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Spark-breakdown delay times were measured for N, H,, Ar, SF¢, and CCLF, in a uniform field
gap provided with a small current (~10~'° A) of free electrons by uv illumination of the cathode.
Laue plots of the delay times yielded straight lines with slope iP, where i is the photocurrent and P
is the breakdown probability. The dependence of the breakdown probability on voltage for N33 Hi;
and Ar was in good agreement with predictions of the Townsend breakdown mechanism. In SFg
and CCLF,, a transition was observed with increasing pressure from a dependence that agreed with
the Townsend theory to a more gradual rise with voltage, characteristic of a streamer mechanism.
This transition was ascribed to a decrease in the secondary-ionization coefficient with increasing
pressure in SFs and CCLF,, which resulted in an average electron-avalanche size at the static break-
down voltage that approached the critical value for streamer formation. A unified breakdown*
probability theory, for which the Townsend and streamer mechanisms are limiting cases, was
developed to account for the data over the full pressure range. The implications of these results for
measurement of the static breakdown voltage and the secondary-ionization coefficient are discussed.

I. INTRODUCTION

Under normal conditions a gas is a good electrical insu-
lator. Electrical breakdown is the sudden transition of a
gas to a conducting state. The ability of a gas to serve as
either an insulator or a conductor has great technological
significance. Controlled electrical breakdown is the basis
of the operation of gas-filled switches. Interest in the
physics of breakdown has increased because of the impor-
tance of high-power switches in fusion reactors, lasers,
directed-energy weapons, and electromagnetic pulse gen-
erators.! Gases are used as insulation to prevent break-
down in high-voltage circuits and transmission lines. The
probability of breakdown is an important consideration in
the design of high-voltage systems.? A high probability of
breakdown is required for the reliable performance of
switches, whereas a very low probability of breakdown is
necessary for insulation. )

Electrical breakdown occurs when two conditions are
satisfied.3 First, the applied voltage must equal or exceed
a minimum value (the static breakdown voltage V).
Second, a free electron must be present in the gas. A free
electron, accelerated by the electric field, produces more
free electrons and positive ions in ionizing collisions with
gas molecules. This process is described by the primary-
ionization coefficient a, the average number of ionizing
collisions experienced by one electron moving 1 cm along
the direction of the electric field. An electron, departing
from the cathode, creates an electron avalanche that
grows exponentially to an average size 7 =exp(ad), where
d is the electrode spacing. New avalanches are begun
when positive ions, photons, or excited neutrals created in
previous avalanches impinge on the cathode and eject
electrons. This process is described by the secondary-
ionization coefficient w/a, the average number of sec-
ondary electrons released from the cathode per positive
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ion produced in the gas. Although the secondary-
ionization coefficient is defined relative to the number of
positive ions, its value includes the contributions of all
secondary agents.

The development of current in a series of electron
avalanches is the basis of the breakdown mechanism pro-
posed in its initial form by Townsend.*~’ The criterion
for breakdown in the Townsend theory is that each elec-
tron avalanche produce on the average at least one sec-
ondary electron at the cathode, so that the discharge is
self-sustaining. This criterion is expressed mathematically
as

p=(o/a)i=1. (1

Since a and o are both functions of ¥V /(Nd), the Town-
send criterion defines a breakdown voltage V7, for a given
gas number density N, and electrode spacing d.

The Townsend theory successfully accounted for the
dependence of the breakdown voltage on gas density and
electrode spacing. Other experimental evidence, however,
was .obtained which appeared to be inconsistent with the
Townsend mechanism.°~8 The time between application
of voltage and electrical breakdown was measured. In
spark gaps at atmospheric pressure with electrode spacing
~1 cm, very short delay times ( < 10~° s) were obtained.
Since positive ion transit times across the gap are
~ 1073 s, this time was too short to have involved a series
of successive avalanches produced by ions impinging on
the cathode. (Secondary action by photons was not con-
sidered.) Photographs of spark discharges revealed the ex-
istence of narrow, luminous “streamers” originating at the
anode or in midgap, rather than the broad development
from the cathode, expected for a Townsend discharge.

