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Resumen

En este trabajo se procesaron datos experimentales del campo de radiacién mixta
en el interior de aviones de pasajeros en la atmésfera a altitudes aéreas (10-12
km). Los datos detallados fueron medidos por el detector de pixeles semiconduc-
tor Timepix operado en una camara de radiacion miniaturizada MiniPIX-Timepix,
el cual proporciona caracterizacién precisa, sensibilidad cuantica en términos de
energia depositada y la visualizacién de radiacion de particulas cargadas. Los datos
se procesaron con una herramienta SW integrada (Data Processing Engine-DPE).
Los resultados y productos de pardmetros fisicos consisten en flujo de particulas,
tasa de dosis, energia depositada, dosis depositada, composicion del campo en
amplias clases de particulas (protones, electrones, rayos X), asi como la visual-
izacién detallada del campo de radiaciéon y registro de imagenes cuanticas de huel-
las de particulas individuales. En la parte principal de este trabajo se presenta el
analisis detallado de dos mediciones, asi como graficos comparativos de resultados
seleccionados entre todos los vuelos. Los resultados de la dosis total absorbida
se comparan con los valores medidos en tierra y en érbita LEO a bordo de un
satélite. Junto con una interpretaciéon fisica completa, los resultados obtenidos

seran el contenido de un futuro articulo de investigacion en una revista cientifica.



Palabras clave: deteccion de radiacion, radiacion en la atmdosfera, detectores

de pixeles, fisica nuclear, fisica de particulas, rayos cosmicos



Abstract

In this thesis, experimental data of the mixed-radiation field inside passenger air-
craft in the atmosphere at airline altitudes (10-12 km) were processed. High-
resolution data were measured by the semiconductor pixel detector Timepix oper-
ated in a miniaturized radiation camera MiniPIX-Timepix. The detector provides
precise characterization, quantum sensitivity in terms of deposited energy and
visualization of the charged particle radiation and X-ray field. The data were
processed at the pre-processing and processing level with an integrated SW tool
(Data Processing Engine-DPE). Results and physics data products consist of par-
ticle flux, dose rate, deposited energy, deposited dose, field composition into broad
particle classes (protons, electrons, X rays) as well as detailed visualization of the
radiation field and quantum imaging registration of single particle tracks. In the
main part of this work the detailed analysis of two measurements, as well as com-
parative graphs of selected results between all flights is presented. Results of total
absorbed dose are compared with values measured on ground and in LEO orbit
onboard a satellite. Together with a complete physics interpretation, the results

obtained will be considered for a future research article at a scientific journal.



Keywords: radiation detection, radiation in the atmosphere, particle tracking,

radiation 1maging, pixel detectors, nuclear physics, particle physics, cosmic rays
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Chapter 1

Introduction

There are several reasons to study and measure the radiation field in aircrafts at
flight altitudes[1]. Although we are all exposed to a certain dose of radiation in our
daily lives, aircrew members and passengers are subjected to a higher radiation

exposure rate than people on the ground under natural conditions [2].

The increase in ionising radiation with increasing altitude is due to the inter-
action of the galactic cosmic radiation (GCR) with the atoms of the atmosphere.
The charge and energy spectra of primary particles are modified by energy loss

and nuclear interactions, and various secondary particles are created as a result [2].

According to the ICRP (International Commission on Radiological Protection)
recommendations [3], the exposure of aircrew members to cosmic radiation in jet

aircraft should be regarded as occupational exposure, so monitoring the radiation
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exposure of crew and passengers is not just important, but necessary. It also serves
to study the effects of radiation on electronic and avionics components [4], as well
as space weather physics in the atmosphere at airline altitudes[5].

These measurements play an important role for the detection and study of ener-

getic and highly variable solar particle events (SPE) and coronal mass ejections[5].

1.1 Ionizing Radiation

Ionizing radiation is generally characterized by its ability to excite and ionize the
atoms of matter with which it interacts. Since the energy required for a valence
electron to escape from an atom is of the order of 4-25 eV, radiation must carry
kinetic or quantum energies in excess of this magnitude to be called “ionizing” [6].
As is evident from equation [I.I] this criterion would appear to include electro-
magnetic radiation with wavelengths up to 320 nm, which includes most of the
ultraviolet (UV) radiation band (~ 10-400 nm). However, these marginally ioniz-
ing UV radiation are less able to pass through matter than visible light, whereas

other ionizing radiations are usually more penetrating [6].

he 12398 k
EWZ,WZTC:M (1.1)

In equation [I.1} A is given in nm, h is the Planck’s constant h = 6.626 x 1073* J-s
or 4,136 x 107! keV- s and c is the speed of light ¢ = 2.998 x 10% m/s.

