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Electromagnetic Effects on Explosive Reaction and Plasma
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Steven J. Pemberton#, Thomas D. Sandoval* and Richard J. Lee'

*DE-division, Los Alamos National Laboratory
Los Alamos, NM 87545, USA

"Indian Head Division,
Naval Surface Warfare Center, Indian Head, MD 20640, USA

Abstract. A number of studies have reported that electric fields can have quantifiable
effects on the initiation and growth of detonation, yet the mechanisms of these effects are
not clear. Candidates include Joule heating of the reaction zone, perturbations to the
activation energy for chemical reaction, reduction of the Peierls energy barrier that
facilitates dislocation motion,' and acceleration of plasma projected from the reaction
zone. In this study the possible role of plasma in the initiation and growth of explosive
reaction is investigated. The effects of magnetic and electric field effects on reaction
growth will be reviewed and recent experiments reported.

Introduction

Possible Role of Plasma in Explosive Reaction

Plasma ejected from reacting explosives have
been studied extensively”’ yet their role in the
initiation and propagation of detonation remains
unclear. The luminous plasma observed at the free
surfaces of detonating explosives have been
observed travelling at velocities of ~20 kn/s in a
partial vacuum of ~1.3 Pa with densities estimated
to be up to 70 kg/m’ but typically <l kg/m®5*
Moreover, plasma temperatures of 10,000 to
20,000 K have been estimated. As these plasma
are present at the free surfaces of reacting
explosives they must also be present within the
interstices of reacting granular explosives and
impact downstream unreacted explosive crystals.
If explosively-generated plasma do play a role in
the initiation and growth of reaction, or detonation,

it may be possible to control the process by the
application of electric fields, thereby modifying
explosive sensitivity and performance.

Data from various experiments performed at
the Los Alamos National laboratory (LANL) are
reported where plasma were projected into
cylindrical guides from detonating charges of
PBX-9501 and their progress was measured by
high speed framing photography, X-ray and proton
radiogra&)hy,9 and Photon Doppler Velocimetry
(PDV).'" In one series of experiments the plasma
were subjected to |-Tesla magnetic fields and in
another series the plasma were subjected to
longitudinal electric  fields with potential
differences of up to £60 kV. In other experiments,
wedges of PBX-9502 were subjected to transverse
electric fields to determine their effects on
detonation failure.

The effect of 1-T magnetic fields on the
initiation and growth of explosives was also
studied in the Modified Gap Test (MGT) in



experiments similar to those performed by Lee
with magnetic fields."

Electric Field Effects on Explosives

Cook'? reported that the application of a
parallel® electric field caused significant changes
to the run distance to detonation in explosive
Comp-B. In similar experiments Lee'® studied the
effects of electric fields on the initiation and
growth of reaction in an HMX-based cast-cured
explosive using the modified gap test (MGT) and
observed modest effects.

Detonation failure study in electric field

In experiments performed at the Atomic
Weapons Establishment (AWE) in England by
Salisbury and Winter,'"” it was shown that
transverse electric fields could significantly affect
the failure thickness of TATB-based explosive
EDC-35. The thickness of the plane wedges of
EDC-35 varied from 6 mm to | mm along a
100-mm length, i.e., they had a 3° taper. Each
wedge was initiated across its 50-mm width by a
line wave generator at its thickest edge and the
progress of the detonation was observed by streak
camera. Aluminum electrodes were placed above
and below the wedges and a 4-pF or 16-uF
capacitor charged to 25kV was discharged
through the detonating explosive. The detonation
would fail at a critical failure thickness and the
effect of the electric field on that failure thickness
was observed by steak camera.

We will describe similar experiments on
another TATB-based explosive that supported
these observations.

Possible explanations for electric field effect

Possible explanations for these electric field
effects include: bulk heating of the reaction
products by Joule heating; reduction of the energy
barrier that facilitates dislocation motion,
perturbations to the activation energy for chemical
reaction, and acceleration of plasma projected
from the reaction zone.

* Parallel and transverse are parallel and
perpendicular to the detonation velocity vector.

