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Runaway electron beam initiated by capacitive discharge plasma at the

air pressure of 0.4 and 1Torr
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During the formation of plasma diffuse jets initiated by plasma of a capacitive discharge in low pressure air, a

runaway electron beam (REB) was detected with a collector. It was found that REB gets ahead of the front of the

plasma diffuse jet. The REB current amplitude in the pulse periodic mode was shown to increase with increasing

pulse repetition rate.
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Over the last thirty years, much attention has been paid

to studying atmospheric discharges in the stratosphere and

mesosphere, which are distinguished by a great variety of

forms [1,2]. Among the varieties of these discharges there

are columnar red sprites (CRSs) whose photographs are

given in many papers (e. g. [3,4]). CRSs are initiated at the

altitude of about 75 km above sea level and first propagate to

the Earth surface. Authors of [5,6] suggested that formation

of high altitude atmospheric discharges is significantly af-

fected by runaway electrons (REs). The existence of intense
X-ray and gamma radiation from atmospheric discharges at

the altitudes of 30 km and lower was revealed in [7] and

confirmed in many publications (e. g. [8,9]. However, results

of direct measurements of bremsstrahlung X-ray and gamma

radiation or RE beams inducing this radiation from CRS

plasma are still unavailable. It is quite difficult to detect the

runaway electron beams and bremsstrahlung X-ray radiation

while they interact with air particles during high altitude

discharges. In particular, this is caused by instability of the

time and place of the red sprites emergence and also by

the presence of X-ray and gamma radiation from lightning

discharges at lower altitudes [7–10].

Note that in a number of studies (e. g. [11–13]) X-ray

radiation and runaway electron beam (REB) have been

detected during nanosecond discharges in long tubes filled

with low pressure gases, including air, when high voltage

pulses were applied. However, in those studies REs were

initiated by plasma contacting with the metal cathode, and

the discharge color was not compared with that of CRSs.

In our previous papers [14–16] we described red colored

plasma diffuse jets (PDJs) that are laboratory analogues of

CRSs. PDJs consisted of streamers [16] and had emission

spectra and plasma parameters similar to those detected for

CRSs. In addition, PDJs were initiated by the plasma of

a pulse periodic capacitive discharge not contacting metal

electrodes.

The goal of this paper is to demonstrate that in a

capacitive pulse periodic discharge in low pressure air REBs

may be generated from plasma that has no contact with

metal electrodes.

The studies were carried out on a modernized setup that

we used in [14–16] to examine the PDJ properties. In

this work, the REB current was measured by a collector

mounted on the quartz tube right end and allowing direct

detection of REBs. In addition, a high voltage generator

was used. The setup schematic diagram and photograph of

its main part are given in Figs. 1, a and b.

PDJs were formed by applying negative polarity voltage

pulses from generator NPG-18/3500N whose transmission

line resistance was 75�; the amplitude of those pulses in

the incident wave was 12−18 kV at the half-height duration

of ∼ 6 ns and front duration of ∼ 3 ns. The pulse repetition

rate f was 8.6, 62 or 1980Hz. The voltage pulses were

delivered to electrodes 2 and 3 mounted 6 cm apart via

a cable 3.85m long. The generator high-voltage terminal

was connected either to electrode 3 (Figs. 1, a and c) or

to electrode 2 (Fig. 1, b). In a number of experiments,

a matching resistance of 75� was connected to electrodes

2−3. This allowed reduction of electromagnetic interference

and detection of the discharge current, but halved the

voltage applied to electrodes 2−3. In addition, the matching

resistance prevented formation of the second voltage pulse

due to reflections from the gap between electrodes 2−3

and generator. The quartz tube was filled with laboratory

air with relative humidity of ∼ 43%. The main measure-

ments were performed at the temperature of ∼ 25 ◦C and

pressures of 0.4 or 1 Torr.

