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Abstract
Laser-induced breakdown spectroscopy (LIBS) was employed for simultaneous elemental profiling and plasma
diagnostics of commercially available cosmetic products (face blusher and eyeshadow), motivated by growing concerns
about toxic metal contamination and associated health risks, including skin irritation, neurological disorders, and
carcinogenic effects. Plasma was generated under ambient conditions at atmospheric pressure in air using a Q-switched
Nd: YAG laser (532 nm, 5 ns pulse duration, 10 Hz repetition rate). Emission spectra were recorded in the 200–720 nm
range, enabling the detection of major and trace elements including Ca, Ti, Mn, Cu, Hg, Cr, Li, Ba, Pb, Na, Fe, Al, and
Mg. To ensure reproducibility, spectra were averaged over multiple laser shots at different spatial locations on each
sample. Spatially resolved plasma diagnostics were performed to investigate the dynamics of laser–matter interactions.
The electron temperature, determined using the Boltzmann plot method under local thermodynamic equilibrium (LTE),
decreased from 14,151 K to 5,465 K for sample A and from 13,302 K to 4,157 K for sample B with increasing axial
distance. Electron number density, estimated via Stark broadening, ranged from 6.08×10¹⁶ to 1.24×10¹⁶ cm⁻³ and
1.03×10¹⁷ to 1.98×10¹⁶ cm⁻³, respectively, consistent with typical LIBS plasma conditions. Moreover, inverse
bremsstrahlung absorption and the plasma frequency were evaluated to understand plasma evolution and energy-coupling
mechanisms. The presence of toxic elements such as Pb and Hg emphasizes potential health risks and highlights the
importance of rapid screening techniques. The results demonstrate that LIBS is a reliable, rapid, and non-destructive
technique for cosmetic safety assessment and quality control.
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1. Introduction
Laser-Induced Breakdown Spectroscopy (LIBS) is an emission-based analytical technique in which a high-energy laser
pulse interacts with a material, generating a microplasma whose emission spectrum reveals the elemental composition [1-
4]. The performance of LIBS depends on laser parameters, sample properties, and ambient conditions [5-6]. LIBS has
been widely applied in environmental monitoring [7-8], welding monitoring [9], plastic analysis [10], chemical analysis
[11], and industrial and security applications [12].
Several studies have reported the detection of toxic metals in cosmetics using spectroscopic techniques. For example,
Lara-Torres et al. [13] determined the Presence of Lead (Pb) and Cadmium (Cd) in lipstick samples. Ahmed et al. [14]
studied lipstick using LIBS and found Lead (Pb), Chromium (Cr), Cadmium (Cd), and Zinc (Zn). Rehan et al. [15] detect
Lead (Pb) in fresh henna leaves and cultivated soils using LIBS. Ahmed et al. [16] estimated the concentration of Silicon
(Si), Magnesium (Mg), Titanium (Ti), Aluminum (Al), Barium (Ba), Zinc (Zn), Chlorine (Cl), and Rubidium (Rb) in
Blusher components for unbranded cosmetic brands using X-ray fluorescence and LIBS techniques. Nourmoradi et al.
[17] estimated the concentration of Lead (Pb) and Cadmium (Cd) in the lipsticks in the range of (0.08 – 5.2) µg/g and
(4.08 – 60.20) µg/g, for eye shadow, the concentration of Lead (Pb) and Cadmium (Cd) ranges from (0.85 – 6.90) µg/g
and (1.54 – 55.59) µg/g. Al-azawi et al. [18] estimated the concentration of Lead (Pb) and Chromium (Cr) in the range of
(0.10 – 4.85) ppm and (0.18 – 5.2) ppm in Iraqi lipsticks using Atomic Absorption Spectroscopy (AAS). Świerczek et al.
[19] determined the heavy metals in Chinese eye shadow using atomic absorption spectrometry (AAS) and found Zinc
(Zn), Nickel (Ni), Cadmium (Cd), Copper (Cu), and Lead (Pb). Laghari et al. [20] reported Aluminum (Al), Barium (Ba),
Calcium (Ca), Chromium (Cr), Copper (Cu), Lead (Pb), Potassium (K), Lithium (Li), Magnesium (Mg), Sodium (Na),
Titanium (Ti), Zinc (Zn), and Hydrogen (H) in face blusher power sample.
Although similar cosmetic products have been investigated in previous studies, variations among manufacturers can lead
to significant differences in composition and spectral response. Therefore, the present study focuses on the comparative
analysis of cosmetic samples from different companies using a real-time atomic emission spectroscopic technique. This
approach integrates elemental profiling with comprehensive plasma characterization, including electron temperature,
electron number density, plasma frequency, and other related plasma parameters. It provides deeper insight into plasma
evolution and enhances the reliability of LIBS for cosmetic analysis.
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2.0. Materials and Methods
2.1 Sampling Collection and Preparation
The cosmetic product names, Face Blusher (coded as A) and Eye Shadow (coded as B), were obtained from cosmetic
stores in Hyderabad, Pakistan. The sample was heated to 100 °C to remove any excess water contamination, then frozen
and cut into little circular pieces of 1 cm diameter to fit into the sample disk holder. The experimental setup (Fig. 1) used
Second Harmonic Generation (SHG) at 532 nm from a Q-switched Nd:YAG (Quantel Brilliant) laser with a pulse length
of 5 ns and a repetition rate of 10 Hz. The laser is capable of producing up to 200 mJ of energy per pulse at 532 nm. The
laser beam was focused on the target in the air at atmospheric pressure using 20 cm quartz lens. To prevent cratering, each
emission spectrum was captured on a clean surface. The emission spectrum from the plasma was recorded with the
LIBS2000 (Ocean Optics, Inc.) detection device, in conjunction with an optical fiber (high OH, core diameter: 600 µm,
collimating lens with 0 –45° field of view) positioned at right angles to the direction of plasma expansion. The LIBS2000
detection system has five spectrometers, each with a 5 µm slit width, and the total wavelength range of all five HR
spectrometers are 200 to 720 nm. Each spectrometer features a linear CCD array with a resolution of 2048 elements and
an optical resolution of 0.1 nm. Through a four-channel digital delay/pulse generator. The LIBS2000 detection system
and the Nd:YAG laser were synchronized via a delay generator (SRS DG535). Data from all five spectrometers were
collected simultaneously and saved on a PC using the OOI LIBS software for further processing.

