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Ignition of organic explosives by an electron beam
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Abstract. A numerical simulation of the ignition of organic explosives (PETN, HMX,
RDX, TATB) with an electron beam was performed. A criterion for the ignition of energetic
materials with a melting point below the temperature of ignition is obtained. The results of
numerical calculations of the critical energy density of the electron beam are consistent with
the criterion of ignition. Calculations of the critical energy density of PETN ignition in good
agreement with the experiment. The most sensitive is PETN and the most heat-resistant is
TATB.

1. Introduction
Recently there has been a considerable increase in the number of papers on both experimental studies
and numerical simulation of the conditions of explosive initiation by electron pulse [1–6]. It is caused
by both the development of the new explosive initiation methods and scientific interest in defining the
initiation mechanism in order to regulate the threshold energy of initiation purposefully.
The majority of the experiments on organic explosive initiation are done with PETN. The critical
energy density of an electron beam W ∗ , which leads to the initiation of PETN in the area of the
absorption of the electron beam, is ∼ 15 J/cm2 at the initial energy of electrons E0 = 250 keV and the
time of delay ∼ 3.45 s [1]. The energy, released in the area of electron beam absorption, is not enough
for the detonation of the rest of the sample. At the current energy density the detonation of PETN takes
place if there is a copper plate on the backside of the sample. The detonation spreads from the boundary
“explosive – metal” to the area of electron beam absorption. In case of free surface, the detonation of
the PETN compressed tablets takes place while the absorption of the electrons which energy density is
WD ∼ 60 J/cm2 and initial energy is E0 = 450 keV. Monocrystals of PETN are destroyed [2]. It can
be explained by the fact that the explosive can collapse before detonating if the time of ignition delay
exceeds the time of occurrence of critically tensile thermoelastic stresses [7].
Nowadays there are three points of view on the mechanism of PETN initiation by the electron
beam: the electric discharge model [2], the thermal model [1, 5] and the torch model [4]. The metal
is known to attract electrons. Thus, if PETN detonation can be caused by electric breakdown then the
direction of its propagation contradicts experimentally shown direction of detonation propagation when
the copper plate is used. Paper [5] examines the thermal model of PETN initiation which has the system
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of coupled thermoelasticity equations as its basis. Paper [6] analyzes radiation-thermal mechanism of
PETN initiation by the electron beam.
The objective of the current paper is to find out if the thermal model qualitatively describes the
experimental data on PETN initiation by a broad electron beam ignoring thermoelastic stress and
autocatalisys reaction. Besides, it would be quite interesting to carry out calculations and predict the
threshold density of electron beam energy for initiation of RDX, HMX and TATB.

2. Problem statement
We analyze the thermal model of explosive initiation by the nanosecond electron beam taking into
account the transformation of the explosive due to the first-order reaction. One-dimensional thermal
conductivity equation, taking melting into consideration and the kinetic equation of first-order chemical
reaction are set as:
[c + Hf (T − Tf )]
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Here Hf is the latent heat of melting; (T − Tf ) is the delta-function; , c are thermal conductivity
coefficient and specific heat;  is density; Q are the heat of the reaction per the mass unit of the material;
Ref is the effective track length of electrons; I (t) is the energy flux density of the electron beam; (x)
is the distribution of absorbed energy density of the electron beam along the crystal; h is the thickness
of the sample;  is the conversion level of the explosive.
First-order reaction rate constant is determined as
(x, 0) = 0,

−

k1 = Z exp(−E/RT ),
where Z is the frequency factor; E is the activation energy of chemical reaction rate; R is the universal
gas constant. The dependence of electron beam intensity on time is given by
I (t) = j (0, t)U0 (t) =

W
(4t/m )4 exp (−4t/m ) ,
6m

where j (0, t) is the current density of electron at the entrance to the solid; U0 (t) is accelerating stress of
the electron beam generator; W is the energy density of the electron beam . The experimental curve of
the density distribution of absorbed energy for PETN [8] is satisfactorily described by equation [5, 6]:
Wab ()/Wab (m ) = () = 0.7 + 1.57 − 2.312 + 0.61,

(4)

where  = x/Ref . If  = m , the function is (m ) = 1. If  ≥ ex = 1.44, the function is () = 0 and
the integral
1.44
()d = 1.
0

It is believed for RDX, HMX and TATB that the distribution of electron beam absorbed energy
correlates with Eq. (4). The extrapolated track length of electrons, which initial energy is
E0 = 250 keV for RDX, HMX and TATB is calculated by the empirical formula, introduced in the
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article [8]:
Rex =

a1





1
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,
ln(1 + a2 e0 ) −
a2
1 + a4 e0a5

cm.

