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PRECURSORS IN DETONATIONS IN POROUS EXPLOSIVES

Robert L. Spaulding, Jr.
University of California, Los Alamus National Laboratory
Los Alamos, New Mexico 87545

and single crystals of PETN,

buildup of this material.

Photographs of detonation waves in low-densjty HMX and
PETN, made with an image-intensifier camera, sho a bril-
liant band of light in front of the pressure jump. The
rsdiation temperature is estimated to be 12,000 K to
14,000 K. The spectrum of this linht is continuous. A
quartz gauge shows a gradual buildup of pressure from the
material prcducing the light.
fect on the propagation of detonation.

The material has little ef-

Further observations, using pellets of plastic-Sonded HMX
Bhow that the material thrown
off the free surface is transparent, with a leading edge

moving at approximately 20 mm/us.
rial with polymethyl methacrylate
liant light with a spectrum that is initially a narrow
H, line. Quartz gauges mcasure the rate of pressure

Collison of this mate-
(PMMA) produces a bril-

I. INTRODUCTION

During the past forty vears, sev-
eral investigationJ (1-3) hLave been
made of the light recorded in photo-
graphs of detonating explomives when
air shock is supprersed. Paterson (2)
showed that in the absence of air
shock, very bright light is emitted
from detonating grarular PETN, and from
strongly shocked layers of NaCl, where-
as only faint light is emitted by plas-
tic explosive alone. Blackburn and
Seely (3) showed that the bright light
observed by Paterson in KaCl is not
caused by air shock because it is undi-
minished in intensity when methane |s
substituted for air.

Later, Seely (4) showsed that det-
onating pellets of preamied HMX and PETN
emit a bright burst of light, brighter
than the subsequent air shock, and that
this burst of light {s emitted even
when the explosive is detonated in
methane, helium or vacuum. He further
showed that material is ejected from
the surface of a large, detonating PETN
crystal which produces a brilliant
light when it stagnates againut another
PETN crystal surface. He postulated

stagnation hot spots against Adowngtream
grains to be the ignition mechaniam for
shock initiation of granular explo-
sives. At about the same time,
Lundborg (5) showed that, in a vacuum,
some material is thrown otf the end of
a detonating stick of TNT with a veloc-
ity that varies with *he amount of re-
mnidual gas in the vacuum and reaches 20
mm/u8s at a presgure of 0.13 Pa. Hay,
Paters, and wWatson (6) then showed from
spectroscopic studies that the material
moving with the highest velocity is hy-
droger.,, and it is followel by other
heavier atomic species. The work dis-
cussed in this paper was undertaken to
further characterize this material and
to study its connection with the detc-
nation process,.

II. EXPFRIMENTS

Qur observationy, were Endo with
image-intensifier cameras (I4C) (7)
with each camera capable of single or
multiple exposures. All exposures vere
made at a nominal 10 ns. Intenaifica-
tion gain was selectable and was varied
from 10,000 to less than 100, as re-
quired by each experiment.



a4 our first set of experiments,
HMX was the explosive used. A sample
containing a large fraction of coarse
crystals wasn sieved to obtain a coarse
cut of -20/+40 and a fine cut of -70
(USA Standard Testing Sieve Designa-
tion). Samples were loaded by pouring
into an aluminum shot assembly (Fig.
1), which contained & detonator at one
end and could be sealed and esvacuated.
The densjty of the explosive was ap-
proximately 0.95 Mg/m>, or one-half
of cryscal density, All shots were e-
vacuated to 1.3 Pa. Figure 2 is a pho-
tograph of the coarse cut of HMX deto-
nating. The light from the detonation
i8 very bright and is scattered forward
through the translucent, undetonated
crystal aggregate, confusing the inter-
pretation of the photograph. This
scattered light was largely eliminated
by coating the HMX crystals with a
black dye (¥le-master Transparent Black
ink). Figucre 3 is a photograph,of the
blackened coarse HMX crystals with the
same exposure as that of Fig. 2. There
is little, if any, scattered 1ight re-~
maining, and the source of the light is
a region with a thickness zcomparable to
a few crystal dimensions. The experi-
ment was repeated with the fine cut of
HMX, also blackened. Exposure was the
same as for Figs. 2 and 3. The result
is shown in Fig., 4, The light is as
bright as before, but the region emit-
ting the light has a thickness propor-
tional to the size of crystals anl
heince is narrower than that seen with
the coarge cut.

