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The stochastic properties of negative, point-to-plane, Trichel-pulse corona discharges are com-
pletely characterized in terms of a set of measured conditional and unconditional discharge pulse-
amplitude and pulse-time-separation distributions. The Trichel-pulse phenomenon is shown to
be a clear example of a non-Markovian, marked random point process in which memory efkcts
play an important role. Strong correlations are shown to exist among the amplitudes and time
separations of successive discharge pulses that indicate how initiation and growth of a discharge
pulse are affected by the presence of residual ion space charge and metastable species from previ-
ous pulses. The analysis required to assess consistency among the various measured probability
distributions is discussed and used to interpret observed variations in distribution profiles. Be-
cause of the observed dependence of discharge pulse amplitude on both the amplitude of and
time separation from the previous pulse, memory can propagate indefinitely back in time. The
experimental limitations to verifying the extent of memory propagation are analyzed.

I. INTRODUCTION

The "regular" pulsating characteristic of negative
point-to-plane corona discharges in air was first described
in 1938 by Trichel. The negative-corona discharge pulses
that exhibit the regular relaxation oscillator behavior
seen by Trichel have appropriately become known as
"Trichel pulses. " The phenomenon was subsequently ver-
ified by Weissler and Loeb and co-workers who further
characterized the discharge behavior and showed that it
generally occurs in all electronegative gases but not in

pure nonelectronegative gases such as nitrogen and ar-

gon. In these early works the phenomenon was reported
to occur over wide ranges of voltage above discharge onset
and of point-to-plane electrode gap spacing. The occur-
rence of Trichel pulses is also not dependent on the type
of electrode material. Later investigations s were un-

dertaken to determine the range of conditions over which
Trichel pulses appear and to measure the dependencies
of their onset, amplitude, and repetition rate on such
parameters as gas pressure, gap voltage, electrode spac-
ing, and gas composition. There have also been reported
measurementss of the discharge pulse shape as a func-
tion of diA'erent operating conditions.

Despite the abundance of phenomenological informa-
tion acquired about Trichel-pulse discharges, the pro-
cess has defied a complete theoretical description. Ear-
lier explanations of the physical mechanisms re-
sponsible for Trichel pulses were generally qualitative or
semiquantitative at best. Only recently has there been
some success by Morrow 8 in predicting the shapes of
the first Trichel pulses under rather restricted conditions.
Morrow's model, which is an extension of earlier work by
Morrow and Lowke, is reasonably complete in the sense
that it includes all of the essential continuity equations

for electron, ion, and radiation transport coupled with
Poisson's equation for the electric field. It also allows for
secondary-electron emission effects at the cathode.

The limitations of Morrow's model are to be found
in the approximations and methods of solution re-
quired to make the calculations tractable. A one-
dimensional approximation which neglects diffusion is
used for the charged-particle continuity equations. Be-
cause a three-dimensional treatment of Poisson's equa-
tion is required, ~ assumptions must be made about
the space-charge distribution within the gap at any given
time. The model has not been applied to discharge pulses
that occur after the first pulse, which are often referred to
in the literature as regular Trichel pulses. The difBculties
to be encountered in using Morrow's model to describe
the regular-pulse behavior should become evident from
the work presented here.

It was recognized, even in the earliest investigations
of this phenomenon, that the amplitude of the first pulse
is consistently higher than that of subsequent pulses.
Cross and co-workers have observed significant changes
in pulse shape after the first pulse. A satisfactory expla-
nation of diR'erences between the first pulse and the sub-
sequent regular pulses has not been given. It is evident,
however, from the description of the discharge process
given by Lama and Gallo, that, after the first pulse,
the gap contains moving space-charge clouds that can
perturb the electric field and thereby influence the devel-
opment of the regular pulses. The influence of moving
space charge could, in fact, be similar to that which is
known~s ~4 to affect the recovery of Geiger counter tubes
following the occurrence of a discharge pulse. Thus it
can be argued from the evidence uncovered in previous
investigations of Trichel pulses that the phenomenon is
inherently a non-Markovian stochastic process in which
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"memory effects" play an important role. The memory
effects are those associated with residuals such as ion
space charge or metastable species from earlier pulses
that influence the onset and development of subsequent
pulses.

There is evidence from the recent experimental work of
Steiner2s that there are strong correlations among succes-
sive Trichel pulses. Steiner, however, made no attempt
to give a physical explanation for these correlations. Ma-
lik and Al-rainy measured the statistical variations of
Trichel-pulse amplitudes, but failed to obtain enough in-
formation from their data to uncover correlations among
successive pulses. In our previous preliminary work on
this subject we reported strong correlations among
the amplitudes and time separations of successive Trichel
pulses, but did not present a careful analysis of the pos-
sible physical mechanisms that could account for the ob-
ser ved correlations.

In the present work, a newly developed measurement
technique2 is used to obtain detailed information about
the stochastic behavior of Trichel pulses in nitrogen-
oxygen and neon-oxygen gas mixtures. The technique
allows direct measurement of a set of conditional pulse-
amplitude and pulse-time-separation distributions from
which correlations among successive pulses can be quan-
titatively ascertained and related to memory effects in
the discharge process. It is shown, for example, that
pulse amplitude is strongly dependent on the time sepa-
ration from the previous pulse and that this dependence
is consistent with the influence of the moving negative-
ion space charge from the previous pulse in reducing the
electric field at the cathode when the next discharge pulse
develops. The measured conditional distributions are not
independent and are shown to satisfy a set of required
consistency relationships. The stochastic properties of
Trichel pulses for the two gas mixtures are found to be
distinctly different. This difference is attributed to the
relative importance in each gas of ion space charge ver-

sus metastable states on discharge pulse initiation and
growth.

The purpose of the present work is to exhibit and inter-
pret examples of data that reveal general features of the
stochastic behavior which are relevant over wide ranges of
conditions. An understanding of this stochastic behavior
is shown here to be essential in any attempt to formulate
a successful theoretical model for regular Trichel pulses,
i.e. , the model must take into account the significant in-
fIuence of memory uncovered here. It is not the purpose
of the present work to give a complete or precise elec-
trical characterization of Trichel pulses for well-defined
conditions as has been the subject of much of the earlier
work mentioned above. The results of the present work,
however, indicate the difFiculties that will be encountered
in attempts to make precise characterizations.

pulse-time-separation probability distributions, (ii) to
discuss their properties, and (iii) to derive the consis-
tency relat;ionships that must be satisfied among these
distributions for conditions that are relevant to Trichel
pulses. The general theory of probabilities upon which
this discussion is based can be found in numerous texts
(see, for example, Refs. 31—33).

A. Definitions

qn-2

'n-2

qn-i

tn-i

qn q qn+2Il q i Il+2

tn tn+~ tn+2

qn+3

q
qn+4

n+3 tn+4

h t n b, t n+) b, tn+2 attn+3

The Trichel-pulse phenomenon can be represented by
a doubly stochastic, marked random point process intro-
duced by Konig and Matthes and discussed by Snyder. s

The process is indicated diagrammatically in Fig. 1. The
pulses occur at discrete times t; and are marked with
an amplitude q;. The process is doubly stochastic be-
cause the evolution of the marks (pulses) and the oc-
currence times are influenced by an "outside" random
process as well as by self-excitation from previous pulses.
The outside random process in this case corresponds to
ultraviolet (uv) irradiation of the cathode which, for the
experimental conditions used, was required to sustain a
continuous train of pulses. Although the probability for
occurrence of a pulse at t; was largely controlled by re-
lease of photoelectrons from the cathode by the uv radi-
ation, self-excitation due to release of initiating electrons
by residuals, e.g. , species in metastable excited states,
from previous pulses is, as shown below, significant un-
der some conditions.

In general, both q; and t; depend on the set (q&, tz),
j & i, of all previous pulse amplitudes and their times of
occurrence. The Trichel-pulse phenomenon will be de-
fined here as a stochastic process specified by a discrete,
finite set (qi, qz&Dt's i}„,j = 2, 3, 4, . . . , n (see Fig. 1),
where Lt& ~ ——t&

—
t& ~, since pulse time separations

rather than actual occurrence times are the quantities ei-
ther measured or specified in the experiment. The pulse
amplitude was chosen as the relevant mark because, as
shown in Sec. III, it is the appropriate measure of dis-
charge intensity under the experimental conditions used.

A list of the probability distributions that could be
measured in the present experiment are given in Table
I. The distributions po are unconditional whereas the
distributions pi and p2 are conditional. These distri-
butions are defined, for example, such that po(q„)dq„ is
the probability that the nth discharge pulse in the se-

II. THEORETICAL CONSIDERATIONS

The purposes of this section are (i) to define the mea-
surable conditional and unconditional pulse-height and

FIG. 1. Diagrammatic representation of the marked ran-
dom point process corresponding to the Trichel-pulse dis-
charge phenomenon. The At„are pulse time separations and
the q are pulse amplitudes.
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TABLE I. Measurable pulse-amplitude and pulse-time-separation distributions.

Unconditional distributions »(q-)
&o(&t )

First-order conditional distributions pi(q-lq--i)
p~(q-l«--, ), j= ~ 2, ~, 4

»(&t-Iq-)
p, (d t„lDt &)

Second-order conditional distributions s ~(q-l«--i, q--i)
p2 (qn l «n-1 ~ «n-2 )

quence has an amplitude between q„and q„+ dq„, in-
dependent of previous pulse amplitudes or time separa-
tions; pq(qnl6tn q)dqn is the probability that the nth
pulse has an amplitude in the same range if this pulse is
separated from the previous pulse by a fixed time sep-
aration b.t„q, and pz(qnlb. tn q, qn q)dqn is the same
probability, but with both Lt„ i and q„ i fixed. The
distributions apply to arbitrary n since n was not defined
by the measurement process.

All conditional and unconditional distributions, by def-
inition, satisfy the following normalization requirement:

s»(zlq -i, &t -i, " ) dz=1,~ ~ ~

0

which holds for arbitrary j ) 0, where z = q or &t„
It is often convenient for display purposes to use distri-
butions that are arbitrarily normalized to the maximum
value, eg. , po(qn)/po(qn, m») where qnm» corresponds
to the maximum in po(q„).

