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We study the sources of intense UHF-radiation (in the frequency range of 1–6 GHz) arising during
the development of high-voltage atmospheric discharges. The discharges were initiated in a long
discharge gap by applying an approximately 1 MV pulse with the positive or negative polarity. By
employing a radio registration system based on ultrawideband antennas, we managed to localize the
UHF-radiation sources in the discharge with centimeter accuracy and investigate their temporal and
spatial correlation with the discharge structures. The vast majority of the localized sources turned
out to be concentrated in the near-electrode regions. It is found that the generation mechanism
of intense UHF-radiation in a laboratory discharge cannot be unambiguously associated with such
basic processes as the head-on collision of opposite-polarity streamers or the interaction of single
streamers with the near-electrode plasma at the surface of metal electrodes. We discovered that
the observed UHF-emission appears basically as a precursor of the intense plasma development
in a certain discharge region, whereinto a bright counterstreamer comes a bit later. The findings
were confirmed by the statistical observations and results of imaging the dynamics of the discharge
structures with a nanosecond temporal resolution.

I. INTRODUCTION

According to the modern concepts [1], the sources of in-
tense ultra-high frequency (UHF-) radiation (at frequen-
cies above 1 GHz) in extended electrical discharges are
related to the space regions wherein the head-on collisions
of opposite-polarity streamers occur. It is assumed that
the streamer collision process is accompanied by high-
frequency oscillations of the current in plasma on time
scales shorter than 1 ns [2, 3]. Rapid current variations
with a high amplitude can cause the UHF-emission. This
assumption finds theoretical confirmations in numerical
studies [4, 5], although direct evidences in experiments
have not been obtained yet. Apart from the unknown
nature of the UHF-radiation sources, there is still a sig-
nificant lack of experimental measurements of such a type
of electromagnetic radiation arising during the develop-
ment of extended high-voltage discharges. Only in the
recent studies [6–8] comprehensive data on the temporal
and spectral characteristics of the UHF-emissions were
obtained in a wide frequency range (1–10 GHz), and the
discharge dynamics was traced during the emergence of
such radiations. It was shown that the observed UHF-
emissions appear as multiple single bursts with a high
power and duration shorter than 1 ns, which are char-
acterized by frequencies in the range of 1–4 GHz. A
particular correlation between the emergences of UHF-
radiation and hard x-rays in the discharge was observed
as well [9, 10]. Indeed, it was found in [8] that during
the generation of UHF-radiation the power of the radio
emission in the frequency range of 10–150 MHz signif-
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icantly increases, with the maximum power of such an
emission being reached at 65–85 MHz. Based on this
fact, one can assume that radio flashes in the MHz fre-
quency range, which are widely employed in monitor-
ing extended discharges in the atmosphere [11–22], are
also accompanied by the simultaneous emission of intense
UHF-radiation in a broad frequency band, at least up to
several GHz [23–28]. Note that the employment of the
UHF-emissions registered during extended discharges in
the atmosphere potentially allows one to develop novel
more accurate techniques for detailing the evolution of
the discharge structures. The technical possibility of lo-
calizing the UHF-radiation sources with centimeter ac-
curacy was first demonstrated on the example of a labo-
ratory discharge in [8].

However, to date, in-depth investigations of the gener-
ation regions of intense UHF-radiation have not been car-
ried out yet. The same applies to the statistical determi-
nation of the zones with the UHF-radiation sources and
their relationship with the discharge structures. Herein
the key challenge is that the UHF-radiation sources
should be localized in the discharge with an accuracy
close to the characteristic scale of single plasma struc-
tures and within time periods comparable to the charac-
teristic evolution time of such structures, which can be
of the order of hundreds of picoseconds. And this should
be done simultaneously with the employment of fast dis-
charge imaging to resolve the discharge structures in the
region with the UHF-radiation source. Thus, the basics
concept proposing that colliding streamers emit intense
UHF-radiation remains questionable.

In the study we tried to investigate this issue by care-
fully measuring the UHF-emissions, localizing their re-
gions in space, and imaging the discharge structures with
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a nanosecond resolution. The results were supplemented
with the statistical observations of the streamer develop-
ment, when varying the polarity of a high-voltage pulse
(up to 1 MV) applied to an open air gap (approximately
55 cm in length) and initiated an electrical discharge. By
employing a radio registration system, we determined the
UHF-emission regions with centimeter accuracy and re-
solved the discharge structures in these regions with a
high temporal resolution using fast discharge imaging.
The findings show that the generation mechanism of in-
tense UHF-radiation cannot be unambiguously associ-
ated with such basic processes as the head-on collision
of opposite-polarity streamers or the interaction of single
streamers with the near-electrode plasma at the surface
of metal electrodes. It is found that the observed UHF-
emission appears basically as a precursor of the intense
plasma development in a certain discharge region, where-
into a bright counterstreamer comes a bit later.

II. EXPERIMENTAL SETUP

A. High-voltage installation

The study was performed by using a pulse high-
voltage (HV) installation, see Fig. 1(a), which was the
basis for the previous studies of various types of the elec-
tromagnetic emissions accompanying the development of
an extended discharge in air [10, 29–32]. The installation
involves an oil-filled Marx generator (1) (with the maxi-
mum storage energy of about 60 mJ) connected to a high-
voltage DC power supply (2) (negative or positive polar-
ity) through a set of ballast resistors. When discharging,
the Marx generator provides a HV-pulse with the ampli-
tude as high as 1 MV, which was supplied to the investi-
gated discharge gap (3) through secondary coupling (4),
oil-filled (5), and air (6) (shown transparent) sections of
the installation along a central meal electrode hided in-
side an oil-air bushing insulator (7). A HV-electrode of
the gap (3) was an extended metal cone (≈ 36 cm in
diameter) with a needle (its output part is ≈ 1 cm in
length) locked to the cone center, see Fig. 1(b). Op-
posite to the HV-electrode at a distance of ≈ 55 cm a
grounded hemispherical wire mesh electrode (≈ 10 cm in
diameter) was placed, while being connected to a return-
current circuit (8). The resultant breakdown of the gap
occurs between its electrodes approximately along the
discharge axis, see Fig. 1(c). The HV-pulse applied to
the discharge gap was registered by a capacitive-resistive
voltage divider, its region is denoted as (9) in Fig. 1(a),
inserted between the internal and external parts of the
installation output. The divider was calibrated and has a
temporal resolution of the order of several nanoseconds.
When synchronizing the device signals, the delay of the
voltage pulse traveling to the discharge gap was taken
into account.

B. Device triggering and synchronization

The launching of the HV-installation was controlled
by using a coil current-transformer (its region is de-
noted as (10) in Fig. 1(a)), with its signal being splitted
and employed to trigger the first two oscilloscopes: Tek-
tronix MDO3104 (1 GHz, 5 GSa/s) and Rohde&Schwarz
HMO3054 (500 MHz, 2 GSa/s), see the flowchart in
Fig. 2. The Rohde&Schwarz oscilloscope in turn provides
its own trigger pulse, which was also splitted to launch a
LeCroy WM8620A oscilloscope (6 GHz, 20 GSa/s) to-
gether with two gated cameras. The Tektronix oscil-
loscope recorded the voltage divider and coil current-
transformer signals. The Rohde&Schwarz oscilloscope
recorded its splitted trigger pulse alongside with the coil
current-transformer and camera gate (×2) signals. The
LeCroy oscilloscope recorded the UWB antenna signals
(×4). In experiments we reduced to a single point in
time the discharge voltage waveform, output signals of
the camera gates, and the UWB antenna signals with
the following timing errors: ≈ 2.5 ns for the discharge
voltage signal, ≈ 0.5 ns for the ends of the camera gate
signals, and ≈ 0.5 ns for the single onset of the UHF-
emission. The timing errors were driven by the oscillo-
scope discretizations, signal noisiness, uncertainty of the
signal cable delays (measured with a 0.1 ns error), and
the instability of the trigger pulse fronts. The mentioned
errors are related to the device triggering only and do not
take into account the localization accuracy of the UHF-
radiation source, which is considered in the separated
section with the results discussed.

C. Discharge imaging

The discharge glow was registered by two scien-
tific complementary metaloxide-semiconductor (sCMOS)
gated intensified cameras (PCO dicam C1) both hav-
ing a multiple-alkalimetal photocathode (S20), an output
phosphor window (P46), and the shortest gate of 55 ns
(gate rises by approximately 10 ns when the delay of the
camera triggering increases up to hundreds of nanosec-
onds). Each camera was coupled with a Canon EF 85-
mm f/1.8 objective adjusted to the discharge gap from
a distance of about 2 m at an angle of view of approxi-
mately 60◦−70◦ (with respect to the discharge gap axis),
see Fig. 1(d). Next to the objectives similar bandpass-
optical filters were placed to attenuate the plasma glow.
The filters have the transmission efficiency of up to 80%
within 300–400 nm and of about 10% in the range of
700–1000 nm. When imaging any stage of the discharge
formation, the amplitude of the voltage pulses applied to
the camera micro-channel plates was maximal, and the
camera sensitivity was controlled by changing the objec-
tive diaphragm only. The two cameras were synchronized
with each other with an accuracy of ≈ 0.5 ns and in par-
ticular experiments recorded photos under similar con-
ditions with a tunable delay (∆τ , being of the order of
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FIG. 1. Experimental setup: (a) pulse high-voltage installation, (b) investigated discharge gap, (c) integral photo of the
resultant gap breakdown, (d) scheme of the device positions, (e) antenna design, (f) antenna frequency characteristics.

