
 

 
Detection of Energetic Materials and Explosive Residues 

With Laser-Induced Breakdown Spectroscopy:  II.   
Stand-off Measurements 

 
by Jennifer L. Gottfried, Frank C. De Lucia Jr., Chase A. Munson, 

Christopher Ford, and Andrzej W. Miziolek 
 
 

ARL-TR-4241 September 2007 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Approved for public release; distribution is unlimited.     



NOTICES 
 

Disclaimers 
 
The findings in this report are not to be construed as an official Department of the Army position unless 
so designated by other authorized documents. 
 
Citation of manufacturer’s or trade names does not constitute an official endorsement or approval of the 
use thereof. 
 
Destroy this report when it is no longer needed.  Do not return it to the originator. 



Army Research Laboratory 
Aberdeen Proving Ground, MD  21005-5066 
 

ARL-TR-4241 September 2007 
 
 
 
 

Detection of Energetic Materials and Explosive Residues 
With Laser-Induced Breakdown Spectroscopy:  II.   

Stand-off Measurements 
 

Jennifer L. Gottfried, Frank C. De Lucia Jr., Chase A. Munson,  
Christopher Ford, and Andrzej W. Miziolek 

Weapons and Materials Research Directorate, ARL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Approved for public release; distribution is unlimited.   

 



 ii

REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering 
and maintaining the data needed, and completing and reviewing the collection information.  Send comments regarding this burden estimate or any other aspect of this collection of information, 
including suggestions for reducing the burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson 
Davis Highway, Suite 1204, Arlington, VA 22202-4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to 
comply with a collection of information if it does not display a currently valid OMB control number. 
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE (DD-MM-YYYY) 

September 2007 
2. REPORT TYPE 

Final 
3. DATES COVERED (From - To) 

November 2005–April 2007 
5a. CONTRACT NUMBER 

 
5b. GRANT NUMBER 

4. TITLE AND SUBTITLE 

Detection of Energetic Materials and Explosive Residues With Laser-Induced 
Breakdown Spectroscopy:  II.  Stand-off Measurements 

5c. PROGRAM ELEMENT NUMBER 

5d. PROJECT NUMBER 

622618H8049 
5e. TASK NUMBER 

 

6. AUTHOR(S) 

Jennifer L. Gottfried, Frank C. De Lucia Jr., Chase A. Munson, Christopher Ford, 
and Andrzej W. Miziolek 

5f. WORK UNIT NUMBER 

 
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

U.S. Army Research Laboratory 
ATTN:  AMSRD-ARL-WM-BD 
Aberdeen Proving Ground, MD  21005-5066 

8. PERFORMING ORGANIZATION 
    REPORT NUMBER 

ARL-TR-4241 

10. SPONSOR/MONITOR’S ACRONYM(S) 
 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

 
11. SPONSOR/MONITOR'S REPORT 
      NUMBER(S) 

 
12. DISTRIBUTION/AVAILABILITY STATEMENT 

Approved for public release; distribution is unlimited.   

13. SUPPLEMENTARY NOTES 

 

14. ABSTRACT 

We have developed a double pulse stand-off laser-induced breakdown spectroscopy (LIBS) system capable of detecting 
explosive residues as far as 50 m.  As described in an earlier report (ARL-TR-4240), the use of a double pulse laser improves 
the sensitivity and selectivity of LIBS for the detection of energetic materials.  This report discusses the extension of these 
studies to stand-off distances.  The efficacy of chemometric techniques such as linear correlation, principal components 
analysis, and partial least squares discriminant analysis for the identification of explosive residues is also discussed.  We have 
shown that despite the typical characterization of LIBS as an elemental technique, the relative elemental intensities in the LIBS 
spectra are representative of the stoichiometry of the parent molecules and can be used to discriminate materials containing the 
same elements. 

15. SUBJECT TERMS 

explosive detection, LIBS, standoff 

16. SECURITY CLASSIFICATION OF:   
19a. NAME OF RESPONSIBLE PERSON 
Jennifer L. Gottfried 

a. REPORT 
UNCLASSIFIED 

b. ABSTRACT 
UNCLASSIFIED 

c. THIS PAGE 
UNCLASSIFIED 

17. LIMITATION 
OF ABSTRACT 

 
UL 

18. NUMBER 
OF PAGES 

 
48 

19b. TELEPHONE NUMBER (Include area code) 
410-306-0884 

 Standard Form 298 (Rev. 8/98) 
 Prescribed by ANSI Std. Z39.18 



Contents 

List of Figures iv 

List of Tables viii 

1. Introduction 1 

2. Experimental 2 
2.1 Stand-off LIBS Instrumentation......................................................................................2 

2.2 Materials and Methods ....................................................................................................3 

3. Results and Discussion 4 
3.1 Advantages of Double Pulse Stand-off LIBS..................................................................4 

3.2 Explosive Residue and Interferent Spectra at 20 m ........................................................8 

3.3 Advanced Chemometric Analysis for Explosives Discrimination..................................9 

3.4 ST-LIBS Beyond 20 m..................................................................................................25 

4. Conclusions 32 

5. References 34 

Distribution List 35 
 

 iii



List of Figures 

Figure 1.  Photograph of the Gen 2 double pulse ST-LIBS system developed by ARL in 
collaboration with Applied Photonics, Ltd, and Ocean Optics, Inc...........................................3 

Figure 2.  LIBS spectra (20 shots averaged) of Al (from top to bottom):  at 20 m with a 
double pulse laser (275 mJ total energy, Δt=3 μs, CCD spectrometer); at 20 m with a 
single 275 mJ pulse; at close contact with a double pulse laser (320 mJ total energy, Δt=2 
μs, ICCD spectrometer); and at close contact with a single 320-mJ pulse.  (Strong 
emission lines from the Al sample [with residual air entrainment] are labeled for 
reference.) ..................................................................................................................................5 

Figure 3.  Peak intensities of Al I (309 nm), Al II (624 nm), and O (777 nm) and the relative 
O/Al I intensity are graphed as a function of interpulse separation Δt.  (Error bars 
representing ±σ are given.  Spectra of the Al sample at 20 m were recorded with a fixed 
delay time [tdelay=2 μs] and integration time gate [tint=100 μs].  Δt=0 μs corresponds to a 
single laser pulse of 275 mJ, while Δt>0 μs corresponds to two laser pulses with a total 
energy of 275 mJ separated in time by Δt.  The dashed line at Δt=3 μs represents the 
optimal interpulse separation time, as determined by the minimum value of O/Al I [i.e., 
minimal air entrainment].) .........................................................................................................6 

Figure 4.  Comparison of the O/N ratio as a function of interpulse separation Δt for Al and 
RDX residue on Al (spectra acquired at 20 m).  (For single pulses [Δt=0 μs], the average 
values of O/N for Al and RDX overlap [within one standard deviation].  The maximum 
separation between the O/N ratios occurs at Δt=3 μs, indicating minimal air entrainment.) ....7 

Figure 5.  LIBS spectra (20 shots averaged) of RDX residue on Al (from top to bottom): at 
20 m with a double pulse laser (275 mJ total energy, Δt=3 μs, CCD spectrometer); at 
20 m with a single 275 mJ pulse; at close contact with a double pulse laser (320 mJ total 
energy, Δt=2 μs, ICCD spectrometer); and at close contact with a single 320-mJ pulse.  
(Strong emission lines are labeled for reference and the C line at 247 nm is inset and 
magnified on a 2-nm scale.).......................................................................................................8 

Figure 6.  Relative intensities (O/C, O/N, N/C) vs. interpulse separation for an RDX residue 
sample spectrum acquired at 20 m.  (Values are averaged over 20 spectra; for clarity, the 
error bars [15 to 30%] are not shown [but follow the same trends shown in the figure].  
The optimal delay between pulses occurs at Δt=3 μs, where the O/C and N/C ratios are 
minimized and the O/N ratio is maximized, indicating minimal air entrainment.) ...................9 

Figure 7.  Single-shot spectra of various organic materials acquired at 20 m with the second 
generation ST-LIBS double pulse system (~275 mJ per pulse).  (Spectra include the 
energetic materials RDX and composition-B, and a type V white plastic.  Strong 
elemental/molecular lines are identified.)................................................................................10 

Figure 8.  Single-shot spectra (ST-LIBS at 20 m, ~550 mJ total energy) of RDX, TNT and 
Comp-B residues on an Al substrate (the Al spectrum is shown for comparison).  (Strong 
emission lines of C, CN, AlO, Na, H, N, K, and O are labeled in the spectra.  Most 
unlabeled lines are attributable to Al I and Al II emission.) ....................................................10 

 iv



Figure 9.  Single-shot spectra (ST-LIBS at 20 m, ~550 mJ total energy) of various 
biological, inorganic and organic residue interferents on an Al substrate: a) Bacillus 
subtilis (anthrax surrogate), b) Alternia alternata (mold), c) Arizona road dust, d) 
fingerprint residue, e) lubricant oil, and f) Al substrate.  (All spectra are shown on the 
same intensity scale [the Al I lines at 394 and 396 nm are saturating the detector].  Strong 
emission lines of C, CN, Ca, AlO, C2, Na, H, N, K, and O are labeled in the spectra.  
Differences in the spectra are difficult to see by visually [especially with the Al 
background] but can be efficiently extracted with chemometric techniques.) ........................11 

Figure 10.  PCA scores plot of Al and RDX, oil, dust, and fingerprints on Al.  (Each symbol 
represents one spectrum described by six ratios of the key elements C, H, N, and O.  Fifty 
spectra of each sample were used to construct this plot.  All samples within the ellipse are 
classified as an explosive, while everything outside the ellipse is classified as non-
explosive.)................................................................................................................................15 

