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Chapter 1

FORMATION OF RUNAWAY ELECTRONS PREIONIZED
DIFFUSE DISCHARGES AT HIGH PRESSURE
E. Kh. Baksht, M. I. Lomaev, D. V. Rybka and V. F. Tarasenko
Institute of High Current Electronics, SB RAS, Tomsk, Russia

ABSTRACT
This chapter presents the results of experimental investigations of diffuse (volume)
nanosecond elevated-pressure discharges in a non-uniform electric field at a time
resolution of a recording system being equal to 100 ps. It is shown that conditions of
obtaining a diffuse discharge without a source of additional ionization are extended at the
voltage pulse duration reduction; specifically, a runaway electron preionized diffuse
discharge (REP DD) was realized in atmospheric pressure air and other gases at a short
interelectrode gap. It was found that the main energy deposition into the REP DD plasma
occurred after attaining maximal voltage at a gap. At pulse repetition rate up to 1 kHz and
elevated pressures the REP DD has been studied in nitrogen, air, and argon. In the
conditions of generation of runaway electron beams and X-rays, a CCD camera recorded
the time of the diffuse discharge formation and its duration prior to its transition to a
spark one. In nitrogen, air, and argon the diffuse discharge was formed during the time
not exceeding 1 ns. During the time not exceeding 1 ns the bright spots appear on cathode
in argon and air resulting in the beginning of the spark channel propagation.

1. INTRODUCTION
At present, pulse volume (diffuse) discharges at the elevated pressures are widely used in
science and engineering, specifically, when creating gas and plasma lasers [1-3].
Preionization sources of different design and discharge gaps with a uniform electric field are
used to form a volume discharge. Since the late 1960s it has been known that it is possible to
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form a diffuse discharge at atmospheric pressure of various gases even without any additional
source of preionization [4, 5]. For this to happen, it is necessary to use the short-duration
high-voltage pulses and a discharge gap with a cathode of a small radius of curvature. At
atmospheric pressure, a diffuse discharge was obtained in helium [4] and air [5], and later in
SF6-gas as well [6]. A special feature of similar discharges is generation of X-radiation [4, 5]
and runaway electron beams [7]. However, after 1990, the interest in this discharge mode has
dropped.
Apparently, this is related to the complication in creation of nanosecond and
subnanosecond high-voltage generators and complication in measurements of characteristics
of a discharge and a runaway electrons beam under conditions of a REP DD owing to
subnanosecond times of the processes evolution in a gap. X-ray radiation and runaway
electron beams are registered in nanosecond discharges in a non-uniform electric field.
Monograph [8] presents the results of the study of the similar discharges that have been
obtained till 2003. However, in these works there were used the measuring techniques of the
electric signals with the time resolution not exceeding 1 ns. Besides, voltage pulses with the
length exceeding several nanoseconds were tested in the works cited in [8].
During the last ten years attention to the given discharge mode has increased again [924]. It was found that discharges in a nonuniform electric field at atmospheric pressure have a
number of unique properties. Specifically, it was shown that the specific input power can
achieve ~1 GW/cm3 (~800 MW/cm3 in a center of the gap [10, 11]). Another feature of a REP
DD is a small influence of a nanosecond voltage pulse polarity on the diffuse discharge
formation [12-14]. A diffuse discharge was obtained at the voltage rise-time equal to units
[10] and tens [14] of nanoseconds as well as at the voltage equal to tens of kilovolts [10, 18].
A REP DD in the mode of pulse bursts retained its properties at high pulse-repetition rates, in
[19] up to 3 kHz. During last five years REP DD at high pulse-repetition rates was obtained in
continued mode [20-22]. The REP DD plasma was used to create the sources of VUV
radiation (see chapter 3 and [16, 17]) as well as for modification and cleaning of the copper
foil surface (see chapter 21 and [23]). However, this discharge mode remains weakly studied
even at present, at the first turn, due to the small duration of the first phase of the discharge
that ensures its diffuse character.
The chapter presents the results that have been obtained during the last ten years at the
time resolution of a registration system approximately equal to 100 ps. The goal of the present
work is to investigate experimentally the conditions of formation and the properties of a REP
DD at the subnanosecond (up to 100 ps) and nanosecond voltage pulse duration.

