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Abstract

Spectra correction is essential for the quantification of laser-induced breakdown spectroscopy
(LIBS) due to the uncertainties in plasma morphology. In this work, we determined the plasma
morphology using a charge-coupled device camera and introduced the spectral correction
method based on plasma images to a combustion environment. The plasma length, width,
volume, and location were extracted from the plasma images. Using a back-scattering setup, the
contribution of plasma location fluctuation to the total spectral fluctuation was mitigated. The
integral intensity of the plasma image was used as a proxy of the total number density to correct
the spectra. Linear relationships were established between the integral intensities of the plasma
images and the spectral intensities, under different laser energy levels and gas temperatures. The

image-based correction method could significantly reduce the fluctuation of raw spectral
intensities when the laser energy was below 240 mJ. Compared with the correction method
based on total spectral areas, the proposed method offered significant improvements in the low
energy region, which promises to reduce the signal fluctuations in combustion environments
while preserving the spatial resolution and mitigating the flow disturbance.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is a promising
tool for the determination of elemental components in harsh
environments, because of the robustness of its setup, the
simplicity of sample preparation, and the capability of
simultaneously measuring multiple elements. The successful
in situ applications of LIBS include environmental monitor-
ing, space exploration, industrial process diagnosis, and
oceanic research [1-4]. In combustion studies, LIBS has been
used for element tracing [5—7] and equivalence ratio mea-
surement [8—11] in a good range of environments including in
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different fuel systems (liquefied petroleum gas [12], biodiesel
[13]), in particle-laden reacting flows [14], in pressurized
systems [15] and in turbulent flames [16].

The quantitative measurement of important elements in
fuel and oxidizer is crucial for extracting combustion char-
acteristics. For example, the intensity of the nitrogen line at
500.5 nm has been used to measure the flame temperature
under the ideal gas assumption [17]. Fuel concentration can
be obtained by directly matching the line profiles of hydrogen
and oxygen to an established spectra database under known
conditions [18]. The sodium lines at 588.995 nm and 589.592
nm, and the potassium line at 766.490 nm, have been utilized
to study the release dynamics during coal combustion [19].
However, as the sampling and excitation processes are


mailto:w.wu@sjtu.edu.cn
https://doi.org/10.1088/2058-6272/ac6572
https://crossmark.crossref.org/dialog/?doi=10.1088/2058-6272/ac6572&domain=pdf&date_stamp=2022-06-29
https://crossmark.crossref.org/dialog/?doi=10.1088/2058-6272/ac6572&domain=pdf&date_stamp=2022-06-29

Plasma Sci. Technol. 24 (2022) 084001

strongly coupled in LIBS, the laser-matter interactions are
rather complicated, and the latter laser-plasma, plasma-
atmosphere interactions will further increase the complexity.
Thus, LIBS signals can suffer from large uncertainties origi-
nated from different mechanisms, compromising the precision
and accuracy of quantitative analysis. This problem was
regarded as one of the main obstacles in the future develop-
ment of the LIBS technique [20]. In a high temperature
environment, the reduced gas density influences the energy
coupling efficiency through collision frequency, which
requires more energy to initiate the plasma. On one hand, the
energy deposition behavior, described by quantities including
breakdown threshold [21], breakdown delay [22], acoustic
energy [9, 23], and deposited energy [24], can be used for
simultaneous temperature measurement. On the other hand,
the uncertainties in the time required to initiate the plasma
will convolve with the temporal structure of the laser pulse,
leading to nonnegligible uncertainties in the deposited energy.
The deposited energy influences the LIBS spectra in a non-
linear manner, which can further compromise the element
composition measurement. Thus, the spectra correction is
essential for the quantification of LIBS in the combustion
environment.

Many different approaches have been proposed to correct
the fluctuations in the LIBS signal. It has been common to
average spectra over successive tens or hundreds of shots
[25-27]. However, additional errors may be introduced
because the spectral line intensity has a nonlinear dependency
on plasma temperature and electron density. Moreover,
averaging spectra is not feasible when the properties of
samples are time dependent. Thus, various quantities, such as
the whole spectral area [28], the background emission [29],
the internal standard [30], the acoustic signal [31], and plasma
temperature and electron density [32, 33], have been utilized
to correct the spectra on a shot-to-shot basis.

