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To estimate the acoustic plasma energy in laser-induced breakdown spectroscopy (LIBS) experiments, a
light collecting and acoustic sensing device based on a coil of plastic optical fiber (POF) is proposed. The
speckle perturbation induced by the plasma acoustic energy was monitored using a CCD camera placed
at the end of a coil of multimode POF and processed with an intraimage contrast ratio method. The re-
sults were successfully verified with the acoustic energy measured by a reference microphone. The pro-
posed device is useful for normalizing LIBS spectra, enabling a better estimation of the sample’s
chemical composition. © 2012 Optical Society of America
OCIS codes: 300.6210, 060.2370, 110.6150.

1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is an
atomic emission spectroscopic technique that can
detect and quantify analytes in solid, liquid, and gas-
eous samples. It is based on a high power pulsed laser
that ablates a small amount of material, creating a
plasma. The light emission from the plasma is cap-
tured in the optical range through a spectrometer.
Fromtheanalysis of the emission lines fromtheatom-
ic species in the plasma, information about the sam-
ple’s composition and condition can be inferred [1].

The LIBS technique requires little or no sample
preparation, and it is a versatile method that enables
in-field applications, such as identification of pig-
ments in paintings, analysis of archeological find-
ings, detection of contaminants in air, water, or
soil, or, more recently, geological analysis in space
exploration [2,3].

However, it is difficult to perform an accurate
quantitative analysis of the sample composition.
Laser plasma formation is a nonlinear process,
and minor fluctuations in laser beam energy or sam-
ple properties can result in a large deviation of atom-
ic line intensity in the spectrum. Among others,
chemical and physical matrix effects between the dif-
ferent atomic species [4,5], shot-to-shot fluctuations
of the laser pulse parameters (energy, duration, etc.)
[6], influence of particles ejected from previous
pulses [7], variations in the spatial shape of the plas-
ma plume that affects the light collection efficiency of
the spectrometer, and changes in surface conditions
of the sample and the experimental setup and its en-
vironment in general have been identified as poten-
tial sources of errors in the quantitative sample
evaluation [8].

Furthermore, laser-induced plasma emission
seems to be a chaotic process in the sense that the
overall intensity of the resulting optical spectrum
is highly dependent on the initial conditions, and
significant fluctuations occur even with constant
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parameters and a strict control of the experimental
setup. For that reason, several consecutive laser
shots are averaged or integrated into a single spec-
trum. However, this doesn’t totally remove signal
variability, and the quantitative analysis still can
suffer from fluctuations of the laser profile in multi-
mode lasers [9] and, to a lesser extent, laser pulse
energy and focusing variations.

In order to mitigate this problem, several techni-
ques like calibration-free LIBS [10] or normalization
procedures have been proposed [11]. One simple pos-
sibility is so-called internal standardization, already
discussed in the very first paper proposing the LIBS
technique [12]. This solution is based on the intensity
of the emission line of the element to be quantified
being divided by the intensity of a weak spectral line
of another element whose concentration is known or
at least is constant among samples, as this ratio has
been found to vary to a much lesser extent than the
absolute intensity. However, not all pairs of lines are
suitable candidates, as they must satisfy certain
spectroscopic criteria: pairs with similar excitation
potential, intensity differences smaller than 10
times, and spectral proximity have provided good
results [11]. Therefore, depending on the sample, it
is not always possible to find suitable lines for this
internal standardization within the captured spec-
tral range.

External standardization, on the other hand, is
based on the use of an external signal derived from
the ablation process as the reference for normaliza-
tion. One possibility is the acoustic wave generated
by the plasma, as the laser pulse produces rapid
vaporization of the material surface, and the expan-
sion of the ablated vapor into the surrounding gas
forms a shockwave that generates a sound. Although
some works have found a complex relationship be-
tween the vaporized mass and the laser irradiance
for large irradiance values due to the plasma shield
effect [13], it is generally assumed that the intensity
of the acoustic wave is linearly related to the laser
irradiance, and therefore, it is a valid signal for nor-
malization purposes [4,11,14,15]. Acoustic emission
is usually detected with standard microphones in
the human acoustic detection range, allowing mea-
surement of the acoustic signal from distances up
to several meters from the target.

