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Femtosecond laser induced breakdown spectroscopic (LIBS) studies were performed on three high energy
materials namely 5-nitro-2,4-dihydro-3H-1,2,4-triazol-3-one (NTO), 1,3,5-trinitroperhydro-1,3,5-triazine
(RDX), and 2,4,6-trinitrotoluene (TNT). LIBS spectral features were obtained for these samples in three differ-
ent atmospheres i.e. air, nitrogen, and argon. Different molecular to elemental ratios in these three atmo-
spheres were investigated in detail. CN/C and CN/N ratios were observed to be prominent in nitrogen and
air atmospheres. We attempt to elucidate the role of several reactions involving CN molecular formation in
connection with discrepancies obtained in the measured ratios. The complete temporal dynamics of atomic
C (247.82 nm) and CN (388.20 nm) molecular species in three different atmospheres are elaborated. The
decay rates of C peak were found to be longest (96 ns–121 ns) in argon atmosphere for all the samples.
The decay rates of CN peak (388.2 nm) were longer (161 ns–364 ns) in nitrogen compared to air and argon at-
mospheres.We also attempt to explicate the decaymechanismswith respect to themolecular species formation
dynamics in different atmospheres.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Laser induced breakdown spectroscopy (LIBS) has recently been
established as a successful analytical tool for elemental analysis [1,2].
There is growing interest for this technique in diverse fields of research
because of its unique advantages such as simultaneous single shot mea-
surement andmulti-elemental detection capabilities. This technique has
been successfully utilized in diverse fields such as pharmaceuticals [3,4],
archeology [5], materials science [6], biology [7] and explosives detec-
tion [8–11]. Especially, the standoff detection potential makes this tech-
nique an attractive contrivance for detection of high energy materials
(HEMs). Among recent successful reports Gottfried et al. demonstrated
field-tested standoff LIBS for identification of chemical and biological
threats [8] and reviewed the challenges lying ahead for detection of ex-
plosive residue materials [9]. Abdelhamid et al. analyzed several explo-
sive residues on glass surface successfully using optical catapulting in
combination with LIBS [10]. Trace level detection of several explosives
on Al substrate was performed by Lazic and co-workers [11]. The use
of femtosecond (fs) laser as an excitation source has been shown to
offer several advantages. In comparison to ns LIBS, fs laser produced
j Kumar),
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plasmahas negligible interactionwith the input pulses [12–14]. This im-
plies that most of the pulse energy is utilized in creating plasma
resulting in small, deep crater formation and thereby precise, smooth
structures in solid targets [12]. Furthermore, the produced plasma
emits nearly background-free spectra devoid of continuum [13]. The
shorter pulse duration and higher peak intensity associated with fs
laser pulses enrich the capabilities of fs LIBS technique such as mini-
mized energy dissipation in the sample resulting in lower ablation
thresholds, effective ablation due to energy confinement, minimal sam-
ple heating and collateral damage, higher shot-to-shot stability and the
possibility of beam filamentation over a period of few kilometers for
implementing remote LIBS [13–15]. Several groups have investigated
LIBS with fs laser pulses for identification of biological samples/bacteria
[15–17], animal tissue studies [18], graphite analysis [19], monitoring of
cultural heritage [20], and studies on HEMs [21,22] etc. Baudelet et al.
[16] explored the possibilities of bacterial detection with both ns and
fs LIBS and made a comparative study. Recently fs LIBS technique was
employed for combustion diagnostics and demonstrated that this can
be a useful tool for in-situ determination and local mapping of fuel
content in hydrocarbon–air combustible mixtures [23]. Fs LIBS has tre-
mendous potential and is evidenced by the fact that recent studies
including a variety of materials such as reactor fuel coated particles
[24], uranium [25], and electrode/electrolyte interfaces [26] etc. have
been successfully demonstrated. The usage of fs pulses in other
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Table 1
Compositional and structural information of HEMs.

Sample Composition Nitro-groups C/N C/O O/N H/N Structure

NTO C2H2N4O3 1 0.5 0.6 0.75 0.5

RDX C3H6N6O6 3 0.5 0.5 1 1

TNT C7H5N3O6 3 2.3 1.16 2 1.6
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important technological fields, for instance micromachining, is well un-
derstood and established [27]. Ultrafast laser pulses possess large spec-
tral bandwidth and there are several parameters of these laser pulses
that can affect the plasma extensive investigation of the plasma proper-
ties with changing bandwidth [28], pulse chirp [29] and input energy
[30] were carried out.