2. EXPERIMENTAL EQUIPMENT AND TECHNIQUES
The discharge characteristics were investigated at three experimental setups. Figure 1
shows a design of the output part of SLEP-150M generator [24] and discharge chamber of the
RADAN-220 generator [25].
The internal diameter of the gas chambers was 50 mm. A cathode 1 with a small radius
of curvature and a plane anode 2 were used that ensured field amplification near the cathode.
Both a 9.5-mm diameter steel sphere (spherical cathode) and a 6-mm diameter tube made of
a 100-µm-thickness steel foil (tubular cathode) were used.
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Figure 1. Design of the output part of SLEP-150M generator (a) and discharge chamber of the
RADAN-220 generator (b): (1) potential electrode, (2) plane electrode, (3) current shunt, (4) windows,
(5) collector, (6) capacitive dividers, (7) discharge chopping gap, (8) output part of SLEP-150
generator, and (9) transmission line.

The plane anode was made of a brass plate and connected to the chamber casing through
a shunt 3. Researches were made as well using an anode made of a 50-µm-thickness AlBe foil
and of a grid. When using a foil anode, a collector was installed behind the foil and
characteristics of a supershort avalanche electron beam (SAEB) [26] were measured. For
more detailed description of a SAEB researches, please, see the Chapter 4. At the installation
of a grid anode the discharge glowing in a gap from the edge was photographed and the
current proportional to the displacement current and dynamic displacement current through
the gap was registered by the collector as well. The experiments were made at the
interelectrode gaps ranging from 0 (short circuit) to 20 mm. Further increase of the
interelectrode gap resulted in the completed breakdown along the surface of the discharge
chamber insulator.
A RADAN-220 generator [25] was used in the setup 1. The generator had a wave
impedance of 20 Ω and formed a voltage pulse with the amplitude of 250 kV and full width
at half maximum (FWHM) of 2 ns (in case of a matched load) at a discharge gap; the
voltage rise-time being equal to 0.5 ns.
SLEP-150M nanosecond generator [24] was used in the setup 2. The generator formed
the voltage pulses of the amplitude up to 150 kV (voltage into a high-resistance load), the
voltage rise-time being equal to 0.3 ns. At the output of the SLEP-150M generator there was
installed a transmission line with the wave impedance of 100 Ω when filled with transformer
oil and 140 Ω when filled with air. Voltage pulse FWHM in the transmission line of the
SLEP-150M generator could vary from 1 to 0.1 ns owing to a closing switch installed at the
input of the air-filled transmission line. In a number of experiments, FWHM was of 2 ns at
the voltage pulse amplitude of 150 kV. Figure 2 shows the waveforms of the voltage pulses
without a closing switch and at the closing switch gap equal to 3 and 1 mm.
At the voltage pulse FWHM of 0.1 ns its rise time was also approximately equal to 0.1
ns and the voltage pulse amplitude was 45 kV, Figure 2 (curve 3). Both setups had a
possibility for the voltage polarity change at an electrode with a small curvature radius. The
capacitive voltage dividers were used to register voltage pulses and the discharge current Id
was registered by means of a shunt 3, Figure 1, assembled from low-impedance chip resistors.
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Figure 2. Waveforms of the incident voltage wave, registered by the capacitive dividers located at the
output of SLEP-150M (U1) and at the transmitting line after the closing switch (U2): incident voltage
wave falling on the closing switch (1); incident voltage wave after the closing switch with gap of 3 mm
(2) and 1 mm (3).

