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The polarization characteristics of single shot nanosecond laser-
induced breakdown spectroscopy of Al∗
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The polarization-resolved laser-induced breakdown spectroscopy (PRLIBS) technique, which can significantly reduce
the polarized emission from laser plasma by placing a polarizer in front of the detector, is a powerful tool to improve the
line-to-continuum ratio in LIBS applications. It is shown that the continuum emission from the plasma produced through
ablating an Al sample by nanosecond laser pulses is much more polarized than the discrete line emission with the single-
pulse PRLIBS technique. The effects of laser fluence and detection angle on the Al polarization spectrum are systematically
explored experimentally. The calculated result of the polarization spectrum as a function of laser fluence shows that it is in
agreement with the experimental observations.
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1. Introduction
Laser-induced breakdown spectroscopy (LIBS) is one

of the most promising options for the rapid, quasi-
nondestructive, and standoff determination of the elemental
composition of materials in numerous applications such as
environment monitoring,[1–4] explosive residue detection,[5,6]

biomedicine,[7–9] and space exploration.[10,11] This technique
is based on the observation of emission from excited atomic,
ionic, and other particles produced in plasma formed by the
focused laser irradiation on a sample. It is well known that a
typical laser induced plasma spectrum consists of a series of
discrete lines covered by a broadband continuum. Although
LIBS has been applied to various fields, it is still lacking in
sensitivity, reliability, precision, and accuracy compared with
other analytical techniques. One of the major reasons for that
is the presence of strong continuum background radiation at
the early stage of plasma evolution.[12–16]

In order to improve the LIBS technique, different meth-
ods have been introduced to suppress the continuum emission
or enhance the line intensity. Time-resolved laser-induced
breakdown spectroscopy is the most well-known technique
to reduce the effect of the continuum by using an expensive
intensified charge-coupled device (ICCD) camera and a ap-
propriate delay time before each measurement.[17,18] Another
technique usually used is dual pulse LIBS which can enhance
the intensities of discrete lines, but this technique is also highly
dependent on experimental conditions.[19,20]

Recently, a new technique called polarization-resolved
laser-induced breakdown spectroscopy (PRLIBS) has

emerged, which can significantly filter out the continuous
background and increase line-to-continuum ratio by placing
a polarizer in front of the detector of a non-gated CCD cam-
era. Liu et al.[21] and Penczak et al.[22] have systematically
investigated the dependence of polarization of plasma emis-
sion of an Al sample on experimental parameters such as laser
pulse energy, focal position, incident angle, detection angle,
and laser polarization with a femtosecond laser, and found
that continuum emission is much more polarized than dis-
crete line emission from the plasma. In addition, they also
studied the effects of laser pulse energy and laser focus po-
sition on polarization spectrum by using nanosecond laser
pulses.[23] However, Asgill et al.[24] found that there is no sig-
nificant polarization difference between the continuum and
discrete emission from N2, steel, and Cu samples. This ap-
parent discrepancy could be reduced when laser fluence and
polarization are taken into account.[22] The polarization of the
plasma needs more detailed investigations, which is important
for the optimal design of the detection system of a practical
LIBS instrument based on the discrimination of the continuum
obtained using the technique. In the present paper, we focus
on the polarization characteristics of optical emission from the
single nanosecond pulse ablation of Al samples at relatively
low laser energy, and systematically investigate the influences
of laser pulse energy and detection angle on the polarization
characteristic. The experimental results are compared with
the calculated results using an established theoretical model
of continuum emission from plasma. The underlying mecha-
nism of the polarization spectrum as a function of laser fluence
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which is in agreement with the experimental observations is
analyzed.