Figure 1: LIBS Experimental Setup [2].
3.0. Results and Discussion
3.1 The atomic emission spectrum of laser-produced plasma
The emission spectra of laser-produced plasma revealed the presence of Ca, Ti, Mn, Cu, Hg, Cr, Li, Ba, Pb, Na, Fe, Al,
and Mg in both samples. The complete emission spectrum is divided into small portions for better presentation, and the
individual transition lines (Fig. 2a-k). The reported emission lines and their corresponding wavelengths are given in Table
1.
Table 1: Transition lines of trace elements in the laser-produced plasma of the cosmetic sample.
Elements Transition lines (nm)

Ca
393.36, 396.84, 422.67, 428.30, 428.93, 429.89, 430.25, 430.77, 431.50, 431.86, 442.54, 443.49, 445.47, 519.02, 526.17,
526.42, 526.54, 551.29, 558.19, 558.87, 559.45, 559.84, 560.28, 585.74, 610.27, 612.22, 616.21, 616.95, 643.91, 644.98,

646.25, 646.25, 649.37, 714.81

Ti
332.27, 332.97, 334.18, 334.94, 336.11, 337.28, 338.37, 339.47, 394.86, 395.82, 398.17, 398.97, 399.86, 401.96, 439.50,
451.27, 451.80, 452.27, 452.73, 453.55, 454.46, 454.96, 457.19, 461.95, 462.30, 463.78, 464.04, 464.51, 465.60, 466.75,

