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1. Introduction 

The interaction of focused laser pulses with different materials has been an active area of study 
since the invention of the first laser in 1962 (1). Laser ablation has been used for spectroscopic 
material characterization, sample introduction for chemical analysis techniques, laser machining, 
laser cleaning, thin film deposition, nanoparticle production, medical applications, etc. The 
processes involved in the excitation of a material using a high-energy focused laser pulse, 
including material ablation, expansion into a background gas, plasma ignition, chemical 
reactions (during and after plasma formation), shock waves, and particle formation, are 
extremely complicated and cannot be described by a single model. The behavior of the excited 
material is highly dependent on the material properties (e.g., density, thermal conductivity, 
absorption coefficient, melting point, and ionization potential), the laser properties (e.g., pulse 
wavelength, duration, and energy), and the background gas (e.g., composition and pressure). 
Figure 1 lists the processes involved in the laser ablation of a target material. 

During the initial laser-solid interaction, target heating, melting, and vaporization occur. These 
thermal processes are described by models based on the thermal heat conduction equation (2). As 
the material is removed by the pulsed laser, pressure is built up by the volumetric gain of the 
ablated particles due to the change in their specific volume during the transition from a 
condensed state to the vapor state. At sufficient laser pulse energies (irradiances greater than  
1010 W/cm2), explosive boiling of the target material beneath the surface layer, called phase 
explosion, leads to mass removal via the ejection of large particles from the sample surface; the 
ejection of particles can continue for hundreds of milliseconds (3–7). Expansion of the 
evaporated material into the background gas is extremely rapid and can be described by the Euler 
equations of hydrodynamics (2, 8). Generation of a laser-induced plasma begins by absorption of 
the laser energy through inverse bremsstrahlung processes (absorption of a photon by a free 
electron), leading to a rapid temperature rise. The hot vapor layer above the sample surface is 
completely ionized at a pressure substantially above the ambient pressure. Atoms, molecules, 
and ions undergo collisions in a region above the sample surface called the Knudsen layer (9). 
Light emission collected from the plasma can thus produce information about the elemental 
content of the sample in a technique called laser-induced breakdown spectroscopy, or LIBS (10). 
The LIBS spectra of energetic materials have been investigated for standoff detection 
applications (11–13). Typical plasma temperatures reach tens of thousands of kelvin and are 
substantially higher for energetic samples than for nonenergetic materials. 
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Figure 1. Interdependent processes involved in the laser ablation of a target material. 
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For longer-pulse lasers (greater than 100 ps), the laser beam is partially absorbed by the plasma 
through inverse bremsstrahlung in a process called plasma shielding (14). This process can 
rapidly increase the plasma size and temperature and is strongly dependent on laser wavelength 
and pulse duration. Near-infrared laser wavelengths (e.g., 1064 nm) are particularly efficient at 
heating the plasma compared with visible and ultraviolet wavelengths. Once the laser heating has 
ended, the plasma begins cooling rapidly for the first 100 ns; after 100 ns, plasma cooling is 
slowed as energy is regained through recombination and combustion reactions (15, 16). Thermal 
energy from the material in the plasma is converted to kinetic energy, resulting in high expansion 
velocities. The expansion of the high-pressure vapor acts as a piston driving into the surrounding 
atmosphere, compressing the ambient gas at its front into a thin shell. For laser ablation, the 
force of this piston depends on the volume of gas produced, which is related to both the ablated 
mass and to the temperature reached in the plasma plume. Energy is transferred to the 
surrounding air through a combination of thermal conduction, radiative transfer, and heating by 
the resulting shock wave. At high laser irradiances, shock heating dominates (17).  

When the plasma dynamics are determined by absorption of the laser radiation within the 
plasma, the shock wave is similar to a detonation phenomenon and is called a blast wave  
(18–20). Both the laser-induced plasma generated from a thin film of material applied to a glass 
substrate and the shock structure of the resulting blast wave are shown in figure 2. The arrows 
indicate the direction of propagation for the plasma and various fronts. The presence of the 
contact fronts, ionization front, and shock front has been confirmed through shadowgraph 
imaging (e.g., Callies et al. [21]). The propagation of the blast wave is determined by the amount 
of energy released into the plasma state. The Sedov-Taylor theory can be used to describe the 
blast waves (19, 21, 22). For spherical propagation, the relationship between the distance 
travelled by the blast wave R and the energy converted into the plasma state E is given by 

 
1/5

2/5

0

ΔΕ

ρ
R t    

 
 (1) 

where with an approximate value of  is a dimensionless quantity depending on the gas-
dynamical state of the air, 0 is the mass density of the undisturbed air, and t is the time of 
propagation (assuming the laser pulse duration is less than t and the laser spot diameter is less 
than R). Equation 1 is only valid when the mass of energy source is negligible compared with the 
mass of the surrounding air that is swept up by the expanding shock (i.e., not valid at very early 
times) and when the pressure driving the shock’s front is much larger than the pressure ahead of 
it ( ≪ ∆ / / ), a condition not met after a certain distance. The expansion of the shock 
wave produced with a nanosecond laser was found to be spherical and proportional to t2/5 from 
about 3–100 ns (23). 
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Figure 2. Laser-induced plasma and shock structure. 

At high laser irradiances (typically higher than 107 W/cm2), a shock front analogous to a 
detonation can be ignited from nearly any material (24). The interaction of the laser beam with 
the plasma results in compression of the vaporized gas by the absorption of the laser energy, 
contributing to the heating and ionization of the ablated material. The velocity in this region is 
supersonic with respect to the ambient gas, and a shock wave known as a laser-supported 
detonation wave (LSDW) is produced (3, 24–28). The name LSDW originated from its similarity 
to a chemical explosion, which propagates by shock compression of a combustible mixture. In 
this regime, laser energy is absorbed by the plasma in front of the shock wave, and the shock 
wave is efficiently enhanced; at irradiances lower than 106 W/cm2, laser-supported combustion 
occurs and the laser energy is absorbed in the plasma behind the shock wave with no 
contribution to the thrust from the blast wave expansion (28).  

The properties of the LSDW are dependent on the gas species and the pressure through which the 
wave propagates. The LSDW creates a high-temperature and pressure region that enables atomic 
and molecular reactions which could lead to a chemical detonation. For example, Kim et al. (29) 
compared the initiation of chemical reactions between ablated aluminum and oxygen from the air 
with a high-power laser pulse to the classical detonation of exploding aluminum dust in air, 
while Gottfried (15) investigated the chemical reactions between laser-ablated metal particles 
and the explosive cyclotrimethylenetrinitramine (RDX). Typical shock wave velocities near the 
laser-material interaction region are tens of kilometers per second, corresponding to pressures of 
tens or hundreds of gigapascals (3, 8). Unlike the spherical blast wave that propagates normal to 
the sample surface, the LSDW is conical in shape and propagates along the direction of the laser 
beam (figure 3). The LSDW lasts only as long as the propagation conditions are satisfied during 
the laser pulse, i.e., as the laser beam diverges with increasing distance from the target, the wave 
degenerates into a combustion wave with a much smaller absorption coefficient. 
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Figure 3. Comparison of the LSDW and blast waves, which are distinct when the laser interrogates the sample off-
angle (a) and combined when the propagation of the laser is perpendicular to the sample (b). 