The streamer theory was developed to account for these
and other observations.®~° In the streamer theory, break-
down occurs when one avalanche attains a critical size n,.
At the critical size, space charge creates regions of high
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field around the head of the avalanche where free elec-
trons can multiply efficiently. It was proposed that radia-
tion from the avalanche produces free electrons by pho-
toionization in these regions, propagating the avalanche to
form the observed streamers. The production of sec-
ondary electrons at the cathode is not involved. The
streamer breakdown criterion is

n=n, or (1/n)A=1. (2)

It is apparent from Egs. (1) and (2) that the form of the
breakdown criteria of the two theories is the same. They
differ in the mechanism of current growth in the pre-
breakdown stage of spark development: secondary elec-
trons from the cathode (@ /a) in the Townsend model and
a space-charge (n,) induced process in the gas in the
streamer model. The streamer theory has generated con-
troversy because of the difficulty in quantitatively describ-
ing the ionization process.>”!%!! The ability of an
avalanche to produce photons energetic enough to ionize
in a pure gas has been questioned.!® Other ionization pro-
cesses, associative ionization of excited atoms!? and runa-
way electrons,®!® have been advanced to account for
streamer propagation.

The calculation of breakdown probability in the frame-
work of either of these breakdown mechanisms requires
that the statistical nature of current development be con-
sidered. Although for many purposes collisional ioniza-
tion in the gas and release of secondary electrons from the
cathode may be represented by the average values a and
w/a, they are in reality stochastic processes. Current
growth in an electrical discharge is subject to statistical
fluctuations. A current flowing in the gas does not invari-
ably lead to electrical breakdown even though the applied
voltage exceeds V,. Theoretical expressions for break-
down probability have been formulated for both the
Townsend'*!* and streamer'®!7 models.

Breakdown probability can be studied experimentally
by measurements of the spark delay time. The time be-
tween application of voltage to a spark gap and collapse
of the gap resistance is the sum of the statistical and for-
mative delay times. The statistical delay time is the time
between application of the voltage and the appearance of a
free electron that initiates breakdown. The formative de-
lay time is the time required for the current to build into a
detectable discharge. Statistical delay times follow the
distribution first applied by von Laue,®

N,/No=exp(—iPt) (3)

where N, /N is the fraction of delay times greater than ¢,
i is the rate of appearance of free electrons, and P is the
probability that an electron initiates breakdown. The
average statistical delay time 7 equals 1/iP.

Many workers have reported measurements of statisti-
cal delay times in discharge gaps, but few have been done
under conditions in which i was controlled so that P
could be evaluated. If i is maintained constant, as by
photoemission from the cathode, changes in the average
delay time as a function of other parameters can be attri-
buted to changes in P. We report here measurements of
spark delay times as a function of voltage, pressure, and
free electron current in N,, H,, Ar, SF¢, and CCL,F,. The

results for N,, H,, and Ar were well described by the
Townsend theory. The data for SF¢ and CCLF, fit the
Townsend model at low pressure, the streamer model at
higher pressure, and neither model at intermediate pres-
sures. Good agreement was obtained over the entire pres-
sure range with a new equation that combined elements of
both the Townsend and streamer theories. The Townsend
and streamer breakdown probabilities are limiting cases of
this theory for w/a large or zero. The results provide evi-
dence for a transition between the two mechanisms and
suggest the following regimes of validity: Townsend
model for 7 <<n,, and streamer model for # >n,. In the
transition region both cathode secondary processes and
space-charge field distortion are required to account for
the data.

II. APPARATUS

The discharge gap and associated electronics are di-
agrammed in Fig. 1. The gap was contained in an alumi-
num chamber evacuated to a base pressure of 0.3 Pa (2
mTorr) by a mechanical pump. The cathode was a 1.25-
cm-diam steel or molybdenum cylinder. The cathode sur-
face was polished on a mechanical polishing wheel with
1-um diamond paste, then cleaned with xylene and
ethanol. The anode was a hollow steel cylinder with a
20-um mesh (cut from a particle sieve) spot-welded to the
end. This mesh size was sufficiently small to assure a
uniform field over the electrode spacing of 0.5 mm. The
accuracy of the spacing was estimated to be +10%.

Light from a Hg-Xe arc lamp passed through two aper-
tures, a CaF window and the anode mesh, and struck the
cathode surface, releasing photoelectrons. With the
chamber evacuated and 20 V applied across the gap, pho-
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FIG. 1. Apparatus for measuring spark delay times.
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tocurrents in the range 10~!%—10—!* A were measured
with a Cary vibrating-reed electrometer. The photoelec-
tron current was varied by placing wire screens in the
light path. The attenuation factors of the screens were
determined from measurements of the current with and
without the screens in place.

