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Abstract
A literature survey was conducted on the presence of electromagnetic
radiation from the detonation of conventional explosives. This
survey is part of a technology effort to identify a useful battlefield
signature that an individual soldier could detect. Sources reported
observations of such signals in the range from as low as 0.5 Hz up to
2 GHz. Several of the investigators believed that the likeliest cause
was charged particles created by ionization within the explosive
region. The frequencies of the radiation appear related to the duration
of shock waves and other hydrodynamic phenomena caused by the
detonation. A calculation model presented in the literature provides
estimates of frequency bands in this range and also of signal levels
produced. The model is used to analyze some of the published results
and provide some correlation between observations of several
investigators.
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1. Introduction
1.1

Background and Purpose of Investigation
The Sensor Integration Branch has investigated the emission of electromagnetic (EM) radiation during detonations of conventional explosives.
This investigation is part of a technology effort to identify a wide range of
battlefield objects of interest to the individual soldier. The program’s
ultimate objective is to provide a passive, portable, self-contained unit
that can use multisensor inputs to detect, locate, and identify sources of
weapons fire and explosives detonation. In the first year (FY 96), the
branch surveyed related work reported in the literature to determine the
signal levels and frequencies to be expected and to understand the causes
of this radiation.
Electromagnetic radiation from conventional explosives originates from
several sources [1] as seen in figure 1. Radiation is emitted from projectile
travel in the launch tube, muzzle blast after projectile exit, discharge of
electrostatic buildup on a projectile in flight, detonation at target, and
impact of metallic fragments at target. The characteristics of radiation
from each of these scenarios may be different. We theorize that the radiation from tube-launched weapons such as small arms, mortar, and artillery will exhibit different characteristics from bomb or projectile detonations. Their differences are because of the presence of tube walls, which
may conduct charged particles while concentrating the expanding propellant gases in one direction.
We might expect that, whatever the source, the radiation should be
related to the duration and intensity of the explosive event. The likelihood of detecting the radiation will be affected by the source’s proximity
to various types of materials, such as metals (gun tubes, baseplates, shell

Figure 1. Sources of
radiation from launch
to detonating:
(a) projectile travel in
the launch tube,
(b) muzzle blast after
projectile exit,
(c) discharge of
electrostatic buildup
on a projectile in
flight, (d) detonation
at target, and
(e) impact of metallic
fragments at target.
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fragments) and nonmetals (earth, air, moisture content), and the presence
of ambient electric and magnetic fields.

1.2

Overview of Literature Survey
We began this study with an extensive literature search. Much of the
material was old—1958 to 1975—but provided a good basis for understanding the types of signatures that might be expected from muzzle
blast, projectile travel, or detonation on target. Most of the papers found
did not offer a solid theoretical explanation of the detectable radio frequency (rf) energy but mostly reported experimental findings. Our main
interest in reviewing the papers was to establish the kinds of signals
detected, the frequencies and signal levels observed, and any insight into
the possible sources of radiation.
Several researchers who have detected EM energy associated with battlefield munitions [1–4] observed signals in a wide range of frequencies, as
summarized in table 1. The signals are from 0.5 Hz to 1 GHz. The frequency affects signal propagation and detectability, as discussed in
section 3. In addition, Takakura and Curtis report delays from initiating
the explosive to detecting a signal from 20 to 160 µs and as long as 2 s.
Curtis also reports a low-frequency (LF) signal that lasted 15 to 19 s,
which is beyond the duration of any conceivable explosive event.

Table 1. Summary of
significant findings.

Source

Frequencies

Possible cause

Trinks
1976

1–100 kHz

Ionization of gas at muzzle

2 MHz–1 GHz

Discharge of projectile
upon impact at target
Ionization at shock front
of explosion
None given, experimental
results only
None given, experimental
results only

Takakura
1955
Stuart
1975
Curtis
1962
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6–90 MHz
250 MHz–1 GHz
0.5–350 Hz

2. Literature Survey
A review of the literature revealed attempts to detect EM radiation from
conventional explosives from the late 1950s to the present. Most of the
papers reported experimental findings that showed an effect, but did not
provide enough documentation to establish the field levels. They also
provided some physical insight and conjectures on what the causes of the
radiation might be, but did not attempt to offer a solid theoretical explanation of the detectable rf energy. We reviewed this literature to establish
what frequencies and signal levels were observed and to determine the
possible sources of radiation.

2.1

Trinks
Trinks and his colleagues in Germany, who wrote several reports in
German, laid much groundwork. At one time, Trinks visited the Harry
Diamond Laboratories* and lectured on his work. The lectures were
compiled into an internal report that is cited in the next paragraph, along
with other reports that he and his associates wrote.
In Trinks’ 1976 report [1], he discusses the presence of several aspects of
radiation caused by detonations:
•

rf (10 MHz–2 GHz) radiation upon detonations possibly because of
“microsparks” caused by charge equalization of fragments,

•

strong LF (1–100 kHz) radiation caused by muzzle flash possibly because
of the ionization of gases near the muzzle, and

•

the electrically charged state of projectiles and the subsequent detection of
high frequency (HF) (2 MHz–1 GHz) pulses on impact at the target.
An electrostatic charge builds up on a projectile in flight because of many
competing factors such as triboelectric effects (which can occur whenever
materials in a projectile‘s path, such as dust or water particles, are
stripped across the surface by the airstream), charged particles impinging
on the projectile surface, electric fields caused by shock waves, the projectile passing through the muzzle flash region, and the presence of a reacting tracer. A limiting value of charge is reached above that which charge
carriers discharge by spraying off the projectile. This is known as corona
discharge. Theoretical calculations of charge on a projectile in flight show
good conformity to those determined experimentally, as shown in figure
2. Trinks provides experimental evidence for several of these effects, but
he does not provide clear mathematical relationships relating the charge
buildup to known or measurable quantities.

*Now part of the Army Research Laboratory.
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(a)

Figure 2. (a) Measured
and (b) computed
signals obtained by
application of ringshaped sensor.
Projectile‘s charge is
assumed as a line
charge, and ν is
velocity of projectile
or line charge.

UR

(b)

L

200 µs

UR

[Reprinted with
permission (see ref 5)]
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Trinks and ter Haseborg include a summary of the many experiments and
their results in a 1980 IEEE transactions report [5]. They mention that
even though the physical mechanism leading to the presence of signals is
very complex, the origination and separation of electrical charges are
fundamental reasons for all the effects observed.

2.2

Takakura
Takakura [2] presents experimental measurements of EM radiation at
frequencies of 6 to 90 MHz upon detonation of explosives by using
burning paper as the igniter. This method of ignition was used to prevent
changes in the detected radiation, which sometimes occurs when firing by
electrical means. It was observed that the signal amplitude is porportional
to 1/r, where r is the distance from the source of the radiation to the
observation point. This variation corresponds to the decrease in signal
that occurs with EM radiation in the far field. Nonradiative fields decrease faster than 1/r. Decreasing signal strength was also found for
increasing frequency. Notably, these tests showed an extremely high
correlation between simultaneous signals from two different antennas
both set up parallel or perpendicular to each other near the explosion.
Takakura offers no clear reason for the detection of such signals but
suggests the possible cause to be linked to the ionization at the shock
front. Takakura also observed that EM radiation pulses detected at frequencies below 90 MHz were delayed 80 to 160 µs from the start of the
detonation.

2.2.1

Description of Experiment
Takakura detonated small explosives, 0.2 g of lead azide, on a wood base
30 cm above a concrete floor. He used a photocell as a trigger for

4

3300-, 190-, and 90-MHz receivers. Antennas of wires 50 to 160 cm in
length and a horn were used and placed 10 to 200 cm from the explosive.
He used burning paper as the igniter to prevent changes in the detected
radiation, which sometimes occur when firing by electrical means. The
peak light intensity occurred 20 to 30 µs after initiation of detonation, and
pulses were detected on the 90-, 14-, and 6-MHz channels 80 to 160 µs
after initiation of the explosives. The major part of the rf pulses occurred
after the light emission had decreased. He varied the explosive size from
0.1 to 0.4 g and found that the number and intensity of pulses increased
with increasing mass.

