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ABSTRACT

We present our results on the stoichiometric analysis of ammonium nitrate (AN) and ammonium Perchlorate
(AP) studied using laser induced breakdown spectroscopy (LIBS) with nanosecond pulses. The LIBS spectra collected
for AP and AN, without any gating and using a high resolution spectrometer, exhibited characteristic lines corresponding
to O, N, H, C, and K. The Oxygen line at 777.38 nm and three Nitrogen lines (N, N, N;) at 742.54 nm, 744.64 nm,
747.12 nm were used for evaluating the Oxygen/Nitrogen ratios. The intensities were calculated using area under the
peaks and normalized to their respective transition probabilities and statistical weights. The O/N; ratios estimated from
the LIBS spectra were ~4.94 and ~5.11 for AP and O/Nj ratios were ~1.64 and ~1.47 for AN obtained from two
independent measurements. The intensity ratios show good agreement with the actual stoichiometric ratios - four for AP
and one for AN.
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1. INTRODUCTION

Laser Induced Breakdown Spectroscopy (LIBS) is a prominent technique for detection and analysis of chemical,
biological, explosive, and hazardous materials. LIBS involves interaction of a target with an intense laser pulse which
generates plasma. The spectral emission from the plasma contains specific signature of atoms of the material [1-3]. The
emission wavelength depends on specific atoms/ions while the intensity is proportional to their density. LIBS offers
several advantages compared to other spectroscopic techniques including (a) Less sample preparation time (b)
Simultaneous multiple element analysis for almost all the elements in the periodic table (c) Real-time response (d) Any
sample format — solid, liquid or gas (e) Requirement of tiny amount of sample and (f) High sensitivity [4].  This
technique has now been widely used to study various materials including metals, alloys, biological samples, polymers,
soil, environmental pollutants, land mines, and explosive materials to name a few [5-19]. LIBS technique is particularly
attractive for the detection of high energy materials (HEM’s) due to its stand-off detection capability, requirement of
minute quantities of material, and rapid detection. A number of HEM’s including TNT, RDX, HMX, and PETN have
been studied using LIBS [20-24]. Stand-off detection of explosives up to 50 meters range has also been achieved
recently [25-28]. Majority of energetic materials are composed of hydrogen, carbon, oxygen, and nitrogen, and therefore
the task of categorizing a HEM from others using LIBS data becomes unwieldy. Moreover, the contribution towards the
peaks in LIBS spectra from the ambient air makes the task much more intricate. It requires careful analysis of the data to
conclude whether given material is HEM or not and more importantly the exact identification of the HEM. One
approach to circumvent this problem is to purge the sample chamber with an inert gas like argon but in a standoff system
this cannot be implemented. Recent studies proved that it is possible to reduce these affects by a dual pulse technique
[29-30]. Significantly, it was reported that intensity ratios of the various lines combined with the different statistical
analysis is a useful method for discrimination of the HEMs [22,24]. Rai et al [31] have characterized the organic
compounds 4-nitroaniline and 4-nitrotoluene by measuring the intensity of atomic lines. They inferred that the
O(771.1)/N(744.2) intensity ratio is a unique parameter to discriminate each nitro-compound from the explosives. Diaz
et al. [32] have demonstrated that LIBS has the ability to identify the presence of AN based on H, (656.3 nm) and Hg
(486.1 nm) emission lines. In this paper we present our results on LIBS studies of Ammonium Nitrate (AN),
Ammonium Perchlorate (AP) excited with ns pulses. From the Oxygen/Nitrogen line ratios we calculated the
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stoichiometric ratios, which were in excellent agreement with the actual stoichiometric values. The advantage in our
case is that the LIBS data obtained were non-gated. The spectra were recorded with (1) Bare sample in air and (2)
Sample + KBr pellet. AP and AN belong to an important class of HEM’s extensively used as oxidizers in rocket
propellants and improvised explosive devices.