2. Experimental setup
The experimental setup used in this work is sketched in

Fig. 1. A single pulse of 8-ns duration at wavelength of
1064 nm from the YAG laser is focused on the sample sur-
face by a convex lens (L1, f = 25 mm). A half-wave plate
(HWP1) and a Glan–Taylor polarizer (P1) are employed to
adjust the pulse energy. Another half-wave plate (HWP2) is
used to change the polarization of the incident laser. Polished
aluminum alloy samples are mounted on a computer-driven
three-dimensional (3D) stage (Sigma, Inc.) which can supply
a fresh surface for each laser shot. The incident laser beam
is horizontally polarized and perpendicular to the sample sur-
face. Our detection system is also in the horizontal plane (x–y
plane in Fig. 1). Emission from the plasma is focused onto an
optical fiber by a pair of lens (L2 and L3) with focal lengths
of 75 mm and 35 mm respectively. A Glan–Thompson polar-
izer (P2) is installed between the two collecting lens to reduce
polarized optical emission from the plasma. The intensity of
transmitted spectrum after the polarizer depends on the angle
of the polarizer. We continuously rotate the polarizer in steps
of 20◦ and take 15 spectra at each polarizer angle. We use a fil-
ter bank to eliminate the possible influence from fundamental
laser light. The optical emission from the laser induced plasma
passes through a spectrograph (SpectraPro 2500i, Princeton
Instruments, Inc.) with a 150-groove grating blazed at 550 nm
and a non-gated CCD camera (Princeton Instruments Inc.) is
used to record the spectra. The exposure time of 200 ms is
used in our experiment.
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Fig. 1. (color online) Schematic plot of the experimental setup.

The intensity of spectrum depends on the angle of the po-
larizer. The magnitude of the polarization P at each wave-
length is determined by P = (IMAX− IMIN)/(IMAX + IMIN).
The P is calculated by choosing the minimal spectral intensity
denoted as IMIN and maximal represented as IMAX from among
18 polarizer angle settings. Each spectrum is an average of 15
spectra.

3. Experimental results
3.1. Comparision of emission intensities with LIBS and

PRLIBS

Figure 2 shows LIBS and PRLIBS spectra taking with Al
target for horizontally polarized single laser shot at 45◦ of de-
tection angle with laser fluence of 10 J/cm2. Figure 2(a) shows
conventional LIBS spectrum obtained without the polarizer.
The spectrum contains a strong and broad continuum, espe-
cially in a wavelength range of 400 nm–580 nm. Figure 2(b)
shows a typical PRLIBS spectrum at minimum transmission
angle of the polarizer. In this case, most of the continuum is
suppressed by the polarizer and it is interesting to note that
some weak peaks which are submerged in the continuum like
Al II at 443.28 nm and Cu II at 455.59 nm become distin-
guishable. From Fig. 2 we can see a comparison made in
terms of the improvement of the signal-to-noise ratio (S/N)
and the signal-to-background ratio (S/B). This enhancement
is particularly evident from the Al II peak at 422.80 nm. In
the case of conventional LIBS, the S/N and S/B are 52.5 and
1.08 whereas in the case of PRLIBS, they are 112.5 and 3.13,
respectively. The S/N and S/B of PRLIBS spectrum are nearly
2 and 3 times higher than those of LIBS spectrum, respec-
tively. The polarization spectrum which is used to determine
P in 0.25-nm interval is shown in Fig. 2(c). It clearly shows
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Fig. 2. (color online) Typical spectra of PRLIBS and polarization spec-
tra, the spectra of Al plasma are taken at 45◦ of detection angle with
laser fluence of 10 J/cm2. The spectra are taken without the polarizer
(a), and with polarizer (b). The polarization spectra are calculated by
15 spectra for each wavelength. A PRLIBS spectrum is plotted in panel
(c) for comparison.
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that the continuum emission is strongly polarized with the po-
larization almost exceeding 80% in the detection region but
the discrete lines are much less polarized. All the peaks in the
PRLIBS spectra correspond to dips in the polarization spec-
trum as shown in Fig. 2(c).