B. Correlation and memory

By making a comparison of the measured conditional
and unconditional pulse-height and time-separation dis-
tributions it is possible to infer immediately whether or
not two random variables such as q„and b,t„q are cor-
related and therefore dependent. If it is found, for ex-

ample, that pq(qn lEt„q) g pp(q„) for at least some al-

lowed values of q„and for all allowed At„& such that
po(b.t„q) g 0, then q„and b,t„q are dependent vari-
ables. Likewise, if pq(qnlAtn q, qn q) g pq(qnl«n q)

I

for allowed q„ i, then a dependence must exist between

q„and qn q at a fixed Atn
It is found experimentally for Trichel pulses, as will be

seen later, that there generally exists a significant time
separation range At, & Lt„~ & Ltg in which the vari-
able q„ is strongly dependent on b,t„q. The variable q„
is defined here to have a strong dependence on Lt„~ if
there is a one-to-one correspondence between the expec-
tation value (q„(bt„q)) and btn q, where

(q (&t -i)) = q pi(qnl&t -i) dq
0

and where the width of pq(qnlAt„q) is sufficiently small
so that qn(Etn q) lies within a, narrow range defined by

(q„(b.t„q)) + bq„, where (q„(b.t„q)) )) lbq„l at a par-
ticular Lt„q. Under the strong dependence condition,

q„ is approximately a function of At„q, so that

q = f(&t -i),
Ate. Equation (3) suggests that

p&(qnlAtn q) can be represented by the approximation

p (q. l&t-- ) =(1- )b(q--f(&t-- ))+ p.(q-)

(4)

where s (( 1 and b(q„—f(At„q)) is the Dirac delta
function.

A measure of the degree of correlation between any
two random variables z and y corresponding to any two
of the measured quantities in the set (q&, q~, bti &) is
given by the correlation coeQcient R~ &, where

R~ y
—— J. J„po (z) p~ (ylz) (z —(z)) (y —(y)) dzdy

s/z ~

P0 Z Z — Z dx P0 y y — y dy

N=f(Po(ed( (=~o~ll (6)

where the variable z must precede y in the time sequence.

which can be computed if po(z), po(y), and pj (ylz) have
been measured. In Eq. (5), (z) and (y) are expectation
(mean) values given by

The integrals in Eqs. (5) and (6) are over all allowed
values of z and y. It is seen that if z and y are un-
correlated, then pq(ylz) = po(y) for all allowed z and
R~ &

——0; whereas if y is strongly dependent on x over
its allowed range, e.g. , y o|: z, then it can be verified
that lR „l 1. In general, lR „l & 1, where R „=0
if z and y are uncorrelated. If the random variable
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y is positively dependent on z such that an increase in
z implies an increase in (y(z)) such as would be given

by Eq. (2), then R & & 0, and if y is negatively depen-
dent on z such that an increase in z implies a decrease
in (y(z)), then R z & 0. A positive dependence will be
denoted here by z t'~ y t' and a negative dependence by
z t'~ y $ . The variable z can be any random variable
that precedes y in the time sequence, e.g. , z = At,„z,for

j & 1, when y = b.tn. If z does not ilrlrnediately precede

y in the time ordering, then the dependence of y on z may
be conditioned on assumed fixed values for intermediate
variables. The signs for the dependences in this case will
be denoted by (z t'~ y t', {(,}) or (z t'~ y J, Q';)),
where Q';) is a set of jized intermediate variables. For
example, a positive dependence of q„on At„2 for fixed
btn 1 is denoted by (6tn 2 1'~ qn t'r {btn 1)).

In the case of Trichel pulses, the dependence of q„on

1 is positive for At, & b, tn 1-& Ate, i.e., ddn
~ q„'t. If the pulse time separation is greater than
a critical value ZUg for which residuals from previous
pulses cease to influence the onset or growth of the next
pulse, a loss of memory ensues. The correlation coef-
ficients R&„~&„, and R~&„~&„, diminish increasingly
from unity as the fraction of time intervals above Atg
increases, i.e. , as the probability

p(bt„ 1 & htr) = po (Et„ 1) d(bt„ 1)
b, tg

increases.
Another measure of the extent to which memory is im-

portant for pulse time separations in any range 4, & At„
& ti, is given by the memory coegcient Mi(t„ti, ), defined
here for first-order conditional distributions by

fo" fo
'

b 1 (ql ~
—r) - pi (qlt. + r)j' dr dq

f,
"f". L 1 (qlr)j' «dq

where

t. 1, = (t. + t&) /2.
po(q ) = po(q -1)pi (q Iq -i) dq -i,

0
(12)

If memory does not exist for pulse time separations in
the interval (t„ti,), such that pi(qIti, —r) = pi(qIt, + r)
for all 0 & r & t, ir then Mi(t„ti, ) = 0, whereas

Mi(tn, t&) g 0 implies the existence of some memory. It
is required for a meaningful definition of Mi(t„t&) that
pi(qIr) g 0 in at least some subinterval (t'„ti, ) g (t„ti,)
where t', & t„t& & t~. The conditional distribution p~
in Eq. (8) can be any pi(q„IAt„1) or pi(Kt„Ibt„z) for

j & n The adv. antage of the memory coefficien over the
correlation coefficient is that the former applies over a re-
stricted time-separation range whereas the latter is evalu-
ated for the entire range of allowed separations. Memory
coefBcients can also be defined in terms of higher-order
conditional distributions pi, j & 1.

C. Integral relationships
among measured distributions

If memory is important in the stochastic process,
then the distributions listed in Table I are not indepen-
dent, e.g. , the behavior of the time-interval distribution
po(Atn) affects the shape of the pulse-amplitude distri-
bution po(q„) and vice versa. It can be shown from the
law of probabilitiessi s2 that the measured distributions
must satisfy the following integral relationships:

Po (qn) = Po (&tn —1)Pl (qn I+tn-1) d (&tn —1) i

0

(10)

Po (qn) = Po (&tn —i ) Pl (qn I&tn-i ) d (&tn y)r—
0

j&1, (11)

po(at ) = po(q ) pi(at Iq ) dq
0

pi(q. l«. i) = p. (~t. i)-'

po(q -i)pi(&t -ilq -i)
0

p2 (qnIqn-1 +tn —1) dq —1,

(14)

pl (qnlqn-1) — pl (+tn —1I'qn —1)
0

x p2 (q„Iq„ i, At„ i) d (bt„ 1) .

(15)

From Eqs. (10), (12), (14), and (15) it is seen that

po(q ) = po(q. 1)pi(&t. ilq. i)
0 0

xp2(q„Iq„ 1, b, tn 1) dq„ 1 d(&t„ 1).
(16)

The evaluation of the integrals in Eqs. (10)—(16) serves
as a check on the self-consistency of the measured distri-
butions.

In addition to the above integrals, there are other use-
ful integral relationships that apply if the strong depen-
dency condition between q„and At„~ is valid. Another
expression for pi(qn Ib.tn 1) from the law of probabilities
1s
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Pi(q I&t -i) =PO(&t i)
'

PO(&t~ 2)P1(q~ i~&t~ 2)
0 0

p2 (6 t 1 ~q 1,At 2) ps (q„~q„—1,b t„ 1, At„2) d (At„2) dq„ 1 . (17)

Using the strong dependency condition, Eq. (3), and the normalization requirement, Eq. (1), it can be shown that
Eq. (17) becomes

pl (qa ~+ttl —1 ) —pO (+tA- 1 ) pO (+tel —2) pl (Atm, —1. ~At~ —2) p2 (q~ ~ ~—1 i ~—2) d (At~ —2)
0

From similar arguments, the following also hold for a strong (q„,At„ 1) dependence:

pi(&t l&t -i) = pi(&t lq )pi(q I&t -i) dq,
0

p, (q„~~t„2)= p, (at„,~b t„,) p, (q„~bt„„at„,) d (bt„,),
0

(2o)

p2 (qa~+tn-1~ +tv-2) —pl (etta —1)+tn-2) pl (qn-1[+tv —2) pl (+tn-1['qn 1)p2—(qn, ~qn-1 i +tn-1) dqn 1 ~-
0

(21)

Equations (10)—(21) are used here to understand the
profiles of measured distributions and to derive consis-
tency relationships in the signs of correlations among
successive pulse amplitudes and time separations.

D. Consistency among p, (q„[&t„,),
p, (cft„(&t„,), and p, (&t„(q„)

The integral relationships in the Sec. IIC imply a
certain consistency of behavior among the first-order
conditional distributions pi (q„~At„ 1), pi(b t„~q„), and
pi(At„~b, t„ 1) with respect to the implied signs of
the dependences between the pairs of random variables

(q„,bt„ 1), (bt„,q„), and (bt„,Et„ 1). This consis-
tency applies for monotonic dependences, i.e. , depen-
dences between random variables that do not change
sign, and for the case of a strong positive dependence
of q„on Et„ 1, thus implying that Eq. (19), which re-
lates the above distributions, can be considered. By us-
ing Eq. (4) in Eq. (19) it can be verified that (6t„
» q~ T) plus (q~ T» &t~ T) gi~~~ (&t~-1 T» &t~ T)
as the required behavior for pi(bt„~At„ 1). Accord-
ing to Eq. (19) for this case, an increase in the value
of Lt„q implies an increase in the expectation value

(At„(At„ 1)). Likewise it is found from Eq. (19)
that (b,t„ 1 'T» q„'T) plus (q„T» Et„$) requires
(At„ 1 T» At„j,). Both cases have been observed here
to occur for Trichel pulses.

It should also be noted that if there is a lack of corre-
lation between At„and q„, then pi(At„~q„) = po(At„)
for all allowed q„and Eq. (19) gives pi(Et„~At„ 1)
= po(At„ ) This means th. at a lack of dependence of 4t„
on q„requires a lack of dependence of Lt„on At„~ if
the strong dependency condition between q„and At„
applies.

E. Consistency among p, (q„[Dt„,),
p, (q„(&t„„q„,), and p, (q„)aft„„&t„,)

As in the case of the first-order conditional time-
interval distributions discussed in Sec. II D, a strong pos-

I

itive dependence of q„on At„~ requires that the depen-
dencies between the pairs (q„, q„ 1) and (q„,bt„2) for
fixed At„~ be of the same sign. This can be shown using
Eq. (3) in Eq. (21). Given the signs of the (q„,b,t„ 1)
and (q„, q„ 1) dependences, the sign of the (q„, b,t„2)
dependence can be ascertained by examining the changes
in weighting of q„~ and q„when At„p is changed as
implied by the first and third terms in the product form-
ing the integrand for Eq. (21) at Peed Et„ i. The terms
pl (+ta-1 ~+ta-2) ' and pi(&t~ 1 ~q~ 1) affect only the
magnitude of the integral in Eq. (21) and not the weight-
ing of q„ 1 and q„values. For fixed At„ 1, (At„2 T

qn 1T) -plus (q~-1 T» q~ T~ j&4-1}) «qui«s
(&tn-2 T» qn T) {At~-1}). L~k~~~~~, (Ate 2 T

q„ 1 T) plus (q„ 1 T» q„), (At„ 1 }) requires
(bt„2 T» q„J,, (b,t„ 1}). Both cases are shown here
to occur for Trichel pulses. It can also be shown that a
lack of dependence of q„on At„2 at fixed Lt„q im-
plies a lack of dependence of q„on q„~ if the strong
(q„ 1, b,t„2) dependency condition holds.

