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Abstract

Atmospheric pressure corona electric discharges are im-
portant components of electrophotographic (EP) printing technol-
ogies for charging surfaces and photoconductors. A typical coro-
na discharge consists of a wire biased with dc potential of 100’s V'
plus a few kV of ac bias. An electric discharge is produced around
the corona wire from which electrons drift along the applied elec-
tric field to charge the underlying surface. This reduces the volt-
age drop across the gap which then terminates the discharge. In
printing this underlying surface is continuously moving during
charging. As a result, the corona discharge is re-ignited by the
increased voltage drop provided by the incoming uncharged sur-
face. To aid in development of these devices, an investigation
based on first principles, multi-dimensional computer modeling
has been conducted. We found that the uniformity of the summa-
tion of these charging cycles is sensitive to the conductivity, die-
lectric constant and speed of the moving surface, and the voltage
waveform. Parametric results for charging of surfaces while vary-
ing these parameters will be discussed.

Introduction

In many electrophotographic (EP) printing technologies, a co-
rona electric discharge sustained in room air is used for charging
the surface of a photoconductive element [1]. Although corona
discharges do have challenges (e.g., large power source, ozone
generation), the simplicity and low cost of these devices have mo-
tivated continued research into optimizing their performance.

In a typical corona discharge charging process, a wire is bi-
ased to 100s V dc plus a few kV of ac voltage. The wire is sepa-
rated from the photoconductor (PC) by gaps of tens of microns to a
mm. The dielectric PC is typically in contact with a ground plane.
A large electric field is produced around the wire by geometric
enhancement and the discharge is initialized when free electrons
(often emitted from the wire) are accelerated by these strong elec-
tric fields to trigger an avalanche (or ionization wave). When the
discharge is produced by a negatively biased wire, the net drift of
electrons and negative ions is towards the underlying PC surface.
The surface is then charged negatively, which reduces the electric
field in the gap and may terminate the discharge. The plasma may
also spread along the surface.

Corona discharges are used in at least two of the process steps
of EP printing [2]. In the charging step, the PC surface is uniform-
ly charged using a corona discharge produced in a device called a
corotron. The corotron consists of a shielded wire intended to
stabilize the operation but lower the charging efficiency. In the
transfer step, a corotron is used to charge the back of the paper to
optimize adhesion of toner particles. In a typical corona discharge,
the charging of the surface removes potential from the gap be-
tween the corona wire and surface, thereby reducing the magnitude
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Figure 1. Schematic of the wire corona discharge used in the model.

of the electric field. If the discharge is only sustained by dc (or
quasi-dc in a pulsed mode) voltage, the plasma is then terminated
by the underlying surface charges.

In this paper, we discuss results from a computational investi-
gation of an idealized corona discharge and surface charging prop-
erties when the charged surface is stationary and moving. The
modeling platform used in this investigation, nonPDPSIM, is a
first principles, two-dimensional multi-fluid hydrodynamics simu-
lation performed on an unstructured mesh [3]. nonPDPSIM solves
transport equations for charged and neutral species, Poisson’s
equation for the electric potential and the electron energy conser-
vation equation for the electron temperature. A Monte Carlo simu-
lation is used to track sheath accelerated secondary electrons emit-
ted from surfaces. A spatially fine Cartesian mesh is overlaid onto
the unstructured mesh, clectric field quantities and the electron
impact source functions are computed and interpolated between
the unstructured and structured mesh points. Rate coefficients and
transport coefficients for the bulk plasma are obtained from local
solutions of Boltzmann’s equation for the electron energy distribu-
tion. Radiation transport is addressed using a Green’s function.

Corona Discharge and Charging Process

To emphasize the plasma-surface interactions during charg-
ing, a simplified corona device has been modeled, as shown in Fig.
1. The device consists of a metal corona wire biased with negative
dc voltage. The wire has a width of 100 pm and height of a few
mm. The radius of the corona tip is 50 um which is separated
from an underlying dielectric sheet 100 um thick, which represents
the PC, by a 200 um gap. The sheet has a relative permittivity of
€, = 5. The PC is in contact with grounded electrode and is initially
uncharged. The operating conditions are 1 atm of pure N, at 300
K.