3.2. Dependence of the emission intensity in PRLIBS on
laser parameters

Figure 3 shows the dependences of the emission inten-
sities for LIBS (Fig. 3(a)) and PRLIBS (Fig. 3(b)) on laser
fluence at detection angle of α = 45◦ with horizontally po-
larized single laser shot, and polarization spectra (Fig. 3(c))
calculated based on Fig. 3(b). We can see clearly that the LIBS
spectra are dominated by the strong and broadband continuum
with laser fluences of 10 J/cm2, 20 J/cm2, and 40 J/cm2 re-
spectively, and the intensities of continuum and discrete lines
both increase with laser fluence increasing. After the polarizer
is used, the continuous emission is effectively suppressed as
shown in the PRLIBS spectra, which has also been demon-
strated by other groups.[21] In both cases, the intensity vari-
ations of continuum and discrete lines have the same trend
with the increase of laser fluence. This behavior may be ex-
plained by the fact that an increase in laser fluence produces a
larger ablation rate[23–25] and larger number density of excited
species. However, there are noticeable differences between the
two cases. For example, some line emission in a wavelength
range of 400 nm–470 nm cannot be well distinguished in the
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Fig. 3. (color online) Effect of laser fluence: LIBS spectra (a) and
PRLIBS spectra (b) taken at 45◦ detection angle with laser fluences of
10 J/cm2, 20 J/cm2, and 40 J/cm2; (c) polarization spectra.

LIBS spectra, while they become prominent in the PRLIBS
spectra. The calculated polarizations of PRLIBS spectra at
different laser fluences are plotted in Fig. 3(c). We can clearly
see that the value of polarization decreases with laser fluence
increasing. At the lowest laser fluence, the polarization of the
continuum is above 0.8 nearly in the whole detection range,
while the polarizations of discrete lines are much lower than
the polarizations of adjacent continuum emission. Therefore
we observe the discrete lines as dips in the polarization spec-
trum. With the increase of laser fluence, the polarizations of
continuum and discrete lines decrease and the difference of the
polarizations between continuum and discrete lines becomes
smaller. It indicates that an increasing temperature of elec-
tron, owing to the enhancement of laser fluence, affects the
polarization.
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Fig. 4. (color online) Effects of detection angles; (a) PRLIBS spec-
tra taken with laser fluence of 10 J/cm2 at 30◦, 45◦, and 60◦ detection
angles; (b) polarization spectra.

The effects of detection angle on the emission intensi-
ties in PRLIBS and polarization spectra are also investigated.
Figure 4 shows the dependences of PRLIBS and polarization
spectra at laser fluence of 10 J/cm2 on detection angles of
α = 30◦, 45◦, and 60◦ with horizontally polarized single laser
shot respectively. In Fig. 4(a), PRLIBS spectra at minimum
transmission of the polarizer are shown. It is found that, at 45◦

detection angle, the peaks are more noticeable than those at the
other two angles. Figure 4(b) shows the polarization spectra at
different detection angles. We can see that the polarization
spectra are strongly influenced by the detection angle, more-
over, the effect of detection angle on polarization is more sig-
nificant at longer wavelengths than at shorter wavelengths. As
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shown in Fig. 4(b), at α = 45◦ detection angle, the polariza-
tions of continuum are above 0.85 in the whole detection range
and the polarizations of discrete lines are quite low. There are
slight differences in polarization at shorter wavelength among
the three detection angles, whereas at longer wavelengths the
differences are much more obvious. At 45◦, the polarization
is relatively stable, and at 30◦ detection angle, the polariza-
tion declines slightly with wavelength increasing, whereas un-
der the condition of 60◦ detection angle, the polarizations fall
down dramatically, particularly at longer wavelengths.

4. Discussion
The underlying physics responsible for the effect of

laser polarization has been discussed in previous studies,[22,26]

while the effect of laser fluence has not been discussed the-
oretically yet. Some theoretical and experimental studies
demonstrated that the bremsstrahlung[22,27–30] and recombi-
nation radiation[31,32] are linearly polarized. Milchberg and
Weisheit[33] investigated the polarization of recombination ra-
diation by using the differential cross section for recombina-
tion and the anisotropy of the electron velocity distribution
with a net drift uD

P(ω) =
3βΓ cos2ρ sin2

α f2

20 f0 +βΓ f2(3sin2
α−2)

(1)

where ω is the frequency of a photon from recombination ra-
diation, βΓ is the anisotropy parameter in excited state Γ , ρ

is the angle between the coordinate system of measurement

and the coordinate system of the line of sight, and the angle
is 0 here, α is the angle between symmetry axis of the plasma
and the direction of detection, f0 and f2 are the monopole and
quadrupole moments of the distribution, respectively, which
can be expressed with the same proportionality constant ac-
cording to the result of Milchberg and Weisheit[33]

f0 ∝ S(η ,ξ ),

f2 ∝−5
2

S(η ,ξ )+
15
2

∂ 2S(η ,ξ )