The origin of signal fluctuations has been systematically
explored in the condensed phase. It was suggested that the
variation in plasma morphology plays a key role in the fluc-
tuations during the later stage of plasma cooling [20, 34].
Plasma morphology can be conveniently retrieved from
plasma images [35-38], then the morphological information
can be employed to correct the spectra. Ni et al [39] utilized
the integral intensities of images to correct the spectral
intensities in slag samples. Using the relationship between
sampling heights and plasma images, Zhang et al [40, 41]
reduced the signal fluctuation significantly in steel samples. Li
et al [42] also found that the spectral intensities are linearly
correlated to the peak intensity and the sum intensity of
images in bulk water; such a relationship can be used to
improve the performance underwater. However, to the best of
the authors’ knowledge, the quantitative analysis of plasma
morphology and the spectral correction based on such infor-
mation has not been reported in the combustion environment.

In this work, we have introduced the image-based plasma
morphology determination method to LIBS measurement in
combustion environments. The plasma length, width, volume,
and location were extracted from the images, then the total
number density was estimated from the integral intensity of
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Figure 1. Experimental setup. A: beam splitter; B: plano-convex
lens; C: Mckenna burner; D: dichroic mirror; E: notch filter; F:
biconvex lens; SM: spectrometer; EM: energy meter; CA: charge-
coupled device (CCD) camera.

the plasma image. The relationship between the integral
intensity of the plasma image and the atomic line intensity
were investigated under different energies and temperatures.
The contribution of changing plasma location to the spectra
was also evaluated. Based on estimated total number density,
the LIBS spectra were corrected and benchmarked with the
correction method using the total spectral area.

2. Experimental setup

The experimental setup is schematically shown in figure 1. The
measurement was performed in the after-burn gas of a Mckenna
burner, which held a premixed methane/air laminar flame under
atmospheric pressure. The burner was composed of 60 mm
diameter sintered porous brass on the muzzle and was water
cooled. Synthetic air (79% N,, 21% O,) and pure methane
(>99.99%) were regulated by precalibrated mass-flow con-
trollers (Alicat Scientific). The burner was operated under stoi-
chiometric conditions, and the downstream gas temperature can
be adjusted by changing the total flow rate of methane and air.
The measurements were performed under two temperatures,
1200 K and 1600 K. A type-B thermocouple with 50 um lead
wires and an 80 um bead was set up adjacent to the laser-
induced plasma to continuously monitor the gas temperature.
The 532 nm laser beam with 6 ns duration and 0.5 mrad
divergence was generated by a Nd:YAG laser (Quantel
Q-smart 850). The sampled laser beam was monitored shot-to-
shot by a pyroelectric energy meter (Ophir PE25BF-DIF-C),
and the fluctuation of laser energy was within 3%. The laser
energy was adjusted from 80 to 280 mJ using an attenuator. To
avoid the disturbance of flow caused by the preceding shot, the
laser was operated at 2 Hz. The laser beam was focused by a
one-inch UV fused silica plano-convex (f= 200 mm), to
generate plasmas at 15 mm above the burner surface.
After inducing the plasmas, the residual energy of the laser
beam was measured by another pyroelectric energy meter
(Ophir PESOBF-DIFH-C). Using a back-scattering setup, the
radiation of plasmas was directed to a fiber-coupled compact
spectrometer (Avantes ULS2048XL 1200 lines/mm grating).
The spectrometer was operated with 0.5 us delay time and 2 s
gate width in this study for optimal absolute signal intensities
and signal background ratios (SBR). To monitor its morph-
ology, the plasma was imaged laterally by a 1-inch bi-convex
lens (f = 125 mm) on a charge-coupled device (CCD) camera
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Figure 2. (a) A typical spectrum under a temperature of 1200 K and a laser energy of 280 mlJ, (b) the Lorentzian fit for hydrogen peak at

656 nm.