The cathode was connected to an adjustable power sup-
ply through a quenching resistor (0.5—3.0 MQ). The
voltage on the anode was controlled by a custom-built
voltage pedestal generator. A schematic of the operation
of the pedestal generator and measurement of the spark
delay time is shown in Fig. 2. A voltage of —300 V was
applied to the anode so that the gap voltage was less than
V;. When the pedestal was activated manually with a
button or automatically after a preset cycle time, the
anode voltage was switched to ground. At the same time
a logic gate opened, sending a 100-kHz square wave from
a pulse generator to a counter. The pedestal remained on
for a maximum of 300 ms. If breakdown occurred in less
than 300 ms, the voltage pedestal was switched off and
the gate to the counter was closed. The spark delay time
was the ratio of the number of counts and the pulse gen-
erator frequency.

The following procedure was used to acquire the data.
Gas was admitted to the discharge chamber to the desired
pressure (read on a Wallace-Tiernan gauge). Research
grade gases were used without further purification. The
pedestal generator was set to trigger automatically every 5
sec and the cathode was gradually made more negative
until breakdowns began to occur. Several hundred break-
downs were used to ‘“condition” the cathode. Electrode
damage was minimal since the only charge passed during
the discharge was that stored on the gap capacitance.
After conditioning, the chamber was evacuated and re-
filled. Spark delay times were measured and recorded
manually beginning at the lowest voltage at which break-
downs were observed. Fifteen to forty measurements were
made at each voltage. The voltage was increased in steps
up to 250 V overvoltage, then decreased back to the
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FIG. 2. Electrode voltages and timing circuit signals.

minimum. Finally, measurements were repeated at one of
the higher overvoltages to check that the photocurrent
had not changed significantly. Delay times were oc-
casionally measured with the light blocked and found to
be much greater (usually > 300 ms) than those with il-
lumination. This confirmed that sources of electrons oth-
er than the photocurrent could be neglected.

III. RESULTS

Plots of log(N,/N,) versus ¢ yielded straight lines
which were fit by the method of least squares. The slope,
given by the Laue equation [Eq. (3)], is iP. The average
delay time 7 is the reciprocal of the slope, 1/(iP). Figure
3 shows Laue plots for three voltages in N, at 21.3 kPa
(160 Torr). We assume that the photocurrent i is indepen-
dent of voltage and that the differences in slope are due to
different values of the breakdown probability P.

The dependence of the average delay time 7 on the il-
lumination intensity for N,, SF,, and CCL,F, was mea-
sured at several different voltages. Results for SFg at two
voltages are shown in Fig. 4. The average delay time was
inversely proportional to the photocurrent, as predicted by
the Laue equation [Eq. (3)] for statistical delay times.
This verified that the formative delay time was negligible
compared to the statistical delay time for these small pho-
tocurrents.

The dependence of the average delay times on voltage
for several pressures of N,, H,, Ar, SFg, and CCLF, is
shown in Figs. 5—14. The right ordinate applies to the
experimental points. Each point is the reciprocal of an
average delay time and represents the slope of a plot like
those in Fig. 3. For each of the curves in Figs. 5—14, as
the applied voltage increases, the delay time approaches
an asymptotic value which is determined by i (the rate of
appearance of electrons) since the value of P is approach-
ing one. The asymptotic value establishes the position of

0 79 20 3.0 &0 5.0 6.0
DELAY TIME (ms)

FIG. 3. Laue plots of spark delay times in N, at 21.3 kPa
(160 Torr).
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the scale of the left ordinate, which gives the breakdown
probability. The major sources of experimental uncertain-
ty are statistical variations and variations in the photo-
current. From the scatter of the experimental points
about a smooth curve, we estimate the uncertainty in 7 to
be +30%. Longer conditioning periods usually resulted
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FIG. 5. Experimental average spark delay times and calculat-
ed initiation probabilities for N at 21.3 kPa (160 Torr). Param-
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in reduced scatter.