The important types of ionizing radiation to be considered are:



22

1. v rays: Electromagnetic radiation of the shortest wave length and highest
energy, resulting from the radioactive disintegration of atomic nuclei and
formed by photons. Natural sources of gamma rays originating on Earth are
mainly the result of radioactive decay and secondary radiation from atmo-

spheric interactions with cosmic ray particles.

2. X-rays: Electromagnetic radiation emitted by charged particles (usually
electrons) in changing atomic energy levels (called characteristic or fluores-
cence x-rays) or in slowing down in a Coulomb force field (continuous or

bremsstrahlung x-rays) [6].

3. Heavy Charged Particles (HCPs): Usually obtained from the accelera-
tion by a Coulomb force field in a Van de Graaff, cyclotron, or heavy-particle
linear accelerator [6]. Heavy charged particles are all energetic ions with a
mass of one atomic mass unit or greater, such as protons, alpha particles

(helium nuclei), pions or fission fragments [7].

4. Low Charged Particles (LCPs): Include electrons; if positive in charge,
they are called positrons. If they are emitted from a nucleus, they are usually
referred to as [-rays (positive or negative). If they result from a charged

particle collision, they are referred to as “d-rays” [0], [7].
5. Neutrons: Neutral particles obtained from nuclear reactions [e.g.,(p,n)or

fission|, since they cannot themselves be accelerated electrostatically [6].

Example of detection and track visualization of some charged energetic particles

are shown in Figure
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Figure 1.1: Charged energetic particles detected with a MiniPIX-Timepix 300 pum
detector (which will be described later) measured in particle accelerators. Ions
(a-c). Protons (d-g) and electrons (h) in different directions and with different
energies are displayed. Per-pixel energy response is shown by the color bar (in
keV/px, log scale). About one third of the sensor matrix is shown (110 x 215
pixels = 6 mm x 12 mm) [§].

The ICRU (International Commision on Radiation Units and Measurements) [9]
has recommended certain terminology to refer to ionizing radiation that empha-
sizes the great differences between the interactions of charged and uncharged ra-

diation with matter:

e Directly Ionizing Radiation: Fast charged particles, which deliver their
energy to matter directly through many small Coulomb-force interactions

along the particle’s track.

e Indirectly Ionizing Radiation: Includes X or v rays, photons or neutrons,
which first transfer their energy to charged particles in the matter through

which they pass in a relatively few large interactions.
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1.2 Radiation in the atmosphere

Cosmic rays, which can originate from the sun, our own galaxy or other astrophys-
ical systems, are high-energy particles that move through space. They may enter
the Earth’s atmosphere at some point along their course. The majority of cosmic
rays are made up of protons and heavier atomic nuclei [I0]. When one of the pri-
mary incident rays interacts with the components of the Earth’s atmosphere, the
charge and energy spectra of these initial particles are modified, thus a succession
of derived particle rays, called secondary, are produced as seen in Figure[I.2] Some
of these particles reach the surface while most of them are deflected off into space

by the magnetosphere or heliosphere.

It makes sense, then, that at higher altitude there is higher ionising radiation.
The radiation field contains variable contributions of hadrons, muons, and electron-
photon constituents, depending on altitude as a measure of the amount of matter
passed. The flux of primary GCR particles at the top of the atmosphere determines

the number of secondary particles at a given position [11].
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Origin of Secondary Cosmic Rays

Sy

Figure 1.2: Ilustration explaining how secondary cosmic rays are created [12].

1.3 Semiconductor pixel detector Timepix

The hybrid semiconductor pixel detector Timepix provides single-quantum sensi-
tivity (photon counting), per-pixel spectrometry, high granularity, noiseless (dark-
current free) detection and particle tracking capability [I3]. The detector consists
of a radiation sensitive semiconductor sensor, which is bump bonded to the pixe-
lated readout ASIC Timepix chip as can be seen in Figure It is equipped with
highly integrated signal per-pixel (px) electronics (amplifier, amplitude discrimi-

nators, digital counter)[I4].
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These detectors can use sensors made of different material (Si,CdTe,GaAs) and
thickness (100 pm, 300 pm and 500 pm for Si). The Timepix detector provides
a highly density matrix of 256 x 256 energy-sensitive pixels (total of 65.536 pix-
els) with pixel pitch of 55 ym and full area of 14 mm x 14 mm = 1.98 cm?[15].
The Timepix detector was configured to run in counting operating mode, which
means 1-count for each signal over threshold (the counter is incremented by one
when the energy of the interacting particle crosses the preset threshold level). The

detector can be operated at room temperature without need for active cooling [15].

