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1. INTRODUCTION

The kinetics of the chemical reactions driving the
detonation of high explosives (HEs) has been of perma-
nent interest for decades. Data on the width and struc-
ture of the reaction zone are quite often contradictory,
not a surprising situation, since the problem of charac-
terizing the reaction zone is one of the most difficult to
tackle in the physics of explosion. A high reaction rate
or, equivalently, a narrow reaction zone needs a high
spatial resolution to make it accessible to experimental
observations. Note also that the harsh conditions
behind the detonation wave hamper the use of small-
size sensors. On the other hand, the use of optical meth-
ods, characterized by a high resolution, the process may
be complicated by the interaction of the detonation
wave with the material of the observation windows.
Therefore, the development of alternative methods is of
considerable importance. This work describes a method
for measuring the distribution of electric conductivity
and some results obtained by its use.

About sixty years ago, the authors of [1] demon-
strated that the medium behind the detonation front
possesses a high electric conductivity. The results
obtained in [2, 3] revealed that the electric conductivity
varies within wider limits than the main mechanical
parameters, the pressure and mass velocity (the pres-
sure in the detonation wave front exceeds the Chap-
man–Jouguet pressure typically by 30%). Therefore,
electroconductivity measurements are potentially more
sensitive and, in addition, yield information indepen-
dent of the mechanical parameters. On the other hand,
side reaction products, which produce only a minor
effect on the energetics of the process, may prove
important for electroconductivity measurements. The
quasi-equilibrium mechanism of electric conduction,
which is primarily determined by the thermodynamic
conditions, can also contribute [4]. Note, however, that,

in this case, the reaction zone (chemical spike) can also
be discerned in the electroconductivity–time profile.
Only experiments can elucidate how useful the electro-
conductivity method may prove in studying the reac-
tion zone.

Most of the experiments performed to date have had
insufficient resolution and provided only approximate
information. In [3], due to the use of a differential cell,
a satisfactory resolution was achieved but only at a
fairly low electroconductivity, fractions of 

 

Ω

 

–1

 

 cm

 

–1

 

,
values typical of many loose-packed HEs. What role
the initial density, an important characteristic of HEs,
plays has remained unknown.

In the present work, we modified the differential
method described in [3] so as to obtain a resolution high
enough to perform measurements in dense HEs. The
results for the most common HEs, detonating without
the formation of large amounts of carbon, such as hex-
ogen (RDX), octogen (HMX), and pentaerythritol tet-
ranitrate (PETN) are presented. Some preliminary
results were reported in the short communication [5].

2. A REVIEW OF THE EXPERIMENTAL METHODS

To study the structure of a detonation wave with a
reaction zone narrower than 1 mm, the electroconduc-
tivity should be measured with a submillimeter resolu-
tion at least, a task that can be accomplished only with
the help of electrocontact methods.

The most obvious interference is electric current
spreading: when the electrodes are brought in contact
with a conducting medium, the conductance is deter-
mined by a finite conducting region. The resolution
width is typically on the order of the size of the cell’s
electrodes [6]. The use of thin electrodes is prohibitive
because of the aggressive effect of the flow. It is known
that metallic surfaces subjected to the action of detona-
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tion products exhibit pits several tenths of a millimeter
in size. Thus, a controllable geometry of measurements
must be ensured by using electrodes not less than 1 mm
in diameter. A detailed analysis of the effect of current
spreading is examined in the appendix. Similar limita-
tions arise due to the influence of gasdynamic factors,
for example, the reflection of the detonation wave from
the electrode.

Current spreading is operative in a uniformly con-
ducting medium behind the wave front. A more subtle
effect is associated with spatial nonuniformities of the
electroconductivity 

 

σ

 

. The distribution of the potential

 

ϕ

 

 in a nonuniform medium is described by the equa-
tion [3]

 

(1)

 

If the electric field has a component directed along the
electroconductivity gradient, a spatial charge with a
density of 

 

(

 

∇σ∇ϕ

 

)/4

 

πσ

 

 arises. Since the distortion of
the field depends on the measured, initially unknown 

 

σ

 

distribution, the resolution is determined by the charac-
teristic size of electroconductivity variation.

Most of the measurement configurations used by
different authors [1, 2, 4] are liable to all of the consid-
ered interferences. The simplest cells are suitable only
for measuring slowly changing electroconductivity [6].
With a spatial resolution of tenths of a millimeter, the
differential cell has tangible advantages [3]. In the cur-
rent work, we used an upgraded cell of this type,
described in the next section.

