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An approach of portable laser-induced breakdown spectroscopy based on a fiber laser with a
background removal method was proposed.
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A portable laser-induced breakdown spectroscopy (LIBS) system based on a fiber laser was developed
and employed to quantitatively analyze manganese (Mn), vanadium (V), and silicon (Si) elements in
steels. After background removal, the coefficients of determination (R? factors) of the calibration curves
for Mn, V, and Si elements reached to 0.997, 0.991 and 0.992, respectively, obvious improvements
compared to those of the original spectra. The leave-one-out cross-validation (LOOCV) method was used
to test the system. The root-mean-square error of cross-validation (RMSECV) for Mn (0.072-2.06 wt.%) ,
V (0.009-0.821 wt.%), and Si (0.099-1.85 wt.%) elements were 0.037, 0.041 and 0.079 wt.%,
respectively. The average relative errors (AREs) for Mn elements reached 7.6%. These results are
comparable with the conventional LIBS which refers to utilizing the traditional flash-lamp-pumped laser
as a laser source. However, compared to conventional LIBS, a fiber laser LIBS (FL-LIBS) is more
compact, robust, and cost effective. The FL-LIBS, a coupling of a compact fiber laser and spectrometer,
is a convenient approach to providing a portable solution for real-time and in situ detection in industry,

especially in harsh environments.

1. Introduction

Minor elements in steels play an important role in their
performance.t? Traditional analyses of minor elements in steels
are often carried out by complex analytical techniques, such as
inductively coupled plasma (ICP) and X ray fluorescence (XRF),
which are labor intensive and time consuming because they often
need sample preparation, such as cutting, milling, grinding, and
drilling. *®° Laser-induced breakdown spectroscopy (LIBS) is an
appealing technique for elemental analyses in which a focused
laser pulse ablates a sample while the spectral emission from the
laser-induced plasmas is recorded and analyzed.®*'® LIBS has
been proven to be a versatile analytical technique in the past
decades,'"™™* and has many advantages, including a high
capability of multielement detection; little or no sample
preparation, the ability to detect solid, liquid, and gas targets; and
rapid and nearly nondestructive measurements.’**” However,
traditional LIBS is limited when the environment is harsh or the
access restriction makes it difficult to produce plasmas or acquire
the emission lines'®*® due to drawbacks such as large size,
complex structure, cost, and robustness. Therefore, there is an
urgent requirement to develop a portable, robust, and cost-
effective LIBS system.

The laser is one of the most important parts of a portable
LIBS system, and its size and performance influences the
dimensions and capabilities of the overall instrument.’ During
past decades, great effort has been made to reduce the dimensions
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of the LIBS instrument with a goal of creating a portable
application through the use of a compact flash-lamp-pumped
solid state laser (FLPSS) and passively Q-switched microchips as
laser sources.?>%° However, there are still some attributes difficult
to improve, but which can be crucial to maximum performance of
the portable LIBS device.® Beam quality is one of those
important parameters which are usually evaluated by the M?
quantity. % Other problems for the compact laser are energy, jitter,
and stability.

Recently, a fast-developing laser technology which seems to
be very promising for LIBS application is the pulsed fiber laser.®
With the advantages of higher photon conversion efficiency, high
beam quality (M? factor close to 1), low cost, and compact size,
the fiber laser has become more and more useful as it has grown
in robustness, reliability, and peak power.?* Moreover, with the
ability to endure harsh environments, such as tolerance of dust,
shock, and fluctuations in temperature and humidity, a fiber laser
is a potential laser source for real-time and in situ LIBS in
industry.

Until now, a fiber laser has not been widely used in LIBS;
and only a couple of studies referring to fiber laser LIBS (FL-
LIBS) have been reported. 2>? Baudelet et al. *! reported the first
implementation of a 2 pm thulium fiber laser as the ablation
source. The temperature and electron density were calculated, and
the plasma was proven to be in the local thermodynamic
equilibrium. They claimed that the fiber laser had the potential to

This journal is © The Royal Society of Chemistry [year]
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greatly accelerate the improvement and enable the development
of a new generation of LIBS systems by utilizing rugged,
compact, and efficient fiber laser systems.3! Gravel et al.®
evaluated the potential of a pulsed fiber laser source for LIBS
application coupled with three different detection systems, and
they demonstrated the fiber laser’s capabilities for elemental
analysis of aluminum and copper alloys. Huang et al. 2 first
evaluated the LIBS studies on elemental composition detection
and identification using a 1030 nm femtosecond (fs) fiber laser
and the performance of an intensified charge-coupled device
(ICCD) system and a nonintensified CCD system were also
compared. Scharun et al. 3 reported a multi-kHz fiber-laser-
based LIBS setup for mobile metal analysis tasks. The accuracy
they achieved was similar to or even better than the mobile spark
discharge optical emission spectroscopy (SD-OES) apparatus
under the described concentration ranges and measurement
conditions.