468.19, 469.36, 469.87, 471.01, 472.31, 474.27, 476.63, 498.17, 499.10, 499.95, 500.72, 501.42, 503.64, 506.46
Mn 403.07
Cu 515.32, 521.82
Hg 404.65
Cr 520.84
Li 670.77
Ba 455.40, 493.40, 553.54, 611.07, 614.17, 652.73, 659.53, 667.52, 669.38, 705.99
Pb 405.78, 520.14
Na 588.99, 589.59
Fe 388.62, 407.17, 408.36, 432.57, 438.35, 440.47, 492.05
Al 394.40, 396.15
Mg 382.93, 383.23, 383.82, 516.73, 517.26, 518.36
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Figure 2: (a-k): LIBS emission spectra of laser-produced spectra of cosmetic agents.
To study the hydrodynamic variations in the emission lines of laser-produced plasma at different distances, we have
recorded the emission spectrum at different positions along the plasma's axial direction during expansion. It was observed
that the plasma near the sample surface is denser and emits more strongly. The plasma density and line intensity
decreased with increasing distance from the plasma surface. This variation may be due to thermalization and
recombination in the plasma. The spatial variation in the Intensity of the transition line of Magnesium triplet at 382.93 nm,
383.23 nm, 383.82 nm, variation in the Calcium triplet at 526.17 nm, 526.42 nm and 526.54 nm, and variation in the
Intensity of the Sodium doublet transition lines at 588.99 nm and 589.59 nm (Fig. 3a-c).

Figure 3(a-c): Intensity variation of Magnesium (Mg), Calcium (Ca), and Sodium (Na) with distance (0 – 2) mm.
This variation is also reproduced in the three-dimensional graph of Intensity, width, and spatial distance (Fig. 4 a-c). We
have calculated the integrated intensity ratio of the transition lines of the triplets of Magnesium (Mg) and Calcium (Ca),
and doublet of Sodium (Na) reported as the Magnesium triplet (382.93 nm/383.23 nm = 0.40, 383.23 nm / 383.82 nm =
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0.80 and 382.93 nm / 383.82 nm = 0.32) Calcium triplet (526.17 nm / 526.42 nm = 0.59, 526.42 nm / 526.54 nm = 0.78
and 526.17 nm / 526.54 nm = 0.46) and the Sodium doublet (588.99 nm / 589.59 nm = 1.13).

Figure 4 (a-c): 3D intensity and width variation of Mg, Ca, and Na with distance (0 – 2) mm.
3.2 Spatially Resolved Plasma Diagnostics
The electron temperature of a laser-produced plasma is an essential metric for investigating the complex phenomena that
occur in plasma. The computation of electron temperature provides data on the ionization and excitation processes that
occur in plasma. We have determined the electron temperature using the Boltzmann Plot Method under the assumption of
the local thermodynamic equilibrium (LTE). In these calculations, we used the integrated Intensity of the neutral
transition lines of Ca at (442.54, 443.49, 445.47, 644.98, 646.25, and 649.37) nm.
Boltzmann plot Method under the condition of LTE is given by Eq. (1) [21].
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Where, ��� is the wavelength of the transition lines, ��� is the integrated signal intensity, ��� is the transition probability,
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. The spatial variation of the electron temperature was estimated as (14151 – 5465) K for sample A, and for
sample B, it varies as (13302 – 4157) K with the distance from (0 – 2) mm along the axial direction. The variation in
electron temperature with distance (Fig. 5a). It was noticed that the electron temperature of both samples decreases
exponentially with distance. The electron number density was estimated using the Stark-broadened line-profile method.
The electron number density of the plasma was estimated using the relation given in (Eq. 2) [22].

∆����� = 2� ��
1016 (2)

Where, �� is the electron number density and ∆����� is the Full-Width Half Maximum of the wavelength of the
transition line. The FWHM of the line at 393.36 nm was determined from a Lorentzian fit to the transition line. The
determined value of FWHM is 0.231 nm (Fig. 5b). The estimated value of electron number density varies as (6.08×1016 –
1.24×1016) cm-3 for sample A plasma and for sample B plasma, it varies from (1.03×1017 – 1.98×1016) cm-3 with distance
from (0- 2) mm. The variation of electron number density(Fig. 5c). It was observed that the electron number density in
both plasmas decreases exponentially with distance. At the initial stage, the plasma is hot and dense; both plasma
properties decrease due to thermalization and recombination. In this laser-produced plasma, the three-body recombination
process appears to be more dominant than radiative recombination.
In the nanosecond laser-matter interaction, the plasma is generated in the femtosecond time; therefore, the rest of the
nanosecond laser pulse is absorbed in the plasma via (Inverse Bremsstrahlung and photoionization process) that causes
further heating and ionization of the plasma. The Inverse Bremsstrahlung process is dominant for long-wavelength
(Infrared) lasers, while photoionization is dominant for short-wavelength (Ultraviolet) lasers. We have estimated the
inverse bremsstrahlung coefficient using the relation (Eq. 3) [23].

