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Abstract
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In 1925 Nobel laureate R. C. Wilson predicted that high electric fields of thunderstorms could
accelerate electrons to relativistic energies which are capable of generating high energetic
radiation. The first detection of X-rays from lightning was made in 2001 and from long sparks in
2005. Still there are gaps in our knowledge concerning the production of X-rays from lightning
and long sparks, and the motivation of this thesis was to rectify this situation by performing new
experiments to gather data in this subject.

The first problem that we addressed in this thesis was to understand how the electrode
geometry influences the generation of X-rays. The results showed that the electrode geometry
affects the X-ray generation and this dependency could be explained using a model developed
previously by scientists at Uppsala University. The other missing information was the
distribution of energy. Using a series of attenuators, we observed how the X-ray photons were
attenuated as a function of barrier thickness and using a simple model we obtained the average
and the maximum energy of X-rays.

All the studies conducted previously was based on the lightning impulses, but in switching
impulses, the voltage waveform rises very slowly compared to lightning impulses, and according
to some scientists the rate of rise is an important parameter in X-ray development. Our study
showed that the switching impulses were as efficient as lightning impulses in generating X-rays
even though the rate of rise of voltage in switching impulses was hundreds of times slower.

All the observations on X-ray generation from lightning by other scientists were based on
either natural downward lightning flashes or triggered lightning in Florida. The first experiments
to study the X-ray generation from upward lightning flashes systematically was conducted
within this thesis work at Gaisberg Tower in Austria. The results showed that the X-ray
emissions from these flashes were much weaker than the ones produced by either natural
downward or triggered lightning. An attempt was made to explain this observation by invoking
the possible differences in the charge distribution of leaders associated with the triggered
lightning flashes in Florida and upward initiated lightning flashes at Gaisberg tower.
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Abbreviations and nomenclature 

ALDIS Austrian Lightning Detection and In-
formation System 

BATSE Burst and Transient Source Experi-
ment 

EMC Electromagnetic Compatibility 
HV High Voltage 
ICC Initial Continuing Current 
NaI(Tl) Thallium doped Sodium Iodide 
NIST National Institute of Standards and 

Technology (USA) 
PMT Photo Multiplier Tube 
TGF Terrestrial Gamma-Ray Flash 
fluence A measurement of radiant exposure 

(measured by photons/cm2 or 
MeV/cm2) 

(µ/ρ)m Mass attenuation coefficient of any 
given material ‘m’ for X-rays; de-
pends on the energy of X-ray photons 
and the material itself. 
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1. Introduction 

1.1. High energetic radiation with atmospheric origin 
Measurements and observations made starting from the last decade of the 20th 
century have revealed many unknown processes in our atmosphere capable of 
generating high energetic radiation. These processes are still beyond our 
current understanding. They emit radiation in different time scales and inten-
sities such as X-ray bursts in sub-microsecond duration, gamma-ray flashes 
called Terrestrial Gamma-Ray Flashes (TGFs) in sub-millisecond duration 
and even minute-long gamma ray glows from thunderclouds. These observa-
tions and measurements paved the way to the newly emerging field of High-
Energy Atmospheric Physics [1] which deals with the production and propa-
gation of energetic radiation, and the effects of both on atmospheric electro-
dynamics. 

1.2. Observations, measurements and possible source 
mechanisms 

In 1994, BATSE (Burst and Transient Source Experiment) onboard the Comp-
ton Gamma-ray Observatory, detected bursts of gamma-ray flashes generated 
by thunderstorms [2] and they were named TGFs (in fact, being generated by 
accelerating electrons, TGFs could also be considered as X-rays). TGFs are 
intense bursts of gamma-rays and X-rays lasting a few milliseconds or less 
[3]. The energy of the photons in these TGFs may extend up to about 100 MeV 
[4]. The only mechanism that can produce such flashes is the bremsstrahlung 
interaction of electrons with air. Theory has also been developed based on 
electron runaway mechanism to explain the production of X-rays by thunder-
storms [5].  Recently, satellite observations have even observed beams of pos-
itrons emanating from thunderclouds [6].  

In addition to satellite observations of TGFs, high-energetic X-ray and 
gamma-ray flashes have been observed to be generated by thunderclouds  
using both in-situ and ground-based experiments. In 2004, Dwyer et al. [7] 
observed a flash of gamma-rays generated by a thundercloud with photon en-
ergies as high as 10 MeV at ground level. Then in 2009, Dwyer et al. observed 
a TGF-like event at ground level with energy exceeding 20 MeV [8]. A dif-
ferent type of thundercloud generated gamma-ray or X-ray flashes, in the form 
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of surges, and lasting up to many seconds, have also been observed by other 
scientists at other geographical locations [9], [10]. 

For bremsstrahlung process to produce such energetic radiation, the elec-
trons accelerated by the electric field in the atmosphere must gain relativistic 
speeds. If the electric field in air exceeds about 3 x 107 V/m at atmospheric 
pressure (this critical field decreases with decreasing pressure), the energy 
gain per unit length from the electric field could become more significant than 
the energy loss over that length. In which case, the electrons continue to 
accelerate, gaining increasing amounts of energy [11]. Such electrons are 
called runaway electrons, and this mechanism is called cold-runaway or  
thermal-runaway in current literature. However, with the aid of seed electrons 
with energies in the order of few tens of eV, even a lower electric field about 
2.8 x 105 V/m is sufficient to initiate a runaway condition [12]. Runaway elec-
trons can reach relativistic speeds and, during collisions with atoms, they can 
generate more relativistic electrons, giving rise to an avalanche of them [13]. 
When these runaway electrons collide with air, they produce X-rays. C. R. T. 
Wilson, the Nobel laureate, hypothesised that the runaway mechanism might 
take place in thunderstorms where large electric fields that are capable of gen-
erating runaway electrons exist over a vast region of space [14]. 

Now. after more than two decades of observations and measurements, it is 
a well-established fact that electrical discharges produce high energetic 
radiation. They are either emitted as soft X-rays of a few keV energy or X-
rays and gamma-rays of several MeV energy (Moore et al. [15]; Dwyer et al. 
[16], [17]; Rahman et al. [18]; Nguyen et al. [19]; March and Montanyà, [20]; 
Kochkin et al. [21]). Experiments show that not only lightning flashes but also 
laboratory discharges generate X-rays (as first shown by Dwyer et al. [17]). 
The exact mechanism that leads to the generation of X-rays in laboratory 
sparks is still under investigation. It has been suggested, however, that the 
field enhancements caused during streamer encounters could be one possible 
mechanism that generates X-rays (Cooray et al. [22]). During these encoun-
ters, electrons could be accelerated beyond the threshold energies necessary 
for them to become runaways in the lower background fields. Recent 
experimental observations have supported the main idea of this hypothesis that 
the streamer encounters can cause X-ray emissions [21], [23]. In the case of 
the positive breakdown in the laboratory, X-rays indeed appear when the pos-
itive streamers from the high voltage electrode meet the negative streamer that 
originates from the ground electrode [21]. In recent studies, X-ray emissions 
were observed during the initiation of negative leaders from the high voltage 
electrode [24]. Even in this case, encounters occur between positive streamers 
originating from the space stem and the negative streamers originating from 
the high voltage electrodes.  

 



 15

2. Background, motivations, and the 
objectives 

This chapter provides the background, motivation, and the objective for each 
paper included in this thesis work. 

2.1. Understanding the effect of electrode geometry 
As previously mentioned, X-rays have been recorded both from natural dis-
charges in the atmosphere and from discharges in the laboratory. Many 
experiments have been conducted to understand the X-ray production from 
laboratory discharges (Dwyer et al. [17]; Rahman et al. [18]; Nguyen et al. 
[19]; Dwyer et al. [25]; March and Montanyà, [20], [26]; Kochkin et al. [21], 
[23]). 

In these experiments, the detection of X-ray radiation, the region of the 
radiation emission in the gap, the energy and the spatial distribution of the 
radiation, and the stage of the discharge process from where the radiation is 
generating have been studied. Further, the influence of the applied voltage, the 
derivative of the applied voltage, the polarity and the rise-time of the applied 
voltage, the electrode shapes, and the gap lengths, etcetera were also studied. 

The following observations concerning the electrode geometry were made 
in these experiments. In experiments performed by Dwyer et al. [25] with 
sphere-sphere, rod-sphere, and rod-plane electrode configurations, the most 
intense bursts of X-rays were observed when two 12-cm-diameter spherical 
electrodes were used. In other words, it was the larger electrode (12-cm-diam-
eter sphere as compared to the 1-cm-diameter rod), which produced the bright-
est X-rays. Their observation further suggests that it was not only the electric 
field configuration at the high voltage electrode that was influencing the run-
away electrons. As one possible reason for this observation, the higher volt-
age, achieved in the gap before the breakdown occurs in the case of larger 
electrodes, was mentioned. 

In a later study, March and Montanyà [26] studied the influence of the pos-
itive and negative electrodes in the production of runaway electrons. They 
found that emissions were affected by the distribution of the equipotential 
lines around the cathode. This conclusion was based on the observation that 
the X-ray detection rate was increased when the grounded electrode (cathode) 
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was changed from the plane to the longer cylindrical electrodes in the case of 
positive polarity sparks. For negative polarity sparks, no such influence was 
observed when the grounded electrode (anode) was changed similarly. 