The curves are calculated breakdown probabilities ob-
tained from the equations discussed below. Literature
values for a and % (the electron attachment coefficient)
for N,, Hj, Ar, SF¢, and CCL,F, were taken from Refs.
19, 20, and 21, 19 and 22, and 23, respectively. The ad-
justable parameters in the calculations were w/a and n,.
Although the nominal electrode spacing was 0.5 mm, sig-
nificantly better fits were obtained for d =0.45 mm,
which is within the experimental uncertainty.
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IV. DISCUSSION

A. Theoretical breakdown probability

The statistics of avalanche growth. The stochastic nature
of collisional ionization results in statistical variation in
the growth of electron avalanches. The probability distri-
bution v(n) for the production of an avalanche of » elec-
trons in a nonattaching gas is'*

800 900
T v

SF. 4.0 kPa
6 —|103
o EXPERIMENT
—— EQUATION (13) 7
..... EQUATION (14) |
—— EQUATION (17)

BREAKDOWN PROBABILITY
o
T

0.01/—

L L 1 .

|
800 900
APPLIED VOLTAGE (V)

L

1
1000

FIG. 9. Experimental average spark delay times and calculat-
ed initiation probabilities for SF¢ at 4.0 kPa (30 Torr). Parame-
ters: d=0.45 mm, w/a=3.2X10"° [Eq. (13)], w/a=2.9
X 1073 [Eq. (17)], n.=1X10° [Eq. (14)], n.=5X 10" [Eq. (17)].
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where i=exp(ad). The number of positive ions in an
avalanche is only one less than the number of electrons.

In electronegative gases negative ions are formed by at-
tachment of electrons to neutral molecules. This process
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FIG. 13. Experimental average spark delay times and calcu-
lated initiation probabilities for CCI,F, at 20.0 kPa (150 Torr).
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w/a=5%x10"8 [Eq. (17)], n.=2.8X 10’ [Eq. (14)], n,=5X%107

- [Eq. (17)].

Parameters: d =0.45 mm, w/a=6.7X10""7 [Eq. (13)], 0/«
=1.8%10-7 [Eq. (17)], n,=1x 10" [Eq. (14)], n,=5x 10" [Eq.
a7].

is described by the attachment coefficient 77, the number
of attaching collisions per electron per centimeter travel in
the direction of the electric field. The number of elec-
trons and positive ions cannot be taken to be equal, but
differ by the number of negative ions. In a fraction 7/a
of all avalanches, current development is aborted by at-
tachment of all the electrons.’* The average number of
electrons and positive ions in wunaborted avalanches is
given by>*

. exp[(a—n)d] (5)
€ 1—7m/a
and
* o eX [(a—n)d] ) 6)

P (1—m/a)

The asterisks denote parameters in an electron-attaching
gas. The Townsend breakdown criterion in attaching
gases is

w* =(0/a)(1—n /)T =1 ™

The probability distribution for electrons and positive ions
is approximately®*

n/a for n*=0
(8)

v¥(n*)= 1
(1—m/a)— exp(—n*/i*) for n*>0,
7l

with n*=n; or n,. ‘

Townsend mechanism. Wijsman'® and Legler”\ con-
sidered the stochastic nature of collisional ionization and
secondary electron ejection from the cathode to calculate
the breakdown probability. The probability w(n,,m) that
an avalanche that produces n, positive ions results in the
release of m secondary electrons at the cathode is given by
the binomial distribution

14
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w(ny,m)= " (/) (1 —w/a)? ™. 9)

Therefore, the probability u(m) that the first avalanche
produces m avalanches in the second generation is

u(m)=np2=0w(np,m)v(np)=a_ﬁ7ﬁ7 . (10)

In Wijsman’s'* and Legler’s'® derivation, electrical break-
down is defined as the occurrence of an infinite succession
of electron avalanches. If 1— P is the probability that an
avalanche series begun by one electron eventually ter-
minates, the probability of termination of a series that has
m avalanches in the second generation is (1— P)™. There-
fore,

1—P= 3 u(m)1—P)" . (11)

m =0

The solution of this equation yields the probability of
breakdown,

{0 forp<1

1—1/u foru>1, (12)

for nonattaching gases. This analysis was extended by Ta-
gashira® to include electron attachment,

0 foru*<1
(1—n/a)1—=1/u*) forp*>1.

Later Kondo and co-workers?® considered the effect of de-
tachment.

_Electrical breakdown probabilities calculated from Eq.
(12) or (13) are plotted with the experimental points in
Figs. 5—14. There was good agreement between the ex-
perimental points and calculated curves for N,, H,, and
Ar at all pressures and for SF¢ and CCL,F, at lower pres-
sures. As the pressure of CCL,F, and SFy increased, a
more gradual slope in the voltage dependence of the aver-
age spark delay time was observed, which was not predict-
ed by Eq. (13).

