) and IAl (5.99 eV) are the hydrogen and alu-
minum ionization potentials respectively. An appropropri-
ate estimate of N∗ can be obtained from the Boltzmann
equilibrium condition, at Te ∼ 1 eV: we obtained EI ioniza-
tion time constant τEI < 1 ns. This is clearly sufficient for
the enhancement of the ionization during the laser pulse
duration (∼5 ns). Therefore, the vapors reach quite read-
ily the degree of ionization at which the IB by electron-ion
(e-i) collision becomes the primary mechanism of photon
absorption, and a highly absorbing plasma is produced.

The effectiveness of PI of the excited atoms in
a nanosecond pulse UV and visible laser ablation of
metallic targets have been demonstrated by Chang and
Warner [30]; Song and Xu [32]; Lunney and Jordan [33]. A
similar effect of laser wavelengths was reported by Fabbro
et al. [34] who used a Nd: glass laser at fundamental, sec-
ond and forth harmonics at 1.06 µm, 0.53 µm and 0.26 µm,
respectively. Dittrich and Wennrich [35] discussed the ef-
fect of laser wavelength and inferred that the mass abla-
tion rate increases with the shorter wavelength. Abdellatif
and Imam [36] reported the effect of laser wavelength on
the temperature and electron number density of the alu-
minum plasma produced by the fundamental, SHG and
THG of the Nd:YAG laser. Barthe’lemy et al. [37] also
studied the effect of laser wavelength on the axial and
temporal behavior of temperature and electron number
density of the aluminum plasma, ablated by the 1064 nm,
532 nm and 266 nm of a Nd:YAG laser with 6 ns pulse
duration.

In the second set of the experiment we have investi-
gated the effect of the laser irradiance on the emission
intensity, width and shift of the transition lines as well
as on the plasma parameters. We have observed that
the intensities and the widths of the spectral lines in-
crease with an increase in the laser irradiance. In the
case of 1064 nm laser the irradiance was increased from
1.3 × 1010 to 4.3 × 1010 Wcm−2 and a shift in the neu-
tral aluminum transition lines at 256.79 nm, 257.51 nm,
265.24 nm, 266.04 nm, 308.21 nm, 309.27 nm, 394.40 nm,
and 396.15 nm have been observed as 0.03 nm, 0.02 nm,
0.017 nm, 0.02 nm 0.04 nm, 0.03 nm, 0.01 nm and
0.01 nm respectively. The observed shifts and widths of
these lines are shown in Figure 5. At a lower fluence the
vapour produced by the leading edge of the laser pulse
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Fig. 5. (Color online) Variation in the signal intensity and width of the Al (I) lines at 256.79 nm, 257.51 nm, 265.24 nm,
266.04 nm, 308.21 nm, 309.27 nm, 394.40 nm, and 396.15 nm at different values of 1064 nm laser.
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Fig. 6. (Color online) Variation of the excitation temperature
with the laser irradiance using 1064 nm, 532 nm and 355 nm
lasers.

behaves like a thin medium, so the laser passes nearly
unattenuated through the vapour. However with an in-
crease in the laser fluence the rate of evaporation as well
as the laser absorption (IB and PI processes) in the plasma
increases, which causes an increase in intensity and width
of the spectral lines. At a higher irradiance above the
6.0 × 1010 Wcm−2, the variation is very small due to
plasma shielding. Plasma shielding effects in the laser-
ablation processes at high power density have also been
reported by several authors [38–41].

We have determined the excitation temperature and
electron number density as a function of laser irradiance
in three modes of a Nd:YAG laser. The laser irradiance
ranges from 1.3 × 1010 to 7.6 × 1010 Wcm−2, the excita-
tion temperature varies as (7 120 to 11 680) K, (5 985 to
9 850) K and (5 490 to 8 600) K, whereas the number den-
sity varies as (4.2×1017 to 7.6×1018) cm−3, (5.6×1017 to
1.9×1018) cm−3 and (9.2×1017 to 3.3×1018) cm−3 for the
1064 nm, 532 nm and 355 nm lasers respectively. The tem-
perature and number density as a function of laser irradi-
ance are fitted to a power law. In the case of fundamental
(1064 nm; T ∼ I0.29±0.01, and Ne ∼ I0.57±0.02), SHG
(532 nm; T ∼ I0.28±0.01, and Ne ∼ I0.64±0.03) and THG
(355 nm; T ∼ I0.26±0.01, and Ne ∼ I0.70±0.02), shown in
Figures 6 and 7 respectively. At the initial stage of the
plasma near the ablated surface, there are a large num-
ber of electrons, ions and the atoms in the excited state,
therefore at the surface the plasma progressively behaves
like an optically thick medium and effectively shields the
target surface from the tailing part of the laser pulse. At
λ = 532 nm, the ionization can mainly be ascribed to elec-
tron neutral inverse bremsstrahlung (IB) processes and
consequently electron ionization, whereas for the 355 nm
laser, direct photoionization of the excited states in the
vapor seems to be the most effective process. The IB pro-
cess is less effective in the UV than in the visible and IR.
The longer wavelength corresponds to a lower photon en-
ergy and lower probability of photoionization from the

Fig. 7. (Color online) Variation of the electron number density
with the laser irradiance using, 1064 nm, 532 nm and 355 nm
lasers.

