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It is shown that the continuum emission produced by an Al alloy ablated by femtosecond laser pulses is much more

polarized than the characteristic lines of elements. A Glan—-Thomson polarizer is used in the laser-induced breakdown

spectroscopy experiment to investigate the polarization effect. The use of the polarizer at its minimal transmission

increases the signal-to-noise ratio. The effects of angle of detection, focal position, and pulse energy on the signal-to-

noise ratio are also studied.
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1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is
a powerful analytical technique, whcih can be used
for the detection and characterization of materials.
A high-power laser beam (commonly 10-ns pulsed in-
frared 1.06 mm radiation) is focused through a lens to
produce plasma. The emitted light is collected by a
second lens or often through a fiber, and directed into
a spectrometer.[’2] Each atom in the plasma emits a
unique set of spectral lines. Therefore, this technique
can be used to determine the chemical composition of
a sample.[*~5 With LIBS, we can analyze gas, liquid,
and solid samples. The major limitation to LIBS per-
formance is the production of strong continuum radia-
tion in the early stages of plasma formation. The main
sources of the continuum emission are generally the in-
verse bremsstrahlung (free-free) and radiation recom-
bination (bound-free) within the hot dense plasma.l®!

Different techniques have been developed in the
LIBS method to increase the signal-to-background ra-
tio (SBR) and the signal-to-noise ratio (SNR). The
strong white light at the early time can be removed
from the measurements by turning the detector on af-
ter this white light has significantly subsided in inten-
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sity, while the atomic emissions are still present. This
technique is called time-resolved laser-induced break-
down spectroscopy (TRLIBS), which is the most well
known technique to reduce the level of noise related
to the background continuum emission.[”=% But this
technique is very sensitive to the choice of an appro-
priate time delay (the time between the plasma for-
mation and the start of the observation of the plasma
light) and the gate width (the time period over which
the light is recorded) for each spectral line, and the
intensity of laser as well as the physical and chemical
proprieties of the sample.

Recently, the plasma continuum emission has
been found to be strongly polarized, whereas
the characteristic lines of elements are much less
polarized.19—12] Tt is possible to reduce the contin-
uum emission by placing a polarizer in front of the de-
tector. This technique is called polarization-resolved
laser-induced breakdown spectroscopy (PRLIBS). El-
sami et al.['3] used this technique to study the effect of
laser beam polarization on the direction of polariza-
tion of the continuum emission. In the present paper,
femtosecond laser pulses are used to study how the
PRLIBS results depend on polarizer angle, detection
angle, focal position, and laser pulse energy.
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2. Experimental set-up

A schematic diagram of our experimental set-up
is shown in Fig. 1. The laser beam generated by a fem-
tosecond Ti: sapphire amplifier (pulse duration 50 fs,
repetition rate 1 kHz, wavelength 800 nm, and pulse
energy around 4 mJ) is used to ablate the aluminum
sample. Our sample is Al 2024(YL 12) consisting of Al
(~ 91%), Si (< 0.5%), Fe (< 0.5%), Cu (3.8-4.9%),
Mn (0.3%), Mg (1.2-1.8%), Cr (0.1%), Zn (0.25%),
Ti (0.15%), and the others. To reduce the pulse en-
ergy, neutral density filters are used. The laser beam
is focused through a lens L; (f = 200 mm) on the
aluminum alloy in air. At the pulse energy of 400 wJ,
the laser spot diameter is ~ 100 pm at the focal point.
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Fig. 1. (colour online) Schematic diagram of experimen-
tal set-up.

A two-dimensional translation stage is used to
make each laser pulse fall on a fresh target surface.
The radiation emitted by the plasma plume is col-
lected and focused on the fiber by using a pair of
lenses Lo (f = 75 mm) and Lz (f = 35 mm). To
reject the fundamental laser light, four attenuators
(GRB3) are placed behind lens Ly. In order to inves-
tigate the polarization effect, a Glan—-Thompson po-
larizer is placed in front of the detector at the focal
point of Ly. The emission from the plume is recorded
by using a spectrometer (Ocean Optics USB 4000) in
conjunction with an optical fiber placed at the right
angle.

During our experiment, an integration time of
100 ms is used, and the dark current background of
the detector is subtracted from the measured spectro-
scopic data for each measurement.

3. Results and discussion

During the whole experiment, the laser beam is
normal to the sample surface, and the detection sys-
tem is adjusted manually. To explore the polarization

effect, in each measurement, the polarizer is rotated
twenty times with increments of 20°, and we compare
the results obtained without using a polarizer (time-
integrated LIBSB]) with those obtained using the po-
larizer at its minimal transmission (PRLIBS).

