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Shock Initiation Microscopy with High Time and Space 
Resolution 

Will P. Bassett* [a], Belinda P. Johnson[b], Lawrence Salvati III[b], Erin J. Nissen[b], Mithun 
Bhowmick[b], and Dana D. Dlott[b]  

Abstract: We describe studies of shock initiation and shock-to-detonation transitions in energetic materials using a tabletop shock compression 
microscope with nanosecond time resolution and micrometer spatial resolution.  Planar input shocks with durations of 4-20 ns are produced 
using 0-4.5 km/s laser-launched flyer plates.  Emphasis is on measurements of temperature, velocities, pressure and microstructure using 
photon Doppler velocimetry (PDV), optical pyrometry and high-speed videography.  Techniques are discussed for fabricating disposable shock 
target arrays of tiny plastic-bonded explosives (PBX), liquid and powder explosives, and single-crystal explosives for high-throughput studies.  
Optical temperature measurements of shocked triaminotrinitrobenzene (TATB) are discussed.  Since TATB is yellow, we developed methods to 
correct for the blue absorption to obtain more accurate temperatures.  Hot spots in shocked polymer-encased HMX (octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine) crystals are observed in real time, showing a hot spot produced in a collapsing void that ignites a deflagration.  Despite the 
small dimensions of our explosive charges (typically 1 mm diameter and 250 μm length), we produced reproducible detonation states in solid 
and liquid explosives using short-duration shocks near the von Neumann spike (VNS) pressure.  We show the VNS pressure is associated with 
a transition to high-efficiency gas production from the explosives.  In studies of NM, prior to detonation we see reaction originating at hot spots 
which coalesce to form a superdetonation. 
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1 Introduction 

There has been a strong drive recently to bring dynamic 
explosives experiments down to the laboratory scale, 
where microstructural effects can be examined in detail.  
Towards this end, the Dlott group has developed a 
shock compression microscopy platform for probing tiny 
explosive charges exposed to planar, short duration 
shocks.  The shock compression microscope consists 
of laser-launched flyer plates that produce planar input 
shocks, and a variety of high-speed optical diagnostics. 
Since each shock is destructive, the charges are 
fabricated in shock target arrays containing more than 
150 well-characterized cylindrical charges, allowing for 
high throughput and signal averaging.  This system 
facilitates detailed investigations of short length and 
time scale phenomena using high-speed spectroscopic 
and imaging techniques that observe explosive 
microstructures during shock initiation [1]. These thin 
film shock drives are comparable to exploding foil 
initiators in shock strength and duration which further 
facilitates direct comparison between other 
experimental methods and simulation [2, 3].  

Recently, we have shown that although our 
samples are below the size domain required for 
detonation, we can use a sufficiently strong input shock 
to force explosive samples into a state which has all of 
the characteristics of a detonation [4, 5], that is the 
shock front and the molecules behind the shock front 
behave exactly as those in a macroscopic detonation.  
The ability to produce and probe reproducible 
detonation states at will, and the close correspondence 
between the experimental set up and computer 
simulations of shock initiation, allows us to test 
theoretical predictions and helps explain the results of 
macroscopic shock-to-detonation experiments. 

In the past several years, multiple research 
groups have developed tabletop shock generation 
systems to facilitate a greater understanding of the 
many facets of the complex phenomena involved in 
topics ranging from detonation propagation [6, 7], to 
chemical reaction pathways under shock conditions [8-
11], and hot spot temperature measurements [12, 13]. 
With the exception of the work of Tappan et al. on 
microenergetics, where research is conducted at the 
limit of failing detonation to gain insight into these failure 
mechanisms [7, 14], the sample dimensions in these 
experiments are below the dimension where traditional 
detonations can occur [15, 16], because the diameter 
is below the critical diameter and the run distance is 
often less than the length of the reaction zone.  When 
such tiny samples are subjected to powerful shock 
waves, whether from a donor explosive [7], laser-driven 
impactor[12], or direct laser-drive [10], it is imperative 
to know the condition of the sample so that it can be 
related to both macroscale experiments and theoretical 
models.  In the Dlott lab, laser-driven impactors drive 
short pulses (4 – 20 ns) into samples of liquid, 
particulate, single crystal or polymer-bound explosives 
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(PBX), which are typically 1 mm in diameter and 40 – 
500 µm thick. 

Detonations are commonly understood using a 
non-equilibrium theory developed by Zeldovich, von-
Neumann, and Dӧring (ZND), where a detonation-
strength shock wave drives the unreacted explosive to 
high pressure termed the von-Neumann spike (VNS) 
pressure prior to the onset of chemical reaction [17].  
The nonequilibrium ZND model describes the 
detonation as consisting of a shock front at the VNS 
spike pressure transferring energy into vibrational 
doorway modes and intramolecular vibrations which 
break chemical bonds[18, 19].  The energy invested in 
breaking bonds is returned in abundance by the 
subsequent recombination of reactive species 
producing stable reaction products in highly exothermic 
processes.  All the chemical processes that affect the 
detonation occur between the VNS and the Chapman-
Jouguet plane (CJ-plane)[17]. The region between the 
VNS and the CJ-plane is termed the reaction zone.  By 
using input shocks with pressures at or above the VNS 
pressure we can rapidly and efficiently produce 
detonation states on a tabletop.  These states 
eventually decay due to quenching by edge waves 
rather than propagating through the entirety of a charge 
as a detonation above the critical diameter would.  

