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Abstract

A long-short double pulse laser-induced breakdown spectroscopy (long-short DP-LIBS) method was
employed to improve the performance of LIBS for the measurement of manganese in steel samples. The
long pulse was generated by a Nd: YAG laser which was operated at free runing (FR) mode. To investigate
the detection ability without sample preparation, the steel washers were tested using SP-LIBS and long-
short DP-LIBS, respectively. The measurement results show that the long-short DP-LIBS method was able
to record clear spectra from the rusty steel washers. The steel washers were also measured after the polishing
process. The measurement results show that the signal intensity was enhanced by long-short DP-LIBS.
Through the observation with scanning electron microscope (SEM) on the laser craters, the results suggest
that the improvement of detection ability can be attributed to the pre-radiation effect of long-pulse laser
beam. Next, the analytical performance for quantitative measurement of manganese was evaluated by
employing ten standard steel samples. The results show that the linearty fit (R?) of calibration curve is 0.988
for long-short DP-LIBS, whereas, R? is only 0.810 for SP-LIBS under the same measurement conditions.
The five times repeated measurement results show that the average Relative Standard Deviation (RSD) of
the tested samples is 29.3% for SP-LIBS and is 10.5% for long-short DP-LIBS. The prediction results also
show that the average Relative Error of Prediction (REP) is 94.9% for SP-LIBS and it 4.9% for long-short
DP-LIBS. The experimental results in current work demonstrate that long-short DP-LIBS is promising for
the on line measurement of steel in the steelmaking plant.
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1. Introduction

It is well known that the iron and steel industry is one of the most important industries.
In modern life, steel products are used almost everywhere. With the development of
industry, high quality steel is desired in various fields. The advanced control methods
for steelmaking process are required to meet these industrial demands. However, it is
difficult and expensive to measure the composition of steel during the steelmaking
process, which limited the production efficiency of high quality steel. In recent years,
laser-induced breakdown spectroscopy (LIBS), as one of the analytical techniques for
steelmaking process, has been widely studied because of its potential for online analysis
[1, 2]. Various papers have been published to report the applications of LIBS in steel
industry, such as the measurements of solid steel [3-9], liquid steel [10-12], slags [13-
15], oxides [16-18], rapid in-suit analysis [19-21], efc. One vital subject among these
studies is the analytical performance of LIBS for the industrial application. To improve
the performance, many approaches have been developed based on LIBS, such as
microwave-assisted LIBS [22, 23], LIBS laser-induced fluorescence [24], resonance-
enhanced LIBS [25, 26], double pulse LIBS [27-33], etc. However, it is still difficult to
apply LIBS in the steelmaking process due to the terrible measurement conditions in
steel plant. Double pulse LIBS (DP-LIBS) is a promising way to enhance the detection
performance in practical application. Many geometrical configurations, such as
reheating [27], collinear [28, 29], crossed beam [30], efc. have been studied to realize
DP-LIBS. Among these configurations of DP-LIBS, the collinear configuration is
feasible for the application in steel production lines [2]. However, the plasma conditions

are still temporally unstable and spatially non-uniform [34, 35].

As well known, the theory of LIBS process is quite complex since several physical
processes are involved in the generation and evolution of plasma, such as photon
ionization, high velocity impact between electrons, atoms, molecules and ions, and
inverse bremsstrahlung. The complete physical-mathematical model, which can finely
describe the LIBS process, has not been established till now [36]. The unstable and non-
uniform laser-induced plasma leads to the unsatisfied performance of LIBS for
industrial requirements. Even though the temperature in plasma core is very high (10*
K magnitude), the temperature in plasma edge is still very low (only a few thousand
Kelvin) [37]. LIBS utilizes the signals which are emitted from the non-uniform plasma.
However, at present, most of the quantitative analysis methods for LIBS assume that
the laser-induced plasma is under the local thermodynamic equilibrium (LTE) condition.
LTE condition means that the temperature of plasma can be considered as the same



value ina local region. In LIBS measurement, the laser-induced plasma sometimes does
not meet LTE condition due to the pulsed laser beam. In previous reports, several works
have obtained the high-accuracy results for quantitative analysis through considering
unstable plasma conditions [37-39]. To solve the problem of unstable plasma in LIBS
process, the collinear long-short DP-LIBS method was studied in previous work. A free
oscillation long laser pulse combined with a Q-switched short laser pulse was employed
to generate a stable plasma for spectral analysis. The feasibility of this method has been
verified through the experiments in air and under water. The results have suggested that
the plasma cooling process was controlled by the long-pulse-width laser [40, 41].

