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Abstract—Experiments indicating acceleration of charged particles as a result of separation of solid surfaces
are analyzed. As a possible mechanism of such acceleration, generation of surface charge on the separated
surfaces of a cleaved ionic crystal is considered. The maximum electric field generated due to the charging of
the separated surfaces and the energy of electrons accelerated in such a field are estimated. It is shown that,
for the maximum attainable electric field, conditions are created for the generation of runaway electrons that,
even at atmospheric pressure, electrons are accelerated to high energies, not experiencing collisions with gas
particles.
DOI: 10.1134/S1063780X11040027

1. INTRODUCTION
It is well known (see [1–11] and references therein)
that mechanical cleavage of ionic crystals, as well as
the peeling of scotch tape from the roll, is accompa
nied by electric phenomena, such as slight crackling,
luminescence of air and the chamber wall, and ioniza
tion of the gas surrounding the separated object. The
physical reason for these phenomena is the process of
charge separation on the cleaved surfaces, which
results in the generation of an electric field capable of
accelerating charged particles. Another reason for the
generation of an electric field near the surface of a
solid body is a mechanical shift of the body layers
(piezoelectric effect) [12, 13]. The potential of this
electric field is high enough for the charged particle
emitted from the separated surfaces not only to gener
ate Xrays with photon energies up to several hundred
keV [7, 8, 10], but also stimulate fusion reactions (in
the presence of deuterium molecules) accompanied by
neutron emission [11]. This allows one to utilize these
phenomena for creating simple generators of fast par
ticles and hard radiation [10, 14, 15].
Charge separation on the cleaved surfaces is caused
by different mechanisms. In the case of mechanical
cleavage of an ionic crystal along certain planes, the
surfaces turn out to be charged oppositely [4]. In the
case of peeling a soft polymer layer (such as an adhe
sive tape) from a solid surface, a rather complicated
physical–chemical mechanism based on different
mobilities of oppositely charged ions, as well as on dif
ferent electron and proton affinities of the radicals

present on the surface, comes into play. In spite of vast
experimental data, this mechanism still remains
obscure and is actively discussed in the scientific liter
ature (see, e.g., [4, 5, 9]). Quantitative estimates of the
maximum electric field generated near the separated
surfaces are also contradictory. Thus, the authors of
[9] suppose that the maximum electric field in a gas is
limited by the breakdown strength, which in atmo
sphericpressure air is about 30 kV/cm. However, this
contradicts the experimental data [7, 8, 10], according
to which the energy of Xray photons emitted during
the destruction of an ionic crystal or the peeling of an
adhesive tape reaches a few hundred keV. In the
present paper, it is shown that, even at atmospheric
pressure, a runaway regime can occur for electric fields
substantially exceeding the above critical value. In this
regime, electrons emitted from the charged surface are
accelerated up to energies of about 1 MeV, not experi
encing collisions with gas particles. In particular, such
high fields are generated during the cleavage of an
ionic crystal along a plane corresponding to the maxi
mum possible surface density of the ion charge.
When analyzing these phenomena, the following
relationship between the surface charge density σ pro
duced due to the cleavage of surfaces and the electric
field Е near the surface is usually used [16]:
E = 4πσ.

(1)

This expression follows from the classical electrostatic
approach and is valid for the case of an infinitely large
surface. It can be assumed that, for a charged surface
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of size d, this relationship is valid at distances of x  d
from the surface.
The maximum attainable value of σ can be esti
mated using the structure of a NaCl crystal as an
example (see Fig. 1). This structure is a regular cubic
lattice consisting of positive (Na+) and negative (Cl–)
ions, the distance between the neighboring ions being
a = 0.563 nm. The fresh surfaces produced due to the
cleavage of such a crystal may be charged with oppo
sitely charged ions. The value of the surface charge
density σ depends on the orientation of the cleave
plane. The maximum value of the surface charge den
sity is