Another important factor in the shock-to-
detonation transition, especially with underdriven 
shocks (shocks with pressures below the VNS or CJ 
pressure) is hot spot generation and growth.  In 
inhomogeneous explosives, and sometimes in 
homogeneous explosives spiked with nucleation 
centers, the shock-to-detonation transition is initiated at 
hot spots where energy is focused into spatially-
localized regions of high temperatures which far exceed 
the building shock front condition.  These hot spots seed 
the reaction and produce deflagration (rapid 
combustion) which may transition into a detonation [20]. 
If the hot spots generate sufficient reaction to reach the 
detonation condition, the detonation will propagate in a 
steady state of dynamic equilibrium until the entire 
explosive charge is exhausted.  If the heat losses due 
to adiabatic expansion, thermal equilibration with the 
colder material surrounding the hot spot, pressure loss 
due to rarefaction waves, and slow reactivity exceed the 
heat generation from the chemical reactions, the hot  

 

Figure 1. (a) Schematic of the shock compression 
microscope with laser launched flyer plates.  (b) Spatial 
profile of the focused homogenized launch beam.  PDV 
= photon Doppler velocimeter. 
spots will quench.  Understanding the role of hot spots 
in shock initiation of explosives under short-pulse shock 
conditions has been a goal of the Dlott lab for several 
years [12, 21].   

In this study, we explore the various techniques 
utilized in conjunction with the shock compression 
microscopy platform for probing hot spots and shock-to-
detonation transitions. By combining high-throughput 
experiments and multiple optical diagnostics, we have 
begun to understand what threshold conditions are 
required to generate a state in our tiny explosives that 
is fundamentally equivalent to a detonation, while 
staying well-below the size domains required for 
detonation, as well as probing the changes that occur in 
hot spot genesis and evolution and reaction-supported 
shock waves as this threshold is reached. 

2 Experimental Section  

2.1 Laser Driven Flyer Plates 

The experiments described here were performed using 
the laser-driven flyer plate launch system developed in 
the Dlott lab [1, 22]. Laser-launched flyer plates have 
been around for decades, but their use in scientific 
investigations has been limited by concerns about the 
state of the flyer plate material that has been exposed 
to high-intensity laser pulses, the flyer plate integrity and 
the impact planarity.  Work in the Dlott group has 
demonstrated that laser-launched flyer plates can be a 
precision scientific tool for shock compression science. 

An overview of the shock compression 
microscopy platform is shown in Fig. 1a. A Nd:YAG 
laser, Spectra Physics Quanta-Ray Pro-350-10, with a 
maximum pulse energy of 2.5 J, pulse width of 10 ns, 
and a high value of M2 = 40 was used at the 
fundamental wavelength of 1.064 μm as the launch 
laser. The flyer plates are generated from metal foils 
epoxied to inexpensive glass plates either two or three 
inches square and 6.35 mm thick.  Hundreds of flyers 
can be launched from each plate.  Several kinds of foils 
have been used, including Al, Cu and stainless steel, 
but most commonly we use Al foils 25, 50, or 75 µm 
thick.  To reduce the reverberating shock in the flyer 
plate generated by impulsive acceleration, we make the 
acceleration more gradual by stretching the laser launch 
pulse to 20 ns.   

We emphasize that it is critical to have a launch 
beam with a spatially-uniform intensity profile[23].  
Otherwise different regions of the flyer plate travel at 
different velocities and the flyer plate loses integrity.  We 
homogenized our laser beam using a diffractive optic 
from Silios, which requires a laser beam with a high 
value of M2 (i.e. a highly multimode laser beam).  The 
focused beam profile at the flyer plate is shown in Fig. 
1b.  The nature of this beam shaping method is such 
that even though the laser beam profile changes with 
time during the pulse, and over time due to gradual 
changes in laser alignment, the flyer plate always 
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receives a spatially-homogeneous beam.  The focused 
beam has a homogeneous region 500 µm in diameter 
with soft edges extending to 700 µm (Fig. 1b).  The soft 
edges of the laser beam give unpredictable  

Figure 2. (a) Schematic of target chamber illustrating 
several different sample configurations.  (b) An array of 
186 PBX charges 1 mm in diameter.  (c)  liquid cuvette 
array with photoemissive dye in water prior to covering 
with the Al gasket.  (d)  Plastic explosive array with part 
of the PBX charges on mirrored substrate. (e)  Polymer-
encased single crystal.  Red circle denotes diameter of 
flyer plate.   
 
results at the outer perimeter of the flyer plates, but the 
uniform 500 µm diameter region launches a flat flyer 
plate with minimal tilt (<1 mRad) at velocities up to 4.5 
km/s for 25 µm flyers and 2 km/s for 75 µm flyers [22]. 
The target chamber holds the flyer plate and sample 
under vacuum of about 13 Pa.  At that pressure, air 
resistance to the flyer plate is negligible. 

The target chamber (Fig. 2a) is mounted on an 
inverted microscope, which allows the target arrays to 
be mounted parallel to the laser table, so liquid and 
powder samples do not spill out.  The inverted 
microscope provides clearance for the flyer plate 
launcher (from the top) and a microscope objective 
(from the bottom) that collects emitted or reflected light 
from the sample.  The collected optical signals can be 
directed into several different detectors.  

Flyer and material velocity profiles are detected 
with ~1 ns time resolution using an all-fiber optic Photon 
Doppler Velocimeter (PDV) described previously [24]. 
The PDV allows us to measure the flyer plate velocity 
profile, the instant of impact, and the imparted sample 
material velocity Up as the shock propagates through 
the sample.  The PDV uses a 1550 nm beam from a 
single-mode fiber laser.  The beam is split into a probe 
and a reference beam.  The probe reflected from the 
moving sample and the reference beam are combined 
in a 3x3 mixer, and three interference waveforms 120° 
out of phase are detected using three 20 GHz 
photodetectors (Narda Miteq) with an 8 GHz 
oscilloscope with a 25 GS/s sample rate.  The 
oscilloscope sample rate limits the velocity 
measurements to 6.2 km/s or below.  The 
interferograms can be converted into velocity profiles 

using either moving window Fourier transform or direct 
integration [24]. 

Laser driven flyer plates are often compared to 
small-scale gas guns [22]; however, given the short 
duration of the steady shock drive produced by thin 
metal foil flyers, it is more apt to compare them to short-
pulse initiation systems such as electrically driven 
initiators [3, 25]. In the present publication, we highlight 
the use of optical pyrometry, high-speed imaging, and 
PDV for characterization of short-pulse shock-initiation 
of explosives. 

