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The process of formation of anodic electrical breakdown in the crystal structure of ice and liquid water is
considered within the framework of the mechanism of generation of free charge carriers through interatomic Auger

transitions in the valence band of the dielectric.
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Introduction

Electrical breakdown in the form of a corona dis-
charge is widely used for water disinfection [1]. The
impulse electrical strength of liquid dielectrics turns out
to be higher compared to solid ones. The construct with
needle electrodes at the interface between the media en-
sures the introduction of a discharge into a solid dielec-
tric. This effect allows the use of water in electric pulse
technology for the destruction of rocks, concrete, and
building materials [2-4]. The high dielectric permittiv-
ity and high pulse electrical strength of water (~ 0.5
MV/cm) make it possible to use water insulation in the
forming line of pulsed high-current accelerators of
charged particles in the megavolt range, which is an in-
tegrating RC circuit at the output of the pulse voltage
generator. Water has another quality necessary for such
systems - the ability to quickly restore electrical
strength after a breakdown [5, 6].

The properties of electrical breakdown of ice and
water are characteristic of solid and liquid dielectrics
[7, 8]. According to work [6], the development of a dis-
charge in water in a uniform field occurs from the pos-
itive electrode (anode breakdown). Optical imaging of
the leader stage of breakdown showed that in an inho-
mogeneous electric field strength with ~10° V/cm, the
average velocity of the positive leader (~5-10% cm/s)
significantly exceeded the average velocity of the neg-
ative leader (~10° cm/s). As the leader moved deeper
into the gap, his speed increased [6]. At a higher aver-
age field strength of ~10° V/cm with a point-plane elec-
trode configuration, the velocity of the positive leader
reached ~107 cm/s [9]. Measurements of the pre-break-
down conduction current using a bridge circuit with a
positive polarity of the point electrode showed a current
strength of ~ 0.3 A [10]. The electrical strength of ice
(~0.3 MV/cm) is comparable to the strength of dielec-
trics such as PMMA (~0.37 MV/cm), PP (~0.4
MV/cm), glass (0.4 MV/cm) [2, 7].

The prospect of using water as insulation in elec-
tric pulse technologies and high-current accelerators of

charged particles suggests the need for further study of
the mechanism of electrical breakdown in water.

Previously, it was shown that anodic electrical
breakdown in alkali halide crystals [11-18], quartz [19],
semiconductor CdS [20], solid [21, 22] and liquid [23]
organic substances with long chains of atoms is satis-
factory is described by the mechanism of interatomic
cascade Auger transitions. The appearance, movement
and orientation of the electrical breakdown channel is
determined taking into account data on the crystal
chemical and energy structure of the substance.

In this work, the process of formation of an anodic
channel of electrical breakdown in ice and liquid water
is discussed within the framework of the mechanism of
generation of free charge carriers through interatomic
Auger transitions in the valence band of the dielectric.

Crystallographic and electronic structure of ice
and water

Experimental and theoretical studies of the atomic
and electronic structure of an isolated H,O molecule,
solid and liquid phases of water are quite numerous (for
instance, [23-31]).

The structural features of hexagonal ice In have
been studied quite well using X-ray diffraction and
electron and neutron diffraction methods [23]. Calcula-
tion models of ordinary ice follow the Bernal-Fowler
rules: each oxygen atom is at the center of a tetrahedron
with four other oxygen atoms at its vertices, spaced 2.7
A apart. Along all four nearest O-O directions there is
an H atom, two of them form an O-H hydroxyl bond,
the other two form an O--H hydrogen bond with the
central O atom. Each water molecule is connected by
hydrogen bonds to its four nearest neighbors: it gives
off two hydrogen bonds and accepts two hydrogen
bonds. This arrangement of molecules in a lattice pro-
duces significant intermolecular attraction. The lattice
consists of layers perpendicular to the ¢ axis of the crys-
tal and containing hexagonal rings of water molecules.
There are also hexagonal rings formed by three mole-
cules in one layer and three molecules from the next
layer (Fig. 1)
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[23-27].

Fig. 1. System of intermolecular bonds in the hexagonal structure of ice [27]. The arrows show the movement of
the breakdown channel

The sizes of water molecules in ice Iy differ
slightly from the sizes of isolated molecules. For ice,
the O-H distance is 1.01 A (for an isolated water mole-
cule 0.96 A), and the H-O-H bond angle is probably
slightly larger than the bond angle in an isolated mole-
cule of 104.5 degrees [24].

