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We present a new phenomenology for burn propagation inside a thermal explosion based on dynamic
radiography. Radiographic images were obtained of an aluminum cased solid cylindrical sample of a
plastic bonded formulation of octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine. The phenomenology ob-
served is ignition followed by cracking in the solid accompanied by the propagation of a radially
symmetric front of increasing proton transmission. This is followed by a further increase in transmission
through the sample, ending after approximately 100 us. We show that these processes are consistent with
the propagation of a convective burn front followed by consumption of the remaining solid by conductive

particle burning.
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Compared to supersonic detonation phenomena, the
subsonic release of energy in solid thermal explosions is
only primitively understood on a fundamental level for any
energetic material. HMX (octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine) is a powerful energetic nitramine ex-
plosive used in a variety of applications. Considerable
laboratory [1-6] and modeling work [7-10] have been
devoted to one-dimensional linear burning in HMX for-
mulations. However, attempts to implement this under-
standing into simulations have had to settle for external,
integral observations of explosive response [11-14], and
proceed without any direct observation of the phenome-
nology of divergent, three-dimensional burning subsequent
to internal thermal ignition of a solid explosive [15,16]. In
this Letter we report the first direct observation of burn
propagation inside a thermal explosion of PBX 9501. The
application of the Proton Radiography (pRad) facility at
Los Alamos National Laboratory, yields proton transmis-
sion images within a solid thermal explosion. With these
data we identify both convective and conductive burning
mechanisms subsequent to thermal ignition within the
solid and measure the rates of these processes during a
thermal explosion for the first time. Using synchronized
proton images with few us interframe time during the
explosion, we initially observed spatially heterogeneous
patterns in the images, which we attribute to cracking in the
explosive, accompanied by a radially symmetric structure
in the proton transmission emanating from the ignition
volume. We further observed consumption of the solid
explosive, as well as the deformation and destruction of
the metal case, over approximately 100 us. By inference
of solid mass from proton transmission we calculate the
evolution of solid density loss and infer a mechanism of
internal burning during the explosion.

While the rate of energy release in a thermal explosion
may accelerate even into the supersonic detonation regime,
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it begins with a very nonlinear thermal ignition, wherein
chemical energy is released, and temperature increased,
with a rate that depends on temperature. This nonlinear
temporal evolution and acceleration of the process has
precluded the synchronization of a thermal explosion
with any modern, fast radiographic method with sufficient
timing accuracy to enable imaging of the density of the
energetic material within the explosion. This is in contrast
to detonation, where prompt shock initiation has enabled
the application of x-ray and proton radiographic techniques
for decades. We have recently reported a new technique for
synchronizing the timing of a thermal ignition while pre-
serving the inherent features in the subsequent evolution of
the explosion [17]. By application of a laser pulse to
directly illuminate the hottest volume of material during
thermal runaway, the so-called ignition volume, we accel-
erate the thermal ignition and induce explosion within
100 ws. This is sufficiently fast in the thermal explosion
regime to enable radiography of a thermal explosion.

The sample consisted of two right circular cylinders of
PBX 9501 12.7 mm in diameter by 12.7 mm in height
joined along the cylinder axis to form a single 2 to 1 aspect
ratio cylinder encased in aluminum 3.2 mm thick. The two
halves define a midplane in the sample where thermocou-
ples and a 200 pm core optical fiber were introduced [see
Fig. 1(b)]. The assembled halves were glued at the case to
seal the sample, and the end caps were compressed by
external bolts anchored in the end caps as shown in
Fig. 1(a). We used the 1064 nm fundamental wavelength
of a pulsed Nd: YAG laser as the heat pulse which synchro-
nized ignition to the accelerator. The laser was operated in
free running mode, delivering approximately 50 mJ in
150 ws. The laser pulse was coupled into the 200 um
optical fiber that was delivered through the aluminum
case and ended approximately 1 mm from the center of
the sample.
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FIG. 1 (color online). (a) Schematic drawing of the solid
cylindrical experiment. The PBX 9501 sample is shown in white
and the aluminum case in gray. The sample midplane can be seen
as the plane bisecting the two cylinders. (b) Picture of the
midplane of one sample during construction. The aluminum
case and white PBX 9501 are shown with the thermocouples
and fiber optic in place on the midplane.

