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MAIN RESULTS PROPOSED FOR DEFENCE

The main defensible results are the following.

1

The statistical model for calculation of the repetition rate of streamers under
conditions of combined DC and AC voltage.

The method for quantitative estimation of the after-effect of the preceding
streamers on the formation probability of the following discharge.

The method for quantitative estimation of the after-effect of the preceding
glow corona on the formation probability of the following discharge.

The gas photoionization caused by glow corona and streamer is the main
reason for the existence of that after-effect of the discharge, provided that
the photoeffect at solid surfaces is diminated by constructional means.

Electron bombardment of the anode surface is in general not the source of
phatoionizing radiation in corona discharges.

The method for quantitative estimation of mean initiation probability of
burst pulses by a single negativeion.

Pasitive corona at combined voltage can be used for detection of admixtures
such as Hzo, COz, O3, O3+NOX, SFG, HNO3, HCl, H2804, H3PO4, CHC|3,
CeHe, NH4OH, CH3COOH, CloHleo, HCHO, Py C|2 inair.

Ability of streamer counter to distinguish between different admixtures can
be obtained

using simultaneously several discharge gaps with point electrodes of
different diameter;

measuring the repetition rate and amplitude distribution of streamers at the
sametime.



1 INTRODUCTION

The present investigation is dedicated to some actual problems of the corona
physics that are arisen during development of certain type of corona-based
devices such as streamer counters and detectors of trace gases. The initiation
mechanism of the positive corona under conditions of the combined (DC + AC)
voltage in atmospheric air, and the influence of electronegative admixtures on
the corona characteristics are under investigation. An overview of the basic
corona physics and literature devoted to the present subject is given in
chapter 2. Open problems and main goals of the present investigation are
presented at the end of that chapter. The experimental set-up used is described
in chapter 3. The results of visual examination of the discharge and the
discharge oscillograms are presented in chapter 4. The mathematical description
of dischargeinitiation under the conditions of the combined voltage is presented
in chapter 5.

The preceding streamer or glow corona may affect the formation probability of
the following one. Although different manifestations of the after-effect of
corona pulses are widely investigated, special methods for their detection are
poorly developed. Very few attempts have been made with the aim of
quantifying these phenomena under controlled conditions. In chapter 6, we
propose methods for measurement of the after-effect of both the glow corona
and the streamer in conditions of the combined voltage. In addition, we will
discuss which mechanism can be responsible for that after-effect. We are of the
opinion that the photoionization in gas is the primary cause of that after-effect.
In general, it is assumed that in corona the photoionizing radiation is emitted by
gas atoms and molecules excited via electron collision. However, the recent
results of Akishev et al [1999a, 1999b, 1999¢] indicate that the soft x-ray
radiation, produced by collisions of electrons against the anode surface, may act
as a photoionizing agent in positive corona. In chapter 7, we will express our
opinion about these two very different mechanisms of generation of
phatoionizing radiation.

It is well known that corona discharges show high sensitivity to many
electronegative trace gases and aerosols [Loeb, 1965; Sigmond and Goldman
1983]. In recent years, a number of papers is devoted to detectors of trace gases,
based on corona discharges and suitable for the environmental monitoring.
Applicability of both the positive and negative corona is investigated. In
chapter 8, we discuss the possibilities to use the positive corona discharge under
conditions of combined voltage as a detector of electronegative trace gases.

Main results of the present work are summarised in chapter 9 (conclusions).



2 GENERAL

2.1 Gas discharges

Most of gases are in normal conditions good insulators and mainly consist of
neutral atoms and molecules. If one heats the gas to high temperature, exposes it
to UV radiation or X-rays or influents it with radioactive source, the charged
particles will be produced in gas. Under the influence of an electric field, these
charged particles start to move and cause an electrical current in gas. The
phenomenon, called non self-sustained gas discharge, will appear.

Increasing the voltage leads to the development of a sdf-sustained gas
discharge. The behaviour of a discharge depends on many factors: temperature,
pressure and chemical composition of the gas; geometrical configuration,
dimensions and placement of dectrodes, applied voltage, current density etc. As
aresult, different manifestations of gas discharge are very diverse; they can be
accompanied by luminosity- and sound effects.

Sigmond and Goldman divide the sdlf-sustained DC gas discharges into three
groups based on the difference in discharge mechanism [Sigmond and
Goldman, 1983]:

« Townsend discharge. The dectric field distribution is essentially Laplacian
and has only small perturbations caused by the space charges. The applied
voltage is much higher than the gas ionization potential. Photons, positive
ions and particles in metastable exited states (metastables) are responsible
for the feedback to the cathode.

e Glow discharge. The electric field distribution is dominantly determined by
positive space charges. The applied voltage is by an order of magnitude
higher than the gas ionization potential. Photons, positive ions and
metastables are responsible for the feedback to the cathode.

e Arc discharge. The dectric fidd distribution is dominated by positive
space charges. The applied voltage is close to the gas ionization potential.
The feedback to cathode is arranged mainly via thermal or field electron
emission [Sigmond and Goldman, 1983].

2.2 Fundamental processes in gas discharges

Electron avalanches, first studied by Townsend, play important role in most gas
discharges. Let us suppose that Ne(0) eectrons are rdeased in a gas at distance
r = 0 from the cathode and they will drift under the influence of an electric field
E(r) with velocity v = (E(r). Here . denotes the mobility of an electron. An
electron produces a new éectron-ion pairs and suffers ;7 attachments per unit
drift length on average. The coefficient «a is called the primary ionization
coefficient, the coefficient 1 - the attachment coefficient. For the number of
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dectrons dN. produced along the elementary drift length dr, we can write
AN = (o = )Ne(r)dr =a’Ng(r)dr , 2.1)
where a’=a —n denotes the effective ionization coefficient. After integration,

we will get from this equation the number of new éectrons produced at
distancer

Nc(r) = Ng(0) expﬁa’dx@. (2.2)

In the case of discharges in strongly nonuniform electric field, the space
between discharge dectrodes is divided into ionization region and drift region.
Inionization region @ > 0 and free charges are produced. In drift region, & <0
and attachment processes prevail the ionization processes. Here charged
particles drift and react. In equations (2.1) and (2.2), the possible detachment of
eectrons from negative ions is neglected. However, in air and electron attaching
gases, the detachment and ion conversion processes might cause an apparent
increase of the effective ionization coefficient [Wetzer and Wen, 1991]. The
exponential in equation (2.2) is often called “ electron multiplication” of the gap
and it can reach the values 10° — 10® across the ionization region [Sigmond and

Goldman, 1983]. Theintegral | = J’(;a’dx is known as ionization integral.

The self-sustainment of a discharge requires that each dectron leaving the place
of avalanche initiation must be replaced with a new one. This feedback
mechanism can be summarised by Jprocesses. The secondary ionization
coefficient yis defined as the number of secondary eectrons in the place of
avalanche initiation per ionizing collision in the ionization region. The
Jprocesses can be divided into cathode processes and gas processes [Sigmond
and Goldman, 1983]. From the cathode, the secondary el ectrons can be liberated
due to influence of cathode material by positive ions (positive ion feedback k),
by particles in metastable excited states (metastables feedback y.) or by
photons (photon feedback . due to photoeffect). In the gas, the secondary
electrons can be produced due to photon feedback 4 while photons from exited
gas molecules may ionize other gas molecules (photoionization) or detach
e ectrons due to photodetachment.

The self-sustainment of a discharge can be characterized by a reproduction
factor, which is defined as

d
U, =yJ’aexp§a’dejr :
0

Here the secondary ionization coefficient y= yc + e + Woc + Wpg @nd d denotes
the length of the corresponding field line of the electric field. The Townsend's
criterion for sdf-sustained discharge is that 1 =1. If 1 <1, the discharge
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without external ionization will die soon. If (1 > 1, the discharge current grows
exponentially and soon the breakdown will occur.

2.3 Coronadischarges

The name corona comes from the French word couronne (crown). Sigmond and
Goldman [1983] define corona discharge as “a sdf-sustained eectrical gas
discharge where the Laplacian (geometrically determined) electric field
confines the primary ionization processes to regions close to high-field
dectrodes or insulators’. Corona discharges are divided according to the
applied voltage frequency into: direct current (DC) corona, alternating current
(AC) corona, high frequency (HF) corona and the combinations of the above
types. DC coronas are divided according to the polarity of the high-field
dectrode(s), into negative-, positive- and bipolar corona. The feedback
processes in positive and negative coronas must be very different. In the case of
negative corona, the cathode borders directly to the ionization region.
Therefore, the cathode J-processes (ye, ¥ne Wo) arefast and efficient. In the case
of positive corona, the cathode is separated from the ionization region by the
drift region, in which the photons can be absorbed and secondary €eectrons
originating from the cathode can be attached to atoms and molecules. Thus in
positive coronas, processes at cathode play the minor role and photoionization
as a yorocess () often predominates [Sigmond and Goldman 1983].

2.3.1 Negative corona in air

In air, the negative corona can appear depending on e ectrode configuration and
applied voltage in several forms: as Trichel pulses, negative glow, negative or
positive streamers, or spark breakdown. Below the onset voltage of Trichel
pulses Uy, only a non-self-sustained Townsend discharge can exist at the point
dectrode. As 1 < 1, the discharge needs for its existence an external source of
dectrons. An increase in voltage U above U+, results in appearance of regular
light pulses on the point. Visually, one can see negative glow, positive column
and dark spaces between them (figure 2.1). This phenomenon was first studied
by G. W. Trichel [1938] and is called now after his name — Trichel pulses.

The dectric field near the point is high enough to accderate the pasitive ions to
energies that enable them during collisions with the cathode to liberate
eectrons. Emission due to photon impact is another possible secondary electron
generation mechanism. Electric field pushes electrons away from the cathode.
In collisions with gas atoms and molecules, they produce avalanches of
eectrons and positive ions. In addition, a big amount of excited molecules and
atoms will be created. In the drift region where the dectric field is weak, the
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eectrons attach to oxygen molecules and form negative ions. The space charge
of those accumulates within time and reduces the electric field strength in the
ionization region. In reduced field, 1+ < 1 and the discharge extinguishes. New
discharge pulse can arise after the negative space charge is removed far enough
to restoretheinitial field strength near the cathode so that (4 = 1 again.

If one increases the applied voltage, the
duration of the Trichel pulses increases and
the time interval between them decreases.
Using the oscilloscope, one can see pulses
with long and steady plateau. A further little
increase in voltage gives that all pulsesjoinin

LSV one continuous plateau — the continuous glow

BN [Sigmond and Goldman, 1983]. Visually one
] can see that the volume of luminous space
decreases, and will accumulate in one, usually
central, space region. In spite of that, the
Faraday microscopic luminous films and dark spaces
dark space NEoacl odetween them (like in figure2.1) remain

glow [Nasser, 1971].

‘_ In long rod-to-plane gaps, there exists another
Crookes corona form — negative streamer. It develops
dark space in transition stage from the negative glow to
the spark breakdown. The positive column
diminishes and filamentary negative streamer
develops from glow region into discharge
gap. The filaments of the streamer are diffuse
and crooked. Visually, they resemble a whisk.
The positive streamers can appear from
Figure 2.1. Visua appearance of a luminous nuclei formerly bdonging to the
Trichel pulse. negative streamers and locating in the vicinity
of the cathode [Reess et al, 1995]. Those
nuclel often coincide with branching points of negative streamers and are called
space stems.

2.3.2 Positive corona in air

Most investigations of positive corona are made in point-to-plane discharge
gaps. The appearance of positive corona in point-to-cylinder discharge gaps is
similar to the corona in point-to-plane gaps.

In the air, the positive corona can appear depending on applied voltage in
several forms: as burst pulses, onset streamers, steady glow corona, breakdown

13



streamers or spark breakdown. Below the onset voltage of burst pulses Uy,
there is no sdf-sustained discharge in the discharge gap. An increase in voltage
above Uy, results in generation of series of electron avalanches, which consist of
a great number of eectrons. Molecules and atoms excited by dectrons emit
phaotons during the transition into stable state. The photons of high energy cause
phaotoionization of gas atoms and molecules giving rise to the new secondary
avalanches. The discharge spreads rapidly over the point surface. Visually, one
can see around the point tip a weak luminous layer (see figure2.2a). Trichel
[1939] called those discharge pulses as “burgts’. In newer literature, the
common name for this phenomenon is “burst pulse’. Secondary burst pulses
follow primary burst pulses. They are weaker and shorter than the primary ones.
Burning of the discharge produces a positive space charge near the point (see
figure 2.3a). This space charge reduces the eectric field strength near the point
and the sequence of burst pulses will extinguish. Formation of the next
discharge requires some time because the space charge must be removed from
the vicinity of the point before the new discharge can start.

Within increase in voltage, the burst
pulses will be more powerful and there
will be more secondary burst pulses in
the sequence. When the voltage reaches
the onset voltage of streamers Ug,, the
stochastic current density rise in some
part of the discharge cross section
might increase the efficiency of the
ionization processes in just that part
(seefigure 2.3b). The positive ions will
Figure 2.2. Visual appearance of forms of Concentrate in a spot just outside the
positive corona (a) burst pulse; (b) onset anode surface [Kudu et al, 1998]. The
streamer; (c) glow corona. dectric field strength between this spot

and the anode can be close to zero; the
field strength outside the spot is high and an ionization region is created in the
front of that spot. New avalanches and plasma will be formed in front of the
spot. A plasma channel will grow as long as plasma is formed faster than it can
be recombined or absorbed at the anode [Kudu et al, 1998] — the onset streamer
(below called streamer) will form (see figure 2.3c). The formation time of a
streamer is approximately 5 - 25 ns [Kudu, 1960]. Visually, the streamer is a
luminous plasma ball, which is moving within speed approximately
10° - 10° ms™* towards the cathode. The streamer radial dimensions increase
linearly with the applied voltage [Babaeva and Naidis, 1996a; Georghiou €t al,
1999].

The streamer head is considered to be a positively charged sphere [Dawson and
Winn, 1965], the diameter of it is approximately from 20 [Sigmond and
Goldman, 1983] to 200 um [Kulikovsky, 2000a]. The streamer heads visible
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radius can increase with streamer advancement [Aints et al, 1977]. The actual
diameter of the plasma channel is several times larger than the visible head of
streamer [Kulikovsky, 1997]. The streamer head contains a positive charge with
density n, = 10%- 10° m™ [Raizer, 1987; Grangé et al, 1995]. The electric field
at the streamer tip is equivalent to the field of a charged ball of radius of the
space charge front [Kulikovsky, 1997]. The width of the space charge layer at
streamer tip is approximately equal to the visible radius of the streamer head
and coincides with the characteristic length of absorption of ionizing radiation
[Kulikovsky, 2000a]. The local field allows for electrons generated in front of
the streamer head to trigger new avalanches. Those electrons are either the
background ones but mainly photoelectrons created through photoionization
[Pancheshnyi et al, 2001]. Just before the recombination with positive ions of
the streamer head, the electron density n. in the avalanche head equals
approximately with the positive charge density n. in the streamer head [Raizer,
1987]. Behind the head, the conductive plasma channel is formed.

Field hv
stronger
. than| , Streamer ,;r"i-...\
i 1 | ' 121N \ head 5 .
Y S il o '?5 Weakly
R b anode| [H ] -
L S T L4t conducting
! ' ' ' ‘ N . field ﬁ‘&—_ﬂ
R S T B S }IJ_.,._H plasma
Ny - 3=+ channel
NS e
(A Lyt ‘{+ +
Ny X \ + 4 N
E: Glow Field | Streamer | Streamer
or weaker
burst pulses than |
original
anode
field
a b c

Figure 2.3. Inception of a streamer. After [Sigmond and Goldman, 1983].

Streamer can branch, that is, it can look like a luminous tree (seefigure 2.2b), or
to develop straightforward away from the point. Based on computer
simulations, Kulikovsky [2000b] assumes that streamer branching occurs in
high field when the width of the space charge layer at streamer tip exceeds the
characteristic length of absorption of ionizing radiation.

Streamer needs for stable propagation a minimum external eectric field
[Andersson, 1958], which varies between 4 and 5.5 kV cm™ in atmospheric air
[Sigmond and Goldman, 1983]. His own space-charge field is much higher —
approximately 150 — 300 kV cm* [Sigmond and Goldman, 1983] and is almost
independent of the applied voltage [Babaeva and Naidis, 19964]. Thetotal field,
that is the space-charge field plus the Laplacian one, allows the propagation of
the ionized region towards the cathode. Depending on point's radius of
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curvature and applied voltage, the development of the streamer stops at a certain
distance. The length of streamer depends primarily on the shape of the high
field region [Kip, 1939].

In the literature, to the electron multiplication necessary for the streamer
formation is generally given the value 10° [Raether, 1964]. However, in
inhomogeneous fields, the streamer formation is possible even when the mean
number of electrons of a single avalanche is less than 10%. In that case the
streamer is associated with the avalanche possessing the largest number of
eectrons [Pedersen, 1989], or there are several avalanches going at the same
time. McAllister et al [1979] state that “... at onset, the corona discharge does
not result from the formation of a single critical avalanche but from the
accumulative effects of an intrinsic multiple avalanche process’. Laan and Paris
[1994] experimentally confirmed that multi-avalanche nature of a streamer
formation in inhomogeneous fields. According to Loeb [1965], the avalanche
sizerequired for launching the onset streamers is about 10° ions.

When the streamer propagation stops, the discharge gap is filled with space
charge of positive ions. New streamer can arise, if the space charge is removed
far enough from the point eectrode and the initial field strength is recovered.
Secondary burst pulses may follow the streamer [Kip, 1939] just as they follow
the primary burst pulse. The number of those burst pulses increases with applied
voltage.

The streamers can be suppressed by a-particles, which create a big number of
seed e ectrons so that the plasma layer will be more homogeneous than it would
bein the case of single éectron initiation. Thus, the occurrence of an instability,
which leads to devel opment of a streamer, is less probable.

Starting from voltage U, the burst pulses are not separable from each other any
more— they join into a steady glow corona [Loeb, 1965] (see figure2.2¢). The
streamers disappear completely. Thus, the repdtition rate of streamers first
increases within applied voltage and then decreases until zero at U = Ug. The
width of voltage interval of onset streamers and that of glow corona depend on
the degree of homogeneity of the eectric field and on the concentration of
humidity. The voltage interval of streamers is the wider and the voltage interval
of glow corona is the narrower the more homogeneous the electric field is
[Kudu and Veimer, 1970]. The voltage interval of streamers increases with
increase in humidity content of the air [Bogdanova and Popkov, 1973].

In discharge regime of glow corona, the discharge will no longer extinguish;
Sigmond and Goldman [1983] consider this regime “perfectly stabilized”. The
dectric field strength at the surface of the corona electrode will remain constant
independent of overvoltage [Waters et al, 1972; Bogdanova et al, 1976;
Bogdanova et al, 1978]. The remarkable stability of the positive glow is due to
the existence of the inactive low field drift region where a great humber of
positive ions will drift to the cathode. They drift in successive shells which can
16



merge due to mutual repulsion of positive ions [Morrow, 1997]. If local
ionization increases for a moment, the corresponding rise in positive ion charge
density will decrease the electric field and as a result stop the further growth in
local ionization [Besattie, 1975]. However, this field can not be considered
completely static— the anode field oscillates at some average value with
frequency higher than 10° Hz [Besttie, 1975].

Electrons and negative ions produced near the anode are swept rapidly into the
anode. As a result, their number density is by an order of magnitude smaller
than that of positive ions [Morrow, 1997] and most of the current is caused by
the movement of the positive ions.

The streamers can arise again after the voltage has reached the onset voltage of
breakdown streamers Ups [Loeb, 1965]. Those streamers, called breakdown
streamers, are similar to the onset streamers but much longer and much more
powerful than the onset streamers. The physical mechanisms of onset- and
breakdown streamers seem to be identical [Sigmond, 1978]. At Uy < U < Uy,
the streamers can be induced inside the glow, if the voltage is raised at arate
greater than 10°V s* [Laan and Paris, 1992; Morrow, 1997] or by laser
radiation [Paris, 1994; Laan and Paris, 1994].

Space charge effects tend to make the electric field strength in the streamer
column uniform at a value for which effective ionization and attachment rate are
equal [Lowke, 1992]. Herethe “real” swarm parameters, taking into account the
temporary electron trapping by attachment and later detachment of them, should
be used [Wetzer and Wen, 1991]. Allen and Mikropoulos [1999] show that “an
intrinsic propagation field with an associated velocity can be defined, which
determine the propagation of streamers of a limiting minimum energy”. The
streamer propagation velocity above that stability field is a power function of
the eectric fidld [Allen and Mikropoulos, 1999]. The threshold field for the
propagation of a single streamer with minimum attainable energy is
4.4 -50KkV cm* [Allen and Ghaffar, 1995a; Serdyuk et al, 2001]. The value of
this field depends on humidity and the temperature of air. At lower field, the
streamer can propagate only if its energy is larger or if branching produces a
significant space charge [Allen and Ghaffar, 1995a]. In background field lower
than the stability field, the streamer front velocity decreases with increase of
streamer length [Serdyuk et al, 2001]. In background field higher than the
stability field, the streamer front velocity increases with increase of streamer
length [Babaeva and Naidis, 1996b].

Finally, if the applied voltage exceeds the onset voltage of spark breakdown
Ug, the breakdown streamer touches the cathode, conductive channel forms
after the breakdown streamer and the spark breakdown may occur. At the same
time when the primary streamer head reaches the cathode the secondary
streamer starts from the anode. Spark breakdown follows if and when the
secondary streamer bridges the complete corona gap [Sigmond, 1983 and 1984].
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The temperature of neutral gas in primary streamer is about room temperature
[Sigmond, 1978]. In secondary streamer, Spyrou et al [1992] measured a
relatively high temperature (800 K) of the neutral gas at the distance of 0.5 mm
from the point. At greater distances, the temperature decreases to about 450K .

2.3.3 Corona at AC voltage

In the simplest case, when one applies the rdatively slowly changing unipolar
voltage, we will get the unipolar transition corona. This happens for example
during the first half-period of the industrial AC voltage. The peculiarities of this
corona type are that the magnitude and the distribution of space charge are
changing in time; and that the displacement current exists in addition to the
conduction current.

If one applies to the e ectrodes the alternating voltage, an AC corona will appear
in the discharge gap. Traditionally one calls the discharge “AC corona’, if
industrial AC voltage is applied to the corona electrodes. The processes in outer
region of the AC corona have common features with both the unipolar transition
corona and with the bipolar DC corona [Levitov, 1975]. If the frequency of the
AC voltage is low or the discharge gap is so short that eectrons and ions are
able to move during one half-cycle from one electrode to another, the discharge
behaviour is quite similar to that under static conditions. With an increasein AC
frequency there will develop a situation where the charges of one or both signs
are unable to cross the gap during one half-cycle. During the next half-cycle,
those ions will move in opposite direction and most of them will reach the
dectrode of origin. Still, due to diffusion and self-repulsion, some charges of
both sign will remain in gap. Under still higher frequencies, the space charge
clouds of opposite sign will be localized at the centre of the discharge gap
[Loeb, 1965] and the density of space charges increases in time. If the
recombination and losses at walls are not too important, the space charge can
alter the initial fidd strength at both electrodes [Loeb, 1965]. As a result,
formation of positive and negative streamers is possible at instantaneous value
of the AC voltage lower than the corresponding onset voltages of DC streamers.
The spark breakdown will appear under lower voltage, too [Loeb, 1965].

It is characteristic to all above mentioned corona forms that the intensity of the
discharge (discharge current) is controlled by the space charge formed in the
ionization zone. Moving under the influence of the eectric fidd, this space
charge fills the drift region with charged particles. The distribution of space
charge is such that the potential gradient near the corona electrode is time-
independent during the time interval when ionization takes place at given half-
cycle (except impulse- and HF corona) and has a value quite close to that at the
onset of corona of that polarity [Levitov, 1975].
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2.3.4 Positive corona at combined voltage

If one applies the DC and AC voltage to the el ectrodes at the same time, we will
get a corona of combined voltage. The corona at combined voltage is similar to
the DC corona, but has some peculiarities. Here the resultant voltage U
traverses one after the other the region free of discharge, region of burst pulses,
that of onset streamers and glow corona. Negative ions, created by an ionizer or
cosmic radiation and carried into the discharge gap by an air stream and an
dectric field, are the source of seed eectrons [Loeb, 1965]. If an dectron
appears in the active zone of the point electrode when the resultant voltage
traverses through the region of burst pulses Uy, < U < Ug,, the burst pulse can
be initiated. Secondary burst pulses like in the case of pure DC corona will
follow the primary burst pulse. These burst pulses produce the space charge
near the point and make impossible the formation of a streamer [Kudu, 1980].
Afterwards, when the resultant voltage reaches the onset voltage of glow
corona, the burst pulses develop into steady glow, which in turn blocks the
formation of a streamer as long as the resultant voltage is above Uy, [Kudu,
1980].

If no seed electron appears during the time interval At,, when the resultant
voltage traverses through the DC region of burst pulses Uy, < U < U, the later
electron can initiate a streamer. The streamer, like the burst pulses, is followed
by the glow corona. Repetition rate of streamers depends on the number of seed
eectrons and negative ions reaching the active zone per unit of time, and on the
concentration of electronegative additives in the air [Kudu, 1980].

2.4 Coronawind

lons of corona polarity will be repelled away from the high-field electrode. Due
to the collisions and friction against uncharged gas particles, the ions lose some
of their kinetic energy to neutral particles, which start to move in the same
direction as the ions do. This energy transfer phenomenon is known as an
dectric wind from the high-field electrode [Loeb, 1965] and it is responsible for
mass transfer phenomenon in gas coronas [Sigmond, 1989]. In negative
coronas, the ring vortex can appear and trap a significant part of the excited
species formed in discharge [Sigmond and Lagstad, 1993]. In positive
(repetitive) streamer corona, the formation of ring vortex is also possible
[Sigmond et al, 1992]. In a positive glow corona, a single outward-going jet is
formed [Sigmond et al, 1992].
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2.5 After-effect of a discharge

It iswell known for corona researchers that a discharge may have an after-effect
on the formation and development of the next discharge. In air, that after-effect
is usually associated with residual ions [Waters, 1978; M & A Goldman, 1978],
chemical products (nitrous oxides) [Gosho, 1981 and 1982] and neutral excited
species [M & A Goldman, 1978].

The after-effect is most directly observable in changes of length of side
branches of streamers. As described in section 2.3.2, the streamers branch
during devel oping towards the cathode. The branching diminishes with increase
in reptition rate of streamers. At certain repetition rate, the streamers start to
follow one and the same trajectory, which situates usually in the axis of the
discharge gap; the branching disappears at all. The transition from branched
form to unbranched one is investigated using the voltage pulses with very short
rise time and long flat top to obtain several successive discharges [M & A
Goldman, 1978]. The first streamer develops in the environment unpolluted by
the previous discharges. That streamer has a branching structure. The next
streamers arise in environment already affected by previous streamers and
develop along the axes of discharge gap. Their current amplitude is about ten
times lower than that of thefirst streamer. Despite of the above-mentioned facts,
the evolutionary scheme of the discharges remains the same in case of branched
and unbranched streamers[M & A Goldman, 1978].

The streamer propagates by photoionization-avalanche mechanism and leaves
behind a trail of charged products of both polarities mixed with uncharged
metastable particles [Acker and Penney, 1968]. Measurements of Berger et al
[1972] show that the influence of negative ions produced by the discharge in
small gap (electrode separation 15 mm) lasts about five milliseconds. The
accumulation of those negative charges increases the probability of production
of seed eectrons for initiation of new discharges[M & A Goldman, 1978].

The uncharged particles will be removed slower than the charged ones, as they
are not influenced by the eectric field. Acker and Penney [1968] showed that
the presence of metastable atoms or molecules of oxygen and nitrogen changes
the buildup of a streamer and the speed of streamer development. Due to their
long lifetimes, the metastables can affect the development of succeeding
discharges [M & A Goldman, 1978]. First, the metastables can be ionized more
easily than the molecules in ground state. Second, the metastable molecules act
as a reservoir of energy. That energy is transferred to the eectrons in
superdastic collisions [Hartmann and Gallimberti, 1975]. The concentration of
metastable nitrogen molecules in a discharge trail remains significantly high for
some hundreds of microseconds [Hartmann and Gallimberti, 1975]. Thus, the
after-effect due to metastable nitrogen molecules appears at repetition rate of
discharges above some kilohertz. On the bases of experiments of Berger [1974],
the duration of influence of metastable particles in air can be about fifty
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milliseconds in discharge gap with electrode spacing of 15 mm. Theincrease in
gap length decreases that influence [Berger, 1974].

The phenomenon of an after-effect is observed also in Geiger counters [Loeb,
1965], where the residual products of burst pulses cause the spurious counts and
prolong the dead time of the counter. The same problems arise in spark counters
[Raether, 1964]. Products created by previous discharges can have a significant
effect on the probability of spark breakdown [Waters, 1978]. Van Brunt and
Kulkarni [1989] show that the amplitude of Trichd pulses and the time interval
between them affect significantly the development of next Trichd pulses.

Although different manifestations of the after-effect of corona pulses are widely
investigated, special methods for their detection and for measurement of their
maghitude are developed poorly. Furthermore, the investigators are not in
agreement whether the excited neutral particles, chemically active species or
residual negative ions cause the after-effect. Some of those particles may come
from a discharge channel. The residual negative ions may be produced also by a
previous corona pulse due to the photoeffect at the surface of the opposite
eectrode or due to the photoionization of gas molecules.

The role of the gas photoionization in gas discharges was underestimated in
recent years [Pancheshnyi et al, 2001]. There are only few papers concerning
this problem. Commonly, it is assumed that the photoionizing radiation is
emitted by gas atoms and mol ecul es excited via electron collision [Badaloni and
Gallimberti, 1972]. According to the recent results published in literature,
another very different generation mechanism of photoionizing radiation — the
soft x-ray radiation produced by collisions of electrons against the anode
surface — is possible [Akishev et al 1999a, 1999b, 1999c]. A satisfactory
experimental confirmation in favour of one or another above mentioned
generation mechanism of photoionizing radiation is missing yet.

2.6 Physical processes in corona discharges

2.6.1 lonization

lonization processes in noneguilibrium plasma can be divided into three groups
[Rusanov and Fridman, 1984].

1. Directionization. If an electron with sufficient energy collides with an atom
or amoleculein the ground state:
e+AB - AB" +2e

2. Sepwise ionization. If an eectron collides with an exited particle
e+A - A" +2e
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3.

loni zation through the collision of two neutral particles. It can happen if the
total excitation energy of neutral particles is higher than the ionization
energy. However, this process has quite small probability of occurrence
because it is adiabatic and the number of particles with sufficient energy is
small.

In coronas, it is important to consider also the gas photoionization due to UV
light emitted by corona discharge itself. This process is represented by the
reaction [Rees, 1978]

A+hv- AT +e

In air, the photoelectrons appear mainly in the process of direct ionization of
oxygen molecules [Zheleznyak et al, 1982].

2.6.2 Recombination

According to Rusanov and Fridman [1984], the loss processes of charged
particles can be divided into three groups. el ectron-ion recombination, ion-ion
recombination and losses on the walls of the discharge chamber.

1

Electron-ion recombination. If the gas contains molecular ions and the gas
temperature is not too high then the dissociative recombination of positive
ions and electrons occurs:

e+AB" - A+B.
The energy released when the electron combines with ion to form a neutral
molecule will be expended in dissociation and excitation.
At high pressures, the recombination in collision of three particles can be
more important:

e+A"+B - A+B.
Here the third particle (B) will take away the excess energy. A heavy
particle is unable to reduce the electron energy so quickly that the positive
ion could attach the electron. Therefore, an eectron plays usually most
effectively therole of thethird particle.

In addition to above mentioned € ectron-ion recombination mechanisms, the
radiative electron-ion recombination is also quite effective:

e+A" - A+hv.

lon-ion recombination. The ion-ion recombination with assistance of the
third body is effective at pressures higher than some mm Hg [Rusanov and
Fridman, 1984]:

A"+B"+M - A+B+M.
At lower pressures, theion-ion recombination occurs due to collision of two
bodies [Smirnov, 1978]:

A +B" - A+B.
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3. Losses at walls. Diffusion of charged particles to the walls of the discharge
chamber and their later recombination thereisimportant at low pressures.

2.6.3 Attachment

Attachment of electrons to atoms and molecules is an important loss factor in
electronegative gases. In air, negative oxygen ions will occur [Raizer, 1987].
Also, the water molecules attach eectrons effectively. Dissociative attachment,
and three-body processes are important just like in the case of eectron-ion
recombination.

1. Dissociative attachment of fast dectrons will go according to the following

scheme:

e+AB - A" +B.
Attachment of eectrons to halogens follows usually this scheme [Raizer,
1987]. The dissociation energy of O, CO, and H,O is higher and the
dectron affinity is lower than those parameters of the halogen molecules,
therefore, the dissociative attachment of O,, CO, and H,O molecules is less
probable [Radsig and Smirnov, 1980].
Thereaction rate coefficient of the process

e+0, -0 +0
is given for the reduced field range 10x10% V m*< E / n < 150x10% V m?
by the equation [Sigmond, 1983 and 1984]:

1 - 6x102 exp- 220" 2.
n O E O

Here E denotes the éectric field strength and n is the number density of gas
molecules.

2. At pressures higher than 13 kPa, the main loss process of low energy

dectrons is the three-body attachment:

e+A+B - A +B.
In air, the slow dectrons disappear mainly according to the reaction [Raizer,
1987]:

e+0,+M - O +M,
where O,, CO,, H,O, NH3 or H,S may play the role of the third body M.
Therate coefficient of this reaction is given by the equation [Sigmond, 1993
and 1984]:

-1.1
1 -16x10EH mo.
n an o

The average rate of natural production of eectron-ion pairs in the air at the
ground level is about 10’ ms® [Tammet, 1996]. The lifetime of free electrons

in the air is [10®s due to their attachment to eectronegative atoms and
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molecules [Bazelyan and Raizer, 1998]. This is the reason why the probability
of appearance of a naturally produced free seed dectron in the narrow active
zone of the point electrode is negligible[M & A Goldman, 1978].

