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Abstract. When the series of voltage pulses is applied to a gas-filled discharge tube, one
observes that a breakdown and the subsequent discharge will influence the probability of the
next breakdown. Repeating the measurement of the breakdown delay tirapy times we

can determine the distribution efand subsequently decompose breakdown delay time into a
formative time lag and the statistical delay time. Our measurements show that even a
measurement taken 10 min after the last breakdown is influenced by it. The processes in a
volume being unimportant due to a flow mode of operation, it is proposed that the memory
effect is caused by some surface processes. The experiments are carried out in a discharge
tube with two plane-parallel electrodes separated by 2 cm in a pressure range of several Torr.
In this paper, dependences of both statistical delay time and formative time lag on the
repetition rate, discharge duration and anode voltage are presented.

1. Introduction development of a discharge will be faster. When the number
of initial electrons is very large, qualitatively different
Thetime required for an electrical discharge to establish itself phenomena may occur.
after the application of a voltage is of considerable scientific The initial electrons are produced by natural causes, like
and practical interest. Rapid discharge switches are used incosmic rays or the radioactive background of the Earth, or
many applications. Often low delay and jitter are considered by artificial ionizing agents, most often the UV illumination
as very important [1], and thus they are decreased by theof the cathode. Free electrons and/or the active particles,
presence of some ionizing agent. The lifetime of active capable of producing them, may also rest in a discharge
particles in the afterglow is another interesting problem. volume after the discharge is switched off. Their number
For example, the proper function of high-voltage devices, decreases with time but in comparison with the natural
used in power applications, depends on the time neededcreation ratg10 e (s cn?)~! in air at atmospheric pressure
for restoration of the dielectric strength of a gap after the [8]) they may still be of a great importance in the initiation
breakdown. of a breakdown. The memory effect, the long-time variation
Electrical breakdown of a gas has been known for a of breakdown delay time as a function of the parameters
long time. Investigators observed early on that the delay of the preceding discharge, has been observed for a number
between an application of voltage to the electrodes and theof different cathode materials, several gases and various
establishment of a self-consistent discharge has a strongexperimental set-ups [9-19].
stochastic character. Two fundamental conditions must be In this study we investigate the influence of products of a
satisfied for the breakdown to occur: atleast one free electronjow-pressure helium glow discharge on the next breakdown.
should be present in the interelectrode gap and the electricBy means of a statistical treatmems,and# are extracted
field should be sufficiently high to multiply the electrons. from experimental data and their dependence on several
Several theoretical studies [2-7] of the initial stage of a experimental parameters is presented. We discuss the
breakdown have been developed, taking into account the nonpossible causes of the observed long-time memory effects
deterministic nature of both these phenomena. and some practical suggestions on how to deal with them are
Generally the breakdown delay time consists of two given (the method of interlaced pulses, measurement of the
components: the statistical delay timg when the first breakdown voltage).
electron appears, and the formative time lagnecessary
to develop the discharge. Naturally, when there are more . . .
- : 2. Time lags in breakdown experiments
electrons present at the beginning, there is a greater chance

that one of them will initiate the discharge. Also the The mean statistical delay time is inversely proportional to the

+ On leave from Department of Physical Electronics, Masaryk University, €l€ctron creation rate. We must also include the probability
CZ 611 37 Brno, Czech Republic. that an initial electron gives rise to an infinite number of

0022-3727/99/162049+07$30.00 © 1999 IOP Publishing Ltd 2049


https://core.ac.uk/display/51296239?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

V Kudrle et al

avalanches. In the one-dimensional case, it depends on the
distancex from the cathode, in which the seed electron
appeared
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wherej (x) is the spatial density of the number of electrons
created in a gap per seconH(x) is the probability that a
discharge will develop from the initial electron in position
x andd is the distance of the electrodes. We may formally
rewrite this equation in the form

