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Abstract

®

CrossMark

When voltage pulses of 1 MV drive meter long air discharges, short and intense bursts of
x-rays are measured. Here we develop a model for electron acceleration and subsequent
photon generation within this discharge to understand these bursts. We start from the
observation that the encounter of two streamers of opposite polarity launches the electrons,
that they are further accelerated in the discharge field and then lose their energy, e.g., by
photon emission through Bremsstrahlung. We model electron and photon dynamics in space
and energy with a Monte Carlo model. Also the detector response to incoming photons is
modelled in detail. The model justifies the approximation that the x-ray bursts are isotropic
in space; this assumption is used to conclude that x-ray bursts near the high-voltage electrode
with 6 - 10* photons and characteristic energies of 160 keV closely reproduce the measured
spectra and attenuation curves. The nanosecond duration of the bursts as well as their energy

spectrum is consistent with model calculations.

Keywords: discharge, streamer, run-away electron, x-ray, high-voltage

(Some figures may appear in colour only in the online journal)

1. Introduction

1.1. Generation of X- and gamma-rays in pulsed air
discharges

The generation of x-rays in lightning was predicted in 1925
[1] and observed in impulse spark discharges in late 1960s
[2, 3]. More recently hard radiation has been detected both
in thunderstorms and in MV laboratory discharges [4—15].
Microsecond fast x-ray bursts were recently detected in an
aircraft in association with lightning discharges [16]. In addi-
tion, nanosecond short electron avalanches and accompanying
x-ray emission in gas-filled diodes were investigated in Russia
(see [17] and citations therein).

Current models for the high-energy radiation rely upon
the energy dependence of the effective electron friction force
[18, 19]. In the rapidly developing discharge, regions of high

0963-0252/16/044002+16$33.00

electric fields exist near streamer or leader ionization fronts.
There thermal electrons can receive a kick to overcome the
friction and be accelerated in the field to high energies in a
run-away process. This process occurs both in the propaga-
tion of lightning leaders and in laboratory discharges. For
laboratory discharges the encounter of positive and negative
steamers has been proposed as kick-off hot spot for electrons
[20], which was later confirmed with nanosecond fast photo-
graphs in [14, 21]. Similar processes between leader stem and
so-called space leaders might occur when negative lightning
leaders propagate in a stepped manner. But direct observations
of the space leader are difficult and rare [22]. Once acceler-
ated to high energy, the electrons generate X or 7-rays in col-
lisions with air molecules through Bremsstrahlung.

In this paper we develop models to describe the x-rays in
our laboratory measurements [15, 21] with negative voltages

© 2016 IOP Publishing Ltd  Printed in the UK
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Figure 1. Sketch of the different physical regions discussed in this
paper: region 1 is the interior of the discharge where the electrons
are accelerated into the run-away regime. Region 2 is between
discharge and detector where electron energies are maximal and
most high energy photons are generated. Region 3 is the x-ray
detection facility.

of 1 MV. The advantage of a laboratory environment is that
discharges can be accurately diagnosed; a disadvantage is that
the setup limits the voltages to the MV range which is small
compared to natural lightning. Nevertheless, discharges with
up to 1 MV are in an interesting transition regime, as the rest
mass of an electron is 511 keV. As a result, above roughly
500 keV electron energy the photons will be more relativ-
istically beamed in the forward direction while at lower
energies the photon emission is more isotropic. We include
some calculation results to study the transition, although it is
unlikely that MeV electrons occur in our experimental setup.
To understand the relation between the discharge and the
measured x-ray bursts, a number of processes are investigated
in this paper that are sketched in figure 1. First, there is evi-
dence that the initial electron acceleration occurs in encounters
of streamers of different polarity near the negative electrode,
in region 1 in the sketch. As there are no models available yet
for the full complexity of such a discharge, we assume for
simplicity that electron bursts with energies in the range of
40-100 keV are emitted from this region. In section 3.1, we
introduce a simplified model for the electric field in the active
discharge and calculate the electron gain and loss of the elec-
trons when traveling outward on this field. According to our
estimates they can reach energies of 500-600 keV just outside
the active discharge region. Then in section 3.2 the x-ray gen-
erating from such electrons is discussed, and in section 3.3
a Monte Carlo model for electron and photon dynamics is
introduced, as previously used in [23]. In section 3.4, the elec-
tron motion in the region outside the discharge (region 2 in
figure 1) is calculated, taking the electric field into account,
and in section 3.5 the distribution of the generated photons
in space and energy is discussed. Section 3 deals with the
arrival of x-rays and fast electrons at the detector in region 3,
and with the simulation of the detector response and with the
interpretation of the measurements. An important question is

whether the x-ray detector signals should be attributed purely
to photons, or whether high-energy electrons can reach the
detectors as well. Second, to determine the x-ray generation
rate of the discharges, the intensity and the spectrum, we
model the detector and the absorbers when placed in front
of it. These results are specific for our setup, but the applied
method is general.

We focus on our laboratory measurements of negative and
positive discharges with voltage pulses of 1 MV in the wide
free space of the high voltage hall. Therefore we exclude from
our discussion those cases where the discharge is supported
by relativistic electrons from external sources, or where the
high energy photons are generated through collisions of ener-
getic electrons with metal electrodes as in [10].

2. Our previous observations on discharge
development and x-ray emissions

The experiments were carried out with the 2.4 MV Marx gen-
erator at Eindhoven University of Technology. Discharges in
ambient air between two conical electrodes were described
in [7, 14] for positive voltages and in [7, 15, 21] for nega-
tive voltages. For the sake of completeness, we briefly
summarize the main aspects of the setup and we recall the
essential observations needed to develop our model. The
maximum applied generator voltage was 1 MV; the rise
time was 1.2 ps. The distance between the electrodes was
1 m, see figure 2. The tip of the grounded electrode was at
0.5 m above the ground. The electric current on both elec-
trodes and the voltage were recorded by probes connected
to high-speed digital oscilloscopes. EMC cabinets assured
protection against electromagnetic interference. The x-rays
were registered by two fast LaBr; scintillation detectors.
The detector output is directly recorded on the digital oscil-
loscopes. Images of the optical emission were made by a
Picos4 camera with nanosecond time resolution. Other
details are provided in section 4.

