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ABSTRACT 

 
Trace explosives residues of CL20 

(hexanitrohexazaisowurtzitane) and RDX 
(hexahydro-1,3,5-hexanitro-1,3,5-triazine are 
measured in real-time by surface laser 
photofragmentation-fragment detection (SPF-
FD) spectroscopy at ambient conditions.  A 248-
nm laser photofragments the target residue on a 
substrate, and a 226-nm laser ionizes the 
resulting NO fragment by resonance-enhanced 
multiphoton ionization by means of its A-X (0,0) 
transitions near 226 nm.  We investigate the 
effects of laser wavelength and energy, delay 
between photofragmentation and ionization 
lasers, and residue concentration on signal 
intensity. A signal-to-noise analysis yields a limit 
of detection of 7.1 ng/cm2 for CL20 and 1.4 
ng/cm2  for RDX at 1atm and 298K.  

 
1. INTRODUCTION 

 
The sensitive detection of explosive compounds 
in real time at ambient pressure and 
temperature is a key issue for detecting potential 
terrorist operations and aviation security.  Two 
laser spectroscopic techniques for detecting 
TNT (2,4,6 trinitrotoluene) in the gas phase are 
cavity ring down spectroscopy (CRDS) 
(Usachev et al., 2001 and Todd et al., 2002) and 
laser photofragmentation (PF) - fragment 
detection (FD) spectroscopy (Swayambunathan 
et al., 1999, Boudreaux et al., 1999, 
Swayambunathan et al., 2000, Arusi-Parpar et 
al., 2001, and Heflinger et al., 2002).  The CRDS 
technique probes the parent molecule, whereas 
the PF-FD technique probes the characteristic 
NO photofragment by laser-induced 
fluorescence (LIF) or resonance-enhanced 
multiphoton ionization (REMPI). The NO 
fragment is characteristic of the NO2  
 

 
 
 
functional group that is present in these 
molecules.   Both techniques can detect TNT in 
the ppm/v-ppb/v range near ambient conditions.  
However, these techniques cannot detect other 
important energetic materials such as CL20 and 
RDX at ambient conditions because their vapor 
pressure concentration is several of magnitudes 
less that that of TNT at 298K and 1 atm. 
  

Laser irradiation of the solid energetic 
materials with ultraviolet (uv) light is a means of 
generating gaseous molecules or fragments that 
can be detected by mass spectrometry, optical 
spectroscopy, or both.  Photothermal and 
photochemical processes produce atomic and 
molecular fragments from the surface.  Tang 
and coworkers show that the 226-nm irradiation 
of RDX produces both positive and negative ion 
masses ranging from 15 to 176 amu (Tang et al. 
1987).  They assign the m/z=30 peak to NO.  
Dickinson and coworkers observe small masses 
of both neutral and ionic species, including NO, 
as well as photoelectrons when they irradiate 
RDX crystals with 248-nm light at a fluence < 5 
mJ/cm2 (Dickinson et al., 1990).   

 
 In this paper, we report report the 

detection CL20 and RDX residues in situ and in 
real time by surface laser photofragmentation-
fragment detection (SPF-FD) at ambient 
conditions.  A low power laser operating in the 
ultraviolet photofragments the target molecule 
on a surface and a second low power laser 
tuned to 226 nm ionizes the characteristic NO 
fragment by REMPI using its A-X (0,0) 
transitions.  An ion probe with miniature, square 
electrodes collects the resulting electrons and 
ions.  We report the limits of detection (LOD) at 
ambient conditions, and present a detailed study 
of the issues influencing sensitivity.   
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2.  APPARATUS 
 

Figure 1 is a schematic of the 
experimental apparatus. The details of the 
apparatus and SPF-FD technique are described 
in detail in our previous publication (Cabalo and 
Sausa, 2005).  Solid CL20 films are prepared by 
spreading drops of CL20 in acetone solutions on 
a glass slide substrate and then evaporating the 
acetone. The slide is positioned horizontally and 
moved by an XYZ micrometer stage to refresh 
the film sampled.  

 
The REMPI probe consists of two 15-

mm x 15-mm metal plates with 2-mm holes for 
the passage of the excitation beam. The 
separation of the plates is 6 mm. The probe is 
placed parallel to the substrate with the lower, 
insulated plate positioned about ~0.5 mm from 
the substrate surface.   The probe is typically 
biased to 850 V, yielding an average field 
between the plates of ~140 V/mm.  