In the setup 3, a FPG-10 or FPG-60 high-voltage, pulse-periodic generators [27] were
used. FPG-10 generated the positive-polarity voltage pulses of amplitude 25 kV across a
high-resistance load downstream of a transmission line of length of 1.5 m. The rise time and
the FWHM were 0.2 ns and 1 ns, respectively. The FPG-60 generator allowed forming at a
high-resistance load (1-10 kOhm) the negative-polarity voltage pulses of the voltage rise time
of 2 ns and FWHM of 4-5 ns.
In the experiments with FPG-60 generator, the amplitude of the incident voltage wave
was usually 10-20 kV. Figure 3 presents a scheme of the working chamber. A sharp-edged
cathode made in the form of a cone with an apex angle of 30 or a 6-mm-diameter tube
(tubular cathode) with a wall thickness of 100 μm and a flat anode were used. The voltage
across the gap was measured with a capacitive divider and the discharge current – with a
shunt connecting the anode with the chamber case. The interelectrode gap was from 0.5 up to
4 mm.
The waveforms of the voltage pulses at the gap and discharge current for FPG-60
generator are presented in Figure 4. The waveforms are averaged values of current and
voltage for 128 pulses at the pulse repetition rate of 400 Hz. Voltage waveforms of the
discharge current in air are similar to the waveforms of the discharge current in nitrogen.
Maximum values of discharge current in each gas for different cathode at the same pressure
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differ by less than 10%. The amplitude of the discharge current in argon was ~20% higher
than in air and nitrogen at the same amplitude of the incident voltage wave. Maximum value
of the discharge gap voltage, when using the tubular cathode was ~30% and ~15% higher for
nitrogen (and air) and for argon, respectively, than when using the cone cathode.
To receive signals from a shunt, capacitive dividers and collectors, a 6-GHz-band, 20
GS/s ТDS-6604 oscilloscope and a 6-GHz-band, 25 GS/s DPO70604 oscilloscope were used.
Pulse coaxial cables and Barth Electronics 142-NM attenuators were used to connect the
sensors to the oscilloscope. An integral glowing pattern was photographed through a grid or
window with SONY A100 camera. Radiation was derived through the side windows 4 to be
registered, Figure 1. An exposure dose of X-radiation was measured by means of an ArrowTech, Inc (Model 138) dosimeter that was sensitive to radiation with the quantum energy
exceeding 16 keV. The dosimeter was installed at a 0.1-3-cm distance from the foil plane
perpendicularly to the cathode axis. An X-radiation waveform was registered by means of a
diamond detector, its time resolution being of ~0.2 ns. The discharge radiation spectra were
registered by an EPP2000C-25 (Stellar Net-Inc.) spectrometer in the range from 200 to 850
nm and by a VM-502 (Acton Researcher Corp.) vacuum monochromator in the range from
120 to 540 nm.

Figure 3. Scheme of the working chamber: (1) cone cathode, (2) anode, (3) film-resistor shunt, (4)
capacitive divider, (5) quartz windows, (6) insulator, and (7) high-voltage cable.

Figure 4. Waveforms of discharge current and voltage at the discharge gap, (a) in nitrogen and (b) in
argon. Cone cathode.
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3. RESULTS OF THE REP DD RESEARCHES IN ONE PULSE MODE
As we have already noted in Introduction, in order to form a REP DD, it is necessary to
apply high-voltage nanosecond-duration pulses to the gap. Researches of volt-ampere
characteristics of a discharge, its space form and radiation spectra were carried out using a
RADAN-220 and SLEP-150M generators as well as the chambers (Figure 1). Voltage pulse
FWHM formed by the generators at a matched load was equal to ~2, ~1, ~0.2, ~0.15 and ~0.1
ns. However, real pulse duration of discharge current usually exceeded the generator voltage
pulse duration at a matched load due to the sharpening switch inductance and various
impedance of the gas discharge plasma during its breakdown. Figure 5a presents voltage
pulses at the gap and discharge current pulses at the voltage pulse duration of ~2 ns and
amplitude of ~150 kV [28]. A gas chamber was filled with SF6-gas at atmospheric pressure,
the discharge being volumetric.

Figure 5. Waveforms of the voltage across the gap and discharge current (a). Waveforms of the
discharge current registered by a shunt (b, c (curve 1)) and electron beam current together with a
displacement current (c, curve 2), electron beam current behind an AlBe foil registered by the collector
at highest oscilloscope time resolution (c, curve 3), the pulser RADAN-220, anode-cathode distance of
16 mm, curves 1, 2, 3 are synchronized.

It is seen (Figure 5a) that the discharge current begins to be registered at the voltage
leading edge and the discharge current direction is not changing. More than 80% of energy
stored in the generator is deposited into the discharge plasma during ~3 ns. The initial part of
the discharge current waveform is conditioned by the displacement current through the ―cold‖
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gap. Second peaks at the current and voltage waveforms are related to the voltage pulse
reflection from the discharge gap and then from the second end of a high-voltage line of the
generator and iterative voltage pulse arrival to the gap. At the REP DD in SF6-gas, the
discharge plasma impedance was higher than the generator one.
In air and nitrogen as well as in the inert gases the discharge plasma impedance decreases
at a breakdown essentially faster than in SF6-gas and the volume discharge current has an
oscillating regime. Figure 5b presents the discharge current pulse waveform in atmospheric
pressure nitrogen at a 16-mm interelectrode gap and a voltage pulse supply from a RADAN220 generator. Voltage pulse polarity change at the electrode with a small radius of curvature
made no essential influence on the REP DD formation that is in agreement with the results
obtained previously in [12-14]. The waveform of the leading edge of a discharge current for
the conditions of Figure 5b is presented in Figure 5с along with the waveform of the runaway
electrons beam current pulse behind the AlBe foil (a SAEB pulse). Approximately 600 ps
after the voltage pulse application from the RADAN-220 generator, a SAEB is registered
behind the foil.
Photographs of the discharge glowing at a negative polarity of the voltage pulse at the
electrode with a small radius of curvature obtained with the RADAN-220 generator and with
the SLEP-150 generator are presented in Figures 6, 7, 8 respectively.
Bright spots are usually seen only on a cathode (Figures 6a, 6b, 6c, Figure 7, and Figure
8). Pressure increase results in the cross-section decrease of a bright glow discharge region,
Figure 6c.

