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Abstract

Water is often used as a medium for preparation of nanoparticles in plasma. One way to obtain plasma in
liquids is a nanosecond high voltage pulse applied on micrometer sharp electrode, so that the electric
discharge is developed. Liquid water under the action of sharp pulse of the electric field may be disrupted so
that cavities of nanometer scale would eventually appear and expand. Owing the electric field forces, those
nanocavities rapidly elongate to the form of long needle-like ruptures in the liquid bulk. We study electron
acceleration in these ruptures and analyze the production of secondary electrons in the water near the
nanocavity surfaces. For electron transport in the nanocavity and for electron water-interactions we use Monte
Carlo model based on Geant4-DNA simulation toolkit. Nanocavities are modelled as hollow cylindrical voids
in liquid water with homogeneous electric field inside oriented along the cylindrical axis. Due to the nanometric
scale of these voids, electrons can move collisionless inside, where are also accelerated by the action of the
electric field. Primary electrons are injected as monoenergetic isotropic source from the inner surface of the
void. We seek physical conditions, a combination of electric field strength and geometry of the cavity that would
lead to the production of more than one secondary electron per single primary electron. This study is relevant
for understanding of initial phases of electric discharge development in liquid water.
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1. INTRODUCTION

Applications of plasma in many distinct technological areas has increased gradually, ever since the term
'plasma’ has been coined by an American chemist and Nobel Prize winner Irving Langmuir in 1920s.
Historically, plasma has been used as a medium to generate chemically active species in various gas mixtures.
During past few decades, attempts to generate plasma also in liquid environment has emerged, followed
immediately by applications such as nanomaterials syntheses and wastewater treatment [1,2]. Many of the
currently reported devices for plasma generation in liquids use presence of diluted bubbles in the liquid, where
accelerated electrons ionize vapors of the liquid. Then, the electric breakdown, in fact, takes place in gaseous
environment instead of directly in the liquid bulk. Typical voltage pulses used for the generation of such
plasmas are of microsecond duration, applied to a sharp metallic electrode, e.g. in point-plane electrode
geometry [3]. Another interesting case to consider for plasma generation in liquids is an ultra sharp high-
voltage pulse of (sub)nanosecond duration. Currently, the prevailing opinion is that, in that case, for polar
liquids such as water, the initial stage of the plasma discharge formation is associated with the appearance of
nanoruptures or nanovoids, which occur because of the ponderomotive electrostrictive forces. Inside of these
nanovoids, then the electrons might gain sufficient energy to ionize. Due to the action of the electric forces,
these nanocavities rapidly elongate and form long needle-like ruptures of the liquid bulk [4,5]. Note that this
mechanism of plasma generation is different from the bubble-electric-breakdown, because nanovoids serve
as collision-free environment merely for acceleration of electrons and ionization occurs in the liquid, instead.
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In this contribution, we study electron acceleration in these elongated ruptures and we analyze resulting
production of secondary electrons in the water near the nanocavity/water interface.