n-type silicon layer

300 pm thick aluminum layer
Si sensor p-type silicon

implantation

% L e
> __,:.
@

~_soldering
bumps

electronics chip

Read-out ASIC 3
M chip TimePix

Detector bias
voltage (~100V)

single pixel
read-out ASIC

(a) (b)

Figure 1.3: Photo (a) and ilustration (b) of the Timepix chip assembly consisting of
a semiconductor radiation sensitive sensor (300 pm Silicon, full size 14mmx14mm)
bump bonded to the ASIC Timepix readout chip [14].
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Chapter 2

Methodology

The work presented is based on the high-sensitivity detection and precise measure-
ment of radiation in low-intensity fields such as radiation in the atmosphere, space
weather and cosmic rays. The measurements were performed with the radiation
camera MiniPIX-Timepix, described in Sec. [2.1] in the passenger area of comercial

aircrafts at several routes, as can be seen in Sec. [2.3

2.1 Radiation Camera MiniPIX-Timepix

The pixel detector was used in the form of a compact radiation camera MiniPIX-
Timepix. The MiniPIX is a miniaturized, low power consumption, single particle
counting (or particle tracking) radiation camera (shown in Figure. [2.1]) equipped

with the semiconductor pixel detector Timepix. The standard MiniPIX system
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incorporates single Timepix detector (256 x 256 pixels with pitch of 55 pum) with
sensor according to customer preference, standardly 300 pum thick silicon as it was
used for this project. The chip-sensor array provides quantum imaging sensitivity
for high-resolution spectral tracking of single particles in mixed radiation fields [§].
MiniPIX uses USB 2.0 interface capable to read up to 45 frames per second (with
exposure time of 1 ms), weights 25 g, has a power of consumption of 1W and
can be operated at room temperature without need for active cooling [16]. It is
compatible with all major operating systems (MS Windows, Mac OS and LINUX).
The software used to operate the detector, including online response, data readout
and pre-processing is the PIXET software, which is supplied for free and can be

run on a standard PC.

Protection
cover

Sensor
window

Figure 2.1: Miniaturized radiation camera MiniPIX Timepix. This camera has
dimensions 77 mm x 21 mm x 10 mm and connects directly to PC or laptop via
USB port [17].
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2.2 Quantum-imaging detection of radiation

The hybrid architecture of Timepix detector provides fast and noisless (dark-
current free) detection of single quanta. It is energy sensitive in terms of deposited
energy of low energy charged particles and X rays. The range of energies that it
can detect goes from a few keV (X rays), tens of keV(electroms), hundreds of keV
(protons) and few MeV (ions) [15]. For Silicon sensors a few tens of keV is the
upper range for X rays and gamma rays. For charged particles it is essentially

unlimited, including minimum-ionizing-particles.

An example of measured data is given in Figure 2.2 showing the detection and
visualization of the radiation field in flight. The single particle tracks are displayed
in quantum-imaging so-called counting mode at the pixel (px) level. All events are
registered and processed. The color bar serves as an indicator of detected radiation
(black= zero radiation detected, white= radiation detected). Low-energy transfer
particles or LCPs such as x-rays and electrons produce small and narrow tracks.
High-energy transfer particles or HCPs produce large and broad tracks [5].

An example of quantum imaging detection and per-pixel scale spectrometry of
single particles is shown in Figure 2.3 Just a small region of the detector matrix
is shown for detail and clarity. The data was taken from an 2*'!Am radionuclide
source of LE gamma rays identified by small signals of several pixels, X rays given
by signals of 1 or 2 pixels and alpha particles given by large signals of many

pixels [18].
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Figure 2.2: Example of radiation measured by Timepix 300 um Si sensor during
flight B described in Table [2.1] E In (a), the visualization of the radiation field
observed during a 10-second interval in mld flight at an altitude of 10 km can be
seen. The entire sensor pixel matrix is shown (256 x 256 pixels = 1.98 ¢cm?). In
(b), the detailed detection and visualization of a high LET event is shown. The
per-px energy registration is displayed by the color scale in [keV /px]. Only a small
region of the detector pixel matrix is displayed (58 x 66 pixels = 0.11 cm?).