Figure 6. The photos of discharge glowing in nitrogen (a, b, c) and air (d) at anode-cathode distance of
14 mm. Pulser RADAN-220, pressure of 0.5 (a), 1 (b, d), and 3 (c) atm.
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Figure 7. The photos of discharge glowing in air at anode-cathode distance of 4 (a), 12 (b), and 16 (c)
mm. Pulser SLEP-150, pressure of 1 atm.

Figure 8. The photos of discharge glowing in air at anode-cathode distance of 12 mm. Pulser SLEP150, pressure of 1 atm.

At comparatively large interelectrode gaps the discharge in nitrogen, air, atmospheric
pressure SF6-gas and other gases was volumetric at the largest voltage pulse durations of the
generator (~2 ns at a matched load) and its maximum amplitudes (~250 kV) possible under
the given conditions. Possibility of discharge contraction is increased with the growth of the
voltage pulse duration and its rise-time, at the interelectrode gap decrease and at the gas
pressure increase in a discharge chamber. Note that in case of large specific deposited energy
(~1 J/cm3) with a RADAN-220 generator, the discharge began contracting and at the pressure
decrease to ten-hundreds fractions of atmosphere a REP DD turned into a spark discharge.
It is easy to form a REP DD at high pressures in light gases (helium, hydrogen and neon).
We obtained the discharge in helium with a RADAN-220 generator at a pressure up to 15
atm. Comparing the discharge characteristics in nitrogen and air, one can see that discharge
contraction in air is observed earlier than in nitrogen. As it is seen from Figure 6, a brighter
channel has appeared at atmospheric pressure air and a 14-mm gap at the diffuse discharge
background while in nitrogen at a pressure of 1 and 3 atmospheres the discharge contraction
was not observed at this gap. At the gap decrease to 4 mm with a RADAN-220 generator at
atmospheric pressure the discharge was contracted both in SF6-gas and nitrogen. The
discharge gap breakdown voltage decreased with the interelectrode gas decrease for these
conditions as it follows from the right branch of Paschen curve at nanosecond voltage pulse
durations. At the discharge contraction the number of oscillations in a current pulse increases
and the discharge current pulse duration increases, respectively, Figure 5b.
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Voltage pulse duration reduction essentially extends the conditions of a diffuse discharge
obtaining. Figure 7 presents the photographs of the discharge glow in air at ~0.2-ns voltage
pulse duration in the transmission line and different interelectrode gaps. Discharge
contraction in atmospheric pressure air at d = 4-mm interelectrode gap was not observed due
to the voltage pulse duration shortening. At d = 16 mm the REP DD had not enough time to
be formed and the glowing was observed only at the cathode that corresponded to a pulsed
corona discharge. However, cathode spots had enough time to be formed in this mode as well.
At the voltage pulse duration (~2 ns) from a generator analogous to a SLEP-150 a transition
to a corona discharge was registered with a large interelectrode gap, being of 67 mm in [14].
Figure 8 presents the photograph of the discharge in air at a 12-mm interelectrode gap and ~
1-ns pulse duration. The shooting was made under the angle to a central axis. Owing to
reduction of the pulse duration from ~2 ns, Figure 6d, to ~1 ns, Figure 8, and decrease of the
voltage amplitude from the generator up to 150 kV, the discharge contraction in atmospheric
pressure air is absent at the gap decrease to 12 mm. The discharge contraction in nitrogen at
pressure 2 atmospheres is absent at the gap increase up to 20 mm RADAN-220 generator, see
Figure 9.
As follows from these experiments, a REP DD is the initial stage of a spark discharge at
the application of long-duration voltage pulses with a steep leading edge. However, at the
voltage duration increase a volume stage of the discharge (REP DD) is usually not registered
due to a high radiation intensity of the contracted discharge.
Voltage pulse waveforms (an incident wave 1 and a wave reflected from the gap 2) as
well as the discharge current waveforms 3 along with displacement current at the voltage
pulse edges are presented in Figure 10 for a 12-mm gap.
It is seen that at the subnanosecond voltage pulse durations a discharge mode change is
observed. For a voltage pulse FWHM of <0.2 ns, Figure 10(а), a displacement current is
registered at the voltage leading edge. The current pulse waveform shows that the dense
plasma fails to be in time for overlapping the gap. The discharge glow under these conditions
corresponds to the pulse corona discharge, Figure 7c. At the voltage pulse FWHM of  0.2 ns,
one can see the discharge current increase after 300 ps, Figure 10b, explained by the
development of ionization processes in the whole gap after its overlapping with the ionization
wave. The gap glow under these conditions corresponds to a REP DD, Figure 7a, as well as
Figure 6a, 6b, 6c and Figure 8. Thus, owing to reduction of the voltage pulse duration and its
amplitude, it is possible to realize a discharge mode at which the ionization wave front will
reach the anode at the moment, when voltage at the gap drops to zero.

