Townsend coeflicients for electron scattering over dielectric surfaces
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A method for describing the probability of initiating flashover discharges across dielectric
surfaces is presented in which we define a transport coefficient for electron multiplication
similar to the Townsend coefficient used for gas discharges. The coefficient is & function of the
scaling parameter (charge released from the cathode)/(cathode-anode separation} and is also
a measure of the growth of the sheath on the dielectric surface resulting from electron
scattering. We discuss results for when the source of seed electrons does not necessarily depend
upon field emission at the cathode-vacuum-dielectric triple point. This may occur when the
surface is illuminated by UV radiation. For these conditions, there is a different functional
dependence of flashover probability on voltage and geometry {e.g., thickness of the insulator)
than when field emission provides the seed electrons. As a result, criteria previously used to

predict flashover discharges may not apply.

i. INTRODUCTION

Electrical flashover discharges across solid insulators in
vacuum have been investigated due to the resultant loss of
high voltage isolation and the damage which may occur.’”
A flashover discharge results from the random emission of 2
relatively small number of elecirons at the cathode which is
the precursor to an electron avalanche towards the anode
across the surface of the dielectric [see Fig. 1{a}]. When
using solid dielectrics for high voltage isolation, the source of
seed electrons is usually electron emission from the cathode-
vacuum-dielectric triple point.>” Positive charging of the
dielectric adjacent to the triple point by the seed electrons
enhances the eleciric fleld there and helps sustain electron
emission. As a resuit, flashover voltages ofien decrease as the
thickness of the insulator decreases since the electric field
enhancement, and hence electron emission, at the triple
point increases. In applications where the surface or triple
point are illuminated by UV radiation and the source of seed
electrons is no longer dependent on the details of field emus-
sion from the triple point, the fiashover voltage will not scale
in the cited fashion. In fact, the flashover voltage mayv be
tower by factors of 3-10 when the triple point or surface are
illuminated by UV radiation than in the absence of irradia-
tion.'®!! The secondary emission and charging characteris-
tics of the surface are equally as important in determining
the flashover voltage as the initial emission mechanism for
these conditions.!* As we will show, the actual fiashover vol-
tage then depends on a tradeoff between enhanced electron
field emission and a lower probability for electron multipli-
cation when the dielectric thickness is decreased.

An often quoted criteria for initiating a surface fla-
shover discharge in vacuum over a plane dielectric is that the
secondary emission coefficient, for the electrons striking the
dielectric, 8, must be greater than unity.>'* For these condi-
tions, electron multiplication occurs as the electrons scatter
across the surface, charging the surface, and desorbing gas.
Electron multiplication, surface charging, and gas desorp-
tion are the precursors to other electron multiplication pro-
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cesses which perpetuate the discharge, such as gas phase
ionization and further enhancement of the electric field at
the triple point.>*"* Most dielectrics possess this character-
istic, §> 1, for some critical range of applied electric field. In
complex geometries, as considered here, this simple criterion
is difficult to apply since the orientation and value of the
local electric field, and hence local secondary eleciron emis-
sion coefficient, are functions of position along the dielectric.
iIn particular, the flashover voltage can depend on the angle
of the dielectric with respect to the cathode and anode.'
Another criterion, then, is required to characterize electron
multiplication which accounts for the orientation of the elec-
tric field in a particular geometry, and for the past history of
the surface.

In gas discharges, transport coefficients are used io
characterize various plasma processes as a function of £ /N
(electric field/gas number density }.'* One such coefficient is
the Townsend coefficient & (cm ~ !} which is the character-
istic distance for electron multiplication. ¢ is defined by
n{z) = n{0) Xexp{az}, where n(z) is the electron density
at position z. Negative values of o denote net electron loss
{e.g., recombination, attachment ). It is desirabie to use simi-
lar coefficients for surface discharges to obtain scaling pa-
rameters sc that the results from one experiment may be
applied to other conditions, and so avoid the ambiguity of
simply quoting §&.