Therefore, it is necessary to conduct more experiments in order to under-
stand the effect of electrode geometry in X-ray production from laboratory 
discharges in general, and specifically the effect of anode geometry.  The work 
described in Paper I is our attempt at conducting an experiment to find the 
effect of anode geometry in X-ray production from laboratory discharges.    

2.2. The energy distribution of X-ray photons 
Energy distribution of X-ray photons generated by laboratory discharges is of 
interest in understanding the mechanism of X-ray generation. The energy 
distribution of photon generated provides information concerning the maxi-
mum and average energies to which the electrons are accelerated. This infor-
mation, in turn, can be used to test the predictions of the suggested mecha-
nisms. Additionally, the energy distribution of X-ray photons itself fit into the 
broad spectrum of electromagnetic radiation emitted by laboratory discharges, 
and it fills a gap in the knowledge of such discharges. However, in practice, 
measuring the energy of individual photons is difficult due to various reasons. 
The quantification of the measured X-ray radiation in both time domain and 
energy domain is a difficult task mainly because of limitations in detectors.  

Detection of X-ray bursts from electrical discharges is typically carried out 
using scintillation detectors. When an X-ray burst generated from an electrical 
discharge is absorbed by the scintillator crystal in an X-ray detector, these 
detectors produce higher output compared to individual photon energy when 
several X-rays photons in the burst hit the detector during the combined  
response-time of the measurement system and the detector.  

Therefore, in order to quantify X-ray energies from electrical discharges, 
the scintillation detectors can be shielded using attenuating material like lead. 
Previously, experiments were carried out with lead-shielded detectors along 
with unshielded detectors in measuring X-rays produced by rocket-triggered 
lightning (Dwyer et al. [16]) and also laboratory discharges (Dwyer et al. 
[17]). Based on the responses of shielded and un-shielded detectors, these ex-
periments also indicate that the measured energy from the unshielded detec-
tors is higher than the individual X-ray photon energy of the associated bursts. 
In another study, Dwyer et al. [25] reported that the average photon energy 
could be around 230 keV while the total deposited energy could be as high as 
50 MeV. Work carried out by Kochkin et al. in  [21], [23] using attenuators 
reported that the characteristic X-ray photon energy of such sparks is on the 
order of 200 keV. In a detailed study, by assuming certain distributions for X-
ray fluence and photon energy, Carlson et al. [27] reported that the experi-
mental results of X-rays from 1 MV electrical discharges could be modelled 
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by an exponential X-ray distribution having a mean around 86 keV. Kochkin 
et al. [28] predicted that the mean energy of such sparks is 160 keV, using a 
Monte Carlo model for electron and photon dynamics in an experimental setup 
with lead attenuators.  

Depending on the method of simulation or the numerical model, the results 
obtained from these previous experiments yield slightly different results. For 
example in the case of works [23], [27], [28], which are based on somewhat 
common experimental data, depending on the simulation strategy or the nu-
merical model different results are obtained. This difference could be 
attributed to inclusion or exclusion of photon pile-up at the detector, the  
primary experiment parameter used in the attenuation models (registration rate 
vs. total detected energy) and it could also be attributed to the inclusion of 
many physical processes in the simulations or the numerical models. It is  
important to highlight that the inclusion of each physical process in a simula-
tion comes at the cost of also involving unknown or more assumed parameters.  

Motivated by these findings, the work presented in Paper II is our attempt 
at finding the X-ray energy distribution of 1m long laboratory sparks. In this 
work, the objective was to design an experiment using copper attenuators and 
use a numerical model only based on the attenuation of X-ray photons. Thus, 
a minimum number of unknown parameters are kept in the numerical model. 
Based on the proposed numerical model, it was expected to predict the prob-
able energy distribution(s) of such 1m laboratory sparks, and also to predict 
the total number of X-ray photons generated from such sparks. 

2.3. X-rays produced by upward initiated lightning 
flashes 

Cloud to ground lightning flashes can be divided into three categories: Natural 
downward lightning, artificially triggered lightning, and upward initiated 
lightning. The first unambiguous observation of X-ray generation from light-
ning flashes was made by Moore [15], who recorded X-ray bursts associated 
with the stepped leaders of natural downward lightning flashes. Since then, X-
ray bursts have been measured from natural cloud to ground lightning and 
triggered lightning in a series of experiments conducted at Camp Blanding in 
Florida since 2002 [16], [29], [30]. The bursts of X-rays observed at Camp 
Blanding appear to coincide with the stepping phase of the stepped leaders in 
natural lightning and the dart leader phase of both natural and triggered light-
ning. In a similar study carried out in Gainesville, Florida since 2010, X-rays 
associated with subsequent-stroke leaders were found to be more intense com-
pared to X-rays associated with first-stroke leaders [31]. X-rays appear in 
bursts of the order of a microsecond, with a typical total duration of about 
1 ms or less, and carry energy up to the region of MeV. On the other hand, 
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measurements of X-ray emissions from natural upward lightning is scanty. In 
a recent experiment, Montanyá et al. [32] made measurements of X-ray emis-
sions from several upward lightning flashes from a tower located at 2500 m 
altitude. They could not detect X-ray emissions from the 12 upward initiated 
negative ground flashes. 

Motivated by these facts, in 2011, we installed an X-ray detection system 
in close proximity to the Gaisberg Transmission Tower (GBT), which is 
located at a 1300 m altitude in Salzburg, Austria. This location was chosen 
because GBT is struck by natural upward initiated lightning several times a 
year. The X-ray detection system was integrated into to the existing lightning 
characteristics measurement system at GBT. This experiment and the results 
are presented in Paper III of the thesis. 

2.4. X-rays produced by switching impulses 
X-ray bursts from high-voltage laboratory sparks in air were first observed by 
Dwyer et al. [17]. The existence of high energy radiation from lightning and 
especially from laboratory discharges raise questions as to the possible mech-
anism behind this radiation. This mechanism is likely to involve runway elec-
tron breakdown [13]. Later many experiments were conducted [18]–[21], [23], 
[25]–[27], [33] in laboratory. March and Montanyà [20] reported that HV im-
pulses with rapid rise-time tend to produce more X-rays emissions with higher 
energies than longer rise-time impulses. However, so far nobody has con-
ducted measurement with much longer rise-times compared to lightning im-
pulses. Since X-ray bursts from laboratory sparks were detected only from air 
gaps stressed by the lightning impulse similar to the return strokes and the 
mechanism of X-ray generation by laboratory sparks remains uncertain, a fur-
ther study of this phenomenon is an order.  

In Paper IV, we present results of an independent experiment where the 
production of X-rays was measured from an air gap stressed by switching im-
pulses. The voltage rise-time of such switching impulses are about two  
orders of magnitude greater than lightning impulses.  
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3. Methodology 

This chapter is divided into five subsections. The first section provides an 
overview of a typical scintillation X-ray detector setup, which is utilized in all 
experiments described in the four papers included in this thesis. The experi-
mental setups related to papers (I), (III) and (IV), and the experimental setup 
and the numerical model used in the paper (II) are described in the remaining 
four sub-sections. 

3.1. A typical scintillation X-ray detection system 
In order to detect bursts of X-rays from transient events such as laboratory 
discharges or lightning with precise timing, detectors based on scintillation 
crystals coupled with photomultiplier tubes (PMT) are used because of their 
fast response compared to other types of radiation detectors. Thallium-doped 
sodium iodide (written as NaI(Tl)) is the most commonly used scintillation 
material in such X-ray detectors because of its high efficiency and lower cost. 
Other scintillation materials such as BaF2, CsI, LaBr3, are also common.  

3.1.1 Principle of operation 
When a single or multiple X-ray photons hits a scintillator crystal in an X-ray 
detector, each X-ray photon produces several visible light photons. These pho-
tons are collected by the cathode of the photomultiplier tube attached to the 
scintillator and are converted to an electrical current which is multiplied by 
each stage in the PMT and is finally produced as a voltage pulse at the anode 
of the PMT. NaI(Tl) has a visible-photon yield of roughly 30 to 40 photons 
per 1 keV of absorbed X-ray radiation. With such a photon yield, and with a 
typical PMT supply voltage of 1 kV, a typical NaI(Tl)-PMT detector assembly 
has an energy detection range from a few keV to several MeV.  
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3.1.2 The complete detection system 
The scintillation detector systems used in all experiments in this thesis work 
primarily consist of four major components. These components are, one or a 
pair of integrated scintillator-PMT detector assemblies (NaI(Tl) scintillators 
in most cases), the high voltage power supplies for the PMTs, corresponding 
fibre-optic transmitters (which convert the electrical signal from PMT anode 
to an optical signal) and a 12 V battery. The 12 V battery powers both the 
PMT high voltage power supplies and the fibre-optic transmitters. These com-
ponents are usually housed inside a completely sealed aluminium enclosure 
as shown in Figure 1. The only output from such an aluminium enclosure is 
one or more fibre-optic cables. The aluminium enclosure shields components 
inside from electromagnetic interference and also acts as an extra light shield 
(for the PMTs). This self-contained detector system housed in the aluminium 
enclosure can be operated in extremely noisy environments such as a high 
voltage laboratory and can also be operated outdoors in order to detect X-rays 
from lightning flashes. Such a complete detector system is sometimes simply 
called as an ‘X-ray detector’ in this thesis and the included papers. The optical 
output of such an X-ray detection system is transmitted via fibre-optic cables 
and is converted back to an electrical signal by a fibre-optic receiver and is 
recorded by a transient recorder.   