Figure 1. Experimental set-up
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wherely is the total number of created electrons per unit time —
and P, is some mean value df (x). ®) - I_
Let Q(¢) be the probability that no breakdown will occur d

in the interval (0 7). It may easily be shown that © :\_\—-L
C T
1 fort < —_—

o) = 1=t Figure 2. A schematic drawing of signals: (a) switch command;
exp [/ — Iyt Po(t) dt/] fort > #. (b) discharge current; (c) voltage on anode.
©)
Under the conditiory Py # f (¢) this implies 3 ppm, but a small admixture (0.01%) of neon is permitted.
=1 We controlled the composition of the gas flowing through the
o) = exp(— ) . (4) discharge tube by a quadrupole mass spectrometer and we
s found that the total contamination by air (through possible
From a series of measurements with fidgll, we obtain ~ leaks and desorption) was not greater than 0.1%. The
a distributionp (7) of the breakdown delay time. From the abundance of hydrocarbons (due to possible backstreaming
definition of O (¢) we have from the pump) was under 100 ppm.
; The cathode is grounded and the anode is driven by a
on=1- / p(1)dr. (5) stabilized high-voltage supply HV through a load resistance
0

and a fast (computer controlled) solid-state, high-voltage
Now, if a logarithm ofQ(7) is plotted versus time, we should ~ SWitch SW. The rise time,n=1.5 uus of the anode voltage
observe a plateau, corresponding to times shorter than pulse is determined mostly by the stray capacitiés &
(0t < = 1)) and a linear decrease for> #. From 10' pF) and the load resistoR( = 56 k2). Onset of
the slope of this decrease, statistical delay time is calculated.the discharge is detected using an optic fibore OF and a
photomultiplier PM (Hamamatsu 928). The time interval
3. Apparatus T betv_veen the rising edge of the_voltage on the_anode an_d.the
electrical breakdown of the gas is measured with a precision
A schematic drawing of the experimental arrangement is of 1 us by means of an electronic counter (IC AMD9513).
shown in figure 1. Two circular (1.4 cm diameter) electrodes A series of high-voltage pulses with peridg, and
made of technical aluminium are placed in a Pyrex discharge quration 7, is applied to the anode (see figure 2). At the
tube with 2 cm inner diameter. The interelectrode distance is jhsiant; = 0 the anode voltage is switched on and the
d =2 cm. The flow of working gas (AirLiquide Helium C) o ynter is started. After some random time an electron
through the discharge tube is I_<ept constant using amass_f_lowappears in the interelectrode space. Being accelerated by
controller FC. The pressure 1s measured with a capacitive o gjectric field, the electron can give rise to a series of
gauge and set by a throttling valve TV between the tube and consecutively growing electronic avalanches. The atoms
a rotary oil pump RV. All measurements are made at room ) . . o '
excited by electronic collisions, start to emit photons. Some

temperature£300 K). The electronics and the discharge tube - .
P et ) g of these photons are then captured by a photomultiplier which

are placed in a metal box and protected from the light. .
The electrodes were polished before installation by fine ©UtPULS & current proportional to the photon flux. When the

abrasive paper and cleaned in ethylalcohol. With Viton Photocurrent reaches a preset value, the counter is stopped
seals being used, no baking was performed, but only aand its value is read by the computer PC. The discharge is
heating to 100C over several days. The system was switched off after a predefined peri@g. When a breakdown

pumped permanently down to several-i0rorr when no ~ does not occur before maximum anode pulse width
measurements were performed. the non-breakdown event is saved. To obtain statistically

The manufacturer of technical grade gas states thesignificant data, the measurements are repeated many times
abundances of $0, O, and G H, impurities to be lowerthan (N ~ 10°—1C%) with fixed periodTep.
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Figure 4. The distribution of discharge delay times, its integral
Figure 3. The distribution of discharge delay times, its integral and derived probabilit;Q(t).. .A series of 5000 measurements was
and derived probability) (¢). A series of 5000 measurements was performed under the conditionp: = 4 Torr, U = 600V,
performed under the conditiong: = 4 Torr,U = 600 V, Trep = 10 s andly = 50 us.

Trep = 10 s andly = 800 us.

conditions as in figure 3, except for the discharge duration,
4. Results and discussion which is reduced tdy = 50 us. The time of development