Figure 11.  ROC curve for the discrimination of RDX residues on Al vs. the interferents (Al 
substrate, fingerprint residue, oil residue, and dust) with peak intensities or ratios of C, H, 
N, and O.  (We calculated the sensitivity [true positives] and specificity [true negatives] 
by varying the size of the ellipse in figure 10.  Using peak intensities gives 78% 
sensitivity with 0% false positives and 16.5% false positives with 100% sensitivity, while 
using peak ratios gives 96% sensitivity with 0% false positives and 4% false positives 
with 100% sensitivity.) ............................................................................................................16 

Figure 12.  PCA scores plot of explosive residues and interferents (50 samples each) 
constructed with the ratios O/N, O/C, H/C, N/C, O/H, and N/H.  (The strongest emission 
lines for each element [C 247 nm, H 656 nm, N 747 nm, and O 777 nm] were used for 
the background-corrected peak intensities.  The explosive residues [RDX, TNT, and 
Comp-B] overlap with each other but form an isolated group separate from the interferent 
groups.  No overlap exists between any of the groups with the first three principal 
components, except for several of the fingerprint residues that group near the blank Al 
substrate samples [indicating that the plasma sampled an area without any detectable 
fingerprint residue].) ................................................................................................................17 

Figure 13.  Results of “unknown” samples (50 each) of Comp-B, fingerprint residue, 
RDX+dust mixed in acetone and deposited on the Al substrate, RDX+dust crushed 
directly on the Al, and oil+dust smeared on Al tested against a SIMCA model built with 
50 spectra each (represented by nine summed peak intensities and 20 ratios) of RDX and 
TNT (class 1), Al (class 2), Arizona dust (class 3), and lubricant oil (class 4).  (The 
SIMCA model predicted the nearest class of the unknown sample, based on the known 
samples in the model.  Most of the fingerprint residue samples and several of the oil+dust 
samples were incorrectly classified as explosives [false positives], while a significant 
number of the RDX+dust samples were classified as dust rather than RDX [probable 
false negatives].) ......................................................................................................................18 

Figure 14.  Discrimination of different explosive residues with PLS-DA.  (Fifty spectra of 
RDX, TNT, and Comp-B [63% RDX, 36% TNT, 1% wax] on Al were acquired and a 
PLS-DA model based on nine summed peak intensities and 20 ratios was developed.  
Excellent discrimination of the samples was achieved, although some overlap between 
the RDX and Comp-B occurs because of the high percentage of RDX in Comp-B.) .............20 

 v



 vi

Figure 15.  PLS-DA model showing the classification of samples with nine summed 
intensities and 20 ratios.  (All explosive [samples 1-150, class 1], Arizona road dust 
[151-200, class 3], and oil [201-300, class 4] samples class correctly [i.e., the predicted 
score is above the Bayesian threshold calculated by the model for each class].  
Fingerprint residues #32 and #33 group with Al as class 2 [visual inspection of the 
spectra confirm that the plasma did not sample a detectable amount of residue]; Al #41 
most likely contained some fingerprint residue [class 5].) ......................................................21 

Figure 16.  PLS-DA model built on RDX (samples 1-50), TNT (51-100), Al (101-150), 
Arizona road dust (151-200), and oil (201-250).  (“Unknown” samples of Comp-B 
[251-300] and fingerprint residue [301-350] were tested against the model to determine 
how well the model handles substances not in the model.  With a user-specified threshold 
[blue dashed line], Comp-B was correctly identified as an explosive [except for one 
sample] and all the fingerprints were identified as non-explosives [classified as oil, Al, or 
dust].) .......................................................................................................................................22 

Figure 17.  PLS-DA model built with nine normalized summed intensities and 20 ratios for 
RDX residue (samples 1 through 150), Arizona road dust (151 through 300), lubricant oil 
(301 through 450) and Al (451 through 500) acquired at 20 m with the ST-LIBS system 
on several different days.  (TNT [501-550], fingerprint [551-600], and Comp-B [601-
650] residues were tested against the model, which correctly identified the TNT and 
Comp-B as explosives [with only one false negative, top] and the fingerprints as oil 
[bottom], despite the fact that none of the test samples were included in the model.) ............26 

Figure 18.  PLS-DA model built with RDX residue (samples 1 through 150), Arizona road 
dust (151 through 300), lubricant oil (301 through 450) and Al (451 through 500) 
acquired at 20 m with the ST-LIBS system on several different days.  (House dust 
[501-550], RDX dissolved in acetone [551-600], RDX fingerprints [601-650], and 
spectra from single RDX fingerprints [651-658] were tested against the model.  All the 
RDX samples were correctly identified as explosives [top], while the house dust was 
classified with its closest match in the model, Arizona road dust [bottom].) ..........................27 

Figure 19.  Single-shot spectra of RDX and interferent residues and mixtures on Al acquired 
at 30 m.  (Strong emission lines are labeled [the C line at 247 nm is present but too weak 
to see on this scale].)................................................................................................................28 

Figure 20.  PLS-DA model built with spectra of RDX residue (samples 1 through 100), 
Arizona road dust (101 through 150), lubricant oil (151 through 200), Al (201 through 
250), and fingerprint residue (251 through 300) acquired at 30 m.  (An oil+dust mixture 
[301-350] and RDX+dust mixture [351-400] were tested against the model.  Most of the 
RDX+dust mixture samples were classified as explosives, although about 16% classified 
only with dust [possible false negatives].  Only 2% of the oil+dust mixture samples 
resulted in false positives.).......................................................................................................29 

Figure 21.  Single-shot spectra of RDX and interferent residues and mixtures on Al acquired 
at 50 m.  (Strong emission lines are labeled [the C line at 247 nm does not appear].)............30 



 vii

Figure 22.  PLS-DA model built with spectra of RDX residue (samples 1 through 20), 
Arizona road dust (21 through 45), lubricant oil (46 through 65), and Al (66 through 85) 
acquired at 50 m.  (Fingerprint residue [86-105], an oil+dust mixture [106-125] and 
RDX+dust mixture [126-145] were tested against the model.  None of the fingerprint 
residues and only two of the oil+dust mixture samples [off-scale] result in false positives.  
Five of the RDX+dust mixture samples do not classify as explosives and possibly 
contained only dust in the laser-sampled region.) ...................................................................30 

Figure 23.  PLS-DA model built with spectra of RDX residue (30 m, 1-50 and 50 m, 51-70), 
Arizona road dust (30 m, 71-120 and 50 m, 121-145), lubricant oil (30 m, 146-195 and 
50 m, 196-215), Al (30 m, samples 216-265 and 50 m, 266-285), and fingerprint residue 
(30 m, 286-335 and 50 m, 336-355).  (RDX [30 m, 356-405], an oil+dust mixture [30 m, 
406-455 and 50 m, 456-475] and RDX+dust mixture [30 m, 476-525 and 50 m, 526-545] 
were tested against the model.  All the additional RDX residue samples were classified as 
explosives, as were all but nine of the RDX+dust samples [possible false negatives].  Six 
of the oil+dust samples resulted in false positives [8.5%].) ....................................................31 

Figure 24.  Estimated stand-off limit for the Gen 2 ST-LIBS system based on the signal 
intensities of RDX residue spectra at 20, 30, and 50 m.  (A trend line connecting the 
points was used to estimate a maximum effective distance of 56 m.) .....................................32 

 



List of Tables 

Table 1.  Molecular formulas for common explosives and potential interferents. ..........................1 
Table 2.  Lines from the explosives spectra used for the discrimination of sample residues 

(the background-corrected peak intensities of each atomic/molecular species were added 
to give summed peak intensities for C, C2, CN, H, N, O, Ca, Na, and K).  (The only 
additional species present in the explosives spectra were attributable to the substrate [Al 
I-II, AlO].)................................................................................................................................12 

Table 3.  Results of linear correlation with the entire spectra.  (Fifty single-shot spectra of 
each unknown were tested against a library containing 49 or 50 spectra each of RDX, 
TNT, Al, dust, and oil.  The 50 unknown samples of RDX, TNT, Al, dust, and oil were 
removed from the library one at a time and tested against the remaining spectra in the 
library.).....................................................................................................................................14 

Table 4.  Results of linear correlation with nine summed peak intensities (C, C2, CN, H, N, 
O, Ca, Na, and K) and 20 ratios (see text). ..............................................................................14 

Table 5.  Classification results of mixtures of RDX+dust (dissolved in acetone or crushed 
directly on the substrate, 50 samples each) and oil+dust (50 samples) tested against a 
PLS-DA model built on RDX, Al, and Arizona dust. .............................................................23 

Table 6.  Lines from the biomaterials spectra Alternia alternata (AA) and Bacillus subtilis 
(BG) on Al (excluding lines present in the spectra of the Al substrate). .................................24 

Table 7.  Classification results of “unknowns” composition-B (50 samples), fingerprint 
residue (50 samples), and Bacillus subtilis (BG, 5 samples) tested against a PLS-DA 
model built on RDX, Al, Arizona dust, oil, mold (Alternia alternata, AA), and BG. ............25 

 

 viii



1. Introduction 

The detection and discrimination of energetic materials with the use of laser-induced breakdown 
spectroscopy (LIBS) has been demonstrated in an earlier report (1).  One of the main advantages 
of LIBS is the capability for remote sensing.  Stand-off detection of explosives with LIBS offers 
real-time results while a safe distance is maintained for the operator.  In December 2004, a group 
led by the U.S. Army Research Laboratory (ARL) successfully tested stand-off LIBS technology 
using a single-pulse laser source for the detection of residue amounts of explosives on a vehicle 
at a distance of 30 m at Yuma Proving Ground (YPG), Arizona (2).  After the successful YPG 
stand-off tests, three stand-off sensors based on LIBS (ST-LIBS) were developed by ARL in 
conjunction with its partners, Applied Photonics, Ltd, and Ocean Optics, Inc. 