2.2 Versatile Sample Arrays for High-
Throughput Compression Experiments 

A challenge for laboratory scale shock physics, arising 
from the fact that each shot destroys the sample, is the 
rapid production of large numbers of nominally identical 
well-characterized micron-scale explosive charges.  We 
have developed techniques for manufacturing target 
arrays of polymer-bound explosives (PBXs[13], liquids 
[4], and crystals embedded in polymer binders.  As 
shown in Fig. 2b, an array can consist of hundreds of 
hexagonally close-packed explosive charges.  To 
fabricate the arrays, we bond polyimide or Teflon 
adhesive tapes of the desired thickness (usually 30-500 
mm) to the glass substrate, which also acts as a witness 
plate.  An array of holes (typically 1 or 2 mm in diameter) 
are cut into the tapes with either a focused laser beam 
or a mechanical end mill.  These holes form tiny wells 
of known thickness where the explosive materials can 
be packed.  For liquids such as nitromethane (NM) or 
water with photoemissive probes, the holes become tiny 
optical cuvettes which can be covered with a thin (9 mm 
thick) Al foil flexible enough to act as a gasket to seal 
the cuvettes (Figure 2c).  The thin foil also serves a 
shock transmitting layer that matches the shock 
impedance of the flyer plates [4].  We often measure the 
shock emerging from the explosive charge by coating 
some or all of the glass witness plate with an ultrathin 
(typically 20-40 nm) Au mirror (Fig. 2d).  When the 
shock emerges from the explosive and enters the glass 
witness plate, it causes the ultrathin mirror to move, and 
the mirror velocity profile can be measured by PDV.  In 
this case, the mirror monitors the velocity at the 
explosive-glass interface.  The pressure in the glass can 
be determined from the known glass Hugoniot, via the 
Rankine-Hugoniot relations, and the pressure in the 
explosive can be inferred, using the well-known 
Hugoniot crossing method, provided we know or have 
measured the sample Hugoniot [26]. Figure 2e shows a 
single crystal embedded in polymer. 

Although the fabrication techniques we have 
developed can be applied to a wide variety of crystal-
binder systems, we primarily use Sylgard (a poly-
dimethyl siloxane or PDMS) or hydroxyl-terminated 
polybutadiene (HTPB, which can be catalytically 
polymerized into a polyurethane) as binders.  To 
facilitate packing the explosives in the tiny wells, we 
generally use binder-rich formulations.  We have done 
a lot of work on formulations that are 80% explosive by 
weight and 20% PDMS binder. To distinguish our 
laboratory-formulated PBX versions from analogous 
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commercial explosive, we use an “X-” prefix, i.e. e.g. X-
PETN consists of 80 wt.% PETN and 20 wt.% PDMS, 

etc., where PETN denotes pentaerithritol tetranitrate, 
C(CH2ONO2)4.  

 
 

Figure 3. Representative PDV results for various types of targets.  (a)  Flyer launch onto a glass substrate. 
Time = 0 is launch laser firing. (b)  Expanded time version showing a steady shock drive where the window 
material velocity Up is constant for a time ts.  (c)  Expanded-time version of a flyer plate impacting a mirrored 
window producing a steady shock drive lasting 4 ns.  Time = 0 is the instant of impact.  (d)  Rectangular 
shock input to NM measured at gasket-NM interface, and triangular shock exiting the NM.  
 

Detailed studies of hot spots and microstructure 
can be conducted by suspending small single crystals 
or explosive grains (highly-defected crystals or 
aggregates) in a polymer casement (Fig. 2e), which 
provides a flat surface for the flyer plate to impact, 
regardless of the shape or orientation of the crystal or 
grain.   

2.3 Photon Doppler Velocimetry for Shock 
Interrogation 

PDV works best when the signal beam is reflected from 
a mirror surface such as the Au mirror on the witness 
plate or the metal foil flyer plates.  Figure 3 shows some 
example PDV data.  Figures 3a-b show PDV of a 25 µm 
thick flyer plate accelerating off the flyer optic and 
impacting a bare glass witness plate. Figure 3b shows 
a velocity drop after an impact that occurs in <0.5 ns, 
and it shows a plateau of 4 ns duration where there is a 
steady shock drive into the glass.  The velocity of the 
steady drive is the material velocity Up in the glass, 

which can be used to determine pressure when the 
Hugoniot is known.  The steady shock drive is followed 
by a rarefaction that relieves the pressure. Figure 3c 
shows the same type of experiment, but the glass 
window has a mirror coating.  With the mirror coating we 
no longer see the launch, but we enhance the velocity 
profile of the motion imparted to the glass.  The rise time 
of the impact was measured to be 0.5 ns, limited by 
detection electronics, although the actual rise time, 
which may be even shorter, is limited by the roughness 
and parallelism of the impacting surfaces.  The steadily-
driven shock duration was 4 ns.   Figure 3d illustrates 
how we measure input and output shocks and 
determine the Hugoniot with a transparent reactive 
medium, in this case NM.  When the flyer arrives, it 
drives a shock through the Al gasket, and the motion of 
the gasket/NM interface can be measured, since NM is 
transparent.  This interfacial motion gives the input flow 
velocity of the liquid NM.  A second experiment on a 
different sample with a mirrored window gives the shock 
exiting the NM.  Figure 3d shows the input rectangular 
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shock waveform is transformed into a triangular 
waveform after running through the NM explosive.  
Such measurements provide Up, the material velocity, 

and Us, the shock velocity, through knowledge of the 
shock transit time and distance. Measurements of Us 
and Up at different values of Up determine the Hugoniot.  