These results are consistent with literature reports.
Similar experiments showed agreement with Eq. (12) for
N, (Refs. 27 and 28), Ne (Ref. 29), and Hy—rare-gas mix-
tures.’® However, for SF, at 54 kPa (405 Torr) with elec-
trode spacing 1.52 mm, Crowe?! reported a more gradual
slope resembling our higher-pressure results.

Streamer mechanism. Electrical breakdown in streamer
theory is defined as the occurrence of one avalanche that
achieves the critical size. The probability of electrical
breakdown is the probability that a free electron produces
an avalanche larger than the critical size n,. The proba-
bility can be calculated from the integral of the
avalanche-size distribution, which for electron-attaching
gases is!’ '

P*=fnwv*(n*)dn*:(l_n/a)exp(_nc/ﬁ*) . (14)

P*= (13)

Breakdown probabilities calculated from this equation for
SFe and CCL,F, with #*=i7, are plotted in Figs. 9—14.
At the highest pressures agreement with experiment was
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good, but at the lower pressures Eq. (14) predicted a much
more gradual slope than was measured and gave signifi-
cant breakdown probabilities only with unreasonably
small critical avalanche sizes n, < 10°. This value is much
below the critical size of 10% typical of streamer calcula-
tions.

A wunified breakdown-probability theory. Neither the
Townsend nor the streamer mechanisms alone can ac-
count for the behavior of the spark delay time in SFg and
CCL,F, over the full range of pressures investigated. The
assumptions underlying either one of these mechanisms
are not valid over the entire range. The streamer mecha-
nism neglects secondary electrons produced at the
cathode. The Townsend mechanism neglects field distor-
tion by space charge. A more realistic description of the
breakdown process is a buildup of space charge in a se-
quence of avalanches until the field distortion precipitates
collapse of the gap voltage and establishment of a glow or
arc discharge. We define electrical breakdown as the oc-
currence of a sequence of avalanches in which the total
number of positive ions produced achieves a critical value.
The drift velocity of ions is a factor of several hundred
less than that of electrons. If the secondary electrons at
the cathode are produced by photons [this is probably the
case for SF¢ (Refs. 32 and 33)], the time between
avalanche generations is approximately equal to the elec-
tron transit time. The positive ions from many genera-
tions of avalanches will accumulate in the gap.

Legler** has derived the expression for the probability
distribution V(n) of the total size of a finite sequence of
avalanches as

1 1I,2u'*n /7))
n ,u,l/zn/ﬁ

where I, is the first-order Bessel function. The integral
of the distribution over all » has one of two results de-
pending on the sign chosen for a square root,>’

Vin)= exp[ —(14+u)n/m], (15)

1 foru<l

1/u forpu>1. (16)

[, Vindn=
These results correlate with the probability for an infinite
sequence [Eq. (12)]. For u <1, all avalanche sequences are
finite, whereas for u > 1, the fraction 1—1/u is infinite.

The probability of electrical breakdown is the probabili-
ty of an infinite avalanche sequence plus the probability
of a finite sequence that achieves the critical size

(l—n/a)fnwV(n;)dn; for u* <1
P*= (17)
(1—n/a) [1_1/p*+fn°°V(n;)dn;] for p*>1.

For electron-attaching gases the probability distribution
V(n) was multiplied by the factor (1—7n/a), u was re-
placed by u*, and 7 was taken to be the average number
of positive ions 77 ;. Note that this equation is not a sim-
ple sum of Egs. (13) and (14), but includes finite sequences
of avalanches with total size greater than n..
Unfortunately, an analytical solution of the indefinite
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integral of ¥ (n) is not available. For n.u!/?/i large the
integral can be approximated (see the Appendix). Calcu-
lated curves from Eq. (17) are plotted with the experimen-
tal data for SF¢ and CCL,F, in Figs. 9—14. The agree-
ment is good over the entire pressure range. The curves
were fit by trial and error. The values given for the pa-
rameters are reasonable, but are not necessarily unique.

The distinction between finite and infinite avalanche se-
quences has mathematical, but not physical significance,
since, of course, all real avalanche sequences are finite
ones, which either die out or build up current to the point
of voltage collapse. The mathematical distinction is use-
ful to show the relationship between Eq. (17) and the
Wijsman-Legler theory, which includes only infinite se-
quences. Figure 15 shows separately the contributions of
finite and infinite sequences of avalanches to the total
theoretical breakdown probability from Eq. (17) for SF at
27.6 kPa (see Fig. 11). At voltages below Vr, u* <1 and
only finite sequences contribute to the breakdown proba-
bility. Above Vr the probability of an infinite sequence is
nonzero and the fraction of finite avalanches decreases.