2. EXPERIMENTAL DETAILS

Figure 1 illustrates the schematic of experimental set up used for recording the LIB spectra. Second harmonic
of a Nd :YAG laser operating at 532 nm and delivering 7 ns, 10 Hz pulses was used for all the experiments. The input
beam diameter was ~6.5 mm and pulses with a typical energy of ~25 mJ were focused using an 80 mm lens on to the
sample. The Rayleigh range was estimated to be ~0.5 mm. The beam waist at focus was estimated to be ~20 pm,
corresponding to a peak intensity of >200 GW/cm?®. The sample was placed approximately 1 mm before the focus
(towards the lens) where the spot size was estimated to be ~80 pum and the peak intensity ~18 GW/cm?. As the laser
energy increased we observed light and sound coming from the focal region beyond the breakdown threshold of
material. The breakdown threshold for AN + KBr and AP + KBr was estimated at ~1.06 GW/Cm”. The LIBS data was
recorded with bare samples as well as samples made into pellets with KBr. As the experiment was executed in ambient
air it was essential to avoid the contribution of LIBS signal from air. The breakdown threshold of air (>100 GW/cm?)
was well above the breakdown threshold for AP/AN in KBr matrix. The light from the breakdown region was collected
using collection lenses of 100 mm and 150 mm placed 30° to the propagation direction, which in turn was connected to a
fiber and a spectrometer (USB 4000 from Ocean Optics; 350-1050 nm). The resolution of spectrometer was ~1.5 nm.
The data was collected with a 1000 ms integration time.

350 nm -1050 nm range

Spectrometer

[P

Ouean Opthcs L'4BID00 Fiber Opee Spectrsmeter

Optical Fiber

Collimator

| 532nm
wavelength

7 ns Pulse width,
10Hz Rep.rate
600mJ

Laser beam

Figure 1 Experimental setup used for collecting LIBS spectra using ns pulses.
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3. RESULTS AND DISCUSSION

Figures 2 (a) — (d) illustrate the detailed LIBS spectra of AP and AN. We observed a strong continuum since the
data was collected without any gating facility. The spectra have been corrected for continuum background using a
simple Matlab program. Each spectrum is split into two spectral regions (350 — 550 nm and 550 — 900 nm) for clarity
and it is evident that all the spectra consist of several discrete peaks. These peaks have been assigned to different neutral
and ionic states using the NIST database [33]. Both AP and AN spectra contained lines corresponding to Nitrogen
(747.12 nm, 819.53 nm, and 868.61 nm), Oxygen (777.38 nm, 844.8 nm) and Hydrogen (656.4 nm). AP spectra
exhibited the Cl lines at 382.04 nm, 438.15 nm, and 481.6 nm. We have also observed lines corresponding to K
(694.04nm, 766.6nm, 770.05nm) and Na (589.11nm) in both the spectra. K lines are from the KBr matrix and Na could
be an impurity either in KBr or the compound itself. We have observed the ionic lines for N*'(374.36 nm), N*(393.21
nm), N'(396.84 nm, 399.5 nm, 500.2 nm, 567.16 nm) in both AP and AN spectra. These lines were not observed when
the spectrum for air/KBr was recorded separately indicating that these lines were exclusively from AP and AN samples.
The LIBS signal was strong and we could register decent number of counts in the spectrometer even for input pulse

energies <10 mJ.
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Figure 2 LIBS spectra of (a) AP between 350 nm- 550 nm, (b) AP between 550-900 nm, (c) AN between 350 -525 nm
and (d) AN between 550 — 900 nm