In this paper, we will use the results of a Monte Carlo
simulation of surface charging to show that eleciron trans-
port across solid dielectrics, and the precursor conditions to
initiating a vacuum surface discharge, can be characterized
by a coefficient similar to the Townsend coeflicient used in
gas discharges. The coefficient represents the electron multi-
plication and charging characteristics of the dielectric mate-
rial in the chosen geometry as a function of its charging his-
tory. The surface Townsend coeflicient is defined by

Number of electrons collected at the ancde
Number of electrons released at the cathode

= exp(al),
(1)

where o is the Townsend coefiicient of the insulator and { is
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the {ength between cathode and ancde. Two values of a are
defined; o, based on the total emission; and a,, the instanta-
neous valiue. A negative Townsend coefficient indicates a net
loss of electrons as they scatter across the surface, and this,
instantaneously, denctes a nonflashcover condition. A posi-
tive or zeroc Townsend coefficient indicates no electron loss
or net electron multiplication and is the precursor condition
for a flashover. We find that when the initial secondary elec-
tron emission does not depend upon field emission, @, >0 is
obtained at voltages significantly less than generally accept-
ed as the flashover value.

In Sec. E, the Monte Carlo particle simulation is de-
scribed followed by a discussion of surface charging in Sec.
1L Results for the surface Townsend coefficient are present-
ed in Sec. IV, and the tradeof between field emissicn and
having a low Townsend coefficient is discussed in Sec. V.
Our concluding remarks are in Sec. VL

ii. MMONTE CABLO SIMULATION FOR SURFACE
CHARGING

A Monte Carlo particle simulation has been developed
to model the scattering of electrons across the surface of a
plane dielectric under high-voltage stress. The model uses as
input the geometry and material properties of the elecirodes
and dielectric. In the simmlation, we integrate the equation of
motion of the electrons as they scatter from the dielectric
while including secondary electron emission, backscatter,
surface charging, and the deformation of the local electric
field by surface charging. We consider the conditions when
the seed electrons do not depend upon field emission from
the tripie point, as may occur when the cathode or dielectric
are illuminated by UV radiation.!®!!

The geometry used in this work is shown in Fig. 1{a}.
The calculation is performed in three dimensions. The geom-
etry shown in Fig. 1{a) isa two-dimensional ““slice” through
the dielectric and is perpendicular to the surface of the di-
electric over which the electrons scatter. The surface of the
diefectric is modeled as 1 cm wide with periocdic boundary
conditions. Quartz (8,,, = 2.4 at normal incidence) is used
as the dieleciric. During the calculation, a primary particieis
given a preassigned “weighting”, representing & giver num-
ber of electrons (typically 10° electrons per particle), and is
released from the triple junction at a single point along the
line of intersection of the dielectric and cathode. The equa-
tions of motion of the particle are integrated, based on the
tocal electric field (see below), and the trajectory of the par-
ticle is updated. When a particle collides with the surface,
the “weight” of the particle, w, is revised according to the
backscatter yield 5, for its energy and angle of incidence;
w-+8, X w. A particle is added to the simulation at the site of
the collision fo represent secondary electron emission when
6> 0. The weighting of the secondary particle is 8 X w. An
electrical charge of — qw X (1 — &, — 8) isdeposited on the
dielectric surface at the site of the collision adding to the
local charge density p(r). The secondary and backscatter
yields as a function of energy and angle of incidence are as
tabulated in the NASA NASCAP program.’® A piot of sec-
ondary emission coefficient as a function of angle of inci-
dence and energy appears in Fig. 2. As 5(8) ~ 1/cos 6, where
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FIG. 1. Geometry used in this study. (a) Cathode and anode separated by a
planar quartz dielectric surface. Electrons ave emitted from the cathode 1ri-
ple point. (b) Equipotential lines for 1 om dielectric thickness. The discon-
tinuity in potential lines at the top of the figure is due to a change in vertical
scale, as shown at the left. For this geometry the electric field is oriented
more strongly into the dielectric as the thickness of the dielectric decreases.

8 is measured from the normal, we restrict the value of § to
that corresponding to 8 = 80° to account for microscopic
surface roughness.

