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 In this work, emission properties of representative trace and major species in steel plasma plumes 

produced in typical laser-induced breakdown spectroscopy (LIBS) experiments under standard 

atmospheric conditions are investigated. The correlation between laser fluence and spatially 

integrated measurements of emission characteristics of the plasma at a typical delay time of 2 µs 

from the laser pulse onset is thoroughly explored. Q-switched neodymium-doped yttrium aluminum 

garnet (Nd: YAG) laser emitting at its fundamental wavelength of 1064 nm was employed to 

generate the plasmas under investigation. The results showed that the signal-to-noise ratio of all 

lines investigated exhibit irregular behaviour in which two maxima can be identified at specific laser 

fluence values. This behaviour is attributed to lower standard deviation of the background intensity 

indicating stable plasma conditions relevant for spectrochemical analysis. Plasma shielding of the 

incident laser energy, due to electron-atom inverse bremsstrahlung (IB), becomes more critical 

beyond laser fluencies larger than about 45 J cm-2. 
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1. Introduction 

Spectral emission data recorded from laser-produced plasma 

sources are a precious mine of information. For example, line 

intensities have long been exploited for the rapid elemental 

identification and quantification of all materials. Moreover, 

intensities, profiles as well as spectral shifts of carefully selected 

lines are widely used for determination of the main emitting 

plasma properties namely electron temperature and density. The 

instrumental technique normally employed to carry out such 

studies is generally called laser-induced breakdown spectroscopy 

(LIBS) [1], [2], but also occasionally termed laser-induced 

plasma spectroscopy (LIPS) [3]. LIBS has recently reached a 

maturity state due to significant technological advances in its 

main components including laser and detection system, enabling 

a wide range of applications in a variety of fields. Examples 

include biomedical/biological specimens [4], [5], [6], cultural 

heritage restoration [7], [8], environmental analysis [9], [10], [11], 

[12], explosive materials [13], metals and alloys [14], [15], [16], 

[17], [18], nuclear fusion [19], polymeric materials [20], [21], 

space exploration [22], and underwater objects, [23]. 

The determination sensitivity of species emitted in the plasma 

is dependent on the correlation between their spectral signal and 

background intensities represented in signal-to-background (SBR) 

and signal-to-noise ratios (SNR) parameters. In turn, these 

parameters strongly rely on plasma-producing laser source 

conditions including pulse energy, wavelength, and pulse 

duration, as well as ambient atmosphere compositions and 

pressures. A usual routine therefore has been the careful 

optimization of some, or all variables related to a specific LIBS 

application to achieve the best possible results in terms of the 

experiments' figures of merit. The SBR, and hence precision and 

detection limit, of a singly-ionized carbon spectral line in plasma-

facing wall materials was improved upon optimizing a number of 

key parameters including laser pulse energy (250 to 600 mJ) 

using a newly-designed LIBS system [24]. Optimum laser energy 

value of 450 mJ was selected for this work. A comparison 

between IR and UV laser wavelengths and energies (up to 100 mJ) 

for the correlation between plasma characteristics and physical 

properties of six metal targets (Pd, Mo, Ni, Cu, Co, and Au) was 

conducted in air at atmospheric pressure using time-resolved 
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emission spectroscopy (up to 32 µs delay) [25]. The SBR 

increased with time delay then maximized at longer delays in 

plasmas produced by IR laser compared to UV laser at the same 

laser pulse energy. Cabalίn and Laserna [26] reported an 

extensive study on the nanosecond laser induced breakdown 

threshold of nine different metals (Zn, Al, Ag, Cu, Ni, Fe, Cr, Mo, 

and W) by recording SNRs of their corresponding neutral spectral 

lines in plasmas generated by ultraviolet, visible as well as 

infrared laser wavelengths at atmospheric air pressure. The 

authors demonstrated that short laser wavelengths facilitate better 

ablation of metals, while IR wavelengths permit more efficient 

inverse bremsstrahlung (IB) process (laser-plasma coupling) 

making them most suitable for various LIBS metal applications in 

atmospheric air environment. 