 
 SPF-FD utilizes both a pump laser and 

a probe laser. The pump beam is directed 
normal to the substrate surface, whereas the 
probe is directed between the plates, parallel to 
substrate surface, and intersects the probe 
beam at approximately 1 mm from the surface. 
Both beams are focused with a 10-cm lens. A 
10-Hz, 5-ns Nd:YAG (Continuum Surelite III) 
laser generates the photolysis wavelengths of 
355, 266, and 248 nm.  Part of the infrared 
beam is frequency tripled for 355-nm photolysis, 
while the remainder pumps a dye laser (Lambda 
Physik, FL3002) whose output is frequency 
doubled for 248- or 266-nm photolysis.  A 
second dye laser (Lumonics, HyperEx 300),     
pumped by a Nd:YAG (Continuum Surelite II) 
and whose output is frequency doubled, probes 
the NO fragment of the target molecule by (1+1) 
REMPI by means of its A2Σ+ - X2Π (0,0) 
transitions in the region of 226-227 nm. The 
laser energy for both pump and probe beams is 
in the range of 10-20 μJ/pulse. A pulse 
generator (Stanford Research Systems, model 
DG 535) provides the delay between the 
photolysis and probe laser.  

 
  REMPI excitation spectra are recorded 

with 10-shot averaging at a fixed photolysis laser 
wavelength, while scanning the probe laser. The 
substrate is translated to replenish the film.  
Signal levels for the response plots are recorded 

by scanning the substrate surface with the 
REMPI laser at a fixed wavelength of 226.18 nm 
and averaging the signal from a broad area of 
the substrate.  This is done to mitigate the effect 
of the variation in film thickness across the 
substrate. A current amplifier (Keithley 427, gain 
106 – 107   V/A, time constant 0.01 ms) amplifies 
the electrode signal and a 125-MHz oscilloscope 
(Lecroy, 9400) monitors it.  A personal computer 
records the signals from a boxcar averager 
(Stanford Research Systems, SR250). 
  

A UV-visible spectrometer (Hewlett-
Packard, Model 8453) with Hewlett-Packard 
Chemstation software records the absorbance 
spectra of RDX and CL20 in methanol or 
acetonitrile (2.25 x 10-5 M). The samples are 
more than 99% pure as determined by High 
Performance Liquid Chromatography.  
   

3.   RESULTS AND DISCUSSION 
 

Figure 2 shows the experimental and 
calculated (1+1) REMPI spectra of NO from 
RDX in the region of 225.9–226.2 nm. The 
observed features are due to A2Σ+ - X2Π (0,0) 
transitions of NO. No REMPI signal is observed 
in the absence of either RDX film or photolysis 
laser light.  A multi-parameter computer program 
based on a Boltzmann, rotational distribution 
analysis fits the observed data (Pastel and 
Sausa, 2000). Parameters include the laser line 
shape, temperature, and absolute and relative 
frequency values for the data. The program  
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Fig. 1.  Experimental apparatus 



utilizes the NO A2Σ+ - X2Π (0,0), one-photon line 
strengths and rotational energy levels calculated 
with ground and excited electronic spectroscopic 
constants for NO. The line strengths associated 
with the nonresonant, continuum transitions from 
the A2Σ+ state are assumed to be equal.   Figure 
2 shows that the calculated spectrum accounts 
for all the rotational lines of the Q1, P21, R1, Q21, 
Q2, R12, R2, and R21 branches of NO, and fits the 
observed data rather well.  The best fit to the 
observed data using a Gaussian function for the 
laser line shape yields a temperature of 325K ± 
25K, indicating that the NO fragment is nearly 
thermally equilibrated in the timescale and 
pressure of the experiment.  A similar analysis of 
a REMPI spectrum of NO (3 ppm) recorded at 
room temperature and 1 atm yields a 
temperature of 310K ± 10K.  

 
The sensitivity of the SPF-FD technique 

depends in part on the laser photolysis 
wavelength. Figure 3 shows the NO REMPI 
signals from RDX for common laser photolysis 
wavelengths in the ultraviolet, 248, 266, and 355 
nm. The signal increases with decreasing 
wavelength. At 248 nm the signal is 
approximately a factor two greater than at 266 
nm, and at 355 nm little, if any, signal is 
observed.   Figure 3 also shows the molar 
absorptivities of RDX at the respective 
photolysis wavelengths for comparison 
purposes.   The SPF-FD signal levels scale 
roughly with the molar absorptivities, indicating 
that the amount of NO produced from RDX is in  

 
 

part a function of the absorption coefficient of 
RDX at the selected photolysis wavelength.   

 
Figure 4 shows the signal of NO from 

RDX as a function of delay between photolysis 
and ionization lasers. All delay times between 
0.1 and 40 ms result in the same signal 
indicating that the NO concentration from RDX 
reaches a steady state value very quickly.  Our 
studies also show that the SPF-FD signal 
increases linearly with photolysis laser energy 
up to 12 μJ, and then begins to level off. A delay 
of 1 ms and a photolysis laser energy of 15 μJ is 
arbitrarily selected for further study.  