2.1 Positive discharges

In [14] we presented time-resolved images and showed
that positive streamers continuously grow downward from
the high voltage electrode (anode) while the voltage keeps
rising. When the streamers approach the grounded electrode
(cathode) negative counter-streamers emerge, grow upward
and encounter the positive streamers. The merger of streamers
and counter-streamers coincides with the maximal occurrence
of x-ray bursts. Recorded photon energies are 30 keV and
higher; lower energy photons probably occur in larger number,
but they are strongly absorbed in air and in the detector’s
aluminum casing. X-rays have never been detected before a
current flows at the cathode, or before the negative counter-
streamers are emitted. A fakir’s bed cathode with many pins
(see details in [14]) creates more negative counter-streamers,
and also more x-ray bursts. We noted that the x-ray bursts
coincide with high-frequency oscillations of the cathode
current that are probably produced by such encounters.
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Figure 2. Sketch of the experimental set-up. The positions of the x-ray scintillator detectors are labeled from A to H; they are all in the

same vertical plane. Dashed cones indicate the detector field of view
The distance between the Marx generator and the spark gap is 10.65
figure is reproduced from [21].

We therefore conclude in [14] that the encounters of nega-
tive and positive streamers are a condition for the x-rays.
Experiments with lead collimators demonstrate that the x-rays
originate from the region close to the cathode. The anode
voltage is still rising at that moment, and has a value of 0.9-1
MYV at the begin of the x-ray emission.

2.2. Negative discharges

The appearance of negative discharges has been discussed
in [15], and their x-ray generation in [21]. In this work we
analyse the x-ray source. In contrast to positive discharges,
negative streamers propagate in bursts or steps that are asso-
ciated with current pulses on the cathode. In each burst,
the streamers in the corona propagate with a velocity of
(2.0+£0.5) x 10° m s~!. The maximum extension of each
burst is reasonably approximated by the instantaneous
applied voltage U(r) divided by the so-called stability field
of 10-12kV cm™! for negative streamers, so the stepping
process seems to be related to the slow rise time of 1.2 us
of the voltage and the high velocity of negative streamers.
We recall that negative streamers have a minimal velocity
[24, 25]. When the electrode tips are 107 cm apart, positive
counter-streamers emerge from the grounded anode during
the fourth streamer burst. Again, only then streamers of both
polarities encounter and x-rays occur. However, when the
separation of electrode tips is increased to 147 cm or larger,
the peak of the x-ray emission occurs before any counter-
streamers show up, and negative streamers only occasionally
meet positive counter-streamers from the anode; see figure 3.
X-ray bursts have even been observed without final break-
down of the gap, which implies that the counter-streamers
from the anode are not a necessary condition for x-rays.
Nevertheless, x-ray bursts are always accompanied by the
high-frequency cathode current oscillations. Measurements
with the lead collimators again confirm that 2/3 of the emis-
sion occurs near the cathode. To locate the source of the
x-ray bursts we zoomed in on the cathode region with nano-
second fast photography during the discharge development;

when the detector F” is placed inside a lead cylindrical collimator.
m. The upper right inset shows the correctly scaled floor plan. The

see figure 4. There the negative discharge develops through
the formation of so-called ‘pilot systems’ [26] in the region
pre-ionized by earlier streamers. Pilots are bipolar structures
that grow in both directions—from and towards the high-
voltage electrode. Again, positive and negative discharge
channels (streamers) occur and encounter each other simulta-
neously with the peak of x-ray emission. This happens during
the fourth streamer burst when the voltage has reached a
value of 0.7-0.9 MV. For other interesting effects of previous
discharges on streamer development, see [27, 28].

3. Modeling the electron motion and x-ray
generation

3.1. Average electron acceleration in an approximated
electric field

In both positive and negative discharges x-rays originate
in a region close to the cathode when negative and positive
streamers meet nearby. That negative streamers can emit elec-
trons that run away in the high field near the streamer head
and create x-rays by Bremsstrahlung was shown already in
[29-32]. In our measurements at 147 cm electrode distance
a space stem acts as anode. The cathode region is a dense
forest of streamers and pilot systems, as shown in figure 4.
With such complexity it appears unlikely that a single electron
energy distribution describes all processes involved. But only
a small fraction of the electrons needs to reach high energies
to explain the observed x-ray intensity. Cooray [20] suggested
that the electron acceleration might be particularly efficient
when a negative streamer approaches a positive one. If such
process occurs near the cathode, the electron receives a kick-
off with an initial kinetic energy Kj that will increase further
within the electric field in the discharge. According to [19], an
initial kinetic energy of Ky = 32 keV is required for electron
run-away in a field of 10kV/cm, which is the stability field Ej
in a negative streamer at standard temperature and pressure
(STP, 300 K and 1 bar).
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Figure 3. Left: the negative discharge at the moment of an x-ray burst, taken with an exposure time of 0.1 us from 0.45 to 0.55 us; the
burst happens at the middle of this time interval. A sketch of the geometry of the discharge and the electric field parameters are inserted.
The faint trace between the electrodes is due to the intense light of the final arc after 3 ps that leaked through the intensifier even though
it was closed. The distance between the electrode tips is 147 cm. Right: electrical parameters of the discharge (upper panel) together
with x-ray measurements (lower panel). One x-ray burst is detected by both detectors simultaneously when they were located at position
F next to each other. The x-rays also coincide with the onset of the fourth streamer burst, as shown by the current on the high-voltage

electrode Iyy.
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Figure 4. Zoom of the region under the cathode at x-ray time,

showing a dense bundle of streamers, counter streamers and pilot
systems.

We now introduce a simplified model for the electric field
distribution in the active discharge. We assume that the corona
forms a sphere of radius ¢, as indicated in figure 3, and that
the electric field in all streamers is constant and equal to the
so-called stability field E;, and that the electric field in this
region points radially outwards from the cathode located at
r = (x,y,z) = 0. Because of continuity of the parallel E-field
component, the corona sphere shares with the streamers a con-
stant radial field of strength E; for all radii r = |r| < ¢. When
the voltage on the electrode is U(0) < 0, one has

U) = U©0) — Et ey

with E; < 0 pointing inwards. Beyond r = ¢ there are no
streamers yet, and in continued spherical approximation the
electric potential outside the corona is

UGr) = w P

The corresponding electric field vector E(r) then reads as

E r l
E(r):{sr’ r<

Ul #r%, r>1, )

where T is the unit vector in the radial direction. This expres-
sion neglects the shape of the high voltage electrode, and
should thus be considered as an approximation for small r. At
large r it does not account for the EMC cabinets, the conduc-
tion laboratory floor and the anode post that tend to enhance
the field. We have U(0) = —1 MV and ¢ = 0.6 m at x-ray
time, as indicated in figure 3.