a) b) E c)
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Figure 2.3: Quantum imaging detection and pixel-scale spectrometry (energy loss)
of single particles (alpha particles, low-energy gamma rays, X rays) from an 4! Am
source measured in air by the MiniPIX Timepix3 radiation camera equipped with
a 500 pm silicon sensor. A small portion of the detector pixel matrix is displayed
(660 pm x 660 pm = 0.44 mm? = 0.22% of the entire sensor area). The per-pixel
energy calibrated in keV is shown by the color bar. Deposited energy of single
particles is indicated in keV [18].
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2.3 Measurements

A total of 10 measurements at operational flight altitudes with different routes,
dates and duration were used. The flights with a duration < 2 hrs, were referred to
as “short flights” and the other five flights with a duration > 7 hrs were referred
to as “long flights”. For these measurements the semiconductor pixel detector
Timepix (tpx) described in Sec. and the radiation camera MiniPIX (mpx)
shown in Sec. were used. The detector was prior per-pixel energy calibrated.
It was operated in frame mode with acquisition time of 10 s. The detector sensor
plane was oriented horizontally (i.e. parallel) or vertically (i.e. perpendicular) to

the Earth horizon plane as shown in Figure |2.5]

The total elapsed time from the start of the measurements until the detector
is turned off is the sum of the detector live time + detector dead time (approx 30
ms), as can be seen in Figure 2.4 The detector live time is the time interval in
which the data is measured and is transferred to the computer system in the dead
time.

Table shows the measurement results and how the flights were classified.
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Label Date Route Route type | Live time [min] | Radiation camera/chip/SN

A 2022/09/04 | PRG-BRUSS SF 39 mpx/tpx/110

2021/11/10 | PRG-MOSCOW SF 120 mpx/tpx/H09
C 2019/06/30 | TOK-WARSAW LF 401 mpx/tpx/110
D 2019/06/16 WAR-TOK SF 75 mpx/tpx/110
E | 2019/06/16 | WAR-TOK-NP LF 620 mpx/tpx/110
F 2018/12/31 PARIS-TOK LF 685 mpx/tpx/110
G 2018/11/10 PRG-DUB.2 LF 815 mpx/tpx/110
H 2018/11/10 | PRG-DUB.3.1 SF 80 mpx/tpx/110
1 2018/11/10 | PRG-DUB.3.2 SF 115 mpx/tpx/110
J | 2018/11/10 | PRG-DUB.3.3 LF 653 mpx/tpx/I10

Table 2.1: List of data of flights evaluated in this work. SF= short flight. LF=long
flight. SN= Detector Serial Number. The frame acquisition time is 10 s. The flight
altitudes were between 10 and 12 km.

Figure 2.4: Ilustration of the detector operation (Y axis) to the elapsed time
(X axis). Total time = elapsed time = detector operation live time + detector

Detector Operation

Elapsed Time= detector live t + detector readout dead t

dead time
30 ms
<>
20s
4>

live time=acqt

readout dead time.
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(a) (b)
:

Earth horizon plane

Figure 2.5: Illustration of the two possible geometries for positioning the detector
with respect to the earth’s horizon line. (a) Vertical (perpendicular) or (b) hori-
zontal (parallel).

2.4 Raw Data

Before processing, the “raw” data looks like in Figure 2.6 These files, with .clog
extension, can be viewed in any modern text editor. Here the detailed list of
clusters containing pixelated information is given. Each line that starts with “[”

includes pixels of a cluster ([X,Y,E| = [X position, Y position, Energy]| of a pixel).

This file includes all clusters and the mask or filters are not accounted for [19].
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[ B tot_.clog

Frame 29 (1636538424.414669, 10.000000 s)
[206, 1, 46] [285, 2, 54] [207, 1, 42] [2e4, 2, 32]
[168, 201, 66] [159, 202, 83] [168, 282, 24] [158, 2802, 41] [158, 203, 149] [157, 203, 41]

Frame 30 (1636538434.703316, 10.800000 s)
[226, 72, 98]

Frame 31 (1636538444,095889, 10.000000 s)

[202, @, 52] [202, 1, 62] [202, 2, 182] [203, 2, 3] [202, 3, 26]

[18, 55, 148] [18, 56, 55] [19, 56, 9@]

[210, 72, 15] [209, 73, 49] [21e, 73, 44] [211, 72, 51] [2e8, 73, 37] (212, 72, 49] [2@7, 73, 55]
[206, 73, 38] [206, 74, 34] [205, 74, 61] [204, 74, 79] [203, 74, 55] [202, 74, 39] [2@2, 75, 41]
[2e1, 75, 53] [20@, 75, 37]