Microscopic examiration of the
f{ln negatives of the shots showr in
Figs. 3 and 4 shows detail not visible
in the print. Of particular interest
are a number of small, very dense spois
embedded in the image, indiccting re-
gions with a high radiation temperature
gsurrounded by regions with a lower tem-
perature,

An experiment was done to ohtain
an estimate of the radiation tempera~
tures in these bright bands of light.
Photographs were made of the two sam-
ples shown in Figs. 3 and 4; of a sam-
ple of coarse blackened NaCl crystals
shocked by high-density HMX; of the sun
and of argon shocked by Composition B.
The photographs were taken on a single
piece of film, and processed to ensure
uniform treatment of all aress of the
film. The image of the sun was barely
detectable and much too faint co
print. The remaining insayes were read
on a microdensitometer. It wan found
that the shocked argon produced the
greatest denaity on the negative (and
hence was the brightest object photn-
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Fig. 1. Shot assembly for observations
of detonations in pour density
HMX and PETN. PBX 9501 is the
designation for 95% HMX bonded
with 5% plastic and pressed to
high density.

rig. 2. Photograph of Detonating,
coarse HMX.



Fig. 3. Photograph of detonating,
coarse HMX blackened to sup-
press scattered light.

Fig. 4. Photograph of detonating, fine-
grain HMX blackened to suppress
scattered light.

graphed). Both samples of HMX and
shocked NaCl produced images indicating
general brightness levels below that of
argon but much greater than that of the
sun. In all three samples, moreover,
there were 2 few small areas indicating
brightness levels only a little less
than that of shocked argon., The sun
has a blackbody temperature of approxi-
mately 5762 X (8) and argon shocked by
Compoaition B has a blackbody tempera-
ture of approximately )8 000 K (9).

The gamma of the film, especially in
the higher density range, was not meas-
ured and an accurate estimate of the
radiation temperature could, therefore,
not be made. We can, however, make
rough estimates based on concideration
of the calculated response of the
image-intensifier tube to blackbody
radiation of various temperatures be-
tween 6,000 XK and 18,000 K. On this
basis, the hottest spots seen in deto-
nating HMX as well as shocked NaCl have
radiation temperatures as high as
12,000 K to 14,000 K, while the remain-
ing areas have lower temperatures in
the 9,000 K to 12,000 K region.

These radiation temperatures cov-
respond t0 real temperatures in the
radiating medium only 1€ it is a black-
body (i.e., If it i8 optlically thick
with a blackbody spectral distribu-
tion). The optical thickness was not
measured, but a crude spectrum of the
band of bright light waz made, For cur
spectrograph we used the setup shown in
Fig. 5. The ghot assembly was loaded
with fine (-70 sieve) blackened PETN
and oriented Bo that the thin band of
detonation light could act us itcs own
slit. Because the exposure time was 10
ns, the {mage movement was less than
0.05 mm at the camera and produced no
discernible blur. Lens No. 1 imaged
the detenation on a combination clear
glass p.ate and interference filter
with band pass of ~10 nm, centeraé on
the 546.1-nw line of Hg. ghis irnage in
tuzn was reimayed on the 14C by lans
No. 2 after passing through the trans-
mission grating. The grating used has
200 grooves/.m, {s blazed for the first
order, and gives a spectral resolution
some 10 times yreater than the resolu-
tion of the camera (n15 lp/mm). Figure
6 shows the spectrum of detonating
PiTN. The various horizontal streakr
correspond to elpecially bright spots
along the strip of detonation light.
The small patch wi 1ight above the main
spectrum near the canter of the picture
is the light transmitted by the inter-
ference filter at 546.1 nm. The spec-
trum extends from approximately 650 nm
to 416 nm. It is continuous, and is
much orighter in the bdlue than in the



red, even after allowing for photocath-
ode response in the two regions. This
observation supports the estimates of
high temperatues.

In order to relate the position
of the brilliant detonation light to
the position of the traditional “deto-
nation front" or pressure jump, some
experiments were done with the shot
getup shown in Fig. 7. A smsll argon
£lash {lluminated the front of the e-

Interfereance
Futor
Filter G|lll
Lens L'"' Grating
Shot No. |
Assembly

Fig. 5. Experimental setup to obtain a
gspectrum of detonation light.

;r te tur "._\“\4~

rig. 6. Speutrum of detonating PETN.
Small blob above the spectium
ia light transmitted by an in-
terference filter with 10 nm
band width centered on 546.1
nm. The blue end of the spec-
trum is to the right,

vacuated shot assembly filled with
coarse HMX., 3ince the detonation light
was almost as bright as the argon flash
itself, it was attenuated to avoid sev-
ere overexposure of the photograph of
the shot assembly. A Kodak gelatin
neutral density 2 (ND-2) filter was
found to be suitable. It was trimmed
and oriented to just cover the image of
the HMX. The photograph obtained is
shown {n Fig. 8. Shock winga cen be
seen in the polymethyl methacrylate
(PMMA) , on either side of the band of
detonation light, making an angle of
~v53C with the axis of detonation, and
~riginating at the rear of the band of
a2 '¢ht, They show clearly that the det-
r.ation light in this explosive system
is produced ahead of the pressure jump,
as surmised by Seely (4).

