Conditional data processing for single-shot
spectral analysis by use of laser-induced

breakdown spectroscopy
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Schemes of conditional data processing are evaluated based on either the peak-to-base ratio or the
signal-to-noise ratio as a metric for analyte detection in single-shot laser-induced breakdown spectra.
The analyte signal investigated is the 288.1-nm Si I emission line provided by an aerosol stream of
monodisperse 2.5-pm-sized silica microspheres. Both the Si emission line and a spectral region corre-
sponding to continuum emission are used to evaluate the statistical distribution of spectral noise. The
probability of false hits is determined by evaluating various conditional processing thresholds. As the
detection threshold increases, the rate of detected silica particle hits decreases along with the expected
fraction of false-particle hits (i.e., spectral noise). For all threshold values the signal-to-noise ratio is
found to provide a more robust metric for single-shot analyte detection compared with the peak-to-base

ratio. © 2003 Optical Society of America

OCIS codes:

1. Introduction

The analysis of ambient air aerosols has been the
concern of the scientific community in recent years
because of their potential adverse effects on human
health, visibility, and climate changes.’3 In re-
sponse to these analysis needs, analytical techniques
such as laser-induced breakdown spectroscopy
(LIBS) can be applied to providing particulate matter
data that can assist in understanding the dynamics of
these pollutants. Researchers have successfully ap-
plied LIBS in a number of studies involving aerosol
particles, including effluent waste streams and real-
time monitoring.#-11 A novel feature of LIBS for
aerosol analysis is the ability to provide elemental
mass composition and size data of individual parti-
cles.’2 LIBS for particle sizing takes advantage of
the inherent point-sampling quality of the technique
in combination with the discrete nature of aerosols to
make possible identification of single-shot LIBS spec-
tra corresponding to individual aerosol particles.
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The use of conditional analysis, however, requires a
suitable scheme for identifying these single-shot
spectra, which necessitates consideration of issues
such as the spectral noise characteristics and subse-
quent rejection of false particle hits. Spectral data
processing as applied to LIBS-based conditional anal-
ysis is the subject of this paper.

2. Conditional Data Analysis

In earlier publications Hahn and co-workers devel-
oped a conditional analysis scheme for single-particle
detection.1213  As typically applied, each LIBS spec-
trum is analyzed by using the emission intensity
about the expected analyte peak compared with the
emission intensity of an adjacent, featureless contin-
uum spectral region. A spectrum is classified as rep-
resentative of a particle hit if the ratio of the emission
intensities (peak to continuum) exceeds a threshold
value, which is typically set to provide between 0.1%
and 0.5% false hits. A false hit is defined as a spec-
trum that exceeds the threshold but contains no tar-
geted analyte in the corresponding plasma volume.
To avoid eliminating the detection of actual but weak
analyte signals that are comparable with the larger
noise fluctuations, it is desirable to set the threshold
so that some false hits are recorded, hence the 0.1—
0.5% false-hit rate. The discrimination between le-
gitimate analyte signals (i.e., true hits) and spectral
noise spikes (i.e., false hits) may be addressed with an



additional postprocessing scheme in which the mul-
tiple emission lines of the targeted analyte are used.
This is based on the premise that extreme noise fluc-
tuations sufficient to trigger a false hit are statisti-
cally unlikely to be present on multiple analyte lines.
This approach has proved successful in the earlier
studies cited above; however, multiple atomic emis-
sion lines in a given spectral window are not always
available. It is therefore useful to explore schemes
that make use of a single atomic emission line corre-
sponding to the targeted analyte species. In the
present paper, two data-processing schemes are ex-
plored and compared in the context of LIBS-based
particle detection and single-shot spectral analysis.