 
 

 
Figure 1. A typical X-ray detector system. The aluminium enclosure containing the 
components is photographed opened. An integrated NaI(Tl)-PMT assembly (right) is 
connected to the PMT-base with HV power supply (middle). The fibre-optic trans-
mitter can be seen directly above the detector assembly. A rechargeable 12 V battery 
visible in top-left powers both the PMT-base and the fibre-optic transmitter.  
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3.1.3 Efficiency of a scintillation X-ray detector system 
The efficiency of an X-ray detector system is primarily determined by the ab-
sorption efficiency of the scintillation crystal, the light yield of the scintillation 
crystal, the PMT gain, input range and resolution of the fibre-optic transceiver 
system, and finally the thickness of the aluminium enclosure of the detector 
system.  

The scintillation could be described as the emission of a certain number of 
visible photons when the scintillation crystal absorbs an X-ray photon. The 
absorption efficiency depends on the dimensions of the scintillation crystal. 
For example, a cylindrical NaI(Tl) crystal of 76 mm thickness and 76 mm 
diameter (most commonly used in this thesis work) has a roughly 80% absorp-
tion efficiency for 1 MeV photons and almost 100% absorption efficiency for 
500 keV photons. Thus, the efficiency of the detector system decreases with 
the energy of the X-ray photons.  

The light yield of scintillator crystal, which is a measure of its sensitivity, 
gradually decreases over time, and this is accelerated by prolonged exposure 
to intense radiation. This degradation can be compensated to a certain extent 
by adjusting the gain of the PMT (by increasing the HV power supply of the 
PMT). 

However, the absolute minimum detectable energy of an X-ray detector 
system is usually determined by the thickness of the aluminium enclosure. The 
detection threshold of the NaI(Tl)-PMT assembly itself is even lower. This 
minimum detectable energy is usually on the order of 20 to 30 keV. However, 
depending on the resolution of the fibre-optic transceivers and signal to noise 
ratio of the overall system, the minimum detectable energy could be as high 
as 100 keV.  The maximum detectable energy is either determined by the scin-
tillation crystal thickness, or by the input voltage range of the fibre-optic trans-
mitters and overall gain of the scintillator-PMT assembly, and it is at least a 
few MeV.  

3.1.4 Rise and decay times of a detector and their implications  
The decay-time of NaI(Tl) scintillation crystal is roughly 250 ns, and it also 
usually determines the total decay-time of the complete detection system. 
However, the rise-time of the detection system is primarily determined by the 
fibre-optic transmission links because of their limited bandwidth.  

Because of the implications of the rise and decay times, the X-ray detector 
systems are capable of resolving an X-ray spectrum correctly only if certain 
conditions are satisfied. When several X-rays photons in a burst hit the 
detector within the combined rise-time of the measurement system and the 
detector, these detectors produce a higher output compared to individual 
photon energy. The probability of such multi-photon accumulation depends 
on the surface area of the scintillator crystal, the distance from the source, and 
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the fluence of the photons (could be a few photons to tens of photons). In cases 
where low energetic photon(s) and high energetic photon(s) hit the detector 
within the decay-time, low energetic photon(s) may not be successfully 
detected. Because both laboratory and natural discharges in the air are known 
to produce bursts of X-rays, these implications are very relevant to this thesis 
work. 

The rise and decay time of detector systems can be improved by various 
means. The use of slower fibre-optic links can be eliminated by keeping both 
detector system and transient recorders together contained in an EMC cabinet 
with a radiation entrance window. The power supply for the recorders should 
also be kept inside the EMC cabinet in this case. The other obvious method is 
the use of detectors with fast response time with faster fibre-optic links. BaF2 
based scintillator crystals are fast, but their light yield is lower compared to 
NaI(Tl). LaBr3 or its variants based scintillators are the best choice in this re-
gard. They are both fast, and their sensitivity is comparable to NaI(Tl) scintil-
lators. However, the much higher cost of LaBr3 scintillators restricts their 
widespread usage. 

3.1.5 Calibration of X-ray detector system 
The X-ray detector systems are usually calibrated on site and frequently. The 
calibration is carried out by placing a radioactive isotope such as 137Cs (with 
very low radioactivity in order reduce radiation exposure) emitting gamma 
rays directly on top of the X-ray detector and measuring the amplitude of the 
resulting peak by a transient recorder connected to the fibre-optic receiver. 
The calibration waveform also depicts the response of the detector system to 
a single photon event. The rise-time of the peak is mainly determined by the 
bandwidth of the fibre-optic link while the decay-time is equal to the decay-
time of NaI(Tl) scintillation crystal. 

Instead of measuring a single peak, the waveform accumulation mode of a 
transient recorder can be used to superimpose the detected X-ray peaks within 
a short time window. By using this method, peaks due to 137Cs calibration 
source are intensified compared to any background radiation peaks. Figure 2 
depicts such a superimposed acquisition of 662 keV photons from a 137Cs 
source.  



 23

 

 
Figure 2. Calibration of X-ray detector system using a 137Cs source. The upper plot 
shows a single record corresponding to 662 keV emission of a 137Cs isotope. The 
lower plot shows the accumulation of photons from a 20 kBq 137Cs source, placed 
directly on top of an X-ray detector enclosure for about 500 ms. The number of ac-
cumulations in the lower figure depends on the radioactivity of the calibration 
source. The prospect of using a background radiation peak as a calibration waveform 
could be avoided by this method. The seemingly lower rise-time as can be seen from 
both plots is caused by the limited bandwidth of the fibre-optic link. The fall-time of 
the signal is primarily due to the typical scintillation decay-time of Nai(Tl).  

The calibration constant is calculated by assuming a simple linear relation-
ship of the peak amplitude of the detected signal to the total-deposited-energy 
at the detector. Such calibration, based only on the amplitude, is especially 
applicable to NaI(Tl) detectors coupled to fibre-optic links with limited band-
width as described next.    

A calibration waveform (a single-photon-event) and the detector response 
to an X-ray burst of a laboratory discharge with total-accumulated-energy 
around 2.7 MeV  are shown in Figure 3. This NaI(Tl) detector, as can be seen 
from the data-cursors in Figure 3, has a very similar response to the single-
photon event and the multi-photon-accumulation. The energy of the multi-
photon-accumulation is determined by the amplitude of the waveform using 
the same linear calibration constant described above. The energy determined 
in this way is valid under the assumption that the amplitude of the response of 
such a multi-photon accumulation is equal to the sum of the amplitudes cor-
responding to the single-photon response of each photon in the burst.  
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Figure 3. The response of NaI(Tl) detectors coupled to a fibre-optic link with low 
bandwidth. The response to a single photon emission of a 137Cs calibration source 
(left) and the typical response to a laboratory discharge of a standard lightning im-
pulse of 900 kV (right) are shown. This detector configuration is not capable of re-
solving multi-photon-pile-ups for pho-ton bursts occurring within the response time 
of the system (as evident from the response to a multi-photon burst of the detector 
shown in the right). (Obtained from Paper III) 

As discussed in Section 3.1.4, and as evident from Figure 3, the response of a 
typical scintillator detector setup to a multi-photon pile-up could be indistin-
guishable from a single photon response. This fact is also confirmed by our 
experience of NaI(Tl) detector response in the laboratory (Paper I and Paper 
II) and other independent laboratory experiments using even much faster 
LaBr3 detectors [23], [27]. Based on the findings of tests conducted recently, 
X-ray bursts from laboratory discharges last probably a very short time in the 
order of a few nanoseconds or even sub-nanoseconds [28]. It will be evident 
soon from the results and the discussion related to Paper II, depending on the 
problem, we can overcome some of these implications by assuming that volt-
age pulses recorded from X-ray detectors are always produced by an accumu-
lation of multiple photons at the scintillation crystal of a detector. 

3.1.6 The effect of background radiation and statistical 
probability of false detections 

At any given location (inside a laboratory or outdoors) a sufficiently long re-
cording of the output of an X-ray detector system consists of peaks corre-
sponding to the natural background radiation. This radiation is caused by the 
atmospherically scattered cosmic background radiation, the airborne 
radionuclides such as radon-222, the natural radioactivity of the Earth and sur-
rounding materials etcetera. For example, a one-second exposure of a typical 
NaI(Tl) detector system to the background radiation provides around 50-200 
detectable X-ray peaks (see Figure 4). Usually, the time windows related to 
the measurement of X-rays from both lightning (related to strokes and other 
transient events) and laboratory discharges are in microsecond scale. There-
fore, the probability, which such a background radiation event is coinciding 
with a measurement is extremely low. This probability can further be reduced 
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significantly by utilising more than one X-ray detector. The possibility of two 
adjacent detectors detecting the same natural background radiation event is 
very low because the background radiation at ground level at a given location 
usually consists of isolated X-ray or gamma-ray photons. 