2. MODEL AND METHODS

Cavities are considered as long cylindrical voids with homogeneous electric field loaded inside and oriented
along their axis. Electrons in the cavity accelerate freely, i.e. without collisions, and can only interact with water
molecules when they hit the wall of the cavity. This assumption of uncolissionality is justified because the
characteristic spatial scale of these cavities is much shorter than the mean free path of electrons in the
corresponding equilibrium vapor pressure. The electron motion in the cavity with the homogenous electric field
is an analogy to the projectile motion in a vertical tube subjected to the action of the gravitation force. It can be
shown that the product of the electric field strength E and the cavity radius R, i.e., E - R is appropriate for
discussion of results for different cavity dimensions and electric field strengths. For description of electron
interactions with water, we use state of the art simulation framework Geant4-DNA [6-9]. This framework offers
a variety of models to simulate the physical interactions of electrons in liquid water. We use Geant4-DNA
physics 'option 4’ constructor, which includes models for elastic and inelastic scattering of electrons, together
with a model for vibrational excitation and attachment. We assume that sub-excitation electrons, i.e. electrons
with energy below 7.4 eV, cannot contribute to further ionization in water. Therefore, no tracking of sub-
excitation electrons in water is performed in the simulation. Overall, the electron interaction with the surface of
the cavity can have two distinct outcomes: (a) the electron penetrates the water bulk and terminates there, or
(b) the electron is bounced back to the void of the cavity and is accelerated by the electric field once again. In
both cases, in termination or in bouncing, certain number of secondary electrons is created in the water by
electron impact ionization of water molecules. In addition, some portion of those secondary electrons is emitted
from the surface of the cavity to the void. In the following, we analyze this production of secondary electrons
in detail, and we look for suitable condition to ensure that the number of secondary electrons emitted to the
cavity per one impacting primary electron would be equal to one or higher. Primary electrons are launched
from the surface of the cavity with isotropic velocity distribution and the initial energy at the lowest threshold
energy 7.4 eV. This initial condition is motivated by three facts. First, every secondary electron can serve as a
primary electron for the next generation of secondary electrons. Second, electron collisionality in the water is
very high so that any electron that is emitted or bounced-back from the cavity/water interface to the cavity will
have no memory of momentum prior to the latest collisional event. Therefore, we can assume isotropic initial
velocity distribution of primary electrons. And third, any electron with sub-excitation energy will thermalize in
the water bulk and cannot further produce secondary electrons. Minimal energy that allows electrons to be
released to the cavity is therefore at the threshold of 7.4 eV in our model. Then the initial condition formulated
this way allows us to study the production of secondary electrons and make some conclusions regarding the
conditions that are favorable for electron multiplication inside the nanocavity.

3. RESULTS

Figure 1 shows distribution of secondary electrons generated along the cavity in water by the impact of primary
electrons released from the cavity surface at position z=0. The distribution is normalized such a way that the
integral of all secondary electrons emitted in the cavity is divided by the total number, N_0, of primary electrons
launched. Panels on Figure 1 represent secondary electron distribution for E - R in {15,18,20,25} V. Total
number of secondaries per single primary electrons are {0.75, 1.01, 1.15, 1.5}, this number is obtained as a
sum of all secondary electrons generated and emitted along the cavity. In this regard it is interesting to look at
the cumulative sum of secondary electrons along the cavity length, as shown in Figure 2 for E - R in
{15,18,20,25} V. Clearly for E - R higher or equal to 18, there is a finite length of the tube on which the number
of secondary electrons per single primary electron sums up to one or higher number. On the other hand for E
R =15V, there will be less secondary electrons then primary electrons, no matter how long the cavity would
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be. This allows us to conclude that there exists a condition on a minimal value of E - R that is required for
electrons released into the cavity to be multiplied by ionization along the cavity surface.

50.2' — Geant4
8 hl [ ] E-R=25V,§=1.5#
0.0 ‘ ‘
gO.Z’ —— Geant4
8 hl [ ] E-R=20V,§=1.21
“ 0.0 ‘ ‘
50.2' — Geant4
5 h B E-R=18V,5S=1.0
“10.0- \ \
g’O.2f —— Geant4
3 B E-R=15V,5=0.38
] 0.0-—“ ‘ :

0 10 20 30 40
(a) z/R

Figure 1 Distribution functions of secondary electrons along z-axis for four different E ‘R values. Integrals of
the distribution functions along z-axis give number of secondary electrons generated per primary electron
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Figure 2 Cumulative sums of the distribution functions and the dots denote the length of the cavity for which
the primary electron produces exactly one secondary electron

4, CONCLUSION

We have simulated motion of primary electrons released in the capillary rupture created by electrostrictive
stress in water by strong and ultrafast pulse of the electric field. Electrons are accelerated by the electric field
in the void of the rupture under collisionless conditions. Then by impact on the surface of the cavity, we
calculate number of secondary electrons emitted from the cavity surface by these accelerated impacting
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primary electrons. Considering several values of electric field strength times cavity radius (E - R), we observe
that there exists a minimal value of E - R (~ 18 V) at which the number of primary electrons is ensured to be
multiplied. These results has strong implications for understanding of initial phases of electric discharge and
plasma state development in liquid water.
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