[241, 112, 132] [24@, 113, 97] [241, 113, 12] [239, 114, 49] [24@, 114, 17]

Frame 32 (1636538455.284564, 10.000000 s)

(88, 68, 74]

[198, 159, 231 [197, 16@, 137] [197, 161, 771 [196, 162, 451 [195, 163, 511 [196, 163, 45]

[152, 161, 61] [152, 162, 6] [152, 163, 37] [151, 164, 48] [152, 164, 16] [153, 164, 86] [151, 165,
186] [152, 165, 162] [153, 165, 67] [151, 166, 68] [151, 167, 59] [151, 168, 66] [151, 169, 47]

[se, 285, 16] [49, 206, 251 [5@, 286, 83] [51, 286, 8@] [51, 205, 52]

[143, 206, 271 [143, 207, 691 [143, 208, 92] [143, 209, 35]

[12e, 233, 29] [12e, 234, 119] [12@, 235, 103]

Frame 33 (1636538465.573171, 10.800000 s)

[167, 56, 57] [166, 57, 641 [168, 56, 61] [165, 57, 54] [169, 56, 32]

[175, 124, 59] [175, 125, 84] [175, 126, 78] [175, 127, 6@] [175, 128, 54]
126, 63] [25@, 127, 511 [250, 126, 43] [251, 127, 1@1] [252, 128, 6@] [252, 127, 68] [253, 128,
146, 791 [148, 147, 42] [149, 147, 73] [149, 148, 45] [15@, 148, 46] [158, 149, 52] [151, 149,

165, 341 [246, 166, 7]

Figure 2.6: Example of raw data file. The data is collected in consecutive frames,
with an acquisition time of 10 seconds, during which time single particles are
registered.

Next to the frame number, in brackets, there is information about the time
[i.g. Frame N (P, Q)=(UTC time, frame acquisition time)], both parameters are

given in seconds

2.5 Data Processing

Data processing was performed using the software tool DPE (Data Processing
Engine) provided by Advacam, which serves for processing of data acquired with
the Timepix detectors (tpx, tpx2, tpx3) [I9]. The main processing parts of the
DPE are:
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e Pre-processing: Data clustering with calibration and adjustments, calcu-

lation of cluster variables/parameters, and production of histograms
e Processing: Particle and radiation field recognition

e Post-processing: Directional analysis, coincidence analysis, Compton cam-
era, physical product production (fluxes, dose rates, deposited energy, etc)

and time evolution in relation to radiation field classification

2.5.1 Pre-Processing

This stage provides conversion of pixelated data into groups of correlated pixels,
named clusters. The level of correlation is determined by the detector used to col-
lect data. In the case of the Timepix detector, only spatial correlation is provided,
which is then used in the clusterization process. At this stage a main energy per
pixel calibration, to convert digital time-over-threshold (ToT) information to en-
ergy in keV, is applied. This approach is accompanied by additional calibrations
and corrections aimed at suppressing detector undesired or abnormal behavior to
the greatest extent possible. The clusterization stage is followed by cluster analy-
sis, which examines the morphological and spectral properties of the clusters [19)].

In summary, what is done at the pre-processeing stage is:

e Clustering: Grouping pixels based on coordinates and, if available, time

information.

e Calibration and corrections: Energy calibration, cluster size and tpx
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high energy correction, etc.

e Cluster parameters: Calculation of overall cluster parameters.

2.5.2 Processing

To process the data, several parameters must be configured, the most important

are:

e File path to be processed.
e Sampling time (time for data sampling in seconds).

e Select the type of detector chip (i.e. tpx, tpx2, tpx3) used for the measure-

ment.
e Sensor material of the detector (i.e. Si, CdTe, GaAs).
e Thickness, in pum, of the detector (i.e. 100 pm, 300 pm, 500 pm).

e Path to the calibration matrices (provided by DPE software) according to

the detector characteristics.

Particle recognition, cluster analysis parameters and radiation field recognition
is made at this stage. Results from DPE are exported into several directories
separated in most cases based on the type of the analysis [19].