The aforementioned works provided versatile solutions and
obtained good results for the LIBS application. However, it is
difficult to avoid continuum background influence of spectra in a
portable FL-LIBS system using a compact spectrometer (coupled
with a CCD detector) due to the high pulse repetition frequency
(PRF) of the fiber laser. (The CCD system spectrometer was
chosen in this work because it was more compact, robust, and
inexpensive than an ICCD system spectrometer.®) The
continuum background, which is generated by the bremsstrahlung
radiation, recombination radiation, and stray lights, * would
influence the analytical results. The precision and sensitivity of
LIBS can be improved by enhancing the signal strength or
reducing the background.*®3” Some methods have been proposed
to eliminate continuum background in conventional LIBS (Sun et
al.,*® Yuan et al.,* and Zou et al.*%). However, in a portable FL-
LIBS system, the continuum background is quite different from
the conventional flash-lamp-pumped laser. The background is
diverse and very intense because it is an accumulation of
hundreds of shots over an integration time due to the multi-kHz
repetition rates of the laser. There have been few research studies
on the qualitative and quantitative analyses before and after
background correction in a portable FL-LIBS system.

In this work, a portable FL-LIBS system, coupling a compact
fiber laser with a spectrometer, was developed. Qualitative and
quantitative analyses of Mn, V, and Si elements in steels were
carried out with background correction in this FL-LIBS system.
The leave-one-out cross-validation method was used to evaluate
the accuracy of the quantitative analyses.

2. Experimental setup and methodology
2.1 Experimental setup

A schematic diagram of the FL-LIBS setup is shown in
Figure 1. A compact Ytterbium-doped pulsed fiber laser model
YDFLP-20-PRO-S (Shenzhen JPT Electronics Co., Ltd., China,
size: 31>22x10 cm) based on the Master Oscillator Power
Amplifier (MOPA) configuration, with an average power of 20
W and wavelength of 10643 nm (emission bandwidth: full
width at half maximum (FWHM) <10 nm) was employed. The
peak power of laser can be varied from 9-13 kW depending on
the pulse duration (10—200 ns). The repetition rates can be varied
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from 25-400 kHz, and maximum pulse energies are up to 0.4 mJ.
The output of the fiber laser is coupled to a laser head (size:
$#3.5>23 cm, consisting of the fiber collimator, the optical isolator,
and the beam expander), which produces a low divergence beam
of 7 mm diameter. This beam is focused by a plano-convex lens
of 100 mm focal length onto the target at normal incidence.

Fiber laser

Laser head

Spectrometer

Computer

Fig. 1. Schematic diagram of FL-LIBS system.

The plasma light emission was collected by a compact time-
integrated spectrometer (size: 17x10.5>4.5 c¢m), which was a
single-channel, ultralow, stray light fiber optic spectrometer
(AvaSpec-ULS2048L-PURGE, Czerny-Turner, grating: 2400
lines/mm, slit: 10 um). The covered spectral range was from 193
nm to 299 nm with an optical resolution of approx. 0.08-0.11 nm
depending on the wavelength. The spectrometer was coupled
with a gated linear CCD detector with 2048 elements, and the
minimum integration time was 1.1 ms. A computer-controlled
platform was used to move the samples. The processing
parameters were optimized and fixed as follows. The pulse
duration of the laser was set to 10 ns, and the repetition rate was
fixed at 100 kHz, generating a high peak power of approximate
13 kW. The lens to sample distance (LTSD) was 99 mm to obtain
the best LIBS signal with high intensity and signal-to-background
ratio (S/B). In the present work, a 2 ms integration time was used.
With a repetition rate of 100 kHz, 2 ms of data collection results
in an integration of 200 consecutive laser-generated plasmas in
every acquisition. Every measurement in the experiment was
repeated ten times unless otherwise specified, and each spectrum
was averaged ten times. Both the laser and the spectrometer, as
well as their timing sequence, were controlled by a computer.

2.2 Method of background correction

Wavelet transform (WT) is a signal processing technique with
the capability for signal decomposition.®® Generally, a given
signal f (t) can be expanded to the linear combination of a series
of wavelet bases.** The spectra usually contain three main types
of frequency information: high frequency (noise), low frequency
(background), and medium frequency (peaks).*** The basic idea
of background removal is to remove the low-frequency part of the
spectra.