2.2.2

Results
The signal strengths measured were in the tens to hundreds of microvolts,
but Takakura did not provide E-field values in the body of the report. The
range of E-field in V/m can be estimated by dividing the values of voltage obtained by the length in meters of the antenna being used. These
results are presented in table 2.
In an appendix to his paper, Takakura uses “a typical impulsive noise
detected experimentally” having an E-field value of 4 × 10–4 V/m to
estimate the value of the acceleration of an ionized particle in an expanding gas cloud. The estimated E-field values from the table agree with this
value, thus indicating that our method of estimation is reasonable.

2.2.3

Estimation of Average Dipole Moment and Charge
Acceleration
Takakura attributed the detected radiation to acceleration of electrons that
are ejected by ionization at the shock front produced by the detonation of
the lead azide. In his appendix, he presents some quite sketchy calculations on the change of dipole moment induced at the shock front and the
radiation produced by this effect. Since these calculations provide useful

Table 2. Estimate of
Bandwidth of
E-field range from
instrumentation
Takakura’s voltage
channel
measurements from
(MHz)
detonating 0.1 to 0.4 g
of lead azide.
Video
6
14
90
190
330

Antenna
length from
explosion
(cm)
100
150
50
75
None given
None given

Distance
measured
(cm)

Range of
voltages (V)

Range of
calculated
E-fields
(V/m)

40
40
40
15
10
10

10 mV
20–200 µV*
None given
50–100 µV
None given
None given

10–2
13–133 µV/m
None given
66–133 µV/m
None given
None given

*In his paper, Takakura’s statement “tens to several hundred microvolts” is
ambiguous, so that these numbers represent the lower limits of the range
detected.
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benchmark numbers for the E-field near the detonation and the acceleration of the charges comprising the dipoles, we elaborated on Takakura’s
efforts by supplying what we believe may have been the missing steps
and assumptions behind his calculations.
Takakura considers a region of dipoles distributed uniformly over the
volume of the radiating region, which he takes to be a sphere of volume
10 cm3 surrounding the explosive. The charge density for a singly ionized
dipole is given by

ρ = en ,

(1)

where e is the unit of charge for a singly ionized dipole, 1.6 × 10–19 C, and
n is the number of dipoles per cm3, for which he uses a value of 1010 per
cm3. He considers the E-field at a radius of 0.4 m from the center of the
explosion caused by an average dipole of moment
→

→

ρ s dV ,

P=

(2)

V

where s is the vector distance from the center of the volume to a point at
which dipoles exist. The implied assumption is that one end of each
dipole is anchored at the center of the volume, and the other end is free to
move. These moveable ends are distributed uniformly throughout the
radiating region. The above integration is an estimate of the net dipole
moment of the distribution. (Note that, if the distribution of dipoles is
spherically symmetric, the net dipole moment, consequently the E-field,
will be zero because of the cancellation of equal and opposite terms in the
integration. If asymmetry is introduced, for example by proximity of the
explosion to the ground, then there could be a net dipole moment.)
From equation (2) using a uniform density, we can express the dipole
moment as the net charge times an average length as
→

→

→

ρ s dV = ρ

P=
V

V

→

→

s dV = ρ V s avg = q s avg ,

(3)

where
q = ρ V = enV .

(4)

Takakura uses the second time derivative of P, which can be obtained by
differentiating equation (3):
→

→

→

P = q s avg = q a ,

(5)

where
→

→

a ≡ s avg

is the average acceleration of the moveable end of the dipoles.
6

(6)

Dividing equation (5) by q gives the following formula for the average
acceleration in terms of the second derivative of the polarization:
→

a = P /q .

(7)

Takakura gives the E-field in terms of the polarization by
→

E = − P /4 π ε oc 2 R .

(8)

Solving equation (8) for the second time derivative of the polarization
gives
→

P = −4 π ε oc 2 RE ,

(9)

where εo = 8.85 pF/m, and c = 3.00 × 108 m/s.
In an appendix to his paper, Takakura gives a typical measured value for
the E-field of 4 × 10–4 V/m. Using this in equation (8) at a distance of 40
cm from the center of the explosion gives for the second time derivative
of the polarization
→

3
2
P = 1.6 × 10 C m/s .

(10)

Using 103 cm3 as the volume of the radiation source in equation (4)
estimates the total polarization charge as
q = enV = 1.6 × 10–19 C/particle × 1010 particles/cm3 × 103 cm3
= 1.6 × 10–6 C .

(11)

Substituting equations (10) and (11) into (7) estimates the value of acceleration as 109 m/s2.

2.2.4

Conclusions From Review of Takakura’s Paper
The main objectives of these tests were to determine if explosively generated rf signals exist and to determine polarization characteristics and the
correlation between the signals. The presence of EM radiation was determined on the 90-MHz channel, since the intensity decreased porportional
to the inverse of the distance from the source to the receiving antenna.
The polarization was concluded to be uniformly distributed, since two
antennas at right angles to each other received about the same signals.
His maximum signals, on the order of 4 × 10–4 V/m, were obtained on the
6- and 90-MHz bandwidth channels. This is as close as he comes to
providing the frequencies of the radiated signals.
In all cases, a visible light pulse was obtained before detection of the rf,
which was delayed 80 to 160 µs from initiation of the explosion.
Takakura attributes the cause of the radiation to be ionization at the
shock front produced by the explosion with the resulting production of
7

dipoles and the acceleration of the resulting dipoles. In an appendix, he
estimates the second time derivative of the average dipole moment to be
1.6 × 103 C m/s2 and the average acceleration of the charge forming the
dipole to be 109 m/s2.

2.3

Kelly
Kelly [6] offers an overview of explosives, the resulting EM pulses, and
the propagation characteristics of the pulses and sensing methods useful
for detection. Kelly does not provide his own experimental results but
discusses the results of previous investigators. He suggests that a unique
signature for a given charge may not exist because of the dependence of
output pulse on the method of initiation. It is expected that the faster the
initiation, the higher the frequency components, since one would expect
higher frequencies from fast rise time events and lower frequencies from
slower rise time events.
He also discusses the effect of the wavelength of radiation on the dependence of the E-field on the distance from the source to the observer, which
is summarized in the appendix of this report.

2.4

Stuart
In a classified Advanced Research Projects Agency (ARPA) report on
Hostile Weapons Location Systems (HOWLS) [3], a summary of rf measurements from various weapons firings is presented. The most promising
results were those from a Navy study by Lockheed in 1968. Frequencies
were recorded in the 250-MHz to 1-GHz range for various caliber weapons. The ARPA report also includes a good summary of experimental
results of the measurement of signals produced by three different types of
explosives. This is a good starting point in trying to explain the mechanisms causing radiation from weapons. The equipment and experimental
techniques are described in the report. With today’s improved sensitivity
and bandwidth, we should be able to duplicate and improve these
observations.
Stuart also provided a literature review, most of which is unclassified. He
found that the Soviets had been interested in rf from explosions and had
done much basic work. They studied unconfined explosives and found
that the rf energy is related to “the expansion of the gaseous products of
detonation and can be explained on the basis of the kinetic molecular
theory of gases by the nature of motion of the ionized particles in the
pressure field.” They also found that there is a characteristic signature
from different kinds of industrial explosives that is determined mainly by
the following:
•

8

”the presence in the explosive composition of easily ionized additives,
such as salts of alkali metals,

•

the presence in the explosive composition of combustible additives, such
as sawdust and aluminum, and

•

various factors, such as the presence of casings, preventing the free escape
and expansion of the explosion products. The polarity of the pulses is
said to be determined by the change of the dipole moment with time.“
The signatures of several different explosive compounds are shown in
figure 3.