In order to remove the upper surface layer of measurement material, the approach to
combine the long pulses with short pulses has been published since 2010 [42]. The two-
phase measurement scheme with first cleaning long pulses and the second analysis laser
pulses was applied to the analysis of as-cast layers on a steel bloom [8]. However, the
long-short DP-LIBS method studied in present work employed the simultaneous
combination of long and short pulses. A long laser pulse with the duration in
microsecond time scale and a Q-switched short pulse with the duration in nanosecond
time scale were both involved in the plasma generation and evolution processes. The
long pulse laser beam continuously irradiates the plasma region before and after the
plasma generation. To our knowledge, the analytical performance for the quantitative
analysis has not been discussed in this configuration. The primary goal of current study
is to evaluate the performance of collinear long-short DP-LIBS for the quantitative
analysis of manganese in steel samples. Therefore, the comparative study has been
carried out from several aspects between SP-LIBS and long-short DP-LIBS. The
detection ability and the morphology of craters were studied by testing the steel washers
with rusty and clean surface. Furthermore, this work reports a detailed discussion on
the quantitative measurement of manganese in steel samples employing the standard

steel samples.

2. Experimental setup for long-short DP-LIBS

2.1 Long-short DP-LIBS method

In this work, the long-short DP-LIBS method was employed to analyze the manganese
content in steel samples. The long pulse in this method means that the duration time of
laser pulse is long but the peak power is low. More specifically, the nanosecond Nd:
YAG laser operated at free running (FR) mode was used as the long-pulse-width laser.

The FR mode means that the Q value of optical resonant cavity does not change during



laser pulse formation. Thus the laser pulse can be sustained for dozens of microseconds
with low peak power. This is also called as the free oscillation output of the laser. It is
one of the working modes of Nd: YAG laser, but rarely used in LIBS process. Fig. 1
illustrates the principle of long-short DP-LIBS and the measured pulses shape of the
long-short double pulses. The long pulse laser was irradiated before the short pulse
irradiation and lasted for tens of microseconds after the short pulse irradiation-{plasma
generation). It is expected for long-short DP-LIBS to have two types of effect on LIBS
process. One is the pre-radiation effect which includes the cleaning of loose surface
layer and preheating the surface. The other Anethertype is the effect on the plasma
evolution and cooling processes. The short pulse laser is irradiated at the middle of long
pulse irradiation and generates the plasma from the cleaned and pre-heated surface.
Moreover, once plasma is generated, the long-pulse width laser beam continuously
irradiates the plasma region and provides the laser energy during the plasma evolution
and cooling processes. Thus the plasma becomes stable for a certain time and the
temperature can be maintained at a higher level [41]. With a suitable gate delay time,
the signal from the plasma can be stably recorded by detector. In the literature of
conventional DP-LIBS, it is reported that the plasma temperature has been enhanced
[20], the plasma volume has been increased and the lasting time of the plasma emission
has been extended [32, 43]. H-is—proved-that The second Q-switched pulse mainly
interacted with sample surface and the re-heating effect of the second Q-switched pulse
was not observed [32]. However, the long pulse irradiation used in long-short DP-LIBS
is a free-running laser pulse. Over tens of micro second range of time, it cleans and
heats the surface eondition-of the sample before the plasma generation, the evolution
and cooling processes of plasma after plasma generation [40, 41].