3. EXPERIMENTAL SETUP

We employed a coaxial arrangement of electrodes
(Fig. 1). A charge with a diameter of 

 

b

 

 = 8 mm was
pressed into a thick-wall copper confinement (

 

1

 

, 

 

2

 

)
40 mm in diameter. Axial copper electrode 

 

3

 

 with a
diameter of 

 

c

 

 = 2 mm was secured in Plexiglas stopper

 

4

 

 fixed with hollow bolt 

 

5

 

. A cavity in the external elec-
trode accommodated electroconductivity sensor 

 

7

 

, a
toroidal coil. The coil–cavity contour mutual induc-
tance 

 

M

 

 was 15 nH. Parts 

 

1

 

 and 

 

2

 

 of the external elec-
trode were attached to each other via a screw joint. The

∇2ϕ ∇σ∇ϕ( )
σ

---------------------+ 0.=

 

thickness of the slit between parts 

 

1

 

 and 

 

2

 

 was preset by
dielectric layer 

 

6

 

 (0.3 mm of Teflon or 0.3–1.0 mm of
Plexiglas). When the detonation wave arrives at the
coaxial electrode, the cell circuit becomes connected by
the conducting region behind the detonation front. The
electric current passing through the cell flows around
the sensor cavity, thereby inducing a magnetic flux
through the coil and, hence, a voltage pulse across its
terminals. Later, when the detonation front travels past
the slit, part of the current begins to flow via external
electrode 

 

2

 

. As a result, the strength of the current over-
flowing the cavity and, consequently, magnetic flux
decrease, producing in the sensor a voltage pulse 

 

U 

 

of
opposite polarity, with the electroconductivity in the
plane of the slit being proportional to 

 

U

 

(

 

t

 

)

 

 [3]:

 

(2)

 

Here, 

 

x

 

 = 

 

Dt

 

 is the distance the front moved off from the
slit by time 

 

t

 

 after passing it, 

 

D

 

 is the detonation veloc-
ity, 

 

V

 

 is the voltage across the electrodes produced by
the feeding current 

 

I

 

 passing through resistor 

 

R

 

s

 

 con-
nected in parallel with the conducting region of the
charge. The cell was fed by capacitor 

 

C

 

 (100 

 

µ

 

F,
1000 V) connected to the circuit through a chain com-
posed of resistor 

 

R

 

b

 

 and induction coil 

 

L

 

b

 

.
The actual voltage 

 

U

 

 differs somewhat from the
experimentally measured one 

 

U

 

in

 

 because of the effect
of coil self-inductance (

 

L

 

 

 

≈

 

 1

 

 

 

µ

 

H), being related to it by
the formula 

 

U

 

 = 

 

U

 

in

 

 + (

 

L

 

/

 

R

 

)

 

dU

 

in

 

/

 

dt

 

, where 

 

R

 

 is the input
resistance of the oscilloscope (50 

 

Ω

 

). Since the calcula-
tion procedure involved differentiation, the signal was
spline-smoothed to suppress small-scale noises.

The cell depicted in Fig. 1 renders electric current
spreading unimportant, since the conductance of a
strictly specified layer (between the detonation wave
front and the plane of the slit) is measured. Since the
electric field vector is perpendicular to the electrocon-
ductivity gradient nearly everywhere, the space charge
effect is negligible (Eq. (1)). Another advantage of the
cell is its ability to keep the intensity of gasdynamic
perturbations as low as possible. A thin slit causes only
a slight rarefaction, in contrast to shock waves typical
of most experimental setups.
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Fig. 1.

 

 Experimental setup.
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The resolution of the method is determined by the
slit width 

 

2

 

a

 

. Analytical estimates and direct numerical
calculations of the electric current distribution over the
cell space (appendix) demonstrated that an optimal
estimate of the experimental resolution is one-quarter
of the slit width, 

 

a

 

/2

 

 = 0.075 mm (

 

2

 

a

 

 = 0.3 mm).
The differential scheme used in [3] included an

external measuring contour, a short wire with an induc-
tance of ~50 nH. The main advantage of the new,
completely coaxial scheme is a fairly low inductance
of the cavity contour 

 

L

 

c

 

 (less than 1 nH). This makes
it possible to substantially extent the range of mea-
surements, up to 

 

≅

 

10

 

 

 

Ω

 

–1

 

 cm

 

–1

 

, instead of fractions of

 

Ω

 

–1

 

 cm

 

–1

 

 [3]. The limitation is associated with an elec-
tric current flowing through a conducting medium
above the slit under the action of the parasitic voltage

 

L

 

c

 

dJ

 

/

 

dt

 

. Note that a similar low-inductance scheme was
used in [7], but in a less convenient plane configuration.

Pressing was performed in 5-mm portions, so as to
make the slit be located at the middle of a portion. At
each HE density, we performed from two to four exper-
iments. The uniformity of pressing grew increasingly
perfect with the density. The charges were initiated by
electric detonators through Plexiglas stopper 

 

8

 

 (Fig. 1)
with a 2.4-mm axial channel filled with RDX. Thus, the
main charge was initiated 40 mm from the plane of the
slit and within 1.2 mm from the axis. This deviation
might cause a scatter in the distance of travel of the
wave to the slit less than 0.24 mm (if the detonation
front is a segment of a sphere with the center at the
point of initiation). In reality, the effect of the walls
makes this scatter smaller—according to electrocon-
ductivity measurements, the scatter in pulse widths
was less than 0.05 mm. Even less than 8-mm-in-diam-
eter charges of the HEs under study detonate repro-
ducibly without confinement, let alone detonation in a
massive copper confinement. Control experiments
with loose-packed HE charges confirmed the results
reported in [3].