Transmission images were obtained using 800 MeV
proton radiography at Los Alamos National Laboratory
[18]. The magnification in these experiments gives a full
field of view in the object plane of 46 X 46 mm with a
spatial resolution of ~100 um [19]. Both absolute trans-
mission and change in transmission images were used in
the analysis. The gray scale indicates the transmission
intensity which is related to areal density. Proton trans-
mission was converted to areal density using a transmis-
sion model based on measured proton-target nuclear
interactions and multiple Coulomb scattering.

Four images from a single experiment, viewed trans-
verse to the cylinder axis (the side view), are shown in
Fig. 2. The images were obtained at 26, 40, 54, and 61 us
after ignition, defined as the central temperature rise [17].
The vertical lines along the case are the nichrome heating
wires used to heat the sample. The opening of the midplane
and early leaking of product gases is evident in the first
image. The motion of the case wall as the experiment
opens is seen in the subsequent images, beginning approxi-
mately 45 us after ignition. Four additional images,
viewed along the cylinder axis (radial view) and obtained
from a different experiment, are shown in Fig. 3. The
images were obtained at 9, 16, 37, and 51 us after ignition.
The images are characterized by (i) the early formation of a
heterogeneous pattern of dark lines (increased transmis-
sion), which increase in contrast and complexity through-
out Figs. 3(a)—3(d), (ii) a circular boundary, darkening and
increasing in width throughout, which is the motion of the
aluminum case boundary in response to pressure, and (iii) a
radially symmetric darkening of the field throughout,
which will be discussed below and is consistent with the
decrease of solid explosive density. These observations
have been reproduced with three experiments imaged in
this configuration at two magnifications.

The first details observed subsequent to ignition involve
the spatially heterogeneous patterns which develop in the
transmission images which we interpret as the formation of
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FIG. 2. Four images taken with the side view from a single
experiment. The gray scale is constant for all frames and is the
proton transmission, with light corresponding to low transmis-
sion. The image time was measured relative to the central
thermocouple trigger.

a network of cracks throughout the volume of the solid,
emanating from the ignition volume. This phenomena has
been observed previously in experiments designed to en-
able the optical viewing of a two-dimensional sample at
ignition [20]. Early pressurization of the assembly is suffi-
cient to place the solid in tension due to internal pressur-
ization and, as the material maintains some strength at
these temperatures, this leads to cracking. This observation
is the first verification of this mechanism internal to a
three-dimensional explosion.

A radially symmetric increase in proton transmission
(decrease in density) can also be seen, superimposed on
the crack pattern, from numerical analysis of the images.
This is shown in Fig. 4 where the radial transmission
intensity is plotted as a function of diameter in the radial
view, starting 2 us from ignition. These curves have been
averaged azimuthally over 180°, such that each curve is a
radial average over half of the cylinder, negative diameter
representing one half and positive the other. These aver-
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FIG. 3. Images taken in the radial view from a single experi-

ment. The gray scale is the change in proton transmission
normalized to a static image, with dark corresponding to high
change in transmission. The image time was measured relative to
the central thermocouple trigger.

ages have been taken using several arbitrary planes bisect-
ing the cylinder, all with similar results. The symmetry is
somewhat more evident in the negative diameter half of the
cylinder using this bisecting plane but is nevertheless
robust. The curves have also been normalized to 1 in the
transmission through the explosive.

At early times, from 2 to 9 us, a relatively static volume
of low density is observed in the center of the field,
corresponding to the ignition volume. At approximately
16 us the boundary of the radially symmetric feature
begins to expand, and transmission within the feature in-
creases. The boundaries of this feature reach the cylinder
wall position 6.7 mm from the central ignition at approxi-
mately 37 us. At this time, the increase in transmission
becomes less radially distinct and by 51 us appears rela-
tively flat across the field. The side view images of Fig. 2
show intact cylinder wall position as late as 40 ws, indicat-
ing that the decrease in solid density in the radial view of
Fig. 3 is not due to flow of solid material.

One interpretation of this radially symmetric structure is
the propagation of a convective burn front by gas phase
permeation through the material, followed by the loss of
solid by conductive burning. This suggests a mechanism
based on one-dimensional convective [2] and conductive
[5] burning in HMX. In this mechanism of internal, spheri-
cally divergent burning, a propagating convective front
ignites the solid, which is then consumed by a conductive
burn. An important assumption in this model is that the
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FIG. 4. Proton transmission recorded along a diameter in the
radial view. The data are normalized to 1 for transmission
through the initial solid explosive and vertically offset. Data
from 13 images are shown in 7 us intervals starting at 2 ws
subsequent to ignition. The solid lines are calculations of nor-
malized density using a model of convective propagation of
ignition and consumption by conductive burning.

convective front emanates radially from the ignition vol-
ume, and is either independent of the crack network
formed previously or based upon a finer, spatially isotropic
network structure unresolved in these images.