As an output of this stage, a text file named Elist is created, which contains the

cluster variables/parameters such as: DetectorID, EventID, X position (mm), Y
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position (mm), Energy (keV), Time (s), Size (px), Angle (rad), etc. The Figure

shows a part of the Elist file of measurement B described in Table

[ ] Elist.txt

Lo se? ’
7.37;3.41;48.5297;1636538136.289;08;1;48.5297;1;1; H H

8.66849;12.4243;110.431; 1636538136 280;0;7;28.01
10.157;6.435;44.1528;1636538136.289;8;2;29.7073;2;1.18
6.27;6.325;17.6837;1636538136.289;8;1;17.6837;1;1
28222;13.1933;81.0829; 1636538146. 582
10.246;11.7831;133.709; 1636538146.582;
12.8899;10.2508;191.845; 1636538156. 868
3.57911;7.63052;209.171; 1636538167. 157
7.68123;13.6013;334.606; 1636538177. 452
©.902823;13.64;32.0715; 1636538177, 452;8;
;5.78315;9.03946;87.8034; 1636538177.452;0;4;51.1238;4;1
;2.23549;7.63011;193.899; 1636538177.452; 0
1.06441;4.58441;114.491; 1636538177. 452
12.43;8.39277;77.6777; 1636538187, 740
5.19363;1.2388;340.413; 163653818774
82;8.055;55.289;1636538198. 829; 0
375;11.5121;113.25;1636538198. 829;0;
99800;8.21196;111.429; 1636538198. 829

$220.443;3;1.
;18.7632;2;1.36381;0;1;1;0

]
697891;1.27476;0.6908461;4.11773;1. 24823
8;1;1;0

966972;08.873993;7.2102;08.880213
T0BBE6;0.69602; 2. 82815;08.867186
.831836;0.764845;5.082862;1.15467
81418;-0.732834;08.771955;1.4122;8.743816

8554; 8. 926719; 8. 227712; 1. 48012; 1. 48012
970216;-0.932844; 8. 438541;2.79774; 1. 99442
484436;0.785398;1;4.24264;7.77156e-16
:1.5788;1;1;6.12323e-17
:1.42079;0.88762; 18.2462;2.21908

5788;1;2;1.22465e-16

637061;-0.260821;0.808786;4.12259;8.966179
4.37244;7.18891;106.438; 1636538198. 829 H:H:N

614439;0.214605;0.741341;5.089826;1.19802

Figure 2.7: Elist data file of processed single particles (listed in rows) each with
detailed imaging, spectral and tracking values (listed in columns) of measurement

B described in Table .

Another important output file obtained is the Sampling List file. It includes

basic information about the radiation field and their time dependency. This file

includes both the information of all detected particles summed up and separated

by class (protons, photons and electrons, ions and others). In the sampling list

the total elapsed time, particles count, particles flux, cluster energy and dose rate

can be found. A portion of the sampling list file is shown in Figure [2.8
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B samplingList_PRG MOSCOW.txt

Total elapsed time: 7170.934000128 [s]
Sampling time: 60.00000 [s]
Number of samples: 120

particles count: 14189 [-]

count of hit pixels: 93563 [-]
particles flux: 0.99809 [s-1 cm-2]
cluster energy: 2855704.7 [keV]
cluster dose: 3.3031 [uGy]
cluster dose rate: 1.6583 [uGy h-1]

Physical products for used classes

Classes:
Protons
Photons && Electrons
Ions
Others

Edep [keV] DoseRate [uGy h-1]
832265.457

1838664.031 1.863
184775.196 0.107

Figure 2.8: Sampling list file of measurement B described in Table 2.1l The
sampling list file evaluates the physical quantities of the radiation field measured
(particle fluxes, dose rates, deposited dose) in fixed time intervals e.g., 1 min.

2.5.3 Post-Processing

The post-processing is where the physics data is produced. The main information

found in the exported files can be summarized as follows:

o Flux

Dose Rate

Deposited Energy

Distributions of cluster variables

LET spectra
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All time-coupled variables in the output sampling list are calculated with respect
to the sampling time of each flight. Total variables are calculated in relation to

the elapsed time, which is typically shorter [19].
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Chapter 3

Results

This section presents detailed results, mainly of measurements B and G described
in Table 2.1} The data were collected with the radiation camera MiniPIX-Timepix
previously described in Section , which is equipped with the 300 [pm] Silicon

sensor.

The results are organized and presented according to the information and
physics data products obtained. Detection and quantum-imaging visualization
of the radiation fields measured inside an aircraft at flight altitudes are given in
Sec. Analysis and results of the composition characterization of the radiation
fields are shown in Sec. [3.2] The event count rates of the two flights for all detected
particles, and according to particle event, is given in Sec. [3.3] The particle fluxes,
deposited energy and dose rates for flights B and G as well as for the rest of the
flights described in Table [2.1] are shown in Sections [3.4], [3.5], [3.6] respectively.
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3.1 Detection and visualization of radiation field

Single particles are detected as energy-sensitive tracks called clusters. The per-
pixel deposited energy is shown in Figures in the color scale (in keV/px,
log scale). The entire detector pixel matrix is displayed, that is, 256 x 256 pixels
= 14.1 mm x 14.1 mm = 1.98 em? = 65 k pixels.