The arrangement of protons is not easy to achieve
experimentally, since spectroscopy methods mainly
characterize the positions of oxygen atoms. The distri-
bution of protons in the environment of the O atom
must obey the Bernal-Fowler rules. However, there are
many ways to distribute hydrogen atoms to realize such
a global order. Variations in the O-H order in tetragonal
coordination create dozens of ice phases [24, 25].

The authors of [24, 25], note that different ice
structures are almost indistinguishable from the point
of view of energy and local bond structure.

The energy eigenvalues of an isolated H,O mole-
cule arise as a result of interactions between the O 2s,
O 2p and H 1s states of the atoms. The electronic struc-
ture of ice and water is constructed using water clusters
[28, 29] or the solid state [30] using quantum chemical
methods and Monte Carlo calculations. In the accepted
notation [28-31], the eigenstates of a water molecule
include 2al (O 2s with some H 1s character), 1b, and
3a1 (O 2p hybridized with H 1s), 1b; (non-bonding O
2p), and the lower unoccupied 4a; (O 2s, 2p and H 1s)
and 2b, (O 2p and H 1s). States. 2a1, 1b, and 3a; belong
to binding states, while 4a; and 2b, have anti-binding
features (Fig. 2, a).
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Fig. 2. Calculations of the intrinsic energies of isolated
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H20 and its dimer, the density of states of the ice phase

and water, simulated at 300 K [30]

For the dimer H.O and Ice-XI the distortion of
molecules and interactions between molecules cause
splitting of the 1b, states (about 1.5 eV) and further hy-
bridization between the 3a; and 1b, states (Fig. 2, b, ¢).
This gives a decrease in the new 3a; states and an up-
ward shift in the new 1b, together with the creation of
two new hybrid states (bonding 3ai/1b; and anti-bond-
ing (3a1/1b,)* state) with two peaks around -3.2 eV and
-1.6 eV, respectively. O 2p states dominate here, mixed
with some H 1s character. The 1b, band at -6 eV and
the 1b; band at the top of the valence band (set at 0 eV)
show atomic orbital behavior with very small band
widths. The lowest level 2a; belongs to O 2s states hy-
bridized with H 1s orbitals, with two peaks around -
17.7 eV and -16.8 eV, respectively. The lower unoccu-
pied 4a; states also experience a decrease in energy due
to further hybridization [30].

The split in the energies of the monomer orbitals
during the formation of a dimer reflects the feature that
each water molecule plays the role of a proton donor or
acceptor. H - bonding involves mixing of 3a; and 1b;
orbitals. This causes the 3a; and 1b; bands to expand
during condensation [28, 29].

In the research [30], for Ice-XI the density of states
(DOS) of the lower part of the conduction band (from
about 5.6 to about +14.5 eV) is formed by O 2p/3s
states mixed with some H 1s character. These states in
the lower part of the conduction band show significant
dispersion of more than 5 eV. The peak occurs at ap-
proximately 14.5 eV with a predominance of O 2p-H
1s states (anti-bonding, 4a:). The energy gap between
the occupied and unoccupied states was 5.55 eV (Fig.
2,c,d).
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According to calculations [30], the electronic
structure of water at a temperature of 300 K is similar
to the Ice-XI phase (Fig. 2, ¢, d). The DOS curves of
water at 300 K are more dispersed; there are tails in lo-
calized states near the bottom of the conduction band.
Opinion of the authors of [30], the obtained electronic
structures and energy gaps for the ice and liquid water
phases are in good agreement with the available exper-
imental data.

Experimental studies of the band gap Wg of ice
and water involve estimating the ionization potential
obtained from measuring the photoelectron emission
and electron affinity of water Wy via inverse photoe-
mission.

An analysis of the Wg values of ice and liquid wa-
ter at ambient temperature, taking into account reliable
recent experimental data, was made in [31]. The au-
thors assume the ionization potential of liquid water to
be ~10.0 eV. Electron affinity is estimated as Wo=-1.0
eV. The Wg value is ~9.0 eV. The hexagonal phase of
ice is stable at ambient temperature and pressure and
has been the subject of numerous experimental and the-

oretical studies. At a temperature of 77 K, the ionization
—— W,

@O 1b, - orbitals

We o, (®<~O 2a;-orbitals
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potential is assumed to be ~10.3 eV, Wy = -0.9 eV,
which gives Wg = 9.4 eV.

Probably, a slight increase in the electron affinity
of liquid water compared to W, ice is associated with
the formation of defects or regions where free hydrogen
atoms can interact with delocalized electrons [28, 29].

