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Summary

Measurement of cosmic rays onboard aircraft has been used to evaluate the air-
crews radiation doses, to create models of radiation field in the atmosphere, to
explore influences of space weather to radiation field in the atmosphere and to test
new detectors. Due to the complexity of radiation field encountered onboard aircraft
the comprehensive measurement is challenging. Moreover, often the size, weight and
power consumption restrictions are imposed on radiation detectors onboard aircraft
which makes the task even more challenging. This thesis introduces a concept of
small, light-weight detector based on plastic scintillator which can be used in com-
bination with silicon diode detectors to precisely measure dose equivalent without
the need for correction factors based on the location. The characterization and cali-
bration of the detector is described and dosimetric method is demonstrated on two
flights.
It has been debated if passengers onboard aircraft and aircrews can be irradi-
ated, apart from cosmic rays, by recently discovered rare phenomenon of Terrestrial
Gamma Ray Flashes. Although it is very unlikely according to Monte Carlo simu-
lations such events, can cause doses up to 1 Sv. Hence, the research of Terrestrial
Gamma Ray Flashes is needed to quantify the likelihood of such severe events and
to explore radiation field characteristics. This thesis introduces a detector based on
liquid scintillators which focuses on detection of neutrons created by photonuclear
reactions during Terrestrial Gamma Ray Flash. The focus on neutrons should in-
crease the probability of detection of such event as the neutrons have larger lateral
spread, range in the air and spread in time compared to electrons and photons
that are also generated. The detector was placed at a high–mountain observatory
at Lomnický štít and there are plans to place it on a coast in Japan where several
Terrestrial Gamma Ray Flashes have been observed.
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Chapter 1

Introduction

Pilots, flight attendants and air crews are exposed to elevated levels of cosmic
ionizing radiation. Since the cosmic radiation consists of highly penetrating radia-
tion the shielding is not a viable nor economic option for air transport operators.
Therefore, the radiation doses of air crews are monitored and the precautions are
implemented to affected personnel individually in the case of high radiation loads.
For example the pilots can be recommended to serve flights with lower expected
radiation doses or to spend less time in the air. Nowadays, the radiation load from
cosmic radiation received by civilian aircraft personnel is expressed by effective doses
calculated by computer programs. The programs are often based on Monte Carlo
simulations of galactic cosmic rays propagating through air in the Earth’s atmo-
sphere. Various galactic cosmic rays models [1, 2] are used as input sources and they
take into consideration various effects that influence the ionizing radiation doses
such as location of the airplane, shielding of crew by the airplane structure, and Sun
cycle [3, 4]. In rare cases of solar particle events that can influence the radiation
doses at flight altitudes, the doses are assessed retrospectively based on the readings
of neutron monitors [5].
The computer programs that can be legally used for assessment of aircrew doses,
need to be verified by independent measurement or by comparison with reference
data. The code is verified if the ambient dose equivalent agrees in a relatively broad
range of 30% with the measurement or reference data [6]. The broad verification
range is given mainly by complexity of the cosmic radiation in the atmosphere
which makes it challenging to correctly determine the effective dose. The ionizing
radiation field in the atmosphere consists of many particle types with a large range
of energies.
The recent intercomparison measurement between various detectors and various
groups shows that the variance of results is relatively large and in many cases the
verification limit would be exceeded or barely passed [7]. This is especially signifi-
cant for silicon-based solid state detectors. Similar results were obtained in another
two intercomparison flights that were performed in 2021 [8]. These results suggest
systematic error in measurement with silicon-based semiconductor detectors that do
not agree with the computer programs.
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Another way pilots and flight attendees can be theoretically irradiated is by ion-
izing radiation induced in thunderstorms. It was shown in recent years that ionizing
radiation can be generated by a massive linear accelerator which is formed in thun-
derclouds. The electrified layers of thunderclouds act as a linear accelerator which
accelerates charged particles, mainly electrons. Since it happens in the atmosphere
filled with air the acceleration process has a condition that the drag forces (ion-
ization of the air) must be lower than the acceleration forces influenced by the
strength of the electric field in thunderstorms. Electrons slow down and generate
bremsstrahlung. The photons are detected more often due to their longer range in
the atmosphere compared to electrons. The resulting particle beams can vary in
intensity and duration. Very short and intense bursts (short bursts or terrestrial
gamma ray flashes - TGF) were observed at space [9, 10], onboard aircrafts [11] and
on ground [12, 13] (so called downward TGFs). The long duration enhancements
(long bursts or thunderstorm ground enhancements - TGE) were observed by sev-
eral groups [14, 15]. The existence of downward TGFs is not accepted by all members
of scientific society. Both of these phenomena are relatively new and they are not yet
fully understood. Both short and long bursts have been observed together with en-
hancement in neutron fluxes. It was proposed that such radiation events (especially
TGFs) might cause an increased radiation dose to aircraft passengers [16, 17]. Such
events would be likely very rare as the plane would need to pass through the beam
of accelerated particles but it cannot be ruled out. The most severe effects can be
expected if the plane passes a very narrow beam of accelerated electrons which have
not undergone the bremsstrahlung process. Such an event has the potential to cause
mild radiation sickness. By extension the downward TGFs could also cause increased
radiation load to people in thunderstorms. Since there has been only several TGFs
registered on ground or in the airplanes, this thesis does not aim to investigate the
radiation dose caused to passengers or people on the ground it rather focuses on
designing a detector concept that would be able to detect such events, prove the
existence of downward TGFs, extract as much information that could help to esti-
mate the radiation dose and to help investigate the physical process that causes this
phenomenon.

1.1 Goals

The complete set of aims and objectives of the thesis are:

• Understanding the limitation of semiconductor detectors in dosimetry in mixed
radiation fields such as at flight altitudes of civilian aircrafts. Minimization of
systematic error of silicon detectors which was observed in the intercomparison
flights.

• Introduction of a detector design that would overcome the limitations of cur-
rently used detectors for aircrew dosimetry and that would complement them.

• Delivering proof of concept that the introduced detector can be used for ver-
ification of computer programs that are used for aircrew dosimetry and by
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extension for research of space weather and its effects on the Earth’s atmo-
sphere.

• Designing a detector that is capable of measuring ionizing radiation generated
by TGF and characterization and optimization of the detector.

• Testing of a detector intended for TGF measurement at a high-mountain ob-
servatory.

1.2 Author’s contribution

Chapter 2 illustrates the cosmic radiation and its variations and origin, it also
depicts the interactions of cosmic rays with the atmosphere and radiation fields in
the atmosphere focused mainly on aviation altitudes of commercial aircraft.
Chapter 3 describes the dosimetry of cosmic radiation onboard aircraft. It focuses
on descriptions of detectors historically used onboard aircraft and their limitations
and capabilities.
Chapter 4 introduces the proposed detector for aviation dosimetry. It includes a
characterization of the detector, dosimetric method, and results from flights.
Chapter 5 summarizes the known measurements of TGFs and describes the models
that are a potential cause of this phenomenon. The focus is to describe the mea-
surements that registered neutrons created by photonuclear reactions.
Chapter 6 describes the detector design and features for measurement of TGF. It
describes the characterization and optimization of the detector and results from a
short deployment at a high-mountain observatory in Lomnický štít.
Chapter 7 summarizes the results achieved in this thesis and future work on dis-
cussed topics.
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Chapter 2

Cosmic radiation

Cosmic radiation was first discovered by Victor Francis Hess in 1912. Hess per-
formed ten manned balloon flights during which he measured the dependence of
atmosphere ionization using a Wulf type electroscope [18, 19, 20]. He observed an
increase in the ionization rate as a function of altitude and concluded that this
increase was caused by some sort of ionizing radiation arriving from space and pen-
etrating into the atmosphere. Although the discovery of Hess showed the extrater-
restrial origin of cosmic rays, their identity was unknown. The nature of primary
cosmic rays was uncovered by Jacob Clay in 1927 who found out that the intensity
of cosmic rays changes based on latitude [21]. This fact suggested that the rays were
deflected by the magnetic field of Earth and therefore, they must be charged par-
ticles. Moreover, the directional experiments showed the so-called east/west effect
which suggested that primary cosmic rays are positively charged particles [22, 23,
24]. Today, we have a much better understanding of cosmic rays’ composition i.e.
that they are primarily energetic protons, with a smaller fraction of energetic alpha
particles and heavier nuclei. The cosmic radiation in Earth’s vicinity can be sepa-
rated into three sources based on their origin: (i) galactic cosmic rays (GCR) which
are created in supernovae, galactic nuclei, and quasars, (ii) Solar energetic particles
(SEPs) emitted by the Sun, and (iii) trapped radiation in radiation belts around
Earth. Much more extensive reviews of cosmic rays can be found for example in [25,
26, 27, 28].

2.1 Galactic cosmic rays

Galactic cosmic rays are highly energetic particles which likely originate in ex-
plosions of supernovae and galactic nuclei. The energy range of such particles spans
across ≈13 orders of magnitude (from 108 eV up to 1021 eV). The fluence of GCR
monotonically decreases with increasing energy. The energy spectrum has two dis-
tinctive features called knee (≈4 PeV) and ancle (≈ 1019 eV). It is believed that
GCR below 104 GeV are mainly generated in the explosions of stars into the in-
terstellar medium [29]. The GCR with energy from 104 GeV up to 3 ∗ 109 GeV
are produced by explosions of massive stars into their formal stellar wind [30, 31].
The physical mechanism responsible for acceleration of particles during supernovae
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explosions is called Fermi acceleration and is described in [32, 33, 34]. The origin
of the most energetic GCR is not fully understood. The low energy component of
GCR with energies below 10 GeV undergoes solar modulation when entering the
heliosphere. The heliosphere is a region that is occupied mainly by a solar wind
which consists dominantly of ionized hydrogen and helium nuclei and electrons. The
solar wind is electrically neutral plasma that travels with velocity of 300-800 km/s.
The solar wind particles are accelerated by thermal energy and electrical fields that
build up in the corona. That allows the solar wind to overcome the gravitational
force of the Sun [35]. Since the solar wind is conductive it transports the magnetic
field from the Sun. Due to the rotation of the Sun the resulting magnetic fields are
shaped into spirals. There are three effects that modify flux of incoming GCR when
entering the heliosphere. The first one is scattering due to irregularities in the mag-
netic field, second one is their drift towards the outside of the heliosphere and the
third one is adiabatic cooling of the GCR due to the expansion of solar wind [27].
The solar wind can also interact with the magnetic field of the Earth creating a so-
called magnetosphere. The magnetosphere imposes a cutoff for low energy particles.
This effect varies as a function of geomagnetic latitude. The cutoff value is zero at
magnetic poles and approximately 15 GV at magnetic equator for particles arriving
vertically into the magnetic field. The solar activity may change the configuration
of the magnetic field and therefore the cutoff conditions for cosmic rays. Based on
the rigidity, and incoming direction of cosmic rays, the particles might be deflected
or their energy might be fully absorbed in the Earth’s atmosphere.
The solar activity undergoes several periodic variations. One of the variations has
a periodicity of one solar day and it is called solar diurnal variation. It is caused
by the rotation of the Earth. The diurnal variation has approximately sinusoidal
shape with maximum at one hour after noon and minimum at midnight. The peak
to peak variation is around 0.6%. The diurnal cycle has another component with the
second harmonic frequency and much lower amplitude of 0.02% (semi-diurnal varia-
tion). Another variation is associated with rotation of the Sun which takes 27 days.
One of the most significant solar variations is the Schwabe cycle (solar cycle) that
has a period of 11 years and is anticorrelated with solar activity (often measured
by number of sunspots). During high solar activity (many sunspots) the magnetic
field in the heliosphere is stronger which causes that GCR are less likely to enter
the heliosphere. Therefore the intensity of GCR measured on Earth is reduced. The
peak to peak variation in neutron measurements on the ground is approximately
15%. An additional variation with periodicity of 22 years is linked to the reversal
of the polarity of the Sun’s magnetic field (Hale cycle). The minimum of Hale cycle
is when the magnetic fields are aligned with one another and its maximum is when
the magnetic fields are mixed up during the flipping of north and south poles of the
magnetic field [25].
The composition of GCR is similar to the composition of matter in the solar system
[36]. Most of the GCR is composed of fully ionized atomic nuclei, electrons, positrons
and antiprotons. Most of the atomic nuclei are hydrogen and helium atoms but there
are also all heavier atoms up to uranium. The knowledge of GCR composition de-
creases with the increasing energy because of the worsening statistics as the particles
with higher energy are scarce [25]. Figure 2.1 shows the fluxes as a function of kinetic
energy of some of the most abundant nuclei in cosmic radiation.
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Figure 2.1: Flux of cosmic rays measured by satellites and high-altitude balloons.
This picture was taken from [37].
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Because the GCR are predominantly charged particles, they interact with mag-
netic fields present in interstellar space which causes the loss of directional infor-
mation by the time they arrive in the vicinity of Earth. This makes it extremely
difficult to trace the origin of cosmic rays back to a particular source, e.g. a super-
nova remnant. The temporal intensity of GCR is assumed to be stable with very
little variation in the last millions of years [38].

2.2 Solar energetic particles

The solar energetic particles (SEP) are ionizing radiation particles emitted from
the Sun during solar flares (SF) and coronal mass ejections (CME). The SF are
localized eruptions of energetic particles on the surface of the Sun. The eruptions
cover a small region of its surface and they are characteristic for their brightening.
The SF takes from 20 minutes up to several hours. The SF are often accompanied by
CME. The CME is a release of plasma into the heliosphere. The SEP emitted by SF
and CME are mainly photons and charged particles such as protons, alpha particles,
heavier nuclei and electrons but neutrons were also registered [25]. Two types of solar
particle events have been classified - gradual and impulsive events. The duration of
gradual events is usually several hours [39] and impulsive events typically last less
than an hour [40]. It is believed that there are two mechanisms of acceleration taking
place in SF and CME. The first mechanism is a shock acceleration which is a subclass
of Fermi acceleration and is driven by a shock wave produced by CME. The second
mechanism is assumed to be some kind of Fermi, stochastic, or electric acceleration
generated by magnetic reconnection which is a process that converts magnetic energy
into kinetic and thermal energy [41]. The energy spectrum of charged SEP typically
extends up to 10 GeV, however particles with higher energies have been also detected.
The energy spectrum of photons extends up to approximately 2 MeV. Neutrons that
were registered in impulsive SF had energies up to 4 GeV. The fluxes of SEP can
exceed the flux of GCR by several orders of magnitude. Therefore, the ionizing
radiation released during solar particle events can be dangerous for satellites and
humans [42, 43] which are not protected by Earth’s magnetosphere.
Not all SF and CME can be observed on Earth or in its vicinity. The flux intensity
of SEP depends on the strength of solar particle events and also on the location
with respect to the location of the Earth. The flux of SEP can miss the Earth. The
CME and SF can lead to so-called ground level enhancements (GLE) and Forbush
decreases (FD). These are effects observed on the ground of Earth. The GLE is a
rapid increase in the radiation dose which is caused by penetration of SEP to the
atmosphere. GLEs are typically registered as an increase in count rates measured by
neutron monitors and muon detectors that are placed around the globe. The GLE
usually lasts from hours up to days. Another effect which is related to solar particle
events is Forbush decrease which is a decrease in radiation dose from GCR. The FDs
are caused by CME events that release plasma with higher velocity relative to the
background solar wind. This generates a shock-sheat in front of the ejected plasma
(magnetic cloud). As this structure propagates the interplanetary space it devoids
GCR creating a GCR deficient region in the magnetic cloud region. When it reaches
Earth it decreases the intensity of GCR [44, 45].
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The FDs are classified into two categories - one step FD and two step FD. During
the one step FD the Earth is hit by only the shock-sheat or only by magnetic cloud
when the CME is not strong. During the two step FD the Earth is hit by shock-
sheat and the following magnetic cloud. The illustration of both categories of FD
are depicted in Figure 2.2 taken from [44]. The FDs can last up to several days and
the associated decrease measured by neutron monitors can be up to 20% [25].

Figure 2.2: The illustration of one step and two step Forbush decreases [44].