σ max =

e

,
(2)
2
S min
where Smin = 21/2a is the minimum distance between
similar charges and e is the elementary charge.
According to Eq. (2), the maximum attainable value of
the charge density on the cleaved surface of such a
crystal is σmax ≈ 1.6 × 1014 |e|/cm2. The corresponding
maximum attainable value of the electric field near the
charged surface is

2π e
(3)
= 1.45 × 10 8 V/cm .
2
a
Note that nearly the same electric field is generated
due to the shift of crystal layers, because, in both cases,
the electric field is limited by the field of a monolayer
of polarized atoms or molecules.
E max = 4πσ max =

2. ELECTRON ENERGY
NEAR A CHARGED SURFACE
Electrons moving in an atmosphericpressure gas
in the electric field with the above strength can be
accelerated to high energies, not experiencing colli
sions with gas particles. This effect, which came to be
known as electron runaway [17], is related to a mono
tonic decrease in the cross section for inelastic elec
tron–molecule collisions at high electron energies. In
the case of separation of the cleaved surfaces of an
ionic crystal, the source of electrons is the negatively
charged surface, which emits electrons due to field
emission. The energy εe acquired by these electrons in
the gas at high electric field strengths Е can be esti
mated from the equation

∂ε e
(4)
= eE − N σ ionε e .
∂x
Here, the х axis is directed along the electric field (i.e.,
along the normal to the charged surface), the coordi
nate origin х = 0 lies on the charged surface, σion is the
cross section for electronimpact ionization of gas
molecules, and N is the number density of gas parti
cles. In deriving Eq. (4), it was assumed that fast elec
trons lose their energy mainly due to ionization of gas
particles and that, in such a collision event, an electron
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Fig. 1. Structure of a NaCl ion crystal. The closed and
open circles show the positive (Na+) and negative (Cl–)
ions, respectively.

loses almost all its energy. At low emission currents
from the surface, the space charge practically does not
affect the distribution of the electric potential near the
surface; therefore, the distribution of the potential is
described by the following simple expression:
U(x) = 4πσx.
(5)
Using this expression, we find that the solution to
Eq. (4) with the initial condition εe(x = 0) = 0 has the
form

⎡ x
⎤
ε e (x) = eE exp ⎢− N σ ion (ε e )dx ⎥
⎢⎣ 0
⎥⎦
(6)
x
⎡ x''
⎤
× dx'' exp ⎢ N σ ion (ε e )dx'⎥ .
⎢
⎥
0
⎣0
⎦
Note that the solution to Eq. (4) is, to a great
extent, determined by the integral

∫

∫

∫

x

∫

I (x) = N σ ion (ε e )dx' .

(7)

0

Under the condition I(x)  1, the electrons are accel
erated by the electric field practically not experiencing
collisions with gas particles and their energy depends
on the coordinate х as follows:
εе(х) = еЕх = 4πσx.
(8)
It can be seen that, in this case, the presence of a gas
does not affect the mean electron energy. For I(x) ≥ 1,
the electrons accelerated in the electric field lose a
fraction of their energy in inelastic collisions, so their
energy depends on the density of gas particles.
According to Eq. (5), the value of integral (7) is
inversely proportional to the electric field; therefore,
depending on the electric field, the integral can be
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Fig. 2. Dependence of integral (7) on the electric field, cal
culated for an electron moving in atmosphericpressure
molecular nitrogen for two distances from the charged sur
face, х = 1 and 10 cm.

Fig. 3. Dependence of the electron energy εe on the elec
tric field E for different distances x from the charged sur
face: (1, 3) linear dependence (8) and (2, 4) dependence
calculated using expression (6).

either larger or smaller than unity. The dependences of
integral (7) on the electric field for two distances from
the surface, x = 1 and 10 cm, are shown in Fig. 2. The
dependences were calculated for N2 at atmospheric
pressure. The dependence of the cross section for elec
tronimpact ionization of N2 was taken from [18] and
extrapolated using the Born approximation into the
energy range εе > 103 eV, for which this cross section
was not measured.

sponds to surface charge densities of σ > 1013 |e|/cm2.
However, in lower fields, the electrons accelerated
near a charged surface can also acquire considerable
energy. This can be seen in Fig. 3, which shows the
dependences of the electron energy on the electric
field at distances of 1 and 10 cm from the surface.
These dependences were calculated using solution (6)
to Eq. (4). Note that according to Eq. (3), the electric
fields E = 104, 105, 106, 107, and 108 V/cm nearly cor
respond to distances a ≈ 10, 3, 1, 0.3, and 0.1 nm
between neighboring uncompensated charges on the
plane, respectively.