With each generation, significant design improvements have been made, including the 
incorporation of a double pulse laser and full broadband (ultraviolet [UV]-visible [VIS]-near 
infrared [NIR]) detection.  As discussed in reference (1), double pulse LIBS is extremely 
important for the detection of energetic materials.  Since the identification of explosives depends 
on determining the abundance of nitrogen and oxygen relative to carbon and hydrogen (which is 
higher in energetic materials compared to non-energetic materials, see table 1), the ability of 
double pulse LIBS to reduce the amount of air entrained in the plasma event is essential.  In the 
context of stand-off LIBS, the increase in sensitivity because of double pulsing results in a longer 
effective stand-off detection range.  Section 2 describes the design and capabilities of the ST-
LIBS systems.  We then present results demonstrating the importance of double pulse LIBS for 
stand-off detection.  Finally, we discuss chemometric techniques for identifying explosive 
residues and explosive-containing mixtures as far as 50 m using the ST-LIBS system. 

 

Table 1.  Molecular formulas for common explosives and potential interferents.   

Explosive Formula Potential Interferent Formula 
RDX C3H6N6O6 Polyurethane C17H15O4N2 
TNT C7H5N3O6 Methyl-2-cyanoacrylate C5H5O2N 

PETN C5H8N4O12 Diesel Fuel C10H22-C15H32 
HMX C4H8N8O8 Oils (fatty acids) CH3(CH2)2COOH, CH3(CH2)18COOH
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2. Experimental 

2.1 Stand-off LIBS Instrumentation 

The first generation ST-LIBS system (Gen 1) incorporates a Big Sky* CFR400-PIV† double 
pulse laser (1064 nm, 2 Hz, 250 mJ/pulse, <10 ns pulse width).  The Big Sky lasers were chosen 
for their small footprint and rugged design.  A commercially available 8-in Schmidt-Cassegrain 
telescope by Meade (LX200GPS) is used to collect the LIBS emission along the same path 
traversed by the laser ablation beam.  The combined double-laser pulse is directed along the axis 
of the telescope by an articulating arm, thus enabling a full range of motion on the telescope for 
ease in targeting the sample.  A diode laser (632 nm) coincident with the IR laser illuminates the 
target spot.  The infrared double pulse beam is expanded with a simple two-lens system and is 
focused down range by a 3-in positive lens (f = 475 mm).  Plasma light collected by the telescope 
is focused into a fiber optic and sent to a gated charge coupled device (CCD) spectrometer (500 
to 900 nm) developed by Ocean Optics, Inc.  The Ocean Optics software is used to fire the lasers 
(single shot) and collect the spectral data.  A digital camera and wireless range finder enable 
remote viewing and measurement of the distance to the target. 

Although we were able to collect spectra of metals and explosive residues on metals at 20 m with 
the Gen 1 system, we found that the poor beam quality of the lasers in the far field resulted in a 
weaker plasma that made obtaining LIBS spectra of organic materials extremely challenging.  
For the second generation (Gen 2) system, therefore, Quantel Brilliant Twins lasers (1064 nm, 
10 Hz, 335 mJ/pulse, 5 ns pulse width) were chosen as the double pulse laser source and were 
found to provide superior beam quality (M2 < 2) and power at 20+ meters.  As with the Gen 1 
system, the two laser beams are combined before entering the articulating arm.  A 14-in Meade 
telescope (LX200GPS) was fitted with UV-coated optics to provide greater light-gathering 
power compared to Gen 1 and full broadband (UV-VIS-NIR) capability.  A three-channel gated 
CCD spectrometer developed by Ocean Optics provides high light-throughput and sensitivity 
from 190 to 840 nm.  The entire system is mounted on a wheeled cart and is easily transportable.  
Figure 1 shows a photograph of the Gen 2 system.  We have determined the optimal timing 
parameters for this system (with the Ocean Optics spectrometer) as having a delay time 
tdelay=2 μs, integration time gate tint=100 μs, and interpulse separation Δt=3 μs.   

A third generation ST-LIBS system (Gen 3) has been designed to address the issue of eye safety.  
A single Quantel Brilliant B laser (1064 nm, 10 Hz, 850 mJ, 6 ns pulse width) is shifted to 
1.54 μm with the use of a CH4/Ar-filled Raman cell developed by the National Center for 

                                                 

*Big Sky Laser Technologies is a subsidiary of the Quantel Group (France).  
†Not an acronym.   
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Figure 1.  Photograph of the Gen 2 double pulse ST-LIBS 
system developed by ARL in collaboration with 
Applied Photonics, Ltd, and Ocean Optics, Inc.   

Atmospheric Research (NCAR).  As with the Gen 2 system, a modified 14-in Meade telescope is 
used to collect the light emitted from the laser-induced plasma.  Testing of this system is under 
way and the results will be reported in a subsequent paper. 

2.2 Materials and Methods 

With the Gen 2 system, spectra of each of the following samples were acquired at 20 m.  For 
residue detection, ~4 to 5 mg of the powdered forms of pure explosives (cyclotrimethylene-
trinitramine [RDX], 2,4,6-trinitrotoluene [TNT], or Comp-B [63% RDX, 36% TNT, 1% wax]) 
were dissolved in ~3 mL of acetone and applied to a heavy duty aluminum (Al) foil substrate via 
a 10-μL syringe.  The Al foil samples were used straight from the roll without additional 
cleaning.  The interferent Arizona road dust (standard reference material) was provided by 
Battelle and applied to the Al foil in a very thin layer.  

A commercial lubricant (WD-40*) was used for the oil interferent.  A small amount was sprayed 
on the Al substrate and then wiped almost completely off with a clean room cloth.  We applied 
fingerprint residue by repeatedly handling the surface of the Al with clean hands (depositing oil 
from the surface of the skin in a fingerprint pattern).  The lid from a food container was used for 
the white Type V (polypropylene (C3H6)x) plastic sample.  The anthrax surrogate Bacillus 
subtilis var. niger (commonly known as Bacillus globigii, or BG) and mold sample Alternia 

                                                 

*WD-40 is a registered trademark of the WD-40 Company.   

 3



alternata (AA) were provided by Battelle.  Residue samples of the biomaterials (biological 
interferents) were prepared in an analogous manner to the explosive residue (~4 to 5 mg 
dissolved in 3 mL of acetone).  

RDX and dust mixtures (50% weight by weight) were prepared with two methods.  For the first 
method, 2.5 mg of RDX and 2.5 mg of Arizona dust were dissolved in 3 mL of acetone.  The 
solution was thoroughly mixed and quickly applied to the Al foil via a 10-μL syringe.  Although 
this method provides a homogeneous mixture, it does not represent “real-world” conditions, so a 
second method was employed.  A thin layer of Arizona dust was applied to the Al foil, and 
several milligrams of RDX powder were crushed onto the surface (~60 cm2), thus creating an 
inhomogeneous mixture.  We similarly prepared an oil and dust mixture by smearing a clean 
room cloth soaked with oil on a thin layer of dust.  Spectra of explosive residue, interferent, and 
mixture samples were also acquired at 30 m and 50 m, as described in section 3.4.   

Linear correlation analysis of the total ST-LIBS spectra (190 to 840 nm) and specific peak 
intensities and ratios was performed with the data analysis feature of Excel*.  Principal 
components analysis (PCA), soft independent method of class analogy (SIMCA), and partial 
least squares discriminant analysis (PLS-DA) models were generated with the use of the 
PLS_Toolbox version 3.5 (Eigenvector Technologies, Inc.) running under MATLAB† version 
7.0.  The data were auto-scaled before the models were built.   

3. Results and Discussion 

3.1 Advantages of Double Pulse Stand-off LIBS 

At 20 m, the ST-LIBS double pulse spectra show a dramatic improvement over single laser pulse 
spectra with the same total energy.  With only one of the Quantel lasers on the Gen 2 system 
(275 mJ), 20 spectra each of Al foil and RDX residue on Al were acquired.  The energies of both 
lasers were then reduced to give a total energy of 275 mJ (approximately 138 mJ/pulse) and 
double pulse spectra of the same samples were recorded (with Δt=3 μs).  The averaged Al 
spectra are shown in figure 2 along with single- and double pulse spectra of Al measured in the 
laboratory for comparison.  The laboratory spectra were acquired with an intensified CCD 
(ICCD) spectrometer that used 320 mJ total pulse energy from one or two (with Δt=2 μs) 
Continuum Surelite‡ lasers.  At stand-off distances, the Al lines are enhanced by a factor of at 
least 20 with double pulsing, so that the strongest Al I lines at 394 and 396 nm saturate the 
detector and many weaker Al I lines appear.  A number of strong Al II lines that appear in both

                                                 

*Excel is a trademark of Microsoft Corporation.   
†MATLAB is a registered trademark of The MathWorks.   
‡Surelite is a trademark of Continuum; Continuum is a registered trademark.   
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Note:  a.u. = arbitrary units.   

Figure 2.  LIBS spectra (20 shots averaged) of Al (from top to bottom):  at 20 m with a double pulse laser 
(275 mJ total energy, Δt=3 μs, CCD spectrometer); at 20 m with a single 275 mJ pulse; at close 
contact with a double pulse laser (320 mJ total energy, Δt=2 μs, ICCD spectrometer); and at close 
contact with a single 320-mJ pulse.  (Strong emission lines from the Al sample [with residual air 
entrainment] are labeled for reference.)  

the single- and double pulse laboratory spectra appear only in the double pulse ST-LIBS spectra.  
The increase in signal with double pulsing is not as dramatic for the laboratory system, which 
has a higher pulse energy density because of the smaller laser spot size at the target and higher 
power lasers.  The stand-off lasers are not as tightly focused at 20 m as the laboratory system, 
which could explain the different behavior between the two systems. 