The kinetic energy of electrons as a function of travelled
radius r can now be estimated by numerical integration of
energy gain and loss over a radially outward directed electron
path. The electron is kicked off near the cathode (for the sake of
simplicity we assumed at » = 0) with a kinetic energy K. For
the friction force we use the NIST data [19] and for the energy
gain the electric field of equation (3). The result is shown in
figure 5. A tortuous electron path can be accommodated by an
ad-hoc increase of the friction force, for instance by a factor
of 1.2 (1.4) as shown in figure 5 by dashes (dash—dots). In
this model, the maximal kinetic electron energy K,, is reached
outside the corona sphere at ra 1 m, resp. 0.9 m (0.8 m),
nearly independently of Kj. The maximal distance R, that
the electrons can travel until all kinetic energy is exhausted,
varies between 2 and 3.7 m. Indeed, electrons may arrive at
the EMC cabinet with the x-ray detectors, and even with sub-
stantial kinetic energy. The maximal kinetic energy K, of the
electrons is about 0.5 MeV, and it is reached at about 1 m
distance. This would be the region of maximal photon pro-
duction, and also of the photons with the highest energies.
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Figure 5. Left panel: Kinetic energy of electrons for starting energies Ky = 40, 70 and 100 keV in the radial electric field of equation (3)
as a function of distance. Right panel: average travel distance R, (black, left scale) until energy loss, and maximum kinetic energy K, (red,
right scale) for electrons starting near the cathode with kinetic energy K for three values of the friction force: (——) original NIST data

[19], (- - - -) a factor of 1.2 larger, (— - —) a factor of 1.4 larger.

Naturally, electrons that run away at larger radii attain lower
energies. In passing we note that our experiments cannot dis-
tinguish between initial electron kick-off that occurs between
approaching streamers or at the tip of the resulting longer
streamer.

3.2. X-ray generation by electrons beams

Realistic models for the complete discharge corona with
streamers, counter-streamers and pilots, together with the
self-generated electric field, are not available. As mentioned
before, figure 4 shows an example of the streamer bundle near
the cathode at x-ray time. We continue with our pragmatic
approach, and start now with an electron beam with energy suf-
ficient to generate the x-rays, and we provide approximations
to determine the geometry and opening angle an x-ray burst
would have. For this reason, we do not model the streamer
encounter but calculate the electron motion once accelerated
including the electric field outside the discharge region r > ¢,
as described in the previous section. We consider initial elec-
tron energies above 100 keV, as electrons with lower energy
are unlikely to produce photons with energies above 30 keV.
Still, the lower energy electrons can liberate secondary elec-
trons by photoionization; but again, the secondaries cannot
attain sufficient energy for x-ray generation. Therefore we
limit our model to electron energies between 100 keV and 1
MeV, the latter being the maximum any electron could pos-
sibly attain with our voltage.

Furthermore we use the fact that the fast electrons and their
products do not interact, hence assuming that the space charge
effects of the run-away electrons is negligible. Then the super-
position principle holds which states that the products of an
electron beam with given energy and angular distribution is
given by the products of monoenergetic and unidirectional
electron beams weighted with the energy and angular distri-
bution of the electrons at the beam origin.

3.3. Microscopic interactions and set-up of the Monte Carlo
model

To calculate the history of electrons and photons, we use
a three dimensional Monte Carlo code as introduced in

4.5

'NIST ——
4+ Simulation results —«—

3.5
3
2.5
2
1.5
1
0.5
0

X [m]

0 0.2 0.4 0.6 0.8 1
Ko [MeV]

Figure 6. The simulation results and NIST data of the average
path length X until full energy loss of electrons for different
monoenergetic electron beams with initial energies Kj.

[23, 33, 34]. The particles follow their classical or relativistic
motion, and collide with a random background of air mol-
ecules at STP. As scattering processes for the electrons we
include elastic electron molecule scattering [35-40], molec-
ular excitations [35, 41], electron impact ionization [42],
electron—nucleus Bremsstrahlung [43—45] and the attachment
[41, 46, 47] of electrons to oxygen, as previously used in [30,
32-34, 48-50]. Details on the implementation of the angle
of elastic scattering and the energy splitting for an ionization
event can be found in [33]. We note here that electron—elec-
tron Bremsstrahlung will not contribute to the photon spec-
trum since this process is only important for electron energies
above 1 MeV [34].

We treat the photons as particles moving with the speed of
light and we include photoionization [51], Compton scattering
[52, 53], pair production [45] and Rayleigh scattering [54].
The same code was used to simulate the production of pho-
tons, positrons and hadrons as well as the motion of photons
and positrons in the vicinity of lightning leaders [23].

For the validation of our Monte Carlo code we simulated
electron showers of 1000 electrons with initial energies of
100 keV, 200 keV, ..., 1 MeV without electric field, and we
tracked the average distance X where the electrons lose all
their energy; X is equivalent to R,, of section 3.1. Figure 6
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Figure 7. Left: trajectories of 50 electrons that start at » = 0.6 m all in the same direction radially outward with an energy K, = 600 keV,
projected onto the (x, z) plane. The electric field E(r) is given by equation (4). Right: trajectories for Ky = 1 MeV and r = 1.5 m.
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Figure 8. Position and energy of photons generated after 7 ns (during which time photons travel a distance of 2.1 m). We start with

500 000 electrons at r = 0 that move in the z direction (indicated by the arrow vp) in STP air without background electric field. The electrons
initially have energy Kj. The energies E,, of the bremsstrahlung photons are color coded; only energies E, > 30 keV are included. The three
panels show projections onto the transversal xz-plane for beams with electron energies of Ko = 100 keV (a), 400 keV (b), and 1 MeV (c).

compares our results with the NIST data [19]. From the
acceptable agreement we conclude that the code gives reliable
results within the accuracy needed for our goals.

3.4. Electron dynamics in the radial electric field

Again, we assume that the edge of the corona is at £ = 60 cm
from the electrode tip, and that the voltage on the electrode
has reached U(0) = —1 MV. According to the approximation
introduced in section 1.1, the radial electric field outside the
streamer corona (r > /) is

240kVm
— 7T

E(n) = — =5 F.

@)
where r is the distance from the high voltage electrode. We
simulate a beam of 50 electrons with initial kinetic energy
Ky = 600 keV on the edge of the corona at 7y = 0.6 m, equiv-
alent to 1.4 m from the detector at position F in figure 2. The
value of the electric field is 6.7kV cm™! at r=0.6 m.
The initial direction of the electron beams is radially outward.
The left panel of figure 7 shows the trajectory of all electrons
projected onto the (x, z) plane.