In this paper, the use of a bare polymer optical
fiber is proposed as an acoustic sensor for normaliza-
tion purposes, based on the sensing principle of
speckle interferometry [16]. This effect is extremely
sensitive to mechanical perturbations of the optical
fiber and has the potential to surpass the perfor-
mance of conventional microphones. However, the
attainable sensitivity is much dependent on the
acoustic–mechanical behavior of the optical fiber
and on the algorithm that processes the speckle pat-
tern to obtain the acoustic signal. The proposed
optical fiber, coiled around the point of plasma forma-
tion, also acts as the light capturing element for the
spectrometer. Plasma emission is usually collected

by means of a large-core silica optical fiber coupled
with a lens system pointed to the zone where the
plasma plume is expected to be [17,18]. This is an ef-
ficient system that captures a maximum amount of
light from the plasma, but it is difficult to align and
its efficiency suffers from fluctuations in the spatial
position and shape of the plasma plume [19]. Other
approaches that provide spatial integration, such
as coaxial capturing through pierce mirrors, add
some complexity to the setup [20]. Instead, in the
proposed approach, the light is captured through
the fiber’s cladding on the inner part of the coil
and propagated within the core to the spectrometer,
thus performing a spatial integration of the optical
emission that makes the alignment less critical [21].
One additional advantage of the proposed device
over standard electromechanical microphones is
the intrinsic immunity against electromagnetic
interferences and the chemical inertness of the opti-
cal fiber, thus allowing its use in harsh or dangerous
environments.

In the next section the design of the light capturing
and acoustic sensing device is described, while the
experiments performed to assess its performance
as a light collector and acoustic sensor are reported
in Section 3.

2. Device Description

The proposed device is based on a coiled plastic
optical fiber (POF) positioned around the plasma
emission and above the surface of the material under
study by the LIBS setup (Fig. 1). A short length of
poly(methyl methacrylate) (PMMA) optical fiber,
without any protective coating, and core and clad-
ding diameters of 980 and 1000 μm, respectively,
has been coiled with a coil diameter of a few centi-
meters. The light from a He–Ne laser is inserted into
one end of the fiber, while the other end is split into
two optical outputs using a bifurcated fiber. One of
the output fibers is connected to a spectrometer to
obtain the spectrum from the plasma emission, while
the other is connected to a conventional video camera
to visualize the speckle pattern created over the CCD
surface. An optical bandpass filter, centered at the
He–Ne laser wavelength, is placed between the CCD
and the fiber to remove any light contribution from
the plasma entering the camera that could interfere
with the speckle pattern. Care must be taken also to
prevent light from the He–Ne laser from reaching the
intensified detector of the spectrometer, but in the
reported experiments, the laser wavelength of
632.8 nm is well outside the spectral window of
analysis, from 450 to 550 nm. The aim of this config-
uration is to collect and analyze the plasma emission
with the spectrometer and, simultaneously, to record
the speckle pattern with the camera to estimate the
acoustic emission from the plasma.

Several designs of the coil patterns and sizes were
tested: in particular, coils with circular, square, and
hexagonal shapes. They were built using a rigid cast
of PMMA with the intended shape to coil the POF.
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One of themechanisms that enable the light entering
the fiber through the cladding to be collected and
guided is the presence of scattering centers in the
core–cladding interface due to the manufacturing
process [22]. However, the scattering plays a minor
role in the capturing efficiency, which is actually
boosted by the presence of small-radius curvatures
in the coil. Those sharp curvatures allow for the
incoming rays of light to fulfill the total internal
reflection condition at the core–cladding boundary
and to be guided by the fiber. It was found that
the hexagonal pattern, with six sharp curvatures
per turn, is the most efficient design. It was also
found that the number of turns is not critical regard-
ing the light capturing capability, because light
captured by a sharp curvature and guided by the
optical fiber can also escape at the exterior surface
of the next curvature, depending on the incident
angle, the exact shape of the coil, and the opto-
geometrical parameters of the fiber. Our hypothesis
is that the first sharp curvature, the closest to the
spectrometer, is the one contributing the most to the
overall capturing efficiency. Adding new curvatures
(i.e., increasing the number of turns) increases the
captured light, but most of it is lost before it reaches
the spectrometer. Thus, a single-turn coil has a col-
lecting efficiency similar to a many-turn design.