4. EXPERIMENTAL PROCEDURE 
AND DATA PROCESSING

Typical signals obtained in experiments with
pressed PETN are displayed in Fig. 2. We used a digital
oscilloscope with a bandwidth of 200 MHz and a sam-
pling interval of 4 ns. The negative-polarity signal
(upper trace) near the trigger point 0 

 

µ

 

s was induced by
the starting current generated by connection of the cell.
This first peak, along with the voltage curve 

 

V

 

(

 

t

 

),

 

 was
used to calibrate the sensor (determination of the coef-
ficient 

 

M

 

) immediately in the course of the experiment.
In the simplest case, when the feeding current is con-

stant, 

 

 = 

 

M

 

(

 

V

 

0 – V). In reality, during the

experiment, the voltage at feeding capacitor C is nearly
constant, while the current varies somewhat. To limit
the current growth rate upon switch-on of the feeding
circuit, the external circuit inductance was selected to

Rs U td
0

t∫

be relatively large (~15 µH), while the resistance value
was moderate, Rb ~ 17 Ω , so as to enhance the current
strength. As a result, the external circuit produces a
marked effect on measurements, and, therefore, a more
complex equation should be solved:

We adjusted the M so as to obtain the best fit between
the calculated and measured V(t) dependences. As a
result, the calculated and measured curves visibly coin-
cided with one another in the plot, with the error of
determination of M being within 1%.

The main signal from the coil, U, appears at 2.2 µs.
Since its polarity is opposite to that of the first peak, the
calibration curve begins to deviate from the V(t) curve
as soon as the wave travels past the slit (branch Vc in
Fig. 2). In an ideal case, the Vc curve should return to
the level V0 (the surface areas of the first and second
peaks U are equal). Indeed, it nearly returns, a behavior
indicative of the uncertainties associated with the pos-
sible mechanical deformation of the coil cavity being
small. In some experiments, the return was not com-
plete because of the slit being short-circuited, for exam-
ple (see below). The moment when short-circuiting
occurs is clearly seen, and, therefore, the signal before
this moment can be considered truthful. Note that, in
Fig. 2 starting from 3.9 µs, the switch-off of the current
produces no signal from the electroconductivity sensor,
an observation indicative of an effective uncoupling of
the measurement contour and feeding circuit.

The characteristic points in the oscillograms and the
known cell dimensions were used to determine the det-
onation velocity D. The measured velocities proved to
be systematically lower than the ideal detonation veloc-
ity (i.e., the velocity of a steady detonation wave prop-
agating in large-diameter charge) at the given expected
charge density. For example, for the experimental
results displayed in Fig. 2, the expected charge density
was ρe = 1.6 g/cm3 while the measured detonation
velocity was D = 7.67 km/s, a value that corresponds to
a density of ρD = 1.58 g/cm3 for ideal detonation (1.2%
lower than ρe) [8]. For PETN, we obtained a linear cor-
relation ρD = 0.982ρe. The difference between ρD and ρe
may be associated with the loss of some material during
pressing, deformation of the confinement, and attenua-
tion of the wave due to the expansion of the confine-
ment. Weighing the experimental setup yielded values
intermediate between ρe and ρD. The accuracy of
weighing of a relatively small charge in a heavy copper
confinement prevented us from drawing more definite
conclusions. In what follows, the initial density was
identified with ρD, since the latter correlates with the
experimentally measured detonation velocity; ρD was
calculated based on the data from [8]. This is the lower

M Rb Rs+( ) V0 V–( )

=  RbRs U td

0

t

∫ LbRsU MLb V / tdd( ).+ +
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estimate of the density, without regard to detonation
nonideality.

The electroconductivity–time profile calculated by
formula (2) is shown in Fig. 2b (curve 1). The slit width
was 0.6 mm (Plexiglas layer), which corresponds to a
theoretical resolution of 0.15 mm. The HEs studied are
characterized by a nonuniform distribution. First, a
peak with an amplitude of 4.5 Ω–1 cm–1 appears,
which is accompanied by a tail with a markedly
lower (≅0.5 Ω–1 cm–1) and smoothly decaying electro-
conductivity. The experimental curve (1) is compared
to curve 2, which was obtained from the signal Uin
without corrections for the inductance of the coil. This
curve is, in fact, a scaled oscillogram; it is smoother
than curve 1 and merges with it in the tail region. In
what follows, only corrected curves are demonstrated.

The initial jump in the electroconductivity signal
was typically 70–80% of its amplitude. Since the max-
imum was attained just a little bit later, the delay in its
attainment may be attributed to uncertainties in mea-
surements and data processing—in reality, it may coin-
cide with the front. The width of the peak was deter-

mined from the intersection of the tangent to the
descending side of the peak with the linear approxima-
tion of the tail (inset in Fig. 2). In this case, the peak
width was 0.39 mm.

In experiments with the central electrode shortened
so as to escape electric current generation near the slit,
no signal from the coil was recorded, which means that
the polarization of the HE or the insulator produced no
tangible effect.

5. EXPERIMENTAL RESULTS

In the experiments with PETN at ρ = 1.72 g/cm3

(Fig. 3), the charge weight was calculated based on a
density of 1.8 g/cm3, which is higher than the maximum
theoretically possible one (1.77 g/cm3), with the aim of
approaching the latter. In this case, the charge was
markedly more uniform (the signal V(t) was smooth, in
contrast to Fig. 2, in which small oscillations correlat-
ing with the boundaries of pressed portions were
observed). As the initial density increases, so does the
electroconductivity, while the peak width decreases.