2.5

Gorshunov, Kononenko, and Sirotinin
Gorshunov, Kononenko, and Sirotinin [7] are Soviet investigators who
investigated spheres and cylinders weighing from 1 to 5 kg and cast from
a 50/50 ”trinitrotolul hexogen“ [sic] alloy. They investigated “the effect on
the EM signal of different initiation methods, suspension height, mass
and shape of the explosive charge, and external electric and magnetic
fields.” Instrumentation in the 30-Hz to 2-MHz range was used. They
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found that the time interval tm between initiation of the detonation and
the EM signal maximum depends on the cube root of the mass M of the
explosive charge by
tm = KM1/3 ,

(12)

where K = 0.7.
They also found that initiation by flame produced different signals than
initiation by electrical pulse. Also, the electrical initiation of a horizontally
mounted cylindrical charge initiated at one end produced signals of
opposite polarity on antennas positioned on opposite sides of a plane
perpendicular to the axis at its center. Reversing the direction of initiation
reversed the polarity of the antennas.
For flame-initiated signals, electric fields up to 1000 V/m and magnetic
fields up to 5 Oe in the explosion region had no effect on the signals. The
signals do not depend on the suspension height of the explosive charge
above the ground.
They believe that the EM signals are generated by electrical charges or
currents that arise from electrified explosion products and that the asymmetry of the explosion is the “governing factor” in generating the signals.
For electrically detonated explosives, the leads introduce the asymmetry,
and for flame-initiated explosives, the geometry of the explosive charge
determines the asymmetry.

2.6

Nanevicz and Tanner
Nanevicz and Tanner [8] attempted to reduce the rf noise on the order of
1 MHz that is generated on aircraft by triboelectric charging, a mechanism also discussed by Trinks [1], (sect. 2.1), as applied to projectiles. A
footnote found in Nanevicz and Tanner‘s paper defines triboelectric
charging:
”Triboelectric charging occurs whenever two dissimilar
materials are placed in contact and then separated. In
the case of an aircraft flying through precipitation
containing ice crystals, the ice crystals generally acquire
a positive charge, leaving the aircraft with a negative
charge.“
When the charge builds up to a sufficiently high potential, it discharges
via a corona discharge mechanism and produces rf noise in the 1-MHz
band and interferes with radio reception aboard the aircraft (fig. 4). When
various decoupling devices such as insulated conductors that are attached
to the wing trailing edges are used, the intensity of E-fields on the aircraft
is reduced, thus reducing the amplitude of rf static from the corona
discharge (fig. 5).
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Figure 4. Illustration
of noise-coupling
theorem.
[Reprinted with
permission (see ref 8)]

I2 = 1
V1

Region T2 in which disturbance, characterized by
current density J2, occurs.

E 1 J 2 dv
T2
Antenna
terminals
region T1

Situation 1: Voltage V1 is applied to terminals T1
producing field E1 at all points of space and
in particular in the region T2.
Situation 2: Disturbance occurs in the region T2 current;
density J2 is therefore finite in T2. In response to the discharge, a current I2 flows
in the short-circuited antenna terminals T1.

[© 1964 IEEE]

Figure 5. (a) E-field
(a)
configuration at
Trailing edge
trailing edge of
of airfoil
airfoil, (b) rf coupling
field configuration
around airfoil with
E-field
isolated edge, and
lines
(c) static field
configuration around
flush decoupled
discharger.

(b)
[Reprinted with
permission (see ref 8)]

Trailing edge
of airfoil

Point of
zero field

E-field
lines

(c)
Discharge
Trailing edge
pin
of airfoil
High-resistance
sheet

E-field
lines
[© 1964 IEEE]
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The corona rf is discussed only qualitatively in the report. A book by
Leonard Loeb [9] discusses corona discharge in detail and should provide
a basis for a quantitative understanding of this mechanism of rf generation. The corona effect will not be discussed further in this initial literature review, because it is not an explosive process, even though it is a
possible source of radiation from projectiles in flight.

2.7

Curtis
Curtis [4] measured extremely low-frequency (ELF) signals from small
(10 g) explosive charges, suspended 1 ft above the ground, and similar
charges 1 ft under water. For the air tests, the receiving antennas were
either stretched a few feet in the air normal to the direction of the charge
or laid on the ground in the same position at a distance of 10 ft. The
orientation made no difference in the measurements. For the water tests, a
ferrite loop antenna was used at the bottom of the site, typically 8 ft away.
The instrumentation filtered out all frequencies above 350 Hz. The signals
in air exhibited the following features: they were delayed about 2 s from
initiation of the explosive to the start of the major signal, they had a
minimum frequency of 0.5 Hz, and they lasted 15 to 19 s (fig. 6). The
signal amplitude observed at 10 ft was 0.5 mV/m. For the water tests, the
signal lasted 2 s and the delay after initiation was 2 s, with a minimum
frequency of 1 Hz. Audio frequency analysis showed that “the signals
were distributed through the spectrum covered by the equipment, as
expected.” The receiving antennas were not in the radiation zone; but in
the static zone so the discussion of the ELF signals detected as “radiating
fields” is a bit misleading. Curtis offered no theoretical explanation for
the effects observed. Table 3 is a compilation of Curtis’s results that are
provided in his report.

Figure 6. Low
frequency rf from
10 g explosive charge.

15 s

• Air
Chg ht = 10 ft

Test 4

15 s
• Water
Chg ht = 8 ft
Test 11 (first series)
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[© 1962 IEEE]

Table 3. Results of
Curtis’s voltage
measurements from
detonating 10 g of
RDX in air.*

Bandwidth of
instrumentation
channel
1–350 Hz,
0.5 Hz minimum
freq observed

Antenna
length

Distance
from
explosion

20 ft
(610 cm)

10 ft
(305 cm)

Signal
duration

Range of calculated
E-fields

19 s

5 × 10–4 V/m

*Curtis also made measurements of detonation of explosives submerged in 1 ft of
water, but these were not included here, because the subject of this investigation
is confined to detonations in air.

2.8

Cook
Cook [10] detonated 2- to 3-lb explosive charges 75 m above the ground
with two antennas (he does not mention the type or length used) placed
at 100 ft from the charge and located at right angles to each other. The
peak signal recorded from each antenna was 200 mV, with an initial pulse
frequency of about 5 kHz, using a cathode follower configuration with a
cutoff frequency around 30 kHz. There is no mention of any gain characteristics of this setup, so that the field strength cannot be assessed. The
resulting traces are shown in figure 7. In figure 7 (a), the traces recorded
from each antenna have the same pulse shape for the first 150 µs, showing
that the signal is not uniquely polarized. This agrees with the results by
Takakura mentioned previously. Figure 7 (b) was a repeat of the test;
however, the pulse shape was repeatable only for the first 150 µs. This
demonstrates the difficulty many experimenters have had in repeating
their results even under seemingly identical conditions.
Cook also measured explosive charges of various weights from 70 to
1100 g. Peak signals occurred when the charges were fired at heights
equal to the radius of the expanded hot gas cloud. He reports that the

Figure 7. Rf pulse at
(a) Antenna direct
100 ft from
detonation of 2 to 3 lb
of composition B
explosive mounted
30 in. above ground.
500 µs/cm

→

500 µs/cm

→

500 µs/cm

→

500 µs/cm

→

→

• Initial test

0.2 V/cm

[Reprinted with
permission (see ref 10)]

0.1 V/cm

→

(b) Antenna at right angle

• Repeat

[© 1958 Reinhold Publishing Corporation]
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signal amplitude in an antenna at 30 ft (914 cm) from a charge suspended
at a 90-cm height increases porportional to the 0.8 power of the charge
mass. The measured signals for these tests were proportional to the
inverse square of the distance from the source to the antenna, which is
characteristic of an electrical field in the induction zone, even though the
observation points are much closer (well within the static zone).
The frequency of the first quasi-sinusoidal portion of the pulse varied
from 6.2 to 2.8 kHz, as the mass of the explosive was increased from 70 to
1100 g. Thus the frequency depends on the inverse cube root of the charge
mass [(2.8 kHz/6.2 kHz) = (1100 g/70 g)–1/3 ]. This is the same
dependence as the reciprocal of the time from initiation to detonation of
the explosive, as mentioned by Stuart [3] (sect. 2.4). We therefore may
suppose that the pulses observed by Cook are caused by some effect that
occurs during the detonation process.
When the shots were fired directly on the ground, no EM signal was
obtained. Also, a grounded wire screen 150 cm above the charge eliminated the signal, possibly suggesting that the generation of the EM signal
was related to the acceleration of electrons from the explosive gases in the
earth’s vertical electric field, which is about 100 V/m.
Cook proposed the following physical description of the phenomenon
that caused the EM signal to occur as a result of the explosion: “During
the initial expansion into the atmosphere of the gaseous products of
detonation, at the front of which is the observed plasma, the gas cloud
becomes charged, evidently as a result of polarization of the plasma at the
surface of the expanding gas cloud under the influence of the
atmosphere’s vertical potential gradient and/or electrokinetics. After this
gas cloud accumulates sufficient charge in this way, it may then be discharged by making a direct contact with ground or through a suitable
grounded probe. The electrical pulse begins to radiate at the instant the
discharge commences, the wavelength of the radiated pulse being then
roughly proportional to the diameter of the gas discharged and to the
conductivity of the ground.”