In this study the possible role of plasma in the
initiation and growth of explosive reaction and
detonation is investigated.

Magnetic Field Effects on Explosives

Previous work

Significant magnetic effects have been
reported by Cook on plasma generated by a liquid
explosive Dithekite 13 (nitrobenzene/ nitric acid/
water 63/24/13, by weight) in a magnetic field of
~0.1 T." Plasma generated by the detonating
Dithekite was projected from a 6.4-cm diameter
glass tube and entered the magnetic field. The
plasma left the explosive charge at a velocity of
7.3 km/sec, entered the magnetic field at
17.0 km/sec, and then left the field at 1.3 km/sec:
it also described a helical path through the field.
(The strength of the field is significant because
0.1-T magnetic fields are also used to study the
propagation of reaction in explosives using
electromagnetic velocity (EMV) particle velocity
gauges.'” If a 0.1-T magnetic field caused these
magnetic effects then the validity of EMV gauge
measurements is put into question.)

Magnetic fields cannot change the kinetic energy
The Cook'® results would not be expected
because the magnetic (Lorentz) force F on a
charged particle is always normal to its velocity
vector and therefore cannot change its kinetic
energy, y eV. It can only change its direction, i.e.,
F = gv x B, where ¢ is the electronic charge, v the

velocity and B the field. Ejecta from the surface of
a detonating charge tend to expand on a
hemispherical front. It is possible that ionized
plasma could be focused by a parallel magnetic
field.

A charged particle of mass m is deflected by a
magnetic field into a circle of radius r as follows

r:m_v=i 2y£ (1)
Bg B q

Now B =0.1T in the Cook experiments so if
the 20-km/s ejecta reported by Spaulding® were
electrons, i.e., the least massive and therefore least
energetic, then their kinetic energy y would be



~2eV and, given e/m, = -1.759 x 10" Clkg,
r.=48 um.

Also, magnetic deflections of charged
particles should be overwhelmed by collision
effects in air. As the Cook experiments were
performed in air at 1 bar, »,\A =210 where A is the
mean free path between collisions (A = 230 nm for

an electron in air at STP).

1-T magnetic fields in LANL experiments

In the magnetic experiments performed at
LANL that follow, solid explosive HMX-based
explosive charges were detonated in air at
~0.78 bar within either transverse or parallel quasi-
static 1-T fields. So from (1) the deflection radius
r.=4.8 um, and r/A = 16.

Experiments in Electric Fields

Some recent work on the effects of electric
and magnetic fields will be summarized. The
effects of electric fields on the initiation and
growth of reaction in an HMX-based cast-cured
explosive using the modified gap test (MGT) were
reported by Lee.!' Similar experiments were
performed by the authors to determine the effects
of 1-Tesla magnetic fields on the same explosive
in the MGT.

Detonation Failure Experiments in Electric Fields

The AWE study'*'"" showed that transverse
electric fields can change the failure thickness of
TATB-based explosive EDC-35. Similar
experiments were performed at LANL to verify
these results, Error! Reference source not
found.. Streak photography was not used because
it can be affected by electrical discharges along the
edges of electrodes.'® Instead, 25.4-mm thick
polished witness blocks made from stainless steel
304 and ionization pins were used to detect the
detonation front positions.

Two parallel wedges of explosive PBX-9502,
containing 95% TATB by weight and a close
equivalent to EDC-35, with densities of
1890 kg/m’ were placed side by side on a single
witness block. Each pair of wedges was machined
out of a single block of explosive so their densities
and compositions were nearly perfectly matched.
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Figure 1. Schematic of the parallel wedges
experiment. Top: plan view; bottom: side
elevation. Key: 9502 — PBX-9502 explosive;
EE - energised electrode; F — 250-um Al. foil;
GE - grounded and shorted electrode; K —
75-um polyimide insulation; LWG - line wave
generator; PEB - polyethylene barrier; SB -
shock barrier; SS - stainless steel witness block;
XP — expanded polystyrene.