4

0 2.5

σ, Ω–1 Òm–1

100 ns

1

0

V0

60 V

5.0 x, mm

2

1

2

(b)

(‡)

1 2 3 4

VÒ

V

t, µs

U
6 V

Fig. 2. (a) Recorded signals U and V for PETN with a density of 1.58 g/cm3; Vc is the calibration curve. (b) (1) Processed electro-
conductivity profile and (2) the original profile smoothed by the inductance of the sensor.
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Figure 3b shows the calculated electroconductivity–
time profile (curve 1). For comparison, the profile
obtained at moderate density (curve 2, identical to
curve 1 in Fig. 2) is also presented. At PETN densities
from 1.0 to 1.5 g/cm3, we failed to obtain a uniform
density of pressing. At a pour density (≈1 g/cm3), the
electroconductivity at the peak’s maximum and peak
width were ≈0.3 Ω–1 cm–1 and 0.58 mm, respectively;
the electroconductivity in the tail region was at least an
order of magnitude lower than the maximum one.

The experiments with RDX and HMX also demon-
strated that the maximum electroconductivity increases
with the charge density. Note that the short-circuiting of
the slit for the RDX charge occurs relatively rapidly,
especially for a thin slit. Figure 4 shows the experimen-
tal results obtained at a density of 1.63 g/cm3 at a slit
width of 0.3 mm (filled with Plexiglas). The main signal
U decays to zero at instant of time of 2.2 µs, i.e., 0.3 µs
after the beginning. In this case, the calibration curve
does not return to the initial level, which means that the
short-circuiting of the slit occurs in the tail region.

When a thicker insulator (0.6 mm) was used, short-
circuiting occurs later. A comparison of the electrocon-
ductivity–time profiles recorded in these experiments
(Fig. 4) demonstrated a close agreement between the
times elapsed before short-circuiting. Curves 1 and 2
represent the experiment in which the slit widths were

0.3 and 0.6 mm, respectively. For the wider slit, the res-
olution is lower, but the measurement duration is
longer. The peak widths were 0.38 and 0.37 mm,
respectively. That the profiles 1 and 2 in Fig. 4 match
well with each other shows that a 0.6-mm-wide slit
fixed with a Plexiglas layer is an optimal choice; there-
fore, it is this configuration that was used in most of the
experiments performed in the present work. The profile
for a loose-packed RDX charge is also shown (curve 3,
2a = 0.3 mm, Teflon insulator); as can be seen, it differs
significantly from the profiles recorded for the pressed
HE charges. For RDX, a linear correlation ρD = 0.953ρe
over a density range of 1.6–1.8 g/cm3 was obtained.

Interpretation of measurements in HMX at the utmost
densities proved to be more complex. Figure 5 shows the
results obtained in two experiments with HMX charges
of densities 1.7 g/cm3 (a) and 1.8 g/cm3 (b) (the correla-
tion for HMX was found to be ρD = 0.944ρe. Even an
approximate comparison of the integral signals V is
indicative of a significant difference in the behavior of
the electroconductivity, with the electroconductivity for
the denser charge being substantially higher (lower
level of the voltage V). At the same time, the processing
of the signals according to the standard procedure
revealed no marked difference, even yielding a some-
what lower amplitude of the peak at the denser charge
(cf. curves 1 and 2 in Fig. 5c).
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Fig. 3. (a) Recorded signals U and V for a PETN charge with a density of 1.72 g/cm3. (b) The electroconductivity profiles for (1) this
run and (2) the run performed at a PETN density of 1.58 g/cm3.
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In our opinion, this discrepancy can be explained in
part by a leakage current flowing through the conduct-
ing medium above the slit. When the electroconductiv-
ity near the slit is high, the switchover of the cell’s cur-
rent to electrode 2 may be delayed, causing a decrease
in the U signal. As can be seen from Fig. 5, the calibra-
tion curves fail to return to the initial level, especially in
case b. In both cases, the short-circuiting through metal
parts occurs at an instant of time of about 2.4 µs, with
the U signal exhibiting a well-pronounced “tail” before
that moment. It is also seen that the steepest-descent
segment of the Vc curve, ∆Vc, in Fig. 5b is markedly
smaller than the analogous segment in Fig. 5a (the val-
ues of ∆Vc were calculated from the peak width, in both
cases ~40 ns). This means that, at the higher density,
part of the peak of the U signal is lost. The data dis-
played in Fig. 5 suggest that the Vc curves can be
matched with each other by increasing the surface area
encompassed by the U(t) peak in Fig. 5b by a factor of
~1.5; i.e., the maximum electroconductivity should
exceed 10 Ω–1 cm–1.