The plasma properties of the corona discharge and charging
process of the underlying dielectric PC surface will first be dis
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Figure 2. Time evolution of electron density (log scale, cm™) in a coro-

na discharge sustained by a corona wire have a -3 kV dc bias. The
electric potential is shown by the contour lines (labels are in volts).

cussed when the surface is stationary. The wire and top cathode
plate are biased to -3 kV.

The time evolution of the electron density and electric poten-
tial in the corona discharge are shown in Fig. 2. Within a few na-
noseconds, an electron avalanche occurs between the corona tip
and dielectric surface due to the high potential gradient of 100
kV/em. Electron densities up to 1.5 x 10" e¢m™ are generated at
the corona tip at this initial stage (t = 5 ns in Fig. 2). Ionization is
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Figure 3. Electron density (log scale, cm™) in corona wire discharge
spreading on the dielectric surface having relative permittivities of €,= (a)
5, (b) 10 and (c) 20. The electric potential is shown by the contour lines
(labels are in volts).

provided by two sources. The first is ionization by high energy
electrons emitted from the wire by ion and photon secondary emis
sion and accelerated in the large electric fields at the tip of the
wire. The second is electron impact ionization by lower energy
bulk electrons. The rates of ionization directly underneath the
wire corona by these two sources are comparable, with values of
10%2-10% cm™ s, Electrons drift along the electric field to the
underlying dielectric sheet and charge it negatively. As the plasma
becomes conductive and charges are placed on the PC, the electric
potential is shorted or shielded out. Electric potential lines are
then trapped in the dielectric due to the negative charging of the
surface.

As the discharge proceeds, the charging of the surface reduc-
es the voltage drop between the corona and dielectric and hence
largely decreases the electron impact ionization source from bulk
plasma directly underneath the corona tip. However, electron
ionization from secondary electrons in the corona sheath still oc-
curs due to UV photons and positive ion bombardment onto the
negatively biased corona wire. Secondary electrons continuously
emitted from the corona are accelerated by the sheath potential and
ionize the gas to provide an electron source up to 5 x 102 cm™ 5™
At this stage, the corona discharge is sustained mainly by second-
ary electron ionization process.

Although voltage drop underneath the corona tip is reduced
by surface charges, the conductive plasma does translate the poten-
tial of the cathode wire to the tip of the electron avalanche along
the surface. As a result, there is still a large potential drop be-
tween the edge of plasma and the uncharged surface. A surface
ionization wave is then triggered at the edge of the plasma and
propagates outward until the voltage drop at the surface is insuffi-
cient to
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Figure 4. Total charge density profile (cm™) on the dielectric surface with
&= 35, 10 and 20. The position of x=0 is directly underneath the corona tip.

sustain the plasma. The spreading of the discharge on the surface
is symmetric as there is uncharged dielectric on both sides of the
wire, producing electric fields which avalanche electrons in both
directions.

Surface Charging: Equivalent Electrical Dielectric
Thickness

A corona discharge or dielectric barrier discharge (DBD) in-
teracts with its electrodes and underlying dielectric in a circuit-like
manner. The applied voltage is divided between the plasma col-
umn, avalanches front, sheath and underlying dielectric. The volt-
age drop in the dielectric is proportional to its equivalent electrical
dielectric thickness, D=L/er, (L = dielectric thickness and
er=dielectric constant). Manipulating the capacitance of the die-
lectric sheet could affect the sheath voltage, electron impact ioni-
zation rates and so spreading of the plasma along the surface. The
electron density in a corona discharge for dielectric surfaces hav-
ing er = 5, 10, and 20 at t = 300 ns are shown in Fig. 3. Even be-
fore the discharge occurs, there is smaller voltage drop in the die-
lectric having larger er, and so there is more voltage across the gap
to produce more ionization. When the corona discharge is pro-
duced and the plasma strikes the surface, the potential is translated
through the conductive plasma to the dielectric sheet and charges
the surface. With increasing er, the capacitance of the dielectric is
larger, and so it takes a longer time to charge the dielectric sheet.
As a result, a higher electron density is produced to charge the
underlying dielectric to a higher charge density. The total charge
density profiles on the dielectric surface for er = 5, 10, and 20 at t
=300 ns are shown in Fig. 4. The noise in the charging is in part a
result of the randomness of the Monte Carlo simulation used for
secondary electrons. The peak total charge density linearly in-
creases from 6 x 1015 cm-3 to 2.4 x 1016 cm-3 as the dielectric
constant increases from 5 to 20.
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Figure 5. Electron density in with the underlying surface moving from
right to left. The images are from top-to-bottom for successive times.
The electric potential is shown by the contour lines (labels are in volts).