 
Figure 4. Background radiation peaks recorded in the vicinity of Gaisberg Tower, 
Austria. Record length is 500 ms. Calibration constant is roughly 4.4 keV / mV. 

3.2. Influence of the anode geometry in X-ray 
production (Paper I) 

The experimental study reported here was conducted at the high voltage la-
boratory of Uppsala University, Sweden with the objective of observing the 
effect of anode geometry in X-ray production. The experiment was designed 
in such a way that all other experimental configuration was kept constant 
while the anode geometry was changed. 
3.2.1. Experimental setup 
Figure 5 shows the approximate arrangement of the experiment schematically. 
A rod-sphere configuration was chosen as the electrodes. The rod was made 
of brass and had a diameter of 10 mm. Three different spheres were used with 
the diameters 2.1, 6.3 and 12 cm respectively. A negative standard lightning 
impulse voltage (the impulse front-time is 1.2 μs, and time-to-half-value is 
50 μs) was applied to the rod. The grounded sphere in each configuration 
effectively served as the anode. The gap length was 95 cm. The voltage im-
pulse was generated by using a Marx impulse voltage generator. The charging 
voltage of the Marx generator was 950 kV. This charging voltage which was 
applied to the rod-sphere air gap was enough to create a spark breakdown be-
tween the electrodes.  

Spheres with three different diameters were used as the anode and for each 
rod-sphere combination, 15 sparks were applied. The voltage across the gap, 
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the current through the gap and the emission of X-rays produced by the labor-
atory spark were measured. More detailed description of the measurement sys-
tem is given in Paper I.  

 
Figure 5. The experimental setup: showing (from left to right) the Marx generator, 
voltage divider, spark gap and the X-ray detector (not in real proportions). (Taken 
from Paper I).  

3.3. Energy distribution of X-rays from laboratory 
discharges (Paper II) 

The following sections briefly describe the experimental setup and the numer-
ical model used in work described in Paper II. 
  
3.3.1. Experimental Setup 
A rod-sphere air gap was used at atmospheric pressure where the rod was 
made of brass and had a diameter of 10 mm. A sphere of diameter 2.1 cm was 
used as the anode. A negative standard lightning impulse voltage was applied 
to the rod. The gap length was 95 cm. The voltage impulse was generated by 
using a Marx impulse voltage with a charging voltage of 950 kV. The experi-
mental setup used in this work is very much similar to the experimental setup 
described previously in section 3.2.1 and Figure 5 shown above is also appli-
cable to this setup. The primary differences in this setup compared to the pre-
vious experiment are the use of an anode of fixed-diameter of 2.1 cm and the 
use of attenuators surrounding the X-ray detector assembly as described next.  

First, a series of 15 sparks was applied where the NaI(Tl) detector was used 
un-shielded. Then a further 120 sparks were applied in 8 series with 15 sparks 
per series by covering the NaI(Tl)-PMT detector assembly with copper shields 
of increasing thickness. The shield, which covers the scintillator crystal of the 
detector entirely, was constructed by using multiple layers of a copper sheet 
of thickness 0.3 mm. The effective shield thickness was varied from 0.3 mm 
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to 2.4 mm by using a single layer up to 8 layers of copper shields in each 
series. A more detailed description of the complete experiment is given in Pa-
per II. 

3.3.2. Numerical model of X-ray attenuation 
In order to find the source distribution of X-rays from the experiment, a nu-
merical model was formed considering the attenuation of X-ray photons along 
their path from source to the NaI(Tl) detector. The average of the total-accu-
mulated-energies of sparks in each series (with varying attenuator thickness) 
was compared with a numerically modelled result to achieve the goals of the 
experiment.  

The spark is assumed to be an isotropic point source, and the differential 
photon intensity is denoted by function 0 ( )f E . The function ( )f EΩ  is defined 
as the differential photon intensity at the source confined to a solid angle Ω 
(calculated using the distance from the detector to the source, r and the sur-
face area of the detector, detA ). The function ( )f EΩ  can be calculated by mul-
tiplying 0 ( )f E  by the factor 4πΩ  as given in Equation (1).  

  

0( ) ( )
4

f E f E
πΩ

Ω
=  (1) 

The total number of photons confined to the solid angle Ω having energy 
from minE  to maxE  at the source can be calculated by the integration of 0 ( )f E
with respect to energy, 

max

min

( ) ( )
E

Ph s
E

N f E dEΩ=   (2) 

 

moreover, the total energy of the photons at the source confined to the solid 
angle Ω is given by the integration, 

max

min

( ) ( )
E

total s
E

E Ef E dEΩ=   (3) 

 

The total detected energy by the NaI(Tl) X-ray detector is calculated by 
considering the attenuation from the air, aluminium enclosure, which is 3.1 
mm thick, and the copper shield of varying thicknesses.  

For a given intensity 0I , the attenuation of monoenergetic photons due to 
a mass of a particular material with thickness x , density ρ, and attenuation 
coefficient μ  is given by, 
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( )
0

xI I e μ ρ−=  (4) 

where I  is the intensity after the attenuation, and the term ( )μ ρ , which 
is dependent on the energy, is called the mass attenuation coefficient of the 
material considered for a given energy E.  

The total detected energy by the detector can be calculated by combining 
equations (3) and (4) (assuming a 100% absorption efficiency) and given is 
given by, 

( ) ( ) ( )
max

min

(det) ( )Cu Al AirCu Al Airx x x
E

E
totalE e e e Ef E dEμ ρ μ ρ μ ρ− − −

Ω=   (5) 

Additionally, the total number of photons detected is given by, 

( ) ( ) ( )
max

min

(det) ( )Cu Al AirCu Al Air

E

E

x x x
phN e e e f E dEμ ρ μ ρ μ ρ− − −

Ω=   (6) 

 

NIST X-ray mass attenuation coefficient database,  NISTIR 5632 [34], is 
used to find the mass attenuation coefficients, ( )μ ρ  for air, copper, and 
aluminium for varying X-ray energies. Because ( )μ ρ  is energy dependent 
and given in tabular format, the integrations in Equations (5) and (6) could 
only be solved numerically (even when an analytical expression for 0 ( )f E  is 
known). 

If analytical probability density function (or a differential intensity func-
tion) governing the photon spectrum is assumed to be ( )S E , the function  

0 ( )f E , governing the spectrum and number of photons at the source can be 
calculated directly by multiplying ( )S E  by a constant of proportionality Sk . 

0 ( ) ( )Sf E k S E=  (7) 
 

By comparing the modelled result of equation (5) for a given distribution 
function ( )S E  with experimental results, the distribution parameters of the 
function ( )S E , its validity, the total number of photons emitted at the source, 
and the number of photons reaching the detector can be found. 
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3.4. X-rays produced by upward initiated lightning 
(Paper III) 

This section describes the experimental work carried out to measure X-ray 
emissions associated with upward initiated lightning from 100 m tall Gaisberg 
Transmission Tower (GBT) at the small mountaintop called Gaisberg 
(1287 m above sea level) in Salzburg, Austria. 

3.4.1. Experimental setup  
X-ray detector was located at a distance of 200 m from the top of the GBT on 
the rooftop of a structure surrounding a shielded EMC cabinet (containing 
measurement equipment) as seen in Figure 6, and was integrated with Austrian 
Lightning Detection & Information System (ALDIS). The X-ray detector con-
tained two NaI(Tl)-PMT assemblies. One was covered by a lead attenuator of 
thickness 2 mm, and the other was unshielded. They were housed inside an 
aluminium box of thickness 3.1 mm. Two fibre-optic links carried the detector 
signals to a transient recorder inside the EMC cabinet.  

The lightning current, measured by a shunt located at the air terminal on 
top of GBT, was primarily used together with the X-ray detection system to 
correlate X-ray bursts with lightning activity. 

The experiment was carried out in two phases conducted from May 2011 
to July 2012 and from December 2014 to May 2015. The minimum detectable 
energy threshold of the second phase was improved by using a transient re-
corder with higher resolution and also improving the noise immunity of the 
X-ray detector system. 

In addition to the current measurement at GBT, in some cases, the vertical 
electric field measured by a fast flat-plate antenna was also used in this study. 
More detailed information about the experimental setup is given in Paper III.  
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Figure 6. Gaisberg Tower and the X-ray measurement system are shown in the pic-
ture. In addition to the white X-ray detector enclosure, vertical E-field antenna, 
field-mill, and other meteorological instruments are located on the roof of the struc-
ture as can be seen in the red-bordered image in bottom-right. The EMC cabinet 
containing the measuring equipment is inside this structure. The shunts, measuring 
the current are placed at the tower top. 