In the electrotechnical approximation, the effect is
determined by the leakage resistance Rl and the self-
inductance Lc of the sensor cavity. For example, instead

of a jumplike rise, the measured quantity U(t) will grow
within a time of ≈Lc/Rl . Under our experimental condi-
tion, the resistance of the medium above the slit was on
the order of 1/(bσ). At σ = 10 Ω–1 cm–1 and Lc = 0.9 nH,
Lc/Rl ≈ 7 ns. For a 40-ns-wide peak, 18% of its surface
area is lost because of the effect of leakage current. As
the current in the cavity circuit steadies, the signal from
the coil becomes adequate (profile 2 in Fig. 5 at x ≥
0.25 mm). Note, however, that the experimentally mea-
sured loss is substantially larger, ∆Vc: ≈33% (Fig. 5). In
addition, for PETN, no leakage was observed at the same
level of electroconductivity (Fig. 3).

That a leakage current manifests itself in experi-
ments with a dense HMX can be accounted for by the
interaction of the detonation front with the insulator, for
example, the mixing of insulator material with reacting
HE, a process that may cause a local rise in the integral
conductance of the cell upon arrival of the detonation
wave at the endplate (Fig. 5), 3.525 and 3.4 µs for cases
(a) and (b), respectively. At a high density, the voltage
V across the charge recovers markedly more slowly.
Note also that, in all cases, the switch-off of the cell
occurs substantially more slowly than one might expect
by assuming that the electroconductivity at the bound-
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Fig. 4. (a) Recorded signals U and V for a RDX charge with a density of 1.63 g/cm3 at a slit width of 0.3 mm. (b) (1) The electro-
conductivity profiles for this run, (2) a run at the same density but at a slit width of 0.6, and (3) at a pour density.
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ary disappears in accordance with the measured profile
(compare the rates of recovery of V and Vc in Figs. 2–5).

The significant integral conductance at a high HMX
density can also be explained by the peak becoming
broader without growing in amplitude. Integral mea-
surements [6] showed that such an effect exists indeed.
Note, however, that integral experiments are of little
value if the electroconductivity changes sharply (Sec-
tion 2 and Appendix). In addition, as can be seen from
Fig. 5, the oscillograms recorded in the differential-
mode experiments exhibit no broadening, with the tail
showing no significant growth with increasing density;
i.e., the alternative explanation should also invoke the

idea of enhanced leakage. Anyway, for highest density
HMX, this method appreciably distorts the results,
and the maximum value of ~10 Ω–1 cm–1 must be con-
sidered only an estimate. Recall that the value of σ =
10 Ω–1 cm–1 for HMX with a density of 1.8 g/cm3 was
obtained by V.V. Yakushev [9].

The highest values of the electroconductivity at the
peak’s maximum for the three HEs under study are pre-
sented in Fig. 6. Each point was obtained by averaging
several values; the measurement error was estimated to
be 20%. For highest density HMX, a range of values is
indicated, with the upper boundary being an estimate.
The widths of the electroconductivity peaks as func-

4

0 2.5

σ, Ω–1 cm–1

x, mm

0

U

t, µs

8

1

5.0

1 2 3

Vc

V

(‡)

(c)

2

1

1

2

(b)

60 V

0

U

t, µs1 2 3

Vc

V

∆Vc

∆Vc

6 V

Fig. 5. (a) Recorded signals U and V for a HMX charges with densities of (a) 1.7 and (b) 1.8 g/cm3. The slit width, 0.6 mm; the
insulator, Plexiglas. (c) The electroconductivity profiles obtained.
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tions of the Chapman–Jouguet pressure are displayed
in Fig. 7. This dependence is similar to that used in
[21]. The pressure was calculated by the formula P =
ρD2/(k + 1) using the k values borrowed from [8].

6. DISCUSSION OF THE EXPERIMENTAL RESULTS

RDX and HMX have the same elemental composi-
tion, and their electroconductivities at the maximum of
the peak at a given density of the charge differ only
slightly. This is indicative of the similarity of the
medium in the electroconductivity peak region and,
probably, of the similarity of the chemical reaction
involved. The electroconductivities at the maximum of
the peak recorded in experiments with PETN charges,
except, perhaps, highest-density ones, are close to those
observed for RDX and HMX (Fig. 6). The widths of the
peaks, however, differ somewhat, being the shortest in
PETN (Fig. 7). The results obtained for fine-grained
HMX (5 µm) were essentially identical to those
obtained for coarse-grained HMX (200–300 µm)
(Figs. 6 and 7).

The structure of detonation waves has been studied
in many works, starting from [10]. The results of an
extensive set of measurements with the use of the elec-
tromagnetic method were reported in [11]. Later [12,
13], the resolution of the method was improved and
fast-response optical techniques appeared, in particular,
for measuring the velocity of the HE–window material
interface [14–19]. The emission from the shock front at
the moment of its passing from the HE into the indica-
tor liquid [20, 21] and the velocity of the wave that
passed [22] were measured. The results of these mea-
surements are often contradictory. Electromagnetic
measurements yielded a reaction zone width of ~1 mm
(~100 ns) [11], while optical data are indicative of a
substantially smaller value, ~0.3 mm (~40 ns). These

discrepancies can be explained in part by the use of dif-
ferent definitions of the reaction zone [21].