FIG. 2. Flowchart demonstrates the device triggering.

several nanoseconds). The delay between the ends of two
frames was determined as the time period between the
instants the signals of the camera gates fall down up to
the noise level. The time window (during ∆τ) of the dis-
charge imaging was specified in calibration experiments
by exposing the synchronized cameras to two 70 ps laser
pulses (provided by a Lotis LS-2151 Nd: YAG laser) at
532 nm with different delays between the pulses. The
latter were additionally controlled by using a fast pho-
todetector DETO25A with a rise time of 150 ps. The
timing accuracy of determining the resultant time win-
dow (∆τ) between the two camera frames was ≈ 1 ns.

D. Registration of UHF-radiation

The UHF-emission during a high-voltage discharge was
registered by four identical coplanar-type Vivaldi anten-
nas with an exponential slot opening [33], see Fig.1(d).
The slot is formed by the edges of a ≈ 18 µm-thick
cooper layer deposited on a ≈ 1.52-mm-thick substrate
(RO4003CTM material) with a size of 22×20 cm. In the
antenna a slotline is transited into a 50 Ω microstrip line
coupled with a SMA connector. The geometry of the an-
tenna elements (slot, cavity, balun) is shown in Fig. 1(e).
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Vertical notches of the dielectric substrate are used to
dissipate surface currents induced along the lateral sur-
face of the antenna by the incident radio wave. For the
employed design of the antenna, according to the IEEE
standard definitions of terms for antennas [34], the volt-
age standing wave ratio is within 1–2 at frequencies from
1.6 up to 6 GHz, with the total radiation efficiency (which
includes conduction, dielectric, and impedance mismatch
losses) being no higher than −0.23 dB, see Fig. 1(f). The
antenna directivity varies from 5 to 10 dBi as the fre-
quency increases from 1 to 6 GHz, whereas the first-null
beamwidth of the major lobe rises from 80◦ to 180◦. The
maximum absolute gain at frequencies above 1.6 GHz
is within 7–10 dB. The ultrawideband (UWB) antennas
were connected to the LeCroy oscilloscope through low-
loss cables SF-141 FEP (50 Ω, attenuation is no higher
than 1.1 dB/m at frequencies below 6 GHz) with a length
of ≈ 9 m, coupled with SMA-attenuators (18 GHz, 40 dB
attenuation). The employed linearly-polarized antennas
were installed on dielectric tripods at different distances
(> 1 m) from the discharge gap center and registered
UHF-radiation with particular delays. The antennas
were adjusted so that their major lobes were directed
towards the discharge gap center, and the polarization of
each antenna approximately coincides with the direction
of the discharge gap axis. The antenna positions were
measured with an accuracy of 0.5 cm. When synchroniz-
ing all device signals, for the UWB antenna signals we
also took into account the estimated delay (≈ 1.23 ns) of
the incident wave travel (70% of the speed of light in vac-
uum) in the antenna dielectric substrate along the slot
up to the balun region, the measured delay (≈ 0.5 ns)
of the wave travel along the antenna microstrip line, the
geometric delay between the positions of the localized
center of the UHF-radiation source and the entrance of
the antenna slot, and the space uncertainty in determin-
ing the source position. The geometric delays between
the source center and entrance pupils of the camera ob-
jectives were taken into account in a similar way.

III. TECHNIQUES TO LOCALIZE
UHF-RADIATION SOURCES

A. Search for the signal points to solve the
localization problem

Our study is aimed at identifying particular processes
of the discharge development among all other processes
emitting broadband radio emissions, which are related to
the generation of intense UHF-radiation. In this regard,
we tried to resolve the discharge structures in the spa-
tial regions, wherein the UHF-emission arises for the first
time (the very first burst, see Fig. 3(a)). As the UHF-
emission starts, complex oscillations manifest themselves
in the useful signals from the antennas after the very
first burst. Nevertheless, in a number of events we were
able to determine single bursts within useful signals, see

FIG. 3. Determination of the first peaks of the UHF-radiation
signals from four antennas for the very first burst (a) and
burst within useful signals (b). The first peaks are employed
to obtain relative delays between the recorded signals and
then solve the localization problem.

Fig. 3(b), and register the discharge structures in the
spatial regions associated with such bursts. The analyzed
bursts were associated with certain spatial regions under-
stood as single sources of UHF-radiation. The source po-
sitions were determined by solving the localization prob-
lem. To identify a single burst in the UHF-radiation sig-
nals, we developed a special method based on the analysis
of the spectral and temporal characteristics of the sig-
nals recorded in multiple shots. Following this method,
for the very first burst, initially the first point above the
noise level (its absolute amplitude is taken to be equal
to the maximum amplitude of the signal fluctuations till
the instant the UHF-emission starts) is to be found in
the curve of each useful signal, see the signal onsets in
Fig. 3(a). Starting from the first point, basic patterns
of the signal oscillations are looked for in a time period
of about 1 ns. Such patterns should correlate with each
other for the four antenna signals. The similar procedure
was applied to identify bursts within useful signals, see
Fig. 3(b). Since herein the first point is hardly to be se-
lected, we additionally investigated time delays between
the signals of UHF-radiation emitted by the most prob-
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able generation regions of the radiation. Generally the
basic patterns of the signal oscillations resemble the most
common families of wavelets. A basic pattern is related to
a single burst with a duration shorter than or of the order
of 1 ns, which is supposed to be a characteristic of a sin-
gle physical process of generating intense UHF-radiation.
The spectral and temporal structure of the basic pattern
is changed over time, e.g., due to a stochastic manifesta-
tion of higher frequencies in the signals, but without the
complete disappearance of the signal correlation. As the
UHF-emission decays (while being stipulated by a single
process) or the interference of multiple sources occurs,
the basic pattern is strongly distorted so that the signals
from all antennas do not correlate. When analyzing the
spectral and temporal characteristics of the signals, we
noticed that independent sources can appear with a rela-
tive delay of about several hundred picoseconds even after
the instant the UHF-emission starts. By taking this fact
into account, we found out that the best correlation is ob-
served in the first beat of the burst, which can be assigned
to the first peak, see Figs. 3(a) and 3(b). Statistics show
that the signal amplitude in the time period between the
very first point and first peak can increase by up to two
orders of magnitude relative to the noise level, and the
duration of such a period can range from one to several
hundred picoseconds. In the particular case in Fig. 3(a)
this period lasts for 150–200 ps, i.e., it is approximately
equal for all signals. Note that the very process of gener-
ating UHF-radiation develops probably much faster. For
instance the authors used a LeCroy oscilloscope (16 GHz,
40 GSa/s) in [7] and show that the front edges of certain
bursts of UHF-radiation can be as short as 25 ps. By
taking into account the sharp rise in the signal ampli-
tude and assuming the UHF-emission to be the strongest
starting from approximately the first peak, the moments
corresponding to the first peaks were employed to deter-
mine relative delays ∆tij (where i, j = 1− 4) between
the burst signals. Looking ahead, the discussed method
to determine the relative delays provided very reliable
results in the calibration experiments based on the lo-
calization of a compact hand-made microwave generator
with a known position in space. Notably, in the vicin-
ity (±50 ps) of the first peak the UHF-radiation signals
change very rapidly. One (sharp peak) or two points
(smooth peak) are typically recorded in the vicinity of
the first peak. If two points with the similar signal am-
plitudes fall within the first peak region, the first point
is accepted to be the first peak. Rarely, when three or
four points (flat peak) fall within the first peak region,
the second point is considered as the first peak. In exper-
iments the uncertainty in determining the first peak was
assumed to be ±50 ps, which is reasonable in terms of the
rapid changes in the signal amplitude in the vicinity of
the first peak. Thus, the uncertainty in determining rel-
ative delay ∆tij between two signals constituted 100 ps.

FIG. 4. Schematic representation of the source localization.

B. Statement of the localization problem

Let us state the localization problem. Note at once
that the mathematical expressions given below are re-
duced to a form, which is convenient for programming.
The source (point with coordinates r1, r2, and r3) is as-
sumed to appear as a region, with its dimensions being
much smaller than all distances (r, r + rb, r + rc, and
r + rd) from the source to each antenna, see Fig. 4. The
antenna coordinates are given as (a1, a2, a3), (b1, b2,
b3), (c1, c2, c3), and (d1, d2, d3). The first antenna in
Fig. 4 is closest to the UHF-radiation source. Distance
r from this antenna to the source is an unknown value
which should be determined employing the coordinates
of all antennas and relative time delays rb/c, rc/c, and
rd/c, where c is the speed of light in vacuum, between
the measured radio signals.
Let us write down the corresponding equation system

(a1 − r1)
2 + (a2 − r2)

2 + (a3 − r3)
2 = r2, (1)

(b1 − r1)
2 + (b2 − r2)

2 + (b3 − r3)
2 = (r + rb)

2, (2)

(c1 − r1)
2 + (c2 − r2)

2 + (c3 − r3)
2 = (r + rc)

2, (3)

(d1 − r1)
2 + (d2 − r2)

2 + (d3 − r3)
2 = (r + rd)

2. (4)

By subtracting each expression (2)–(4) from (1) and
grouping the corresponding terms, equation system (1–4)
can be reduced to a vector form

As⃗ = m⃗+ p⃗× r, (5)