2.3 Radiation belts

The radiation belt around Earth was first observed in 1958 by satellite Explorer I
[46]. It was discovered that there are two radiation belts soon after - inner and outer.
They are also called Van Allen’s belts because James Van Allen was credited with
their discovery. Both belts are doughnut-shaped and are a consequence of Earth’s
magnetosphere. There are spaces around Earth which allow the particles to stay
trapped. The regions were anticipated in [47].
Inner radiation belt consists of trapped protons and ions (mainly alpha particles
and oxygen) with energies up to 700 MeV. The particles are inputted by albedo
neutrons that decay in the inner belt and by accelerated solar particles. The albedo
neutrons are created by nuclear interactions of cosmic radiation with the atmosphere
and redirected towards the radiation belts. Because they are without charge they
can enter the radiation belts and decay into protons and electrons. The inner belt
spreads from altitudes of 1000 - 12000 km.
The outer radiation belt consists mainly of electrons with energies 10 keV up to
10 MeV. The outer belt spreads from altitudes of 13000 - 60000 km. The flux of
the trapped particles is 1010 − 1011/cm2/s. The outer radiation belt is fed by solar
particle events. Near polar regions the outer belts create so-called polar horns which
are places where the outer belt is the closest to Earth [27].
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2.4 South Atlantic Anomaly

The South Atlantic Anomaly (SAA) is a region of increased radiation in low Earth
orbit (LEO). It is a place where the inner belt is the closest to the surface of Earth.
The proximity is caused by the difference in the rotational axis alignment of the
Earth and Earth’s magnetic axis. The magnetic axis is tilted by 11° with respect to
the rotational axis. The inner belt approaches the Earth surface as close as 200 km in
the region of the South Atlantic of the coast of Brazil. Radiation doses in this region
are much higher than doses in other places at LEO, making passage through the
SAA potentially more dangerous for occupants of the International Space Station
(ISS) and electronics of LEO satellites [25].

2.5 Interaction of cosmic rays with Earth’s atmo-
sphere, cosmic ray showers

Cosmic rays which overcome the barrier of the magnetosphere and enter Earth’s
atmosphere undergo interactions with the atoms of the atmosphere. High energetic
particles collide with the atomic nuclei of the air. These nuclei can break up and pro-
duce many different types of particles such as neutrons, pions, kaons, antiparticles,
etc. All particles lose their energy through hadronic and electromagnetic processes.
The first interaction of protons with the atmosphere occurs after traversing roughly
1/15 of the total air mass of the atmosphere. For heavier particles the first nuclei col-
lision occurs at even lower atmospheric density, i.e. at higher altitude [27]. The first
interaction can trigger a hadronic cascade which creates more hadrons that interact
with the atmosphere while creating even more hadrons and so on. Such created par-
ticles are pions, kaons, hyperons, charmed particles and nucleon-antinucleon pairs.
The most abundant hadrons are π0 mesons and π± mesons. The π0 mesons have very
short lifetime and decay into two photons. These photons undergo mainly Compton
scattering and pair production which create electrons and positrons. High-energy
electrons and positrons produce new photons due to bremsstrahlung and positron
annihilation.
Charged π± mesons have a longer mean lifetime of 2.6 ∗ 10−8 s and therefore are
more likely to undergo nuclear collisions. When they decay, they produce muons
and neutrinos. Muons have relatively short mean lifetime of 2.2 ∗ 10−6 s but the
majority reaches the sea level due to time dilation. Since muons are much heavier
particles they emit less bremsstrahlung compared to electrons and positrons. That
allows them to penetrate matter much deeper and reach the sea level. When muons
decay they produce electrons, positrons and neutrinos.
The charged particles created in the cascade undergo electromagnetic processes such
as bremsstrahlung, pair production and energy losses due to ionization and excita-
tion of the atmosphere. All these mechanisms create a cascade of interactions which
results in so-called cosmic ray showers - up to millions of particles which aim to the
surface of Earth. In the case of a very energetic cosmic ray the shower is called an
extensive cosmic ray shower. The primary high-energy particle interacts with the
atmosphere which creates various types of particles which propagate further into
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the atmosphere. The newly emerged particles propagate in a similar direction as
the primary one. By the time they reach the surface they spread out to hundreds of
meters. Many of the particles are attenuated by the atmosphere so they do not reach
the Earth surface [26]. The illustration of cosmic ray showers is in Figure 2.3. The
consequence of previously mentioned interactions is that the particle flux depends
on the atmospheric depth. Therefore, in various altitudes the measured particle flux
differs. The particle flux increases approximately up to 20 km and then slowly de-
creases. This maximum was firstly observed by Regener and his student Pfotzer in
1936 [48] and thus it is named after him as Regener-Pfotzer maximum.

Figure 2.3: Illustration of the development of individual cascades in the air shower
caused by a cosmic ray [49].

2.6 Mixed radiation fields in the atmosphere

The close vicinity of Earth is isotropically irradiated by high energy cosmic rays
which create cosmic ray showers. That causes a complex mixed radiation field in the
Earth’s atmosphere. Although there are many different types of particles emerging
from the interactions of cosmic rays with the atoms of atmosphere, there are eight
particle types that make a significant contribution to effective dose - neutrons, pro-
tons, alpha particles, positive and negative muons, electrons, positrons, and photons.
The effective dose is a variable that is used to evaluate the radiation risks to humans.
It takes into consideration the radiation dose received by humans, the harmfulness
of the different radiation types and different sensitivity of tissue (organs) to ionizing
radiation.
The amount and composition of ionizing radiation in the atmosphere is a function
of many variables - geomagnetic and heliospheric effects. The geomagnetic effects
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that influence cosmic ray fluxes and energy spectra are latitude, longitude effects
and east-west asymmetry. Moreover, the cosmic ray fluxes and energy spectra are
significantly influenced by the altitude since the atmosphere provides a medium for
proliferation of ionizing particles by hadronic and electromagnetic cascades as well
as an attenuation shield that slows the ionizing radiation down. The latitude effect
is caused by geomagnetic cutoffs that were discussed in section 2.1. The longitude
effect is due to the asymmetry of the geomagnetic dipole axis with respect to the
rotation axis of the Earth. The east-west asymmetry is caused by the fact that pri-
mary cosmic rays have predominantly positive charge and are therefore affected by
Earth’s magnetic field - some of the trajectories are forbidden. This causes for the
cosmic rays arriving from the east side to be suppressed compared to the cosmic
rays from the west side. The east-west asymmetry is more pronounced at the equa-
tor region whereas at higher latitudes its effect is greatly reduced. These factors and
relationships are demonstrated in figures 2.4 2.5 2.6 2.7 2.8, they were created using
the computer programs CARI-7A [50] and EXPACS/PARMA [51, 52]. CARI-7A
and EXPACS/PARMA contain algorithms that can calculate the effective dose of
cosmic radiation in the atmosphere. The effective dose was selected instead of ab-
sorbed dose because it is important for the reader to understand the overall changes
in radiation risks to humans as a function of various geomagnetic and heliospheric
factors.
Figure 2.4 shows the contribution of the eight particle types to the effective dose
as a function of altitude (latitude and longitude of Prague, time close to solar min-
imum). It can be seen that contributions of different particle types change as a
function of altitude. For example, the muon component is relatively significant at
sea level but diminishes significantly at higher altitudes. Protons and alpha particles
increase their effective dose rate and at approximately 20 km above the ground they
become major contributors to effective dose. For commercial aircraft altitudes (up
to 15 km) the largest contribution to effective dose comes from secondary neutrons.
Although there are relatively small differences between results from CARI-7A and
EXPACS, a slight change of internal parameters within models or use of other mod-
els can lead to significant changes in effective dose rates as was shown in [50]. This
is especially pronounced at high altitudes (above 20km) where some models differ
significantly. Figure 2.5 shows the distribution of effective dose around the Earth at
the altitude of 12 km (calculated by CARI-7A model). It can be clearly seen that
the effective dose in the vicinity of polar regions is significantly higher than at the
equator (latitude effect). The longitude effect is visible in the region above North
America where the effective dose rates are slightly increased. In order to understand
the changes in contribution of individual particle types to effective dose at different
locations, Figure 2.6 shows the normalized contributions as a function of latitude
at altitude of 12 km. The neutron contribution to effective dose is influenced more
by the latitude effect than any other particle type. Its contribution spans from 30%
up to 55%. Almost the whole change in neutron contribution occurs in the latitude
region between 30° and 60° which covers most of Europe and the USA. Similarly,
in the same latitude region between 30° and 60° the effective dose increases rapidly.
The time variation of cosmic rays is illustrated in Figure 2.7. The plot shows 34
years of time variation which is the length of approximately three solar cycles. The
influence of solar activity on galactic cosmic rays strongly affects the effective dose
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rate at the commercial flight altitudes. The second part of the plot shows change
of the effective dose contribution from individual particle types. It shows that dur-
ing the solar cycle the individual contributions of different particle types change
slightly. Neutrons undergo the most significant change of approximately 5%. Dur-
ing solar maximum the contribution from neutrons, protons, and alpha particles
rises whereas that from electrons, positrons, muons,and photons decreases. On the
contrary during solar minimum the contribution from neutrons, protons, and alpha
particles decreases whereas that from electrons, positrons, muons, and photons in-
creases. This suggests that the solar cycle changes not only the intensity of cosmic
ray radiation but also the quality of the radiation in terms of ratios between different
particle types. The contributions are also plotted as a function of total effective dose
rate in Figure 2.8.

Figure 2.4: The contribution of individual particle types to the effective dose rate as
a function of altitude. The latitude and longitude coordinates were fixed to Prague
(50.09°, 14.42°) and date 01/01/2020. Results were calculated by CARI-7A and
EXPACS software.
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Figure 2.5: Map showing distribution of effective dose rates at altitude of 12 km
around the world. The date was fixed to 01/01/2020. Results were calculated by
CARI-7A.

Figure 2.6: Relative contribution of eight different particle types to effective dose
rate as a function of latitude at altitude of 12 km. The longitude was fixed to 14.42°
at date 01/01/2020. Plot also shows the change of the absolute effective dose rate.
Results were calculated by CARI-7A.
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Figure 2.7: Top plot shows time series data of effective dose rate during 01/01/1986
- 01/01/2020 period (approximately 3 solar cycles) at the altitude of 12 km and
coordinates of (50.09°, 14.42°). The bottom plot shows change contributions of dif-
ferent particle types to effective dose rate during the examined period. Results were
calculated by CARI-7A.

Figure 2.8: Contribution of individual particle types to effective dose rate as a func-
tion of effective dose rate. Data were taken from period 01/01/1986 - 01/01/2020.
Other fixed parameters were the same as in Figure 2.7
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Chapter 3

Dosimetry onboard aircraft

Given the complexity of the ionizing radiation environment present at aircraft
altitudes as described in Chapter 2, the dosimetry at aircraft altitudes requires
highly specialized instrumentation and measurement techniques.
In the last 30 years there have been many measurements onboard aircraft which
were performed with various detectors and for various purposes. The purposes can
be generalized into following categories: (a) characterization of the radiation field
[53, 54, 55, 56, 57, 58], (b) as a part of the large databases [59, 60, 61, 62], and (c) for
comparison of detectors or testing of the detector performance [7, 69, 70, 71, 72, 73,
74, 75, 76, 63, 64, 65, 66, 67, 68, 8], and (d) for other purposes [77, 78, 79]. Selected
references about these measurements are summarized in Table 3.1. As can be seen
in the table, most of the measurements are done with silicon detectors and tissue-
equivalent proportional counters (TEPC). Some of the measurements were made
with passive detectors - thermoluminescent detectors (TLD), track-etched detectors
(TED), bubble detectors and other with less common detectors such as phoswich-
type detectors and moderator-type neutron detectors.

The basic task of the active detectors used for dosimetric purposes is to measure
the dosimetric quantity that reflects radiation risks for the humans. Typically the
active detectors have similar concepts which are illustrated in the schematic model
in Figure 3.1. The cornerstone of active detectors is a sensor that can collect the
electric charge that is created in the sensor medium by the interactions of ionizing
radiation with the medium. The medium can be for example silicon or gas. The
electric current is induced by movement of charge carriers. Typically high voltage is
used to put the charge carriers into the motion and to prevent the recombination of
electron/ion pairs. The induced electric current pulses are transformed into voltage
signals, amplified and shaped if necessary in the amplification circuitry. Usually,
the charge sensitive amplifiers (CSA) are used as preamplifiers - conversion and
amplification of current signal to voltage signal and Gaussian shaping amplifier are
used for shaping and amplification of the voltage signal. The resulting voltage pulses
are processed, analyzed and the useful information is saved or shown. Typically the
amount of ionization in the sensor is proportional to a feature of the resulting pulse,
e.g. height of the pulse, duration of the pulse. If the equivalency between absorbed
energy and the number of created charge carriers is assumed (some of the energy
might be used for the excitation processes, thermal and vibration movements, etc.)
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Table 3.1: A list of onboard aircraft measurements.

Measurement Detectors Purpose Number of
flights

[7] Si, TEPC,
TLD

Comparison of detectors 1

[59] Si Database 213
[69] Si, TEPC Comparison of detectors 7
[70] Si, TEPC Comparison of detectors 1
[60] Si Database 3699
[53] Si, TEPC,

bubble det.
Characterization of radiation
field

23

[77] Si Multiple 400
[78] TLD Assessment of radiation risks Unspecified
[71] Si telescope Detector testing and charac-

terization of radiation field
14

[72] TEPC, TED Comparison of detectors Unspecified
[55] Si Space weather influence 35
[73] Si, Si tele-

scope
Detector testing 8

[74] Si Detector testing 12
[54] Si, TLD, TED Characterization of radiation

field
494

[56] TEPC Space weather influence >450
[75] TEPC Detector testing 74
[79] Si Effect of shielding by aircraft 10
[76] Phoswich-

type neutron
detector

Detector testing 1

[63] Si, TEPC Detector testing 4
[64] TEPC Detector testing 4
[65] Si Detector testing 1
[57] Si, TED Effect of SAA on radiation

doses
13

[66] TED Detector testing 5
[58] Si, TEPC,

GM
Space weather influence 10

[67] Moderator-
type neutron
detectors

Detector testing 4

[68] Si telescope,
TEPC

Detector testing 28

[8] Si Detector testing 2
[61] TEPC Database Unspecified
[62] Si, (TEPC) Database 42 (160)
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the deposited energy due to ionizing radiation can be measured by a detector. This
process is called energy calibration.

Figure 3.1: The schematic of general ionizing radiation detector concept.

In general each ionizing particle interacts differently with various materials so
the material of the ionizing radiation sensor influences its sensitivity to different
types of particles and different energies. Therefore, it is very difficult to design
a single detector which would be able to sufficiently cover all particle types and
energies especially in complex mixed radiation fields such as the ones in avionic
altitudes. For dosimetry, there is an effort to use sensors that are similar in their
composition to tissue so the interactions of ionizing radiation with the sensors are
similar to those in the human body. In the following sections, three different detector
types are discussed in further detail namely tissue-equivalent proportional counter,
Si detectors, and phoswich-type detector.

3.1 Tissue-equivalent proportional counter

The TEPC is considered to be the most accurate detector for use in aviation
dosimetry and is used as a reference detector for mixed radiation fields onboard
aircraft. The TEPC is a detector made of low-pressure tissue-equivalent gas en-
capsulated in a tissue-equivalent plastic cavity (usually of spherical or cylindrical
shape). The pressure of the gas is sufficiently low that the gas volume simulates
mass of several cubic micrometers of tissue. The ionization of the gas caused by
ionizing radiation is measured in a proportional counter. A high voltage anode wire
runs through the center of the gas volume, while the walls of the cavity are electri-
cally grounded. When an energetic charged particle passes through the gas volume,
it collides with the electrons in the gas, producing electron/ion pairs. The electrons
are then collected on the central anode wire. The primary reading from the TEPC
is deposited energy that is then converted to lineal energy by dividing the deposited
energy by the mean chord of the volume. Lineal energy is often considered as a
sufficient approximation of linear energy transfer (LET) hence it can be used to
calculate the quality factor of the incident ionizing radiation. The LET indicates
how much the particle is able to ionize the environment along its path. The quality
factor Q reflects the harmfulness of the ionizing radiation. Its value ranges from 1-30
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and it is a function of LET [80]. Typically the radiation that can ionize the medium
densely (heavy ions) will have higher Q value than ionizing radiation that produces
electron/ion pairs scarcely (electrons). Since the active volume has very low mass
the probability of interactions of neutrons and photons is very low. The neutral par-
ticles interact mainly with the plastic walls of the detector. Charged particles that
are produced during these interactions can then enter the active volume and their
lineal energy can be measured. It is important that the cavity walls of the TEPC
have sufficient thickness to exceed the range of these secondary particles.
The main advantage of TEPC is that only a deposited energy calibration is needed
to determine the dose equivalent as the radiation quality factor Q is calculated
alongside the absorbed dose measurement. The dose equivalent is assumed as an
adequate conservative estimate of the ambient dose equivalent. In addition the am-
bient dose equivalent is assumed to be a conservative estimate of effective dose which
can be finally used to evaluate the radiation risks to humans onboard aircraft [4].
The energy calibration is usually performed on heavy ion beams and neutron beams
such as 252Cf [81]. The TEPC measurements are independent of the location in the
atmosphere. It can measure the ionizing radiation up to LET of 1024 keV/µm. [82].
It has several minor disadvantages such as relatively large size (typically a size of a
cabin luggage or a large shoe box), and usually the commercially available TEPC
units do not last long when operated from battery (up to a couple of days) and
commercially available TEPCs are expensive. It is also influenced by a microphonic
effect which is caused by a vibration of the charged anode inside of the detector. A
small vibration can induce enough electric charge which can influence the detector
noise level. Moreover, it is not particularly sensitive to the low LET component of
ionizing radiation as was shown in [83, 75, 84].

