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We discuss the instability of the water surface in applied vertical electric field induced by the
thermal dissociation of molecules. It is shown that the breakdown phenomena occurring as the result
of such instability are characterized by two relaxation times. The first one, τjet, is the discharge time
of the surface. The second, T∗, characterizes the process of charge accumulation in the layer near
the liquid-vapor boundary. The latter depends on the properties of the diluted charged solution and
intensity of the vertical electric field. Since T∗ � τjet it determines the occurring cyclic alternation
of the breakdowns. The nature of both times as well as the methods for their measurement are
discussed.

PACS numbers: 52.20.-j

I. INTRODUCTION

This paper is devoted to the study of the surface sta-
bility disruption at the boundary “liquid-vapor” by the
applied electric field E⊥.

The dynamics of the excitations of the horizontal sur-
face in absence of electric field is determined by the well
known properties of the gravitational-capillary wave:

ω2(k) = gk + γk3/ρ. (1)

Here ω and k are the frequency and the wave vector of
the wave, g is the acceleration of gravitation force, ρ is
the liquid density, γ is the coefficient of surface tension
at the boundary “liquid-vapor”.

Application of an electric field E⊥ leads to polarization
of the molecules of the liquid (water) and corresponding
emergence of the non-uniform ponderomotive forces near
the liquid surface. The latter affect on the dynamics of
gravitational-capillary waves. As it was shown in Ref.1,2

application of the sufficiently high field results in a loss
of stability of a flat liquid-vapor boundary. I.e. some
critical values

E2
0 = 8π

ε(ε+ 1)

(ε− 1)2
√
ρgγ, (2)

(ε is the dielectric constant of liquid) and

k20 = ρg/γ (3)

exist, which turn zero the dispersion law:

ω2(k = k0, E⊥ = E0) = 0. (4)

Losing its stability, the surface of a liquid dielectric
ceases to be flat. The cloud of drops occurring above the
waving surface is neutral, and therefore it is not affected
by an uniform electric field. At the same time, being
placed in the gravitational field, it remains close to the
flat equilibrium position of the liquid surface.

The described “dielectric scenario” of the instability
development changes when the thermal ionization of wa-
ter molecules is taken into account. The ions of different
signs available near the liquid surface spatially separate
when an electric field E⊥ is applied. In result, one of the
factions of the space charge is accumulated close to the
interface liquid-vapor, while the other does it in the bulk
of the liquid. This process of charge separation termi-
nates at the moment when the external field is completely
compensated by the internal one emerging between the
positively and negatively charged accumulation layers.
Such screening properties are typical for a liquid metal.

One can assume that the described formation of the
accumulation layers with the complete screening of the
external field in the bulk of a liquid occurs not only in
the static case of a flat interface but also for relatively
slow wavelike dynamics of a charged liquid surface. This
statement is even more true in the vicinity of the point
where ω2(k,E⊥) turns zero. Such hypothesis is confirmed
by the calculus of Frenkel and Tonks3–5 which demon-
strated that the surface of a weakly ionized liquid loses
its stability in the metal regime, when the critical surface
concentration of ions ncs reaches the value

ncs = σc/e, (5)

with the surface charge density

σc =
(ρgγ

4π2

)1/4
. (6)

Corresponding electric field Ec = 4πσc is evidently less
than it is required for “dielectric scenario”:

Ec = E0
(ε− 1)√
ε (ε+ 1)

. (7)

Observation of such instability is problematic even for
water with its dielectric constant ε ∼ 80 and correspond-
ing Ec = 0.96E0.



2

FIG. 1: The sketch of the device. The metal cell (1) is filled
with the liquid up to the curb. The upper metallic electrode
(collector) (2) is separated from the liquid surface by vacuum
spacing h. The voltmeter (3) measures the potential differ-
ence between the metal electrodes. The device (4), measures
the charge Q, entering (leaving) the upper plate of the cell
during formation of the accumulation layer of ions on the liq-
uid surface. The accumulation layer (schematically presented
as 5) is formed on the liquid surface in the process of charge
separation in electrolyte under the effect of the external elec-
tric field E⊥. The geometrical parameters are: the radius of
the metal cell (1) is R1 ' 2.5 cm, the radius of collector (2)
is R2 ' 1.25 cm, the height of the vacuum layer between the
water surface and collector (2) is h ' (0.1− 0.2) cm.