Some electrons first gain energy up to about 800 keV
before the friction force takes over. The calculation stopped at

30 keV as this is the detection limit of our detectors. The right
panel show similar results for electrons that start with Ky = 1
MeV at r= 1.5 m. For both values of Kj, many electrons
travel more than 2 meter in the r-direction; these can reach
the EMC cabinet with the detectors. At r = 2 m the 600 keV
beam spreads over approximately 35°, hence the beam is
slightly focused in the initial direction. For 1 MeV we find
spreading over 20°.

3.5. Photon distribution

We calculated the Monte Carlo history of a beam of 500 000
electrons injected in a region at STP but without electric field.
The injection point is the origin of the coordinate system,
and the direction is taken along the z-axis as indicated by the
arrows Vo in figure 8. The dots show the distribution of the
resulting photons after 7 ns, where we projected the positions
onto the xz-plane and applied color coding for the photon
energy E,. Only detectable photons with E, > 30 keV are
included. The initial electron energy Ky is 100 keV in panel
(a), 400 keV in panel (b), and 1 MeV in panel (c). Clearly,
the photons are rather isotropically distributed in panel (a),
and increasingly beamed in panels (b) and (c). Most of the
energetic photons are produced immediately after injection.
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Figure 9. Properties of the burst of photons with energies E, > 30 keV as a function of the energy Ko = 100, ..., 1000 keV of the electrons
in the initial beam, evaluated with beams of 500 000 electrons each, without field. (a) The number 7, of photons, expressed as fraction per
electron. The dashes show the fit equation (5). (b) The average opening angle (O) of the photon beam for different threshold energies. The

dashes show fit equation (6).

Table 1. The Monte Carlo derived number of photons n., for three
thresholds of E, derived from 500 000 electrons with kinetic energy
Ko in STP air.

Table 2. The Monte Carlo derived average angle (©) of photon

emission for three energy thresholds E,, produced by 500 000
electrons with kinetic energy Ey in STP air.

Ko (MeV) 0.1 0.2 0.4 0.8 1 Ey (MeV) 0.1 0.2 0.4 0.8 1

E,>30keV 1033 5043 18742 63588 95125 E,>30keV 352 24.4 17.2 12.7 113
Equation (5)  1.56-10% 5.3-10° 18.1-10% 62-10° 92-10° Equation (6)  35.0 24.7 17.5 12.4 11.1
E,>50keV 330 2583 11568 44433 69063 E,>50keV 341 24.0 17.4 12.5 11.2
E,>100keV — 513 4542 23702 39324 E,>100keV — 24.5 17.0 12.4 11.1

The broad distribution of positions in the figure arises from
the projection, and many of the photons are found close to
a sphere of radius 2.1 m around the origin. The increasing
photon anisotropy is a relativistic effect, that becomes more
pronounced at electron kinetic energies larger than the elec-
tron rest mass energy of 511 keV [45]. Naturally, the number
of energetic photons rises sharply with increasing Kj.

Figure 9 characterizes the bursts of photons with
E,>30 keV further for electron beams with K, between
100 keV and 1 MeV. Panel (a) shows the fraction 7., of gener-
ated photons above 30 keV per incident electron as a function
of electron energy. The dashed line is a tentative exponen-
tial fit, obtained by the nonlinear least-squares Marquardt—
Levenberg algorithm and omitting the uncertainty in the base,

; )

1.77+0.03
n(Eo) = 0.184 x (1 )

MeV

valid over the K, range mentioned. On average to generate one
photon with E,, > 30 keV requires 94 electrons with Ko = 200
keV or 5 electrons with Ky = 1 MeV. Table 1 summarizes the
Monte Carlo results and the numerical values of the fit where
we deliberately limited the number of digits in the results
of equation (5). The largest relative deviation by a factor of
1.5 occurs for the lowest energy Ky = 0.1 MeV. Panel (b) in
figure 9 shows the average angle (©) = 1/NY_ | ©; where ©;
is the angle of the ith photon relative to the direction of the
initial electron beam. The count i = 1--- N has been taken

over three ranges of photon energy E,, either above 30, or
50, or 100 keV. The small differences between (O) values for
the various E., thresholds indicate a major contribution by the
higher energy photons. From figure 8(a) one expects an iso-
tropic photon distribution for lower Ky, or (©) approaching
90°. It turns out that the (©) data for E, > 30 keV can be
approximated by the power law expression in K

. (6

K. —0.498+0.031
(©) = (11.10 £ 0.63)° - ( 0 )

1 MeV

where K is expressed in MeV, with the 95% confidence
interval indicated. The fit clearly shows the expected leveling
of (©) at Ky > 0.5 MeV. Anyway, the validity of the fit is
strictly limited to Ky > 0.1 MeV since it is not bounded for
Ky towards zero. For the sake of completeness we provide the
Monte Carlo numerical data in table 2. The underlying theor-
etical description still has to be developed.

Figure 10 shows the energy distribution of photons gen-
erated by beams of 500 000 electrons with energies Ky =
100keVinpanel (a),400keV inpanel (b)and 1 MeV in panel (c).
In order to have an acceptable scale at high energy we present
dn,/dIn E, rather than dn./dE,. The dots indicate the time
integrated energy distributions right at the moment when each
photon is generated, while the stars indicate the distributions
after approximately 7 ns when the photons have moved for
about 2 m. Clearly, the photon distribution is the same for dots
and stars at £, > 10 keV; such photons are hardly absorbed
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Figure 10. The energy distribution dn.,/d In E,, of the photons
produced by Bremsstrahlung by an electron beam with (a) Ky = 100
keV, (b) Ky = 400 keV, (¢) Ko = 1 MeV, without field. The stars
show the distribution after approximately 7 ns (which corresponds
to 2 m travel distance). The circles show the distribution of all
photons at the moment when they are produced, thus without later
energy losses. The solid lines show fit (7). The dotted line shows the
energy threshold of 30 keV.

when they travel 2 m through STP air. In contrast, photons
with energies between 100eV and 10 keV are mostly lost in
7 ns because of photoionization. This mechanism creates a
maximum in the distribution at E, between 20 and 30 keV
after 2 m in STP air.

The solid lines in figure 10 show the curve

dn'y do Ko d
~E S (Ko E /f de.2dE.,
dInE, ”dEV( 0B ) 4B @

where do/dE,, is the Bethe Heitler cross section for photon
production differential in E, [43, 44] and Ky, is chosen as
the maximum of the distribution which lies at 20 keV. The int-
egral in the denominator normalizes the right hand side for dif-
ferent electron energies K. Photons with energies comparable
to the initial electron energies are produced before electrons
lose energy through other scattering processes. Thus the Bethe
Heitler cross section energy is mainly useful to describe the
high-energy tail of the photon energy distribution. The elec-
trons also produce low-energy photons after they have already
scattered and lost energy. But equation (7) does not include
multiple scattering and thereby does not suit to describe the
photon distribution at low energy, e.g., below 30 keV.