3.1. Polarization spectrum

Rotating the polarizer with increments of 20°
changes the intensity transmitted by the polarizer.
The minimal transmission is obtained when the angle
of the polarizer is at 20°, and the maximum transmis-
sion occurs at 100° (Fig. 2).
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Fig. 2. Typical plot of emission intensity at a given wave-
length recorded at 20° intervals. The data correspond to
a wavelength of 650 nm. The curve is a sine type function
fitted to the data.

In this study, we calculate the polarization de-
gree of the spectrum obtained by the spectrometer.
The polarization degree is calculated as

P = (Imax - Imin) / (Imax + Imin) ) (1)

where I« and I, are chosen among all the nineteen
measurements at each wavelength. The polarization
spectrum can be obtained by plotting P as a function
of wavelength.
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Fig. 3. Plasma emission and polarization spectra of Al.

A comparison between the LIBS emission spec-

trum and the polarization spectrum shows that the
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continuum emission is much more polarized (> 75%)
than the discrete line emission (< 30%) (Fig. 3). The
emission and the polarization spectra are nearly mir-

ror images of each other.

3.2. Time-integrated LIBS and PRLIBS
comparison

The polarization degree of the spectrum shows
that the polarizer placed in front of the spectrometer
can reduce the continuum emission while the discrete
lines are still present. In this experiment, the detec-
tor angle is fixed at 60°, and the pulse energy used is
600 wJ.

In Fig. 4(a), only three lines are well resolved.
However in Fig. 4(b), the sensitivity and the resolu-
tion of LIBS are improved by placing a polarizer at
minimal transmission in front of the detector. Some
lines like Cu (I) at 470.45 nm, Mg (II) at 545.53 nm,
and Fe (I) at 588.38 nm become well resolved. The
line Fe (I) at 588.38 nm is used to calculate the SNR
and the SBR for each signal, because it is isolated.
The SNR obtained using the polarizer at the minimal
transmission is about five times higher than that ob-
tained without the polarizer. It is 59.75 at the minimal
transmission of polarizer, and 14.61 without using the
polarizer. There is also an improvement of the SBR

by using the polarizer.
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Fig. 4. Plasma emission spectra obtained with (a) time-
integrated LIBS and (b) PRLIBS.

3.3. Effect of detection angle

When the plasma is formed, it diffracts in many
directions. Thus, it is important to know which di-
rection gives the best result or the effect of changing
the detection angle on the LIBS result. In this ex-

periment, the incidence angle is fixed to be 0° (the

incident beam normal to the sample surface), and the
pulse energy is 400 pJ. In order to explore the differ-
ence in the reduction of the continuum emission with
the angle of detection, lens Ly and the optical fiber are
placed at angles of 30°, 45°, and 60°, respectively. As
shown in Fig. 5, as the detection system moves away
from the direction of the laser, the signal increases
gradually. At 60° all the peaks are higher than those
at 45° and 30°.
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Fig. 5. (colour online) Effects of detection angle on sig-
nal in: (a) PRLIBS spectra (with minimal transmission of

and (b) time-integrated LIBS spectra (without
The angles are measured with respect to the

polarizer);
polarizer).
direction of the laser.

To find the direction that gives the best result, we
analyze the SNR, because the SNR refers to the ratio
of the level of desired signal to the level of background
noise, and the higher the ratio is, the less obtrusive
the background noise is. In our study, the signal is
measured at its maximal peak intensity I,.y after the
subtraction of the background Iy, while the noise is
calculated by the standard deviation oy, of the back-
ground emission close to the considered line. The SNR
is thus given by['4
@

SNR =
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Using line Mg (IT) at 545.53 nm, it is shown that when
lens Ly and the fiber optics are placed at 60°, the SNR,
is higher than that at the other positions (Table 1).

Table 1. Effects of detection angle on SNR at 545.53 nm.

Angle/(°) 60 45 30
Without polarizer 73.18 42.96 56.75
With polarizer 82.22 48.38 72.65

3.4. Effect of focal position

By conducting this experiment, we also aim to
know the effect of the focal position on LIBS results.
The sample and the detection system are fixed. We
first check the position of lens L;. When the position
of lens L; gives the smallest spot on the surface of sam-
ple, it means that the surface of sample is on the focal
position. Then, we move lens L; toward the sample
(the focal position is behind the surface) and toward
the laser (the focal position is in front of the sample

surface) and make the respective measurements.
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Fig. 6. (colour online) Effects of focal position on the

signal taken: (a) without the polarizer; and (b) at the
minimal transmission of the polarizer.