 
 

Figure 4. (a)  Spectral radiance of shocked X-PETN with graybody fit showing a nonthermal component 
near 640 nm.  (b)  Spectral radiance of shocked NM with graybody fit.  (c)  Spectral radiance of shocked X-
TATB showing the decomposition into a graybody where the blue part of the thermal emission is absorbed.  
(d)  Temperature profile of shocked X-TATB shows low temperatures.  Correcting for absorption gives the 
correct profile.  The same temperatures, but nosier, were obtained fitting only the emission in the red away 
from the absorption. 

2.4 Emission Spectrometer for Optical 
Pyrometry 

We have developed a high dynamic range 
optical spectrograph that can function as an optical 
pyrometer [27].  It has 32 independent wavelength 
channels in the 450-825 nm range.  The pyrometer 
consists of a prism-spectrograph which disperses and 
couples the visible emission into 32 fiber optic-coupled 
photomultiplier tubes. which are sampled at 1.25 GS/s 
with a 1.5 GHz bandwidth.  The light collected by the 
microscope objective creates a magnified image in the 
plane of a variable iris which is reimaged at 0.9X 
magnification to the spectrograph slit.  The imaged 
region is defined by the fiber optic coupling in the 
vertical dimension and the slit width in the horizontal 
dimension.  The aperture can be used to select any 
smaller region for temperature measurements, and we 

have been able to make temperature measurements 
from regions as small as 50 µm.   

The pyrometer was calibrated using a 
radiometric source (Ocean Optics HL-2000) coupled to 
a Labsphere, Inc. 2” diameter Spectraflect-coated 
uniform source, which produces a spatially-uniform 
output calibrated to a NIST-traceable source by 
Labsphere.  Graybody methods for temperature fitting 
have been described previously [12, 13]. Briefly, 
Planck’s Law, Eq. (1), gives the spectral radiance, 
L(T,λ), of a hot body, 
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where ε is the emissivity, λ is the wavelength, T is the 
temperature, and h,c, and k are the standard physical 
constants. To account for spatial inhomogeneity in 
temperature or emission, for instance an explosive with 
hot spots and colder surroundings, which cannot be 
corrected for in calibration, we modified Eq. (1) by 
defining the parameter Φ= ε∙V*, where Φ  is the 
spatially-averaged emissivity measured by our 
spectrometer, ε is the graybody emissivity, and V* is the 
volume fraction of emission. The value of V* can be 
used as a metric to qualitatively assess what portion of 
the sample is hot. For example, if an increase in driven 
shock pressure increases the density of hot spots 
without changing their temperatures, the emission 

Figure 5. (a) Temperatures of four different PBXs (X-
PETN, X-RDX, X-TNT, and X-TATB) during the first 100 
ns after impact at 2.8 km/s. (b)  Corresponding 
emissivities Φ. 
 
spectrum will not change but the emission intensity will 
increase proportionally to the hot spot density. 

To create temperature histories over a long time 
range, for instance 1 ns to 1 ms, the digitizer outputs are 
binned using a log(time) algorithm, where data is 
averaged into 15 points per time decade, which 
improves the signal-to-noise ratio of points, especially 
in the later decades.  Since hot spots are produced by 

noisy, stochastic processes, and hot spot production is 
sensitive to the specific microstructure of each 
explosive charge, the hot spot density and thus total 
intensity on each shot has a significant variation.  We 
can employ signal averaging, typically averaging 25 
shots.   The temperature determinations have a typical 
error of about 5% (95% confidence) and only depend on 
the distribution of spectral radiance (spectral curve 
shape).  The emissivity determination depends on 
knowing the temperature and the radiant intensity, and 
this intensity varies as a high power of temperature, T4 
or greater depending on the wavelength range 
observed.  As a result, error bars in the emissivity 
determination are significantly larger.  Typical standard 
deviations of the emissivity Φ are 50% at shorter times 
and 30% at longer times. 

2.5 High Speed Photography   

We have used two camera systems which have fast-
gated image intensifiers.  The Andor iStar sCMOS 
camera has a single image sensor while the HSFC Pro 
has four image sensors which can be triggered 
sequentially to produce a four-frame nanosecond video.  
Both cameras have minimum image gate times of about 
5 ns.  Using a 10x microscope objective we have 
obtained 2.2 μm spatial resolution verified with a 1951 
USAF calibration target. The single camera can 
produce reconstructed videos by obtaining many shots 
at different delay times, but with that method the video 
streams lack continuity.  With the HSFC camera we can 
produce 4-frame videos, but due to the lower pixel 
density of the HSFC Pro camera, spatial resolution was 
limited to 2.8 μm.   The HSFC camera also has lower 
sensitivity due to the incoming light being divided into 
four parts, so to compensate we usually used longer 
gate times of 10 or 20 ns. 

3 Results 

We present some selected examples to illustrate the 
capabilities of the shock microscope technique and the 
elucidation ofhe dynamic shock response of various 
energetic materials.  Below, we discuss high-speed 
temperature measurements of liquid and solid 
explosives, direct imaging of hot spots in liquids, 
explosive grains, and PBXs, and shock propagation 
through explosives during the shock-to-detonation 
transition.   

3.1 Temperature Measurements  

When making temperature measurements through 
optical pyrometry, the assumptions which are made 
about the physical properties of the material under study 
are crucial to correctly calculating a temperature [28].  
For dense hot bodies such as liquid or solid explosives, 
deviations from graybody behavior primarily result from 
the presence of atomic or molecular absorptions or 
emissions.  Having 32 channels of spectral resolution, 
rather than one or four which is more usual, is a great 
help in assessing the nature of the spectral emission.  
For many condensed-phase molecular explosives, 
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graybody has been shown to be appropriate [1]; 
however, there are a number of systems where 
nongraybody features are significant.  These include 
thermites [29] and explosives with a high metal-particle 
loading [30], where hot metal atoms have narrow-band 
emission spectra on top of the thermal emission.  
Another problem is materials that have strong 
absorption bands in the visible, since the spectral 
radiance can be distorted when the thermal emission 
passes through the absorbing medium. 