As the shock wave expands into the ambient atmosphere, resistance from collisions of the 
shocked air with the background gas decelerates the shock wave; an internal shock wave 
generated by the deceleration of the contact front by the background gas is propagated back 
toward the target surface and is reflected back and forth between the sample surface and the 
external shock front until the external shock has dissipated into a sound wave. At later times the 
distance of the external shock wave from the target R can be described by a drag model (30), 
which is given by 

 –
0R=R  [1– ]te   (2) 

where R0 is the stopping distance of the shock wave and  is the slowing coefficient (resulting 
from resistance caused by collisions with the background gas). Eventually the shock is dissipated 
as a result of this drag/resistive force. Previous studies on the expansion dynamics of the laser-
induced plasma have shown that the plume expansion follows the blast wave model (equation 1) 
up to 300 ns (31), and the drag model is a good approximation of the plume front velocity  
0 = R0 from 500 to 2000 ns (9). At times greater than 4 s, the drag model was found to predict 
distances slightly shorter than those observed experimentally (32). Similar results have been 
obtained for the shock wave expansion, although most use either equations 1 or 2, depending on 
the experimental conditions (21, 23, 30, 33–45). 

The Rankine-Hugoniot jump equations describe the conservation of mass, momentum, and 
energy across a shock front (46). The simplified jump equations (when the unshocked material is 
at rest and at low ambient pressure) are given by 

 1

0

=
1

U
U – u


  (3) 

 0 1=P u U  (4) 

and 
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 0
0 1

1 1 1
– = –

21e e P  
 
    (5) 

where P is the shock pressure, U is the shock velocity, u is the particle velocity,  is the density, 
and e is the internal energy (subscripts 0 and 1 refer to the unshocked and shocked material, 
respectively). The shock velocity U is linearly related to the particle velocity u according to an 
empirical relationship called the velocity Hugoniot equation,  

 0=U C su  (6) 

where C0 is the bulk sound speed (no physical meaning) and s is the velocity coefficient for the 
material. The properties of shocked air have been previously determined (47, 48), at 1 atm,  
C0 = 0.2409 km/s and s = 1.0602 for air (48). By combining equations 4 and 6, we can then 
calculate the peak shock pressure in air (Pa) using only the measured air shock velocity (in 
meters per second): 

 0
0

– 240.9
=1.2041

U c U –
P U U

s 1.0602
       
   

  (7) 

Following the laser-induced plasma and subsequent shock wave formation, ejected material 
above the sample surface can begin to deflagrate several milliseconds after the initial laser shot 
(especially for energetic materials); this deflagration can last for hundreds of milliseconds and 
provide useful spectroscopic information about the combustion reactions of the material in air 
(49–52). The focus of the current study, however, is how the velocity of the shock wave is 
affected by the target material properties. Most previous studies on laser-induced shock waves 
used silicon or metal targets and focused on how the shock structure was influenced by the 
parameters such as the background gas or the laser parameters (e.g., 8, 19, 21, 23, 37, 39–41, 43, 
44, 53–56). However, a few studies found that a laser-ablated energetic polymer (glyzidyl azide 
polymer [GAP]) produced a faster shock wave than nonenergetic polymers (57–60). The 
increased shock wave velocity was attributed to the higher decomposition enthalpy of GAP; the 
pulsed laser initiated a self-sustaining exothermic reaction resulting in rapid formation of 
gaseous products. More recently, Roy et al. (45) measured spatially and temporally resolved 
temperatures behind an expanding laser-induced shock wave to demonstrate differences in 
energy release between reacting aluminum nanoparticle formulations. 

Here, the shock wave velocity in air at different positions above the sample surface generated 
from a large variety of inert and energetic materials was measured to determine the effect of 
chemical reactions on the laser-induced shock wave. The ultimate goal of this research is to 
develop a laboratory-scale method for estimating detonation performance using milligram 
quantities of energetic materials. Kleine et al. (61) have verified that blast wave scaling laws, 
which have been confirmed for detonation tests ranging from 1 to 109 g, also apply to charges in 
the milligram range. Large-scale testing (hundreds to millions of grams of explosive) is 
expensive and time consuming; in addition, diagnostics are difficult because of the inherently 
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destructive nature of the tests and the opaqueness of the early fireball. In many cases, scaling up 
production of new types of energetic materials for large-scale testing is prohibitively expensive 
without some a priori assurance of performance gains over conventional explosives. The ideal 
small-scale test, on the other hand, would not require any scale-up or formulation of potential 
new energetic materials and could safely be performed in a laboratory environment with minimal 
cost per test. 

2. Experimental 

2.1 Sample Preparation 

Energetic material samples were obtained from colleagues at the U.S. Army Research 
Laboratory (ARL); materials investigated included black powder, smokeless gun powder,  
1,3-dinitrobenzene (m-DNB), 1,4-dinitrobenezene (p-DNB), trinitrotoluene (TNT), RDX (class 1 
and class 5), hexanitrostilbene (HNS), triaminotrinitrobenzene (TATB), pentaerythritol trinitrate 
(PETN), cyclotetramethylene tetranitramine (HMX), hexanitrohexaazaisowurtzitane (CL-20), 
Composition-A5 (RDX coated with 1.5% stearic acid), Composition-B (60% RDX, 40% TNT), 
and Pentolite (50% PETN, 50% TNT). Inert materials, including ammonium nitrate 
(AN)(NH4NO3), Epsom salt (MgSO4•7H2O), L-glutamine (C5H10N2O3), melamine (C3H6N6), 
sugar (sucrose, C12H22O11), graphite nanoparticles (GNP; 3–4 nm), nanographite (NG; 1–4 m 
wide, 50 nm thick), diamond grit (25–35 m), and graphite lubricant (micron-sized particles), 
were obtained from various commercial sources. All samples (table 1) were prepared on the 
same substrate: double-sided tape affixed to a glass micro slide (25 × 75 mm). Approximately 
10–20 mg of each material was applied to the tape surface and distributed across the surface with 
a spatula. Excess material was removed by gently tapping the slide. Since the shock wave from 
each laser shot removed material from a diameter approximately 500% larger than the diameter 
of the focused laser, subsequent laser shots were spaced to avoid disturbed areas of the sample 
surface. A total of 5–8 laser shots were obtained from each sample slide. 