A =

a1 − b1 a2 − b2 a3 − b3
b1 − c1 b2 − c2 b3 − c3
c1 − d1 c2 − d2 c3 − d3

 , (6)
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m⃗ =
1

2
×


r2b +

3∑
l=1

(
a2l − b2l

)
r2c − r2d +

3∑
l=1

(
c2l − d2l

)
r2b − r2c +

3∑
l=1

(
b2l − c2l

)

 , (7)

s⃗ =

r1
r2
r3

 , (8)

p⃗ =

 rb
rc − rb
rd − rc

 , (9)

whence the solution for the source coordinates is ex-
pressed in terms of value r

s⃗ = A−1m⃗+A−1p⃗× r, (10)

where A−1 is the inverse matrix. By substituting source
coordinates r1, r2, and r3 from (10) in (1), quadratic
equation (11) and its solution (12) are derived

3∑
l=1

(
al −A−1

l ml −A−1
l pl × r

)2
= r2, (11)

r =
(
−b+

√
b2 − 4ac

)
/2a, since r > 0, (12)

a =

3∑
l=1

(
A−1

l pl
)2 − 1, (13)

b = 2×
3∑

l=1

A−1
l pl ×

(
A−1

l ml − al
)
, (14)

c =

3∑
l=1

(
al −A−1

l ml

)2
. (15)

Here al = (a1, a2, a3), and A−1
l ml and A−1

l pl are the vec-
tor elements. Thus, by calculating expressions (11)–(15)
with the employment of the measured coordinates of the
four antennas and time delays, the source coordinates
in expression (10) are found. The obtained solution of
the localization problem is unambiguous and not overde-
termined, i.e. all necessary and sufficient input data
are used (in this particular case, relative time delays
∆t12 = rb/c, ∆t13 = rc/c, and ∆t14 = rd/c).

C. Testing of the radio registration system

In the calibration experiments we tested the radio
registration system by localizing the UHF-emission pro-
duced by a compact microwave generator (with the volt-
age pulse amplitudes of the order of 10 kV and cur-
rents less than 1 mA), see Figs. 5(a) and 5(b). In
the case at hand, the calibration idea was somewhat
similar to that widely-used to calibrate (with the em-
ployment of a sounding balloon with a GPS receiver
and radio-transmitter) lightning mapping arrays and
radio-interferometers operating in the MHz frequency
range [35]. The high-voltage part (11) (filled with
compound) of the hand-made microwave generator in
Fig. 5(a) was extracted from a portable electroshock
weapon. The generator was powered by a battery (12)
and discharged to a spark gap (14) with a length of about
1 cm by pressing a button (13). The spark gap was placed
near the region with the geometric center (15) of the
generator (its resultant dimensions are 7 × 3.5 × 4 cm).
All generator contacts connected with wires (16) were
insulated, and the generator itself was placed on a di-
electric table (17) approximately in the center of the in-
vestigated discharge gap far from the metal electrodes.
This was intentionally made to suppress the emission
from the dipole image, which can be induced by the
generator at any nearby metal surface and distort sin-
gle bursts of UHF-radiation employed to solve the lo-
calization problem. In the calibration experiments we
assumed that both the spark (14) and internal elements
of the high-voltage part (11) of the generator can radiate,
i.e. the entire generator. Therefore, the spark gap (14)
was placed near the geometric center (15) of the gener-
ator to reduce the uncertainty in determining the posi-
tions of the emission regions. The dielectric table (17) in
turn was attached to the system of micrometer-precision
translation stages located near the grounded base of the
air section (6) of the HV-installation in Fig. 1(a) at a dis-
tance of approximately 50 cm from the microwave gen-
erator. When the microwave generator was triggered, a
spark originated in the gap (14), and the generation of
UHF-radiation starts. The emission lasts for about 400
ns at frequencies up to 6 GHz, with the highest radiation
power being reached at frequencies within 1–2.5 GHz,
see Figs. 5(c) and 5(d) and the inset. The spectral data
were obtained using the methods discussed in detail in
the Appendix. The UHF-radiation signals were recorded
without attenuators because of their small amplitude. An
important quality of the signals was that their rise time
considered between the first point and first peak of the
very first burst constituted about 100 ps, with the in-
crease in the signal amplitude being two orders of mag-
nitude relative to the noise level. Remarkably, we also
tried to employ a laser spark in the focal plane of a lens
as a small-sized source of microwave radiation, but no
significant radiation at 1–6 GHz was obtained. Proba-
bly, the laser spark efficiently emits microwave radiation
at very high frequencies, greater than 18 GHz [36].
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FIG. 5. Schematic representation of the microwave generator: top (a) and side (b) view. The typical UHF-radiation signal (c)

and its spectrogram (d) obtained for a particular time period. The inset demonstrates characteristics burst profile P
∗
f as a

function of frequency f . The UHF-radiation sources localized in five series of 50 events in the XZ and XY planes before (e,f)
and after (g,h) the calibration of the radio registration system.

In the calibration experiments five series of 50 events
were considered. In each series the microwave generator
had a similar position along the Y axis, with its extended
part being directed along the Z axis. The geometric cen-
ter of the generator was shifted in the XZ plane (rel-
ative to the generator position in series 1) by different
distances with a step of approximately 6 cm. Each point
in the XZ and XY planes in Figs. 5(e) and 5(f) is as-
sociated with the very first burst identified within the

UHF-radiation signals by using the methods described
in subsections IIIA and III B. For each series the po-
sitions of the statistical centers of the localized sources
were determined together with their standard deviations
along the principle coordinate axes.

It is seen in Figs. 5(e) and 5(f) that even with the
preliminary calibration of all signal paths (with a 100 ps
error) and positions (with a 0.5 cm error) of the anten-
nas the localization accuracy in determining the emission
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regions turns out to be quite good. All sources localized
along the Y axis fall within the generator height (approx-
imately 4 cm). Here the average standard deviation of
the source positions relative to their statistical centers
in all five series does not exceed approximately 0.6 cm.
The largest spread (the average standard deviation is ap-
proximately 2 cm) of the sources is observed along the
X axis. Notably, in all series the statistical centers of the
localized sources do not coincide with the geometric cen-
ter of the microwave generator. Each statistical center
is distanced from the geometric center by approximately
3 cm, which points to a certain constant error in solving
the localization problem. Such an error can be caused by
the spread in the delays of the signal paths, which cannot
be measured with an accuracy better than that allowed
by the calibration experiments. Yet, the constant error
can be minimized in the localization problem employing
the calibration technique described in detail in the next
subsection.

D. Corrections to relative time delays

The essence of the calibration task is as follows. Know-
ing the coordinates (x, y, z) of the geometric center of the
UHF-radiation source (which is assumed to coincide with
the geometric center of the generator in Figs. 5(a), 5(b)
and 5(e), 5(f)), antenna coordinates (xi, yi, zi), and rel-
ative time delays ∆tij (where i, j = 1− 4) between the
signals recorded in 50 events, statistical corrections σij

to delays ∆tij are to be found. Corrections σij include
all unknown spreads in the signal paths and antenna co-
ordinates. Mathematically the calibration task consists
in minimizing each of the six expressions

(Ri −Rj) /c−∆tij − σij −→ 0, (16)

Ri =
√
(x− xi)2 + (y − yi)2 + (z − zi)2, (17)

Rj =
√

(x− xj)2 + (y − yj)2 + (z − zj)2, (18)

where Ri and Rj are the distances from the source to
the i− and j−antenna, for each event s of a particular
measurement run. Corrections σij are related to intrinsic
delays σ1, σ2, σ3, and σ4 of the antennas as σ12 = σ1−σ2,
σ13 = σ1 − σ3, σ14 = σ1 − σ4, σ23 = σ13 − σ12, σ24 =
σ14 − σ12, and σ34 = σ14 − σ13. The generalized form of
the calibration task can be formulated as follows

RMS =

√
1

S

∑
s

RMS2
s −→ 0, (19)

RMSs =

√√√√√1

6

∑
i,j

(Ri −Rj)/c−∆tij − σij

2

. (20)

Parameter S equals to the number of series multiplied by
the six combinations of indices i and j in single event s.
Let us simplify expression (19) to the form more conve-
nient for numerical calculations. Note that in (19) correc-
tions σij are the variables, hence, [(Ri −Rj) /c−∆tij ]

2 =
const, and (19) can be replaced by the equivalent expres-
sion∑

s

∑
i,j

[
2σij(Ri −Rj)/c− 2∆tijσij + σ2

ij

]
−→ 0. (21)

Let us change the order of summation in (21)

∑
i,j

([
2Sσij(Ri −Rj)/c− 2

∑
s

∆tij

]
σij + Sσ2

ij

)
=

∑
i,j

(
Aijσij + Sσ2

ij

)
−→ 0.

(22)
Here matrix coefficient Aij is introduced to simplify the
expression. We now employ the fact that there are only
three independent variables in (22), i.e. σ12, σ13, and
σ14, ∑

i,j

(
Aijσij + Sσ2

ij

)
=

A12σ12 + Sσ2
12 +A13σ13 + Sσ2

13 +A14σ14 + Sσ2
14+

A23(σ13 − σ12) + S(σ13 − σ12)
2 + ... −→ 0,

(23)
and introduce new symbols

A12 −A23 −A24 = B12, (24)

A13 +A23 −A34 = B13, (25)

A14 +A24 +A34 = B14. (26)

Expression (23) then appears as∑
k=12;13;14

(
Bkσk + 3Sσ2

k

)
−

2S(σ13σ12 + σ14σ12 + σ13σ14) −→ 0.