(Ophir LT665). The 1: 1 magnification ratio yielded a spatial
resolution of 4.54 um for the plasma image. The CCD camera
was triggered 100 ps earlier than the Q-switch due to its long
shutter duration (=31 us) and 10 ms gate time, which covered
the entire lifetime of plasmas. The background from flame
chemiluminescence was subtracted from the raw image. The
laser, spectrometer, energy meters and CCD camera were
synchronized by a digital delay generator (Stanford Research
System DG645).

3. Results and discussion

3.1. The LIBS spectra under different temperatures and energy
levels

A typical single-shot spectrum within a range of 620-800 nm
was plotted in figure 2(a). The baseline was fitted and sub-
tracted automatically using the method proposed by Sun et al
[43]. The atomic and ionic lines were identified using the NIST
database. Adjacent to the strong hydrogen line from the Balmer
series in 656 nm, the singly ionized nitrogen lines in 648 nm
and 661 nm can be distinguished. Three closely positioned
atomic lines of nitrogen can be found in 742 nm, 744 nm and
746 nm, and the N 746 nm line was the strongest of the three.
The oxygen peak centered around 777 nm can also be easily
identified. This triplet was composed of oxygen lines in 777.19
nm, 777.42 nm, and 777.54 nm, which could not be clearly
separated spectroscopically under our 0.13 nm spectral reso-
lution. The atomic carbon line in 711 nm and the broad CN
molecular emissions from several vibrational transitions were
relatively weak. For the gas density we investigated, the self-
absorption effect was not pronounced. The H 656 nm, O 777
nm, and N 746 nm lines were fitted by the Lorentzian function
for further elemental analysis, and the area under Lorentzian
profiles was used as the spectral intensity. The N II lines in 648
nm and 661 nm can be decoupled from H 656 nm using
Lorentzian fitting as shown in figure 2(b).

In figure 3, the spectral intensities of atomic lines are
plotted against the incident laser energy under two different
temperatures, 1200 K and 1600 K. We monitored the
breakdown on a shot-to-shot basis by a microphone. The N
waveform in the acoustic signal is easy to identify when the

breakdown happens. The breakdown threshold, which is
defined as the laser energy where 50% of all laser pulses will
induce a plasma, was 46.8 mJ and 52.1 mJ respectively for
1200 K and 1600 K, under our current optical setup. When
the laser energy was below 80 mJ, the intensities of lines were
quite weak. Thus, the results were reported within the range
of 80-280 mJ. The spectral intensities of all the lines
increased monotonically with the laser energy. Two important
features should be noted. Firstly, under the same laser energy,
the spectral line intensities decreased with a temperature
increase. It is caused by the reduced gas density, which
deteriorates the energy deposition. Thus, in an environment
where the temperature dynamically varies, the temperature
effect should be corrected if the accuracy is demanded. Sec-
ondly, even when the gas temperature and laser energy were
kept as constants, the standard deviation of line intensity,
which was represented by the error bar in figure 3, is still
pronounced. Such fluctuation in signal can reduce the preci-
sion and limit the temporal resolution of the measurement.

3.2. The determination of plasma morphology using images

The plasmas images under different laser energies for a
temperature of 1200 K were shown in figure 4. We adjusted
the neutral density filters before the CCD camera under dif-
ferent laser energy levels, to ensure the CCD-captured plasma
images have comparable brightness. Then each image was
normalized by its maximum pixel intensity, laser-propagated
from the left side of the images to the right. The plasmas were
unsymmetric and inhomogeneous, as evidenced by the acorn-
like shape and the hot core. The plasmas formed spatially in
front of the focal point. As the laser energy increased, the
plasma core moved further towards the incident direction of
the laser. This behavior is a result of the temporal structure of
the laser pulse and the laser supported wave. When the laser
energy is sufficiently strong, laser-supported radiation (LSR)
governs plasma evolution. In this case, the continuous
radiation from the early plasma will heat and ionize the sur-
rounding gas, mainly by its ultraviolet component. The heated
gas became opaque to the trailing incident laser. Then the
trailed edge of the laser pulse was absorbed at the plasma
front from the incident direction, leading to the unsymmetric
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Figure 3. Spectral intensities of H 656 nm (a), N 746 nm (b), and O
777 nm (c) under laser energy of 80-280 mJ.