Materials such as plastics, organic explosives and also few bacte-
rial samples possessing composition of the type “CαHβNγOδ” exhibit
similar molecular and elemental signatures in their LIBS spectra.
These molecular peaks are important and are used widely for classifi-
cation of these materials among others. Statistical techniques have
been utilized by many groups to classify several explosive samples
using molecular and atomic peaks [31–34]. Molecular emission has
also been extensively used for the materials such as plastics due to
their complex composition. Spatial and temporal distributions of CN
and C2 emissions from polymers have been studied in detail [35].
The usage of molecular emission to calculate plasma temperature
from graphite samples has been reported recently. The temporal
and spatial evolutions of the CN and C2 emissions from graphite and
some polymers have been studied with ns laser produced plasmas
[36–43]. Harilal et al. [37] studied the formation of graphite plasma
in helium gas and air with ns laser pulses and in nitrogen with fs
laser pulses [38]. Dong et al. have investigated laser ablation of coal
sample in air, argon and helium atmospheres with time resolved ns
LIBS [44]. Dagdigian's group [45–47] performed extensive simulations
and experiments on organic materials and explained, through reac-
tion kinetics, the formation of molecular species within ns plasma.
Temporal features of the molecular peaks of some HEMs [48] and
few nitro compounds [49] were studied in air and argon environment
using ns LIBS technique. Mainly there are three possibilities which
give rise to the formation of CN molecular formation in plasma [34].
One possibility is the direct evaporation of molecular radicals present
in the sample during the process of breakdown, second possibility is
that it can be formed due to the secondary reactions occurring
between C, N and C2 present in the plasma, and third one is that there
may be a reaction between C and C2 from the plasmawith atmospheric
Nitrogen leading to the formation of CN radical. Our previous work
explained the CN molecular formation dynamics in plasma created in
different HEMs (recorded in ambient air) using fs and ns pulses. Our re-
sults emphasized that the CNmolecular peak intensity was higher in fs
LIBS data contrasted with ns LIBS data. The ratio of CN/C was observed
stronger in fs LIBS spectra compared to ns LIBS spectra [50]. Few studies
are available in literature explaining the formation dynamics of CN spe-
cies of plastics and graphite with ns produced plasma. Grégoire et al.
explained the spatial distribution of CN, C, and N species for various
plastic materials [35]. Furthermore, very few studies reported in litera-
ture tried explaining the temporal dynamics of HEMs with ns pulses.
Babushok et al. [47] presented a modeling of RDX LIBS plasma using
several possible reactions occurring within the plasma. Sovova et al.
[48] presented temporal features of CN, C2 and C emission of four explo-
sives in air and argon environments. To the best of our knowledge there
are no reports till date to explain the temporal dynamics of HEMs
recorded using fs pulses. The present study aims to investigate the mo-
lecular features of LIBS spectra recorded for the samples of NTO, RDX
and TNT in three environments viz. air, nitrogen, and argon utilizing fs
laser pulses.

Plasma chemistry involves the formation of molecular fragments
which is a complex phenomenon. The surroundings of plasma influ-
ence the molecular formation significantly. Therefore, it is imperative
to identify the sources for formation of CN and C2 molecules, since this
data could be of significant help in classification. We had chosen three
different purge gases: nitrogen (implying 100% nitrogen), ambient air
(approximately 75% nitrogen) and argon (0% nitrogen). Argon purg-
ing enabled the study of CN molecular species formation resulting
solely from the sample constituents (C and N). We attempt to under-
stand the CN molecular formation mechanism and figure out the
contribution from surrounding atmosphere to the plasma. Experi-
ments were performed in a controlled manner such that purging the
gas on to the sample exactly where the plasma was formed. The spec-
tral features obtained with three different atmospheres are explained
with the help of molecular/elemental and elemental/elemental peak
ratios. The temporal variation of the molecular emission (CN) was
also studied. The investigation of spectral features of these HEMs in ni-
trogen, air and argon environments using fs LIBS is being presented
extensively.