Attachment of electrons reduces the ionization rate and the effective ionization
coefficient ' decreases. This will increase the onset voltages of discharges in
€lectronegative gases.

2.6.4 Detachment
The negative ions may lose electrons in the following processes.

1. Associative detachment
A +B - AB+e
An example of this process is the reaction of oxygen ion with oxygen atom
or carbon dioxide molecule:
O+0-50,+¢
O +CO, - COz+ e

2. Collisonal detachment. Electron detachment after collision of ion with

neutral particle[Rees, 1978]:

AB"+M - AB+M +e
If the neutral particle M is excited, the process is more probable.
The example of this process is the collision of oxygen ion and excited
oxygen molecule:

O, + 02* - 20, +e
Here O, is molecular oxygen in a state a'A, [Lowke, 1992]. Those
metastables are produced by reaction [Lowke, 1992]:

e+ 0, 02* +e
At high ionization level, the dectron detachment may take place due to
collisions between negative ions and dectrons [Rusanov and Fridman,
1984]:

e+A” - A+2e
Raizer [1987] considers this mechanism ineffective.

3. Photodetachment  [Smirnov, 1978]
A"+hv- A+e
Besttie [1975] considers this process as an important secondary feedback
process.

It is commonly accepted that the negative ions detach dectrons that can trigger
the positive corona [Andersson, 1958; Loeb, 1965; Waters et al, 1965;
Hepworth et al, 1972; Waters, 1978; M & A Goldman, 1978; Gallimberti, 1979;
Berger, 1980; Gosho and Harada, 1982; Gosho and Saeki, 1987]. However, the
mechanism of this detachment is not determined unambiguously [Morrow,
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1997]. The seed dectrons can be provided due to thermal detachment [Phelps
and Pack, 1961]. They may appear dueto ion collisions with metastable oxygen
molecules [Lowke, 1992]. Those electrons can appear via collisiona
detachment from negative ions under the influence of the high electric field near
the point electrode [Loeb, 1965]. In air under normal pressure, the ions may
detach dectrons if E>38kV cm' [Bogdanova et al, 1978]. The mean
collisional detachment lifetime of these ions decreases with increase in the
dectric field strength and with decrease in the humidity content [Berger, 1980].
For use in computer simulations, the detachment frequency of negative
(oxygen) ions as a function of the reduced electric fidld E/ n is given by the
equation [Sigmond, 1983 and 1984]:

9 —36x10Bexpt 22N Hn2.
n O E O

2.6.5 Formation of cluster ions

In gas, the elementary ions form the complex and cluster ions according to the
equation [Smirnov, 1978]:

A +B+M - AB +M.
Beside the formation of stable cluster ions, the formation of unstable cluster
ions is possible. The lifetime of thoseions is much longer than the time interval
between collisions of particles in gas. The more complicated the ion is the
longer lifetime it usually has [Smirnov, 1978].

In clean air, the following negative cluster ions dominate [Tammet, 1996]:
NO37mHNO3)|:E'|20, NOzimHzo)z, NO37|:E'|20, 027EGH20)4, 027EGH20)5. The
dominant positive cluster ions are HzO'[(H,0)s, NH, [(H,0),, NH,[(H,0),
H3O'[(H,0)s, NH; M™Hs.

The annual average mobility of positive atmospheric ions is 1.36x10* m’s*Vv™*
and that of negative ions is 1.56x10™ m?s™V™ [Hérrak et al, 1994; Tammet,
1996]. Nagato and Ogawa [1998] measured the mobility spectra of negative
ions as a function of ion age at different temperature and humidity values. At
T=294K, they obtained for 0.03—-3s aged ions two peaks — one at
1.7x10* m’s*V™* and another at 1.9x10™ m’s™V™.

Luts and Salm [1994] modelled the evolution of negative ions depending on the
ion age. The primary negativeionsare O, (95%) and O (5%). In the process of
clustering of these ions, the ions O, [(H20),, n> 1 appear. At an age of 107 s,
the ions O, [(H,0), dominate. The concentration of ions will stay practically
unchanged as long as the age of ions is less than 0.1s. The ions O, [(H;0),
disappear at an age about 0.1—1s. The ions COs; [(H;0), appear in the age
interval of 0.01-1s [Luts, 1995]. The ions NOs; [HNO,)I[(H.O) start to
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dominate when the ion age exceeds 0.5s. The ions NO37EGHNO3)mEGH20)n
(85%), NO, [HNO3)[(H,0),, (10%) and O, [[(H,0), (2.5%) are characteristic to
the steady state [Luts and Salm, 1994].

Luts [1995] modelled the evolution of negative ions under the influence of the
enhanced (about 4710’ times) ionization rate. The ions O, [[H,0), and
CO; [[H,0),, become dominant in the steady state due to changes in partial
concentrations of the neutral constituent gases and due to shortening of ion
lifetimes.

2.6.6 Production of chemically active particles in corona
Corona discharges produce chemically active particles (radicals).

The nitrogen atoms are generated in reaction
N.+e-s N+N+e

The oxygen atoms are generated by dissociation of oxygen molecules
O,+e-> O+0+¢

or by excitation of nitrogen molecules
N,+e - N, (A%) +e

and subsequent reaction [Naidis, 1997]

N, (A%) + O, — N, + O+ O.

The calculation by Naidis [1997] shows that N and O atoms are produced
mainly in the region of high dectric field (for example in the streamer head).

Those chemically active particles produce nitrous oxides (N.O, NO, NO,) and
ozone. The production of NO, increases with mean current intensity of the
discharges [Peyrous and Lapeyre, 1982] as wdl as with increase in
concentration of water vapour [Peyrous and Lapeyre, 1982; Martinez and
Brandvold, 1996]. The production of O takes place mainly in predischarge
regimes [Peyrous and Lapeyre, 1982] and increases with mean current intensity.
During spark regimes, the production of ozone ceases [Peyrous and Lapeyre,
1982].

2.7 Overview of earlier investigation of “streamer counter”

The first known attempt to use the repetition rate of DC corona streamers in
practice was done by Andersson and Hertz [1955], who suggested to use the
dependence of the repetition rate of DC streamers on humidity content for the
measurement of the concentration of water vapour in ambient air. Vaska
recorded the dependence of repetition rate of DC streamers on concentration of
chlorine [Vaska, 1960; Kudu and Veimer, 1970]. Mohr and Weissler [1947]
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report that repetition rate and amplitude of DC streamers depends on
concentration of freon in air. Fouad et al [1978] discuss the possibility to use
streamer corona for counting the alpha particles. Fouad and El-Hazek [1996]
used open-air corona streamer counter with preamplification gap for detection
of weakly ionizing betarays.

The main disadvantage of those devices is the strong dependence of the
counting rate on the small variation of applied voltage. A modified technique to
estimate the concentration of halogens in air was suggested by Kudu [1960],
who suggested a simultaneous application of a DC voltage and an AC voltage
of 50 Hz frequency to the gap. Kudu [1980] called that voltage as “mixed
voltage’. The suggested technique enables to reduce essentially variations in the
repetition rate of streamers caused by variations in applied voltage, pressure and
temperature of the ambient air. Kudu suggested that this device, also called a
“streamer counter”, can be successfully used for measurements of the ionization
level and for measurements of the amount of halogen impurities or water vapour
in theair [Kudu, 1980].

Roos and Hilpus [1977] made the first extensive experimental investigation of
the repetition rate of streamers under conditions of combined voltage of 50 Hz
frequency. They investigated the “counting rate characteristics’, that is the
curves representing the dependence of repetition rate of streamers versus
applied DC voltage, depending on the amplitude of AC voltage, the airflow rate,
the intensity of the (B-source, the concentration of water vapour and iodine
admixtures. An interpretation of the experimental results of Roos and Hilpus
was given by Kudu [1980]. He suggested that the appearance of a seed electron
during the time interval the resultant (combined) voltage being in burst pulse
region eliminates the appearance of the streamer during the same cycle of the
combined voltage. On the bases of that suggestion, he deduced that decrease in
preionization level decreases the formation probability of burst pulses and in
that way increases the formation probability of a streamer. Last statement is true
as long as the preionization levd is still high enough to enable the formation of
discharge during every AC cycle. The halogens influence the repetition rate of
streamers in the similar way — by capturing the initial electrons they reduce the
effective preionization level [Kudu, 1960]. The amplitude of AC voltage
influences the repetition rate of streamers through the changing the duration of
the time interval the resultant voltage being in burst pulse region. That time
interval decreases if the amplitude of the AC voltage increases. Thus, the
formation probability of burst pulses decreases and that of streamers increases
[Kudu, 1980].

Although the possibilities to use the positive streamer corona for detection
purpose of dectronegative admixtures are intensively investigated during resent
fifty years, there are still unsolved problems that need further investigation.
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e The working principle of streamer counter needs still further investigation
and a mathematical description.

e The optimal working parameters (preferable values of AC voltage
amplitude and frequency, DC voltage, airflow rate, preionization level) are
still unknown.

« Thelist of admixtures that can be detected by the streamer counter needs
specification.

e As the streamer counter in its present form is unable to differentiate
between different admixtures, the possibilities to make it seective to some
admixtures need to be investigated in more detail than it was done so far.

2.8 The main goals of the present investigation

On the bases of cited above papers, we can bring out some actual problems and

tasks for investigation.

1. Streamer counter developed by Kudu et al seems to be promising device for
detection of electronegative trace gases. However, to estimate optimal
working parameters of the device and to explain the dependence of its
characteristics on conditions of operation, it is necessary to clarify the
mechanism of discharge inception under conditions of combined voltage in
more detail. A mathematical model of the streamer counter needs to be
devel oped.

2. The after-effect of a discharge, having an essential effect in all types of gas
discharge counters, is not taken into account in the case of the streamer
counter. The reason for that is the absence of proper methods for
quantitative estimation of the after-effect. Therefore, it is important to
devel op the method for measurement of the after-effect of a discharge under
conditions of the combined voltage.

3. Photoionization plays essential role in the mechanism of corona discharges.
It is a potential agent of the after-effect as well. What kind of mechanism is
responsible for the generation of photoionizing radiation in corona
discharge in the air — that needs further investigation because there exist at
least two very different views in the literature.

4. Great disadvantage of the streamer counter as a detector of trace gases is
that one can say nothing about the nature of the trace gas causing change in
the repetition rate of streamers. It would be useful to find out whether it is
possible to make the streamer counter capable to differentiate between some
el ectronegative trace gases.
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3 EXPERIMENTAL SETUP

Figure3.1 shows the diagram of the experimental device, used for the
investigation of positive corona discharge at combined voltage.
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Figure 3.1. The experimental set-up.

Three hemispherically tipped platinum wires of different diameter d serve as
point electrodes. Each of them is surrounded by a coaxial cylinder as an
opposite eectrode of 28 mm in inner diameter and 30 mm in length. Each point
tip is placed 25 mm distant from the front edge of the corresponding opposite
dectrode. These opposite electrodes serve also as the signal electrodes. High
DC and AC (frequency range 20-1100 Hz) voltages are applied to the point
dectrodes through a common RC voltage divider. Circuit arms of the voltage
divider are chosen so that the combined voltage reaches the onset voltage of
streamers for all gaps simultaneously. Instantaneous value of resultant voltage
runs in all gaps sequentially the voltage region free of discharge, that of burst
pulses, streamers and glow corona. Tablel presents the onset voltages of
different discharge modes. All values of voltages are reduced to the standard
conditions and the reduced data are presented below in this thesis. The
following relation describes the common procedure of reduction [Waters, 1978;
Blair, 1978]

Ureduced = J_m U !
where power m=1 and o denotes the relative air density, which is calculated
according to the equation
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P 293K

" 101kPa T

Here P denotes the pressure and T the temperature. The shift of counting-rate
characteristics along the voltage axis, which occurs due to variations in air
pressure and temperature, disappears as a result of application of this reduction
procedure [I]. This reduction procedure is valid in the interval of o values
0.84 < < 1.16 [Waters, 1978]. Below the value 0.85, a higher power m value
should be used [Allen and Ghaffar, 1995b].

Table |. Onset voltages of burst pulses The digital  dual-channel

Upp, Streamers Ug, and steady glow Ug [11]. 60 MHz oscilloscopes
measure the amplitudes of
Gap number 1 2 3 current pulses induced on the

signal electrodes. A personal
computer PC stores the

Point diameter, 0.13 0.25 0.50

d fmm/ sequences  of streamers

synchronously with the AC
Upp /kV/ 2.46 3.08 4.10 voltage for every discharge
Ug, /KV/ 254 318 426 gap. The time resolution

(ps) and the minimal
Ug /kV/ 284 3.43 4.42 measurable time interval
between subsequent streamers
(10 s for each discharge gap) are pre-set by an interface INT. The maximum
duration of continuous counting (5-60¢s) is determined by the computer
program and by amount of free RAM (Random Access Memory) in PC (IMB
for every second of counting time).

An dectric filter neutralizes primary air ions; a subsequent ionizer (a-active
source 2°Pu or another corona discharge) sets the preionization level to the
desired value. A homogeneous mixture of ions is obtained in a mixing unit. The
intensity of theion flux @ at the inlet of the signal electrodes is measured with
an eectrometer in additional experiments. Below, while discussing the
preionization level, we consider just this ion flux. The volume of the pipeline
between ionizer and detector gaps is 1.4x10° m?,

The experiments are carried out in laboratory air under normal pressure. A dust
filter diminates particles bigger than 10 nmin diameter. A desiccator filled with
silica ga removes moisture from the air. Thereafter, the desired level of
humidity is adjusted by evaporation of distilled water into air in a
humidification unit. A digital thermohygrometer TH measures air temperature
and humidity. A differential flowmeter measures the volumetric flow rate of the
air stream.

Electronegative admixtures SFg and CO, are introduced from a cylinder.
Concentration of the admixture in the discharge gaps is calculated from
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readings of flowmeters. lodine admixture is obtained by blowing air through a
vessel whaose inner walls are covered with crystals of iodine. Air, saturated with
iodine vapour, is diluted in proportion of 1:1000 and introduced as a controlled
flow into the inlet of the electronegative admixture of the experimental device.
Electronegative admixtures O; and Oz + NO, are produced with the help of a
barrier discharge ozonizer using respectively oxygen or dry air as feeding gas.
In case of O; + NOy, the concentration of NO, constitutes about 10% of that of
O3 [Samoilovitsh et al, 1989].
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4 DISCHARGE PHENOMENA AT COMBINED VOLTAGE

4.1 Visual examination of discharge phenomena

A typical streamer starts in ambient air from the tip of the hemispherically
capped point electrode [I]. A following glow corona will cover the remaining
part of the hemisphere. Starting position of the first and subsequent streamersis
the same. The stems of streamers are overlapping like it was reported by Aints
et al [1977]. Afar from the point, the streamers may branch. In contrast, in
experiments with increased concentration of carbon dioxide, the branching of
streamers was reduced and the streamers covered the whole tip of the point
eectrode (see section 8.1 for details) [1].

We measured the length of streamers in ambient air visualy and
photographically using a signal electrode with a hole for that purpose. The
results 2.4, 3.6 and 5.9 mm were obtained for lengths of streamers in the voltage
region [Ug,Ug) in the case of point diameters d =0.13 mm, d = 0.25 mm and
d = 0.50 mm, respectively [I1].

4.2 Oscilloscopic study of discharge pulses

4.2.1 Typical development of discharge pulses

In figured.l, the upper oscillogram (figure4.1a) represents the combined
voltage, which is applied to the point electrode. The AC and DC voltages are set
so that instantaneous value of the resultant voltage U runs sequentially through
the discharge free region and regions of different corona modes: burst pulses
(Upp £ U <Ug), streamers (Ugy<U<Ug) and steady glow (U=Ugy. The
occurrence region of burst pulses and that of DC streamers are highlighted by
the dashed lines both on voltage and time scales. Aty,, denotes the time during
which the resultant voltage runs through the burst pulse region (Up, < U < Ug,).
By Ats we denote the time interval during which the resultant voltage stays
above the onset voltage of streamers Ug,. The time needed by the resultant
voltage to traverse the region Ug, < U < Uy is denoted by Atg. Finally, Atsee
denotes the time during which the resultant voltage is below the onset voltage of
burst pulses Uy,

Results of the oscilloscopic study of the discharge current may be summarised
as follows. Normally, the discharge arises at each AC cycle either as a single
streamer or as a burst pulse (figure4.1b-¢). The type of a discharge is
determined by the instantaneous value of the resultant voltage U at the moment
of discharge inception. A discharge starts as a burst pulse, if it is formed in the
voltage region Up, < U < Ug,. That discharge continues as a steady glow corona
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Figure 4.1. Typical oscillograms of applied voltage and discharge current: poi

diameter d = 0.5 mm.
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as long as U = Uy and no streamer will appear during that AC cycle. If a
discharge is incepted a bit later, when U is already equal to or above the onset
voltage of streamers Ug;, the discharge starts as a streamer. Normally, the
streamers arise on the positive slope of the resultant voltage like in [Kudu,
1980; 1].

The streamers are followed by the glow corona, too, and the glow burns on the
point electrode as long as the resultant voltage U is above Ug. The intensity of
the glow corona is approximatdy the same, both after a burst pulse and after a
streamer (figure 4.1b-e) [11].

In general, the formation of a burst pulse excludes the formation of a streamer
during the same AC cycle[l]. However, the possibility of burst pulseto exclude
the streamer at certain cycle does not last forever but only some hundreds of ps
depending on point dectrode diameter. Statistical analysis of discharge current
oscillograms shows that burst pulse excludes the streamer for 150 us in the case
of gap 1 and for 700 ps in the case of gaps 2 and 3. These time intervals are
called limiting ones (At;m) for corresponding gaps below. In experiments of
Miyoshi and Hosokawa [1973], the burst pulses excluded the formation of a
streamer at least for 50 ps. If Aty, + Atg > Atyim, there exists a possibility that the
burst pulse incepted during Aty, is followed by a streamer during the same AC
cycle.

A little above the onset potential of streamers, a harrow region exists, where the
formation of a burst pulse is possible instead of a streamer, although there was
no discharge during Aty,. This burst pulse excludes the streamer in this cycle
like a burst pulse formed during Aty, would have done. However, the effective
increase in Aty, due to overlapping of regions of burst pulses and streamers
remains less than 11%. We neglect that effect in the further discussion.

Under conditions of our experiments in ambient air, only a single streamer
occurred during one AC cycle. The second streamer appeared sometimes during
the same AC cyclein gap 1, if the time Atg, was longer than 0.45 ms. In ambient
air, the second streamer was never detected in gaps 2 and 3 where the maximum
duration of Atg, was 8.9 ms and 5.6 ms respectively. More than one streamer
was detected during an AC cycle in experiments with increased concentration of
carbon dioxide (see section 8.1 for details).

In principle, under condition of very low preionization level, there might be to
few triggering dectrons to initiate a discharge during every AC cycle. Under
conditions of our experiments, the preionization level was high enough and
there were no AC cycles without a discharge.



4.2.2 Amplitude analysis of discharge pulses

The amplitude of streamer pulses and the peak value of glow corona current
were investigated depending on amplitude and frequency of AC voltage, DC
voltage, airflow rate, preionization level and point diameter. The results can be
summarized as follows.

The minimum amplitude of streamer pulses remains independent of
amplitude and frequency of AC voltage, DC voltage, airflow rate and
preionization level.

The maximum amplitude of streamer pulses increases with increase in
amplitude and frequency of AC voltage. In both cases, the increase rate of
resultant voltage in the streamer region increases too, and delayed streamers
arise at higher instantaneous value of resultant voltage. Allen and Boutlend;
[1993] report about similar increase in amplitude of pre-breakdown
streamer with increase in applied voltage.

The maximum amplitude of streamer pulses increases with airflow rate and
decreases with increase in preionization level. As will be shown in
section 6, both these parameters influence the total flux of ions into the
active zone of the point electrode. Decrease in the number of seed ions
results in later inception of streamers. Ddlayed streamers arise at higher
instantaneous value of resultant voltage and thus have higher amplitude.
The change in DC voltage in the limits Ug, - 0.2 Uac < Upc < Upy + 0.6 Uac
has no influence on maximum amplitude of streamer pulses.

The peak current of glow corona increases with DC voltage and amplitude
of AC voltage. Change in preonization level or AC frequency has no
influence on the peak current of the glow corona. The glow corona current
decreases about 10% with increase in arflow rate from
0.8ms*'to45ms™.

The peak value of the current of every streamer exceeds that of the most
powerful glow corona at least 10 times.

The amplitude of both the streamer and glow corona increases with point
diameter.
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5 FORMATION PROBABILITY OF A STREAMER

5.1 The statistical model for calculation of the formation
probability of a streamer

We start this section with derivation of the statistical equation for formation
probability of a streamer.

The dominant production process of triggering electrons for a corona discharge
is the detachment of eectrons from negative atmospheric ions under the
influence of the applied dectric field in the active zone ahead of the point
eectrode [Loeb, 1965]. We call this part of the active zone ahead of the point
eectrode where a detached electron can initiate a burst pulse at U = Uy, as the
birth region of burst pulses [I1]. The calculation of the lateral boundary of this
region will be discussed in section 6.9. Let us assume first that the negative ions
reach the birth region of burst pulses randomly and independent of each other.

In this case, the probability p,, for m negative ions to reach the birth region of

burst pulses during the time interval Aty, can be calculated proceeding from the
Poisson’ s distribution, and it is given by equation [Anderson et al, 1981]
- = ((DT Atbp)m

m

= exp(- @p Atyy)- (5.1)

Here @, is a stochastic flux of negative ions reaching the birth region of burst
pulses.

Two factors control the probability that an ion reaching the birth region of burst
pulses initiates a burst pulse:
1) thevalue of applied voltage at the moment of ion arrival;
2) the entrance co-ordinates of ion on the front surface S of the birth region
of burst pulses.

Let us denote by b the mean (averaged over the voltage interval Uy, < U < Ug,
and over the surface S) probability of initiation of a burst pulse by a single
negativeion. As U depends on time in our case, we get:

[]. bub,ctds
pb=3"" .

Ay, S
bst denotes the probability that an average single negative ion undergoes
detachment of an electron and by, denotes the probability that this electron
initiates a burst pulse. Thus, the probability that m negative ions will initiate the
burst pulseis

P =1-(1-b)™. (5.2)
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The formation probability of a burst pulse during the time interval Aty, can be
presented as a sum

Pop = 3 Pin PRV (5.3)
m=0
Substituting the expressions (5.1) and (5.2) into the equation (5.3), we get
* (e Atb m
Pop= T (1—(1—b)'“)a(TT")maxp(—cpT Atyp)=

m=0
cal-or )5 (P8l g )5 (D 0]
m=0 m=0

=1-expl- @1 Aty )exp((1-b) @r Aty,)=
=1-exp(- @;bAt,)

= (5.4)

According to our results of oscilloscopic study (see section 4.2), the simplest
relationship between formation of a burst pulse and a streamer can be phrased
as follows. The formation of a burst pulse during Aty,, eliminates the possibility
that a streamer arises during the same AC cycle. The formation probability of a
streamer during a particular AC cycle can be presented therefore as a product of
two probabilities:

p= (1_ pbp) Pgr - (5-5)
Here py is the probability that a streamer arises during the time interval Ats if
during Aty, there was no burst pulses.

Pgr =1~ eXp(_ (DTbstrAts) ) (5.6)
where by, denotes the probability that an average single negative ion undergoes
detachment and initiates a streamer.

Inserting (5.4) and (5.6) into (5.5), we get
p= (1_ eXp(_ (DTbstrAts))eXp(_ (prAtbp)' (5.7)

Ats is much longer than Aty, under our experimental conditions (see figure4.1).
bg > b as well, if peak value of U exceeds Uy, sufficiently. In the conditions of
sufficient preionization level, the first exponential in the last equation will be
closeto zero. As aresult we get

p= exp(— fDTbAtbp). (5.8
The time interval Aty, is calculated from the values of DC voltage Upc, peak

value Uac and frequency f of the AC voltage and onset voltages of different
modes of the discharge by the equation

- -U
Aty = %%vcsi nW%wcg nEJb'LiDC% (5.9)
m AC AC
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The flux @r is calculated from the preionization level @ according to
numerically calculated electric field lines (see section 6.9 for details).

According to oscilloscopic study, the appearance of a burst pulse will diminate
the formation of a streamer for a certain time interval. Thus, the equation (5.8)
isvalid only if Aty, + Atg, is shorter than that limiting time interval Atji,.

5.2 Experimental results

The formation probability p of a streamer can be determined when one divides
the number of streamers per certain time interval by the total number of AC
cycles in this time interval. The dependencies of p on DC voltage Upc, peak
value Uac and frequency f of the AC voltage, airflow rate v and preionization
level @ are presented in figures below. The points are recorded in experiments.
The black solid curves are calculated according to equation (5.8). Equation (5.8)
will be called bdow as a rough modd. In the rough model, the value of
parameter b is chosen for every discharge gap individually to achieve the best
agreement between the model and experimental results. In gap 1 b=0.21, in
gap2b=0.17,ingap 3b =0.07.

Grey curves, presented in the same figures, represent the improved modd (see
equation (6.5) in section 6.3) that takes into account the after-effect of a
discharge and changes in b with airflow rate and Aty

07 | Figure 5.1 presents the dependence of
06 O Gap 1 streamer formation probability on the
o A Gap?2 DC voltage Upc. In paper [I], this

05 - ® Gep3 dependence is called “the counting
o 04 o rate characteristic’. The theoretical
03 curves of rough modd fit the

Y experimental  points  satisfactorily,

02 ‘ \\. except the region of higher values of
0.1 2 t DC voltages where the instantaneous
0 _[ r \ P ) '.“_ values of the combined voltage do not

18 28 38 48 5g drop below the onset potential of burst

Unc [kV] pulses. If Uac >> AUy, and

Figure5.1. Formation probability of Usr=0.6 Uac < Upc < Up + 0.6 Unc,
streamer  versus the DC voltage. then thetime Aty, of the growth of the
f=1000 Hz; v=3.7m/s, @=7.410°s*. combined voltage through a narrow
Gap 1. Uac = 0437 kV; Gap 2: voltage interval AUy, varies little with

Uac = 0.578 kV; Gap 3: Uac =0.894 kV.

DC voltage. This is the reason for the
appearance of a plateau (see figures 2,

3,and 14 in[l]) in “counting rate characteristics’ [I].
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Figure5.2 shows the dependence of streamer formation probability on the
amplitude of AC voltage. The values of DC voltage are chosen close to Ug;.
One can see that the streamer formation probability increases with AC voltage.
This is in accordance with our model, as at higher AC voltages the resultant
voltage traverses the region of burst pulses more swiftly than at lower AC
voltages. However, the curve of the rough model fits experimental points well
only in the case of gap 1. In other gaps, the curve of the rough modd fits
experimental points to an accuracy of 25%.

Figure5.3 presents the influence of preonization level on the streamer
formation probability. One can see that the higher is the preionization level the
less is the formation probability of a streamer. Our model predicts the similar
behaviour. However, the curves of the rough mode fit experimental points well
only at high values of the preionization level. At lower values, the experimental
points are below the curves of the rough model.

08 | 1
07 SGap T — 0.9
06 AGap2 | 08
@ Gap3 07
05 06
Q 04 Q 05 Gep 1
° 04 A Gap2 A
0.3 4 > T X ® Gap3
02+ 03
02
0.1 -
0.1
01 ' 0
0 o5 10 15 20 1E+04  1E+05 _ 1E+06  1E+07
Upc[kV] @ [8-1]

Figure5.2. Formation probability of Figure5.3. Formation probability of

streamer  versus the AC voltage. streamer versus the preionization level.

f=1000 Hz; v=3.7m/s, ®=7.400°s*. f=500Hz,v=3.7m/s

Gap 1 Upc = 243 kV; Gap2: Gapl: Upc=240kV; Uac=0.697KkV;

Upc =3.16 kV; Gap 3:Upc=4.31 kV. Gap 2. Upc=312 kV; Uac =0.920 kV;
Gap 3. Upc=4.25 kV; Uac=141 kV.

The influence of AC frequency is presented in figure5.4. One can see that the
streamer formation probability increases with increase in AC frequency. Our
model predicts the similar behaviour because the resultant voltage traverses the
voltage interval of burst pulses the faster the higher is the frequency. The curve
of therough model and experimental points are in satisfactory accordance in the
case of gap 1. The accordance is much worse for gaps 2 and 3.

Figure 5.5 shows the dependence of the streamer formation probability on the
airflow rate. The airflow carries the air under test into the discharge gaps. It also
carries the ions produced by the ionizer into the discharge gap. The flow rate
determines the number of ions reaching the birth region of burst pulses. This
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number decreases with an increase in airflow rate (see the limiting tragjectories
of ions in figure 6.15 for more information). In figure 5.5, we can see that the
formation probability of a streamer increases with the airflow rate. The curve of
the rough mode fits the experimental points satisfactorily in gap 1. In gaps 2
and 3, the curves of rough model lay above all experimental points.
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Figure5.4. Formation probability of Figure5.5. Formation probability of
streamer versus the frequency of the AC streamer  versus  the  airflow  rate.
voltage. v=37m/s @=7400°s" f=1000Hz; ®=4.000°s' — 7.400°s™.
Gap 1. Upc=2.39 kV; Uac = 0.695 kV; Gap 1. Upc=241 kV; Uac =0.740 kV;
Gap 2. Upc=311 kV; Uac =0.915 kV; Gap 2. Upc=3.13 kV; Uac =0.980 kV;
Gap 3. Upc=4.25 kV; Uac=1.40 kV. Gap 3. Upc=4.27 kV; Uac =151 kV.

]

3.5 4.5

5.3 Reasons for discrepancy between experimental results and
theoretical calculations carried out according to the proposed
statistical model

The theoretical curves of the rough model describe the dependence of the
repetition rate of streamer on Uac, Upc, f, @ and v satisfactorily in gap 1. In
other gaps, a discrepancy exists between theoretical and experimental results
such that it exceeds the experimental uncertainty. That discrepancy might be
caused by an after-effect of a discharge. The after-effect increases the flux of
ions reaching the birth region of burst pulses and thus reduces the formation
probability of streamers. The possible presence of an after-effect can explain the
discrepancy between the rough model and experiment at high frequency of the
AC voltage and low rate of the airflow. However, it is difficult to explain only
by the presence of an after-effect of a discharge the considerable discrepancy
between theoretical and experimental results, for examplein figure 5.5 or at low
values of AC frequency in figure5.4.

The consideration of the after-effect will change our choice for the concrete
value of b. Furthermore, the experimental results presented in section 6.6.2
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indicate that we have to revise the assumption that b is independent of airflow
rate and Aty

The improved model, where the after-effect and the dependence of b on
both At,, and airflow rate are taken into account (see section 6.3), gives
theoretical curves that fit experimental points satisfactorily in all gaps aslong as
Upc < Upp + Uac.

Both our models predict that the counting rate diminishes to zero at
Upc=Ugr + Uac but in figure 5.1 one can see that the experimental counting rate
characteristics reach Upc=Ug + Uac + AUg,. This discrepancy between the
models and experimental results needs some further improvements in the
statistical mode.
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6 THE AFTER-EFFECT OF A DISCHARGE

6.1 Definitions

Variation of experimental conditions in wide range and statistical analysis of
experimental results show that the formation probability p of a streamer may be
different for AC cycles with and without streamer during the foregoing AC
cycles. Therefore, four formation probabilities p of a streamer will be used:

*  with py, we denote the streamer formation probability for an AC cycle that
is preceded by two AC cycles without any streamer (figure 4.1b);

* with pys We denote the streamer formation probability providing that there
was a streamer during the foregoing cycle, but there was no streamers
during the antepenultimate cycle (figure 4.1¢);

* with pg, We denote the streamer formation probability providing that the
foregoing cycle was without any streamer, but there was a streamer during
the antepenultimate cycle (figure 4.1d);

* with ps we denote the streamer formation probability providing that there
was a streamer during both the foregoing and antepenultimate cycle
(figure 4.1e).

These streamer formation probabilities are easy to measure using the sequences
of streamers recorded in our experiments. The set of recorded AC cycles should
be split into several subsets according to the type of the discharge during those
two AC cycles, which precede the test cycle. Dividing the number of streamers
in each subset by the number of AC cycles in the same subset, we get the
formation probability of a streamer after the certain succession of discharge
types at preceding AC cycles.

6.2 Experimental investigation of the after-effect

6.2.1 Experimental results

The formation probabilities of a streamer py,, pps and pgy, plotted against the

DC voltage Upc are presented for all three gaps in figure6.1. The values of
parameters are given in the caption of the figure. It can be seen that in gap 1 the
probabilities coincide within the limits of experimental accuracy over the whole

range of DC voltage except the beginning of the curves, where pgis much less
than other two probabilities. In gap 2, the probabilities py, and py, coincide
within the limits of experimental accuracy over the whole range of DC voltage.
Probability p,s becomes equal to pg, and py, at Upc > 3.6 kV. In gap 3, the
probabilities differ markedly over the whole range of the DC voltage used.
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Figure 6.1. Formation probabilities of streamer versus DC voltage. f = 1000 Hz
v=14m/s ®=3.0400° s’ Gap1l: Uac=0.430kV. Gap 2: Uac = 0570 kV. Gap 3:
UAC =0.890 kV.

According to equation (5.8), the plots -In(p) = F«(®) (if Aty is kept constant)
and -In(p) = F(Atyy) (if @ is kept constant) should represent straight lines. Here
we consider that @ is proportional to @. These straight lines should go through
theaxesorigin (p =1, @=0) or (p = 1; Aty, = 0) respectively.

