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ABSTRACT

Electrical breakdown of liquid dielectrics under nanosecond pulsed high voltage has been investigated extensively in the last decade.
Prior studies have focused on either experimental characterization of the breakdown process and discharge plasma or formulation/verification
of the electrostrictive cavitation mechanism of the breakdown initiation. There remain knowledge gaps toward a clear physical picture of how
the first plasma is generated in a region saturated by nanoscale cavities created by electrostrictive forces in inhomogeneous fields at the nanosec-
ond timescale. Initial plasma results from the multiplication of primary electrons that gain energy collisionlessly in the cavities to cause colli-
sional ionization of water molecules on the cavity walls. This paper quantitatively discusses the possible sources of primary electrons that seed
the plasma discharge. Electron detachment from hydroxide is shown to be the most probable and sustainable electron source. Using numerical
modeling, this study demonstrates the plausibility of an electron multiplication mechanism involving two neighboring cavities. The drift of
hydrated electrons from one cavity to the next is the rate-limiting step and sets the minimum electric field requirement. This work will inform
subsequent experimental studies and have implications in various applications such as plasma sources in biomedical applications, cavitation
study, and insulation of pulsed power equipment.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0044415

. INTRODUCTION

Electrical breakdown of liquid dielectrics under nanosecond
(ns) or sub-nanosecond (sub-ns) pulsed high voltage has been
investigated extensively in the last decade.'”” This is a relatively
new research area that is of fundamental importance to plasma
sources for biomedical applications® and insulation of pulsed
power equipment.''" For water in particular, the understanding of
the mechanisms and processes of ns/sub-ns breakdown also sheds
new light on cavitation research,'>'” promising accurate determina-
tion of cavitation threshold pressure, which has many practical
implications, such as informing fluid machinery design to reduce

breakdown field in water is about one order of magnitude lower
than the expected value (~3 x 10° V/m) from the linear dependence
on the ratio of field and density, (ii) Joule heating is insufficient to
cause the formation of vapor bubbles at the electrode at the ns
timescale (therefore the bubble mechanism does not apply), and
(iii) the existence of “dark phase” and reignition at the falling edge
of the pulse.'* The qualitative picture of the electrostrictive cavita-
tion breakdown process is summarized as follows.” In a needle-
plane geometry, the strong inhomogeneous field can create a nega-
tive pressure (electrostriction) in the order of —10 MPa, and its
relaxation (via flow compensation) requires a time >10 ns. This sets

cavitation damage and generating cavities for targeted drug
delivery.

Previous studies have focused on either experimental charac-
terization of the breakdown process and discharge plasma'” or for-
mulation and verification of the electrostrictive cavitation
mechanism of the breakdown initiation.”™® The electrostrictive cavi-
tation mechanism was proposed to account for (i) the ns

the stage for the nucleation and growth of cavitation nanocavities
in water in the vicinity of the needle electrode. Inside cavities, elec-
trons are accelerated by the field to energies exceeding the water
molecule ionization potential (12.6 eV) and, when hitting cavity
walls, generate more electrons, which eventually lead to breakdown.

In recent years, there have been some new developments in
the theoretical understanding of the electrostrictive cavitation
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mechanism. Considering a single cavity at the tip of the electrode, a
study'” numerically solved the radial expansion of the cavity. The
initial cavity radius was set as several micrometers, and the time for
significant growth was after 10 ns, both too large for the initial
stage of ns breakdown in water. Nevertheless, an interesting conclu-
sion was that the existence of nanocavities does not lead to liquid
breakdown through the gas phase following the Meek-Loeb crite-
ria. Two independent studies'®'” developed improved multiphysics
modeling frameworks to simulate cavitation and subsequent pro-
cesses. Both used a gas discharge type model to simulate initial
plasma formation via ionization in the liquid phase'® or electron
avalanche in the cavities.'” Along the same line as the latter, a new
work'? using Geant4-DNA simulation toolkit attempted to model
the secondary electron generation by a sequence of collisions with
the wall of the cavity (assumed as a long tube, which seems unreal-
istic). In addition to the inconsistencies in mechanism(s) of elec-
tron multiplication that results in initial plasma presented in the
above works, another fundamental question remains unanswered:
what might be the source(s) of primary electrons that trigger the
electron multiplication process?