3.5. X-rays produced by switching impulses (Paper 
IV) 

The following text briefly describes the experimental setup related to Paper 
IV, where the objective of the experiment was to study the X-ray produced by 
standard switching impulses for the first time. This short duration experiment 
was carried out at the high voltage laboratory at Uppsala University, Sweden 
during spring 2007. The experiment immediately followed the experiments 
with standard lightning impulses described in [25] at the same facility and 
contained a lesser number of sparks because of time constraints. For a more 
detailed description of the experiment, please refer to Paper IV. 
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3.5.1. Experimental setup 
A Marx impulse voltage generator was configured to deliver the standard 
switching impulse voltage (250/2500 µs). Two short gap lengths of 35 and 46 
cm were used in this study. Then negative impulse voltages were applied (high 
voltage electrode negative) to different electrode configurations with the other 
electrode grounded. The charging voltage was set to 800 kV for all measure-
ments. In the series of experiments with lightning impulses, it was found that 
the most intense bursts of X-rays were observed when two 12-cm-diameter 
spherical electrodes were used [25]. Furthermore, it was found that the radia-
tion both in terms of amplitude and time of appearance were different depend-
ing on horizontal or vertical air gap. These observations motivated the use of 
horizontal and vertical air gaps together with big spherical electrodes. Differ-
ent electrode configurations used in these experiments were as follows. 

  
1. A sphere-to-sphere horizontal air gap of 35 cm length with both electrodes 

being about 120 cm above the ground (as shown in Figure 7)  
2. A sphere-to-sphere vertical air gap of 35 cm length with the high voltage 

electrode suspended above the grounded electrode (Similar to Figure 7 but 
the gap is vertical) 

3. A rod-plane vertical air gap of 35 and 46 cm lengths with the high voltage 
electrode suspended above the grounded electrode. (as shown in Figure 8) 

 
Figure 7. Schematic of the experimental setup, showing the approximate arrange-
ment, from left to right, of the Marx generator, high-voltage divider, the sphere-to-
sphere horizontal air gap of 35 cm length, and three X-ray instruments. The loca-
tions of the X-ray instruments are shown relative to the grounded electrode. The cir-
cles on the X-ray instrument boxes represent the detector-locations inside the boxes. 
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Figure 8. Schematic of the experimental setup, showing the approximate arrange-
ment, from left to right, of the Marx generator, High-Voltage divider, the rod-to-
plane vertical air gap of 35 cm length (the plane is grounded), and three X-ray in-
struments. The locations of the X-ray instruments are shown relative to the middle 
of the vertical air gap. The circles on the X-ray instrument boxes represent the 
detector-locations inside the boxes. 

The voltage across the gap and the discharge current flowing to the ground 
electrode was also measured using a capacitive impulse voltage divider and a 
current transformer respectively. 

Each instrument which measured X-rays contained two detectors. Instru-
ments 1 and 2 each contained two 7.6 cm x 7.6 cm cylindrical NaI(Tl)/PMT 
detector assemblies. Instrument 3 contained one NaI(Tl)/PMT detector assem-
bly and one (much faster response, but with lower sensitivity) plastic scintil-
lator (36 cm x 25 cm x 1 cm) assembly. 

Internal 12 V batteries powered the instruments. FM, analogue fibre-optic 
links were used to transmit the signals from the PMT anodes directly to the 
data acquisition system located in a separate, shielded room in the High-Volt-
age Laboratory. As a result, the detectors were very well shielded from RF 
noise and light leaks. The aluminium box lids allowed X-rays with energies 
down to about 30 keV to enter from all directions. Two of the NaI detectors 
were mounted inside 0.32 cm thick lead tubes that extended 4.5 cm above the 
top of the scintillators and also extended 41 cm below the scintillator, com-
pletely covering the PMT and the base.  

Signals from all six detectors plus a measurement of the electrical current 
were recorded simultaneously by a transient recorder with 12-bit resolution.  
Also, voltages and currents were recorded separately with an 8 ns time reso-
lution.  
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4. Results and Discussions 

The results of the four experimental studies related to Papers I to IV are 
presented and discussed in this chapter.  

 
4.1. What is the role of the grounded anode? (Paper I) 
As stated before in section 3.2, in order to study the influence of anode in X-
ray production, three different electrode geometries were used; where the 
cathode was always the same but the anode diameter was changed. X-rays 
were observed from 42 out of the total 45 negative sparks. Figure 9 shows the 
measured X-ray signal together with the voltage and the current as an exam-
ple. For all sparks where X-rays were detected, X-rays occurred around 200 ns 
to 300 ns before the current peak. There is already a small current from anode 
present at this point. 

 
Figure 9. X-ray signal (lower) together with the voltage and the current (upper) ob-
served from a spark for the 6.3 cm anode sphere. The pulse shape of the X-ray signal 
is determined by the limited bandwidth of the fibre optic link and decay-time of the 
NaI(Tl) scintillator. The vertical cursor is placed to indicate the occurrence of X-rays 
which happen around 250 ns before the peak of the current. (Figure is obtained from 
Paper I) 
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4.1.1. Energetic X-rays produced with a smaller anode  
The average of the total deposited energy of the X-rays produced in each con-
figuration is tabulated in Table 1. The average breakdown voltage and average 
peak current are also given. 

Table 1. Average of the total deposited energy of the X-rays detected for negative 
sparks together with the average breakdown voltage and current (for the 15 sparks 
applied in each configuration). When calculating the average, for the sparks where 
no X-ray signal is observed, total deposited energy is assumed to be zero. 

Anode 
Diameter 
(cm) 

Average 
Breakdown 
voltage 
 (kV) 

Average 
peak Cur-
rent (kA) 

Average of the to-
tal deposited X-ray 
Energy (keV) 

Mini-
mum 
(keV) 

Maxi-
mum 
(keV) 

Standard 
deviation 
(keV) 

2.1 904.6 2.66 1820 533 3189 888 
6.3 915.6 2.67 1608 0 4170 1278 
12.0 919.9 2.65 759 0 2330 738 

As can be seen in Table 1, the average of the total deposited X-ray energy is 
decreasing as the diameter of the anode is increasing while the peak current 
and the breakdown voltage is remaining almost the same. Because all the other 
experimental parameters were kept constant except the size of the anode, this 
change of the average detected energy could only be attributed to the influence 
of anode geometry.  

The result obtained in this experiment shows that anode geometry can also 
influence the X-ray production where March and Montanyà [26] did not ob-
serve a significant influence when the grounded anode was changed. 
According to this experiment when all other electrical and physical parameters 
are being constant (or fairly equivalent), the smaller the anode sphere, the 
higher the energy of X-rays produced. 

4.1.2. Does streamer encounter produce X-rays? 
The results obtained here could be explained by the theory of Cooray et al. 
[22], which predicts the generation of X-ray caused by negative and positive 
streamer encounter. A smaller anode sphere makes the longer positive stream-
ers, and streamer encounter happens farther away from the anode. Thus, the 
runaway electrons produced at the meeting point can be accelerated a longer 
distance towards the anode and which in turn could provide more energetic X-
ray photons by bremsstrahlung process. Moreover, longer streamer may carry 
larger charges at their heads increasing the probability of X-ray emission. In 
all sparks where X-rays were detected about 250 ns before the onset of the 
breakdown current (see Figure 9). It is also evident that there is a small current 
present from the grounded anode at this time. The voltage at the HV cathode 
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is still close to the crest. The encounter of opposite polarity streamer heads is 
very likely to happen at this particular time just before breakdown.  

It however is, important to mention, that during previous experiments con-
ducted at the same facility and also in other experiments [18], [23], [25] X-ray 
were also produced when the voltage is still rising and much prior to the time 
of breakdown. 

4.2. What are the probable X-ray energy distributions? 
(Paper II) 

The objective of the Paper II is the prediction of the probable energy 
distribution of X-rays produced by 1m laboratory discharges from negative 
lightning impulses, estimation of the distribution parameters and additionally 
the estimation of the total number X-rays photons emitted in 4π sterad from 
such sparks. Compared to previous studies, it was expected to use a numerical 
model (which was described in section 3.3 and also in detail in Paper II) based 
only on photon attenuation in this study. It is also important to emphasise the 
use of the average energy (experimentally found) in the numerical model; 
which in turn helps to exclude certain parameters from the model and also 
helps to overcome the slow response of NaI(Tl) detectors as pointed out later 
in the text.  

4.2.1. Average energy vs. attenuator thickness 
The resulting waveforms of voltage, current and X-ray are very similar to what 
has been described in our previous work in Paper I. The measurement system 
was not saturated in any of the 135 sparks. Statistics of the X-ray detector 
output for the total nine series of 135 sparks are tabulated in Table 2 (showing 
the average, maximum and standard deviation of total detected energy in each 
series of 15 sparks). Additionally, the number of zero energy detections out of 
the total 15 sparks in each series is given. When calculating the average of the 
total detected energy, cases where no X-rays were detected were included in 
the sample as a zero-energy-detection.  

Table 2. Average, maximum, standard deviation and zero detections of X-ray energy 
vs. Cu Shield thickness: The average is taken from each series consisting of 15 
sparks with the given copper shield thickness surrounding the NaI(Tl) X-ray detec-
tor. 