2.9

Wouters
Wouters [11] analyzed data from two foreign tests as well as his own test.
The first was a Soviet test by members of the Dremin Laboratory to
determine the local E-field generated by detonation of a 1.3-kg cylindrical
charge. The second test was of a 500-ton hemispherical high-explosive
(HE) surface detonation observed by a team from the United Kingdom.
In his efforts to derive the pulse shape and amplitude, Wouters adopted
an atomic physics approach in which he attempted to account for the
blast temperature and its effect on ionizing the ambient air and explosive
products, the resulting plasma, and the concentration of electrons and
ions as a function of temperature. He considered ionic attachment,

14

recombination, mobilities and conductivities, and charge acquisition by
burn products and debris. He also considered the effect of geometric
parameters and hydrodynamic considerations on the time evolution of
the explosion and fireball. The detail of the description of the experiments
is not sufficient to allow comparison with the physical behavior that he
presents.
He does show rf pulses from two detonations, but he does not give details
about the observation distance, antenna used, and instrumentation
system sufficient to determine the E-field. The first detonation is from
1.3 kg of a cylindrical explosive charge, figure 8. Using the cube root
relationship from Stuart [3] and the explosive mass and resulting
frequency from Cook [10], we find that the expected time scale of the rf is
2.8 kHz × (1.3 kg /1.1 kg)–1/3 = 2.65 kHz, or 0.3 ms. The time duration of
the first part of the pulse is about 0.4 ms. The second detonation is a huge
explosive, 500-ton hemispherical HE charge, figure 9. Applying the
Stuart/Cook calculation to this explosive, 4.54 × 105 kg, gives 2.8 kHz ×
(4.54 × 105 kg /1.1 kg)–1/3 = 37.6 Hz, or 27 ms. The first part of the pulse is
about 32 ms, which is the expected time scale.

2.10

van Lint
One of the more recent experiments reported in the literature is by V.A.J.
van Lint [12] of Mission Research Corporation. Measurements were made
for explosions ranging from 0.01 to 345 kg. Various antenna configurations were used to capture broadband LF, narrow-band VHF (very high
frequency), and UHF (ultrahigh frequency) signals. Most measurements
4.5

Figure 8. Typical trace
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of a cylindrical
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Figure 9. Rf trace from
detonation of 500-ton
hemispherical HE
charge.

were performed either 140 or 200 m from the detonation, in the radiating
zone for the higher frequencies. The results are presented graphically, but
the discussion in the paper does little to draw conclusions on the group of
measurements.
Van Lint proposed that most of the rf radiation is produced by electric
sparks from detonation products and case fragments. Most of the rf
bursts in these experiments occurred at 100 to 200 µs following detonation, after the case had fragmented, and while explosion particles were
streaming through the spaces between fragments. Beyond this, van Lint
proposed no further explanation for the measured signals.

2.11

Andersen and Long
Andersen and Long [13] showed that detonation of bare charges provided
a distinctly different EM signature from detonation of encased charges.
They suspended charges ranging in mass from 20 to 1087 g of tetryl or
Composition B at a distance of 18 in. above a steel ground pad. Apparently, the charges were roughly cylindrical in shape and initiated from
one end. The signals were received by two end-fed antennas, each connected to a cathode-follower circuit having an HF cutoff of 600 kHz. The
output of each circuit was connected to a Tektronix 551 oscilloscope and
recorded on a Polaroid camera. The antennas were positioned at various
distances and angles from the charge axis. The oscilloscope sweep was
initiated simultaneously with the initiation of the detonator. A time
interval of 72 µs was required from initiation to completion of detonation.
The EM signals were observed from 300 to 600 µs after the detonator was
initiated.
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2.11.1 Effect of Casing
Charges were encased with 0.5-in. thick plaster of Paris. The results are
shown in figure 10 (a). The uncased signal amplitudes were small and
unreproducible. The encased explosives produced a much higher signal.
For example, a 2- × 4-in. cylindrical charge uncased had a barely distinguishable signal of 1 mV, as measured by an antenna at 4.27 m (14 ft) from
the charge. With the casing, the signal increased to 18 mV with a
pulsewidth of 6.5 ms. The 6.5-ms pulsewidth corresponds to a frequency
band of 154 Hz, an LF signal. They also tested a “half-casing” configuration (fig. 10 (b)), which had a signal similar to the full-casing, but the
signal amplitude was only 15 mV. The pulsewidth was about the same as
the fully cased charge. The “half-casing” was defined as “full-casing
applied to a lateral half of the charge only.”

2.11.2 Effect of Seeding
In another explosive configuration, the charges were seeded 15 percent by
weight of sodium bicarbonate. It seems that the seeding was a mixture of
the solid explosive with the sodium bicarbonate powder, but the text was
not explicit. Andersen and Long also defined a “half-seeded explosive” as
Figure 10. Effect of
casing and seeding
on rf pulse from
explosive charges.

Bare charge
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Bare charge

Half cased
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[Reprinted with
permission (see
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Copyright 1965
American Institute
of␣ Physics]

Half seeded
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→

(a) Tetryl charges encased with
0.5-in.-thick plaster of Paris.

Full seeded
1 ms/cm

→

(b) Composition B charges seeded with
15 percent by weight of sodium
bicarbonate.
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“a full seeding applied to a lateral half of the charge only.” The antenna
was at 4.27 m (14 ft) as in the casing experiment. The results are shown in
figure 10 (b). The bare charge amplitude was about 2.5 mV and about
7 ms long. The full-seeded charge was about the same amplitude, but the
pulse shape was suppressed, except for a 0.5-ms negative pulse at the
beginning of the trace. The half-seeded explosive was similar to the fullseeded one, except that the pulse shape of the bare charge was not suppressed, but the negative 0.5-ms pulse at the beginning of the trace was
almost the same amplitude as the full-seeded configuration. The 0.5-ms
pulsewidth corresponds to a frequency band of 2 kHz, also an LF signal.
“The significant result obtained was that the much larger signal amplitudes of the cased and seeded charges correlated in a direct manner with
the weight of the inert substance added to the charge. Thus, the average
signal amplitudes of the half-seeded, fully-seeded, half-cased, and fullycased charges stood in the ratio of 1.0, 2.6, 13.7, and 23.7, respectively,
while the inert mass present in these charges was in the ratio of 1.0, 2.0,
10.6, and 21.3. This result shows that the dominant ion source producing
the EM radiation from these charges was electrically charged particles of
the pulverized casing material and the seeding agent ….”

2.11.3 Source of High-Frequency Radiation
Andersen and Long also detected HF signals between 400 and 500 MHz
on detonating a 1.25-lb block of Composition C-4 suspended 0.91 m (3 ft)
above the ground. Short random bursts were observed. They were attributed to collisions of charged solid particles of unequal potentials with
each other or with the ground.