This paper, built upon our preliminary reports at the 2019
and 2020 Gaseous Electronics Conference,'”* presents an analysis
of possible origins of primary electrons, demonstrating that
electron detachment from hydroxide (OH™ ion) is more probable
than other known sources under the experimental conditions.
Furthermore, a multi-cavity mechanism of the electron multiplica-
tion is proposed and shown to be in good agreement with both
basic physics and experimental results. This work bridges current
knowledge gaps toward a clear physical picture of how initial
plasma is generated in a region saturated by nanoscale cavities at
the ns timescale.

Il. POSSIBLE SOURCES OF PRIMARY ELECTRONS

Before discussing the possible sources of primary electrons, it
is necessary to set the stage, i.e., describing the cavitation zone
at the initial stage of ns breakdown in water. According to the elec-
trostrictive cavitation breakdown mechanism, under a strong, inho-
mogeneous, fast-switched electric field, ruptures of the liquid
continuum can be caused by the negative electrostriction pressure,”

PE = —0.50{5880E2, (1)

where the coefficient ap = 1.5 for water, € is the relative permittiv-
ity (80 for water), & = 8.85 x 107!2 F/m is the permittivity of free
space, and E is the intensity of the local electric field. When
E=10% ~ 10° V/m, the corresponding |Pz| = 5.38 ~ 538 MPa,
which is much higher than initial hydrostatic pressure in the ns
breakdown experimental settings (therefore, it is neglected in this
work) and within a range similar to that of the experimentally
determined values (2 ~ 140 MPa) of the cavitation threshold
pressure (i.e., tensile strength) of water.”" For simplicity, hereafter,
we use symbol P to represent |Pg|.

Consider a spherical cavity in water with high negative pressures
(its absolute value is much higher than the vapor saturation pressure;
therefore, the cavity here can be assumed to be a vacuum). An analy-
sis of force balance indicates that there exists a critical cavity radius,

ARTICLE scitation.org/journalljap

R,, above which the cavity can sustain or expand. We have'”
R. = 20/P, ()

where o = 0¢/(1 + 26/R.), 6o = 0.072 N/m is the surface tension
of water at room temperature, and & is the Tolman parameter to
account that the actual surface tension is lower when the cavity
radius is comparable to the thickness of the water’s transition layer.
We assume that all cavities are spherical and have one uniform size.
In the framework of Zel'dovich-Fisher nucleation theory, the rate of
creation of cavities with critical radius R, per unit volume is'’

I'.= > kB—Te
© 7 4nR3 27h *P

47ro-R§) ’ 3)

T 3kT

where T, is the rate of generation of cavities, ky = 1.38 x 1072 J/K
is the Boltzmann constant, T is the temperature (298 K in this work),
and /i=1.05x107%*7J.s is the Planck constant. As shown in
Fig. 1, with R, in the proximity of 1 nm, I'; is between an upper
limit of the number density of water molecules (~10' um™) per
ns and a lower limit of 1 per um® per ns.

Now even with E=10° V/m (2 to 3 times higher than the
maximum electric field in actual experimental systems), if the
cavities, once formed, do not expand, then the energy gain of an
electron traversing the cavity is around 2 eV, much lower than the
water molecule ionization potential (I, = 12.6 eV). To enable elec-
tron multiplication, the initial cavities must undergo subsonic
expansion at the sub-ns timescale (10-100ps)® and reaches an
“equilibrium radius” beyond which the resulting relief of negative
pressure will no longer support cavitation inception and develop-
ment. Due to the complexity of this process, it is unclear what
exactly is the final radius R. We estimate

11
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2 eE,
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FIG. 1. Dependence of the rate of creation of cavities (I';) on the critical cavity
radius R, and the Tolman parameter 8. The dashed lines mark the range of R;
(when & = 1.25 nm) that corresponds to physically reasonable T.

J. Appl. Phys. 129, 103302 (2021); doi: 10.1063/5.0044415
Published under license by AIP Publishing.

129, 103302-2


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

where e = 1.60 x 107!° C is the electron charge and E, ~ 1.5E is
the field intensity inside a nanocavity in the water where the local
background field is E. The maximum number density of these
cavities, 7., can be estimated from that the pressure after relief by
cavities remains comparable to pY

fP
c = 1,50 5
n Vap ()

where V = %”R3 is the cavity volume, f is a factor between 0 and 1,
p = 10% kg/m? is the water density, and ¢, = 1.5 x 10° m/s is the
speed of sound in water. In Fig. 2, we plot Egs. (4) and (5) as a
function of E. Stronger background fields result in smaller cavities
and much higher cavity densities, consistent with the theoretical
analysis in Egs. (2) and (3).