For explosive residue detection, the fact that double pulse LIBS reduces the amount of 
atmospheric oxygen and nitrogen entrained in the (second) laser-induced plasma is even more 
important than the signal enhancement (1).  Peak intensities of Al I (309 nm), Al II (622-624 nm) 
and O (777 nm) from ST-LIBS spectra of Al as a function of Δt are shown in figure 3.  Spectra 
of the Al sample were recorded with a fixed delay time (tdelay=2 μs) and integration time gate 
(tint=100 μs) with a single laser pulse of 275 mJ (Δt=0 μs) or two laser pulses with a total energy 
of 275 mJ separated in time by Δt.  The increase in signal intensity with double pulsing is readily 
apparent, but the O/Al I ratio shows that at Δt=3 μs the air entrainment is minimized.  Because 
the Al surface is not perfectly clean and the elimination of atmosphere oxygen is incomplete, the 
O/Al I ratio never reaches exactly zero. 
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Figure 3.  Peak intensities of Al I (309 nm), Al II (624 nm), and O (777 nm) and the relative O/Al I intensity are 
graphed as a function of interpulse separation Δt.  (Error bars representing ±σ are given.  Spectra of the Al 
sample at 20 m were recorded with a fixed delay time [tdelay=2 μs] and integration time gate [tint=100 μs].  
Δt=0 μs corresponds to a single laser pulse of 275 mJ, while Δt>0 μs corresponds to two laser pulses with 
a total energy of 275 mJ separated in time by Δt.  The dashed line at Δt=3 μs represents the optimal 
interpulse separation time, as determined by the minimum value of O/Al I [i.e., minimal air entrainment].)   

 
Figure 4 compares the O/N ratio for Al and RDX residue as a function of interpulse separation.  
For single pulses (Δt=0 μs), the average values of O/N for Al and RDX overlap (within one 
standard deviation).  Such overlap because of contributions from atmospheric oxygen and 
nitrogen severely hampers the ability to discriminate between energetic and non-energetic 
materials (1).  The greatest differential between the O/N ratios of Al and RDX occurs at Δt=3 μs.  
At Δt=3 μs the higher O/N ratio is indicative of the RDX (which has a stoichiometric oxygen-to-
nitrogen ratio of 1:1) while the O/N ratio for Al reflects contributions from the atmosphere 
(~20% oxygen and ~80% nitrogen, or 1:4).  Based on the results in figures 3 and 4, the optimal 
interpulse separation for the detection of explosive residues on Al substrates with our system is 
Δt =3 μs. 
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Figure 4.  Comparison of the O/N ratio as a function of interpulse separation Δt for Al and RDX residue on Al 
(spectra acquired at 20 m).  (For single pulses [Δt=0 μs], the average values of O/N for Al and RDX 
overlap [within one standard deviation].  The maximum separation between the O/N ratios occurs at 
Δt=3 μs, indicating minimal air entrainment.) 

Figure 5 compares the single- vs. double pulse LIBS spectra of RDX residue with the laboratory 
system (with a Catalina Echelle/Andor* i-Star ICCD spectrometer) described in reference (1) and 
the ST-LIBS system (with a three-channel gated CCD spectrometer by Ocean Optics).  Although 
the close-contact double pulse spectrum of RDX residue shows some signal enhancement over 
the close-contact single-pulse spectrum, the increase in emission intensity is not as dramatic as 
that seen for the stand-off double pulse spectrum (compared to the single-pulse stand-off 
spectrum).  Although the signal intensities of the H (656 nm), N (742, 744, and 747 nm), and O 
(777 nm) lines only increase by a factor of 2 or 3 with double pulsing on the stand-off system, 
the much weaker C line (247 nm) consistently appears only in the double pulse spectra.  
Interestingly, the increase in oxygen because of the presence of RDX results in the appearance of 
AlO molecular peaks around 500 nm in the ST-LIBS spectra.  These peaks do not appear in the 
close-contact spectra, thus suggesting that the stand-off system produces a lower temperature 
plasma.   

Figure 6 shows the relative O/C, O/N, and N/C ratios for RDX residue spectra acquired with the 
ST-LIBS system at 20 m as a function of interpulse separation (averaged values for 20 spectra 
with relative standard deviations 15 to 30%).  The O/C and N/C ratios are minimized at Δt=3 μs, 
while O/N reaches a maximum.  This once again confirms that for this application the air 
entrained into the plasma is minimized at the optimal interpulse separation of Δt=3 μs.  
                                                 

*Andor is a trademark of Andor Technology.   
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Figure 5.  LIBS spectra (20 shots averaged) of RDX residue on Al (from top to bottom): at 20 m with a double pulse 
laser (275 mJ total energy, Δt=3 μs, CCD spectrometer); at 20 m with a single 275 mJ pulse; at close 
contact with a double pulse laser (320 mJ total energy, Δt=2 μs, ICCD spectrometer); and at close contact 
with a single 320-mJ pulse.  (Strong emission lines are labeled for reference and the C line at 247 nm is 
inset and magnified on a 2-nm scale.)   

3.2 Explosive Residue and Interferent Spectra at 20 m 

After the optimal timing (tdelay, Δt, and tint) for the ST-LIBS system was determined, spectra of a 
number of explosive samples and interferents were acquired at 20 m with full laser power 
(~550 mJ total energy, Δt=3 μs).  Figure 7 shows the single-shot spectra of an RDX pellet, solid 
Comp-B, and a white polypropylene (Type V) plastic.  All three samples contain C (247 nm), 
CN (388 nm), and H (656 nm), but the explosive samples contain significantly more N (747 nm) 
and O (777 nm), as expected.  Titanium lines present in the plastic (around 500 nm) are 
indicative of white pigmentation.  These examples demonstrate the ability of the second 
generation ST-LIBS system to detect pure organic materials at 20 m. 

Single-shot LIBS spectra of RDX, TNT, and Comp-B residues prepared on an Al substrate are 
shown in figure 8.  In addition to the Al I-II and AlO emission caused by ablation of the Al 
substrate, the explosive residue spectra contain C, CN, Ca, C2, Na, H, N, K, and O lines (the Ca 
and C2 peaks are very weak in most spectra).  Calcium, sodium and potassium were the only 



 Interpulse Separation

Figure 6.  Relative intensities (O/C, O/N, N/C) vs. interpulse separation for an RDX residue 
sample spectrum acquired at 20 m.  (Values are averaged over 20 spectra; for clarity, 
the error bars [15 to 30%] are not shown [but follow the same trends shown in the 
figure].  The optimal delay between pulses occurs at Δt=3 μs, where the O/C and N/C 
ratios are minimized and the O/N ratio is maximized, indicating minimal air 
entrainment.) 

impurities observed in the explosives spectra.  Figure 9 shows single-shot LIBS spectra of the 
biological, inorganic, and organic interferents used in these studies (the intensity scales for the 
different samples are identical to those in figure 8 but have been omitted for clarity).  Differences 
in the broadband spectra shown in figure 9 are difficult to detect without the aid of chemometric 
techniques, since many of the substances contain the same elements.  Because the spectra were 
acquired with a double pulse laser, which minimizes background signals from the air, key ratios 
of the elements in explosives can be used to discriminate among the different samples.  Section 
3.3 discusses the effectiveness of different techniques for explosives discrimination via LIBS 
spectra. 

3.3 Advanced Chemometric Analysis for Explosives Discrimination 

Although the double pulse ST-LIBS results discussed in the previous section demonstrate the 
detection of explosive residues at stand-off distances with LIBS, the discrimination of explosive 
and non-explosive residues requires further analysis.  The ideal technique would provide low 
false negative rates for the detection of explosive samples and low false positive rates for non-
explosive samples.  In addition, the technique should be capable of (a) correctly classifying 
unknown samples not incorporated in the model as explosive or non-explosive and (b) 
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Figure 7.  Single-shot spectra of various organic materials acquired at 20 m with the second 
generation ST-LIBS double pulse system (~275 mJ per pulse).  (Spectra include the 
energetic materials RDX and composition-B, and a type V white plastic.  Strong 
elemental/molecular lines are identified.)   

 

 

Figure 8.  Single-shot spectra (ST-LIBS at 20 m, ~550 mJ total energy) of RDX, TNT and Comp-
B residues on an Al substrate (the Al spectrum is shown for comparison).  (Strong 
emission lines of C, CN, AlO, Na, H, N, K, and O are labeled in the spectra.  Most 
unlabeled lines are attributable to Al I and Al II emission.)   
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Figure 9.  Single-shot spectra (ST-LIBS at 20 m, ~550 mJ total energy) of various biological, 
inorganic and organic residue interferents on an Al substrate: a) Bacillus subtilis 
(anthrax surrogate), b) Alternia alternata (mold), c) Arizona road dust, d) fingerprint 
residue, e) lubricant oil, and f) Al substrate.  (All spectra are shown on the same 
intensity scale [the Al I lines at 394 and 396 nm are saturating the detector].  Strong 
emission lines of C, CN, Ca, AlO, C2, Na, H, N, K, and O are labeled in the spectra.  
Differences in the spectra are difficult to see by visually [especially with the Al 
background] but can be efficiently extracted with chemometric techniques.) 

successfully identifying explosive-containing mixtures.  We have investigated the discrimination 
ability of our system using techniques such as flow chart analysis, linear correlation, PCA, 
SIMCA, and PLS-DA. 

In an initial field test of an early stand-off LIBS system developed by the Laserna group at the 
University of Málaga (2), a flow chart algorithm was developed to decide whether a sample was 
an explosive or a non-explosive.  All the blind test samples were correctly identified with this 
data-processing algorithm.  A similar algorithm based on 16 conditions describing relative 
emission intensities was developed and applied to the residue data collected with ARL’s ST-
LIBS system.  In contrast to the Málaga algorithm, none of the criteria depend on specific 
numbers.  If all the following conditions are true (O/C > N/C, O/C > N/CN, H/C > O/H, H/C > 
C2/CN, H/C > (O+N)/(C+H), N/C > N/CN, N/C < (O+N)/(C+H), O/H > N/H, C/CN < H/CN, 
C/CN < C2/CN, O/CN > N/CN, O/CN > (O+N)/(C+C2+CN+H), Ca/O < Ca/N, C < CN, C < O, 
N < O), the sample is classified as an explosive.  We calculated the ratios by using summed 
background-corrected intensities of the C, C2, CN, H, N, O, Ca, Na, and K lines present in the 
spectra (table 2).  The use of summed intensities rather than single peak intensities results in 
greater reproducibility among the single-shot spectra.  The ratios were chosen so that all 150 of
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Table 2.  Lines from the explosives spectra used for the discrimination of sample residues (the background-
corrected peak intensities of each atomic/molecular species were added to give summed peak 
intensities for C, C2, CN, H, N, O, Ca, Na, and K).  (The only additional species present in the 
explosives spectra were attributable to the substrate [Al I-II, AlO].)   