A variation of this experiment
was made by removing the ND-2 filter
from the first image plane and placing
it against the inside surface cf the
PMMA window, in contact with the HMX
column. The result is shown in PFig.

9. Again, there is a band of light a-
head of the pressure jump, as marked by
the origin of the shock wings or either
side of the detoriating column. In this
photograph there ig a pattern of hot
material behind the shock front, not
seen in the grevioua photograph, uhich
appears on the negative to be brighter
than the band of detonation light. In
other experiments, similar structure
has been observed in the material be-
hind the shock front when the band of
detonation light was heavily overex-
pored. The raclation temperature of
these glowing spots is estimated to be
2,500 X to 3,500 K. The passerge of the
shock front evidently destroyed the
gelatin film ND-2 filter, thereby al-
lowing 100 times as much light trans-
mission as before, making it pocsible
to record the brilliant detonation
light and the much less brilliant light
behind the shock front in a single ex-
posure. The cause of the pattern of
relatively cool mpots is not known.

The observation of material pre-
ceding the shock front in the detona-
tion, although not unexpected, stimu-
lated experiments to characterize it.
In the first experiment, a quartz gauge
was placed at the end of a detonating
column of blackened, evacuated, coarse
HMX and the detonaticn was allowed to
run inkto it ae rhown in Fig, 10. At
the aame time, three photogrlghn were
taken at 150-ns intervals. e photo-
graphs are ghown in Fig. 11 and the
gauge recordws are shown in Fig. 12,
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Fillter
Shot Lens I Lens
Assembly No. 1 No. 2 Beam
Spolitter

Fig. 7. Shot setup for the simultaneous
observation of detonation light
in RMX and shock location in
PMMA window. The ND-2 filter

was cut to just cover the image
of the HMX.

»

Fig. 8. Detonation light in coarse HMX
photographed using the setup
shown in Fig. 7. Note the
shock wings In the PMMA window
originating just behind the
deconation light. The vertical
lines on either side of the HMX
column are scribed on the alu-
minum,

The pulse on the far left of the
upper beam is the signal from an ioni-
zatinn pin pluaced 8 mm below the
gauge. A pulse 1.6 uys later can be
seen near the cise of the signal from
the quart: gauge, corresponding to the
first photograph in Fig. 11. The lower
beam was delayed 1.0 us with respect to
the upper beam, wrote five t!mes as

Fig. 9. Detonation light in coarse HMX
photographed using the setup
shown in Fig. 7 except that the
ND-2 filter was placed in the
shot assembly at the HMA-PMMA

interface. Note the shock
wings in the PMMA. The bright
patches cf light behind the
shock are maie visible by the
destruction of the gelatin ND-2
filter by the shock. They are
actually ~1/100 as brilliant as
the brightest spots in the det-
onation light.

fast and had five times the voltage
sensitivity. 1In the first photograph
in Fig. 11, it appears that the band of
detonation light has just contacted the
gauge. From the gauge record, however,
it is evident that the gauge begins to
sense pressure approximately 0.3 us
earlier, or more than half the width of
the band of light., We surmise this {s
caused by high-velocity material, too
tenuous to produce detectable light,
but of very high velocity. Analysis of
the gauge record is shown in Fig. 13.
The stress on the gauge builds slowly
for nome 0.3 us, then more rapidly,
reaches 2 GPa and runs off scale before
the shock arrives. This observation
must modify the traditional picture of
a detonation front in porous explosives.

The derivation of an estimate of
the areal mass accumulation from the
gauge data followa a version of the
"thick-plate technique" described by
Asay (10) for investigating shock-
produced ejecta from metal surfaces.
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Fig. 12. Oscilloscope record of stress
on a quartz gauge lwmpacted by
material causing detonation

Shot assembly for simultaneous 1ight in coarse HMX. Upper
photography of detonation in begm writing speed was E‘: 0.5
coarse, blackened evacuated L8/cm, sensitivity 1v/cm, 0.1
HMX and measurement of stress us markers. Lowe. beam was
on a quartz gauge. delayed 1 ys from upper beam.