The enhancement of LIBS sensitivity for spectrochemical 

analysis of steel has been recently reviewed [27]. Zhang and co-

authors [28] determined accuracy, precision, and detection limits 

of seven elements in steel reference materials by optimizing laser 

energy, lens-to-sample distance, and delay time. Most recently, a 

comparative study between picoseconds (ps) and nanosecond (ns) 

laser pulses for LIBS measurements on steel samples was 

recently conducted [29]. Better SBRs for several atomic and ionic 

lines, as well as improved precision and limits of detection for the 

elements Fe, Cr, and Si were obtained with the ps laser. 

In the present work, for the first time, irregular SNR behavior 

with respect to laser energy fluence typically used in LIBS 

applications is reported. Several spectral lines representing trace 

as well as major metals emitted in laser-produced steel plasma 

generated in standard atmospheric conditions were investigated. 

All spectra were spatially integrated but recorded at 2 µs delay 

from the onset of the incoming laser pulse as a function in the 

fluence range 10-69 J cm-2. 

2. Experimental 

A schematic diagram for the LIBS system employed in the 

present work is depicted in Figure 1. 

2.1. The Laser Beam Focusing Conditions 

The laser is a Q-switched Nd:YAG (Innolas Laser, model Spit 

Light Compact 400) type with maximum output pulse energy of 

(400±3) mJ, 6 ns pulse width with jitter less than 1 ns, 10 Hz 

repetition rate, and emission wavelength of 1064 nm. The 6-mm 

in diameter laser beam is directed downward using a 45o mirror 

with relevant optimum reflectivity. A Galilean beam expander 

was then used to stretch the laser beam to a diameter of 20 mm, 

and a plano-convex lens with 80 mm focal length is employed to 

focus the laser beam onto a low alloy steel target in air at 

atmospheric pressure within a custom-made target chamber (not 

shown). The calculated diffraction limited radius of the focused 

laser beam, corrected to a Gaussian laser beam profile, was about 

6 µm. 

In the present work, however, the low-alloy steel target was 

always kept at a distance of about 1.5 mm ahead the nominal 

focus of the laser beam (i.e., the focal plane is located inside the 

target surface) in order to prevent accidental air breakdown 

induced in front of the target surface, which essentially 

contributes to decreasing the laser-target coupling and hence 

ablation efficiency. Accordingly, the radius of the laser beam on 

the target was estimated to be about 400 µm. At the nominal 

maximum laser energy of 400 mJ, the target then receives a 

maximum laser pulse irradiance of about 13 GW/cm2 (80 J/cm2). 

Gibson et al. [30] stated that at laser intensities larger than several 

order of 108 W/cm2, ejection of macroscopic particles from a 

solid target is minimal, which implies that the composition of the 

plasma plume is representative of the sample material. This 

signifies an ideal situation for spectrochemical analysis. 

 

Figure 1: Schematic Diagram for Experimental Set-up 

2.2. Emission Collimation and Detection 

The radiation emitted from the laser-generated steel plasma 

is collected by a suitable lens and then guided through an 

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

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

spectrograph (Catalina Scientific Instruments) with 120 mm 

collimator mirror. The spectrograph is also equipped with UVU3 

(UV/VIS/NIR) cassette completed with an aperture stop of 20 

mm in diameter. 

The dispersed light is detected by an intensified front 

illuminated Electron Multiplying CCD EMCCD (Andor 

Technology, model iXon3 885) with 1004×1002-pixel array, and 

8µm×8µm pixel size. The CCD array has a nominal quantum 

efficiency of 65% at 600 nm. The nominal resolution of the 

detection system (spectrograph+ EMCCD) is about 0.02 nm. For 

all measurements, the exposure time (gate width) of the EMCCD 

detector was set at an optimum value of 80 µs. 