Wavelength Peak RDX TNT Comp-B Al dust oil fingerprint AA BG 
247.890 C I x x x — — x x x x 
833.715 C I x x x — — x x x x 
467.752 C2 — — — — — x — — — 
468.370 C2 — — — — — x — — — 
469.656 C2 x x x — — x — — — 
471.403 C2 x x x — — x — — — 
473.608 C2 x x x — — x — — — 
512.941 C2 x x x — — x — — — 
516.351a C2 — — — — — x — — — 
558.416 C2 — — — — — x — — — 
563.466 C2 — — — — — x — — — 
384.821 CN x x x — — x — x x 
385.205 CN x x x — — x — x x 
385.863 CN x x x — — x x x x 
386.850 CN x x x — — x x x x 
388.055 CN x x x — — x x x x 
415.002 CN — — — — — x — — — 
415.592 CN — — — — — x — — — 
416.611 CN — — — — — x — — — 
417.898 CN — — — — — x — — — 
419.504 CN — — — — — x — — — 
421.428 CN — — — — — x — — — 
789.522 CN — — — — — x — x x 
656.459 H I x x x x x x x x x 
742.468 N I x x x x x x x x x 
744.366 N I x x x x x x x x x 
747.000 N I x x x x x x x x x 
777.367 O I x x x x x x x x x 
315.881 Ca II — — — — x — x x x 
317.946 Ca II — — — — x — x x x 
393.192 Ca II x x x — x x x x x 
422.550 Ca I x x x x x x x x x 
766.516 K I x x x — x x x x x 
769.964 K I x x x — x x x x x 
589.041 Na I x x x — x x x x x 
589.709 Na I x x x — x x x x x 
818.282 Na I — — — — x x x x x 

aThe strongest C2 line occurs at the edge of a spectrometer channel and appears only when the C2 emission is extremely 
intense. 
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the RDX, TNT, and Comp-B residue samples are classified as explosives according to these 
criteria.  In order to confirm the validity of the criteria for explosive samples, ST-LIBS spectra of 
an additional 26 RDX residue samples were acquired on a separate day, one month later, and 
were identified as explosives based on the 16 criteria (0% false negatives). 

Less than 2% of the interferent samples (Al, Arizona road dust, lubricant oil, fingerprint, mold, 
BG) resulted in false positives with this algorithm.  Four of the five mis-classified spectra 
belonged to fingerprint residue samples (the other was BG).  Unfortunately, the algorithm did not 
perform well for mixtures containing RDX.  Only one of the RDX+dust mixture samples was 
correctly identified as an explosive (99% false negatives), although none of the oil+dust samples 
resulted in false positives.  Despite the algorithm’s success with pure materials, a more 
sophisticated algorithm is required for real-world applicability. 

Linear correlation is a simple measure of the strength of the relationship between two variables.  
ARL has successfully applied linear correlation to the discrimination of biomaterial powders 
detected on indoor surfaces with the MP-LIBS (3).  For the current experiment, a library of 
50 spectra each of RDX, TNT, Al, dust, and oil was created and the correlation tool in the 
Analysis Toolpak of Microsoft Excel was used to test each of the RDX, TNT, Al, dust, and oil 
spectra individually against the library (the sample spectrum being tested was temporarily 
removed from the library for the calculation). 

The results of the highest correlation match, generated with the entire broadband spectra, are 
given in table 3.  All spectra of the five samples in the library were correctly identified, 
indicating that the sample spectra were reproducible for this data set.  The Comp-B residue 
spectra were also tested against the library, which correctly identified all the samples as 
explosives (RDX or TNT).  A comparison of the fingerprint residues to the library resulted in a 
large number of false positives (98%), however.  Linear correlation was able to correctly classify 
94% of the RDX+dust (acetone) mixtures as explosives, but only 4% of the RDX+dust (crushed) 
samples were correctly classified. 

A second library was constructed with nine summed peak intensities (C, C2, CN, H, N, O, Ca, 
Na, and K) and 20 intensity ratios (O/C, H/C, O/N, N/C, O/H, N/H, C/CN, O/CN, H/CN, N/CN, 
C2/CN, C2/C, (O+N)/(H+C), Ca/H, Ca/C, Ca/O, Ca/N, (O+N)/(C+C2+CN+H), (O/N)/(H/C), and 
CN/(N/C)) rather than the entire spectra, which contain emission lines from the substrate in 
addition to those from the sample residue.  The results of the linear correlation with this 
abbreviated data set are given in table 4.  The percentage of correct identifications with this 
method is lower for the RDX, Comp-B, and the RDX+dust mixtures than those obtained with the 
entire spectra.  Since the summed intensities and ratios reflect the composition of the sample 
residues, this means that the linear correlation with the entire spectra depends on intensity 
information from the substrate/background to improve the classification of unknown samples.  
For this reason, linear correlation is unlikely to be effective for identifying residues on different 
substrates.   
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Table 3.  Results of linear correlation with the entire spectra.  (Fifty single-shot spectra of each unknown were tested 
against a library containing 49 or 50 spectra each of RDX, TNT, Al, dust, and oil.  The 50 unknown 
samples of RDX, TNT, Al, dust, and oil were removed from the library one at a time and tested against the 
remaining spectra in the library.)   

Number of Matches With the 
Strongest Correlation  

Unknown Sample 

RDX TNT Al Dust Oil 

Correct ID False Positives False Negatives

RDX 50 0 0 0 0 100% — 0% 
TNT 0 50 0 0 0 100% — 0% 
Al 0 0 50 0 0 100% 0% — 
Arizona dust 0 0 0 50 0 100% 0% — 
lubricant oil 0 0 0 0 50 100% 0% — 
Composition-B 11 39 0 0 0 100% — 0% 
fingerprint residue 44 5a 1b 0 0 — 98% — 
RDX+dust mix (acetone) 0 47 0 3 0 94% — 6% 
RDX+dust mix (crushed) 0 2 0 48 0 4% — 96% 
oil+dust mix 0 0 0 50 0 — 0% — 

aThree of the samples had Al ranked 2-5. 
bThe sample had dust ranked 2-5. 
 

Table 4.  Results of linear correlation with nine summed peak intensities (C, C2, CN, H, N, O, Ca, Na, and K) and 20 
ratios (see text).   

Number of Matches With the 
Strongest Correlation 

Unknown Sample 

RDX TNT Al Dust Oil 

Correct ID False Positives False Negatives

RDX 49 0 0 1 0 98% — 2% 
TNT 0 50 0 0 0 100% — 0% 
Al 0 0 50 0 0 100% 0% — 
Arizona dust 0 0 0 50 0 100% 0% — 
lubricant oil 0 0 0 0 50 100% 0% — 
Composition-B 32 17 0 0 1a 98% — 2% 
fingerprint residue 38 7 3 2 0 — 90% — 
RDX+dust mix (acetone) 16 6 1 27 0 44% — 56% 
RDX+dust mix (crushed) 0 0 0 50 0 0% — 100% 
oil+dust mix 0 0 0 50 0 — 0% — 

aTNT was ranked fifth.   

PCA is a chemometric technique for data reduction, which groups variables into principal 
components that describe trends within the data set.  The scores extracted for each principal 
component (PC) describe the variation of each sample in the model.   PCA has previously been 
applied by our group to LIBS spectra of bioagent simulants and interferents (4).  For our initial 
analysis of the stand-off data, the six ratios of the C, H, N, and O peak intensities (H/C, N/C, 
O/C, N/H, O/H, and O/N) were calculated for each individual spectrum, and the data from five 
samples (Al, RDX residue, lubricant oil, Arizona road dust, and fingerprint residue; 50 spectra 
each) were analyzed with PCA.  The model was built with three principal components that 
describe 65% (PC1), 25% (PC2) and 8.9% (PC3) of the total variance within the data set.  The 
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PCA scores for each PC represent weighted sums of the original variables.  Figure 10 is a scores 
plot relating the scores along the first two principal components (PC1 and PC2) for the five 
samples.  Each symbol on the plot represents a single-shot spectrum of the sample.  With only a 
few exceptions, each sample type groups separately from the other sample groups.  One 
fingerprint residue spectrum clusters with the Al substrate, indicating that the laser likely hit an 
area of the Al without any residue.  Everything within the ellipse in figure 10 (arbitrarily drawn 
to enclose as many RDX samples as possible while excluding interferents) is classified as an 
explosive with this model, while the samples that fall outside the ellipse are classified as non-
explosive.  Two spectra of RDX residue cluster with the fingerprint residue outside the ellipse.  
Although perfect separation of the sample groups (i.e., no overlap between sample clusters) can 
be achieved if we include ratios of peaks that are characteristic of the interferents in the PCA 
analysis, our model is designed to be independent of the specific interferents used since it looks 
only at the elements present in the explosive (C, H, N, O). 