2.11.4 Conclusions From Andersen and Long
The work of Andersen and Long showed that the inert materials are a
significant contribution to the radiated signal. They attributed the EM
signal to the discharge of electrically charged solid particles that receive
their charges by friction as they accelerate past electrically charged detonation products. The casing of conventional explosives would be metal,
such as iron or steel, rather than the inert materials discussed in section
2.11.2 and probably would produce still different signals. They felt that
the fragmentation properties of the casings therefore would affect the
radiation significantly.
Their conclusions point to the source of radiation being ionized particles
that arise during the detonation process with charges that appear initially
on the detonation products. Subsequently, these charges are transferred
by friction to the inert casing particles and fragments as they accelerate
relative to the detonation products. Both low frequencies 150 Hz to 2 kHz
and high frequencies 400 to 500 MHz were observed.
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2.12

Adushkin and Solov’ev
Adushkin and Solov’ev [14] investigated an electric field pulse induced in
the soil when an explosive charge was detonated underground. The
source of charges that generate the E-field is similar to the source of
charges that produce rf from detonations that occur aboveground, as in
the papers reviewed above.
While estimating the charge buildup in the soil, they take into account the
relaxation process within the plasma formed during the explosion. This
includes an estimate of a time of 10–8 to 10–9 s for capture of the free
electrons in the detonation products by oxygen molecules. They also
provide, but do not derive, a formula for the relaxation of the ion charges
because of the conductivity of the “weakly ionized gas.” They also provide a formula for the time for the velocity distribution of particles—the
text was not clear whether it was the ions or the electrons—in the plasma
to become Maxwellian, which they estimate as 10–11 s.
They also provide a formula to estimate the charge captured by the
“scattered medium,” probably the soil, as a result of the detonation force,
in terms of the volume of the soil that is interacting with “the ionized
detonation products.”
The analysis, while difficult to follow because of the omission of derivations of formulae, provides a starting point for a more thorough study.
This report refers to several other reports in Russian, which are included
in a bibliography. The Russians therefore have much interest in rf from
detonation of conventional explosives.

2.13

Fine and Vinci
Fine and Vinci [15], after conducting a review of the literature, developed
a simple model of the thermal effects of the detonation, which they
consider to be the largest source of EM radiation. The model involves
several simplifying assumptions but is a first step at calculating frequency
band, signal strength, and detection thresholds, as in section 3. The
frequency bands and signal amplitudes predicted at a distance of 10 km
for a mortar-sized projectile detonation are shown in table 4.

2.13.1 Description of Model
The calculation model is based on the assumption that the energy of
detonation of the explosive material goes into the production of an outwardly traveling spherical shock wave. The temperature within the
spherical region is extremely high, because of the addition of the heat
from the explosion. Collisions between molecules, which are more frequent at high temperatures, cause ionization of molecules and production
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Table 4. Calculation
results for frequency
bands and signal
amplitudes 10 km
from mortar-sized
explosive detonation.

Radiation
source

Charged
particle

Conditions (1.5 ms)
Frequency
E-field
B-field
band
(V/m)
(G)*
1 × 10–7
1 × 10–7
4 × 10–3

Acceleration
across shock
front

O2 ion
N2 ion
Electron

12 GHz
13 GHz
2 THz

Acceleration
across plasma
shell

O2 ion
N2 ion
Electron

Acceleration in
earth’s magnetic
field

O2 ion
N2 ion
Electron

18 kHz
4 × 10–10
20 kHz
5 × 10–10
3 MHz
1 × 10–5
Frequency†
50 Hz
—
50 Hz
—
3 MHz
—

4 × 10–12
4 × 10–12
1 × 10–7
1 × 10–14
2 × 10–14
5 × 10–10
—
—
—

* = B(weber/m2) × 104
figures in this column are corrections to the printed symposium
proceedings.

†The

of free electrons.* The authors have considered three scenarios (fig. 11) for
the production of radiation that they believe result from the acceleration
of charged particles. The first two provide different-sized regions in
which the charged particle acceleration occurs.

2.13.2 Frequency Bands and Signal Levels
In the first scenario (fig. 11 (a)), the expanding shock wave engulfs more
atmospheric air at ambient temperatures (low velocities) and ionizes the
air it passes through and accelerates the molecules to the higher velocities
in the spherical region (fig. 12). The authors assume that the ionization
and subsequent acceleration of the charged particles (ions and electrons)
occur over the thin region of the shock front, which is on the order of 10–8
m. The frequency band that is calculated in this scenario is the reciprocal
of the average travel time of a charged particle over that region. The
acceleration of the charged particles produces radiation in the rf regime.
This produces very high frequencies in the rf regime: 0 to 13 GHz for the
positive ions and 0 to 2 THz for the electrons. The electron frequencies are
too high to be detected by rf equipment in non-line-of-sight scenarios.
The E-field amplitudes are 10–7 V/m for the positive charges and are
much higher, 4 × 10–3 V/m, for the electron.
In the second scenario (fig. 11 (b)), the authors assume that the ionization
and subsequent acceleration occur in a wider plasma region between the
spherical shock front and a detonation wave that travels at a fraction of
0.75 of the speed of the shock front. The longer time for the electrons to
*At lower temperatures, the collisions also may induce vibration and rotational modes in the molecules,
and at higher temperatures, the collisions may totally ionize the molecules. However, the authors ignored
these additional phenomena in the analysis.
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Figure 11. Three
scenarios for
production of rf
radiation for a bare
(uncased) explosive.
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traverse the plasma region produces much lower frequencies in the rf
region: 0 to 20 kHz for the positive ions and 0 to 3 MHz for the electrons.
The frequency band that is calculated in this scenario is the reciprocal of
the average travel time of a charged particle over that region. The E-field
amplitudes are 4 to 5 × 10–10 V/m for the positive oxygen and nitrogen
ions and 10–5 V/m for the electron (table 4).
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δ = shock thickness
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Mean speed of
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Figure 12. Change in
mean speed of
charged particle
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across shock wave.
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In a third scenario (fig. 11 (c)), the charged particles that already have
been accelerated on passage through the shock front or plasma region are
moving inside the spherical region with a high velocity corresponding to
the high temperature within the region. The motion of these high-velocity
charged particles in the earth’s magnetic field of 0.3 to 0.7 G produces a
radial acceleration that causes a well-defined frequency of radiation
rather than a frequency band: 50 Hz for the positive oxygen and nitrogen
ions and 3 MHz for the electrons. Note that this is within the 0- to 3-MHz
frequency band from the second scenario, the particles’ acceleration in the
plasma region. The field values for this scenario were not included in the
paper.
As shown in table 4, each scenario produces different frequency bands of
radiation and signal levels. The most detectable particles from table 4 are
the electrons, which (because of the lower mass in comparison with the
oxygen and nitrogen ions) attain higher velocities and accelerations.
The model is modular so that it can be extended to account for other
factors not yet incorporated, such as energy of bomb and projectile fragments, tube-launched projectiles, the ion species and concentrations,
ionization and recombination rates, levels and relaxation times, and
directional distribution of radiated energy per charged particle. Also, the
effect of forming dipoles instead of free ions and electrons, as mentioned
by Kelly [6] and Takakura [2], could be considered.

2.13.3 Effect of Ion Concentration on E-Field
Equation (21) from Fine and Vinci’s paper gives the E-field in terms of the
number of radiating particles as

E = 1r
22

nAP µ oc
(V/m) ,
2π

(12)

where r is the distance in meters from the explosive to the observation
point; n is the number of moles of radiating particles; A is Avogadro’s
number of particles per mole, 6.02 × 1023; P is the radiated power in watts
per particle; µo is the permeability of air taken equal to the permeability of
free space, 1.26 µH/m; and c is the speed of light in air taken equal to the
speed of light in empty space, 3.00 × 108 m/s. The quantity
N = nA

(13)

is the number of radiating particles. According to the above formula, the
E-field is proportional to the square root of N. Thus if N decreases by a
factor of 10–8, then E decreases by a factor of 10–4.
Equation (14) of the paper provides a formula to calculate the number of
moles of an ideal gas in terms of its pressure and temperature:

n=

pV
,
RT

(14)

where p is the ambient pressure in N/m2, V is the volume of gas in m3, T
is the temperature in Kelvins (K), and R is the ideal gas constant, 8.314 J/
K-mole.
For ambient conditions of
p = 105 N/m2, V = 1000 cm3 = 10–3 m3, T = 300 K ,

(15)

n = 4 × 10–3 moles ,

(16)

N = 4 × 10–3 moles × 6.02 × 1023 particles/mole
= 2.4 × 1019 particles/mole .