[insert Figure 1]

2.2 Experimental configuration

The experimental setup of the collinear long-short DP-LIBS configuration is shown in
Fig.2. The measurement system was composed of two lasers, a digital delay generator,
an optical fiber, a spectrometer, an ICCD (Intensified Charge Coupled Device) camera,
a rotation sample stage and other auxiliary devices. The nanosecond Nd: YAG laser 1
(LOTIS TII, LS-2137U, 10 Hz, beam diameter: 8 mm) was operated at 1064 nm under
the free-running (FR) mode. At this mode, the laser oscillation is freely output in a
relatively long duration. Generally the energy density of free-running laser pulse is not
sufficient to generate an observable plasma emission[40]. Thus the FR mode has been

rarely used in LIBS mede. In this work, the pulse energy of long pulse was set to 200



mJ with the pulse width of 60 ps. The nanosecond Nd: YAG laser 2 (LOTIS TII, LS-
2134UTF, 10 Hz, beam diameter: 6 mm) was operated at 1064 nm (Q-Switch, pulse
width 5.4 ns) with the pulse energy of 20.5 mJ. The inter-pulse delay time between the
two lasers was adjusted by the digital delay generator (Stanford Research Systems,
Model DG645). The pulse shape was measured and verified by an oscilloscope
(Tektronix, MDO3014) with a Si photodiode sensor (Hamamatsu, S1336-18BQ). The
long-pulse-width laser beam and the short-pulse-width laser beam were combined using
a polarization prism and transmitted about 3 meters in air through the reflection of
mirrors. The combined beams were focused on the samples with collinear configuration
by a lens (focal length 800 mm). The emission signal from the plasma was collected in
the reverse direction and focused on the fiber by using a lens (focal length 100 mm).
After delivered 10 meters through the optical fiber, the emission signal was detected by
the combination of a spectrometer (SOL, NP-250-2M), an ICCD camera (Andor, iStar
DH334T-18U-03), and auxiliary devices. The delay time of ICCD was triggered by the
short-pulse-width laser. A grating with 3600 grooves/mm was employed for spectral
dispersion in the spectrometer. The system has achieved a spectral resolution of 0.0097
nm/pixel in the spectral range of 400-410 nm. All the spectra were recorded in open

atmosphere.

[insert Figure 2]

2.3 Samples

In this work, two kinds of samples were measured to evaluate the performance of long-
short DP-LIBS. The first kind of samples were steel washers which were made by
industrial steel materials (Japan Grade: SS 330). Before experiments, the steel washers
were placed in the environment of university factory for a long time, whereas, some of
them had been polished using an abrasive paper. The purpose of measurement on steel
washers was to qualitatively discuss the detection ability of long-short DP-LIBS in
different surface conditions. The other kind of samples were standard steel samples by
Zhengzhou Research Institution of Mechanical Engineering (ZRIME). The elementary
composition of the samples is listed in Table 1. The iron concentration was calculated
by other major element concentrations. There can be uncertainty in iron concentration
due to some unreported minor elements. However, the uncertainty in iron concentration
was neglected in the present study. Before the LIBS measurement, the standard steel
samples were finely polished with the abrasive paper. During testing, the target sample

was placed on the sample stage and kept rotating. Thus the laser pulses were always



irradiated on the fresh surface. After each experiment, the laser craters were confirmed

without overlap.

[insert Table 1]

3. Results and discussion
3.1 Detection ability

The steel washer which was placed in the factory has a mixed surface layer including
rust, oil, dust, et al. This surface layer is loose and easy to clean. In this work, the
detection ability of SP-LIBS and long-short DP-LIBS was qualitatively compared by
testing the steel washers with mixed surface and polished surface. Fig. 3 shows the
recorded spectra from the steel washers with mixed surface. SP-LIBS was unable to
record a clear spectrum for further analysis. On the contrary, long-short DP-LIBS
recorded a clear spectrum. Several spectral lines of iron and manganese can be
distinguished from the spectrum of long-short DP-LIBS. The comparison of the
recorded spectra from steel washers with mixed surface indicated that long-short DP-
LIBS has the potential to analyze the target with mixed surface layer. The results
suggest that long-short DP-LIBS enhances the ability of LIBS applicability with no
sample preparation. These application may include actual steel products with rusty and
dirty surface, molten metals with oxide layers and steel sheets in production line with

oil film on surface.
[insert Figure 3]