2. Experimental setup

Amplified Ti:sapphire laser pulses with duration of ~40 fs, maximum
energy of 2.5 mJ delivered at a repetition rate of 1 kHz (central wave-
length of 800 nm) were used in all the experiments [50]. The fs laser
pulses were focused on the target sample with 8 cm plano-convex lens.
The energy used to produce plasma was ~1.2 mJ and corresponding
fluence estimated was ~22 J/cm2. Dense plasma was formed at the
focal region. A collection lens system unit was placed to collect the light
fromplasma and light passed through afiber optic cable andfinally trans-
ferred to a gated ICCD spectrometer (Andor i-star DH734 ICCD + ME
5000 Mechelle spectrograph, resolution 5000). The complete details of
experimental setup were presented in our previous work [50]. The sam-
ple powder was ground with an agate motor and the resulting powder
was pelletized using a hydraulic press under a base pressure of 8–10 t.
The pellets thickness was estimated to be ~2–3 mm. The samples were
translated using motorized stages (for independent measurements) and
manually (for time-resolved measurements) such that laser pulses hit a
fresh target/sample region every time. Argon and nitrogen gases were
purged through nozzle onto the sample where laser was focused onto
the pellets. We ensured that there was no interference from atmosphere
while purging with nitrogen and argon gases. We recorded the LIBS
spectra of air, argon, and nitrogen independently and the spectra con-
firmed the absence of oxygen peaks in nitrogen and argon atmospheres.
Three HEMs samples NTO (5-nitro-2,4-dihydro-3H-1,2,4-triazol-3-one;
C2H2N4O3), RDX (1,3,5-trinitroperhydro-1,3,5-triazine; C3H6N6O6), and
TNT (2,4,6-trinitrotoluene; C7H5N3O6)were used in our studies for inves-
tigation of molecular emission with fs LIBS. All samples have same ele-
ments C, H, N and O with different composition. The spectral emission
from LIBS plasma offered similar peaks with different magnitudes. The
structure and composition of three samples are presented in Table 1.

3. Results and discussion

3.1. Spectral analysis

Fig. 1(a) [spectral range of 240–520 nm] and (b) [spectral range of
630–880 nm] illustrates the spectra obtained using fs pulses for NTO
sample. In each case the top graph corresponds to the LIBS spectra
obtained in air whereas the second one in nitrogen atmosphere and
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Fig. 1. LIBS spectra of NTO obtainedwith fs laser excitation in three different atmospheres.
A gate width of 800 ns and 100 ns initial delay were utilized to record the spectra.
(a) Spectral features in the 240 nm–520 nm range and (b) spectral features in the
630 nm–880 nm spectral range.
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Fig. 2. LIBS spectra of RDX obtainedwith fs laser excitation in three different atmospheres.
The gate width of 800 ns and 100 ns initial delay were utilized to record the spectra.
(a) Spectral features in the 240 nm–520 nm range and (b) spectral features in the
630 nm–880 nm spectral range.
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Fig. 3. LIBS spectra of TNT obtainedwith fs laser excitation in three different atmospheres.
The gate width of 800 ns and 100 ns initial delay were utilized to record the spectra.
(a) Spectral features in the 240 nm–520 nm range and (b) spectral features in the
630 nm–880 nm spectral range.
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the final spectra was obtained in argon atmosphere. Each single spec-
trum was the resultant of accumulation of 500 laser shots. Similarly,
spectra depicted in Fig. 2(a) and (b) correspond to RDX sample
in the aforesaid three atmospheres. Fig. 3(a) and (b) corresponds
to data obtained from TNT sample. The spectral peaks corresponding
to a particular atom/molecular species have been assigned and
are summarized in the graphs. Elemental peaks corresponding to
C-247.82 nm, N-821.50 nm, 822.35 nm, 867.80 nm, 868.80 nm,
O-777.2, 844.55 nm and H-656.2 nm lines were clearly observed in
the spectra. We have also observed the violet band transitions of CN
molecule in three different regions. These CN violet band lines corre-
sponding to B2Su