Figure 9. Discharge image for one pulse at pressure 2 atmospheres (cathode (upper electrode) and
anode form foil, gap spacing: 20 mm).
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Figure 10. Waveforms of the voltage pulses (incident voltage wave 1 and reflected voltage wave 2) and
of discharge current 3 together with the displacement current at voltage pulses FWHM of 0.1 ns (a) and
0.2 ns (b). Pulser SLEP-150M, air pressure of 1 atm; anode-cathode distance of 12 mm.

4. ENERGY DEPOSITION INTO REP DD
Waveforms of the voltage pulses and discharge current synchronized in time as well as of
the calculated curve of input power are shown in Figure 11 for two different cathodes at the
voltage pulse FWHM from the SLEP-150M generator ~1 ns in a transmission line.
Current and voltage waveforms are synchronized to each other with the accuracy no
worse than 50 ps. Owing to registration of the wave incident to the gap and the reflected
voltage wave, the gap voltage was determined for the first 900 ps. Two discharge stages can
be marked out: the first is prior to the voltage maximum at a gap and the second is after the
maximum.

Figure 11. Synchronized waveforms of the voltage and discharge current, calculated curve of input
power. Pulser SLEP-150M, air pressure of 1 atm, anode-cathode distance of 12 mm, spherical (a) and
tubular (b) cathodes.
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Voltage drop at the gap is related to the arrival of the dense plasma front to the anode and
development of ionization processes in the gap. The energy deposition into gas prior to the
gap bridging with an ionization wave can be roughly estimated. This energy was equal to ~50
mJ for a sphere-shaped cathode and ~30 mJ for a tube-shaped one. At that, energy deposition
in this discharge phase was less since the total input power includes not only active but
reactive power.
Main energy deposition into the discharge plasma takes place after attaining the voltage
maximum at the gap and this energy can be determined enough precisely since the whole gap
is filled with plasma. The calculation shows that after attaining the voltage maximum at the
gap, approximately100 mJ is deposited into the discharge plasma from the voltage pulse start
up to the nine-hundredth picoseconds when using of both cathodes. The time of calculation of
the energy deposition was equal to 530 ps at a tube-shaped cathode due to the faster voltage
drop at the gap and 350 ps at a sphere-shaped cathode. The specific input power under these
conditions is of hundreds MW/cm3. Figure 8 presents the photograph of the discharge plasma
glowing in atmospheric pressure air at the interelectrode gap of 12 mm and a tube-shaped
cathode. The volume filled with the dense plasma is less than 1 cm3, and, respectively, the
average specific power of the energy deposition for a tube-shaped cathode in atmospheric
pressure air equals to >200 MW/cm3, Figure 11b.
When using a RADAN-220 generator in nitrogen at the REP DD, the specific deposited
energy reached ~1 J/cm3 and the specific input power reached ~ 0.8 GW/cm3. The main
energy deposition (>90 %) occurred after arrival of the ionization wave front to the anode.
The discharge mode after attaining the maximal voltage at the gap corresponds to a pulse
anomalous glow discharge with one essential distinction. The distinction is that the current
from the cathode is provided mainly by the explosive emission. As it has been already noted
above, at the REP DD realization one can see bright spots at a cathode practically in all gases.
These spots are formed as a result of explosive electron emission [29]. Note that some other
mechanisms of electron emission from cathode can take place during discharge in some
gases, e.g., in helium and nitrogen during the REP DD. So, in nitrogen near the side surface
of the cathode, Figures 6a, 6b, 6c, one can see a diffuse glow without cathode spots. Electron
emission in this cathode zone is evidently provided by photons of the VUV-range [30] and
characteristic X-ray [31]. An REP DD mode at which the cathode spots were absent was
realized in helium at a pressure of ~0.01 atmosphere with a RADAN-220 generator (see
Figure 4а in [32]).