The influence of the coil diameter was also inves-
tigated, and, as expected, small coil diameters have
better collecting efficiency. This is mainly due to the
dependence of the optical fiber cross section on the
square of the distance, as seen by the emitted light
from the plasma. However, the coil diameter should
be large enough to be safely placed around the plas-
ma plume without the optical fiber being degraded
by the high temperatures and ablated material
ejected from the sample. For this work, a single-turn
hexagonal coil with a diameter of 10 mm has been
chosen, as a practical compromise between the effi-
ciency and robustness constraints.

This device design enables the simultaneous mea-
surement of the acoustic emission from the plasma.
As the fiber’s coil is placed very close to the plasma

emission, it is exposed to the pressure waves origi-
nating from it. The acoustic waves induce strain
changes in the optical fiber, which can be detected
with different approaches. In this work, the light
from a highly coherent laser is launched into the
optical fiber, propagating through the coil, where it
is projected over the camera’s CCD surface. The in-
duced strain can be easily detected from the pertur-
bation of the speckle pattern captured by the camera.
Several processing schemes for the analysis of the
speckle images have been proposed as estimators
of the physical magnitudes inducing the speckle var-
iation [23]. However, a study of those algorithms in
order to find out which one is the most suitable to
estimate the shock-wave energy from strain-induced
speckle variations in multimode optical fibers has
not been previously addressed in the literature. In
this work, three processing schemes have been con-
sidered: first, the absolute difference between two
consecutive frames, i.e., the sum of the intensity
value of all pixels from the subtraction image of every
two consecutive frames (“differential” processing).
Second is “contrast” processing, which is calculated
as the variance (square of the standard deviation)
of all the pixel values divided by the mean value
for each image. And finally, there is the calculation
of the moment of inertia of the co-ocurrence matrix
derived from the temporal history of the speckle pat-
tern (“MoICO” processing) [24].

The maximum frame rate of the camera can be
a serious limitation for shock waves with high-
frequency content. For example, differential proces-
sing produces an estimation of the acoustic wave
limited to frequencies up to half the frame rate,
which for conventional cameras can be as low as tens
of hertz. In the same way, the “MoICO” scheme needs
several consecutive temporal images to generate a
single estimation of the degree of speckle variation,
and therefore the dynamic discrimination of the in-
duced strain is even more restricted. On the other
hand, contrast processing is an intraframe algorithm
based on the principle that increasing speckle varia-
tions (that is, movement of dark and light spots)

Fig. 1. Sensor device based on a coiled plastic optical fiber (POF) for simultaneously collecting the light emission from the plasma and
detecting its acoustic shockwave.

8308 APPLIED OPTICS / Vol. 51, No. 34 / 1 December 2012



within the integration time of a single acquired
frame reduces the contrast of the captured image,
so its frequency response is twice that of differential
processing. Moreover, the measurement of contrast is
an estimator of the source of speckle disturbances
(the acoustic pressure applied to the optical fiber)
with a higher dynamic range and better linearity
to accommodate to different acoustic intensities [23].
Therefore, contrast processing seems more suitable
for this particular application.

In the next section, experimental results regarding
the light capturing capabilities and acoustic wave
estimation of this setup are presented.

3. Experimental Results

A. Light Capturing Performance

The behavior of the proposed design as a plasma
light collector has been experimentally tested.
A Nd:YAG pulsed laser (Lotis LS-2147), operating
at a wavelength of 1064 nm, with 16 ns pulses and
energies up to 0.9 J per pulse, was used to generate
the plasma plume. The light was captured by an
Acton SP-300i spectrometer (150 lines∕mm grating
with its blaze at 500 nm), coupled to a Princeton
Instruments PIMAX-3 gated intensified CCD detec-
tor with a gain value of ×40. The capturing window
was 40 μs, and the delay between the laser pulse and
the spectrum capturing was fixed to 4 μs, a typical
value that represents a compromise between the in-
tensity of the atomic emission lines and that of the
background. The laser beam was focused onto a plate
of a leaded brass alloy used as a target. This material
was chosen because there are six intense emission
lines from zinc and copper at wavelengths around
500 nm, and if the relative amounts of these ele-
ments are known, this target could act as a calibra-
tion element for the LIBS setup. In addition, the
emission lines of these elements comply with the cri-
teria already described for selecting good pairs of
lines for internal normalization purposes.