2.2 Laser Ablation 

The laser pulse from an Nd:YAG laser (Quantel Brilliant b) was focused on the sample surface 
with a 10-cm lens (table 2). In order to prevent breakdown of the air above the target, the plane 
of the target surface was placed 1.5 mm above the focal point of the lens (i.e., 1.5 mm closer to 
the lens). The estimated diameter of the focused laser beam based on the average crater size on 
several metal targets was 0.8 mm. The highest laser pulse energy attainable with this laser was 
used to ensure breakdown of any target material and to ensure formation of an LSDW. Because 
the energetic materials were applied in a thin layer and shocked with a nanosecond-pulsed laser 
that is not sufficient to initiate the secondary energetic materials, no detonation wave was 
generated through the bulk energetic material. A strong exhaust inlet was positioned next to the 
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sample stage to remove vapors and particulate matter. The influence of the exhaust on the 
ablated material was not observed until several milliseconds after the initial laser pulse, when the 
heated air, unreacted particles, and deflagrating particles (for energetic materials) were pulled 
toward the exhaust (to the left of the camera view). 

Table 1. Energetic and nonenergetic samples investigated. 

 

 

Table 2. Parameters for the Nd:YAG ablation laser. 
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2.3 Schlieren Imaging 

The schlieren imaging technique (62) was used to visualize the laser-induced shock wave in air. 
Figure 4 shows a simplified schematic of the experimental setup. An arc lamp (Newport Oriel 
model 66476) with a 200-W Hg-Xe ozone-free lamp (model 6290) served as the illumination 
source, which was focused onto the first mirror with an aspheric condenser lens. The light was 
collimated between the two schlieren mirrors (10.8-cm diameter, 114-cm focal length), which 
were spaced 211 cm apart. The sample was placed on a vertical stage in the test section between 
the two mirrors, and the ablation laser was focused on the sample surface from above. Changes 
in the refractive index of the air caused by the formation of the laser-induced plasma bent the 
light rays, so that when the light was focused after the second mirror, a knife edge placed at the 
focal spot could be used to cut out approximately half the light rays; the schlieren images thus 
correspond to the first spatial derivative of the index of refraction. A high-speed color camera 
(Photron SA5) was used to record the light and dark striations in the images representing 
differences in the refractive index of air in the test region. A zoom lens (Nikon Nikkor 24–85 
mm f/2.8-4D IF) on the camera was focused 33 cm in front of the focus of the ablation laser. 
This focal position was optimized to provide the greatest contrast for visualization of the shock 
wave. The following camera settings were used for imaging the shock waves: 84,000 frames per 
second (fps), 1.0-s shutter, 64- × 648-pixel image size. 

 

Figure 4. Experimental setup for schlieren imaging of the laser-induced shock wave.  
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3. Laser-Induced Shock Waves 

3.1 Hemispherical Shock Wave Propagation 

Figure 5 shows snapshots from the videos (12,000 fps at full camera resolution, 9.8-s shutter) 
of the laser ablation of a nonenergetic material (L-glutamine) and an energetic material (RDX). 
The first frame after the laser pulse (0 s) shows the laser-induced plasma, which is typically 
more luminescent for nonenergetic materials. Because of the decrease in brightness, the laser-
induced shock wave is visible in the first frame of the RDX video. The second frame (83 s) 
shows the roughly hemispherical propagation of the shock wave (which is faster for the RDX). 
The vertical height of the shock wave was approximately 50% of the horizontal diameter at the 
target for both samples. The high-resolution video also shows the ejection of material from the 
target surface, resulting from the impact of the internal shock wave. By 500 s, the light 
emission was gone for both materials, and the heat-affected zone in the background air caused by 
the plasma formation was clearly visible for both samples; the RDX produces a significantly 
larger zone. At later times (greater than 1 ms), the pull of the exhaust on the heated air and 
unreacted particles was observed for the L-glutamine. By 15 ms, RDX particles ejected from the 
sample surface started deflagrating as they reached the heated air above the sample surface 
(resulting in additional light emission and rapid vertical and horizontal expansion of the heated 
area). 
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Figure 5. Schlieren images of laser-shocked (a) L-glutamine and (b) RDX. 
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3.2 Particle Ejection 

Evidence for phase explosion can be seen in snapshots from the high-speed video for the laser 
ablation of the blank tape substrate (figure 6). Large pieces of the tape (579–925 m) were 
observed moving away from the sample surface at slower velocities than the shock wave. This 
effect was only observed for the blank tape. A possible explanation is that the laser pulse passed 
through the tape (which is transparent to 1064-nm light), where heat was trapped between the 
glass slide and the back of tape, leading to explosive boiling. 

 

Figure 6. Snapshots of particles ejected from the blank tape substrate during the first 119 s after the laser pulse. 
The observed particles range in size from 579 to 925 m. 

On the other hand, when a thin layer of energetic (or nonenergetic) material is affixed to the tape, 
most of the laser energy interacts with the material. This interaction, and subsequent interactions 
between the reflected internal shock wave and the sample surface, leads to ejection of the 
particles from the sample surface. Some of these particles are atomized in the laser-induced 
plasma. The remaining particles pass through the heated atmosphere, which can lead to 
combustion or deflagration in air (figure 7). The only nonenergetic sample observed to undergo 
laser-induced deflagration was sugar, when it was excited by two sequential laser pulses in a 
separate experiment (49). All the energetic material samples in this study (except for the granular 
black powder and smokeless gun powder) deflagrated. 
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Figure 7. Images of the laser-induced deflagration of RDX: (A) schlieren image acquired 15 ms after the laser 
pulse (12,000 fps and 9.8-s shutter); snapshots from direct video (42,000 fps and 23.8-s shutter) at 
(B) 9 ms and (C) 20 ms. 
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3.3 Evidence for LSDW 

LSDWs propagating toward the laser source have been observed in the shadowgraph images of 
laser-ablated brass targets in air (40) and aluminum targets in both air (29) and argon (43). Since 
at a maximum the LSDW lasts only as long as the laser pulse (6-ns duration in this experiment) 
and the distortion of the external shock front by the LSDW (caused by nonuniform heating of the 
central tip of the vapor plume) lasts less than 300 ns, direct observation of the LSDW was not 
possible with the current experimental setup; however, indirect evidence for the LSDW has been 
observed. Figure 8 shows several snapshots from the high-speed video (12,000 fps; 9.8-s 
shutter) of the laser-ablated blank tape substrate. In the first frame, the shock wave (A) and 
plasma plume (C) were observed. In addition, a thin column of heated air (B) above the plasma 
plume was observed. This region is evidence for the presence of an LSDW during the laser 
pulse. As the plasma cools and the atomized and excited carbon combusts in the air (at times 
greater than 83 s), the density gradient caused by the high-temperature plasma is no longer 
distinguishable from this region. 

 

Figure 8. Snapshots from the laser ablation of the blank 
tape substrate showing the shock front (A), 
density gradient providing evidence for a 
LSDW (B), and the plasma volume (C). 

High-speed video of the laser ablation of a solid titanium substrate was recorded (figure 9) with 
the laser normal to the target surface (A) and with the sample on a 30° incline (B). When the 
laser was perpendicular to the sample surface, a typical laser-induced plasma was observed. In the 
first frame after the laser ablation, the inclined sample shows a region of heated air in the direction 
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of the laser beam, while the laser-induced plasma and blast wave expand normal to the sample 
surface, as expected (figure 3). This provides additional evidence for the formation of an LSDW. 