3.2 Silicon based detectors

The Si detectors have been used for all sorts of radiation detection and dosimetry
purposes. Mainly they have proved to be useful for gathering data to the databases
and analysis of the space weather influence on radiation doses received by aircrew
and passengers flying onboard aircraft. One of the main features of Si detectors is
their low power consumption which allows them to stay operational for a long period
of time (up to couple of months) and small size of the detectors which makes them
very portable and compact.
Commonly, the diode sensors of Si detectors have a thickness of several hundreds
of micrometers and a surface of a couple squared centimeters. The Si detectors can
be designed in monopixel configuration when the Si diode is read out as a whole or
it can contain multiple analog and digital electronic circuits which leads to reading
out the Si diode in pixels. In polypixel configuration the absorbed energy in each
pixel is measured individually whereas in monopixel configuration the detector gives
information about absorbed energy in the whole Si diode. An example of a monopixel
Si detector is Liulin [85] and AIRDOS [86], an example of a polypixel Si detector is
Timepix [87]. The advantage of polypixel Si detectors is that it provides additional
information about energy deposit location within the Si diode and information about
the properties of the radiation such as incident angle, LET can be partially derived
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from the features of the clusters [88, 89]. The cluster is a group of neighboring pixels
that have a nonzero absorbed energy. Another advantage is that it has much lower
noise which leads to a lower detection threshold. The disadvantage of such detectors
is that they are more power consuming and they can generate a large amount of
data that needs to be saved compared to monopixel Si detectors.

3.2.1 Limitations of silicon based detectors in mixed radia-
tion fields

Although Si detectors are often used for measurements in complex mixed ra-
diation fields, they have a series of limitations which impact their accuracy and
precision. The first type of limitations regards the energy calibration of monopixel
detectors Liulin and Airdos. In various publications one set of energy calibration
factors is used for different units of Si detectors. An illustrative example can be seen
in the case of Liulin in which the commonly used calibration factors were derived
in [90]. The same calibration factors are used in other research publications where
different Liulin units were used [60, 91, 7]. This is because Si detectors like Airdos
and Liulin need to be calibrated at particle accelerators using beams of suitable
charge and energy, and because experiment time at such accelerators is extremely
limited, it is often not possible to properly calibrate each and every individual Si
detector. This has led to the use of Si detectors that were not individually calibrated
and instead use calibration factors from other similar detectors. However, detectors
made from identical components will nevertheless possess different sensitivity to ra-
diation such that use of calibration factors measured for other instruments may lead
to significant errors.
Related to the translation of calibration coefficients is the assumption of the same
detection threshold of each detector unit. The first channels of Si detectors are influ-
enced by the noise of the electronic which artificially adds counts to those channels
hence overestimate the absorbed dose at low energies. In order to avoid that, the
first channel that is not influenced by noise should be identified for each detector
and the detection threshold of this channel should be determined. The amount of
omitted absorbed dose onboard aircraft due to detection threshold was estimated in
[8] and can be seen in Figure 3.2. This was done by analyzing the deposited energies
obtained by the Timepix pixel detector with a very low detection threshold of only
5 keV. It was estimated that for detection threshold of 100 keV the omitted dose is
approximately 15% whereas for detection threshold of 200 keV the omitted absorbed
dose increases up to 40%. Ideally, the detection threshold should be below 50 keV
in order to keep the omitted absorbed dose within 5%.

The magnitude of the errors caused by energy calibration and detection threshold
identification can be seen in [7, 8] where the error in absorbed dose in Si measured
by several Si detectors differs up to nearly 50%. That will eventually lead to large
uncertainties in calculation of dosimetric quantities such as dose equivalent.
The second type of Si detector limitation is related to the different chemical com-
position of Si and tissue (water). This causes some of the interactions of ionizing
radiation with the detection medium (Si, water) to be different. This is especially
important for indirectly ionizing radiation such as photons and neutrons. In [92] it
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Figure 3.2: Deposited energy spectrum measured by Timepix onboard REFLECT
flight [8]. The absorbed dose contribution curve shows the contribution to total
deposited energy for energy deposits above the given detection threshold.

was shown that the absorbed dose from photons is overestimated by a factor of 2
and that the absorbed dose from neutrons is underestimated by a factor of 2.5 when
measured in a Si as compared to a water detector. These systematic errors do not
produce a significant error in total absorbed dose since photons and neutrons are
not the main contributors to absorbed dose in the atmosphere (approximately up to
5% as was shown in [92]). Moreover, the recoil ions produced by elastic scattering
of neutrons are different in each material and so is their LET [92].
The ionization rate in Si and tissue (water) is also different due to the different chem-
ical composition which causes challenges in conversion of the energy losses between
different materials. The rate of ionization in the material can be calculated by the
Bethe-Bloch equation. It depends on the electron density of the material, the mean
excitation energy of the material and the energy of the ionizing particle. Because
silicon has a different electron density and mean excitation energy compared to wa-
ter, the deposited energy in Si must be corrected using an appropriate conversion
factor or conversion function. The most common approach is to use the constant
conversion coefficient of 1.23 [68, 93, 94, 95, 60, 96, 79, 7, 59]. In [74] a conversion
factor of 1.17 was used and 1.2 was used in [97]. The use of a conversion function was
proposed in [92]. The proposed method is suitable for measurements which provide
information about LETSi such as measurement with Si telescopes [68] and partially
measurement with Si pixel detectors [74]. The LETSi is converted to LETW by em-
pirically obtained function by [98] and then the absorbed dose conversion coefficient
can be approximated by equation:

k ≈ LETW

LETSi

∗ ρSi
ρW

(3.1)

where ρSi is the density of Si and ρW is the density of water. Use of this approach
results not only in a more accurate conversion of LET from Si to water, but also in
improvements in the dose equivalent calculation. High LET particles have a higher
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absorbed dose conversion coefficient than particles of lower LET. This results in
applying the quality factor to a larger absorbed dose. If the mean absorbed dose
conversion coefficient is used, the dose equivalent might be underestimated as shown
in [92].

3.2.2 Energy calibration methods of silicon based detectors

The following text lists various energy calibration methods of Si detectors. The
precision of energy calibration is crucial for correct assessment of radiation risks.
Nevertheless, the recent results showing large discrepancies (up to 50%) in absorbed
dose in Si among different Si detectors suggest an extensive problem in this area [7,
8]. A partial solution to this problem was introduced in [8] namely by proposing a
new simple energy calibration method using a pixel detectors Timepix. This method
does not require a particle accelerator and can be easily performed.

Heavy ions

The standard method of energy calibration of Si diode detectors has been to
use high-energy heavy ion beams of known LET produced in particle accelerators.
Heavy ions with known LET travel through the Si diode of known thickness. This
allows a precise calculation of the total deposited energy in the Si detector. The total
deposited energy is linked to the response of the Si detector. This method was used
in [90, 86]. Although this method is relatively simple, it requires access to a charged
particle accelerator which is often difficult to obtain. This is the main reason why
one set of calibration coefficients obtained for a particular individual instrument is
used with other instruments of the same detector model. Another disadvantage is
that heavy ions tend to deposit large amounts of energy (hundreds of keV within the
Si detector) hence it is more challenging to sample the beginning of detector range
(the first channels around 100-300 keV). Therefore, the range of the first several
channels is usually extrapolated, and the detection threshold is determined from
the extrapolation. This method does not allow to evaluate the effect of noise which
might contribute to the first channels, and it can cause false detections. To bypass
this problem the first channels are usually discarded but there is no clear guidance
on how many channels to discard and how to evaluate which channels and how much
they are influenced by the noise.

Charge injection

The approach proposed in [86] uses injection of a known amount of charge into
the CSA and analyses the output of the amplifier. The charge can be recalculated
to deposited energy. The advantage of this method is that any amount of charge
can be injected into the CSA, therefore, the calibration curve can be sampled in the
whole range. Similarly, as heavy ion calibration, the charge injection does not allow
us to evaluate the effect of noise.
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X-rays per-pixel calibration

The energy calibration of polypixel detectors such as Timepix is done per-pixel
by low energy gamma rays generated by characteristic fluorescent X-rays from ra-
dionuclides (Fe and In) and gamma rays from radionuclide decay (241Am) [99]. Since
the individual pixels have much smaller surface than Si diodes, they have much lower
capacitance which results in much lower noise. Therefore, the detection threshold
of such detectors is approximately several keV. That allows the detectors to be
calibrated by low energy X-rays and gamma rays. Timepix detector provides infor-
mation about time which voltage signal spends above a given threshold (time over
threshold) for each pixel. If the X-ray of known energy is absorbed in a single pixel
then the response can be linked to the exact known deposited energy. The calibra-
tion function of one pixel is shown in Figure 3.3. The calibration function can be
extrapolated approximately up to 850 keV/px [99]. Above this level the corrections
need to be made as was shown in [100, 101, 102, 103]. This method cannot be used
for monopixel Si detectors with large surface diodes such as Liulin and AIRDOS
because their detection threshold is above the energy of typically used X-rays. The
use of more energetic radionuclides is not feasible because the generated electrons
may escape from Si diode due to its low thickness and an unknown part of the energy
may be lost.

Figure 3.3: The calibration function of a Timepix detector pixel. The four parameters
calibration function is used to describe the relation between time over threshold and
deposited energy [99].

Comparative calibration of Si diodes

This method was developed for calibration of monopixel Si diodes such as the
ones used in Liulin and AIRDOS. It is based on the comparison of deposited energies
measured by Si diode and Timepix pixel detector onboard aircraft [8]. Since Timepix
detectors have a much lower detection threshold and superior energy resolution to
Liulin and AIRDOS, this method allows the investigation of the calibration coeffi-
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cients of the Si diode in low range (up to the first 10-20 channels), which precisely
determines the detection threshold of the detector and determines the contamina-
tion of the first channels by noise. Therefore, this method compliments the heavy ion
calibration and charge injection methods as it gives additional information about
the calibrated detector. The results of this calibration method tabulated in Table
3.2 show that the translation of calibration coefficients from one unit to another
results in large errors in calibration.

Table 3.2: A comparison of calibration coefficients obtained by the original calibra-
tion methods and a newly developed comparative calibration method introduced in
[8]. The calibration factors are shown in format [a, b, T] where a is a linear coeffi-
cient, b is a constant coefficient of the calibration and T is the detection threshold.

Detector Original calibra-
tion method

Original calibra-
tion coefficients

New calibration
coefficients

Liulin MDU10 Heavy ions* [81.3, 81.3, 40.7] [47.0, 130.9, 107.4]
Liulin MDU15 Heavy ions* [81.3, 81.3, 40.7] [61.0, 157.9, 127.4]
AIRDOS DD Charge injection [38.0, 181.0, 162.0] [41.0, 220.7, 200.2]
AIRDOS 98 Charge injection* [38.0, 181.0, 162.0] [29.0, 190.1, 175.6]

3.2.3 Ambient dose equivalent calibration methods of silicon
based detectors

The calculation of dose equivalent from absorbed dose in silicon, which is natively
measured by Si detectors, needs a calibration coefficient or a function. As was shown
in Chapter 2, roughly 30-55% of effective dose is caused by neutrons which produce
recoil particles with large LET hence large quality factor. Since the Si detectors
have no way to identify the energy deposits caused by neutrons it is not possible
to evaluate the quality factor Q of such deposits. And even if the Si detector could
identify neutrons the LET of recoil particles would be different than in water due
to different interactions with Si and water. For this reason the Si detectors are
insensitive to neutrons in terms of dose equivalent even though the Si detectors
are sensitive to neutrons in terms of absorbed dose. That is the main reason why
calibration methods for dose equivalent often use corrections for position (altitude
and latitude) determined by TEPC measurements. The geomagnetic altitude and
latitude are the main drivers of neutron doses as was shown in Chapter 2. Although
such corrections are widely used, it requires measurements of additional information
about position. The position corrections also limit the usage of such measurements.
For example the short term changes in the cosmic radiation environment caused
by solar CME which would cause a significant increase in dose equivalent from
neutrons would likely be missed by Si detectors. Such an event would cause only
a small increase in absorbed dose in silicon and would be multiplied by a dose
equivalent calibration factor determined by TEPC in normal conditions (without
the CME). Hence there would be very little change in overall absorbed dose and
no detected changes in the quality of the radiation field. Therefore, detectors that
use correction coefficients derived from geomagnetic location and altitude cannot
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reflect the changes in the quality of the radiation field. In this sense, the quality
does not mean only the energy spectrum of individual types of ionizing radiation,
but also their absolute fluences. Higher flux of high LET particles (for example recoil
ions from neutrons) changes the overall mean quality factor as well. These changes
can be caused by cosmic weather, solar particle events, cloud coverage, mass of
the plane, fuel reduction, etc. Therefore, Si detectors are not natively suitable for
research activities apart from long term verification of the models. As the neutron
component is the one that is the most variable of all ionizing radiation particles in
the atmosphere, it seriously limits the potential of the Si detectors. This insensitivity
to neutrons (inability to identify neutrons and determine the quality factor of recoil
ions) is a very significant downside of Si detectors which is not present in TEPC.
Therefore, the TEPCs are more suitable for the measurement in mixed radiation
fields in the atmosphere than Si detectors. In the following text the brief description
of dose equivalent calibration methods is presented. Some of the described methods
attempted to identify the neutron component and bypass this downside.

Field calibration factor

Field calibration method uses an analytical computer code FDOScalc [97] that is
based on the database of TEPC measurements onboard aircrafts [61]. The database
consists of around 2500 data points taken in the years 1997-1999 and 2003-2006.
The FDOScalc can calculate dose equivalent for a given vertical cut-off rigidity.
The calibration factor for Si detector is then calculated as the ratio between dose
equivalent calculated by FDOScalc and absorbed dose in Si. It uses correction for the
Solar cycle based on Neutron Monitor counts at Oulu [104]. This method requires
the knowledge of geomagnetic position to calculate vertical cut-off rigidity. The
calibration curve for three different Si detectors as a function of vertical cut-off
rigidity can be seen in Figure 3.4. The resulting calibration coefficient ties the Si
detector to the FDOScalc model. This method was used in [86, 97, 105, 106].
The advantage of this method is that it is relatively simple and it is independent
of energy calibration method or its precision. Even if the absorbed dose in Si is
measured incorrectly, the resulting dose equivalent will not be affected. The detector
does not even need to be calibrated and only raw channels can be used for the
calculation. This method might be also suitable for simple detectors such as Geiger-
Müller type.

Mean quality factor

This method is based on a large number of measurements with TEPC. It uses
the mean quality factor of the radiation field as a conversion to dose equivalent.
The mean quality factor is calculated as a dose equivalent divided by absorbed dose
in water. The mean quality factor was fitted in the whole range of vertical cut-off
rigidity. The function can be seen in Figure 3.5. The calibration coefficient can be
applied to the absorbed dose measured in water. Since the Si detectors measure the
absorbed dose in Si, it is necessary to convert it to the absorbed dose in water. The
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Figure 3.4: The field calibration factor plotted as a function of vertical cut-off rigidity
[106].

knowledge of geomagnetic location and altitude is needed to calculate the vertical
cut-off rigidity. This method was introduced in [62].

Figure 3.5: The mean quality factor determined by TEPC measurements as a func-
tion of vertical cut-off rigidity [62].

Neutron discrimination method

This method is based on discrimination of the neutron component. It is assumed
that all energy deposits larger than 1 MeV are caused by neutron interactions in Si.
Energy deposits lower than 1 MeV are considered to be the low LET component.
The calibration factors klow and kneu were calculated from comparison measurements
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performed at CERF [107]. The radiation in CERN provides neutron reference with
similar characteristics as the radiation field at avionics altitudes. The calculation of
dose equivalent is done according to the equation:

∗
H(10) = klowDlow + kneuDneu (3.2)

where Dlow is absorbed dose with deposits lower than 1 MeV and Dneu is absorbed
dose with energy deposits larger than 1 MeV.
This method performed relatively well in polar regions [108], but it had large differ-
ences compared to algorithms for aircrew dosimetry in equatorial regions. Therefore,
[109] proposed a modification of this method. The calibration coefficients klow and
kneu were parameterized based on the ratio of Dlow and Dneu. This modification led
to better agreement between Liulin measurements onboard aircrafts and calculations
of EPCARD software. This method relies on the ability to discriminate between neu-
trons and other ionizing radiation. The elastic scattering of fast neutrons of Si can
be approximated by the equation described in [110]:

Ta = (
4mnma

(mn +ma)2
cos2 ω)Tn (3.3)

where Ta is the energy of the recoil atom, Tn is the energy of a neutron, ma is the
weight of an atom, and mn is the weight of a neutron and ω is scatter angle. This
equation suggests that only neutrons with energies greater than 7.5 MeV (frontal
collision) can deposit more than 1 MeV in Si diode. Since the neutron spectrum
in aviation altitudes has major components in regions of 2 MeV and 100 MeV,
many neutrons are misclassified as low LET components as their deposited energy is
below 1 MeV. Similarly, the low LET particle can deposit energy larger than 1 MeV.
It has never been clearly demonstrated what portion of particles is misclassified.
The measurement performed with the Timepix detector [8] suggests that relatively
large portions of energy deposits greater than 1 MeV are in fact different types of
particles. The data from Timepix show that roughly 20% of absorbed dose is caused
by particles with energy deposits greater than 1 MeV whereas in [92] it is shown that
neutrons are responsible only for 3% of absorbed dose. Moreover, those 3% consist of
neutrons with energies lower than 7.5 MeV. Therefore, the assumption that is used
for discrimination of neutrons (the 1 MeV limit) does not seem justified. Another
problem with this method is that it uses the CERF as a reference for calibration.
The CERF facility serves as a reference only for neutron component and not all
particle types that occur in aviation altitudes.