Thickness of Cu Shield (mm) 0.0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 

Average X-ray energy (keV) 1085 1110 769 762 466 413 360 380 279 
Maximum energy (keV) 3321 3662 2754 2294 1038 1238 1007 1354 734 
Standard deviation (keV) 844 862 772 627 356 441 254 353 231 
No. of zero detections 1 1 2 1 4 6 2 3 4 
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The average of the total energy detected in each series is plotted against 

copper thickness in Figure 10. The average energy data in above Table 2 could 
be fitted to a curve of first-order exponential form with a tendency to show 
higher copper shield thickness reducing the average of the total detected en-
ergy as expected. 
 

 
Figure 10. Experimental results of the average total detected energy fitted to a first 
order exponential curve. The error bars indicate the standard deviation of each data 
point. The fit parameters are shown in the legend. (obtained from Paper II) 

4.2.2. Probable energy distributions 
In order to implement the model described in section 3.3.2 a probable energy 
spectrum for photons is assumed first. Two such spectrums for photons are 
considered in this study. The first is a bremsstrahlung spectrum, in its simplest 
and most crude form as given by Kramers’ law with unknown maximum en-
ergy. The second is an exponential photon distribution with unknown mean 
energy. The selection of these distributions is justified not because of any the-
oretical or experimental evidence of their validity but simply because they 
provide a rough approximation of an X-ray photon distribution for a brems-
strahlung process. 

For both cases, the unknown parameters, the number of photons at the 
source and at the detector, the total energy produced at the source, and the 
total energy absorbed by the detector could be calculated. In addition to these 
probable photon distributions, an extreme case of a burst of monoenergetic 
photons is also considered as 0 ( )f E for comparison purposes. 
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4.2.3. Kramers’ law as a distribution 
( )f EΩ , defined in section 3.3.2 for the case of Kramers’ law, [Kram]( )f EΩ  can 

be written using Equations (1) and (7) as, 
( )[Kram] [Kram] max( ) = f E k Z E E EΩ −  (8) 

where the parameter [K ram ]k  is the product of the geometric distribution factor 
and other constants. The output of the numerical model from equation (5) is 
matched with experimental results by varying the two unknown parameters

[K ram ]k and maxE . Numerical integrations are calculated using the trapezoidal 

rule with an energy step size of 0.1 keV. The minimum energy minE  necessary 
to calculate the integration in (5) is considered to be 5 keV. By also employing 
a simple sensitivity analysis the unique and best possible values for the 
parameters are found to be max 204 keVE =  and [Kram] 0.0146k = .  

The resultant attenuated intensity of photons along their path is shown in 
Figures 11 considering the attenuation of air, aluminium, and copper. The total 
number of photons depicted in the figure is calculated by rounding off the 
integrated results to a whole number. The final simulated results, assuming 
100% efficient detection, and the experimental results are shown in Figure 12. 

4.2.4. Exponential distribution 
Because of the somewhat arbitrary choice of Kramers’ rule for photon distri-
bution used above, there could also be other distributions which provide re-
sults in agreement with the experimental data. Therefore, an exponential 
energy distribution is also considered. Use of an exponential distribution is 
further relevant because previous statistical models used by Carlson et al. [27] 
and Kochkin et al. [23], [28] have also assumed exponential photon energy 
distributions. 
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Figure 11. Simulated X-ray photon intensities confined to a solid angle Ω after the 
attenuation of air, aluminium box and copper shields with varying thicknesses under 
a Kramers’ distribution. The total integrated energy and the total number of photons 
are also given in the legend for different Cu shield thicknesses. (Obtained from Pa-
per II) 

 
Figure 12. Simulated vs. experimental results for a photon distribution governed by 
Kramers’ law. Both curves for experimental and simulated results are fitted to a 
first-order exponential curve with fit parameters shown in the legend. (Obtained 
from Paper II) 
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By using a similar approach as before, the differential intensity of X-rays 
photons at any given energy E  confined to a solid angle Ω, [exp] ( )f EΩ  for an 
exponential distribution can be defined as, 

[exp] [exp]

1
( ) = mean

E
E

mean

f E k e
E

−

Ω  (9) 

where meanE  is the mean energy of the photon distribution and [exp]k  is defined 
as the product of the geometric distribution factor and the coefficient of pro-
portionality of the distribution.  

By substituting [exp] ( )f EΩ  for ( )f EΩ  in equation (5) and utilising the same 
approach as used previously for Kramers’ distribution, possible combinations 
of values for the unknown parameters [e x p ] 4 7 .5k =  and mean 39.5 keVE =  are 
obtained.  

The resultant photon intensities for varying copper thicknesses and the final 
comparison of experimental and simulated results are shown in Figures 13 and 
14 respectively. The integration is carried out with a maximum energy of 950 
keV (derived from the supply voltage across the gap, and assumed to be the 
theoretical maximum energy of photons), minimum energy of 5 keV and a 
step size of 0.1 keV. 

 
Figure 13. Simulated X-ray photon intensities, confined to a solid angle Ω after the 
attenuation of air, aluminium box and copper shields with varying thicknesses for an 
exponential photon distribution. The total integrated energy and the total number of 
photons are also given in the legend for different Cu shield thicknesses. (Obtained 
from Paper II) 
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Figure 14. Simulated vs. experimental results for an exponential photon distribution. 
Both curves for experimental and simulated results are fitted to a first-order expo-
nential curve with fit parameters shown in the legend. (Obtained from Paper II) 

4.2.5. Comparison of distributions and concluding remarks 
The mean energy of the photons under Kramers’ rule and the exponential pho-
ton energy distribution is found using Equations (2) and (3). The total number 
photons generated at the source is found using equations (1). The mean ener-
gies of detectable photons under Kramers’ distribution and exponential distri-
bution, assuming a minimum threshold of 15 keV, are 52 keV and 54.5 keV 
respectively. The total number of detectable photons generated from the spark 
under Kramers’ and exponential distributions in 4π sterad is 1.76 × 105 and 
1.7 × 105 respectively. According to Figure 13, the maximum energy under an 
exponential distribution is about 250 keV which is not much higher than 204 
keV maximum energy under Kramers’ distribution. From these results, it can 
be concluded that both distributions yield comparable results. 

 The X-ray fluence has a particular distribution caused by both different 
luminosity of the photon bursts at the source and also by the possible non-
isotropic beaming of photons as evidenced by the high standard deviation of 
experimental results. The energy spectrum parameters are also distributed in 
reality. In this study, because the distribution of photon energy is the primary 
concern, we have chosen to model only the energy spectrum of photons with 
unknown distribution parameters. The exclusion of distributions of fluence 
and detector efficiency from the numerical model makes it possible to conduct 
a more meaningful comparison of modelled results and experimental data, 
with fewer unknown parameters.  
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This exclusion is further justified by the fact that, taking the average of the 
total detected energy of a series of sparks experimentally, the effect of those 
unknown distributions is implicitly included in the averaged result. Also, the 
use of the average of total detected energy in the model makes it possible to 
assume that all detected peaks are an accumulation of multiple photons in the 
NaI(Tl) scintillator. Therefore, the modelled result is not sensitive to the  
implications of multi-photon counts due to slower response of NaI(Tl) scintil-
lators. 

 

4.3. X-rays observation at Gaisberg Tower (Paper III) 
The result from the experimental work from Paper III is presented and dis-
cussed here. In order to determine whether a ground level detection of X-rays 
is associated with lightning, following identification criteria were considered.  

• X-ray peaks within few hundreds of microseconds before a tower 
recorded RS (always utilised) 

• X-ray peaks correlated to stepped, dart, or dart-stepped leader  
process from E-field signatures (not utilised in some cases due to 
lack of E-field data) 

• X-ray peak(s) coinciding with different types of non-RS current 
peaks (always utilised) 

• X-ray burst, with multiple consecutive peaks, but not coinciding 
with E-field or current peaks.  

4.3.1. Results of the experiment 
The results of the experiment which was carried out in two phases from 2011 
until 2015 are presented here. 

4.3.1.1. Phase 1 (May 2011 to July 2012) 
During this phase, a total of 85 flashes were recorded and current measure-
ments were available from GBT database at ALDIS. There was only one flash 
identified as a downward flash. Out of the remaining 84 flashes, 65 flashes 
were of the type of initial continuing current (ICC) without return strokes, 
called ICCOnly. 19 flashes were of the type ICC pulses followed by return 
strokes (RS), called ICCRS. There was a total of 79 negative flashes (including 
the one downward flash recorded), four bipolar flashes, and two positive 
flashes.  The classification of the type of flashes, strokes, and current pulses 
used above is discussed in more detail in [35], [36].    

These total 85 flashes recorded contained a total of 389 pulses or strokes. 
The 19 flashes with RS (all negative) contained a total of 79 RS pulses. There 
were no X-ray detections associated with any of these ICC pulses, RS pulses 
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or M-component pulses (i.e., X-ray peaks within about a hundred microsec-
onds before a pulse). It is important to mention that the signal to noise ratio of 
the X-ray detector system during phase 1 was lower compared to phase 2. 