3. Experimental Methods

A brief overview of the LIBS experimental setup is
presented here with additional details reported pre-
viously.* The excitation source was a 1064-nm
Q-switched Nd:YAG laser with a nominal pulse width
of 10 ns and pulse energy of 290 mdJ and operated
with a 5-Hz pulse repetition rate. The laser pulse-
to-pulse energy stability was =4% rms. The ex-
panded laser beam (12-mm diameter) was focused
into the particle source stream with a 75-mm UV
grade plano—convex lens to create the plasma. The
plasma emission was collected along the incident
beam in a backward direction (180°) and separated
with a pierced mirror. The collected plasma emis-
sion was fiber coupled to a 0.275-m spectrometer,
dispersed with a 2400-groove/mm grating (0.03 nm/
pixel, 0.12-nm resolution), and recorded with an in-
tensified CCD array detector.

A significant motivation for the present study is
investigation of the role of aerosol particles in com-
bustion system emissions; hence the particle source
stream was the exhaust gas stream of a laboratory
scale hydrogen—air burner seeded with aerosol parti-
cles. The gas stream was confined within a 6.4 cm X
6.4 cm stainless-steel chimney with optical access
provided by UV grade quartz plates mounted along
opposing sides. The chimney was nominally 1 m in
length, and the gas temperature at the LIBS sample
point was in the range of 650 K. Aerosols were gen-
erated by nebulizing a 2.5-pm monodisperse silica
(Si0,) particle suspension and by passing the result-
ing aerosol stream into the combustion system. The
nebulized particle suspension concentrations were
adjusted to produce a final aerosol concentration at
the LIBS sample point of ~60 or 120 particles/cm?.
The uncertainty of the particle concentration is esti-
mated to be ~20% based on previous experience, in-
cluding light-scattering measurements, with the
current aerosol systems.

4. Methodology and Results

In the present paper, two different approaches are
compared for single-shot spectral conditional analy-
sis with the goal of individual particle detection.
The processing schemes are based on two different
metrics used to identify single-shot spectra contain-
ing the targeted analyte emission, namely, the peak-

to-base (P/B) ratio and the signal-to-noise ratio
(SNR). For the present analysis the SNR is defined
as the ratio of the integrated atomic emission line
intensity (peak area) to the average noise of the ad-
jacent, featureless continuum intensity (i.e., rms
noise). The rms was determined from the deviation
of a least-squares fit over a narrow spectral region
corresponding to ~40 pixels. Similarly, the P/B ra-
tio is defined as the ratio of the integrated atomic
emission line intensity (peak area) to the average
intensity of the adjacent, featureless continuum
emission (i.e., plasma baseline). The analyte peak
line used for all analyses is the S 1 atomic emission
line at 288.1 nm. As discussed above the goal of the
present analysis is to categorize efficiently and accu-
rately each collected spectrum as either containing
the targeted analyte signal (i.e., a particle hit) or
missing the targeted analyte signal (i.e., a particle
miss).

For the present study, two sets of spectral data
were collected and stored for analysis, which will be
referred to as set A and set B. Spectral set A corre-
sponds to the collection of 57,511 individual laser
shots recorded at a nominal silica microsphere con-
centration of 120 particles/cm®. Spectral set B cor-
responds to the collection of 28,889 single laser shots
recorded at a nominal silica microsphere concentra-
tion of 60 particles/cm®. All spectra were then an-
alyzed by conditional analysis schemes based on
either the SNR or the P/B ratio with the goal of
detecting spectra corresponding to the presence of a
silica microsphere, as based on the Si 288.1-nm emis-
sion line.

The fundamental task in conditional data analysis
is selection of the appropriate threshold value for the
P/B ratio or for the SNR to quantify a given spectra
as corresponding to a particle hit or particle miss.
Throughout the remainder of this paper the designa-
tion of a spectrum as a hit refers to the Si 288.1-nm
atomic emission signal (either the SNR or P/B ratio)
exceeding the predetermined threshold value. Con-
versely, a spectrum in which the spectral region of
the Si 288.1-nm atomic emission does not exceed the
threshold value is designed as a miss. In addition to
the calculated P/B ratio and SNR corresponding to
the Si atomic emission line, the P/B ratio and SNR
values were calculated corresponding to a featureless
continuum region (0.15-nm band centered at ~289.5
nm) of similar baseline intensity adjacent to the Si
emission line. For comparison and discussion the
P/B rates and the SNR values of the 288.1-nm Si
emission line are referred to as the Si peak or on-peak
values, whereas the P/B ratio and the SNR values of
the adjacent continuum region are referred to as the
off-peak values. The off-peak values are taken as
representative of the on-peak values with respect to
spectral noise fluctuations (i.e., white spectral noise).
Therefore the off-peak values enable selection of the
appropriate conditional analysis threshold values
without collecting an additional set of spectral data in
the absence of the targeted analyte species.

