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Polarization and fluence dependence of the polarized emission in nanosecond
laser-induced breakdown spectroscopy
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Several studies have appeared in the past two years reporting that the continuum emission produced by the
laser ablation of solid materials is strongly polarized. In a paper that appears to conflict with these findings,
Asgill et al. report that they did not observe a significant amount of polarization produced by nanosecond laser
excitation of nitrogen gas and laser ablation of copper and steel ( M.E. Asgill, H.Y. Moon, N. Omenetto, D.W.
Hahn, Investigation of polarization effects for nanosecond laser-induced breakdown spectroscopy, Spectro-
chim. Acta Part B (2010) xxx–xxx [7]). Here we show that the apparent discrepancy is resolved when laser
fluence and polarization are taken into account. Using a 532 nm Nd:YAG laser to ablate Al samples in air, we
find that the degree of polarization, P, of the continuum is greater for s- vs. p-polarized excitation and that P
decreases with increasing fluence. We show that P would be b10% under the conditions of Asgill et al.,
whereas PN60% is obtained at low fluences with s-polarized excitation. We also confirm that at high fluence
the polarization of the discrete emission is much smaller than that of the continuum.

© 2011 Elsevier B.V. All rights reserved.

Laser ablation of solid materials is a complex process that transfers
matter into liquid, vapor, and plasma phases in a sequence of non-
equilibrium steps. Light emitted by the excited material can provide
valuable information about the ablation mechanism as well as a
powerful tool for analyzing the elemental composition of the
substrate. A number of studies have shown that the light emitted
from laser-induced plasmas, especially the continuum radiation, can
be strongly polarized [1–5]. This effect was observed for a wide variety
of solid materials and for both nanosecond and femtosecond
excitation. The polarization was speculated to be related to the non-
equilibrium state of the plasma, which may result in an anisotropic
velocity distribution of the electrons [6], which in turn transfer their
directionality to the polarization state of the emitted photons.

Recently, Asgill et al. [7] investigated these polarization effects in
nitrogen gas, steel, and copper with a time-resolved technique using a
10 ns, p-polarized laser. For nitrogen gas they found no polarization of
the plasma emission. For the steel sample at oblique angles of incidence
they observed a polarization, P, of approximately 5% that is independent
of the angle of incidence and delay time. They also report no significant
difference between the continuum and discrete polarization levels. For
the copper sample the laser was incident normal to the surface, and no
polarization was observed. They attribute the polarization effects seen
in other laboratories, obtained using non-time-resolved spectroscopic
methods, to polarization-dependent Fresnel reflectivity, which causes

s-polarized light to be preferentially reflected. They further argue that
evolution of the plasma causes the ratio of light emitted directly by the
plasma to that reflected by the surface to change in time. The fact that
the discrete emission is known to occur at a delayed time with respect
to the continuummay therefore explain the polarization effects seen in
the other laboratories.

The absence of polarization produced by the copper sample when
irradiated at normal incidence agrees with our earlier study of alu-
minumwith a femtosecond laser (see Fig. 7 of Ref. [3]). We also found
that the laser-induced breakdown spectrum (LIBS) of air is likewise
unpolarized (unpublished data associated with Ref. [8]). The discrep-
ancywith the results of Asgill et al. is therefore restricted to the case of
oblique ablation of solid materials.

We believe that the transient optical properties of the plasma as
well as Fresnel reflection effects are unable to explain the polarization
seen in previous experiments. At an angle of incidence of 30o, the
difference in the Fresnel reflection efficiencies of s- and p-polarization
are small and could give rise to Pb10%. While this effect may explain
the small polarizations seen in the experiment of Asgill et al., it cannot
account for the very large polarizations seen in previous experiments
[1–5], ranging from 20% to almost complete (P=100%) polarization.

We have performed an experiment that reconciles the differences
between the data reported by the three groups that have studied this
problem. The second harmonic of a Nd:YAG laser (Continuum
Surelite, 532 nm, 4 ns pulse width) was used to ablate an Al sample
in air. A variable neutral density filter was placed before the focusing
optics to set the pulse energy of the beam, E, between 1 μJ and 5 mJ.
The polarization state of the laser was changed using a half-wave
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plate. The laser was focused onto the sample by a 100 mm focal length
convex lens. Machine-polished, industrial grade aluminum (alloy
#7075; 91:0% Al, 6:0% Zn, 2.5% Mg) was mounted on a sub-μm
precision xyz translation stage. The stage was computer-controlled to
expose a fresh surface for each incident pulse. The laser was incident
30o from the normal direction of the sample surface. The focused laser
beam has a radius of ω=22.6±1.4 μm, which was measured with a
scanning knife edge. This quantity is the Gaussian radius of the electric
field, such that the intensity is given by

