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An image converter has been used to study the development of an electrical discharge in pure neon
and in neon with a molecular impurity. We have measured the rate of development of direct and re-
verse streamers as a function of the electric field strength and streamer length. Possible mecha-

nisms of photoionization of the gas are discussed.

AS is well known, the breakdown of large interelec-
tode gaps at gas pressures near atmospheric is satis-
factorily described by the streamer theory of spark
breakdown development by Meek,'*! Raether,®! and
Loeb®™! on the basis of a generalization of extensive
experimental data. A number of experimental and the-
oretical studies which have appeared in recent years
have introduced important changes in our understanding
of the processes occurring in electrical breakdown in a
gas. References 4-6 discuss possible causes of the ex-
perimentally observed™ °! departure from the one-
shower streamer mechanism for discharge development
times < 107® sec. In an electron-optical study of the
velocity of a streamer moving toward the cathode,”?
two stages have been observed in its development; Wag-
ner considers that photoionization at the cathode is
necessary to explain the existence of the two stages. In
addition to the detailed discussion by Stankevich™! of
the photorecombination process in the shower as the
main source of photons ionizing the gas in streamer
breakdown of a molecular gas, Lozanskii’®' has sug-
gested a new mechanism of photoionization in a pure
noble gas.

Interest in a detailed study of the development of the
streamer discharge in neon is dictated by the following
considerations.

The development of the technology of spark cham-
bers™! which can be used for charged-particle detec-
tion and which are filled in most cases with neon makes
it necessary to know the characteristics of the streamer
discharge occurring in the interelectrode gap of the
chamber.

It is known that a streamer being propagated toward
the cathode can arise only as the result of ionization of
the gas by photons emitted by a shower. In molecular
gases the main source of ionizing photons is clearly
photorecombination to the ground level. Since the cross
section for photorecombination depends strongly elec-
tron energy,™! the number of photons necessary for
ionization of the gas in the direction of the streamer
motion is obtained only on equalization of the electron
and ion temperatures in the shower.™ The time of
equalization of the electron and ion temperatures (the
thermalization time) may be the cause of the delay,
noted by Stankevich,'! in development of a streamer
moving toward the cathode. In a pure noble gas, photo-
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FIG. 1. Design of discharge
chamber: 1, 3—electrodes, 2—
glass tube, 4—illumination
source.

recombination does not provide a sufficient quantity of
photons ionizing the gas, since the thermalization time
of electrons in a noble gas is considerably greater than
the discharge development time (for example, in neon
the thermalization time is 1.27 usec''!). Thus, a
streamer discharge in neon may have some features
related to the specific photoionization mechanism in
pure noble gases.

The present work is a study of the initial stages of
streamer breakdown in neon by means of high-speed
photography and image converters.

DETERMINATION OF THE VELOCITY AND
DIRECTION OF DEVELOPMENT OF A DISCHARGE
ARISING FROM INDIVIDUAL ELECTRONS IN THE
CENTER OF THE DISCHARGE GAP

To observe the initial stages of development of an
electrical discharge arising from individual electrons
in the center of the discharge gap, we used the tech-
nique described in detail by us in Ref. 12. The experi-
mental apparatus consisted of a discharge chamber, a
type PIM-3 electronic shutter in combination with an
image amplifier with a gain of ~ 107, and an electronic
circuit for control of the chamber and the image am-
plifier,

The design of the chamber, which is shown schemat-
ically in Fig. 1, does not differ in principle from the
discharge chambers usually used for study of discharge
development.®™*1 The chamber consists of a section of
cylindrical glass tubing 2 and two flat brass electrodes
1 and 3. Through an opening in the center of one of the
electrodes 3 the opposite electrode 1 is illuminated by
a pulse of ultraviolet light from an electrical discharge
between auxiliary electrodes 4. The electrons ejected
from the brass electrode of the chamber by the pulse of
ultraviolet light drift in a small constant electric field
(~20 V/cm) applied to the chamber electrodes. The de-
lay time in supplying the high-voltage pulse to the elec-
trodes, relative to the flash of ultraviolet light, is cho-
sen so that the transition of the shower to a streamer
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FIG. 2. Development of electrical discharge in neon as a function
of time t.

occurs at the time when the head of the shower reaches
the center of the discharge gap. The high-voltage pulse
supplied to the chamber electrodes had a rise time of
~ T nsec and a flat top.

In order to observe on the image amplifier screen
several successive stages of the discharge developing
in the chamber, several images of the same discharge
are projected on the photocathode of the PIM-3 elec-
tronic shutter and the shutter control is arranged so
that the images are exposed successively with a shift of
0.5-1 nsec with an exposure of ~ 1.5 nsec.'! The char-
acteristic pattern of the images obtained in this way on
the image amplifier screen is shown in Fig. 2. Here
are pictured several successive stages in time of the
development of an electrical discharge in neon. The ap-
paratus described was used to measure the dependence
of the velocity of propagation of direct (moving in the
direction of the electron shower toward the positive
electrode) and reverse (moving toward the negative
electrode) streamers as a function of streamer length
and of electric-field intensity.