All experiments were performed using standard disc-shaped 

(38 mm in diameter, and 19 mm in height) low-alloy steel 

sample SS-CRM 402/2 (Bureau of Analyzed Samples LTD, UK), 

with nominal iron mass content of about 97%. The steel target is 

mounted on a 3-axis computer controlled translational stages 
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with 75 mm linear travel and 12.5 µm linear resolution. Every 

measurement was recorded by firing 30 successive laser shots at 

10 Hz repetition rate onto a specific position of the target surface, 

preceded by 10 pre-shots for adequate surface cleaning. In 

addition, measurements were repeated 3 times at different 

locations on the target surface. The propagation of error method 

was used to calculate the standard deviation of all measuring 

quantities. 

3. Results 

3.1. Spectral Lines Selection 

Spectroscopic information of lines belonging to the elements 

under investigation was taken from NIST’s atomic spectra 

database and is presented in Table 1. All selected lines were 

ensured to be spectral-interference free. Moreover, spectral lines 

for iron are non-resonant lines, while those for the trace elements 

Aluminum and Copper are the lines normally used for 

determination of their content in iron-based materials. A further 

check on the suitability of selected lines, including those 

representing iron was performed by recording the full width at 

half maximum (FWHM) of their Lorentzian profiles as a function 

of the laser fluence in order to ensure that they are self-absorption 

free. An example of the results obtained for the lines Al I 396.15 

nm and Fe I 397.77 nm are depicted in Figure 2, where it is clear 

that the FWHM is not an increasing function of the laser fluence 

for the two lines, within the uncertainty of the experimental 

measurements. 

Table 1: Spectroscopic data for the elements under investigation 

 

3.2. Effect of Laser Fluence 

In the present work, the effective laser fluence was varied 

from about 10 J cm-2 to 69 J cm-2 (corresponding to laser energy 

from 50 mJ to 345 mJ) by simply changing the delay time 

between flash lamps and the pockels cells onsets at fixed delay 

time for integration and gate width of 2 µs and 80 µs, 

respectively. Each laser energy value was measured at the sample 

position, not at the laser output aperture, using a calibrated joule 

meter. 

Figure 3 is an example of a portion of the LIBS spectrum 

recorded at different laser fluences, demonstrating the spectral 

intensity evolution of the Al I 396.15 nm and Fe I 397.77 nm 

lines. General outlook at the figure reveals that the spectral line 

intensity is an obvious increasing function of laser beam fluence, 

as one might expect. The intensity of a spectral line, integrated 

over the line profile L, corresponding to the transition q→p is 

given by equation (1), where  is the emission coefficient of the 

spectral line undergoing the transition, A is the corresponding  

 

Figure 2: FWHM versus Laser Fluence. (a) Al I 396.15 nm, (b) Fe I 397.77 nm 

Transition probability and h is Planck’s constant. If the energy 

levels concerned are in local thermodynamic equilibrium (LTE). 
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where gq and Eq are the statistical weight and energy of the upper-

level q, respectively; Q is the partition function of the relevant 

species; kB is Boltzmann’s constant and Texc is the plasma 

excitation temperature. 

From the above two equations, we get an expression for the 

spectral line intensity in which a proportionality with the plasma 

excitation temperature is obvious: 
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Colombant and Tonon [31] related Texc (eV) to the incident 

laser power density,  (W cm-2) such that: 

  532516
e φλZ105.2T −                             (4) 

Where, Z is the atomic number of the element under investigation. 

Accordingly, the spectral line intensity is also a function of the 

Emitting 

Species 

Wavelength 

(nm) 

Lower 

Energy 

Level 

(eV) 

Higher 

Energy 

Level 

(eV) 

Transition 

Probability 

(s-1) 

Fe I 397.77 1.53 3.69 6.4×106 

Al I 396.15 0.01 3.14 9.8×107 

Cu I 327.4 0.00 3.79 1.4×108 
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laser power density, and hence the laser fluence.