(27)

Finally, expression (27) can be further simplified to the
form

f(σ⃗) = σ⃗F σ⃗T + σ⃗E −→ 0, (28)

F =

3S −S −S
−S 3S −S
−S −S 3S

 , (29)

E =
(
B12 B13 B14

)T
, (30)

where σ⃗ = (σ12, σ13, σ14) is a vector, whose coordinates
are required corrections σ12, σ13, and σ14, and σ⃗T is
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transposed vector σ⃗. Thus, we get quadratic function
f(σ⃗) of three variables.

The calibration task now consists in minimizing func-
tion ||f(σ⃗)|| −→ 0. It is an optimization problem, which
we solve by using the gradient descent method. Notably,
after all transitions made above function ||f(σ⃗)|| already
has a quadratic form, therefore the solution provided by
the gradient descent method converges for any initial vec-
tor σ⃗ according to the Kantorovich relation. This fact
greatly simplifies the optimization problem, since it elim-
inates the need to use more complicated and computa-
tionally intensive Levenberg-Marquardt or Trust-Region
algorithms. To run the calculation of the optimization
problem, starting point σ⃗0 is taken as zero, which is rea-
sonable from an ideological point of view. As a result we
obtain corrections σ12, σ13, and σ14 to delays ∆t12, ∆t13,
and ∆t14 used in subsection III B.
Thus, we found out that for series 1–5 in Figs. 5(e)

and 5(f) the best match between the positions of the
statistical centers of the UHF-radiation sources and the
geometric center of the microwave generator is obtained
with σ12 ≈ −40, σ13 ≈ −55, and σ14 ≈ 0 ps, see the
calibration results in Figs. 5(g) and 5(h). Notably, when
calibrating the radio registration system, we performed
additional tracing (with a 1-mm step) of all points in
the generator volume to find the best match between the
statistical centers of the localized sources in the five se-
ries and the selected points of the generator. For these
points corrections σij were also subsequently computed.
The assumption that the most probable emission region
coincides with the geometric center of the microwave gen-
erator turned out to be optimal for all series.

E. Resultant error of the source localization

In the previous subsection we determined corrections
σ12, σ13, and σ14 to relative delays ∆t12, ∆t13, and ∆t14,
which minimize the constant error of the source localiza-
tion. By taking into account the corrections and the fact
that the UHF-radiation source sporadically originates in
an extended discharge, the resultant error of the source
localization is mainly governed by the accuracy of deter-
mining relative delays ∆t12, ∆t13, and ∆t14. Let us con-
sider a specific example in Fig. 6. Herein a single source
is localized for a certain event of the series in Fig. 5.
The determined source position is marked as the source
center in Fig. 6. The cloud of points around the source
center is obtained by considering the 100 ps error in de-
termining each relative delay ∆t12, ∆t13, and ∆t14, see
the details in subsection IIIA. We considered five cases
of measuring the relative delay value: the deviation from
the value obtained in experiments is ±100 ps, ±50 ps,
and 0, which corresponds to 125 possible positions of
the source in space. It is clearly seen in Fig. 6 that
the non-optimal angles (because of the design features
of the employed HV-installation, see Fig. 1(a), and the
limited space around it) of registering the UHF-emission

FIG. 6. Accuracy of determining the position of the UHF-
radiation source in the XY (a) and XZ (b) planes.

by the four antennas entail a significant spread in the
possible positions of the source. In the particular case
in Fig. 6 the radio registration system resolves the UHF-
radiation source with an error of approximately 8.3, 1.3,
and 3.1 cm along the principal coordinate axes X, Y ,
and Z, respectively. Hereinafter, the localization error of
a single source is described by the standard deviations of
the possible positions of the source relative to its central
position. This is reasonable since the vast majority of
the possible source positions are concentrated near the
source center. Each source is characterized by individ-
ual localization errors calculated for each of the principal
coordinate axes. Thus, when determining the source po-
sition in the discharge, an ellipsoid bounding the source
region is attributed to the source center.

IV. RESULTS

A. Characteristic development of the discharge

Figures 7(a) and 7(b) demonstrate the superimposed
voltage waveforms and UWB antenna signals recorded in
independent shots for the positive and negative polarity
of the HV-pulse applied to the investigated discharge gap
in Fig. 1(b). For these shots the images of the discharge
structures were obtained, see Figs. 8 and 9, in different
time periods ∆ti (i = 1, 2) of the discharge evolution with
an exposure time (exp) from 55 to 68 ns and objective
diaphragms of f/16–f/8. The images are presented in
a color palette (256 shades of gray) and illustrate the
characteristic development of the discharge in time and
space. In each of Figs. 8 and 9 (top left corner) there
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FIG. 7. Superimposed voltage waveforms and UHF-radiation signals obtained in a number of shots for the positive (a) and
negative (b) polarity of the HV-voltage pulse applied to the investigated discharge gap. Digits 1–8 in the voltage waveform
indicate the time periods of the discharge imaging.

FIG. 8. Images (frames 1–5) demonstrating the discharge evolution for the positive polarity of the applied HV-pulse in shots 1–5
in Fig. 7(a).

is a basic frame of the discharge gap recorded with no
discharge, which illustrates the angle of the gap imaging.

The first bright plasma structures of the discharge,
while being a part of an extended streamer corona,
emerge at the HV-electrode during the rise time (of about
200 ns) of the HV-pulse tens of nanoseconds after its
application (frame 1 in Figs. 8 and 9). Streamers de-
velop from the HV-electrode in a wide solid angle with
characteristic velocities of the order of 108 cm/s, actively
branch, and give rise to a complex net of plasma chan-
nels spanning almost the entire discharge gap (frame 2

in Figs. 8 and 9). During the propagation of primary
streamers towards the grounded electrode the absolute
amplitude of the discharge voltage increases to approxi-
mately 500–600 kV. The tails of certain growing stream-
ers appear separated from a brightly shining corona
locked to the HV-electrode, which is clearly seen in the
case of negative streamers in Fig. 9.

The character of the early stage of the discharge evolu-
tion is similar for both polarities of the applied HV-pulse.
When growing streamers come close to the grounded elec-
trode, counterstreamers rapidly originate. For the pos-
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itive polarity of the applied HV-pulse counterstreamers
often seemed to collide with primary streamers near the
surface of the grounded electrode or at a short distance
from it (frame 3 in Fig. 8). With the negative polar-
ity, in contrast, counterstreamers start to propagate to-
wards the HV-electrode with characteristic velocities of
(1 − 4) × 109 cm/s, also actively branch (indeed, the
closer counterstreamers come to the opposite electrode,
the more intense they branch), and approach the HV-
electrode surface (frames 3–5 in Fig. 9). During the prop-
agation of counterstreamers towards the opposite elec-
trode the amplitude of the discharge voltage reaches the
value of about 1 MV (Fig. 7(b)). With the positive polar-
ity of the applied HV-pulse the maximum amplitude of
the discharge voltage is slightly less, up to approximately
800 kV (Fig. 7(a)). This can be stipulated by the differ-
ent rates of the conductivity rise in the discharge plasma
in the cases of the positive and negative polarity of the
applied HV-pulse, since the operating conditions of the
Marx generator, denoted as (1) in Fig. 1(a), with positive
and negative charging were similar. The plasma struc-
ture, which forms after the instant numerous streamers
cross the entire discharge gap, has a high contrast but
it becomes more and more diffuse over time (frame 6 in
Fig. 9). This is also observed within the streamer forma-
tion with the positive polarity of the applied HV-pulse.
The luminosity of a diffuse discharge becomes dim in the
gap, and at a certain instant very bright narrow current
channels, which are similar to high-current sparks [37–
39], develop from the opposite electrodes (frames 4 and 7
in Figs. 8 and 9). At the heads of such channels bright
diffuse coronas are resolved, which appear to be like the
streamer coronas at the tops of leader channels (frames 5
and 7 in Figs. 8 and 9) [40–43]. The observed picture of
narrow bright channels also seems to be similar to that of
leaders developing in a lightning discharge [44–47]. The
gap breakdown process (accompanied by a sharp drop in
the gap voltage and an increase in the gap conductivity)
is further associated with the growth of bright current
channels and finally occurs, when particular channels
merge together somewhere in the discharge bulk (frame 8
in Fig. 9).