The wedges each had a 3° taper and were
50 mm wide, with thicknesses varying from
7.92 mm to 1 mm over their lengths. They were
initiated at their thick ends (the left of the figure)
with a common line wave generator and PBX-
9501 (95% HMX) booster explosive. A
polyethylene shock barrier was used to protect the
witness block from the booster system and the two
wedges were separated by a polyethylene shock
barrier to delay the communication of the
detonation front of one wedge with that of the
other. As in the AWE experiments, the 25-mm
wide foil electrode was insulated from the
explosive with a 75-um layer of polyimide
insulation'® to prevent premature breakdown of the
explosive. The foil and polyimide were gently
pressed against the explosive to ensure good



electrical contact with a layer of expanded
polystyrene.

The top electrode of one wedge was
connected to a 20-kV, 300-uF, 60-kJ capacitor
bank. This was named the Hot electrode, whereas
the top electrode of the other wedge was
electrically short-circuited to the bottom ground
electrode and called the Control; otherwise their
assemblies were identical. Ionization pins were
placed in the grounded witness block to detect the
positions of the detonation fronts with time.
Contactless (inductive) techniques were used
measure electrical currents and voltages without
creating ground loops. In this way it was verified
that the voltage on the Control side remained at
zero, i.e., there was no arcing across from the Hot
side.  Currents were measured with current
transformers”™ and voltages were measured with
copper sulfate voltage probes.”’ (The switches on
the left in Figure | protected the voltage probes
from prolonged exposure to the applied voltages.)

Results of Parallel Wedge Experiments

Experiments were performed with the
capacitor bank power supply charged to voltages
between 10 kV and 18 kV. It was found that up to
15 kV there was no apparent difference between
the results, either in the ionization pin or witness
block data. However, at a charge voltage of 18 kV
differences were observed as in Figure 2.

v i .
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Figure 2. lonization pin data for the parallel

wedge experiment. The Control data are
inverted to distinguish them from the Hot data.

The top of the figure shows the ionization pin
data on the Hot wedge which was connected to the
capacitor. The bottom shows the pin data for the
shorted Control wedge. It can be seen that the

ionization pin signals on the Hot side ran ahead of
the Control data. The pin signals for the two
wedges occurred at the same time at the thickest
end of the wedges, but the Hot signals ran further
and further ahead as the detonation progressed into
the thinner regions. The peak voltage and current
were 8 kV and 100 kA, the maximum electrical
power deposited was 500 MW,

Similarly, the witness block data (not shown
here) only showed differences for the 18-kV
experiment. The dent for the Hot side ran ahead of
the Control side by ~16 mm, although the edges of
the dents were irregular making precise
measurement difficult. The corresponding failure
thicknesses were 2.9 and 2.1 mm; the temperature
was 23°C; these are close to the AWE
observations. Note that the wedges were confined
on one side by the stainless steel witness block, so
these are confined failure thicknesses. (The
unconfined failure thickness of PBX-9502 at 20°C
was 3.5 mm with a 2° wedge angle.”)

Conclusions for Parallel Wedge Experiments

The results confirmed the AWE findings. In
particular, Salisbury and Winter observed that
there was a reduction in failure thickness above a
critical capacitor voltage. Here too, with the
parallel wedge experiments, there was no
observable effect at the lower voltages. However,
in the experiment perform at the highest voltage
there were clear differences in the failure
thickness. The reason why a minimum applied
voltage appears to be necessary is not known.

Experiments in Magnetic Fields

Modified Gap Test in a Magnetic Field

Modified Gap Test (MGT) experiments were
performed in a relatively large (1-T) magnetic
field,” and the effects on surface velocities were
observed with a DRS Imacon 200 image
intensifier framing camera® and Photon Doppler
Velocimetry gauges (PDV).'” Surface velocities
are a measure of the degree of reaction in the
explosive. The camera had typical interframe
times of | to 2 us and an exposure time of 5 to
20 ns. Apart from the magnetic field the MGT test
was identical to the original test,” using an



unmodified 50.8-mm diameter by 12.7-mm thick
acceptor charge of the same cast-cured HMX-
based explosive used by Lee.'' (Note that PBX-
9501 is an HMX-based pressed explosive.)