0.1 J In figure 6.2, the  formation
probabilities poy, Poss Po and ps Of

O Pop streamer in Gap 3 are plotted in the

:ﬁsb » semilogarithmic scale versus the flux

a op ~ @®. One can see that experimental
= & f points actually fall on straight lines,

é’ but these lines are not going through

" the axes origin (p=1, @=0). The

10 2= intersection of trendline and @-axis is
5 E+06 0 5E+06  1E+07 farther from zero if during the
@[5 previous AC cycle arised a streamer.

In paper [V], it is shown that the

Figure 6.2. Formation probabilities of distance befween that intersection

streame versus the flux of ions @.

v =37ms f= 1000 Hz point and axes origin increases with
Gap3: Upc=425KV; Unc=141KV: the point electrode diameter (see
Dty = 16 1S, figure2 in [V]) and AC frequency

(seefigure3in[V]).

In figure 6.3, the formation probabilities pu,, Pos, P aNd ps Of Streamer are
plotted in the semilogarithmic scale versus time interval Aty (varied by
changing the amplitude of the AC voltage; AC frequency is kept constant). One
can see that experimental points fall on straight lines, but non of those lines
goes through the axes origin (p=1; Aty =0). The intersection points of the
straight lines with abscissa are shifted about 12 s from the axes origin.
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In figure 6.4 the formation probabilities, pw, Pos Po» anNd ps, Of streamer are
plotted in the semilogarithmic scale versus time interval Aty (varied by
changing the frequency of the AC voltage, Uac is kept constant). One can see
that the experimental values of py, and ps do not fall on straight lines at small
values of Aty,, which correspond to high values of AC frequency. The formation
probability even decreases with decrease in Aty
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Figure 6.3. Formation probabilities of
streamer versus Aty, varied by changing
the amplitude of the AC voltage

Figure 6.4. Formation probabilities of
streamer versus At,, varied by changing
the frequency of the AC voltage

f=1000Hz;, v=37m/s @®=7400°s. v=37ms ®=1510°s".
Gap 3:Upc =431 kV. Gap 3. Upc=4.25 kV; Uac =140 kV.
Uac =0.45—-1.79kV. f =50 — 1100 Hz.

6.2.2 Discussion

Many authors have reported that a previous discharge pulse may have an after-
effect on the formation and development of the next one [Berger et al, 1972;
Berger, 1974; Waters, 1978; M & A Goldman, 1978; Gosho, 1981 and 1982]. In
the case of the streamer counter, this after-effect may be caused by additional
ions generated by previous streamers and/or previous glow corona. The
difference between probabilities p,s, Py, and py, indicates, that the formation
probability of a discharge depends on the type of the discharge during the
previous and antepenultimate AC cycle. This fact confirms that the discharge
has an after-effect.

The possible presence of the after-effect of a discharge can explain also the
behaviour of the curves presented in figures 6.2 — 6.4. If there exists an after-
effect of a discharge, the plots -In(p) = F«(®) have not to go through the axes
origin. However, if the after-effect is independent of @, the plots should still
represent straight lines. The plots -In(p) = Fy(Aty,) should represent straight
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lines, which are going through the axes origin, only in the case when the
magnitude of the after-effect is independent of Atyy.

Therefore, the rough statistical modd of the streamer formation, presented in
section 5, needs improvement. We need to derive the equations, which will
describe the formation probability of a streamer also in the presence of the after-
effect.

6.3 Improvement of the statistical model

In general, we are not justified to use the equation (5.8), if there exists an after-
effect of previous discharges. In this section we show, that after some
modification, we still can use the equation (5.8) even if the after-effect is
present.

The total flux of ions @ in equation (5.8) can be written as a sum of flux
components: @r =@y + Pps + P +...+ Py + Py +..., Where @, denotes
the flux component caused by an external ionizer. Pps, Pys,-.. A€ the fluxes of

residual ions caused by the streamer at previous, antepenultimate, etc. AC cycle.
Andlogically, @py, Py,... are the fluxes of residual ions caused by the glow

corona at previous, antepenultimate, etc. AC cycle. The number of AC cycles
necessary to be taken into account depends on the magnitude of @y, P, ...

and @y, P,... and on the accuracy required in calculations. In the following

discussion we take into account Dps+ Pos and Dy =Dpy.

As afirst approximation, we suppose that the ions of each flux component have
the same age, whereas theions of different flux components may have different
ages. The probability that a single negative ion initiates a burst pulse may be
therefore different for the different components of the ion flux. Let
By, bps, bas and by denote these probabilities for the ions in the corresponding

flux components @g, D, P and @y, respectively.

ps’

Now formula (5.8) can be rewritten for the formation probability of a streamer
during a particular AC cycle depending on the type of a discharge during the
preceding AC cycles. For an AC cycle preceded by two consecutive AC cycles
with glow corona without any streamer we can write:

Po = expl- Aty (@oly + Byby ). (6.1)
If a streamer and accompanying glow corona arise during the antepenultimate

AC cycle, and the glow corona without any streamer arises during the previous
cycle, then we can write

Py = exp(— Aty (cpobo + P+ <ngg )) (6.2)
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If the glow corona without any streamer arises during the antepenultimate cycle
and a streamer with accompanying glow corona arises during the previous AC
cycle, we can write

Pps = eXp(_ Atbp (‘Dobo + (ppsbps + (pgbg )) (6-3)
For an AC cycle preceded by two consecutive AC cycles with streamer and
accompanying glow corona we can write

Pss = eXp(_ Atbp ((DObO + (ppsbps + Do + (pgbg » . (6.4)

If we take into account only these AC cycles that are preceded by the cycle with
a certain type of discharge, then for short time intervals Aty, of these cycles the
total flux @r= @y + Pperare Can be considered to be without any pattern.
Thus, the assumption is fulfilled that arrival of ions in the birth region of burst
pulses is random and independent of arrival of other ions. This justifies the use
of Poisson’s distribution for arrival moments of those ions and allows us to use
equation (5.8) for calculation of the formation probability of a streamer even in
the presence of the after-effect.

If we neglect also the after-effect of antepenultimate streamer, the average
formation probability of streamer p can be calculated according to equation [11]:

p= Pbi =
1= {Pos ~ Pob
exp[— Aty (cbobo + cngg)] . (6.5

1- expl- Aty (@oly + Doy + Doctis | + expl- Aty (@b + 2, )
This equation was used for calculation of curves of the improved model
presented in figures 5.1 —5.5. The values of b, and by @, were obtained from
equation (6.6) by the “method of straight lines’ presented in next section.
bps @ps Was calculated according to equation (6.10). The curves that are
calculated according to egquation (6.5) fit the experimental points considerably
better than the curves calculated according to equation (5.8).

6.4 Detection of the after-effect of a discharge by the “method of
straight lines”. Initiation probability of burst pulses.

The formulae (6.1) — (6.4) can be presented in the following way:

= In(Ppy)

——— 2T =¢,b, + Db, 6.6
Atbp o*~0 g~y ( )

—In(Pps) _

s s = ooy + (@pebys + @5y ). 6.7)
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—In(pg) _
—tbp =@yb, + (cz{,,‘sbaS + cpgbg), (6.8)
-In(ps) _
—tbpss =@y + (cppsbpS +P, b+ cngg) : (6.9

According to these formulae, the plots  -IN(Poy) / Atep = Foo( @),
-In(pos) / Aty = Fos(@o),  -IN(P) / Aty = Fso(Po)  and  -In(pss) / Aty = Fe(P0)
should represent straight lines on the assumption that the intensity of the after-
effect is independent of @,. The slope of these lines is equal to the probability
by that a burst pulse will be initiated by a single negative ion. The intercept with
ordinate-axis gives us  @yb;,  Dxbst Pybg, Db+ Pyby  or
Dps bps + D bs + Dy by respectively. Those products @b can be considered as
quantitative measure of the after-effect [I1], as they represent the effective
supplementary ion fluxes. According to our oscilloscopic study (see section
4.2), the intensity of the glow corona is approximately the same both after a
burst pulse and after a streamer. The after-effect of the glow corona, if it exists,
should therefore be present during each AC cycle in equal measure independent
of streamers. Substituting the value of @yb; from @b+ @yby and
Db+ Pyby, we will get the effective after-effect of previous and
antepenultimate streamer, respectively.

The similar curves like presented in figure 6.2, but with @, on the abscissa, are
recorded for diverse values of airflow velocity v, DC voltage Upc, frequency f
and amplitude Uac of the AC voltage. The co-ordinates of intersection of
trendlines and abscissa are determined. From those co-ordinates, the
quantitative characteristic @b of the after-effect is calculated and presented in
figures 6.5a—6.8a. The slopes of those trendlines, representing the initiation
probability by of burst pulses, are presented in figures 6.10 — 6.13.

6.5 The after-effect of a streamer determined in “single-point
measurements”

The after-effect of discharge can be calculated also on the bases of “single-point
measurements” [I1], that is, calculated using only one and no more preionization
level during the measurements. In paper [I1], a method for measurement of the
after-effect of the previous streamer is presented. The after-effect of the
antepenultimate streamer is neglected there. In this section, we extend the
method, presented in paper [11], for the measurement of the after-effect of glow
corona and antepenultimate streamer. It follows from formulae (6.1 — 6.3) that
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1 pbb%
@b .=—In , (6.10)
Pepe Atbp Pos

1 Poo
®.b.=——In , 6.11
b = %}E (6.11)
1 1
@ :—InE— Doy (6.12)
"% Aty pbb% ot

In the similar way, equations (6.2) and (6.4) give

1 Epsb
¢ . b.=——In X
ps*ps Aty D E

To use the equation (6.12) for a measurement of the after-effect of the glow
corona, we have to know the formation probability of a burst pulse bo, but it is
not always known. At very low level of artificial preionization, the last term in
equation (6.12) can be neglected and so the complications due to unknown by
can be avoided. However, the discharge inception during every AC cycle must
still be warranted, in this case by the after-effect.

6.6 Experimental results

6.6.1 The after-effect

Quantitative characteristics of the after-effect @ b, calculated by the method of
straight lines, are presented for gap 3 in figures6.5a—6.8a The A-type
uncertainty at confidence level of 95% is also indicated. For comparison,
figures 6.5b —6.8b and 6.9 present the results of the single-point measurement
of the after-effect. Here, the after-effects of a streamer (Psbys and Pby) are
measured at the high preionization level, the after-effect of glow corona (@, bg)
in conditions where the preionization levd is closeto zero.

Figure 6.5 shows how the after-effect of previous discharges depends on the
airflow velocity, v. An increase in the airflow rate weakens the after-effect of
both the streamer and the glow corona. The both measurement methods of the
maghitude of the after-effect give here the results close to each other.

In figure6.6, @by, Db and Pyby are presented as functions of the
frequency of the AC voltage The after-effect of both previous and
antepenultimate streamer and that of the glow corona intensify with an increase
in the AC frequency.
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Figure 6.5. After-effect of a discharge versus the airflow rate. (@) method of straight
lines (b) single-point measurements. f=1000Hz;, Gap3: Upc=4.27kV,
UAC =152 kV.
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Figure 6.6. After-effect of a discharge versus the AC frequency. (a) method of straight
lines (b) single-point measurements. v = 3.7 m/s, Gap 3: Upc = 425 kV; Uac = 1.41 kV.

In figure 6.7, the effective ion fluxes @psbps, @b and @by are presented as
functions of the AC voltage. The after-effect of the previous streamer calculated
using the results of the single-point measurement is independent of the AC
voltage within the limits of the experimental uncertainty. The after-effect of the
previous streamer calculated using the method of straight lines increases with
amplitude of the AC voltage. The after-effect of the antepenultimate streamer
remains independent of the amplitude of the AC voltage. The intensity of the
after-effect of the glow coronaincreases with the AC voltage.

Figures 6.6 — 6.7 indicate that the after-effect of a streamer calculated by the
method of straight lines is stronger than the after-effect calculated from results
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of a single-point measurement. The after-effect of the glow corona is in both
cases in uncertainty limits the same.
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Figure 6.7. After-effect of a discharge versus the AC voltage. (@) method of straight
lines (b) single-point measurements. v = 3.7 m/s, f = 1000 Hz; Gap 3: Upc = 4.33 kV.

Figure 6.8 indicates that an increase in the DC voltage decreases the after-effect
of both previous and antepenultimate streamer. The after-effect of the glow
corona remains almost independent of the DC voltage.
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Figure 6.8. After-effect of a discharge versus the DC voltage. (@) method of straight
lines (b) single-point measurements. v = 3.7 m/s, f = 1000 Hz; Gap 3: Uac = 0.90 kV.

H

At airflow rate v = 1.4 m/s, the changes in preionization level have no influence
on theintensity of the after-effect caused by a streamer [I1]. Figure 6.9 indicates
that at airflow rate v = 3.67 m/s, the after-effect of a streamer decreases with an
increase of @,. The after-effect of the glow corona can be considered in uncer-
tainty limits independent of preionization level. The values of the after-effect
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6.6.2 Initiation probability of burst pulses

Figures below represent the initiation probability of burst pulses depending on
the airflow velocity v, on frequency f and amplitude Uac of the AC voltage and
on DC voltage Upc. The A-type uncertainty is presented at confidence level of
95%. One can see that the initiation probability by of a burst pulse increases
with airflow velocity (figure 6.10) as far asv < 3 ms™. Thereafter it decreases a
bit.
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Figure6.10. Initiation probability of |n figure6.14, the same initiation
burst pulses by versus airflow velocity. probabilities of burst pulses aready
f=1000Hz; Gap3: Uoc=427kV, ghown in figures6.11-6.13 are

Unc =152 kV. presented versus the time interval Aty
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Changes in the DC voltage, AC frequency and amplitude change that time
interval. One can see that within the accuracy of 25% all experimental points
can be approximated by the same trendline.
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Figure 6.11. Initiation probability of Figure6.12. Initiation probability of burst
burst pulses b, depending on the pulses by depending on the amplitude of the
frequency of the AC voltage. v=3.7m/s, AC voltage. v=37m/s, f=1000Hz;
Gap 3. Upc=4.25 kV; Uac=141 kV. Gap 3: Upc=4.33 kV.
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Figure 6.13. Initiation probability of burst Figure6.14. Initiation probability of a
pulses by versus DC voltage. v =3.7 m/s, burst pulse versustimeinterval Aty
f=1000 Hz; Gap 3: Uac = 0.90 kV.
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6.7 Discussion of results obtained about by and the after-effect of
a discharge

Figure 6.5 indicates that all investigated after-effects decrease with an increase
in the airflow rate. It is understandable as the removal of residual products
increases with the airflow rate.

From figure6.6 one can see that the after-effect increases with the AC
frequency. The increase is understandable because the higher is the AC
frequency the shorter is the removal time of additional ions before the beginning
of the discharge formation at the next AC cycle.

Figure 6.8 shows that the after-effect of a streamer decreases with an increase in
the DC voltage. That effect can be explained as follows. At a higher DC
voltage, the streamers arise still mostly in the time interval Atg,. The time
interval between streamers remains approximately the same, equal to the AC
period. The streamers arise at the same value of the resultant voltage as at lower
values of the DC voltage and the average amplitude of streamers remains
unchanged. As the average electric field strength during the AC cycle is higher,
the ions generated by a streamer can be removed faster. Higher dectric field
could remove faster also the ions generated by the glow corona, however, two
other effects counteract to that. First, the mean current of the glow corona
increases with DC voltage (see section 4.2), and the after-effect increases with
the discharge mean current. Second, the time intervals between the end of the
glow corona of the previous AC cycle and ignition of a new discharge at the test
cycle shortens, which could also increase the after-effect of the glow corona. As
a result, last two effects compensate the first one, and the after-effect of the
glow corona remains almost independent of DC voltage.

Figure 6.9 indicates that the after-effect of a streamer might depend on the
preionization level. The preionization level determines the spread of the time
lags of the streamer formation; thus, it determines also the instantaneous voltage
at which the streamer will be formed. The mean amplitude of streamer current
pulses increases with the applied voltage [Allen and Boutlendj, 1993].
Therefore, the higher is the instantaneous resultant voltage U, the longer are the
streamer channels and the higher is the streamer current. The time interval for
removing the residual products generated by a streamer is the shorter the later
the streamer is formed. Thus, the after-effect of streamer might increase with
decrease in the preionization level (figure 6.9).

Our method of straight lines uses measurement points recorded both at high and
low preionization level. At low preionization level the streamers are formed
considerably later and have a stronger after-effect than at high preionization
level. As aresult, the magnitude of the after-effect of a streamer calculated by
the method of straight lines might be higher. This can be seen in figures 6.6 —
6.7 where the method of straight lines gives us systematically higher results
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than the method of single-point measurements at high preionization level. Two
different methods of determination of the after-effect give the same result in the
case presented in figure 6.5.

Figure 6.7 shows that the after-effect of the glow corona increases with the AC
voltage. The oscilloscopic observations showed that the intensity of the glow
corona increases with the AC voltage. In addition, during the negative half
cycles, the eectric field strength decreases with an increase in the AC voltage.
Those details can be the reason for an increase in the corresponding after-effect.
The after-effect of streamers calculated from results of a single-point
measurement is independent of the AC voltage under conditions given in
caption of figure6.7. That one calculated according to the method of straight
lines increases. That increase may be caused by the fact that at low
preionization level the streamers arise later, well above the onset voltage of
streamers. The instantaneous voltage at the inception moment of late streamer is
the higher the higher is the increase rate of the resultant voltage. As the increase
rate of the resultant voltage increases with the AC voltage, the magnitude of the
after-effect of streamers, calculated according to equation (6.7), also increases.
At high preionization level or high level of the after-effect, the after-effect of a
streamer remains independent of the AC voltage.

Figure 8 in paper [I1] indicates that the after-effect of a streamer decreases with
an increase in air humidity. The same happens with the after-effect of the glow
corona. Due to humidity in air, absorption of the photoionizing radiation
increases [Loeb, 1965]. Our numerical estimations show that the number
density of photoions increases near the streamer channel and glow region but
decreases in that layer where the ions responsible for the after-effect are
produced [I1]. Humidity causes also a marked decrease in the length and the
charge of a streamer [Loeb, 1965], which in its turn reduces the number density
of photoions. Moreover, in moist air, the electron detachment from complex
ions is less probable [Gallimberti, 1979]. The probability by of initiation of a
burst pulse by a residual complex photoion decreases. As a result, the after-
effect of a streamer will decreasein moist air [11].

Figures 6.5 — 6.9 show that in general the after-effect of a streamer is higher
than that of the glow corona. Figures5—8 in paper [II] and figures2 -3 in
paper [V] show that the after-effect increases with the point diameter. This
effect can be explained by an increase in the discharge current with the point
diameter.

The ion composition depends on the ion age [Salm, 1993]. In our experimental
device, the velocity of the airflow determines the age of those ions, which are
created by the ionizing radiation of the a-source. The higher is the airflow rate,
the younger are the ions reaching the discharge gap. Thus, the initiation
probability of burst pulses can depend on the magnitude of the airflow rate
(figure 6.10).
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The physical reason(s) for dependence of by on Aty, (see figure6.14) are il
unclear for us and they need further investigation. One reason might be the
systematic uncertainty in determination of Aty by equation (5.9). This
systematic uncertainty is caused by inexact determination of onset voltages and
by neglecting the effect of overlapping of voltage regions of burst pulses and
streamers.

Lowke [1991] is of the opinion that streamers produce metastable particles,
which increase the probability of electron detachment from negative ions. If
those metastable particles will be present in the birth region of burst pulses
during Aty, they should favour the destruction of negative ions formed due to
the a-source. Consequently, the metastable particles increase the formation
probability by of burst pulses and b, can not be considered independent of f, Uac
and Upc any more. After an AC cycle with a streamer that effect should be more
pronounced than after an AC cycles without a streamer. Our experiment shows
that thisis not a case — by is independent of the type of the discharge during the
preceding AC cycle. Thus we conclude that in our experiments the metastable
particles generated by a streamer have no detectable influence on the magnitude
of the after-effect.

Gosho [1981 and 1982] explains the appearance of an after-effect by the
production of nitrous oxides in the corona. Figure 8.7 in chapter 8 indicates that
an increase in concentration of NO, increases the formation probability of a
streamer. In contrary, the experimental results presented in this chapter indicate
that the after-effect decreases the formation probability of a streamer. Thus we
conclude that in our experiments the production of nitrous oxides is not the
main cause of the after-effect.

According to the discussion presented above, it remains to suppose that the
detected after-effect is caused by negative ions. The possible mechanisms of
production of those ions will be discussed in section 6.10.

6.8 Comparison of two proposed methods for detection of the
after-effect of a discharge

In general, the after-effect of a streamer calculated according to the method of
straight lines is higher than that calculated from the results of single-point
measurement. This might be caused by the fact that the assumption about
independence of the after-effect of the preionization level is not always correct
for streamers (see figure 6.9). Under certain conditions, the spread of time lags
of the streamer formation may increase with a decrease in @,. As a result, the
after-effect of a streamer may increase too (figure 6.9).

The method of straight lines and the method of single-point measurement give
similar results for the after-effect of the glow corona.
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The method of single-point measurement has an advantage in comparison with
the method of straight lines: the calculated after-effect is independent of the
measurement quality of the preionization leve. In addition, we don't have to
know the form of ion trajectories inside the detector gap. Thus, the
measurement procedure is much more convenient and there is no need to
change the preionization level during the measurements. However, during the
measurement of the after-effect of streamers, the preionization level has to be
high enough to warrant the inception of most streamers at a resultant voltage
close to Ug,. Otherwise the assumption, that the intensity of the after-effect of
the glow corona is the same both after a burst pulse and after a streamer, is
incorrect. Another possibility to eliminate the effect of the delayed streamers,
valid for both methods, is to modify the computer program so that only those
AC cycles will be taken into account, where a streamer appears at the voltage
closeto Ug,.

Measurement of the after-effect of the glow corona is possible by the single
point method, if the preionization level is close to zero or we know the value of
@, and the initiation probability of burst pulses.

Possibility to estimate also the initiation probability of burst pulses is an
advantage of the method of straight lines.

6.9 Modelling of ion trajectories in the streamer counter

6.9.1 Calculation of the electric field strength

The mechanism of discharge inception in conditions of the combined voltage
and the background of those ions that supply the seed éectrons are understood
incompletely. We try to clear up some problems by modelling the ion
trajectories in our discharge gaps. In numerical two-dimensional (three-
dimensional axis-symmetric) calculations, the motion of ions is evaluated as a
resultant drift caused by both the dectric field and the air flux. The distribution
of the Laplacian dectric field is computed by the finite difference method. The
successive over-relaxation method [Zhou, 1993] is used in first iterations.
Gauss-Seidd iterative condition [Zhou, 1993] is used to obtain the final results.

The rectangular computation region is taken a little larger than the discharge
gap. On the open boundaries, the potential U =0V is considered except the
boundary, perpendicular to the gap axis behind the point, where the potential
distribution is considered to be the same as that between infinite coaxial
cylinders. On the gap axis, the condition of symmetry [Serdyuk et al, 2001] is
used. The computation domain is divided first into a uniform square grid having
40 nodes per millimetre. In the vicinity of the point electrode, additional
iterations are made. That domain is divided into a square grid having maximally
3200 nodes per millimetre. For the convergence criterion of the iterations is
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taken the requirement that the relative residual in the iterative process should
not exceed 10™ at each interior node.

Theair flux istaken into account as an additional dectric field Ea(r) =v(r)/ u,
where V(r) is the vector of the airflow velocity and u is the mobility of ions
[I1]. Computations are carried out on the assumption that the mobility of

negativeions = 2 cm*(\Vs)™ [11]. Theairflow profile inside the signal electrode

is calculated according to the empiricad power-law  eguation
1

— (0 _LE.GGIOQ(Re),
v(r) =v( )% -

where r is a radial co-ordinate, Ry is the co-ordinate of the wall of the signal
dectrode, v(r) is the airflow velocity at point r, and Re is the Reynolds number
[Miller, 1989]. In our experiments and cal culations, Re ranges from 275 — 6950.

The accuracy of the computing algorithm was tested by the numerical
evaluation of the well-known field distributions of coaxial cylinders and
concentric spheres. The difference between analytical and numerical results was
less than 0.5%.

It is impossible to obtain an exact analytical solution for the dectric field
distribution in our discharge gaps. In numerical calculation of the electric field
strength we use the Deutsch approximation, which assumes that the electric
field direction is unaffected by the corona space charge and remains Laplacian
in shape [Bouziane et al, 1997]. Thus, in absence of the airflow, the ion drift
trajectories will coincide with these lines. The magnitude of the electric field,
however, can in general be affected by the corona space charge [Bouziane et al,
1994]. Thus, the space charge can affect the drift trajectories provided the
dectric field and the air flux act simultaneously. However, in our case, those
trajectories remain unaffected near the point eectrode even in the presence of
the airflow, as the drift due to the eectric field prevails there. Far from the
point, the drift dueto the airflow prevails.

6.9.2 Demarcation of the birth region of burst pulses

At the onset of burst pulses only these avalanches, which develop close to the
axis of the discharge gap, can launch the burst pulses. The size (number of
dectrons) of those avalanches is considered critical [Il]. According to our
calculations, the critical avalanche consists of (1.1-2.9)10" dectrons
depending on the point diameter [Il1]. An increase in the point diameter
decreases the size of the critical avalanche [II]. The data for ionization
coefficient, used in our calculations, are taken from the survey [Dutton, 1975].
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For comparison, the mean size of 2.7010" eectrons is proposed in literature for
the critical avalanche [Loeb, 1965].

Once the onset voltage of burst pulses is exceeded, also the off-axis electrons
can launch the burst pulses [I1]. We denote the radial distance between the gap
axis and the utmost lateral start position of a critical avalanche with re. It
characterizes the lateral expansion of the birth region of burst pulses at a given
voltage. In the present theses, r. is calculated numerically for the onset voltage
of streamers. Theratio r./ ro=0.68 for all three gaps [I1]. Here ry is the radius
of the point electrode.

6.9.3 Limiting trajectories of those negative ions which can trigger
the discharge

In figure 6.15, theion trajectories terminating at the lateral boundary of the birth
region of burst pulses are presented for those negative ions which reach this
boundary at the moment when U = Ug,. The ion trajectories are computed for
different velocities of the airflow and are shown in the plane of the gap axis.
Calculations reveal that the higher is the airflow rate the closer the limiting
trajectories are to the gap axis. At low airflow rate, those trajectories can start
even from the signal electrode. If v > 0.4 ms?, the limiting trajectories in all
our gaps do not touch the signal electrode any more. The limiting trajectories
will be the closer to the gap axes the smaller is the diameter of the point
dectrode[ll].
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Figure 6.15. Trajectories of ions terminating at the latera boundary of the birth region
of burst pulses. f=1000Hz, Gapl: Upc=247kV; Uxc=0.720kV. Gap 2
Upc=3.21 kV; Uac = 0.950 kV. Gap 3. Upc =4.40 kV; Uac =150 kV.

(@ v=04msh () v=14ms™ (c) v=36ms’. The grey area presaits the space
region from which the ions will be collected to the point eectrode during the time
interval when the dischargeis extinguished. v = 0.4 m s™.

Using limiting trajectories of ions and measured intensity of the ion flux @ at
the entrance of the detector gap, we calculate the intensity of the flux @, of ions
reaching the birth region of burst pulses in each discharge gap.
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6.9.4 The space region from which the ions will be collected to
the point electrode during Atfree

We determine numerically, under the assumptions of our model, the co-
ordinates of the space region inside which the negative ions will be collected on
the point electrode during the time interval Aty (See figure4.1a) when the
discharge is extinguished. In figure 6.15, the sectional view of this space region
in the plane of the gap axis for v=0.4ms" is painted grey. The gap axis
intersects the boundary of this space region at z = z,.

Our numerical calculations show that the value of z, increases with a decrease
in the AC frequency and with an increase in the DC voltage. An ion layer
labelled L in figure 6.15 is located between the limiting tragjectories immediately
beyond that boundary. The thickness of that layer at distance r is vi(r) Aty,
where vi(r) = v(r) + E(r) denotes the velocity of ions in the layer L. The ions
of this layer are responsible for the initiation of the burst pulse during the time
interval Aty at the next AC period. The region occupied by streamer channels is
indicated in the same figure. One can see that the length of the streamer is
aways less than z.

6.10 Background of negative ions responsible for the after-effect

Calculation of ion trajectories, presented in section 6.9, enable us to make some
conclusion about background of the negative ions responsible for the after-
effect.

In principle, the negative ions can arise due to the photoeffect on the wall of the
signal electrode and subsequent attachment of the photodectrons to oxygen
molecules [Beattie, 1975; 11]. However, the calculation of ion trajectories show
that these ions are unable to reach the birth region of burst pulses in our
discharge gaps, if the airflow is laminar and the flow rate is higher than
0.4 ms" (see figure 6.15). Thus, they are unable to participate in the initiation
of the discharge.

The negative ions can be born in the streamer channel or glow corona layer.
However, the streamer length is about two times less than the extent of the
space region inside which the negative ions are collected on the point electrode
during the time interval when the discharge is extinguished (in conditions of
figure6.15). Hence, the ions born in the streamer channel are unable to
contribute to the after-effect. The sameis valid for ions produced in the layer of
the glow corona, as the extent of the glow corona layer is by an order of
maghitude smaller than the length of streamers.

The negative ions may be produced by the photoionizing radiation of a
discharge (streamer or glow corona) [Loeb, 1965; Teich, 1967; Penney and
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Hummert, 1970; Morrow, 1997]. The rate of photoionizing radiation was
measured experimentally by Teich [1967] and by Penney and Hummert [1970].
The quantitative theory of photoionization is presented by Zheeznyak et al
[1982] and it is consistent with experimental results of Teich [1967].

We calculated numerically, using the photoionization data obtained by Teich
[1967], the flux of thoseions, asif the ions were generated by the radiation of a
streamer or glow corona only. One example of those calculations is presented in
paper [I1] for streamers. The calculation shows that the ions produced by the
phaotoionizing radiation can be responsible for the detected after-effect. The
calculated flux and the measured one are in close agreement [I1]. On the one
hand, this result demonstrates that the investigated after-effect of discharges is
caused by photoionization. On the other hand, it confirms that the methods
proposed in sections 6.4 and 6.5 are suitable for quantitative evaluation of the
after-effect [11].
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7 GENERATION MECHANISM OF THE PHOTOIONIZING
RADIATION IN CORONA DISCHARGES

It is generally accepted that the corona discharge in air generates photoionizing
radiation. Concerning the generation mechanism of this photoionizing radiation,
two very different opinions exist.

1. Theradiation is emitted by gas atoms and/or molecules exited by eectron
collision. The dominant processes leading in air to photoionization of
oxygen molecules are believed to be the excitation of nitrogen molecules to
energies of 12.1 — 13.6 eV with subsequent emission of photons [Badal oni
and Gallimberti, 1972]; and the dissociation of oxygen molecules with
subsequent emission of photons by excited oxygen atoms [Badaloni and
Gallimberti, 1972]. To cause the photoionization of oxygen molecules, the
energy of those emitted photons has to be above the ionization potential of
oxygen molecules (12.1 eV). The ionization potential of nitrogen molecule
is higher (13.6 €V); therefore the electron collision processes leading to the
excitation of nitrogen to energies above the ionization potential are believed
to beless probable.

2. Theradiation is generated due to the bombardment of the anode surface by
dectrons, accderated in a high electric field near the anode [Akishev et al,
1999D, c].

To check the second hypotheses, presented above, Akishev et al carried out a

simple experiment using a point-to-plane discharge gap where the cathode was

replaced by a metal mesh. Close behind the mesh-dectrode, they placed the x-

ray spectroscopy film wrapped in dense black paper to screen the film from the

visible and UV radiation [Akishev et al, 1999a, b]. After exposition of the film
to the radiation generated by the positive corona and subsequent development,
the dark spots were observed on the film around the axis of symmetry of the
discharge. Therefore, Akishev et al believed that the “bremsstrahlung” from the
anode is the most important ionizing agent in a positive corona [Akishev et al,
1999a]. In the paper [lIl], however, we show that the above-described
photographic detection of photoionizing radiation is improbable and in similar
experiments we were unable to get dark spots on the x-ray spectroscopy film

[I11]. Moreover, no imprint of the mesh is seen on the photographs published by

Akishev et al. Evidently, dark spots on the photographs published by Akishev et

al do not prove the x-ray generation by the corona discharge. The processes

causing those spots need further explanation.

To get some additional experimental confirmation for or against the hypothesis
of bremsstrahlung, we developed a method for detection of the photoionizing
radiation. The method bases on an internal gas discharge counter. Description of
the principle of the method and experimental setup used is presented in paper
[I11]. Dependencies ¥ versus PX are presented in figure 2 of paper [I11], where
P denotes the gas pressure and ¥is the number of photoions created in a layer
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of unit thickness at distance X from the radiation source, per ionizing collision
in the discharge, at unit pressure. One can see that within the limits of
experimental uncertainty, % does not depend on the material of the point
dectrode. Thevalues of Yarealittle higher in the case of negative corona [lll].

If the photoionizing radiation were produced by collision of acceerated
electrons with anode surface, at least two characteristic tendencies should
appear [I1]. First, the intensity of the photoionizing radiation should be the
higher the greater is the atomic weight of the material of the anode. Second, the
spectral characteristics of the photoionizing radiation should depend on the
polarity of the applied voltage. In case of negative corona, the eectric field
strength near the anode is weak and the éectrons are unable to gather the
sufficient energy to cause the bremsstrahlung. As a result, the radiation intensity
in the negative corona should be less than that in the positive corona. The both
above-mentioned tendencies should have an effect on the shape of & versus PX
curves. However, like it was seen in figure2 in paper [IlI], the radiation
intensity was independent of the anode material and, in the contrary of the
secondly expected tendency, that intensity was a little higher for negative
corona than for positive corona. We conclude that different materials of
dectrodes or different polarities of the applied voltage cause no significant
differences in the generation mechanism of the photoionizing radiation.