Fig. 4 shows the recorded spectra from the steel washers with polished surface. The
signal intensity was enhanced by long-short DP-LIBS. For the spectral lines with higher
excitation energies, such as iron atom lines at 400.971, 401.453, 402.187, 402.472,
405.504,407.663, 409.597 and 409.818 nm, manganese atom lines at 401.810, 404.136,
404.876 and 407.924 nm, the enhancement was considerable. Enhancement in signal
intensity of the spectral lines with lower excitation energies, such as iron atom lines at
400.524, 404.581, 406.359 and 407.174 nm, manganese atom lines at 403.076, 403.307
and 403.449 nm, was also observed although the enhancement was not as dramatic as
for the spectral lines with higher excitation energies. The enhancement can be attributed
to the effects of long pulse. For long-short DP-LIBS, the long pulse pre-heated the focus
point on sample surface before the short pulse was irradiated, thus the breakdown
threshold of material was reduced. Furthermore, the long pulse laser continues to
irradiate the plasma region after the short pulse laser generates the plasma. The

evolution and cooling processes of plasma were controlled by the long pulse hence the



plasma was maintained at higher temperature [41]. Because of the larger ablation mass
and the higher plasma temperature, the signal intensity from the plasma was enhanced.
Especially for the spectral lines with higher excitation energies, the enhancement was

remarkable.
[insert Figure 4]

In addition, another result is worth to be noticed in Fig. 3 and Fig. 4. Long pulse LIBS,
in which only the free-running laser pulse was irradiated to the target, was not able to
record observable emission spectrum from the samples. It indicated that only the long
pulse laser didn’t generate the observable plasma because of the low irradiance. The
result demonstrates that the plasma in the long-short DP-LIBS process was generated
by the short pulse, although the long pulse was irradiated firstly. The plasma was
generated by short pulse and affected by long pulse in long-short DP-LIBS process.

3.2 Crater morphology

The study on the crater morphology was carried out in this work. Scanning electron
microscope (SEM) was employed to take the pictures of laser craters. Fig. 5 shows the
observed images from the steel washers. A definite difference in crater characteristic
from the steel washers with mixed surface was observed. A large area of surface layer
was removed from the steel washers by long-short DP-LIBS. However, only short-pulse
laser beam was unable to efficiently remove the surface layer. Therefore, the
improvement of detection ability of long-short DP-LIBS can be attributed to the pre-
radiation effect of long-pulse laser irradiation. Fig. 5(b) shows the crater images
observed from the polished steel washers. A large area of laser ablation was observed
in the image of long-short DP-LIBS craters. It is an evidence of the pre-radiation effect
of long-pulse laser beam. The large ablation area of long-short DP-LIBS can be
attributed to the efficient ablation under the pre-heating of long pulse, a large size of
the focus spot of long pulse, the back expansion of the stronger plasma. The long-pulse
laser beam affected the generation process of plasma from multiple aspects. These

effects are collectively referred to the pre-radiation effect.
[insert Figure 5]

3.3 Calibration curves

The calibration curves for SP-LIBS and long-short DP-LIBS were compared in this
study. All of the data obtained from 10 samples were used to establish the calibration
curves. The experiment for each sample was repeated 5 times to reduce the influence
of unstable laser energy conditions. The selected spectral lines (Mn I 404.876 nm and