The Townsend and streamer breakdown probabilities
are limiting cases of the unified theory. For w/a=0 (no
cathode secondary effect), =0 and ¥V (n)=v(n), so that
Eq. (17) becomes the streamer probability, Eq. (14). For
w/a large, breakdown occurs by the Townsend mecha-
nism at a voltage at which 7 is still much smaller than »n,.
Many avalanches are required to accumulate the critical
space charge, and finite avalanche series make a negligible
contribution to the breakdown probability, i.e.,
[, Vindn ~o.
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FIG. 15. Contributions of finite and infinite avalanche se-
quences to the calculated breakdown probability in SF at 26.7
kPa (see Fig. 11).
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B. Transition between the Townsend
and streamer mechanisms

There has been much discussion in the literature re-
garding the conditions under which the Townsend and
streamer mechanisms apply.®’ Townsend’s work was car-
ried out at low voltages that required the use of low gas
densities and small electrode spacings. With the develop-
ment of high-voltage techniques, the range of experimen-
tal data was extended to larger Nd. The difficulties in in-
terpreting these results by the Townsend mechanism led
to the proposal of the streamer theory.. The first pro-
ponents® of the streamer theory suggested a transition be-
tween the two mechanisms in air at Nd =6.6% 10'® cm 2
(200 Torr cm), with the Townsend mechanism being valid
below this value and the streamer mechanism applying at
larger values. More recently measurements of formative
delay times as a function of Nd and voltage have suggest-
ed a different boundary.® Discontinuities in delay time
versus voltage curves were observed and attributed to a
transition between the two mechanisms with overvoltage,
rather than Nd, being the critical parameter. The Town-
send mechanism was considered valid for low overvoltage
(<20%), the streamer mechanism at high overvoltage
(>20%).5

The present results represent another type of experi-
ment that provides evidence for a transition between the
two mechanisms. The breakdown probabilities in Figs.
9—11 and 12—14, respectively, show a transition at low
overvoltages from a voltage dependence consistent with
the Townsend model [Eq. (13)] to a dependence which fits
the streamer equation [Eq. (14)]. The unified theory [Eq.
(17)] describes the transition. The dominant character of
Eq. (17) depends on the relative values of the average
avalanche size 7 and the critical space charge n.. For
i <<n, many avalanche generations are required to accu-
mulate sufficient space charge and the Townsend equation
is an acceptable approximation. As 7 approaches n. the
probability that one avalanche is large enough to cause
breakdown becomes significant and the effect of space
charge must be included. This suggests the regimes of va-
lidity of the two models: Townsend theory for 7 <<n,
and streamer theory for 7 >n,. This definition of the
transition is equivalent to the assignment of the models to
different ranges of overvoltage, since 7 is a strong func-
tion of voltage. The overvoltage at which the transition
occurs depends on the relative values of w/a and 1/n,. If
®/a is so small that the Townsend criterion is not satis-
fied until 7 approaches n., the influence of space charge
will be important at 0% overvoltage.

Raether has discussed this transition in similar terms.
Methane and ether ordinarily have a very low w/a, so
that the streamer mechanism is valid at the static break-
down voltage. However, if a copper cathode is coated
with Cul to increase w/a, successions of Townsend
avalanches can be observed in these gases.®’

The application of this principle to SF is illustrated in
Fig. 16. Our experimental breakdown voltage measure-
ments and those of Bhalla and Craggs® are used to con-
struct a Paschen curve giving the value of E /N at break-
down as a function of Nd. Calculated curves are also

9
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FIG. 16. E/N at the static breakdown voltage as a function
of Nd for SFs.

plotted that show the values of E/N and Nd that satisfy
the condition ;=const. The solid curve represents
iy=n,=5X10", which is the value for the critical
avalanche size that gave reasonable fits to the data in
Figs. 9—11. The dashed curve, which passes through our
experimental breakdown voltage at 4 kPa (Nd =4.5x 106
cm~2), is shown for comparison and represents
i, =3.4X10* These curves are members of the family
of curves defined by the equation kﬁ; =1, where k is a
constant. Comparison with the breakdown criteria, Eq.
(1) or (2), shows that these curves give the Paschen curves
expected if o /a or 1/n, were constant. The experimental
points for SF¢ do not lie on a single curve, but fall on
curves of smaller k with increasing Nd. The value of
®/a obtained from fits of the probability curves in Figs.
9—11 decreases from 2.9 10~ at 4 kPa (30 Torr) to
1.6 10~% at 26.7 kPa (200 Torr). A similar trend occurs
in CCLF,. A decrease in w/a with increasing pressure is
characteristic of a photon secondary effect, which is re-
duced by increased collisional quenching of photon-
emitting excited states and absorption of photons in the
gas.’?333% The decrease may also be due to increased elec-
tron attachment near the cathode surface.