��� = 1.37 × 10−35 �3 ��
2

��
(3)
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Where, ��� is the inverse bremsstrahlung coefficient, � is the laser wavelength, �� is the electron temperature, and �� is
the electron number density. The estimated value of the inverse bremsstrahlung coefficient for both samples varies as
(6.41×10-5 – 4.30×10-6) cm-1 and (1.90×10-4 – 1.27×10-5) cm-1 with the distance from (0-2) mm, respectively (Fig. 5d).
The species in the plasma plume oscillate at a high frequency due to the temperature and the electrostatic field during
laser-matter interaction, and this frequency is called the plasma frequency. Plasma frequency affects laser beam reflection
and absorption. The plasma frequency was calculated using Equation (4) [24].

�� = 9 × 103 �� (4)
where, �� is the electron number density, and �� is the plasma frequency. The maximum plasma frequencies of 2.22×1012
Hz for sample A and 2.89×1012 Hz for sample B at a 0 mm distance have been calculated. Because most of the laser
energy absorbed in plasma may induce mass ablation, the plasma frequency is less than the laser frequency (4.08×1014 Hz)
at 532 nm wavelength. The variation of plasma frequency at a distance (0 – 2) mm was found as (2.22 – 1.01)×1012Hz for
sample A and (2.89 – 1.27)×1012Hz for sample B (Fig. 5e).

Figure 5: Variation of (a) electron temperature, (b) Calcium (Ca) ionic line at 393.36 nm, the solid line represents the
Lorentzian fit while dotted line shows actual data (c) electron number density (d) inverse bremsstrahlung co-efficient (e)

plasma frequency of laser induced plasma with distance (0 – 2) mm.
4.0 Conclusion
The study concludes with novel findings from optical emission spectroscopy of laser-produced plasma. The elements Ca,
Ti, Mn, Cu, Hg, Cr, Li, Ba, Pb, Na, Fe, Al, and Mg were detected, However in our previous work [20], we have reported
Al, Ca, Cr, Cu, Pb, K, Li, Mg, Na, Ti, Zn, and H, indicating both consistency and additional elemental detection in the
present study. The detection of potentially toxic elements such as Pb and Hg raises important concerns regarding the
safety of cosmetic products. The intensity of all observed transition lines in sample A plasma is significantly higher than
in sample B. Furthermore, the plasma temperature, calculated using the Boltzmann plot technique, ranges from 14,151 to
5,465 K for sample A plasma and from 13,302 to 4,157 K for sample B plasma. From Stark broadening line profiles, the
electron number density was determined to be (6.08×10¹⁶ – 1.24×10¹⁶) cm⁻³ for face blusher (sample A) and (1.03×10¹⁷ –
1.98×10¹⁶) cm⁻³ for sample B plasma. Sample A exhibits a plasma frequency in the range of (2.22 – 1.01)×10¹² Hz,
whereas sample B shows a plasma frequency of (2.89 – 1.27)×10¹² Hz. The inverse bremsstrahlung coefficient for
samples A and B varies from (6.41×10⁻⁵ – 4.30×10⁻⁶) cm⁻¹ and (1.90×10⁻⁴ – 1.27×10⁻⁵) cm⁻¹, respectively. Overall, the
results demonstrate that LIBS is a rapid, non-destructive, and reliable technique for simultaneous elemental analysis and
plasma diagnostics. The findings further confirm that manufacturer-dependent variations play a crucial role in influencing
plasma characteristics and spectral behavior, highlighting the potential of LIBS for cosmetic safety assessment and
quality control.
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