B. Spectral characteristics of the UHF-emissions

The pre-breakdown stage of the discharge development
lasts for about 1 µs on average. At the same time the du-
ration of the UHF-emission takes about several hundred
nanoseconds. The emission begins sharply in the dis-
charge; the characteristic rise time of the very first burst
is about 100 ps. From a statistical point of view the
emission onset coincides with the stages when counter-
streamers travel to the HV-electrode (with the negative
polarity of the applied HV-pulse) or the first streamers
come close to the grounded electrode (with the positive
polarity of the applied HV-pulse). The UHF-emission is
also observed during the formation of an extended dif-

fuse discharge in the gap, whereas the emission intensity
gradually decays up to the appearance of narrow bright
current channels. During the growing and merging of
such channels the UHF-emission is not observed in prin-
ciple.
The UHF-emission is represented by characteristic

bunches with a duration of about 100 ns, which form
the useful signals. Locally, the UHF-emission is com-
posed of multiple single bursts (in terms of the instan-
taneous power), with their duration being comparable
to or shorter than 1 ns, which follow each other with a
characteristic delay shorter than 1 ns on average; see also
in [8]. The amplitude of the UHF-radiation signals de-
tected with the positive polarity of the applied HV-pulse
is ten times less than that in the case of the discharge
initiation by applying the HV-pulse with the negative
polarity. In both cases the highest power of the UHF-
radiation signals is often reached within the time period
when the discharge voltage reaches its maximum value.
Figures 10(a) and 10(b) illustrate typical UHF-radiation
signals registered with different polarities of the applied
HV-pulse and their temporal and spectral characteristics
obtained by employing the methods discussed in detail in
the Appendix. The spectrograms in Figs. 10(c) and 10(d)
and insets 1 and 2 show that UHF-radiation is charac-
terized by frequencies in the entire range of 1–6 GHz.
From 1 to 6 GHz the characteristic power of the bursts
decreases by a factor of approximately 3.5 and 8.8 for the
positive and negative polarities of the applied HV-pulse.
Very high frequencies are concentrated directly in the
time regions occupied by single bursts. In general terms
the characteristics of UHF-radiation generated by devel-
oping streamers in the extended discharge are similar to
those of radio emissions produced by ordinary electric
sparks [48].

C. Statistical insight into the UHF-emission
regions

Figure 11 shows the distributions of the UHF-radiation
sources localized in the XY and XZ planes in the ex-
tended discharge for the positive and negative polarity of
the HV-pulse applied to the discharge gap in Fig. 1(b).
The data were obtained in independent 52 (for the neg-
ative polarity) and 85 (for the positive polarity) events
using the localization techniques described in Section III.
The bar charts in Fig. 11 illustrate the statistics of the
source observations along the discharge axis. The width
of a single bin is 10 cm. The sources are presented as the
space regions bounded by ellipsoids. The characteristic
radii (averaged over the entire ensemble of the localized
emission regions) of the ellipsoids along the principle co-
ordinate axes X, Y , and Z are 5.8, 1.3, 2.6 and 9.7, 1.3,
3.3 cm for the positive and negative polarity of the ap-
plied HV-pulse. It is seen that for both polarities the vast
majority of the UHF-radiation sources are concentrated
in the near-electrode regions. With the negative polarity
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FIG. 9. Images (frames 1–8) demonstrating the discharge evolution for the negative polarity of the applied HV-pulse in shots 1–
8 in Fig. 7(b).

FIG. 10. Discharge voltage and typical UHF-radiation signals registered for positive (a) and negative (b) polarity of the applied
HV-pulse. Spectrograms (c) and (d) show the spectrum evolution for the considered UHF-radiation signals. Insets 1 and 2
illustrate a characteristic burst profile evaluated as a function of frequency in numerous events.
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FIG. 11. The UHF-emission regions localized in the discharge
gap for the positive and negative polarity of the applied HV-
pulse. The source positions are presented in the XZ (top
view) and XY (side view) planes. The bar charts show statis-
tics of the source observations along the discharge axis. For
the negative and positive polarity counts are on the left and
on the right.

many sources were localized inside the HV-conical elec-
trode. The spread of the source positions in the discharge
periphery is essentially limited by the geometric dimen-
sions of the conical electrode. With the positive polarity
the largest number of the sources is located in the near-
electrode zone at a distance of about 10–20 cm from the
grounded electrode surface. A number of sources were
registered in the zones wherein the grounded electrode is
fastened to the return-current circuit.

D. Emission regions resolved in single events

Figures 12–14 show the discharge structures resolved
in the localized UHF-emission regions for the positive,
see Figs. 12 and 13, and negative, see Fig. 14, polarity of
the applied HV-pulse. The data are obtained in different
shots. In the images the antenna signals are synchronized
on the first captured burst of UHF-radiation taking into
account the signal timing for all diagnostic devices and
geometric delays between the localized source and an-

tennas (similarly for the two gated cameras). For each
burst we additionally estimated its characteristic dura-
tion, which in the case at hand is understood as the time
period when the signal amplitude is above the noise level,
and the beats of the signals from all antennas correlate.
The sizes of the ellipsoids in the frames, their positions,
and orientations in space were calculated taking into ac-
count the exact angles of imaging by each camera and
the perspective of the imaging system (estimated in the
thin lens approximation).

In shot 51 in Fig. 12 three bursts of UHF-radiation
were localized. The first burst (approximately 1 ns
in duration) is registered in the region wherein the
grounded electrode is fastened to the return-current cir-
cuit (marked as 8 in Fig. 1(a)) in approximately 13 ns
before the instant the first frame ends. The second burst
(approximately 0.6 ns in duration) is detected near the
center of the grounded electrode within the time window
(∆τ ≈ 5 ns) of imaging by two cameras. The third burst
(approximately 0.8 ns in duration) is also registered in
the region wherein the grounded electrode is fastened to
the return-current circuit approximately 9.5 ns after the
end of the second frame. In shot 54 in Fig. 12 two bursts
were localized. The first burst (approximately 0.7 ns in
duration) is registered in approximately 8 ns before the
end of the first frame probably in the region, wherein
the streamer channel is subsequently connected with the
grounded electrode. The second burst (approximately
0.9 ns in duration) is observed in the region wherein the
grounded electrode is fastened to the return-current cir-
cuit approximately 3 ns after the end of the second frame.
In shot 58 in Fig. 12 the first burst (approximately 0.95 ns
in duration) is detected approximately 4 ns after the end
of the second frame exactly in the region with a bright
streamer channel connected with the grounded electrode.
In this particular case the growing streamer reached the
electrode surface within the time window (∆τ ≈ 5 ns) of
imaging by two cameras. In shot 59 in Fig. 12 the first
burst (approximately 0.85 ns in duration) is registered
near the surface of the grounded electrode in approxi-
mately 6 ns before the end of the first frame. Approx-
imately 6–10 ns after the onset of the UHF-emission a
weak glow of the near-electrode plasma appears in the
mentioned zone. In shot 55 in Fig. 13 the first burst
(approximately 0.75 ns in duration) is registered in the
region with the growing streamer at a distance of ap-
proximately 18 cm from the grounded electrode in ap-
proximately 7 ns before the end of the first frame. No
brightly glowing counterstreamers propagating towards
the UHF-emission region from the side of the grounded
electrode are observed in this case. There is only a weak
plasma glow at the electrode surface. The second burst
(approximately 0.9 ns in duration) in shot 55 in Fig. 13
is observed in the region wherein the grounded electrode
is fastened to the return-current circuit approximately
15 ns after the end of the second frame.

In shot 9 in Fig. 14 the first burst (approximately
0.95 ns in duration) is detected near the edge of the
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FIG. 12. Images demonstrate the discharge structures and localized UHF-emission regions in single events for the positive
polarity of the applied HV-pulse.

cathode cone in approximately 22 ns before the end of
the first frame. Here we observe the intense glow of the
near-electrode plasma in the burst region shorted by the
counterstreamer growing from the grounded electrode.
In shot 13 in Fig. 14 the first burst (approximately 1 ns
in duration) is registered approximately in the mid-gap
approximately 8 ns after the end of the second frame.
The UHF-emission region falls within an extended bush
of counterstreamers growing towards the HV-electrode.
No residual or secondary streamer channels from the
HV-electrode are clearly resolved in the localized UHF-
emission region in the first frame. In both shots 24 and 25
in Fig. 14 the first burst (approximately 1 ns in duration
in both events) is registered approximately in the same
zone at the edge of the cathode cone. The burst is ob-
served in approximately 9 ns and 1.5 ns before the end
of the first frame in shots 24 and 25, respectively. In
the UHF-emission region in shot 24 one can distinguish
a brightly glowing channel of the counterstreamer, which

reached the surface of the HV-electrode. In the same
zone in shot 25 before the end of the first frame the short-
ing of the near-electrode region by the counterstreamer is
not yet observed, although the UHF-emission has already
occurred. The counterstreamer shorts the near-electrode
region in the next several nanoseconds.

V. DISCUSSION

Let us consider the relationship between the localized
UHF-emission regions in Fig. 11 and the discharge de-
velopment in Figs. 8, 9, and 12–14. With the positive
polarity of the applied HV-pulse we register a weak glow
of the near-cathode plasma when first streamers from the
HV-electrode (anode) approach the grounded electrode
(cathode). This plasma gives rise to the subsequent de-
velopment of counterstreamers from the cathode. In gen-
eral first bright streamers short the near-cathode region
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FIG. 13. Images demonstrate the discharge structures and lo-
calized UHF-emission regions in single events for the positive
polarity of the applied HV-pulse.

during several nanoseconds, e.g., see shot 58 in Fig. 12.
At the same time, even after the instant the near-cathode
region is shorted, new counterstreamers continue to orig-
inate from the cathode. As a result multiple branch-
ing streamers arise in the zone with a length of about
20–30 cm near the cathode, see frame 3 in Fig. 8. The
scale of such a zone is comparable to that of the region
wherein the vast majority of the localized UHF-radiation
sources are concentrated, see Fig. 11. Based on the sta-
tistical data in Fig. 11, the following assumption can be
proposed. The generation mechanism of intense UHF-
radiation can be associated with the head-on collision
(at a short distance from the cathode surface) of the
cathode-directed streamer and counterstreamer originat-
ing from the cathode, or the interaction of the cathode-
directed streamer with the near-cathode plasma at the
metal electrode. Here we intentionally emphasize the
complex structure of the near-electrode region since the
assumption that the electrode can be considered as a sin-
gle metal surface is a rough approximation. Experiments
indicate that, when the first bright streamers come close
to the cathode, the glowing near-cathode plasma orig-
inates. Remarkably, the authors of the study [7] first
provided experimental evidence that it is in the near-
electrode regions of a laboratory discharge intense UHF-
radiation is generated. In the study [8] we did not em-
phasize the role of the near-electrode regions in gener-
ating the UHF-emissions, since we managed to localize
a certain number of the UHF-radiation sources far from
the electrodes. However, as seen in Fig. 11, such emis-
sion regions are more an exception than the rule for a
laboratory discharge.