5. RESULTS OF THE REP DD RESEARCHES
IN PULSE PERIODIC MODE
Figure 12 shows images of the discharges for FPG-10 generator with different
interelectrode gaps and different polarities of the electrode of small curvature radius.
At a pulse repetition frequency (PRF) of 100–1000 Hz, a diffuse discharge is ignited in a
2-mm gap no matter what the polarity of the electrode of small curvature radius, and the
discharge holds its diffuse form for a long time (≥ 10 min) of continuous operation of the
generator. In small interelectrode gaps, the discharge is constricted. Images (a) and (d) in
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Figure 12 were taken in a pulse at a PRF of 1 kHz; the gap was 0.5 mm. It is seen that a
brighter channels are formed.

Figure 12. Images of the discharge with negative (upper images) and positive (lower images) polarity of
pulses at a frequency of 1 kHz. (FPG-10 generator, gap spacing: 0.5 mm (a, d), 1 mm (b, e) and 2 mm
(c, f), the number of applied pulses is 1 (a, d, e), 20 (b), 100 (c) and 5 (f)).

Figure 13. Discharge images taken by a CCD-camera (HSFC-Pro) after applied voltage at the first
nanosecond (a), at 10-13 ns (b), and at 20-23 ns (c). FPG-10 generator. Gap spacing is 0.5 mm, and the
cathode is on the upper.

Figure 14. Discharge images taken by a CCD-camera (HSFC-Pro) after applied voltage at the first
nanosecond (a), at 3-5 ns (b), at 6-8 ns (c), and at 9-11 ns (d). FPG-10 generator. Gap spacing is 2 mm,
and the cathode is on the upper.
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Thus, the diffuse discharge in the repetitive pulsed mode is constricted with decreasing
the gap and increasing the PRF and the time of continuous operation of the pulser, all other
things being equal. The constriction of the discharge is also affected by the voltage pulse
polarity. With negative polarity of the electrode of small curvature radius, a REP diffuse
discharge is ignited in a wider range of experimental conditions.
In Figures 13 and 14 one can see discharge images which was obtained on a CCD camera
(HSFC-Pro). A diffuse discharge in 0.5-mm and 2-mm gaps was formed around a time
interval of no more than 1 ns. The cathode spot in the 0.5-mm gap was also found during the
first nanosecond of discharge existence.
Later the radiation intensity of the diffuse discharge in the gap begins to decrease due to
finishing first voltage pulse. The formation of a spark in the gap of 0.5 mm took place after
more than 15 ns during coming the reflection voltage pulse (Figure 13c), and it had no
influence on the generation of X-rays. The diffuse discharge without the spark and corona
discharge formed in the largest gaps. In Figure 14 one can see discharge images which were
obtained in a 2-mm gap. The cathode spot was found only after 5 nanoseconds of discharge
existence. But discharge current and X-ray intensity were decreased during the diffuse and
corona discharges. Therefore, the basic research of X-ray intensity in this chapter was
conducted when a diffuse discharge before a spark was formed. The highest X-ray intensity
was obtained in 0.5-mm gap during first nanoseconds.

6. ON THE REP DD RADIATION
It is known that the REP DD plasma is a source of X-radiation and runaway electron
beams as well as of the optical radiation in different spectral ranges (see Chapters 2, 3, 4, and
10). We also registered a SAEB behind the foil and X-radiation, and the discharge plasma
was a source of high-power spontaneous radiation. Maximal amplitude of the electron beam
current behind a 10-µm thick aluminum foil with a RADAN-220 generator was
approximately equal to 50 А and with a SLEP-150 generator it was ~100 А [33]. The beam
current FWHM at these measurements was approximately equal to 100 ps. An exposure doze
of X-radiation behind a 20-µm-thick copper foil with a RADAN-220 generator was
approximately equal to 1.5 mR and with a SLEP-150 generator it was ~1.8 mR (see Chapters
2 and 10). The registered pulse duration of X-radiation from a discharge chamber was ~0.2 ns
(FWHM) that corresponds to the limiting time resolution of the used diamond sensor. For the
details of SAEB and X-radiation investigations, please, see Chapters 2, 10 and [18-20, 24, 26,
31-35].
Radiation of xenon dimers with the pulse power of radiation at the wavelength of ~172
nm to the full solid angle of ~1 MW was obtained when using a discharge chamber, Figure
1b, and a RADAN-220 generator [16, 17]. In comparison with radiation power of xenon
dimers, radiation power of krypton dimers (λ ~146 nm) in the same conditions was 1.5 times
less and radiation power of argon dimers (λ~126 nm) was 2 times less. In nitrogen and air (as
well as in SF6-gas owing to nitrogen admixture) at the REP DD the highest power had the
bands of the second positive nitrogen system (the most intensive line is 337.1 nm). At that,
radiation power of the second positive nitrogen system, when using a RADAN-220 generator,
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was equal to 120 kW into the solid angle of 4π sr [36] that is three times higher than the one
registered previously in the paper [10].