Figure [3.1] shows the first 2k integrated tracks of flight B measured in an interval
of approximately 16.8 min.

Figure shows all integrated tracks (14189), measured in the total elapsed time

(detector live time + dead time) which is 119.8 min for that flight.

256 E int: All particles, # of particles = 2000 E int: All particles, # of particles = 14189

10°

g

Y position [px]
=
]
@
Energy per-px [keV/px]
Y position [px]
)
Energy per-px [keV/px]

3
‘2

64177

1 64 128 192 256
X position [px] X position [px]

(a) First 2k clusters. (b) All clusters: 14189.

Figure 3.1: Detection and track visualization of the mixed-radiation field produced
during the short flight: B (see Table inside commercial aircraft at operational
flight altitudes (10 km). The deposited energy, measured per pixel, is displayed
by the color scale. All detected particles are displayed. A total of (a) 2k tracks
collected in many frames over 17 minutes and (b) 14189 tracks collected during
the whole flight (2 hours) are displayed as a single integrated frame.
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Y position [px]
Energy per-px [EeVIpx]

3

100

X position [px]
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Y position [px]

1 64 128

(a) First part of the measurement
(5k to 10k clusters).

X position [px]

Energy per-px [keV/px]

(b) Last part of the measurement

(40k to 45k clusters).

Figure 3.2: Similar to Figure for data from a long flight: G (see Table [2.1)).
Integrated data show (a) 5 k tracks measured in 77 min at the beginning of the
flight, and (b) also 5 k tracks measured in the last 77 minutes of the flight.
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3.2 Composition characterization

There is information contained in the morphology and per-pixel spectrometry de-
pending on the particle type, spectra response (energy loss) and direction of inci-
dence to the detector sensor plane [5].

Single particles generate signals in the pixelated semiconductor sensor that involve
many pixels forming a cluster of pixels. The charge sharing effect and the convolu-
tion of the deposited charge along its course produce the pattern and morphology
of the pixel clusters. High-resolution micro-scale pattern recognition algorithms ex-

amine the individual particle tracks with the aim of identifying particle types [14].

If we take a look at Figure distinct particle tracks can be easily identified
(by its size, length and thickness). It is possible to resolve several sorts of events
through analysis of the distinctive tracks in the pixel matrix. The particle type,
energy, and direction are all important factors that affect the morphology and
spectrum distribution of the deposited energy [14].

Large tracks with high per-pixel energy are formed by heavy charged particles
of high energy and non-perpendicular direction, or low energy and perpendicular
incident direction. Small tracks of few pixels and low per-pixel energy are produced
by X rays. Thin curly tracks of varying size and morphology and small per-pixel

energy are produced by electrons and gamma ray interactions [5].
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Taking this into account, the tracks were filtered into 3 different classes as

shown in Table B.11

Class

Selected Particles Description

a Low-energy and/or perpendicular high-let HCPs, namely protons.

b High-energy and/or non-perpendicular high-let HCPs, namely protons.

c Low-let LCPs, namely electrons, X rays, gamma rays, muons.

Table 3.1: Particle classification into three main groups according to their energy,

direction and morphology.

The radiation fields shown in Figure 3.1 and [3.2] were filtered as we can see in

the following figures.

E int: OK particles, # of particles = 51
256 P

°

°

Y position [px]
I
5

Energy per-px [keV/px]

1 64 128 192 256
X position [px]

E int: OK particles, # of particles = 137
256 ~
’ RN .
v P " aU o
d’ - ) N . \
1921 < ‘ .
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’ s .
R S oo > . 10
64 ., ° ! b4
- - ‘.
., > " o
‘ v
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N S . - o0
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X position [px]

Energy per-px [keV/px]

¥ position [px]

28
X position [px]

Energy per-px [keV/px]

(a) Class a for the whole
measurement.

(b) Class b for the whole
measurement.

(c) Class c for the first 2k

clusters.

Figure 3.3: Plot of integrated tracks of selected particles for short flight B. Similar
to Figure showing the selected particle-event types: (a) class a for the whole
measurement, (b) class b for the whole measurement and (c) class ¢ for 2k clusters.

See Tabl.
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E int: OK particles, # of particles = 89
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X position [px]

Energy per-px [keV/px]

¥ position [px]
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Y position [px]

Energy per-px [keV/px]

(a) Class a for the whole

measurement.