The plasma emission was collected with the pro-
posed optical fiber coil and with standard collecting
optics as a reference for comparison purposes, the
latter based on volume lenses and a short silica op-
tical fiber with a 400 μm core diameter. The reference
collecting optics has been focused and aligned to
maximize the amount of captured light. The POF
is an ESKA CK-40 type from Mitsubishi Rayon Co.
Ltd., with a minimum attenuation of 0.07 dB∕m at
the wavelength of 570 nm. The coiled fiber was
placed over the brass plate, with one end coupled
to a He–Ne laser (wavelength of 632.8 nm and
5 mW power), while the other was attached to a bi-
furcated optical fiber. One output port of the bifur-
cated fiber was attached to the spectrometer slit
entrance and the other end to the CCD camera.
The total length of the fiber arm connected to the
spectrometer is 1 m. As the fiber attenuation in the
wavelength range around 500 nm is below 0.1 dB∕m,
the added losses are negligible. The coil was placed

2 mm above the sample’s surface. This value has
been chosen taking into account previous works
[19,25] that analyzed the spatial distribution of
the light emission from the plasma plume. The plas-
ma height is typically around 5–10 mm, with a point
of maximum emission that evolves in time from the
surface up to a distance of a few millimeters in the
vertical direction. However, the emission intensity
can be considered relatively constant along the ver-
tical axis of the plasma, so the vertical distance from
the coil to the sample surface is not a critical issue.

A first experiment has been carried out to compare
the spectra captured by both techniques. It is known
that the PMMA fiber has a stronger absorption coef-
ficient than the silica, and different absorption peaks
due to carbon–hydrogen vibrational overtone modes
and OH− ions in the visible range [26]. In Fig. 2, the
captured spectra (single shot) for a pulse energy of
the laser of 22 mJ (26 J pump) are shown. This
low value of pulse energy, slightly above the thresh-
old for plasma formation, has been selected as a
worst-case scenario. A wide entrance slit and a low
resolution grating were selected in the spectrometer,
in order to analyze a wide spectral range, which
explains the larger than usual width of the emission
lines. Both captured spectra have been normalized to
the maximum value. It can be seen that there are no
appreciable differences in the shown wavelength
range from 470 to 530 nm, thus validating the pro-
posed optical fiber as a light capturing device. How-
ever, it must be noted that PMMA has a strong
overall absorption in the UV range, so this device
has limited applicability outside the visible range.
Specifically, its spectral window for a maximum tol-
erable attenuation of 3 dB∕m has been estimated to
extend from 320 to 840 nm. The spectrum using
the coiled fiber is noisier due to the fact that the
collecting efficiency is lower. From the integration
of the intensity of both spectra, the capturing effi-
ciency of the coiled fiber can be calculated as 6% with
respect to the volume optics reference setup. How-
ever, this low figure is compensated by the fact that
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Fig. 2. (Color online) Spectra from the LIBS plasma captured by
a standard volume optics setup (dashed curve) and the proposed
coiled plastic optical fiber (solid curve).
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the alignment is much less critical with this
approach. Additionally, the previously mentioned
natural variations in the plasma plume’s spatial
shape in different laser shots greatly affect the cap-
turing efficiency of the volume optics setup, as it is
focused on a small spatial point above the target’s
surface. The spatial integration of the emitted light
performed by the coiled fiber reduces this variability.