A similar conclusion about the generation mechanism
of intense UHF-radiation suggests itself from the statis-
tical data in Fig. 11 obtained for the negative polarity of

the applied HV-pulse, although in this case the character
of the discharge development is somewhat different. The
counterstreamers, which emerged at the grounded elec-
trode (anode), cross the entire discharge gap and come
close to the surface of the HV-electrode (cathode) within
several tens of nanoseconds, see frames 3–5 in Fig. 9.
The growing counterstreamers actively branch and can
in principle collide with any residual or secondary anode-
directed streamer turned out in their travel way. This
can happen in a wide region of the discharge gap. How-
ever, we observe that the primary streamers from the
cathode expand into a wide solid angle and even beyond
the discharge gap region by the instant the first counter-
streamers emerge at the anode. Therefore, it is reason-
able to assume that the counterstreamers from the anode
can interact either with the near-cathode plasma at the
metal electrode or with secondary streamers developing
from the cathode. Such an assumption correlates with
the distributions of the UHF-emission regions and their
spread in the region with the cathode cone in Fig. 11.

The idea of separating the possible triggers of the
UHF-emissions into such processes as the head-on col-
lision of opposite-polarity streamers or the interaction of
single streamers with the near-electrode plasma at the
surface of metal electrodes appears to be statistically
justified. However, we cannot unambiguously state that
the detected UHF-emissions are associated mainly with
these basic processes. Moreover, the UHF-emission re-
gions analyzed in single shots, see Figs. 12–14, indicate
that the generation mechanism of the emissions can be
more complicated. Let us discuss a number of experi-
mental facts. First, we often do not observe bright dis-
charge structures exactly in the localized UHF-emission
region, e.g., see burst 1 in shots 51 and 54 in Fig. 12,
and do not observe any discharge pattern indicating the
head-on collision of opposite-polarity streamers far from
the electrodes, e.g., see burst 1 in shot 55 in Fig. 13. In
this regard the hypothesis that it is the head-on collision
of opposite-polarity streamers (the glow of their plasma
should manifest itself in the discharge images) produces
intense UHF-radiation is challenged. Second, we observe
that the shorting of the near-electrode region by bright
plasma channels is not accompanied by the simultane-
ous emission of intense UHF-radiation. For instance, in
shot 58 in Fig. 12 the UHF-emission occurred after the in-
stant the near-cathode region was shorted by the bright
plasma, although the emission region coincided in the
first approximation with the zone with the bright plasma
channel near the cathode. This is also the case for burst 2
in shot 51 in Fig. 12 and burst 1 in the shot in Fig. 14.
Hence, the hypothesis that the streamer interaction with
the near-electrode plasma at a metal electrode is accom-
panied by the emission of intense UHF-radiation is also
questionable.

Note that such processes as the collision of opposite-
polarity streamers or the interaction of single streamers
with plasma at the surface of metal electrodes can be con-
sidered in the approximation of a radiating dipole, with
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FIG. 14. Images demonstrate the discharge structures and localized UHF-emission regions in single events for the positive
polarity of the applied HV-pulse.

its electric moment being changed due to the change in
the dipole length [7] or the movement of the dipole ge-
ometric center in space [49]. The dipole approximation
used to describe the generation of intense UHF-radiation,
however, seems to be inconsistent with the experimental
results. The situation is similar with regards to other
exotic mechanisms responsible for the UHF-emissions,
which are the generation of transition radiation within
the passage of fast electron flows through boundary re-
gions of the plasma–air medium [50], the emission of
electromagnetic radiation by ionization waves propagat-
ing along plasma channels [51], and the analogue of syn-
chrotron radiation during the propagation of ionization
waves along zigzag plasma channels [52]. According to
these mechanisms, one can expect the UHF-emission dur-
ing the shorting of the near-electrode region by a single
streamer. However, the emission can be observed either
before or after this event. Also, it is doubtful that the

generation mechanisms of intense UHF-radiation in an
extended discharge can be somewhat similar to those
implemented in devices of microwave vacuum electron-
ics (klystrons, magnetrons, traveling or backward wave
tubes [53]), which involve modulated electron flows in an
oscillatory system for pumping electromagnetic waves.
One can assume the generation of intense UHF-radiation
to be associated with the development and enhancement
of collective plasma radiation processes [54–56], although
it is unclear which plasma structures should be attributed
to the localized regions of UHF-radiation. There is the
fact that brightly glowing plasma is often not observed in
the UHF-emission region. Therefore, the question arises
as to what is the state of the discharge medium in the
UHF-emission region? This is an open question to be
answered in future investigations.

In spite of the fact that the findings make the estab-
lished concepts of generating intense UHF-radiation in a



17

high-voltage discharge untenable, our study allows one
to look further into this phenomenon. We found that the
observed region of the UHF-emission serves as a precur-
sor of the process of the intense plasma development in
a certain discharge region, whereinto a bright counter-
streamer comes a bit later. This is the case for burst 1
in shots 51, 54, and 59 in Fig. 12 and burst 1 in shot 25
in Fig. 14. Our assumption seems especially convincing
for shot 25. Herein the UHF-emission was registered be-
fore the instant the emission region was shorted by the
streamer from the anode. For burst 1 in shots 9 and 24
in Fig. 14 the assumption is valid if one considers the
trajectory of the streamer development to be predeter-
mined by certain physical processes played out in the
UHF-emission region. Certainly burst 1 in shot 55 in
Fig. 12 and shot 13 in Fig. 14 seems to be unique. Such
bursts are rare, but they do occur in the discharge. For
them we do not exclude the possibility of the streamer
collision with a certain plasma structure, although this
structure is either invisible in the images (shot 55) or
unresolved (shot 13) against the background of multiple
growing streamers.

We would like also to mention a number of the ob-
served features of the UHF-emissions. With the negative
polarity of the applied HV-pulse it turned out to be very
difficult to capture a single burst in the time window of
imaging by the two gated cameras because of the sporadic
development of the discharge and the random generation
of the radio emissions. In addition numerous shots were
discarded due to the impossibility of localizing the very
first burst or any burst within a useful signal. We found
that with the negative polarity the signals from all anten-
nas in most cases did not correlate. This was probably
due to the fact that, when a single counterstreamer comes
close to the corona (observed in the images for long time
periods) burning at the cathode cone, independent UHF-
radiation sources appear almost simultaneously (within
first 100–200 ps after the useful signal onset) and radiate
out of phase. This was rarely observed with the posi-
tive polarity owing to the more stable character of the
streamer development. In experiments we also noticed
that the first beat (employed to solve the localization
problem, see subsection IIIA) of the detected burst is
similar to the first order Gaussian wavelet, and the beat
orientation directly depends on the polarity of the HV-
pulse applied to the discharge gap. With the positive
polarity all single bursts, which we localized, had a neg-
ative first peak, whereas with the negative polarity the
first peak of the bursts was always positive. Perhaps
this is obviously related to the change in the polarity of
the current derivative in the generation region of UHF-
radiation. Remarkably, the mentioned difference in the
first peak orientations also indicates that in experiments
the UHF-emission onset (in the vicinity of the first peak)
driven by a certain physical process was identified cor-
rectly. In other words, we did not capture false oscilla-
tions of the UHF-radiation signals in the region of the
localized burst.

To sum up, we report the discovery of a certain physi-
cal process, which among all other possible processes tak-
ing place in laboratory high-voltage discharges and capa-
ble of emitting broadband radio emissions, is accompa-
nied by the generation of the strongest microwave radia-
tion at frequencies above 1 GHz. This physical process is
inconsistent with the established concepts of the genera-
tion of UHF-radiation, in particular associated with those
related to the interaction of opposite-polarity streamers
with each other or near-electrode zones [1–5, 7]. Cer-
tainly, more experiments with various experimental con-
ditions (electrode geometry, voltage amplitudes, param-
eters of the discharge medium, etc.) need to be done
to understand the nature of the localized regions with
the UHF-radiation sources. At the same time, our find-
ings reveal a very complex physical picture of the UHF-
emission in a laboratory high-voltage discharge, which
can turn out to be even more sophisticated for natural
lightning phenomena. Notably, in ongoing atmospheric
studies thunderstorms are comprehensively investigated
through their remote sensing in the MHz frequency
range [21, 57, 58] complemented with the data of optical
imaging [59, 60] and acoustic synchronization [61, 62].
The developed techniques [16, 22, 35, 63–65] to analyze
the radio emissions in this frequency range make it pos-
sible to localize the “fine structures” [18, 19, 66–69] of
lightning discharges with an error of the order of several
meters. At the same time, the transition to the technique
of registering the UHF-emissions can significantly ad-
vance the ability to localize lightning discharge processes
with an accuracy close to units of centimeters. However,
there were still no attempts to localize the UHF-radiation
sources at frequencies above 1 GHz in thunderstorms be-
cause of many technical challenges. In this regard now
it is impossible to draw any unambiguous conclusions on
the relationship between the UHF-radiation sources ob-
served in a laboratory experiment and those occurring in
atmospheric discharges. Therefore, any research in this
field is in great demand. We hope that the techniques
for precise localization of the UHF-radiation sources de-
veloped in this study can serve as efficient tools in sub-
sequent researches aimed at revealing features of both
the thunderstorm development and accompanying broad-
band radio emissions.