Fe 1402.187 nm) were used to calculate the intensity ratio of LIBS measurement. Fig.
6 shows the calibration curves for SP-LIBS and long-short DP-LIBS. The geedness-of
linearity fit (R?) of calibration curve was only 0.810 for SP-LIBS, whereas it was 0.988
for long-short DP-LIBS. From this aspect, the linearity of calibration curve was
dramatically improved by long-short DP-LIBS. In Fig. 6(a), R? was lower than 0.9,
which meant a weak correlation between the concentration ratio and the line intensity
ratio. SP-LIBS did not obtain a satisfactory calibration curve for quantitative analysis
due to the long optical distance in our experiments. A lens with the focus length of 800
mm was employed to focus the laser beam in this study. The emitted light of plasma
was collected in the opposite direction of laser radiation. The long focus distance
reduced the energy density of the focus point and resulted in a decrease in the stability
of plasma signal. Therefore, the calibration curve obtained by SP-LIBS can’t be used
for further quantitative analysis. However, the long-short DP-LIBS method has
obtained the acceptable calibration curve for quantitative analysis. The improvement in
the quantitative analysis performance was attributed to the effects of long-pulse laser
beam. These effects include not only the pre-radiation effect mentioned in Section 3.2
but also the stabilization effect. The long pulse irradiation continued for tens of
microseconds in the long-short DP-LIBS method, thus it continuously provided long
pulse laser energy to the plasma region throughout the life of the plasma. During this
period, several mechanisms were involved to the plasma evolution process, including
the absorption of laser energy by plasma and the heating of the sample surface by
transmitted laser light. These mechanisms create a good environment for the plasma

generation and evolution process and lead to a stabilized plasma condition.

Comparing the slope of the calibration curves, it can be found that the slope of long-
short DP-LIBS was larger than that of SP-LIBS. This result suggests that the self-
absorption influence was reduced by long-short DP-LIBS. In LIBS, the local
temperature in a plasma varied with the spatial location. Generally, the temperature in
the outer region of plasma is lower than the core region. The emission from the core
plasma could be absorbed by the outer plasma. Therefore, it is reported that LIBS has
suffered the influence of self-absorption, which caused a decrease in the slope of
calibration curve [37, 44, 45]. Obviously, the measurement results were less affected
by self-absorption using long-short DP-LIBS. It can be attributed to the stabilization
effect of long pulse. In long-short DP-LIBS, the plasma is continuously irradiated by
the long-pulse-width laser, hence the evolution and cooling processes of plasma are
controlled [41]. The stability of plasma is improved by the long pulse. Therefore, the

self-absorption influence was weakened in long-short DP-LIBS. In addition, it can be



found in Fig. 6 that the standard deviations of measurement result are smaller in long-
short DP-LIBS, which also can be attributed to the stabilization effect of long pulse.

[insert Fig. 6]

3.4 Precision and uncertainty of measurement

The prediction models for manganese concentration were evaluated using the cross
validation method. The unknown sample was selected from S2 sample to S9 sample
individually, and the remaining 9 samples were employed to establish the prediction
model. Fig. 7 shows the prediction models for manganese concentration using SP-LIBS.
The linearity fit (R?) of the prediction models were all lower than 0.9, except for that
of the prediction model for S7 sample. The quantitative analysis based on these
prediction models are unreliable under such low R? value. Fig. 8 shows the prediction
models using long-short DP-LIBS. It can be seen that all of the models have obtained
a fine R? value. These results suggest that the analytical performance of manganese in

steel samples by long-short DP-LIBS.
[insert Fig. 7]
[insert Fig. 8]

To quantitatively compare the precision and uncertainty of measurement between SP-
LIBS and long-short DP-LIBS, the statistical factors like Relative Standard Deviation
(RSD) and Relative Error of Prediction (REP) were calculated in current study. More
specifically, RSD was used to evaluate the precision of measurement and REP was used
to evaluate the uncertainty of measurement. Precision is defined as the degree of
harmonization among single test data when the measurement is carried out repeatedly
[46]. Therefore, RSD was calculated according to the Eq. (1).

2(x —M)T/Z
s= |2Ge —M)°

n—1

RSD = 100% X [s/M] (1)

In these equations, x; is the measured value from LIBS experiments, n is the number
of parallel experiments, M is the average value of all parallel experiments, s is the

standard deviation and RSD is the relative standard deviation.

Uncertainty describes the nearness of agreement between the measured experimental
values and the reference value (either as a true value or the value observed by standard

process). In this study, manganese concentration provided by ZRIME was used to



testify the uncertainty of measurement. REP was calculated using the following

equation [47]:

100% [1
%REP = T\/;Z?’:o(ys - 1p)? ()

where Y, isthe average reference concentration of the prediction samples, N is total

number of samples, Y is the reference concentration of the i sample, Y, is the

prediction concentration using the established calibration model of the i sample and
REP is the relative error of prediction also known as relative average root mean square
error. For a fine calibration model, REP should be as small as possible. The overall

efficiency of calibration models was compared using REP in this study.