To analyze how the collecting efficiency of the
coiled fiber varies with the position of the coil with
respect to the plasma plume, several experiments
were carried out. It is expected that light entering
the optical fiber at large angles with respect to the
normal to the cladding’s surface will be better cap-
tured and guided, as it can more easily fulfill the
total internal reflection condition in the curved fiber.
For this reason, the amount of collected light should
increase when the coil is not centered on the laser’s
focal point position. Figure 3 (left) shows the relative
capturing efficiency when the center of the fiber coil
is shifted in a radial direction from the laser focal
point. The light captured by the fiber-optic coil has
been measured from the captured spectra at the
end of the fiber’s arm. For every radial position,
the spectra from 30 consecutive laser shots (with con-
stant pulse energy) have been averaged and spec-
trally integrated to obtain an estimation of the
optical power captured and guided by the fiber coil.
The measurements have been duplicated and aver-
aged at every spatial point to reduce the error due
to the translation stage precision and backslash un-
certainty.

As was expected, the capturing efficiency increases
for a decentered position, and it doubles for a 3 mm
offset, still a safe position with no appreciable fiber
degradation due to the generated plasma. This fact
can be used to further increase the capturing effi-
ciency if required.

The dependence of the capturing efficiency on the
vertical distance from the fiber coil to the sample sur-
face was also investigated, and the result is shown in
Fig. 3 (right), with the same experimental conditions
as the previous experiment. The reference position of
0 mm is defined with the core axis of the optical fiber
at the plane of the sample’s surface. It can be seen

that the amount of captured light is relatively con-
stant for the lowest vertical positions, with a 50%
decrease at a height of 6 mm, which is probably
the mean length of the plasma plume. The optimum
position to place the coiled fiber, according to the
graph, is around 1.5 mm above the sample surface,
but this distance is not a critical issue.

B. Acoustic Wave Measurement

The speckle pattern at one end of the optical fiber
was analyzed to obtain an indirect measurement of
the acoustic energy emitted by the plasma. The
optical spectra with the emission lines from the
chemical elements in the sample can then be
normalized against the estimated energy to reduce
the error in the quantitative estimation of the sample
composition.

The speckle pattern was created by pointing one
output port of the coupler at the CCD surface (with-
out any optics) of a Pixelink PL-A741 camera. Images
with 256 levels of gray and sizes of 64 × 64 pixels
were acquired at a frame rate of 510 frames∕s.
A bandpass optical filter centered at the He–Ne laser
wavelength of 632.8 nm was inserted between the
optical fiber and the CCD camera, in order to remove
any contribution from the emitted plasma that could
affect the speckle pattern generated by the He–Ne
laser. Although some plasma radiation reaches the
CCD through the 10 nm bandpass of the filter, the
added noise is negligible: the He–Ne laser optical
power at the fiber end is much higher than the back-
ground radiation of the plasma in this small spectral
window of 10 nm, and the plasma temporal duration
of a few microseconds is small compared with the in-
tegration time of a camera frame (in the order of a
milliseconds). In addition, due to the noncoherent
nature of the plasma background, its pattern pro-
jected on the CCD is spatially uniform and does
not modify the morphological features of the speckle
pattern.

For comparison purposes, a conventional moving-
coil microphone (HQ Power MICPRO7N) was
pointed at the plasma emission at a distance of about
15 cm. Its signal was recorded at a sampling rate of
44,100 Hz with 16 bit resolution. Despite the optical

Fig. 3. (Color online) Light capturing efficiency of the coiled plastic optical fiber for different horizontal positions decentered from the
plasma plume (left), and for different vertical distances from the sample’s surface (right).
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fiber coil and the reference microphone being situ-
ated at different distances from the plasma emission
(a few millimeters versus 150 mm), both sensors are
far from the “blast wave region” and within the
acoustic domain [27], so they should offer a similar
measurement of the acoustic emission.

The plasma emission spectra and the acoustic sig-
nals have been recorded at different Nd:YAG laser
pump energies from 28 to 37 J in steps of 1 J. In this
range, the laser pulse energy ranges from 86 to
345 mJ and is linearly related to the laser pump en-
ergy. For every energy setting, 40 laser shots have
been delivered to the sample over the same surface
point. All the measurements (pulse energy, LIBS
spectra, and acoustic energy from the microphone
and from the optical fiber’s speckle signal) have been
averaged for the 40 consecutive shots to obtain a
single value for every energy point. Due to this aver-
aging process, which reduces the shot-to-shot varia-
bility, it is expected that the intensities of the
emission lines and the acoustic energy follow the
pulse energy. For this reason, the main performance
figure of the proposed speckle-based sensor system is
its ability to obtain an estimation of the acoustic sig-
nal similar to the one provided by a conventional
microphone, and to reduce the variations of the emis-
sion lines’ intensities at different laser energies
using the acoustic signal provided.

