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For the first time, the registration of X-ray radiation in helium and air of
atmospheric pressure was reported in the 60s of the last century. In these
researches, voltage pulses of a relatively short duration and cathodes with a small
radius of curvature were used.
Recently, X-ray radiation during the breakdown of atmospheric pressure air has
been studied in many works both at voltages of tens to hundreds of kilovolts and
few of megavolt. At voltages of tens to hundreds of kilovolts, voltage pulses with a
short rise time (≤10 ns) were usually used. In researches where megavolt voltage
pulses with a microsecond rise time were applied to the gaps of a meter length, the
collector didn't detect runaway electron beams (REB).
The REB was recorded in atmospheric pressure air with an increase of voltage rise
time to ~ 1 μs. In these researches, centimeter gaps and 80 kV voltage pulses were
used. However, simultaneous investigations of X-ray and REB generation in most
of the known papers at the microsecond voltage rise time were not carried out. In
addition, the studies were mainly aimed at studying the characteristics of air
breakdown at atmospheric pressure.
The aim of this research is to investigate the generation of runaway electrons and
X-ray radiation with a voltage rise time of 1.5 μs and air, nitrogen, argon, and
helium pressures of 1 to 100 kPa, as well as to compare the obtained data with
known results obtained with a microsecond voltage rise time.

Air, nitrogen, argon and helium
at pressures from 1 to 100 kPa

Experimental setup

U ≤ 200 kV, τ ≈ 1. 5 μs

Design of discharge chamber. 1- quartz
window, 2 – resistors of shunt, 3 – film
scintillator, 4 – metal foil, 5 – anode from
grid, 6 – cathode, 7 – flange for mounting
the anode grid and resistors of shunt, 8 –
discharge chamber isolator, 9 – high voltage
electrode, 10 – camera body and external
cylinder of the coaxial line, 11 – isolator of
shunt.

Four different cathodes were used.
Cathode No. 1 was made of 50 μm thick brass foil
in the form of three coaxially mounted tubes with
diameters of 60, 44, and 28 mm. The height of the
foil tubes decreased from the center to the edge of
the cathode by 2 mm with each increase of the tube
diameter. The gap with this cathode was 44 mm.
Cathode No. 2 was made of stainless steel in the
form of a cylinder with a diameter of 60 mm, in
which the end surface was rounded with a radius of
47 mm, with a smooth transition along the edges to
the side surface of the cylinder. The gap with
cathode No. 2 was 20 or 40 mm.
Cathode No. 3 (see Figure) was made of stainless
steel in the form of a cone with a height of 20 mm
and a base diameter of 7 mm. Angle at the apex of
cone was 20° and a radius of curvature of the apex
of ~ 0.1 mm. The cone was located in the center of
the end surface of the cylinder with a diameter of
60 mm, the edges of which had curvature radius 15
mm. The gap with cathode No. 3 was 40 mm.
Cathode No. 4 had a diameter of 3 mm, an angle at
the apex of 36° and a rounding radius of the needle
apex of ~ 0.1 mm.

Experimental setup
• The registration of voltage pulses was carried out using a
resistive voltage divider.
• The discharge current was measured using a shunt made of
TVO resistors.
• The REB current was recorded using a conical collector,
which was installed instead of quartz window 1. The
receiving part diameter of the collector was 30 mm. The
collector was located at a distance of 12 mm from the grid
anode.
• A MDO 3104 oscilloscope (1 GHz, 5 GS /s) recorded
waveforms voltage pulses, discharge current and beam
current.
• X-ray radiation was detected using the photomultiplier tube
(PMT) FEU-100 by luminescence of a film scintillator 150
μm thick. The impulse response of the PMT had a rise time of
~ 3 ns and a fall time of ~ 30 ns.

Results:
Waveform of the voltage pulse in the idle mode. The gap d
= 45 mm. Cathode No. 4.

Photos of the discharge gap with diffuse (a) and spark
(b) discharges. Air at atmospheric pressure.
Interelectrode gap d = 45 mm. Cathode No. 4.

Results:
Dependences of the beam current amplitude (1, 3) and the
breakdown voltage of the gap (2, 4) on the helium pressure with
cathodes No. 3 – (a) and No. 1 – (b). Collector with a receiving
part diameter of 30 mm.
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(b)

Results:
Dependences of the beam current amplitudes on the pressure of
helium, nitrogen and air. Cathode No. 1. Collector with a
receiving part diameter of 30 mm.

Results:

(a)

(b)

Waveforms of gap voltage and X-ray
radiation. X-ray radiation behind an
aluminum foil 15 μm thick was
detected using the PMT by the
luminescence of scintillator. The
nitrogen pressure of 100 (a), 40 (b) и 6
кРа (c). Cathode No. 3.

(c)

Conclusion
Studies have confirmed that runaway electrons are generated by breakdown
of atmospheric pressure air by high voltage pulses. The appearance of
runaway electrons is easy to detect using a scintillator and PMT by a braking
X-ray radiation. X-ray radiation was also detected at the breakdown of argon,
nitrogen, and helium at atmospheric pressure. The collector also detected the
REB in helium at atmospheric pressure. It has been established that runaway
electron generation is significantly influenced by the cathode design. The
best results in terms of intensity and stability of the place of X-ray radiation
occurrence at the anode are achieved using cathodes having two parts, both
with a small and a large radius of curvature. In this case, runaway electrons
are mainly generated in a diffuse discharge from the electrode surface with a
large radius of curvature. It is shown that at atmospheric pressure of nitrogen,
air a partial breakdown of the gap occurs from the tip of cathode, and the
voltage does not significantly decrease. It was found that the number of
generated runaway electrons and X-ray quanta at the microsecond voltage
rise time is sufficient to form diffuse discharges at elevated pressures of
various gases. The duration of the diffuse stage of the discharge, which can
turn into a spark stage, strongly depends on the design of the cathode and the
magnitude of the gap, all other things being equal.