The quasi-static magnetic fields were
generated by pulsed 356-mm inside diameter
Helmholtz coil pairs with a sinusoidal Y-period of
125 us; the experiments were synchronized to
coincide with the peak of the fields so that they
varied by less than 1% during the course of an
experiment. Experiments were performed in pairs:
one experiment with a particular gap thickness and
no magnetic field; the other a repeat but with a
magnetic field.

MGT Camera Results and PDV Data

No significant magnetic effects were observed
in the MGT response of the HMX-based explosive
in 18 tests. Despite careful quality control of the
explosive manufacture the shock sensitivity of the
HMX-based explosive varied more from
experiment to experiment than it did due to the
presence or absence of the magnetic field, as was
also observed by Lee.”  Consequently, the
experiments with a magnetic field were
inconclusive; the tests neither proved nor
disproved the existence of a magnetic-field effect.
However, if any magnetic effects existed they
were small. -

Higher initial velocities

The maximum velocity that could be
measured with the PDV was limited by the
electronic  bandwidth of the  digitizing
oscilloscopes to ~8 km/s. In all tests, significantly
higher initial surface velocities were observed with
the PDV than could be detected with the Imacon.
For example, in Figure 3 the peak PDV velocity
> 8 km/s and decayed to 4.5 km/s in ~1 ps; the
velocity measured with the Imacon was also
4.5 km/s but due to the interframe time being 1 ps
the initial peak velocity could not be detected.
Again, the peak velocity was unaffected by the
presence of a magnetic field.

Studies of Plasma Propagation in Air

Experiments were performed to observe the
propagation of explosively generated plasma in

air-filled tubes. They were performed with and
without electric or magnetic fields and were

Figure 3. Spectrogram of PDV surface
velocities in the MGT gap test experiment.
Scales: km/s and ps.

observed with optical framing cameras, flash X-
ray, and proton radiography diagnostics.

Plasma in Electric and Magnetic Fields

In both the electric and magnetic experiments
the PBX-9501 explosive charges were 35 mm in
diameter and 58 mm long, pressed into cylinders.”
Each charge was detonator-initiated at one end and
the plasma was observed at the other end. The
surfaces of the charges were either bare or attached
to 22-mm inside diameter straight plastic tubes,
150mm in length. Plasma progress was
monitored with an Imacon 200 framing camera®*
and metal witness blocks were used to detect
differences in plasma formation.

Results: Plasma in magnetic fields

In the 17 experiments performed, the plasma
final velocities, typically >8 km/s, were unaffected
by the transverse 1-T magnetic fields and no
differences were observed on the witness blocks.
In terms of standard errors (0) of the measured
velocities, the velocity differences were up to
2.680 between identical shots in  zero
fields. Between a field and no field the largest
velocity difference was 2.910. From experiment
to experiment the velocities in the magnetic fields
were either higher or /ower than in the zero field
cases. In other words, no significant change in the



final velocities could be detected that was caused
by the magnetic fields.

However, there was evidence of higher initial
velocities but it was too difficult to measure these
accurately with the framing camera.

Opposing plasma in a magnetic field

In one experiment two plasma were fired
towards each other, inside a straight horizontal
plastic tube, Figure 4. A transverse magnetic field
was applied in the direction of the camera axis so
that the v x B forces were up and down in the
figure. The measured plasma velocities were
+8.34 and -8.41 km/s = 0.06 km/s and thus agreed
to within 1.150. The plasma shapes did not
change with time and no helical paths were
observed.

= =2 -l B e 2
Figure 4. Explosive plasma in magnetic field.
Top: Three frames at 1-us intervals show the
plasma progress. Bottom: opposing explosive
charges separated by a plastic tube. The
magnetic field was normal to the image.

Plasma in electric fields

With the same configuration and explosives as
the magnetic experiments above, plasma were
projected into 22-mm inside diameter straight
plastic tubes and the progress was monitored with
an Imacon 200 framing camera.

The electric field was applied between an
aluminum mesh stretched across the top of the
tube and a metal witness block at the other end. A
3 mm thick aluminum ring with a 20 mm inner
diameter was attached to the mesh to maintain the
electric field after the mesh had been destroyed by
the plasma. Potential differences between the
mesh and block were either plus or minus 60 kV.