The instantaneous electric field is given by

E(r,0) = Eo(r) +fﬂ(—"?(i———j—t‘;—’—dﬁé ! @
where E, (r) is the local vacuum electric field, p(r,1) is the
instantaneous dielectric surface charge density, and the inte-
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FiG. 2. Becondary emission coefficient for electrons scattering from quartz
as computed from Ref. 15,
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gral is over the surface of the diclectric. E, (r) is calcuiated
by solving Laplace’s equation using the method of successive
over-reiaxation. The integral in Eq. (2} accounts for
changes to the vacuum field in three dimensions due to
charge left on the surface of the dielectric by electron scatter-
ing. The vacuum electric field E, is shown in Fig. 1(b).
{Note the change in vertical scales in the figure.) We find
that the electrons remain within a few hundred microns of
the surface as they scatter. That region is expanded in the
figure.

i IMPLICATIONS OF SURFACE CHARGING

A result of depositing charge on the dielectric by inci-
dent electrons having 5+#1 is the formation of a sheath
across the insulator surface. The sheath first forms near the
cathode, where electrons initially strike the dielectric, and
then spreads across the dielectric towards the anode. Imme-
diately adjacent to the cathode, the surface charges positive.
Away from the electrodes, the surface charge results in the
sheath having a negative electric potential whickh is equal to
the value which shields out the perpendicular component of
the applied electric field within a few mm of the vacuum-
dielectric interface. While the sheath is forming, the Town-
send coefficient for electrons is negative since the source of
charge on the dielectric is the emitted electrons. Following
formation of the sheath at a particular location, electrons
“pass” across the dielectric to a point of contact nearer to the
anocde in advance of the sheath, having on the average § = L.
By analogy, the formation of the sheath is equivalent to
charging the capacitor formed by the cathode-dielectric-an-
ode configuration. When the magnitude of released charge is
sufficient for the sheath to cover the entire dieleciric, the
“capacitor” is fully charged. The magnitude of the local
sheath potential at this time is such that the net secondary
clectron emission is unity. As a result, nearly the same num-
ber of electrons are collected at the ancde as were emitted at
the cathode, and the Townsend coefficient approaches zero.

Charging the dielectric and forming a sheath in this
fashion are not sufficient by themselves to initiate a flashover
discharge since the end result of the charging is to drive the
Townsend coeflicient towards zero, as discussed in Sec. V.
Having «; = 0 corresponds to there being no net electron
multiplication. However having a, = 0 with a fully charged
sheath implies that the insulating properties of the surface
have been compromised since a conducting path of near con-
stant resistance exists between cathode and anode. It also
empirically corresponds to the onset of a surface flashover.'!
If e, = O is approached from negative values one never does
have net electron muiltiplication. If, however, a geometry
and charge voltage results in an initially positive Townsend
coefficient, then a; = 0 is approached from positive values.
In this case, there has been an electron avalanche which re-
sults in the rapid desorption of gas from the surface. The
desorption of gas is the precursor to secondary electron pro-
cesses {e.g., gas phase ionization) which can further sustain
electron avalanche and lead to flashover.”*** Therefore, the
positive surface Townsend coefficient is a precursor to fla-
shover, though it in itseif is not a sofficient condition.
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Electron multiplication or depletion is governed by the
values of the secondary yield and backscatter vield param-
eters for the surface, which are functions of both electron
energy and angle of incidence of the electron. In general, the
electron backscatter and secondary yields increase as the an-
gle of incidence approaches grazing.'® Therefore, the orien-
tation of the electric field with respect to the dielectric is
important in determining the net rate of electron produc-
tion. For our model geometry, the orientation of the electric
field is a function of the thickness of the dielectric {see Fig.
1{b)|. The electric field is oriented more strongly into the
surface with thin dielectrics, which results in low secondary
emission, as well as low transverse mobility.

V. SURFACE TOWNSEND COEFFICIENTS

Surface Townsend coefficients for our model geometry
calculated with the Monte Carlo particle simulation are
plotted in Fig. 3 as a function of charge released from the
triple point. The charge is released from the center of the
cathode. We use the scaling parameter 3 = C cm ™! {(Cou-
lombs released/distance between the anode and cathode
along the insulator surface). The values of & plotted in Fig. 3
are the integral values & corresponding to the total emission
and collection of electrons. Therefore the condition
da/dwy = 0 corresponds to the instantaneous value &, being
zerc. In Fig. 3(a), « is plotted for increasing anode-cathode
voltage ¥, having fixed length between anode and cathode, /.
We find that @, = 0 (da/dy = 0) is approached at an equi-
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FIG. 3. Cumulative surface Townsend coefficient as a function of y (charge
released from the triple point/distance between cathode and anode) for the
geometry shown in Fig. | using a quartz dielectric of 3. 5-mm thickness. The
coefficients are for the integrated released and collected current. (2) Town-
send coefficients for different cathode-anode voltage with fixed separation.
(b) Townsend cocflicients for fixed voltage and different cathode-anode
separation.
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librium charge that increases with increasing applied field.
The initially negative values of o result from the dielectric in
this geometry having, on the average, § < 1. As the surface
charges and the sheath develop, @ increases to reflect the fact
that the average electron samples the surface less frequently,
and the incident energy of the electron now corresponds
more closely to that reguired for § = 1 due to the decelera-
tion of the electron by the sheath. With higher applied field,
the average electron is more energetic as it approaches the
surface, and therefore more charge is required to obtain this
deceleration as shown.