Direct calculation of dose equivalent

Dose equivalent can be also calculated directly. It has been done several times
in [62, 96, 74, 68]. The direct calculation is based on the determination of LET in
water which can then be recalculated into quality factor [111].
The LET in Si can be measured by single diode detectors [62]. In [62] each Liulin
channel is assigned a LET value which is based on the comparison of the lineal
energy spectrum measured by TEPC. Such procedure does not seem to be justified
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from same reasons as the discrimination of the neutrons cannot be done by simple
analysis of the deposited energy. Moreover, the neutron interactions in water and in
Si produce different charged particles with different LET values. Another possibility
is to use a Si pixel detector [74, 96] that can analyze the clusters of deposited energies
and determine the incident angle of the particle which improves the estimation of
track length [112, 113]. This allows to determine LET of particles that traverse the
thin Si slab. Another example that used the direct calculation of dose equivalent is
Si telescope [68]. The Si telescopes use two or more layers of Si diodes in coincidence
mode. They can estimate the track length due to the geometry of the individual Si
layers.
The [68] reported the mean quality factor of 1.37 whereas the mean quality factor
measured by TEPC is approximately in the range of 1.28-2.36 (in the range of verti-
cal cut-off rigidity up to 18 GV) reported in [62]. Hence, the quality factor measured
by the Si telescope is underestimated compared to the TEPC measurements. This
difference is mainly attributed to fast neutrons. Since the recoil Si atoms that are
produced during elastic scattering of neutrons have a range of several micrometers in
Si, they will not travel through several layers of Si diodes The theoretical calculation
performed in [92] shows a mean quality factor of 1.06 in a single Si layer compared
to 1.37 measured in [68]. This difference might be due to the selective effect of the
Si telescope. The detections that trigger 2 or more Si layers might favor the high
LET particles. Electrons, positrons and other low LET particles can be scattered
by the first encountered Si layer and never enter the second layer. That would cause
overestimation of the mean quality factor. The presented results show that although
using a Si telescope can be used to evaluate the mean quality factor, its results are
significantly underestimated due to the large contribution of fast neutrons to dose
equivalent.

3.3 Phoswich-type detector

Phoswich-type detector for measurement of photon and neutron components is
composed of a large liquid scintillator EJ-309 with pulse shape discrimination (PSD)
and with a plastic scintillator EJ-299-13 surrounding the liquid scintillator which
has much longer decay time than EJ-309. The phoswich-type detector is able to
discriminate between neutral particles and charged particles based on the pulse
shape. If the particle deposit energy in a plastic scintillator, it will appear as a pulse
with long tail since the EJ-299-13 has a decay time of 285 ns whereas EJ-309 has a
decay time of 3.2 ns. Moreover, the neutral particles that deposit energy only in liquid
scintillator (without a long tail) are discriminated due to PSD. The PSD technique
allows to analyze the features of pulse shape and to calculate the PSD parameter.
Based on the value of the PSD parameter, the neutron and photon components
can be discriminated. Hence it is possible to discriminate neutrons from photons.
This concept allows to measure deposited energy spectra of neutrons and photons
and perform convolution to determine the primary energy spectra of photons and
neutrons. Downside of this detector is its large size, large power consumption and
a need for skilled operators. This detector and its application in aviation dosimetry
was introduced in [76].
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3.4 Remarks

The aviation dosimetry is typically performed by TEPC which can provide precise
dose equivalent data. Unfortunately, their mass deployment onboard aircrafts is
limited by their size, limited battery operational time and their cost. For these
reasons a large number of measurements are performed by cheaper and more compact
Si detectors which have a series of their own downsides that were described in this
chapter. Therefore, there is a need for a detector for aviation dosimetry that will
combine the strengths of TEPC and Si detectors - tissue equivalent detector, no need
for additional position measurement, small size, and not expensive. The concept of
such a detector inspired by the phoswich-type detector will be introduced in the
Chapter 4.
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Chapter 4

Plastic scintillator based detector of
cosmic rays

The main idea of the proposed detector is to use the scintillator which compo-
sition is close to tissue equivalent and can discriminate ionizing radiation particles
based on LET. The scintillators are manufactured in order to contain large amount
of unbound π-electrons that can be easily excited by the ionizing radiation. Such
electrons can be excited in one of many excitation states (S1, S2, etc.). These states
emit photons during their deexcitation (fluorescence). This process is very fast and
the deexcitation happens within a few nanoseconds after the excitation [114]. The
competitive process that can happen with S states is that it undergoes a spin reversal
into triplet state T. That can lead to emission of photons with longer wavelengths
than the deexcitation of S states. The triplet states can also be transformed back
to S state by gaining enough thermal energy or by interaction with another triplet
state. This interaction leads to one electron in ground state S0 and the other one in
S1 state. The subsequent deexcitation of S1 state leads to delayed fluorescence. The
density of triplets is influenced mainly by the ionization rate of the incident par-
ticle. Hence, the particles with large LET produce more delayed fluorescence than
particles with low LET [115]. Therefore, the resulting pulses have different shapes.
Some of the commercially available scintillators are synthesized to enhance the pro-
duction of triplet states to exploit this property. The example of difference between
pulse shapes is illustrated in Figure 4.1. Typically, the PSD is used to discriminate
between photons and neutrons. The PSD algorithms that analyze the pulse shapes
perform better for larger pulses hence discrimination typically works for neutrons
depositing energy of approximately 1 MeV.

Since most of the high LET component in flight altitudes is caused by neutrons
the proposed detector should be suitable for aviation dosimetry. The concept of
the proposed detector should distinguish between neutrons and low LET compo-
nent, calculate the deposited energy of both components and assign a corresponding
quality factor to them. The specifics of these steps will be discussed later in this
chapter.
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Figure 4.1: The illustration of photon and neutron pulse measured on plastic scin-
tillator EJ-299-33 [116].

4.1 Hardware design

The design of the detector is based on the plastic scintillator EJ-276 [117] that
supports PSD technique. The major features of the EJ-276 scintillator are tabu-
lated in Table 4.1. The visible light produced in the EJ-276 by ionizing radiation is
collected by four silicon multipliers (SiPM) MicroFC-60035 [118]. The SiPMs were
chosen instead of more traditional photomultiplier (PMT) tubes to achieve small size
and low weight of the detector. Moreover, PMTs need a high voltage power supply
of several hundreds of volts whereas SiPMs can be operated with a bias voltage of
several tens of volts. The summary of the main features of MicroFC-60035 SiPM is
in Table 4.2. The design of the detector utilizes four SiPM units that are connected
in parallel and their output is summed up together. The photographs of the plastic
scintillator, SiPMs and the assembly of the plastic scintillator coupled with SiPMs
can be seen in Figure 4.2, Figure 4.3, Figure 4.4, respectively. The pulses which
are generated by SiPMs are amplified in amplification circuitry and processed in
digital circuitry, namely field programmable gate array (FPGA). The detector can
be powered through the FPGA printed circuit board (PCB) via universal serial bus
(USB) or by any stable +5 V power supply with sufficient current. The prototypes
of the detector use real time clock (RTC) to keep track of the time and it can also
accept messages from global positioning system (GPS) via universal asynchronous
receiver-transmitter (UART) communication.

4.1.1 Silicon photomultiplier

SiPM is a semiconductor device consisting of an array of single-photon avalanche
diodes (microcells) biased over the breakdown voltage. The electron avalanche pro-
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Table 4.1: The tabulated properties of EJ-276 plastic scintillator.

Parameter EJ-276
Size (mm x mm) 25.4 x 25.4
Density (g/mm3) 1.096
Scintillation efficiency (ph/MeVee) 8600
Wavelength of maximum emission (nm) 425

Table 4.2: The tabulated properties of MicroFC-60035 SiPM.

Parameter MicroFC-60035
Breakdown voltage (V) 25.45
Capacitance (pF) 3400
Number of microcells (-) 18980
Wavelength of maximum absorption (nm) 420

Figure 4.2: Photograph of the EJ-276 scintillator.

Figure 4.3: Photograph of four MicroFC-60035 SiPMs soldered on a PCB.
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Figure 4.4: Photograph of EJ-276 coupled with SiPMs. The plastic scintillator is
encapsulated in a 3D printed holder.

duced during microcell ignition is quenched by in-series passive resistance. Due to
high gain of the avalanche, the output current signal is sufficient for the detection
of single photons. The SiPMs offer several advantages over PMTs, typical for the
silicon devices – they are small, compact, insensitive to magnetic fields, and do not
require a high voltage power supply. On the other hand, large surface SiPMs have
large capacitance, and this might pose a challenge when designing front-end elec-
tronics. The large capacitance of SiPMs in parallel with a load resistor works as a
low-pass filter that influences the output pulse waveform. The bandwidth can be
calculated according to the following equation:

f3dB =
1

2πRC
(4.1)

Where R is load resistance and C is the capacitance of the SiPM. The front-end
electronics design is usually based on a load resistor, a transimpedance amplifier,
or a bootstrapped transimpedance amplifier [119, 120]. The designs based on tran-
simpedance operational amplifiers can increase the bandwidth while maintaining the
same amplification. The disadvantage of designs based on operational amplifiers is
that they introduce additional noise to the signal. Another complication for signal
processing, when a SiPM is used, might be the recovery time of microcells, which af-
fects the fall time of the signal (up to hundreds of nanoseconds) compared to PMTs,
where the fall time of the pulse is in the order of nanoseconds. The recovery time
constant is affected by the internal parameters of the semiconductor device, pri-
marily the value of quenching resistance Rq, parallel stray capacitance Cq, junction
capacitance of inner depletion region Cd, number of microcells N and load resistor
Rl as described in the equation derived in [121]:

τ ≈ Rq(Cd + Cq) +NRl(Cd||Cq) (4.2)

Some SiPMs exhibit a fast component of the pulse as was shown in [122]. The fast
component is related to the parallel stray capacitance Cq of the quenching resistor
and load resistor Rl. The presence of a fast component significantly changes the
shape of the pulse. Although there are several groups utilizing PSD techniques with
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SiPMs and also several papers which examine the internal electrical properties of
SiPMs and their influence on output pulse shape, there has been very little focus on
understanding the effect of variables such as bandwidth of the front-end electronics
and internal parameters of SiPMs on the performance of PSD algorithms. Since
these properties significantly influence the pulse shape, it can be assumed that the
PSD performance will depend on them. The optimization of PSD algorithms and
selection of the optimal PSD algorithm for given parameters of bandwidth and SiPM
parameters was investigated in [123] using a Monte Carlo model of scintillator/SiPM
system called MC-SiPM. MC-SiPM allows to calculate and analyze the response
of a scintillator/SiPM system to various types of ionizing radiation. The detector
described in this chapter was not optimized for the best PSD performance mainly
due to the frequent changes in its parameters during the development phase of the
detector. This prevented the long term stabilization of the design and fixation of the
analog circuitry and parameters needed for the optimization. These changes were
done to meet the demands in the aviation radiation field such as to cover most of
the deposited energy spectrum without saturation of the detector and linearity of
the response.

4.1.2 Analog circuit design

The schematics of analog circuitry can be seen in Figure 4.5. The summed cur-
rent pulse coming from MicroFC-60035 SiPMs is converted to voltage pulses and
amplified in an inverting transimpedance amplifier (TIA). TIA uses an operational
amplifier (OA) OPA656 [124] with bandwidth of 500 MHz which is sufficient for
transfer of the main frequency component of the signal. Due to the addition of ca-
pacity of four SiPMs, the pulses have much longer rising edges. Therefore, there is
not such high demand on the frequency bandwidth of the OA as if only one SiPM
was used. Since the amplification circuit was designed for a single SiPM it is possible
to use OA with lower frequency bandwidth (lower power consumption). The output
voltage signal is then separated into two branches. Both branches are amplified by
a non inverting voltage amplifier that uses AD8039 OA [125] and their impedance
is adjusted so it matches the following circuitry. One branch is amplified with am-
plification of 2 (OUT1) and the second one with amplification of 11 (OUT2). In
Figure 4.6 and Figure 4.7, the pulses from TIA and voltage amplifiers OUT1, OUT2
can be seen. The amplification added by voltage amplifiers decreases the frequency
bandwidth of the system which explains why the OUT2 pulses last longer and have
milder rising edges. This will negatively influence the PSD algorithm. On the other
hand, a very fast rising edge of the pulses from TIA would require a digitizer with
a very fast sampling frequency >250 MHz.

4.1.3 Bias voltage circuit design

A very important part of the detector is a circuitry that generates bias voltage
for SiPMs. The output of SiPM is very sensitive to slight changes in the bias voltage
therefore the aim is to have bias voltage as stable as possible without any ripple.
The bias voltage circuitry is shown in Figure 4.8. The voltage of -30 V is generated
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Figure 4.5: The schematics of analog circuitry - SiPMs, transimpedance amplifier
and two voltage amplifiers.

Figure 4.6: The blue signal shows pulse from TIA and yellow signal shows amplified
pulse OUT1.
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Figure 4.7: The yellow signal shows amplified pulse OUT1 and blue signal shows
pulse from OUT2.

in the standard switching power supply module RB-3.315D [126] which has a high
efficiency (80-90%) but its downside are the ripples with a fixed frequency on the
output voltage (100 kHz). To filter the ripples, a linear low voltage dropout regulator
(LDO) TPS7A3001 is used [127]. The used LDO is able to pass only a fraction of
the ripples and makes the bias voltage stable. Each SiPM also uses passive RC
filters. The voltage divider on feedback of LDO was set so it outputs -27 V which
corresponds to overvoltage of approximately 2.45 V. The exact breakdown voltage
is individual to each SiPM and is within the range of 24.2 V up to 24.7 V. The
value of breakdown voltage depends on the temperature of the SiPM. The response
of regulated bias voltage to a pulse is shown in Figure 4.9. It can be seen that
the bias voltage in response to a sudden draw of current lowers the overvoltage by
approximately 10 mV and it takes about 10 µs to fully recover from the drop. Such
behavior is expected and mitigated by the use of large reservoir capacitors.

Figure 4.8: The bias voltage regulator circuit.
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Figure 4.9: The response of regulated bias voltage to impuls produced by SiPMs.
The yellow signal is the output voltage from analog channel OUT1 and the blue
signal is AC coupled signal of bias voltage.

4.1.4 Digital circuit design

The data are processed by commercially available field programmable gate array
(FPGA) platform Red Pitaya STEMlab 125-10 [128]. The Red Pitaya platform
is shown in Figure 4.10. The Red Pitaya contains two analog to digital converters
(ADC) with sampling frequency of 125 MHz and 10 bit resolution and 50 MHz analog
bandwidth. Both channels can be adjusted to a voltage range of ±20 V or ±1 V.
The settings of ±1 V are used on both channels. One of the channels (CH1) digitizes
analog pulses with amplification of 2 (OUT1) and the second channel (CH2) digitizes
analog signals with amplification of 11 (OUT2). The ADCs output is processed by
the FPGA. It uses Linux as an operating system. The hardware of the Red Pitaya
platform such as ADCs, UART, I2C, etc. can be controlled by default commands
that can be programmed in several programming languages. The system is loaded to
the Red Pitaya via a micro secure digital card (SD card). The software that controls
the function of the Red Pitaya was written in C programming language and was
implemented in Linux operating system. The data taken by the detector are saved
to the external USB disk. Signal processing that is done in FPGA is relatively simple.
The output of CH2 is checked for triggers. The pulses are triggered if the value of
signal exceeds 16 mV. If the pulse is triggered the buffers on both channels (CH1
and CH2) are filled and then saved to the file in human readable form to external
USB disk. The buffers are filled in a way that 96 samples before the trigger are saved
and each buffer has a size of 512 ADC samples. The analysis of raw pulses is done in
post processing. The description of signal processing is summarized in Figure 4.11.

Together with the sampling of the ADCs additional data are saved to the USB
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Figure 4.10: The photograph of the Red Pitaya platform.

Figure 4.11: Schematic representation of data processing in Red Pitaya.
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disk - temperature of the processing chip, GPS messages via UART if connected,
time and date from RTC via I2C communication, and temperature of RTC chip via
I2C. The RTC is located in close proximity to SiPMs. Therefore, the temperature
of the RTC chip is used to evaluate the temperature of SiPMs.