As a result we consider that mainly gas molecules and atoms emit the
phatoionizing radiation in corona discharge, like it was widely accepted before
the work of Akishev et al. The hypothesis that “the bremsstrahlung from the
anode is an important ionizing agent in a positive corona’ is not enough
confirmed at the moment.
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8 FORMATION PROBABILITY OF STREAMER AS A
MEASURE OF CONTENT OF ELECTRONEGATIVE
TRACE GASES IN AIR

8.1 Dependence of streamer formation probability and amplitude
on the concentration of admixtures

Figures below present the streamer formation probability p and average
amplitude A of the streamer versus the fractional concentration C of different
admixtures. The number of streamers is counted during 7=30s at each
measurement point. Voltages applied to the point eectrodes are given in
tablell. The frequency f of the AC voltage is 500 Hz. The airflow velocity in

Table 1l Applied voltages reduced to the
standard conditions and Aty, for point

electrodes used.
Gap number, i 1 2 3
d /mny 0.13 0.25 0.5
Upc /kV/ 264 3.44 4.69
Uac /kV/ 0.79 1.04 161
Aty /psd 255 32.2 30.4

the discharge gaps is 3.6 n/s. The
ion flux @at the inlet of each
discharge gap is 6.2:10° s*, the age
of ions being approximately 0.12 s.
Thetemperature of the gasis 31°C.

Influence of water vapour on the
formation probability and average
amplitude of streamer is presented
in figure 8.1. One can see that the
formation probability of a streamer
increases and the average
amplitude decreases with
increasing concentration of water

vapour. At the same time, an increase in concentration of water vapour
influences neither the width of the voltage region of streamer occurrence nor the
position of this region reative to the phase of the AC voltage.
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Figure 8.1. Dependence of streamer formation probability and average amplitude on the
fractional concentration of water vapour Ciyzo.
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Small amounts of additional carbon dioxide have no influence on the average
amplitude of streamers, on the width of the voltage region of streamer
occurrence and on the position of this region relative to the phase of the AC
voltage. The formation probability of a streamer increases only a little with an
increase in the concentration of CO, up to 3000 ppm (figure 8.2).

A rise in concentration of CO, above 10 000 ppm causes a dlight shift of the
voltage region of streamer occurrence towards a later phase of the AC voltage.
The number of streamers per AC cycle increases over one and the streamers
arise on the point dectrode all the time the resultant voltage is above Ug,. The
higher is the concentration of CO, the more streamers will arise during the same
AC cycle. The maximum repetition rate of streamers reaches 50 kHz under the
conditions given in caption of figure 10 in paper [1].

Visual observations reveal that arise in concentration of CO, is accompanied by
essential changes in the discharge structure. From a certain concentration on,
more and more streamers form in zones adjacent to the point tip. Finally the
streamers are distributed almost uniformly over the whole hemispherical tip of
the eectrode [I]. Branching of each streamer seems to be reduced. The burst
pulse following a streamer becomes weaker the higher is the repetition rate of
the streamers. Finally the specific glow of burst pulses disappears on the point
surface almost completely [I]. Beattie [1975] reported a similar result —
concentration of CO, much less than one percent is sufficient to extinguish the

1.0
a—? 0.9 A Gap 1' The number of streamers versus phase
§ 0.8 X Gap 2 angle of the AC voltage is presented
E 0.7 OGap3 in figure 8.3. One can see a number of
0.6 . maximums in each histogram. The
% 0.5 ___M—M'#-é first pesk has the smallest width; last
£ 04 peaks are wider and cover oneself.
S 03 The width of the peaks is the narrower
8 the smaller is the point diameter.
g g::: | e e According to the visual and
0 oscilloscopic observations presented
0 1000 2000 3000 in section 4, the ampl itude of streamer

Fractional concentration of CO,, Cq, /ppm/

Figure 8.2. Dependence of streamer
formation probability on the fractional
concentration of CO, Cgo. Fractional
concentration of H,O is 6500 ppm.

increases with point diameter. We can
conclude that a streamer prevents the
formation of another streamer for a
certain time interval and that time
interval depends on the amplitude of
the streamer — the more powerful the

streamer is the later the new streamer will arise. In spite of the difference in
initiation moments of streamers, the amplitude of streamers remains unchanged.
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An increase in concentration of ozone up to 5 ppm increases the formation
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Influence of iodine on both the
formation probability and the average
amplitude of streamers is presented in
figure8.5. One can see that the
formation probability of a streamer
increases remarkably under the
influence of iodine and p=0.95 in all
discharge gaps if Cj»> 30 ppb.
Average amplitude of a sreamer
increases with the concentration of 1,
as wdl. The voltage interval of
streamers broadens (figure 8.6), at the
same time, the voltage region of
streamer occurrence starts at the same
phase of the AC voltage independent
of the amount of the iodine admixture.

O3+ NOy has a similar effect on the
formation probability and the average
amplitude of streamers (see figure 8.7)
like iodine does. The formation
probability of a streamer increases
remarkably — p= 0.9 in all discharge

gaps, if Coswnox > 1 ppm. Average amplitude of a streamer increases with the
concentration of Oz + NO, as well. The voltage region of streamer occurrence
starts at the same phase of the AC voltage independent of Oz + NOy
concentration. The width of this voltage region increases two-three times, when

Cos+nox increases from 0 to 1 ppm.
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Influence of sulphur hexafluoride on the formation probability and the average
amplitude of streamers is presented in figure 8.8. One can see that the average
amplitude of streamers decreases remarkably with increasing concentration of
SF¢ and constitutes at SFs concentration of 400 ppm only a quarter of that at
0 ppm. At the same time, an increase in the concentration of SFg increases only
a little the formation probability of a streamer and has no influence on both the
width of the voltage region of streamer occurrence and the position of this
region relative to the phase of the AC voltage.
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Figure 8.8. Dependence of streamer formation probability and average amplitude on the
fractional concentration of sulphur hexafluoride Csre. Fractional concentration of H,O is
5100 ppm.
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Figure 8.9. Dependence of streamer formation probability and average amplitude on the
fractional concentration of oxygen Co,. Fractional concentration of H,O is 6800 ppm.

Influence of oxygen on the formation probability and average amplitude of
streamers is presented in figure 8.9. One can see that the formation probability
of a streamer increases and the average amplitude of streamers decreases with
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an increase in the concentration of O,. An increase in the concentration of O,
has no influence on the width of the voltage region of streamer occurrence or on
the position of this region relative to the phase of the AC voltage.

In our investigation [1], we have shown that in air the formation probability of a
streamer increases also with the concentration of such admixtures as HNO;,
HCI, H,S0.,, HsPO,4, CHCI;, CsHs, NH,OH, CH;COOH, CyoH:60, HCHO, Cl..
Ethyl ether C;HsOC,Hs and ethyl acetate C4HgO, decrease the repetition rate of
streamers[I].

8.2 Discussion

One can see in figures of the previous section that p increases with fractional
concentration of all electronegative admixtures used, in al gaps. Under the
influence of an dectronegative admixture, the number of ions with high
probability to initiate burst pulses decreases due to the conversion reactions, and
the number of ions with lower probability to initiate burst pulses increases [IV,
VI, VII]. The primary negative ions formed at the ionizer or due to the after-

effect of a discharge are supposed to be the molecular ions of oxygen O; . In

the drift region, between the ionizer and the point electrode, a conversion of
those negative ions takes place and various complex ions are formed. According
to the numerical simulation [Luts and Salm, 1994], the concentration of the
primary oxygen ions will be close to zero already within 10%s. The
composition and concentration of resulting ions depends on the concentration of
humidity and other dectronegative additives. Some of molecules of strongly
electronegative additives will collide with the complex ions and new, very
stable ions will be formed. Electrons attached to such molecules are then
practically unavailable for triggering a corona discharge [I]. The composition
and concentration of ions reaching the active zone of the discharge depends also
on the time of flight of ions through the drift region. This time is determined
mainly by the flow rate of the air stream. The experiments carried out with a
buffer section between ionizer and the detector gap showed that the lengthening
of the time of flight in the presence of halogen additive increases the repetition
rate of streamers remarkably [I].

Small amounts of the additive do not change the propagation mechanism of a
discharge (they do not change values of the ionization coefficient a, attachment
coefficient 1, coefficient of absorption of photoionizing radiation). Thus, they
have no effect on the development of an aready initiated streamer or burst
pulse. An electronegative additive causes only a reduction in the number of seed
dectrons because the detachment probability of electrons from the ions
decreases.
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Higher amounts of the additive ater the discharge devdopment already
substantially. First, the amplitude of streamers will change (like in above-
reported experiments with H,O, SFs and O,). Second, the DC voltage interval of
streamers expands (as for Cio > 15 000 ppm and Ceo, > 3000 ppm [1]). Third,
the number of streamers per cycle may grow over one, if the concentration of
the additive exceeds some percent.

8.3 Modification of the equation that describes the streamer
formation probability

In the general case, the number m of different types of ions reaching the birth
region of burst pulses is greater than one. For the probability p; that the ions of
j™ type will not initiate a burst pulse during the time interval Atyp, We can write
an equation similar to equation (5.8):
p; =expl- Aty ¢;9;b))

Here ¢ denotes the fractional flux of ions of j" type, which is defined as the
ratio of the flux @ of ions of that type to the flux @. Factor g; characterizes the
possibility that an ion of ™ type will reach the birth region of burst pulses. g
may be different for ions of different type because of difference in mobilities. b,
denotes the probability that oneion of | type initiates a burst pulse.

The probability, that none of ions of m different type initiates a burst pulse
during the time interval Aty,, is equal to the product of all p;:

p= ﬁ p; =expB— ¢Atbp§¢jgjbj H (8.1)
j-1 H P& H

This probability equals also to the formation probability of a streamer, as
according to our experimental conditions a streamer arises whenever a burst
pulse is not formed during Aty, (See section 4.2). According to equation (8.1),
the changes in ion flux composition result in changes of p as the average
initiation probability of a burst pulse and the factor g change upon introduction
of an eectronegative admixture[lV, VII].

8.4 Limitations on detection of electronegative trace gases by the
streamer counter with one discharge gap

According to experimental results presented above, the eectronegative
additives increase the streamer formation probability. Especially high sensitivity
is observed in the case of halogens. For example, a detectable change in the
formation probability of a streamer takes place at fractional concentration of
iodine C;, =1 ppb [I]. Thus, the streamer counters can be used as simple and
cheap detectors of e ectronegative trace gases.
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The simple streamer counter with only one discharge gap has a disadvantage —
the lack of selectivity [IV, VI, VII]. It is possible to detect the presence of an
electronegative admixture in laboratory air but it is impossible to distinguish
between different e ectronegative admixtures (see for example figure 4 in paper

[VII]).

The experimental results presented above show that the influence of
electronegative additives on the average amplitude of streamers depends on the
nature of an additive. Some stuff increase, some other decrease the amplitude of
a streamer, and some do not have any detectableinfluence onit.

Simultaneous measurements of formation probability and amplitude of
streamers give us a possibility to differentiate between different additives. One
can see that the additives can be divided at least in four groups.

e Gases (0, CO,), which increase the formation probability of a streamer and
have no effect on the amplitude of streamers. To that group beong also
these gases (l,, Os+ NO,), which increase the average amplitude of
streamers due to the shift of initiation moments of streamers in the voltage
scale to higher instantaneous values of the combined voltage.

e Gases (0, Hy0), which increase the formation probability and decrease
somewhat the amplitude of streamers.

e Gases (CHCI3 (chloroform) [I] and SFg), which increase the formation
probability and decrease remarkably the amplitude of streamers.

e Additives which decrease the formation probability of streamers
(CHsOC Hs (ethyl ether) and C4HgO. (ethyl acetate), for example) [1].
These additives form a fourth group. The amplitude of streamers was not
investigated experimentally for this group of additives

8.5 Streamer counter with several discharge gaps

The simultaneous use of several discharge gaps improves the capability of a
streamer counter to differentiate between dectronegative additives. The
probability by for a certain ion to initiate a burst pulse depends on the
decomposition probability of the ion, which in turn depends strongly on the
dectric fidd strength (at constant gas number density). At the onset of
streamers, the maximum field strength on the axis of the discharge gap is the
higher the smaller is the curvature radius of the point tip. According to
numerical calculations (see section 6.9) for our discharge gaps, the maximum
field strength Ene =250 kV/ecm if the point diameter d=0.13mm, and
Enax = 120 kV/iecm if d=0.5mm, provided that U=Ug. Thus it can be
supposed that the probability b of initiating a burst pulse by a negative ion
depends on the tip radius of the point dectrode and, furthermore, the
dependence of b on the tip radius is different for different kind of ions. The
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dependence of b on different admixtures is due to difference in their electron
affinities, molecule masses and their structure [VI]. Using m- 1 point €ectrodes
with different curvature of thetip we get a set of linear equations

py = expl- AuP(@1161 + 82 + .+ 8 0+ ¥ By i)
Epz = exp(— ALP(ag1p1 + 3y 00, +.. t 8p @+ F az,m¢m))

Epi = exp(— AGD(8 1p1 +3 o+ + 3 P +.F ai,m¢m)) (8.2)

D..
Epm-l = exp(— Aty a®(am11f1 + Ama 202 ot Ay @+t am-l,m¢m))

H=¢1+,t..+¢;+..+ 0,
Hereindex i indicates the gap number and index j the type of ions. py, P2,..., Pm1
are streamer formation probabilities measured in different gaps. a;; denotes the
product bj; gi;. Constancy of the sum of fractional ion fluxes yields the
additional condition > ¢;=1, which is presented in the last row of set (8.2).

]

If the numerical values of &; are known, then solving this set of eguations
yields the values of ¢;. In that way we get a distribution of theion flux by values
of &, that is, a spectrum of ions by a;;. The spectrum shape depends on gas
composition. Once the spectrum is known, some conclusions about gas
composition are possible.

The relative increase in p with fractional concentration of an admixture is
different in different gaps. For instance, look at figure8.1, where the H,O-
curves for gaps 2 and 3 are even intersecting. This is in accordance with our
hypothesis that the initiation probability b of a burst pulse depends on the point
diameter differently for different ion species.

8.6 Calibration of the detector

The coefficients a;; of equations (8.2) can be determined, if we know the ion
composition of the gas. We determined the values of a; for our three-gap
device using the known ion composition of clean humid air. According to Allen
and Gallimberti, the most populous ions in clean humid air are the ions of

0,(H,0),, with x=2...5 [Allen, 1985; Gallimberti, 1979]. As a firgt
approximation, we take into account only those ions and calculate the fractional

concentration ¢E(h) of those ions using the formulae proposed by Allen
[1985]. Thereafter, using the curve fitting method, we find the coefficients a’; «

such that curves f;(h) =5 a'i,X¢E(h) fit experimental points on -(At@)In(p(h))
X
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versus h plots for all three gaps as wel as possible [IV]. The calibration
procedure is described in detail in paper [1V]. The obtained values of a’ix are
presented in the first three rows of the matrix A:

[7.90007° 547007° 516M107* 218M0°H
A =285 1072 1.010072 22910 843 DO'GB
83.96 1072 117010% 1.050107° 5.1300°°

H 1 1 1 1 H

Thefirst row corresponds to gap 1, the second to gap 2, the third to gap 3. The
first column consists of coefficients a’; ,, the second of coefficients a’ 3, the
third of coefficients a’; 4, and the fourth of coefficients a’; 5. Coefficients of the
condition ) ¢; =1 are presented in the fourth row of the matrix A.

j

(8.3)

By solving the equation

Alp=q ©4
0 - ((Atﬂ’;‘iln P
_@.0 _B-(At,®) " Inp, 0
f h = dg=
orq),W ere ¢ %gmaﬂ q E[—(At3¢)_llnp3%
4@ H 1 H

the four components of ¢ (fractional fluxes) can be determined [IV]. Each flux
component is characterized by certain values of aj;. lons constituting flux
component with subscript 1 have the greatest probability to initiate a burst
pulse, ions with subscript 4 —the smallest, closeto zero [IV].

8.7 The response of the detector in the form of a four-bar
(pseudo)spectra

In the general case, some different trace gases are present in air, and the number
m of ion species with different values of a may be great enough. If the number
of gaps nis smaller than m- 1, then the actual spectrum of ions by a can not be
resolved because the number of unknowns is greater than the number of
equations. Nevertheless, it is possible to find a solution for the set (8.4) that
consists of n+ 1 equations [I1V]. Below, the solution of equation (8.4) using
matrix (8.3) is named the device response. It can be presented as a spectrum as
wdll, but in the general case it differs from the actual spectrum of ions — the
number of components of the actual spectrum may be different from four, and
the values of a corresponding to each component of the actual spectrum may be
different from values of a;; chosen for the components of the response. Despite
of these differences, the calculation of a detector response using matrix (8.3)
enabl es us to distinguish between some admixtures.
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The response ¢ of the detector depending on the concentration of different
admixtures is presented in paper [IV]. Some characteristic results are presented
also in figure 8.10 for pure laboratory air and for laboratory air with artificially
increased concentration of H,O, CO, and O,. To accent the possible difference
between the detector response and the actual spectrum of ions, these histograms
will be named pseudospectra below.

1 1

?, ‘Water vapour -- 6800 ppm ?, Water vapour -- 38000 ppm

Carbon dioxide -- 300 ppm Carbon dioxide -- 300 ppm
075 075
05 05
025 025
0

° 1 2 3 4 1 2 3 4

a) i b) i

© | Water vapour - 6500 ppm )

;| Water vapour -- 6800 ppm
Carbon dioxide -- 3000 ppm ! vapou PP

Carbon dioxide -- 300 ppm

075
075 Oxygen -- 25%
05 05
025 025
0 0
1 2 3 4 1 2 3 4
© i d) i

Figure 8.10. Response of the detector (a) in laboratory air; (b) in laboratory air with
increased concentration of H,O; (c) in laboratory air with increased concentration of
CO; (d) in laboratory air with increased concentration of O.,.

One can seethat the spectrum of clean laboratory air has his maximumat j = 2.

At high concentration of H,O, the maximum is moved to j=3. Unde the
influence of CO, or O,, ¢ and ¢, stay practically unchanged whereas ¢s
increases and ¢, decreases with increase in concentration of admixture.
However, theinitial relationship among the components of ¢, @, > @3 > ¢1 = @,
remains unchanged over the investigated range of concentrations of CO, and
O..

Figure 8.11 presents some characteristic results in the case when some strongly
electronegative trace gases are present in laboratory air.
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Figure 8.11. Response of the detector in laboratory air with addition of small quantity of
different strongly el ectronegative admixtures.

The influence of strongly electronegative trace gases on the shape of the
pseudospectrum is quite similar in case of each admixture. The values of ¢, ¢
and ¢; decrease and that of ¢, increases with an increase in the concentration of
an eectronegative admixture [IV]. In the case of |, or Os+NO,, the
pseudospectrum obtains one maximum at j = 4. In the case of Os or Sk, another
maximum at j = 2, specific for clean air of low humidity, remains observable as
well.

As can be seen from figure 8.11, in the presence of |,, Oz or Os+NOy in air, the
component ¢, acquires the highest value among the components of ¢. Under
influence of Sk (figure 8.11) or H,0 (figure 8.10), ¢, increases as well but here
the component ¢, or ¢s has the highest value [1V]. In the case of CO, or O,, the
initial relationship among the components of ¢ remains unchanged. Therefore it
is possible to distinguish the presence of some strongly electronegative trace gas
(I, O3, Os+NOy, SFe) in air on the basis of the four-bar pseudospectrum [1V].
Once the admixture is identified, the concentration of it can be determined on
the bases of formation probability of a streamer versus admixture concentration
curve (like those presented in figures8.1-8.2, 84—-8.5 and 8.7 -8.9) [IV].
Accurate measurements of concentration of an admixture are possible if only
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one admixture is present in air. Applicability of the detector in the case when
several admixtures are present at the same time needs further investigation [1V].

To increase the sdectivity of the detector, the number of gaps used in the
streamer counter can be stepped up. The eectrodes for the new gaps have to be
chosen so that the electric field strength near the point at the onset voltage of
streamers and the degree of inhomogeneity would be remarkably different from
the corresponding values of the already existing gaps [VI1I]. As one can see in
paper [IV], the scattering of points around the smoothed curvesin figures 5 - 10
is relatively great compared to that in figures 2 - 4. This is caused by the fact
that relative changes in p due to addition of a particular admixture are quite
similar in different gaps. Thus, the accuracy in determination of ¢ decreases
rapidly with an increase in the number of gaps [1V], and determination of the
optimal number and geometry of gaps need further investigation.

Another thing in need of further investigation is the optimal choice of the matrix
A. We have obtained the matrix A by changing the concentration of H,O.
Applying this matrix to other admixtures gives only a pseudospectrum [IV].
Another matrix A, obtained by changing the concentration of some other
admixture, might lead to the spectra of another shape (see for example figure 3
in paper [VI], where the matrix A was obtained in a different way than in paper
[1V]). What kind of matrix is the best one, might depend on the admixtures
used. However, the responses like presented above in the form of four-bar
pseudospectra seem to be quite proper for the present task - to distinguish
strongly electronegative trace gases from additional H,O, CO, [IV] and O, in
air.

8.8 Preferable operating conditions of the streamer counter.

To determine the best operating condition for the streamer counter, we proceed
from the limits of applicability of the equation (5.8) and experimental results
about the dependence of the after-effect on AC frequency, airflow rate and DC
voltage. Presence of the after-effect complicates the interpretation of the
response of the streamer counter, as the ion composition can depend on the
place of origin of ions. Thus, we try to choose the working parameters of the
streamer counter in such a way that the after-effect of streamers and glow
corona would be minimized. If the after-effect can be neglected, the equation
(5.8) takes a form:

p = exp(- @obpAty, ). (85)

Application of high AC frequencies is preferred, because they enable to opt for
shorter counting times and ensure a lower scatter of the experimental data.
Figure 6.6 indicates that the after-effect of streamers increases remarkably with

75



the AC frequency, if the frequency is higher than 500 Hz. Thus, the highest
value of the acceptable AC frequency is about 500 Hz.

Figure 6.5 shows us that the after-effect of a discharge decreases remarkably
with an increase in the airflow rate v. Therefore, the high airflow rates are
preferable. However, the airflow rate should be low enough to avoid the
possible turbulence in the discharge gaps. Reynolds numbers Re> 7000
indicate the presence of an excessive strong turbulence [Miller, 1989]. The
velocitiesv > 4.3 m s* correspond to those Reynolds numbers. Weak turbulence
exists already above Re = 4000 (corresponding v = 2.5 ms™). As one can see,
the fully laminar air flux and the effective removal of the residual ions are not
always the compatible requirements. If all residual ions are to be certainly
removed before the formation of the next discharge, then a weak turbulence
should be accepted. The limits for acceptable airflow rate are
25mst<v<43msh

The concrete values of optimal f and v are valid in the case of our discharge
gaps. In the case of discharge gaps of other dimension, the optimal f and v can
be different. However, the methodology of their determination presented above
isvalid also in that case.

The main advantage of the combined voltage is that it makes the repetition rate
of streamers in the streamer counter insensitive to small variations in air
pressure and temperature [I]. For that, the time interval Aty has to remain in
certain limits with changes in the DC voltage. For example, if we alow Aty, to
differ maximally 20% from Aty at Upc = Uy, the DC voltage has to satisfy the
condition Ug, - 0.6 Uac < Upc < Upy + 0.6 Uac. Figure 6.8 indicates that the
after-effect of streamers decreases with an increase in the DC voltage
Therefore, higher DC voltages are preferred. However, according to the
assumptions of equation (5.8), the DC voltage has to be low enough to warrant
the discharge extinction at the end of every AC cycle. In our opinion, the
preferable choice of the DC voltage is Ug, < Upc < Upy + 0.6 Upc.

According to the assumptions of equation (5.8), the resultant voltage has to stay
in the discharge-free voltage region for some time and traverse voltage regions
of burst pulses, streamers and glow corona. The amplitude of the AC voltage
has to be high enough to warrant that. In addition, Aty, + Aty has to be short
enough to warrant that the burst pulse eliminates the inception of the streamer
during the same AC cycle. The time interval Aty has to be short enough to
diminate the inception of more than one streamer during the same AC cycle
The higher is the amplitude of the AC voltage, the better the above requirements
are fulfilled. The onset voltage Uy of breakdown streamers limits the highest
peak value of Uac to the magnitude Uac < Ups - Upc. In practice, it is necessary
to consider also the after-effect of the glow corona under high AC voltages (see
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figure 6.7). Therefore, we have chosen for our streamer counter the voltages
presented in table 1.

Finally, the acceptable preionization level should be chosen according to the
repetition rate of streamers applicable for detection of dectronegative trace
gases. Wewill choose the repetition rate of streamers so that the detector will be
as sensitive as possible to small variations in the average initiation probability
of a burst pulse caused by changes in the ion compasition of the gas under test.
Equation (5.8) gives that the maximal sensitivity of the detector is reached at

p = 0.37. The corresponding preionization level @ = . In our streamer

g bAt bp

counter with several discharge gaps, only one gap can be optimized for
sensitivity. To optimize all discharge gaps, the design of the streamer counter
has to be modified so that the regulation of @ would be possible in every gap

separately.
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9 CONCLUSIONS

The positive corona was investigated experimentally under the combined
voltage (DC + AC). The dependence of the repetition rate of streamers on DC
voltage, AC voltage amplitude and frequency, airflow rate, preionization level,
diameter of the point electrode and on the concentration of some €l ectronegative
admixtures was recorded.

The main results of the present work are the following.

The probability of discharge inception under conditions of combined
voltage is described mathematically. This description relates the formation
probability of a streamer with values of DC and AC voltage, AC frequency,
preionization level, and to characteristics of the corona gap — onset voltages
of burst pulses and streamers and initiation probability of burst pulses.

Two methods were developed to measure the after-effect of a discharge on
the formation of the following streamer. One of them is preferable for
measurement of the after-effect of a streamer, another for measurement of
the after-effect of the glow corona. Both methods are based on the statistical
analysis of sequences of streamers under the conditions of the combined
voltage.

The negative ions left into the discharge gap by a streamer or glow corona
cause the after-effect. The analysis of the experimental results, as well as
the numerical simulation of the ion drift reveal that in our discharge gaps
those negative ions are the products of photoionization in gas.

The after-effect of both streamer and glow corona increases with discharge
current and AC frequency. The after-effect decreases with an increase in
airflow rate and air humidity.

A method for detection of photoionizing radiation, based on an internal gas
discharge counter, was developed. The production of photoions by negative
and positive coronas was recorded in air at atmospheric pressure. It is
shown that the bremsstrahlung caused by electron bombardment of the
anode surface constitutes so small fraction of the total radiation that it is
indistinguishable from the total radiation by our experimental method.
According to the earlier widely admitted hypothesis, mainly gas molecules
and atoms emit the photoionizing radiation in a corona discharge. The
present experiments leave this hypothesisin force.

A method was developed to estimate the average probability of the burst
pulse initiation by one negative ion. This probability was determined for
point electrode of 0.5 mmin diameter.

Using properties of the streamer corona, a detector can be designed for
detection of electronegative trace gases in air. The detector is sensitive to
admixtures such as H,O, CO,, O; O3+NO,, SFs, HNO;, HCI, H,SO,,
H3PO,, CHCl3, CeHs, NH,OH, CH3;COOH, CyoH160, HCHO, I, Cl,. The
detection limit for halogen concentrationin air is about 1 ppb.
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e A dreamer counter with three discharge gaps has the capability to
distinguish at least four strongly eectronegative trace gases (l,, Os,
Os+NO,, SF¢) from H,O or CO, background in air. Once the admixture is
identified the concentration of it can be determined on the bases of
formation probability of a streamer versus admixture concentration plots.
Accurate measurements of concentration are possible, if only one additional
gasis present in air.

e Measuring the repetition rate and amplitude distribution of streamers
simultaneously improves the ability of the streamer counter to distinguish
between different admixtures.

As a result of the present work, a mock-up of a three-gap computer-linked
detector of electronegative trace gases was built. The methodology was
developed for optimization of parameters of detector such as amplitude and
frequency of the AC voltage, DC voltage, airflow rate and preionization level.

Open problems

Theinitiation probability of a burst pulse depends on Aty, (see figure 6.14). The
physical reasons for that need a further investigation and theoretical
explanation.

In addition, next aspects need further investigations:

« Applicability of the streamer counter as a detector of electronegative trace
gases in situations where several admixtures are present at the sametime;

e The optimal number of discharge gaps in a multi-gap detector;

e Optimization of electrode configuration of discharge gaps.
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SUMMARY IN ESTONIAN
Positiivne koroona segapingel

Uurimistod eesmérgiks oli tapsustada positiivse koroona tekkemehhanismi
(initsieerimist) segapingel (alalis- + vahelduvpinge) atmosféaridhus, valja
selgitada dektronegatiivsete lisandgaaside mGju koroona karakteristikutde ja
selgitada koroonal baseeruva dektronegatiivsete lisandgaaside detektori (nn.
striimerloenduri) tdiustamise véimalusi.

Eksperimentaalselt uuriti  positiivset  koroonalahendust — atmosfaéridhus
segapingel, kui elektroodidele oli samaaegsdt rakendatud nii alalis- kui ka
vahelduvpinge. Registreeriti striimerite kordussageduse sBltuvus vahelduvpinge
amplituudist ja sagedusest, alalispingest, gaasi voolukiirusest, eelionisatsiooni
tasemest, poolsfadrilise tipuga silindrilise teravikelektroodi diamestrist ja rea
el ektronegatiivsete lisandgaaside kontsentratsioonist.

Kaesoleva t6d pohitulemused on jargmised.

» Koostati striimerloenduris asetleidvate protsesside matemaatiline mudel,
mis kirjeldab  striimerite  tekket@endosust  sOltuvalt  alalispingest,
vahelduvpinge amplituudist ja sagedusest, eelionisatsioonitasemest,
purskeimpulsside ja striimerite lavepingest ning purskeimpulsi algatamise
tBenaosusest.

e Striimerid ja pidev koroona v@ivad avaldada jarelmdju jargneva lahenduse
stttimise tGendosusele. Jardmdju suuruse modtmiseks todtati vélja kaks
meetodit, mis pdhinevad striimerite jadade statistilisel analliiisil. Uks
meetoditest on edlistatav pideva koroona jardmdju moGtmisel, teine
striimeri jarelmdju madtmisel.

e Lahenduse jardmdju pbhjustavad lahendusvahemikku jadnud negatiivsed
ioonid. Eksperimenditulemuste analiils ja ioonide triivi numbriline
modelleerimine néitavad, e uuritud lahendusvahemikes p&hjustavad
jardmdju negatiivsed ioonid, mis tekivad 6hu fotoioniseerimisel lahenduse
ultraviolettkiirguse poolt.

e Nii striimeri kui ka pideva koroona jardmdju tugevneb vahelduvpinge
sageduse ja lahendusvoolu kasvades. Jardlm@ju nérgeneb Shuvoolu Kiiruse
ja6hu niiskusesisalduse suurenedes.

o Tootati véalja metoodika fotoioniseeriva  kiirguse = mo&dtmiseks
gaaslahenduspdhise loenduri abil. M&0deti nii positiivse kui ka negatiivse
koroona fotoioniseeriv kiirgus atmosfaarirdhul. Naidati, & anoodi pinna
dektronpommitamise tagajarjel tekkida vOiv pérsskiirgus moodustab nii
vaikese osa kogu fotoioniseerivast kiirgusest, & meie eksperimentides
polnud teda vBimalik kogukiirguse foonil registreerida. Seet6ttu jaab jousse
seni laialdasdlt aktsepteeritud hilpotees, et koroonalahenduse fotoioniseeriva
kiirguse allikaks on peamiselt gaasi ergastatud molekulid vai aatomid.
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e Tootati valja meetod, mis vBimaldab leida keskmise tGendosuse, millega
Uks negatiivne ioon initsieerib purskeimpulsi. Sdle tdendosuse vaartus
maarati 0.5 mm diamesetriga teravikel ektroodi jaoks.

 Kasutades  striimerkoroonat on  v8imalik  konstrueerida  6hu
dektronegatiivsete lisandgaaside detektor. Striimerloendur on tundlik
naiteks Hzo, COz, O3, O3+NOX, SFG, HNO3, HCl, H2804, H3PO4, CHC|3,
CeHe, NH4OH, CH3COOH, CloHleo, HCHO, P ja C|2 lisandite suhtes.
Halogeenide detekteerimisel dhus on detektori tundlikkuse lavi umbes
1 ppb.

*  Eksperimentaalselt néidati, & kolme lahendusvahemikuga striimerloendur
on kasutatav lisandgaasi detektorina, mis suudab eristada vahemalt nelja
tugevalt elektronegatiivset lisandgaasi (l,, Os, Os+NO,, SFe) veeauru Vo
stisihappegaasi foonist 6hus. Kui lisandgaas on identifitseeritud, siis saab
tema kontsentratsiooni hinnata striimeri tekketbendosuse ja lisandgaasi
kontsentratsiooni vahelise sdltuvuse graafikult. Korrektsed md6étmised on
vOimalikud ainult siis, kui 6hk & sisalda rohkem kui Uhte lisandgaasi.

e Striimerloenduri voimet eristada lisandgaase saab parandada, kui mdéta
Uheaegsdlt striimerite kordussagedust ja amplituudi.