In our simplified physical picture of the cavitation zone, at
the sub-ns timescale, there are cavities that have the same radius
and are uniformly distributed in the water. For instance, with
E =042 V/nm and f = 0.9, the corresponding R = 10 nm and
ne 2~ 1.2 x 10* um~3. The total volume of cavities takes up ~5% of
the cavitation zone volume. If there are more than 20 electrons,
then statistically speaking, one would be located within a cavity
boundary to serve as the seed for breakdown. We proceed to
examine the possible origins of primary electrons that satisfy the
above condition.

The first possible source is cosmic background radiation.
In the air, this creates ~10~° ions per um>. Although no data are
found for water, it can be accepted that natural background radia-
tion is highly unlikely to generate a greater degree of ionization in
water.” Even assuming the density of cosmic radiation generated
ions is proportional to the density of the medium, one can estimate
that cosmic radiation might account for up to 107° ions per um? in
water (with or without cavitation), which, as will be shown below,
is still a much less probable source compared to water’s autoioniza-
tion. The second possible source is field ionization of water mole-
cules, which is negligible for fields lower than 7.5 V/nm.” The
maximum field in experimental settings is an order lower than this

(100 [um)

n_/i

03 04

E [V/Inm]

0 0.5 1 15
E [V/nm]

FIG. 2. The final cavity radius (R) and number density (n;) as functions of the
local background field. The inset shows n; under low E.
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value. Interestingly, even without radiation or strong field, water
has autoionization (H,O + H,0 = OH +H;0"):** at atmo-
spheric pressure and 25 °C, the equilibrium density of hydroxide
(OH") and hydronium (H;0") ion pairs is 10" mol/m® or 60 per
um?®. Detachment from OH™ is the third and so far the most prob-
able source of primary electrons. The reasons are as follows: (i) The
electron detachment threshold of OH™ on surface (in our case, the
cavity wall) is I, = 1.8 eV,”” much lower than that of OH™ in bulk
(surrounding water molecules having stabilizing effects), as well as
the water molecule’s ionization potential I,,; (ii) OH™ ions tend to
concentrate near the cathode-side pole of a cavity due to drift
under the electric field; (iii) Strong electric field, especially in the
order of 1V/nm, can significantly enhance water autoionization;”*
(iv) The emission of electrons from the cathode-side pole into the
cavity effectively shifts the equilibrium of water autoionization in
that region rightwards (i.e., producing OH™ ions), which makes
this mechanism sustainable.

To quantitatively demonstrate the above points (i) and (ii), we
first build the physical model of a simple system consisting of a
single spherical cavity in water, as shown in Fig. 3(a). The govern-
ing equations in water are

%ww:kl:[cb ©6)
Ji = —DiV¢; + zju;Feie, (7)
e= -V, (8)

&V - (eVe) = —F Zi ZiCi» 9

where ¢ is the time, ¢; (i = H;O1 or OH™) represents the concen-
tration (unit: mol/m>) of each ion, k = 1.5 x 108 mol 'm3s™! is
the equilibrium reaction rate constant of the water autoionization,”
Ji is the flux of each species consisting of diffusion and drift where
the diffusion coefficients”> are Doy = 5.27 x 1072 m?s~! and
Dy,0+ = 9.31 x 107 m?s™!, and according to the Nernst-Einstein
relation, the mobility of both ions is u; = D;z;e/(kgT), zi = +1 is
the charge number of ions, F = 96485 C/mol is the Faraday cons-
tant, £ and ¢ are the electric field and potential. Inside the cavity,
only electric field equations are solved (Laplace’s equation). There
is no ion flux across the cavity wall. At t = 0, the field is applied,
and the initial ¢;’s are the equilibrium value (10~* mol/m?). The
model is implemented and solved in COMSOL Multiphysics 5.4
using coupled Electrostatics and Transport of Dilute Species
modules. The dimension of the simulation domain is 200 nm for
cavity radius 10 nm to ensure that the physical fields at the domain
boundary take the “unperturbed” values.