4.2 Monte Carlo simulations in the aviation altitude

In order to simulate the response of a plastic scintillator in a neutron radiation
field in aviation altitudes and to estimate the correction coefficients, the Monte Carlo
calculation was performed. The simulation was performed similarly to the descrip-
tion in [92]. The plastic scintillator with size 1x1” was placed in a spherical neutron
radiation source surrounding the scintillator. The radiation field was generated by
the PARMA model [51, 52]. The simulation itself was carried out using the general
purpose 3D MC particle transport simulation tool MCNP6 [129] which includes re-
action models and cross-section data for simulation of reactions and transport of 37
different particle types. The primary neutron spectrum used in the MCNP6 simu-
lation and generated by the PARMA model is shown in Figure 4.12. This spectrum
corresponds to the environment with an altitude of 11.87 km, latitude of 50.42°, lon-
gitude of 15.8°, and date 29/11/2017 (the parameters of REFLECT flight described
in [7]).

Figure 4.12: Primary neutron energy spectrum calculated by PARMA model.

The MCNP6 simulation used a tally to score deposited energy which was then
recalculated to absorbed dose rate in given material. The contribution of individual
energies to absorbed dose can be seen in Figure 4.13. The total absorbed dose rate
from neutrons was calculated to 0.157 µSv/h. In order to calculate the fraction of
absorbed dose that is not registered by the plastic scintillator based detector it is
assumed that all of the absorbed dose is due to elastic scattering and the neutrons
scatter uniformly. Therefore, each neutron can deposit energy from zero up to its
maximum energy with the same probability. Figure 4.13 also shows the amount
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of unregistered absorbed dose in the case that the detection threshold is 1.3 MeV
for neutrons. In that case there is approximately 21% of absorbed dose that would
not be registered. The corresponding correction factor cthres. that would adjust the
measurements to 100% would be 1.266.

Figure 4.13: Result of Monte Carlo simulation showing absorbed dose rate as a
function of neutron energy. The simulation was performed in a place and time of
altitude 11.87 km, latitude 50.42°, longitude 15.8°, time 29/11/2017. The plot also
shows an unregistered absorbed dose caused by a neutron detection threshold of 1.3
MeV.

In order to estimate the mean quality factor Q for neutrons, the results from
publication [92] are used. It is shown that the absorbed dose rate in water is 0.23
µGy/h and the corresponding dose equivalent is 3.168 µSv/h. That results in a mean
quality factor Q of 13.8. This factor is later used for conversion of absorbed dose to
dose equivalent of plastic scintillator measurements. The calculations in [92] were
performed in a thin slab of water with thickness of 0.3 mm and the recoil ions (mainly
protons) were tracked by a fine mesh defined within the active volume and their LET
was scored. The LET values were used to determine the quality factor of individual
particles. This simulation was done for one specific place in the Earth’s atmosphere
therefore for general usage of this mean quality factor the neutron spectrum should
not change as a function of the environment. In Figure 4.14, the normalized neutron
energy spectra are shown. It can be seen that the normalized neutron energy spectra
are very similar and nearly independent of influences such as altitude and latitude.
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Figure 4.14: The comparison of normalized neutron spectra for different environ-
ments. The top plot shows a change of the neutron spectra for several altitudes and
the bottom plot shows the change of neutron spectra for several latitudes.

4.3 Data processing, energy calibration and calcu-
lation of dose equivalent

4.3.1 Processing of the pulses

The raw analog pulses that are saved to the external USB disk are analyzed
after the measurement in post processing. Such an approach allows to change and
adjust the processing algorithms and troubleshoot the errors. The disadvantage is
that saving the whole signal waveforms takes more time hence increases the dead
time of the detector and it puts high demand on the size of the external USB disk
as such a detector is able to produce a large volume of data within a short period
of time. The schematic procedure of pulse processing is shown in Figure 4.15. The
pulse processing is done as follows:

• Features of pulse are calculated namely the maximum value of ADC sample
and wear-off which is calculated as the average of the last three ADC samples.
These parameters are used for identification of pulses that lasted for so long
that they are not fully digitized or for the identification of pile up pulses.

• The pulses are separated into two groups based on the amplification - low
(OUT1) and high (OUT2) amplification. That is necessary because each am-
plification needs different parameters for its processing.

• The trigger position is determined from the settings of Red Pitaya software
which allows to set the number of pretrigger samples which are saved before
the trigger. Typically, the pretrigger is set to 64 samples.

• The trigger point is used to calculate the beginning of the pulse via a param-
eter of gate offset which determines how many samples or nanoseconds before
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trigger point the pulse starts. The background is then removed by subtracting
a baseline from the pulse. The baseline is calculated as an average of ADC
samples before the beginning of the pulse. The number of samples used for
baseline calculation can be controlled.

• The end of the pulse is calculated as a point where the decay of the signal
reaches the value of baseline (zero after the subtraction of baseline from the
pulse).

• Then the PSD parameter of the pulse is calculated based on the features of
the pulse.

• At the end the integral of the pulse is calculated. It is used to determine the
absorbed energy.

Figure 4.15: Pulse processing schematics.

4.3.2 Discrimination of low and high LET component

For the discrimination of low and high LET component several methods can
be used. The methods are based on analysis of the pulse shapes and calculating a
parameter that can be used to discriminate the individual components. As was ex-
plained and shown in the previous text the pulse shape is strongly influenced by the
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frequency bandwidth of the system hence pulses from low gain analog signal path
are different from pulses produced in high gain analog signal path. Therefore, two
different methods are used. For low amplification the Frequency gradient analysis
(FGA) is used and for high amplification the Charge comparison method (CCM) is
used.
The CCM method is based on integration of two parts of the pulse - short gate
and long gate. Typically, the short gate integrates only part of the pulse and the
long gate integrates the whole pulse. The ratio between short gate and long gate
integrations is used as a discrimination PSD parameter. The length of the short gate
can be changed and optimized for the best performance.
The FGA method is based on comparison of different frequencies within the pulse.
The pulse is transformed to frequency domain by Fourier transform and the ratio
between two different amplitudes from the spectrum is used as PSD discrimination
parameter. Typically, the amplitudes of the first element of Fast Fourier Transfor-
mation (FFT) and amplitude of the n-th element of FFT are used. The method can
be optimized by selecting the n-th element. This method was introduced in [130].
The FFT spectrum of photon and neutron pulses are shown in Figure 4.16.

Figure 4.16: The FFT spectrum of photon and neutron pulses [130].

Usually, the discrimination of neutron and photon components is done for AmBe
source but it produces neutrons with maximum energy of approximately 12 MeV.
Since the contribution of neutrons exceeding 12 MeV at flight altitudes is significant,
the discrimination algorithms must be tested for higher energies. Therefore, the
testing of PSD methods was performed on data obtained from an experiment at
Heavy Ion Medical Accelerator in Chiba (HIMAC) where a thin beam of carbon ions
with energy of 430 MeV/n collided with a plastic target. The detector was placed
at a degree of 45° from the target. The interactions of silicon ions with molecules
of the target creates among other high energy neutrons that can be detected. The
setup of the experiment can be seen in Figure 4.17.
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Figure 4.17: A photograph of the C 430 MeV/n setup experiment at HIMAC.

The PSD is performed on uncalibrated data using arbitrary units (corresponds
to the integrals of the pulses). The 2D histogram of PSD parameters as a function
of energy for both amplifications can be seen in Figure 4.18.

The 2D histogram was sliced into a series of 1D histograms for different energies.
The 1D histograms were fitted by Gaussian Mixture Model (GMM) described by
equation:

f(x) = A1 ∗ exp(−(x− µ1)
2/(2σ2

1)) + A2 ∗ exp(−(x− µ2)
2/(2σ2

2)) (4.3)

Where A is the amplitude of Gaussian function, µ is the location of the max-
imum and σ is the standard deviation of the Gaussian function. The separation
point was calculated as the intersection of both Gaussian curves. The example of
the GMM fitting is shown in Figure 4.19. The separation line was calculated as a
linear interpolation of the individual separation points. The separation line for both
amplifications is shown in Figure 4.20. The optimization parameter of CCM (length
of the short gate) was chosen to 25 samples and optimization parameter of FGA
(frequency) was chosen to 1.22 MHz. Due to the low number of detected neutrons
during the experiment the fitting of GMM suffered large errors and inconsistency.
Therefore the optimization of the parameters was not possible. The parameter values
of PSD algorithms were determined only by trial and error method.

4.3.3 Low LET component energy calibration and tempera-
ture correction

The energy calibration of the photon component is straightforward and was de-
scribed in [131]. The proposed method uses gamma ray Compton edges of common
radionuclides such as 22Na, 60Co, and 137Cs. The exact location of the Compton edge
is determined by a differential method described in [132]. The method uses the dif-
ferential of histogram. The theoretical position of Compton edge can be calculated
by equation:
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Figure 4.18: The top and bottom plots show 2D histogram of PSD parameters
as a function of energy for both amplifications. The data were obtained from an
experiment at HIMAC experiment with a C ion beam with energy of 430 MeV/n.

Figure 4.19: The example of Gaussian mixture model fitting.
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Figure 4.20: The top and bottom plots show 2D histogram of PSD parameters as
a function of energy for both amplifications from carbon beam 430 MeV/n. The
separation lines which were constructed based on the GMM fitting are shown.
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ECompton =
2E2

mec2 + 2E
(4.4)

Where E is photon energy and mec
2 is electron mass energy of 511 keV. The

photon energy of used radionuclides and their Compton edges is tabulated in Table
4.3.

Table 4.3: The list of common gamma ray sources, their energy and corresponding
Compton edges.

Gamma ray source Energy (keV) Compton edge (keV)
22Na 511 339
22Na 1275 1061
137Cs 662 447
60Co 1253 1040

The used calibration model is described by equation:

y = ax (4.5)

Where x is the channel, y is the deposited energy and a is the fitted model
coefficient. Both amplification channels were calibrated individually. The calibration
curves can be seen in Figure 4.21.

Figure 4.21: The illustration of calibration curves for both amplification channels
performed on radionuclide 137Cs, 22Na and 60Co.
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Due to the use of fixed bias voltage and temperature dependence of SiPM break-
down voltage the response of the detector changes significantly with temperature.
This change can be seen by comparing the response shown in Figure 4.22.

Figure 4.22: The response of the detector to various gamma sources at different
temperatures. The first row shows a low amplification channel and the second row
shows a high amplification channel. The first column is a response for a temperature
of approximately 4°C (irradiation performed in the fridge) and the second column
shows response for a room temperature of 25°C.

In order to compensate for the change in the response of the detector due to
changing temperatures the calibration coefficient a described in Equation (4.2) is
adjusted according to the following equation:

a = αT + β (4.6)

Where α and β are fit coefficients and T is temperature. The coefficients α and β
were determined by linear regression of data for two temperatures (4°C and 25°C).
The temperature near SiPMs is measured every 10 seconds.

4.3.4 High LET component energy calibration

The energy calibration that is used for the photon component cannot be used for
the neutron component due to the effect of energy quenching. The energy quenching
causes lower light yield of particles with higher LET. It has been described in organic
and inorganic scintillators as well [133, 134, 135, 136]. The mathematical model that
allows recalculation of the photon energy calibration into neutron energy calibration
was described in [137]. The mathematical model is described by equation:

y = ax− (b ∗ (1− exp(−cx))) (4.7)

Where x is recoil proton energy, y is electron energy, and a, b, c are fitting
parameters. This method was used for example in [138, 139]. The fitting parameters
a, b, c in [139] were calculated for 2x2” scintillator EJ-276. The same parameters were
used for 1x1” scintillator EJ-276 used in the detector. The used parameters are shown
in Table 4.4. The translation of fitting parameters was verified by irradiation at the
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D+T generator which produces neutrons with energy of 14.1 MeV. The experiment
at the D+T generator was performed at Technical University of Ostrava.

Table 4.4: The neutron calibration parameters used for 1x1” EJ-276 scintillators.

Fitting parameter EJ-276 1x1"
a 0.75
b 3.2
c 0.22

The use of fitting parameters should result in maximum measured neutron energy
of 14.1 MeV. In Figure 4.23, the neutron edges are shown at 14.8 MeV. This is a 5%
difference compared to the energy of 14.1 MeV. Although the translation of fitting
parameters worsens the neutron energy resolution and precision it is sufficient for
the application. The parameters could be improved if the detector was irradiated
at a D+D generator which produces neutrons with energy of 2.45 MeV. Then the
parameters could be refitted to agree with the two neutron edges.

Figure 4.23: The localization of 14.1 MeV neutron edge for EJ-276 scintillator on
D+T neutron generator.

4.4 Results onboard aircraft

After the characterization of the detector, it was deployed on the testing flights
onboard aircraft. The detector was implemented in a box with two other detectors
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namely semiconductor based detector AIRDOS and detector with NaI(Tl) scintil-
lator. The whole assembly is called Airwatch and it can be seen in Figure 4.24.
Airwatch is powered from the electrical socket.

Figure 4.24: A photograph of the Airwatch system that is used for the measurements
onboard aircraft. The Airwatch contains a detector based on plastic scintillator, Si
based detector AIRDOS and NaI(Tl) scintillator.

Results from two flights will be introduced. The first flight was from Narita airport
(NRT) in Tokyo to Istanbul airport (IST) in Istanbul and the second flight was from
Istanbul airport (IST) to Vaclav Havel airport (PRG) in Prague. The route of both
flights can be seen in Figure 4.25 and Figure 4.26.

Figure 4.25: The route of the airplane from Narita Airport to Istanbul International
Airport.

The detector was deployed on regular airlines and was plugged into the electrical
socket provided for each passenger onboard. The detector measured continuously ex-
cept for a couple of short interruptions. The flight profile of cosmic ionizing radiation
in terms of absorbed dose is shown in Figure 4.27 for NRT-IST flight and in Figure
4.28 for IST-PRG flight. The absorbed dose is shown for low and high LET compo-
nents (distinguished by photon/neutron separation line). The low LET component
is plotted alongside the output of CARI-7 software which shows the ambient dose
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Figure 4.26: The route of the airplane from Istanbul airport to Vaclav Havel airport.
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equivalent. It can be seen that the measurement of absorbed dose of low LET com-
ponent reflects the changes in ambient dose equivalent calculated by CARI-7. This
is especially visible in the results from NRT-IST flight. The small sudden changes
are caused mainly by changes in flight levels whereas continuous changes are caused
particularly by transition in latitude. Although there is a high correlation between
measured low LET absorbed dose and calculated ambient dose equivalent the rate
at which they change is different. Hence, both lines do not overlay perfectly. That
is presumably caused by the increasing contribution of neutrons in such a region. It
can be seen in particular at IST-PRG flight where the lines widened as the aircraft
traveled to the higher latitude. On the other hand this widening is reflected in the
high LET component (mostly neutrons) - slow increase of high LET absorbed dose
in higher latitudes. Due to the low cross section of neutron interaction with plastic
scintillator the number of detected neutrons is much lower than low LET particles
therefore the neutron component has higher variability. This partially confirms that
the basic concept of the plastic based detector works and that it can be used to a
certain extent for aviation dosimetry without the need for correction factors that
are based on the location of the aircraft.

Figure 4.27: The flight profile of NRT - IST flight. The top plot shows the absorbed
dose rate of low LET component including individual amplifications and its com-
parison with the CARI-7 results. The bottom plot shows the absorbed dose rate of
high LET component including individual amplifications.