of a discharge is negligible in comparison with the statistical
Plots of 0 (1) on a semi-logarithmic scale yield straight lines  fjyctuations of the instant of arrival of the first electron. A
in accordance with the assumption tht is constant  piot of Q(r) yields a straight line as before but the plateau,
during the period’z. We present in figure 3 the distribution  \which corresponds tg, is unobservable. From the slope we
of breakdown delay times obtained from a series of 5000 can determine, = 28.3 ms.
measurements for voltage = 600 V, repetition rate Qualitatively, the same behaviour is observed when the
Trep = 10 s, discharge duratiofy = 800 us and pressure  number of residual active particles is reduced by decreasing
p = 4 Torr. One observes that no breakdowns occur earlier the yoltage (and current) of a discharge or due to the longer
than 7OMS after the applica’[ion of the hlgh Voltage. The periods between the measurements.
decay from 10Qs may be directly fitted by an exponential The memory curves (the dependence of breakdown delay
to obtain a value of the statistical delay time. A better way time on repetition rate) are presented in figure 5 for three
is to construct an integral, which is subjected to statistical gjfferent voltages over a range of time intervals, from 10
fluctuations to a much lesser extent. After normalization tg 600 s. The points yield straight lines on a log—log plot
to the number of measurements, the integral is SUbtraCtedand their S|ope is independent of V0|tagel If we consider
from the unity (see equation (5)) and the resulting curve 3 process of first order responsible for the active particle
of Q(r) is found. Using a method of least squares, the |oss and creation of free electrons we should observe an
valuesr; = 83.7 us andss = 37.6 us were calculated. The  exponential decay of the concentration of active particles,
difference between the minimal breakdown delay time and which is not true in our case. The emission of electrons due

1t determined fromQ(¢) curve can be attributed [20] to the  to the surface space charge on isolating cathode layers, being

possible variations af. _ _ _ a first-order process, should thus be rejected as a long-lived
When the number of active particles at the instant of post emission source.
application of the high voltage on the anode is low, the For a second-order process, both the loss of active

statistical delay timers becomes much greater than the particles and the creation of electrons are proportional to the

formative time |agtf. This can by achieved by reducing square of the active partic|e concentration
the discharge duration or by increasing thg, Figure 4
presents the results of 5000 measurements under the same Iop = k1N? (6)
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Figure 5. Statistical delay time as a function of repetition rate for o . .
p = 8 Torr andTy = 20 us. Figure 6. The square root of the statistical delay time as a function
of repetition rate. The data with sufficiently high statistical weight,
i.e. a great number of measurements, are taken from figure 5. For
dN kN2 7 higher values off¢, the data points have a greater error due to an
o, "2 ) increasing number of non-breakdown events.
dr
where k; and k, are rate coefficients. This leads to a T
characteristic decay 05 : d :
1 1 30s:240s| 30s :1180s: 30s :120s:30s ' 60s |
— = — +kot. (8) : : : : : :
N No

The breakdown delay time is inversely proportionalgand
thus we obtain [14]

@
k
s = i+ . ©
k1P

When we put the square root of the statistical delay time
Vs on the ordinate, its dependence on the pefipg is
linear (figure 6). A typical case of a second-order process
is volume recombination. In our case, the flow regime ]
of the experiments prevents the volume processes having Series No.

a substantial influence on the breakdown. Similarly, the Figure 7. Evolution of breakdown delay times during eight
long-lived metastables may also be rejected as a possibleconsecutive series, each with 100 measurements. The anode
source of secondary electrons, because the quenching of suckoltageU = 350 V, helium pressurg = 3 Torr and discharge

states by collisions with other atoms reduces their lifetime to duration7s = 20 us.

far lower values than we actually observed. Moreover, a

flow of working gas through the tube should quickly remove Therefore, special precautions must be taken when
any remaining products of a discharge. The interelectrode reproducibility is important. As a good practice, several
volume (v = 3.1 cnP) is at pressure 8 Torr and gas flow tens of breakdowns at given experimental conditions should
30 sccm, replaced after 65 ms. We thus conclude that secondbe carried out before the series. Only then can the tube
order recombination at the cathode surface is the main causée considered as conditioned and its properties should not
of the observed memory effects. change during the measurements.

The memory effect may propagate to the next series, The fact that hysteresis exists in both directions
as shown in figure 7, where the result of eight consecutive (increasing and decreasiriflep) suggests that conditions
series, without any delay between them, with varyihg, is providing the ‘memory’ electrons are reproduced during the
plotted. As awaited, the breakdown delay time rises when the discharge operation. The number of active particles created
period of inactivity between two measurements is increased.by a discharge is surely greater than the number of these
However, the measurements from the beginning of the seriesparticles, residing from the previous discharge. It seems that,
maintain the previous value of After the end of one series, besides changes of, some slower process that changes the
the system needs some time to find its new equilibrium. efficiency of transformation of the active particles to free
Closer examination yields the that number of breakdowns electrons or changes the probabilRy takes place. Among
and not the time seems to be the main factor for equilibrium possible explanations, the processes changing the cathode
re-establishment. It is clear that breakdoivis not only surface physically or chemically are the most probable.
influenced by the discharge associated with breakdew, The mean breakdown delay time as a function of both
but by many more preceding breakdowns. Tq and Trep is presented in figure 8. No visible changes of
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Figure 8. Mean breakdown delay timg) as a function offy for
three values of;e,. The measurements are made at 100%
overvoltage { = 600 V) and pressurg = 4 Torr.