In reality, when the ions concentration reaches its crit-
ical value (5), the low frequency breakdown phenomena,
accompanied by the charge transfer through the surface,
occur. Their discussion is the subject of this article.

II. OBSERVATION OF THE INTERFACE
“LIQUID-VAPOR” INSTABILITY IN EXTERNAL

ELECTRIC FIELD

Let us start from discussion of the existing experiments
on stability of the free surface of water when the electric
field is applied normally to its flat equilibrium position6,7.
The sketch of device for study of a time-varying accumu-
lation layers near the borders of a massive layer liquid in
the presence of an external field E⊥ is presented in Fig.
1. The liquid fills the cylindric metallic cell (1). A metal
electrode (2) is placed above the liquid-vapor boundary.
The radius of the metal cell (1) is R1 ' 2.5 cm, the radius
of collector (2) is R2 ' 1.25 cm. The thickness of the liq-
uid layer is d, the thickness of the vacuum layer between
the upper electrode and charged surface of the liquid is
h. These dimensions are much less than the size of the
cell: (h + d) � 2R1. The bottom of the cell is consid-
ered as the ideal conductor. The potential difference V
is applied to metal electrodes and it is controlled by the
voltmeter (3). It creates a homogeneous field E⊥ within
the layer of liquid. The device 4 measures the charge Q
flowing in (out) the upper electrode during formation of
an accumulative layers of ions close to the surface of the
liquid.

The authors of Ref.6,7 were the first who measured
the critical threshold fields of the instability. They also

discovered interesting particularities of the instability de-
velopment at the interfaces “ water - gas” , “transformer
oil -water”, and “mercury - gas”. The measurements6,7

were performed before the theoretical analysis of the
problem1,2. Yet, the authors have succeeded to ex-
plain satisfactorily the obtained results in the assump-
tion of the ideal conducting properties of the water sur-
face (i.e. within a scenario of the instability of Frenkel
and Tonks4,5).

A weak sensitivity of the obtained results with respect
to conducting properties of the liquid could be attributed
to the closeness of the condition (7) to 1. However,
the technique of instability threshold detection used in
Ref.6,7 itself excludes the dielectric scenario of the insta-
bility development at the interface “liquid-vapor”. This
is convincing example of “metallization” of the liquid sur-
face due to formation on it of a highly conducting accu-
mulation layer. Another example of such “metallization”
is the anomalous frequency response of such electrolytic
capacitor Ref.8.

The structure of “charge-discharge” cycles acquires the
primary importance among the observed details of the
breakdown at the interface “water-vapor”. In critical
conditions the discharge current consists of the short
bursts of duration τjet separated by the relatively long
intervals T∗ � τjet without any charge transfer. Practi-
cally the breakdown across the dielectric layer is realized
in the form of the self-organized jet carrying very high
current density. Let us note that its diameter is much
less than the capillary length: Rjet � a = k−10 (see Eq.
(3). The time of related discharge τjet and duration of
the intervals between them T∗ were estimated in Ref.7

from data high-speed filming as

τjet ∼ 10−3 ÷ 10−4 sec, T∗ ∼ 1 min . (8)

Literally it was mentioned that on the fifty feet exposed
film only one frame provides an explicit jet image.

The elementary breakdown acts were accompanied by
arcing (lightning) and audible clicks (thunder). For our
further consideration will be essential that during the
time τjet jet transfers to the upper electrode almost all
charge collected in dielectric accumulation layer during
the all period T∗ between two following one after the
other discharges. In the case of real metallic liquid (in-
terface “vacuum - mercury”) the breakdown acts overlap
between themselves. The inequality T∗ � τjet is not ful-
filled here.