Figure 6. (a)  Temperatures and radiances of shocked 
NM with a 4 km/s impact.  (b)  Spectral radiances at 3 
ns and 8 ns, showing the rising temperature as emission 
begins. 

Some examples of thermal emission spectra 
are shown in Fig. 4, where we compare the emission 
(discrete points) to the best fit to Eq. (1) (smooth 
curves).  Figure 4a shows the emission from X-PETN 
after a 2.8 km/s impact, along with the best fit to Eq. (1).  
There is a deviation from graybody at about 640 nm, 
which may be caused by N-atom emission.  These 
deviations are sufficiently small to have negligible effect 
on temperature determinations due to the high channel 
count of our system. In a lower channel pyrometry 
system which sampled from this portion of the spectrum 
the deviations could lead to significant errors.  Figure 4b 
shows thermal emission from NM, which is clearly a 
good fit to the graybody model.  TATB (1,3,5-triamino-
2,4,6-trinitrobenzene) is a particularly difficult case due 
to its yellow color .  Unlike colorless PETN or NM, TATB 
absorbs blue light.  The emission spectrum in Fig. 4c, 
from X-TATB, is highly nonthermal since it has a great 
deal of intensity at 700 nm but hardly any at 500 nm or 

below.  Blind fitting of such a spectrum can produce 
temperature errors of thousands of K [12]. We recently 
developed a method to treat such spectra, where we fit 
the emission to a graybody along with a single 
absorption band.  For X-TATB this emission band peaks 
at about 550 nm and it is quite close to the TATB 
absorption spectrum in the spectral region we observe.  
The absorption spectrum under shock loading for a 
TATB-based PBX was reported previously by Saint-
Amans et al [31].  Fitting the emission to graybody plus 
absorption band results in an excellent fit as shown in 
Fig. 4c where the absorption appears red-shifted as 
expected from the work of Saint-Amans.  Figure 4d 
shows temperature profiles for X-TATB analyzed by 
either blind fitting or with a blue absorption.  Blind fitting 
gives temperatures of 2500K, because the reduced blue 
intensity makes the material look much colder.  Fitting 
with the absorption model in Fig. 4 gives more 
reasonable temperatures closer to 4000K which is in 
line with the other molecular explosives we have 
measured.  We also found that if we simply limit the 
spectral region used for the graybody fit to 650-800 nm, 
away from the blue absorption, we observe similar 
temperatures to those for the absorption-corrected 
fitting algorithm.  

Figure 5 shows temperature and emissivity 
profiles for four different PBX formulations for the first 
100 ns after shock compression with 2.8 km/s impacts. 
The profiles indicate similar behavior of X-PETN and X-
RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine), while X-
TNT (2,4,6 trinitrotoluene) and X-TATB exhibit higher 
emissivities and lower temperatures. The drawback of 
doing pyrometry on samples where more advanced 
fitting models or limited wavelength ranges are required 
is the cost of temperature accuracy, as seen for X-
TATB. Adding additional fit parameters or limiting the 
range of measurement drastically reduces the accuracy 
of temperature measurements. Standard uncertainties 
(σ = 1.96) for X-PETN, X-RDX, and X-TNT samples for 
which graybody approximations are sufficient are ~5%, 
whereas the uncertainty for the X-TATB samples is 10-
30% due to the greater number of adjustable 
parameters. 

Pyrometry measurements of a 40 µm thick 
nitromethane layer with a 4 km/s impact, which we 
previously showed runs to detonation [4], are shown in 
Figure 6.  With an integration time of about 1 ns, our 
detection sensitivity limits us to temperatures of about 
1800K and above.  In Fig. 6, the first temperature 
determination we can make occurs 1.4 ns after impact. 
Near its maximum, the temperature is steady for 5 ns at 
T = 3430 ±240K, with an emissivity ε = 0.40 ±0.18.  
Previous pyrometry studies on nitromethane have 
reported a detonation temperature of 3600 K [32, 33]. 
Since optical pyrometry is most sensitive to the highest 
temperature regions, the 3430 K temperature is 
assumed to be indicative of the von-Neumann spike 
temperature behind the shock front, rather than the 
temperature near the Chapman-Jouguet plane, where 
models predict temperatures closer to 2200 K [34]. 
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3.2 Imaging Shock Initiation in 
Homogenous and Heterogeneous 
Systems 

To understand the spatial structures produced during 
the run-up and detonation in liquid nitromethane, we 
used our single-frame high-speed sCMOS camera. The 
images in Fig. 7 were obtained without external 
illumination.  They were produced by thermal emission 
from nitromethane over a 5 ns acquisition window. 
Figure 7a shows images taken at flyer speeds of 3.3 
km/s, which does not run to detonation, and Fig. 7b 
shows a 4.0 km/s impact, which does run to detonation 
(see below).  At the shortest times, the emission 
appears in the form of hot spots. We do not know the 
origin of the hot spots, which may involve spatial 
variations in the initiating shock, NM density 
fluctuations, chemical reaction instabilities, or 
impurities. With the 3.3 km/s impact, the hot spots die 
out, but with the 4.0 km/s they grow and coalesce.  The 
12 ns image (Fig. 7b) provides early indications of what 
appears to be the formation of either cellular structures 
or failure waves in the detonation front. Additional work 
to verify this structure is currently underway, but with the 
historical importance of cellular structure in 
understanding detonation waves in nitromethane, we 
have included the preliminary results in this publication 
[35, 36]. 

 

 
Figure 7. Images of thermal emission from NM with 
(a) 3.3 km/s or (b) 4.0 km/s impacts.  At the higher 
impact velocity hot spots evolve into a detonation with 
cellular structure. 