+ − X2Sg
+ states with transitions Δν = 0 were

observed at 388.28 nm (ν′ − ν″) (0–0), 387.07 nm (1–1), 386.16 nm
(2–2), 385.40 nm (3–3) and 385.01 nm (4–4), transitions with Δν =
+1 were observed at 421.50 nm (ν′ − ν″) (0–1), 419.63 nm (1–2),
418.03 nm (2–3), 416.78 nm (3–4) and 415.81 nm (4–5) and transi-
tion with Δν = −1 was observed at 359.02 nm (ν′ − ν″) (1–0)
regions. C2 swan bands corresponding to states D3Πg − A3Πu with
transitions Δν = 0 were observed at 516.47 nm (ν′ − ν″) (0–0) and
transitions with Δν = −1 were observed at 473.63 nm (ν′ − ν″)
(1–0), 471.63 nm (2–1) and 469.70 nm (3–1) regions. However, all
the elemental and molecular features observed for three samples in
three atmospheres were slightly dissimilar. Depending on the sample
nature as well as surrounding atmosphere, slight variations (in intensi-
ties that were calculated using simply the peak heights) were observed.
Table 2 summarizes all the elemental and molecular features observed
with such variations. CN violet band transitions with Δν = 0 were ob-
served with greater magnitude among all but these peaks were intense
in nitrogen atmosphere in comparison to others. The CN transitions of
Δν = +1 and Δν = −1 were observed with low magnitude in RDX
as well as TNT in argon atmosphere. Carbon peak at 247.82 nm was
observed in all the nine spectra recorded (three samples and in three

image of Fig.�1


Table 2
Description of elemental and molecular peaks obtained in three atmospheres for NTO,
RDX, and TNT samples.

Species Peaks (nm) NTO RDX TNT

Air N2 Ar Air N2 Ar Air N2 Ar

C 247.82 * * *B * * *B * * *B
Ca 393.35, 396.83, 422.67 * * * * * * – – –

CN-(Δν = +1) 359.02 * * * * * *L * * *L
CN-(Δν = 0) 388.28, 387.07, 386.16,

385.40, 385.01
* *B * * *B * * *B *

CN-(Δν = −1) 421.50, 419.63, 418.03,
416.78

* * * * * *L * * *

C2-(Δν = +1) 473.63, 471.50 – – – – – – * *L *
C2-(Δν = 0) 516.47 – – *L – – *L * * *B
Na 588.89, 589.50 * * * * * * – – –

Hα 656.2 * * *B * * * * * *B
O 777.2, 844.55 *B * * *B * * *B * *
N 821.50, 822.35 * * * * * * * * *
N 867.80, 868.80 * * * * * * * * *

* indicates the presence of peak, – indicates the absence of peak, L refers to peak presence
with lower intensity (or buried in the noise), B refers to peak presence with higher inten-
sity among three atmospheres.
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atmospheres). When the spectra recorded with same gate delay and
gate width were compared the intensity of carbon peak was observed
to be higher in argon atmosphere which could, probably, be due to
less carbon participation in the formation of CN molecule. The C2
swan band transitions with Δν = 0 at 516.46 nm were observed in
TNT for all atmospheres and were observed weakly in RDX and NTO
in argon atmospheres. The other C2 swan band transitions with
Δν = −1 (471.50 nm, 473.63 nm)were observed only for TNT sample
and it was strongly observed in argon atmosphere. As seen from the
structures (shown in Table 1) of all three samples there are 7 C\C
TNT
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of the ratios obtained from 10 independent measurements.
linkages in TNT whereas there are no C\C linkages in RDX and NTO.
There are 5 C\N linkages in NTO, 6 C\N linkages in RDX and 3 C\N
linkages in TNT. Post breakdown the molecules dissociate and form
atoms andmolecular radicals. The possible reason for C2 being observed
strongly in TNT sample is because TNT hasmore C\C native bonds and,
therefore, the chances of C\C bonds breaking are higher compared to
other molecules. The content of C atoms was also found to be higher
in TNT. The Hα line at 656.2 nm was observed in all the spectra but
was slightly enhanced in argon atmospheres. Oxygen triplet peaks at
777.2 nm and 844.5 were observed to be intense in air (availability of
oxygen) but were observedwith reduced intensity in nitrogen environ-
ment. Apart from main composition elements, peaks of some impurity
elements like Ca in NTO and RDX spectra and Na doublet line in NTO
spectra were also observed. Observed spectral features provide an in-
sight of the phenomenon as to how the surrounding atmosphere affects
the spectral features in LIBS data. Detailed analysiswas performed using
the ratios of spectral lines to gain better understanding about the
dynamics from LIBS spectra of these samples.