Additional comments are offered with respect to
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Fig. 1. Cumulative distribution of the P/B ratio for the 288.1-nm
silicon emission line (on peak) and the adjacent continuum region
(off peak) for data set A. The threshold value corresponds to a
0.5% false-hit rate.

selection of the continuum region and the off-peak
spectral locations. We also ran analyses by using an
alternative off-peak spectral location shifted from
289.5 to 290.0 nm (i.e., a shift of 16 pixels) and, to
calculate the rms spectral noise, by using a similarly
shifted continuum region. These alternative analy-
ses yielded essentially the same results as presented
below. Although a detailed parametric study of the
continuum region selection was not included in this
work, two points are noted. The continuum region
should be selected to reflect comparable noise and
intensity as the analyte peak, while being free of any
interfering atomic emission lines; however, the pre-
cise spectral location within these guidelines is not
considered critical.

For the case of the P/B approach the threshold
value is typically set to produce between 0.1% and
0.5% false-hit rates (i.e., off-peak hits or hits with no
analyte present), as reported previously.'213 For
the present analysis an initial false-hit rate of 0.5%
was utilized. In addition a substantially reduced
false-hit rate of 0.05% was investigated. For both
spectral data sets, A and B, the threshold was deter-
mined by calculating the P/B ratio corresponding to
the off-peak region of each spectra and then defining
the threshold P/B value so that exactly 0.5% or 0.05%
of the total spectra exceeded the value. The calcu-
lated 0.5% P/B threshold values were 2.86 and 2.78
for spectral data sets A and B, respectively. A
graphic representation of this process is shown in Fig.
1, where cumulative distributions of the on-peak and
off-peak P/B ratio for all spectra of data set A are
plotted. Figure 1 shows that the P/B ratio corre-
sponding to the off-peak region, which characterizes
the level of shot-to-shot spectral noise, follows a nor-
mal distribution, in that ~50% of the shots are char-
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Fig. 2. Cumulative distribution of the SNR for the 288.1-nm sil-
icon emission line (on peak) and the adjacent continuum region (off
peak) for data set A. The threshold values correspond to 0.05%
and 0.5% false-hit rates.

acterized by a P/B value either below or above zero.
Nearly identical noise behavior is noted for the on-
peak P/B values given the overlap of the distribution
functions until the threshold value is approached.
The rapid departure of the two P/B distribution func-
tions at the conditional analysis threshold value is
attributed to the enhanced P/B ratios on the silica
atomic emission line because of the presence of actual
silica particle hits.

Note that the on-peak Si P/B values above the
threshold greatly exceed even the largest P/B values
of the off-peak values, which are considered the ex-
treme spectral noise fluctuations. The above results
support the conclusion that the spectral noise fluctu-
ations are characterized by white noise over moder-
ate spectral regions and that the use of a suitable (i.e.,
comparable intensity) off-peak region for selection of
the conditional analysis threshold is justified.