It should be noted that the physical bases for the
(q„,q„ 1) and (q„,bt„2) dependences are not the same
as for the (At„, q„) and (At„, b.t„ 1) dependences con-
sidered in Sec. IID. The dependence of LD„on q„ is re-
lated to the eHect of residuals from the nth pulse on the
initiation of the subsequent pulse, whereas the depen-
dence of q„on q„~ is related to the eR'ect of residuals
from the (n —l)st pulse on the growth of the subsequent
pulse.

From Eq. (20), which applies for a strong (q„,At„ 1)
dependence, it can be seen that correlations between

and At„2 or between q„and Lt„2 for fixed
At„ 1, implied respectively by pi (b,t„ 1 ~At„2) and
p2(q„~At„ 1, bt„2), lead to a dependence of q„on
At„2 independent of At„y. For uv-sustained Trichel
pulses, the eÃects of the two correlations implied by p~
and p2 in Eq. (20) can either reinforce or counteract each
other so that the sign of the (q„, b,t„2) dependence de-
termined by pi(q„~At„2) depends on the relative signs
and strengths of the (b,t„ 1,At„2) dependence and the
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(qn, «n 2) dependence for fixed «„1. For a strong

(q„,«n 1) dePendence, Eq. (15) imPlies that Eq. (20)
is a good approximation, and therefore, the behavior of
p1(qnl«n 2) should be like that for p1(q„lq„1), e.g. ,

(«n-2 1'~ qn-1 t) plus (qn-1 I'~ qn l) imp»es

(«„2 1 » q„$).
It should be emphasized that the above arguments

about consistency of the signs apply only if the depen-
dences are monotonic, namely that they do not change
sign within the ranges of allowed values for the ran-
dom variables considered. Although the signs of depen-
dences between the random variables considered above
can change, statistically significant changes were not
found to occur in the data presented here.

F. Propagation and loss of memory
(deviations from Markovian behavior)

Extending the arguments in Sec. II E, it can be shown
that if q„ is dependent on both q„q and At„ i for all
arbitrary n, then in general,

g pj(q l{«,},, «'„j), i = 1, 2, . . . , j —1,

(22)

whenever b,t j g b,t'„, for any j ) l. If all the time
separations in the set («„;}j1 have japed values less
than b, te, then the following can be shown, in the case of
monotonic correlations.

(a) («„-, t~ q„ t) + (q„, t~ q„ l) implies

(At'„j t'w q„f, (At„;}, 1) forodd j
(At'„~ t'W qn J, (Atn;}Z 1) fOreVen j.

(b) («n 1 t'~ q„ 1')+ (q„1 1'~ q„ t') implies

(b.t'n j t'W qn t', (b,tn;}j 1) forall j.
The existence of dependences between both of the pairs

(qj, «j 1) and (qj, q& 1) therefore allows memory to
propagate indefinitely back in time provided At& ( Atg
for all values of j. A dependence of «n oq„ncan also
influence memory propagation. Memory will cease be-
yond the first event to have a time separation from the
previous event greater than the critical minimum time
separation Ate for which M1(b, te, b,t„) = 0, where b, t„
is any time separation greater than Ltg.

For the Trichel-pulse phenomenon, the initiation and
growth of any discharge pulse is expected to depend over-
whelmingly on residuals from the most recent previous
pulse. From this consideration it has been erroneously
suggested that memory does not extend back beyond
the most recent event. The above analysis indicates
that, because of correlations between both (qj, «j 1)
and (qj, qj 1), memory can extend back beyond the
most recent event even though there may be no resid-
uals present from pulses prior to this event. If residuals

—pj+1 (q I« —1 (+t'-1}j). (24)

In this case, the Markov requirement becomes

p2j+1 (qn l«n-1i («i-1}j)= p1 (qnl«n-1) )

j & n —1. (25)

Obviously this is not consistent with Eq. (22). Also, if
memory does not extend beyond the most recent event,
it is required that

p1(q I« — ) = po(q ) (26)

for all j ) 1. It is shown here experimentally for Trichel
pulses that, in general,

and

p2 (qnl«n-1 «n-2) 8 p1 (qn lbtn-1) (27)

p1 (qnli-itn j) g po (qn-), j = 2, 3, 4. (28)

III. EXPERIMENTAL METHOD

The method used to measure the distributions given
in Table I has previously been described in detail by
Van Brunt and Kulkarni. 2 A diagram of the measure-
ment system is shown in Fig. 2. Some modifications
of the system described in Ref. 27 have been made
to (i) allow direct measurement of the distributions

p1(q„l«„j), j ) 2, and p2(q„l«„1,«„2); (ii) elim-
inate intermediate pulse errors associated with measure-
ment of the p2 distributions; and (iii) reduce background
associated with accidental sampling of the tails of dis-
charge pulses.

By appropriate positioning of the switches (Sl—S6)
shown in Fig. 2, it is possible to configure the system to
measure any of the indicated distributions. Data from
all measurement configurations are accumulated by a
256-channel, computer-controlled multichannel analyzer
(MCA) which uses an analog-to-digital converter to mea-

such as metastable species are present from earlier events,
then they may have second-order effects on the onset and
growth of a discharge pulse. It was not possible in the
present experiments to distinguish contributions to mem-

ory from such second-order eKects. It is assumed here
that "memory" results predominantly from the depen-
dences of q„(or «„)on q„1 and «„

It is evident from the above discussion that the
Trichel-pulse phenomenon is not a Markov process. By
definition, ~ a Markov process, jointly defined for t,he
two random variables q; and «; 1, requires

p2j+1 (qnl«n-1, (qi «i-1}j) = p2 (qnlqn-1 «n —1),

(23)
i =n —l, n —2, . . . , n —jforall j &n —l.

If q; is strongly dependent on «; 1, then

p2, +1(q„l«„1,(q;, «; 1},)
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FIG. 2. System for measuring various indicated pulse-amplitude and time-separation distributions. In this diagram, the
relevant components are identified as follows: MCA, multichannel analyzer; TAC, time-to-amplitude converter; SCA, single
channel analyzer; DDG, digital-delay generator; A, amplifier; G, gate; and S, switch. Additional details about the individual
circuits used in this system can be found in Ref. 27.

sure pulse heights.
The corona-discharge current pulses are detected elec-

trically using a preamplifier (Al) connected to an
impedance Z in series with the discharge gap. The de-

tected pulses are then sent to a variable gain amplifier
(A2) before being routed to the required circuit path for
measurement of a particular distribution as determined
by the position of Sl. For measurement of po(q„), the
discharge pulses from A2 are fed directly to the MCA
through gate G3, which is kept permanently open by the
proper positioning of S4.

The distribution po(4$„) is measured by sending the
pulses from A2 to a pulse sorter used to trigger two time-
to-amplitude converters (TAC1 and TAC2) which gener-
ate output pulses of amplitude proportional to the time
between the trigger pulses at the start and stop inputs.
The outputs of TACl and TAC2 are fed to the MCA
through gate G2 by appropriate positioning of S3. As
shown in Ref. 27, this arrangement permits the record-
ing of every sequential time interval, provided all time
separations exceed the TAC reset time of 50 ps.

The measurement of pt(q„ lAt„ t) requires the use of a
logic-controlled digital-delay generator (DDG), which re-
stricts transfer of pulses from A2 to the MCA through G3
to a narrow, preselected time range bt,„ t —b(At„ t)/2
to b,t„ t + b(At„ t)/2 for which At„ i » b(Af„ t),
provided no intermediate pulses appear before this time
window. To measure p2(q„ ib, t„ i, q„ i) &

a single-
channel analyzer (SCA1) is inserted between A2 and the
input to the DDG time-interval control logic circuit by
proper positionings of Sl, S5, and S6. The SCA1 restricts
triggering of the DDG to pulses having amplitudes within

the selected range q„ i —b(q„ i)/2 to q„ i + b(q„ i)/2
for which q„ i » b(q„ i). To ensure, in the case of p2
measurements, that the time-interval control logic prop-
erly inhibits the opening of G3 if intermediate pulses oc-
cur before the selected time window, it is necessary to
modify the circuit previously described by adding the
amplifier A3 with input at f This amp. lifier is identical
to that defined by transistor Tq in Fig. 2 of Ref. 27. In
the present configuration, the input f is connected di-
rectly to the delay 7t of Fig. 2 (Ref. 27) which has, in
turn, been disconnected from T~.

Unlike the system previously described, the pres-
ent system allows direct measurement of
p2(q„ib, t„ t, At„z). For measurement of this distribu-
tion, the switches Sl and S5 are positioned so that the
input to SCA1 is derived from TAC1. The time interval
measured by TAC1 is restricted by SCAl to lie within a
narrow range bt„2—b(bt„2)/2 to bt„2+b(4t„2)/2
for triggering the DDG, which, in turn, defines At„

By the indicated positionings of switches Sl, S2, and
S3, it is possible to measure the conditional pulse time-
separation distributions pi(Et„lEt„ t) and pt(At„iq„).
For measurement of pt(b, t„lAt„ t), the output of TAC1
is fed to the input of the single-channel analyzer SCA2
which thus defines At„ i and triggers TAC3 for the mea-
surement of the next time interval 4t„. In the case of
the pi (At„ lq„) measurement, SCA2 is connected directly
to amplifier A2 thereby used to define q„.

The present system also difI'ers from that previously
described in that the pt(q„lAt„~) logic circuit now con-
tains a pulse counter that can be set for any j & 2. By
making adjustments in the delays inherent to the time-
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interval control logic combined with minor adjustments
in the shape of the gate pulse from this circuit which

controls G3, it has been possible to largely eliminate the
background problem illustrated by Fig. 5 of Ref. 27.

In the present measurement system, the pulse
detection-circuit conditions are similar to those described
in Ref. 7 so that the measured discharge-pulse amplitude
is proportional to the net charge transported in the dis-

charge given by

q'„= J i„(t) ch, (29)

where i„(t) is the instantaneous discharge current at time
t for the nth pulse. Given the impulse response h(t —t')
of the detection circuit (defined here mainly by the filter
characteristics of Z and Al), the observed pulse signal is

given by

(30)

The impulse response in the present measurement sys-
tem has a width m; of about 1.5 ps, whereas the intrinsic
width m& of a typical Trichel pulse is known to be on
the order of 10—50 ns. Therefore the condition m; && m&

allows the approximation

(31)

where 6(t —t„) is the Dirac delta function. Using this in

Eq. (30) gives

This means that the shapes of the observed Trichel pulses
in the present experiment are governed primarily by the
shape of h(t —t„)and thus the maximum of q„'(t), denoted
here by q„, is directly proportional to Q'„. Therefore q„
can be expressed in units of charge, and in the present
case, it is convenient to use picocoulombs (pC). The
method for calibrating the pulse-height measurements in
terms of charge is the same as described previously.