Uurimistod tulemusena valmistati arvutiga sidestatud elektronegatiivsete
lisandgaaside detektori makett. Tootati vélja metoodika detektori
t6Oparameetrite — vahelduvpinge amplituudi ja sageduse, alalispinge, gaasi
voolukiiruse ja edionisatsiooni taseme — optimaal sete vaartuste magramiseks.
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Abstract. This paper demonstrates that the positive streamer corona may be
useful for the detection of electronegative impurities in gas (ambient air). The
measurements of the repetition rate of streamers are carried out in a
point-to-coaxial cylinder gap where DC voltage and AC voltage at a frequency of
up to some kilohertz (the so-called ‘mixed voltage’) are applied simultaneously.
The repetition rate of streamers is investigated depending on the airflow rate, on
the amplitude and frequency of the AC voltage, on the level of gas preionization
and on the amount of moisture and impurities of different kinds in air. Results
presented in the form of counting-rate characteristics of streamers show that under
the action of halogens (I,, Cl,) the detectable changes in characteristics take place
if the halogen concentration exceeds 1-10 ppb. Principles of operation of the
proposed detector and possible basic physical mechanisms of the influence of
impurities on the counting response are discussed. It has been demonstrated that
a simple statistical model for the inception of streamers under the conditions of a
mixed voltage enables calculation of the counting-rate characteristics of streamers

in satisfactory agreement with the experimental results.

1. Introduction

There exists an urgent need for fast-response but ssimple and
inexpensive detectors of electronegative noxious impurities
in process gases or in ambient air. Well known methods
of chemical analysis are mostly time consuming and
inconvenient. Those based on absorption of light or on
mass spectrometry require quite complicated and costly
equipment [1]. Interesting possibilities arise when one
attempts to use properties of corona discharges in this
field. For example, it is widely admitted that the voltage
range of the positive onset streamers of the DC corona
and their number per unit time depend on the geometry
of the discharge gap as well as on the properties of the
filling gas [2,3]. The properties in question are pressure
and temperature, velocity of the gas flux, the preionization
level and the chemical composition of the gas.

Andersson and Hertz [4] made the first known attempt
to use the repetition rate of DC corona streamersin practice.
They tried to measure humidity in the air.

A modified technique to estimate the humidity or
concentration of halogen in air was developed by Kudu [5],
who suggested a simultaneous application of a DC voltage
and an AC voltage of 50 Hz frequency to the gap. Themain
advantage of this kind of mixed voltage is the appearance of
a plateau on the counter characteristic curve. Owing to the
plateau the results of the fixed-point measurements in the

0022-3727/97/020210+11$19.50 (© 1997 IOP Publishing Ltd

centre of the plateau are practically insensitive to possible
variations in pressure and temperature of the ambient air.

The aim of our measurements at a mixed voltage is
to investigate the dependence of the counting rate versus
voltage characteristics of streamers on different factors—
the amplitude and frequency of the AC voltage, the airflow
rate, the level of preionization, and the gas composition.
We discuss the physical processes that could affect the
shapes of counting-rate characteristics.

2. Experimental set-up

A sketch of the experimental set-up is presented in figure 1.

The air under test entered the air channel of the device
through an electric filter formed by the pipeline and a
coaxialy arranged rod electrode (1). The filter blocked the
passage of primary air ions. Subsequently the preionization
level was driven to a desired value using an «-active
source (2) or a corona ionizer (3). The preionization
level was adjusted in steps by orifice plates of different
apertures D in front of the «-source.

It is common to use preferably radioactive sources as
sources of ions in various instrumentations. Unfortunately,
such instrumentation requires certification and regular leak
tests according to governmental standards in force [6]. To
avoid these inconveniences we investigated the potential of
a corona ionizer to be used as an adjustable nonradioactive
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Figure 1. Schematic diagram of the experimental apparatus.

human-friendly alternative. The negative corona was
excited on aconically tipped platinum wire (3) of 0.2 mmin
diameter. Here setting the preionization level was achieved
by adjustment of the current intensity of the negative
corona

The preionized air was directed to the positively
stressed point electrode (5) of the main discharge gap. By
‘preionization level’ we mean fixed values @ of the flux
of negative ions in the cross section of the air channel
just at the tip of the point electrode (5). To determine
the preionization level dependence on the aperture of the
orifice plates, on the current intensity of the corona ionizer,
and on the airflow rate the thin point electrode (5) was
replaced by a rod of 3 mm in diameter. The ion current
collected by the rod was measured to estimate the degree of
preionization. During these measurements the potential of
the stressed rod was kept low (4100 V) to avoid ionization
phenomena.

During the corona investigations the electrode (5) was
a hemispherically capped platinum wire of 0.2 mm in
diameter and 15 mm in length anchored to a rod of 5 mm
in diameter. The opposite electrode was formed by walls
of the air channel, a metallic pipeline of 10 mm in inner
diameter. A part of the pipeline was electrically insulated
to form a signal electrode (4) for the detection of corona
pulses at the point electrode.

A high DC voltage was applied to the point electrode
through the secondary winding of a transformer Tr. This
allowed a stepped-up AC voltage at various frequencies
(20-3000 Hz) and a DC voltage to be applied to the
gap simultaneously. The DC voltage was measured to an
accuracy within £0.5% by an electrostatic voltmeter and
the AC voltage, to an accuracy within +£3%, by a dua-
channel 100 MHz oscilloscope and a capacitance voltage
divider Co—C3.

Pulses induced on the signal electrode (4) by a
discharge were examined by an oscilloscope and counted
by a pulse counter. The differentiating circuit R,—C1—R3
was used for the suppression of the background induced by
the AC voltage.

The humidity and air temperature were measured by a
digital thermohygrometer provided with aremote capacitive
transducer (6). In the range from 4 to 99% relative humidity

the error was +3% of the indication. The measured
temperature values exhibited an error +0.5%.

The airstream through the pipeline was produced and
controlled using a ventilator (8). The volumetric flow rate
of the airstream was measured within an accuracy of +10%.
A differential flowmeter (7) was used [7].

The investigated agents were extracted from a cylinder
(carbon dioxide), produced by the evaporation of liquid and
solid substances (acetone, ethyl ether, ethanol, hydrochloric
acid, sulphuric acid, nitric acid, water, iodine, etc),
or they were generated by electrolysis (chloring). The
concentration of additives was calculated from the flow
measurements, by weighing the evaporated quantities of
agents, or by using the laws of electrolysis.

3. Experimental results

3.1. Discharge appearances at mixed voltages

We start the presentation of experimenta results with a
description of events observed in an oscilloscopic study
of a corona at mixed voltage. An insight into the
typical behaviour of the discharge was undertaken under
the following conditions: (i) the AC component of the
mixed voltage had a frequency 50 Hz and a peak vaue
Uac > Uy —Upp, Where U, and U,,, are the onset potentials
of the steady glow corona and of the burst pulses in the
DC case respectively; (ii) the DC voltage Up¢ satisfied
the restriction Uy, — Uac < Upc < Uy, + Upce with
U, the onset potential of streamers in the DC caseg;
(iii) artificial preionization was not used and the electric
filter was switched off; (iv) the flow rate of the laboratory
air through the discharge gap was about 0.5 1 s71.

Oscillograms of the discharge current indicated the
existence of discharge modes well known to researchers of
DC corona. There were cycles of AC voltage during which
the discharge commenced as a streamer followed by steady
glow. Under these conditions no more than one streamer
arose during one cycle of AC voltage. During some other
cycles only steady glow was observed. It was pure chance
whether a discharge arose either as a streamer or as a glow
corona. Moreover, there existed a certain probability for
discharge-free cycles.
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A more detailed examination of oscillograms showed
that a streamer arose on the positive slope of the AC wave
a an instantaneous value U which was somewhat higher
than the onset potential Uy, of DC streamers. During no-
streamer cycles of AC voltage the glow corona arose at an
instantaneous value of mixed voltage which fell within a
voltage interval applicable to burst pulses in the DC case
(Ul)p <U< Uxtr)'

Lowering of the preionization level with the help of
the electric filter showed that the mean repetition rate
of streamers decreased with an increase in filter voltage.
Increasingly dischargeless cycles of AC voltage occurred.
At the same time the spread of the onset instants of
streamers increased. At filter voltages sufficient to suppress
the passage of most light ions, the formation of a streamer
was probable even on the negative slope of the AC wave.

When the preionization level was enhanced with the
help of an ionizer, the mean repetition rate of streamers
passed through a maximum. If the rise in preionization
continued, the repetition rate fell off to zero. When the
streamers disappeared under the action of preionization, the
steady glow corona was the only discharge mode observed
during each period of AC voltage. The glow corona was
observed at the point electrode all the time, the resultant
voltage being higher than the onset potential of burst
pulses (U > Upp).

3.2. Variations of a counter characteristic curve with
applied voltage

Counting-rate characteristics of streamers under a mixed
voltage represent the number of streamers per unit time
(the mean repetition rate) n plotted against the DC voltage
Upc. The peak value of the AC voltage is considered as
a parameter. The relative repetition rate n/f of streamers,
that is the mean repetition rate of streamers divided by the
AC frequency, is laid as the ordinate in most diagrams.
This facilitates a better comparison of results obtained at
different AC frequencies.

All values of voltage measured in various experiments
were numerically reduced to the standard conditions and the
reduced data are presented below. The common procedure
of reduction is described by the relation

T
=Pty

Uo
pTo

where p stands for the pressure and 7 for the
temperature [8]. Here the subscript O refers to data at the
standard conditions (po = 101.325 kPa; T, = 293 K) but it
is omitted below. The linear procedure of reduction ensures
a scatter of reduced onset potentials less than 1% provided
that variations of air density remain below 5% relative to the
standard density. The shift of counting-rate characteristics
aong the voltage axis, which occurs due to variations of
air pressure and temperature, disappears as a result of the
application of the above reduction procedure. Under the
standard conditions the onset potentials of the burst pulses
Uyp, of the streamers Uy, and of the steady corona U, at
DC voltage were 2.44, 2.52 and 2.59 kV respectively.
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Figure 2. Counting-rate characteristics depending on the
frequency of the AC voltage (Uac =480 V; V =11s%;
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Figure 3. Counting-rate characteristics depending on the

amplitude of the AC voltage (f = 1000 Hz; V =11 s
®=1.8x10° s71).

Figure 2 shows typical counter characteristic curves for
room air in the case of seven AC freguencies provided the
peak vaue of the AC voltage is kept constant at Usc =
480 V. For comparison, the counting-rate characteristic
at DC voltage is also presented. Each experimental point
on these graphs was obtained as an average over four
sequential measurements. The duration of asingle counting
period was 1 s. As seen from the figure, the counter
characteristic curves at mixed voltages are much wider
than those at DC voltage. The width of the characteristic
depends not on the frequency but on the amplitude of the
AC voltage (figure 3), with a centre of characteristic lying
a UDC = Usrr-

Results in figure 2 and 3 correspond to the airflow rate
V = 11s7 through the discharge gap. The counting
characteristics in figure 2 were recorded at the level of
natura ionization (® = 2.5 x 10° s!) whereas the
ionization level applicable to figure 3 was higher (& =
1.8 x 108 s71).

3.3. Effect of preionization and airflow rate

Figure 4 illustrates how the preionization level of air under
test affects the counting-rate characteristics of streamers.
The measurements under consideration were carried out at
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Figure 4. Counting-rate characteristics depending on the
level of preionization (Uac = 480 V; f = 1000 Hz;
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Figure 5. Counting-rate characteristics depending on the
airflow rate (Uac =480 V; f =100 Hz). Airflow rate V is
given in units | s71, flux @ of negative ions is given in units
of 105 s1.

f = 1000 Hz with the energized electric filter and a corona
ionizer. The filter blocked the passage of all entering ions
having a mobility higher than 0.2 cm? V—1 s71,

The counting-rate characteristics at low levels of
preionization (& < 1x 10° s71) are extremely asymmetric.
At lower values of the DC voltage the streamers occur
very rarely, if at al. The oscilloscopic observations under
such conditions show that often there is no discharge
activity during the no-streamer cycle of the AC voltage
(see section 3.1). At higher vaues of the DC voltage,
on the contrary, the relative counting rate n/f ~ 1. The
asymmetry of the counting-rate characteristics emerges all
the more the higher the AC frequency is. The asymmetry
is reduced as the preionization level is enhanced: the
repetition rate of streamers increases at lower values of the
DC voltage and decreases to some extent at higher values
of the DC voltage. The characteristics become nearly
symmetric if the corona ionizer maintains a preionization
levdl & > 1 x 105 s1. A further increase in the
preionization level results in a monotonic decrease in the
repetition rate of streamers to the full extent of the plateau
of the counting-rate characteristic.

An example of the effect of airflow rate on the counting-
rate characteristics is shown in figure 5 for f = 100 Hz

Repetition rate of streamers
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Figure 6. Counting-rate characteristics depending on the
air humidity (Usc =0V; V=115 ®=1.8x 10° s71).
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Upc [kV]

Figure 7. Counting-rate characteristics depending on the
air humidity (Uac =480 V; f=100 Hz; V =11s™%;
®=1.8x10°s1).

under the proviso that the aperture of the orifice plate of
the a-source is D = 4 mm. The airflow gives rise to
an increase in the plateau of counting-rate characteristics
followed by a decrease at higher flow rates (V > 0.21 s73).
The higher the frequency of the AC voltage, the higher
are the flow rates needed to reach the maximum height of
the plateau of the counting-rate characteristic for a given
ionizer.

3.4. Senditivity with respect to humidity and carbon
dioxide

The absolute humidity in ambient air usually ranges from
a few to 20 g m=3. The atmosphere contains a little
more than 0.03% of its volume as CO, with an alowable
indoor concentration up to 0.1%. Both these agents—H,0
and CO,—are electronegative characterized by electron
affinities 0.9 and 1.11 eV respectively [9].

The counting-rate characteristics of streamers are
presented over a range of humidity concentrations C =
7700-33000 ppm (a = 5.7-24 g m~3) for a DC voltage
in figure 6 and for a mixed voltage in figure 7. Here
the preionization level was such that in the DC case the
streamers were suppressed practically completely provided
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Figure 8. Counting-rate characteristics depending on the

concentration of carbon dioxide (Uasc =0V; V =11 st
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Figure 9. Counting-rate characteristics depending on the
concentration of carbon dioxide (Uac =480 V; f = 100 Hz;
V=11s1 &=1.8x108s).

the humidity was less than 4000 ppm. An increase in
the humidity led to an increase in the repetition rate of
streamers and to a broadening of the DC voltage interval
for which they were observed. At a humidity level of
33000 ppm the maximal repetition rate reached 4500 st
and the width of the voltage interval was 1.1 kV.

In the case of a mixed voltage the repetition rate
of streamers also increased with the absolute humidity,
but the sensitivity of the characteristics to humidity was
appreciably lower.

Two or more streamers during a cycle of AC voltage
were observed under conditions where the density of water
vapour was higher than 20000 ppm. The second streamer
generally arose on the negative slope of the AC wave.

According to expectations carbon dioxide should have
an effect comparable to that of water vapour. In practice it
was verified that in the case of equal concentrations of H,O
and CO,, higher than ~2500 ppm, the latter agent resulted
in a wider voltage region for the existence of streamers
and in an appreciably higher repetition rate of streamers
for both DC (figure 8) and mixed voltage (figure 9).

It can be seen clearly in figure 9 that at a mixed voltage
the characteristic curve iswider the higher the concentration
of CO,. In case of medium concentrations of CO, the
relative repetition rate of streamers is typically higher at
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Figure 10. Distribution of streamers over AC cycles for a
high concentration of CO; in air (Upc = 3.2 kV;

Uac =480 V; f=1000 Hz; V =0.31s™% & ~1x 105 s7%;
Cco, =10000 ppm). Sweep rate, 0.2 ms per division.

the beginning and at the end of the counting curve than
on the plateau between these regions. The same is true
for water vapour (figure 7), though the tendencies are less
pronounced.

An increase in the concentration of CO, up to the level
of 2500 ppm caused the formation of another streamer
during the same cycle of the AC voltage. The higher the
concentration of CO,, the larger the number of streamers
during a cycle of AC voltage. The maximal repetition rate
of streamers reached 50 kHz under the reported conditions
(figure 10). The oscillogram presented in figure 10 was
recorded as follows. Applied to the point electrode, the
AC voltage (480 V) was attenuated by the capacitance
voltage divider C, — C3 (see figure 1). The attenuated
AC signal was fed to the first channel of the oscilloscope.
The induced discharge current issued from the capacitive
probe (4) was applied to the second channel (vertical
deflection factor was 0.1 V per division). These signals
were algebraically added using ADD mode of operation on
the vertical amplifier system of the oscilloscope. Only the
agebraic sum is displayed in figure 10. Hence, besides
the distribution of streamers in time, this oscillogram
carries additional information about the correlation between
streamer activity and phase angle of the AC voltage.

Visual observations revealed that the rise in concentra-
tion of CO, is aso accompanied by essential changesin the
discharge structure. It is typical of a DC streamer in ambi-
ent air to start from the tip of the hemispherically capped
point electrode and for the remaining part of the hemi-
sphere to be covered by a following burst pulse. Starting
positions of all subsequent streamers are the same on the
hemisphere, so the stems of streamers overlap [10]. The
rise in concentration of CO, has no effect on the described
state at the outset. Beginning from a certain concentra-
tion, more and more streamers rise in zones adjacent to the
point tip. Finaly the streamers are distributed almost uni-
formly over the whole hemispherica tip of the electrode.
Branching of each streamer seems to be reduced while the
range of propagation is scaled down dightly. As the burst
pulse following a streamer becomes weaker, the repetition
rate of the streamers becomes higher. Finaly the specific
glow of burst pulses disappears on the point surface almost
completely.
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Figure 11. Counting-rate characteristics depending on the
concentration of ozone (Usc =480 V; f = 1000 Hz;
V=11s"d=15x10"s1).
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Figure 12. Counting-rate characteristics depending on the

concentration of iodine (Uac =0 V; V =11 st

®=15x 107 s71).

One marked difference between the effects of water
vapour and CO, appears in the relation of the peak value
of the streamer current pulse, which is recorded by the
capacitive probe ((4) in figure 1), to the concentration of
these additives. The decrease in pesk current with an
increase in additive concentration is about four times as
fast in water vapour asit is for CO,.

3.5. Effect of strongly electronegative agents

The effects of ozone (electron affinity EAp, = 2.1 eV),
iodine (EA;, = 2.55 eV) and chlorine (EA¢;, = 2.38 V)
on the counting-rate characteristics of streamers were
investigated. Ozone was produced using a small-scale plate
ozonizer and dissolved subsequently in the air stream to the
required concentration. The measurements were carried out
a f = 1000 Hz. Results are presented in figure 11. One
can see that detectable changes in the repetition rate of
streamers take place if the concentration of ozone is higher
than 0.5 ppm.

The counting-rate characteristics of streamers were very
sensitive to iodine both at DC (figure 12) and mixed
voltages (figure 13). The experimental data presented
were recorded at such a high preionization level (& =
1.5x 107 s71) that under a DC voltage the repetition rate of
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Figure 13. Counting-rate characteristics depending on the
concentration of iodine (Uac =480 V; f = 1000 Hz;
V=1Is% ®=15x10" s1).
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Figure 14. Influence of buffer volume on counting-rate
characteristics (chlorine; Uac =480 V; f = 1000 Hz;
V=11s% ¢=15x107 s7%).

streamers underwent a tenfold reduction in comparison with
the repetition rate at the natural preionization level (see also
figure 2). A detectable increase in the counting rate was
recorded with a concentration of iodine as little as 1 ppb
both under DC conditions and mixed voltage conditions.
At the same time the width of the characteristic curves
remained practically unchanged.

The sensitivity of the counting-rate characteristics
regarding chlorine (10 ppb) was to some extent inferior
to that for iodine.

The time of flight of ions from the ionizer to the
point electrode of the test gap was varied in the chlorine
experiments. This time was generally 7.5 ms for the data
presented here. By adding a buffer section into the pipeline
the time of flight was prolonged up to 1 s. The results are
presented in figure 14. The preionization level was chosen
so that the plateau of the counting-rate characteristic was
a little below the level n/f = 0.1 under a deficiency of
chlorine. The presence of the buffer section had no impact
on this zero reading (figure 14). Chlorine in concentrations
of 95 ppb caused the plateau to rise to the level n/f = 0.4
provided the time of flight was 7.5 ms. When the buffer
section was made a part of the pipeline, the plateau rose to
thelevel n/f =0.8.
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3.6. Some other active impurities

The influence of other impurities on the counting-rate
characteristics of streamers at mixed voltage was briefly
as follows.

Vapours of hydrochloric acid (HCI), nitric acid (HNOg)
and sulphuric acid (H2SO,4) elicited a similar response
as with the electronegative impurities described above.
For example, under the very same conditions as in the
iodine experiment, the addition of HCl at 105 ppm
concentration instead of iodine increased the repetition rate
of DC streamers by a factor of 10000 and stretched the
voltage range of their existence by about 1 kV. Chloroform
(CHCI3) dso increased the repetition rate of streamers
noticeably, but as a characteristic property chloroform
reduced the amplitude of streamers very effectively.

Phosphoric acid (H3PO,), acetic acid (CH3COOH),
benzene (CgHg), ammonium hydroxide (NH,OH), formalin
(HCHO), and camphor (Ci;oH160) aso increased the
probability of formation of streamers. However, their
impacts on the counting-rate characteristics were less
pronounced than those of the substances listed above.

Ethy| ether (C2H50C2H5) and ethyl acetate (C4H302)
caused an opposite effect to that described above: they
reduced the repetition rate of streamers.

Finaly, the counting-rate characteristics showed no
response to vapours of ethyl acohol (CH3CH,OH) and
butyl acohol (CH3CH,CH,CH,0H).

4. Discussion

4.1. Rise of streamers at mixed voltage

Under a mixed voltage and flowing gas conditions the
behaviour of a corona discharge shows some notable
peculiarities. They can be explained by the model described
below.

Let us consider the applied mixed voltage U = Upc +
U, c plotted against time in figure 15. The onset potentials
are indicated for burst pulses (Uy,), onset streamers (Uy;,),
and steady glow corona (U,) under DC conditions. The
resultant voltage U traversestheregions AUy, = Uy, —Uy,
and AUy, = Uy — Uy, of DC burst pulses and streamers.

Let us begin with an examination of the operation of the
experimental device under conditions where the air passing
through the corona gap has not been previously mixed with
additives. Hence the voltage regions AU, and AUy,
are quite narrow (see section 3.2). Triggering electrons
are assumed to appear due to electron detachment from
negative ions.

If the applied voltage is higher than the onset potential
of burst pulses U, and a negative ion falls into the active
zone before the voltage has exceeded Uy,,, then there is a
certain probability for detachment and for the rise of a burst
pulse. The space charge of the burst pulse prevents the rise
of a streamer for some time. During this time interval
the instantaneous value of the mixed voltage exceeds the
onset potential U, of the steady glow corona. It stands
to reason that the discharge continues as a steady glow
corona. When the mixed voltage traverses down the region
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of DC streamers AUy, the formation of a streamer is still
impossible. Now the preventive effect is due to the space
charge produced by the steady glow corona. Consequently,
if a burst pulse arises during a time interval At,, when
Up < U < Uy, then the formation of a streamer is
impossible during the same cycle of AC voltage.

If no free electron appears in the active zone during
the time interval Ar,, then a burst pulse does not arise.
The appearance of a negative ion at a voltage higher than
U,,» means that (with very high probability) the discharge
is set off as a streamer. The streamer is followed by a burst
pulse that has a high chance of turning into a steady glow.
Again, this steady glow rules out the formation of another
streamer during this AC cycle. Hence, during each period
only one or no streamer can arise.

At low preionization levels the dischargeless cycles of
AC voltage (see section 3.1) are due to alack of triggering
electrons. Thereisalow probability that during arelatively
short time interval Az, a negative ion will fall into the
active zone. More probably an ion finds itself there over
a considerably longer time interval when U > Uy, (see
figure 15). This is why at low preionization levels the
probability of rise of either a burst pulse or a streamer
tends to favour production of a streamer.

The described model could be summarized as follows.
During each cycle of AC voltage the mixed voltage
traverses up and down the regions of burst pulses, streamers
and steady glow corona. The rise of a discharge as a burst
pulse or a streamer is a matter of chance. It depends on the
presence of an appropriate triggering electron, that is on the
presence of a negative ion able to undergo detachment. The
formation of a burst pulse during A, excludes the rise of
a later streamer during the same cycle of AC voltage.

4.2. Mechanisms responsible for the influence of
gaseous electronegative agents on the repetition rate of
streamers in airflux

At low preionization levels the repetition rate of streamers
increases with preionization level (seefigure 4), because the
number of dischargeless cycles of AC voltage decreases.
This decrease takes place due to the increase in the number
of negative ions (triggering electrons). Hence the recorder
of the repetition rate of streamers operates essentially in
the mode of a usua Geiger counter under conditions of
mixed voltage. The Geiger mode is well suited to estimate
the ionization degree by means of streamer repetition
rate. In this mode the repetition rate is only weakly
affected by small amounts of electronegative additives. The
probability of rise of a streamer is dlightly dependent on
whether the triggering electron appears due to detachment
from an O, ion or from an ion of a significantly more
electronegative substance.

If the preionization level is enhanced so as to raise the
probability of burst pulses above that of streamers, then
the recorder of the repetition rate of streamers operates
in a reverse mode to that of a Geiger counter, that is a
growth in the preionization degree results in a decrease
in the repetition rate of streamers [11]. The essentia
difference in comparison with the Geiger mode lies in the
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Figure 15. Counting-rate characteristic for DC voltage (a) and mixed voltage (b).

influence of the ion composition (besides the preionization
level) on the repetition rate of streamers. If strongly
electronegative impurities are present in air, their negative
ions are formed. The detachment probability for these
ions is essentialy less than that for the negative ions of
molecular oxygen. Hence, in the voltage range Uy, < U <
U, the number of potential triggering electrons decreases
and thus the probability of the appearance of a burst pulse
is reduced. Consequently the probability of the appearance
of streamers increases with an increase in the concentration
of an electronegative additive. This phenomenon forms the
basis for the detection of electronegative trace gases using
the repetition rate of streamers.

It is expedient to treat the ion—molecular processes in
two space regions separately. The first of the regions is
formed by the section of the pipeline between the ionizer
and the active zone of the main discharge gap. The active
zone is considered to be the second region.

The preliminary negative ions are mainly the molecular
ions of oxygen O, formed in three-body collisions in a
region in which the field is very low. In the first space
region a conversion of negative ions takes place, so this
region may be called the conversion zone. Various complex
ions are formed there. Their composition spectrum and
concentrations depend on the time given for the transition of
ions through the conversion zone. Some of the molecules of
the strongly electronegative additive will collide either with
some oxygen molecular ions or with some complex ions.
New very stable negative ions are formed with participation
of the additive. This happens as a result of a probable
charge transfer or due to some other reaction of conversion.
Electrons attached to such molecules are then unavailable
as triggering €electrons.

If the concentration of an electronegative additive is
very low, then its effect is reduced to the dependence of
the number density of triggering electrons on the number
density of additive ions. The presence of an electronegative
additive has no effect on the development of an already
initiated discharge pulse.

It follows from the above discussion that under the
condition of afixed flow rate the repetition rate of streamers
as a measure of the content of electronegative additives
should depend on the volume of the pipeline between
the ionizer and the point electrode, that is on the time
alowed for conversion reactions. The experiments carried
out with a buffer section (see figure 14) corroborate this
conclusion. They show that a lengthening of conversion
time indeed results in an increase of sensitivity to astrongly
electronegative additive.  Consequently the detection
limit of the streamer counter is improved for strongly
electronegative impurities the more ions are converted into
impurity ions.

If the concentration of an additive is so high that the
composition of the gasis essentially altered, then processes
which are negligible for low concentrations of the additive
may produce a marked effect on the repetition rate of
streamers.

In the active zone the effectiveness of secondary
mechanisms, which maintain the development of burst
pulses, seems to be altered substantially. This is probably
the primary reason why, in the case of higher concentrations
of CO, and several other additives, the DC voltage
interval of streamers expands, the intensity of burst
pulses is reduced, and many streamers arise during the
same cycle of the AC voltage. The probable relevant
physical mechanisms are dissociation of additive molecules
(photodissociation at the outer boundary of the active
zone and dissociative attachment within the active zone)
and changes in length of the photoabsorption mean free
path. The weak maxima at the beginning and at the end
of counting-rate characteristics, observed both at higher
concentrations of water vapour and in CO, concentrations
in the range of 2100-11000 ppm (see figure 9), have
analogous backgrounds. These maxima appear under
conditions where one of the extreme values of voltage falls
into the voltage interval AUy, of DC streamers. In such
a case the mixed voltage stays in the above voltage region
for along time, hence more streamers are recorded.
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4.3. Dependence of the counting rate on the operating
conditions of a counter

The mean repetition rate of streamers is determined by
a number of state variables (pesk value and frequency
of the AC voltage, airflow rate, preionization level, etc).
Physical mechanisms responsible for the effect of some
state variables are discussed below.

Proceeding from the above principles of operation
of an experimental device, it is easy to come to the
conclusion that at mixed voltages the width of a counting-
rate characteristic AUcgc has to be nearly equal to the
peak-to-peak vaue of the AC voltage: AUcgrc =~ 2Uxc.
Under such conditions that AUy, <« Uac and during one
cycle of the AC voltage no more than one streamer could
arise. A more exact consideration of experimental results
gives AUcgc = 2Usc—AU’. Here AU’ < AUy, indicates
how much the mixed voltage has to sink below the level
of Uy, to interrupt the glow corona for a while at a given
frequency of the AC voltage.

If the restriction AU, < Upac is not satisfied and
more than one streamer may arise during one cycle of
the AC voltage under conditions of high concentration of
additives, the width of a counting-rate characteristic appears
to be AUcrc = 2Uac + AUy, — AU”. Here AU”
indicates how much the mixed voltage has to sink below
the level of U, to restore the conditions for streamers to
penetrate through the glow. Thus in the genera case the
constraint on the width of a counting-rate characteristic
may be represented as (2Uac — AUy) < AUcgre <
QUac + AUgy).

If Usc > AUy + AUy, and Upc is close to Uy, or
Uy, then the time Az, of the growth of mixed voltage
through a narrow voltage interval AU,, (see section 3.1,
figures 2, 3, and 14) varies little with DC voltage. This
is the reason for the emergence of the plateau on the
characteristic curves under mixed voltage conditions. If the
pesk value of the AC voltage should be increased, then the
resultant voltage traverses the region of burst pulses more
swiftly. The probability of the appearance of burst pulses
decreases, that of streamers increases both in the case of
high (figure 3) and low preionization levels, and as a result
the height of the plateau on the characteristic curve of the
counter increases.

Increasesin the AC frequency produce directly opposite
effects depending on whether the preionization level is
high or low: in the first case the formation probability
of a streamer increases with frequency (compare curve
Uac = 480 V in figure 3 with that of V = 1.0 1 st in
figure 5); in the second case it diminishes (see figure 2).
An explanation of such a phenomenon is as follows. The
risein frequency means that the resultant voltage traverses a
given voltage interval faster the higher the frequency. Thus,
in the case of a high preionization level, the explanation
given above for the increase in the probability of formation
of streamers with increases in peak AC voltage remains in
force when we increase the AC frequency. The decrease in
the streamer formation probability with AC frequency at a
low preionization level is dueto alack of primary particles,
so that during some cycles of the AC voltage no discharge
arises. Consequently, when increasing the AC frequency
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under conditions of high preionization intensity, it is still
necessary to increase the preionization intensity if the height
of the plateau on the counting-rate characteristic remains at
the former level.

The airflow performs four tasks in the experimental
device:

(1) it transports the gas (air) under investigation into
the corona gap;

(2) it controls, through the flow rate, the concentration
of an additivewhen the air is prepared for the test by mixing
of two fluxes;

(3) it controls the preionization level by means of the
flow rate;

(4) it should remove residua products of a discharge
pulse before the next one arises.

The changes in the counting rate of streamers resulting
from variations in the airflow rate (see figure 5) may have
the following interpretation.

Under no-flow conditions the repetition rate of
streamers is governed by the speed of clean-out of the
positive space charge under the action of an electric field,
and by the presence of suitably located triggering electrons
(negative ions) at the right instants of time. The ionizer
has no effect. A faint airflux reduces the space charge
near the point electrode, hence its inhibitory effect on
the rise of streamers. The repetition rate of streamers
increases. Simultaneously the effect of ionizer as an ion
source increases nearly proportionally with the airflux. The
number density of negative ions, and consequently that
of triggering electrons, increases at the boundary of the
active zone. At flow rates higher than 0.2 | s™* the device
goes into reverse Geiger counter mode. Accordingly the
formation probability for burst pulses rises and that for
streamers decreases with further increases in the airflow
rate (figure 5).

Short-wave radiation of a discharge in the described
corona device gives rise to problems similar to those
which occur in a Geiger counter [2]. For example, at
low levels of preionization the explicit asymmetry of the
counting-rate characteristics of streamers (see figure 4) is
above al due to the enhanced positive feedback between
streamers at higher values of the DC voltage Upc. This
positive feedback could be caused by negative ions formed
due to the attachment of photoelectrons to electronegative
molecules in the stagnant air layer in the immediate vicinity
of the cathode. The photoelectrons are produced by the
photoeffect on the cathode.

4.4. The mathematical interpretation of a
counting-rate characteristic of streamers

According to the model presented in section 4.1 the
counting rate of streamers is given by the probability
of detachment in the active zone as well by the mutual
relationship of probabilities of subsequent events (that is,
formation of a burst pulse or a streamer). In the simplest
case this relationship can be phrased in the following
way: the rise of a burst pulse during Az, rules out the
possibility of a streamer during the relevant period of



the AC voltage. Thus the counting-rate characteristic of
streamers is a representation of a probabilistic process and
S0 it is mathematically describable as follows.