For the case of the signal-to-noise approach the
threshold values were determined similarly to the
process explained above as based on the SNR. The
threshold limits were determined for an off-peak
false-hit rate of 0.05% in addition to the false-hit rate
of 0.5%. Figure 2 shows the cumulative distribution
of all the shots for the spectral data set, A. Both
data sets, A and B, revealed essentially identical cu-
mulative distributions of the off-peak noise, including
a 50% value near a SNR ratio of zero. However, the
on-peak distribution for set A was observed to break
from the off-peak value earlier than the on-peak dis-
tribution of set B, as observed in Fig. 3, which pre-
sents both data sets with a reduced SNR axis to
highlight this behavior. The cumulative distribu-
tion of set A reflects the higher silica particle concen-
tration corresponding to set A (~120 particles/cm?®)
compared with set B (~60 particles/cm?); hence a



80 T T T

On-Peak (Set A) |

r < Off-Peak (SetA) | 1

r + On-Peak (Set B) A ]

60 [ +  Off-Peak (Set B) N -
. I

i
*
40 - SetB ;

T 11 T T 1 T 1T 7

SNR

20 7

1 1 1 1 1 1 1 - I

-20

1 1
w S 22 o o9 9o wu @
- - 8® B K& & O &

0.001 ——
001 |
99.9 |-
99.99 -
99.899

Cumulative Percent
Fig. 3. Cumulative distribution of the SNR for the 288.1-nm sil-
icon emission line (on peak) and the adjacent continuum region (off
peak) for both data sets, A and B. The y axis has been expanded
to emphasize the smaller SNR values.

higher percentage of particle hits is expected. Based
on Poisson statistics the particle-hit rate should scale
linearly with the particle concentration for low sam-
ple rates. However, a recent investigation of sam-
pling rates revealed some departure from the ideal
Poisson statistics at comparable particle concentra-
tions.’® In addition to these comments, note that
the cumulative distribution of the off-peak values are
indistinguishable for the two data sets, as expected.
The SNR threshold values corresponding to the 0.5%
false-hit rate was calculated as 8.66 for the Fig. 2
data. Based on the more stringent definition of off-
peak false hits, the SNR threshold value for the
0.05% false-hit rate was calculated to the 12.4.
Comparison of the two threshold values reveals only
a small change in the cumulative distribution of the
on-peak SNR values at the threshold point (98.9% at
the 0.05% threshold and 97.7% at the 0.5% thresh-
old), despite the order-of-magnitude change in the
off-peak false-hit rates.

To access the relative difference in identified spec-
tral hits as calculated with the threshold values
based on either the P/B ratio or SNR, all the spectral
data were processed simultaneously by using both
parameters and compared relative to one another.
A Venn diagram of the number of spectral hits sat-
isfying each approach is shown in Fig. 4 for the Set A
data at threshold values based on either 0.05% or
0.5% false hits. The SNR approach yields a larger
collection of Si particle hits than the P/B approach for
each false-hit level. Specifically, for the 0.5% false-
hit threshold, the collected hits total 1355 and 1251
for the SNR and P/B approach, respectively. For
the 0.5% threshold it is expected that statistically
these totals both reflect approximately 289 false hits
based on the total number of spectra (57,511). For

P/B approach I ] SNR approacﬂ
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1015 (0.5%)
487 (0.05%)
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63 (0.05%) 122 (0.05%)

Fig. 4. Venn diagram of the conditionally analyzed particle hits
when the P/B and SNR approaches are used for data set A at
thresholds values corresponding to either 0.5% and 0.05% false-hit
rates.

the 0.05% false-hit threshold the collected hits total
609 and 550 for the SNR and P/B approach, respec-
tively, and are expected to each contain an average of
29 false hits (i.e., 0.05% of 57,511). As noted above a
decrease in the false-hit rate by a factor of 10 pro-
duces a decrease in collected hits by a factor of only
~2 for each approach. As a consequence of the more
restrictive threshold value, the influence of false hits
on the total number of collected hits is significantly
diminished (e.g., from 289/1355 or 21% to 29/609 or
4.7% for the SNR approach).