The Trichel pulses are generated by applying a dc volt-
age to a point-to-plane electrode gap in which the point
electrode serves as the cathode. General features of the
stochastic behavior reported here were found to apply
over wide ranges of gap spacings, point-electrode radius,
gas pressure, and gas composition. In order to achieve
discharge characteristics that were constant over long pe-
riods of time (several hours) and to gain control over
the rate of pulse initiation, the discharge was primar-
ily sustained by uv irradiation from a mercury arc lamp
of highly polished stainless-steel point cathodes in con-
trolled gas mixtures. It was noted, however, that similar
stochastic behavior often occurs when the discharge be-
comes self-sustaining or is sustained by field emission,
i.e. , by the Fowler-Nordheim effect, which occurs when

very sharp electrodes are used. Point-to-plane gap spac-
ings in the range of 1.0—2.5 cm were used with points
having radii of curvature at the tip in the approximate

range 0.09—0.15 mm. The gas mixtures were prepared
in a metal discharge chamber after it was evacuated to
a pressure of about 1 x 10 ~ Torr ( 1.3 Pa). The re-
sults presented here were obtained using the gas mixtures
N2+ 20% 02, Ne+5%0p, Ne+95%% 02, all at an absolute
total pressure of 760 Torr ( 100kPa).

When measurements were made of the conditional dis-
tributions (pi's and p2's of Table I) for a fixed set of
discharge conditions defined by applied gap voltage, uv

intensity, electrode spacing, and gas composition, it was

necessary to periodically monitor the distributions pp(q„)
and pp(Atp) to ensure that there was no significant drift
in these conditions. As shown in Sec. IV, the profiles for
these distributions are very sensitive indicators of varia-
tions in the discharge operating conditions.

It was generally possible to maintain acceptably con-
stant discharge conditions over a period of several hours.
On the other hand, due to an inability to make suffi-

ciently precise adjustments of the operating conditions
in the present experimental setup, it was not always pos-
sible to achieve exactly the same profiles for pp(q„) and

pp(At„) from one day to the next. This difficulty was also
noted by Malik and Al-rainy. However, for the purposes
of the present work, which are not to make a precise char-
acterization of the phenomena but rather to investigate
its stochastic properties, which, as noted above, apply
over wide ranges of conditions, it was not necessary to
achieve exact replications of pp(q„) and pp(b, t„).The re-
sults presented here, in fact, clearly indicate that because
of strong memory effects associated with the stochastic
behavior of michel pulses, it can be expected that diS-
culties will be encountered in attempts to establish highly
reproducible conditions.

IV. RESULTS AND DISCUSSION

Data obtained for the different distributions given in
Table I are presented here. Consistency among the mea-
sured distributions is analyzed and at the end of each sub-
section their behavior is interpreted in terms of expected
physical processes that can occur in the discharge.

A. Behavior of the unconditional distributions
pp(q ) aild pp(Df. )

Shown in Figs. 3 and 4 are examples of data for
the unconditional pulse-amplitude and time-separation
distributions at different applied gap voltages V, for a
N2+ 20%02 gas mixture. The data in Fig. 3 were ob-
tained using a higher relative uv intensity to irradiate the
cathode than applies to the data in Fig. 4. The discharge
conditions were otherwise the same. For convenience of
display, the distributions shown in these figures are nor-
malized to the maximum values.

At "high" uv irradiation, the pp(q„) distribution is seen
in Fig. 3 to broaden with increasing V while pp(At„)
becomes more narrow and shifts downward. The expec-
tation values for q„and At„given by



4916 R. J. VAN BRUNT AND S. V. KULKARNI 42

I
E
C:

U
lD

CL

C:
CT
C)

CL

C)

O

E
C

CI
Ci

CL

CI
CI

Ch.

1.0

0—

-1.0—

-2.0—

-3.0—

-4.0

1.0—

0.8—

0.6—

04—

110 130

N2 + 20% O2

k&5,

150
q& (pC)

o 8.6 kV
&8.7 kv

8.8 kV
&9.0 kY
09.2 kV
~ 9.4 kV

170 190

1.0
l I I I I I

Np + 20% Op

Va(kV) 8.6 8.89.0S.2 S.4 9.6 9.8
0—E

C
CF
C)

CL

0

-2.0
O

~NH YlUol p0 JQ~
~T'

Q Q

M

4 ig 4I'

il

180 220 q„(pC)
9.0 8.8 8.6

-3.0 100 140
Va(kV) 9.6 9.6 9.49.2

10—

E
C

CO

CL

CI
C)

CL

0.8—

0.6—

0.4—

0.2—

0
0 50 100 150 200 250 300

d t „(ps)
0.2—

0
100 200 300

At „(ps)
400 500

FIG. 3. Measured unconditional pulse-amplitude po(q„)
and corresponding pulse-time-separation po(b, t„) distribu-
tions at the different indicated gap voltages, for relatively in-
tense uv irradiation of the cathode in a 100-kPa Np+ 20Fo Og

gas mixture. The distributions have been normalized to the
maximum values.

and

(34)

both decrease as V increases. At "low" uv intensity,
the data in Fig. 4 indicate that (q„) now increases for
increasing V, while (lD„) again decreases. Also at low

uv intensity, pp(q„) becomes sharply peaked at the high
end of the distribution. Contrary to suggestions from
earlier work, ~ the distributions pp(q„) are, in general,
asymmetric and therefore distinctly non-Gaussian.

The decrease in both (q„) and (At„) with increasing
V~ has been reported previously for "self-sustained"
Trichel-pulse discharges in air and oxygen. The self-
sustained discharge condition (which may be at least par-
tially sustained by field emission at the cathode) is simi-
lar to the high uv intensity case considered here. These
situations are similar in the sense that electron-emission

FIG. 4. Measured unconditional pulse-amplitude pp(q„)
and corresponding pulse-time-separation pp(b, t„) distribu-
tions at the different indicated gap voltages, for relatively
weak uv irradiation of the cathode in a 100-kpa Nq+ 20'%%uo Oq

gas mixture. The distributions have been normalized to the
maximum values.

rates that govern the pulse-initiation rates are high in
both cases. The values for (q„) implied by the pp(q„)
distributions in Fig. 3 are consistent in magnitude with
the results of Lama and Gallo for air extrapolated to the
point electrode radius used in the present experiments
that exceeds their largest by a factor of 2 (see Fig. 11
of Ref. 6). The pulse repetition rates implied by the
pp(Et„) distributions are also consistent in magnitude
with earlier results for air.

Figure 5 shows results for pp(q„) and pp(bt„) obtained
for diA'erent uv intensities I; at a fixed V, where Iq

& I& & I3 & . . The gas and electrode-gap condi-
tions are nearly identical to those that apply for the data
in Figs. 3 and 4. It is seen from Fig. 5 that the profiles
for pp(q„) and pp(b, t„) are very sensitive to uv intensity.
Both (q„) and (LD„) increase with decreasing I, . When

(Kt„) exceeds about 400 ps, as implied by the pp(Et„)
data in Fig. 5 for I6, pp(q ) becomes very narrow and as-
sumes a constant, nearly Gaussian shape for which (q„)
approaches a limiting maximum value, denoted here by
glim.

The time-separation distributions exhibit a limiting
critical minimum value At, which is nearly independent
of I;. As seen in Fig. 6, At, decreases with increasing
voltage, consistent with results previously reported by
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Mason and Young. This limiting time interval can be
identified with the time required for restoration of the
electric field near the cathode to the critical value re-
quired for initiation and growth of the next discharge
pulse. This time is governed by the ambipolar diffusion
of positive and negative ions away from the point. 8 7 It
can be expected that At, should decrease with increas-
ing V~ since the rate of ion diffusion will be enhanced
as the applied field increases. Provided the ion-diffusion
rate does not depend significantly upon the magnitude
of q„within the range defined by the pp(q„)'s in Fig. 5,
it can be expected that b, f,, will not change significantly
with I;. The present results suggest that At, is a more
well-defined characteristic of the discharge than the pre-
viously measured pulse frequency4 s given by 1/(b, t„).

The pp(At„) distributions shown in Fig. 5 exhibit
an exponential decrease for bt„& bt„ma„at a rate
d[logip pp(bt„)]/d(At„), which is proportional to I;.
This type of behavior is expected if the probability for
discharge-pulse initiation at any time after field restora-
tion is proportional to the rate of photoelectron release
from the cathode, which is, in turn, proportional to I, .
The probability for initiation of the (n+ 1)st pulse at a
time separation 6t„&6t„~~ from the previous pulse
can be expressed as

-4.0
100 200 300

dtn (lis)

400 500
pp (b.t„)d (b,t„)

FIG. 5. Measured unconditional pulse-amplitude pp(q„)
and corresponding pulse-time-separation po(At ) distribu-
tions at the difFerent indicated relative intensities of uv ir-
radiation I; (Ii & I2 & Is ) for a gap voltage of 9.0kV in
a 100-kPa N2 + 20Fo 02 gas mixture. The distributions have
been normalized to the maximum values.

300

(35)

where r„= b,t„—At„~,„, p(V, ) is a factor that depends
here only on V~, and the quantity in large parentheses
represents the probability that a discharge pulse will not
have been initiated for intervals in the range b,t„~a„ to
At„. The function that satisfies Eq. (35) is of the form

pp (Et„)= y (V ) I, exp [—y (V ) I; (bt„—b f„„)],
(36)

from which it is seen that

200
d [log„p, (b,t„)]/d (b,t„) ~ I, ,

—(37)

100

8.5
l

8.7 8.9
Vs (kV)

I

9.1 9 3 9.5

FIG. 6. Measured dependence of the critical minimum
pulse separation time Et, on applied gap voltage for two dif-
ferent intensities of uv irradiation. The At, were determined
from data similar to those shown in Figs. 3 and 4.

consistent with the behavior for pp(At'„) exhibited in

Fig. 5. This is identical to the Poisson distribution law

for time lags in the electrical breakdown of gases first
noted by von Laue.

The factor y(V ) is included in Eq. (35) because the
electric-field magnitude at the cathode is sufticiently
high [often in excess of 10s V/cm as estimated using
Eq. (40) of Sec. IVB] that the electron-release process
is expected to be a geld-assisted photoelectron emis-
sion, which is a well-known effect that has been observed
experimentally and is the optical analog of the Schot-
tky effect for thermionic emission from a cathode. The
pp(b, t„) data in Fig. 3 indicate that p(V ) increases with

V~ as expected. Because of this effect, perturbations of
the field at the cathode due to ion space charge from pre-
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figure.

the data for Figs. 3—5. As expected, q~; increases with
increasing V, .

The widths of the distributions pp(q ) as q ~ q[&~

will be limited by inherent statistical fluctuations in dis-
charge growth and gap conditions, e.g. , statistical varia-
tions in the exact position on the cathode surface from
which the initiating electron is released. For relatively
small pulses below about 50 pC, noise in the pulse-
detection circuit can limit the observable width of the
pulse-height distribution. This limitation was not en-
countered for any of the data presented here.