 

Figure 3: 3D Plot of Laser-Induced Steel Plasma Spectrum in the Range 396-

398 nm 

Figure 4 confirms this relationship by showing that the 

intensity of the lines increases monotonically with laser fluence 

until a plateau is reached at relatively high laser fluence, where 

the plasma starts to effectively blocks larger portion of the laser 

beam from reaching the target surface and ablate extra material. 

 

Figure 4: Dependence of Net Signal Intensity on Laser Energy Fluence for (a) 

Cu I 327.4 nm, (b) Al I 396.15 nm, and (c) Fe I 397.77 nm. Solid Squares 

Represent Experimental Data; Solid Lines Represent Fitting with Boltzmann 

Function 

The laser fluence value at which this effect starts to critically 

function can be inferred from Figure 5 in which a plot between 

the SBR and laser fluence was constructed. The SBR firstly 

increases with laser fluence, reaches a maximum at almost the 

same value for all 3 lines under investigation, before it levels off 

up to the maximum points of our experiments at 69 J cm-2 within 

limits of measurements’ uncertainty. The optimum value for SBR 

occurs around 45 J cm 2, which also marks the value after which 

the plasma shielding effect becomes more important. 

 

Figure 5: Dependence of SBR on Laser Energy Fluence for (a) Cu I 327.4 nm, 

(b) Al I 396.15 nm, and (c) Fe I 397.77 nm. Solid Squares Represent 

Experimental Data; Solid Lines Represent Fitting with Polynomial Function 

Figure 6 demonstrates an example of Boltzmann plot used for 

evaluation of excitation temperature of the plasma source under 

consideration. In the graph, the intensity function of selected 14 

iron spectral lines is plotted against their upper level energy. The 

excitation temperatures deduced from such plots were plotted as a 

function of laser fluence and the results are depicted in Figure 7. 

As can be seen, Texc is a weak function of laser fluence within 

limitations of the experiments’ uncertainty.  In fact, Texc varied 

from about 19400±3600 K at 10 J cm-2, to about 20800±7100 K 

at 69 J cm-2. Accordingly, we cannot attribute the increase in 

spectral line intensity to a corresponding rise in excitation 

temperature. Rather, the enhancement effect must be due to an 

increase in materials ablated from the target surface at lower to 

medium laser fluences, and then becomes more or less constant 

because of the effect of plasma shielding in which larger portions 

of the incident laser photons are gradually absorbed due to 

electron-atom inverse bremsstrahlung (IB). 

The increase in IB effect may be confirmed by studying the 

evolution of the plasma electron number density with laser 

fluence. Electron density of the plasma is estimated using the iron 

spectral line at 538.34 nm [32], which has a large Stark width. 

The line intensity profile of this line is shown in Figure 8. The 

profile was fitted to Voigt function with fixed Gaussian width 

due to instrumental broadening. In turn, the instrumental width 

was found to be a pure Gaussian using the Fe I 532.80 nm 

recorded at delay time of 100 µs where the contribution from 

Stark broadening is negligible. 
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Figure 6: Boltzmann Plot for 14 Fe I Spectral Lines in the Region 365-376 nm. 

Laser Fluence is 32.4 Jcm-2. Solid Squares Represent Experimental Data; 

Solid Line Represents Linear Fitting 

 
Figure 7: Plasma Excitation Temperature (solid squares) and Correlation 

Coefficient Fitting to Boltzmann Plots (solid circles) as a Function of Laser 

Energy Fluence. Solid Line Represents Fitting with Polynomial Function 

Figure 9 illustrates the variation of electron density with laser 

fluence. The electron density is constant up to a fluence of 45Jcm- 

before it undergoes an abrupt gradual increase up to the last laser 

fluence of 69 J cm-2. It is also clear that the quality of the fitting 

function noticeably increases at higher values of laser fluence. 

3.3. The Signal-to-Noise Ratio (SNR) 

The measurement of elemental spectral signals as well as 

corresponding background continuum intensities as a function of 

various experimental parameters including laser pulse energy is 

critical for all LIBS applications. For example, the signal-to-

background ratio (SBR) is a decisive parameter in selecting the 

most prominent spectral line/s belonging to the same species 

relevant for a application. 