Tables 1 and 2 show the detailed assignment of all the peaks observed in (a) ambient air, (b) pure KBr pellet,
(c) AP/AN + KBr pellets. LIBS spectra for AP and AN were collected from three independent measurements and data is
shown in both the tables. The underlined data in tables indicate the peaks exclusive for that particular compound. Most
of the peaks observed were assigned to the elemental peaks with assistance from NIST database. Small changes (<0.1
nm) in the peak positions could be due to the calibration errors from our spectrometer.
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AIR KBr AN (NH,NO3) Element (NIST)
Trial 1 Trial 2 Trial 3
374.58 374.58 374.58 N (374.75), 03+(374.48),
384.24 0O+ (384.28, 384.35, 384.78)
393.21 393.2 309321 N* (393.85)
396.93 396.93 N* (395.58)
399.33 399.11 N (399.5), N7 (399.86)
404.34 404,34 404,34 404.34 N2+ (7). O+
413.26 413.26 413.26 0+ (413.28)
418.26 418.26 418.47 418.26 O+ (418.54, 418.97)
424,32 422.50 422.59 422.37 422.37 N+ (422.77)
430.6 430.6 430.6
436.42 436.42 O+ (436.68), O+ (436.82)
44439 444.39 446.11 444.39 444.39 O+ (444.7, 444.8), N+ (444.7)
463.05 462.62 462.83 462.62 462.83 N+ (462.13)
470.09 470.09 470.09 470.09 O+ (470.118, 470.31. 470.53)
478.4 478.4 478.4 478.4 N+ (478.813)
486.05 H (486.13)
486.89 N2+ (486.715).
402 83 493.04 402,83 492 83
500.22 500.22 500.22 500.22 500.22 N+ (500.14, 500,27, 500.51)
517.48 518.11 518.11 518.11
565.72
567.57 567.78 567.78 N+ (567.6, 567.95)
580.31 580.31 580.31 580.31
580.11 589.11 589.11 589.11 Na (588.99,589.59)
503.8
616.13 0616.13 Na (616.07)
656.4 656.4 656.4 656.4 656.4 H (656.27)
679.33 679,33 679.33 679.33 679.33
694.04 694.04 694.04 694,04 K (693.87)
744.45 744.64
747.12 746.93 746.93 T47.12 N (746.83)
755.3 755.3 755.3 755.3 755.3
766.65 766.84 766.65 T66.65 K (766.49)
770.05 770,05 770.05 770.05 K(769.89)
777.38 777.38 777.38 777.38 777.38 0 (777.53)
786.75 786.75
705.14 794,98 704,95 0 (795.08)
809.04 809.04
819.17 819.35 810.35 N (818.48. 818.802)
827.41
844.88 844.88 844.88 844.88 O+ (844.62, 844.63, 844.67)
863.24 863.6 863.6
368.43 868 61 368.43 N (868.02, 86%34, 868.61,
868.74)

Table 1 Various peaks assignment from the LIBS spectra of (a) ambient air (b) KBr pellet (¢) AN + KBr pellet.
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AIR KBr AP (NH4ClOy) Element (NIST)
Trial 1 Trial 2 Trial 3
374.58 374.36 374,58 N3+ (374.75), 03+(374.48),
382.04 Cl+ (382.02, 382.7)
30321 30301 N2+ (393.85)
309.33 39911 399,11 300,33 300,11 N+ (399.5), N2+ (399.86)
404,34 404.34 404,34 404.34 K (404.414 )
413.26 413.05 413.26 O+ (413.28)
418.26 418.26 418.26 0O+ (418.54, 418.97)
424.32 422.59 422.59 422.37 N+ (422.77)
430.6 426.27 Cl (426.45)
430.6 430.6 O+ (430.28, 430.36)
438.15 Cl+ (438.97,437.99)
44439 444,30 14439 44430 O+ (444.7, 444.8), N+ (444.7)
463.05 462.62 462.62 462.62 462.62 N+ (462.13)
470.09 470.00 470.09 470.09 O+ (470.118. 470.31, 470.53)
478.4 478.4 478.4 478.4 N+ (478.813) ., Cl+ (478.132)
481,38 Cl+ (481.006,481.947)
186.05 H (486.13), N2+ (486.715),
492 83 492 83 492 .83 493.04
500.22 500.22 500.22 500.22 500.22 N+ (500.14, 500.27, 500.51)
517.48 518.11 517.9
565.72
567.57 567.57 568.4 N+ (567.6. 567.95)
580.31 580.31 580.31 580.31
580.11 589.11 589,11 589.72 Na(588.99, 589.5%)
503.8
616.13 N (616.07)
656.4 656.4 656.4 656.4 656.4 H (656.27)
679.33 679.33 679.33 679.33 679.33
691.3
694.04 694,04 694,04 694,04 K (693.87)
716.01
744.45 744.64 744,45 744.64 N (744.22)
747.12 746.93 746.93 747.12 N (746.83)
755.3 755.3 755.3 755.3
766.65 766.65 766.65 766.65 K (766.49)
770.05 770.05 770.05 K (769.89)
777.38 777.38 777.38 777.38 777.38 0 (777.53)
705.14 705,14 0 (795.08)
809.04
819.17 819.35 819,53 N (815.48. 818.802)
821.92 N (821.63)
827.41 827.50
844,88 844,88 844,88 844 88 844 .88 O+ (844.62, 844.63, 844.67)
863.24 863.0 863.42
868.43 868.43 868.43 868.61 N (868.02, 868.34, 868.61, 868.74)