The acoustic energy has been estimated using the
following procedure: for the microphone, the root-
mean-square (RMS) of the acoustic signal has been
calculated for every sample and its seven neighbor
samples (thus defining a sliding window of eight
samples), and the RMS signal is integrated around
the peak corresponding to each laser shot to obtain
its energy estimation. We consider the temporal
width of a peak as the time interval for which the
RMS amplitude is above 10% of the maximum value
of the peak.

On the other hand, the acoustic energy captured by
the fiber coil has been estimated from the speckle sig-
nal using the three previously mentioned proce-
dures. The differential processing scheme performs
the pixel-by-pixel subtraction of two consecutive
speckle images, the energy being estimated as the

sum of all the pixel values in the differential image.
The contrast processing scheme calculates the ratio
between the spatial standard deviation and the
mean value of all pixels in every image, the energy
estimation being the inverse of this contrast value.
Finally, the “MoICO” method first extracts a 1 × 64
pixel horizontal strip from the center of every image,
and the rows are concatenated to form the temporal
history of the speckle pattern (THSP). Then a co-
ocurrence matrix with eight levels of gray is calcu-
lated from a 4 × 64 sliding matrix (4 pixels in the
temporal axis) of the THSP, and the moment of iner-
tia of every co-ocurrence matrix is obtained. The en-
ergy estimator with this method is the value of the
moment of inertia. For all the methods based on
the speckle signal, and due to the relatively low sam-
ple rate, a clear maximum of the estimated energy is
obtained at the precise time of the laser shot, which
is considered to be the acoustic energy emitted by the
plasma. It should be noted that these procedures ob-
tain not absolute but relative values of the acoustic
energy that cannot be compared with different meth-
ods; only the comparison of energy values obtained
with the same processing scheme for different laser
energies is meaningful.

In Fig. 4, the acoustic energy from the reference
microphone is shown for a laser shot of 135 mJ.
The speckle images are displayed for illustration
purposes before, during, and long after the plasma

Fig. 4. (Color online) Acoustic pulse from the reference micro-
phone showing the speckle images obtained (a) before, (b) during,
and (c) 10 ms after the laser shot.

Fig. 5. (Color online) Acoustic energy estimation (a) from the reference microphone from and the speckle pattern analysis using the
proposed processing schemes of (b) contrast, (c) differential, and (d) MoICO.
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emission. The difference images at the peak maxi-
mum and after pulse extinction, with respect to
the speckle image at rest, show how the speckle
pattern is significantly modified by the shockwave
and then returns to its original configuration.

First, the capacity of the acoustic energy, esti-
mated with the proposed method, to follow the pulse
energy has been analyzed. Figure 5 shows the de-
pendence of the acoustic energy calculated from
the reference microphone, and from the speckle anal-
ysis, on the pulse energy. The laser energy sweep

corresponds to pump energies from 28 to 37 J (86
to 345 mJ pulse energy, respectively), well above
the pump threshold and within the linear range of
the Nd:YAG laser. The acoustic energies for each
method have been normalized to a maximum value
of 1, as they are relative estimations. It can be seen
that the microphone has a linear dependence and is
able to predict the laser energy delivered to the sam-
ple with a correlation value of R2 � 0.996 and a max-
imum deviation of 3.2%. For the speckle analysis, it
can be seen that only the contrast method produces a
good linear relationship between the acoustic energy
and the laser energy. This method predicted the laser
energy variations with a correlation value of R2 �
0.97 and a maximum deviation of 4.3%, values
slightly worse than those of the microphone. The
sensitivity of the optical fiber detector using this pro-
cessing scheme is 29% lower. The other speckle pro-
cessing methods, MoICO in particular, have poor
performance in this case. As explained in the intro-
duction, the reason probably is due to the low frame
rate of the camera compared with the sound pressure
dynamics. A complete shockwave evolution and the
corresponding speckle variations are integrated and
contained within the temporal period of a single
frame. The contrast algorithm is able to obtain the
degree of variation of the speckle pattern within that
single frame, while the differential scheme requires
two consecutive frames, and the MoICO method
even more.

