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ABSTRACT

This study explores boron molecular emission spectra in Laser Induced Plasma (LIP) and
highlights their potential for isotopic analysis using Calibration-Free Laser Ablated
Molecular Isotopic Spectrometry (CF-LAMIS). By analyzing transient species such as BO and
BO,, the research identifies challenges in spectral interferences and the role of plasma
temperature in optimizing molecular emissions. Achieving ~2% accuracy in isotopic
composition, the findings underscore the practical and analytical relevance of molecular
Conversion of chaotic noise-like patterns emissions for both qualitative and quantitative applications.

into ordered and functional molecular signals.
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Introduction

Laser-induced plasma (LIP) is a powerful analytical tool that
generates transient plasma through the interaction of high-
intensity laser pulses with matter. This plasma contains a
complex mixture of ions, atoms, and molecules, emitting
signals that can be ionic, atomic, or molecular depending on
acquisition delay times. These molecular emission signatures
are uniquely characterized by molecular band structures,
enabling experiments under ambient conditions. Such
emissions have significant applications, including isotopic and
actinide detection [1].

Early studies by Hornkohl et al. investigated CN
molecular spectra in LIP, followed by work from Harilal et al.,
who explored vibrational temperature and population
distribution of CN bands [2,3]. Russo et al. later introduced
isotopic analysis using diatomic molecular emissions, while
Sarkar et al. refined isotopic ratio predictions for boron using
chemometrics techniques [4,5].

Building on this foundation, our research delves deeper
into the potential of boron molecular emissions, focusing on
diatomic (BO) and polyatomic (BO.) species. Through high-
resolution optical setups, we aim to advance the
understanding of molecular emission signatures and optimize
theiranalytical applications.

Experimental setup

The experimental setup mirrors the LIBS configuration,
utilizing a Q-switched Nd:YAG laser (1064 nm) to ablate the
sample surface and create micro-plasma. Second and fourth

Fig.1: Instrumentation setup.

harmonic attachments enable additional laser wavelengths of
532 nm and 266 nm. Emissions are collected at a 45° angle
using a collimator and delivered to a Czerny-Turner
spectrograph via an optical fiber bundle. The spectrograph
employs three gratings, offering resolutions of AN = 55 pm,
35pm, and 25 pm, depending on the grating used.

The plasma’s emission spectrum is recorded by
accumulating an optimized number of single laser shots on
fresh sample surfaces. Ambient air conditions are maintained,
and LabView software is employed for algorithm development
and data analysis. This setup ensures precise spectral
recording for subsequentanalysis.

Results and Discussion
Molecular emission spectra of transient boron species

In an oxygen rich LIP, boron can form mainly two transient
species BO and BO, by various reactions. Some of these
reactionsare B+ 0—BO, B+ 0,—B0,, BO+0—B0,,BO+0,—
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Fig.2: (a) Plausible electronic transitions of boron monoxide. Experimentally recorded spectra of (b) BO:A-X and (C) BO:B-X transitions.
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Fig.3: Revised emission spectra of (a) BO,:A-X and (b) BO:A-X transition.

BO,+ O [6]. These transient molecules show various emission
signals accordingto the electronic transition taking place.

BO exhibits transitions across four electronic states:
C’M,, B’Z’, A’M, and X°Z". The transition between these states
result in various electronic transitions such as A-X or a-band
(350-650 nm), B-X or B-band (230-330 nm), C-X or y-band
(181-230 nm), and B-A or d-band (458-595 nm) (Fig.2(a)).
The occurrence of the y-band in the deep UV region makes it
difficult to record with the available detector setup. The d6-band
is difficult to record spectroscopically due to its low intensity
and overlap with the a-band. This leaves the a-band and
B-band as the most straightforward for studying the
ro-vibrational band (RVB) structure [7]. Fig.2(b) shows the
experimentally recorded spectra of the BO:A-X transition and
Fig.2(c) shows the recorded spectra of various RVBs in the
BO:B-Xtransition.

For transient BO, species, the highly intense transition
was identified to be the BO,: A-X transition, which coexists with
the BO:A-X molecular bands. Since the possibility of polyatomic
transient molecule formation in LIP was not recognized until
recent times [8], researchers initially assumed that the
recorded spectral region belonged to the BO:A-X transition, and
various analyses were performed. The BO,:A-X transition is
observed to be an electronic transition with higher emission
intensity compared to the electronic transitions of BO
molecules [7]. The revised RVB emission bands of polyatomic
BO, species and BO:A-X molecular bands are shown in Fig.3.

Molecular emission signatures and spectral
interferences
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To understand the amount of useful information in
molecular emission spectra, an analytical figure of merit, the
signal-to-envelope ratio (SER), was introduced [7,9]. Intensity
decay studies of BO:B-X, BO:A-X, and BO,:A-X RVBs showed that
all RVBs of similar electronic transitions exhibit the same
intensity decay pattern unless the RVB is spectrally interfered
with. This study also helps identify atomic and molecular
spectral interferences in various molecular emission bands of
transient boron molecular species. Since the BO:A-X transition
occurs between the BO:B-X and BO,:A-X transitions, the BO:A-X
bands consistently experience interferences from other
molecular transitions. The RVBs of the BO,:A-X transition are
always observed to be spectrally pure due to their high intensity
compared to BO transitions [7].