In Fig. 3(a), the electric field inside the cavity is about 1.5
times the background field. Due to the low charge density, the field
distribution is very close to the charge-free analytical solution and
does not change over time. On the other hand, Fig. 3(b) shows that
the hydroxide concentration is increased near the cathode-side pole
of the cavity, which reaches a steady-state within 1 ns. By reducing
the cavity size or increasing the background field, the steady-state
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FIG. 3. Continuum multiphysics modeling results of a spherical cavity of radius
10 nm in water under electrostatic fields. (a) Distribution of the electric field mag-
nitude when the background field is 0.01 V/nm. The arrow indicates the direction
of the background field. (b) Steady-state hydroxide concentration under a back-
ground field of 0.2 V/nm. The steady-state is reached in less than 1ns. (c)
Increased hydroxide concentration at the cathode-side pole of the cavity (6) as
a function of the background field.

can be reached even faster, since the change of ion distribution
results mainly from drift. Under different background fields, the
maximum increased amount (denoted by 6) of OH™ concentration
is plotted in Fig. 3(c). Note that the simulation domain is micro-
scopic (the number of ions is small). The ion concentration at a
location should be interpreted as the probability of finding an ion
there.

The probability rate of tunneling detachment of an electron
from an OH™ at the cavity wall can be estimated by’

1 4P2\/2m
~ mrA%eE e — 1t N 10
W TEEEN am, Xp( 3heE, ) (10)
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FIG. 4. Expected number density of electrons detached from hydroxide into the
cavities within 0.1 ns as a function of the background field.

where m = 9.11 x 1073! kg is the electron mass and the coefficient
A ~ 1 depends on the potential well’s shape. The number of elec-
trons released into cavities per um® during time Az is

1. ~ w(l + @)noy-Ar, (11)
where noy- =60 um™> is the equilibrium hydroxide number
density. In the context of ns breakdown, we expect the timescale of
electron emission to be sub-ns. Here we choose Az =0.1 ns.
Figure 4 plots Eq. (11) under various background fields. A back-
ground field higher than 0.75V/nm correspond to an 7, above
1 per um®. For a cavity radius of 10 nm, the background field needs
to exceed 0.42 V/nm for primary electrons to gain sufficient energy
to trigger multiplication upon hitting the cavity wall. This field
value corresponds to 1, &~ 107% um~3. If the volume of the cavita-
tion zone is in the order of 0.1 mm?, it would be very likely that
one or more primary electrons are generated and released into the
cavity. Using experimental techniques to determine the initial cavi-
tation zone profile will be crucial to test the proposed theory.

lll. ELECTRON MULTIPLICATION IN THE
CAVITATION ZONE

The proposed electron multiplication mechanism is illustrated
in Fig. 5. The basic idea is that multiple cavities are involved in this
process. As mentioned earlier, within one nanoscale cavity, the
primary electron is unlikely to gain sufficient energy to generate
multiple new electrons under a background field of <1 V/nm. Other
processes such as cavity deformation (stretch along the field line) and
coalescence are not significant at the sub-ns timescale. The cavitation
zone is saturated with nanoscale cavities that can be viewed as
“frozen” in the discussion of the electron multiplication process. As
shown in Fig. 5, the drift of hydrated electrons through the layer
between two cavities (C) and the release of electrons when the
hydrated electrons reach the second cavity (D) are the two steps that
determine the effectiveness of the multiplication mechanism.

Denote the thickness of the inter-cavity layer as AL and the
mobility of hydrated electron u;,, and by requiring the time
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FIG. 5. lllustration of the proposed primary electron generation and multiplication mechanism. (a) Electron detachment from hydroxide ions and release into cavity 1. (b)
After traverse cavity 1 collisionlessly, the electron gains sufficient energy to ionize a water molecule on the opposite wall of the cavity. The resulting two electrons enter the
layer between cavity 1 and cavity 2 and immediately become surrounded by water molecules (hydrated electrons). (c) The hydrated electrons drift toward cavity 2. (d) The

electrons freed enter cavity 2.

of travel across the layer to be at the sub-ns timescale (e.g.,
A7’ = 0.2 ns), we have

AL
UpEay

<AT7, (12)

where E,, is the average magnitude of field in the layer, which can
be obtained from the multiphysics modeling. Figure 6(a) presents a
sample result when the layer separating the two cavities (both of
radium 10nm) is only 2nm thick. In Fig. 6(c), we plot E,,
(expressed as a percentage of the background field) as a function of
AL in this case. While AL does not seem to have a significant effect
on the hydroxide concentration at the cathode-side pole of cavity 1
[Fig. 6(b)], it affects E,, in the following way: when AL is smaller
than the cavity radius, E,, is significantly lower than the back-
ground field; when AL becomes much larger than cavity size, each
cavity can be treated as isolated and E,, is very close to the back-
ground field. The example in Fig. 6(a) also provides a clue regard-
ing the difficulty of cavity coalescence. The substantial reduction of
field reduces the amount of negative pressure and prevents the two
cavities from being “pulled” closer.