4. Detector modelling and interpretation of the
measurements

A number of questions arise on how to correctly interpret the
striking features of the x-ray measurements on long labora-
tory sparks: the timing and nanosecond short duration of the
bursts, the spatial distribution of photons per burst, the spatial
distribution averaged over many discharges, the energy dis-
tribution and the influence of photon pile-up in the detector
on this energy distribution. In this section we address these
questions, aided by the results of the modelling described in
the previous one. We begin with a discussion of a detailed
Geant4 model of the LaBr3(Ce™) scintillation detector. The
model was verified in the laboratory by measurements of the
spectra and attenuation curves for different well known radia-
tion sources. The response of real and modeled detectors were
in good agreement. The model is then available for the inter-
pretation of the measurements.

4.1. X-ray detectors

Two LaBr3(Ce") scintillator detectors manufactured by
Saint-Gobain were mounted in EMC-cabinets and recorded
the x-rays. The scintillator is a cylinder of 38 mm in diam-
eter and height, with one flat surface connected to a special
Hamamatsu photomultiplier with a dynode divider adapted
for high speed photon counting. The scintillator has a fast rise/
decay time of 11/16 ns. The output of the photomultiplier is
recorded directly on the digital oscilloscope without the wave-
shaping electronics usually employed in photon counting.
This allows to distinguish individual pulses even when pile-up
occurs within the decay time of the scintillator. The linearity
of the detectors was tested on radiation from 2*'!Am, 37Cs,
%0Co and remains perfect up to 2.5 MeV, which is the total
absorbed energy from two gamma quanta of a ®°Co source
[55]. The high quality EMC cabinet blocks interference on the
photomuliplier output caused by the high-voltage discharge.
In many discharges no x-rays occurred and only the oscillo-
scope input noise was recorded. In some measurement series
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Figure 11. Comparison of measured and simulated spectra of 2*' Am, '¥’Cs and ®°Co radiation sources. Photo peaks and Compton edges
are visible. Background radiation is subtracted from the measured spectra.
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Figure 12. Comparison of measured and simulated attenuation curves. The LaBr; detector is placed in a lead tube, its face covered by
lead absorbers of different thickness. The '37Cs radiation source is located at 25 cm distance from the detector. The same procedure was
performed in Geant4. Measured and simulated attenuation curves show good agreement.

one detector was located inside a separate small EMC-cabinet
as indicated in figure 2. The total aluminum thickness between
the scintillator and surrounding area is 550 pm - equivalent to
1/e photon absorption at 37 keV.

4.2. The modelling of the detector response

A detailed Geant4 model of a LaBr; detector was created for fur-
ther analysis. The model was validated by the comparison of the
calculated and measured response on three radiation sources—
2 Am, ¥7Cs and %°Co. The sources were placed at 25cm
distance from the detector. Figure 11 shows the comparison
between measured and simulated spectra. The background was
subtracted from the measured values. The rapid cut-off at low
energies in measured Cs and Co spectra is caused by high trigger
level of oscilloscope. The photo-peaks are well visible together
with the Compton edge and Compton spectrum. The measured
spectra agree well with those calculated from the model.

The attenuation curves have been measured using lead
absorbers of different thickness. The LaBr; detector was

placed in a 1.5cm thick lead tube and its face was covered
by lead absorbers of different thickness. The '*’Cs radiation
source was placed at 25cm distance from the detector. The
Geant4 model of the setup included Compton scattering and
partial photon absorbtion in the scintillator and absorber, as
occurring in reality. Figure 12 shows the comparison of meas-
ured and simulated attenuation curves. The model agreed with
the measurements to within the experimental error. The com-
parison of spectra and absorption curves show that the Geant4
model suits for the interpretation of the x-ray measurements
generated by the discharges.

4.3. X-ray burst timing

As was previously shown in the experiments described in
[14, 21], x-rays are detected as nanosecond bursts. We pro-
vided photographic evidence that the streamer encounters act
as initial accelerators in [21], as discussed in section 3.1. An
example is given in figure 3, where two detectors simultane-
ously record an x-ray burst at the onset of a current pulse on
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Figure 13. The delay distribution between signals recorded by two detectors placed at position H next to each other. The sampling
collected over 100 x-ray bursts. The dashed line is a gaussian fit with 0.9 ns FWHM.

the high-voltage electrode. In this case two detectors were
placed at position H next to each other. Figure 13 shows the
delay distribution between signals accumulated over 100
x-ray bursts detected by the two detectors. The distribution
is symmetrical and peaking at zero, as it is supposed to be,
giving no preference to any detector of seeing bursts earlier
than the other.

The width of the peak is the measure of the photon source
size—the more narrow the peak, the more localized the
source. The full width at half maximum (FWHM) of 0.9 ns
limits the average photon source volume to 27cm diameter
sphere. An exception to this would be the case when electrons
move in the same direction as photons and produce photons at
distributed points along their path.

This agrees well with the simulations. As discussed in
section 3.5, the initial electron energy converted into photon
energy very rapidly. Even though some electrons can travel few
meters, due to periodic collisions they lose energy reducing
their radiation yield. The short x-ray bursts also challenge the
idea that the streamer front alone can generate them, since
streamers propagate continuously for much longer times—
hundreds of nanoseconds. This would lead to the x-ray signal
broadening, which was not observed. Though a streamer
probably can emit x-ray photons, taking the high electric field
at its tip into account, but they do not reach the detector or stay
below the detection limit.

4.4. X-ray burst isotropy

The calculations represented in figure 9 show that the average
emission angle strongly depends on the initial electron energy.
An electron starts to become relativistic for kinetic energy
near its rest mass of 511 keV. When such relativistic elec-
tron hits a molecule, the Bremsstrahlung photon is emitted
mostly in the forward direction. However, at lower energies
the Bremsstrahlung is more isotropic. Whether the electron
runs away depends on the electric field concentration between
the positive and negative streamer tips during a brief moment
before they collide. At this moment a run-away electron beam
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can be formed. The electrons are further accelerated inside as
well as outside the streamer, thereby following approximately
the local electric field lines, but also deviate from the lines due
to collisions and hence the original beam spreads.