(17)

then

and

These results will be used in the discussion, section 2.15, for comparing
with Takakura’s values.

2.14

Hull and Fine
Hull and Fine [16] applied Fine and Vinci’s model [15] to investigate a
shaped-charge detonation near a fuzed warhead to determine possible
EM mechanisms that could disrupt the fuze circuit. The warhead was
surrounded by detonation products of the shaped charge, rather than
ambient air through which a shock wave passed. Therefore, the heat
capacity of the detonation products and the thermal yield of the shaped
charge established that the maximum temperature was from 2600 to
3600 K.
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2.14.1 Ionization Fraction
The authors found two references (Hilsenrath and Klein [17] and
Zel’dovich and Raizer [18]) that gave the ionization fraction of air as a
function of temperature over two different temperature ranges. The two
ranges are plotted in figure 13. The ionization rate in electrons/atom is
plotted on a logarithmic scale versus temperature range from 1,000 to
500,000 K. Hilsenrath and Klein cover the lower portion from 1,500 to
15,000 K, which includes the range of interest in conventional explosives
detonations of up to 5,000 K. Zel’dovich and Raizer cover the range of
nuclear explosions from 20,000 to 500,000 K. Although the temperature
ranges do not overlap, they seem to be approaching the same values in
the range from 15,000 to 20,000 K, which suggests that they are branches
of a single curve. Above 20,000 K, the atoms are multiply ionized, and
above 200,000 K, they are fully ionized. In the range of conventional
explosives temperatures, the atoms are at most singly ionized in extremely low concentrations. A temperature of 3,000 K, corresponding to
the expected temperature of the penetration augmentation munition
(PAM) shaped charge detonation, gives an ionization fraction of 10–8
electrons/atom, or more realistically, one electron removed per 100
million atoms. If the temperature drops to 2,000 K, a reduction of only 33
percent, the ionization fraction drops to 10–13, a steep decline. Thus, the
ionization fraction decreases sharply with decreasing temperature. The
assumption was made that the ionization fraction of the detonation
products, which include nitrogen, oxygen, and carbon monoxide ions, has
the same temperature dependence as air and can be obtained from the
figure. Therefore, the fraction of ionized detonation products of the PAMshaped charge also should be 10–8 at 3,000 K.

Figure 13. ISS/rf
modeling: air
ionization fraction
versus temperature.
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2.14.2 Estimate of Shock Speed
Knowledge of the shock speed permits one to estimate the time for the
shock wave from a conventional explosion to hit the ground. Fine and
Vinci [15] approximated the outward speed of a spherically expanding
shock wave caused by an explosive detonation by using tabulated data in
the shock tube literature [18] of shock speed versus temperature. Hull and
Fine [16] show a curve of this relationship, (see fig. 14). The curve shows
that for temperatures near the temperature of explosions, such as the
PAM-shaped charge, assessed as 2,600 K, the shock speed is approximately 2200 m/s, or 2.2 × 105 cm/s.
Although the temperature, consequently the shock speed, diminishes as
the shock wave spreads, we can use 2.2 × 105 cm/s as an average value to
estimate the time delay. We do this in section 2.15.3.

2.15

Discussion of Results From Reviewed References
All the literature we surveyed includes the results of investigators who
have observed radiation from detonation of explosives. Some of them
have reported on signal levels, frequency bands, duration of the radiated
pulse, and time delay from initiation of the explosive to detection of the rf
pulse. They also have postulated possible causes of the radiation, some
providing more detail than others. In this section, we intend to compare
the results and possible causes.

2.15.1 E-Field Signal Level
Takakura [2] (sect. 2.2.2) reports E-fields on the order of 4 × 10–4 V/m in
the frequency band from 6 to 90 MHz at distances on the order of 1 m
from 0.1 to 0.4 g of lead azide. Curtis [4] (sect. 2.7) reported 5 × 10–4 V/m
Figure 14. Shock wave
velocity versus
temperature.
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from 10 g of RDX (hexahydrotrinitro triazine) at a distance of 6.1 m in the
frequency range up to 350 Hz, the cutoff frequency of his instrumentation. Curtis’s results are roughly comparable to Takakura’s if we assume
that both explosives radiate the same, that is the E-field scales as the
square root of the explosive mass (Fine and Vinci’s model [15]) and
inversely as the distance (radiated field). For example, if we take
Takakura’s signal of 4 × 10–4 V/m from 0.1 g at 1 m and extrapolate it by
using the scaling laws to 10 g at 6.1 m, the result is 6.6 × 10–4 V/m. If we
extrapolate the same signal from 0.4 g at 1 m to 10 g at 6.1 m, the result is
3.3 × 10–4 V/m. Both of these values are close to Curtis’s cited value of
5 × 10–4 V/m at 6.1 m for 10 g.
We also might extrapolate Takakura’s results to a mortar having about
1 lb (454 g) of explosives, so that we would expect an E-field of 1.3 × 10–6
V/m at 1 km, or 13 × 10–6 V/m at 100 m, or 13 × 10–4 V/m at 1 m. A bomb
having 150 lb of explosive should produce an E-field of 16 × 10–6 V/m at
1 km, 160 × 10–6 V/m at 100 m, and 160 × 10–4 V/m at 1 m. These explosives and observation distances might be of interest in a field test to
compare radiated fields from mortar and bomb detonations. (However, if
the frequency is too low, this method might overestimate the field at the
larger distances. See discussion in appendix.)
Fine and Vinci (sect. 2.13) calculated E-fields at 10 km for a mortar-sized
explosive. Their scenario for electron acceleration behind a plasma region
between a spherical shock wave and a blast wave traveling at 75 percent
of the shock wave velocity predicts a frequency in the 3 MHz band. The
calculated E-field gives an E-field at 10 km of 10–5 V/m assuming
100 percent of the molecules are singly ionized. Extrapolating this field to
a distance of 1 m gives an E-field of 10–1 V/m at 1 m. The Fine and Vinci
model provides that the E-field is proportional to the square root of the
number of electrons radiating (sect. 2.13.3), so that an ionization fraction
of 10–8 (Hull and Fine [16], sect. 2.14) reduces the E-field by 10–4
(sect. 2.13.3). Thus the E-field at 10 km would be 10–9 V/m, and at 1 m, it
would be 10–5 V/m, or 0.1 × 10–4 V/m to compare with Takakura’s result.
Note that the scenario for the electron accelerating behind a shock wave
would produce an E-field of 4 × 10–3 V/m at 10 km with 100 percent
ionization and 4 × 10–7 V/m with 10–8 ionization. At 1 m with 10–8 ionization, the E-field would be 40 × 10–4 V/m, in comparison with Takakura.
However, the predicted frequency is in the terahertz range, which is
beyond the range of rf equipment and also is not amenable for detection
out of the line of sight.
In summary, the E-fields observed by two independent investigators,
Takakura and Curtis, are of the same level and are in the same levels as
calculated by the Fine and Vinci model modified to account for the reduced degree of ionization expected from the Hull and Fine report. The
Fine and Vinci model predicts the frequency band and signal level observed by Takakura. The signals observed by Curtis were much lower in
frequency, even though he measured the same amplitude range.
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2.15.2 Frequency Bands
The observations by different investigators cover a wide range of frequencies, as shown in table 5. The frequency bands calculated with the Fine
and Vinci model are shown in table 4. The band of 0 to 13 GHz and 0 to 20
kHz includes radiation by accelerating positive ions. Accelerating electrons should produce 0 to 3 MHz in two of the scenarios calculated, 0 to 2
THz in the third scenario. Positive ions accelerating in the earth’s magnetic field should radiate in the LF range 0 to 50 Hz.
Table 5 shows that all the observations covered a wide range of frequencies, but most of the investigators restricted themselves to a limited
portion of the frequency band. For example, Takakura and Curtis tested
small samples, 10 g or less. However, Takakura measured in the 6- to
90-MHz regime, but not in the LF regime; Curtis measured very low
frequency signals with instrumentation that had an HF cutoff of 350 Hz.
He did not look at the HF end of the spectrum. In so doing, each investigator probably missed a significant portion of the phenomenon. Thus to
obtain the maximum information about the fields, an investigator must
look at a wide range of frequencies: either with wideband instrumentation or with a range of instrumentation provided by several channels,
each of limited bandwidth, that together cover the required spectrum.