I rð Þ = I0e
−2r2 =ω2

; ð1Þ

and the peak fluence is given by

F = 2E cosα= πω2
; ð2Þ

where α is the angle of incidence. The plasma plume was imaged
perpendicular to the direction of the laser beam onto the 50 μm wide
entrance slit of a spectrograph (Spectrapro2300i, Princeton Instruments)
equipped with a non-gated CCD (PIXIS 400, Princeton Instruments)
camera. A Glan–Thompson polarizer mounted on a motorized rotation
stage was inserted in front of the entrance slit of the spectrograph to
measure the polarization of the plasma emission (Table 1).

Fig. 1 shows the dependence of P on laser fluence for both s- and
p-polarization. The polarization was measured at 460 nm, which is
free of discrete emission and is representative of the continuum
spectrum. The figure also shows data reported by Majd et al. [5] and
Asgill et al. [7] at their respective fluences. The fluence of Asgill et al.
was calculated without the factor of 2 in Eq. (2) because they used a
truncated Gaussian pulse shape [9]. The fluence fromMajd et al. was
multiplied by a factor of 0.87 to include the cos α factor in Eq. (2)
[10].

We propose that the lack of polarization seen by Asgill et al. is a
result of two relevant differences in their experimental conditions.
First, there is a significant dependence of the polarization of the
continuum emission on the polarization state of the laser. Specifically,
it is shown in Fig. 1 that s-polarization is much more effective in
generating polarized plasma emission than p-polarized light. Second,
P depends strongly on the fluence of the incident laser. Fig. 1 shows
that the polarization falls dramatically as the fluence is increased from
5 to 500 J/cm2. For s-polarized excitation, P drops by a factor of 3,
whereas for p-polarization P drops below 5%, in good agreement with
the findings of Asgill et al.

Fig. 2 shows emission (LIBS) and polarization spectra over the
range of 385–505 nm takenwith a fluence of 13.2 J/cm2. These spectra
are similar to our previous work [4] as well as that of Majd et al.
Specifically, the polarization of the continuum radiation varies slowly
with wavelength in this spectral region. The strong Al lines near
400 nm in the LIBS spectrum appear as windows in the polarization
spectrum, indicating that the polarization of the discrete emission is
smaller than that of the continuum emission. A precise value of P for
the discrete lines is difficult to determine because they sit on top of
the broad continuum. As the fluence is increased, the difference
between discrete and continuum polarization decreases until the
polarization spectra are nearly flat, resembling the results of the work
of Asgill et al.

Other differences between the experimental conditions used by
the various groups include the target material and laser wavelength.
Majd et al. used copper at 1064 nm, Asgill et al. used steel at 1064 nm,
and we used aluminum at 532 nm. The excellent consistency
between the three sets of data shown in Fig. 1 suggests that these
factors do not play a primary role in the polarization mechanism.
Corroborating evidence is provided by our femtosecond experi-
ments, in which we observed high values of P for silicon [1], copper
[2] and graphite [2] at 800 nm. The insensitivity to material and
wavelength (but not necessarily to pulse duration) suggests that the
polarization depends more on the properties of the plasma than of
the underlying substrate.

The mechanism responsible for the plasma polarization is still
unknown. Possible effects include an alignment of the plasma that
persists after termination of the pulse, reflection and scattering of the
fluorescence as it emerges from the plasma, and parametric frequency
conversion of the laser beam itself. It is possible that more than one
mechanism plays a role at different times and fluences. Experiments
designed to elucidate the mechanism are ongoing in our laboratory.
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Table 1
Laser parameters for the three experimental setups.

Parameter Present study Asgill et al. [7] Majd et al. [5]

Pulse energy (mJ) 0.05–4.6 40 51
Spot radius (mm) 22.6±1.4 30 95
Fluence (J/cm2) 5.4–497 1200 310
Irradiance (GW/cm2) 1.02–94.0 120 40
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Fig. 1. Polarization of the 460 nm emission vs. laser fluence generated with s-polarized
(open symbols) and p-polarized (filled symbols) radiation. The circles are from the
present study, the squares are from Majd et al. (Ref. [5]), and the triangle is from Asgill
et al. (Ref. [7]).
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Fig. 2. LIBS spectrum (red, lower trace) and polarization spectrum (black, upper trace)
taken with an s-polarized laser with a fluence of 13.2 J/cm2.
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