The spatial distribution of the x-rays during a single x-ray
burst has, to the best of our knowledge, never been investi-
gated experimentally. Most of the observed x-rays have ener-
gies below 200 keV. The responsible electrons have larger,
but comparable energies, so the Bremsstrahlung photons are
rather isotropically distributed. To substantiate this claim, we
conducted the following experiment. One x-ray detector was
placed at position A and the other at position D; see figure 2.
Over more than a hundred discharges we determined the
number of simultaneous detections for both detectors. The
cross-correlation between the detectors calculated over each
particular x-ray burst was equal to 0.66. In other words, if one
detector absorbs x-rays there is a 66% chance that the second
detector does so, too, within 1 ns. In the second series of dis-
charges, both detectors were placed next to each other at posi-
tion H. The cross-correlation for this configuration was 0.60.
In case of a clear anisotropic emission, the cross-correlation
should be lower when both detectors are placed apart. This
was not observed.

In addition, we refer to our previous study on x-ray emis-
sion from positive discharges where the emission was also
measured from different locations around the gap [14]. It was
shown that at position A, which is located in opposite direc-
tion to electron propagation, the registration rate is compa-
rable and even higher than in other locations. Here one should
also take into account that the position A is much closer to the
x-ray source than any others. There are two possible explana-
tions to this: either isotropic x-ray distribution or back-scat-
tering—when Bremsstrahlung photons emitted in opposite
to electron direction. In case of back-scattering the spectrum
at this detector position would be significantly softer than in
others, but this was not observed.

And finally, smaller applied voltage leads to more iso-
tropic x-rays emissions. In contrast, the x-ray emission from
lightning leaders is expected to be strongly beamed, but as
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Table 3. Registration of x-ray bursts in different positions.

Coordinates Registration Registration Distance

Point X,y (m) out of surges P(%) from HV (m)
A 0.15; — 0.13 104/314 33 1.22
B* 0.35; — 0.13  32/120 27 1.27
c? 2.10; — 0.15 29/160 18 2.3
D* 1.50; — 0.15 54/140 39 1.77
EP 1.15; - 0.3 3/10 30 1.8
F® 1.50; — 0.6 25/60 42 1.58
F'up®  1.50; — 0.6 8/50 16 1.58
F'down® 1.50;—0.6  4/50 8 1.58
G° 1.50; — 2.0  14/50 28 1.77
H¢ 2.10; — 0.6 120/856 14 2.16
2 Series I,

b Series II,

¢ Series I1I.

Note: The detection area of one detector is 11.3 cm?. The gap distance is
107 cm. The table is reproduced from [21].

was shown in [56] it is not. Only 11 out of 21 cases in this
report had a statistically significant anisotropy. We note that
the authors used Nal detectors which are relatively slow for
the fast x-ray bursts detection. So their measurements could
be averaged over several individual x-ray bursts which would
reduce anisotropy.

The model calculations of section 3 show us that the x-ray
emission of individual streamer encounter is not isotropic,
certainly not at electron energies above 0.5 MeV. But the level
of anisotropy in the experiments appears to be low, likely due
to relatively low initial electron and x-ray energies. In the
analysis that follows we consider the x-ray bursts as isotropic.

4.5. Registration rate

In the laboratory we measured the registration rate, spectra
and attenuation curves at different positions (see figure 2). We
did not detect x-rays in every discharge. For example, when
a single LaBr; detector shows an x-ray signature in 30 out of
100 discharges, we say that the registration rate at this posi-
tion is 30%. The registration rate contains information about
the initial number of x-ray photons that can bring us to the
initial number of high-energy electrons necessary to produce
the x-ray burst. The x-ray burst are intense enough that the
detector can be hit by several photons simultaneously within
1 ns or less, depending on the distance from the discharge. In
such cases we cannot distinguish between a single 200 keV
photon and two 100 keV photons as the photomultiplier gives
an identical electrical output. But we must also consider the
overlap of different bursts, in particular for energetic events
with deposited energy above 1 MeV. For more information
on the energy spectrum and attenuation curves we refer to our
report on negative discharge in [21].

The registration rates on one LaBr; detector were meas-
ured at different positions as indicated in figure 2. In position
F' the detectors are covered by lead tubes of 15mm thick-
ness and pointed to different parts of the gap—up and down.
Their areas of view do not across. The registration rates were

1

Energy, [MeV]

1
Time, [us] *° 5 5 8 10 12
0o 2 4 # discharge

Figure 14. Oscillograms of 20 discharges measured in a row.

The first nine discharges show no x-ray signature. Discharge #10
shows a triple x-ray burst. In total four discharges contain an x-ray
signature. The registration rate in this case is equal to 20%. The
registration rate depends on the position of the detector.

presented in [21] and are repeated here in table 3 for the sake
of completeness.

Series II was measured two months later than series L.
Series III half a year later. Electrical parameters of the dis-
charge remained constant during all series. As can be seen,
when the detector is pointed to the top of the gap (F' up) two
times more events are detected than when it is pointed to the
bottom (F' down). The same behavior was observed in posi-
tive discharges, when the cathode area is twice more produc-
tive in x-rays than the anode [14]. As expected, the farthest
positions C and H show the lowest registration rate. In gen-
eral, three processes contribute to the registration rate: (1)
generation rate, (2) geometrical decay and (3) attenuation by
air, detector hull and EMC-cabinet. Below we consider each
of them individually.

4.5.1. Registration and generation rates. Usually we detect a
single x-ray burst during one discharge, but sometimes we see
up to five. The x-ray signatures of 20 discharges generated in
a row are shown in figure 14. The time intervals between the
discharges were at least 10 s. The first nine discharges show
no x-ray signature. Three x-ray bursts are detected in dis-
charge #10. In discharges #13, 17 and 20 a single x-ray burst
showed up. In total, x-rays are detected in 4 discharges. Here
we define a registration rate, which is in this particular case
equals to 4/20 = 20%. As mentioned already, the registration
rate is calculated over discharges and not over x-ray bursts;
otherwise it could assume values over 100%. When a detector
is moved farther away from the gap, the registration rate, as
expected, drops. By analysing 950 discharges (mostly from
series III, table 3) performed in 4 days in a row it was noticed
that the ratio between single, double and triple x-ray bursts
does not vary appreciably with the detector distance. For the
isotropic distribution, this implies that the number of gener-
ated x-ray bursts is dominated by the properties of the source.