Importance of plasma temperature

The study observed a linear relationship between plasma
temperature decay and emission intensity decay for BO:B-X
and BO,:A-X transitions, with optimal temperatures of
10,000-11,000 K for BO and 8,000-9,000 K for BO, (Fig.4).
Deviation from linearity in BO:A-X transitions was attributed to
spectral interferences, underscoring the necessity of
maintaining optimal plasma conditions for reliable data
acquisition [10].

Analytical applications of molecular emissions

Despite the potential of LAMIS method, the scarcity of
enriched isotopic standards necessitates a calibration-free
approach where no standard is required for isotopic
composition determination. Our group developed a CF-LAMIS
methodology for the isotopic composition determination of
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Fig.4: Relationship between the plasma temperature and molecular information (a) 532 nm and (b) 1064 nm.
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Fig.5: Graphical user interphase of the MAHADEV algorithm.

boron samples using the MAHADEV algorithm. The algorithm is
based on the Born-Oppenheimer approximation, Boltzmann
equilibrium, and Lorentzian intensity, named Molecular
spectrA simulator under Born-OppenHeimer Approximation
anD Boltzmann Equilibrium enVironment (MAHADEV) and
isotopic compositions of boron samples were determined with
~2% accuracy. The algorithm's GUI, shown in Fig.5, enables
efficient simulation and experimental data correlation,
providing a robust framework for non-linear curve fitting [9].

Conclusion

This study underscores the transition of molecular
emission signatures from perceived noise to valuable
analytical signals. By addressing challenges like spectral
interferences and optimizing plasma conditions, significant
advancements were achieved in isotopic composition analysis
using boron molecular emissions. The CF-LAMIS methodology
offers a novel, accurate, and efficient approach, cementing the
role of laser-induced plasma in cutting-edge spectroscopic
applications. Future work aims to expand this methodology to
other molecular systems, broadening its applicability across
diversefields.

References

[1] R. E. Russo, Laser ablation research and development: 60
years strong, Applied Physics A 129(3) (2023) 168.

[2] J. O. Hornkohl, C. Parigger, J. W. L. Lewis, Temperature
measurements from CN spectra in a laser-induced plasma,
Journal of Quantitative Spectroscopy and Radiative Transfer 46(5)
(1991)405-411.

[3] S.S. Harilal, R. C. Issac, C. V. Bindhu, G. K. Varier, V. P. N.
Nampoori, C.P.G. Vallabhan, Spatial and time resolved analysis of
CN bands in the laser induced plasma from graphite, Pramana

20 BARC newsletter January-February 2025

46(2)(1996) 145-151.

[4] R.E.Russo,A.A.Bol'shakov, X. Mao, C. P. McKay, D. L. Perry,
O. Sorkhabi, Laser Ablation Molecular Isotopic Spectrometry,
Spectrochimica Acta Part B: Atomic Spectroscopy 66(2) (2011)
99-104.

[5] A. Sarkar, X. Mao, R. E. Russo, Advancing the analytical
capabilities of laser ablation molecular isotopic spectrometry for
boron isotopic analysis, Spectrochimica Acta Part B: Atomic
Spectroscopy 92 (2014) 42-50.

[6] T.R.Burkholder, L. Andrews, Reactions of boron atoms with
molecular oxygen. Infrared spectra of BO, BO2, B202, B203, and
BO-2 in solid argon, The Journal of Chemical Physics 95(12)
(1991) 8697-8709.

[71 A. Mohan, A. Banerjee, A. Sarkar, Unveiling the temporal
evolution of boron oxide exciplex species in laser-induced plasma:
A detailed analysis of ro-vibrational spectra, Spectrochimica Acta
Part B: Atomic Spectroscopy 211 (2024) 106838.

[8] M. Gaft, L. Nagli, N. Eliezer, Y. Groisman, Boron- and iron-
bearing molecules in laser-induced plasma, Spectrochimica Acta
Part B: Atomic Spectroscopy 110 (2015) 56-62.

[9] A. Mohan, A. Banerjee, A. Sarkar, Calibration free laser
ablation molecular isotopic spectrometry (CF-LAMIS) for boron
isotopic composition determination, Journal of Analytical Atomic
Spectrometry 38(8) (2023) 1579-1591.

[10] A. Mohan, A. Banerjee, A. Sarkar, Exploring the influence of
plasma temperature on the evolution of boron molecular species
in laser-induced plasma, Journal of Physics B: Atomic, Molecular
and Optical Physics 57(21) (2024) 215701.



	Page 1
	Page 2
	Page 3
	Page 4