Table 2 Various peaks assignment from the LIBS spectra of (a) ambient air (b) KBr pellet (c) AP + KBr pellet.
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Stoichiometric Analysis of AP and AN

The H,, line (656.6 nm) was stronger in AN compared to AP and both were much stronger than that of KBR.
The Oxygen line (at 777.38 nm) is a triplet and was not resolved in our case due to the insufficient resolution of
spectrometer, which was ~1.5 nm. Nitrogen at 747 nm is also a triplet but the spectrometer was able to resolve in this
case. The compositional analysis was done using the ratio of Oxygen peak at 777.38 nm and Nitrogen triplet peaks Ny,
Ny, N3 (742.54 nm, 744.64 nm, 747.12 nm). The intensity I; of a spectral line occurring between two levels of the species
‘i’ in the plasma is given by [3]:

I =C(g.4/%) Eup ~ B
.= LA ) EX -
$ T B L4 ERD KT

. hCNO
where C is
4TtZ

, h is Planck’s constant, Z is the partition function, N, is the initial number of atoms, c is the velocity of

light, g; is the statistical weight, 4 is the transition probability, 4 is the wavelength of emission, E is the energy, and T is
the plasma temperature, K is Boltzmann constant. The subscript ‘i’ corresponds to the different peaks (at different
wavelengths) being analyzed. Local thermodynamic equilibrium (LTE) has been assumed to prevail in the plasma so
that a Boltzmann distribution is established among the bound energy levels. The plasma temperature T alters rapidly
with time during the plasma evolution but LTE implies that a definite T can describe the plasma during the short time
window when a spectrum is recorded. The areas under the Oxygen and Nitrogen peaks were calculated and then divided
by corresponding ‘gA’ values. Three different ratios are calculated corresponding to the peaks of nitrogen at N, (742.54
nm), N, (744.64 nm), and N (747.12 nm).

Table 3 summarizes the calculations and the results obtained for various concentrations of AP and AN. We
found that the O (777.38)/N;(742.54) ratio provided good agreement with the actual stoichiometric value for AP, and
0(777.38)/N;3(747.12) for AN. The molecular formula of ‘AN’ is NH;NO; and ‘AP’ is NH4ClO, indicating that the
stoichiometric ratios of O/N is 4 in AP and 1.5 in AN. The values presented in the table were averaged over ten different
measurements where the input pulse energy was varied. It is evident that for 1.25 % and 2.5% doping (by weight %)
yielded excellent agreement with the actual stoichiometric ratios. We had also performed the measurements with
varying concentrations of AP and AN (5%, 10%, 20%, 40%, 75 %) and the ratios were once more in excellent
agreement with the actual stoichiometric ratios, within the experimental error. We could also achieve small crystals of
AN and the data obtained with those pure AN also indicate an excellent agreement of the experimental stoichiometric
ratio with the actual ratio. Rai et al. [32] showed that for nitro-compounds O,/N, ratio gives a correction indication of
the actual stoichiometric ratio and identified different nitro compounds [10]. The major advantage of our work is that we
had used a simple collection geometry consisting of a CCD spectrometer instead of a gated ICCD and spectrometer
combination.

That only a particular ratio (O/N; or O/N;) gives an accurate indication of actual stoichiometry in this case and
is dissimilar for different compounds [32] needs to be investigated further. Of all the three Nitrogen peaks, N; has the
lowest intensity (area under the curve) and N; has the highest intensity (area under the curve). It could be possible that
to achieve better results (a) the denominator (N;) had to be large for AN, with stoichiometric ratio of 1.5, and (b) the
denominator had to be small for AP, with a stoichiometric ratio of 4, which was true in our case. We repeated the same
experiment with a higher resolution spectrometer (MAYA, Ocean Optics, with a resolution of ~0.038 nm) to perceive
the effect of resolution. Our initial data proved that the ratios were matching within the experimental error of ~15%.
Detailed analyses are in progress. We are also collecting the data using an ICCD (ANDOR, istar DH734) coupled to a
Mechelle spectrograph (ANDOR, ME5000) with gating facility and will try to compare the non-gated data with that of
gated data. The effect of matrix presence/absence on the results is also being thoroughly investigated.
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Sample(s) Oxygen / Nitrogen peaks ratio
Stoichio O (777.38) I Ny O (777.38) /N, O (777.38) / N3
metry (742.54) (744.64) (747.12)
AP + KBr matrix
(25 mg in 20g) ) 5.11 1.89 1.49
AP + KBr matrix
(50 mg in 20 g) 4.94 1.97 1.54
AN + KBr
matrix (25 mg) 5.37 2.11 1.48
AN + KBr
1.5
matrix (50mg) 5.71 2.21 1.64
Pure AN crystal 2.10 2.04 1.56