evolution of plasma. As shown in figure 4, the growth of
plasma size along the laser direction was much less than that
opposed to the laser direction, which led to an even more
unsymmetric shape under higher energy levels. The radial
expansion under increased laser energy was also to a lesser
extent than the axial expansion. Consequently, the plasma had
a very prolonged shape under 280 mJ. It was suggested that
the spherical aberration of the focusing lens will lead to
multiple subfocal points, and such a phenomenon has been
reported in an atmospheric environment [44, 45] as well as
under reduced pressure [46, 47]. However, within the energy
range of interest, no discrete structure with more than one
separated plasma core can be observed in figure 4.

To analyze the plasma morphology quantitatively, we
arbitrarily defined the positions where the pixel intensities were
five times higher than the background as the boundary of the
plasma. The length and width of the plasma can then be
retrieved from the plasma images. Their trends corresponding
to different laser energies were plotted in figures 5(a) and (b).
The plasma length, which is the spatial dimension along the
laser propagation direction, increased from 3 mm under 80 mJ
to 5.8 mm under 280 mJ, while the plasma width increased
from 1.0 to 1.6 mm. As a consequence, the plasma has a larger
volume. Assuming that the plasma was axially symmetric, the
plasma volume under different laser energies can be calculated
(figure 5(c)). Under a temperature of 1200 K, the plasma
expanded from 1.7 mm® under 80 mJ to 9.8 mm® under 280
mJ, a 5.8 times increase in volume compared with the 3.5 times
in incident laser energy. Under a temperature of 1600 K, the
plasma expanded from 1.0 mm® under 80 mJ to 12.6 mm’®
under 280 mJ, a 12.6 times increase in volume. The gas den-
sities for 1200 K and 1600 K under atmospheric pressure are
equivalent to the gas densities for 0.185 atm and 0.146 atm at
room temperature; thus, the literature for under reduced pres-
sure can serve as a benchmark. The plasma sizes we measured
agreed with the reported values in the work of Glumac and
Elliott [46], where a focal length of 270 mm was used. It
should be noted that when the laser energies were lower than
180 mlJ [figures 5(a)—(c)], the plasma was larger under 1200 K,
while under even higher energy, the plasma size for 1600 K
was larger. This is the first time such a phenomenon has been
observed and it can be reproduced consistently. A speculation
on the mechanism behind this phenomenon is that, when the
flame temperature is lower, a denser gas environment favors
the energy absorption. The size of plasma was dominated by
the deposited energy when the laser was weak. When the laser
energy was high, the differences in absorbed energy under
different temperatures became a secondary effect, a smaller
plasma was generated under lower temperature due to the
greater confinement effect which limited the plasma expansion.

Other than the change of plasma morphology corresp-
onding to the laser energy and flame temperature, the uncer-
tainties in plasma morphology under the same laser energy and
flame temperature are also of interest to us. The relative stan-
dard deviations of morphological parameters were represented
by the error bars in figure 5. The uncertainties in plasma
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Plasma Radiation

Figure 6. The relationship between the plasma location, the focal

point, and the solid angle.

location were rather consistent for all energy levels and tem-
peratures. As the laser energy increased, the fluctuations in
plasma length and width decreased for both temperatures. This
can be attributed to the reduced variation in energy deposition
with laser energy. Moreover, when the laser energy is low, the
fluctuations in plasma length and width for both 1200 K and
1600 K were comparable. But for higher energy levels, the
fluctuations under 1600 K were significantly stronger than
those under 1200 K, which was attributed to the weaker con-
finement effect under 1600 K. Thus, the uncertainties in plasma
morphology can be significant even under the same temper-
ature and laser energy. It should be corrected, especially under
higher temperature and lower laser energy levels.