Moving Surface

When a corona discharge is used for charging and transfer
steps in EP printing, the underlying dielectric is moving during
charging process. For a stationary and previously uncharged PC,
the surface charging is symmetric on either side of the wire. Sur-
face charging reduces the local electric field and eventually termi-
nates the corona discharge. In the case of a moving surface, as the
underlying dielectric surface moves, surface charges are translated
away from the corona wire on one side while uncharged dielectric
translates towards the corona wire on the other side. The volume
of the gas having a lower electric field also translates to the left as
the charged surface moves. The incoming, uncharged surface
enables a large electric field to sustain an electron avalanche.

The actual speed of the surface (either the PC or paper) is on-
ly tens of cm/s, which is difficult to address in the model while
also simulating plasma processes having ns timescales. Instead,
we translated the surface at a speed that is commensurate with the
spreading of plasma. A time series of electron density in the coro-
na discharge on this fast moving surface is shown in Fig. 5. The
dielectric surface moves from right to left, carrying the deposited
surface charges with it. The moving dielectric continually brings
uncharged surface towards the corona wire. When the voltage
drop between wire and uncharged surface rebounds, an electron
avalanche occurs, and the corona discharge is then re-ignited. The
corona discharge becomes asymmetric. The charged surface trans-
lating to the left suppresses the discharge while the incoming un-
charged surface from the right enhances the discharge.
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Figure 6. Total charge density profile (cm™) in a corona discharge with
underlying surface either stationary or moving. The position of x=0 is
directly underneath the corona tip.

Total charge density profiles on the static and moving dielec-
tric surface with high and medium speeds are shown in Fig. 6. On
the stationary dielectric sheet, the surface ionization wave propa-
gates outwards in a symmetric fashion and so charging is symmet-
ric. The electron plumes encounter and continuously charge fresh
uncharged surfaces. For medium speeds, there is some asymmetry
to the charging. When the surface moves with a high speed the
corona tip continually sees an uncharged surface entering from the
right which is then continually being charged. As a result, there is
not a great deal of propagation of the surface ionization wave to
the right, while previously charged surface translates to the left. .

In an actual device, the surface moves in an almost quasi-
static fashion which is much slower than the spreading of the
plasma. The basic process is the same as discussed here, but in a
less continuous manner, likely consisting of a series of discrete
electron avalanches. For example, the corona discharge initially
symmetrically charges the surface and the discharge terminates,
while the surface charges slowly translate to the left. The electric
field to the right slowly builds up as the uncharged surface ap-
proaches. When the electric field reaches a critical value, the elec-
tron avalanche is reinitiated, which then asymmetrically spreads
on the surface until it too terminates. The process then repeats.

Concluding Remarks

Corona electric discharges sustained in atmospheric pressure
gases are important in many EP printing technologies to charge the
PC surfaces. We computationally investigated the properties of an
idealized corona discharge and surface charging when the charged
surface is stationary and moving. We found that at the initial stage
of discharge, ionization by sheath accelerated secondary electrons
is comparable to electron impact ionization from bulk plasma di-
rectly underneath the corona tip. Electrons charge the underlying
dielectric negatively, and electric potential lines are trapped in the
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dielectric. On a stationary dielectric, a surface ionization wave
spreads along the PC outward from the wire and symmetrically
charges the dielectric surface. The discharge is eventually termi-
nated by the reduced voltage drop between the corona wire and the
avalanche front on the surface. We also found that higher electron
and surface charge densities are produced on dielectrics of higher
capacitance due to there being a larger potential drop in the gap
and longer charging times. When the underlying surface is mov-
ing, surface charges and the potential they produce are translated
away from the corona wire. Voltage between the corona wire and
the incoming uncharged surface rebounds, and an electron ava-
lanche is reinitiated. The corona discharge process then repeats.
For these conditions, the discharge only occurs on the side of the
corona wire with the incoming uncharged surface, and surface
charging patterns become asymmetric.
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