The value of T∗ depends on different causes each of
which needs to be considered in every particular case.
The authors of Ref.6,7 do not address this problem, just
mentioning the existence of the interfaces with T∗ � τjet
with the characteristic parameters (8).
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FIG. 2: The charged surface of the liquid hydrogen in steady
corrugated state9

FIG. 3: Temperature dependencies of the critical voltages
Uc1(T ) and Uc2(T ).

III. THE TIMES τjet AND T∗

It is clear that the short discharge time τjet corresponds
to the Frenkel - Tonks avalanche-like instability, while the
long one, T∗, is the time required for the ion recharging of
the accumulation layer to its critical charge density (5).

FIG. 4: Geyser formation at the charged hydrogen surface
(Ref.9) when the voltage reaches its critical value Uc2.

A. Discharging time τjet

When the applied electric field approaches the critical
value Ec (see Eq. (6)) this does not mean yet the onset
of the avalanche-like instability. First, when the field just
slightly exceeds this critical value ((E⊥ − Ec)/Ec � 1),
the surface just ceases to be flat and becomes corrugated
but remains impenetrable for ions already accumulated
below it. With the increase of E⊥ in these limits the am-
plitude of the corrugation correspondingly growths but
remains stable. An example of such a stable standing
wave on the surface of charged hydrogen layer is shown
in Fig. 2. In order to provide the necessary “metallic”
ions density the liquid was irradiated with the radioac-
tive source up to the ions concentration in the volume
emerging near the surface completely shielding the ex-
ternal field in the accumulation layer.

The emergence of the standing wave in experiment9

was fixed optically. The transition between two regimes
over the threshold (5), is represented in Fig. 3. The
voltmeter 3 (see Fig. 1) measures the voltage Uc1(T ) cor-
responding to the transition from flat to corrugated sur-
face as the function of temperature. This dependence
occurs due to two reasons. First, in order to carry on
the value of electric field to be equal to the critical one,
the voltage Uc1(T ) should be changed following the tem-
perature variation of the density of liquid hydrogen. The
second factor is the variation of the distance h between
the surface and the upper electrode 2 due to the hydro-
gen redistribution between its liquid and gaseous phases
in a closed container with a fixed full mass.

On the experiments of Ref.9 some kind of a geysers
that flows from the top of the Taylor’s cone7 (see Fig. 4)
were observed. It is naturally to consider them as ana-
logues of the short bursts (of time τjet) carrying the dis-
charge currents6,7. Both electrostatic and Laplace pres-
sures at the surface of the Taylor’s cone depends on the
distance as r−1 and, therefore, at certain conditions they
can compensate each other. The balance of forces is bro-
ken at the top of the cone, what makes Taylor solution to
be unstable. Further studies10–12 demonstrated that the
Taylor cone is the asymptotic form of the charged liquid
surface shape of the fluid in its time evolution. It is il-
lustrated in Fig. 5 and one can easily find the analogy
with the data of Fig. 4. It is why it is hard to define
from this consideration the value of the critical field Uc2,
starting from which the corrugated state of the charged
liquid surface loses its stability. It is clear only that the
Uc2 > Uc1. Achievement of this field is accompanied
by the short (duration is τjet) discharge spurts through
a boundary of liquid6,7,9. The example of a joint mea-
surements of the both values Uc2 and Uc1 in the same
experiment9 allows to compare their typical amplitudes
(see Fig. 3). Summarizing, one can say that the measure-
ment of Ref.6,7, which use the liquid bursts as an indica-
tor of discharge currents through a water surface provide
us the information concerning the potential Uc2(T ).
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FIG. 5: Calculations of the time-dependent soliton profile in
the closeness of the singular Taylor point (taken from Ref.11).
The arrow indicates the direction of the soliton’s shape time
evolution.

B. Recharging time T∗

The recharging time T∗ was firstly measured and dis-
cussed in Ref.6,7. In view of its possible usage for the con-
tactless measurements of the ions mobility at small values
of their density we reproduce here the measurements of
Ref.6,7 and try to understand the physical nature of T∗.