The negative-corona pulses reported by Van Brunt and
Leep in SFs that were found to be narrowly distributed
in amplitude but widely distributed in time are undoubt-
edly Trichel pulses that satisfy the first-pulse condition.
Similar pulses have recently been seen in SFs-02 gas
mixtures.

B. Behavior of p, (q„I&t„,)
and the (q„,Dt„,) correlation

The interpretation of data for po(q„) and po(b, t„)given
in Sec. IV A suggests that these distributions are not in-

dependent and that there must be a significant correla-
tion between the random variables q„and At„q. This
correlation was verified by measuring pi(q„~bt„ i) at
different 6t„ i. Examples of data on pi(q„~At„ i) for
N~+ 20'%%uo 02 are shown in Figs. 8 and 9, respectively, for
high and low levels of uv irradiation. The discharge-gap

I I

Np + 20% 02 High uv Intensity

Vq =9.4kV
—0

vious pulses might also have an influence on the proba-
bility of electron emission. Although such an effect ap-
pears to be relatively small for the Nq-Oq case shown
in Fig. 5, results presented later demonstrate that it is
significant in other gas mixtures. If space charge from
a previous pulse influences the rate of electron emission,
then y will depend on q„and At„q. In this case, posi-
tive correlations between bt„and q„(or At i) become
evident from the conditional distribution pi(b, t„~q„) [or
pi(At„~bt„ i)), as shown in Sec. IVC. The existence of
a significant correlation between q„and At„, can result
in a po(b, t„), given by Eq. (13), that may deviate in be-
havior from that implied by Eqs. (36) and (37).

The tendency for the po(q„) distributions to approach
a limiting narrow profile peaked at the high end for de-
creasing I; as seen in Fig. 5 indicates that for any given
set of discharge-gap conditions, there is a maximum mean
amplitude qi;~ that cannot be exceeded. This limit un-
doubtedly corresponds to the condition where the gap is

largely free of residuals from previous pulses. Pulses for
which q„qi; must therefore correspond to the "first-
pulse" condition (n = 1) considered by Morrow. is i9 Fig-
ure 7 shows results for po(q„) using N2+20% 02 for which
the uv intensity was kept very low so that (b,t„) ) 500 ps.
The gap conditions were similar to those used to obtain
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FIG. 8. Measured unconditional po(q„) and correspond-
ing conditional pq(q„(b, t„ i) distributions at 9.4kV for the
indicated values of Et„& which apply to relatively intense
uv irradiation of the cathode in a 100-kPa N2 + 20'Po02 gas
mixture. The distributions have been normalized to the max-
imum values. The solid lines are Gaussian representations of
the pq data which were used together with corresponding data
on po(At„ ) in Eq. (10) to give the predicted po(q„) distribu-
tion indicated by the dashed line.
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conditions used to obtain the results shown in Figs. 8 and
9 are similar to those that apply to Figs. 3—7.

The inequality pi(q„lbt„ i) g pp(q„) seen from the
data for allowed At„~ implies a dependence of q„on

i. The dependence is positive, i.e. , bt„ i 1'~ q„]'.
Because the widths of the pi(q„lEt„ i) are considerably
narrower than the width of the corresponding uncondi-
tional distribution pp(q„), the strong dependency condi-
tion defined in Sec. II B applies over at least a part of the
range of allowed Et„ i. The strong (q„,b,t„ i) depen-
dence was previously noted by Steiner2s and is indicated
here by the computed correlation coefficients R&„~&„,
shown in Fig. 10 for the case of high uv irradiation where

R&„«„,~ 1. At low uv intensity, R&„&&„,~ 0 as
V, decreases due to increasing contributions from time
separations above bfr (see Figs. 11 and 12) at which

pi(q~lE&„ i) ceases to depend upon Et„ i, i.e. , where

Mi(6&r, 6&„ i) = 0 for all dd„ i ) btr.
The interdependence of pp(q„) and pp(At„) was veri-

fied by using the measured pi(q„~b.t„ i) distributions to-
gether with the measured pp(Et„) in Eq. (10) to compute

pp(q ). The results of these calculations, indicated by
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the dashed lines in Figs. 8 and 9, are seen to agree satis-
factorily with the measured pp(q„), thereby demonstrat-
ing that the measured distributions are self-consistent
and the profile of pp(q„) is determined by the profile of
pp(Af„) and the dependence of q„on bf„

When computing the integral in Eq. (10), Gaussian
representations of the p~ distributions shown in Figs. 9
and 10 were used as indicated by the solid lines. However,
as shown by data for Ne+5%02 given in Sec. IV D, the
pi(q„lEt„ i) are generally non-Gaussian. In the case
of Ne+5%%uo Os& the measured pi(q„~6t„ i) can often be
satisfactorily represented by the sum of two Gaussians
given by
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FIG. 9. Measured unconditional pp(q„) and correspond-
ing conditional pq(q„~dt„ i) distributions at 9.0kV for the
indicated values of Dt„z which apply to relatively weak uv
irradiation of the cathode in a 100-kPa N2+20/p 02 gas mix-
ture. The distributions have been normalized to the maxi-
mum values. The solid lines are Gaussian representations of
the pq data which were used together with corresponding data
on po(At„) in Eq. (10) to give the predicted pp(q ) distribu-
tion indicated by the dashed line.

pi(q„lb, &„ i) = (2s)' '(ai+cos)
P

x exp —q„— ~ 2~,

+ c exp —(q„—Q2) /2os~

where c, o;, and Q; (i = 1, 2) are dependent on b,t„
and obtained from fits to the data. An example of the
b,t„ i dependences of the Q; parameters is shown in
Fig. 11 for results from a Ne+5%02 gas mixture to-
gether with corresponding data on pp(q~) and pp(At~).
The result of evaluating the integral in Eq. (10) using
the pp(Et ) shown in Fig. 11 and the above representa-
tion of pi(q„~Et„ i) are indicated by the dashed line and
seen to be in satisfactory agreement with the measured
pp(q„). Indicated in this figure is the critical time 6tr
above which the parameters in Eq. (38) cease to depend
on bt„ i and Qi ——Q2 so that pi(q„lh, t„ i) becomes
adequately represented by a single Gaussian which is in-
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FIG. 11. Measured unconditional pulse-amplitude po(q„)
and corresponding pulse-time-separation po(Zt„) distribu-
tions at 4.8kV for relatively weak uv irradiation of the cath-
ode in a 100-kPa Ne+5F0 Og gas mixture. Also shown are the
6t„depe dnen ices of the q s used in the double-Gaussian
representation of the corresponding measured pq(q~~Dt q)
distributions as given by Eq. (38) with the indicated q; s.
The values for I; and Atq are marked with vertical arrows,
and the dashed line represents pp(q„) predicted from Eq. (10).

dependent of 6t„
The dependence of q„on b.t„q implied by

pq(q„IAt„q) is that expected from the influence of the
moving negative-ion space charge in the electrode gap as
proposed independently by Lama and Gallo and Bugge. s

It is shown by these authors that several negative-ion
space-charge clouds from previous discharge pulses can
be present in the gap at the time a discharge pulse de-
velops (see Fig. 14 of Ref. 6). The effect of negative-ion
clouds anywhere in the gap is to reduce the electric-field
magnitude at the cathode below the value it would have
in the absence of such a cloud. This field reduction in-
hibits the growth of a discharge pulse. The greater the
distance of the space-charge cloud from the cathode, the
greater will be the field at the cathode and consequently
the larger will be the magnitude of a discharge that de-

velops at that time. As time elapses after the most recent
discharge event, the space charge moves further from the
point cathode thereby increasing the field in which the
next pulse develops. The positive dependence of q„on
At„ i can therefore be expected to hold until the critical
time b, tt is reached at which all the ions have arrived at

the anode. For At„q ) Lt~, the field at the cathode is
restored to its unperturbed value and q„~ q~;

The time b,tt can be estimated usings s

] Ztt

hatt - — atz[E (z)]-',
9 o

(39)

where p is the negative-ion mobility, zg is the point-to-
plane gap spacing, and E(z) is the magnitude of the elec-
tric field on the point-to-plane axis for distance z mea-
sured from the cathode. A reasonable estimate for E(z)
is given by

2V zgE()
I (4 ~

)g(z), (40)

g (z) = zg (2z + r, ) —z (41)

where r, is the cathode tip radius. This estimate ne-

glects the ion space-charge distortion of the field, since
it has been shown that this distortion has a minor ef-
fect on ion-drift times under conditions similar to those
considered here.

Figure 12 shows plots of q„~ „[ (q„(b,t„q))] for

pz(q„Ibt„q) versus At„z for different V, and for a
Np+ 20%op mixture with gap conditions like those used
to obtain the data shown in Fig. 4. The dash-dotted lines
correspond to the values for qi;~ and the vertical arrows
correspond to computed Atg values obtained from Eqs.
(39)—(41) for the appropriate gap geometry and assuming
a reasonables 40 value for p of 2.7cm2/ Vs. The com-
puted Atg are seen to correspond approximately to the

q values at which the q„m~ versus 4t„ i curves
in Fig. l2 level oH' toward q~;~. This is also consistent
with the behavior of p&(q„IAt„q) implied by the data
in Fig. 11 for Ne+5Fo02. The b,tt values agree with
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the ion transit times estimated for smaller gaps in air by
Lama and Gallo. s The implied dependence of Att on z4
was evident from measurements made in air using gap
spacings from 0.2 to 10.0cm. However, due to the wan-

ing influence of ion space charge with increasing distance
from the cathode, Ltg becomes less clearly defined as zp

increases.
The strong dependence of q„on At„ t results from the

sensitivity of discharge pulse growth to small changes in

the electric field near the cathode. This sensitivity, as
noted by Lama and Gallo, is due to the exponential de-

pendence on field of the ionization processes that control
discharge growth (also see Sec. IV E). The strong positive
dependence of q„on At„~ appears to be a general char-
acteristic of the Trichel-pulse phenomenon that applies
over a wide range of conditions. 28

C. Behavior of p, (Dt„[q„) and p, (Dt„~Dt„,)

The po(b, t„) data for Ne+5%09 shown in Fig. 11 ex-
hibit a behavior for At„& b,t„m~„ that is not consis-
tent with Eq. (36). This suggests that the initiation of
a discharge pulse is influenced not only by photoelec-
tron emission via uv irradiation of the cathode but also

by self-excitation or retardation processes whereby resid-
uals from earlier pulses serve to either enhance or in-
hibit the rate of electron release at the cathode. The
extent to which self-excitation or retardation processes
contribute is revealed from measured conditional time-
separation distributions pt(Et„~q„) and pt(bt„~bt„ t).