Plasma Sci. Technol. 24 (2022) 084001

S Chai et al

0.6
= 200K
$0.5- ® 1600K
Py
e00.4-
= o
= . m A - o
:%0.3- :.:. e, U8,
@ ® n
= 0.2
7
L 0.14
0.0 : . : :
50 100 150 200 250 300

Laser energy (mJ)

Figure 7. RSD of solid angle under different laser energies.

In a gaseous environment, plasma location can some-
times vary significantly. The variation of plasma location
changes the collection solid angle, which further contributes
to the total fluctuation of signal. Taking the location of the
brightest pixel as the plasma location and using the focal
point as a reference, the change in plasma location and its
contribution to the total fluctuation can be quantitatively
evaluated. The location of the focal point was determined by
the following approach. When the laser energy is near the
breakdown threshold, fairly weak and small plasma will
appear at focal point [44]. We adjusted the laser energy until
it just led to breakdown, and the location of this faint plasma
was registered as the focal point and can be used as a refer-
ence. The determined focal point was indicated by a white
circle in figure 4. Figure 6 schematically showed the influence
of plasma location variation on the collection solid angle for a
back-scattering optical setup, where L and r are the back focal
length and radius of the focus lens, which were 198.7 mm and
12.7 mm, respectively. O is the focal point. O’ is the plasma
location, the value of which was the distance /.

When the laser energy increased from 80 to 200 mJ, the
plasma location changed from 1.2 to 2.6 mm, a shift of
1.4 mm (figure 5(d)). €2, the collection solid angle, can be
calculated by equation (1)

L—1
Q=271 - —/——— (1
ﬂ-( «/(Ll)errz]

Corresponding to the uncertainty in plasma location, the
relative standard deviation (RSD) in collection solid angle
was only up to 0.36% under 1200 K and 0.34% under
1600 K, as shown in figure 7. When the energy increased
from 80 to 280 mJ, the 1.4 mm shift in plasma location can
introduce a 2.68% increase in solid angle. Thus, using a back-
scattering setup, the contribution of the plasma location to the
total spectral fluctuation was quite negligible, but should be
considered when a large variation in gas temperature and laser
energy is experienced.
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3.3. Spectra correction using plasma images

Various types of information can also be extracted from the
images, such as peak intensity, integral intensity, area [39],
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Figure 9. Linear coefficients of determination (R?) between the spectral intensities and the integral intensity of plasma images.

and flatness [42]. Among them, integral intensity, which is the
summation of the brightness of all pixels belonging to a
plasma, has a direct relationship with the spectral intensities,
since both are proportional to the total number density of
plasma. Such a relationship has been used for spectra cor-
rection in solid samples [48]. The linearity between the
spectral intensity and the integral intensity of the plasma
image has to be evaluated before the correction method can be
employed. In this work, the spectra and images were collected
on a shot-to-shot basis over a laser energy of 80-280 mJ. The
integral intensity of the image was calculated. The linear fit-
tings were performed for a total of 200 shots under each laser
energy level. The result under 180 mJ and 1600 K was shown
in figure 8 as an example. A strong linear relationship existed
with a coefficient of determination (RZ) higher than 0.96. The
R? corresponding to different incident energy and gas temp-
erature was shown in figure 9. R? were close to unity in the
region of 90-150 mJ, suggesting a reliable linear relationship.
Then, R* decreased as the laser energy increased. When laser
energy was above 220 mJ, R? was between 0.8 and 0.9. The
decrease in R® with laser energy can be attributed to the
expansion of plasma size. In this work, the optical arrange-
ment yielded a 1:1 magnification ratio, projecting the plasma
image on the 1 mm diameter fiber entrance. When the laser
energy increased, the plasma expanded significantly, and the
outer region of the plasma could not be collected by the fiber
effectively. This effect is less pronounced under lower energy
levels because the majority of emissions were effectively
collected. However, under higher energy levels, it can lead to
significantly reduced R*. Moreover, it should be noted that the
gate widths of the camera and spectrometer are different. The
spectral signals were collected from 500-2500 ns after the
initiation of plasma, while the CCD captured the plasma over
its entire lifetime. Such a difference can also compromise the
agreement between the spectral intensity and the integral
intensity. Nevertheless, a satisfactory agreement was achieved
in the region of 90-150 mJ, and over the entire energy region,
there was a clear linear relationship, but caution should be
taken when the plasma size is expanded significantly.