The transition from Townsend to streamer behavior
with increasing pressure in SF¢ and CCLF, is a conse-
quence of the decrease in @/a, which causes the Paschen
curve to approach the line 7, =n, (Fig. 16). In SFs at 4
kPa (Nd=4.5x10'" cm™2) with ©/a=2.9X1077
breakdown occurs by the Townsend mechanism at
rT ; <<n,. The breakdown probability is well described by
the Townsend model [Eq. (13)] and V,=V; (Fig. 9).
Transition to a streamer mechanism will occur at an over-
voltage at which 7, approaches n.. At 9.3 kPa
(Nd=1.05x10" ecm~?), w/a=7.5x10"" and satisfac-
tion of the Townsend criterion requires an average
avalanche size 7, ~ 10%. The probability that only a few
avalanche generations produce space-charge field distor-
tion is significant. Both secondary action at the cathode
and space-charge field distortion are required to account
for the dependence of the breakdown probability on volt-
age (Fig. 10). A significant breakdown probability
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exists below the voltage at which the Townsend criterion
is satisfied, i.e., V;<Vr. At 26.7 kPa (Nd=3.0
% 1017 ¢cm~2) a value for the secondary-ionization coeffi-
cient, @/a=1.6x1078, gives a reasonable fit to the data
(Fig. 11). An average avalanche size approximately equal
to n, would be required to satisfy the Townsend
criterion. Space charge dominates breakdown at the static
breakdown voltage and the streamer breakdown probabili-
ty fits the experimental data. Chalmers and co-workers*’
investigated spark development in SFg at Nd =10" cm—2
by time-resolved photography and found evidence for
space-charge field distortion in early stages of current
growth at low overvoltage.

These considerations also apply to measurements of
w/a, obtained from the Townsend breakdown criterion
[Eq. (1)] or from the curvature in plots of prebreakdown
currents. Several authors3*3%442 have reported values
for SFg and CCLF, in the range 107°—10~". It is likely
that space-charge field distortion affected these measure-
ments. The Townsend criterion cannot be used if
Vy <Vr. Varney and co-workers*® have shown that up-
curving in plots of prebreakdown current can be caused by
distortion of the field by space charge.

C. Breakdown probability and the critical nature
of the static breakdown voltage

The breakdown criteria [Egs. (1) and (2)] are ordinarily
interpreted to define a critical voltage V;, below which
breakdown will not occur. However, because of the sto-
chastic nature of current growth, the breakdown probabil-
ity is not a step function from O to 1 at this voltage, but
increases over a range of voltages. The probability func-
tion P must be considered in the interpretation of mea-
surements of V.

The outstanding characteristic of our experimental data
is the markedly more gradual rise of logP versus voltage
seen particularly in Figs. 11 and 14 for higher pressures in
SF¢ and CCL,F,. We have attributed this difference to the
onset of space-charge effects (streamer breakdown). It is
notable that, according to the Townsend theory, there is a
well-defined voltage threshold for breakdown, shown in
Eq. (12), wherein the breakdown probability is zero for
u < 1. Above the threshold the probability rises extremely
rapidly, so that the critical nature of the threshold is only
mildly affected by statistical factors. There is no such
clearly marked threshold shown in the streamer case, Eq.
(14), for which the breakdown probability varies as
exp(—n, /i), which declines progressively more steeply as
7 decreases, but still never becomes precisely zero.

The relationship of the breakdown-probability equa-
tions to the measurement of the breakdown voltage is il-
lustrated in the following calculation. A common pro-
cedure for measuring ¥ is to apply a slowly rising volt-
age ramp to a spark gap which is irradiated to provide ini-
tiating electrons. The distribution function of the mea-
sured breakdown voltage is given by

FM=1—exp |~ [ LVIPUI)

o a4 | (18)

where F(V) is the fraction of measurements that exceed
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V, i is the rate of appearance of free electrons, and P is
the breakdown probability. In this equation the assump-
tion is made that the free electrons act independently.
This assumption will be valid for i < 1/t;, where t7 is the
formative delay time.