Shown in Figs. 13 and 14 are data from pt(Et„~q„)
and pt(Et„~b, t„ t) measurements, respectively, in

Ne+5%%uo09 and N2 + 20%09 gas mixtures for a rela-
tively high level of uv irradiation comparable to that for
the It case shown in Fig. 5. The conditional distribu-
tions are compared with the corresponding unconditional
distributions po(At„ ) indicated by the dashed lines in
both figures. Correlations between the pairs (At„, q„)
and (bt„,bt„ t) for both mixtures are indicated by the
lack of equality between the conditional and uncondi-
tional distributions. The correlations are strongest in
the case of Ne+5%02 for which the dependence of At„
on q„ is positive, i.e. , q„f~ bt f. Consistent with
this behavior, it is seen that At„ t f~ At„]' as re-
quired by the arguments in Sec. II D. The signs of these
dependences for the N2 + 20%09 mixture are opposite
to those for the Ne+5%%uo02 mixture, i.e. , q„]'~ bt„$
and b,t„ t ]'~ b,t„J,. In both cases, the arguments
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tions at the indicated At„& and q„values for a 100-kPa
Ne+5'%%uo02 mixture (V = 4.1kV). The distributions have
been normalized to the maxima.

FIG. 14. Unconditional [po (At )] and conditional
[pq (At„~A4 q) and pq (Dt~ ~q„)] time-separation distribu-
tions at the indicated At„z and q„values for a 100-kPa
N2 + 20%%uo 02 mixture (V = 9.1 kV). The distributions have
been normalized to the maxima.
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in Sec. II D hold because the relatively high level of uv
irradiation ensures that there is the required strong pos-
itive dependence of q„on At„q over the entire range of
time separations defined by po(At„ ) (see Fig. 10). Nev-

ertheless, as shown by data in Sec. IVD, the relatively
strong positive dependences between the pairs (At„, q„)
and (At„, At„ i) can persist even for weaker uv irra-
diation. A negative dependence of Lt„on At„ i was
previously reported by Mason and Young for negative-
corona pulses in air which is comparable to the N2-02
case considered here.

One can only speculate at this time about the mech-
anisms responsible for the two different types of correla-
tions implied by the results shown in Figs. 13 and 14.
A careful investigation into the particular gap condi-
tions that affect the observed behaviors of pi(At„~q„)
and pi(At„~At„ i) has not yet been undertaken. Mea-
surements performed for varying [Ne]/[02] ratios appear
to indicate that the transition from positive to negative
dependences occurs as the relative O~ content in the gas
increases. In Ne+95'%%u00~ and pure Og, the behavior is

more like that found for the Nq + 20%02 case. Thus,
although it appears that gas composition is relevant, it
should be noted that in order to sustain the discharge, it
is necessary to increase the electrode-gap voltage V~ as
the 02 content increases. This corresponding increase in

V, suggests that the electric-field intensity at the cathode
may also be a relevant factor.

The behavior found for the Ne+5% 02 case is that ex-
pected if the presence of ion space charge from the pre-
vious pulse acts to suppress the release of electrons from
the cathode. This expectation is reasonable if electron
release is primarily due to a field-assisted photoelectric
effect s so that reductions in the field at the cathode by
moving space charge serve to inhibit electron emission.
An increase in q„corresponds necessarily to an increase
in the local negative-ion space-charge density, which in
turn reduces the rate of electron release and correspond-
ingly the probability for initiating the next pulse. The
behavior of pi(At„~q„) indicated in Fig. 13 suggests that
negative-ion space charge may reduce t, he cathode field
enough to nearly turn off the electron release process for
a significant interval of time following a "large" pulse.

The negative dependence of At„on q„ found for
N2 + 20'%%u002 indicates that the probability for initiat-
ing a discharge pulse increases as the size of the previous
pulse increases. This is possible if residual positive ions
or metastable species from the previous pulse contribute
to the release of initiatory electrons from the cathode.
Because of the relatively long minimum times between
pulses (greater than 50 ps), it is likely that metastable
states have a more significant effect since positive-ion
clearing times near the cathode should be comparable
to At, as noted by Lama and Gallo and Bugge.

It was not possible to identify the role of specific
metastable states that could yield initiatory electrons
when quenched at the cathode surface. The a A~ and
b E+ metastable states of 02 can be produced in the

discharge and are not readily quenched by collisions with
either nitrogen or oxygen molecules. The A E+
state of N2 has a long radiative lifetime (1—2 s), but
is more readily quenched by collisions than the 02
metastable states and may therefore have relatively less
influence on secondary-electron release at the cathode
under conditions of high gas pressure considered here.
Its contribution to secondary-electron release has, never-
theless, been observed in low-pressure discharges. 4 ~ In
the Ne-02 mixtures, the role of neon metastable states
should also be considered, although the rates for colli-
sional quenching of these metastable states in 02 appear
to be about two orders of magnitude higher than the rate
for quenching the nitrogen AsE+ state. 4s

For quenching of the 02 a 'A~ state to be a source of
secondary electrons at the cathode, a sufficiently intense
electric field must be present to reduce the effective work
function of the stainless steel by at least 3eV below that
which it would have in the absence of a field. This
might explain why the negative dependence of Lt„on
q„appears for mixtures with relatively high Oq concen-
trations for which higher voltages are needed to sustain
the discharge. If field strengths are high enough for a
field-assisted photoelectric effect, then field-assisted elec-
tron ejection by quenching of metastable states at the
cathode surface would appear to be energetically possi-
ble. However, direct experimental confirmation of such a
quenching process has yet to be reported. The presence
of a high field could also infiuence the quenching of other
more energetic metastable states such as the 9 and D
metastable states of atomic oxygen. It was found that
even for the Ne+5'%%uo Oq mixture, the sign of the (At„, q„)
dependence becomes negative at higher V, at which the
discharge is largely self-sustained.

It should be noted that the space-charge effect that
gives a positive dependence of At„on q„ is operative
independent of whether or not metastable states con-
tribute to discharge-pulse initiation. When the negative
(At„, q„) dependence occurs, the effect of the metasta-
bles evidently overcomes that of space charge.

(q„(q„ i, At„ i)) = q~p (q~2~At~-i, q~-i) dq~,

(42)

D. Behavior of p, (q„~Dt„,, q„,)
and p, (q„)&t„„Dt„,)

From the results presented here on p2(q„~At„ i, q„ i)
and p2(q„~At„ i, At„2), it will be seen that relatively
strong dependences of q„on q„ i and on At„2 are pos-
sible for fixed At„ i which depend on the gas mixture
used. Examples of data for the distributions po(q„),
pi(q„~At„ i), and p2(q„~At„ i, q„ i) obtained under
the same conditions for a Ne+5% 02 gas mixture are
shown in Fig. 15. The gap conditions are similar to those
that apply for the results shown in Fig. 11.

It is seen from these data that
p2(q„~At„ i, q„ i) g pi(q„~At„ i), and the expectation
value (q„(q„ i, At„,)), given by
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increases for decreasing q„~ at the indicated fixed values

for b,t„r of 177, 197, and '217lus. Since the widths of
the p2 distributions are much smaller than the widths
of the corresponding pq distributions, it can be argued
that there is a strong dependence of q„on q„& which

applies at these At„~ values. Evidence for a negative

(q„,q„&) dependence was seen previously in the work of
Cross and co-workers for Trichel pulses in low-pressure

02 (see Fig. 12 of Ref. 13).
The dash-dotted lines in Fig. 15 represent Gaussian

fits to the p2 distributions which were used together
with the data shown for po(q„) and a parametrized
form for pr (6t„lq„) in Eq. (14) to obtain computed

pr(q„lbt„r) indicated by the dashed lines. Under the
conditions that apply for the data in Fig. 15, it was

found that, in the approximate range 150 ps At„
300 ps, pr(kt„rlq„r) takes the form

pr (+t~—1 lq~ g) ~q exp ~q (q11 r pq) (43)

where uq and lgq are constants that satisfy the require-

ments ~q ) 0 and pq qI; . The constant Aq is neces-

sary for proper normalization, but becomes irrelevant in

Eq. (14) if pr(q„lAt„r) is normalized to the maximum
value as in Fig. 15. The factor po(dd„q) in Eq. (14) is

also irrelevant for the same reason. The values for uq and

P» that were used to obtain the dashed lines in Fig. 15

TABLE II. Parameter values for p& (At„& l q„1)
[Eq. (43)] used in Eq. (14) to obtain the dashed-line repre-
sentations for pr(q„lAt„1) in Fig. 15 at the indicated Ar~
values.

(ps)

177
197
217

~. (p& ')
0.823 x 10
1.18 x 10 '
1.22 x 10

&. (p&)

350
336
355

at the indicated time separations Lt„q are listed in Ta-
ble II. In this case it is seen that t, he Pq are all slightly
larger than the corresponding qI; value of 320 pC given

by the po(q„) data in Fig. 15.
The approximate form for pI(bt„rlq„q) given by

Eq. (43) is consistent with experimentally observed
trends, as indicated by data in Fig. 16, which apply to
conditions similar but not identical to those for Fig. 15.
For the conditions that apply to Fig. 16, it is evident
that Eq. (43) becomes a reasonable representation for

pr(bt„rlq„r) when bt„r is somewhat greater than
170 ps. In the Af„r range 150—170 ps, p1(6&„qlq„~)
shows much less variation with q„~ than implied by
Eq. (43), and for suKciently low At„r, PI (bt„r lq„q)
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The dash-dotted lines are Gaussian representations of the p2
data used together with the pll(q„) data and p1(At„r lq„r)
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predicted pr(q lEt„r) indicated by the dashed lines at 177,
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FIG. 16. Conditional time-separation distribution

pr(Er„lq„) plotted vs q„ for the indicated Dt„r values (top)
and vs Ar„ for the indicated q„values (bottom) for conditions
similar to those that apply to Fig. 15.
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decreases rapidly with q„q as indicated by the 140ps
curve in Fig. 16. The general trends implied by the data
in this figure apply over a wide range of conditions. It
should be noted that the variations in the shapes of the

pI (q„lLD„ I) distributions with Af„ I can be accounted
for by the variations in the behavior of
~ ~

pl y n —i [qn —1)
implied by the results in Fig. 16. If pz(Et„qlq„q) is
assumed to be constant (independent of q„q) as is ap-
proximately true for Lt„q in a narrow range around
150 ps, then the pq(q„lAt„~) assume shapes similar to
that indicated by the 147 ps data in Fig. 15. In this case
the shape is a compressed, inverse reflection of the po(q„)
distribution due to the negative (q„,q„q) dependence.
Thus variations in the p~(q„lAt„q) profile of the type
seen here imply a significant dependence of Lt„on q„.

Figure 17 shows results for the po(b, t„),pq(q„lAt„q),
an pz(q„lLQ„q, At„z) distributions obtained for a
condition similar to that which applies to the data in

Fig. 15. From the data on p2 it is seen that there is a
negative dependence of q„on At„~ as required by the
corresponding negative (q„,q„q) dependence and the
strong positive (q„,At„q) dependence (see Sec. II E.).
Moreover, the correlation between q„and At.„z at the
indicated At„q values appears to satisfy the strong-
dependency condition.