  
Figure 5 shows the response curves of 

RDX and CL20. The signal levels are measured 
using the SPF-FD technique with both photolysis 
and probe lasers set at a fixed wavelength (λ1 = 

Fig. 3.  Dependence of signal intensity on 
photolysis wavelength and RDX absorptivity.  
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Fig. 4.  Signal intensity as a function of pump 
and probe delay. 
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Fig. 2.   Experimental (…) and calculated (-) 
spectra of NO from RDX. 



248 nm and λ2 = 226.18 nm). The limits of 
detection are defined by 3σ/R, where R is the 
signal response and σ is the root mean square 
of the noise. The best fit of the data yields an 
LOD of 1.4 ng/cm2 for RDX and 7.1 ng/cm2 for 
CL20.  If all of the RDX molecules irradiated by 
the pump laser are converted to NO, and the NO 
molecules expand uniformly filling a hemisphere, 
then the probe laser samples ~3.3 x 107 
molecules of NO (~400 pg of RDX).  This value 
compares favorably to the 200-pg value 
obtained by Raman Microscopy by Chang and 
coworkers (Cheng et al., 1995).   
 

The sensitivity of the SPF-FD technique 
for each energetic material depends on the 
amount of NO produced at 248 nm, and the 
amount of NO detected at 226.18 nm.  In our 
LOD measurements, the probe energy and 
optical setup are the same for both compounds; 
thus, the amount of NO produced at 248 nm 
depends on the absorption coefficient of the 
target compound at 248 nm and the governing 
mechanism that produces NO.  The 248-nm 
extinction coefficients of RDX and CL20 are 
7.6x103 and 1.5x104, respectively. Thus, a priori, 
we expect the LOD of CL20 to be about twice 
that of RDX. Instead, we observe that the LOD 
of CL20 is about five times that of RDX. Clearly, 
the mechanism for NO production also 
contributes to the sensitivity of the SPF-FD 
technique.  

  
RDX has a ring structure and contains 

three nitro functional groups (-NO2), whereas 
CL20 has a cage structure and contains six nitro 
functional groups. In both molecules the nitro 
functional group is bonded to a nitrogen atom, 
which is bonded to the rest of the molecule by a 
carbon atom, C—N—NO2.  The mechanisms 
involved in the 248-nm laser-irradiation of RDX 
and CL20 are complex.  They may include 
photothermal and photochemical   processes, as 
well as surface effects.  Among the many initial 
steps suggested in the condensed-phase  
decomposition of these molecules, the most 
likely step is the homolysis of one their nitro 
functional groups, which is weakly bound to the 
rest of the molecule.  NO2 may then react further 
to produce NO.  The N–NO2 bond dissociation 
energy of RDX and CL20 are similar, around 34 
to 39 kcal/mol (Wu and Fried, 1997, Kuklja and 
Kunz, 2001, and Rice, 2004).  However, CL20 
has an LOD that is a factor of nearly 5 times 
greater than that of RDX.  This suggests that the 
process of NO2 release in these molecules is 

more complicated than the simple cleavage of a 
single nitro functional group and may involve the 
loss of more than one nitro group from each 
molecule.   In the case of RDX, the energy for 
the ring’s C—N bond cleavage is lowered after 
NO2 homolysis because the ring structure 
makes it sterically difficult for the radical site to 
stabilize itself by interacting with its other parts. 
As a result, the radical can decompose further 
and liberate additional NO2 (Patil and Brill, 
1991).  In contrast, in CL20 the energy of its  
C—N bond is raised following NO2 homolysis 
because its cage structure promotes the 
stabilization of the radical site by rearrangement 
or multiple bond formation with other parts of the 
backbone. (Patil and Brill, 1991, and Geetha et 
al., 2003). This stabilization hinders additional 
NO2 loss. Thus, the LOD of CL20 is greater than 
that of RDX because it releases less NO2 in its 
decomposition than RDX. Although our 
argument for CL20’s LOD being larger than that 
of RDX is plausible, other governing processes 
may be operable. 

 
3.   CONCLUSION 

 
We have detected residues of CL20 and 

RDX on surfaces by SLP-FD. The technique 
uses an ultraviolet laser to photolyze the target 
molecule and a second 226-nm laser to ionize 
the resulting NO photofragment by REMPI.  The 
technique’s sensitivity depends on photolysis 
wavelength.  Maximum signal is observed at 248 
nm, over 266 and 355 nm, where the absorption 
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coefficient of the target molecule is the 
strongest.  A detection threshold of 1.4 ng/cm2  

for RDX and  7.1 ng/cm2 for is determined at 1 
atm and room temperature with 10-20 μJ of 
photolysis and probe laser energy.   SPF-FD is a 
gentle technique that relies on low power UV 
photolysis instead of heating of the target 
surface, thus permitting the analysis of delicate 
substrate materials.    
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