2.15.3 Time Delay From Initiation of Detonation to Maximum
of Radiated Pulse
The literature discussed in this report mentions two delay times: one,
according to Cook [10], is the time for the shock wave to reach the
ground, and the other, according to Stuart [3] and to Andersen and Long
[13], is the time for the explosive detonation to be completed.
We first estimate the time for the shock to reach the ground. Takakura
(sect. 2.2) and Curtis (sect. 2.7) listed the height above the ground that
they suspended their explosives, 10 and 30 cm, respectively. Cook
(sect. 2.8) wrote that the rf pulse should begin when the shock wave hits
the ground and the charged particles behind it begin to discharge into the
ground. The shock speed of 2.2 × 105 cm/s, as estimated by Hull and Fine
[16] (sect. 2.14), enables this delay time to be estimated by dividing the
above distances (10 and 30 cm) by this speed. Thus for 10 cm, the time
delay is 10 cm/2.2 × 105 cm/s = 45 µs, compared with 80 to 160 µs observed by Takakura. For Curtis’s 30 cm, the delay is 30 cm/2.2 × 105 cm/s
= 136 µs. He reported a delay of 2 s, far larger than estimated with this
method. Because his time response was limited to below 350 Hz, Curtis’s
instrumentation probably would not have allowed him to detect a 136-µs
delay. We therefore see that the estimated shock velocity provides delay
times on the order observed by Takakura, according to Cook’s hypothesis.
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Table 5. Frequency bands observed by investigators reviewed.

Investigator
Trinks

Type of
explosive
used
Tube-launched
artillery
projectiles

Amount of
explosive
used

Delay/
duration of
observed signals

Frequency
range

Experimental values of frequency ranges
None given
—
1–100 kHz
2 MHz–1 GHz
10 MHz–2 GHz

Possible cause
suggested by authors
Muzzle flash, ionization of
gases near muzzle.
Pulses upon impact at
target.
Radiation at detonation
from “microsparks” caused
by charge equalization at
detonation.

80–100 µs delay 6–90 MHz

Acceleration of electrons
ejected by ionization and
dipole formation at shock
front.

—

250 MHz–1 GHz

None given, experimental
results only.

10 g

2 s delay/19 s
duration

0.5–350 Hz

None given, experimental
results only.

50/50
trinitrotolul
hexogen

1000–5000 g

—

30 Hz–20 MHz

Cook

Composition B

70–1100 g

—

Below 10 kHz

Electrical charges
generated asymmetrically
from scattered electrified
detonation products.
Gaseous detonation
products form a plasma at
surface of gas cloud from
ionization by passing
through earth’s electric
field. Gas cloud discharges
on contact with ground.

Wouters

None given

1,300 g
500 ton
(= 4.5 × 108 g)

None explicitly —
given
8 ms duration
(1.3 kg)
32 ms duration
(500 ton)

van Lint

Bare spheres
to metalcased bombs

10–345,000 g
100–200 µs
(bare spheres
delay
to metalencased bombs)

Andersen and
Long

Bare, plaster20–1,087 g
encased, and
seeded explosives
Tetryl,
Composition B

Takakura

Lead azide

Stuart

Large caliber
guns

Curtis

RDX

Gorshunov et al

0.1–0.4 g

300–600 µs
delay

50 MHz–1 GHz

Blast temperature ionizes
detonation products and
ambient air and produces
a plasma.

Separation of charge at
interface of explosion
products and air to form a
vertical dipole moment,
with asymmetry induced
by reflection of shock
wave from ground.
Electric sparks from
explosion products
interacting with casing
fragments.

Less than 600 kHz Detonation ionizes
detonation products, which
transfer charge by friction
to inert casing particles and
fragments.
(continued on next page)
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Table 5. Frequency bands observed by investigators reviewed (cont’d).

Investigator

Type of
explosive
used

Amount of
explosive
used

Delay/
duration of
observed signals

Frequency
range

Possible cause
suggested by authors

Theoretical estimations of frequency ranges
Fine and
Vinci

Theoretical
Approximate
calculations on size of 60-mm
model of bare
mortar
generic explosive
with 25-MJ yield

—

0–2 THz
0–3 MHz
3 MHz

Electrons accelerating
across shock wave.
Electrons accelerating
across plasma shell.
Electrons accelerating in
earth’s ambient magnetic
field.

Many of the investigators noticed a delay from initiation of the detonation to the maximum of the electrical pulse. The delays are listed in table
6, along with the range of sizes of explosives tested. The time delays seem
to be on the order of 100 to 600 µs regardless of the size of the explosive.
The dependence on the cube root of the charge mass is well supported by
the correlation between the observations of different investigators as
discussed in section 2.15.1.
Andersen and Long report a delay time of 72 µs from a cylindrical charge
length of 4 in. (10.16 cm). If the charge is initiated at one end, we divide
this distance by the nominal detonation propagation speed of 10 mm/µs
(= 0.1 cm/µs) to obtain a delay time of 102 µs, which is on the order of the
time delays observed by Takakura and Cook.
This method of calculation is similar to the cube root dependence on
explosive mass as proposed by Gorshunov et al [7]. If the explosive is a
sphere initiated at its center, and a uniform detonation propagation rate is
assumed, then the time from initiation to completion of detonation is
proportional to the radius, which is proportional to the cube root of
volume, or its equivalent, the mass divided by the density.

2.15.4 Fraction of Particles Radiating
Takakura uses a value of 1010 radiating particles per cm 3 to estimate the
acceleration of a radiating dipole (sect. 2.2.3). It is useful to obtain a
similar value from the Fine and Vinci model (sect. 2.13.3). At ambient
conditions, the total number of particles per mole is 2.4 × 1019. If the
temperature is increased from 300 to 3000 K, corresponding to the approximate temperature of an explosive detonation such as PAM, then the
figure will drop to 2.4 × 1018, if we assume that 100 percent of the particles present are ionized and therefore radiating. If, as Hull and Fine
report (sect. 2.14), the ionization fraction is only 10–8 (= 10–6 percent
instead of 100 percent), then the result is 2.4 × 1010 radiating particles per
cm3, which is about the same value that Takakura used. It therefore
appears that Takakura used an ionization fraction about equal to that
determined by Hull and Fine.
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Table 6. Time delay
from initiation to
beginning of pulse.