In our experiments, we obtained widths of the elec-
troconductivity peaks in pressed HEs of 40–70 ns
(Fig. 7). Generally, our results compare favorably with
reaction zone widths measured by various optical meth-
ods. Note that the number of data suitable for compari-
son is limited. The focus of most current studies is on
various high-density compositions containing a binder.
The detonation of pure PETN, RDX, and HMX, the
reactions in which are not complicated by the presence
of admixtures, were studied in [14–21]; agatized
(pressed with acetone to a density of 99% of the maxi-
mum one) HEs, in [15, 16, 21, 22]. Only the authors of
[18, 19] performed experiments by varying the initial
density within a wide range; when reported, the widths
of the peaks of the interface velocity were close to our
results (30–70 ns). The data from [20, 21] are also in
satisfactory agreement with our measurements, except
for agatized HEs. In the experiments performed in [15–
17] with pure HEs, the chemical spike was masked by
flow pulsations, the main object of these studies; there-
fore, a meaningful comparison was difficult to conduct.
The earlier results presented in [11] differ from ours
(the reaction zone is two to three times wider), which is
unsurprising, given the low resolution of electromag-
netic measurements in [11] (~100 ns). Qualitatively, the
effect of the initial density reported in [11] was similar
(in fact, somewhat stronger) to that observed in our
experiments. Therefore, we believe that, for the HEs
under study, in the density range covered, the reaction
zone width is close to the width of the enhanced elec-
troconductivity region.

At the highest densities (99% of that of the crystal),
many studies detected an acceleration of the reaction.
The authors of [22] revealed that agatized HEs exhibit
no chemical spike, a result confirmed later in [21]. This
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was interpreted as a rather sharp narrowing of the reac-
tion zone, below the resolution of the available methods
(~5 ns). In [18, 19], it was found that, in detonating
RDX and HMX charges containing 1% acetone, the
chemical spike disappeared at densities of above
1.72 g/cm3 and 1.84 g/cm3, respectively; instead of
decreasing, the pressure behind the front rose. In con-
trast to [21, 22], for charges pressed to the maximum
density with a standard amount of acetone (10%), the
authors of [18, 19] observed a ~30-ns chemical spike,
as did the authors of the study [16], in which, however,
the spike width was not indicated, being, probably, sub-
stantially smaller. Analyzing the data for PETN with a
porosity of 1% obtained at a resolution of 4 ns [14], the
authors failed to reveal any chemical spike.

In our experiments, the chemical spike width
decreased smoothly with increasing density, without
noticeable irregularities, even at the highest densities.
In principle, the initiation configuration used in the cur-
rent work permits a skewing of the detonation wave
front large enough to broaden the peak by up to 30 ns.
Note, however, that the scatter in the measured values
was much smaller, with a standard deviation of ~5 ns;
the shortest width was 36 ns (for RDX with a density of
1.74 g/cm3). The absence of marked irregularities may
be associated with the charge structure being different.
It also cannot be excluded that the densities attained fall
short of that needed (the maximum densities for PETN,
RDX, and HMX were 1.73, 1.74, and 1.8, respectively,
as estimated from the detonation velocity). In the pre-
liminary report [5], the dependence of the peak width
on the density of RDX turned out to be sharper, proba-
bly because of a skewing of the front upon initiation.
By the way, the results of optical measurements at the
highest densities are also contradictory, a situation call-
ing for further work.

At present, only a preliminary theoretical analysis of
electroconductivity data is achievable. As can be easily
seen, under typical conditions behind the front of a det-
onation wave (with a density of ~2 g/cm3 and a temper-
ature of several thousand kelvins), all the characteristic
lengths (intermolecular distance, free path, reciprocal
electron wavevector, and molecular size) are on the
order of 3 · 10–8 cm. Such a medium can be thought of
as an intermediate state hardly accessible for studies by
means of traditional method applicable to condensed-
state and plasma physics. For example, calculation of
the ionization potential drop by the formula used in
plasma physics, ∆I ≅ e2(4πn/3ζ)1/3 [23], at a packing fac-
tor of ζ = 0.64 yields 10 eV. Such a high value, compa-
rable with the ionization potentials of a number of det-
onation product molecules, cannot be considered a cor-
rect and, hence, a reliable value.

According to [4, 24], the electroconductivity of the
detonation products may be associated with the forma-
tion of ions of water, a compound comprising a sub-
stantial fraction of the detonation products. Indeed,
aqueous solutions of salts contain ions even at room

temperature. Water also dissociates, especially at elevated
pressures and temperatures. Water dissociation is expected
to ensure an electroconductivity of 1 to 4 Ω–1 cm–1.
One advantage of this estimate is that it is based on
numerous experimental data on the electroconductivity
of shock-compressed water, which are indicative of a
significant degree of dissociation at pressures near
200 kbar [25–27]. Recent experiments [28] confirmed
that the electroconductivity of water at pressures below
1 Mbar (100 GPa) is of ionic character but becomes
electronic at pressures appreciably above 1 Mbar.
Unlike water, a relatively simple medium, the sub-
stance in the reaction zone of the detonation wave is a
challenging object to study.