 
The role, origin, and evolution of hot spots in the 

initiation of heterogeneous, microstructured explosives 
such as PBX has been of interest for decades[15, 37, 
38]. Direct observation of hot spots using imaging 
techniques has long been desired to ascertain their 
origin points, temperatures and rate of growth or 
extinction [20]. Figure 8 demonstrates the progression 
of hot spot initiation in a grain of HMX in HTPB binder 
under shock compression, obtained with the 4-frame 
camera. The unshocked crystal, shown in Fig. 8a, has 
many cracks, stacking faults, agglomerated smaller 
crystals, and—most tellingly--a void near the center. 
The dynamic images we obtain are just bright spots 
against a dark background.  In Fig. 8b we superimposed 
the bright spots onto static images of the crystal for 
reference, and we presented the bright spots with a 
false-color intensity gradient ranging from red to orange 
to yellow.  The emissive halo around the crystal with a 
diameter of 500 µm is due to the driving plasma behind 
the flyer plate. Consistent with modern understandings 
of hot spot formation, light is first seen centered on the 
void.  The image stream in Fig. 8b shows that this hot 
spot flares up to a high temperature and then cools 
down after which the crystal is ignited around 25 ns, 
producing a deflagration that spreads throughout the 
crystal. This ignition is seen both near the quenched 
central hot spot as well as the edges of the crystal-
binder interface which is known to play a role in hot spot 
ignition on slower time-scales [39]. 

Figure 9 shows results from X-PETN 
experiments, where we have combined video and 
pyrometry.  Similar to the nitromethane images, the 
camera observes the thermal emission without external 
illumination.  From these data, we are able to determine 
the way reactivity shifts between lower pressure (the 2.8 
km/s impact) and higher pressure (the 4.0 km/s impact).  
Note the X-PETN sample diameter was 1.0 mm 
whereas the flyer plate was 0.5 mm, so only the central 
part of the PBX cylinder was shocked.  The red 
rectangle in Fig. 9a denotes the region probed by optical 
pyrometry.  At the lower pressure (Fig. 9a) we see a 
nest of hot spots in the shocked region.  Around 100 ns, 
we see a dark region developing, which is the gas 
produced by decomposition of the shocked X-PETN.  
The region is dark because the gas undergoes a fast 
adiabatic expansion which results in significant gas 
cooling.  At the higher impact velocity (Fig. 9b), hot 
spots rapidly evolve into hot expanding gas.  In the 
temperature profiles (Figs. 9c,d), the shorter time 
temperatures are therefore hot spot temperatures.  The 
hot spot epoch is followed by gas production and 
expansion resulting in extremely rapid adiabatic cooling.  
For example, in Fig. 9d, the temperature cools from 
4500K to 2000K in 60 ns, showing the adiabatic 
expansion produces an enormous cooling rate of 4 x 
1010 K/s. 
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Figure 8. Microscope image of shocked defective HMX crystal embedded in polyurethane. The bright spots on 
the perimeter are from the edges of the flyer plate.  

3.3 Detonation and Sub-Detonation 
Dynamics By PDV 

The dynamics of shock propagation in large-scale 
explosives has frequently been measured by 
embedding multiple piezoelectric gauges or external 
magnetic gauges at different locations throughout the 
charge.  Measuring the evolution of the shock wave 
profile in energetic materials has been a standard 
technique for determining factors such as run-distance-
to-detonation [40, 41], critical diameter [42], von-
Neumann spike pressure [43], and reaction zone length 
[44]. Such data is invaluable in validating theoretical 
models and determining values of their adjustable 
parameters to model and predict shock propagation in 
reactive media [17]. Since our mirrored witness plate 
technique measures only the shock exiting the sample 
(or the shock input when the sample is transparent as 
with NM), we have to study shock propagation through 
the sample by combining shock profiles from a series of 
samples of different thicknesses.   

Figure 10 shows shock propagation through 
NM (Fig. 10 a,b) and X-PETN (Fig. 10 c,d).  At the lower 

input pressures (Figs. 10a,c), the shocks decay as they 
propagate. At the higher input pressures (Figs. 10b,d), 
after a brief initial period, the shock maintains a constant 
amplitude and profile over at least a 270 μm run 
distance.  The importance of reaction actively propping 
up the shock wave in these high impact velocity 
conditions cannot be understated. In the limit that 
charge length is kept below the length that edge release 
waves can interact with the system (<250 µm in both 
cases) the material under shock compression is 
experiencing a shock event wherein the shock is kept at 
a constant velocity/pressure due to chemical reaction 
behind the front, akin to a detonation [4, 5]. While not a 
traditional detonation due to non-infinite propagation 
length, the shockwave maintains pressure for over 5 
times its length as compared to inert systems. For 
laboratory-scale systems, this is a detonation 
environment. In the NM example, Fig. 10b, we used 
extended charges as long as 430 μm, and after about 
250 μm the chemically-sustained shocks decay.  This 
longer-time decay is due to the small diameter of 
theshocked explosive, 0.5 mm, which allows edge 
waves to propagate inward and quench the shock.    
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Figure 9. Dynamics of X-PETN shocked below (a,c) and above (b,d) the VNS pressure, viewed through images 
of the thermal emission and pyrometry. Red rectangle denotes region probed by pyrometry. 

 

4 Discussion  

In this section we will discuss the shock compression 
microscope.  Then we will discuss hot spot generation 
and growth.  Finally, we will discuss tabletop detonation 
experiments. 

4.1 Shock compression microscope 

We have presented some illustrative experiments on 
explosives using the shock compression microscope.  
The flyer plate launch system has become a precision 
scientific tool that produces sudden planar impacts, at 
least away from the flyer plate edges.  We avoid the 
edges by aiming our optical probes near the center of 
the plate and using short enough run distances where 
the edge waves have not had enough time to reach the 
probed region. Our optical pyrometer, by sampling 32 
channels in the visible range, provides enough spectral 
resolution to identify nongraybody portions of the 
spectrum, which can be ignored or corrected for as we 
did with X-TATB.  Our high-speed video imaging has 
nanosecond time resolution and 1-2 μm spatial 
resolution, and it can directly observe hot spots inside 
shocked explosives.  It can produce and probe well-
characterized detonation states, at least in rapidly-
reacting explosives such as NM and X-PETN.  