It is useful to examine the resulting spectra as
identified from the above analyses. The ensemble-
average spectra of the collected hits are plotted in
Fig. 5 for a 0.5% false-hit rate as applied to data Set
A. Five spectra are shown that correspond to the
five unique subsets of the Venn diagram in Fig. 4 for
the 0.5% threshold, namely, spectra that exceed both
the P/B and SNR thresholds, spectra that exceed the
SNR threshold, spectra that exceed the P/B thresh-
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Fig. 5. Ensemble-averaged spectra of particle hits (288.1-nm Si
line) processed when the P/B and SNR approaches are used at a
0.5% false-hit rate corresponding to the Venn diagram in Fig. 4.
Note that the total number of spectra averaged for each spectrum
is different, as listed in Fig. 4.
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old, spectra that exceed only the SNR threshold, and
spectra that exceed only the P/B threshold. Two
important features can be drawn from the spectra
presented. First, the ensemble-averaged spectra
that correspond to the threshold condition for the P/B
or SNR tests, or both tests simultaneously, display a
well-defined silicon atomic emission peak at 288.1
nm. Second, the spectra corresponding to the en-
semble average of the hits that pass only the P/B or
SNR threshold exhibit a significantly reduced silicon
peak. As seen in Fig. 4 the spectrum with the most
diminished silicon peak corresponds to the ensemble
average of the 236 hits that passed only the P/B
threshold. It is concluded that this spectrum com-
prised a large number of false hits, namely high spec-
tral noise in the region of the silicon emission line.
Recall that statistically speaking it is expected that
~289 spectra corresponding to the false hits is in-
cluded in the set of P/B spectra for the 0.5% threshold
value. In contrast the spectrum corresponding to
the ensemble average of the 340 hits that passed only
the SNR threshold reveals a more substantial silicon
peak than the P/B-only spectra. However, the peak
is still characterized by a marked reduction in the
silicon emission peak.

Although the spectra in Fig. 5 are all ensemble-
averaged spectra, each spectrum corresponds to a
different number of hits. However, note the similar-
ity of the baseline structure for all five spectra,
thereby revealing the inherent baseline noise in the
CCD array. For the range of total hits correspond-
ing to the Fig. 5 data (i.e., 236—1355), no significant
effects are attributed to the exact number of spectra
averaged, because all spectra are characterized by a
sufficient number of hits to diminish (i.e., average
out) the shot noise. To further illustrate the single-
shot spectral noise, several individual spectra are
presented in Fig. 6 along with the ensemble-averaged
spectrum from Fig. 5 corresponding to the all-SNR
data set. The silicon emission peaks are all compa-
rable as expected; however, the spectral shot noise is
significant, which illustrates the inherent difficulty
in identifying single-shot spectra.

To investigate further the influence of the condi-
tional analysis thresholds, we also analyzed the two
data sets by varying the threshold values (as defined
above by the off-peak hit rate). Figure 7 presents
the resulting silicon particle sampling rate (i.e., the
on-peak hit rate) for Set A as the threshold value is
varied from a more restrictive 0.01% to a more re-
laxed value of 1% for both the P/B and SNR ap-
proaches. The resulting particle-hit rate increases
monotonically with a decreasing threshold (i.e., in-
creasing the off-peak hit rate) for both the SNR and
P/B conditional sampling approaches. Also in-
cluded in Fig. 7 is the calculated rate of false hits
(expressed as a percentage of total hits) based on each
threshold value and the corresponding total hit rate.
As described above, this value corresponds to the
statistically expected number of false hits divided by
the total number of identified hits. As observed in
Fig. 7, increasing the percentage of false hits by 1
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order of magnitude, from 0.05% to 0.5%, increases the
expected percentage of false hits from 4.7% to 21.2%
for the SNR-based process and from 5.2% to 23% for
the P/B-based process. In addition, note that the
percentage of expected false particle hits is slightly
less for all threshold cases when comparing the SNR
approach with the P/B approach. This is consistent
with the greater number of particle hits collected
with the SNR approach compared with the P/B ap-
proach, as seen in Fig. 4, which reduces the potential
influence from false particle hits.