Voltage between the high-voltage and grounded ring

electrodes was measured by using probe TT-HVP 2739

with the bandwidth of 220MHz. Discharge current

in the circuit of the generator and capacitive discharge

plasma was measured by a shunt 0.1� in resistance,

which was assembled from resistors TVO. The discharge
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Figure 1. a — setup schematic diagram; b — photograph of

the setup main part; c — photograph of the discharge glow in

the 100 cm long quartz tube with electrodes located in its central

part. 1 — left end caprolon flange, 2 and 3 — external ring

electrodes 1 cm wide made of foil 100 µm thick, 4 — quartz tube

with internal diameter of 5 cm and wall thickness of 2.5mm, 5 —
collector body, 6 — collector receiver 2 cm in diameter, 7 —
nickel grid 140 µm thick, light transparency of ∼ 20%, cell size

of no more than 70× 70 µm (to ensure screening of the dynamic

capacitive current [18]), 8−11 — discharge regions where from

radiation was fed through the lightguide to silicon photomultiplier

(SiPM). R1 and R2 — resistors of voltage divider TT-HVP 2739,

Rsh — shunt resistance of 0.1�, Ug — negative polarity pulse

generator NPG-18/2000N. PDJ — plasma diffusion jets.

photos were taken with camera Canon 2000D. Emission

spectra in the range of 200−1000 nm were recorded

with spectrometer HR2000+ES (range of 200−1150 nm,

optical resolution of ∼ 0.9 nm) having the known spectral

sensitivity. The radiation temporal characteristics were

determined by a silicon photomultiplier (SiPM) (included
in the MicroFC-SMA-10035 module) with the transient

response rise time of 0.3 ns. The beam current pulses

were measured by a collector with the time resolution of

∼ 100 ps [17]. Electrical signals from the divider, shunt,

collector and SiPM were fed to oscilloscope Tektronix MDO

3104 (1GHz, sampling rate 5GS/s). The discharge was

photographed in the absence of external lighting.

The measurements performed confirmed that voltage

pulses applied to the external ring electrodes form in the

tube plasma diffuse jets propagating in both directions

from the area of their initiation (Fig. 1, c). The PDJ

length increased with decreasing pressure, as well as

with increasing voltage pulse amplitude. When generator

NPG-18/2000N was used, the jet color changed some what

relative to that of PDJ in the case of generator G2 which

generated voltage pulses ∼ 7 kV in amplitude at the half-

height duration of ∼ 2µs and front duration of 350 ns [14].
As the pressure increased, the discharge color acquired

a blue tint, which was caused by enhancement of the

contribution of the second positive (2+) and first negative

(1−) systems of the nitrogen molecule and ion bands,

respectively. Red color of the discharge plasma radiation

was determined by the bands of the first positive system

(1+) of the nitrogen molecule. The PDJ length at the air

pressures of 0.4 and 1 Torr was significantly greater than the

distance (13 cm) from the right edge of ring electrode 3 to

the collector grid 7; in the experiments on measuring REBs,

their glow front reached both quartz tube ends.

In the case of generator NPG-18/3500N, the RE beam

was detected in wide ranges of air pressures and voltages

at electrodes 2−3. The beam amplitude increased with

increasing frequency f . Fig. 2 presents the pulses of REB,

voltages in the gap, and discharge current from the shunt.

The runaway electron beam was measured with the

total detection time resolution no worse than 0.9 ns. The

maximum current amplitude was measured with delay

1t ≈ 5.6 ns relative to the maximum pulse voltage. This

is associated with the time of flight of electrons from

the nearelectrode region (where they gain most of their

energy) to the collector. Variations in the position of

the high-voltage electrode with respect to the collector

did not affect the beam current generation. When the

grounded ring electrode was located between the high-

voltage electrode and grounded collector whose grid was

14 cm apart the grounded ring electrode, REB was also

detected. This allowed a conclusion that fast electrons gain

their main acceleration near the high-voltage ring electrode.