The experimental results are presented in Figs. 3
and 4. The data obtained allow us to draw the following
conclusions on the nature of the development of the ini-
tial stages of the electrical discharge in neon.

1. The development of the discharge in neon occurs
in such a way that the place of origin of the discharge
cannot be distinguished—the streamer plasma is uni-
form along the length.

2. As follows also from streamer theory, starting
from a definite moment of time, the discharge develops
in two directions—to the positive and negative electrodes
of the chamber.

3. The velocities of propagation of the direct (v*) and
reverse (v°) streamers increase monotonically with in-
creasing streamer length [.

4. The dependence of the velocities of the direct and
reverse streamers, and also the combined streamer ve-
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FIG. 3. Velocities of the di-
rect streamer (v*) and reverse
streamer (v°) as a function of
streamer length / for different
electric-field intensities E: @—E =
9.6, O-E=12.1,+-E=16.7
kV/cm.
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locity, on the electric-field strength E has a shape
similar to that shown in Fig. 4, over the entire range of
streamer lengths investigated by us. It is evident from
Fig. 4 that, depending on the electric-field strength, the
velocity of the reverse streamer can be either greater
or less than the velocity of the direct streamer.

5. In the region E = 9.5-10 kV/cm the velocities of
the direct and reverse streamers are equal. It is inter-
esting to note that this field-strength value, at which the
direct and reverse streamer velocities are the same,
does not change as the total streamer length varies
from 3.5 to 7 mm.

MEASUREMENT OF THE RATE OF DEVELOPMENT
OF A DISCHARGE ORIGINATING IN A
PARTICLE TRACK

The nature of the streamer-discharge development
may be different for different configurations of the elec-
tron groups in which the discharge originates. In this
sense an event in which the electrons are knocked out
of a chamber electrode and subsequently transported to
a given place may differ from an event in which the
electron groups are produced by a charged particle
passing through the chamber. In order to investigate
the applicability of the preceding measurements to the
case of development of a discharge in a particle track,
we made measurements of the combined propagation
velocities of the direct and reverse streamers in a dis-
charge chamber in which the discharge developed in the
track of a relativistic electron (with energy 1.3 MeV
< Eg < 2.26 MeV) from an Sr®*(Y) source.

A diagram of the experimental apparatus is shown in
Fig. 5. The discharge chamber of dimensions 15 x 10
x 3 cm had glass side walls and metal upper and lower
electrodes. The construction of the electrodes allowed
electrons to pass through the electrodes at an angle of
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FIG. 5. Diagram of experimental setup: 1—discharge chamber, 2—
source, 3—scintillation counters, 4—coincidence circuit, S—high-voltage
pulse generator, 6—peaking spark gaps.
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FIG. 6. Development of a discharge as a function of time in a parti-
cle track, a—in pure neon, b—in neon with alcohol-vapor impurity. The
arrow indicates the direction of flight of the particle through the cham-
ber.

76° to the electric field direction. A scintillation coun-
ter telescope controlled the high-voltage pulse genera-
tor (PG), which consisted of sections of coaxial lines
connected in an Arkad’ev—Marx circuit. The PG pro-
duced in a 75-ohm load a voltage pulse of rectangular
form up to 60 kV high. To reduce the rise time of the
pulse from 20 to 1.5 nsec, two ‘“peaking’’ spark gaps
in 10 atm of nitrogen were connected to the coaxial ca-
ble in the path of the pulse along the cable. In this case
the rise time of the pulse at the chamber electrodes
was 3 nsec.

The image of a discharge originating in a particle
track was projected on the photocathode of an image
converter tube equipped with a PIM-3 electronic shut-
ter. The electronic shutter provided continuous, suc-
cessive exposure of portions of the track by means sim-
ilar to that described by us previously.™®! Figure 6
shows a characteristic pattern of discharge develop-
ment in a particle track, photographed by this means.

This method was used to investigate the dependence
of the combined velocity of the direct and reverse
streamers on electric-field intensity E. Comparison of
the results obtained with the previously measured de-
pendence of combined velocity on E for a discharge ini-
tiated by an ultraviolet light shows that in the field-
strength range from 8 to 13 kV/cm the combined veloc-
ity is the same for the two means of initiation of the
discharge (see Fig. 7). Thus, the experimental meas-
urements presented in Fig. 3 of the velocities of the di-
rect and reverse streamers are applicable to the opera-
tion of a streamer chamber filled with neon.

0,70%m/sec

2 4 FIG. 7. Combined velocity of
direct and reverse streamers for a
29 length of 3 mm as a function of
electric-field intensity: @—in a
7/ chamber with ultraviolet illumi-
nation, O—in a chamber with a
radioactive source.
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of electric-field intensity; @— ¢
pure neon, X'—neorl with al- ¥\
cohol-vapor impurity. f1s 1 {
1 1 1 J

! 1
4 20 70 90 5 124 7
Pulse length, nsec

BREAKDOWN IN NEON IN THE PRESENCE OF
IMPURITIES

The presence of a molecular impurity in the neon can
lead to the following effects:

a) The electron mobility increases substantially as
the result of decrease of the average energy of the elec-
trons by inelastic collisions with impurity molecules, ™!

b) The Townsend ionization coefficient decreases as
the result of inelastic collisions with impurity mole-
cules; this should reduce the rate of growth of the
shower.