In Fig. 3(b}, the cumulative « is plotted for fixed vol-
tage with varying length. The equilibriam charge scales well
with the normalized charge % for these conditions. The
amount of released charge required to reach equilibrivm in-
creases proportional to the length of the insulator for fixed
voltage, as more charge is required to form the sheath overa
larger area. Equivalently the capacitance of the configura-
tion increases with length [C = (ew/d} I, where w, {, and d
are the width, the length, and thickness of the dielectric] and
therefore more released electrons are required to charge the
surface. The use of » is valid for linear scaling of a given
geometry.

QOur observation that a,; = ¢ is obtained at fixed » for
constant charging voltage is consistent with the observation
that fashover of UV illuminated surfaces occurs afier a fixed
incident fluence.'®!’ Gur interpretation is that the fixed
fluence corresponds to the photoemission of electrons suffi-
cient to charge the dielectric to a condition where ;>0 and
which shields out the perpendicular component of the ap-
plied field. There is, then, a pearly one-to-one correspon-
dence between 7 and fluence. The observations of Enlo and
Gilgenbach'®!! that flashover occurs when the applied field
is shielded by the sheath corresponding to o, = 0 confirms
that this condition is a precursor o flashover.

Asnegative charge is deposited on the dielectric near the
cathode, transverse components of the electric field are gen-
erated which may be comparable { > kV/cm) to the longitu-
dinal field at the close approach (I00°s um} of the scattered
electrons to the charge. These space charge fields cause the
elecirons scattering across the dielectric to spread laterally,
as shown in the plot of negative surface charge in Fig. 4. The
negative charge continues to spread laterally until the sheath
covers the surface. The areas devoid of negative charge adja-
cent to the electrodes are actually charged positive as has
been predicted by other investigators.>*>'®!” The effect of
positive charge buildup at the cathode is to enhance the ap-
phied field, and consequently induce a greater number of par-
ticles per unit time to be released from the cathode. This
induced emission from the triple point is also 2 precursor to
flashover.

V. TRADEQFF IN DIELECTRIC THICKNESS WITH
RESPECT TO FIELD EMISSION

For our geometry, the electric field is oriented less
strongly into the dielectric surface with thicker dielectrics.
As 2 result, the average electron striking the surface doss so
with more energy and the secondary electron coeflicients

4407 J. Appl. Phys,, Vol. 84, No. g, 1 November 1988

fa)
ANODE

-0.50 i pClem
RELEASED

T T T
20 30 40 50
LENGTH {cm)

(SRR
0.0 1.0

13 pClcm
} RELEASED

! 1T i {
20 30 40 50
LENGTH (cm)

WIDTH {cm

1.0 20 30 40 50
LENGTH (om)

F1G. 4. Location of negative charge as a function of released charged from
the triple point for conditions where @ < 0. The view is locking down on the
dielectric with the cathode at left and anode at right. The apparently un-
charged regions adjacent to the cathode and anode in (c) actually have
positive surface charge.

tend to be higher because of the advantageous scaling with
grazing angle of incidence. The critical value of vacuum ap-
plied field for which the instantaneous and cumulative sur-
face Townsend coefficients are positive, and a, =0 is ap-
proached from positive values, therefore decreases with
increasing dielectric thickness. The cumulative and instan-
taneous Townsend coefficents for such conditions are plot-
ted in Fig. 8.