Even though we could not detect any X-ray bursts directly associated with 
a RS or any other current pulse from the 85 flashes directly struck the GBT, 
there was one interesting case where an X-ray burst recorded by both un-at-
tenuated and attenuated detectors related to a close by negative downward 
lightning. The information about this event and its waveforms are presented 
in Paper III in more detail. 
 

4.3.1.2. Phase 2 (December 2014 to May 2015) 
The phase 2 of the experiment was started primarily with modification to the 
X-ray detector by improving the detector signal to noise ratio where X-ray 
peaks higher than 20 keV could be detected (which was very close to the sen-
sitivity of the detector).  

Out of these 23 flashes recorded in this phase, 9 were ICCOnly, and 14 were 
of the type ICCRS. 21 flashes were negative polarity while two were bipolar. 
These flashes contained a total 278 pulses/strokes. The 14 flashes with RS (all 
negative) contained a total of 76 RSs. 

 X-rays were detected for the first time in three flashes which could be 
associated with the dart or dart-stepped leader process (X-ray peaks detected 
before the RS). However, both the fluence and the amplitude of the X-ray 
peaks were much smaller compared to previous X-ray detection from natural 
or rocket-triggered lightning. The detected peaks were not typical x-ray bursts, 
but single or two peaks, with an energy of few tens of keV to about 700 keV. 
Furthermore, X-rays were only detected in the un-attenuated detector, 
implying that the detected X-rays had lower energy compared to the 
accumulated energy. One such example detection is shown Figure 15.  
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Figure 15. X-rays from a subsequent stroke of another flash occurred on 2015-03-
02. Two distinct X-ray peaks are visible in the un-attenuated detector. The occur-
rence of first and second X-ray pulses are about 4.7 and 2.3 µs before the onset of 
the current peak of the only RS. The vertical cursor is fixed at the first X-ray peak. 
The flash contained 17 ICC pulses before this RS. Peak energy of the burst is around 
70 keV (calculated by multiplying peak voltage by the calibration factor). 
Timestamp of RS is 20:56:29.9889 UTC. (Obtained from Paper III) 

In all three cases, X-rays occurred few microseconds before the current 
peaks associated to return strokes. The hundreds of ICC pulses and few M-
component type current peaks did not produce any X-rays. This is an indicator 
that the detected X-ray peaks are associated with the return strokes and are not 
random events occurred due to background radiation. Also, there was no evi-
dence of intense gamma-ray bursts with cloud origin. 
 

4.3.2. What are the reasons for the week X-ray production? 
Over a span of about ten years, X-ray emissions from triggered lightning and 
natural lightning have been measured successfully [16], [29]–[31]. In the case 
of triggered lightning, the X-ray emissions are produced by the dart and dart 
stepped leaders associated with the upward initiated negative ground flashes. 
At the beginning of the X-ray emissions, the tips of dart leaders or dart stepped 
leaders are located at a height of about 1 km from the ground [16], [29], [30].  

However, the results presented in Paper III show that the x-ray emissions 
from dart and dart-stepped leaders from upward initiated lightning flashes 
from Gaisberg Tower are either very week or very rare.  
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We can rule out the possibility that the X-ray emissions are weak because 
the distance to the source of emission is larger than the cases studied in Florida 
based on the arguments presented in depth in Section 4 of Paper III. Another 
probable reason for the lower X-ray production could be the preconditioning 
of the leader channel from long continuing currents. However, similar contin-
uing currents also exist in triggered lightning.  

On the other hand, the maximum extension of the dart leaders associated 
with upward lightning from Gaisberg Tower is no longer than 2 – 3 km. 
Because of this lower extension of dart-leaders, the charge accumulated at the 
tip of dart leaders striking Gaisberg Tower is significantly lower than the 
charge that is accumulated at the end of dart leaders in the case of triggered 
lightning. This could be a reason for insignificant x-ray emissions from dart 
and dart-stepped leaders striking the Gaisberg Tower. The fact that the few X-
ray emissions we have observed from lightning flashes striking the Gaisberg 
Tower took place just before the return stroke when the dart leader has ex-
tended to its maximum value and when the accumulated charge at its tip is at 
its maximum value is an indication of this.  

However, more theoretical and experimental data, especially from towers 
located at sea level, and also from high altitude are needed to make a firm 
conclusion concerning the x-ray emissions from upward lightning. 

 

4.4. X-rays produced by switching impulses (Paper 
IV) 

The results obtained from the experimental work with the objective of record-
ing X-rays produced by switching impulses in Paper IV are summarized in 
this section. As mentioned before in Section 3.5.1 three different series of ex-
periments were performed with different electrode configurations.  

4.4.1. X-rays produced by horizontal sphere-sphere gap 
15 negative switching impulse voltages were applied in this configuration. In 
11 cases out of these 15 applied voltages X-rays were detected in one or sev-
eral of the detectors. The average breakdown voltage was around 530 kV for 
this series. A typical X-ray record is shown in Figure 16 (with an expanded 
time scale) where signals from all six detectors are shown together with the 
voltage and the current measurements. The placement of the detectors and 
their assignment to the channels in the oscilloscope are described in detail in 
Paper IV. The peak voltage and the peak current were about 540 kV and 1.4 
kA respectively. As is evident from the waveforms, the X-rays appear at 
around 77 μs after the application of the switching impulse voltage but on 
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average 0.74 μs before the final breakdown. Moreover, at the time of the ap-
pearance of the X-rays signals, the voltage, and the corresponding current sig-
nals started decreasing and multiple oscillations on the current signals were 
also visible. The total deposited energy varied from 180 keV up to the satu-
rated peak of 6 MeV. It is important to mention that some detectors were 
saturated from the produced X-rays. 
 
 

 

 
Figure 16. X-rays signals from all six detectors placed in 3 boxes together with the 
measured voltage and current waveforms in an expanded time scale. The voltage im-
pulse starts at the time t = 0. The complete unexpanded waveform is also presented 
in Paper IV. The black vertical cursor placed on the plots represent the time of X-ray 
occurrence. At this point in time, a small current can be seen from the ground elec-
trode, and the voltage has just started to collapse. The X-ray occurrence happens on 
average 0.74 µs before the breakdown. (Obtained from Paper IV) 
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4.4.2. X-rays produced by vertical sphere-sphere gap 
For the same electrode configuration (sphere-to-sphere) and the gap length (35 
cm) as described above, the second series of measurements were conducted 
with a vertical gap instead of the horizontal gap used previously. The 
grounded spherical electrode was placed on a wooden stool about 120 cm 
above the floor of the High-Voltage Laboratory. Again about 15 negative 
switching impulse voltages were applied and now in 8 cases of 15 X-rays were 
recorded in one or more detectors. The breakdown voltage was around 528 
kV for this series. The total deposited energy varied from 150 keV up to the 
saturated peak of 5 MeV. All observations related to the timing of X-ray oc-
currence were the same as in the case of horizontal gap described above. 

4.4.3. X-rays produced by vertical rod-plane gap 
Then in the third series of measurements, the electrode configuration was 
changed to rod-to-plane as can be seen in Figure 8. In this configuration, the 
gap lengths were 35 and 46 cm. The breakdown voltage was around 470 and 
540 kV respectively. Seven impulses were applied in the 35-cm long gap, and 
eight impulses were applied in the 46-cm long gap. Out of 15 applied switch-
ing impulse voltages only in one case (35-cm gap) X-rays were detected in 
three detectors where the energies varied from 120 keV to 490 keV. The tim-
ing of The X-rays was similar to the sphere-sphere configurations described 
above. 

4.4.4. The origin of X-rays and comparison to X-ray production 
from lightning impulses 

A close look at resulting waveforms from switching impulses indicates that 
X-rays are created either when the streamer/leader tip almost reached the op-
posite electrode or at the meeting point of countering streamer/leader heads a 
bit away from the opposite electrode. From available waveforms of voltage 
and current, it is not possible to accurately define whether the breakdowns are 
only based on streamers as in the case for breakdowns from lightning impulses 
with comparable gaps lengths or whether leaders are also developed. A rough 
estimate of the E-field enhancement at the 12 cm diameter spheres implies that 
the first streamer inception at the HV end should happen around 300 kV. 
Which in turn, according to the voltage and current waveforms, indicates that 
the breakdown happens around 30 to 40 µs later from the first streamer incep-
tion. Without fine current measurements at the high voltage end, or without 
high-speed photographic evidence, it is not possible to find the occurrence of 
first streamer burst and the total time of streamer or leader propagation. How-
ever, because of the slow rise-time of the switching impulse, it is reasonable 
to assume that streamers generated from a switching impulse may not advance 
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all the way across the gap during the first inception. It is possible that several 
streamer inceptions had to take place before the streamers could extend all the 
way to the grounded electrode or encounter an opposite polarity streamer. 
More experiments with larger samples, including fine HV-current measure-
ments and high-speed videography, are required to study X-ray production 
from switching impulses in detail.  

However, as concluding remarks, we can state that switching impulses, 
where the voltage rise-time is very much slower compared to lightning im-
pulses, do produce X-rays and the mechanism proposed in by Cooray et al. in 
[22]  could still be valid for switching impulses. It is also important to mention 
that any direct correlation of X-ray production with the rate of change of sup-
plied voltage as observed in [20] is not compatible with the results of this 
experiment.  
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5. Conclusions 

Conclusions based on our findings are as follows. 
 