3.2. Molecular and elemental ratio analysis

For a particular sample multiple LIBS spectra were recorded and
comparison between their spectral intensity ratios of CN/C, CN/N,
C2/C, C2/CN, O/N, C/O, C/N and H/N were ascertained. A total of 10 in-
dependent measurements were taken for each sample in all the three
atmospheres. All spectra were recorded with a gate width of 800 ns
and a delay time of 100 nswith respect to the input laser pulse. Bar charts
for all the samples in different atmospheres are presented in Figs. 4 and 5
for all the above mentioned ratios. The bars represent ‘mean’ and error
bars represent the ‘standard deviation’ of these 10 independentmeasure-
ments. Fig. 4(a) represents the ratio of CN-388.28 nm to C-247.82 nm
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which was obtained for all the samples in three atmospheres. From NTO
data the CN (388.2 nm)/C (247.80 nm) ratios measured [see Fig. 4(a)]
had higher intensity in nitrogen atmosphere (6.3 ± 1.6) and was lower
in air (3.4 ± 0.7) and lowest in argon (1.6 ± 0.2). Though the availability
of carbon was from sample alone purging of the sample in different am-
bient gases [possessing different nitrogen percentages 100% for N2 gas,
75% for air, and 0% for argon gas] led to the differences in the CN/C ratios.
It is evident that elemental/molecular carbon in plasma reacts with the
atmosphere surrounding it, which has decreasing nitrogen percentage
(N2 to argon), and is clearly reflected in the CN intensity. Similar trend
was observed for all the three samples. This data clearly signifies that ni-
trogen present in ambient atmosphere played a major role in CN molec-
ular formation.

Similarly Fig. 4(b) is plotted for CN (total)/C-247.8 nm, where CN
(total) refers to addition of all three major CN peaks with Δν = 0
transitions. From Fig. 4(b) we conclude that in (a) nitrogen case: CN
(total)/C (RDX) > CN (total)/C (TNT) > CN (total)/C (NTO) and (b)
argon case: CN (total)/C (RDX) ≈ CN (total)/C (TNT) > CN (total)/C
(NTO) while in (c) air case: CN (total)/C (RDX) > CN (total)/C
(NTO) > CN (total)/C (TNT). We can explain these observations
using the following arguments: (a) In the three samples studied
NTO has less number of nitro-groups compared to others thereby
suggesting lower CN formation with other parameters being the
same; (b) in TNTwe observed C2 formation again suggesting formation
of CN chances being lower; and (c) RDX has 3 nitro-groups and we also
observed that C2 formation was weaker therefore implying CN forma-
tion probability was indeed higher. Lucena et al. [34] studied different
HEMs in air and helium (He) environments wherein they monitored
CN/C2 ratios and observed them to be stronger in air than in helium en-
vironment. They observed a corresponding increase in CN/C value with
increase in number of nitro-groups present in the sample.

Fig. 4(c) and (d) corresponds to CN-388.2 nm/N-868.8 nm and CN
(total)/N-868.8 nm ratios. CN/N ratios presented in Fig. 4(c) and
(d) depict the variation observed similar to that of CN/C ratios in NTO
and RDX samples. Since the percentage of nitrogen was decreasing
fromN2 to argon atmospheres CN/N ratios were also observed to be de-
creasing for all the samples. In the case of TNT we observed that CN/N
(N2) > CN/N (argon) > CN/N (air). In argon purgingwe have observed
intense C2 emission in the TNT LIBS spectra. We believe that the atomic
C was converted into C2 and this could be the reason for the ratio being
higher in argon compared to air. CN could be formed from C2 and C
species and, therefore, CN intensity was divided by total intensities
of C2 and C together. We have calculated additional ratios with
C2 + C peaks as shown in Fig. 4(e) between CN (388.2 nm)/[C2

(516.47 nm) + C (247.8 nm)], CN (total)/[C2 (516.47 nm) + C
(247.8 nm)], [C2 (516.47 nm) + C (247.8 nm)]/N (868.6 nm) and
C2 (516.47 nm)/C (247.82 nm) for TNT sample. The ratios of CN
(388.2 nm)/(C2 + C) and CN (total)/(C2 + C) demonstrated a decreas-
ing trend from nitrogen to argon atmosphere as the nitrogen content
was decreasing. The (C2 + C)/N and C2/C ratios exhibited a high value
in argon atmosphere signifying the formation of more C2 species in
argon. During argon purging the observed higher magnitude of C2 could
be due to the absence of surrounding nitrogen contributing towards the
formation of CN radicals whereas in air/nitrogen atmospheres due to
the presence of nitrogenCN formation could lead to depletedC2 intensity.