Writing speed was 0.1 us/cm,
sensitivity 0.2 V/cm, G.l us
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. Ir this method, the ejecta fly across a
gap, impinge on a thick witness plate,
and the stress history at the ejecta
nlate interface is determined. It is
assumed that (a) the r.aterial i{er e-
jected instantaneously from a free sur-
face, (b) the lataral distribution of
mass is uniform over the extent of the
witness plate, and (c) the collision of
ejecta with the witness plate is ine-
lastic. Simple momentum conservation
yields a relation between areal macs
accumulation rate, dm/dt, and the
stress at the face of the witness
plate, o, as

dm/ae = SLEL (1)
where U(t) 1is the velocity of the in-
terface and V(t) is the velocity of an
increment of ejecta, dm, related to the
gap thickness, d4, and time, t, by:

r-t .
V = d + 'é 1} dt . (2)
t

In our experiment U is neglected be-
cause U << V, Furthermore, 4, and
hence V, are indeteiminate. Also, as-
sumption (b) is certainly not valid be-
cause the active gauge surface is 4 mm
in diameter and the photographs of det-
onation light in the coarse HMX show
considerable irregularities on a scale
1/10 of this dimension. If, however,
we take V to be 5.3 mm/us (the approxi-
mate detonation velocity of the explo-
sive), values for dm/dt can be found
from o(t), and graphically integrated
tc give an estimate of the areal mass
accunulation as a function of time
(also shown in Fig. 13). An estimate
of the density of the mater{a) striking
the gauge can be made by dividing the
rate of mass accumulation, dm/dt, by
the velocity, or

p(t) = _<!LhVAd.t - li (3)

giving ~2 pg/mm3 at 1.6 us and 70
ug/mmJ at 1.75 us. These estimates

are too high because the assumed veloc-
ity is only the detonation velocity and
the eject: necessarily move faster than
this, but the estimates do sliow that
the density of material (n the ejecta
ltseam is low (air at 8TP is 1.29 ug/-
mm-) .

A seconé experiment was done ob-
serving the ejecta from a dense axplo-
sive traversing a 20-mm gap, a geometry
more in keeping with ¢he assumption
stated above. Figure 14 shows a sketch
of the shot assembly, and Fig. 15 shows
the static photograph and two dynamic
photographs. The mcale ii: the static
photograph, although distorted by the

thick wall FMMA vacuum tube, gives a
rough measure of the distance between
the explosive free surface and the
gauge (20.0 mm). The first dynamic
photograph was taken just as the lead-
ing edge of the band of light on the
wedge, made by the transparent ejecta,
wags even with the gauge surface. (Note
that the black line on the rear surface
of the PMMA tube remains visible until
the usual detonatjon products, moving
at v8 mm/us, cover it.) The last pho-
tograph was taken just before the cloud
of opaque detonation products struck
the gauge.

The gauge record analysis is
shown in Fig. 16. It shows that some
material has a velocity greater than 20
mm/us, although the 1light detectable in
the first photograph of Fig. 15 appears
to come from slower material moving at
~20 mm/us. From Ey. (3) we can esti-
mate the density of the ejecta gas as a
function of _velocity. It varies from
~0.03 ug/mm3 for the material strik-
ing the gauge_in the first photograpn
to 0.9 ug/mm3 for co:cesponding ma-
terial in the third photograph. If we
assume that the hjghest-velocity mate-
rial (>15 mm/us) is hydrogen, corres-
ponding to an Sreal mass accumulation
of ~0.65 ug/mm<, it is equivalent to
all the hydrogen in a layer of explo-
sive approximately 10-um thick.

EBW Detonator

PMMA Plate
L
1 L

Plane
ave Lens

PBX 9501

-]
PMMA
\L Wedge -]

¥ig. 14. S8ketch of shot assembly for
simultaneous photography of
detonation ejecta from a
PB: 9501 pellet muriking a
PMMA wedge and guartsz Qauge
measurements of the momentum
of ¢b/. wmaterial,



Fig. 15. One static and two dynamic
photographs showing ejecta
from a PBX 9501 pellet strik-
ing a quartz gauge and a PMMA
wedge.

velocity, vimm /yug)
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rig. 16. Gauge vecnrd analysis o' e-
jecta from s pellet of (2X
9501 detonated by a plane-wave
lens. The arrows indicate the
times of the photographs shown
in Fig. 15.

To characterize further the mate-
rial producing detonation light, an ex-
periment wus done to observe the spec-
trum produced by the detonation of a
single crystal of PETN in a vacuum, in
which the éjected material was allowed
to strike a polished PMMA wedge. A
crystal of very high quality, free of
inclusions and measuring 9.5 x 37 x 21
mm, was glued to the face of a booster
pellet of plastic-bonded HMX in a shot
assembly sketched in Fig. 17.