VI. CONCLUSION

Let us briefly summarize the results obtained. In the
study we developed the algorithm for searching the points
of the UHF-radiation signals employed to solve the lo-
calization problem. The algorithm is based on the in-
depth analysis of the spectral and temporal character-
istics of the UHF-radiation signals in multiple events.
We developed the radio registration system based on the
four UWB antennas and tested it using the compact mi-
crowave generator created specifically for this task. The
special calibration technique was implemented to mini-
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mize the constant error in the localization problem, which
allowed one to determine the corrections to the relative
time delays between the UHF-radiation signals with pi-
cosecond accuracy. The radio registration system was
calibrated employing the data on the localized regions
of the UHF-emissions, which were produced by the cre-
ated microwave generator. It is shown that the UHF-
radiation sources are localized with centimeter accuracy
in extended discharges. The characteristic dynamics of
the discharge development and its temporal correlation
with the UHF-emissions are described. The intense UHF-
radiation is found to be generated during several hun-
dred nanoseconds at the pre-breakdown stage of the dis-
charge formation, which lasts for about 1 µs. Statis-
tics show that the UHF-emission onset coincides with
the discharge stages when counterstreamers, originated
from the grounded electrode, travel to the HV-electrode
(with the negative polarity of the applied HV-pulse) or
the first streamers from the HV-electrode approach the
grounded electrode (with the positive polarity of the ap-
plied HV-pulse). It is mentioned that the UHF-emission
is also observed during the formation of an extended dif-
fuse discharge in the gap, whereas the emission intensity
gradually decays up to the appearance of narrow bright
current channels similar to long sparks. During the grow-
ing and merging of such channels the UHF-emission is
not observed. By employing the developed methods to
obtain the data on the spectral and temporal characteris-
tics of the UHF-radiation signals, it is demonstrated that
the registered UHF-emissions are composed of multiple
single bursts, with their duration being comparable to or
shorter than 1 ns, which follow each other with a charac-
teristic delay shorter than 1 ns on average. The observed
UHF-emissions are characterized by frequencies within
1–6 GHz, with the characteristic power of the bursts be-
ing decreased from 1 to 6 GHz by a factor of approxi-
mately 3.5 and 8.8 for the positive and negative polarities
of the applied HV-pulse. Very high frequencies are con-
centrated directly in the time regions occupied by single
bursts as well. The distributions of the localized UHF-
radiation sources are obtained for both polarities of the
HV-pulse applied to the long discharge gap. It is shown
that from a statistical point of view with both polarities
the vast majority of the sources are concentrated in the
near-electrode regions. On the example of single shots
the characteristic dynamics of the discharge structure in
the localized UHF-emission regions is demonstrated. It
is found that the generation mechanism of intense UHF-
radiation in a laboratory high-voltage discharge cannot
be unambiguously associated with such basic processes
as the head-on collision of opposite-polarity streamers or
the interaction of single streamers with the near-electrode
plasma at the surface of metal electrodes. We discovered
that the observed region of the UHF-emission serves as
a precursor of the process of the intensive plasma devel-
opment in a certain discharge region, whereinto a bright
counterstreamer comes a bit later.

Thus, the study reveals the interesting phenomena ac-

companying the development of a laboratory atmospheric
discharge. The findings provide a deeper insight into the
radio emissions driven by the streamer formation pro-
cesses. The data obtained on the UHF-emissions can be
helpful in investigating broadband radio emissions gen-
erated in thunderstorms.
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Appendix: Signal processing

The registered UHF-radiation signals are broadband,
and single bursts of such an electromagnetic emission fol-
low each other rapidly over hundreds of nanoseconds. At
the same time, to provide a deeper insight into the UHF-
emissions, their frequency characteristics should be lo-
calized in time, while preserving a reliable resolution in
both the time and frequency domains according to the
uncertainty principle, ∆f × ∆T ≥ 1. A single burst
is considered as a process with duration ∆T and effec-
tive bandwidth ∆f , which contains about 90% of the
signal energy concentrated in ∆T . It was established
in [8] that the majority of bursts have a duration shorter
than 1 ns, with a delay between adjacent bursts being
also no longer than 1 ns. Therefore, it is reasonable to
evaluate the burst frequency characteristics in time peri-
ods no longer than 1 ns, i.e. resolve the basic structure
of the signals, understanding that the spectral resolu-
tion is bounded from below at 1 GHz. Nevertheless, it is
advantageous in terms of the frequency response of the
employed UWB antennas, see Fig. 1(f).
By taking into account the noted facts, we devel-

oped a practical method (closely related to the idea of
the Short-time Fourier Transform) to localize the fre-
quency characteristics of the UHF-emissions in time, the
main essence of which is as follows. Time interval ∆
of a useful signal is first determined. Short time period
∆∗ = [tk − T ∗; tk + T ∗], the duration of which is 1 ns
(T ∗=0.5 ns), is then defined for each time point tk in
∆. By switching to instantaneous power P (t) of the sig-
nal, we perform Fourier transform F in each introduced
time interval ∆∗. To improve the estimation of the sig-
nal spectrum and reduce edge effects, each time interval
∆∗ is expanded up to ∆ and supplemented with time
points having zero power values. After this procedure in-
verse Fourier transform Pf∗=F−1(F(P (t)))|f∗ is applied
for particular harmonic f∗, and continuous function Pf

is constructed employing obtained values Pf∗ , which are
attributed to particular time point tk. The smoothness of
Pf (t) is achieved by evaluating it with a frequency step of
10 MHz. The discussed procedure is performed for each
time point tk with a 50-ps time step. The obtained dis-
tributions of Pf (t) are then employed to construct a con-
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tinuous map (spectrogram) of the signal spectrum, which
describes the local trend in the instantaneous power of
the UHF-radiation signal in the time and frequency do-
mains, see Figs. 5 and 10. The spectrogram intensity
is given in a color palette and clearly demonstrates the
evolution of the dominant frequency components of the
UHF-radiation signal. Notably, the signal attenuation
in the employed cables was evaluated and taken into ac-
count when computing the spectrograms.

By constructing spectrograms, we also calculate char-

acteristic burst profile P
∗
f as a function of frequency f .

To this end, spectrograms for numerous UHF-radiation

signals are obtained and subjected to tracing in narrow
frequency interval ∆f∗ = 10 MHz. In each interval
∆f∗ we look for power maxima P

max

∆f∗ above the noise
level (computed for each ∆f∗), which fulfill the criterion:
there is no secondary maximum in tFWHM (full width at
half maximum) introduced for the considered maximum.
The criterion is used to exclude bursts which are merged
together, e.g. because of the interference of numerous
sources. The resultant burst profile is computed as av-

erage P f=1/M
∑M

m=1 P
max

m (∆f∗), where M is the total
number of all bursts resolved in ∆f∗. The corresponding
burst profiles can be found in Figs. 5 and 10.
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et al., Interferometric imaging of intensely radiating neg-



20

ative leaders, Physical Review D 105, 062007 (2022).
[22] X.-M. Shao, D. Jensen, C. Ho, P. Graham, W. Haynes,

M. Caffrey, E. Raby, C. Meierbachtol, D. Hemsing, and
R. Sonnenfeld, Three-dimensional broadband interfero-
metric mapping and polarization (bimap-3d) observa-
tions of lightning discharge processes, Journal of Geo-
physical Research: Atmospheres 128, e2022JD037955
(2023).

[23] F. Horner and P. Bradley, The spectra of atmospherics
from near lightning discharges, Journal of Atmospheric
and Terrestrial Physics 26, 1155 (1964).

[24] M. Brook and N. Kitagawa, Radiation from lightning dis-
charges in the frequency range 400 to 1000 mc/s, Journal
of Geophysical Research 69, 2431 (1964).

[25] K. Zonge and W. Evans, Prestroke radiation from thun-
derclouds, Journal of Geophysical Research 71, 1519
(1966).

[26] E. Kosarev, V. Zatsepin, and A. Mitrofanov, Ultrahigh
frequency radiation from lightnings, Journal of Geophys-
ical Research 75, 7524 (1970).

[27] R. Harvey and E. Lewis, Radio mapping of 250-and 925-
megahertz noise sources in clouds, Journal of Geophysical
Research 78, 1944 (1973).

[28] V. Fedorov, Y. A. Frolov, and P. Shishkov, Millimetric
electromagnetic radiation of a lightning return stroke,
Journal of Applied Mechanics and Technical Physics 42,
392 (2001).

[29] A. Agafonov, A. Bagulya, O. Dalkarov, M. Negodaev,
A. Oginov, A. Rusetskiy, V. Ryabov, and K. Shpakov,
Observation of neutron bursts produced by laboratory
high-voltage atmospheric discharge, Physical review let-
ters 111, 115003 (2013).

[30] A. Agafonov, V. Bogachenkov, A. Chubenko, A. Ogi-
nov, A. Rodionov, A. Rusetskiy, V. Ryabov, A. Shep-
etov, and K. Shpakov, Observation of hard radiations in
a laboratory atmospheric high-voltage discharge, Journal
of Physics D: Applied Physics 50, 165202 (2017).

