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I'azoBbIN An01 (2), a TakKe TMPPY3HbIA paspsaa pU
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Runaway electrons
o[ewithenergy T,] E[kV/cm] +M =o’[e withenergy T,]
—>

In the upper chromosphere and corona, where the ionization is very high,
the currents will not be limited by excitation, and if a field greater than the
critical field persists, the electron energy will continue to increase until
limited by some additional factor. The drift velocity and hence the
conductivity thus becomes extremely large.

Dependence of the ionization frictional force on the electron energy assigned to
an electron charge for helium and air at atmospheric pressure.
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First observation of x-ray from gas diode
after anode foil at pressure 1 atmosphere
(ot uaeun npouwio doJjee 40 Jier)

Frankel S., Highland V., Sloan T., Van Dyck and Wales
W. // Nuclear Instruments and Methods. 1966. V. 44.
P.345-348. (He)

Stankevich Yu.L, Kalinin V.G. // Doklady Akademii
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*R.C. Noggle, E.P. Krider, J.R. Wayland. J. Appl. Phys.,
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*Tarasova L.V., Khudjakova L.N. // JTF. 1969. V. 39.
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First direct measurement of e-beam from gas
diode after anode foil at pressure 1 atmosphere
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The distribution of electric field in the gap.
“Tube-plane” configuration.
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The integral photography of discharge glow. VVoltage pulse
duration is 0.2 ns. Gap d = 16 mm, tube cathode with diameter 6
mm, pulser SLEP-150.

Gap 16 mm
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The integral photography of discharge glow. Voltage pulse
duration is about 2 ns. Gap d = 14 mm, tube cathode with
diameter 6 mm. Nz, p =1 atm.
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Design of the SLEP-150 generator with

a gas diode and a collector (a), and output part of the generator with an additional transmission line, a gas diode and a shunt (b): (1)
generator housing, (2) primary winding of the pulse transformer, (3) secondary winding of the pulse transformer, (4) insulator, (5)
ferrite rings, (6) dielectric spacer, (7) brass ring, (8) peaking spark gap , (9) capacitive divider U,, (10) high-voltage coaxial line of

wave impedance 30 Q, (11) short transmission line, (12,19) capacitive divider U,, (13) discharge gap, (14) connector of the collector,

(15) collector receiving part of diameter 20 mm, (16) foil with a diaphragm or a grid, (17) disk cathode with wires, (18,25) inductance
for charging the high-voltage coaxial line on the insulator, (20) additional transmission line, (21) capacitive divider U;, (22) tubular

cathode, (23) shunt, (24) insulator.
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U, kV

Waveforms of the voltage across the gap U, discharge
current I, and electron beam current I, behind a foil at
spherical cathode using. Pulser SLEP-150.
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Baksht, E. H., Burachenko, A. G., Kozhevnikov, V. Y., Kozyrev, A. V., Kostyrya, I. D., &
Tarasenko, V. F. (2010). Spectrum of fast electrons in a subnanosecond breakdown of air-
filled diodes at atmospheric pressure. Journal of Physics D: Applied Physics, 43(30), 305201.
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The optimization of the gap h between the wires and the back wall of the cathode
and also a decrease in total cathode thickness allow an increase in the number of

electrons downstream of the foil. With h ~ 1.5 mm. 6.2 X 1019 electrons

were detected downstream of the Al foil of thickness 10 um, which corresponds to
a SAEB amplitude of ~100 A with a FWHM of a triangular pulse of 100 ps.
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Schematic diagram of SLEP150 generator with gas-filled diode and
collector: (1) transmission line; (2) capacitive voltage divider; (3)
collimator; (4) collector case; (5) receiving part of the collector; (6)
anode foil; (7) diode insulator; (8) cathode (tube).
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Amplitude (1) and FWHM (2) of the beam current pulse
versus the hydrogen pressure. RADAN-220 pulser.
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SAEB amplitude vs different gases pressure (up to 1.2 MPa).
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M. 1. (2018). Generation and registration of runaway electron beams during the breakdown of
highly overvoltaged gaps filled with dense gases. Journal of Physics D: Applied Physics, 51(42),
424001.
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REP DD - runaway electron preionized diffuse discharge

OPUIIDJI - o00béMHBIA pa3psl HMHULNUUPYEMbBIA NYYKOM
3JIEKTPOHOB JIABUH



First observation diffuse discharge together
with x-ray from gas diode after anode foil at
pressure 1 atmosphere

*R.C. Noggle, E.P. Krider, J.R. Wayland. J. Appl. Phys.,
1968. V.39. P.4746-4748. (He) (REP DD)

*Tarasova L.V., Khudjakova L.N. // JTF. 1969. V. 39.
No 8. P. 1530-1533. (Air) (REP DD)

CO2 — naszep ¢ karogom u3 100 ocrpun
(PeHTIeH He PeruCTPUPOBAJIN)

Dumanchin, R., & Rocca-Serra, J. (1969). Augmentation de I’enérgie

et de la puissance fournie par unité de volume dans un laser a CO2
en régime pulsé. CR Acad. Sci., 269(3), 916-917.