When the 100 µm-thick paper filter was located behind the

mesh, REB was not detected because of relatively low RE

energy.

Average electron energy T was estimated using well-

known formula T = mv2/2 where m is the electron mass,

v is the electron velocity. Average electron velocity

vav = l/1t (where the gap between the right edge of

high-voltage electrode 2 and collector receiver is l = 21 cm

and 1t ≈ 5.6 ns) was 3.75 cm/ns. According to the data

presented in Fig. 1 of [19], the extrapolated electron range

in air at the energy of ∼ 4 keV and air pressure of 1 Torr is

60 cm which is significantly greater than the distance from

the high-voltage electrode edge to collector.

When generator G2 with the pulse front duration of

∼ 350 ns and ring electrode voltage of ∼ 7 kV was used,

the runaway electron beam was not detected.

The PDJ propagation speed was determined using SiPM

to which radiation from the quartz tube was fed through a

lightguide. Fig. 1, a shows regions 8−11 wherefrom PDJ

radiation was detected; Fig. 2, b presents the oscillograms of
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Figure 2. a — oscillograms of pulses of voltage U , discharge current Id and beam current Ic at p = 0.4 Torr and f = 1980Hz.

b — oscillograms of U , Ic and optical signal PSiPM from regions 8–11 (Fig. 1, a) at p = 1 Torr and f = 62Hz. REB amplitude in panel b

is greater at a lower frequency and higher pressure than that in panel a because of an increase in voltage at electrodes 2−3 in the absence

of matching resistance.

radiation pulses from these regions; the pulse intensities are

normalized to unity. Diameter of the region of radiation

getting to the end of the lightguide located at different

distances from the ring electrodes at the same distance to

the tube surface was ∼ 1 cm. Fig. 3 presents average speeds

of the PDJ glow front propagation along the tube towards

the collector for different regions.

The highest speed was observed near the electrodes

in region A. As the pressure decreased, the ionization

wave front velocity increased. It was found out that at
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Figure 3. Average propagation speeds of the PDJ glow front

at the level of 0.5 towards the collector in the intervals between

regions 11−10 (A), 10−9 (B), 9−8 (C) and 10−8 (D) in Fig. 1, a

at p = 1Torr and f = 62Hz. X-coordinates of the curve points

correspond to those of midpoints indicated in the inset.

p = 0.4 Torr the plasma glow at the collector end in region

8 appeared earlier than in the middle of the tube; this may

be explained by the counter streamer initiation in region

9 by runaway electrons and bremsstrahlung X-ray radiation

from the collector under the REB impact. At p = 1Torr, the

runaway electron beam also arrived at the collector earlier

than the PDJ front (Fig. 2, b) but had no time to initiate at

the collector a considerable reverse streamer.

The results presented show that, when the air pressure

is 1 Torr and less, the runaway electron beam is generated

simultaneously with the PDJ formation from plasma created

by the pulse periodic capacitive discharge. The REB

amplitude increased with increasing generator voltage and,

taking into account the grid transparency, exceeded 25mA

at the collector receiver diameter of 2 cm. The half-height

duration of the beam current pulse at the air pressure of

1 Torr was ∼ 3 ns, while its highest density was ∼ 8A/cm2.

The experiments have shown that REs gain the main energy

in the vicinity of electrodes where the strongest electric field

is observed. Runaway electrons may be assumed to play a

significant role in the formation of negative streamers in red

sprites; REs are accelerated in the regions of the maximum

reduced electric field during initiation of streamers and

affect the red sprite shape.

The studies conducted have shown that, when plasma

diffuse jets are formed by a pulse-periodic capacitive

discharge, REB is generated in the absence of contact

between the initiating plasma and metal cathode. It has been

established that under these conditions REB gets ahead of

the PDJ front and is detected by the collector prior to the

PDJ arrival. These results may be used in investigating high-

altitude discharges.
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