 

Figure 9. Snapshots of titanium substrate with the direction of laser 
propagation (A) perpendicular to the sample surface and (B) at a 
30º angle to the sample surface (density gradient shows evidence 
for LSDW). 

Finally, high-speed video of a black plastic substrate was obtained (figure 10) with the laser 
normal to the substrate (A) and with the sample on a 30° incline (B). Under some conditions, a 
faster-moving component of an expanding plume front can split into two clouds (plume splitting) 
(9). When the laser was perpendicular to the substrate, plume splitting was observed, while no 
plume splitting occurred with the sample on an incline. We postulate that the additional energy 
from the LSDW in the direction of the laser beam (coinciding with the propagation direction of 
the blast wave) resulted in the observed plume splitting (figure 10A). These results, in 
combination with the relatively high laser fluence (table 2) and heated regions of air surrounding 
the location of the laser beam, suggest that an LSDW was present at very early times under the 
current experimental conditions and likely influenced the plasma chemistry and shock formation.
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Figure 10. Black plastic evidence for LSDW (more energy from 
ejected particles when laser coincides with blast 
direction). 
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3.4 Shock Front Propagation 

Multiple shock fronts have been identified in the literature for laser-ablated materials. In addition 
to the LSDW travelling at Mach 3, Maher and Hall (24) observed a second wave travelling near 
Mach 1 (which they postulated was from the sample material vaporization) and a third wave 
travelling near Mach 0.5. Callies et al. (21) observed multiple discontinuities, which they 
attributed to the kinetic energy of the evaporated material accelerating the ambient gas, the 
contact front between the plasma and the shocked air, the contact front between the evaporated 
material and the shocked gas, the interface between the target material and the air, and the high-
temperature plasma region. Wen et al. (54) used femtosecond shadowgraphy to track what they 
described as an internal shock wave, an external shock wave, an LSDW, and a laser-supported 
combustion wave. Harilal et al. (43) observed a primary shock followed by a secondary shock 
that they attributed to the internal shock-wave structure within the plasma plume. 

When the outward-moving external shock wave forms, an internal shock wave develops to 
balance the velocity and high backpressure generated by the external shock wave when the vapor 
plume expands supersonically; this internal shock wave propagates back toward the target 
surface. When the internal shock impacts the target surface, it is split into two shocks: one travels 
through the target material and another propagates back toward the main external shock; when 
the internal shock wave catches up to the contact surface, it is reflected back toward the target 
surface again. This reflection-transmission phenomenon can repeat multiple times, generating 
new refracted external shocks (8, 63). Because the target in this experiment is a thin layer of 
material affixed to transparent tape on a glass slide, a strong enough internal shock could also 
transmit through the sample until it hits the vertical stage and is reflected back toward the 
external shock by the sample stage. 

Figure 11 shows the first 15 frames from the high-speed video (84,000 fps; 1-s shutter) from 
the laser ablation of the blank tape substrate (A and B), L-glutamine (C), and RDX (D). The 
initial frame captures the first microsecond of the event, and each successive frame is 11.9 s 
later; the first 15 frames thus capture the first 178.5 s (at later times the external shock has 
travelled outside the field of view of the 10.8-cm schlieren mirrors). In (A), the camera was 
focused in front of the laser-induced plasma (33 cm closer to second mirror) to optimize 
visualization of the three shock fronts (1–3). The dark band is the expanding external shock 
front, while the light band immediately following the main shock front is a result of refracted 
light rays. Two additional shock fronts were observed at later times. In (B), the camera was 
focused on the laser-induced plasma so that the expansion of the plume (4) and the expansion of 
the column of heated air from the LSDW (5) could be tracked. The plume expansions of  
L-glutamine and RDX are shown in (C) and (D), respectively. The shock front and luminous 
region above the laser-induced plasma in the first frame of (C) are artifacts due to the reflection 
of a small region of air breakdown above the focusing lens for the laser. 
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Figure 11. First 15 frames from the high-speed video from the laser ablation of : (A) blank, focus in front of 
plasma; (B) blank, focus on plasma (1 = primary shock front, 2 = second shock front, 3 = third 
shock front, 4 = plasma front, 5 = density gradient extending away from target surface toward the 
laser); (C) L-glutamine, focus on plasma; (D) RDX, focus on plasma. 
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The position-time plot (R-t), or time line, for the plasma plume position, density gradient 
position, and shock front positions for the blank tape substrate are shown in figure 12. The main 
external shock wave was not observed until about 8 mm above the target surface because of the 
strong plasma emission. After about 80 s, a second shock front was observed; a third appeared 
after approximately 90 s. The shock time line for a nonenergetic sample (figure 13), 
L-glutamine, was very similar despite a significant difference in plasma luminosity at later times 
(figure 11C). The second and third shock fronts appeared earlier (60 and 70 s, respectively), 
and the region of heated air above the plasma plume was larger. The shock time line for an 
energetic sample (figure 14), RDX, looked quite different. The laser-induced plasma was 
significantly less luminous, and all visible emission was gone after 85 s (this general trend was 
observed for all energetic materials, see section 4.2). The heat-affected zone above the laser-
induced plasma was extremely large compared to the blank and L-glutamine. The second and 
third shock fronts appeared much earlier at 35 s, and fourth and fifth shock fronts appeared 
after 60 s.  

Unfortunately, with this experiment it was not possible to definitively determine the origin of the 
additional shock fronts; however, their presence is likely indicative of the extra energy released 
during the laser ablation of an energetic material and the subsequent exothermic reactions in the 
laser-induced plasma (15). For example, a strengthened internal shock wave would undergo 
more internal reflections and generate stronger refractive shock fronts. The external shock wave 
velocity was also faster for the energetic material, as discussed in section 3.5. Although the 
velocity of the shock wave decreases with each successive frame (approaching the speed of 
sound in air at 343 m/s), the laser-induced shock wave had not yet decayed into a sound wave by 
the final camera frame for any of the samples. 
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Figure 12. Blank shock time line. 

 

Figure 13. L-glutamine shock time line. 
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Figure 14. RDX shock time line. 

3.5 Measurement of Shock Velocities 

Typically expansion velocities are determined by the derivative of the position-time graph, 
where the data is fit to a model based on classical point blast theory. Most papers that measure 
the laser-induced shock wave apply the Sedov-Taylor relationship (equation 1), which predicts 
an exponential factor of 0.4. Figure 15 shows the fits for both energetic and nonenergetic 
materials to an equation of the form R = Atq. The goodness of each fit is indicated by the 2 
statistic, which is given by 

 
 2

2
2

– i

i

y y



  (8) 

where y is the fitted value for a given point, yi is the measured data value for the point, and 
 2 is 

an estimate for the standard deviation of yi. A smaller value of 2 indicates a better fit. 
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Figure 15. Expansion distance of the shock waves vs. time demonstrating that the Sedov-Taylor 
relationship (~t0.4) is not valid at these distances. 