The calculation of dose equivalent was done according to the following equation:

H = DlowLET +DhighLET ∗Q ∗ cthres. (4.8)
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Figure 4.28: The flight profile of IST - PRG flight. The top plot shows the absorbed
dose rate of low LET component including individual amplifications and its com-
parison with the CARI-7 results. The bottom plot shows the absorbed dose rate of
high LET component including individual amplifications.
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Where coefficient Q is coefficient of the mean quality factor of the neutrons and
cthres. is a coefficient that corrects for neutrons that were not detected due to the
detection threshold. The calculation of those coefficients were discussed in section
4.2. The comparison of dose equivalent with ambient dose equivalent calculated by
CARI-7 software is shown in Figure 4.29 for NRT-IST flight and Figure 4.30 for
IST-PRG flight. Since CARI-7 can also calculate contributions of individual parti-
cle types, the neutron contribution is compared to measurements of the high LET
component. It can be seen that the total dose equivalent is underestimated com-
pared to the CARI-7 results and the high LET dose equivalent is in agreement with
the neutron ambient dose equivalent determined by CARI-7. This would suggest
that the main error comes from the underestimation of low LET component. In or-
der to verify this assumption the low LET component is compared with data from
Si detector AIRDOS. This comparison of NRT-IST flight is shown in Figure 4.31.
The native data measured in Si were recalculated to absorbed dose in water. It
can be clearly seen that the absorbed dose rate in water measured by Si detector
shows much higher values than plastic based detector. It is possible that this error
is caused by energy quenching. Whereas the neutron deposited energy is adjusted
for this effect by using an exponential model described in Equation (4.7) the low
LET component is assumed to behave the same as photons (without any quench-
ing). This assumption might not be fulfilled because in the complex mixed radiation
field in the aviation altitudes the scintillator is irradiated by many different types
of particles which might undergo energy quenching and still be considered as low
LET such as muons, electrons, positrons, etc. In order to overcome this problem the
absorbed dose measured by Si detector can be used to evaluate the low LET com-
ponent. The absorbed dose measured by Si diode was shown to have a quality factor
Q of 1.06 in [92] hence it can be used to evaluate the dose equivalent of low LET
component. The summation of dose equivalent measured by Si detector and high
LET component measured by plastic based detector is shown and compared with
CARI-7 in Figure 4.32. It can be seen that there is a good agreement between the
measured data and software calculated results. The total dose equivalent received
during the NRT-IST flight was calculated to 45.00 µSv by CARI-7 and 46.26 µSv
by combined measurement of Si detector and detector based on plastic scintillator.
The relative error between those two values is nearly 3% which is an excellent agree-
ment. Moreover this result was achieved without using any coefficients that would
be based on the location of the airplane hence inherently suggesting the quality of
the radiation field.
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Figure 4.29: The flight profile of NRT - IST flight. The top plot shows the dose
equivalent rate of low LET component including individual amplifications and its
comparison with the CARI-7 results. The bottom plot shows the dose equivalent
rate of high LET component and its comparison with the neutron ambient dose
equivalent rate calculated by CARI-7.
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Figure 4.30: The flight profile of IST - PRG flight. The top plot shows the dose
equivalent rate of low LET component including individual amplifications and its
comparison with the CARI-7 results. The bottom plot shows the dose equivalent
rate of high LET component and its comparison with the neutron ambient dose
equivalent rate calculated by CARI-7.
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Figure 4.31: The comparison of absorbed dose rate in water measured by detector
based on plastic scintillator and Si based detector AIRDOS.

Figure 4.32: The flight profile of NRT - IST flight. The plot shows the dose equivalent
rate calculated by a method combining results from a detector based on plastic
scintillator and Si based detector AIRDOS and ambient dose equivalent calculated
by CARI-7.
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4.5 Remarks

A new detector based on a plastic scintillator was designed. Its main purpose is
to measure the radiation doses onboard aircraft with the purpose to verify the algo-
rithms used for calculation of radiation doses to aircrews, and to monitor the space
weather and its manifestation to the radiation field in Earth’s atmosphere. For space
weather monitoring, complex detectors that can measure different particle types are
more suitable because the changes in the radiation field in the atmosphere might be
significant only in increase of neutrons for example. Therefore, frequently used Si
detectors might not be ideal for such research as they are not sensitive to all particle
types and they need to be corrected for the quality of the radiation field.
After extensive characterization and calibration of the new detector, it was tested
onboard aircraft. The data show very good agreement in terms of dose equivalent
of the high LET component with CARI-7 but significant underestimation of dose
equivalent of the low LET component. Therefore, a method combining data from
two detectors was proposed. The data from Si detector are used to evaluate dose
equivalent of the low LET component whereas the detector based on plastic scin-
tillator is used to evaluate the high LET component. The combined data show an
excellent agreement with CARI-7. The relative error between the CARI-7 and mea-
surement is lower than 30% as recommended by [6]. Hence, it can be assumed that
the introduced method and detector can be successfully used in the aviation dosime-
try. Further research and development is needed to verify the accuracy and to make
the system more reliable and more deployable. In the future, more flights will be an-
alyzed and evaluated to generate a robust set of data that can be used for statistical
analysis of the system accuracy and precision. The future development will involve
improvements in detector design mainly to decrease power consumption. The final
goal is to design the whole detection system (plastic scintillator and Si diode) in
a way that it can be powered by USB with maximum power consumption of 2.5
W. Then it could be powered by onboard USB chargers which are very common in
civil aircrafts so the detection system would be easily deployable by passengers. One
way to achieve this goal is to optimize the internal digital circuit design of FPGA
and optimization of the analog circuitry. Another possibility of improving the design
of the detector is by using stilbene instead of EJ-276 scintillator. The advantages
of the stilbene are better PSD capability and lower threshold for discrimination of
neutrons (appx. 500 keV of deposited energy by neutrons). Regarding the improve-
ments in the characterization of the detector there is a series of things that could be
improved. The first one is the photon calibration of the plastic scintillator. It was
shown that the calibration was done on Compton edge which has a maximum energy
of 1061 keV but the particles measured in the aircraft frequently deposit energies in
the range of several MeVs. The calibration is therefore heavily extrapolated. In the
high energy region many effects can become important such as the parasitic effects
of SiPM (afterpulsing, crosstalk), and operational amplifiers could modify their re-
sponse as their slew rate (maximum voltage change per time of an amplifier) is not
infinite etc. The improvement could be done by experiment at AmBe source which
produces photons with energy of 4.438 MeV with Compton edge of 4.198 MeV. The
second improvement can be done by optimizing the parameters of PSD preferably
by neutrons with a large range of energies (up to tens of MeV) such as the neutron
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radiation field created by irradiation at HIMAC. Unfortunately, longer irradiation
was needed to collect enough data for the optimization. The PSD can be also opti-
mized by tuning the bandwidth of the system as was shown in [123] and it would
need to be verified by a series of measurements at a neutron radiation beam such as
AmBe.
Although there are many improvements that can be done the concept of the de-
tection system was proven and the obtained results are promising. The detectors
based on tissue-equivalent scintillators could become a complement to the already
existing network of semiconductor based detectors which are commonly used for the
verification of the aviation dosimetry algorithms. The advantage of such systems is
that it can be constructed cheaply and it is relatively small compared to standard
TEPC detectors.
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Chapter 5

High-energy atmospheric phenomena
in thunderstorms

The high-energy phenomena occurring in thunderstorms are a relatively new sci-
entific field. However, the idea of high-energy particle production due to the thun-
derstorm electricity was firstly proposed in [140] in 1925. Since then this idea was
extended and updated based on new scientific evidence. Today, it is generally ac-
cepted that thunderstorms can work as a large particle accelerator that is created
between two oppositely charged layers. The main driving process of the ionizing
radiation production is the relativistic runaway electron avalanche (RREA) [141,
142, 143, 144, 145] and modification of electron energy spectra (MOS) [146]. The
seed electron for the RREA is produced by cosmic radiation or radioactive decay
[143]. If the seed electron has sufficient energy to overcome the energy losses due to
ionization it can be accelerated by the electric field within the thunderstorm while
creating new electrons which undergo a similar cycle, hence avalanche effect. It is
assumed that the RREA can occur with positive feedback caused by scattered pho-
tons and positrons. The photons can be scattered into the location of the beginning
of the avalanche and positrons can move backward in the avalanche and create new
seed electrons at the beginning of the avalanche. The electrons in the avalanche can
be accelerated up to several tens of MeV. The MOS process is caused by acceleration
of high-energy electrons produced in the air by cosmic rays when the electric field
inside the thundercloud is not strong enough to cause the RREA.
The accelerated electrons undergo ionization losses in the air but can be slowed down
while producing bremsstrahlung - high-energy gamma rays. The bremsstrahlung has
a much higher range in the air than electrons and is often detected at high-mountain
observatories or at the coast of Japan sea where the thunderstorms have cloud bases
near the sea level. This phenomenon is often called Terrestrial Gamma Ray En-
hancement (TGE) or prolong burst [14, 147, 148, 149, 150, 151, 152, 15, 153]. The
TGE events last from seconds up to tens of minutes. It is often accompanied by
increase in radon progenies as the rain washes the radon product down from the
air. The increases in detection of gamma rays, X-rays, electrons and neutrons have
been reported during TGE. In recent years, two TGE events measured in the Czech
Republic were reported [154, 155].
Although the research of TGE is very extensive and many papers have been pub-
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lished on this topic, it will not be covered in this work since the detector proposed
in Chapter 6 is intended only for measurement of neutrons generated by Terrestrial
Gamma Ray Flashes (TGFs). Therefore, the following text will focus only on TGF.

5.1 Terrestrial Gamma Ray Flashes

The TGF is a rare phenomenon associated with lightning during which extremely
intensive bursts of radiation are emitted within milliseconds [156, 157, 158]. Up to
today thousands of TGFs by satellites, airplanes, and on ground (so called downward
TGF) have been detected.

5.1.1 Measurement of TGF from low Earth orbit

The first TGF was reported in [9] by a satellite that was intended to measure
gamma ray bursts from distant galaxies. Surprisingly, they observed gamma rays
from Earth. The detected events were correlated with regions with strong lightning
activity. Since then thousands of TGFs have been measured by satellites. Mostly
by Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) [10], Astro-
rivelatore Gamma a Immagini Leggero (AGILE) [159, 160, 161], Gamma-ray Burst
Monitor (GBM) [162, 163], and Atmosphere-Space Interactions Monitor (ASIM)
[164]. The energy spectrum of gamma rays spreads up to tens of MeVs and the
estimated brightness of a typical TGF is approximately 1018 accelerated electrons.
It was shown that a portion of the events measured in space were in fact the electrons
that reached the satellite detectors and not only the bremsstrahlung photons [165].
The catalogs of TGFs show no relationship between location, season and energy, time
duration of TGFs. Nevertheless, there is a strong dependence of TGF occurrence on
latitude. Majority of satellite TGF measurements are within a 20 degree region from
the equator. It was proposed in [166] that this dependence is caused mainly by the
atmospheric absorption of gamma rays due to elevated tropopause in the equatorial
regions.

5.1.2 Measurement of TGF in airplanes

Altogether two TGFs were detected onboard aircraft. The first measurement was
published in [11]. A complex detection system, called Airborne Detector for Ener-
getic Lightning Emission (ADELE), was used. The ADELE system was specifically
designed to measure in wide dynamic range and large fluxes. The observation of
TGF was performed in Florida, USA. The TGF was observed 11 ms after the posi-
tive intra cloud lighting that occurred in the active thunderstorm approximately 12
km away from the plane. The second measurement was performed by an improved
ADELE system in the eye of hurricane Patricia [167]. Interestingly, the authors as-
sumed that the increased count rate on ADELE was caused by positrons that are
inherently accelerated in opposite directions as electrons in the RREA. The flux
of positrons is expected to be fainter. The TGF was associated with positive intra
cloud lightning.
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Although the TGF has never been detected onboard a commercial aircraft, there
are concerns about the radiation safety of passengers and aircrews. The radiation
doses for various cases were calculated in [16, 17]. It was shown that in the worst
case scenario the radiation doses can reach significant values up to 1 Sv. Fortu-
nately, this scenario assumes that the aircraft is hit by the accelerated electrons
and bremsstrahlung. The radius of the accelerated electron beam is relatively small
compared to the gamma rays. Therefore, it is much more likely that the plane is hit
only by a portion of the gamma rays. That would increase the radiation doses as
well but the radiation risks would be much lower.

5.1.3 Measurement of TGF on ground

The first reported ground measurement of TGF is in [12]. The measurement re-
ported on 227 individual gamma rays arriving within a 300 µs period and associated
with lightning. The observed photons reached very high energies (approximately 10
MeV). The measurement was done at the International Center for Lightning Re-
search and Testing in Florida (ICLRT), USA. Another two TGF observations from
Florida, USA were published in [168, 169]. Both publications observed high energy
photons exceeding 10 MeV within a short period of time associated with lightning.
A very complex measurement of TGF from Florida was published in [170]. The TGF
associated with lightning was measured by high-speed cameras, a lightning mapping
array and a network of gamma ray detectors. Data suggest that the TGF occurred
during positive upward lightning and was caused by RREA. A research published in
[171] shows one registered TGF in Japan that paralyzed the gamma ray detectors.
This work discusses the origin of TGFs and the type of lightning which is responsible
for creation of TGF. It was proposed that at least a subset of TGFs is generated
by initial breakdown pulses (IBP) of negative lightning. Three TGF observations
were published in [172]. They were measured by Telescope Array Surface Detector
(TASD) in Utah, USA. The TGFs were composed of 2-5 individual bursts of gamma
rays each with time duration <10 µs and separated by a few hundred microsec-
onds. Similar observation was done in [13] who observed a TGF that consisted of
4 individual bursts with time duration of <1 ms and were separated by 0.7-1.5 ms.
It was stated that it was a downward heading TGF with similar brightness as the
regular upward TGFs measured by satellites. Interesting observation was brought
by [13] who reported TGE above the Japan coast that was abruptly ended. The
finish of TGE coincided with TGF. The authors stated that it cannot be decided
what took place first if it was TGE termination or TGF because both events were
overlapping. Another insight into TGF origin was brought by [173] who reported
TGF at TASD site during the initial breakdown pulses of negative cloud to ground
lightning and intra cloud lightning. The authors suggest that the IBP consists of a
type of discharge called fast negative breakdown [174]. These breakdowns enhance
the electric field up to 50% which causes production of electron avalanche within
the discharge. These electrons then undergo RREA and produce TGF bursts. This
suggests no need for relativistic feedback in generation of TGFs (or at least subset of
TGFs) proposed in [143]. The latest publication focusing on measurement of TGF is
[175]. It shows supporting evidence for the generation of TGF bursts from IBP. This
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measurement also shows the first high-speed camera observation of TGF illustrating
a rapid increase in luminosity during IBP (peak current up to 150 kA).
Although all previously mentioned observations of TGF measured the gamma ray,
another way to study the presence of TGFs was shown in [176, 177, 178]. The publi-
cations proved the relationship between the TGF measured by satellite and energetic
in-cloud pulses (EIPs) which are energetic IBP [173]. The EIP emits a radio signal
which can be observed on ground.

5.2 Detection of neutrons from thunderstorms

5.2.1 Historical measurements

The first observation of neutrons correlated with thunderstorms, namely light-
ning was done in [179] in 1985. 11200 electromagnetic pulses (EMPs) were analyzed
and correlated with the number of detected neutrons in BF3 proportional counters.
For 11068 EMPs only one or two neutrons within 320 µs after the EMP trigger
was observed. Such cases were associated with cosmic radiation. When 3 or more
neutrons were detected it was associated with EMP since there was very low prob-
ability that cosmic radiation would produce 3 neutrons within 320 µs. There were
124 events of EMP when counters detected 3 or more neutrons. It was suggested
that the neutrons are generated by nuclear fusion of 2H(2H,n)3He reaction which
generates neutrons with energy of 2.45 MeV. Similar results with the same method
were published in [180].
The short term measurement of neutrons correlated to the thunderstorm was pub-
lished in [181] in 2010. It was measured in Brazil at 610 meters above sea level by a
70 cm3 3He proportional counter. The event took less than 2 minutes and a strong
flux of neutrons was observed (690 counts per minute). The neutron enhancement
was attributed to the lightning and it can be seen in Figure 5.1.

5.2.2 Origin of thunderstorm neutrons

Later the neutron observations from the high-mountain observatory at Aragats
were reported in [14, 182]. The strongest event was reported in [14] where strong
enhancement on ArNM (neutron monitor 18 m2) of 5.1 sigma was shown. The event
took several minutes. The enhancement was also seen on ASNT (neutron telescope
4 m2) [183] and SEVAN (0.25 m2) [184, 185] with 63 sigma and 23 sigma. The
reported results are shown in Figure 5.2. The neutron production was attributed to
the photonuclear reaction of gamma rays with the air molecules.

The results presented in [14] were soon contradicted in [186] with proof that
neutron enhancement detected by neutron monitors could have been caused by the
photonuclear reactions of high energy gamma rays with lead shielding. This effect
could artificially increase the background and lead to misidentification of thunder-
storm neutrons. This suggestion was confirmed in [187] based on the Monte Carlo
simulations. It was mentioned that smaller enhancement on ArNM could have not
been influenced by lead shielding due to insufficient flux of high energy gamma
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Figure 5.1: The neutron enhancement measured in [181] by 3He proportional counter.
The enhancement exceeded the natural background by several hundred times and
took approximately 2 minutes (data were taken per minute).