(5)

Here  is the density of the medium, measured in g/cm3 ; e0 = E0 /mc2 (mc2 is the rest energy of an
electron, equal to 511 keV); constants
1.09
a1 = 0.2335Aef /Zef
,

a3 = 0.989 − 3 · 10−4 Zef ,

a2 = 1.8 · 10−4 Zef ,

a4 = 1.468 − 1.18 · 10−2 Zef ,

1,209
a5 = 1.232/Zef
,

where Aef is effective atomic mass; Zef is effective atomic number. Effective atomic mass and effective
atomic number are determined by formulas
Zef =

n


fi Zi ,

Aef =

i=1

(Z/A)ef =

n


(fi Zi /Ai ),

Zef
,
(Z/A)ef

fi = Ai /

i=1

n


Ai .

i=1

Here Zi , Ai are atomic number and atomic mass of i element; fi is its weight fraction; n is the number of
weight fractions. The estimation of Ref for PETN using formula (5) at ex = 1.44 shows that calculated
value is 14% less than Ref , obtained while processing experiment results. That’s why the calculated
values of Ref for simulation of RDX, HMX and TATB initiation by the electron beam are increased by
14% correspondingly.

3. The criterion for the ignition of the explosives the election beam
One-dimensional criterion for ignition of the explosive by the laser beam of small width is obtained in
paper [9]. However, if the track length of electrons in a solid is commensurate with the beam radius r0 ,
criterion [9] requires radial heat removal to be taken into account as it is done in case of initiation of the
explosives by the laser pulse in paper [10]. Besides, if the melting temperature is lower than the ignition
temperature of explosives, the heat of melting is to be considered in critical energy density. It can be
easily shown by using approach [10] that in case of Gaussian energy distribution along the beam section
the current criterion is given by:




2
Tm
4 Ref
1 *2 m
E
=
+
−
,
QZ exp −
2
RTm
m *2
F () r02
Ref
W ∗ = Ref (cTm + Hf ),

(6)

where Tm = Tm − T0 is the critical temperature at the maximum of electron beam absorption.

4. Results and discussion
The system of Eqs. (1), (2) with initial and boundary conditions (3) is solved numerically using
an implicit difference scheme. The difference heat conductivity equations are solved by the sweep
method. The calculations are carried out at the following kinetic and thermal physic parameters of
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Table 1. The critical energy densities of the ignition of explosives by the electron pulse.
Explosive
W ∗ , J/cm2 (criterion)
W ∗ , J/cm2 (calculation)

PETN
14.41
15

RDX
20.64
21.5

HMX
21.14
22

TATB
29.44
30.5

Figure 1. The dynamics of temperature distribution in the area of electron beam absorption at PETN ignition:
t = 10−4 (1), 6 · 10−4 (2) and 6.42 · 10−4 (3) s at W = 15.5 J/cm2 (h = 1 mm).

the explosive: PETN – E = 196.6 kJ/mol, Z = 6.3 · 1019 s−1 , Q = 1.26 MJ/kg,  = 0.25 W/(m · K),
Tf = 413 K [11], c = 1255 J/(kg · K) [12],  = 1.77 · 103 kg/m3 [13], Hf = 193 kJ/kg [14]; RDX –
E = 197.3 kJ/mol, Z = 2.02 · 1018 s−1 , Q = 2.1 MJ/kg,  = 0.105 W/(m · K), Tf = 476 K [11], c =
1000 J/(kg · K) [13],  = 1.82 · 103 kg/m3 [15], Hf = 235.5 kJ/kg [14]; HMX – E = 220.8 kJ/mol,
Z = 5.0 · 1019 s−1 , Q = 2.1 MJ/kg,  = 0.293 W/(m · K), Tf = 558 K [11], c = 1250J/(kg · K) [16],
 = 1.9 · 103 kg/m3 [15], Hf = 192.46 kJ/kg [17]; TATB – E = 250.9 kJ/mol, Z = 3.8 · 1019 s−1 , Q =
2.51 MJ/kg,  = 0.418 W/(m · K), Tf = 623 K [11], c = 1250 J/(kg · K),  = 1.93 · 103 kg/m3 [13],
Hf = 192.46 kJ/kg.
The heat of melting for TATB is determined by empirical formula
Hf /Tf ≈ C,
where C ≈ 0.43 kJ/(kg · K). C is estimated by averaging Hf /Tf for PETN, RDX and HMX.
The calculated values for the critical density energy W ∗ of the explosive ignition electron beam at
the threshold are in good agreement with the criterion of ignition (9) at r0  Ref . The table shows the
critical energy densities of the explosive ignition by the electron pulse. According to Table, the most
sensitive to the initiation by the electron pulse is PETN and the most heat-resistant is TATB.
Calculations indicate that the most sensitive to the initiation by the electron pulse is PETN and the
most heat-resistant is TATB. Some calculation results are presented in Fig. 1–Fig. 6. Figure 1 and Fig. 3
show the calculation results of temperature distribution in PETN and TATB in the absorption area of
the electron beam with pulse duration i = 15 ns and energy E0 = 250 keV. “Shelves” occur on the
curves (1)–(3) due to the melting of the explosive. Figures 2 and 4 indicate the calculation results of
temperature dependence on time Tm at the maximum of electron beam absorption near the initiation
threshold in PETN and TATB. The appearance of “ledges” on these curves is caused by the melting of
explosive. The calculation results of temperature distribution dynamics for HMX and RDX are similar.
Figure 5 shows the calculation results of delay time for PETN, HMX, RDX and TATB initiation by
the pulsed beam. TATB has the longest delay time and PETN has the shortest one. The delay time is
calculated numerically considering that
dTm
dt