Suppose @ is a stationary flux of negative ions reaching
the tip of the point electrode. B and S are the probabilities
that a negative ion, entering the active zone at a given
instantaneous val ue of the applied mixed voltage, undergoes
detachment and initiates a burst pulse or a streamer
respectively. Let Q denote the probability of rise of a
streamer during a particular cycle of the AC voltage. This
can be presented as a product of two probabilities:

0= 010>

Q1:@<p<—<l>/ Bdt)
Aty

is the probability that no burst pulse arises in the time
interval At,, during which the instantaneous values of the
mixed voltage lie within the limits U, < U < Uy,. The
second factor

Q2=1—exp(—¢/ Sdt)
A,

gives the probability that a streamer arises in the time
interval Ar; during which U > Uy,. For a given
configuration of electrodes the probabilities B and S depend
on the type of ions and on the instantaneous value of the
mixed voltage only. Therefore B and S may be represented
as functions of time. The time intervals Az, and At
may be calculated simply, if the onset potentials Uy, Uy,
and U, of different discharge modes are known, and the
frequency f and peak value U,¢ of the AC voltage as well
the value Up¢ of the DC voltage are given.

Taking into account that the streamer rise probability
increases rapidly with the increase of voltage above the
onset potential of streamers, the probability S may be taken
to be approximately unity for U > Uy,,. The determination
of the voltage dependence of the probability B cals for
suitable experiments. If no experiments are carried out,
then it is possible to operate in afirst approximation on the
average probability B over thetimeinterval At,. On these
assumptions the counting rate of streamers is given by the
expression

Here

n/f =0 =[1-exp(—PAt)] exp(—PBAL,).

Under conditions of high-rate preionization the factor 1 —
exp(—P A1) ~ 1 and hence

n/f = exp(—®BAt).

The derived equation enables us to calculate the counting-
rate characteristics of streamers. Experimental values of
the flux @ specified in figure captions should be considered
only as upper limits of the flux ® of negative ions hitting
the point tip under fixed conditions. This s the reason why
we have used the product of ® and B, instead of B only,
to calibrate the computed counting-rate characteristics. The
calibration could be carried out at an arbitrary point of an
experimental characteristic.
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Figure 16. Measured and calculated counting-rate
characteristics depending on the amplitude of the
AC voltage (f = 1000 Hz; V =11s7;  =1.8 x 106 s71),

The counting-rate characteristics, computed under the
conditions of figure 2 according to the above statistical
model, are presented in figure 16. The points correspond
to experimental data (see figure 2) and the full curves
depict the counting-rate characteristics computed according
to the above model. The results of the computation are in
satisfactory agreement with those of the experiment. The
most likely reasons for discrepancies may be: (i) neglect
of the voltage dependence of probabilities B and S; (ii) the
inadequacy of the model in the region of higher values
of the DC voltage, where the instantaneous values of the
mixed voltage do not drop below the onset potential of
burst pulses; (iii) variations in the intensity of the ion flux,
which may be interpreted as being caused by a feedback
between successive streamers, €etc.

An electronegative additive affects the shape of the
counting-rate characteristic through probabilities B and S.

4.5. Conclusions

A simple corona device constructed for the detection of
electronegative additives in air was investigated under
different conditions of operation.  The counting-rate
characteristics of streamers, that is the curves representing
the repetition rate of streamers as a function of the applied
DC or mixed (DC + AC) voltage, were recorded to detect
changes in the gas medium. The study has shown the
following.

(1) The repetition rate of streamers is related to
the concentration of electronegative molecules and their
affinities.

(2) The effect of electronegative impurities in
ambient air can be investigated using the counting-rate
characteristics of corona streamers.

(3) The counting-rate characteristics of streamers have
wide plateaus under conditions of mixed voltage and high
intensity of preionization.

(4) Halogens in air can be detected at concentrations
higher than 1 ppb.

(5) High concentrations of some additives (CO,
halogens, HCI, HNO3) cause both a noticeable expansion
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of the voltage interval in which the streamers exist and a
considerable increase in their repetition rate.

(6) Calculated counting-rate characteristics give satis-
factory agreement with measured characteristics.
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Abstract. The rise probabilities of positive corona streamers initiated by a flux of negative
ions are investigated under the combined voltage (dc + ac) in point-to-coaxial cylinder
discharge gaps in atmospheric air. A method is developed to detect and to estimate
quantitatively an after-effect of the preceding streamer on the rise probability of the following
one during the next cycle of the ac voltage. The method is based on the statistical analysis of
sequences of streamers. The dependence of the intensity of the after-effect on dc and ac
voltage, ac frequency, pre-ionization level, air humidity and airflow velocity is investigated.

The causes of the after-effect of streamers are discussed.

1. Introduction

In our previous works, we have investigated physical
phenomena in a streamer counter [1,2]. The streamer
counter is a corona-based device where the dependence of
the repetition rate of corona streamers on the concentration
of electronegative additives is used for the detection of
electronegative trace gases in air [3]. Under some
experimental conditions in the streamer counter, the
preceding streamer changed the rise probability of the
following one [1]. This after-effect of streamers complicated
both the detector calibration and the interpretation of the
readings.

In air, the after-effect of a discharge on the rise and
development of the next discharge is usually attributed to
residual ions [4, 5], chemical products (ozone, nitrous oxides,
etc) [6,7] and neutral excited species [5]. Detachment of
electrons from negative ions under the influence of the applied
electric field is the dominant creation process of free electrons
for triggering a corona discharge [4, 5, 8-13]. The changes
in rise probability of a discharge are caused mainly by the
residual negative ions. They come from a discharge channel;
they may be produced by a previous corona pulse due to the
photoeftect at the surface of the opposite electrode or due to
the photoionization of gas molecules.

Although different manifestations of the after-effect of
corona pulses are widely investigated, special methods for
their detection are poorly developed. Very few attempts have
been made with the aim of quantifying these phenomena
under controlled conditions.

This paper deals with the after-effect of a streamer upon
the rise of the streamer during the next cycle of the combined
(dc + ac) voltage. The main objective of this investigation
was to develop a method suitable for the detection of the
after-effect of streamers and quantitative estimation of its
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intensity. The after-effect was investigated depending on
dc and ac voltage, ac frequency, airflow rate, pre-ionization
level, humidity of the air, and geometry of the discharge
gap. In order to clarify the physical background of the after-
effect in a streamer counter, we simulated numerically the ion
trajectories in the discharge gaps and measured the length of
streamers. Finally, the flux of negative ions created by the
previous streamer and responsible for the after-effect was
calculated numerically under the assumption that ions were
formed only due to the photoionization. The experimental
and computed results were compared.

2. Detection of an after-effect of streamers under
combined voltage: theoretical background of the
method

A better understanding of the proposed method requires
a brief description of some features characteristic to the
discharge mechanism in a streamer counter under the
combined voltage. Here, we use some oscillograms (figure 1)
recorded in our experimental device (see section 3 for more
information). In figure 1, the upper oscillogram represents
the combined voltage, which is applied to the point electrode.
Here Uy, denotes the onset voltage of burst pulses, Uy, that of
streamers, and U, that of steady glow corona. Aty is the time
interval during which the resultant voltage increases from Uy,
to Uy,. Negative ions, created by an ionizer and carried by the
air stream and by the electric field to the discharge gap, are the
source of triggering electrons. Free electrons for triggering
a corona discharge appear via collisional detachment from
negative ions under the influence of the strong electric field
near the point electrode. Due to the stochastic nature of
the appearance of triggering electrons the discharge arises
during each cycle either as a burst pulse or a streamer [1].
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Figure 1. Typical oscillograms of applied voltage and discharge
current: point diameter d = 0.5 mm.

A certain probability exists for the rise of a burst pulse, if an
electron appears in the active zone during Aty,. The burst
pulse spreads over the hemispherical tip of the point. The
positive space charge of the burst pulse blocks the rise of
a streamer [14, 15] for a time sufficient for the increasing
voltage to reach the onset voltage of the steady glow corona,
U,. Thus, the burst pulse is transformed smoothly into the
steady glow corona and no streamer is able to develop at this
ac cycle. In figure 1, the first pulse in the current oscillogram
corresponds to that situation.

If an appropriately placed triggering electron does not
appear during Afyp, then such a later electron initiates a
streamer during that ac half-cycle [1]. In figure 1, the second
current pulse illustrates this case. Under the conditions of
our experiments, only a single streamer arises during one ac
cycle. The streamers are followed by the glow corona. The
intensity of the glow corona is approximately the same, both
after a burst pulse and after a streamer. The steady glow
corona burns on the point electrode as long as the resultant
voltage, U, is above Up,. When the resultant voltage sinks
below Uy, the corona interrupts.

If the rise of a burst pulse during the time interval Aty,
excludes the rise of a streamer during this ac cycle, then the
rise probability, P , of a streamer is given by the formula [1]

P =exp (—PrbAtyp) . (1)

Here @ is a stochastic flux of negative ions reaching this
part of the active zone ahead of the point electrode where a
detached electron can initiate a burst pulse. Below this region
of the active zone at U = Uy, will be referred to as the birth
region of burst pulses. The calculation of the lateral boundary
of this region will be discussed in section 4.

In expression (1), b denotes the mean (averaged over the
voltage interval Uy, < U < Uy, and over the birth region
of burst pulses) probability of initiation of a burst pulse by a
single negative ion. The value of b depends on the diameter of
the point electrode [16] and the nature of ions. Expression (1)
is valid, if the pre-ionization level is high enough to ensure
the discharge inception at each ac cycle. In practice, we get
the rise probability of a streamer, P, by dividing the total
number of streamers by the total number of the consecutive
ac cycles examined.
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Let us suppose now that some negative ions left in the
discharge gap by a streamer and glow corona are available
during the next increase in the combined voltage so that
they form a supplementary ion flux into the birth region of
burst pulses in addition to the flux from the ionizer. This
supplementary ion flux increases the rise probability of a
burst pulse and decreases the rise probability of a streamer.
The intensity of the supplementary ion flux caused by a
streamer and a following glow is evidently different from
the flux caused solely by the glow corona. From the above,
we conclude that the rise probability of a discharge during the
given ac cycle may depend on the type of the discharge of the
preceding ac cycle. For the detection of such an after-effect
of a discharge, we introduce two more rise probabilities of a
streamer, P, and P, as follows.

(1) Py denotes the rise probability of a streamer for an ac
cycle that is preceded by the ac cycle with a streamer.

(2) Py denotes the rise probability of a streamer for an
ac cycle that is preceded by the ac cycle without any
streamer; that is, during the foregoing cycle the discharge
has been started as a burst pulse which is followed by the
glow corona without any streamers.

For the calculation of P,; and P, a sequence of
streamers must be recorded synchronously with the ac
voltage. The set of recorded ac cycles should be split up
into two subsets. The first subset includes all these ac cycles
that are preceded by the cycle with a streamer and glow. The
second one includes all remaining ac cycles; that s, the cycles
which are preceded by the cycle with a burst pulse and glow
without any streamers. Dividing the number of streamers
in the first subset by the number of ac cycles in this subset,
we get P, (probability after streamer). In the second subset,
the analogous procedure gives P,, (probability after burst
pulse). Probabilities P, P,s and Py, are related according to
the formula

S
1- (P as — P, ab)

The total flux, &1, of negative ions into the birth region
of burst pulses may consist of up to three components, if
the after-effect of a previous discharge exists. The first
component, @, is due to the external ionizer. The second
component, ®y, is due to the residual ions of the preceding
streamer. The third component, ®g, is caused by the residual
ions left in the gap by the preceding glow corona. As a
first approximation, we suppose that the ions of each flux
component have the same age, whereas the ions of different
flux components have different ages. The probability of
initiation of a burst pulse by a single negative ion may
therefore be different for the different components of the ion
flux. Let by, b and b, denote these (mean) probabilities for
the ions in the corresponding flux components &, &, and
g, respectively. Now formula (1) can be rewritten for Py
and Py, as follows:

Pys = exp |_— (CDObO + ®yb, + @sbs) Atpr 2

Pah = exXp |_— (q)ob() + Cbgbg) Afpr . (3)

The intensity of the glow corona is approximately the same,
both after a burst pulse and after a streamer (see figure 1).
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Figure 2. Experimental set-up.

The after-effect of the glow corona, if it exists, should be
present therefore during each ac cycle in equal measure,
independent of streamers. Regarding this, it follows from
formulae (2) and (3):

1 Py,
Oby=—1In[—). “
Atbp Py

The product &b, can be considered as a quantitative measure
of the after-effect of a streamer, because it represents the
effective supplementary ion flux during the time interval Aty,.

Only few words have been said above about the role of
the residual positive ions. In specific cases, the positive space
charge of a decaying streamer channel can affect the rise
probability of the next streamer because the field conditions
may be changed. Under our conditions, the positive space
charge ahead of the point electrode is predominantly removed
long before the rise of the next discharge due to drift and
diffuse scattering of the charges, and the negative ions play
the major role in the after-effect studied. In principle, an
effect of the positive ions may appear at high ac frequencies.

3. Experimental set-up

We investigated the after-effect of discharge pulses in an
electrode arrangement designed for a streamer counter.
Figure 2 shows a diagram of the experimental set-up.
Hemispherically tipped platinum wires of different diameter,
d, (d = 0.13, 0.25 and 0.50 mm) served as point electrodes.
Each of these was surrounded by a coaxial cylinder as an
opposite electrode of 28 mm in inner diameter and 30 mm
in length. The point tip was placed 25 mm distant from the
front edge of the cylinder. The cylinders served as signal
electrodes. In the following, these discharge gaps of the
multielectrode streamer counter will be called channel 1,
channel 2 and channel 3, respectively. High dc and ac
voltages, Ug. and U,., were applied to the point electrodes
through a common rc voltage divider. Frequency of the ac
voltage, f, was varied from 200-1100 Hz. Circuit arms
of the voltage divider were chosen so that the combined
voltage reached the onset voltage of streamers for all gaps

Table 1. Onset voltages.

Point diameter, d (mm) 0.13  0.25 0.50

Uyp (kV) 246 3.08 4.10
U (kV) 254 3.18 4.26
U, (kV) 284 343 442

simultaneously. The dc voltage was adjusted close to the
onset voltage of streamers. The onset voltages of different
discharge modes are presented in table 1.

A digital dual-channel 60 MHz oscilloscope recorded
the pulses induced on the signal electrodes. A personal
computer, PC, with a special interface, INT, stored both the
sequences of streamers and the ac voltage synchronously.
The time resolution and the recording time were 1 us and
5 s, respectively.

A dust filter eliminated particles larger than 10 nm in
diameter from the laboratory air. A desiccator filled with
silica gel removed moisture from the air. The desired level of
humidity was adjusted thereafter by evaporation of distilled
water in a humidification unit. A digital thermohygrometer,
TH, measured the humidity and air temperature. The
experiments were carried out at a pressure of 1.01 x 10° Pa,
at a temperature of 20 °C and at an absolute humidity
p = 3.1 gm™>. The volumetric flow rate of the gas stream
was measured by a differential flowmeter.

An electric filter neutralized primary air ions. A
subsequent a-active ionizer generated free electrons and ions
in the air. Under normal air conditions, the free electrons
have a characteristic attachment lifetime of ~10~% s [17].
They attach to electronegative atoms and molecules in the
zero field near the ionizer. A homogeneous mixture of ions
was obtained in a mixing unit. The ion flux, ®, at the inlet
of the signal electrodes was measured with an electrometer
in additional experiments. Below, while discussing the pre-
ionization level, we consider just this ion flux. The age of
ions in the flux, ®, was approximately 0.3 s. During the
experiments, the pre-ionization level was always such that
the increase in pre-ionization decreased the rise probability
of streamers. At the same time, the pre-ionization level was
too low for changing the discharge mechanism.
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4. Computer modelling of ion flow

The aim of the computer modelling was to discover whether
the residual negative ions responsible for the after-effect
come from a discharge channel; whether they are produced
due to the photoeffect at the surface of the opposite electrode
or due to the photoionization of gas molecules.

In numerical two-dimensional calculations, we evaluated
the motion of ions as a resultant drift caused by both
the air flux and the electric field. The distribution of
the axisymmetric Laplacian electric field, E(r,z), in the
cylindrical coordinates was computed by the finite difference
method using the Gauss—Seidel iterative condition [18]. The
rectangular computation area was divided into a square grid
having maximally 3200 nodes per millimetre. It was taken
for the convergence criterion of the iterations that the relative
residual in the iterative process must be less than 10712 at
each interior node.

The air flux was taken into account as an additional
electric field Egoy (r) = 9(r)/u, where v(r) was the vector
of the airflow velocity, » was a radial coordinate, and u
was the mobility of ions. Computations were carried out
on the assumption that the mobility of negative ions, u, was
2 cm? (Vs)~L. The airflow profile inside the signal electrode
was calculated according to the empirical power-law equation
v(r) = v(0)(1 — r/Ry)/160leRe) = \where Ry was the
coordinate of the wall of the signal electrode and Re was the
Reynolds number [19]. In our experiments and calculations,
Re ranged from 1240-5500.

At the onset of burst pulses only these avalanches, which
develop close to the axis of the discharge gap, can launch the
burst pulses [14]. We consider the size (number of electrons)
of those avalanches to be critical and calculate it using the
numerically computed Laplacian field, and the data for the
ionization coefficient from the survey [20]. Our estimate of
the size of the critical avalanche is, depending on the point
diameter, (1.1 —2.9) x 10* electrons. The size of the critical
avalanche is larger for fine point electrodes.

Once the onset voltage of burst pulses is exceeded, it is
possible for the electrons in the off-axis positions to launch
burst pulses. The upper voltage limit for burst pulses is Ug;-
The utmost off-axis start position of a critical avalanche at
U = Uy, determines the lateral boundary of the birth region
of burst pulses. The computed ratio of the distance of that
lateral boundary from the gap axis and the radius of the point
electrode is approximately 0.68 for all three channels.

Figure 3 presents for channel 3 (¢ = 0.50 mm) the ion
trajectories terminating at the lateral boundary of the birth
region of burst pulses in the case of different velocities, v,
of the airflow. These ion trajectories, later called limiting
trajectories, are computed and displayed inside the signal
electrode in the plane of the gap axis. Similar calculations
for finer point electrodes reveal that the smaller the diameter
of the point electrode is, the closer the limiting trajectories
are to the gap axis.

We determined numerically the coordinates of the space
region inside which the negative ions were collected on the
point electrode during the time interval 1/f — At,,. The
sectional view of this space region in the plane of the gap
axis for v = 0.8 m s™! is painted grey in figure 3. The gap
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Figure 3. Trajectories of ions, terminating at the lateral boundary
of the birth region of burst pulses: d = 0.5 mm; f = 1000 Hz;
Uge = 4.40KkV; Upe = 1500 V. (A) v = 0.8 m s~!; (B)
v=14ms";(C)v=32ms".

axis intersects the boundary of this space region at z = zo.
The value of zj increases with a decrease in the ac frequency
and with an increase in the airflow rate or dc voltage. Anion
layer, labelled L in figure 3, is located between the limiting
trajectories immediately beyond that boundary. The ions of
this layer are responsible for the initiation of the discharge
one ac period later, during the time interval Aty,. The radial
extent of the layer, L, we denote with r. TPe thickness of the
layer is equal to v; Atyp, where U; = U+ pE is the velocity of
ions in the layer, L. The region occupied by streamer channels
is indicated in the same figure. The length of streamers, /,
was measured visually and photographically using a signal
electrode with a hole for visual observations. The lengths
of streamers were 2.4, 3.6 and 5.9 mm for point diameters
d = 0.13mm, d = 0.25 mm and d = 0.50 mm, respectively.

5. Results and discussion

Figure 4 shows that in channel 1 the probabilities P,s and Py,
coincide within the limits of experimental accuracy over all
the dc voltage range except the beginning of the curves. In
channel 2, the initially different probabilities become equal
at Uge > 3.6 kV. In channel 3, the probabilities differ
markedly over the whole range of the dc voltage. The
difference between P, and P, indicates that the after-effect
of a streamer exists.

Calculation of ion trajectories enables us to clarify
the background of the negative ions responsible for the
after-effect. The negative ions can arise due to the photoeffect
on the wall of the signal electrode and the subsequent
attachment of photoelectrons to the oxygen molecules near
the wall. If the airflow is laminar and v > 0.8 m s~!, then
in all three channels these ions are unable to reach the birth
region of burst pulses (see figure 3) and to participate in the
initiation of the discharge.

In figure 3, we can see that the streamer length is at
least two times less than zy. Hence, the ions born in the
steamer channel should be removed before the rise of the
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Figure 4. Rise probabilities of streamers depending on the dc voltage: f = 1000 Hz; v = 1.4 ms~'; & = 3.04 x 10° s~'. Channel 1,

U,. =430 V; channel 2, U,, = 570 V; channel 3, U,. = 890 V.
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Figure 5. The product @b, depending on the reduced dc voltage:
f=1000Hz; v=14ms™'; ® =3.04 x 10° s~'. Channel 1,
U,. = 430 V; channel 2, U,. = 570 V; channel 3, U,. = 890 V.

next discharge and therefore they are unable to contribute to
the after-effect.

The negative ions may be produced due to an ionizing
radiation [14,21,22] of the previous streamer, which
produces the electron—ion pairs also in the layer, L. Fast
attachment of photoelectrons results in the formation of
negative ions that are responsible for the after-effect because
they reach the birth region of burst pulses one ac period later,
during the time interval Aty.

Figure 5 displays a quantitative characteristic of the
after-effect, the effective ion flux, ®sbs, depending on
the applied dc voltage, Uq., reduced to the onset voltage
of streamers in the corresponding channel. This flux is
calculated according to formula (4). Under the combined
voltage, the mean charge of streamers remains nearly
unchanged by the dc voltage, because most streamers arise
only slightly above the onset voltage, Uy,. An increase
in dc voltage causes an increase in zo. Therefore, the
number density of photoions decreases in the layer, L, and
the after-effect of a streamer weakens.

Figure 6 demonstrates how the after-effect of the
previous streamer depends on the airflow velocity, v. An
increase in the airflow rate causes a more effective removal
of the discharge products and a corresponding weakening of
the after-effect of a streamer.

Figure 7 presents @b, as a function of the frequency
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Figure 6. The product &b, depending on the airflow velocity:
f =1000 Hz; ® = 1.97 x 10° s~'-4.54 x 10° s~'. Channel 1,
Uy = 2.41kV; U, = 740 V; channel 2, Ug. = 3.13 kV and
U, = 980 V; channel 3, Uy, = 4.27 kV and U, = 1520 V.
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Figure 7. The product @b, depending on the frequency of the ac
voltage: v =1.4ms™'; ® =3.04 x 10°> s~'. Channel 1,

Uge = 2.41 kV and U,. = 720 V; channel 2, Uy, = 3.13 kV and
U, = 950 V; channel 3, Ug. = 4.28 kV and U, = 1490 V.

of the ac voltage. The time interval between discharges
of subsequent ac cycles shortens with an increase in the
frequency of the ac voltage. Consequently, less time is
available for the removal of residual products. zy decreases
and the number density of photoions in the layer, L, increases.
As a result, the after-effect of a streamer enhances.
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Figure 8. The product &b, depending on the air humidity:

f =1000Hz; ® = 3.04 x 10° s~'; v = 1.4 m s~'. Channel 2,
Uy = 3.07 kV and U,. = 600 V; channel 3, Uy. = 4.19 kV and
U, =930 V.

The effective flux of residual negative ions must be
independent of the pre-ionization level maintained by the
ionizer. Hence, an increase in the pre-ionization level reduces
the relative contribution of the residual ions. The experiments
confirm these considerations.

In our experiments where Uy, &~ Uy, the changes in
peak value of the ac voltage, U,., had no influence on the
intensity of the after-effect of a streamer.

Figure 8 demonstrates that the after-effect of a streamer
weakens with an increase in the concentration of water
vapour. Due to the water vapour in the air, absorption of
the photoionizing radiation increases [14]. As a result, the
number density of photoions increases near the streamer
channel and decreases in the layer, L. The water vapour
causes also a marked decrease in the length and the charge
of a streamer [14], which in its turn reduces the number
density of photoions. Moreover, in the moist air, the
electron detachment from complex ions is less probable. The
probability, b, of initiation of a burst pulse by a residual
complex photoion decreases. As a result, the after-effect of
a streamer will decrease in the moist air.

Considering figures 5-—8 one can see that the after-effect
of a streamer weakens with a decrease in the point diameter.
This happens mainly because the volume of the layer, L,
decreases. The average length and power of a streamer also
decrease with the point diameter. Both processes decrease
the number of photoions in the layer, L, and the after-effect
of a streamer weakens.

We calculated numerically the flux of ions, &, as if
the ions were generated by the radiation of a streamer only,
using the photoionization data obtained by Teich [21]. Teich
measured the total number of ion pairs, W, produced by
photoionization in a 1 cm thick spherical layer (in the solid
angle of 47 sr) at various distances from an avalanche per unit
pressure and per one ionizing collision in the avalanche. In
our case, the photoions responsible for the after-effect were
generated by a streamer in a layer, L, located at a distance,
Z0, from the point electrode. We had to take into account the
fact that the streamer was a bulk source of radiation. As a
simplification, we considered a streamer to be an unbranched
single discharge channel developing instantaneously along
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Figure 9. Flux of photoions, ®, depending on zy.

the gap axis up to the length, /. The local number of
ionizing collisions in a channel element of length, dz, is
proportional to the number of electrons there. The number
of electrons in a discharge was found to be proportional to
the intensity of the emitted light, 7 [23]. The distribution of
the light intensity of a branched streamer, / (z), along the gap
axis was measured experimentally [24]. Knowing from the
current measurements the total charge, Q, of the streamer, we
calculate the unknown local number of ionizing collisions as

/ —1

0 efl(z)dz 1(z)dz.
0

Here e denotes the elementary charge. For the ion flux, @y,
we write the integral in the form:

0pi(0, zo)

Ds(z0) ¥ —————
) 4ﬂef011(z)dz ;

l
[1(2)©@@)¥(pzo — p2)]dz
)
where p is the pressure and ©(z) is the solid angle under
which the layer, L, is visible from an element of the streamer
channel located at point z. Formula (5) is an approximate one
because, in addition to the simplifications mentioned above,
we disregard the real geometry of the layer, L, and the real
distribution of ion mobilities.

Calculating &, for different ac frequencies, we plot ®; as
a function of the axial coordinate, z, of the layer, L. The line
in figure 9 presents the calculated flux in channel 3. Measured
flux is given by dots. All parameters are those indicated for
figure 7. The value of the rise probability, by, needed for
the calculation of ®g from &b, we estimated (under the
assumption that by = by) according to the algorithm proposed
in paper [16]. In channel 3 (d = 0.5 mm) bs ~ 0.047 for the
ions of 0.3 s age.

The measured and calculated fluxes are in close
agreement. On the one hand, this result demonstrates that
the investigated after-effect of a streamer is originated by
photoionization. On the other hand, it confirms that the
method proposed in this paper is suitable for quantitative
evaluation of the after-effect.



6. Conclusions

A method is developed to investigate the after-effect of
a streamer on the rise of the following streamer. The
method is based on the statistical analysis of sequences
of streamers under the condition of the combined voltage
(dc + ac). The negative ions left in the discharge gap by
the previous streamer cause the after-effect. The method
enables us to measure the flux of these ions. The analysis
of the experimental results, as well as the two-dimensional
numerical simulation of the ion drift in the air flux, reveal
that the negative ions responsible for the after-effect are
the products of photoionization. As the investigated device
(streamer counter) is capable of operating as a detector of
electronegative trace gases, the present results give a better
understanding of the features peculiar to that device. The
proposed detection method of the after-effect of streamers
enables us, in each specific case, to select preferable
parameters of the streamer counter so that the absence of
the after-effect will be guaranteed.
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Abstract

A hypothesis by Akishev et al (1999 J. Phys. D: Appl. Phys. 32 2399-409),
that the photoionizing radiation emitted by the positive corona discharge in
air is soft x-rays generated by electron bombardment of the anode surface, is

discussed. Absorption curves of the photoionizing radiation generated by
positive and negative coronae in atmospheric air are compared. The
coincidence of the shapes of these curves confirms the earlier, widely
accepted opinion that the photoionizing radiation is emitted by gas
molecules and atoms, which are excited via electron collision. Photographic
detection of this photoionizing radiation performed by the method proposed
by Akishev et al is found to be improbable, because of the very high
attenuation of radiation by the light protecting envelope around the

photographic film.

1. Introduction

It is generally recognized that the self-sustainment of a positive
corona discharge in air is guaranteed by photoionization. The
short-wave radiation generated by the discharge ionizes gas
molecules, producing free electrons which trigger new electron
avalanches [1-3]. It is widely accepted that this photoionizing
radiation is emitted by gas molecules or atoms excited by
electron collision. In air, the dominant processes leading to
photoionization are believed to be as follows [4]:

(1) the excitation of nitrogen molecules to energies of
12.1-13.6 eV, with subsequent photoionization of oxygen
molecules having an ionization potential of 12.1 eV;

(2) the dissociation of oxygen molecules with subsequent
emission of photons with an energy above 12.1 eV by
excited oxygen atoms must also be considered.

Electron collision processes leading to the excitation of
nitrogen to energies above the ionization potential of the
nitrogen molecule (13.6 eV) need comparatively high energies
and therefore are believed to make a very small contribution
to the production of photoelectrons in air discharges, although
these processes are assumed to be dominant in pure nitrogen.
The radiation emitted due to these processes has a very high
absorption coefficient and will therefore interact with gas
molecules within a very small region around the source.

Data about the above processes are mostly collected at low
pressure. Phenomena at atmospheric and near-atmospheric
pressures can be complicated by multiple collision processes
and deactivation of excited states. Therefore, results obtained

0022-3727/01/060905+04$30.00 © 2001 IOP Publishing Ltd Printed in the UK

at low pressure should be used with caution for high-pressure
discharges.

New results concerning the photoionizing radiation in a
corona discharge were presented by Akishev et al [5-7]. They
investigated, experimentally and theoretically, oscillations in
the current and light from a positive glow corona in wire-
cylinder and point-to-plane gaps in air [6, 7] and nitrogen [5].
They found that the oscillations arose due to the fast positive
feedback via the photoionization of gas molecules. They
suggested that the important ionizing agent in the experiments
was soft x-ray radiation (bremsstrahlung), produced by
collisions of electrons accelerated in a strong electric field
near the anode against the anode surface [5]. To check this
hypothesis, they carried out a simple experiment using point-
to-plane electrode geometry but replacing the massive cathode
by a metal mesh. ‘Close behind this mesh a common x-ray
spectroscopy film was placed, enclosed in dense black paper
screening the film from visible and UV radiation’ [5, 6]. This
film was exposed for several hours to radiation generated in
the positive corona and then developed. In the range of air
pressures studied (~1-80 Torr), a dark spot was observed
on the photographic film around the axis of symmetry of the
discharge. Therefore, they ‘believe that bremsstrahlung x-ray
radiation (with photon energy up to 100 eV) from the pin is
the versatile and most important ionizing agent in a positive
corona’ [5].

Thus we are now faced with two very different views
regarding the generation mechanism of photoionizing radiation
in a corona discharge in air: (a) the radiation is emitted by gas
atoms and molecules excited via electron collision; and (b) the
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radiation is generated due to the electron bombardment of the
anode surface. The aim of the present investigation is to find
some experimental confirmation in favour of one or the other
generation mechanism of photoionizing radiation.

2. Experimental details

2.1. Photographic investigation

We have tried to repeat the experiment performed by
Akishev et al [5-7]. The discharge was initiated in a point-
to-plane gap in atmospheric air at pressure p = 80 Torr. The
point electrode was a hemispherically capped platinum wire,
1.5 mm in diameter. The opposite electrode was a plane metal
mesh perpendicular to the point electrode at a distance of 2 mm
from the point tip, just as described by Akishev ez al [5,6].
The diameter of the mesh wire was 0.15 mm and the wire
spacing was 0.4 mm. The mesh was grounded. A positive
potential was applied to the point electrode via a 100 M2 series
resistor. The discharge current was in the range of 10-50 yA.
A flow of dry air of about 0.1 1 min~! was forced through
the discharge gap to remove gaseous discharge products. The
x-ray spectroscopy film KODAK MR 2000-1 was placed close
behind the mesh. The film was enclosed in dense black paper
to screen the film from visible and UV radiation. The film was
exposed for several (up to ten) hours to the radiation generated
in the corona, and was then developed. We did not find any dark
spot on the film. We changed the film using all types of x-ray
films available to us, and we changed the envelope material
using thin paper and black plastic films of about 0.01 mm
in thickness. Unlike the above-mentioned authors [5, 6], we
never found any dark spots on the photographic films.