Figure 9. Formative time lag (line) and statistical delay time
(errorbars) as functions of voltage. The constant ionization before
each measuring pulse is generated by a source pulse with

U; = 1000 V andly; = 1 ms. The other parameters are
appearance of the discharge (diffusive glow without cathode Trep = 5 s, p = 8 Torr andTy, = 20 us.

spots) were observed when varyifig For long discharge

durations the number of residual active particles is so high 80T i i i i i i
that the breakdown delay time is approaching a limit—the -
formative time lag. The points at short&f tend to form a 6ol ]
straight line with a slope of3.33. Considering a second- -
order process, we obtain — [
5/3 L aop i
N o« Ty, (10) oy I
—
The fact that botH, and Py are functions of voltage is a 20k 4
complication in the studies of the dependence ohU. We I
have solved this problem by introducing the method of inter- I
laced pulses. The odd pulses have the function of a source of ¢ .
of active particles and they are relatively long and high. The 0.0 2.0x10"4.0x10"6.0x108.0x10* 1.0x10° 1.2x10° 1.4x10™®
even pulses are used to measure the number of free electron: T, Is]

produced by the previous breakdown. To minimize their in-

fluence, the measuring pulses are short and their voltage isFigure 10. The quantity ¥1s,, proportional tolo Py, is plotted

low. When we fix the parametef$; andTy; of the source ~ Vversus dis;ha{?e duratidi;. To tSUtF;]pf?SIT the prctarp:agatliog Off_ the
memory errect rrom one series to the roliowing, the valua Qris

s\l/JrI]sesI,) v_vekca? meeisurtebtl”:c(_-:‘ _depend(je?ﬂéﬁ], Taz, Trep)- _ first degreased from 1.2 ms down to 0.1 ms a%d then raised again.

enpy is kept constant by ixind/> andTy, the measure Uy = 1000 V, Uy = 360 V, Ty = 30 S, Trep = 50 s and

ments ofly as a function ol/;, Ty1 andTep are possible. p =4 Tor.

Figure 9 presents the formative time lag of the

measuring pulse as a function of the voltage of the  ghown in figure 10. This suggests that a process linked with
measuring pulse, with the ionization kept constant by 1 ms e gischarge has a hampering effect on the production of
source pulses of 1000 V. The number of residing active free electrons. It seems very improbable that the number of
particles was very high and the statistical delay time was gctive particles decreases whgyis prolongated. Obviously,
reduced nearly to zero (in the graphiis represented by the ;. and/or P, must decrease. This means that either the
errorbars). In spite of large overvoltagéssg ~ 350 V) the rate constant of a reaction, which produces free electrons
following equation [21] holds from active species, is reduced or the discharge changes the
U — Ugr probability Ps. The processes in the volume cannot last us
Tﬂ) (11) until the next breakdown due to the flow of gas through the
discharge tube. We deduce that surface processes are the
Thevalue ot, = 2.8foundin our caseis muchlargerthanthe cause of the observed memory effect and that discharges with
value for most gases, when conditions of the Townsend theorylong durations may change the state of the cathode or walls
of breakdown are satisfied. Our results suggest that evenin a way which decreasdgPo.
for low pd other processes, not accounted for by Townsend Nearly all metals are covered with a thin layer of natural
theory, may take place during a breakdown. Each series isoxide. With insulating layer being charged by the ions and
measured twice but in a different order. This should suppressby the photoemission, the electric field in the dielectric may
the mutual influence between the series (figure 7). reach the value required for field emission [15]. When the
For extended discharge durations, the breakdown delayleak and the emission currents are low, the layer may keep
time is not reduced further but surprisingly it raises again, as its charge for a very long time. To verify this hypothesis,

In# :cl—czln<
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T T T T T T T enormously. In figure 11 the dependence @ voltage for
10°F \ o 30 scem 3 low overvoltages is presented. Due to the high repetition
E o 60 scem ] rateT,ep = 0.2 S, the statistical delay time may be neglected
90 scem ] against;. Measured data are fitted with equation (11) by the
1 Marquardt—Levenberg method. All coefficiertsare close
to ¢, = 2 which is higher than the value proposed in [21]
(c2 = 1). As the best estimation of breakdown voltage we

t [s]