While a power function describes the expansion distance of the shock waves versus time 
reasonably well, the exponential factor q is much higher than 0.4 (close to 0.9 for the 
nonenergetic materials and 0.8 for the energetic materials). Classical point blast theory assumes 
energy is instantaneously released into the surrounding atmosphere from an essentially massless 
point source, forming a spherical shock wave (18). This neglects the effect of exothermic 
reactions occurring after the initial laser pulse. In addition, the strength of the blast wave must be 
sufficiently large enough to neglect the ambient gas pressure in comparison with the pressure 
behind the shock wave—an assumption that is not valid at longer distances when the shock wave 
begins to decay. The treatment of weak shock waves requires inclusion of source mass (64) or 
counterpressure (22)—approximate expressions that need to be solved numerically. Although 
many previous studies have successfully applied the Sedov-Taylor theory to laser-induced shock 
waves, most used nonreactive materials and observed the shock wave at shorter timescales (less 
than 1 s). 

Previous studies have shown that decreasing the atmospheric pressure (e.g., 9, 30, 33) or using a 
laser spot size of the same magnitude as the measured shock wave distance (65–69) can result in 
higher exponents. In this experiment, the diameter of the focused laser was 0.8 mm, and the first 
image of the shock wave was obtained 8 mm above the sample surface. Only a few papers have 
reported q > 0.4 at standard pressure. Srinivasan et al. (68) reported an exponent of 0.76 for the 
shock wave expansion of a laser-ablated organic substrate, polymethylmethacrylate. 
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No explanation for the deviation from Sedov-Taylor theory was given. Schmitz et al. (42) 
attributed the higher exponents obtained for various organic materials (0.48–0.68) to the 
relatively low laser fluences (<1.0 J/cm2) used in their experiment; this explanation would not 
apply to the current experiment. If the dynamics of the shock front are determined by the 
volumetric gain of particles caused by the change in their density during the transition from the 
condensed to the vapor state and the subsequent heating of the plasma resulting from absorption 
of laser radiation, then the Sedov-Taylor scaling is not applicable (20). In the current experiment, 
the presence of the LSDW and the significant plasma shielding that occurs with a 1064-nm pulse 
at 900 mJ result in significant plasma heating. 

While classical Sedov-Taylor blast wave theory is only valid when the energy behind the shock 
wave comes from a point source, variants of the theory have been developed to account for the 
mass contribution of the point source (64, 69). Following this approach, when the shock wave 
radius is fit to a power law dependence of the form 

 R( )=t At  (9) 

the time-dependent energy takes the approximate form 
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 (10) 

where 0 = 1.20 kg/m3 and = 1.4 for the density and specific heat capacity of the unshocked air, 
respectively, and A and  are the fitting parameters from equation 9. Using equation 10 and the 
fits shown in figure 15 result in the time-dependent energies for the inert and energetic samples 
shown in figure 16. This treatment assumes that the contribution of the solid-phase particles is 
negligible over the observed timescale, and that the heat capacities for the laser-ablated material 
and ambient gas are equivalent; the absolute magnitudes of the estimated energy release have 
previously been shown to be unrealistic (45), although in that case the calculated energies were 
significantly higher than the energy put into the system with the ablation laser. The estimated 
energy values do, however, enable comparison of the relative magnitudes of energy release for 
each sample. The energy release from the energetic samples is much more significant than for 
the nonenergetic samples at t  > 10 s; only the energetic samples undergo exothermic 
combustion reactions leading to eventual deflagration (after several milliseconds). 
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Figure 16. Calculated time-dependent energy release for energetic and nonenergetic samples. 

A second model that is often applied to laser-induced shock fronts at longer distances is the drag 
model (equation 2). Figure 17 shows the fits for the expansion data to the drag model. While the 
model fits reasonably well to the nonenergetic samples, the fit to the energetic samples is 
extremely poor. The drag model underpredicts the shock velocity for the energetic materials at 
times less than 50 s—further indication that additional energy is put into the plasma by the 
exothermic reactions. 

Dewey (70) fit the shock position versus time for a large-scale TNT detonation (500 ton) to the 
equation 

 1/2(1+ )+ (1+ ) )R = A+ Bt +Cln t D(ln t  (11) 

where A, B, C, and D are fitted coefficients, and R and t are the shock radius and time, 
respectively. As shown in figure 18, the explosive samples RDX and PETN fit very well to 
equation 11 with R ≈ 0 at t = 0. The fits for the inert materials, on the other hand, predicted a 
negative shock radius at t = 0. For all samples, 2 < 1 indicates that the model is overfitting the 
data. Thus, while equation 11 works relatively well for laser-shocked energetic materials, it is 
not appropriate for the inert materials. 
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Figure 17. Expansion distance of the shock waves vs. time demonstrating that the drag model is 
not valid at these distances. 

 

 

Figure 18. Expansion distance of the shock waves vs. time fit to the Dewey equation (11). 
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In order to simplify the data analysis and avoid having to fit the samples to different models 
depending on whether they were energetic or not, the velocity versus time plot for each sample 
was fit to a fifth-order polynomial (figure 19). A fifth-order polynomial was selected to fit the 
shock data as a compromise between the precision of the measurement (which increased with 
lower-order polynomials) and the quality of the fit (which increased with higher-order 
polynomials). The characteristic air shock velocity for each sample was defined as the  
y-intercept. The actual velocity of the shock wave at very early times (nanosecond timescale) is 
on the order of kilometers per second when it is being accelerated by the supersonic expansion of 
the plasma plume. Here, the y-intercept does not reflect the velocity at time zero but at the point 
in time when the shock front expands freely into the ambient air without additional energy input 
from the plasma or subsequent chemical reactions. As shown in figure 19, the characteristic air 
shock velocities (from one laser shot) of PETN (833 m/s) and RDX (801 m/s) are significantly 
higher than those of the inert materials (562–604 m/s). 

 

Figure 19. Measured shock velocity vs. time with fifth-order polynomial fits. 

3.6 Correlation Between Laser Pulse Energy and Shock Velocity 

The characteristic air shock velocity was measured for the blank substrate at a variety of laser 
pulse energies to determine the effect of the input laser energy on the shock front at the measured 
distances (figure 20). The error bars represent the 95% confidence intervals for a limited data set 
of five laser shots each. The data fit reasonably well to a linear regression fit, except for the first 
data point at Ep = 220 mJ. The relationship between the shock radius and the laser pulse energy 
can be described by 
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 /2=R(E) BE  (12) 

where B and  are the fitting constants (42). As before, the ideal spherical shock wave would 
yield = 0.4. A fit of the data to a power law dependence resulted in an improved R2 value with 
= 0.3. 

 

Figure 20. Relationship between the laser-induced air shock velocity and the laser pulse energy. 

3.7 Conversion to Shock Pressure 

The peak air shock pressures for the blank, L-glutamine, and RDX samples were calculated 
using equation 7. Near the center of a blast, the pressure is proportional to R-3, while at great 
distances from the explosion center the pressure decays as R-1, as in a sound wave (18). While 
the pressure from the inert samples decays as R-1 for expansion distances greater than 10 mm 
(figure 21), the pressure from RDX decays as R-2, indicating excess pressure for the energetic 
material beyond that imparted by the initial laser “explosion.”  
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Figure 21. Relationship between the laser-induced air shock pressure and the expansion distance. 