 

 

Figure 10.  PCA scores plot of Al and RDX, oil, dust, and fingerprints on Al.  (Each symbol represents one spectrum 
described by six ratios of the key elements C, H, N, and O.  Fifty spectra of each sample were used to 
construct this plot.  All samples within the ellipse are classified as an explosive, while everything outside 
the ellipse is classified as non-explosive.)   
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One way of evaluating the performance of a system is through the use of a receiver operating 
characteristics (ROC) curve.  In a ROC curve, the sensitivity (the fraction of true positives) vs.  
1-specificity (where specificity is the fraction of true negatives) is graphed.  Figure 11 shows the 
ROC curve for the discrimination of RDX residues on Al vs. the interferents (Al substrate, 
fingerprint residue, oil residue, and dust) with peak intensities or ratios of C, H, N, and O.  The 
diagonal line represents a completely random predictor of explosive/no explosive.  The ideal 
detector has 100% sensitivity (no false negatives) and 100% specificity (no false positives).  We 
calculated the sensitivity and specificity at each point by varying the size of the ellipse in figure 
10 (a similar PCA scores plot was constructed with the peak intensities of C, H, N, and O instead 
of the ratios).  Using peak intensities gives 78% sensitivity with 0% false positives and 16.5% 
false positives with 100% sensitivity, while using peak ratios gives 96% sensitivity with 0% false 
positives and 4% false positives with 100% sensitivity.  Therefore, using peak ratios rather than 
intensities provides better discrimination with PCA for explosives detection with ST-LIBS.  One 
reason for the improvement is that using peak ratios significantly decreases the effect of shot-to-
shot variations in laser energy, plasma temperature, material ablation, etc.  
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Figure 11.  ROC curve for the discrimination of RDX residues on Al vs. the interferents (Al 
substrate, fingerprint residue, oil residue, and dust) with peak intensities or ratios of C, 
H, N, and O.  (We calculated the sensitivity [true positives] and specificity [true 
negatives] by varying the size of the ellipse in figure 10.  Using peak intensities gives 
78% sensitivity with 0% false positives and 16.5% false positives with 100% 
sensitivity, while using peak ratios gives 96% sensitivity with 0% false positives and 
4% false positives with 100% sensitivity.)   
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A more complete separation of the different samples based on the six ratios can be visualized 
with a three-dimentional PCA scores plot (figure 12).  The three explosive residues (RDX, TNT, 
and Comp-B) group together with this model but are isolated from the interferent sub-groups.  
No overlap exists between any of the interferent groups, although several of the fingerprint 
residues group near the blank Al substrate samples (indicating that the plasma sampled an area 
without any detectable fingerprint residue).  A closer look at the loadings for the principal 
components shows that the O/N and H/C ratios load most significantly into PC1 and are anti-
correlated.  PCA thus provides a useful tool for identifying whether samples are the same or 
different and what variables are responsible for the differences.   

Greater sample group separation can be achieved if the broadband nature of the acquired LIBS 
spectra is employed.  Using the nine summed intensities and 20 ratios discussed earlier (p. 13) 
should provide much better separation between the sample sets.  In order to account for greater 
than 99% of the variance with PCA with the 29 variables (as in the first example with only six 
variables and three principal components), 13 principal components are required.  Consequently, 
the sample groupings are challenging to visualize in two or three dimensions.  
 

 

Figure 12.  PCA scores plot of explosive residues and interferents (50 samples each) constructed with 
the ratios O/N, O/C, H/C, N/C, O/H, and N/H.  (The strongest emission lines for each 
element [C 247 nm, H 656 nm, N 747 nm, and O 777 nm] were used for the background-
corrected peak intensities.  The explosive residues [RDX, TNT, and Comp-B] overlap with 
each other but form an isolated group separate from the interferent groups.  No overlap 
exists between any of the groups with the first three principal components, except for 
several of the fingerprint residues that group near the blank Al substrate samples 
[indicating that the plasma sampled an area without any detectable fingerprint residue].) 
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An alternate approach is to use the SIMCA, which consists of a collection of PCA models, one 
for each modeled class in the data set.  Each PCA model has an independently determined 
number of PCs that describe the variance within the class.  The SIMCA model can then be used 
to determine the identity of unknown samples.  A SIMCA model was built with 50 spectra each 
(represented by nine summed peak intensities and 20 ratios) of RDX and TNT (class 1, 8 PC), Al 
(class 2, 5 PC), Arizona dust (class 3, 7 PC), and lubricant oil (class 4, 8 PC).  “Unknown” 
samples (50 each) of Comp-B, fingerprint residue, RDX+dust (acetone), RDX+dust (crushed), 
and an oil+dust mixture were tested against the model.  The results of these tests are shown in 
figure 13.  Although the model correctly classified all the Comp-B samples and many of the 
RDX+dust samples as explosives, most of the fingerprint residue samples and several of the 
oil+dust samples were incorrectly classified as explosives (false positives).  The main 
disadvantage of SIMCA is that the PCA models are computed with the goal of capturing intra-
class variations without consideration of inter-class differences.   
 

 

Figure 13.  Results of “unknown” samples (50 each) of Comp-B, fingerprint residue, RDX+dust mixed in 
acetone and deposited on the Al substrate, RDX+dust crushed directly on the Al, and oil+dust 
smeared on Al tested against a SIMCA model built with 50 spectra each (represented by nine 
summed peak intensities and 20 ratios) of RDX and TNT (class 1), Al (class 2), Arizona dust 
(class 3), and lubricant oil (class 4).  (The SIMCA model predicted the nearest class of the 
unknown sample, based on the known samples in the model.  Most of the fingerprint residue 
samples and several of the oil+dust samples were incorrectly classified as explosives [false 
positives], while a significant number of the RDX+dust samples were classified as dust rather 
than RDX [probable false negatives].)   

PLS-DA is a multivariate inverse least squares discrimination method used to classify samples.  
Unlike SIMCA, partial least squares generates predictor variables (called latent variables or LVs) 
while attempting to capture variance and achieve correlation.  The model predicts the class 
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number for each sample, based on a value of 0 to 1.  A value closer to 0 indicates that the sample 
is not in the modeled class, while a value of 1 indicates that the sample is a member of the 
modeled class.  A threshold between 0 and 1 (above which a sample is considered in the class) is 
automatically calculated by the software with Bayesian statistics in order to minimize the 
number of false positives and false negatives.  The number of LV chosen to be included in each 
of the models described next was confirmed with cross validation (“leave one out” method) to 
minimize the root mean square (rms) error.   

The choice of variables to represent each spectrum was critical for enhancing the classification 
ability of the PLS-DA model.  Using the entire broadband spectrum for constructing the model 
worked extremely well for the sample types included in the model, but unknown samples that did 
not belong to the original model were predicted to belong to each of the classes in the model with 
roughly equal probability.  Different combinations of intensities and/or ratios based on peak 
intensities (or areas) of single lines or summed intensities of species found in the explosives 
spectra C, H, N, O, C2, CN, and the impurities Ca, Na, and K were tested.  The combination of 
nine summed intensities and 20 ratios previously described was found to provide the best 
discrimination for all the PLS-DA models, based on our data set.  Models built with only the 
nine summed intensities or just the 20 ratios performed nearly as well (with a few false positives 
and false negatives that are eliminated when both intensities and ratios are used). 

Figure 14 demonstrates discrimination of the RDX, TNT, and Comp-B residues (50 spectra 
each) with PLS-DA.  A PLS-DA model based on nine summed peak intensities and 20 ratios was 
developed (18 LV).  Excellent discrimination of the explosive samples was achieved (with the 
Bayesian thresholds shown in the figure), although some overlap between the RDX and Comp-B 
occurs because of the high percentage of RDX in Comp-B.  These results show that 
discrimination among different types of explosives is possible with LIBS, despite their similar 
elemental compositions (1). 

When all the explosive, Al, dust, oil, and fingerprint residue spectra were used to create a PLS-
DA model with 17 LV based on the nine summed peak intensities and 20 ratios, almost perfect 
classification of the samples was achieved (figure 15).  Two fingerprint residue samples were 
predicted to belong to the same class as Al; a visual inspection of those spectra confirms that no 
carbon and very little hydrogen are present, indicating that the plasma most likely sampled an 
area that contained no fingerprint residue.  Because application of the fingerprint residue to the 
Al results in channels of residue corresponding to the ridges of a human fingerprint (5), this 
result is not too surprising.  In addition, one of the Al samples was predicted to be a fingerprint 
residue.  It is quite possible that the plasma sampled an area of the Al accidentally contaminated 
with fingerprints.  Most importantly, the model predicts no false positives and no false negatives 
for explosive samples. 

Despite the encouraging success of PLS-DA for classifying explosive residues, for real-world 
applications, it would be impossible to include every possible environmental interferent in the 
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Figure 14.  Discrimination of different explosive residues with PLS-DA.  (Fifty spectra of 
RDX, TNT, and Comp-B [63% RDX, 36% TNT, 1% wax] on Al were acquired 
and a PLS-DA model based on nine summed peak intensities and 20 ratios was 
developed.  Excellent discrimination of the samples was achieved, although some 
overlap between the RDX and Comp-B occurs because of the high percentage of 
RDX in Comp-B.)   

 20



 

Figure 15.  PLS-DA model showing the classification of samples with nine summed intensities 
and 20 ratios.  (All explosive [samples 1-150, class 1], Arizona road dust [151-200, 
class 3], and oil [201-300, class 4] samples class correctly [i.e., the predicted score 
is above the Bayesian threshold calculated by the model for each class].  Fingerprint 
residues #32 and #33 group with Al as class 2 [visual inspection of the spectra 
confirm that the plasma did not sample a detectable amount of residue]; Al #41 
most likely contained some fingerprint residue [class 5].)   

model.  In order to test the ability of PLS-DA to deal with samples (explosive and non-
explosive) not included in the original model, a model was developed based on RDX, TNT, Al, 
dust, and oil (20 LV, nine summed intensities and 20 ratios).  The spectra of Comp-B and 
fingerprint residue were then tested against the model, which predicted the classification of the 
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“unknown” test samples (figure 16).  With the Bayesian threshold calculated by the model, a 
significant number of the fingerprint residues registered as false positives.  Because the position 
of the threshold can be arbitrarily selected, based on the number of false positives and false 
negatives the user is willing to accept, the threshold can be chosen as shown in figure 16 so that 
all but one of the Comp-B samples and none of the fingerprint residues register as explosives.  
The remainder of the fingerprint residue samples are classified by the model as oil (11 samples), 
Al (4 samples), or dust (3 samples) according to the Bayesian thresholds. 
 