In this work, an algorithm of background removal based on
wavelet transform was adopted. The samples were classified into
two groups: one group as training set and another group as test set.
The main procedures of the background correction were as

100 follows:
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30 Figure 2 shows the LIBS spectra that were acquired using the
portable FL-LIBS system. Obviously, there existed an intense
continuum background in the spectra, which was generated by the
major bremsstrahlung emission mechanism predominating in the
early plasma.” Due to the high repetition rates of the fiber laser

s and the integration time of the compact spectrometer, it was
difficult to avoid continuous background by time delay because
there were 200 consecutive laser-generated plasmas in an
integration time. Therefore, the continuum background and the
line radiation were accumulated together 200 times. This is the

40 reason why the continuum background was strong. Background
existence in spectra would disturb the true intensity of line
radiation, which would lead to an inaccuracy in detection. Using
the method of background removal based on wavelet transform,
the spectra were corrected as shown in Figure 3. Obviously, the

45 background of the spectra after the correction was lower than the
original spectra.
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Fig. 3. The characteristic spectra of matrix Fe (a), Mn, V, and Si
so  elements (b) of the sample No.1-6 in the portable FL-LIBS
system.

The characteristic emission lines of Mn, V, and Si elements of
matrix Fe are shown in Figure 3. There is almost no obvious
difference in the shape of the spectral line before and after

ss background correction except in the intensity. However, the
background was clearly lower after the disposal of background
correction. In addition, the signal to background ratio (SBR) was
obviously improved after background removal. For example, the
SBR for line Mn 293.93 nm was improved from 3.2 to 28.6, with

e the spectral range 291.32-291.66 nm as the background/noise
area. The signal to noise ratio (SNR) keeps constant because the
noise hadn’t been changed.

Page 5 of 8
:2L (1) Read the data of spectra to software.
3 (2) Optimize parameters from the training set.
4 Determine the optimum parameters [wavelet function (W),
5 decomposition level (L), and scale factor y)], which makes the
6 5 root-mean-square error of calibration (RMSEC) of analyzed
7 element achieve the minimum. *°

(3) Remove the background for the samples in the test set using
8 wavelet transform with the optimum parameters. “°
9 (4) Output the data of background-corrected spectra on the
10 10 computer.
11
12 2.3 Samples
13 Six certified carbon steel samples (GBW01211-01216, Fushun
14 Steel Shares Co., Ltd.) were used for parameters optimization of
15 wavelet transform (training set). Seven certified pig iron samples
16 15 (GSB 03-2582-2010 series) purchased from Pangang Group
17 Research Institute Co., Ltd. were used for background removal
18 and quantitative analyses (test set) in this work. The matrix
19 elements in all of these samples were iron with a content of over
20 90%. The concentrations of the Mn, V, and Si elements are listed
21 20 in Table 1 and Table 2.
5:23 Table 1 Reference concentrations of Mn, V, and Si elements
24 in the pig iron samples (wt.%).
25 Concentration by Sample No.

Ele-
g? ce L1 12 183 14 15 16 17
28 Mn 0.072 0329 122 0857 059 146 2.06
29 \Y 0.009 0.044 0.071 0.158 0.335 0.506 0.821
30 Si 0.099 0.183 0451 0.689 0937 099 1.85
g; Table 2 Reference concentrations of Mn, V, and Si elements
33 in the carbon steel samples (wt.%).
34 Concentration by Sample No.
35 Element 2-1 2-2 2-3 2-4 2-5 2-6
36 Mn 0712 0342 1.02 0058 127 0226
37 \Y4 0.108 0.063 0.172 0.242 0.049 0.286
38 Si 0.282 0.368 0.189 0.031 0.517 0.133
39
32 » 3. Results and discussion
42 3.1 Qualitative analyses
43 . : . - T
44 —— LIBS signal
45 il i
46 s
47 )
48 S 2| ,
49 e
50 %
51 51t ]
52 i=
53
54 o, ; ; . ‘J
55 210 240 270 300
56 Wavelength (nm)
57 Fig. 2. The LIBS spectra of the sample No.1-6 acquired by the

portable FL-LIBS system

58
59
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3.2 Quantitative analyses

In LIBS, elemental concentration is determined by the peak
intensities of the spectra. A calibration curve obtained from
materials of known composition is used to determine the

s concentration of a substance in an unknown sample, by
comparing the unknown with a set of standard samples of known
concentration.®” In this work, the internal standardization was
adopted as the quantitative analysis method, which used intensity
ratios (analyte/reference) to construct the calibration curve

w0 instead of absolute peak heights. This method has many

advantages, such as minimizing shot-to-shot variations in the
LIBS emission signal, increasing measurement precision, and
correcting nonlinear behavior in calibration curves.” 4
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Fig. 4. Calibration curves for intensity ratios of (a) Mn 293.931
nm/ Fe | 273.96 nm, (b) V 292.40 nm/ Fe 285.18 nm, and (c) Si
288.16 nm/ Fe 271.44 nm in the pig iron samples before and after

20 background correction.
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Consideration of little or no self-absorption and interference,
the spectrum lines of Mn 293.93 nm, V 292.40 nm, and Si 288.16
nm were chosen as the analytical spectral lines. The matrices Fe
273.96 nm, Fe 271.44 nm, and Fe 285.18 nm were adopted as the
reference lines for Mn 293.93 nm, V 292.40 nm, and Si 288.16
nm, respectively.