4. Energetic Material Performance 

4.1 Nonenergetic Materials vs. Energetic Materials 

The most obvious difference in the high-speed videos of the laser-material interaction between 
nonenergetic (inert) materials and energetic materials is the luminosity of the plasma emission. 
Inert materials result in an intensely brilliant white light for the first camera frame (figure 22); 
the resulting shock front is clearly visible in subsequent frames. Light emission from the graphite 
(B–D) and diamond (H) samples continues for several frames (although the camera focus is in 
front of the laser-induced plasma). Plasma lifetimes for most materials last hundreds of 
microseconds with a 900-mJ focused laser at 1064 nm. 
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Figure 22. Light emission from nonenergetic materials: (A) blank 
tape, (B) micron-sized graphite, (C) GNP, (D) NG, (E) 
sugar, (F) L-glutamine, (G) melamine, and (H) micron-
sized diamond grit. 

Light emission from the energetic materials looks distinctly different (figure 23). Because of the 
decreased plasma luminosity, the shock front is observable from the first camera frame for all 
energetic materials. Differences in the emission wavelengths observed by the camera are due to 
chemical reactions, e.g., the addition of 1.5% stearic acid to RDX results in an increase in visible 
emission (D) compared with pure RDX (G). 
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Figure 23. Light emission from energetic materials: (A) m-DNB, (B) TNT, (C) HNS, (D) Comp-A5,  
(E) p-DNB, (F) TATB, (G) RDX, (H) Pentolite, (I) Comp-B, (J) HMX, (K) PETN, 
(L) CL-20, (M) TAG-MNT, (N) H2bta, and (O) HBT. 
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4.2 Chemically Reactive Materials 

Chemical reactions result in distinct emission for several nonenergetic samples (figure 24), 
including the Epsom salt (green emission in A) and AN (orange emission in B). Magnesium 
sulfate is a naturally occurring, hygroscopic inorganic salt used to manufacture explosives and 
matches. Magnesium sulfate and atomized magnesium atoms will react via the exothermic 
reaction (71) 

 4MgSO  + 4 Mg  MgS + 4 MgO . (13) 

 

Figure 24. Light emission from chemically reactive materials: (A) Epsom 
salt (MgSO4) and (B) AN (NH4NO3). 

The green system of magnesium oxide (MgO) Σ X Σ  results in light emission from 476 

to 521 nm (72). AN is a poor explosive by itself because it is overoxidized and extremely 
difficult to initiate; it is used safely as a fertilizer in multitonnage quantities but is also an 
effective explosive when mixed with a suitable fuel. Upon heating, AN will decompose 
according to the exothermic reactions (73) 

 4 3 2 2NH NO   N O + 2 H O    (14) 

 4 3 2 2 2NH NO   N + 0.5 O  + 2 H O   (15) 

In the presence of a fuel, the following exothermic reaction occurs: 

 4 3 2 2 22 NH NO  + C  2 N + CO  + 4 H O   (16) 

The tape may provide a limited fuel source for the AN reaction. The first positive system of N2 
Π A Σ  has strong emission near 580 nm (72). 

A comparison of the high-speed video from two propellants, black powder and smokeless gun 
powder, is shown in figure 25. Unlike the other energetic materials in this study, black powder 
and smokeless gun powder are granular composite propellants consisting of a fuel and oxidizer. 
Black powder consists of a combination of carbon (charcoal), sulfur, and potassium nitrate. 
Smokeless powder formulations usually contain nitrocellulose and may also contain deterrents 
(to slow the burning rate), stabilizers (to prevent or self-decomposition), flash reducers (to 
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reduce the brightness of the muzzle flash), and/or other additives. The smokeless powder 
formulation (B) shows reduced light emission upon laser excitation compared to the black 
powder (A), which makes it easier to visualize the shock front. 

 

Figure 25. Light emission from (A) black powder and (B) smokeless powder. 

4.3 Correlations Between Shock Velocities and Explosive Properties 

The characteristic air shock velocities for each of the samples in table 1 were determined as 
described in section 3.5 and converted to shock pressure with equation 7; the results are shown in 
figure 26. The error bars represent 95% confidence intervals and reflect the shot-to-shot 
variations common with the laser ablation of powdered materials (11, 74) and the relatively 
limited number of laser shots (5–8) recorded for each sample. The lowest air shock pressures 
were obtained for the inert materials, including the blank substrate, carbon samples, sugar,  
L-glutamine, and melamine. It has previously been observed that the repulsive force from a hard 
sample increases the shock wave velocity, while softer samples absorb the recoil energy of the 
ablated atoms, subsequently decreasing the speed of the shock wave (75). However, with high 
laser fluencies, the recoil force exerted on the surface by the expanding vapor is minimized, and 
the relative hardness of the material is less important (3). A comparison of the measured air 
shock pressures for the graphite samples (graphite, GNP, NG) with the diamond shock pressure 
shows that although the increased hardness of diamond does increase the shock pressure, the 
addition of energy to the plasma through chemical reactions produces much more significant 
increases in shock pressure (e.g., Epsom salt and AN have significantly higher shock pressures).  
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Figure 26. Laser-induced shock pressures for energetic and nonenergetic materials. Error bars represent 
95% confidence intervals. 

While the propellants (black powder, smokeless gun powder) also produced higher air shock 
pressures than the inert materials, the energetic materials produced the highest air shock 
pressures of all the materials investigated. CL-20, the most powerful conventional military 
explosive, produced the highest shock pressure. Although many of the confidence intervals 
between energetic materials overlap, the mean shock pressures can still be statistically significant 
at the 5% level with 25% overlap (76). For example, both TNT and Comp-B as well as HNS and 
PETN have statistically significant shock pressures at the 5% level (i.e., 95% probability that 
they are not the same). The complete results of a multiple comparison of means test are shown in 
figure 27. These results demonstrate that the laser-induced air shock waves can clearly be used to 
discriminate between energetic and nonenergetic materials. 
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Figure 27. Results from a multiple comparison of means test at the 5% level demonstrating 
a significant difference in laser-induced shock pressures for nonenergetic and 
energetic materials. 