¢) In some cases (for example, in the case of addi-
tion of water, alcohol, or epoxy-resin vapors) the elec-
tron diffusion coefficient decreases markedly (by fac-
tors of ten),t* %!

d) In the case when the ionization potential of the
mixture is less than the energy of the photons emitted
by the excited atoms and molecules of the noble gas, the
probability of photoionization is increased in compari-
son with the pure noble gas. Therefore the shower-
streamer transition should begin at a lower concentra-
tion of charge in the shower head in the presence of the
impurity, and the development of the streamers may be
more rapid.?

e) The spectrum and intensity of the radiation of the
discharge plasma may change appreciably as the result
of radiationless quenching of the excited atoms and ions
of the noble gas in collisions with impurity molecules
and as the result of change in the electron temperature
in the plasma of the shower and streamer.

We have studied the discharge in neon with impuri-
ties of saturated vapors of epoxy resin and alcohol at
room temperature. The discharge arose in the track of
a charged particle traveling at an angle of 76° to the
electric-field direction. The results of the measure-
ments are shown in Fig. 8 and in the table, and reduce
to the following.

1. The presence of the impurity leads to a charac-
teristic distinguishing of the place of origin of the dis-
charge. In the case of epoxy-resin and alcohol impuri-
ties this place looks like a dark gap separating the
direct and reverse streamers (a strong variation in the
intensity of radiation in the shower, see Fig. 6b). A
similar occurrence is observed in many of the investi-
gations of streamer chambers,® '8 the particle track
appearing symmetric with respect to the dark gap—the

Chamber E, 1, g ¥ Length of dark
filling kV/cm mm 10° cm/sec gap, L, mm
Pure neon 10.7 9.1 1.754-0.03 0
Neon with f 10.7 9.1 1.874-0.05 2,54-0,3
alcohol vapor | 17.8 9.1 - 0.944-0.14
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lengths of the direct and reverse streamers are identi-
cal. The existence of this gap apparently indicates con-
tamination of the chamber gas, and the symmetric na-
ture of the track can be explained by the fact that the
effective field intensity does not exceed 10-11 kV/cm
(see Fig. 3). The length of the dark gap decreases with
increasing electric-field intensity (see the table). The
streamer brightness also decreases considerably, par-
ticularly in the case of alcohol-vapor admixture.

2. If we assume that the length of the dark gap cor-
responds to the critical size of the shower d;, at the
moment of transition to a streamer, and if we assume
that the Townsend ionization coefficient « is substan-
tially less in the case of the impurity than in the case
of pure neon (@ < aNe), then we obtain from the data of
the table

ad o < 20,

i.e., the shower-streamer transition occurs at a smal-
ler charge concentration in the shower head than in the
case of pure neon.

3. It follows from Fig. 8 that, in spite of the de-
crease in the Townsend coefficient, breakdown of a gap
35 mm long occurs more rapidly in the case of neon
with an impurity than in pure neon. This phenomenon
can be understood if we consider the acceleration of the
shower -streamer transition (see Point 2) and some de-
gree of increase in streamer velocity (see the table) in
the presence of an impurity.

DISCUSSION OF RESULTS

The experimental data obtained indicate that the
streamer mechanism of breakdown exists in pure neon.
Consequently, there exists a photoionization mechanism
not connected either with the ionization of the impurity
by radiation from the excited atoms of the main gas or
with photorecombination, since, as we have noted above,
photorecombination is retarded in a discharge in pure
neon. For development of the reverse streamer it is
necessary to have photoionization of the gas at a dis-
tance of the order of the shower length in the direction
of motion of the streamer. Lozanskii®®' has shown that
such ionization can be provided as the result of forma-
tion of a molecular ion in collision of an excited atom
with a neutral atom:

X"+ X—> Xt +e.
Since the cross section for this reaction is large
(0 ~107*° cm® ™)) at pressures near atmospheric, ioni-
zation occurs practically instantaneously (in a time of
10-1° sec). The occurrence of excited noble gas atoms
producing the above reaction rather far from the show-
er cannot be due to diffusion of resonance radiation,
since the time of diffusion of resonance radiation in
neon to a distance of the order of a millimeter is hun-
dreds of nanoseconds.'®! As has been shown by Lozan-
skii®! excitation of atoms at a large distance from the
shower can occur because photons with a rather high
penetrating power appear in the shower as the result of
broadening of the excitation levels by atomic colli-
sions.

The linear dependence obtained by us for the velocity
of the reverse streamer as a function of its length is in
good agreement with the discharge mechanism proposed
by Lozanskii.’®’ On the other hand, the existence of two
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stages in the development of the reverse streamer ob-
served by Wagner™) apparently indicates different pho-
toionization mechanisms in neon and nitrogen.

The authors are grateful to V. Boitsov and R. Kras-
nokutskii for major assistance in this work.
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