7. ON THE REP DD FORMATION MECHANISM
We consider that in the conditions that have been investigated, the following dynamics of
a volume discharge formation in a gap having one electrode with a small radius of curvature
is realized. The highest electric field strengths appear near the electrode with a small radius of
curvature due to micro-inhomogeneities. At a negative polarity of a high-voltage pulse the
electric field is concentrated on the cathode. The electric field concentration results in a field
emission from the cathode [37] increasing owing to a positive charge of the ions located near
the cathode. A part of the field-emission electrons in the near-cathode region with a high
electric field turns into a runaway mode. These fast electrons gain the energy which is higher
than the one corresponding to the maximum of ionization cross-section. They move towards
the anode and make preliminary gas ionization. Owing to the field amplification near the
cathode and voltage increase at the gap, fast electrons can accelerate to the energies of a unit
of keV and at high E/N (E is the electric field strength, N is the concentration of the gas
particles) to tens of keV. However, moving away from micro- and macro-inhomogeneities,
the electric field decreases rapidly and the fast electrons usually lose their energy to units of
eV. The electrons which have appeared near the cathode as a result of ionization by the fast
electrons, give a start to electron avalanches. The number of the initial electrons from which
the avalanches are developed is so high that the electron avalanche heads become overlapped
prior to the start of the streamer development. High concentration of initial electrons and
overlapping of the electron avalanche heads result from the fact of a volume (diffuse)
discharge formation in a wide range of experimental conditions. Thus, comparatively dense
diffuse plasma is formed at the voltage leading edge near the cathode. The plasma front
moves towards the anode if a sufficiently high electric field is available in the gap and this
requirement is usually fulfilled under the given conditions. We consider that after plasma
formation near the cathode a main part of electrons can accelerate additionally owing to
polarization self-acceleration of the electrons. This is promoted by the voltage increase at the
gap. Note that polarization self-acceleration of electrons at the ―polarization streamer front‖
was forecasted in [38]. Under the given conditions the electrons at the front of the volume
discharge plasma extending from the cathode are accelerated both due to the voltage rise at
the gap and an uncompensated negative charge in the heads of electron avalanches.
Furthermore, electric field strength in the gap is increased additionally due to the electric field
forcing out from the dense plasma of the ionization wave. As a result, the runaway electrons
are generated in the gap. These electrons cross the remaining part of the gap and realize its
preliminary ionization ensuring, respectively, the volume discharge formation.
Thus, generation and running away of the field-emission electrons due to both an external
field and a positive ion charge field near the cathode ensure a dense plasma formation at the
increased pressures in the near-cathode region. Preionization of the remaining part of the gap
is ensured by generation of the runaway electrons in the gap due to the polarization selfacceleration. It should be noted that at the increase of E/N both at the expense of the pressure
decrease in the gap and voltage pulse amplitude increase, and in a number of conditions at the
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expense of the gap length reduction as well, the electrons emitted from the cathode can
transform into the continuous acceleration mode. The beam current pulse duration and its
front duration usually increase in this case. Figure 5с presents the waveforms of the discharge
current, displacement current from a collector along with the runaway electron current
(behind the grid) and runaway electron beam current behind the foil. The gap was filled with
atmospheric pressure air. It is seen that after the beam current generation the reiterated current
discharge rise is observed that corresponds to the discharge current waveform in Figure 10b.
A diffuse discharge formation at a positive polarity of the electrode with a small radius of
curvature is also related to the generation of runaway electrons. However, in these conditions
the gap preionization is mainly realized by X-ray quanta which are generated as a result of
runaway electron deceleration at the anode and in the gap. Firstly, at the expense of a high
gradient of the electric potential and (or) illumination from the discharge through the insulator
surface the initial electrons are created in the gap. At some definite conditions, there are lowdense electrons in the gap as well. A part of the initial electrons in the regions with maximal
field strength (an electrode with a small radius of curvature which is the anode) transforms
into a runaway mode. The runaway electrons are directed towards the anode. During
deceleration, the X-ray quanta are generated at this anode realizing the spacing preionization.
At a positive polarity, prior to achieving the anode, the runaway electrons are generated