It can be seen from Fig. 2 that, for a molecular gas
at atmospheric pressure, the electron runaway condi
tions are satisfied for fields Е > 107 V/cm. This corre
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Fig. 4. Dependence of the electron energy εe on the surface charge density σ in nitrogen, calculated for circular charged surfaces
of different radii (d = 0.1–100 cm) at two distances from the surface, x = (a) 1 and (b) 0.01 cm: (1) dependence calculated using
expression (6) and (2) linear dependence (8).
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3. LIMITEDSIZE SURFACE
The results presented above refer to a cleaved crystal
surface with a relatively large area. As was mentioned
above, relationships (1) and (3) are valid for x  d,
where d is the characteristic size of the cleaved surface.
At larger distances from the surface, x ≥ d, the electric
field decreases with increasing distance х. Therefore,
the potential of a charged surface with respect to the
ambient space is limited to the value Umax < Ed ~
4πσd, which determines the maximum electron
energy. These qualitative considerations are confirmed
by the results of model calculations of the energy
acquired by the electrons emitted from a charged sur
face as a function of the surface charge density σ. The
emitting surface was modeled by a circle of diameter d.
In this case, the dependence of the electric field along
the symmetry axis of the system on the distance х from
the surface is described by the expression

⎛
⎞
1
⎟,
E D ( x, σ) = 4πσx ⎜ 1 −
⎜x
(d 2) 2 + x 2 ⎟⎠
⎝

(9)

which turns into the dependences E = q/x2 (where q is
the total charge of the surface) or (1) in the limiting
cases x  d and x  d, respectively. The calculated
dependence of the electron energy in atmospheric
pressure nitrogen on the surface charge density σ for
different values of the surface diameter d and different
distances х from the surface are shown in Fig. 4. It can
be seen that, even for a relatively small ionic crystal,
the emitted electrons can be accelerated in atmo
sphericpressure gases to energies of about tens of keV
or more. Even higher electron energies can be
achieved in vacuum (see dependences 2 in Fig. 4).
Comparison of the results of calculations per
formed for a limitedsize charged surface with the
experimentally determined maximum energy of Xray
photons observed during the cleavage of an ionic crys
tal (បω ~ 200–500 keV) allows us to estimate the char
acteristic transverse size of the charged surface in the
above experiments. Assuming that the surface charge
density is equal to its maximum attainable value σ ~
1014 e /cm2 and using the above qualitative analysis, we
obtain the following estimate: d ~ еបω/(4πσ e ) ~
0.3 mm. Note that the increase in the size of the
charged surface by improving the crystal structure can
result in the generation of even harder Xrays.
4. CONCLUSIONS
It is shown using a simple model that the electric
field generated as a result of the cleavage of an ionic
crystal can reach a value of about 108 V/cm. The
energy of electrons emitted from the cleaved surface
due to field emission can reach relativistic values even
at atmospheric pressure. This explains the detection of
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Xrays during the cleavage of a mica crystal [1] and
peeling of an adhesive tape [10]. Although the mecha
nisms of charging of the surfaces of an adhesive tape
and a cleaved ionic crystal are different (the former
having a more complicated chemical nature [9]), both
phenomena lead to the generation of intense electric
fields and fast electrons, accompanied by bursts of
optical and Xray emission. Note that our calculations
indicate that, for fields as high as Е ~ 108 V/cm, the
electrons in atmosphericpressure gases are acceler
ated to relativistic energies, practically not experienc
ing collisions with gas particles.
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