Figure 5.2: The neutron enhancement measured in [14] by ArNM. The increase was
about 2.5% above the natural background and took approximately 12 minutes.
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rays. It was theorized that the neutron enhancement can be seen on ArNM in cases
where the thunderstorm is not directly above ArNM but rather off the zenith sev-
eral hundred meters. One of the results of the simulations was that lateral spread
of neutrons is larger (around 400 m) than lateral spread of gamma rays which are
generated by bremsstrahlung in cones. Hence the gamma rays cannot contribute
to ArNM enhancement only neutrons can. Other measurements done by NM were
reported in [188]. The neutrons were observed near the sea level 1-3 km below the
thunderstorm with NM. Measured flux was 4 ∗ 10−3 neutrons per cm2 per second
which is approximately 40 times higher than flux reported in [14].
Other observations come from Kazakhstan from a high-mountain observatory at
altitude 3340 meters above sea level [189, 190, 191]. In [189] extraordinary high flu-
ence of low-energy neutrons are shown to be correlated with lightning discharges.
Neutrons were detected by NM and 3He counters which are sensitive to neutrons
with energy up to 1 eV. Measurements were done with several counters under the
roof, outside and in the underfloor. There are two conclusions being drawn from
this paper. The first one is that neutrons are generated in the soil below detectors
based on the ratios of different counters. The second one is that extraordinarily high
flux cannot be explained only by photonuclear reactions itself. There must be some
additional mechanism for production of neutrons. Reported flux was 3 − 5 ∗ 10−2

neutrons per cm2 per second.
The measurements of [189] were improved in paper [190]. Data from both detectors
were available every 160 µs so a very fine time distribution of neutrons could have
been measured. The results show that thermal neutrons and fast neutrons arrive
approximately 0.4 ms and 0.08 ms after EMP, respectively. It can be clearly seen
that neutron flux correlates with lightning discharge and neutrons arrive in short
bursts with duration of 200-400 µs.
In [191] the measurements were improved by a 5 inches NaI(Tl) detector for mea-
suring the gamma radiation ionizing detector and several Gaiger-Müller tubes that
measured charged particles with very little sensitivity to neutral particles. It was
reported that nearly each lighting corresponded to the increase in ionizing radiation
detection. The data from all used detectors can be seen in Figure 5.3. These extraor-
dinary results were soon questioned in [150]. It was shown that the electromagnetic
interference (EMI) coming from lightning affects the electronics of the detectors and
causes false pulses. The EMI pulses generated by lightning were bipolar whereas
the typical pulses caused by ionizing radiation are unipolar. This effect was demon-
strated on NM, plastic scintillator detector, and NaI(Tl) detector. Therefore, it can
be assumed that most of the previously mentioned observations of neutrons were in
fact measurements of EMI. Later the report of short neutron increase was reported
in [153]. The increase was measured on NM and SEVAN detectors at the same sec-
ond. It was stated that the signal was likely caused by EMI but it was speculated
that it could be photonuclear reactions from TGF.

5.2.3 Thunderstorm neutrons from photonuclear reactions

Another measurement that is likely not affected by EMI was reported in [192]. The
authors used a PANDA detector [193] based on plastic scintillators with gadolinium
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Figure 5.3: A complex measurement of ionizing radiation after lightning hit published
in [191]. The results suggest that a large variety of ionizing radiation is generated
by lightning as nearly all detector types registered an increase.
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coated mylar film. The neutron detection is based on characteristic gamma radia-
tion energy (8.5 MeV) which is generated from reaction of thermal neutrons with
gadolinium. Such gamma rays are delayed by several tens of µs after the neutron
loses most of its energy due to elastic scattering in the plastic scintillators. PANDA
observed 3 gamma ray bursts in winter thunderstorms in Japan. Due to the angular
distribution of Compton scattering there is an estimation of direction from which
the radiation entered the detector. All events were at the zenith (right above the
detector). All 3 events took tens of seconds and caused high enhancement in count
rate. The increase in neutron detection took place during the last TGE event. Due
to the nature of the neutron detection it is unlikely that this neutron enhancement
was caused by a strong electromagnetic field caused by lightning.
There are a couple of papers from recent years that observed neutrons correlated
with TGF which was always accompanied by lightning. One such measurement was
reported in [194]. The authors used a combination of 2 plastic scintillators (BC-
408, 1 inch and 5 inches) and NaI(Tl) (5 inches) called GODOT (The Gamma ray
Observations During Overhead Thunderstorms) to observe neutron burst produced
by TGF. The TGF happened when lightning hit the wind turbine located approx-
imately 200 meters from detectors. After the plastic detectors recovered from the
initial burst of neutrons and photons they measured a clear Compton edge of 2.223
MeV gamma rays which is produced by 1H(n,γ)1H reaction. This measurement was
compared with simulations confirming that the radiation source was located approx-
imately 1 km away from the detector. The data from NaI(Tl) scintillator were not
shown due to technical issues (calibration issues in intense fields). The estimated
flux of neutrons during this event was 103 neutrons per cm2 per second and the
burst lasted for approximately 100 ms. The results suggest that it was caused by
downward propagated TGF with typical brightness as measured by satellites. The
readings of both plastic scintillators and simulation results can be seen in Figure
5.4.
Another detection of neutrons was reported in [195]. Neutrons were detected by
gadolinium scintillators used in nuclear power plant after a lightning that was ac-
companied by TGF. The emission of neutrons lasted for approximately 100 ms. The
height of TGF was estimated to be 2.5 km. The related measurement was published
in [196]. Although in [196] the neutrons were not directly measured it showed a
strong proof of photonuclear reactions taking place after a strong TGF. A strong
afterglow was observed after the TGF. The afterglow corresponded to an emission of
511 keV photons emitted by beta plus decay radionuclides 13N and 15O with half life
of 10 min and 122 s respectively. It is theorized that 13N and 15O radionuclides were
generated by photonuclear reactions of high-energy bremsstrahlung with molecules
of the air. The afterglow can be seen in Figure 5.5.
The results published in [196] are considered as important by [197] because it proves
that neutrons are not produced by nuclear fusion since there would be no radioactive
isotopes if there were only neutrons with energy of 2.45 MeV. Moreover, it describes
a new way of forming radioisotopes in the atmosphere which could be potentially
important for carbon dating.
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Figure 5.4: The comparison of two organic scintillators to strong TGF that occurred
in close proximity with Monte Carlo simulations published in [194]. The visible peak
at around 2 MeV from a large scintillator proves the interactions of thermal neutrons
with hydrogen atoms in the scintillators.
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Figure 5.5: The annihilation signal measured in [196]. The annihilation components
were measured by two different detectors and prove the generation of radionuclides
in the atmosphere by photonuclear reactions from TGF.
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5.2.4 Monte Carlo simulations of photoneutrons from TGF

The Monte Carlo simulations of neutron generation from TGF were covered in
[198, 199, 200]. The neutron energy spectrum generated by photonuclear reactions
can be seen in Figure 5.6. It shows that most of the neutrons are created by inter-
actions with nitrogen and the minority is due to argon and oxygen. The energy of
neutrons is relatively high and it can reach up to tens of MeV. The spatial distri-
bution of photoneutrons can be seen in Figure 5.7. Interestingly, the neutrons can
be detected even when the TGF is approximately 3.5 km above the detectors and
lateral spread of neutrons can be up to 0.5 km. The time signature calculated by
Monte Carlo simulation is shown in Figure 5.8. It can be clearly seen that during the
first millisecond mainly fast neutrons arrive at the detector. These neutrons start to
thermalize in the soil. After the first millisecond the majority of arriving neutrons
have energy lower than 1 eV.

Figure 5.6: The neutron energy spectrum generated by photonuclear reactions. The
final energy spectrum is defined mainly by nitrogen in the air and maximum energy
reaches up to tens of MeV with a significant peak at energy of 3.5 MeV. The figure
was taken from [199].
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Figure 5.7: Spatial distribution of photoneutrons generated by TGF. The spatial
distributions were calculated for six different altitudes of TGF. The most intense
beam of neutrons is right below the place of origin but they spread up to 0.5 km
laterally. The figure was taken from [199].

Figure 5.8: The time signature of photoneutrons from TGF taken from [199]. The
time signatures were calculated for six different altitudes of TGF. Most of the fast
neutrons arrive within the first millisecond and flux of thermalized neutrons can last
up to hundreds of milliseconds.
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5.3 Remarks

The lack of TGF ionizing radiation data from ground measurements shows how
rare the TGFs are and how difficult it is to measure them. Interestingly, the measure-
ment of TGF has never been reported at high-mountain observatories on Aragats
and Lomnický štít which have frequently reported on TGEs and radiation from
thunderstorms. Since the physics behind formation of downward and upward TGF
is not yet fully understood, it is possible that there are not necessary conditions for
TGF formation. As it was explained in this chapter, it is believed that the lack of
TGF measurements done by satellites from high latitude places is caused mainly
by the higher altitude of tropopause. It is possible that ionizing radiation coming
toward ground and generated by an upward or downward TGF faces a similar fate
as it is stopped by the atmosphere before it can be detected. In order to increase the
probability of TGF detection the focus was aimed at detection of neutrons which
have higher lateral spread and projected range in the air compared to photons and
electrons which are usually detected. Although the high-mountain observatories on
Aragats and Lomnický štít are equipped with various neutron detectors such as NM
and SEVAN, they have not reported on measurement of downward TGF. There is
one suspected measurement by NM and SEVAN with time resolution of 1 s published
in [153]. The measurements of [201] with NM show that the sudden neutron count
increases lasting for several milliseconds can be explained by physics of extended
cosmic ray showers. Similar results were obtained in [202] stating that extensive
cosmic rays showers can produce neutron bursts that last in order of milliseconds
(Monte Carlo simulations show that neutrons from TGF can be expected to arrive
up to 100 millisecond). So there is a significant discrepancy in measurements done at
high-mountain observatories (lack of TGF and neutron measurements) and measure-
ments from the USA (many TGFs detected) and Japan (TGFs with photonuclear
reactions). Another reason why the focus was taken on detection of neutrons from
TGF is that there are only two direct measurements of neutrons. Although both
measurements give a lot of information about TGFs, there is still a wealth of infor-
mation that has not been obtained. That is why the proposed detector focuses on
event by event data processing, precise timestamping of the events and on discrim-
ination of neutrons. The proposed neutron detector will be described and shown
in Chapter 6. The plan is to do a series of measurements at the high-mountain
observatory at Lomnický štít and the coast of Japan sea.
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Chapter 6

Neutron detector for measurement of
neutrons from Terrestrial Gamma
Ray Flashes

Based on the experiences and measurements described in Chapter 5, the require-
ments and parameters of the neutron detector for measurement of photoneutrons
from TGF were defined. The greatest shortcoming of most of the previously used
detectors was their susceptibility to EMI, their sensitivity to high-energy gamma
rays, and not having a possibility to discriminate between neutrons and photons.
The proposed design attempts to solve these problems.
Based on the theoretical knowledge about photoneutrons from TGF, it can be ex-
pected that during the TGF a strong influx of photons will saturate the detector
for several microseconds. This will be followed by a mixture of fast and thermal
neutrons lasting up a millisecond. Thermalized neutrons are likely to arrive into the
active volume of the detector after one millisecond only. Similar behavior was par-
tially observed in [194] and was calculated by Monte Carlo simulations in [199, 200].
From that the parameters of the neutron detector can be derived. The requirements
put on the neutron detector are summarized in Table 6.1.

Table 6.1: Summary of requirements on neutron detector for measurement of pho-
tonuclear neutrons generated from TGF.

Requirement Reason
Dynamic range up to 20 MeV Maximum energy of photoneutrons is appx.

20 MeV
Thermal neutron sensitivity Large number of thermal neutrons expected

- afterglow
Fast neutron sensitivity Large number of fast neutrons expected

within 1 ms after TGF
Excellent timing resolution Precise calculation of the particles arival time
Fast signal pulses Large particle flux
Discrimination between particles Need to discriminate between neutrons and

photons
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6.1 Design of neutron detector

The design of neutron detector for measurement of photoneutrons from TGF is
based on two liquid scintillators EJ-309B2.5 with PSD capabilities [203]. The detec-
tor is called a Stationary Neutron detector (SND). The PSD allows to discriminate
between fast neutrons and photons. The liquid scintillators are loaded with 2.5% of
natural boron which makes it possible to detect thermal neutrons via nuclear reac-
tion of thermal neutrons with isotope B10

5 , as described in the following equation:

B10
5 +B1

0 → Li73 +He42 + γ(0.48MeV )(94%) (6.1)

The SND utilizes 2 different sizes of cylindrical scintillators - 5x5” and 2x2”. This
should ensure that the detector is not saturated by a large number of photons/neu-
trons as the smaller scintillator has lower probability of photon/neutron detection.
The information about scintillators is summarized in Table 6.2. In order to utilize
the full potential of the scintillators the output pulses need to be sampled by high
frequency and with high resolution. Therefore, the pulses are digitized by an 8 chan-
nel CAEN digitizer DT5730 [204]. Data from the digitizer are sent to the computer
via USB2.0. The PMTs are biased by a custom made high-voltage power supply.

Table 6.2: The summary of main components of scintillators and used high voltage.

Scintillator Scint. size PMT High voltage (V)
EJ-309B2.5 5x5" 5" 9390B -1030
EJ-309B2.5 2x2" 2" 9214B -1230
Dummy - no scint. - 2" 9216B +1000

The digitizer is also fed by a signal from a dummy PMT which is there to register
the effect of EMI on the electronics and the PMT. The dummy PMT is a biased
PMT without any coupled scintillator. Another signal passing to the digitizer is a 1
second signal from GPS. This signal ensures the precision of the timestamping. The
time resolution of the CAEN digitizer is sub nanosecond. The signals from PMTs are
sampled by frequency of 500 MHz and with resolution of 14 bits. The CAEN digitizer
allows to record raw data of each pulse or processed data. The data processing is
done in an FPGA inside of the digitizer. The firmware DPP-PSD in DT5730 allows
to determine the integral of the pulses and pulse shape discrimination parameter.
The digital data processing is described in detail in the following text.
The schematic connection of individual components can be seen in Figure 6.1 and
the photographs of large 5x5” scintillator, small 2x2” scintillator and CAEN digitizer
can be seen in Figure 6.2, Figure 6.3, and Figure 6.4, respectively. The photograph
of the whole SND can be seen in Figure 6.5.
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Figure 6.1: The schematic connection of SND components.

Figure 6.2: The large 5x5” scintillator EJ-309B2.5 coupled with photomultiplier tube
9390B.
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Figure 6.3: The small 2x2” scintillator EJ-309B2.5 coupled with photomultiplier
tube 9214B.

Figure 6.4: CAEN digitizer DT5730 with firmware version DPP-PSD.
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Figure 6.5: Individual components of the SND.

6.2 Digital signal processing

The pulses from PMTs can be digitized and saved to the computer in raw version
or they can be digitally processed by the FPGA in CAEN digitizer. The raw pulses
were used for optimization of the PSD algorithm (determination of optimal short
gate) and energy calibration, discrimination of thermal neutrons was done with
already processed pulses. The processing of the signals is illustrated in Figure 6.6.
The analysis of the pulse starts with calculating the baseline as an average of the
samples before the pulse. If the baseline exceeds the set up threshold the pulse is
recorded and analyzed.

Figure 6.6: The illustration of signal processing in the CAEN digitizer.

The next important step is to calculate the trigger point by Constant Fraction
Discrimination (CFD) method. It is a method based on branching the pulse into an
inverted, delayed, and reduced pulse. The summation of both branches returns the
pulse that has a zero crossing point which determines a trigger. The illustration of
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the CFD trigger can be seen in Figure 6.7. The trigger point is used to calculate the
start of the pulse by a gate offset. The integral of the pulse is defined as a summation
of samples from the start of the pulse up to the end which is defined by a long gate
parameter. The baseline value is deducted from the summed samples. A short gate
is defined as a summation of baseline free samples from the start of the pulse up to
a given length. The short gate integrates only a part of the pulse. The ratio between
the short gate and the long gate is defined as a PSD parameter. This particular PSD
algorithm is called a charge comparison method. Another important parameter is
the trigger hold-off which determines when the trigger can be rearmed. There can
be no other detection of a particle within the trigger hold-off time.

Figure 6.7: The illustration of CFD trigger algorithm.

The final tabulated parameters important for digital processing of the pulses are
in Table 6.3. The example of a processed pulse from 2x2” EJ-309B2.5 scintillator
with several highlighted attributes is shown in Figure 6.8.

Table 6.3: Tabulated optimal parameters for signal processing in CAEN digitizer.

Scintillator 2x2" EJ-309B2.5 5x5" EJ-309B2.5
Baseline samples (-) 32 32
CFS delay (ns) 6 6
CFS fraction (-) 75% 75%
Threshold (lsb) 20 20
Gate offset (ns) 14 22
Short gate (ns) 28 82
Long gate (ns) 120 200
Trigger hold-off (ns) 80 176
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Figure 6.8: The example of processed pulse from 2x2” EJ-309B2.5.

6.3 Laboratory experiments

The SND underwent a series of experiments and tests in laboratory conditions.
The goal was to optimize the parameter of short gate for the best possible pho-
ton/neutron discrimination, energy calibration, and finding the best parameters for
thermal neutrons discrimination. The list of experiments and radiation sources that
were used during the experiments is tabulated in Table 6.4.

Table 6.4: The list of experiments and radiation fields used for characterization of
SND.

Place Radiation source Date
Technical University
of Ostrava

14.1 MeV neutrons from
2H+3H generator

October 15th, 2021

Czech Metrological
Institute

Neutrons from AmBe, 252Cf
and thermal neutrons

March 11th, June 3th,
2022

Nuclear Physics Insti-
tute

Gamma radiation from
22Na, 60Co, 137Cs

March 15th, June 1st,
2022

6.3.1 Pulse shape discrimination optimization

The experiment at AmBe source was used for the optimization of pulse shape
discrimination capabilities of both scintillators. The photograph of the irradiation
setup can be seen in Figure 6.9. The distance between the source and the detector
was 50 cm and 100 cm for 2x2” and 5x5” scintillator respectively. The AmBe source
was shielded with a 2 mm lead cover. That helped to mitigate the 59.5 keV photons
which are produced by 241Am.