Based on established correlations, the original spectral
intensities can be corrected by the integral intensities of the
plasma image to reduce the measurement uncertainties under
a specific laser energy. To evaluate the spectra correction
method based on plasma images, we benchmarked it with the
correction method based on total spectral areas, which is a
popular approach to partially compensate the signal fluctua-
tion due to laser energy variation, delay time, and gate
delay [33]. The RSD for the uncorrected spectral intensities,
the total spectral area corrected, and the plasma image cor-
rected line intensities are shown in figure 10, for 1200 K and
1600 K respectively. In general, the RSD for uncorrected line
intensities can be quite large under low energy, reaching 60—
70% when the plasma is weak. Both the total spectral area and
the plasma image correction methods reduced the RSD sig-
nificantly. The correction method based on plasma images
generally performed better under low energy. For example,
when laser energy was 80 mJ, the RSD for the uncorrected
signal could be more than 70%, the total spectral area cor-
rection method reduced the RSD to around 50%, while the
image-based correction method performed much better,
yielding an RSD of less than 10%. The RSD for uncorrected
line intensities decreased with larger laser energy, being less
than 10% when the laser energy was above 240 mJ, in which
case, comparable with the RSD using the spectra correction
methods. Using an optical fiber with a larger core size or a
smaller magnification ratio can improve the performance of
this technique in the high energy region. However, a large
laser energy is not always desirable in combustion diag-
nostics. The large plasma size under high energy levels can
result in deteriorated spatial resolutions, which limits the
application of LIBS in characterizing the fine structure of the
reacting zone. A large amount of deposited energy can also
potentially disturb the flow field. Another downside is the
extra cost associated with a high output laser. The proposed
image-based correction method is capable of reducing the
signal fluctuation when a lower laser energy is favored,
improving the quantification performance while preserving
the spatial resolution and mitigating the flow disturbance. In
figure 11, the uncorrected and the plasma image corrected line
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Figure 10. Comparison of the uncorrected signal, the total spectral area corrected, and the plasma image corrected line intensities of H, N, and O.

intensities of H, N, and O were analyzed on a shot-to-shot
basis, under 180 mJ and 1600 K. It is shown that the shot-to-
shot fluctuations in line intensity were clearly reduced,
demonstrating the usefulness of this method.

4. Conclusions

In this work, we have determined the plasma morphology
using a CCD camera, and introduced the spectral correction
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Figure 11. Shot-to-shot analysis of uncorrected signal and the plasma image corrected line intensities of H, N, and O under 180 mJ and

1600 K.

method based on plasma images to LIBS measurement in a
combustion environment. The plasmas were unsymmetric and
inhomogeneous, prolonged and shifted towards the focal lens
with higher laser energy. Using a back-scattering setup, the
contribution of the plasma location to the total spectral fluc-
tuation was mitigated but should be considered when a large

variation in gas temperature and laser energy is experienced.
The dimensions and volume of the plasma were determined
from the images. The integral intensity of the plasma image
was used as a proxy of the total number density. A clear linear
relationship was established between the integral intensity of
the plasma image and the spectral intensities. The correction
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method based on the plasma images can significantly reduce
the fluctuation of line intensities, especially under lower laser
energy levels. Compared to the correction method based on
total spectral areas, this correction method performed better
when the laser energy was below 240 mJ and offered its
major benefits in the low energy region. The proposed image-
based correction method is capable of reducing the signal
fluctuation in the combustion environment while preserving
the spatial resolution and mitigating the flow disturbance.
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