It is worthwhile to discuss some of the 
limitations of this technique.  Obviously, it cannot study 

large explosive charges and large-scale phenomena 
such as the fireball.  The flyer plates are only about 0.5 
mm in diameter and the run distances that preserve 
shock planarity are only about 250 μm.  The explosive 
being studied must be compatible with fabrication into 
quite small explosive charges.  Explosives, such as 
undersea explosives, that purposely release energy 
slowly or have 0.5 mm or larger particle sizes, cannot 
be studied in their entirety.  Due to the finite energy of 
the launch laser, only short-pulse initiation (<20 ns) can 
be studied.  Our explosive charges are so small that we 
are not, at least yet, able to embed gauges in the 
samples, so we cannot measure shock wave 
propagation on a single PBX charge.  We have to study 
a series of samples with different run lengths and piece 
together the data to see how a shock runs through the 
explosive.  With opaque samples like PBX, we cannot 
easily see the flyer plate impact, so the precise moment 
of impact can uncertain to a degree.  This limits our 
ability to measure both Us and Up in opaque samples 
and makes it difficult to obtain high Hugoniot equations 
of state for new materials.  When we have transparent 
samples, we can measure both Us and Up on the same 
shot and get much better Hugoniots, as in our prior work 
with NM.  However the accuracy of our Hugoniot 
measurement remains limited by the short run time of 
the shock through the sample, which increases the error 
in our Us determinations. 
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Figure 10. PDV profiles showing the particle velocity into glass produced by shocked nitromethane (a,b) and 
shocked X-PETN (c,d).  At the lower input pressures the underdriven shocks decay.  At the higher input 
pressures, the overdriven shocks produce shocks that briefly run with constant profiles indicating detonation 
behavior. 

4.2 Hot spot generation 

It has been well-known for decades that hot spots are 
the origin point for shock initiation in heterogeneous 
systems [20], even though hot spots have rarely been 
observed directly.  In our PBX samples, hot spots are 
detected indirectly with optical pyrometry by their 
signature of high temperatures combined with small 
emissivity changes.  This combination of properties 
shows the hot regions are a small part of the overall 
explosive charge, but does not distinguish between, for 
instance, one large hot spot or many smaller ones.  
Optical pyrometry in an inhomogeneous material is 
most sensitive to the hottest regions.  In shocked PBX 
there will likely be a distribution of hot spot 
temperatures.  Hot spots formed by combustion of the 
explosive will most likely be in the 3000-4000K range, 
depending on the explosive, but hot spots formed by 
gas compression, either by air inside the explosive or by 
hot gases produced by the shocked explosive, can be 
much hotter, even 6000K or above.  So gas-
compression hot spots dominate the shorter-time 
pyrometry measurements.  However the gas-
compression hot spots die out quickly, as in Fig. 8, so 

at longer times the temperatures we observe are due 
primarily to rapid burning (combustion or deflagration) 
of the explosive materials. 

We can directly observe hot spots in our single 
crystal experiments, for example Fig. 8.  In Fig. 8 we 
see a crystal with an internal void, we see the brief flare 
caused by gas compression in the void, and 
subsequently we see a deflagration moving through the 
explosive.  Previously, we showed that in large voids hot 
spots reach temperatures >6000 K due to the 
compression of produced gasses within the voids as the 
shock propagates across the void [13]. From this it is 
reasonable to expect that the central hot spot carries 
little thermal mass and does not heat the single crystal 
enough on thermalization to ignite on its own. When a 
significant number of the hot spots coalesce or interact 
with additional heat generation mechanisms such as 
those experienced on at the crystal-binder interface 
reaction is able to run to a deflagration and potentially 
detonation within the sample [20].  In this way we can 
study the precise microstructures that most favor hot 
spot generation.  When the explosive is a (nearly) 
perfect single crystal, we have observed that initiation 
always starts at the crystal-binder interface.  But real 
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explosives contain highly defective crystals such as the 
one shown in Fig. 8.  For example, by selecting a crystal 
with internal defects far from the crystal edges, we can 
observe the relevance of the internal collapsing hot spot 
with low thermal mass to the overall ignition 
mechanism.  We can study a random selection of 
defective crystals or we can engineer specific 
microstructures by sculpting crystals with a 
femtosecond laser.   

There are also hot spots in nominally 
homogeneous explosives.  A classic example of hot 
spots in homogeneous explosives is when NM is 
seeded with hot-spot nucleation sites such as glass 
microballoons.  Now we have seen hot spots in neat NM 
lacking any extrinsic nucleation sites on the size scale 
which are observable in our microscope system with a 
spatial resolution of ~2 µm (e.g. Fig. 7).  We propose 
two possible origins for these hot spots.  Either they 
result from spatial nonuniformities in the initiating shock, 
or they arise spontaneously in the initially homogeneous 
medium.  The shocks we generate in NM are not entirely 
homogeneous, due to imperfections in the flyer plate 
and gasket materials, which are polycrystalline Al foils 
with roughness and scratches.  However when we 
purposely scratch the inside face of the gasket adjacent 
to the NM, we do not see any hot spots that can be 
associated with the scratch, so at least at the present 
time, inhomogeneities in the shock generation process 
do not seem to be the origin of hot spots in our NM 
experiments.  The spontaneous generation of hot spots 
within the initially homogenous medium still need to be 
seeded in some way. Due to our lack of observation of 
any pertubrations on the micron-scale, these nucleation 
sites must be below this size scale and thus could be 
things such as dissolved gasses within the 
nitromethane or submicron solid impurities within the 
liquid or on the confining lid.   By process of elimination, 
it is our belief that the hot spots arise spontaneously in 
the shocked homogeneous medium because the 
medium is reactive.  The reactive medium is initially a 
homogeneous medium that becomes inhomogeneous 
spontaneously, forming nucleation sites for hot spots. 
 