 

Figure 16.  PLS-DA model built on RDX (samples 1-50), TNT (51-100), Al (101-150), Arizona road 
dust (151-200), and oil (201-250).  (“Unknown” samples of Comp-B [251-300] and 
fingerprint residue [301-350] were tested against the model to determine how well the 
model handles substances not in the model.  With a user-specified threshold [blue dashed 
line], Comp-B was correctly identified as an explosive [except for one sample] and all the 
fingerprints were identified as non-explosives [classified as oil, Al, or dust].) 

Another important issue in real-world applications is the ability of the model to recognize 
explosives in the presence of interferents.  A PLS-DA model based on RDX, Al, and dust was 
created with the nine summed intensities and 20 ratios (6 LV).  The RDX+dust mixtures 
(dissolved in acetone or crushed directly on the Al) and the oil+dust mixture spectra were tested 
against the model.  All the RDX+dust (acetone) samples and more than half of the RDX+dust 
(crushed) samples were classified as RDX (table 5).  Because the RDX+dust (crushed) samples 
were extremely inhomogeneous, it is likely that the RDX+dust samples identified by the model 
as non-explosives represented instances when the laser sampled only dust (i.e., no RDX was
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Table 5.  Classification results of mixtures of RDX+dust (dissolved in acetone 
or crushed directly on the substrate, 50 samples each) and oil+dust 
(50 samples) tested against a PLS-DA model built on RDX, Al, and 
Arizona dust. 

Unknown Samples Model Class 
RDX+Dust  
(acetone) 

RDX+Dust  
(crushed) 

Oil+Dust 

RDX 100% 66% 0% 
Al 0% 0% 0% 
Arizona dust 24% 100% 100% 

 
present in the sampling region).  Many of the RDX+dust samples were also classified with the 
pure dust samples, thus demonstrating that the model picked up both components of the mixture.  
The oil+dust mixture grouped only with the pure dust and did not result in any false positives.  
These results demonstrate the applicability of this explosive/non-explosive classification method 
to mixtures. 

Finally, a PLS-DA model was constructed with RDX, TNT, Al, dust, oil, mold (AA), and BG 
(20 LV), based on summed intensities for  C, N, O, H, C2, CN, Ca, Na, K, Ba, Li, Mg, Mn, Sc, 
Si, and Sr, and 23 intensity ratios (O/C, H/C, O/N, N/C, O/H, N/H, C/CN, O/CN, H/CN, N/CN, 
C2/CN, C2/C, (O+N)/(H+C), Ca/H, Ca/C, Ca/O, Ca/N, (O+N)/(C+C2+CN+H), (O/N)/(H/C), 
CN/(N/C), Mg/Mn, Si/Li, (Sr+Sc)/Ba).  These intensities and ratios were chosen, based on the 
peaks present in the LIBS spectra of the hazards of interest (explosives and the anthrax surrogate 
BG).  Table 6 lists the lines observed in the bio-residue spectra, including those used for the 
summed intensities. 

The correct explosive/non-explosive classification of the Comp-B and fingerprint samples (with 
a user-defined threshold as before) together with the correct classification of the “unknown” 
anthrax surrogate samples (five additional BG samples not included in the model) demonstrates 
that simultaneous biohazard and explosive residue discrimination is possible with stand-off LIBS 
(table 7).  Although 88% of the fingerprint residue samples classified as mold, the important 
result is that they did not classify as explosives despite the fact that the fingerprint residue was 
not included in the original model.  If the user were interested in identifying mold, peak 
intensities and ratios based on mold would be used to construct the model. 

More than 5 months after the initial ST-LIBS data described were acquired, an additional 
100 spectra of RDX (crushed), Arizona road dust, and oil were obtained at 20 m.  The new data 
were combined with the earlier data (50 spectra each of RDX, dust, oil, and Al) in a new PLS-
DA model (20 LV) in order to determine if our previous results could be reproduced with data 
collected on different days with another sample set.  As before, the background-corrected 
summed intensities of the C, C2, CN, H, N, O, Ca, Na, and K lines were used to calculate the 
20 ratios.  This time, however, the summed intensities were normalized to the total summed 
intensity in order to minimize differences in the light collection from day to day (because of 



Table 6.  Lines from the biomaterials spectra Alternia alternata (AA) and Bacillus 
subtilis (BG) on Al (excluding lines present in the spectra of the Al 
substrate). 

[nm] Peak AA BG [nm] Peak AA BG [nm] Peak AA BG 
363.036 ? — x 558.977 Ca I x x 260.584a Mn II — x 
364.372 ? — x 559.539 Ca I x x 293.324a Mn II — x 
383.778 ? x x 585.926 Ca I x x 293.930a Mn II — x 
455.383a Ba II x x 610.431 Ca I x x 294.922a Mn II — x 
493.421a Ba II x x 612.308 Ca I x x 353.144a Mn I — x 
553.694 Ba I — x 616.389 Ca I x x 354.734a Mn I — x 
247.890a C I x x 617.050 Ca I x x 356.903a Mn I — x 
833.715a C I x x 644.036 Ca I x x 401.784a Mn I — x 
315.881a Ca II x x 645.128 Ca I x x 405.52a Mn I — x 
317.946a Ca II x x 646.328 Ca I x x 408.274a Mn I — x 
370.648 Ca II x x 647.310 Ca I x x 475.400a Mn I — x 
373.693 Ca II x x 649.491 Ca I x x 476.218a Mn I — x 
393.192a Ca II x x 650.036 Ca I x x 476.576a Mn I — x 
396.951 Ca II x x 671.859 Ca I x x 478.312a Mn I — x 
422.657a Ca I x x 714.906 Ca I x x 482.337a Mn I — x 
428.249 Ca I x x 720.334 Ca I x x 330.220 Na I x x 
428.887 Ca I x x 732.747 Ca I x x 498.195 Na I x x 
430.214 Ca I x x 388.219a CN x x 568.956 Na I x x 
430.745 Ca I x x 418.005a CN x x 589.041a Na I x x 
431.805 Ca I x x 419.611a CN x x 589.597a Na I x x 
435.563 Ca I x x 438.308 Fe I x x 818.385a Na I x x 
442.520 Ca I x x 656.459a H I x x 819.512 Na I x x 
443.465 Ca I x x 766.516a K I x x 409.569a Sc I — x 
445.460 Ca I x x 769.964a K I x x 409.838a Sc I — x 
457.877 Ca I — x 670.885a Li I x x 634.520a Sc I — x 
458.137 Ca I — x 277.979a Mg I x x 636.273a Sc I — x 
487.816 Ca I — x 279.537a Mg II x x 251.623a Si I — x 
504.197 Ca I — x 280.259a Mg II x x 288.188a Si I — x 
518.854 Ca I — x 285.198a Mg I x x 403.085a Sr I — x 
526.579 Ca I x x 517.262a Mg I x x 407.735a Sr II — x 
527.033 Ca I — x 518.399a Mg I x x 458.604a Sr II — x 
534.965 Ca I — x 631.890 Mg ?   x 460.729a Sr I — x 
551.331 Ca I — x 259.403a Mn II   x 640.868a Sr I — x 

aLines used to give summed peak intensities for C, N, O, H, C2, CN, Ca, Na, K, Ba, Li, Mg, 
Mn, Sc, Si, and Sr.   
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Table 7.  Classification results of “unknowns” composition-B (50 samples), 
fingerprint residue (50 samples), and Bacillus subtilis (BG, 5 
samples) tested against a PLS-DA model built on RDX, Al, Arizona 
dust, oil, mold (Alternia alternata, AA), and BG. 

Unknown Samples Model Class 
Composition-B Fingerprint Residue BG 

RDX 100% 0% 0% 
Al 0% 8% 0% 
Arizona dust 0% 0% 0% 
Oil 0% 2% 0% 
Mold (AA) 0% 88% 0% 
BG 0% 0% 100% 

 
minor changes in the instrument alignment) and to increase the overall reproducibility of the 
data.  The original TNT and Comp-B residue samples were tested against the new model and 
100% of the Comp-B samples, and all but one of the TNT samples were classified as explosives 
based on the RDX in the model (figure 17).  Although Comp-B is 63% RDX, the TNT has a 
different molecular formula than RDX.  Despite this, our model was able to correctly identify 
TNT as an explosive material.  The fingerprint residue samples were correctly classified with the 
oil rather than with the explosives.  By including data from multiple days, the discrimination 
actually improved so that a user-defined threshold was no longer necessary to separate the 
fingerprints and explosives (as in figure 16).   

Additional samples tested against the new PLS-DA model include the interferent house dust (not 
included in the model) and RDX samples prepared in an acetone mixture, RDX applied directly 
to the Al with multiple overlapping fingerprints, and individual RDX fingerprints.  The RDX 
samples were all correctly identified as explosives, while the house dust samples were identified 
as their closest match in the model, Arizona road dust (figure 18).  Together with the results in 
figure 17, these results confirm that our model is sophisticated enough to correctly identify 
explosive and non-explosive materials that are not included in the model.  In addition, we have 
shown that data from different days (and therefore slightly different experimental conditions and 
sample preparations) can be combined. 

3.4 ST-LIBS Beyond 20 m 

On January 25, 2007, the Gen 2 ST-LIBS system was moved to a 100-m indoor test range at the 
Aberdeen Test Center (ATC).  For the first time, we were able to test the system beyond 20 m 
(the size of our indoor laboratory).  Although the Gen 2 system was originally designed to work 
at stand-off distances as far as 30 m, we were able to acquire LIBS spectra at much longer 
distances.  RDX residue, lubricant oil, fingerprints, Arizona road dust, an oil+dust mixture, and a 
RDX+dust mixture were prepared on Al, and spectra of the samples (as well as the plain Al 
substrate) were acquired at 30 m and 50 m.  The present section describes this preliminary work 
at stand-off distances beyond 20 m. 