Table 2 shows a comparison of RSD and REP for SP-LIBS and long-short DP-LIBS.
The precision and uncertainty of long-short DP-LIBS measurement were found to be
better than those of SP-LIBS measurement. The average value of RSD was reduced
from 29.3% to 10.5%, meanwhile, the average value of REP was reduced from 94.9%
to 4.9%. In the literature of manganese quantitative analysis, it was reported that the
relative error of manganese prediction was 7.2% using conventional DP-LIBS and
univariate model [20], the relative standard error of manganese prediction was 10.32%
using SP-LIBS and partial least squares regression model [48]. This result demonstrates
that the use of long pulse is helpful for better analytical results of manganese. The
improvement of measurement precision and uncertainty is attributed to the stabilized

plasma using long-short DP-LIBS.

[insert Table 2]

4. Conclusions

The performance of collinear long-short DP-LIBS for the analysis of manganese in steel
samples was studied in this work. According to the experimental results, the
performance improvement was discussed in several aspects hence the conclusions are

drawn as follows.

1. The long-short DP-LIBS has recorded the clear spectra from the steel washers which
had the mixed surface layer with rust. Through the study on the crater morphology, the
improvement of detection ability is attributed to the pre-radiation effect of long pulse

laser.

2. The calibration curve of long-short DP-LIBS shows a larger slope. The linearty fit
(R?) is 0.988 for the calibration curve of long-short DP-LIBS, which is acceptable for



the manganese analysis. The larger slope of calibration curve for long-short DP-LIBS
indicates that the influence of self-absorption was weakened by the long pulse, which

improved the analytical performance of manganese.

3. The quantitative analysis of manganese shows that the precision and uncertainty of
measurement was improved by long-short DP-LIBS. Mean RSD reduced from 29.3%
to 10.5% and mean REP reduced from 94.9% to 4.9%.The improvement is attributed
to the stabilized plasma which was generated by long-short DP-LIBS process. The
simulated prediction results demonstrated that the analytical performance of manganese
was improved by long-short DP-LIBS compared to the traditional SP-LIBS.
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Table 1 Elements composition of the standard steel samples

Sample Content (%)

No. Mn C Si Cr Fe*

S1 0.032 0.0032 0.0031 0.0053 99.742

S2 0.440 0.085 0.217 0.104 98.755

S3 0.472 0.233 0354 0.216 98.479

S4 0.752 0454 0444 0.141 97.720

S5 0.778 0.586 0471 0.131 97.575

S6 0.842 0.276 0.560 0362 96.996

S7 0.957 0340 0.779 0.408 96.348

S8 .12 0.192 0.363 0.201 97.519

S9 1.23 0297 0470 0.203 97423

S10 1.36 0332 0.716 0.154 97.007

Symbol ‘*’ means the value was calculated by knowing the other major elements.



Table 2 Precision and uncertainty of measurement

Tested RSD (%) REP (%)

s o (EI srums r
S2 30.1 18.6 75.7 1.1
S3 19.2 11.9 101.5 9.4
S4 383 6.0 83.9 3.8
S5 23.6 14.1 90.4 9.8
S6 31.0 5.0 95.4 2.8
S7 26.4 10.1 45.8 4.6
S8 249 11.8 169.0 2.2

S9 41.0 6.5 97.7 5.7
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Fig. 7 Prediction models for SP-LIBS. (a-h) are the models for predicted sample (S2-
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Fig. 8 Prediction models for long-short DP-LIBS. (a-h) are the models for predicted
sample (S2-S9), respectively. Experimental conditions: gate width: 1000 ns,
accumulation: 50 times, delay time: 4000 ns, SP-LIBS pulse energy: 20.5 mJ, long-
short DP-LIBS pulse energy: short pulse 20.5 mJ, long pulse 200 mJ.