Images of the discharge plasma glow taken with the ICCD camera
during first ns. Argon pressure iIs 100 kPa. Positive and negative
polarities. Cone cathode, flat anode. d = 3 mm.

Here, (A) Is the anode and (C) is the cathode.
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2.2mm

Images of corona discharges near
needle No. 1a at negative (a) and
positive polarity (b). Length of
gap 2 cm. Exposure time 15 s.
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First current pulses (a, b) at
different voltages (straight
lines) at positive (a) and
negative polarity (b). Gaps
5 mm. Needle No. 1b.
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Streak camera image illustrating the propagation of a positive
streamer (its glow) along the gap at U, = 10 kV.
(b) The time behavior of the streamer velocity v (t) at U, = 10, 15,
20, and 25 kV. Needle high-voltage electrode, atmospheric-pressure
air, d = 8.5 mm.



Discharge chamber and photos in nitrogen.
| =35cm, f=2kHz,d=6 mm, p=760 Torr.
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He, 6 atm He, 15 atm




Nitrogen

Integral image of the discharge plasma glow (a). Waveforms of the voltage pulses
U (curve 1), discharge current Ish (curve 2), and super short avalanche electron
beam (SAEB) current Ib (curve 3) (b). Ibias — capacitive current from the ‘cold
cathode’ (bias current). Interelectrode spacing d =5 mm. Nitrogen pressure 0.1
MPa. Sleeve potential cathode. Grounded anode — metal disc (a) and Al-foil 10 pm
In thickness reinforced by the grid with light transmittance 64%0) (b). Generator —
GIN-55-01. Pulse repetition frequency 1 Hz.



Nitrogen

(a) (b) (c) (d)
ICCD images of a discharge plasma glow at nitrogen pressure of 0.1
MPa in one pulse of voltage. (a) — 0.2 ns, (b) — 0.4 ns, (c) —1nsandd
— 10 ns images taken with the ICCD camera. U, = 20 kV. d =5 mm.

Tubular cathode.
)

Integral images of plasma glow at discharge
in nitrogen at pressures of 0.1 (a) MPa. U, =
20 kV, d =5 mm. Tubular cathode.




Ilepexoa nudg¢y3Horo paspsaga
B HCKPOBYIO CTAAUIO C
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Air pressure i1s 100 kPa. d = 8.5 mm.

Delay = 4 ns Delay =5ns  Delay = 6 ns Integr. 30 ns

Images of the discharge plasma glow taken
with the ICCD camera. KaToa BBepxy
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Air pressure i1s 100 kPa. d = 8.5 mm.
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Images of the discharge plasma glow
taken with the ICCD camera.
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Air pressure i1s 100 kPa. d = 8.5 mm.
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Images of the discharge plasma glow
taken with the ICCD camera.
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YcTaHOBKH ¢ GPOHTOM MMIIYJIbCA
Hanpsskenus 0.5 u 1.5 mkc
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Schematic diagram of the part of the first setup including
coaxial line, collector, and gas diode formed by a ball-
shaped cathode and flat anode.
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(b) and discharge current (c) when
breakdown occurs. First setup.
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Waveforms of the voltage across the
gap (a) and SAEB current (b). 15.1-
mm-diameter ball-shaped cathode.

The gap width is 20 mm. First setup.
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Wavetorms of the voltage across the gap (a, ¢) and current through
the gap (b, d). Cathode — stainless steel hemisphere with the radius
of 17.5 mm. The gap width is 20 mm. First setup.
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Waveforms of the RAEB-current behind the Waveforms of the voltage (a) and
anode made of kimfol film (a) and X-ray corresponding their waveforms of

radiation with a 30-um-thickness Al anode
foil (b). 15.1-mm-diameter ball-shaped
cathode. The gap width is 22 mm.
First setup.

the luminescence from the
scintillator exposed by X-rays (b).
First setup.
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Waveforms of the (a)
voltage and (b) collector
current for three-discharge
Implementation in air at a
pressure of 12.5 kPa. Anode
was made of two grids. 1 —
SAEB, 2b — second beam of
fast electrons. 3—- DDC
when the streamer has
bridged the gap.