Distribution functions were calculated for N, at 53.3
kPa (400 Torr) and SF¢ at 26.7 kPa (200 Torr) at d =0.45
mm for a ramp rate of 1 V/s and for i =1 electron/s and
i =6.24 10° electron/s (1 pA) (Fig. 17). For N, with 1
electron/s a spread of several volts is predicted, but with 1
pA of free electrons the distribution rises very steeply and
is indistinguishable from a step function within experi-
mental voltage resolution. Under the latter conditions the
breakdown voltage measurement will yield a critical volt-
age nearly identical with V;. Davies and Evans also
found that the statistical uncertainties in the Townsend
model are negligible in measurements of V5, if a sufficient
number of free electrons are present.**

A different situation occurs with SF¢ at 26.7 kPa in
which space charge is significant. The streamer break-
down probability does not define a critical voltage below
which the breakdown probability is zero. The more gra-
dual rise of the probability curve results in measured
breakdown voltages that depend strongly on experimental
conditions.

V. CONCLUSIONS

The breakdown mechanism near the static breakdown
voltage can be identified by the voltage dependence of the
breakdown probability. The Townsend mechanism
predicts a well-defined voltage threshold for breakdown
above which the probability rises rapidly from zero to
one. The probability of streamer breakdown does not
have a precise threshold and increases less steeply with
overvoltage. The breakdown probabilities measured in
N,, H;, and Ar agreed with the Townsend probability
equation. In SF¢ and CCLF, a transition was observed
between Townsend and streamer behavior with increasing
pressure. A unified probability theory, for which the
Townsend and streamer mechanisms are limiting cases,
accounted for the transition. The results of this paper do
not depend on the mechanism of streamer propagation,
but rather suggest the conditions under which space
charge affects the prebreakdown state of current growth.

z
Stof
G
Z 0.8
o]
w
= 0.6]-
2 sFe—"/_, 1e/
E o.uf 6 -
2 ——i=6.2 x 10%7s
& 0.2 =1pA
w
{ 1550 1600 1650 1700
Vy (N))  BREAKDOWN VOLTAGE (V)

FIG. 17. Breakdown voltage distribution functions calculated
from Eq. (18) for N, and SF; for a voltage ramp rate of 1 V/s.
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(1) Breakdown occurs by the Townsend mechanism if
the average avalanche size- # is much smaller than the
critical size for streamer formation n.. As 7 approaches
n. the probability of rapid streamer breakdown becomes
significant.

(2) The overvoltage at which the transition to streamer
breakdown occurs depends on the relative values of n,
and the secondary-ionization coefficient w/a. If
o/a<1/n., breakdown at the static breakdown voltage
Vs will occur by the rapid streamer process.

(3) When w/a <1077, measurements of V, and w/a
should be interpreted with caution. The statistical uncer-

“tainty in ¥V introduced by the streamer breakdown proba-

bility must be assessed. Space-charge acceleration of
avalanche growth may affect measurements of w/a.
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APPENDIX
The approximation for the Bessel function*’
I,(z)~e*/(2mz)'/? (A1)

is accurate to within 10% for z > 2. Substitution of this
approximation yields the integral

S, Vindn
=gp= 4 /)
><fr:n‘3/2exp[—(1—y1/2)2n/ﬁ]dn ) (A2)
The variable transformation y =n!/? gives the integral

[ v(ndn
=p 37 /)1 f:/zexp[—(l—ul/z)zyz/ﬁ]y_zdy ,

(A3)
with solution*®
S, vindn
=p Mm@/ m )V (e > /m ) —x V[ 1—d(x 1))},
(A4)
where
x =(n./m)(1—pul’?)?, (A5)
and the probability function
O(2)=2/m') [ e"dt . (A6)
An analytical approximation for & is given by*
D(x ) =1—(at +at*+ast)e >, (A7)
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where
t=1/(14px'?),
p =0.47047 ,

a,=0.3480242 ,
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a,=—0.0958798 ,
a;=0.7478556 .
Inserting this approximation gives

I °° V(n)dn=p=3/47/n,) % —*

X[77_—1/2_x1/2(alt+a2t2+a3t3)] . (A8)
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