t=t ∗

→ ∞.
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Figure 2. The dependence of temperature on time at the maximum of electron beam absorption in PETN, if
W = 14.5 (1), 15.25 (2) and 15.5 J/cm2 (3).

Figure 3. The dynamics of temperature distribution in the area of electron beam absorption at TATB ignition:
t = 1.6 · 10−4 (1), 1.9 · 10−4 (2) and 1.97 · 10−4 (3) s, if W = 30 J/cm2 .

Figure 4. The dependence of temperature change on time at the maximum of electron beam absorption in TATB,
if W = 28 (1), 29 (2), 32 (3) J/cm2 .

The calculated value of delay time t ∗ for PETN exceeds the experimental one by 2.5 factors of
PETN. Partly it can be explained by the fact that the experiments on the initiation of explosives by the
electron or laser pulses are usually carried out a bit higher than the ignition threshold. We obtain no
experimental data on t ∗ for the electron beam energy WD ∼ 60 J/cm2 , which leads to the detonation.
Critical energy density of ignition of the electron beam is about twice as little as the energy density
while detonating [2] (Fig. 6). Thus, “classical thermal explosion” does not allow complete describing of
the experiments on PETN initiation by the electron beam.
This experiment is well explained if thermoelastic stresses, which are known to affect the activation
energy of chemical reaction [5], and radiation-thermal mechanism of initiation [6] is taken into account.
It should be noted, that the exothermic reaction makes a major contribution to the process of the ignition
of the explosive by the nanosecond electron beam.
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Figure 5. The dependence of the delay time of the ignition of the explosives on the density energy of electron pulse
(lines – calculation: 1 – PETN, 2 – HMX, 3 – RDX, 4 – TATB,  – experiment [1], E0 = 250 keV).

Figure 6. The dependence of W ∗ of PETN initiation on the initial energy of electrons in the beam: line – calculation
on criterion;  – experiment [1];  – threshold energy of PETN detonation [2].

We estimate the pressure of the plasma, formed in the area of energy release while the detonation of
PETN, using the formula given in paper [18]:
P = (ef − 1)w,
where ef = 1.2 is the ration of specific heat capacity of the solid and plasma; w is the volume density of
absorbed energy. The volume density of absorbed energy for the explosives is determined by a formula:
w = (Q − Hf ) + WD /z 1 .
Here z 1 is the width of the reaction zone, defined as

1/2
2RTm
T m m
·
·
z 1 = Ref −
E
Tm m (1 + )
If WD = 60 J/cm2 , Ref = 415.0 · 10−4 cm, E0 = 450 keV and z 1 ≈ 76 · 10−4 cm, we have P ≈
1.96 GPa. The obtained value of pressure in detonation wave for PETN is quite reasonable. According
to paper [19], if detonation is excited by an impact, then P ∼ 1.5 GPa. Maybe, if there is no copper
plate on the backside of the sample, PETN doesn’t detonate at W = 15 J/cm2 due to the gas-dynamic
relieving of the sample, because in this case energy is released near the surface.

5. Conclusions
1. Common dependency of organic explosives (PETN, RDX, HMX and TATB) ignition established.
Most sensitive to the initiation by an electron pulse is PETN, and the most heat-resistant is TATB.
2. Calculations favor the thermal initiation mechanism of PETN by an electron pulse of a nanosecond
duration.
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