 

Figure 8: Spectral Profile of the Fe I 538.34 nm Line. Solid Squares 

Represent Experimental Data; Solid line Represents Fitting with Voigt 

Function 

In addition, it determines a set of optimum experimental 

conditions at which measurements should be carried out to get 

the best results in terms of analytical figures of merit. SBR is 

defined as the ratio between the net signal intensity and the 

background intensity: 

                                   SBR =
Is−Ib

Ib
  (5) 

 

Figure 9: Plasma Electron Density (solid squares) and Correlation 

Coefficient Fitting to Voigt Function (solid circles) versus Laser Energy 

Fluence. Solid Lines Represent Fitting with Polynomial Functions 

On the other hand, the signal-to-noise ratio (SNR) of a 

spectral line representing an element is defined as the net signal 

intensity divided by the fluctuation in the undelaying 

background continuum: 

      SNR =
Is−Ib

σIb
    (6) 

Once the most prominent SBR-based spectral lines are 

selected, a comparison relying on their SNR values is performed 
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in order to get the best determination sensitivity of the relevant 

species in the plasma. It is worth noting that the determination 

sensitivity (limit of detection, LOD) of an element depends 

strongly on SNR [33]: 

𝐿𝑂𝐷 =
3.3𝜎𝐼𝑏

𝑆
    (7) 

where: S is the slope of the analytical calibration curve. It is 

obvious that the lower fluctuation in background intensity 

measurements results in concomitant lower or better 

determination sensitivity of the relevant element. 

Figure 10 demonstrates the dependence on laser fluence of the 

signal-to-noise ratio (SNR) as well as background intensity for 

the spectral lines of trace elements Cu and Al. For the fluence 

range studied, two distinctive peaks can be identified at specific 

values of laser fluence; the first maximum occurs at around 20 

Jcm-2, while the other peak is located further at about 60 Jcm-2. 

 

Figure 10: Dependence of SNR and Background Intensity on Laser Energy 

Fluence for (a) Cu I 327.4 nm, and (b) Al I 396.15 nm. Solid Lines Represent 

Fitting with Polynomial Function 

The standard deviation of the background measurements, as 

indicated by the extension of the corresponding error bars, is 

remarkably low at these specific laser fluence values indicating 

higher SNRs. It is also observed that the standard deviation of 

intensity as well as SBR shown in figures 4 and 5, respectively, 

are relatively better around these laser fluences compared to other 

values. These observations indicate that the plasma at these laser 

fluence values exhibit a state of stable conditions for 

spectrochemical analysis, with laser fluence at around 60 J cm-2 

more favorable than that at 20 J cm-2. 

4. Conclusion 

In the present work, spatially-integrated spectral emission 

parameters including signal and background intensities, as well 

as SBR and SNR of representative trace and major elements in 

steel plasmas induced by 1064 nm laser pulses at standard 

atmospheric conditions as functions of the effective laser energy 

density (Laser fluence) were recorded. Both signal as well as 

background intensities of spectral lines under consideration 

increase monotonically with laser fluence up to 45 Jcm-2, beyond 

which a noticeable saturation was observed due to formation of 

absorbing plasma of the incident laser energy. Evaluation of 

excitation temperature of the plasma indicated that the rise in 

signal intensity is not due an increase in temperature, but rather 

because of a corresponding increase in mass ablation rate up to 

45 Jcm-2. The absorption of the laser beam energy in the plasma 

beyond this laser fluence was confirmed by estimating its 

electron density that demonstrated a significant increase beyond 

this value. SNR of all lines peaked at two specific laser fluence 

values indicating stable plasma conditions suitable for 

spectrochemical analysis, with the greater maximum at about 60 

Jcm-2 compared to the other peak at around 20 Jcm-2. This 

anomalous behavior was attributed to the exceptionally low 

fluctuations in the emission parameters of the plasma generated 

at these values. 
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