Obviously, there is no long-range ordering in lig-
uid water. However, at short-range the structure of wa-
ter is topologically the same as those of ice, but with
flexible bond-lengths and angles of H,O tetragons [30].

It can be concluded, that the electronic structures
of the various phases of ice and liquid water are similar
in shape and are in good agreement with the available
experimental data.

Model of the electrical breakdown channel in
water

The energy band diagram in the area of contact be-
tween the metal electrode and water in a strong electric
field is shown in Fig. 3. The energy levels of the states
of O and H atoms are given in accordance with the data
from [30].

Fig. 3. Scheme of resonant (a) and Auger (b) transitions in water in a strong electric field. Wc, Wv, W -
energy levels of the conduction band bottom, crystal valence band ceiling and the Fermi metal, respectively

According to [13-15], the beginning of the for-
mation of a breakdown channel is determined by pro-
cesses at the metal—insulator interface. At an average
field strength in the sample of ~10® V/cm, the actual
field strength near the microtips of the electrode can be
more than ~108 V//cm [14]. In the near-electrode region
of the dielectric, due to the tunneling transition of elec-
trons into the metal, O?* ions with two holes are formed
in the 1b; orbitals. For this, the required voltage U shall
be such that the edge of the valence band of the dielec-
tric will rise to the Fermi level of the metal. It is most
likely that a neighboring hydrogen atom participates in
the process of hole recombination through resonant
electron transfer from the 3a; level of hydrogen to the
1b; level of oxygen. The process is realized with an en-
ergy increase in the 3a; level by ~ 3 eV (Fig. 3, a). The
decay of a hole into H* occurs as a result of the intera-
tomic Auger transition of an electron from the 1b; or-
bital of a neighboring O atom and the subsequent gen-
eration of an Auger electron into the conduction band
(Fig. 3, b).

The transition of an Auger electron to the conduc-
tion band occurs provided that the minimum energy gap
between the 3a; orbitals of H* atoms and the 1b; orbit-
als of O in the electric field is not less than the band gap
of the dielectric. Issues related to estimating the electric
field strength on the surface of the breakdown channel
front are considered in [14, 15]. In alkali halides, the

necessary band bends for Auger transitions are pro-
vided by the electric field of the space charge, which
includes a layer of doubly and layers of singly charged
halogen ions. The front of the breakdown channel co-
incides with the boundary of the space charge.

A single cycle of movement of the front of the fire
can be divided into three successive stages. At the first
stage, when the critical local electric field strength of
108 V/cm is reached, a resonant transition of the elec-
tron from H to the O%" atom occurs in a time 7 ~10%¢ s
and the channel moves to the interatomic distance (Fig.
3, a). The second stage is associated with the recombi-
nation of a hole on H* due to the interatomic Auger
transition of an electron from a neighboring oxygen
atom during a time ta ~107 s and the generation of an
Auger electron into the conduction band of the dielec-
tric. The channel moves one more interatomic distance
(Fig. 3, b). The negative charge of electrons reduces the
charge field of holes and, accordingly, the bending of
bands near the boundary of the charge zone. The third
stage is associated with the extraction of electrons by
an external electric field from the space charge region,
and the achievement of a critical field strength for the
next cycle. Cycle time At can be represented as

At =1+ 1A + 14, (D)
where 11 - time to reach the critical field strength.

The structure of the breakdown channel is formed
by a set of single Auger transition channels (Fig. 1),
passing in one direction, and includes a positive space
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charge and a conducting channel of complex phase
composition with electron-hole plasma.

The channel front moves from the positive elec-
trode into the sample. The channel diameter is probably
determined by the size of the area within which a layer
of 0% ions is formed in the near-surface region of the
dielectric, and its size is proportional to the external
voltage. This pattern was observed previously for KCI
and KBr crystals, in which the diameter of the break-
down channel increased linearly with voltage in the
range of 100—300 kV [8].

Conclusion

There is no long-range order in liquid water, but at
short distances the crystallochemical structure of water
is topologically the same as that of ice. The electronic
structures of various phases of ice and liquid water are
similar in shape and are in good agreement with the
available experimental data. A model is proposed for
the generation of free charge carriers in samples of
crystalline ice and liquid water through interatomic Au-
ger transitions in the valence band of the dielectric. The
model satisfactorily interprets the anodic nature of the
breakdown, high speeds of the breakdown channel of
107 cm/s, and prebreakdown current density ~ 10*
Alcm?,
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