in a comparatively narrow region near the anode in which an essential amplification of the
electric field occurs. Therefore the energy of X-ray quanta is essentially less than that at a
negative polarity of the electrode with a small radius of curvature. After formation of dense
plasma near the anode, its front is propagating towards the cathode and a critical field for
runaway of electrons is achieved at the ionization wave front. X-radiation in our experiments
was registered both at a negative polarity of the electrode with a small radius of curvature and
at a positive one. However, due to less energy of X-ray quanta at a positive polarity of the
electrode with a small radius of curvature, it becomes more difficult to register X-ray quanta
[21]. X-radiation at a negative polarity takes part in the spacing preionization as well but the
runaway electrons are of the most importance here.
Thus, a REP DD is formed stably at high-voltage nanosecond pulses in a comparatively
large spacing (units of centimeters) at atmospheric pressure of different gases in the absence
of an additional preionization source. A REP DD formation in the spacing at a non-uniform
electric field is conditioned by the spacing preionization with fast electrons which are formed
due to the field amplification at the cathode and in the spacing as well as by the X-ray quanta
which are generated during deceleration of the runaway electrons on the electrode and in gas.
At the increase of the voltage pulse duration and its rise time, gas pressure, specific deposited
energy, etc., a REP DD is contracted and changes into a spark stage.
In [9], it was suggest terming this discharge mode as VDIAEB –volume discharge
initiated by the avalanche electron beam. However, abbreviation ―VDIAEB‖ in English is
complicated in pronunciation; therefore we will call this discharge mode as a REP DD in
English-language papers. A REP DD can find a wide application in different fields. In the last
Chapters of this book, we will describe possible applications of a REP DD formed in various
gases.
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CONCLUSION
Breakdown of the gaps with a non-uniform electric field filled with nitrogen and air as
well as with other gases under high-voltage nanosecond pulses was investigated. It is shown
that conditions of obtaining a diffuse discharge without a source of additional ionization are
extended at the voltage pulse duration decreasing. A volume discharge is formed due to the
gap preionization by runaway electrons and X-ray quanta. At a negative polarity of the
electrode with a small radius of curvature, a volume (diffuse) discharge formation is
determined by preionization with runaway electrons which are generated due to the electric
field amplification near the cathode and in the gap. At a positive polarity of the electrode with
a small radius of curvature, the X-ray radiation, generated by the runaway electron
deceleration in the gap and on the anode, is of great importance in a volume discharge
formation. A REP DD has two characteristic stages. In the first stage, the ionization wave
overlaps the gap during a fraction of a nanosecond. The discharge current is determined by
the conductivity current in the dense plasma of the ionization wave and the dynamic
displacement current in the remaining part of the gap. The second stage of the discharge can
be related to the anomalous glow discharge with a high specific input power. During the
second stage, the gap voltage decreases and the cathode spots, formed as a result of explosive
electron emission, can participate in the electron emission from the cathode. At the increase
of the voltage pulse duration and specific input power, the REP DD transforms into a spark
discharge form.
The studies of repetitively pulsed discharges confirm that diffuse discharges at increased
pressures are associated with the generation of runaway electrons and X-rays. The generation
of runaway electrons is demonstrated by direct measurements of the runaway electron current
downstream of the foil anode and of X-rays from the gap and anode. It is shown that it is
significantly easier to record the X-rays than the beam current pulse of runaway electrons in
repetitive nanosecond-pulse discharges. Both electrode geometry of anode and cathode have
an influence on X-rays emission. At high PRFs, the X-ray radiation exposure doses from
pulse to pulse are not changed under some conditions.
A REP DD is easily realized in various gases and at different pressures. At the REP DD,
the anode is influenced by the plasma of a dense nanosecond discharge with the specific input
power up to hundreds of megawatt per a cubic centimeter, by the electron beam, shock wave
and optical radiation from discharge plasma of various spectral ranges, including UV and
VUV. This allows forecasting the REP DD application for modification and cleaning of metal
surfaces in different technological processes as well as for the dielectric surface modification
and cleaning at a definite anode design. The REP DD is promising as well for creation of the
VUV-range excilamps with a high radiation power in a pulse. We forecast a wide application
of a REP diffuse discharge in different fields.
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