The physical and chemical properties of hydrated electrons may
vary greatly depending on the cluster size and the isomer type.”” For
the mobility of hydrated electron, we use 1.84 x 1077 m?V~!s™!
(close to that of OH™ in water).”® To meet the condition in Eq. (12),
the minimum background field is calculated and plotted in Fig. 7 as
a function of AL. As expected, when AL is large, the field and, there-
fore, the drift velocity is proportional to AL. When AL is smaller
than 10 nm, a higher background field is needed to counter the

shielding effect. On the other hand, the cavity number density is
related to AL,

1

T (ALt 2R} (13)

ne

Combining Egs. (13), (5), and (1), and set R = 10 nm in this
case, we find another minimum background field. Figure 7 shows
that, in this case, 3-12 nm is identified as the most “feasible” range
of AL because as long as the field is high enough to create the cavi-
ties, the field is automatically able to make the electron drift AL
within time A7’. A theoretical implication is that there could be sce-
narios resulting only in cavitation but not electron multiplication.

Finally, we discuss the release of electrons into cavity 2. Using
the formula similar to Egs. (10) and (11),

1 4132\/2m
! ~ mA%eE e — , 14
WA AN P\ T T 3hek, (14)
N! ~2w'Ar, (15)

where W is the probability rate of the detachment of hydrated
electron, I is the electron’s affinity energy, and N is the expected
number of electrons entering cavity 2 (from the two hydrated
electrons). In the literature, I; values are found to be in a wide
range from 0.1 to 0.3 eV (bulk) and 0.8 (surface)”” to 1.3eV*® and
to over 3 €V.” In Fig. 8, we pick three values in this range and plot
N. as a function of the background field. With the electron affinity
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FIG. 8. The expected number of electrons entering cavity 2 via tunneling
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energy in the range of 0.8-1.6eV, the background field in the
experimentally realized order of magnitude can ensure that >1 elec-
trons are released into cavity 2. Electron multiplication will then

2 4 8 8 10 12 14 16 18 20 follow this “chain reaction” path.
Thickness of layer between cavities [nm]

o
N

Average field [% BG field]
o
=

Q
®

IV. CONCLUSIONS
FIG. 6. Continuum multiphysics modeling results of two spherical cavities of

radius 10 nm in water under a background field of 0.2 V/nm. (a) Distribution of This paper proposes a theoretical model of the generation and
electric field magnitude. (b) Steady-state hydroxide concentration. (c) Average multiplication of primary electrons at the early stage of electrical
field intensity in the liquid layer between the two cavities (expressed as a per- breakdown in water under nanosecond pulsed fields, based on a

centage of the background field) as a function of the layer’s thickness. simplified physical picture of the cavitation zone caused by electro-

striction (negative electrical pressure). Several possible sources of

primary electrons are identified. Even without the electric field,

6 . . . . . . " . . abundant hydroxides (OH™) exist in water due to its autoioniza-
tion. Electrons in hydroxide have a much lower detachment energy
i than water’s ionization energy. It has been shown that electron

detachment from hydroxide has the potential to be a major electron

£ . source. In addition, preliminary numerical results indicate that, at
% the ns timescale, the proposed multiplication mechanism involving
2 hydrated electrons drifting toward the next cavity works. The
B ® | required electric field strength and inter-cavity distance are physi-
g cally plausible.

g2 Most Feasible Range Subsequent work may be done in three directions. First, break-
om

throughs in experimental measurements of the cavitation inception
and development will inform the revision and improvement of the
theoretical methods used to analyze cavity size and density. Second,
. ‘ ‘ ‘ s ‘ ‘ based on the proposed mechanism, new kinetic models coupled
5 10 15 20 AES s 3% 40 45 80 with multiphase electrohydrodynamics and advanced numerical
[nm) simulation techniques could lead to a clearer understanding of the
complex processes involved. Finally, this research opens up possi-
bilities to use ns breakdown in water as a vehicle to investigate chal-
lenging problems in other fields, such as the pressure threshold for
cavitation and the physical properties of hydrated electrons.

FIG. 7. The minimum background field required to enable the electron drift through
the inter-cavity layer within Az’ and the minimum background field needed to
achieve the cavity number density as functions of the layer's thickness.
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