2.2. Absorption of corona radiation

2.2.1. Experimental set-up. The photoionizing radiation in
our corona discharges was detected with the help of an adjacent
discharge gap, here, in short, called the Geiger counter tube.
This counter tube was made to respond to the radiation only
through the ion pairs generated within the tube volume. A
diagram of the experimental set-up is presented in figure 1.
The point electrode (1) of the corona gap (figure 1) was
located on the axis of a metal tube which had an inner diameter
of 20 mm. The end of the tube was closed with a metal
plate facing the point electrode. The distance between the
point electrode tip and the plate was 4 mm. The plate had a
central hole 2 mm in diameter. The tube and the plate thus
formed the opposite electrode of the discharge gap, and were
connected to the ground via an ammeter. Another discharge
gap similar to the first one, the ‘Geiger tube’, was used as a
counter of photoelectrons and photoions. The gaps faced each
other along a common axis. The point electrode (2) of the
Geiger tube was a 2 mm tungsten wire with a conic tip, placed
axially in a tube (the counter body) with an inner diameter of
10 mm. The distance between the tip of point electrode (2)
and the end-plate of the counter body was 4 mm. The end-
plate had a central orifice 2 mm in diameter. The edges of the
orifice were smoothed. The body of the counter was grounded,
and the high voltage of +5.4 kV was applied to the point
electrode via a series resistor of 22 MQ. If a charged particle
(electron or negative ion) was generated in the active space of

906

R,
——_ 1 HVv
source
.l
IR Corona
Air &—— gap

=
N_
—

AX X
LL
:‘E’g

—O0 +400 V
\T
\\2 Fl D
. ow- t .
Geiger meter [ PV ﬁllt]:r =Air
tube 2 ﬁ

Pulse
counter|

-
I

+5400 V

22 MQ

Figure 1. Schematic diagram of the experimental set-up.

the Geiger tube an incomplete breakdown occurred, and the
ensuing electrical pulse was counted by a pulse counter. The
dead time t of the Geiger counter was 0.3 ms. An additional
screening plate electrode with a 1.5 mm orifice in the centre
was aligned parallel to the end-plate of the Geiger tube and
put on +400 V. The distance between this screening electrode
and the end-plate of the Geiger tube was 0.5 mm. Together
with the airflow, the electric field from the additional electrode
prevented an injection of negative ions from the outside into the
Geiger tube. In addition, it screened the edges of the entrance
orifice of the Geiger tube from radiation to avoid the generation
of electrons via the photoeffect. Another plate at zero potential
with an opening in the centre was located above the screening
electrode. The corona gap and the Geiger tube were connected
by means of a tube (T). The distance between the corona gap
and the Geiger tube was changeable. Filtered dry air was forced
through the Geiger tube and the corona gap. The airflow rate
was 0.5 1 min~!. The airflow removed discharge products
from the gaps and prevented the injection of particles from the
outside into the Geiger tube.

We calculated the combined force caused by the electric
field and air stream on the negative ions in the region of the
entrance orifice of the Geiger tube, and determined the position
of the surface where the axial component of this force was zero.
The space between this surface and the point electrode (2) is
the active space of the Geiger counter. Its extent along the
common axis is denoted by AX. According to our calculations
AX = 4.6 mm. The distance from the above-mentioned
surface to the point electrode (1) of the corona gap is denoted
by X in figure 1, and equals the path length the photons must
travel before being detected.

The counter responded neither to the UV radiation of a
low-pressure mercury lamp nor to the ions created with the
help of an «-active source in the space outside and near the
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entrance orifice. The background of the counter was less than
0.2 pulses per second. The counter had no effect on the corona
discharge. Neither the corona current nor the repetition rate
and amplitude of the corona pulses changed when voltages
were applied to the counter.

2.2.2. Results of measurements. Measurements were carried
out at atmospheric pressure in laboratory air dried by silica
gel. The counting rate was recorded as a function of distance
X. Counter pulses were recorded during a time interval of
10 s at each distance X. The counting rate was in the range
of 1-2500 s~!. We used hemispherically capped Pt, W and
Al points as corona point electrode (1). The diameters of the
corona points were 0.05 and 1.0 mm for every material used.
The polarity of the voltage applied to the corona point was
changed and the discharge current was varied. In the case of
a positive corona there was a steady glow, but in the case of
a negative corona Trichel pulses appeared with a repetition
rate of 20-—50 kHz depending on the current and the electrode
diameter. An example of the results of these measurements
is presented in figure 2 as a W(pX) plot, where p is the gas
pressure and W is the number of photoions generated in a layer
of unit thickness at distance X from the radiation source, per
ionizing collision in the discharge, at unit pressure:

o= eN
T (1-N1)®ipAXn’

Here, e is the elementary charge, N is the counting rate, ® is
the solid angle determined by distance X and the diameter of
the opening of the screening electrode of the Geiger tube (see
figure 1), i is the mean current of the corona discharge, and
n is the efficiency of the Geiger counter. The term (1 — N1)
takes into account the dead time of the counter. The number
of photoions generated by the corona radiation in the active
space of the Geiger tube is

N

n=-——m-.
(I—=Nt)n

When choosing n = 0.03 our values of W became close
to those presented in earlier papers [8,9]. The relationship
between n and N is more complicated for the pulse corona in
the general case. However, under our experimental conditions,
the repetition rate of Trichel pulses F' > % and n < 1, and
thus the above relationship between N and n is valid.

Our measurements show that W does not depend on the
mean current i of the corona discharge. This result is in
agreement with the results of other authors [8, 9].

In figure 2, it can be seen that the values of W coincide
within the limits of uncertainty for Pt and Al point electrodes
as well as for positive and negative polarities. Values of W
obtained for other tested electrodes also laid on the presented
curve within the limits of uncertainty.

2.3. Absorption of ionizing radiation in thin film materials

‘We placed various thin films between the Geiger tube and the
corona source. The distance X between the corona electrode
and the Geiger tube was 6 mm. Readings of the counter
were recorded both in the presence and in the absence of the
film. Samples of various thicknesses d made from various
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Figure 2. Absorption curves of corona radiation. The diameter of
the corona point electrode is 1 mm; p = 775 Torr.

materials were used: dense black paper (d = 0.12 mm); thin
capacitor paper (d = 0.01 mm); aluminium (d = 0.01 mm);
polyethylene (d = 0.01 mm); Teflon (d = 0.01 mm); glass
(d = 0.001 mm); quartz (d = 0.001 mm); and nitro-cellulose
(d = 0.001 mm). In the presence of the films, the readings
of the counter were always close to the background. The
attenuation of the radiation caused by a film was at least 10° in
all cases. The result depended neither on corona electrode
material and diameter nor on corona current intensity and
polarity.

3. Discussion

3.1. Absorption characteristics

If photoionizing radiation is produced by collisions of electrons
with the anode surface, at least two characteristic effects should
appear.

(1) The intensity of photoionizing radiation should depend on
the material of the anode, and should be higher for metal
of a greater atomic weight.

(2) Generation of the bremsstrahlung is impossible in negative
coronae, because of the very low energy of electrons
hitting the plane, low-field anode. Therefore, the spectral
characteristics of photoionizing radiation, and thus the
shape of the curves W versus pX, should be different
for positive and negative coronae. The radiation intensity
should be much higher for positive coronae.

Figure 2 shows that the shapes of the W versus pX
curves do not depend on the material of the corona electrodes.
There is, however, a small systematic difference between
values of W for positive and negative coronae. The radiation
intensity of a negative corona seems to be about 10-50%
higher. However, this difference is less than the experimental
uncertainty. This difference may be caused by the difference
in the spatial structure of positive and negative coronae. Thus
we may conclude that there are no significant changes in the
generation mechanism of photoionizing radiation when the
corona polarity or the material of the corona electrodes are
changed.
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3.2. Photographic detection

Unfortunately, neither the type of the photographic film nor the
envelope material have been described by Akishev et al [5, 6].
Therefore, we are not sure whether we have repeated exactly
the experiment described there, and this may be the reason for
a difference between our results and the results published in
[5,6].

However, it is astonishing that the imprint of the mesh is
not seen in the photographs published in [5,6]. This should
appear on films exposed to x-rays in the apparatus described
in [5,6].

Our measurements show that the attenuation of
photoionizing radiation by paper of a thickness of 0.01 mm is
atleast 10° or more. A very high absorption of radiation by the
envelope of the photographic film is the most probable reason
why we did not discover any dark spot on our films exposed
to the corona radiation. Therefore, photographic detection
of the corona radiation by a film enclosed in ‘dense black
paper’ seems to be impossible, unless the coronae studied by
Akishev et al in some way produced electrons of much higher
energies and much harder x-rays than ours.

4. Conclusions

A method for detecting photoionizing radiation based on an
internal gas discharge (Geiger) counter is developed. The
production of photoions by negative coronae is recorded in
air at atmospheric pressure and compared for the first time
with that of positive coronae. Our conclusion is that the
photoionizing radiation generated by a corona discharge is
mainly emitted by gas molecules or atoms. The radiation
caused by electron bombardment of the anode surface
constitutes so small a fraction of the total radiation that it is
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impossible to distinguish it from the total radiation with our
experimental method.

Evidently, the processes leading to the dark spots on the
films obtained by Akishev et al need further explanation.
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Abstract

The repetition rate of streamers of a positive corona depends strongly on the
concentration of electronegative trace gases in the air. On the basis of this
dependence, one can build a simple and cheap detector of trace gases—a
streamer counter. However, the earlier models of the counter are unable to
distinguish the strongly electronegative trace gases from additional H,O or
CO; in air. In the present paper, the operation principle of the streamer
counter is analysed and a new model of detector together with the method of
data processing is elaborated. As a principal technical innovation in the new
model of the detector, several discharge gaps are operated simultaneously.
These discharge gaps (detector channels) differ from each other in the
diameter of the hemispherically capped point electrode. Another technical
improvement is the online measurement and processing of data. It is shown
experimentally that the relative increase in the formation probability of a
streamer with an increase in the concentration of an electronegative
admixture is different for different channels as well as for different
admixtures. Using these differences, it is possible to distinguish between
different admixtures. If the admixture is identified, the evaluation of its
concentration is possible from the measured formation probability of a

streamer.

Keywords: corona streamers, burst pulses, detector of electronegative trace
gases, air, water vapour, carbon dioxide, iodine, sulphur hexafluoride, ozone,

NO,

1. Introduction

It is well known that corona discharges show high sensitivity
to many electronegative trace gases and aerosols [1,2]. For
example, the repetition rate of Trichel pulses (in negative
corona) increases with an increase in the concentration of an
electronegative admixture in the main gas. Sigmond et al [3],
Sigmond [4] and Lagstad [5] investigated this dependence with
the purpose of elaborating a detector of an electronegative
admixture in argon and in air. The investigations revealed
that using the repetition rate and duration of Trichel pulses,
the detection limit for SFs in argon was 0.1 ppm [3]. For SF¢
in air, the sensitivity was considerably lower and there were
serious problems with the stability of the negative corona.
The voltage range of the onset streamers of a positive dc
corona and their repetition rate depend on the geometry of the
discharge gap as well as on the properties of the filling gas
(pressure, temperature, preionization level, velocity of the gas
flux and the chemical composition of the gas) [1, 2]. Andersson

0957-0233/01/050557+09$30.00 © 2001 IOP Publishing Ltd Printed in the UK

and Hertz [6] made the first known attempt to use the repetition
rate of dc corona streamers in practice. Measurement of the
concentration of water vapour in air was their objective.

A modified technique to estimate the concentration of
water vapour or halogens in air was developed by Kudu [7],
who suggested a simultaneous application of a dc voltage and
an ac voltage to the gap. The main advantage of this kind
of combined voltage is that the combined voltage enables
us to reduce dramatically variations in the repetition rate of
streamers caused by variations in pressure and temperature of
the ambient air.

In our earlier investigation [8] we found that in air the
repetition rate of streamers increased with the concentration
of admixtures such as H,O, CO,, O3, HNO3, HCI, H,SOy4,
H;PO,, CHCl;, Cg¢Hs, NH4OH, CH3;COOH, C,oH;cO,
HCHO, I, and Cl,. Especially high sensitivity was observed
in the case of halogens. For example, a detectable change
in repetition rate of streamers took place at fractional
concentration of iodine C;, = 1 ppb. It was concluded that
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streamer counters could be used as simple and cheap detectors
of electronegative trace gases. However, the earlier models of
the streamer counters, which used only one discharge gap, were
unable to distinguish between electronegative admixtures.

In the present investigation, we establish how the
formation probability of a streamer depends on the tip radius of
a point electrode in the case of different admixtures. We show
that using several discharge gaps simultaneously it is possible
to create a corona based detector capable of distinguishing
between H,O, CO, and strongly electronegative trace gases.

2. Operation principle of the streamer counter at
combined voltage

The basic element of a streamer counter is a discharge gap
with a hemispherically capped point electrode. The positive
dc voltage and the ac voltage are applied to the point electrode.
Values of dc and ac voltages are chosen in such proportions
that the discharge extinguishes with each negative half-cycle
and arises again during each positive half-cycle of the ac
voltage. Air entering the discharge gap contains negative ions
created before with the help of a special ionizer. The flux of
those negative ions is intense enough to ensure the discharge
inception during every ac cycle. When the instantaneous
value of the applied voltage U exceeds the onset potential of
burst pulses Uy, then the burst pulse can be initiated with a
certain probability due to the decomposition of the negative
ions (electron detachment). This probability depends on the
intensity of the ion flux, the nature of ions, and the time interval
At during which the voltage U lies between the onset voltage
of burst pulses Uy, and the onset voltage of streamers Uy, .
The appearance of a burst pulse during At eliminates the
formation of a streamer during the same ac cycle [8]. If the
burst pulse is not initiated during the time interval Az, then the
discharge starts with a streamer during this ac cycle. Both a
burst pulse and a streamer develop into a steady glow with
voltage increase. The steady glow burns during this cycle
while the voltage exceeds the onset value of the discharge.
During negative half cycles there is no discharge in the gap.
A discharge arises again as a burst pulse or a streamer during
the next positive half cycle. There arises no more than one
streamer per cycle. The magnitude of the streamer current
exceeds that of other corona pulses by a factor of about 50 and
thus the streamers can be easily detected by a special interface.
The probability Q that a streamer arises during an ac cycle
(formation probability of a streamer) is given by the formula
[8]

Q =exp(—AtPrb). (€))]

Here @7 is the stationary flux of negative ions reaching
the active zone of the point electrode. b denotes the mean
(averaged over the voltage interval Uy, < U < Uy, and over
the active zone of the point electrode) probability of initiation
of a burst pulse by a single negative ion. The value of b depends
on the nature of the ions. At can be calculated from values
of the dc voltage Uy, ac voltage U,., frequency f of the ac
voltage and values of Uy, and Uy,,. If @7 is a known quantity,
e.g. controlled by the ionizer, then b can be determined from
the measured Q = n/f (here n is the number of streamers per
second). Vice versa, if b is known then ®7 can be determined.
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In the general case, not all of the ions entering the
discharge gap reach the active zone of the point electrode. We
denote the measured flux of ions at the inlet of the electrode
system with @, and the ratio &7 /P by g. The factor g depends
on the mobility of the ions and on the configuration of the
discharge gap.

Actually the flux of ions consists of different ion species,
which have different values of » and g. Thus equation (1)
should be rewritten in the form

Q = expl—At®(p1g1b1 + pagabr + -+ @jgjbj + - -
+0n &mbm)]- @

Here ¢; is the fractional flux of ions of a certain nature, which
is defined as the ratio of the flux ®; of ions of that nature to the
flux ®. Factor g; (0 < g; < 1) characterizes the possibility
that a j-type ion will reach the active zone. b; (0 < b; < 1)
denotes the mean probability for a j-type ion in the active zone
to initiate a burst pulse. Under the influence of an admixture
the values of ¢; change, causing changes in the formation
probability of a streamer.

The probability b; for a certain ion to initiate a burst
pulse depends on the decomposition probability of the ion,
which in turn depends strongly on the electric field strength
(at constant gas number density). The maximum field strength
on the axis of the discharge gap is the stronger the smaller
is the radius of curvature of the point tip. According to
numerical calculation, in our discharge gaps (see next section)
the maximum field strength E,,, = 250 kV cm~! if the
point diameter d = 0.13 mm, and E,, = 120 kV cm™!
if d = 0.5 mm, provided that U = Uy,. Thus it can be
supposed that the probability b of initiating a burst pulse by a
negative ion depends on the tip radius of the point electrode
and, furthermore, the dependence of b on the tip radius is
different for different kinds of ion. Using m point electrodes
(channels) with different tip curvatures we obtain a set of linear
equations

In Q) = —-An®(a 191 +a20+ -
+al.j(pj +-- +al.m(ﬂm)

In Q> = —At®(az 191 + a2 02+ - -
+ay j@;+ -+ a2 mPm)

3
InQ; = —At; ®(ai 101 +ainga+- -+

+ai,j<pj +---+ ai,m(pm)

In Qm = _Atn1q>(anz,](pl tamap2+ -

tam, jpj+---+ am,m@m)-

Here index i indicates the channel number and index j the type

of ion. 0y, O, ..., @, are streamer formation probabilities
measured in different channels. a;; denotes the product
bijgi;-

If the numerical values of a; ; are known, then solving
this set of equations yields the values of ¢;. In that way we
obtain a distribution of the ion flux by values of g; ;, that is, a
spectrum of ions by a; ;. The spectrum shape depends on gas
composition. Once the spectrum is known, some conclusions
about gas composition are possible.
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Figure 1. Experimental set-up.

Table 1. Onset potentials (at normal pressure and temperature
31°C).

Channel d Uy Uy U,

8
number,i (mm) (kV) (kV) (kV)
1 0.13 233 239 273
2 0.25 290 299 3.29
3 0.50 3.87 4.01 429

3. Experimental device

The sketch of the streamer counter and that of the gas
preparation unit are shown in figure 1.

3.1. The streamer counter

An electric filter removed the ions from air entering the
streamer counter. An ionizer created thereafter a controlled
number of ions and the air stream, formed by the fan, carried
them to the point electrodes. Three hemispherically capped
platinum cylinders with diameters d = 0.13,0.25 and 0.50 mm
served as the point electrodes. The coaxial signal electrodes
had an inner diameter of 28 mm. High dc and ac voltages were
applied simultaneously to the point electrodes. The voltages
were set so that the instantaneous value of the resultant voltage
U ran sequentially through the voltage regions of different
corona modes: burst pulses (U, < U < Ug,), streamers
(Ugyr < U < U,) and steady glow (U > U,). Here U,
denotes the onset potential of the glow corona. Values of the
onset potentials for the discharge gap configurations used are
presented in table 1.

The streamer counter included an interface (INT) that
formed rectangular pulses from current pulses of streamers
and rectangular clock pulses from the ac voltage. A
personal computer recorded sequences of those pulses from all
discharge gaps, calculated thereafter the formation probability
of a streamer for every channel and presented the detector
response graphically in the form of a four-bar (pseudo-)
spectrum of ions.

3.2. The gas preparation unit

The experiments were carried out in laboratory air under
normal pressure and a temperature of 31 °C. The entering air

Table 2. Applied voltages and At for point electrodes used.

Channel  d Uye U, (kV) JAvA

number,i (mm) (kV) (peak value) (us)
1 0.13 255 076 25.5
2 0.25 3.31  1.01 322
3 0.5 452 1.55 30.4

passed adust filter. A desired level of humidity was adjusted by
evaporation of distilled water in a humidifier and measured by
adigital thermo-hygrometer TH. CO, and SFs were introduced
into the air stream from a cylinder. Concentration of the
admixture in the discharge gap was calculated from readings
of flowmeters. Iodine admixture was obtained by blowing air
through a vessel whose inner walls were covered with crystals
of iodine. Air, saturated with iodine vapour, was diluted in the
proportion of 1:1000 and introduced as a controlled flow into
the inlet of the electronegative admixture of the experimental
device. O3 was produced with the help of a barrier discharge
ozonizer using oxygen as feeding gas. O3+NO, was produced
with the help of the same ozonizer using dry air as feeding gas.

4. Results of measurements

Results of measurements are presented in figures 2—4, where
the streamer formation probability Q is plotted against the
fractional concentration C of different admixtures. The
number of streamers was counted during ¢ = 30 seconds at
each measuring point while the frequency f of the ac voltage
was 500 Hz. Q is the number of streamers counted during ©
and divided by ft. The air flow velocity in discharge gaps
was 3.6 ms~!. The ion flux ® determined by the cross section
of signal electrodes was 6.2 x 10° s™! in each channel. Tons
reaching discharge gaps had an age of approximately 0.12 s
under the above conditions. Voltages applied to the point
electrodes are given in table 2.

As one can see in figures 2—4, Q has generally the highest
value in channel 1 and the lowest in channel 3. This is partly
caused by the difference in ion fluxes reaching the active zone
in the different channels. The number of ions reaching the
active zone during the time interval At is the smaller the finer
is the point electrode. According to equation (2), the decreases
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Figure 3. Dependence of streamer formation probability on the
fractional concentration of CO, Cc,. Fractional concentration of
H,0 was 6500 ppm.

in factors g; increase the formation probability Q of streamers.
Consequently, the finer is the point electrode the higher is Q.

One can see in figures 2—4 that Q increases with fractional
concentration of all admixtures used, in all channels. Under
the influence of electronegative admixture the number of ions
with high probability of initiating burst pulses decreases due
to conversion reactions, and the number of ions with lower
probability to initiate burst pulses increases. According to
equation (2), these changes in ion flux composition result
in changes of Q upon introduction of an electronegative
admixture.

The relative increase in Q with fractional concentration
of admixture is different in different channels in the case of a
definite admixture. For instance, look at figure 2, where the
H,O curves for channels 2 and 3 are even intersecting. This is
in accordance with our hypothesis that the initiation probability
b of a burst pulse depends on the point diameter differently for
different ion species. To use this difference for evaluation of
an ion spectrum, the device must be calibrated. In other words,
the coefficients a; ; of the equations (3) should be determined.
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Table 3. Values of energy ¢, released or absorbed in different
conversion reactions [9].

X  Reaction & (eV)
0 0,50; 0.22

1 0; = 0;,(H,0) 0.46

2 0;(H,0)s 05 (H,0), 0.28

3 0;(H;0), = 0, (H,0); 0.18

4  0O;(H;0); = 0, (H,0); 0.106
5 0;(H;0)4 = 0, (H0)s  0.056

5. a; ; in the case of water vapour

We determine the values of a;; using the known ion
composition of clean humid air. The most populous ions in
clean humid air are the ions of O; (H,0),, withx =2,...,5
[9,10]. Allen [9] has presented formulae for calculation of
the stationary number densities of these ions depending on the
humidity of air:

LR NPT
le] v Vo
4)

le] + Y _[05 (H0),] = const

where

Vy 1 Ex

— = ——exp (—) .

vi  [M] kT
Here [O; (H,0),] is the number density of complex ions. x
denotes the number of water molecules in a complex ion, [e]
is the number density of free electrons and [H,O] and [O,] are
number densities of water vapour and oxygen, respectively. &,
is the released or absorbed energy, k is the Boltzmann constant

and T is the absolute temperature of air. v, and v} are the rate
constants of the reversible reaction

0; (H0)— + Hy0 + M > «<— 05 (H,0), + M +¢,.

M s a third body (a nitrogen or another oxygen molecule) with
concentration [M]. Values of ¢, of some reactions are given in
table 3.

Formulae for fractional concentration of the ions
O, (H,0), come out of equations (4):
0, (H,0),
[e] + >, [0; (H,0),]
l X
=sh" T w
S exp (kT > )
5 1 v -1
1 h' — w 5
x[ +s;< exp(le;)a? ))] ®)

where h is the fractional concentration of H,O and s is that of
oxygen.

According to our model, In( Q) is proportional to the linear
combination of fluxes of different ions (see equation (3)).
As a first approximation, we suppose that in clean humid
air only the ions of O, (H;O), are present. Fractional
fluxes of these ions are equal to fractional concentrations
¢f. Using the curve fitting method, coefficients a;
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Figure 4. Dependence of streamer formation probability on the fractional concentration C of different strongly electronegative trace gases.
Fractional concentration of H,O was 8800, 8400, 9100 and 5100 ppm for graphs (a)—(d), respectively.

were found such that curves fi(h) = ) a; @i(h) fitted
experimental points on —(At®)~!In(Q(h)) versus h plots,
for all three channels. Here the subscript i = 1, 2, 3
denotes the serial number of a channel. It turned out that
only the ions O; (H;0), with x =2,...,5 had to be taken
into account. Under our experimental conditions, where
h = 5000, ...,38000 ppm, the fractional concentrations of
O, (H,0) and O; were too small to have an effect on the shape
of the curves fj(h) =), al %(h). The obtained values of
a; . are presented here in the first three rows of the matrix A:

7.90x1073 5.47x1073 5.16x10~* 2.18x107°

2.85%1072 1.01x1072 2.29%x1073 8.43x10~°

3.96x107% 1.17x1072 1.05x1073 5.13x10~°
1 1 1 1

A=

(6)

The first row corresponds to channel 1, the second to channel 2,
the third to channel 3. The first column consists of coefficients
al i the second of coefficients al 5» the third of coefficients a; ‘4
and the fourth of coefficients a; 5. Values of al . decrease w1th
increase in x, while the relatlve decrease is the most rapid in
channel 3 (i = 3). Values of a; 5 are practically zero.

A solvable set of linear equations (3) must be equal
in number of equations to the number of unknowns. Our
experimental device had three channels. Thus we can write
the above set in terms of three equations. The number of ion
species taken into account above was four. Constancy of the
sum of fractional ion fluxes yields the additional condition
2_;¢; = 1. Coefficients of the latter are presented in the
fourth row of the matrix A.

By solving the equation

A-p=gqg (7
for ¢, where
@1 *(Ath))71 In Q0
%) —(Ap®)"'In Oy
= and =
e 1=\ —(an®) ' Qs
P4 1

the four components of the detector response ¢ can be
determined. Each component is characterized by certain
values of a; ;. The response component with subscript 1
corresponds to the ions which have the greatest probability
to initiate a burst pulse, the component with subscript 4 to the
ions with the smallest probability, close to zero.
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Figure 5. Response of the detector versus concentration of H,O.

6. Results of calculation

The detector response ¢ was calculated using equation (7),
matrix (6) and experimental data presented in figures 2—4. The
results are presented in figures 5(a)-10(a) as plots of ¢; versus
fractional concentration of the additives. The same results
are presented in figures 5(b)-10(b) as histograms (bar charts)
for some fractional concentrations C of the additives. These
histograms will be named spectra below.

Curves of HyO (figure 5(a)) represent the functions (5)
because the matrix A is determined with the help of these
functions. The spectrum specific for humid clean air has one
peak, which moves towards smaller values of a (higher values
of j) with increase in concentration of H,O, according to the
expression (5). This spectrum can be considered as an actual
one in so far as the expression (5) describes correctly the ion
composition of the clean humid air.

The negative ion composition depends strongly on the sort
of the electronegative admixture added to air, and values of
coefficients a; ; depend on the sort of negative ion. In the
general case, some different trace gases are present in air,
and the number m of ion species with different values of a
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Figure 6. Response of the detector versus concentration of CO,.

may be great enough. If m is greater than n + 1, where n
is the number of channels, then the actual spectrum of ions
by a cannot be resolved, because the number of unknowns is
greater than the number of equations available. Nevertheless,
we can solve an (n + 1)-order set (7). As a result, we obtain a
solution (that is, the device response) different from the actual
spectrum of the ions. The number of components of that
response (four in our case) is different from the number of
components in the actual spectrum, and the values a; ; chosen
for the matrix elements of the n-channel device may differ
from those of the actual spectrum. Though m < n+1, a
discrepancy between the response and the actual spectrum also
appears when the species of ions under detection are different
from those used for calibration of the detector (coefficients
a;,;j of ions under detection are different from values of matrix
elements used for calculation of the response). Despite these
discrepancies, the device response in the form of an (n + 1)-
bar spectrum is useful, because it enables us to distinguish
between admixtures more easily than can be done on the
basis of formation probabilities of a streamer. To accentuate
the possible differences between the detector response and
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the actual spectrum of ions, the detector response will be
named a pseudospectrum below when the response to the
electronegative admixtures is discussed.

Under the influence of CO,, ¢; and ¢4 stay practically
unchanged whereas @3 increases and ¢, decreases with
increase in concentration of CO, (figure 6). However,
the initial relationship among the components of ¢,
@2 > @3 > @] & @4, remains unchanged over the investigated
range of concentrations of CO,.

Strongly electronegative trace gases I, O3 or Oz + NO,
cause quite similar changes in the pseudospectrum (figures
7-9). The values of ¢;, ¢, and @3 decrease and that of ¢4
increases with increase in concentration of electronegative
admixture. If the concentration of the admixture reaches a
certain critical value for the given admixture, then changes in
the pseudospectrum cease. The pseudospectrum acquires a
stationary shape with one peak in the case of I, or Oz + NO,
and two peaks in the case of O3, while the highest peak belongs
to ¢4. In the case of O3, a peak of ¢, specific for clean air
of low humidity, remains observable as well. The stationary
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Figure 8. Response of the detector versus concentration of O3.

responses are specific for each admixture:

0.004 0
[ 0.008 | 0.001
#r =1 0.005 PoseNo. = | 0,107
0.983 0.802

0.036

| o03ss

¥, = | 0.063

0.546

In the case of I, the ratio of components is ¢4 > @3 ~ @y X ¢;.
In the case of O3 + NO, we have ¢4 > ¢3 =~ ¢ > ¢;. In the
case of O3 the ratio of components is ¢4 > @2 > @3 & ¢;.

The influence of SFg on the shape of the pseudospectrum
(figure 10) is similar to that of small concentrations of other
strongly electronegative gases I, O3 and O3 + NO,.. However,
to obtain the same effect, the concentration of SFg must be
over 500 times higher than that of O3, for example.

As can be seen from figures 7-9, the component ¢4, which
corresponds to the ions with practically zero probability of
initiating burst pulses, begins to dominate in the presence of
I,, O3 or O3 + NO, in air. ¢4 acquires the highest value
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among the components of ¢. Under the influence of SFg
(figure 10) or H,O (figure 5), ¢4 increases as well but here
the components ¢, or @3 have the highest value. In the
case of CO,, ¢4 remains unchanged (figure 6). Therefore
it is possible to determine the presence of some strongly
electronegative trace gases (I, Oz, O3+NOy, SF¢) in air on the
basis of the four-bar pseudospectrum obtained with the help
of a three-channel streamer counter. Furthermore, analysing
relations between components of ¢, it is possible to distinguish
between I, Oz and O3 + NO,, for example, provided that
the concentrations of trace gases exceed the critical ones.
Once the admixture is identified, its concentration can be
determined on the basis of formation probability of a streamer
versus admixture concentration curves (like those presented
in figures 2-4). Accurate measurements of concentrations
are possible, if only one additional gas (H,O, CO,, I, O3,
O3 + NO,, SFy) is present in air.

To increase the selectivity of the detector the number of
channels (electrodes) can be stepped up, but as one can see the
scattering of points around the smoothed curves in figures 5-10
is relatively great compared to that in figures 2—4. This results
from the fact that relative changes in Q caused by a particular
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Figure 10. Response of the detector versus concentration of SFe.

admixture are quite similar in different channels. Therefore,
the accuracy of determining ¢ decreases rapidly with increase
in the number of channels. In any case, determination of op-
timal number of channels and channel geometry need further
investigation.

Another thing in need of improvement is the determination
of the matrix A. We have used the matrix A obtained by
changing the concentration of H,O. Application of this matrix
to other admixtures gives a pseudospectrum. Differences
between the pseudospectrum and the actual one depend on the
values of the elements of matrix A. Another matrix A, obtained
by changing the concentration of some other admixture, might
lead to the pseudospectra of another shape. What kind of
matrix is the best one needs further investigation. However,
the detector responses in the form of four-bar pseudospectra
like those presented above seem to be quite appropriate for
the present task—to distinguish strongly electronegative trace
gases from additional H,O and CO; in air.

7. Conclusions

It can be concluded that a three-channel streamer counter
can be used as a detector of electronegative trace gases in
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air with the capability to distinguish at least four strongly
electronegative trace gases from additional H,O or CO; in
air.  Once the admixture is identified, its concentration
can be determined on the basis of formation probability
of a streamer versus admixture concentration plots. The
optimal number of channels, as well as the configuration
of discharge gaps (electrodes), needs further investigation.
Accurate measurements of concentration are possible, if only
one additional gas is present in air. In situations where several
admixtures are present at the same time, the applicability of
the detector needs further investigation.
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Abstract

The rise probabilities of burst pulses and streamers of
positive corona, initiated by flux of negative ions, are
investigated experimentally. It is shown that rise
probability of a corona pulse may be affected by the
previous discharge that creates an additional number of
initiating negative ions. A method to determine this
additional ion flux is proposed.

1. Introduction

Aints et a. [1, 2] have investigated the repetition rate of
corona streamers in air when corona gap was fed
simultaneously by positive DC and AC voltage. An
external ionizer was used to initiate the discharge. If the
preionization level was high enough so that discharge
arose at every AC cycle, then
1) the appearance of a burst pulse during Aty
eliminated the rise of a streamer during this AC
cycle (Atp, is the time interval during which the
resultant voltage U lies between the onset potential
of burst pulses Uy, and the onset potential of
streamers Ug);

2) if the burst pulse was not initiated during the time
interval Aty,, the streamer arose at this AC cycle.
According to these results an equation was derived
which gives the probability P that a streamer arises

during an AC cycle:

P=exp(— @ P, - Aty . )

Here @ is a stationary stochastic flux of negative ions
reaching the active zone of the point electrode and Py is
the probability to initiate a burst pulse by a single
negative ion. Py, depends on the point curvature and
nature of ions. According to Eq. (1) it is possible to
determine Py, if @ and Aty,, are known. A detection
method of trace gases in air based on Eg. (1) was
proposed in [2]. The aim of the present investigation is
to verify experimentally the validity of Eq. (1).

2. Experimental set-up

The sketch of the experimental set-up isshown in Fig. 1.

N Erf;})y////z«/

Figure 1. Experimental set-up.

The air under test is forced with a fan through a dust
filter. Theions are neutralized by an eectric filter. Fixed
number of ions is thereafter created by an ionizer and
carried by air stream to the platinum point electrode.
Three hemispherically capped electrodes with diameter
d=0.13; 0.25 and 0.50 mm are used as the poaint
electrodes. The coaxial signal electrode has diameter
28mm. High DC and AC voltages are applied
simultaneoudly to the point electrode. The voltages are
set so that instantaneous value of the resultant voltage U
runs sequentially through the voltage regions of different
corona modes: burst pulses (Uy, < U < Ug,), streamers
(Us<U<Uy and steady glow (U=Uy. Here U
denotes the onset potential of glow corona. Magnitude
of the streamer current exceeds the magnitude of other
corona pulses about ten times and thus streamers can be
easly detected by a specia interface. Sequences of
streamers are recorded by PC synchronously with AC
voltage. Present experiments are carried out in dry ar
under normal pressure, temperature 33°C and relative
humidity less than 4 %.

