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Abstract: In this study, we present results regarding the application of a relatively simple bench-top laser-induced 

breakdown spectroscopic (LIBS) technique working in the UV/visible spectral region for the rapid, direct and sensitive 

quantification of the element carbon in steel alloys under ambient air standard conditions. We carry out further optimization 

studies and investigate the influence of the gate delay time of the electron multiplier charged-coupled device (EMCCD) 

detector on the emission properties, namely signal and background intensities as well as signal-to-background ratio (SBR), of 

the previously selected CI 396.14 nm spectral line. Moreover, we study and compare various methods employed to construct 

analytical calibration functions of the carbon line under investigation. Furthermore, the analytical figures of merit are 

evaluated in each case. 
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1. Introduction 

The spectroscopic identification and quantification of light 

elements such as carbon and sulfur within the optical window 

is a challenge [1]. The problem arises from the fact that strong 

and well-resolved spectral lines of these elements are 

originated from their ions and hence essentially located in the 

vacuum ultraviolet (VUV) spectral regime, where special 

technical conditions and equipment are required [2-14]. These 

practices certainly result in preventing the on-line and in-situ 

applications of the relevant spectroscopic technique. 

The situation becomes even more complicated when the 

host material is mainly composed of a single 

element-rich-matrix, such as iron in steels, whose spectral 

lines dominate the UV/visible region. Nevertheless, there has 

been few published work concerning the direct 

characterization of steels for their light elements content 

employing spectroscopic techniques within the readily 

accessible UV/visible spectral region [15-17]. The results 

obtained from these studies were however unsatisfactory. 

One of the best recognized spectroscopic techniques for the 

direct and sensitive characterization of materials is 

laser-induced breakdown spectroscopy (LIBS) [18]. In this 

technology, a short-lived high-temperature and density plasma 

plume is generated when a pulsed high-powered laser beam is 

focused onto a material. The radiation emitted from 

excited/ionized species in the plasma environment is then 

spectrally resolved, and the individual neutral atoms and/or 

atomic ions in the plume are identified and quantified by their 

unique wavelengths and line intensities, respectively, allowing 

the characterization of their presence in the parent material [19]. 

As a part of an ongoing research project, we present in this 

article results regarding the application of a relatively simple 

bench-top LIBS technique in the UV/visible spectral regime 

for the direct, rapid and sensitive quantification of the light 

element carbon in steel alloy targets under ambient air 

standard conditions. In particular, we carry on our optimization 

studies and investigate the influence on the emission properties 

of the previously selected and optimized CI 396.14 nm spectral 

line of the gate delay time of the electron multiplier 

charged-coupled device (EMCCD) detector. Furthermore, we 

also study and compare different methods used to establish 

analytical calibration functions of this carbon lines and 

evaluate the corresponding figures of merit in each case. 
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2. Experimental 

A schematic diagram for the LIBS system employed in the 

present work is depicted in “Fig. 1”. In addition, various 

system components and conditions are described in some 

details. 

 

Figure 1. Experimental set-up. 

Energetic Q-switched Nd:YAG laser pulses (Innolas Laser, 

model SpitLight Compact 400) with maximum pulse energy 

of 400 mJ, 6 ns pulse width, 10 Hz repetition rate, and 

emission wavelength of 1064 nm are focused onto a low alloy 

steel target in air at atmospheric pressure within a 

custom-made target chamber. The steel target is mounted on a 

3-axis computer controlled translational stages with 75 mm 

linear travel and 12.5 µm linear resolution. 

The smallest radius of the laser beam waist on the steel 

target was calculated to be 6.0 µm, resulting in a nominal total 

laser irradiance of 6.0×10
13

 W/cm
2
 at 400 mJ pulse energy. 

The steel target was always kept at 1-2 mm behind the 

nominal focus of the laser beam in order to prevent accidental 

air breakdown induced in front of the target surface, which 

essentially decreases the laser-target coupling and hence 

ablation efficiency. 

All results in this work were obtained by using optimum 

laser energy value of about 185 mJ at 10 Hz. 

The radiation emitted from the laser-generated plasma is 

collected by a suitable lens and then guided through an 

attached optical fiber cable, which is in turn connected to a 10 

µm×30 µm [W×H] entrance slit of an EMU-120/65 echelle 

spectrograph (Catalina Scientific). The spectrograph is 

equipped with UVU3 cassette completed with an aperture stop 

of 20 mm in diameter. 

The dispersed light is detected by an intensfied front 

illuminated EMCCD (Andor Technology, model iXon3) with 

1004×1002 pixel array, and 8 µm×8 µm pixel size. The CCD 

array has a nominal quantum efficiency of 65% at 600 nm. 

All data were recorded by firing 40 successive laser shots 

onto a specific position of the target surface, which were 

preceded by 20 burn-in (pre-shots) for cleaning purposes. 

Measurements were repeated at least 3 times at different 

locations of the target surface. 

The electronic gain of the EMCCD detector was adjusted at 

an intermediate relative value of 150, and the exposure time 

(gain width time) of the EMCCD detector was set at an 

optimum value of 90 µs. 

3. Results and Discussion 

3.1. Gate Delay Time of the EMCCD Detector 

The gate delay time for signal integration of the EMCCD 

detector is measured from the onset of firing the laser pulse. 