∂η2 . (2)

The expression of S(η ,ξ ) can be given as

S(η ,ξ ) = 2
∞

∑
n=0

(−ξ )n

n!
d2n

dη2n

[
sinhη

η

]
, (3)

which is characterized by two dimensionless quantities

η = [2me(h̄ω−χΓ )]
1/2 uD

kBT‖
(4)

and

ξ =

(
h̄ω−χΓ

kBT‖

)
(1−T‖/T⊥), (5)

where T‖ and T⊥ are the electron thermal motions parallel and
perpendicular to a symmetry axis, respectively; me is the elec-
tron mass, χΓ is the binding energy of state Γ , and kB is the
Boltzmann constant.

In the limit ξ → 0, the degree of polarization at α = π/4
detection angle is

P(η) =
3βΓ

[
3η coshη− (3+η2)sinhη

]
4(βΓ −2)η2 sinhη +3βΓ [(1−η2)sinhη−η coshη ]

. (6)

In the case of limit η → 0, the polarization P of recombi-
nation radiation at α = π/4 can be expressed as

P(ξ ) =

3βΓ

∞

∑
n=0

(−ξ )nn/(2n+1)(2n+3)n!

∞

∑
n=0

(
4−βΓ

n
2n+3

)
(−ξ )n

(2n+1)n!

. (7)

The expressions of P as functions of η and ξ for the spe-
cial case βΓ = 2 (K-shell capture) are plotted in Figs. 5 and
6, respectively. For simplicity βΓ = 2 is chosen, which does
not affect the calculation results. One of reasons responsi-
ble for the polarization of line emission is anisotropic velocity
distribution, which arises from Maxwellian distributions with
different temperatures in different directions in a nanosecond
plasma.[34] Other possible mechanisms leading to polarization
have been proposed, such as heavy particle collision, recom-
bination mechanism, forbidden line emission due to electric
field, self-alignment due to radiation trapping, etc.[35]

For the first case as shown in Fig. 5, only the electron tem-

perature is considered, which rises in a certain range with the

increase of laser fluence because the effect of laser field varia-

tion on net drift uD can be neglected. According to Eq. (4), η

decreases with temperature increasing. As shown in Fig. 5, the

decreasing of η leads to a lower value of P. Therefore, P(η)

decreases with laser frequency increasing in this case.

In the second case as shown in Fig. 6, the value of T‖/T⊥
keeps constant with the increase of temperature for a given ve-

locity direction.[36] According to Eq. (5), if T‖/T⊥ ≥ 1, then

ξ ≤ 0 and ξ approaches to zero with the increase of tempera-

ture; If T‖/T⊥ < 1, then ξ > 0 and ξ also approaches to zero

with the increase of temperature. Furthermore, the P(ξ ) also

approaches to zero when ξ approaches to zero as shown in

Fig. 6. Therefore, polarization decreases with laser fluence

increasing.
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Based on the above analysis, the value of P always de-
creases with laser fluences increasing for both cases. This
simulation results are in qualitative agreement with the exper-
imental observations as shown in Fig. 3(c).

5. Conclusion
A nanosecond single-pulse PRLIBS technique is system-

atically studied in this paper. We observed that the continuum
emission of laser induced plasma is strongly polarized but the
discrete line emission is weakly polarized. The experimental
results demonstrate that the polarization is very sensitive to
the laser fluence and detection angle. The experimental results
clearly show a considerable difference in polarization char-
acteristic between the continuum emission and discrete line
emission, which should be related to the different generation
mechanisms of the continuum and discrete line emissions. Our
experimental results suggest that the use of a polarizer is an
effective way to filter out the background, thereby improving
the S/N and S/B ratios of the discrete line spectrum. Our cal-
culated results could be used to explain the polarization char-
acteristics of the emission from a laser induced plasma to a
certain extent. However, further investigations are needed to
explore the underlying mechanism.
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