It is found that without the polarizer, the SNR

is dependent on the position of L;. As shown in

Fig. 6(a), it is found that the maximal SNR (111.66 at
545.53 nm) is obtained when the focus is on the sam-
ple surface, and the minimal SNR (20.5 at the same
line) is obtained when the focus position is in front of
the sample surface. However, the difference in SNR is
very small when the polarizer has the minimal trans-
mission (at 20°) (Fig. 6(b)). The SNR is 151.23 when
the focus is on the sample surface and 135.56 when
the focal position is in front of the sample surface.
Thus the polarizer reduces the sensitivity on the focal
position. Our result accords with that found in the

literature. 13l

3.5. Effect of laser pulse energy

In LIBS, a high-energy laser beam is used to ex-
cite the sample and to form the plasma. The LIBS
signal is proportional to the laser energy when the
laser plasma is in the optical thin region. If the pulse
energy is modified, with the focusing distance main-

tained, the irradiance changes.['5] As a consequence,
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Fig. 7. (colour online) Effects of laser pulse energy on sig-
nal, spectra are taken under the same conditions but with
the energies being 140 nJ, 250 pJ, and 400 puJ respectively
(a) without polarizer and (b) at the minimal transmission
of polarizer.
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a higher LIBS signal and a larger ablated crater vol-
ume are produced with the high energy. Then, the
signal and the continuum emission increase. As shown
in Fig. 7(a), the signal and the background emission
increase when the energy increases. However, using
a polarizer at the minimal transmission, the discrete
lines grow relatively to the background when the en-
ergy increases. In Fig. 7(b), line Mg (I) at 518.36 nm
is about 5 times the background at 400 pJ, while it is
about 2 times at 140 uJ.

The line Mg (I) at 545.53 nm is used to calcu-
late the SNR. It is found that by increasing the pulse
energy from 140 pJ to 400 wJ, the SNR increases (Ta-
ble 2). Without using the polarizer, the improvement
is 3 times when the energy is increased from 140 pJ
to 400 wJ, while it is more than 7 times at the mini-
mal transmission of polarizer. Furthermore, with the
energy being less than 500 wJ, the line of Fe (I) at
588.38 nm is not well resolved (Fig. 7).

Table 2. Effects of pulse energy on SNR at 545.53 nm.

Energy/pJ 140 250 400
Without polarizer 6.95 14.09 18.88
With polarizer 9.04 14.35 66.10

4. Conclusion

In this paper, it is shown that LIBS results are
dependent on experimental conditions. The charac-
teristic line of the element is less polarized. The SNR
increases when a polarizer at the minimal transmission

is placed in front of the detector. It is also shown that

when the incidence angle is 0° (normal to the sample
surface), it is better to collect data at 60°. Without
using the polarizer, the signal is also sensitive to the
position of the focal point, but it is another story when

using the polarizer at the minimum transmission.

References

[1] Miziolek A W, Palleschi V and Schechter I 2006 Laser
Induced Breakdown Spectroscopy: Fundamentals and Ap-
plications (Cambridge: Cambridge University Press)

[2] Singh J P and Thakur S N 2007 Laser Induced Breakdown
Spectroscopy (Boston: Elsevier)

[3] Bossu M, Hao Z Q, Baudelet M, Yu J, Zhang Z and Zhang
J 2007 Chin. Phys. Lett. 24 3466

[4] Baudelet M, Guyon L, Yu J and Wolf J P 2006 Appl.
Phys. Lett. 88 063901

[5] Juve V, Portelli R, Boueri M, Baudelet M and Yu J 2008
Spectrochim. Acta B 63 1047

[6] Le Drogoff B, Margot J, Vidal F, Laville S, Chaker M, Sab-
sabi M, Johnston T' W and Barthelemy O 2004 Plasma
Sources Sci. T. 13 223

[7] Boueri M, Baudelet M, Yu J, Mao X, Mao S S and Russo
R 2009 Appl. Surf. Sci. 255 9566

[8] Dudragne L, Adam P and Amouroux J 1998 Appl. Spec-
trosc. 52 1321

[9] Sirven B, Bousquet B, Canioni L and Sarger L 2004 Spec-
trochim. Acta B 59 1033

[10] Liu Y, Singha S, Witt T E, Cheng Y T and Gordon R J
2008 Appl. Phys. Lett. 93 161502

[11] Zhao Y, Singha S, Liu Y and Gordon R J 2009 Opt. Lett.
34 494

[12] Penczak J S, Liu Y and Gordon R J 2009 J. Phys. Chem.
A 113 13310

[13] Eslami Majd A, Arabanian A S and Massudi R 2010 Opt.
Laser. Eng. 48 750

[14] Lei W, Motto-Ros V, Boueri M, Ma Q, Zhang D, Zheng
L, Zeng H and Yu J 2009 Spectrochim. Acta B 64 891

[15] Aguilera J A and Aragon C 2008 Spectrochim. Acta B 63
793

074204-5