Accordingly, there is a trade-off between the magnitude
of the applied electric field and the dielectric insuiator thick-
ness with respect to preveniing a positive Townsend coeffi-
cient. This is shown by a parametric study of applied voltage
and dielectric thicknesses (0-10 em}, summarized in Fig. 6.
The parameter space can be divided into regions where a; is
always <0 (lower voltages for a given dielectric thickness)
and where a; >0 either instantaneously or cumulatively.
Provided that electric field emission is not a necessary source
of seed electrons as in a UV irradiated environment, thinner
dielectrics are more likely to approach &, = 0 from negative
values; thicker dielectrics are more likely to approach ¢; = 0
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FIG. 5. Instantancous and cumulative surface Townsend coeflicients where
a0, The dielectric thickness is 1.5 cm. The Townsend coefficient builds
from a negative value to a positive value as the released charge initiates an
avalanche that eventually extends all the way to the anode. Obtaining &
positive Townsend coefficient is a precursor to flashover.

from positive values. The intermediate regime shown in Fig.
6 corresponds to there being high “shot to shot™ variation in
the charging. The end product of o, approaching zero from
either positive or negative values is there being no net elec-
tron multiplication. We propose, though, that the conditions
where «t; approaches zero from positive values is more prone
to flashover due to the more intense positive field enhance-
ment af the triple point and more rapid rate of gas desorp-
tion. We would then predict flashover voltages as low as 3-
10 kV/cm for quartz under UV illumination, compared to
30-40 kV/cm for nonilluminated surfaces.™?

Distortion of the local electric field by the sharp edges of
the cathode and the discontinuity in dielectric constant at
the triple point can produce local field enhancement of or-
ders of magnitude. This may be sufficiently high to promote
electric field emission of electrons. For our conditions, field
enhancement and the probability for ficld emission increase
as the thickness of the dielectric decreases. The electric field
at the triple point, normalized by ¥, /{ (where ¥V is the
vacuoum applied voltage and /is the anode-cathode separa-
tion) is plotted as a function of dielectric thickness in Fig. 7.
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FIG. 6. Regions of negative and positive surface Townsend coeflicient in the
voltage-dielectric thickness plane for the geometry shown in Fig. 1. There is
a trade-off between the magnitude of applied electric field and the thickness
of the dielectric with respect to insuring that «, <0. The intermediate region
corresponds to having high shot to shot variation.
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FIG. 7. Electric field at the triple point (normalized by E,, = ¥, /iwhere ¥/,
is the vacoum applied voltage and /is the anode-cathode separation as a
function of dielectric thickness for the geometry shown in Fig. 1. For our
conditions, field enhancement and the probability for field emission, in-
crease as the thicknesss of the dielectric decreases.

As it is generally accepted that fleld emission occurs at field
values of S0CkV cm ~ '~1 MV cm ~ |, moderate values of ¥,/
{ with thin dielectrics may be sufficient to cause field emis-
sion.

As discussed above, thinner dielectrics in our geometry
are less prone to rapidly obtaining &, >0 and therefore by
implication less susceptible to fashover discharges provided
that field emission is the required source of seed electrons.
However, thinner dielectrics maximize the probability for
field emission. There is then, a trade-off in dieleciric thick-
ness (or orientation of the electric field) with respect to fla-
shover voltage when considering field emission and surface
charging.

¥i. CONCLUDING REMARKS

A model has been developed for charging of solid plane
dielectrics under high voltage stress which predicts the pre-
cursor conditions for a surface flashover discharge in the
presence of UV radiation. The insulating strength of the di-
electric ts described in terms of an effective Townsend coefi-
cient, e, and scaling parameter % {Coulombs released/
length of diclectric). The instantanecus surface Townsend
coefficient ar;, approaches zero as 7 increases. A value of o,
>0 corresponds to conditions which are the precursors to
flashover discharges.!' A trade-off exists between the fla-
shover voltage and the thickness of the dielectric insulator.
In the absence of field emission thicker dielectrics require a
lower applied electric field to cause a; to be >0. Thin dielec-
trics, though, are more prone to field emission at the triple
point. With UV illumination, voltages resulting in o, >0 (or
da/dy = 0}, are significantly lower than the flashover vol-
tages measured in the absence of illumination. These results
agree with experiments'™'! and imply that obtaining high
flashover voltages (exceeding many 10’s of kV om ') de-
pends on the suppression of the generation of seed electrons
by illumination of the triple point or dielectric, or 2 reduc-
tion in the rate of charging of the dielectric.
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