We have developed a model with which to calculate the
loss of solid to burning using a simple Monte Carlo (MC)
simulation of the combined convective ignition or conduc-
tive consumption mechanism. Figure 4 illustrates some
example calculations as solid black lines through the trans-
mission data extracted from the images. At the time cor-
responding to each curve in Fig. 4 the density along the line
integral through the sample is calculated as a function of
diameter. The model assumes radial symmetry (either
spherical or elliptical) about the center point of the cylinder
and a plane of symmetry bisecting the cylinder at the
instrumented midplane. The MC routine samples points
along the 12.7 mm line of site through one half of the
cylinder at points along the diameter. Points lying outside
the location of the convective front at that time are assigned
a progress variable of zero. Points lying within a volume
about the center assumed to be consumed by ignition are
assigned a progress variable of 1. For points between these
limits the conductive burn time is calculated as the time
from passage of the convective front. For such a point on
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the diameter, x, and a point along the cylinder length, y,
this is given by

_R- V&2 + y?)(1 — {& cos[arctan(y/x)]}?)

t ey
where 7 is the time since passage of the convective front, v
is the radial velocity of the convective front, and R is the
current radius of the convective front. To allow for the
possibility of a faster convective rate along the axial direc-
tion, £ is an elliptical eccentricity equal to /1 — (a)?,
where « is the ratio of the radial over the axial velocities.
The extent of consumption is calculated from a sigmoidal
function, based on this time, as p = 1/(1 + e~ (~60/30),
where p is a progress variable spanning O to 1 over ap-
proximately 20 us and proportional to density. The sum of
values at each MC step, O for material ahead of convection,
0 to 1 in the volume, and 1 for completely consumed, is
integrated and normalized, yielding a density normalized
to 1 at full density. We assume this to be equivalent to the
normalized transmission in Fig. 4.

This simulation uses (i) a fixed radial velocity, which is
directly observed in the data as the diameter where trans-
mission begins to increase in each frame, (ii) the possibility
of higher axial velocities due to increased confinement
away from the release at the midplane, and (iii) a descrip-
tion, in the form of the sigmoidal rate parameters, of the
progress of consumption by conductive burning. The cal-
culations of Fig. 4 were based on the measured radial
velocity of 165 m/s and a spherically emanating convec-
tive front with ¢ = 1. The sigmoidal function itself is
consistent with a nucleation and growth type conductive
burn, and the half time of 6.0 ws used here can be coupled
with an assumed conductive velocity to give a length scale
for the coalescence of independent burn fronts. The pa-
rameters used here also indicate a nonzero progress at zero
time, p(0) = 0.12, which may be interpreted as that solid
fraction consumed by the convective burn front. Further
simulations are underway to parametrize variables such as
€ and the half time of conductive consumption.

Good agreement with the data is obtained from this
simulation, particularly on the negative side of the cylinder.
Variations on the positive side may reflect real perturba-
tions to symmetry that arise from the cracking pattern upon
which the convective front is superimposed. Classical con-
vective [2] and conductive [5] burning are driven by gas
phase pressurization, typically parametrized as a power
law in the linear regression rate as a function of pressure
[2]. From Ref. [2] a pressure of 868 MPa would be required
to drive the measured convective velocity of 165 m/s.
Assuming the conductive rate is driven by the same pres-
sure, the conductive burning data [5] yield a conductive
rate of 0.86 m/s and a length scale for conductive burning
of 10 wm in these experiments.

In conclusion, we provide the first direct observations of
burn propagation in a thermal explosion. The proton trans-
mission images give a quantitative measure of the evolu-

tion of solid density in a thermal explosion. They confirm
the macroscopic cracking of solid explosive as an early
response to pressurization in the explosion followed by
convective ignition and conductive consumption of mate-
rial. We measure the rate of convective burning in the
radial direction and from these data have begun to con-
struct models of burning and consumption taken directly
from observation. These models can be incorporated into
larger scale simulations of high explosive systems
response.
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