3.5 T T — T T — T T —— 60

—&— SNR Approach

.
—— P/B Approach /

150

(]
25 H40 &
i a
z
= 8
g o
P .
® 2r 130 2
< z
T P
b4
T
15 Hz20 B

17 =110

0.5 L i 1 1 1 0

0.01 0.10 1.00
Hit Threshold (%)
Fig. 7. Influence of the conditional processing threshold on the

silica-particle-hit rate (on peak) and the corresponding expected
false-hit rate (as a percentage of total hits) for data set A.
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average P/B intensity of the silica emission line (on peak) for
identified hits along with the corresponding P/B intensity of the
expected noise and the expected noise as a weighted percentage of
the on-peak signal.

Although the above results enable an estimate of
the expected percentage of false hits for a given
threshold, it remains difficult to quantify the exact
contribution of such false hits to the analyte peak
(288.1-nm Si line) in the resulting ensemble-
averaged spectrum of all hits. For a given thresh-
old, however, the expected contribution of false hits to
the on-peak signal can be assessed by applying the
same threshold to the off-peak region and calculating
an ensemble-averaged spectrum based on the off-
peak false hits. The resulting P/B ratio of the off-
peak signal provides a quantitative estimate of the
statistical noise contained in the on-peak analyte sig-
nal. Figure 8 shows the average P/B intensity of the
on-peak silicon emission line and the corresponding
average P/B of the off-peak noise as a function of
threshold for both the SNR and P/B processing
schemes. Note that for comparison purposes the
P/B values of the on-peak and off-peak spectra must
be weighted by the corresponding number of hits.
As seen in Fig. 8 the average silicon emission line P/B
signal (on peak) corresponding to the P/B approach is
greater than the P/B ratio as processed with the SNR
approach for all threshold values. However, the cor-
responding average P/B ratio of the false hits (off
peak) is also greater with the P/B approach com-
pared with the SNR approach. The fraction of the
on-peak silicon signal attributed to the expected noise
(the ratio of weighted off-peak to on-peak P/B sig-
nals) is also plotted in Fig. 8. The contribution of
noise to the on-peak signal is minimized as the
threshold value is increased (i.e., the decreasing per-
centage of false hits). An examination of Fig. 8 re-
veals a breakpoint in the noise contribution at a hit
threshold value around 0.05-0.1%, with the SNR-

based noise contribution slightly less than the P/B-
based values. Specifically the expected contribution
of noise to the analyte peak is ~2.8% at a hit thresh-
old of 0.1% and is decreased to 1.7% at a threshold of
0.05%. Both schemes produce remarkably similar
results, although it is concluded that the SNR is a
slightly better determinant for conditional spectral
processing compared with the P/B ratio.

5. Conclusions

A conditional analysis of the single-shot LIBS spectra
has been evaluated by using two approaches for de-
tection of the targeted analyte peak, namely, the
signal-to-noise ratio and the peak-to-base ratio. The
key requirement for either approach is the selection
of an appropriate threshold value so that spectral
shot-noise fluctuations (i.e., false hits) are minimized
while sufficient sensitivity to the actual analyte sig-
nal is maintained. By investigation of the number
of identified analyte hits in combination with a sur-
rogate off-peak spectral region insight was gained
into the influence of the threshold value. In general
the SNR parameter provides a modest increase in the
spectral discrimination for single-shot processing
compared with the P/B ratio. For both parameters,
setting the threshold value so that the false-hit rate is
between 0.05% and 0.1% provides an optimal degree
of spectral discrimination between noise and actual
analyte signals. The false-hit rate may be set in the
presence of the targeted analyte by using an adjacent
spectral region of similar intensity characterized by
only continuum emission, or it may be set directly on
the analyte spectral line in the absence of the tar-
geted analyte.

Finally, note that single-shot detection of a tar-
geted analyte species by using only a single analyte
line, as addressed in this study, requires careful con-
sideration of the detection threshold for suppression
of spectral noise to be achieved while sensitivity to
the analyte signal is maintained. Although the
threshold may be optimized, clearly the identified set
of analyte hits will always contain a number of false
hits. It is recommended that additional processing
be performed to further sort the identified hits. Ear-
lier approaches that have been successfully applied
include the analysis of additional analyte lines or
quantitative analysis of the line profile of each ana-
lyte peak.12.16
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