The ability of the acoustic signal to improve the ac-
curacy of the composition analysis of the sample at
different laser energies has also been explored. In
Fig. 6, three LIBS plasma spectra from the leaded
brass sample are shown, corresponding to laser en-
ergies of 86, 190, and 345 mJ. Six emission lines
are visible: three lines of zinc at 468.0, 472.2, and
481.0 nm and three lines of copper at 510.5, 515.3,
and 521.8 nm. As the intensity of these lines
increases with the increasing laser energy, the spec-
tra must be normalized to obtain an estimation of the
sample composition.

One possible method calculates the ratio of in-
tensities of two lines of different elements, in this
case, copper and zinc. The plot of two pairs of lines

Fig. 6. (Color online) Plasma emission spectra at three different
laser energies.

Fig. 7. (Color online) Ratio of three pairs of emission line inten-
sities against the laser pulse energy.

Fig. 8. (Color online) Normalization capability of the acoustic signal (contrast processing of the speckle images) for two emission lines of
copper (left) and zinc (right).
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against the laser energy, which should be constant as
the sample composition does not vary during the ex-
periments (58% copper, 39% zinc, 3% lead), is shown
in Fig. 7. The line intensities have been calculated as
the integrals of the emission lines. Although some
variation still remains, it can be seen that the ratio
is fairly constant, despite the 1∶4 change in the
energy delivered to the sample.

However, depending on sample composition and
intended analysis, it is not always possible to find
a good line candidate to calculate the ratio. For this
reason, the external (i.e., acoustic) normalization can
be useful when a suitable line pair of two elements is
not available. In Fig. 8, the absolute intensity of the
copper emission line at 510.6 nm is plotted against
the pump laser energy. It can be seen (left) that
the acoustic normalization using the contrast proces-
sing of the speckle signal is able to reduce its varia-
tion from 33% to 20% for the entire range of energies.
In the same way, the unwanted variations of the
emission line of zinc at 481.1 nm (right) are reduced
from 33% to 24% if the absolute intensity is divided
by the acoustic signal. Similar results can be found
for other emission lines.

4. Conclusions

A light collector and acoustic POF sensor device use-
ful in the normalization of LIBS spectra is proposed
and demonstrated in this paper. The light emitted by
the plasma is collected by a POF coil with uncoated
cladding and propagated through its core. Its collect-
ing efficiency is 6% of the classical solution of volume
optics pointed at the plasma plume; however, in con-
trast, it is able to integrate the optical emission
around the plasma and the alignment is less critical.
By de-centering the POF coil around the plasma
emission, more light rays fulfill the total internal re-
flection condition in the core–cladding interface, and
hence the efficiency can be tripled.

The acoustic wave is measured by means of the
strain-induced perturbation of the speckle pattern
at the fiber’s end when light from a He–Ne laser is
transmitted through the coil. The speckle images
have been captured by a conventional CCD camera.
Several processing schemes of the images have been
tested in order to obtain an estimation of the acoustic
wave that has been compared with a reference con-
ventional microphone. It has been found that the cal-
culation of the intraimage contrast ratio offers the
best estimation of the acoustic energy. It has been de-
monstrated that using the measured acoustic wave,
the optical spectra of the atomic emission from the
sample in the LIBS setup can be normalized against
unwanted changes in the experimental conditions,
such as the laser pulse energy. This normalization
can enable a better estimation of the sample’s chemi-
cal composition.

Future works will try to study in more detail the
influence of fiber-optic geometrical parameters (such
as coil diameter or distance to the sample) on the cap-
turing efficiency and sensitivity to the acoustic wave,

as well as the effect of the gate delay on the perfor-
mance of the acoustic normalization.
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