The dashed curves at 177, 197, and 217 ps are the
results of performing the integral of Eq. (18) in which
Gaussian representations of the pz distributions shown
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for ~At ~ Apq( „ql t„2). In this case the conditional time-
separation distribution was given the form

p~ (bt„q Ib,f„z)= Aq exp —u, (P —Et, )

(44)
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FIG. 17. Measured po(Dt„), pq (q„lAr„q), and

p2(qta I+rra —1 &
+rn —2) distributions for the indicated values of

At„q and At„2 at V4, = 4.8kV in a 100-kPa Ne+5%02
mixture. The dash-d otted lines on Gaussian representations
of the p2 data used together with the po(Dr„) data and
pq(Ar„q IAt„) given by Eqs. (44) and (45) (also see Table III)
in Eq. (18) to obtain the predicted pz(q„lAr„q) indicated by
the dashed lines at 177, 197, and 217 ps.

for At„2 & Pq, and

p, (b.t„,lb.&„,) = A, (45)

for b.t„z & P).
Triis is the approximate form suggested b the

pI( „Ibt„q) data shown in Fig. 18. When At„
se y e

exceeds about 180 ps, the parameter Pq approaches the
value of Atg, which for the data in Fig. 17 is about 410 ps.
T e values of the parameters used in E . ~44~ t btq. ~ j oo ain

e ca culated pq(q„lb, t„q) in Fig. 17 are given in Ta-
ble III.

The observed negative dependence of q„on q„y (and
correspondingly of q„on dd„2) in the Ne+5%0& gas
mixture can be qualitatively accounted for by the eHect
of the negative-ion space charge from the previous dis-
charge pulse on suppressing the growth of the subsequent
pulse. In this case it is the size of the space-charge cloud
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tial stages of Trichel-pulse formation. It is also this factor
that comes into play in accounting for the strong depen-
dence of q„on At„

To determine the plausibility of the suggested influ-
ence of metastable species on local ionization-coeFicient
enhancement near the cathode, estimates were made of
the resident times for metastable states in the active re-
gion of the cathode defined by the Geballe-Reeves break-
down criterion, 54 namely that region where e; ) g, . The
spatial extent of this region for the case of unperturbed
fields was estimated using Eqs. (40) and (41) and the rec-
ommended valuesss for a; and g, that apply to air and
therefore to the Nz+ 20% Oz mixture. The active region
was assumed to be approximately spherical of radius
R«,t. The value for ~„;q corresponds to z, /2, where

E(z,) is the axial field strength at which a, = g~. Note
that Eq. (46) requires that the initial electron-avalanche
growth cease if z ) z, .

The rate equation for neutral metastable-species trans-
port in the gas is

t
= DV p(r, t) —Ir, Np(r, t) —(1/r ) p(r, t).

+crit OO

F (t) = rzp(r, t) dr r p(r, t) dr,
0 0

(50)

Here p(r, t) is the metastable density at position r and
time t, D is the metastable diffusion coefficient, k is
the rate coefficient for collisional quenching, and r is
the radiative life time. Only metastable states for which) At, are considered here; thus the last term on the
right-hand side of Eq. (49) can be neglected. Assuming
spherical syrnrnetry, Eq. (49) can be solved to give the
fraction F(t) of metastable states remaining in the vol-
ume V„;q defined by r & R „;,at a time t after cessation of
a discharge pulse. Consistent with the experimental con-
ditions, the diameter of the discharge vessel is assumed
to be much larger than R,„;t so that wall effects can be
neglected.

If the discharge pulse leaves a uniformly distributed
metastable density po that is confined to V„;q, then it
can be shown from the solution of Eq. (49) that

(49) where

zps exp (—k N&) '"", ( rz —r—'z+2rr''t ( r2 —r'2——2rr' i

(4 )s~'(Dt)'~'~s . & 4D~ i & 4D&

If the metastable species are to be eff'ective in modify-
ing n; at the time of the next pulse, a significant fraction
must remain in V«, q for 4t„~ & At, . The collisional-
quenching rate must therefore satisfy the condition

k & (NEt, ) (52)

For b,t, in the range 10—300 ps at atmospheric pressure
(see Fig. 6), Eq. (52) requires that k lie above the
corresponding values 4.0 x 10 i to 1.4 x 10 ' cm /s.
This condition is satisfied by the a 'b,

~ and b 'E+ states
of oxygen, "i 44 but not by the metastable states of ei-
ther nitrogenous

4s or neon. 4s In the case of the oxy-
gen metastable states, k « (NAt, ) and therefore
exp( —k Nt) 1 in Eq. (51). This approximation may
also apply to long-lived, vibrationally excited N2.

Results of computing F(t) in the case where collisional
quenching can be neglected are shown in Fig. 20. It is
seen from this figure that, independent of the assumed
value for D in the range 0.5 x 10 to 5.0 x 10 "cm /s, a
significant fraction of the metastable species is present in
V„;~ for times up to 100ps after cessation of the discharge
pulse. Thus it can be concluded that metastable species
generated in a discharge pulse remain near the cathode
for times long enough to influence development of the
next pulse.

The extent to which metastable species inQuence dis-
charge growth depends on po, i.e. , on the number pro-
duced in V«, q. It should be realized, however, that the

1.0
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JQ
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0.2—
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log~o [At (tis}]

0, at100kPa
1 cm
x10 7

x10
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FIG. 20. Calculated fraction of metastable states remain-
ing in the critical volume V„;~ near the cathode at a time Dt
following cessation of a discharge pulse for different assumed
values of the diffusion coe%cient.

I

eRect of metastable species on the gas ionization coeffi-
cient can be disproportionately larger than implied by
their relative densities. This is due to the fact that
metastable species have a significantly lower ionization
threshold than the corresponding neutral molecules in
their ground state. The local ionization coefficient in the
gas at any time t is given by
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n;(r, t) = (2m, )'~ (NW )

x ) p Ie +) pt(r t)It't.

0.03

Va ——6.5 kV Ne+ 5% Q

where

Itr —— ef (r, t, c)o'r, (e) de, E = j or k. (54)

In Eqs. (53) and (54) m, is the electron mass,
N(= P& p&) is the total particle density, W is the elec-
tron drift velocity, p& is the local density of the jth neu-
tral species in the ground state, py is the density of the
kth metastable species, e is the electron translational ki-
netic energy, cp is the ionization threshold energy for the
8th species, p'1, (c) is the electron-impact ionization cross
section for the t'th species, and f~ is the kinetic-energy
distribution of the electrons. In general, N, lV~, pz, p~,
and f depend on r and t How. ever, if N )& p~ for

any k, then the dependence of n; on t is primarily that
due to pa(r, t) The sp. atial dependence of o.; is governed

by the field and the density distribution of the diffusing
metastable species.

Because the ionization thresholds e~ typically have val-

ues that fall in the high-energy tails of f at moder-
ate E/N for which cr, & g„ it can be expected that I&r

will increase rapidly with decreasing cp. Thus even rel-
atively small metastable concentrations can be respon-
sible for disproportionately large enhancements in e;.
The influence of low metastable concentrations on gas-
ionization rates manifests itself in the well-known opto-
galvanic effect, ss which has been observed in both neon
and nitrogen discharges at low pressures.

E. Behavior of p( q~ „q,) and p, (q„)At„~), j & s

If relatively strong dependences of q„on dd„q (or
q„q) occur at a fixed value of Et„& as implied by
t a a o pg(q„~Et„g, b,t„g) and pg(q„~b.t„g,q„g),
respectively, then it can be expected from Eqs. (20)
and (15) that dependences of q„on b,t„q (or q„q) will

exist independent of b,t„q. The sign of the (q„,At„q)
dependence implied by Eq. (20) depends on the signs
and relative strengths of the dependences between the
pairs (At„q, b,t„q) and (q„, b,t„z) for fixed At„
and should be the same as that for the (q„,q„q) de-
pendence.

Figure 21 shows examples of measured pq(q„~At„q)
and pq(q„~q„~) distributions for difFerent indicated
values for At„~ and q„~. The results are com-
pared with the corresponding unconditional distribu-
tions pp(q„), indicated by the solid lines. The ex-
pectation values (q„(bt„q)) and (q„(q„q)) decrease
with increasing At„~ and q„q, respectively, thus giv-

ing negative dependences, i.e. , At„q $W q„$ and

q„q f~ q„$. The measured pq(q„~b, t„q) distribu-
tions are consistent with the corresponding measured
distributions pq(bt„q ~dd„q) and pq(q„~bt„q, dd„q)
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FIG. 21. Measured conditional pulse-amplitude distribu-
tions pq(q„~bt~ z) and pq(q~~q„q) at the indicated gap volt-
age and values for Dt„z and q„z in a 100-kPa Ne+5%0g
gas mixture.

as determined by Eq. (20), which applies for a strong

(q„,6t„&) dependence. Because of the relatively high
value of V, and low uv intensity, both the (q„,q„q)
and (b,t„q, b.t„z) dependences were negative. There-
fore the efFect of py in this case was to reinforce the

(q„,At„z) correlation implied by pz in Eq. (20). Be-
cause of the strong (q„q, At„z) dependence, the mea-
sured pq(q„~q„q) distributions in Fig. 21 behave like
the pq(q„~6t„z) distributions and are consistent with

Eq. (15) as discussed in Sec. II E.
The measured pq(q„~b. t„z) for the Nz + 20% Oq

mixture did not generally deviate significantly from

pp(q„). This is probably due largely to the fact that,
in this case, the observed dependence of q„on At„
for fixed Lt„~ was considerably weaker than in the
Ne+5%0q case. Note that in the limit of very weak
correlations where pz(q„(4t„q & At„z) pq(q„~At„q)
and py(At„y ~At„g) pp(6t„y), Eq. (20) reduces
to Eq. (10), which simply gives pp(q„). Also, in the
Nz +

20%%uo&

case, the signs of the (q„,At„z) and
(bt„q, bt„q) dependences implied, respectively, by pq
and pq in Eq. (20) tend to counteract each other.

A comparison of results obtained for pq(q„~At„z),
j = 1, 2, 3, 4, from a Ne+5%0q mixture is shown in
Fig. 22 for two diR'erent gap voltages and three diferent
values for At„&. These results represent fits to the nu-

merical data that have been normalized to the maxima.
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The lowest dd„ f values correspond to time separations
closest to b, t, in the po(At„) distributions, whereas the
intermediate and largest values correspond, respectively,
to the maxima and high ends of these distributions.
The ratios of expectation values, {q„(b,t„z))/(q„), ob-
tained from the corresponding distributions in Fig. 22,
are shown graphically in Fig. 23. Here {q„)corresponds
to po(q„) as given by Eq. (33). The bars shown in Fig. 23
represent the approximate limits for statistically signifi-
cant differences between (q„(b,t„z)) and {q„)and pro-
vide a measure of the extent, to which the pq(q„lAt„ f )
and po(q„) distributions differ.