As with the magnetic fields, no electrical
effect was detected. In 20 experiments the plasma
velocities were 8.4 +0.4 km/s and there was no
correlation with the applied field, i.e., correlation
coefficient = 0.

Plasma Propagation Without Fields
Miniature plasma propagation studies in air

Plasma propagation experiments were studied
on a small scale. In cach experiment a 12.7-mm
diameter, 12.7-mm long PBX-9501 pellet was
placed on top of a polished acrylic block, Figure 5.

Figure 5. Schematic of small scale and pRAD
plasma experiments. Key: D — detonator on
axis; PBX-9501 — 12.7 mm diameter explosive
cylinder; AB - polycarbonate or aluminum
block. Not to scale.

The acrylic had an inside diameter of 12.7 mm, a
cavity length of 25.4 mm and a wall thickness of
3.175 mm. The cavity contained air at ~78 kPa (at
2130 m altitude). The acrylic block was placed on
top of an aluminum witness block.

The progress of the plasma was measured
with optical and X-ray techniques. A 12-bit, 1280
x 1024 pixel, HSFC Pro Cooke image intensified
camera” was used that produced eight frame
images, each with an exposure time of 20ns, a
gain of 20%, and an interframe time of 200 ns.
Four 150-kV Titon flash X-ray heads were
arranged in a 90°/30° configuration to
simultaneously observe the plasma.

The camera results revealed in every instance
a thin bright Iluminous front travelling at
8.3+0.4km/s as in the top of Figure 6. The
camera image has been pseudo-colored to reveal
structure in the 12-bit digital image, as shown in
the bottom of the figure. This shows that material,
plasma or ejecta, travelled ahead and behind the
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Figure 6. Top: first frame showing a bright line
travelling downward in the cavity. Bottom: the
same image processed in pseudo-color to reveal
the 12-bit structure. The arrows indicate the
bottom of the cavity.

bright line. In particular, the arrival of material
was observed in the first frame at the bottom of the
cavity after the detonation shock has emerged
from the lower explosive surface; this occurred in
all experiments.

Presumably, either material travelled ahead of
the front and/or that some ionization event
occurred caused by the reflection of detonation
light at the bottom. In subsequent frames there
appeared to be an accumulation of this material as
the region increased in size and brightness.

The X-ray images, not shown, revealed that
the region of greatest density was coincident with
the bright luminous line. The apparent
accumulation of material could not be resolved.

Proton Radiography (pRAD)

Experiments were performed to measure
plasma densities and velocities using the 800-MeV
proton radiation (pRAD) facility at the Los

Alamos Neutron Science Cemer;9 the general
arrangement is the same as in Figure 5. A
cylindrical detonating charge of PBX-9501,
12.7 mm in diameter and 12.7 mm long, projected
plasma into an aluminum block with an air-filled
cylindrical cavity. The complete assembly was
surrounded by a vacuum. The progress of the
experiment was monitored with the proton beam
perpendicular to the cylinder axis.

With the pRAD imagery it was possible to
produce line scans of image density versus
position for dozens of images per experiment, thus
building detailed records of the detonation wave
propagation, Figure 7,

10 20 30 40 50

Figure 7. pRAD imagery. Top: raw image,
detonation from the left, plasma impact with
cavity bottom on the right. Middle: pseudo-
color rendition of top image. Bottom: 3-D line
scan rendition; the heights of the lines are in
arbitrary units; the spacial dimensions in mm.



Unfortunately, the plasma were not visible in
the pRAD images at any stage, although their
impact at the bottom of the cylindrical cavities
could be detected by deformation of material.

The pRAD image in Figure 7 is just one frame
from one experiment but has been chosen as it is
representative of all the data. The plasma could
not be detected in the cavity, even with the aid of
pseudo-colorization and line plots. However, the
plasma interaction with the base of the cavity is
clearly visible. Animations made from multiple
frames show that the plasma formed a toroidal
vortex as it travelled down the cavity, rolling down
the walls. The direction of the rotation in the
bottom right hand corner of the figure was
clockwise.