1) Paper I 
The experimental work conducted in this study shows that the energy of X-
ray bursts generated by 1 m long laboratory sparks of negative polarity in-
creases with decreasing anode radius. This observation is in support of the 
theory proposed by Cooray et al. in [22] but may not explain all experimental 
observations yet. 

 
2) Paper II 
The experimental data presented in this paper, in combination with a simple 
attenuation based numerical model, show that the maximum energy of the X-
ray photons generated in 1 m long negative sparks is in the order of 200 keV 
to 250 keV with mean energy around 50 keV to 55 keV. The two types of 
distributions considered produce similar results for the mean energy and the 
total number of photons. Despite being slightly different from previous esti-
mates reported in [21], [23], [27], [28], the values derived in this study, are of 
the same order of magnitude as these previous estimates.  

 
3) Paper III 
In this paper, the extremely low occurrence of X-rays at ground level due to 
subsequent return strokes of upward initiated lightning from Gaisberg Tower 
in Austria located at a high altitude is presented. This is in contrast to the ob-
servations made in triggered lightning. Previous studies show that the X-ray 
emissions are controlled by the electric field at the tip of the dart leaders. This 
electric field is related to the charge accumulated at the tip of the dart leader. 
Since the charge accumulated at the tip of the dart leader increases with 
increasing length of the dart leader channel, it is suggested that the weak X-
ray emissions are probably due to the shorter dart leader channels associated 
with the lightning flashes striking the Gaisberg Tower or due to the 
modification of the lightning channel by long continuing leaders. 
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4) Paper IV 
X-rays from switching impulse laboratory discharges are reported for the first 
time. X-rays seem to appear before the complete breakdown during the final 
jump (attachment process). Since the X-ray energies obtained in switching 
impulses are comparable to those observed when using lightning impulses, the 
results show that the slow rise-time of switching voltage impulse does not 
have a significant influence on the production of X-rays. The results also in-
dicate that X-ray emissions are taking place just before the breakdown, 
strengthening the possibility that the mechanism of X-ray production is related 
to the encounter between streamers of opposite polarity. 
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6. Future Work 

Future work and recommendations concerning X-ray detection from 
laboratory discharges and upward initiated lightning. 
 
Very long laboratory sparks: Almost all the experiments pertinent to X-ray 
generation from laboratory sparks, including the ones presented in this thesis, 
have been conducted with sparks gaps in the order of 1 m or shorter. Com-
pared to lightning and very long laboratory sparks of few meters, the break-
down process taking place in shorter gaps could be considered as primarily 
mediated by streamers. However, for longer gaps, both leaders and streamers 
are present prior to breakdown and these sparks are more analogues to light-
ning. Because of this significant difference of breakdown mechanism, the 
study of X-ray measurements from very long gaps is highly recommended. 
Even in the case of switching impulses, which are more likely to produce lead-
ers for a given gap length, the shorter gaps are more likely to produce streamer 
only breakdowns. The other advantage of very long laboratory discharges is 
the following. Due to their longer time to breakdown, and also because of the 
possible involvement of leaders, each step in a breakdown mechanism is 
separated more in both time and space. Consequently, a better correlation of 
X-ray emissions with the various events in the process of breakdown would 
be possible.  
 
More switching impulse tests: The X-ray emission from laboratory sparks 
with switching impulses were reported in Paper IV for the first time. However, 
in this test, because of time constraints, only a few sparks were applied. Thus, 
similar to the tests conducted for lightning impulses, more elaborate tests with 
switching impulses should be conducted.  
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More measurement parameters – HV current & high-speed videography: 
In X-ray related laboratory experiments, the correlation of X-ray emission to 
the current from each electrode is a critical parameter. This is due to the fact 
that the current is related to the charge in streamers and leaders which, in turn, 
is related to the background electric field. In the experiments conducted in this 
thesis work current was measured only at the ground electrode. Therefore, a 
more sensitive current measurement also on the high voltage side is highly 
recommended. Similarly, the high-speed videography could also be used to 
obtain photographic evidence for the physical mechanism behind the X-ray 
generation.  

 
X-ray detection from upward initiated lightning: The dart or dart-stepped 
leaders in upward initiated lightning are reported to generate far fewer X-rays 
compared to natural or triggered-lightning from the study conducted in Paper 
III. However in order to confirm this finding more experiments in other tall 
structures in both high and low altitude should be conducted. In order to 
maximize the detection possibility, more X-ray detectors can be utilized. The 
use of more detectors, would also help to counteract any anisotropic emission 
of X-rays.  
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Svensk Sammanfattning 

År 1925 förutspådde nobelpristagaren R. C. Wilson att stora elektriska fält av 
åskväder skulle kunna accelerera elektroner till relativistiska energier som kan 
generera röntgenstrålar och gammastrålar genom bromsstrålning från åskvä-
der. Den första upptäckten av röntgen från blixten gjordes 2001 och den första 
upptäckten av gammastrålar från åskväder gjordes år 1994. Den första upp-
täckten av röntgenstrålar i långa gnistor gjordes 2005. Sedan dess lyckades ett 
stort antal experimentella undersökningar kvantifiera den rumsliga och tids-
mässiga fördelningen av röntgenstrålar och gammastrålar som genereras av 
åskväder, blixtnedslag och långa laboratoriegnistor. Dessa studier ledde till en 
betydande förbättring av vår förståelse för hur elektroner accelereras till rela-
tivistiska energier både i åskväder, blixtnedslag och långa laboratoriegnistor. 
Trots dessa upptäckter finns det fortfarande luckor i vår kunskap om produkt-
ion av röntgenstrålar från blixt och långa gnistor och motivationen i denna 
avhandling var att rätta till denna situation genom att utföra nya experiment 
för att samla in data inom de ämnesområden där information fortfarande sak-
nas. 

Den tidsmässiga och rumsliga variationen i utvecklingen av urladdningen 
i långa laboratoriegnistor beror på elektrodgeometrin. Det första problemet 
som vi har att ta upp i denna avhandling är att förstå hur elektrodgeometrin 
påverkar genereringen av röntgenstrålar. De erhållna resultaten visar att elek-
trodgeometrin påverkar röntgengenerationen och vi lyckades visa att detta be-
roende kunde förklaras med en modell som tidigare utvecklats av forskare vid 
Uppsala universitet. Den andra informationen om röntgengenerering från 
långa gnistor som saknades under början av detta avhandlingsarbete är kun-
skapen om fördelningen av energi av röntgenfoton i röntgenskurar. Med hjälp 
av en serie dämpare lyckas vi observera hur röntgenfotonerna dämpas som en 
funktion av barriärtjocklek och genom att använda en ganska enkel modell 
som bara innehåller några variabler lyckas vi få medel och den maximala ener-
gin som är associerad med röntgenfoton. 

Laboratorieurladdningar skulle kunna framställas av både kort- och lång-
impulser, men alla studier som genomfördes före detta avhandlingsarbete var 
baserade på de korta blixtimpulserna. Utvecklingen av den elektriska urladd-
ningen är annorlunda när laboratoriegnistor framställs antingen genom de 
korta blixtimpulserna eller de långa så kallad omkopplingsimpulserna. Vid 
omkopplingsimpulser stiger spänningsvågen väldigt långsamt i jämförelse 
med blixtimpulsen och vissa forskare har lagt fram teorier för att föreslå att 
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stigningstakten är en viktig parameter i röntgenutveckling. Vår studie visar för 
första gången att även om stigningstakten för omkopplingsimpulser är hund-
ratals gånger långsammare än blixtimpulser, är omkopplingsimpulser lika ef-
fektiva som blixtimpulser för att generera röntgenstrålar. Vi visade igen att 
detta stämmer överens med den teori som tidigare utvecklats av Uppsala fors-
kare. 

Blixtnedslag som slår mot marken kan delas upp i nedåtgående och uppåt-
gående blixtar. Uppåtriktade blixtar initieras av långa strukturer som påverkas 
av elektriska fält under åskväder. Förutom dessa naturliga kategorier lyckas 
även forskare skapa blixtnedslag genom att skicka raket med släpade metall-
trådar mot moln. Dessa kallas utlösande blixtnedslag. Alla observationer om 
röntgengenerering från blixten vid tidpunkten för början av denna avhandling 
baserades på antingen naturliga nedåtgående blixturladdningar eller utlösande 
blixtnedslag i Florida. De första experimenten att studera röntgengenerering 
från uppåtriktade blixturladdningar utfördes systematiskt inom detta avhand-
lingsarbete vid Gaisberg-tornet i Österrike. Resultaten visade att röntgenut-
strålningen från dessa blixtar är mycket svagare än de som produceras av an-
tingen naturligt nedåtriktat eller utlösande blixtnedslag. Ett försök görs för att 
förklara denna observation genom att åberopa de möjliga skillnaderna i ladd-
ningsfördelningen för ledare som är förknippade med de utlösande blixtarna i 
Florida och uppåtriktade blixtnedslagen vid Gaisberg-tornet. 
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