We believe that, in the HEs studied, the ionic con-
ductivity is predominant in the tail, which begins
exactly at an electroconductivity of ≅1 Ω–1 cm–1 and
becomes more pronounced at high density, a behavior
indicative of the degree of ionization increasing with
the temperature and pressure. At a pour density, we
observed no tail. Note that, at a slower decrease in the
parameters, characteristic of large-diameter charges,
the tail was observed even at the pour density [4, 29].
The maximum recorded electroconductivity (up to
10 Ω–1 cm–1) is difficult to account for within the frame-
work of the ionic mechanism. Near 300 kbar, the elec-
troconductivity of water is only weakly dependent on
the pressure, and, therefore, a moderate increase in the
pressure in the reaction zone cannot explain why the
peak arises, nor can the highly unrealistic idea of exist-
ence of large superequilibrium concentrations of water.
The dissociation of intermediate reaction products is
also unlikely to resolve the problem, since water, pro-
ducing H+, the most mobile ions, is viewed as the most
promising candidate.

On the other hand, the nonequilibrium reaction zone
comprises a wide variety of fragments of the initial
molecule, including readily ionizable ones. Since elec-
trons are substantially more mobile than ions, they can
give rise to conduction at relatively low concentrations.
In addition, intermediate products can participate in
associative ionization reactions with one another. For
example, the nonequilibrium ionization of flames is
commonly attributed to the reaction [30]

CH + O  CHO+ + e–.

In this case, the energy spent to produce an electron is
lower than the ionization potential of CHO by the dis-
sociation energy of the bond formed. In particular, the
endothermicity of this reaction under flame conditions
is 0.35 eV [31]. It stands to reason that, at high densi-
ties, reactions of this type may become exothermic.

An intriguing possibility is the existence of a
superequilibrium concentration of carbon in the reac-
tion zone [32]. Carbon particles can produce a conduc-
tance pulse by forming conducting chains [2] or via
thermionic emission [33]. The growth of the carbon
yield at high densities may manifest itself in the tail
region.
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7. CONCLUSIONS

An electroconductivity method for studying the
structure of detonation waves in dense HEs was devel-
oped. The measuring cell performs instrumental differ-
entiation of the conductance of a well-defined region of
the medium. The range of measurements was substan-
tially extended, up to 10 Ω–1 cm–1.

The distribution of electroconductivity behind the
front is highly nonuniform. The conductance pulse is
produced by chemical reaction, and, therefore, it has a
nonequilibrium character. The pulse is accompanied by
a tail, with largely equilibrium conductance (deter-
mined by the thermodynamic conditions). As the den-
sity increases, so does the peak maximum electrocon-
ductivity, while the peak width decreases. The peak
widths for PETN, RDX, and HMX correlate with the
available optical data on the reaction zone size. At the
highest densities, no appreciable decrease in the pulse
amplitude was observed.

8. APPENDIX: 
MODELING OF CURRENT SPREAD

Integral cell. We considered a two-electrode coax-
ial cell with an external diameter of b = 8 mm and an
internal diameter of c = 2 mm. We numerically solved
Eq. (1) for the potential ϕ(r, z) with the following
boundary conditions: ϕ = 0 at the external electrode,
ϕ = 1 at the internal electrode, and ∂ϕ/∂z = 0 at the det-
onation front (z = 0) and at a large distance (z = 4 mm)
from the front. We used an iteration method with cen-
tered difference scheme; the step along both coordi-
nates was h = 0.02 mm.

At various depths of immersion of the central elec-
trode into the conducting medium, the integral conduc-
tance of the cell Y was calculated from the potential dis-
tribution, after which an analytical expression for Y(x)
was constructed. When current spread is disregarded,
σ ∝ dY/dx. The error introduced by this formula is illus-
trated in Figs. 8a and 8b for a variable electroconduc-
tivity in the form of a step smoothed by a sinusoid half-
wave with a drop from 7 to 1 Ω–1 cm–1. The width of the
peak was on the order of the spread width. The insets
show a qualitative distribution of current lines. In
Fig. 8a, the end face of the central electrode is flat.
Curve 1 represents the calculated Y(x) dependence. The
jump that arises when the conducting medium arrives at
the electrode is seen. Curve 2 is an approximation of
Y(x) by the superposition of two decaying exponents
and a fourth-order polynomial. It deviates from the
modeled dependence only within an initial segment
(x < 0.25 mm), since it must pass through the origin of
coordinates in order to make the derived electroconduc-
tivity finite. Curve 3 represents the apparent electrocon-
ductivity, it is obtained from dependence 2 by differ-
entiation. It differs significantly from the true one
(curve 4), especially at small x values. The error may be
still higher (when the segment of deviation of curves 1

and 2 is shortened), in theory unlimited. When the tip
of the central electrode has a semispherical shape

(Fig. 8b), a steep rise, Y ∝ , appears instead of the
initial jump, since the surface area of contact between
the electrode and the conducting medium increases
gradually. Approximation curve 2, plotted with consid-
eration given to this aspect (a third-order polynomial

plus a term proportional to ) virtually coincides with
calculated dependence 1. In this version, curves 3 and 4
also differ from each other considerably.