4.3 Hot Spot Evolution 

Of equal importance to hot spot formation mechanisms 
is the behavior of the hot spots after creation. The key  
issue is whether a given hot spot extinguishes or 
whether it grows into a deflagration.  Hot spots may 
extinguish due to expansive cooling, either the radial 
expansion seen in Fig. 9, or when the rarefaction 
arrives, which is particularly important in our short-pulse 
initiation experiments.  Alternatively they may extinguish 
due to thermal conduction to the colder surroundings, 
which is a function of the size and temperature of the 
hot spots.   

In Fig. 8, we see an example of hot spot growth, 
where the small hot spot created in the collapsing void 
ignites and spreads through the entire crystal.  
Experiments such as these can show how rapidly hot 
spots grow and how they grow in an anisotropic 

crystalline medium.  In Fig. 8, the hot spot appears to 
grow along a particular path, from the hot spot to the 
crystal edge, running along the edge and then wrapping 
around the corner. 

In the PBX results in Fig. 9, after the hot spots 
are produced by the 4 ns shock input, there is a period 
of rapid cooling.   During the cooling period, the 
temperature declines from gas-compression 
temperatures of 5000K to combustion temperatures of 
about 3000K.  This cooling is so rapid it must involve 
adiabatic expansion, and in fact the images in Fig. 9 
clearly show the radial expansion of the explosive 
charges that produces the rapid cooling. 

Figure 9 shows that gas generation becomes 
much more efficient and onsets more rapidly at higher 
impact velocities in the PETN-based PBX.  In fact in 
data not shown here, we have seen a relatively sharp 
threshold around impact velocities near 3.3 km/s.  The 
same appears to be true in NM. The pressure threshold 
where gas generation becomes rapid and efficient is on 
the order, or more likely a bit above the VNS pressure.   
The lower impact velocities favor hot spot growth, since 
at higher impact velocities the rapid gas generation and 
expansion can extinguish the hot spots. 

4.4 Detonation on a tabletop 

Most shock-to-detonation experiments use input shocks 
whose pressures are lower and durations are longer 
than detonation pressures and reaction zone lengths.  
The well-known “Pop-plot” is a plot of run to detonation 
time versus input shock pressure.  The run to detonation 
in such cases is typically hundreds of nanoseconds or 
microseconds and it requires samples of millimeter or 
even centimeter dimensions.  Our need for tiny 
explosive charges less than 250 μm, which is about the 
distance where our input shocks lose planarity, appears 
to preclude such measurements.  However a solution is 
available using overdriven input shocks.  We are 
developing methods to produce detonations using 
shocks near or somewhat above the VNS pressure.  In 
this case it becomes possible to watch the reaction zone 
develop in real time synchronized to the input shock.  
This is analogous to common and useful techniques 
that involve initiating dynamical processes with short 
pulses and measuring their response.   We can see that 
is exactly what is happening in Fig. 10 with NM and X-
PETN.  In those cases, a 4 ns input evolves into a 
reaction zone 10 ns or more in duration.  The ability to 
conveniently generate such detonation states, 
synchronized with trigger pulses, with high throughput, 
on a tabletop, opens up the possibility of detailed 
studies of detonation states themselves with high time 
and space resolution.  For example, it becomes 
possible to do various types of synchronized 
measurements using picosecond or femtosecond probe 
pulses.  In other words, rather than the usual 
measurements that determine steady-state dynamical 
equilibrium properties such as detonation pressure or 
detonation velocity, with short-duration overdriven 
shocks it is possible to study the structure and structure 
evolution of the detonation in real time. 
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4.5 A transition in explosives near the VNS 
pressure 

An interesting question is what properties of the 
explosive determine the VNS pressure.  In liquid and 
solid explosives, when we conduct experiments by 
varying the flyer plate velocity, we see an abrupt 
transition near the VNS pressure.  This transition is 
observed as a sudden increase in radiant thermal 
emission and in the pressure generated by solid-to-gas 
(or liquid-to-gas) transitions observed by PDV and direct 
microscope imaging.  For example, Fig. 9 shows the X-
PETN on either side of this transition.   With a 2.8 km/s 
impact below the transition, hot spots are generated 
during the shock and subsequently cool within a largely 
intact structure.  With a 4.0 km/s impact above the 
transition, once hot spots are generated there is a 
prompt burst of gas clearly seen in the images, which 
results in significant volume expansion and a 
tremendous cooling rate on the order of 2000K in 50 ns, 
or 40 billion Kelvin per second.  These measurements 
indicate that the VNS pressure is the pressure where 
gas production transitions from gradual to rapid and 
efficient.  So the answer to the question posed above is 
that it is at least in part chemistry, in other words the 
chemical kinetics play a large role in determining the 
VNS pressure. 

5 Conclusion  

A collection of work from the Dlott lab is present 
showcasing the capabilities of shock compression 
microscopy for measuring shock initiation and shock-to-
detonation with high time and space resolution.  The 
limitations of these techniques stem primarily from the 
energies available from tabletop lasers which can 
launch only thin, small diameter flyer plates.  We have 
demonstrated a number of methods to produce 
quantities of equally tiny solid and liquid explosive 
charges compatible with our 0.5 mm flyer plate 
diameter.  These tiny charges are ideal to study hot spot 
generation and growth.  Furthermore, we have 
demonstrated methods to produce detonation states on 
a tabletop using short-duration shocks whose pressures 
are at, or a bit above the VNS pressure.   

Although the shock compression microscope, 
and its associated high-speed diagnostics cannot probe 
a variety of large-scale explosive dynamics, it is 
extremely useful in probing microscale phenomena.  A 
deeper understanding of the microscopic and 
mesoscopic mechanisms that underlie explosive 
performance is needed to improve explosive design and 
validate the wide variety of theoretical models being 
developed today.  
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