Investigator

Mass of explosives

Takakura
Gorshunov et al
Cook

0.1–0.4 g
1–5 kg
70–1100 g

van Lint
Andersen and
Long

10–345,000 g
20–1087 g, bare, cased,
and seeded charges

Time delay from
initiation to beginning
of pulse
80–160 µs
t = kM1/3
Time for charged particle
gas cloud to expand and
contact the ground.
Wavelength of radiation
is proportional to the
gas cloud diameter when
it contacts the ground.
100–200 µs
300–600 µs
(72 µs from initiation to
detonation)

2.15.5 Applicability to Conventional Weapons
Most of the researchers reviewed in this report investigated bare, uncased
explosives. Many common explosives that the military uses are mortar
and artillery shells, grenades, and bombs that are made up of metalencased explosives. The effect of casings, even though they were plaster
of Paris, and not metal, was addressed by Andersen and Long. They
found that the signal amplitudes were increased by at least a factor of 10.
The presence of iron and steel casings on real munitions should have a
similar effect on signals, increasing the observed E-fields beyond what
has been estimated in this report.
The several possibilities expressed about factors that affect the rf pulse
shape such as explosive size, shape, composition, and proximity to
ground or other objects, suggest that further investigation of the dependence of the rf signal on explosive events could lead to the ability to identify weapons from their explosive rf signature.
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3. Summary
Investigators have detected EM radiation from detonation of conventional explosives over the frequency range from 0.5 Hz to 2.0 GHz, as
summarized in table 5. At least two observers have detected signals in the
same frequency bands. In most cases, the detection distance has been
within 200 m of the explosive event. This corresponds to the induction
zone for frequencies below 300 MHz; hence, the magnitude of the radiated field has not been established.
The radiation is believed to be related to the production and separation of
ionized particles and electrons caused by the heat of the explosion that
generates a plasma. Some investigators feel that the radiation is caused by
the acceleration of the charged particles themselves—either individually
or as dipoles—and others believe that the radiation begins as a current
pulse that is initiated when the charged particles in the plasma strike the
earth, or other conducting material such as bomb casing fragments. Most
investigators believe that the duration of the explosive event affects the
radiation, since some have observed the main radiation pulse to occur
from 60 to 200 µs after initiation of the explosion. This time corresponds
approximately to the time required for the blast-generated shock wave
traveling at supersonic speed to reach the ground (depending on proxim
ity to the ground at initiation). However, when detonating small explosives, Curtis found a delay of 2 s, which is longer than any known conventional explosive event
A calculation model has been developed as a first step at calculatin
frequency bands, signal strength, and detection thresholds. It addresse
three mechanisms of radiation production and shows, as other observer
have reported, that signals may be obtained from very low frequencies t
very high frequencies and that radiation from the electron, rather tha
positive ions, is most likely to be detected.
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Appendix. Observation Zones and Frequency
The types of experiments reported in the literature most often involved
detonating an explosive charge and measuring the E-field at specified
distances from the charge. It is important to establish from these measurements whether or not the fields measured correspond to a radiating
source, because radiating fields are detectable far from the source and
therefore are potentially more useful to military personnel at far off range
in identifying and locating the sources of the radiation. Quasi-static, or
nonradiating, fields are detectable only comparatively near the source. Of
course, the far-zone definition will change with frequency detected, since
the near zone of some LF signals may extend to a distance of several
kilometers. Therefore detection of LF signals may be possible at these
distances, even though the detection point is in the near zone.
Kelly* hypothesizes that an explosion causes a temporary separation of
the charges that make up the neutral molecules of explosive products.
The radiation is caused by the time-dependent separation and recombination of these charges. Each pair of charges, having equal and opposite
polarity, forms a dipole. Therefore Kelly, Wouters,† and Kolsky‡ have
identified the electric dipole as being a good approximation to the distribution of radiating charged particles produced by the explosion.
Kelly states that a time-dependent charge separation produces the pulse,
with a time delay associated with the charge mass. This charge separation
is caused by high temperatures in the explosive region. The work done in
separating the charges is responsible for a large voltage difference capable
of producing an electrical discharge. Therefore the pulse propagation can
be modeled to a first order approximation by considering an electric
dipole as the dominant source of the variations in the electric and magnetic fields generated by the separation of charges. This hypothesis leads
to the following expressions for the electric and magnetic fields of an
electric dipole that lies along the z-axis of a polar coordinate system,
where the dimensions of the dipole are very small compared to λ, the
wavelength of radiation (= 2π/k):

Er = –

Eθ = –

j
pk 3
cos θ
2πε
kr

pk 3
sin θ 1
4πε
kr

3

2

–

1
kr

–

j
kr

2

3

exp j(kr – ω t) ,

– 1 exp j(kr – ω t) ,
kr

(A-1)

(A-2)

*B. Kelly, ”EMP From Chemical Explosions,“ Group P-14, Los Alamos National Laboratory, March 1993.
†L. F. Wouters, “Implications of EMP From HE Detonation,” Symposium Proceedings, AFSWC Symposium, Albuquerque, New Mexico, 12–13 March 1979. UCRS-72149/Preprint Lawrence Radiation Laboratory, University of California, Livermore, 15 January 1970.
‡H. Kolsky, “Electromagnetic Waves Emitted on Detonation of Explosives,” Nature, 9 January 1954, p. 77.
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Hφ = –

ω pk 2
j
sin θ
4π
kr

2

+ 1 exp j(kr – ω t) ,
kr

(A-3)

where p = p(t) is the time-dependent dipole moment, k = 2π/λ = wave
number, and ω = 2πf, where f is the frequency of radiation. Figure A-1
shows the coordinates and field lines.
Equation (A-1) shows a radial component, Er, that approaches zero as r
becomes quite large and increases as the cube of 1/r as r approaches zero.
The first term in the brackets, the inverse square term in r, which has j as a
coefficient, is known as the transition term. It does not contribute the
radiated energy, but does contribute to the energy storage during oscillation.* The second term, because of the inverse cube dependence on r, is
the static dipole field. These fields may be described in terms of three
components—electrostatic, inductive, and radiating—according to the
dominating term at a particular distance from the source. There is no
radiation since the radial E-field approaches zero faster than 1/r as the
observation distance becomes very large.
Equation (A-2), for the transverse E-field, has three terms. The first term,
inverse cubic, is the static dipole term as mentioned in the previous
paragraph. The second term, inverse square with j as a coefficient, is the
transition term, which contributes only to the stored energy per cycle. The
third term, inverse r, is the radiation term, which contributes to the
radiated power.
Equation (A-3) shows that the transverse H-field, Hφ (which is the only
component of the H-field), has a transition term and a radiation term. Far
from the source, the field becomes transverse and radiating, in that the
inverse r dependence predominates.

z

Figure A-1. Dipole p
and E-field
components.

Er

E

+Q
Eθ
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θ
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s
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p = Qs
*W. Panofsky and M. Philips, Classical Electricity and Magnetism, Reading, MA, Addison-Wesley Publishing
Company, Inc., 1962, p. 258.
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Appendix
Three observation zones are defined by Kelly, depending on the observation distance r and the wavelength λ relative to the extent D of the source
region.
The static zone is for the observation point between the source region and
one wavelength away, or
D«r«λ .

(A-4)

This expression, r is much greater than D, is valid in most every case if the
sources are atoms and molecules. The wavelength is much greater than
the observation distance for frequencies of 300 kHz or less for the ranges
of 0.1 to 10 km, which is a distance at which a soldier in the field might
want to detect an artillery launch or detonation. We therefore would
expect the dipole terms and transition terms to predominate. That is, we
would expect a large radial field and a large transverse field. The large
radial field compared to the transverse field does not reduce the detectability of the signal, but these two signals combine to produce a larger
measured field nearer the source than we would expect by measuring
only the transverse component of the field. Therefore the extrapolation of
measurements of the E-field near the source to far-field expectations, as
was done in section 2.15.1, would overestimate the far-field.
The induction zone is for the observation to be on the order of a wavelength away from the source:
D«λ≈r .

(A-5)

This expression means that λ and R are much greater than the source
region. Thus the observation distance (on the order of the wavelength) of
0.1 to 10 km would correspond to frequencies between 3 and 30 kHz.
The radiation zone corresponds to distances much greater than a wavelength away from the source:
D«λ«r .

(A-6)

Classifying measured E-fields as radiation fields therefore requires consideration of the wavelength (or frequency), distance from source to
observation point, and size of source, in order to ensure that the radial
field component is negligibly small compared to the transverse field
component. When these criteria are applied to most of the data in the
literature reported in the text, section 2, especially Trinks,* section 2.1, the
observations are found to be made in the near field, where a considerable
radial component of the E-field exists, and not in the far-field, as most of
the authors claim.

*H. Trinks, “Electrical Charge and Radiation Effects Near Projectiles and Fragments,” Harry Diamond
Laboratories, R-850-76-1, September 1976.
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