Even with the fast LaBr; detector we have to take care of
possible burst overlap and pile-up. For this analysis we are
mostly interested in counting the number of bursts rather than
the energy per burst. We also used data from faster plastic
scintillation detectors in parallel with the LaBrs. This allowed
better burst separation, although burst overlaps can never be



Plasma Sources Sci. Technol. 25 (2016) 044002

P Kochkin et al

100 T T

10r

Occurrence, %

0.1

1

2=0.1
—2=0.85
---A=0.7
x measured

1

2 3
Amount of X-ray bursts

Figure 15. The number of bursts in a single discharge measured at position F. A Poisson distribution with A = (.85 fits the measured data

best.

fully excluded for bursts that appear seriously broadened in
the LaBr; records. Broadened here implies that the burst signal
cannot be fitted to a response versus time function determined
for single photons from '3’Cs. To our advantage such bursts
are rare. The probability to see k bursts in a single discharge
could accurately be fitted to a Poisson distribution as shown
in figure 15. The best fit to the measured data is achieved with
A = 0.85. With an ideal detector covering all directions and
capturing all the x-rays generated by the discharge, the prob-
ability to detect one x-ray burst in the discharge is equal to
P(1) = 36%. The chance to see a double burst—P(2) = 0.15,
triple—P(3) = 0.05, and so on. Then the probability to detect
any number of x-ray bursts in one discharge is simply their
sum:

®)

where P« i the probability to detect x-rays with the ideal
detector; k the number of bursts within one discharge; A
the Poisson distribution parameter. Equation (8) results in
Prax = 0.57—the maximal chance that any number of x-rays
will be detected in a discharge. As we pointed out above,
the most likely candidate for the x-ray source is a streamer
encounter where positive corona of a bipolar pilot system
meets negative streamers emanated from the high-voltage
electrode. It was shown in [15] that such encounters happen at
later stages of pre-breakdown phenomenon and are associated
with x-ray bursts [21]. But if, for any reason they do not meet
or the electric field is not intense enough over sufficiently long
distance and period, no x-rays will be created. There is no
fundamental reason why each single discharge in our labo-
ratory would generate x-rays. Note that the low-energy limit
of our x-ray detectors is 30 keV. Bursts with lower photon
energies can appear, but are less likely to be detected. The
parameter A is a characteristic of our lab environment in
general and the high-voltage electrode shape in particular. It
was demonstrated in [14] how the number of x-rays can be
increased by changing the number of negative streamers in
positive discharges.
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4.5.2. Geometrical decay. In [21] we showed that the x-ray
source is located near the HV electrode. It is also clear from
measurements with collimators at position ' (up and down) in
table 3. If all source locations are distributed equally on a ring
with fixed radius around the axis, the average source location
is on the axis. Since we also assume isotropic x-ray bursts, the
geometrical decay influences the registration rate, especially
at large distances. As can be seen from table 3, the registration
rate decreases with the distance from the gap. For simplic-
ity we count the distance from the high voltage electrode tip.
Consider an x-ray burst that emits np, photons in 47 sterad.
Up to some distance r, the flux through the detector equals to
one or more photons per burst. At these distances the registra-
tion rate is only limited by the generation rate, which is 57%
(Pmax)- In other words, the detector registers each generated
burst. At distances further than r, the registration rate decays
according to inverse square law starting from its maximum:

P(r)~ Lz - Brax for r>r. 9)
r

The photon flux through the detector at distance r can be esti-
mated by the following equation:

n

b 12
4

_.ﬂ-rd’

F(r)= o

(10)
where F—number of photons per detector area at distance r,
rq—the detector scintillator radius, npy—total number of ini-
tial photons emitted in 47. The requirement r; < r is satisfied.
For simplicity here we just use geometrical scintillator radius
instead of effective detection area which is energy dependent
and will be considered below.
Then the registration rate can be generalized:

P(r) = {F(r[)) Bhax ri Ty
maxs rs.

(1)

Now the registration rate can be calculated for different ini-
tial photon numbers n,,;, and compared to the measured values
summarized in table 3. Figure 16 shows the registration rate
at different locations. The solid and dashed lines are the
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Figure 16. The registration rate versus distance from the x-ray source to the detector. The lines show fit by 1/ with 95% confidence
bounds and 0.66 R-squared. Measured registration rates at different locations are also indicated. Estimated number of photons above

30 keV in an average x-ray burstis npn = (7.5 £2.7) - 103,

fitted function P(r) with 95% confidence bounds. The large
horizontal error bars are due to the uncertainty in the x-ray
source location (see figure 8 in [15]). The initial number of
photons n,p, needed for x-ray burst and the parameter 7, can
now be derived from the fit and equation (10); we obtained
npn = (71.5£2.7) 103 in 47 sterad and 7, = 1.6 & 0.3 m. This
nph 1S @ minimum necessary brightness averaged over all dis-
charges, where we did not account for possible pile-up. A
better approach includes the energy information and is shown
below.

4.6. Characterisation of x-ray bursts through measurements
and simulation

We simulate the x-ray bursts near the HV electrode in the
Monte-Carlo approach using the Geant4 model of the detector.
In order to avoid the problem of multi-photon detection and
burst pile-up, we now only consider those bursts for which
the measured signal can be fitted to a single photon response.
With the model of section 3 we could in principle convert the
number of electrons to photons. In reality individual bursts
may have their individual electron energy spectrum. However,
no presently known model can cope with the complexity of
the discharge and streamer encounters. As a result we still
have to assume a spectral distribution for the photons as in
[21]. We choose an exponential e~/ photon energy distribu-
tion. This choice might appear somewhat arbitrary, as it does
not naturally limit the photon energy in relation to the max-
imum voltage. We therefore limited the single photon energy
to values between 30 keV and 1 MeV. Again we assume isot-
ropy. By varying the number of initial photons and the charac-
teristic energy ¢, we obtained parameters that simultaneously
fit the spectrum and the attenuation curves measured and pub-
lished before in [21]. For the detector at position D the results
of the simulation are shown in figure 17, where we plotted
surfaces of registration rates as a function of ¢, and npp,, with
the lead attenuator thickness as a parameter. The best fitting

160 keV and nyp = 6 - 10* is indicated by the dashed

set €,
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lines. Figure 18 shows different cross sections of figure 17
with error-bars derived from the Monte-Carlo process.

In figure 19 we compare the simulated and measured
pseudo-spectra without absorber, for detector position H,
where we split the energy range in bins of 50 keV. In order to
allow the comparison with the measurements, we normalized
the total number of x-ray photons i.e. occurrences to 1 for the
calculated and measured data. Up to 0.5 MeV the agreement
is good. This is a remarkably large energy range, three times
the characteristic energy ¢, and a spectral intensity range of
about one decade. Please note that the spectrum has not been
fitted directly, but came out of the fit shown in figure 17. The
dotted—dashed line represents the exponential distribution for
single photon detection. The Geant4 model implicitly includes
the photon pile-up; in position H on the average 1.2 photons
simultaneously hit the detector for nyp, = 6 - 10*. With a larger
npn the number of multiphoton detections increases above
0.5 MeV at the expense of the lower energy number, and the
spectrum fits less well. At 0.5 MeV the assumption of an iso-
tropic photon distribution becomes less valid, and the burst
pile-up becomes important in the measurements. This is a
quite probable explanation in view of the maximum applied
voltage of 1 MV and the sharp drop in photon production at
higher energies shown in figure 10.