The CN band formation in laser produced plasmas is mainly governed
by a set of chemical reactions that take place within the plasma. The ori-
gin and temporal behavior of CNwith the following set of reactions were
studied extensively in laser produced plasmas from graphite and poly-
mers as sources [36–44]. Ma et al. [45] and Babushok et al. [46] outlined
few reactions involved in the formation C2 species and are presented
below:

C2ðPlasmaÞ þ N2ðSurroundings or plasmaÞ→2CNðPlasmaÞ ð1Þ

2CðPlasmaÞ þ N2ðSurroundings or plasmaÞ→2CNðPlasmaÞ ð2Þ

CðPlasmaÞ þ N2ðSurroundings or plasmaÞ→CNðPlasmaÞ þ NðPlasmaÞ ð3Þ

C2ðPlasmaÞ þ NðPlasmaÞðgasÞ→CNðPlasmaÞðgasÞ þ CðPlasmaÞðgasÞ ð4Þ

CðPlasmaÞðsolidÞ þ NðPlasmaÞðgasÞ→CNðPlasmaÞðgasÞ ð5Þ

CHðPlasmaÞ þ CHðPlasmaÞ→C2ðplasmaÞ þ H þ H ð6Þ

CðPlasmaÞ þ CHðPlasmaÞ→C2ðPlasmaÞ þ H ð7Þ

CðPlasmaÞ þ CðPlasmaÞ þ M→C2ðPlasmaÞ þ M: ð8Þ
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The first three reactions refer to the formation of CN with nitrogen
molecules. Reaction (1) occurs when C2 reacts with N2 and gets
converted to CN molecule. This is the most prominent reaction for
formation of CN in plasma [36,37]. Another possibility could be C2
reacting with N2

+ to give CN [41], but in our case we did not observe
any N2

+ features in the LIBS spectra and, therefore, we have not
considered this reaction. In case of reactions (2) and (3), N2 can react
with atomic carbon to give CN molecule [41–43]. In all the above
reactions the highest availability of N2 for reactions will be from atmo-
spheric air. Therefore, reactions (1) to (3) will be dominantwhen nitro-
gen surrounds the plasma and contribute strongly towards molecular
CN formation. The other two reactions (4) and (5) refer to CN forma-
tion, when N reacts with C2 and C species. The possibility of these reac-
tions arises only from nitrogen presence as a sample constituent within
the plasma. In our casewe have used ~40 fs pulses to create the plasma.
Consequently, the possibility of pulse interaction with the atmosphere
is minimal and, therefore, chances of surrounding nitrogen breakdown
and splitting into N atoms are less. This was evident from our previous
work on LIBS studies of HEMs with fs and ns pulses [50] wherein we
demonstrated that a number of nitrogen atomic peaks were less in fs
LIBS spectra compared to ns LIBS spectra. The differences in the atmo-
sphere will, consequently, affect the CNmagnitude. In our experiments
with nitrogen and air there will be abundant molecular N2 surrounding
the plasma and consequently these N2moleculeswill react with plasma
strongly and form CN. In the case of argon atmosphere there is no pres-
ence of external nitrogen and the CN formation will take place with the
N species present in the sample plasmaonly. In this situation the CN for-
mation could be described by the reactions (4) and (5).

The elemental composition and the actual stoichiometric ratios of
each sample are listed in Table 1. In all the three samples C/N and C/O
elemental ratios [shown in Fig. 5(a) and (b)] were different in magni-
tude. The important conclusions from the data are (a) C/N and C/O ra-
tios were higher in TNT than in RDX and NTO which is very well
reflected in the ratio of their elemental composition seen from the
formula (b) Both C/N and C/O were observed to be greater in magni-
tude in argon atmosphere since carbon is observed to be intense in
argon spectra for all samples. Fig. 5(c) illustrates that in argon purg-
ing case H/N (TNT) > H/N (RDX) > H/N (NTO) which again repli-
cates the sample composition. Hydrogen was observed to be very
intense in argon atmosphere and hence the ratios evaluated will
also be high in this atmosphere. Fig. 5(d) refers to O/N ratios for all
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Fig. 6. Decay of C-247.82 nm peak in (a) NTO, (b) RDX and (c) TNT. Decay of CN-388.2 nm p
and step size of 25 ns after an initial gate delay of 80 ns. The data points and error bars rep
independent measurements. Solid lines are single exponential fits. Squares represent data
samples in all atmospheres. The ratio was increasing in the order
from NTO to TNT replicating the corresponding pristine sample
composition.