This is electronically manipulated by a specific control circuit 

unit designed to link the laser and the detector circuits as 

shown in Fig. 1. The gate delay time in the current 

experiments was varied between 1 µs and 10 µs as the lifetime 

of the neutral species of carbon would last quite long in the 

plasma. Please note that atomic ions species may have shorter 

lifetimes, and hence the delay time of the detector would be 

adjusted at shorter intervals. 

Figure 2 illustrates an example of the relationship between 

the emission properties of the CI 396.14 nm, namely signal as 

well as background intensities, and the gate delay time of the 

EMCCD detector. 

As can be seen from Fig. 2, the initial emission of both 

signal and background intensities are very high, as one may 

expect, with concomitant high levels of uncertainties as well. 

However, at gate delay times longer than about 1 µs both 

intensities significantly decrease and almost follow the same 

behavior. After 2 µs from the onset of laser firing, the emission 

intensities take a considerable slower rate of decrease all the 

way down to the last point recorded, i.e. 10 µs. 

 
Figure 2. Signal as well as background intensity of the CI 396.14 nm as a 

function of the gate delay time of the EMCCD detector. 

The same sets of data points in Fig. 2 were used to calculate 

the ratio points, and were then again plotted against the gate 

delay time of the detector. Figure 3 therefore depicts such a 

relationship between the signal-to-background ratio (SBR) of 

the CI 396.14 nm spectral line and the gate delay time. As 

expected, the SBR values increase monotonically with the 

delay time, then show a leveling off during the 6-10 µs 

interval. 

It is obvious from the figure that the optimum value for the 

gate delay time of the EMCCD detector is 6 µs. This delay 
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time does not only provide almost the peak delay value but 

also proves to be the most stable and reliable as justified by the 

levels of error bars recorded for higher delay times whose 

values are almost equal to that at 6 µs. 

Figure 4 demonstrates a portion of the UV/visible spectrum 

of laser-produced steel plasmas recorded at the optimum 

experimental conditions including that of the EMCCD gate 

delay time. As can be noted from the figure, the spectrum is 

naturally dominated by intense neutral Fe spectral lines. Also 

shown is the carbon line under investigation at 396.14 nm. 

 

Figure 3. Signal-to-background intensity ratio of the CI 396.14 nm as a 

function of the gate delay time of the EMCCD detector. 

 

Figure 4. Portion of an optimized UV/visible spectrum of laser-generated 

steel plasma in ambient air. 

3.2. Carbon Analytical Functions 

Series reference standards of low alloy steel alloy targets 

containing various concentrations of the element carbon are 

employed in order to inspect the linear relationship between 

different carbon proportions. 

We used the optimum operating conditions and introduced 

the targets to the laser pulses in succession so that 

measurements repeated from each target are recorded at 

different time intervals to ensure that they are subjected to the 

same conditions, especially those related to fluctuations in the 

laser energy. All intensity measurements throughout this 

project were performed by integrating the area under the 

spectral curve for a specific spectral interval. 

Figure 5 illustrates the linear fitting for data points 

representing the relationship between different concentrations 

and corresponding integrated intensities for the CI 396.14 nm 

spectral line. The fitting parameters are also shown including 

the correlation coefficient factor (R
2
) of the linear fitting. 

The limit of detection (LOD) is a statistical measure of the 

minimum concentration of an element that the relevant method 

could detect. In the current experiment, a low ally steel target 

containing 2.5 ppm carbon was selected to calculate LOD. A 

limit of detection of about 13.4 ppm ± 1.1 ppm was estimated 

for carbon using the CI 396.14nm spectral line. 

 

Figure 5. Linear fitting of the data points used to construct the analytical 

calibration curve for carbon in steels. 

The data points in Fig. 5 could also be fitted with a 

polynomial function. Figure 6 depicts the fitting of the data 

points in Fig. 5 with a 2
nd

 order polynomial function. Although 

the fitting provider a slightly better correlation as justified by 

the R
2
 value, it yields higher limits of detection due to the high 

level of uncertainty in the constant B2. The LOD calculated 

with this fitting was 16.7 ppm ± 7.1 ppm. 

 

Figure 6. Polynomial fitting of the data points used to construct the analytical 

calibration curve for carbon in steels. 
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Precision is a measure of the dispersion of the results 

around a central point represented by the mean value of the 

measurements. The precision calculated, averaged over the 

carbon concentration values used to construct the above 

calibration curve, was estimated at about 8%. 

Finally, accuracy is a measure of the difference between a 

measured concentration to the actual concentration. The 

average accuracy for concentration measurements was 

evaluated at about 15%. 

4. Conclusion 

We studied in some details the influence of the gate delay 

time for integration of the EMCCD detector within a simple 

bench-top LIBS technique on the emission properties of the 

CI 396.14 nm spectral line under ambient air standard 

conditions. An optimum delay time for the line of interest 

was found to be 6.0 µs from the onset of firing the laser pulse. 

In addition, analytical calibration functions for the carbon 

spectral line were constructed and proved to be linear in the 

carbon concentration range under investigation. Furthermore, 

figures of merit of the LIBS technique for this application 

were evaluated and found to be in favor for the purpose of 

the current study. 
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