10 ; ] obtain Ugr(30 sccm = 285 V, Ugr(60 sccm = 281 V
andUgr(90 sccm = 277 V. These results were verified by
the classical method and thus values presented here, being
higher than those commonly found fpel = 8 Torr cm for

. He gas and Al electrodes, should be probably attributed to
10 o0 a0 310 320 330 340 350 non-degassed electrodes. o _
UV One_ may notice the contra-intuitive behav_lour, where
for the highest gas flow the breakdown voltage is the lowest
Figure 11. The formative time lag as a function of the voltage for  One, but for voltages 15 V and more above the breakdown
low overvoltages plotted for three different gas flows= 4 Torr, threshold thes is longer than for the other two curves. We
Ty=1msandlep=02s. can speculate thd is higher and thus the breakdown voltage

is shifted towards lower values. However, the higher gas flow
we illuminated the whole discharge tube with a UV lamp may swerve the active particles so that they no longer reach
and connected the sweep voltages in the range0Q V; the cathode, effectively reducirig. Changes of the gas flow
+200 V) to the electrodes during the peridi, between mean also the changes of chemical composition of a gas when
the measurements. Depending on the polarity of the sweepleaks exist. Also the pure mechanical effect of a gas stream
voltage, the charge on the surface of the insulating layer may change the property of the adsorbate layer on a cathode.
should be decreased or increased, which in turn should
have an influence on the breakdown delay time of the next 5. Conclusion
measurement. However, no such change was observed. . . .
: The measurement of breakdown time delay is an efficient
The same negative result was observed by the authors of . o I i .
method for the investigation of lifetime of the active particles
[11]. Theythen concluded thatthe roughness of the metal sur-. o
. - . 2 . ) in the late afterglow. From the memory curves it is deter-
face is the cause of initiatory field emission. During the inac-

o . . min h r r nsible for long-term creation of
tivity between measurements, the insulating layer grows due ed that a process, responsible for long-term creation o

. . . ndary electrons, is of nd order. m ibl -
to the chemical reactions between the cathode material and; F;r?at?oa:ng :;C;isei’;g dsi:cCL?ssdeg d‘?’hes\/%lu?ngoszg:sggs
the working gas or the impurities. Its higher work function '

and its smoothing effect on the protrusions and craters have arf1re considered as non-influential due to the permanent gas
ST . S . ) low through ischarge tube. The charging of insulatin
inhibiting influence on field emission. During the discharge, © ough a discharge tube © charging of insulating

this laver is removed by ion bombardment and the field emis- layers on the cathode is tested by small electronic or ionic
y Y currents, which should reduce or augment the surface charge.

sion raises again. However, when the discharge burns for tooNo influence on breakdown delay time is observed. The field

:gglgtg 2”;(;3:];hfeirgzivea':de;gl:ltigt!ﬁ th;h; Sggﬁci .rg:g emission from surface irregularities is a possible source of
A u h u hani Ny ' dpf it posItiv '14 " post emission, but it is not obvious why the insulating layer
nother mechanism was proposed for nitrogen in [14]. removal should be a second-order process. We consider a sur-

'I;]he nltLog(]jen at((j)mhs created g_urlng the dl_schargle adS(;frb ace recombination of atoms and subsequent secondary elec-
the cat ode an then recombine due to its catalytic efect. ., o mission as the most probable cause of post emission.
The excited molecule aV, may then cause a release of the Fits of the dependences = f(U) give higher values

secondary electron from the cathode. In our case, no specie%f the coefficientc, than is appropriate for a breakdown of
capable of storing the energy for a long time are present with Townsend type

the exception of nitrogen impurities introduced by possible Besides a variation of the number of active particles,

Lﬁaks. I—(;owev;er, the liodnc?ntratltcr:n Of ntl'rzro.gen IS 1n ourtcasc(ajthe discharge changes the state of the cathode, which has a
ree oraers ofmagnitude lowerthan Intheir experments an pronounced influence on the delay of the next breakdown.
yet our memory effects last for at least 10 min.

If we look in detail [2] at the Townsend breakdown
criterion from a statistical point of view, we see that the
probability of one electron at the cathode producing an One of the authors (VK) was supported by Bourse de
infinite series of avalanches is equal to zerofox Uggr and Gouvernement Framajs and by contract No 202/96/0508 of
rises withU for U > Uggr. Near the breakdown voltage, the the Grant Agency of the Czech Republic.
probability Py is very low and thus the currefy of the initial
electrons must be high to compensate for it. The real value of References
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