Tarasenko, V., Beloplotov, D.,
Lomaev, M., & Sorokin, D. (2019).
E-beam generation in discharges
Initiated by voltage pulses with a
rise time of 200 ns at an air pressure
of 12.5-100 kPa. Plasma Science

125 and Technology, 21(4), 044007.
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Waveforms of (a) the
voltage and (b) the
collector current

when using anodes made
of two grids and a 2 ym
kimfol (C.H..O.)

film with a 0.2 ym
aluminum coating at the air
pressure of 12.5 kPa.
Waveforms close in the
breakdown delay time were
chosen.

1—SAEB,

2b—second beam of fast

s5 electrons.



()
(a) Block diagram ot the experimental setup tor studying the streamer formation
with an ICCD camera: 1 — GIN-50-1 high-voltage nanosecond generator, 2 —
capacitive voltage divider, 3 — Tektronix TDS3054B digital oscilloscope (500 MHz,
5 GSals), 4 — trigger generator, 5 — quartz window, 6 — delay line, 7 —high-voltage
electrode (a sewing needle), 8 — grounded plane electrode, 9 — current shunt made
of chip resistors, 10 - HSFC-PRO four channel ICCD camera or streak camera.
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Images showing the formation of a discharge in nitrogen at a pressure of 100 kPa,
obtained with a four-channel ICCD camera in one pulse, as well as the
corresponding oscillograms of voltage and current. The length of the rectangles
corresponds to the exposure time of each ICCD camera channel (C1 — C4).
Generator number 3. The dotted line shows the open circuit voltage.
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Image showing the dynamics of the plasma glow during the
formation of a discharge in the gap between the tip (top) and the
plane (bottom), filled with air at a pressure of 50 kPa. Generator # 2.
The arrows show the direction of motion of the ionization waves.



(b)
(b) Block diagram of the experimental setup for detecting runaway electron beams
and dynamic displacement current caused by the redistribution of electric field
strength during the streamer formation: 1 — GIN-50-1 high-voltage nanosecond
generator, 2 — capacitive voltage divider, 3 — trigger generator, 4 — high-voltage
electrode (a sewing needle), 5 — grounded plane electrode with 10-mm hole in the
center covered by a grid, 6 — KeySight MSOS804A digital oscilloscope (8.4 GHz, 20
GSa/s), 7 — collector working in this experiment as a differential voltage divider.
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Oscillograms of the voltage in the open mode (1) and during discharge (2, 3), as well as
oscillograms of the runaway electron current (4) measured by the collector, and the
dynamic bias current (5), also measured by the collector. The voltage oscillogram (2) was
obtained in the experiment on measuring the dynamic bias current, and the voltage
oscillogram (3) was obtained in the experiment on measuring the runaway current. Air at
pressure: 100 (a), 50 (b) kPa. Curve (4) at an air pressure of 100 kPa (a) was obtained by
simultaneously measuring the runaway electron current and dynamic displacement
current. Generator No. 2, needle-plane gap, d = 8.5 mm.
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Oscillograms of the voltage in the open mode (1) and during
discharge (2), as well as oscillograms of the runaway electron
current. Nitrogen at a pressure of 100 (a) and 50 (b) kPa.
Generator # 1, needle-plane gap, d = 8.5 mm.
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Oscillograms of the voltage in the open mode (1) and during
discharge (2), as well as oscillograms of the runaway electron

current. Nitrogen at a pressure of 25 (¢) and 12 (d) kPa.
Generator # 1, needle-plane gap, d = 8.5 mm.



Formation of two current pulses , - 20 2
of the runaway electron beam. 5 - 1, 14
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To generate the second pulses of the beam current, which are recorded after the passage of
the first ionization wave and a decrease in the voltage across the gap, additional
amplification of the electric field is required. This is achieved at low average E / p in two
regions, due to the accumulation of positive ions at the cathode and due to an increase in the
electric field at the front of the second ionization wave, which starts from the anode. The
second ionization wave has a high conductivity, which follows from the intensity of its
luminescence, and provides a partial removal of the anode potential to the cathode region.
The factor limiting the generation of the second pulse of the beam current under these
conditions is the explosive emission of electrons, which leads to a decrease in the electric
field strength in the cathode layer.
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Formation of the continues beam current
after the first pulse without a pause.
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The beam current generation mode, which is transient to the
conditions of a vacuum diode, Is realized at relatively high average
E / p due to a significant decrease in the gas pressure (3 and 12 kPa).

In this mode, after the first pulse of the beam current, a quasi-

stationary electron beam with a duration of 1 ns is recorded without
a pause, the amplitude of which increases with the reduction of the
leading edge of the voltage pulse.
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