 25



 

Figure 17.  PLS-DA model built with nine normalized summed intensities and 20 ratios for RDX 
residue (samples 1 through 150), Arizona road dust (151 through 300), lubricant oil 
(301 through 450) and Al (451 through 500) acquired at 20 m with the ST-LIBS 
system on several different days.  (TNT [501-550], fingerprint [551-600], and Comp-B 
[601-650] residues were tested against the model, which correctly identified the TNT 
and Comp-B as explosives [with only one false negative, top] and the fingerprints as 
oil [bottom], despite the fact that none of the test samples were included in the model.)   
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Figure 18.  PLS-DA model built with RDX residue (samples 1 through 150), Arizona road dust 
(151 through 300), lubricant oil (301 through 450) and Al (451 through 500) acquired 
at 20 m with the ST-LIBS system on several different days.  (House dust [501-550], 
RDX dissolved in acetone [551-600], RDX fingerprints [601-650], and spectra from 
single RDX fingerprints [651-658] were tested against the model.  All the RDX 
samples were correctly identified as explosives [top], while the house dust was 
classified with its closest match in the model, Arizona road dust [bottom].)   
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The ST-LIBS spectra of the residue samples at 30 m are approximately 85% of the intensity of 
those samples acquired at 20 m (see figures 8 and 9).  As shown in figure 19, however, the 
spectral features that enabled the discrimination of the samples at 20 m are still present (the 
C line at 247 nm is too weak to see at this scale).  A PLS-DA model with 20 LV was built with 
spectra of Al (50 laser shots), RDX residue (100), lubricant oil (50), Arizona road dust (50) and 
fingerprint residue (50) acquired at 30 m (figure 20).  RDX+dust (50) and oil+dust (50) samples 
were tested against the model.  Only one of the oil+dust samples registered as an explosive (2% 
false positives), and eight of the RDX+dust samples were not identified as explosives.  Because 
of the inhomogeneous nature of the sample mixtures, it is possible that some or all of the 
RDX+dust samples contained only dust and were not actually false negatives.   
 

 

Figure 19.  Single-shot spectra of RDX and interferent residues and mixtures on Al acquired at 30 m.  (Strong 
emission lines are labeled [the C line at 247 nm is present but too weak to see on this scale].)   

Spectra of the RDX residue and interferent samples were also acquired at 50 m with approximately 
25% of the 20-m intensity (figure 21).  Despite the dramatic decrease in light collection at 50 m 
(resulting in no detectable C emission for any of the samples), the single-shot spectra still contain 
enough spectral detail for us to differentiate between the residues.  Figure 22 shows the results of a 
PLS-DA model (20 LV) built with spectra of Al (20 laser shots), RDX residue (20), lubricant oil 
(20), and Arizona road dust (25) acquired at 50 m.  Fingerprint residue (20), an oil+dust mixture 
(20) and RDX+dust mixture (20) were tested against the model.  None of the fingerprint residues 
and only two of the oil+dust mixture samples (off-scale) result in false positives (5%).  Five of
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Figure 20.  PLS-DA model built with spectra of RDX residue (samples 1 through 100), Arizona 
road dust (101 through 150), lubricant oil (151 through 200), Al (201 through 250), 
and fingerprint residue (251 through 300) acquired at 30 m.  (An oil+dust mixture 
[301-350] and RDX+dust mixture [351-400] were tested against the model.  Most of 
the RDX+dust mixture samples were classified as explosives, although about 16% 
classified only with dust [possible false negatives].  Only 2% of the oil+dust mixture 
samples resulted in false positives.)   

the RDX+dust mixture samples do not classify as explosives and possibly contained only dust in 
the laser-sampled region.  Increasing the number of samples in the library would improve the 
model and decrease the false negative and false positive rates.  However, these initial results 
demonstrate that detection and discrimination of explosive residues with LIBS is possible at 
50 m.  Increasing the light collection capability (i.e., using a larger telescope), laser power, and 
spectrometer sensitivity and modifying the optical design of the stand-off system (optimized for 
distances beyond 30 m) will improve the maximum stand-off distance for explosives detection. 

In order to determine if LIBS spectra acquired at different stand-off distances could be combined 
in one model, a PLS-DA model was built with 20 LV with spectra (50 samples at 30 m, 20 
samples at 50 m) of Al, RDX residue, lubricant oil, fingerprint residue, and Arizona road dust 
(50 samples at 30 m, 25 samples at 50 m).  RDX (50 samples at 30 m), an oil+dust mixture (50 
samples at 30 m, 20 samples at 50 m) and RDX+dust mixture (50 samples at 30 m, 20 samples at 
50 m) were tested against the model in figure 23.  All the additional RDX residue samples were 
classified as explosives, as were all but nine of the RDX+dust samples (possible false negatives).  
Six of the oil+dust samples resulted in false positives (8.5%).  The use of normalized intensities 
and intensity ratios appears to reduce any effects in the LIBS spectra caused by the changing of
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Figure 21.  Single-shot spectra of RDX and interferent residues and mixtures on Al acquired at 50 m.  
(Strong emission lines are labeled [the C line at 247 nm does not appear].)   

 

 

Figure 22.  PLS-DA model built with spectra of RDX residue (samples 1 through 20), Arizona road 
dust (21 through 45), lubricant oil (46 through 65), and Al (66 through 85) acquired at 
50 m.  (Fingerprint residue [86-105], an oil+dust mixture [106-125] and RDX+dust mixture 
[126-145] were tested against the model.  None of the fingerprint residues and only two of 
the oil+dust mixture samples [off-scale] result in false positives.  Five of the RDX+dust 
mixture samples do not classify as explosives and possibly contained only dust in the laser-
sampled region.) 
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Figure 23.  PLS-DA model built with spectra of RDX residue (30 m, 1-50 and 50 m, 51-70), Arizona road 
dust (30 m, 71-120 and 50 m, 121-145), lubricant oil (30 m, 146-195 and 50 m, 196-215), Al 
(30 m, samples 216-265 and 50 m, 266-285), and fingerprint residue (30 m, 286-335 and 50 m, 
336-355).  (RDX [30 m, 356-405], an oil+dust mixture [30 m, 406-455 and 50 m, 456-475] and 
RDX+dust mixture [30 m, 476-525 and 50 m, 526-545] were tested against the model.  All the 
additional RDX residue samples were classified as explosives, as were all but nine of the 
RDX+dust samples [possible false negatives].  Six of the oil+dust samples resulted in false 
positives [8.5%].) 

stand-off distances.  These initial results demonstrate that it is likely that a single model can be 
constructed to correctly classify LIBS spectra acquired at multiple distances (so that a separate 
model is not needed for each possible distance).   

Finally, based on the decrease in signal intensity observed in the RDX residue spectra (on an Al 
substrate) at the three different distances studied (20, 30, and 50 m), we estimate that the 
maximum effective stand-off distance of the Gen 2 ST-LIBS system is approximately 56 m 
(figure 24).  Although we were able to obtain a LIBS spectrum of Al at 62.5 m, the strongest Al I 
line (396 nm) had a signal-to-noise ratio of less than 10.  Spectra obtained at this distance are not 
likely to be analytically useful, given the limitations of the current ST-LIBS system (designed for 
30 m operation).  A ruggedized ST-LIBS system (with a 16-in military-specified telescope and 
more powerful lasers) is currently undergoing development and is expected to have an effective 
stand-off limit >100 m.   
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Figure 24.  Estimated stand-off limit for the Gen 2 ST-LIBS system based on the signal intensities 
of RDX residue spectra at 20, 30, and 50 m.  (A trend line connecting the points was 
used to estimate a maximum effective distance of 56 m.)   

4. Conclusions 

Recent work at ARL demonstrates the importance of eliminating the oxygen and nitrogen 
contribution from air for sensitive and selective LIBS detection of explosive residues (1).  Here, 
we have demonstrated the detection and discrimination of explosive residues and explosive-
containing mixtures as far as 50 m with a stand-off double pulse LIBS system designed to 
minimize the air entrainment in the LIBS plasma.  Despite the typical characterization of LIBS 
as an elemental technique, the relative elemental intensities in the LIBS spectra are 
representative of the stoichiometry of the parent molecules and can be used to discriminate 
materials that contain the same elements.  We have identified PLS-DA as an important 
chemometric tool for the analysis of LIBS data.  Using PLS-DA, we have shown that unknown 
samples can be correctly classified as explosive/non-explosive even when they are not part of the 
library used to create the PLS-DA model. 

Although stand-off LIBS is an extremely promising technology for security applications 
(including chemical and biological hazard detection as well as explosives detection [6]), some 
concerns need to be addressed before deployment by the military.  The issue of eye safety is of 
practical concern when lasers are operating.  While the 1064-nm radiation used in the 
experimental prototype ST-LIBS system (Gen 2) is not eye safe, other laser wavelengths 
considered somewhat eye safe can be used for LIBS.  The third generation ST-LIBS system uses 
1.54 μm radiation, which does not penetrate the retina.  UV radiation also poses less risk for eye 
damage and has been used for stand-off LIBS (7).  The appropriate design of operational 
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conditions can also be used to avoid unnecessary risk of eye exposure (e.g., the use of laser shut-
off interlocks or removal of personnel from target areas).  Finally, although LIBS is a minimally 
destructive technique, some minor damage does occur to the sampled surface.  By using the 
lowest possible laser pulse energy, such damaged can be minimized.  The use of microwave 
radiation to enhance the LIBS plasma and minimize the required laser energy is currently being 
investigated by ARL partners, and the initial results are extremely promising (8).  The 
construction of a ruggedized ST-LIBS system capable of detecting explosive residues at >100 m 
is currently under way and is expected to provide an important new tool for the military in the 
fight against terrorism. 
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