3. Experimental results

Statistical analysis shows that P may be different for AC
cycles with and without streamer during foregoing AC
cycle. Therefore two streamer rise probabilities P will
be used:

e with P4, we denote the streamer rise probability for
AC cycle that is preceded by AC cycle without any
streamer;

e with P, we denote the streamer rise probability
providing that there was a streamer during the
foregoing cycle.

In Fig. 2athe streamer rise probability Py, versus flux of

negativeions @; is plotted in the semilogarithmic scale.

02 02
p [ [ [ P
ab [ d=0.50mm +d=0.50 mm as
o0d=0.25mm | | od=10.25mm /
-d=0.13mm/ od=0.13 mm
04 /n /.;/ 0.4
06 / L /F( 0.6
08 z, /1, 0.8
/5/ / e
10 yau— 1.0
-15 o, 15 30 <15 0 15 30
@;-10° [particles/s] @;-107 [particles/s]

a b
Figure 2. Rise probabilities of streamers depending on
the flux of negativeions @;. f = 1000 Hz; v = 3.3 m/s.

% Upc =4.38KkV; Upc = 1410 V; Atp, = 14.9 pis.
o: Upc =3.20 kV; Uac =900 V; Atbp =147 us.
® : Upc =246 kV; Uac = 680 V; Atyp = 10.4 s,
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Here the flux @; is the number of negative ions per
second produced by the ionizer and reaching the active
zone of the point electrode. @, is calculated proceeding
from ionizer efficiency, air flow rate and numerically
calculated trajectories of ionsin eectric field. The same
dependence for Py is presented in Fig. 2b. In figure
captions v denotes the air flow velocity at the axis of the
discharge gap, Upc the DC voltage, Uac the AC voltage
amplitude, and f the AC frequency. One can see that
experimental points fall on straight linesin both figures.
These lines are not going through the axes origin (P = 1,
@ =0). The intersection points of trendlines with @&-
axis are farther from 0 in case of P than in the case of
Pa. They are the farther from 0 the bigger the point
diameter is. The similar curves like presented in Fig. 2
are recorded under the same conditions for different
frequencies of AC voltage. The intersection points of
trendlines with abscissa are determined. The distances
@, from O to intersection points are presented in Fig. 3.

One can seethat @, increases with AC frequency.
6
10

T T
d=050mm, o: P=RBy, A: P=PR,
d=025mm, m:P=Pyp,0: P=Fy
d=0.13mm, @:P=PFp,0: P=P; 2
= 5
g
:
< 10*]
=]
3
10

800 1000 1200
S [Hz]

Figure 3. @, depending on AC frequency.

200 400 600

4, Discussion

According to Eq. (1) the plots P = f(®,) and Py, = f(@)
should represent straight lines in the semilogarithmic
scale. These lines should go through the point (P =1,
@, =0). From Fig.2 one can see that experimental
points fall really on the straight lines, but they do not go
through the point (P =1; & = 0).

Penney and Hummert [3] have shown that corona
discharge produces photoionizing radiation proportional
to the discharge current. They measured the number of
photoions as a function of air pressure and distance from
the point electrode. According to calculations based on
[3] not al photoions are removed from our discharge
gap before new discharge starts at next AC cycle. The
number of remaining ions is comparable with the
number of ions produced by the ionizer. Therefore the
experimental fact that the straight linesin Fig. 2 are not
going through the point (P = 1; &, = 0) can be explained
by presence of additional negative ions. These ions are
produced by photoionizing radiation of the discharge
during the foregoing cycle. The flux of theseions @, can
be determined elongating the straight lines to the
crossing with the abscissa.

If we take into account only these AC cycles that are
preceded by the cycle with the same type of discharge,
keep constant air flow velocity, DC voltage, amplitude
and frequency of AC voltage, then the average number
of additional negative ions @, reaching the active zone
of the point eectrode during At,, should be constant.
Thus the total flux @ = @ + @, can be considered
stationary and the assumptions of Eq. (1) are satisfied.
From Fig. 3 one can see that @, increases with AC
frequency. The increase is understandable because the
higher is the AC frequency the shorter is the removal
time of additional ions before discharge rise at next AC
cycle. @, can be much higher than &, Therefore the
after-effect of discharge cannot be neglected. Fig. 2 and
3 show that @, increases with point diameter. @, after
AC cycle with a streamer is higher than @&, after AC
cycle with burst pulses. This result accords with data
presented in paper [3] as the discharge current increases
with point diameter and mean current of streamers is
higher than that of burst pulses [4].

For average probability of one negative ion to initiate
the burst pulse under conditions mentioned in section 2
and using @=@& + @&, in Eq. (1) we have got at
f =250 Hz: Pyp = 0.172(30) for d=0.50 mm;
Py = 0.254(36) for d = 0.25 mm and Py, = 0.293(51) for
d=0.13mm.

5. Conclusions

The main results can be summarized as follows:

1. The possible additional flux of negative ions &g
caused by previous discharge must be taken into account
in experiments concerning the corona rise probability.

2. @, can be determined from semilog P = f( &) curves.
3. @, increases with discharge current and AC
frequency, and may be much higher than the flux
produced by ionizer.

4. The average probability to initiate the burst pulse by
one negative ion under our experimental conditions is
determined for three different point el ectrodes.

Acknowledgements

This work was financially supported by the EU
COPERNICUS project CIPA-CT94-0186 and by the
Estonian Science Foundation under Grant 3024.

References

[1] M. Aints, A. Haljaste, K. Kudu, T. Plank: J. Phys. D:
Appl. Phys., 30 (1997) 210-220

[2] M. Aints, A. Haljaste, K. Kudu, T. Plank: 5th Int.
Symp. High Pressure Low Temperature Plasma Chem.
(1996) 117-121

[3] G. W. Penney, G. T. Hummert: J. Appl. Phys, 41
(1970) 572-577

[4] R. T. Waters, T. E. Rickard and W. B. Stark: IEE
Int. Conf. Gas Discharges (1972) 188-190

146 XXIV ICPIG (Warsaw, Poland) 11-16 July 1999






Aints M Haljaste A Kudu K and Plank T

Dependence of streamer corona characteristics on the concentration of el ectronegative
trace gasesin air

Proc. 5" Int. Symp. on High Pressure Low Temperature Plasma Chem. (1996) 117-21



117

DEPENDENCE OF STREAMER CORONA CHARACTERISTICS
ON THE CONCENTRATION OF ELECTRONEGATIVE TRACE GASESIN AIR

M. Aints, A. Haljaste, K. Kudu, and T. Plank

Institute of Experimental Physics and Technology, University of Tartu,
Téhe 4, EE2400 Tartu, ESTONIA

I ntroduction

The repetition rate of streamers of positive corona depends on the air humidity as well as on the
presence of small amounts of eectronegative trace gases. This dependence was used by
Andersson and Hertz [1] to create a humidity meter, and by Kudu to develop the detector of
halogens [2]. Kudu [2] suggested a new idea - to feed the corona gap simultaneously by DC
voltage and AC voltage of 50 Hz. If the so called mixed voltage is supplied to the corona gap,
then the repetition rate of streamers is comparatively insensitive to the variations of DC voltage
and air pressure. This enables to simplify the design of corona based detector of dectronegative
trace gases. This detector is named streamer counter below.

In the present paper the principle of operation of streamer counter is discussed. Some new ideas
are suggested how to make the device somewhat selective with respect to the trace gas properties.

Experimental device

The sketch of the experimental device is shown in Fig. 1.Air under analysis is sucked with a fan
through a tube 10 mm in bore (“body” of the

A“: Body ﬂ;:fﬁ'.ﬂ& —> counter in Fig. 1). Electric filter neutralizes

""""“"‘ inhausted ions. The dectric filter is followed
POSXHXX KA

hmu lL filter
@ by an ionizer. lons created by the ionizer are
ntor DC AC . . A
o In supply |F supply carried by air stream to the point eectrode

(platinum wire 0.25 mm in diameter with

Figure 1. Principle chart of a streamer counter.
hemispherical cap) on the opposite end of the

tube. Negative ions decompose with great probability in strong eectric field near the point tip.

Detached dectrons initiate avalanches which can develop into different corona modes (burst
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pulse, streamer or steady glow) depending on the instantaneous value of applied voltage and
other conditions. Amplitude value of the streamer current pulse exceeds about two orders of

maghitude the amplitudes of other corona

IV Glow region pulses and could be thus easily recorded

by the counter. DC and AC voltages are
applied to the point dectrode

I No discharge

|

|

! simultaneously.

IAl The voltages are set so that instantaneous
Figure 2. Voltage at the point eectrode. value of the mixed voltage runs

sequentially through the voltage regions of the above mentioned corona modes during every
cycle (Fig. 2). Oscillograms of corona current show that if a burst pulse develops during 4t in
voltage region Il (see Fig. 2), then streamer does not appear during the same cycle, as arule. In
this case the burst pulse develops into a steady glow without streamers. The steady glow burns
while the voltage exceeds the onset value of the discharge during this cycle. If a burst pulse
does not appear during the time interval At, when voltage runs through the region I, then a
streamer appears in regions |11 or 1V. The streamer is followed by the steady corona. No more
than one streamer per cycle was observed. The probability for streamer development during a

certain cycle depends strongly on the concentration of negative ions and their nature.

Discussion
If appearance of a burst pulse during At excludes the development of a streamer during the

same cycle of AC voltage, then therise probability of a streamer is

Q=exp[-At(A,p, + A, P, +.. 44, P, )]

Here A4, Ay, ..., Ay are the numbers of ions of different nature reaching immediate vicinity of the
point eectrode during unit of time. A; + Ax+...+4, = Ao, Where A is the total number of those
negative ions. py, Pz, ..., Pnare the rise probabilities of burst pulses originated by negative ions
of different nature. Subscripts indicate the nature of ions. The probability Q = N/f, where N is
the number of streamers per second and f is the frequency of AC voltage, can be measured

experimentally. Thevalue of A, is determined by the intensity of theion source and thus A, isthe

known quantity. At can be calculated proceeding from values of voltages and AC frequency.

Thus, for measured Q one can calculate the mean rise probability of a burst pulse
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,_2'p1+22'p2+"'+ﬂn'pn1 _ InQ
o % T A,

number of ions can be calculated from these measurements. The effect of eectronegative

. Or vice versa, if P is the known quarntity, the

admixture on the Q is due to conversion reactions of ions. In the presence of a strongly
electronegative admixture the number of ions specified by low probability to initiate a burst-
pulse increases. The number of ions specified by high probability decreases accordingly. Thus,
the mean rise probability of burst pulses decreases and that of streamers Q increases. This
explains the principle of operation of streamer counter as a detector of trace gases. According
to our measurements in air the minimal detectable changes in concentration of some admixtures
areasfollows: I,- 1 ppb, Cl,- 10 ppb, O3- 0.4 ppm, CO,- 1000 ppm, H,O - 1000 ppm.

Streamer counter as a detector of trace gases has a disadvantage - the lack of sdlectivity. No
information can be obtained from counting characteristics about the nature of the trace gas
causing a change in repetition rate of streamers. We suggested that a possibility to discriminate
between different admixtures can be obtained, if several paralld point eectrodes with different
tip curvatures are used in the counter simultaneously. Probabilities p;; must be fairly different
both for the different point dectrode i and for different admixture j. Difference between values
of p; for different admixtures is due to the difference between their eectron affinities,
molecule masses and ther structure. Mainly those quantities determine the value of the
probability of detachment as the function of dectric fidd strength. The dectric fied strength
corresponding to At is different for point eectrodes with different tip curvatures. Due to this
difference the probabilities p;; are different for different point eectrodes. Using a streamer

counter with m parallel point eectrodes a system of equations with m equations can be stated:

[INQ, = —At(p A4 + P+ +p,A,)
In Qz = _At( le/,{l + p22}‘2+---+ p2nﬂ’n)
! (2)

In Qm = _At( pmlﬂl + pm2/12+"'+ pmn/ln)

Eq. (1) allow to find the values of 14, A5, ..., An.

A discharge tube containing three point eectrodes with diameters of d = 0.25, 0.5 and 1.0 mm
was built to test this hypothesis. All three eectrodes were fed from the same voltage supply by
the RC voltage divider. For each dectrode the value of DC voltage was adjusted close to the
onset potential of streamers. The peak value of AC voltage constituted about 0.2 of the value of
DC voltage. The frequency of AC voltage was 100 Hz, air velocity was 0.5 m/s and ion flux
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A= 0.4-10° 1/s. Air humidity and concentration of CO, were varied during experiments.
Obtained experimental valuesof P  are presented in Table 1 for different point eectrodes and
air compositions. As one can see, the values of P for different point dectrodes differ
significantly. The ratios p, /P, and P, / P, depend strongly on air composition. Using these
data it is possible to determine the number of three kinds of ions specified by known probabilities

pi;- Actually the number of ions of different kind is much greater than three.

TABLE 1
Concentration of CO, and H,O [o}
intheair
(t=19°C, p=768 Torr)
Crizo [Ppm] Ccoz [Ppm] i=1 i=2 i=3
(d=0.25 mm) (d=0.5mm) (d=1.0mm)
a 5800 300 1.90.10° 3.93-10° 10.9.10°
b 11000 300 0.44-10° 1.14.10° 7.26:10°
c 18300 300 0.40-10°® 1.10.10° 1.30:10°
d 5800 8200 0.71-10° 1.0110° 4.19-10°
TABLE 2 The spectrum of ions (ions distribution depending on the
initiation probability of burst pulses) can be considered
50 05 005 as continuous. Using three eectrodes a step-like
p=[987 122 0433-10°° distribution curve of three steps can be determined
175 129 0008 instead of continuous one. Here the probabilities p;; must

be considered as mean probabilities for ions of given
group to initiate a burst pulse at given point eectrode. To solve the system of equations (1)
with m=3, n= 3 with respect to 4; values of p,; must be determined. We set values of p |

(0< p;; <1) around the values of P; in such away that solutions of Eq. (1) would satisfy the

restrictions

3

Zﬂj Zﬂov

=1

O0<X; <Ay 2

simultaneously for three gas compounds. Values of A ; satisfying Eq. (1) and restrictions (2),

are presented in Fig. 3a, b, ¢. The ranges of possible variations of A are striped. One possible
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matrix of p satisfying Eq. (1) and (2) is presented in Table 2. Using this matrix the spectrum of
ions for the case d (air with small addition of CO,) was calculated. This spectrum is presented
in Fig. 3d. As one can see, the number of ions with lower probability to initiate burst pulse
increases with the concentration of H,O or CO; in air. Shapes of spectrums corresponding to

different admixtures differ significantly.

4 — Croo=5800 ppm _  Cupo= 11000 ppm Ciiz20= 18300 ppm __ Cuz0= 5800 ppm
Coor=300 R PP - ™ Coop= 8200
a3l co™ ppm 5l Ccop= 300 ppm 4— Ccor= 300 ppm 51 co2= ppm
2 2 3t @
o
22 =] 2 o |
= 2 $21 2
1F 14 il 11
0 0 0 0 l
005 050 500 005 050 500 005 050 500 005 050 500
ps0° pi*10° p+*10° pi*10°
a b c d

Figure 3. Spectra of ions at different air composition.

Conclusions

Using properties of streamer corona a detector of trace gases can be designed for air or other
gases. The sdectivity of the device can be improved increasing the number of dectrodes of
different tip curvatures. The rise probability of burst pulse is related to the eectron affinity of
the additive. Special experiments are necessary to determine this relation. If this rdation is find
out, the distribution of ions according to their affinities can be determined by the streamer
counter. Using a multieectrode counter simultaneously with an ion mobility spectrometer, the

sdectivity of combined device can be improved significantly.
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1. Sissejuhatus

Gaaslahenduse uurijatele on hasti teada, et atmosfaariGhus on
mitmesugused koroonavormid tundlikud paljude lisandgaa-
side ja aerosoolide suhtes. Kaesoleval gjal uuritakse mitmetes
laborites voimalusi, kuidas koroonalahenduse baasil konst-
rueerida keskkonnamonitooringuks sobivaid saastegaaside de-
tektoreid. Uuringuid stimuleerivate momentidena tOstetakse
esile koroonaseadmete kompaktsust, mobiilsust, tookindlust,
odavust, lihtsat sidestatavust personaalarvutiga, radioaktiiv-
sete ionisaatorite puudumist ja sellest tulenevat keskkonna-
sobralikkust. Uuritakse nii positiivse kui ka negatiivse koroona
kasutusvoimalusi.

Kéesoleva etekande eesméargiks on tutvustada Uht posi-
tilvsel koroonal pdhinevat detektorit ning nadidata, kuidas on
vOimalik parandada tema tehnilisi néitajaid. Detektori t66pd-
himbtete paremaks mdistmiseks kirjeldame esmalt uuritavas
detektoris esinevaid koroonavorme.

2. Koroona positiivse potentsiaaliga teravikul
Rakendades eektroodidele alalispinge, tekivad positiivse po-
tentsiaaliga teraviku tipu lahedal teatud pingest Uy, alates
purskeimpulsid. Visuaalsdt kujutavad purskeimpulsid endast
vaikese vBimsusega valgussdhvatusi mis tekivad teravikul&-
hedases dhukeses BShukihis (joonis 1a). Purskeimpulsis jérg-
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neb primaarsde eektronlaviinile mitusada vaiksema voimsu-
sega sekundaarlaviini. Teraviku potentsiaali kasvades saavad
purskeimpulsid tekkida jarjest kaugemal teraviku tipust, se-
kundaarlaviinide arv kasvab ja ajavahemik purskeimpulsside
vahel vaheneb. Teatavast pingest Uq alates pole tksikud purs-
keimpulsid enam Uksteisest eristatavad ja moodustavad tera-
viku pinda helendava 6hukese kihina katva pideva koroona
(joonis 1b).

Joon. 1. Posditiivse koroona lahendusvormid: &) purskeimpulss; b) pidev
koroona; c) algstriimer.

Kui dektroodidevaheline pinge on suurem kui Ug,, Sis
on vdimalik veel teise koroonavormi — algstriimeri — teke
allpool pidev koroona lave Ug. Striimer kujutab endast vaga
kiiresti teravikust eemalduvat helenduvat plasmakerakest. Te-
ravikust kaugemal vdib moodustuda mitu vaiksemat kera —
striimer hargneb. Visuaalsdt meenutab nende kerade teekond
puuoksa (joonis 1c). Striimer pdhjustab eektroodi toiteahelas
vooluimpulsi mis on purskeimpulsi vooluimpulsist mitukim-
mend korda vdimsam (joonis?2). Striimeriga kaasneb purs-
keimpulss, millele tavaliselt jargneb purskeimpulsside jada.
Jargmine striimer saab tekkida siis, kui eelmisest impulsist
jaéanud positiivsete ioonide ruumlaeng teraviku tipu lahedal

41



—— Toomas Plank, Mért Aints, Ants Haljaste jaKalju Kudu ——

56 A 10
X

S5 -

g 2
a =
=4 A =
=

£ 68
'g i >
g’ 3
g 43
29 =
2 24
g

kv

2

mo0 0

0 1 Aeg, /ms/ 2
Joon. 2. Elektroodidele rakendatud segapinge ostsillogramm (Ulemine) ja
lahenduse voolu ostsillogramm (alumine). Aty, téhistab gavahemikku, mil
pinge on vahemikus [Upp, Usy).

on hajunud. Ruumlaengu olemasolu téttu lakkab puhta ala-

lispinge tingimustes algstriimerite teke kui rakendatud pinge

tosta kdrgemal e pideva koroona lavest Ug.

Rakendades dektroodidele ajas perioodiliselt muutuva pin-
ge, nn. segapinge (alalispinge + vahelduvpinge) nii et teravik
oleks positiivse potentsiaaliga (joonis 2), saavutame olukorra
kus lahendusvorm on médratud lahendust algatava osakese
(negatiivse iooni) saabumise hetkele vastava pingega U:

e Kui Up<U<Ug, tekib purskeimpulss (joonis?2). Purs-
keimpulssidest maha jéav ruumlaeng takistab striimeri tek-
kimist selld segapinge perioodil. Pinge tdustes kérgemale
kui Ug kasvavad purskeimpulsid ule pidevaks koroonaks.
Pinge langemisel alla Uy, lahendus kustub ja tekib véima-
lus teraviku lahedase ruumala puhastamiseks positiivsete
ioonide ruumlaengust.

e Kui U2>Ug, dis tekib striimer (joonis 2). Segapinge tin-
gimustes saab striimer tekkida ka pideva koroona lavest
Uy korgemal pingel, kui madalamal pingel pole lahendust
tekkinud. Igale striimerile jargneb samasugune pidev ko-
roona, nagu purskeimpulsilegi. Pideva koroona poolt tekita-
tud ruumlaeng valistab teise striimeri tekkimise segapinge
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selle perioodi véltd. Segapinge jargmise perioodi alguseks
on suurem osa ruumlaengust eemaldatud ja on olemas
kindel tdendosus kas purskeimpulsi vGi striimeri tekkeks
negatiivse iooni saabumisel.

3. Striimerite kordussageduse kasutamine
saastegaaside detekteerimiseks

Striimerite kordussagedus sOltub dektroodidele rakendatud
pingest, gaasi voolukiirusest ja ioonide kontsentratsioonist la-
hendusvahemikus, samuti gaasi keemilisest koostisest, réhust
ja temperatuurist. Ajalooliselt olid Andersson ja Hertz esime-
sed kes kasutasid seda sdltuvust dhuniiskuse médtmiseks [1].
Kudu soovitas lisada alalispingele 50 Hz-se sagedusega vahel-
duvpinge, kuna nii Gnnestub elimineerida striimerite kordus-
sageduse sBltuvus gaasi r6hu ja temperatuuri ning eektroodi-
dele rakendatud alalispinge vaikestest muutustest [2]. Samas
t60s kasutati striimerkoroonat esmakordselt halogeenide de-
tekteerimiseks Ghus. Segapinge koroonalahendusel p6&hinevat
saastegaaside detektorit nimetame allpool striimerloenduriks.

4. Striimerloenduri ehitus
M7 desrs  STRIIMERLOENDUR !
| ohu  tolmufilter ionisaator _ Signaal- ohu |

viljund
elektri- elektrood . I

Joon. 3. Uhe lahendusvahemikuga striimerloenduri ehitus.

Uhe lahendusvahemikuga striimerloenduri ehitus on naidatud
joonisd 3. Uuritav dhk suunatakse ventilaatori abil 1abi tolmu-
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ja eektrifiltrite. Elektrifilter eemaldab 6hust kerged ioonid.
Elektrifiltri jarel paiknev ionisaator tekitab kontrollitava ko-
guse ioone, mille dhuvool kannab poolsfaarilise tipuga teravik-
eektroodini. Elektroodidele rakendatakse Uheaegselt aalis-
pinge ja vahelduvpinge nii et teravik oleks positiivse potent-
siaaliga. Alalispinge Upc vaartus valitakse ligikaudu voérdne
algstriimerite lavepingega Ug. Vahelduvpinge amplituudiks
Uac valitakse Uac = 0.3 Upc. Andmeid striimerite poolt sig-
naale ektroodil indutseeritud vooluimpulsside kordussagedu-
se ja tekkefaas kohta registreeritakse ning t66deldakse perso-
naalarvutiga. Vajadusel vGib vooluimpulsse uurida ostsillos-
koopilisdlt.

5. Striimerloenduri t66pdhimdte
Algstriimeri tekkimise tdendosus segapingel avaldub valemiga
[3]:

p = exp(-Aty,bP) , 1
kus b tahistab tdendosust millega (ks negatiivne ioon al-
gatab purskeimpulsi  (pingevahemikus Uy <U < Ug). @
on teraviku tippu jéudvate negatiivsete ioonide voog. @ vdib
koosneda kuni kolmest komponendist: ionisaatori poolt te-
kitatud ioonide voost gd, edneva striimeri poolt lahendus-
vahemikku maha jaetud ioonide voost g®4 ja edmise pe
rioodi pideva koroona poolt lahendusvahemikku maha jaetud
ioonide voost 9@, [4]. Kaks viimatinimetatud voogu esinda-
vad eelneva lahenduse jarelmdju. Kordaja g isdoomustab te-
raviku tippu jGudvate ioonide osakaalu lahendusvahemikku
joudvate/jaavate ioonide koguvoost.

Koroonalahenduse uurijatele on lahenduse jaremdju nah-
tus ammu teada. Sdlele vaatamata pole tanaseni vélja to6tatud
sobivaid meetodeid lahenduse jarelmdju intensiivsuse modt-
miseks. Kaesoleva t66 raames todtati valja meetod nii pideva
koroona [5] kui ka striimeri [4] jardmdju modtmiseks. Meetodi
aluseks on varrand (1), millest saab avaldada pideva koroona ja
striimeri  efektiivse jarelmdju suuruse, vastavalt bg®d, ja
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bg s

-1
bg®, = E'”( Pan) —bg Py
p

1 Pab

bg®, = —In(—2).

9Ps A, (pas)
Siin pa téhistab striimeri tekkimise téendosust pérast sdlist
segapinge perioodi, kus lahendus algas purskeimpulsiga, ja
pss téhistab striimeri tekkimise tdendosust pérast sdlist se-
gapinge perioodi, kus lahendus algas striimeriga. Parameetri
b hindamise metoodika on publitseeritud [5], parameetrit g
saab hinnata modelleerides elektrivélja jaotust lahendusvahe-
mikus.

Lahenduse jaredm@ju uurimine néitas, et nii striimeri kui ka
pideva koroona jarelmdju kahaneb koos 6hu voolukiiruse v
kasvu jalvdi vahelduvpinge sageduse f kahanemisega. Vahel-
duvpinge amplituudi Uac muutus striimeri jarelmdju e mo-
juta, pideva koroona jardmdju kasvab koos Uac kasvuga. Ala-
lispinge Upc kasvades striimeri jarelmdju vaheneb, pideva ko-
roona jardméju aga veidi kasvab. Osutus, & striimerloenduri
toéOparameetreid (Upe, Uac, vahelduvpinge sagedus f, gaasi-
voolu kiirus v, @) valides on vdimalik saavutada olukord, kus
Dy = Py=0 [4]. Eelmise lahenduse jarelmdju puudumine
lihtsustab md&tmistulemuste interpreteerimist: ioonide vood
Do, Dy, Dy koosnevad erineva vanusega ioonidest, seetdttu
voivad olla erinevad ka ioonide kooslused nendes voogudes
japurskeimpulsi algatamise tdendosused b.

Kui teravikule saabuv ioonivoog koosneb n sorti ioonidest,
peame vorrandit (1) téiustama:

p = exp(-Aty, @0 Y b gi9) )
i=1

Siin téhistab ¢ i-ndat sorti ioonide osakaalu ionisaatori poolt
tekitatud ioonide voos @; g ja b téhistavad vastavalt i-nda
iooni teraviku ldhedale sattumise tdendosust ja sdle iooni

poolt purskeimpulsi algatamise téendosust.
Elektronegatiivsete lisandite méju striimeri tekkimise tde-
ndosusele p tuleneb konversioonireaktsioonidest, mis vahen-
davad nende ioonide osakaalu, mille kuiljest purskeimpulsi
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algatamiseks vajaliku algelektroni irdumise tdendosus teravi-
kuldhedases véljas on suur. Samal ajal kasvab nende ioonide
osakaal, millest elektroni irdumine on véga véikese tdendosu-
sega. Sdle tulemusena elektronegatiivse lisandi kontsentrat-
siooni kasvades purskeimpulsi algatamise keskmine tdendo-
sus b vaheneb ja striimeri tekkimise tdendosus p suureneb.

P
o
3

<&
0.6 OH,0
+CO, o o©
0.5 o1, e) Q

Striimeri tekkimise téendosus
(]
w

H,O| kontsentratsioopn, / ppm/

0 14 300 28 600 42 900

CO, kontsentratsioon, /ppm/
0 5000 10000 15000

I, kontsentratsioon, /ppb/

0 3.35 6.70 10.05

Joon. 4 Striimeri tekkimise tdendosus sdltuvalt kas veeauru, slisihappegaasi
vOi joodi kontsentratsioonist Shus.

Joonisel 4 on esitatud striimeri tekkimise téendosus 0,5 mm
diamesetriga teravikelektroodil soltuvalt veeauru, stisihap-
pegaasi ja joodi kontsentratsioonist dhus. Joonisdt naeme, et
striimeri tekkimise tdendosus kasvab veeauru, stisihappegaa-
s vOi joodi kontsentratsiooni suurenemisel Shus. Seega saab
striimerloendurit  edukalt kasutada lisandgaasi kontsentrat-
siooni mOoGtmiseks 6hus, eeldusel et ednevalt on teada, mil-
line lisand striimeri tekkimise t@endosust mdjutab. Kahjuks
e ole ainult Uhe lahendusvahemikuga striimerloenduri naidu
alusel voimalik 6elda, kas 6hus on tdusnud veeauru voi mone
saastegaasi kontsentratsioon.
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6. Mitme lahendusvahemikuga striimerloendur

Purskeimpulsi algatamise tBendosus b; soltub teravikelekt-
roodi lahedase dektrivalja jaotusest [6]. Valides m erineva
kbverusraadiusega teravikelektroodi saame valemi (2) aseme
vorrandisisteemi:

[ n
P = exp(—Aty, P > b10i10)
i=1

n
P2 = eXp(=Aty, Py Y b 2 20,) 3)
i1

n
Pm = eXP(~Atpy Do Y B mGimé)
i1

Téendavaks tingimusekson Y ¢, =1.
i=1

Teades g ja by vaédrtusi, saame selle vorrandisisteemi la-
hendamisel leida ioonide spektri purskeimpulsi algatamise
tGendosuse jargi. Saadud spektrid vBimaldavad hinnata, mil-
liseid lisandeid vai lisandirihmi uuritav 6hk sisaldab [6].

|dee realiseerisime striimerloenduris, mis sisaldas kolm la-
hendusvahemikku erimddtmeliste teravikelektroodidega (dia-
meetrid d = 0.13, 0.25 ja 0.50 mm).

Joonisel 5 on esitatud kolme lahendusvahemikuga striimer-
loenduriga registreeritud ioonide spektrid. Spektrite saamisel
kasutatud korrutise g by vaartused meie teravike puhul on
esitatud tabdlis:

|
d (mm) 1 2 3 4
0,13 7,90x10°%| 5,47x10°| 5,16x10™| 2,18x10°®
0,25 2,85x107| 1,01x10?| 2,29x10°| 8,43x10°®
0,50 3,96x102| 1,17x10?| 1,05x10°| 5,13x10°

Joonisel 5 esitatud spektrite argumendiks on indeks i, mis
maarab ara téenaosused, millistega i-ndasse gruppi kuuluvad
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0 Labori ohk: o1 Labori 6hk:
Veeaur, 6 800 ppm Veeaur, 38 000 ppm
075 Siisihappegaas, 300 ppm 0.75 Siisihappegaas, 300 ppm
) Jood, 0 ppb Jood, 0 ppb
0.5 0.5
0.25 0.25
0 0
1 2 3 4 1 2 3 4
a i b 1
o' Labori ohk: o' Labori ohk:
Veeaur, 6 500 ppm Veeaur, 8 600 ppm
0.75 Siisihappegaas, 3000 ppm 0.75 Siisihappegaas, 300 ppm
Jood, 0 ppb Jood, 7.1 ppb
0.5 0.5
0.25 0.25
0 0
1 2 3 4 1 2 3 4
c i d i

Joon. 5. Kolme lahendusvahemikuga striimerl oenduriga registreeritud ioonide
spektrid: @) “tavaling” labori 6hk; b) HO mdju; ) CO, mdju; d) |, mdju.

ioonid algatavad purskeimpulsse striimerloenduri e ektroodi-
del (vt. tabdit). Jooniselt ndeme, et kolme lahendusvahemikuga
striimerloenduriga registreeritud spektrid véimaldavad 6elda,
kas striimerite arvu kasv on tingitud veeauru, silisihappegaasi
vOi joodi lisamisest labori dhule.

Tegdik ioonisortide arv 6hus on kindlasti suurem kui 4. Se
juhul kuulub igasse kolme lahendusvahemikuga loenduriga
eristatud ioonirtihma mitut sorti ioone, millede keskmine purs-
keimpulsi algatamise tGendosus on bjj, kus indeks j on elekt-
roodi jarjenumber. Soovides striimerloenduri lahutusvGimet
parandada, tuleks loenduris kasutada rohkem lahendusvahe-
mikke. Segjuures tuleb uute lahendusvahemike geomeetria va-
lida niisugune, e teravikelektroodi léhedase vélja tugevus ja
mittehomogeensuse aste striimeri lavepingel oleks olulisdt
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erinevad juba olemasolevate vahemike elektrivélja vastavatest
néitajatest.

7. Pohitulemused

Kéaesoleva t6d pohitulemused on jargmised:

On koostatud striimerloenduris asetleidvate protsesside
matemaatiline kirjeldus, mis annab seose striimerite kor-
dussageduse ja loenduri t6Gparameetrite ning purskeim-
pulsi algatamise tGendosuse vahdl.

On vélja tdotatud meetod lahenduse jaremdju kvantitatiiv-
seks madramiseks striimerite jadade statistilise analtlsi
pbhjal. Meetod vdimaldab méarata loenduri tbGparameet-
rite optimaalsed vaartused, aga on ka laiemalt huvi pakkuv
koroonalahenduse fllisika ja rakenduste alal.
Eksperimentaalselt on méaratud striimerloenduri loendus-
kiiruse sOltuvus mitmesuguste lisandainete kontsentrat-
sioonist.

Eksperimentaalselt on néidatud, & mitme lahendusvahemi-
kuga striimerloendur kui lisandgaasi detektor v&imaldab
maarata lisandi tldpi.
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