The PMMA wedge was imaged on a
vertical slit so that the end of the
wedge face nearest the crystal was at
one end of the slit and the end far-
thest from the crystal was at the
other. The spectrum thus was resolved
in time as well as wave length. The
slit was imaged through the grating
onto the photocathode of the camera.

The spectrum obtained is shown in
Fig. 18. The H, line is prominent
and, in agreement with Hay, Peters, and
watson (6), is the first light seen.
At first narrow, it broadens as pres-
sure increases, finally merging into a
continuum with a few lines superim-
posed. A very broad Hg line is faint.y
discernible and three other distinct
lines can be seen. One of these lines
appears to be the oxygen triplet at
615.7 nm. The other two lines at 493
nm and 455 nm have not been identified,

The properties of the ejected ma-
terial, (i.e., high velocity, high
stagnation temperature but low density)
suggest that it might have some effect
on the propagation of a detonation by
preigniting the explosive grains ahead
of the shock front. Clearly it cannot
be necessary for the initiation (and
therefore the continued propagation) of
a detonation, because shock alone {s
known to be suffic.ent. In an attempt
to detect this effect, a series of
shots was fired in which a column of
evacuated, blackened, coarse HMX, in-
terrupted by a brass shim, was deto-
nated at one end and the passage of the
detonation front through the shim was
observed. Three cameras were used and
each camera was exposed three times.
Pigure 19 shows the results with a
0.42-mm-thick shim, At 0.67 us the
detonation light is being emitted from
the bottom of the brass shim. By 1.07
s the light is gone and begins to re-
appear faintly at 1.47 us, recoveriny
essentia)ly full brilliance by the last
exposure (2.27 us). A number of such
shots using brass shims of various
thicknesses from 0.0 mm to 0.25 mm
show the same behavior except that the
thicker the shim, the longer it takes
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Fig. 17. Sketch of shot assembly for
observation of the spectrum
produced by the ejecta from a
detonating crystal of PETN
striking a polished PMMA wedge.

PETN Spectrum

501.5 nm

He Spectrum

Fig. 18. Spectrum of detonation ejecta
from the free surface of a
single crystal of PETN stagna-
ting against a PMMA wedge.

The He spectrum was taken in a
separate exposure with the
spectrograph dimensions un-
changed from those used for
the crystal spectrum.

Camera 1 Camera 2 Camera 3
A. 0.67 ps A. 087 uyg A. 1.07 us
8. 127 . B, 1,47 ¥ B. 1.7 ¥
C. 187 C. 2.07 C. 2.27

Fig. 19, Nine exposures showing the
progress of a detonation wave
in coarse HMX at bulk density
through a brass shim, 0.42-mm
thick. Times are from closure
of an ionization pin.

the detonation light to reappear. From
these observations we cannot say that
the band of detonation light has no ef-
fect on propagation, but any such ef-
fect is too small to be apparent.

I1I. SUMMARY

The very bright detonation light
observed in porous explosives is
caused, at least in part, by material
ejected at high velocity from the re-
acting grains of explosive in the zone
behind the shock colliding or stagna-
ting against unreacted grains ahead of
the ghock, Radiation temperatures es-
timated to be as high as 14,000 KX in
small spots result from this stagna-
tion. Such material is also ejected
from a very smooth face of a crystal of
PETN, and hence the mechanism of jet-
ting by interaction of detonating
grains, while not excluded as a contri-
buting source of material, is not nec-
essary to explain the detonation
light. The stagnation light spectrum
is a continuum, with and other lines
visible on tiie continuum when time and
spectral resolution are sufficient.

The ejected material is transparent, in
contrast to the usual detonation prod-
ucts, and is very tenuous, having a
density roughly comparable to air at
STF. It can, however, produce stresses
in the 1 to 2 GPa range by stagnating
against a solid.

It is reasonable to surmise that
such fagt moving material, tenuous
though it is, could ignite the surface
of exnlosive grains and that these
burning grains could burn fast enough
in the region behind the pressure jump
to support the detonation. A test of
this surmise, obtained by interposing
brass diaphragms in the path of detona-



tion, indicates that detonation pro-
ceeds with only slight retardation even
though the detonation light is extin-
guished for 0.4 us or more. While not
ruling out the "hot spots” produced by
stagnating ejecta as contributing fac-
tors, the test seems to call for other
mechanisms to cause the continual ini-
tiation of the explosive and sustain
the detonation.
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