[31] A. Agafonov, A. Oginov, A. Rodionov, V. Ryabov, and
K. Shpakov, Anisotropy in hard bremsstrahlung from
a high-voltage laboratory simulation of an atmospheric
discharge, Plasma Sources Science and Technology 28,
095014 (2019).

[32] E. V. Parkevich, A. I. Khirianova, T. F. Khirianov, I. S.
Baidin, K. V. Shpakov, A. A. Rodionov, Y. K. Bolotov,
V. A. Ryabov, Y. K. Kurilenkov, I. S. Samoylov, S. A.
Ambrozevich, and A. V. Oginov, Electromagnetic emis-
sions in the mhz and ghz frequency ranges driven by the
streamer formation processes, Phys. Rev. E 106, 045210
(2022).

[33] F. B. Gross, Frontiers in antennas: next generation de-
sign & engineering (McGraw-Hill Education, 2011).

[34] C. A. Balanis, Antenna theory: analysis and design (John
wiley & sons, 2015).

[35] R. J. Thomas, P. R. Krehbiel, W. Rison, S. J. Hun-
yady, W. P. Winn, T. Hamlin, and J. Harlin, Accu-
racy of the lightning mapping array, Journal of Geophys-
ical Research: Atmospheres 109, 10.1029/2004JD004549
(2004).

[36] A. Englesbe, J. Elle, R. Schwartz, T. Garrett, D. Wood-
bury, D. Jang, K.-Y. Kim, H. Milchberg, R. Reid,
A. Lucero, et al., Ultrabroadband microwave radiation
from near-and mid-infrared laser-produced plasmas in
air, Physical Review A 104, 013107 (2021).

[37] P. Kochkin, Understanding lightning: experiments on

meter long discharges and their x-rays, PhD diss.,
Eindhoven University of Technology 10.6100/IR783261
(2014).

[38] S. Vayanganie, V. Cooray, M. Rahman, P. Hettiarachchi,
O. Diaz, and M. Fernando, On the occurrence of ‘bead
lightning’phenomena in long laboratory sparks, Physics
Letters A 380, 816 (2016).

[39] S. Nijdam, J. Teunissen, and U. Ebert, The physics of
streamer discharge phenomena, Plasma Sources Science
and Technology 29, 103001 (2020).

[40] E. Bazelyan and N. Popov, Stepwise development of a
positive long spark in the air, Plasma Physics Reports
46, 293 (2020).

[41] S. Huang, W. Chen, Z. Fu, Y. Fu, N. Xiang, X. Qiu,
W. Shi, D. Cheng, and Z. Zhang, Separate luminous
structures leading positive leader steps, Nature Commu-
nications 13, 3655 (2022).

[42] Y. Fu, W. Chen, Y. Zhao, L. Ding, Z. Fu, N. Xiang,
X. Qiu, J. Gu, Z. Pei, Z. Zhang, et al., Observations
of the breakthrough phase of attachment process in lab-
oratory long sparks, Geophysical Research Letters 49,
e2022GL099193 (2022).

[43] S. Huang, W. Chen, Z. Fu, N. Xiang, Y. Ding,
D. Cheng, J. Gu, and Z. Pei, On the step type of con-
tinuous propagating positive leader in laboratory-scale
long spark discharges, Geophysical Research Letters 49,
e2022GL097890 (2022).

[44] J. Hill, M. Uman, and D. Jordan, High-speed video obser-
vations of a lightning stepped leader, Journal of Geophys-
ical Research: Atmospheres 116, 10.1029/2011JD015818
(2011).

[45] M. M. Saba, C. Schumann, T. A. Warner, M. A. S.
Ferro, A. R. de Paiva, J. Helsdon Jr, and R. E. Orville,
Upward lightning flashes characteristics from high-speed
videos, Journal of Geophysical Research: Atmospheres
121, 8493 (2016).

[46] Y. Liu, X. Wang, X. Liu, L. Liu, G. Liu, M. Liao, L. Qu,
B. Luo, H. Cai, J. He, et al., Branching morphology of
negative leaders with different propagation directions in
natural lightning, Atmosphere 13, 1217 (2022).

[47] M. M. Saba, D. R. R. da Silva, J. G. Pantuso, and C. L.
da Silva, Close view of the lightning attachment process
unveils the streamer zone fine structure, Geophysical Re-
search Letters 49, e2022GL101482 (2022).

[48] P. F. Wilson, A. R. Ondrejka, M. T. Ma, and J. M. Lad-
bury, Electromagnetic fields radiated from electrostatic
discharges: Theory and experiment (1988).

[49] B. M. Bolotovsky and A. V. Serov, Radiation from a
moving dipole of finite dimensions [in russian], Bulletin
of the Lebedev Physics Institute , 13 (2007).

[50] L. Guo, H.-W. Zhang, and H.-C. Wu, High-frequency
radio-wave emission by coherent transition radiation of
runaway electrons produced by lightning stepped lead-
ers, Physics of Plasmas 29, 093102 (2022).

[51] V. Cooray, G. Cooray, M. Rubinstein, and F. Rachidi,
Ionization waves enhance the production of x-rays during
streamer collisions, Atmosphere 12, 1101 (2021).

[52] N. Petrov, Synchrotron mechanism of x-ray and gamma-
ray emissions in lightning and spark discharges, Scientific
Reports 11, 19824 (2021).

[53] P. Kapitza, High power electronics, Soviet Physics Us-
pekhi 5, 777 (1963).

[54] S. A. Kaplan and V. N. TSytovich, Plasma radiation
mechanisms in astrophysics, 55 (Air Force Cambridge



21

Research Laboratories, Office of Aerospace Research,
1969).

[55] D. Melrose, Collective plasma radiation processes, An-
nual review of astronomy and astrophysics 29, 31 (1991).

[56] M. V. Kuzelev and A. A. Rukhadze, Waves in inho-
mogeneous plasmas and liquid and gas flows. analogies
between electro-and gas-dynamic phenomena, Physics-
Uspekhi 61, 748 (2018).

[57] X. Shao and P. Krehbiel, The spatial and temporal de-
velopment of intracloud lightning, Journal of Geophysical
Research: Atmospheres 101, 26641 (1996).

[58] W. Winn, G. Aulich, S. Hunyady, K. Eack, H. Edens,
P. Krehbiel, W. Rison, and R. Sonnenfeld, Lightning
leader stepping, k changes, and other observations near
an intracloud flash, Journal of Geophysical Research: At-
mospheres 116, 10.1029/2011JD015998 (2011).

[59] Z. Han, Z. Chun, G. Shanqiang, F. Wanxing, W. Haitao,
L. Enze, G. Juntian, and T. Hantao, Lightning imaging
with thunder using broadband direction-of-arrival esti-
mation technique, in 2016 33rd International Conference
on Lightning Protection (ICLP) (IEEE, 2016) pp. 1–7.

[60] R. J. Blakeslee, T. J. Lang, W. J. Koshak, D. Buech-
ler, P. Gatlin, D. M. Mach, G. T. Stano, K. S. Virts,
T. D. Walker, D. J. Cecil, et al., Three years of the
lightning imaging sensor onboard the international space
station: Expanded global coverage and enhanced appli-
cations, Journal of Geophysical Research: Atmospheres
125, e2020JD032918 (2020).

[61] J. Johnson, R. Arechiga, R. Thomas, H. Edens, J. An-
derson, and R. Johnson, Imaging thunder, Geophysical
research letters 38, 10.1029/2011GL049162 (2011).

[62] T.-K. Hong, S. Park, D. Chung, and B. Kim, Inversion
of acoustic thunder source spectral model from thunder-

induced seismic waves in megacity, Geophysical Journal
International 233, 107 (2023).

[63] O. Scholten, B. Hare, J. Dwyer, N. Liu, C. Sterpka,
S. Buitink, T. Huege, A. Nelles, and S. ter Veen, Time
resolved 3d interferometric imaging of a section of a neg-
ative leader with lofar, Physical Review D 104, 063022
(2021).

[64] B. Hare, O. Scholten, A. Bonardi, S. Buitink,
A. Corstanje, U. Ebert, H. Falcke, J. Hörandel, H. Lei-
jnse, P. Mitra, et al., Lofar lightning imaging: Mapping
lightning with nanosecond precision, Journal of Geophys-
ical Research: Atmospheres 123, 2861 (2018).

[65] N. Liu, O. Scholten, J. R. Dwyer, B. M. Hare, C. F.
Sterpka, J. N. Tilles, and F. D. Lind, Implications of
multiple corona bursts in lightning processes for radio
frequency interferometer observations, Geophysical Re-
search Letters 49, e2021GL097367 (2022).

[66] C. Sterpka, J. Dwyer, N. Liu, B. Hare, O. Scholten,
S. Buitink, S. t. Veen, and A. Nelles, The spontaneous
nature of lightning initiation revealed, Geophysical Re-
search Letters 48, e2021GL095511 (2021).

[67] C. Sterpka, J. Dwyer, N. Liu, N. Demers, B. Hare,
O. Scholten, and S. ter Veen, Ultra-slow discharges that
precede lightning initiation, Geophysical Research Let-
ters 49, e2022GL101597 (2022).

[68] N. Y. Liu, O. Scholten, B. M. Hare, J. R. Dwyer, C. F.
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