Kinetics of the ions accumulation layer formation in
the cell filled by clean (without special treatment) water
in sub-critical conditions is demonstrated in Figs. 6- 7.
The experimental setup (see Fig. 1 ) allows to measure,
side by side with the charge transfer, the displacement
currents occurring in the cell in the process of the ac-
cumulation layers formation. In Fig. 6 this process is
illustrated for the sub-critical field E⊥ = 800V . In Fig.
7 one can clearly see the jumps in the time dependence
of the flowing charge Q(t), firstly observed in Ref.6,7.

The numerical values for the charging time T∗ turns
out to be of the order of 1 minute, like it was found in
Ref.6. The qualitatively new what we observe are the or-
dered series of the stairs in the dependence Q(t), which
width T∗ = const remains constant during the long ob-
servation time13. The number of the equidistant stairs
can reach 100 and more. In the case of pure water this
number theoretically is unlimited (see Fig. 7).

Let us note, that in order to obtain the estimation (8)
we assumed that the amount of charge ∆Q, accumulated
in the surface layer during the time T∗ is completely car-
ried away during the discharging time τjet. Comparison
of the data presented in Figs. 6 -7 shows that such as-
sumption is wrong. The value of jump

∆Q ' (10−2 − 10−3) Q∞,

characterizing the unitary charging cycle Fig. 7, is two-
three orders less than the value of Q∞ (see Fig. 6),
required for the complete recharge of the surface when

FIG. 6: The kinetics of accumulation layer formation in setup
filled by clean water (see Fig. 1) under the conditions below
the critical ones. Along the axes: time in seconds and charge
in units 10−8 coulomb. The constant Q∞ is the value of Q(t)
in the conditions of saturation for V = 800V .

U = 800 V is applied. We suppose that the value Q∞ is
comparable to the critical value Qcr. Achievement of the
latter in the vicinity of U = 900V leads to the break of
the charged surface stability (see Fig. 7).

In other words, the discharge of the accumulation layer
during the time τjet (8) by means of the geyser (see Fig.
4), which is sufficient for the reproduction of the station-
ary relaxation regime (see Fig. 7), involves the amount
of charge much less than Qcr. Such values of ∆Q are
already sufficient to lead the surface in the metastable
state between the tensions Uc1 and Uc2 (see Fig. 3). The
regime of the stairs generation in Q(t) dependence (see
Fig. 7) with the long interval T∗ � τjet occurs under
conditions

U > Uc2, ∆Q ∼ (QU2 −QU1). (9)

The regime T∗ � τjet in these conditions remains un-
studied.

IV. CONCLUSIONS

1. We demonstrated that even a relatively small
amount of the ions apearing in water due to the thermal
ionization of the water completely change the character
of the gravitational-capillary instability of its surface.

2. We explained the physical nature of the “metal-
lic” scenario of such instability which was used by the
authors6,7 for interpretation of their experimental data.

3. We attract attention to the fact that in
experiments6,7 was measured the potential Uc2 rather
than Uc1, as the authors assumed.
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FIG. 7: Relaxation oscillations of the positive ions charge
Q(t) flowing from the surface “clean water-vapor” to the up-
per electrode (see Fig. 1 ) when the electric field reaches its
critical value (6), what, in this case, corresponds V = 900V .
Along the ordinate axis the value of charge is presented in the
same units as in Fig. 6. The change of the surface charge (in
units of Q∞), occurring in the process of its discharging, is
characterized by the value ∆Q.

4. We propose the new scenario of the instability de-
velopment, which is characterized by two times: dis-
charging time τjet and charging time T∗ .

5. The essential property of water is its ability to
screen any field in the bulk of electrolyte. In this way
the plane accumulation layers discussed above are formed
(see Figs. 6 -7). Of the same type should be also the
structure of the spherically symmetric accumulation layer
around the isolated charged center, which appears in the
bulk of intrinsic semiconductor in the process of its dop-
ing. Account for the Coulomb interaction between the
fragments of the doping impurity dissociation results in
appearance of the charged clusters of the size of Debye
radius14,15.
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