When the longitudinal spreading is disregarded, the
error becomes very large, with its scale being deter-
mined by seemingly unimportant details of data pro-
cessing. At small x, the electroconductivity is overesti-
mated, being underestimated at large x; the surface
areas encompassed by curves 3 and 4 coincide. For a
flat end surface at x ≈ 1 mm, the derived electroconduc-
tivity is close to zero, a result that can be explained by
a weakening of current spreading in a poorly conduct-
ing medium. Recently, such peculiarities, along with
peak-maximum electroconductivity values nearly four
times those measured in [3, 29], were observed in
experiments with pour density HEs [34]. According to
the modeling results obtained, precisely such peculiar-
ities should be produced by the effect of spreading.
Erroneous interpretations of experimental results have
appeared due to a fundamental misunderstanding of
the nature of the limitations imposed by current
spreading on the resolution: instead of partial integra-
tion with signal smoothing, a frequently encountered
situation, this mode of measurements involves partial
differentiation.

We compared electroconductivity profiles obtained
by the regular procedure described in Sections 3 and 4
and profiles that can be derived from the first peak in the
U(t) signal and the accompanying signal near t = 0. The
modeling results were confirmed: profiles with a signif-
icant overestimation of the peak maximum electrocon-
ductivity, often with the subsequent decay to zero (or
even negative values), were obtained. At the same time,
a large scattering in these values was observed, which
can be naturally attributed to a nonuniformity in the
charge density near the tip of the electrode.

Differential cell. For the three-electrode cell (Fig. 1),
the nonuniformity of the field is concentrated near the
thin slit. Therefore, this configuration can be rather
accurately treated within the framework of a planar
problem. Electrodes 1 and 2 rotated so as to bring them
into the horizontal plane were kept at zero potential,
while the insulator and wave front had zero normal
derivatives. Far from the slit, a vertical electric field of
strength E0 was set.

For a uniformly conducting medium, there exists an
analytical solution to the problem, a feature that made
it possible to test the calculation code. Let Φ(z) = ϕ +
iψ be a complex potential inside the first quadrant of a
z = x + iy plane such that the wave front coincides with

x

x
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the x = 0 boundary while the slit occupies a segment
within Dt – a < x < Dt + a at the y = 0 boundary, with
the rest of this boundary being a zero equipotential. It is
easy to see that

Here, L = Dt is the distance from the wave front to the
midpoint of the slit; ζ = z/(L – a); F(ζ, m) and E(ζ, m)
are incomplete elliptic integrals of the first and second
kind, respectively; m = (L – a)/(L + a) is the modulus;
K' and E ' are complementary complete elliptic integrals
of the first and second kind. At constant σ, the current
per unit width of electrode 2 is J = πσE0(L + a)/2K'. The
measured signal is given by U(t) ∝ dJ/dt. Figure 8c
shows the dJ/dt profile against the background of an
ideal signal (unit jump for an infinitely thin slit).
Curve 1 is the analytical dependence, while the points
represent the results of numerical calculations (circles
and crosses correspond to calculation grids with 40 and
10 meshes per width a, respectively). As can be seen,
the analytical and numerical results are in close agree-
ment. We also performed calculations for the case
where the insulator was indented into the silt a dis-
tance a deep, but revealed no appreciable differences
from the main variant. An accuracy of ≅20% is

Φ iE0 L a+( ) E ζ m,( ) 1 E '
K '
-----–⎝ ⎠

⎛ ⎞ E ζ m,( )–⎝ ⎠
⎛ ⎞ .–=

achieved after the wave has traveled a distance shorter
than 0.5a along electrode 2. This value should be con-
sidered as a reasonable estimate of the resolution. As
the front moves away from the slit, the error decreases
as (a/2Dt)2.

To estimate the effect of a weak nonuniformity in σ,
we presented the potential as ϕ = ϕ1 + ϕ2, where ϕ1
is the solution to the Laplace equation for a uni-
formly conducting medium (see above) and ϕ2 is the
correlation associated with the nonuniformity. For a
given σ(x) dependence, a space charge of density ρ =
–(E1x/4πσ)(dσ/dx) arises. Since the field E1x = –∂ϕ1/∂x
is concentrated near the insulator, the value of dσ/dx
can be considered constant and equal to that in the slit.
The vertical electric field at the electrode surface at a
coordinate s associated with the space charge in the
vicinity of a point (x, y) can be written as a component
of the field of a charged filament:

with the factor 2 taking into account the image charges
behind the horizontal plane. The correction to the cur-
rent reads as

dE2y 2
2ρy

s x–( )2
y

2
+

-----------------------------dxdy,=
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Using the asymptotic expression for E1x at L � a and
performing a number of cumbersome rearrangements,
we obtained the following expression for the derivative
of the current with respect to the time:

where ∆ = σ/(dσ/dx) is the characteristic size of change
of in electroconductivity. Comparing this derivative
with the derivative of the main current σE0D, we found
that the error associated with the nonuniformity of σ is
about (a/2∆)2ln(∆/a), i.e., of nearly second order in a.

Figure 8d shows the calculated response of the cell
when the electroconductivity decays exponentially (at
∆ = 2.5a). Calculations confirmed that, under these
conditions (corresponding to the characteristics of the
experimental setup, a = 0.16 mm and ∆ = 0.4 mm), the
nonuniformity of the medium produces only a slight
effect on measurement results: as discussed above, the
error associated with a space charge is below 4%.
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