Table 3 Stoichiometric ratios of AP and AN calculated from the LIBS data.
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pulses. (a) AN (b) AP. Linear dependence of the H,, peak versus concentration for (a) AN at higher energies (b) AP at

Downloaded from SPIE Digital Library on 06 May 2010 to 218.248.14.22. Terms of Use: http://spiedl.org/terms



Concentration dependent LIBS studies of AP and AN

AP and AN were taken with varying percentage ranging from 5 % to 100 % in KBr matrix. Calibration study
(variation of H, peak intensity) was performed with different input pulse energies. Figures 4(a) and 4(b) depict the
variation of Hy, intensity as a function of concentration for AN and AP, respectively. The input pulse energy increased
from the bottom curve (~7 mJ) to the topmost curve (~55 mJ). The solid lines in these graphs are only a guide to the
eye. The following conclusions can be drawn from the calibration data obtained: (a) For higher energies the change was
pretty much linear, (b) for lower energies, except the 100% point, the dependence was again linear. A linear increment
obtained for the H, line (656.6 nm) through a fit is plotted in figures 4(c) and 4(d) for AN and AP, respectively. This
behavior is in agreement with that reported in literature [32]. We could also record the spectra of AP and AN crystals
(typically few mm long) and the data is presented in figure 5. It is obvious that the pump (532 nm) peak dominated in
spite of using filters. However, we could still resolve several peaks of O, N, N, N*, CI', H,, etc. Table 4 presents the
summary of all the peaks identified. One can categorize the various peak intensities and their ratios for arriving at a
reasonable strategy to distinguish these materials from other nitro-compounds using simple analysis.

12000 T T T T
—— AN
—_ " — AP
-
CU. 8000 0" 407.61 . 7
~ N" (567.6)
>
= N' Na (589.11)
7))
C 4000, .
QO N
<= I(479.89)
=
* (386.6) 593.8
0

400 500 600 700 800 900
Wavelength (nm)

Figure 5 LIBS spectra of single crystals AP (lower curve) and AN (upper curve).

4.CONCLUSIONS

LIBS spectra of AP and AN have been recorded using nanosecond pulses and a non-gated spectrometer. The
Oxygen to Nitrogen ratios were found to be 4.94 & 5.11 (O/N,) for AP and 1.64 & 1.47 (O/N;) for AN, which are in
excellent agreement with the actual stoichiometric ratios of 4 and 1.5, respectively. Such analyses provide an
opportunity to discriminate these compounds from other nitro-based compounds. We have also performed the
calibration studies of AP and AN in a KBr matrix and recorded the LIBS spectra of pure AP and AN. Our future studies
will focus on (a) collecting the gated LIBS data using an ICCD (b) compare the gated and non-gated data for arriving at
a suitable strategy for identification of these compounds.

Proc. of SPIE Vol. 7665 76650J-9

Downloaded from SPIE Digital Library on 06 May 2010 to 218.248.14.22. Terms of Use: http://spiedl.org/terms



Peaks observed AP AN NIST Database [33]

393.3 Y N N** (393.85)

399.3 Y Y N" (399.5), N2+ (399.86 )

386.6 Y N CI' (386.083)

444.7 Y Y N (444.7)

500.22 Y Y N (500.14, 500.27, 500.51)

567.6 Y Y N (567.6, 567.95)

407.61 Y Y 0" (407.58)

589.11 Y Y Na (588.99, 589.59)

744.6, 747.12 Y Y N (Triplet) (742.364, 744.229 , 746.831
656 Y Y H, (656.4)

777.38 Y Y 0 (777.19, 777.41, 771.53)

821.92 Y Y N (822.31)

845.06 Y Y 0" (844.62, 844.63, 844.67)

868.25 Y Y N (868.02, 868.34, 868.61, 868.74 )

Table 4 various peak assignments from the pure AP and AN LIBS spectra.
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