Fig. 8. (Color online) Variation of the calculated inverse
bremsstrahlung absorption αIB with the laser irradiance at
1064 nm, 532 nm and 355 nm lasers.

excited levels, resulting in a lower absorption coefficient.
Figures 8–10 depicts the calculated IB coefficient, PI co-
efficient and the percentage absorption via PI process in
the plasma, as a function of laser irradiance for the three
laser wavelengths. It is clear from the Figures 8 and 9
that the plasma absorption via IB process is dominating
for the longer wavelength, whereas the PI process is dom-
inating for the shorter wavelength. At 1064 nm laser, the
amount of plasma absorption is much lower than that of
532 nm and 355 nm lasers, in spite of the fact that the
IB absorption coefficient is significantly higher. This is
attributed to much lower number densities of electrons,
ions and neutrals in the plasma. Figure 10 shows that the
plasma absorption in both the processes increases with
the laser irradiance. The amount of laser energy effectively
penetrating the sample can be approximated as [42]:

E ∼ I0(1 − R)(1 − A)

where I0, R and A stands for the incident laser irradiance,
the target reflectivity and the percentage absorption in
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Fig. 9. (Color online) Variation of the calculated photoion-
ization absorption αPI with the laser irradiance at 1064 nm,
532 nm and 355 nm lasers.

Fig. 10. (Color online) Calculated percentage amount of
laser absorption via PI absorption with the laser irradiance
at 1064 nm, 532 nm and 355 nm lasers.

the plasma, respectively. At the three laser wavelengths,
fundamental, SHG and THG having laser irradiance of
∼1.3 × 1010 Wcm−2, it yields:

• at 1064 nm: E ∼ 1.3 × 1010 (1 − 0.06)(1 − 0.95) =
6.0 × 108 Wcm−2;

• at 532 nm: E ∼ 1.3 × 1010 (1 − 0.16)(1 − 0.92) =
8.6 × 108 Wcm−2;

• at 355 nm: E ∼ 1.3 × 1010 (1 − 0.6)(1 − 0.92) = 4.1 ×
108 W cm−2.

Whereas at a higher irradiance, 7.6× 1010 W cm−2, these
values become 3.0 × 109 Wcm−2, 3.3 × 109 Wcm−2 and
3.0 × 108 Wcm−2 respectively. These calculated results
show that in the case of 1064 nm and 532 nm lasers the
plasma absorption as well as penetration into the sample
increases with the laser irradiance, but different behav-
ior has been observed for the 355 nm laser, in which the
plasma absorption increases and the laser penetration into

the sample decreases with the increase of the laser irradi-
ance.

Conclusion

A space-resolved diagnostic technique has been used to
study the emission from the plume of aluminum (Al)
plasma produced by the fundamental second and third
harmonics of a Nd:YAG laser. The observed intensities of
the atomic and ionic transition lines in the case of 355 nm
laser is the strongest as compared to the 532 nm, and
1064 nm lasers, due to maximum coupling of the UV laser
with the sample target. The excitation temperature and
the number density are found to be higher close to the tar-
get and decrease exponentially away from the target. The
temperature for the 1064 nm laser is higher than that for
the 532 nm and 355 nm lasers at the same value of laser
irradiance. It is because of the inverse bremsstrahlung pro-
cess, which is dominant for the longer wavelength lasers,
whereas the number density for the 355 nm laser is higher
than that of the 532 nm and 1064 nm lasers, because of
the competing effects of the target surface reflectivity and
the laser plasma absorption.

We have also studied the behavior of the plasma at
different laser irradiance and it is observed that not only
the intensity and width of the atomic and ionic transition
lines increases with the increase of the laser irradiance but
also the transition lines are found to be slightly shifted.
The plasma parameters such as temperature and number
density are found to increase with the laser irradiance. It
is inferred that at first stage the laser vapor interaction
is largely due to the inverse bremsstrahlung (IB) process,
which is dominant in the case of 1064 nm laser. However,
in the UV and visible lasers, photoionization of the excited
species plays a dominant role. Both the mechanisms effi-
ciently increase the electron density, and probably trigger
the breakdown ionization during the laser pulse duration.
It is remarked that the target heating, melting, vapor-
ization, ionization degree and densities of the ions and
electrons in the plume and also the plasma shielding all
increase with the laser irradiance.
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