The relationship between the air shock velocity and the properties of the explosives was also 
investigated. Table 3 lists the calculated properties of different explosives using the CHEETAH 
6.0 code (77). Calculated parameters include the theoretical maximum density (TMD), the heat 
of combustion, and the detonation-related parameters, including heat of detonation, detonation 
velocity, and detonation pressure. While it is common to calculate the physical properties of the 
blast wave resulting from a theoretical chemical analysis of the explosive and its expected 
detonation products, there are several reasons why the calculated values may differ from the 
observed properties (61). For example, inefficiencies in the detonation process (e.g., a fraction of 
energy may be released in the form of radiation) may decrease the observed values, and 
additional energy released from the chemical reactions of the detonation products in atmospheric 
oxygen can increase the observed values. Table 4 lists the measured detonation velocities 
(corrected for the TMD) from large-scale testing of common explosives. 
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Table 3. Calculated explosive properties using CHEETAH 6.0 (77).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Molecular 
Structure 

TMD 
(g/cm3)

Heat of 
combustion 

(kJ/g) 

Heat of 
detonation 

(kJ/g) 

Detonation 
velocity 
(km/s) 

Detonation 
pressure 
(GPa) 

m‐DNB 

 

1.575  16.785  3.8186  6.589  15.609 

p‐DNB 

 

1.625  16.714  3.8305  6.78  16.69 

TNT 

 

1.654  14.529  4.2297  7.179  20.053 

HNS 

 

1.750  14.039  4.3999  7.493  23.082 

Pentolite 
50% PETN, 
50% TNT 

1.714  11.063  4.8563  7.606 25.063 

Comp‐B 
60% RDX, 40% 

TNT 
1.748  11.16  5.0889  8.004 27.007 

TATB 

 

1.937  11.432  4.1868  8.451  30.177 

PETN 

 

1.778  7.5977  5.9267  8.555  31.116 

RDX 

 

1.816  8.9138  5.7312  8.858  33.419 

HMX 

 

1.905  8.8519  5.7651  9.243  37.159 

CL‐20 

 

2.044  7.9424  6.1644  9.957  47.35 
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Table 4. Experimental detonation velocities for common explosives.  

 Density  

(g/cm3) 
Detonation velocity 

(km/s) 
Corrected detonation velocity 

(km/s) 
Reference 

m-DNB 1.47 6.1 6.4 (78) 

TNT 1.6 6.7 6.88 (46) 

TNT 1.630 6.93 7.00 (79) 

TNT 1.550 6.85 7.16 (80) 

TNT 1.6 6.90 7.06 (78) 

HNS 1.70 7.00 7.00 (80) 

HNS 1.600 6.80 7.25 (79) 

TATB 1.80 7.35 7.76 (78) 

TATB 1.88 7.76 7.93 (79) 

Pentolite 1.700 7.53 7.57 (79) 

Pentolite 1.65 7.40 7.59 (78) 

Comp-B 1.715 7.89 7.99 (46) 

Comp-B 1.65 7.80 8.09 (78) 

PETN 1.7 8.40 8.63 (78) 

PETN 1.77 8.26 8.28 (79) 

PETN 1.60 7.92 8.45 (78) 

RDX 1.6 8.13 8.78 (46) 

RDX 1.767 8.70 8.85 (79) 

RDX 1.70 8.44 8.79 (80) 

RDX 1.76 8.75 8.92 (78) 

HMX 1.9 9.10 9.12 (78) 

HMX 1.890 9.11 9.16 (79) 

CL-20 1.98 9.38 9.57 (81) 
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Figure 28 shows the correlation between the laser-induced air shock velocity and the calculated 
heats of combustion. Linear regression was used to determine the best fit for the weighted data 
(solid black line). Error bars correspond to 95% confidence intervals, the blue dotted lines 
correspond to confidence bands for the fit (region within which the measured data are expected 
to fall with 95% confidence), and the red dashed lines correspond to prediction bands (region 
within which random samples from the model plus random errors are expected to fall). The fit 
coefficients and linear fit coefficient r (Pearson’s r) are also shown. The data show a weak 
negative correlation between the laser-induced air shock velocity and the calculated heat of 
combustion. For comparison, the correlation between the measured detonation velocities (from 
table 4) and the calculated heats of combustion (table 3) is shown in figure 29. The measured 
detonation velocities (averaged for the available experimental measurements) also show a 
negative correlation with the calculated heat of combustion. 

 

Figure 28. Correlation between the laser-induced air shock velocity and the calculated heat of 
combustion for energetic materials. 
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Figure 29. Correlation between the measured detonation velocity and the calculated heat of 
combustion for energetic materials. 

The heat of combustion is a measure of the energy released when the explosive (or other 
material) burns in the presence of excess oxygen (resulting in complete oxidation). The heat of 
detonation (or energy of detonation), on the other hand, is the energy released by the detonation 
of the explosive material in an inert atmosphere. The further oxidation of detonation products in 
air can lead to additional energy release subsequent to the initial detonation, e.g., the 
phenomenon known as “after-burning” in TNT explosions (82). Thus, the heat of detonation may 
be less than the total energy released during the complete combustion of an explosive, depending 
on the oxygen balance of the explosive. The negative correlation between the detonation velocity 
(or performance) of an explosive and the heat of combustion thus suggests that the more 
powerful explosives produce more highly oxidized products during detonation.  

Although more energy is released through the subsequent combustion reactions of the less 
powerful explosives, those reactions occur on a much slower timescale, which is typically not 
ideal for high explosives applications (but may be for propellants where extended thrust is 
required). Figure 30 shows the correlation between the laser-induced air shock velocity and the 
calculated energy of detonation. In this case, the expected positive correlation is observed. This 
suggests that the atomization and subsequent recombination of atoms from the energetic material 
that result in the increased air shock velocity occur before atmospheric oxygen (and nitrogen) is 
incorporated in the laser-induced plasma. Previous observations that the molecular cyano radical 
(CN) is formed from the recombination of ablated carbon and atmospheric nitrogen after 
approximately 2–3 s (15) substantiate this conclusion since the air shock wave is formed on a 
significantly shorter timescale. 
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Figure 30. Correlation between the laser-induced air shock velocity and the calculated energy of 
detonation for energetic materials. 

Figure 31 shows the correlation between the laser-induced air shock velocity and the calculated 
detonation velocity. A relatively strong positive correlation was observed. Using measured 
detonation velocities resulted in a slightly improved fit (figure 32); unfortunately, measured 
detonation velocities were not available for all of the energetic materials investigated here. While 
the experimental detonation velocities have been corrected for the theoretical maximum density, 
the density of the prepared explosive residue samples is not controlled. Preparation of explosive 
samples with precise densities generally requires formulation to enable pressing the sample into 
pellets or inkjet printing, which can be challenging for certain materials because of the strict 
solvent requirements; for the laboratory-scale shock measurements it is not desirable to limit the 
types of samples that can be studied. 
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Figure 31. Correlation between the laser-induced air shock velocity and the calculated detonation 
velocity for energetic materials. 

 

 

Figure 32. Correlation between the laser-induced air shock velocity and the measured detonation 
velocity for energetic materials. 
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Based on the correlation observed in figure 32, the estimated detonation velocities for those 
explosives with measured detonation velocities (see table 4 for references) are given in table 5. 
No corrections were made for the laser-shocked sample density. The average absolute error in 
the estimated detonation velocities was 4.1%, and the standard deviation was 2.8%. The most 
significant error is the estimated detonation velocity for RDX; some of the difference between 
the estimated and measured values could be attributable to the class of RDX used in the 
detonative testing or the conditions of the testing (neither of which was specified in the reference 
tables).  

Table 5. Estimated detonation velocities for common explosives based on laser-
induced air shock velocities. 