Quantitative analyses of Mn, V, and Si elements in the pig
iron samples were carried out using the FL-LIBS system. The
calibration curves for intensity ratios of Mn 293.931 nm/Fe |
273.96 nm, V 292.40 nm/Fe 285.18 nm, and Si 288.16 nm/Fe
271.44 nm were established and shown in Figure 4 (a), 4(b), and
4(c), respectively. The coefficients of determination (R? factors)
of the calibration curves and the limit of detection (LOD) were
calculated and listed in Table 3. As shown in Fig. 4, the R? factors
of the calibration curves were all improved after background
correction. It was probably due to the removal of the continuum
background, which influences the true intensity of spectra.

The leave-one-out cross-validation (LOOCV) method was
utilized to evaluate the accuracy of detection. In the LOOCV
method, the n—1 samples were used to establish the calibration
curve; and the remaining sample was used as the test sample.
Each sample was tested in turn. The root means square error of
cross-validation (RMSECV) was used as the main index for
evaluating the performance of the system. The RMSECV is
calculated by & *

RUSECY = , @)

where X; is the reference concentration of the sample, X; is the
predicted concentration of the sample, and n is the number of
samples. According to Eq (1), the RMSECVs for Mn, V, and Si
elements before and after background correction in FL-LIBS
systems were calculated and are listed in Table 3. The average
relative standard deviations (ARSDs) were also listed in Table 3.
In addition, the relative errors (REs) and average relative errors
(AREs) for each sample using the LOOCV method were
calculated and listed in Table 4.

As shown in Table 3, both the R-square (R?) factors and the
RMSECYV improved after background correction; and the values
reached to 0.997 and 0.037 wt.% for the Mn element. However,
the LODs and the ARSDs were slightly inferior after background
correction. This was ascribed to the reduction of the intensity of
the spectral line. The RSD is the ratio of standard deviation (SD)
and the average value, and the standard deviation (SD) was
nearly invariable for a spectrum line before and after background
correction. When the average value was decreased due to the
reduction of the intensity of the spectra line, the RSD increased.
The LODs are slightly inferior to the conventional LIBS,
probably due to the low ablation energy (up to 0.4 mJ per pulse).
As shown in Table 4, most of the values of REs and AREs were
improved after background correction, especially for the Mn
element; and the AREs reached to 7.6%. These results are
comparable to the previous studies of conventional LIBS &71013
and slightly better than most of the portable LIBS systems
reported previously. 224
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Table 3. The ARSDs, R-square (R?) factors, RMSECVs (wt.%), and LODs for Mn, V, and Si elements
before and after background correction in the FL-LIBS system.

Spectral line ARSD (%) R? RMSECV(wt.%) LOD (ppm)
(analyte/reference)  Original  Corrected Original  Corrected Original  Corrected Original  Corrected
Mn 293.93/Fe273.96 3.9 6.0 0.942 0.997 0.152 0.037 165 195
V 292.40/Fe 285.18 15 3.7 0.981 0.991 0.056 0.041 32 48
Si 288.16/Fe 271.44 2.4 5.3 0.943 0.992 0.099 0.079 69 110

5 Table 4. The REs and AREs for Mn, V, and Si elements using the LOOCYV method

before and after background correction in the FL-LIBS system.
Mn \Y Si
- RE (%) - RE (%) * RE (%)

[0) [0) 0,
C wt.%) Original Corrected C wt.%) Original Corrected C wt.%) Original  Corrected
0.072 124.983 32.182 0.009 291.965 157.587 0.099  96.378 19.967
0.329  58.287 5.179 0.044 201.616 24.594 0.183  74.752 16.816
0596  36.596 5.454 0.071 118.691 5.473 0.451  23.678 4.955
0.857  14.279 5.358 0.158  41.316 14.350 0.689  10.894 10.706
122 10.455 0.452 0.335 9.718 9.689 0.937 5.754 8.637
146  13.173 1.146 0.506 4.03 10.716 0.99 14.448 8.091
2.06 1.991 3.578 0.821 3.17 10.319 1.85 1.018 8.308
ARE 37.109 7.621 95.786 33.247 32.417 11.069

* the concentration of the analyzed element.
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