3.3. Temporal studies of LIBS emission

Fig. 6(a)–(c) represents the intensity variation of C-247.8 nm peak
for NTO, RDX and TNT samples. Carbon intensity was observed to be
strong in argon atmosphere in comparison with nitrogen and argon. It
also has longer decay time in argon (121 ± 16 ns) as compared to air
(54 ± 3 ns) and nitrogen (43 ± 3 ns). The longer decay times could
be a result of the lack of availability of nitrogen for depletion. In the
presence of nitrogen, carbon reacts with it thereby depleting it leading
to a faster decay rate. The decay constants of C and CN for all samples
and in all three environments are listed in Table 3. Fig. 6(d)–(e) corre-
sponds to temporal evolution of CN peak intensity for all three samples.
The decay rate of CN followed CN (N2) > CN (air) > CN (argon) for all
the samples. In nitrogen and air as the plasma expands in time it inter-
actswith surrounding nitrogenwith an increase in CNmolecular forma-
tion. Whereas in argon the CN will form with the help of nitrogen
species available from the plasma alone which is comparatively less
and, therefore, CN formation will be restricted and expected to decay
faster.

The probability of CN species increases in air and nitrogen atmo-
spheres with the presence of excess nitrogen whereas it is limited in
argon. In the case of NTO and argon atmosphere we have observed C
and CN peak intensities increase initially (up to 100 ns) and then de-
crease later with increasing delay time. From this we concluded that
as C content increased/decreased CN content also increased/decreased
accordingly following the reactions mentioned above. We observed
the C peak intensity in nitrogen and air decayed very fast compared to
argon case for all the samples. In the case of CN intensity the decay for
NTO, RDX, and TNT was faster in argon than in nitrogen and air. Similar
trend was also reported by Sovova et al. [48] who had investigated
HEMs decay time in air and argon using ns pulses.

Fig. 7(a)–(c) represents the temporal variation in CN/C ratio for all
samples. The spectra were collected with a 25 ns gate width and with
a step size of 25 ns after an initial gate delay time of 80 ns with respect
to the incident laser pulse. In all cases the available carbon amount is
fixed since they are derived from the sample alone. The only difference
being the change in nitrogen content in each situation. Fig. 7(a)
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Table 3
Decay constants of C and CN peaks in different atmospheres.

Sample Peak Nitrogen (ns) Air (ns) Argon (ns)