Summary and Discussion

Possible explanations for the observed electric
field effects include: bulk heating of the reaction
products by Joule heating; reduction of the energy
barrier that facilitates dislocation motion,
perturbations to the activation energy for chemical
reaction, and acceleration of plasma projected
from the reaction zone.

Bulk Joule heating of the reaction products
can enhance the reactivity of the explosives” >’ but
is not a likely explanation for most of the observed
effects. That is because for quantifiable effects to
be observed the necessary electrical powers must
be of the same order as the chemical power
liberated by reaction. The detonation power
density, i.e., the chemical power liberated by a
detonating high explosive per unit area Iis

P, = p,DQ,, where p, is the density, D the

detonation velocity and Qg, the heat of detonation.
Pa = 100 TW/m*for a typical high explosive.
With the possible exception of the LANL-wedge
experiments  (Figure 1) which deposited an
estimated peak power density of 10 TW/m’® the
power densities were significantly smaller. So
bulk Joule heating is an unlikely explanation for
the other experiments.

Coffey' suggested the possible perturbation of
the Peierls energy barrier by an applied electric
field which would facilitate dislocation motion.
This process might be more pertinent to the
initiation and growth of reaction and could account

for the electric effects observed by both Cook and
Lee. It is unlikely to account for the effects on full
detonation observed by AWE and reported here.

In all instances the explosives were

inhomogeneous, thus containing randomly
oriented explosive crystals. Consequently, only a
fraction of the crystals would be aligned with the
direction of the electric field. Therefore the field
should lower the energy barrier and facilitate
dislocation motion in some crystals and restrict
motion in others.
Similarly, in the case of perturbations to the
activation energy for chemical reaction, it is
difficult to explain how such an effect would apply
to randomly oriented crystals.

In this work we have focused on the possible
role of plasma ejected from detonating explosives.
It is clear that there is still much to learn about the
role of plasma. Data from a variety of experiments
have been compared to determine the nature of
plasma ejected from detonating explosives and
their possible role in the initiation and growth of
reaction. If plasma contribute to initiation and
growth then electromagnetic fields should affect
their contributions.

Electric and magnetic field effects on
initiation and growth have been reported
previously. In this work we were able to replicate
the electrical effects on wedges of TATB-based
but could not detect electric or magnetic effects, on
HMX-based explosives. The failure to detect
these effects could be due the fact that none exist
or due to the lower electrical conductivity of
detonating HMX compared to the Dithekite 13 and
TATB. It is known that the explosive product
conductivity of TATB-based PBX-9502 is
5000 S/m compared to PBX-9501 (300 S/m).”’
The electrical conductivity of detonating Dithekite
13 is estimated to be ~1300S/m using the
correlation of conductivity with percentage carbon
in the products® and a calculation of the carbon
content.’’ (Cook studied the effects of electric
fields on Comp-B, which has a conductivity of
1200 S/m.) Consequently, the experiments
reported here on PBX-9501 may have shown no
effects of electromagnetic fields because the
conductivity of the plasma was too low. As
shown, the magnetic field cannot change the
kinetic energy of a charged particle, so no
magnetic effects on plasma velocity would be



expected. The Lorentz forces of a parallel
magnetic field could reduce the divergence of the
ejecta from a detonating surface giving an apparent
increase in velocity, i.e., by focusing the ejecta.

The framing camera images from miniature
plasma experiments showed something travelling
ahead of the bright plasma and reaching the cavity
bottom within the first frame. This was either
plasma or some ionization event caused by the
reflection of detonation light at the bottom or an
electrical effect.” Subsequent frames showed an
accumulation of this material as the region
increased in size and brightness. The mass-
velocity distribution of any impacting ejecta could
be studied with the Asay thick plate or similar
technique™

To conclude, no electric or magnetic field
effects on plasma have been detected that would
support the hypothesis that they contribute either
to the reaction and growth or detonation of
explosives. However, the HMX-based explosives
used here may have been less sensitive to
electromagnetic fields than other explosives
because of their low electrical conductivity.
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