The previously discussed positive (q„,At„&) and neg-
ative (q„,b,t„g) dependences are clearly demonstrated
in Fig. 23. A statistically significant positive (q„, b,t„s)
dependence is evident from the 7.2-kV data. The 6.8-kV
data suggest a nonmonotonic behavior in the (q„,b,t„s)
dependence. Nonmonotonic behavior in the sign of the

(q„,6t„s) dependence occurs under some conditions.
However, for the data shown in Fig. 23, it is of question-
able statistical significance.

Except at the very lowest At„~ values, the
pq(q„lAt„4) distributions did not differ significantly
from the corresponding po(q„) distributions. The
pq(q„lEt„4) results generally exhibit the hint of a neg-
ative (q„,At„4) dependence over at least the lower
part of the At„4 range. The lack of equality between

Pq(q„ldd„z) and Po(q„), which can occur even for j = 4,
unequivocally shows that memory extends back consid-
erably beyond the preceding event. This agrees with

recent observations of Steiner2 by a completely differ-
ent method and conclusively demonstrates that Trichel-
pulse corona is indeed a non-Markovian stochastic pro-
cess. The alternating signs of the correlations with in-
creasing j are consistent with the arguments in Sec. II F.

In the present experiment, only conditional pulse-
amplitude distributions up to second order could
be measured {see Table I). However, the data for
pz(qulAtn 1 qa-t) and p2(qnl+tn-t, +tu 2) shown in

Figs. 15 and 17, respectively, indicate that it would be
difBcult to observe correlations between q„and either
q„p or Lt„3 even if p3 distributions could have been
measured. This is a consequence of inherent limitations
in the instrumental resolution such as determined by am-
plifier noise and number of MCA channels. Thus, al-

though memory may extend indefinitely back in time,
there are instrumental limitations to assessing the extent
of memory propagat, ion for large values of j (j 4 in the
present case). It is shown in the Appendix that, for the
present experimental situation in which second-order cor-
relations between q„and At„2 can easily be resolved,

j = 4 is the lowest value of j for which the profiles of
the pq(q„lAt„z) and po(q„) distributions could become
indistinguishable at all allowed values for At„&.

V. SUMMARY AND CONCLUSIONS

The experimental results presented here demonstrate
unequivocally that the Trichel-pulse discharge phe-
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nomenon is a stochastic process in which memory effects
play an important role. This phenomenon represents one
of the clearest examples of a non-Markovian, marked ran-
dom point process with stochastic properties that can be
completely and unambiguously characterized by appro-
priate measurements. Any attempt to formulate a theo-
retical model that can account for regular Trichel-pulse
behavior beyond the first pulse, i.e. , for n ) 1, must
necessarily include efFects of memory.

The stochastic properties of Trichel-pulse discharges
determined here from the direct measurement of con-
ditional and unconditional pulse-amplitude and time-
separation distributions can be attributed to the influ-
ences of ion space charge and metastable species from
previous pulses on the initiation and development of sub-
sequent pulses. The predominant and most ubiquitous
memory effect is that associated with the influence of the
moving negative-ion space-charge cloud from the most re-
cent pulse on the growth of the subsequent pulse. The
influence of this space-charge cloud in suppressing the
rate of initiating-electron release from the cathode is also
evident in data from Ne+5%02. Mixtures that contain
a higher relative 02 concentration, i.e. , N2 + 20%Op,
Ne+95%02, and 02, show indications of the influence of
metastable species from earlier pulses on both the initi-
ation and growth of subsequent pulses. One explanation
for an increasing effectiveness of metastables in releasing
electrons from the cathode with increasing 02 content
may be the corresponding higher fields required to initi-
ate the discharge with consequent enhancements in field-
assisted electron ejection by quenching of metastables on
or near the cathode surface.

The unconditional pulse time-separation distributions
exhibit well-defined critical minimum time separations
4t, below which subsequent pulses do not occur. The
minimum time separation determines the maximum
pulse repetition rate that can occur under any given set
of gap conditions and is physically more significant and
better defined than the previously measured pulse rep-
etition rate. For uv-sustained discharge pulses, At, is
independent of uv intensity but increases exponentially
with decreasing gap voltage and evidently represents the
time for restoration of the field near the cathode to a
value required for initiation and development of the next
pulse. This time is controlled by the ambipolar diffusion
of ions produced during the most recent discharge event.

When discharge initiation is controlled predominantly
by field-assisted photoelectron emission at the cathode,
the pulse time-separation distributions exhibit tails at
the high end that decrease exponentially at a rate which
increases with increasing uv intensity and are consis-
tent with a von Laue distribution. At low uv intensity,
the unconditional pulse-amplitude distributions become
sharply peaked at maximum values q~; which increase
with gap voltage and correspond to the largest pulses
that can be formed in a gap free of space charge. The
observed behavior of the unconditional pulse-amplitude
and time-separation distributions are consistent with all

previously published data on the electrical characteristics
of Trichel pulses.

Because of strong correlations that occur among pulse
amplitudes and time separations, the conditional and un-
conditional pulse-amplitude and time-separation distri-
butions have mutual dependences that can be predicted
successfully using appropriate integral relationships that
connect these distributions. The measured conditional
distributions also give the required consistency in the
signs of dependences between the pulse-amplitude and
time-separation variables. Strong correlations were not
only found between q„and At„ i, but also, in some
cases, between q„and q„ i and between q„and At„z for
fixed Et„ i. Significant dependences of At„on q„and
b,f„ i were also found. From the measured conditional
distributions pi(q„~bt„z), correlations were shown to
exist between q„and all b,t„~,j ( 4. Because of the de-

pendences of q„(or b,t„) on b,t„ i and q„ i, "memory"
can extend back to a large number of earlier events in
a Trichel-pulse corona. Experimental limitations to ver-

ifying the extent of memory propagation by the present
method have been analyzed.

In the present work, the discharge pulse amplitude was
chosen as the "mark" that gives a measure of the dis-
charge magnitude. There are other marks associated
with other characteristics of the discharge pulse that
could be considered. Amplitude was selected not only
because it is a measure of discharge intensity but also
because it can be measured easily. Other less easily mea-
sured marks such as the pulse shape parameters might
also be correlated significantly with pulse-time separa-
tion as suggested by Morrow. 8 Additionally, one could
consider optical emission characteristics of the discharge.
It should finally be noted that the measurement method
applied here to investigate Trichel pulses could also be
used to measure stochastic behavior in other types of
pulsating or time-ordered phenomena that can be repre-
sented as random point processes for which the appro-
priate marks can be converted to electrical signals that
increase in proportion to the magnitude of the mark.
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APPENDIX
It was demonstrated from the results presented in

Sec. IVE that for suf5ciently large j, the profiles for
the pi(q„~b,t„z) distributions become indistinguishable
from the profile for the unconditional pp(q„) distribution.
The conditions under which this equality between pi and

po holds will now be examined for the case of a strong
positive dependence of q„on At„ i. From the law of
probabilities, the integral relationship for pi(q„~b, t„~.)
which applies in general for arbitrary j & 1, is
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pi (qn l«n j)

t n —g+I n —g+1
»(q- j+-il&t- ~)»(&t- ~+ilq- g+-i, &t- g)-

f, :2
p2i —i (qn —jpi l {«n—k i qn —k }i &tn —j)

a=2
p2i (+tn j+—1 lqn j+—i {+tn—k qn —k } +tn j)—

x dq„;d («„,), (A 1)

where k assumes all integer values in the range

j —i+1& k & j —1.

In the case of a strong (q„, At„&) dependence as defined in Sec. II B, Eq. (Al) reduces to

pi(q I« -j) = " p2 ~(q I{« -e})
Bt„ b,t„,+,

where 8 = 1, 2, . . . , j and j —i + 1 C k & j. In deriv-
ing Eq. (A2) from Eq. (Al) it is necessary to use the
normalization condition Eq. (1).

Consider the following four special cases such as might
be imposed by instrumental resolution.

Case 1:
and

1& i &j —1 (A5)

p2 -i (&t--j+*I{«--~})d («--*), (A2)
i=1

I

p2a-i(«n-ji* l{&tn-a })= pi(&tn j+*l&tn-j i+~)-, -

»j-2(q l{&t -e})= J2(q I« -i « -2),

j & 2, 1 & E & q (A3).

p, («„, ;l«„, ; ) = p, («„, , )

for all k & l.
Case 4:

(A6)

Case 2:

p'ej 2(qn I{+tn —e})= ps(qn l«-n-I &
Atn 2& Atn 3),-

j & 3, 1 & I & j. (A4)

Case 3:

2pi 1(& tnel-{«na}) = p2(&tn-el«n-e-i ~ «n-e-z),

E= j —i (A7)

and

~ po(«n e) for m and m' & 3
p2(«n-el« -e-~, « -e-~ ) = & pi(«n-el«n e) for m = 1, m' & 3

, pi(«n-el&tn e 2) for rn = 2, m' & 3.
(A8)

Case» (and 2) corresPond, resPectively, to situations where correlations between q„and Qt„s (or q„and Qt„&)
either do not exist or cannot be experimentally ascertained. Likewise, cases 3 (and 4) correspond, respectively, to
situations where correlations between b, t„and b,t„2 (or «„s) either do not exist or cannot be experimentally
ascertained.

Inserting the combination of cases 1 and 3 into Eq. (A2) gives

»(q I« -j) =
tn-I t n —g+1

p~(q„l«„ i, «„2) pi(At„, +, lAt„, +, i) d(bt„, ) (A9)

Using the integral relationships

p, (d t„;)l«„;,)p, («„;,l«„;,) d(«„, , ) = p, («„,l«„, ,) = p, (At„,) (A10)
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and

(A 11)

Eq. (A9) becomes

-2
pO(+t —2)pl(+t —1l+t —2)p2(q l&t -t, &t 2) d(+t —1) d(+t —2), (A12)

which is simply

(A13)

provided j & 4.
Using the combination of cases 1 and 4 in Eq. (A2)

together with the integral relationship

Pg(At„; Alt„, g)P2(bt„;+glbt„„At„; g)

= pi(&&a-t+zlAt„;+()pr(btn-s+ilbt„; g)

(A14)

I

gives Eq. (A13) if j & 5. It can also be shown that the
combination of case 2 with cases 3 and 4, respectively,
give Eq. (A13) if j & 5 and 6. The above arguments can
obviously be extended to cases where higher order cor-
relations between q„and At„, (i & 3) or between At„
and 6t„;(i & 3) can be distinguished. The combination
of cases 1 and 3 correspond to the lowest order of cor-
relations implied by the present experimental situation.
Therefore j = 4 is the lowest j for which Eq. (A13) can
be expected to apply, especially for the Ne+5% 02 results
presented here. This appears to be consistent with the
data shown in Sec. IV E. The limitations on noise level in
the measurement of higher-order conditional probability
distributions for a time-ordered process has previously
been noted by Packard and co-workers. s2
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