NTO C-247.82 nm 43 ± 3 54 ± 3 121 ± 16
CN-388.2 nm 209 ± 70 172 ± 19 164 ± 46

RDX C-247.82 nm 48 ± 4 48 ± 4 96 ± 28
CN-388.20 nm 161 ± 22 107 ± 13 80 ± 15

TNT C-247.82 nm 45 ± 3 65 ± 4 106 ± 9
CN-388.20 nm 364 ± 25 181 ± 10 151 ± 42

127S. Sreedhar et al. / Spectrochimica Acta Part B 87 (2013) 121–129
illustrates that at initial time delays CN/C ratio for NTO increased slowly.
After some time (~150 ns) the ratio increased sharply in nitrogen. But
in argon atmosphere it continued increasing slowly. It was observed
in all samples that the CN/C ratio increased gradually (up to ~150 ns)
in all atmospheres. Near gate delay time of ~225 ns the CN/C ratio
peaked in nitrogen atmosphere. The plasma starts expanding during
certain period post laser pulse exit. In the process of expansion the plas-
ma constituents react with the surrounding atmosphere. At these time
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Fig. 7. Temporal evolution of CN (388.2 nm)/C (247.8 nm) in (a) NTO, (b) RDX and
(c) TNT. Spectra were recorded with a gate width of 25 ns and step size of 25 ns
after an initial gate delay of 80 ns. The data points and error bars represent the mean
and standard deviation, respectively, of the data obtained from three independent
measurements. Squares represent data in air, circles represent data in nitrogen, and tri-
angles represent data in argon.
scales the species present in the plasmawill react with nitrogen present
in the atmosphere. This could probably be the reason that CN/C ratio
peaked near 225 ns. At initial time scales CN could form with its native
radicals and with the chemical reaction occurring within the species
present in the plasma only. At these time scales CN could form following
reactions (4) and (5). As time progresses the plasma will expand and
during this period the species present in the periphery of the plasma
tries to interact with the surrounding atmosphere. The CN formation
will boost as described by the reactions (1)–(3) with the N2 gas present
in surrounding atmosphere. Hence, at time scales of ~220–250 ns CN
molecular formation could peak. The plasma with fs pulses lasted for
~400 ns beyondwhichwe could not identify the signal since itwas bur-
ied within the noise level. All the samples exhibited similar increment
in the behavior of CN/C ratio in air and nitrogen atmospheres. But the
CN/C ratio increment in argon atmosphere was very slow since there
are no additional nitrogen atoms to interact with the plasma. The CN
formation occurs with only the species present in the plasma.

Temporal variation of CN/N ratios is plotted in Fig. 8(a) to (c) for all
samples. A similar trend was observed for the CN/N ratio also. Unlike
CN/C ratio, which was observed to have a drastic increase around
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Fig. 8. Temporal evolution of CN (388.2 nm)/N (868.8 nm) in (a) NTO, (b) RDX and (c)
TNT. Spectra were recorded with a gate width of 25 ns and step size of 25 ns after an
initial gate delay of 80 ns. The data points and error bars represent the mean and stan-
dard deviation, respectively, of the data obtained from three independent measure-
ments. Squares represent data in air, circles represent data in nitrogen, and triangles
represent data in argon.
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~150 ns, the sudden increase in CN/Nwas observed to start immediate-
ly after 100 ns. The increment in CN/N ratio was pronounced in air and
nitrogen than in argon. This sudden increment in CN/N ratio could be
attributed to the decrease in available nitrogen atoms which perish be-
cause of their participation in the reaction to form CN molecule. CN/C
ratios of all the samples peaked in the 200–300 ns regime and subse-
quently came down beyond these time scales. Further detailed studies
such as temporal studies of these samples in all three atmospheres in
ns time domain are in progress to elucidate the exact mechanism(s) re-
sponsible for the increase/decrease of such ratios. The complete details
of temporal variation of various molecular and atomic species could
possibly provide us with mechanisms for detailed discrimination of
HEMs.

4. Conclusions

Femtosecond LIBS spectra of NTO, RDX and TNT were obtained in
different atmospheres and analyzed in detail. C-247.8 nm and
Hα-656.2 nm peaks were observed to be intense in argon atmosphere.
C2-516.47 nm peak was observed to be very strong in argon atmo-
sphere for TNT sample. The CN violet band for Δν = 0 transitions in
the spectral range of 388–385 nm was observed to be strong in nitro-
gen and air atmospheres compared to argon. All possible reactions
for CN formation were identified and discussed. Different molecular/
elemental and elemental/elemental ratios were studied in various
buffer gases. CN/C and CN/N ratios exhibited higher values in nitrogen
and then decreased for data recorded in air atmosphere and further
reduction was observed in the data recorded in argon atmosphere.
Since the amount of surrounding nitrogen content reduces (nitrogen
to air to argon atmospheres) the ratios were observed to be dwindling.
The chemical reactions involved in the formation of CN, which are due
to C2 and C combining with molecular N2 leading to the formation of
CN, are dominant in nitrogen and air atmospheres because of the pres-
ence of large amount of nitrogen in their surroundings. In argon atmo-
sphere the nitrogen species available in the plasma only will give rise
to CN molecule implying lesser formation probability in this atmo-
sphere. Temporal variation of C and CN peak intensity was studied in
all three different atmospheres. The carbon peak decay was slower
in argon than in other atmosphere for all samples whereas the CN
peak decay was observed to be faster in argon atmosphere in compar-
ison with other atmospheres. Temporal variations of CN/C and CN/N
ratios were plotted for all samples in the three atmospheres. Around
~150 ns delay time there was a rise in the ratio observed in nitrogen
and air atmospheres which emphasized that the CN molecular forma-
tion escalated due to the secondary reactions with the surrounding
nitrogen.
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