 

Finally, the correlation between the laser-induced air shock velocity and the calculated 
detonation pressure is shown in figure 33. A relatively strong positive correlation was obtained, 
so that this method could also be used to estimate detonation pressures. A comparison between 
the laser-induced shock pressure and the calculated detonation pressure produced similar results 
(not shown), although the r value for the fit was slightly worse (r = 0.93). 

 



 

42 

 

Figure 33. Correlation between the laser-induced air shock velocity and the calculated detonation 
pressure for energetic materials. 

4.4 Determination of Explosive Performance for Test Materials 

In order to demonstrate the utility of this method for the estimation of detonation performance 
using only milligram quantities of materials (where larger quantities were not available for  
full-scale detonation testing), several classes of new explosives or explosive formulations were 
studied. Three different high-nitrogen explosives under consideration for military use were 
tested, including 5,5′-hydrazinebistetrazole (HBT) (83), 5,5′-bis(1H-tetrazolyl)amine (H2bta) 
(84), and triaminoguanidinium-1-methyl-5-nitrominotetrazolate (TAG-MNT) (85). The laser-
induced plasma chemistry of these and other high-nitrogen compounds has been previously 
studied (12). Like the conventional energetic materials, the plasma emission from the high-
nitrogen compounds is decreased compared to nonenergetic materials (figure 23 M–O). 

The calculated values for detonation velocity and pressure from CHEETAH (77) and EXPLO5 
software (86) (values provided in papers from the Klapötke group [83–85]) were compared with 
the values estimated using the laser-induced shock experiment (table 6). While the laser-induced 
shock experiments agreed with the calculated detonation parameters for the H2bta within 10%, 
they suggested lower explosive performance than expected for HBT and higher than expected 
performance for TAG-MNT. Without experimental detonation data it is difficult to speculate on 
the reason for these discrepancies, since the accuracy of the models for these types of high-
nitrogen materials is not known. 
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A number of potential new energetic materials based on mechanical rather than chemical energy 
release have also been tested. The experimental results for these samples are also listed in table 6 
(samples 1–5). Based on these (and other confirmatory) results, samples 3–5 were selected for 
further testing. Potential new explosive formulations of conventional energetic materials have 
also been studied with this method. This technique is expected to be widely applicable to a 
variety of materials; it will be particularly useful as a prescreening tool prior to larger-scale 
testing, especially when only small quantities (milligrams) are available for initial testing. 

Table 6. Estimated detonation velocities for potential new energetic materials based on laser-induced air shock 
velocities. 

 

 

5. Conclusions 

Although previous laser-induced shock studies on metal targets found no evidence for chemical 
reactions behind the shock front—and thus disputed the link between the laser-induced blast 
wave and a detonation wave (21, 39)—our results indicate that for nonmetal samples which 
undergo exothermic reactions upon decomposition, chemical reactions in the vapor plume behind 
the shock front affect the shock front velocity. Thus, under certain experimental conditions (e.g., 
laser fluence) with chemically reactive materials, the laser-supported blast wave is similar to a 
detonation wave. One major difference is that the shock front travels first through the plasma 
plume containing evaporated material and then through the ambient air, as opposed to a true 
detonation wave that travels through the solid energetic material. While previous experiments 
measured the position of the shock wave up to several microseconds using a charge-coupled 
device camera to capture a single frame from each laser ablation event, this experiment measured 
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the shock wave position up to 200 s using more than 15 frames for each event. In addition, the 
laser pulse energy for this experiment (900 mJ) was considerably higher than typical pulse 
energies used for laser-induced shock experiments (<200 mJ). 

Unlike previous laser-induced shock studies on nonenergetic materials, the thermal energy in the 
energetic material vapor plume was caused by both the energy transferred from the laser and the 
subsequent exothermic chemical reactions of the ablated species. The Sedov-Taylor model was 
not applicable for any of the samples studied here because of the distance from the target (and 
because of the chemical reactions in the plasma). While the drag model worked well for inert 
materials, the Dewey fit worked best for the energetic materials. No single model could be found 
to fit both energetic and nonenergetic materials. 

Based on the initial promising results, a new laboratory-scale method for predicting explosive 
performance (e.g., detonation velocity and pressure) using milligram quantities of material is 
currently being developed. Preliminary results on a suite of conventional energetic materials, 
including RDX, TNT, HMX, PETN, HNS, TATB, CL-20, composition-B, composition-A5, and 
Pentolite, show a strong linear correlation between the laser-induced air shock velocity and the 
measured performance from full-scale detonation testing. Estimated detonation velocities based 
on the laser-induced air shock velocities differ from values obtained through large-scale 
detonative testing by less than 10%. This method is a potential screening tool for the 
development of new energetic materials and formulations prior to large-scale testing. This 
method would be particularly useful in several situations: when candidate materials are only 
available in limited quantities; for energetic materials with a larger critical diameter, where  
small-scale detonative testing (87) is not possible; or for materials that require nonconventional 
means to induce detonation. 

Potential sources of error in the laser-induced shock measurements include differences in the 
absorption coefficients of the energetic materials, fluctuations in laser energy, jitter in the camera 
triggering, measurement of the shock positions, differences in the amount of material ablated 
from shot to shot, and unusually high luminosity in the first few camera frames that obscures the 
shock front. Ideally, a camera with a faster frame rate should be used to better measure the shock 
position at earlier times. Planned improvements to the current experiment include exploring 
alternative sample preparation methods (although shot-to-shot fluctuations are inherent to laser 
ablation, and it has been suggested that the relationship between the shock wave energy and the 
amount of material ablated is lost anyway because of the complexity of the laser-material 
interaction [42]), decreasing the confidence intervals by increasing the number of laser shots per 
material, and automating the data analysis process. Additional energetic materials will also be 
tested with this method. 
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List of Symbols, Abbreviations, and Acronyms 

AN ammonium nitrate (NH4NO3) 

ARL U.S. Army Research Laboratory 

Comp-A5 Composition-A5 (RDX coated with 1.5% stearic acid) 

Comp-B Composition-B (60% RDX, 40% TNT) 

CL-20 hexanitrohexaazaisowurtzitane 

CN cyano radical 

Epsom salt magnesium sulfate (MgSO4) 

GAP glyzidyl azide polymer 

GNP graphite nanoparticles 

H2bta 5,5′-bis(1H-tetrazolyl)amine 

HBT 5,5′-hydrazinebistetrazole 

HMX cyclotetramethylene tetranitramine 

HNS hexanitrostilbene 

LIBS laser-induced breakdown spectroscopy 

LSDW laser-supported detonation wave 

m-DNB 1,3-dinitrobenzene 

NG nanographite 

p-DNB 1,4-dinitrobenzene 

Pentolite 50% TNT, 50% PETN 

PETN pentaerythritol tetranitrate 

RDX cyclotrimethylene trinitramine 

TAG-MNT 1-methyl-5-nitriminotetrazolate 

TATB triaminotrinitrobenzene 

TMD theoretical maximum density 

TNT trinitrotoluene 
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