Raw pulses were saved and processed in Python scripting language as described
in the previous text. The optimization parameter was only the short gate. The
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Figure 6.9: The irradiation setup of AmBe irradiation at Czech Metrological Institute
in Prague.

processing was repeated for different values of the short gate parameter. The example
of 2D histogram from AmBe measurement can be seen in Figure 6.10. The x axis
represents deposited energy in arbitrary units and the y axis represents the charge
comparison method parameter that is used to discriminate particles.

In order to quantify the quality of discrimination the 2D histogram was cut in
several 1D histograms. Each cut represents detection in a narrow range of deposited
energies of 4 arbitrary units. These 1D histograms were fitted with Gaussian Mixture
Module (GMM) described by Equation (4.3). The figure of merit was calculated
from the parameters of Gaussian curves. FOM is traditionally used to evaluate the
quality of discrimination. The larger the FOM, the better the discrimination. The
FOM points for different cuts create FOM function that is used to evaluate the
optimal short gate settings. The FOM is calculated according to equation:

FOM =
|µ1 − µ2|

FWHM1 + FWHM2

(6.2)

where µ is position of Gaussian curve maximum and FWHM is the full width of
half maximum calculated from standard deviation according to equation:

FWHM = 2.35482 ∗ σ (6.3)

where σ is standard deviation of Gaussian curve. The GMM is also used to
calculate the separation point which is defined as a point of the minimum between
the two Gaussian maxima. The example of GMM fit is shown in Figure 6.11. The
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Figure 6.10: The 2D histogram of deposited energy and CCM parameter. Scintillator
2x2” is irradiated by AmBe beam. Two distinct regions are formed. The region with
higher CCM parameter is the neutron component and the region with lower CCM
parameter is made mostly of photons.

individual separation points are used to construct a separation function which defines
a border between neutron and photon components. A spline interpolation is used to
smooth the separation curve in higher energies. Small deviations are caused mainly
due to the low counts in high-energy regions. The extrapolation of the separation
curve is done in a way that the separation function remains constant. The example of
the separation function and its corresponding FOM function is illustrated in Figure
6.12.

Figure 6.11: The example of 1D histogram cut. The histogram is fitted by GMM
and a separation point is illustrated.
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Figure 6.12: The example of a separation function (top plot) and FOM function
(bottom plot).

The FOM functions for 11 different values of short gate parameters are compared
in Figure 6.13. It is shown that the optimum values of short gate are 28 ns and 82
ns for 2x2” scintillator and 5x5” scintillator respectively.

Figure 6.13: The optimization of the short gate parameter of 2x2” scintillator. It can
be seen that the highest FOM values are achieved with a short gate of 28 ns.

6.3.2 Photon energy calibration

The energy calibration of the photon component is straightforward and was de-
scribed in [131]. The proposed method uses gamma ray Compton edges of common
radionuclides such as 22Na, 60Co, and 137Cs and for high energy it uses photon com-
ponents from AmBe source. The exact location of the Compton edge is determined
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by a differential method described in [132]. The method uses a differential of his-
togram. The theoretical position of Compton edge can be calculated by Equation
(4.4). The photon energy of used radionuclides and their Compton edges is tabulated
in Table 6.5.

Table 6.5: The list of common gamma ray sources, their energy and corresponding
Compton edges.

Gamma ray source Energy (keV) Compton edge (keV)
22Na 511 339
22Na 1275 1061
137Cs 662 447
60Co 1173 964
60Co 1333 1117
AmBe 4438 4198

Figure 6.14: The deposited energy histograms of 22Na, 60Co, 137Cs, and AmBe source
measured with 2x2” scintillator. The corresponding Compton edges are highlighted
by vertical dashed lines.

The histograms of 22Na, 60Co, 137Cs, and AmBe source can be seen in Figure
6.14. The locations of Compton edges were fitted by equation described in [131]:

N = A ∗ log(B ∗ E + 1) + C ∗ E (6.4)

where A, B, C are fitting parameters, E is the deposited energy (in MeV) and
N is the measured channel. The calibration curves of both scintillators are shown
in Figure 6.15.

6.3.3 Neutron energy calibration

The energy calibration that is used for the photon component cannot be used for
the neutron component due to the effect of energy quenching. The energy quench-
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Figure 6.15: The calibration curve of the photon component of the 2x2” scintillator
is on the left and the analogy for the 5x5” scintillator is on the right.

ing causes lower light yield of particles with higher LET. It has been described in
organic and inorganic scintillators as well [133, 134, 135, 136]. The mathematical
model is described by Equation (4.7). This method was used in [138]. The fitting
parameters a, b, c were calculated for scintillator EJ-309 of 5x5” and EJ-309 3x3”.
The same parameters were used for scintillators EJ-309B2.5 5x5” and EJ-309B2.5
2x2” respectively. The used parameters are shown in Table 6.6. The translation of
fitting parameters was verified by irradiation at a D+T generator which produces
neutrons with energy of 14.1 MeV.

Table 6.6: The neutron calibration parameters used for 2x2” and 5x5” scintillators.

Fitting parameter 2x2" EJ-309B2.5 5x5" EJ-309B2.5
a (-) 0.817 0.748
b (MeV) 2.629 2.410
c (1/MeV) 0.297 0.298

The use of fitting parameters should result in maximum measured neutron energy
of 14.1 MeV. In Figure 6.16 and Figure 6.17 the neutron edges are shown at 13.8
MeV for 2x2” scintillator and 13.2 MeV for 5x5” scintillator respectively. This is a
2% and 7% difference compared to the energy of 14.1 MeV. Although the translation
of fitting parameters worsens the neutron energy resolution, it is sufficient for the
application. The parameters could be improved if the detector was irradiated at
a D+D generator which produces neutrons with energy of 2.45 MeV. Then the
parameters could be refitted to agree with the two neutron edges.

6.3.4 Discrimination of thermal neutrons

The identification of thermal neutrons is based on the reaction described in Equa-
tion (6.1). The reaction results in alpha particles and lithium ions with large LET.
Due to the energy quenching, the final light output is significantly lower than it
would be if the same energy was deposited by a low LET particle. According to the
datasheet [203] the resulting observed energy should be about 80 keVee (kiloelectron
volt electron equivalent).
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Figure 6.16: The localization of 14.1 MeV neutron edge for 2x2” scintillator.

Figure 6.17: The localization of 14.1 MeV neutron edge for 5x5” scintillator.
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To define the thermal neutron regions, the SND was irradiated at a carbon prism
that thermalizes fast neutrons from AmBe sources and hence generates a thermal
neutron beam. The irradiation experiment at prism can be seen in Figure 6.18.

Figure 6.18: A photograph of irradiation of 2x2” scintillator at a prism made of
carbon at Czech Metrological Institute. Six AmBe neutron sources are inserted inside
the prism.

The identification of thermal neutrons was done via thresholding of 2D his-
tograms. The resulting channels defining the thermal neutrons can be seen in Figure
6.19 and Figure 6.17 (2x2” and 5x5” respectively). It is shown that the main cluster
of neutrons is located in the region around 80 keVee and spreads in PSD of both
photon and neutron domains.

Since the reactiondexcribed in Equation (6.1) has a large probability of creating a
photon with energy of 478 keV it is possible that this photon is detected by a detector
along with the thermal neutron [205]. This causes an increase in the probability of
detecting Compton scatter of such photons hence there is another region which is
related to the enhancement in thermal neutrons. This region is also thresholded and
taken into consideration. The effect is more visible in the 5x5” scintillator as it is more
likely to absorb the 478 keV photon. The borders that shows discrimination regions
in both detectors are plotted in Figure 6.21. It can be seen that there is an overlap
between individual regions, therefore, they can be contaminated by other types
of different radiation. That might cause a problem when evaluating the data from
thunderstorms hence the data analyses must be done with caution. Nevertheless, the
improvement in quality of data compared to, for example, the GODOT detection
system should be significant.
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Figure 6.19: The thermal neutron regions defined for the 2x2” scintillator. The top
plot shows the 2D histogram in linear scale and the bottom plot shows the same 2D
histogram in logarithmic plot.

94



Figure 6.20: The thermal neutron regions defined for the 5x5” scintillator. The top
plot shows the 2D histogram in linear scale and the bottom plot shows the same 2D
histogram in logarithmic plot.

Figure 6.21: The top plot shows separation regions of 2x2” scintillator and the bot-
tom plot shows separation regions of 5x5” scintillator.
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6.4 Results

6.4.1 Thunderstorm measurements

After the SND was optimized, tested and calibrated it was placed at high-
mountain observatory on Lomnický štít on June 28th 2022. The setup of the SND
is shown in Figure 6.22. The measurement has suffered several interruptions due
to the controlling software instability. The SND was active during several thunder-
storms. The increased count rates caused by radon washout can be seen in Figure
6.23. The figure shows five defined channels - neutrons, fast neutrons (>2 MeV),
photons, thermal neutrons, and thermal neutrons + 478 keV photons. Theoretically,
the number of neutrons should be independent of radon washout because the gamma
rays associated with radon progenies do not have sufficient energy to produce neu-
trons by photoreactions nor any other way to produce fast or thermal neutrons. We
can see that the channels with neutrons, thermal neutrons and thermal neutrons
with 478 keV photons follow the increases of gamma rays caused by radon. That is
caused solely by contamination of these channels by gamma rays. Low energy pho-
tons especially can be assigned to neutrons since the PSD technique is less reliable
for low energies and thermal region spreads over photon and neutron domain. The
contamination of the thermal neutron + 478 keV region is not surprising since it
is almost entirely located in the photon domain. On the other hand, fast neutrons
with energies >2 MeV do not follow radon increases and are very stable over time.

Figure 6.22: The SND is located in a shelter at high-mountain observatory at Lom-
nický štít.

6.4.2 TGF searching algorithm

The amount of data from the SND is relatively large (hundreds of MB per day)
and it is not feasible to go through the data manually and search for the subsecond
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Figure 6.23: Time series data from 2x2” scintillator showing increases in count rates
in several components during thunderstorms on Lomnický štít in 2022. The majority
of the enhancement is presumably caused by radon progenies that are washed out
from the air during rain.

enhancements potentially caused by TGFs. Therefore a simple searching algorithm
was created. The searching algorithm focuses on thermal neutrons which should be
present up to 100 ms after the TGF. The individual thermal neutron events with time
stamps are binned into 50 ms bins. The time series data are smoothed by a low-pass
Gaussian filter. Then the thermal neutron count in each bin is subtracted by filtered
data value. The standard deviation of the resulting difference is calculated and only
values that exceed 5 sigma are taken into consideration as potential neutrons caused
by TGF. It is assumed that the enhancement of thermal neutrons would be seen in
both detectors. Therefore, an additional condition that both detectors must show
the enhancement over 5 sigma values is imposed. The anomaly with increase of
thermal neutron count rates of 4.77 and 4.71 sigma values is shown in Figure 6.24.
Although it is the largest anomaly registered so far, it does not correspond to the
expected behavior which can be expected from TGF. There is no increase of fast
neutrons along with the increase of thermal neutrons and the increase in thermal
neutrons is relatively small. Moreover, during that time there was no thunderstorm
or lightning nearby.
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Figure 6.24: The result of TGF searching algorithm showing the largest detected
short term increase in count rates of both scintillators.

6.5 Remarks

The SND for measurements of photonuclear neutrons generated by TGFs was
designed and constructed. Its parameters and features were chosen in order to meet
the expected parameters of photonuclear neutrons from TGF. The SND was exten-
sively tested, calibrated, optimized and characterized in various radiation fields.
The SND was located at a high-mountain observatory at Lomnický štít. It has not
registered any significant short term enhancement of fast neutrons nor thermal neu-
trons that can be expected from TGF. Since it is a very rare phenomenon, it can
take years to register one TGF event. Even at places where TGFs were historically
measured such as Japan and Florida, the probability is relatively low. The SND has
been sent to Kanazawa district in Japan for winter season 2022/2023. It is planned
to use SND at various high-mountain observatories in Europe for the summer sea-
son.
The main focus was to design a detector which will be able to obtain additional in-
formation compared to the previously used detectors such as GODOT and PANDA.
The SND can theoretically measure fast neutron component as well as thermalized
neutrons which can be measured up to 100 ms after the TGF. It offers higher sen-
sitivity to thermal neutrons than GODOT as it uses a nuclear reaction of boron
with a high cross section. Moreover, it can discriminate fast neutrons from photons.
Hence, it should be able to extract limited information about the fast neutron energy
spectrum. It also features a control PMT so the effect of EMI from lightning on the
detector can be observed. All together it should give the unambiguous information
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about photonuclear neutrons from TGF.
The future work includes the calculation of response function of fast and thermal
neutrons and gamma rays. Another improvement of the SND would be irradiation on
the 2H+2H generator (2.45 MeV neutrons) so the fast neutron calibration coefficients
can be revised.
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Chapter 7

Conclusions

The goals introduced in Chapter 1 were fulfilled and completed. The first goal
was achieved in Chapter 3 and supported by two published papers [8, 92]. The
limitations of semiconductor detectors for measurement in mixed radiation fields
were summarized in [92]. It was shown that the neutral particles, gamma rays and
neutrons, interact with silicon differently than with tissue and it was quantified in
terms of dose equivalent. Moreover, a new method for determination of absorbed
dose conversion coefficient based on LET was introduced. This method is applica-
ble for example on silicon telescopes which have been used onboard aircraft and
in space environments. Another shortcoming of silicon detectors was demonstrated
in their energy calibration methods which likely caused large discrepancies between
individual detectors. In [8], a new calibration method based on comparison of sili-
con detectors with pixel detector Timepix was demonstrated. This method allows
precise determination of the detector energy threshold which significantly influences
the measurements of absorbed dose (up to tens of percent) and also the calibra-
tion coefficients. Therefore, the translation of calibration coefficients which might
produce errors between detectors can be minimized. Although the silicon detectors
have a long history of being used onboard aircraft, these limitations restrict their
capabilities to characterize the mixed radiation fields and to precisely determine the
dosimetric quantities such as dose equivalent. Since the silicon detectors rely on a
coefficient that is dependent on location in most of the calibration methods, they
are not able to indicate changes in the quality of the radiation field especially the
changes in neutron component. They might only indicate the changes in the total
amount of the charged particles as they are mainly sensitive to them. The use of
a silicon detector alone is probably sufficient to monitor and verify the models for
calculation of aircrew effective doses; it is not sufficient for research of SPEs which
are likely to cause a change in mixed radiation fields composition in the atmosphere
or for radiation fields in other than flight altitudes where the composition of the
radiation is different.
For that reason, the concept and design of a new detector based on a plastic scintil-
lator was introduced in Chapter 4. This concept is proposed to be able to measure
the neutrons and discriminate them based on the PSD parameter. The model of
plastic scintillator coupled with SiPM, introduced in [123], helped with the under-
standing of the detector response and its optimization. The proposed detector was
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extensively tested and characterized and finally tested onboard aircraft. The testing
campaign consisted of two flights. The measured results suggested a good agreement
of the neutron component with software CARI-7 and poor agreement in the low LET
component. This is likely caused by the energy quenching of the ionizing radiation
in the plastic scintillator. Therefore, a combination of data from silicon detector
and proposed detector was used to determine a dose equivalent. This resulted in
an excellent agreement between the measurement and CARI-7 data. Hence, it was
proven that the detector can be used to enhance the precision for verification of the
models and additionally, it can be useful for research of SPE events and monitoring
space weather as it is able to determine the contributions of the low and high LET
components without being biased by the use of location based coefficients.
The thunderstorm phenomena of TGE and TGF were described in Chapter 5. The
chapter is focused on TGF phenomenon measurement description, their deficiencies
and limitations. The goal was to design a detector intended for the measurement of
neutrons generated by photonuclear reactions taking place during TGF and to en-
hance the existing measurements. The proposed neutron detector SND is described
in Chapter 6. The design with two detectors based on liquid scintillators was intro-
duced. The detector consists of (1) a dummy PMT to analyze the effects of EMI and
(2) liquid scintillators that are capable of PSD and are sensitive to thermal neutrons
due to the enhancement of natural boron. Due to the excellent time resolution and
fast pulses, the detector is able to register large fluxes of ionizing radiation. All these
properties make it suitable for measurement of ionizing particles created by TGF.
The detector was extensively tested, characterized and optimized for the best perfor-
mance. It was deployed on a short testing campaign at a high-mountain observatory
at Lomnický štít where no TGF has ever been measured. The algorithm for search-
ing of unusual events was proposed and implemented. The current plans include a
measurement campaign during winter thunderstorms in Japan where several TGFs
have already been registered.
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