5. Discussion and conclusion

In previous articles [14, 15, 21] we have experimentally inves-
tigated the development of long laboratory sparks, we have
characterized their evolution in space and time, together with
current and voltage, we have identified at which stage they emit
x-ray bursts, and we have measured these x-rays in space and
time.

In the present article, we have focussed on modeling the
x-ray generation in the observed discharges, on x-ray propa-
gation and detection and on comparison with experimental
data, concentrating on negative discharges—though the anal-
ysis for positive ones follows essentially along the same lines.
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Figure 19. Simulated and measured spectra measured by detectors D1 and D2 spectra at position H. Bin width is 50 keV. The initial
number of photons with energy over 30 keV is 6 - 10% over 47 sterad and the characteristic energy e, is equal to 160 keV. The dot—dash line
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Our photographs indicate that x-ray bursts occur in our the high-voltage electrode. Immediately before the merging,
experiments when two growing discharge channels of opposite  the very high electric field between the two approaching ‘con-
polarity encounter each other; this happens quite often near ductors’ can let the electrons run away. But only in 60% of
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the discharges we observed x-rays, in spite of many streamer
encounters. This indicates that x-ray bursts from streamer
encounters are a rare phenomenon.

As reliable models for discharge encounters and associ-
ated electron acceleration within complex discharge trees are
not available, we have assumed that the discharge encounter
occurs near the cathode and emits an electron beam with ener-
gies between 30 and 100 keV. This electron beam is further
accelerated in the electric field of the discharge for which we
provide a simple approximation. Just outside the discharge
zone at about 1 m distance from the cathode, we estimate
that the electrons reach an energy maximum of 500-600 keV.
This remains true when the streamer encounter and electron
acceleration occurs at some distance from the cathode, be it
that the maximal attained energy is smaller. In this region the
generation of hard x-rays through Bremsstrahlung radiation
of the electrons is the most likely, because the electron energy
is maximal.

Energy and path of these electrons in the electric field out-
side the discharge are modeled with a Monte Carlo model. As
the problem is linear, it is sufficient to consider unidirectional
and monoenergetic electron beams, and to compose general
solutions by superposition. We have first studied electron
beams within the radially directed discharge field to illustrate
their spreading through scattering and field as well as their
energy losses.

Then we have studied the generation of x-rays by mono-
energetic electron beams with energies of 100 keV-1 MeV,
and we have characterized the x-ray distribution in space and
energy. Electron beams with an initial energy of 1 MeV pro-
duce 18 times as many photons with energy above 30 keV than
electron beams with an initial energy of 200 keV; all of these
photons are produced within few ns. For the photon number
per electron as a function of electron energy, a fit formula to
the numerical data is presented.

Another fit to the data of Monte Carlo simulations relates
the opening angle of an x-ray beam to the electron energy.
While photons produced by MeV electrons are emitted mostly
in the forward direction relative to the direction of the original
electron beam, photons produced by lower energy electrons
are emitted more isotropically. Additionally Compton scat-
tering changes the direction of low-energy photons and widens
the photon beam. So in the evaluation of the experimental data
we will assume the photon burst to be isotropic in space, as
the following effects add up: the electrons are emitted from
the streamer encounter region with slightly diverging direc-
tions. Then they spread further due to scattering and due to the
radial electric field. Finally the photons are emitted with some
opening angle even from some unidirectional beam.

Another observation is that photons with energies
between ~100eV and ~10 keV are largely lost before
reaching the detector due to photoionization where a photon is
absorbed by an air molecule and an electron is emitted, while
photons with energy above 30 keV stay essentially unattenu-
ated when crossing 2 m of air. This provides a lower cut-off
for the spectrum of observed photons. On the other hand, the
high-energy tail of the photon distribution can be fitted quite
well by the Bethe—Heitler equation. A characteristic energy of
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the photon energy distribution in the range of 100 keV thus
follows naturally from these considerations, in agreement
with the experiments.

When evaluating our experimental data, we assume the
x-ray bursts to be isotropic when they reach the detectors. The
number of x-ray bursts in a single discharge follows a Poisson
distribution with mean value A = 0.85. We found three main
process contributing to the x-ray detection. These are: gen-
eration rate, geometrical decay and attenuation. By creating
a precise Geant4 model of LaBr; detector we simulate its
response. It is consistent with the measurements.

The simulations indicate that also electrons might arrive
at the EMC cabinet, pass through the aluminum window and
enter the detector. Still we have reasons to support the notion
that the recorded signals are mainly if not solely due to x-rays:
the large energies recorded, and the attenuation curves that
agree reasonably well with x-rays while electrons are much
stronger absorbed in lead.

The x-rays arrive at adjacent detectors with a spread on
the nanosecond time scale, and there are only few ones per
detector. This indicates that the x-ray burst passes the detec-
tors within nanoseconds, which gives a strong constraint in
the duration of the initial acceleration mechanism.

A simple geometrical model for the number of x-ray
occurrences as a function of detector distance required about
7 - 10% initial photons when averaged over all discharges (see
figure 16). A detailed Geant4 simulation showed that 6 - 10*
photons are needed per x-ray burst. The exponential photon
energy distribution /% between 30 keV and 1 MeV with
€. = 160 keV describes both the absorption by lead plates and
the spectrum correctly.

With 6 - 10* photons and 10* electrons at 200 keV per
photon (see equation (5)), one needs a charge of approxi-
mately 1 pC to generate the observed x-rays. In figure 3 the
current starts to rise at the begin of the fourth streamer burst in
an approximately linear way with 1 A ns~! in the first 100 ns.
During 1 ns the charge injected the streamer cloud is then
0.5 nC, at factor of 500 larger than the charge needed for the
x-rays. The total charge inside the streamer cloud is then of
the order of several tens of ;C. Only a minute fraction of the
electrons runs away.

Although this study is based on negative discharges the
same thoughts are applicable for x-rays from positive dis-
charges [14]. The registration rate in positive discharges is
about twice as much as in negative ones. This is reflected to
higher Poisson parameter A. In other words, the generation
rate is higher for positive discharges than for negative ones in
our setup.

New experiments are in preparation that focus on the open
questions.
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