(b) Class b for the whole

measurement.

(c) Class c for the first
part of the measurement.

Figure 3.4: Similar to Figure Plot of integrated tracks of selected particles for

long flight G.

The protons exhibit high energy loss and are thus characterized by large tracks

of high per pixel energy. Such large wide tracks can be seen in the integrated data

in Figure and [3.4b] The electrons, X rays and gamma rays, on the contrary,

exhibit low energy loss and produce small and narrow tracks in the detector of

characteristic small per pixel energy. Such tracks appear as narrow long tracks in

the detector as can be seen in Figure [3.3d and [3.4d. Protons with low per-pixel

energy, and characterized by round tracks, are shown in Figure and

From Figure [3.3] and it can be seen that particles of classes a and b are the

least detected compared to class c particles which, in a short fragment of the

measurement, were detected more than for the other two classes in the whole

measurement.
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3.3 Event count rates

Figure [3.5[ shows the number of particles detected per second of flight B described
in Table same for Figure [3.6] but for long flight G.

) Graph of particles counts for each class
Total graph of particles counts
175
e %% L e % 150
~ J r
150 ot R PR )
,.' Tese BN TR
| Pratllt IR L 125
125 . L e .
I .
1004 r . . 100
= . « Protons
= = Photons 6 Eecrons
] = jons
75 .oo . s Others
50 4 !
. 50
.
254 . ~
~ ‘.-, 5
o s ""‘,..- '.-.' oo, ._"._a._,..__' ok .\_..'-.-
PR TR il P T A A
° \/QQQ 13“0 4)“@ o° 6000 &° ,‘@“ o AL, e
TIs]
® o ° w o« &
Tis1

(a) Particle event count rates, all parti- (b) Particle event count rates, according to
cles. particle class.

Figure 3.5: Particle event count rates for the whole measurement for short flight
B.
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(a) Particle event count rates, all parti- (b) Particle event count rates, according to
cles. particle class.

Figure 3.6: Particle event count rates for the whole measurement for long flight
G.
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The number of incident events increases after the first few minutes of flight
as can be seen in Figure and 3.6l This can be read as the airplane taking
off and gaining altitude, as there are more particles observed than on the ground.
The same can be said for the last minutes of the flights, when descending to the
ground, the ionizing radiation also decreases. Figure [3.6| shows an increment in
charge particles detected between about 35k-45k seconds, these variations can be
interpreted as an increase in flight altitude or changes in cosmic rays flux over long

distances.

According to particle class, photons and electrons are the particles with the
highest incidence detected, heavy charged particles such as protons were detected
in smaller quantities. Finally, particles such as ions were detected but in almost
nil quantities. Table shows the number of protons, photons, electrons and ions
detected during the sampling time of flights B and G described in Table [2.1]

Label | Protons | Photons and Electrons Ions Total particles
#) | (%) (#) (%) #) | (%) | (#) (%)
B 1112 | 7.8 13068 92.1 9 0.1 | 14189 100
G 1917 | 3.7 50488 96.3 36 | 0.1 | 52441 100

Table 3.2: Number and percentage of each particle class detected on flights B and
G from the Sampling list obtained in the post-processing stage.

We can see that for flight B there is 7.8% and for flight G a 3.8% of the total

detected particles which are HCPs. The rest are photons and electrons.
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3.4 Particle fluxes

The radiation field can be evaluated in terms of particle flux with particle-type
composition sensitivity [5]. The flux of a quantity is defined as the rate at which
this quantity passes through a fixed boundary per unit time. In this case, we are
interested in knowing the flux of the different types of particles that have been
detected during the flight. The flux can be obtained by normalizing the event
count rate to sensor area (1.98 cm?) per unit time.

Table shows the total particle count, measured live time displayed in minutes

and the total flux for each measurement described in Table 2.1

Label | Particles count(#) | Measured live time (min) | Flux (#/min/cm?)
A 3616 38.94 46.9
B 14189 119.82 59.8
C 47421 400.2 59.7
D 3974 76.09 25.4
E 83752 620.07 68.2
F 86577 685.97 63.7
G 52441 814.78 32.5
H 4728 80.88 29.5
I 9350 113.83 41.5
J 44906 651.82 34.8

Table 3.3: Total particle count, measured live time and flux for each measurement
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Figure and present the particle flux of all types of particles for the two

flights previously described and Figures [3.75] and [3.8b] show the flux by particle

class.
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Figure 3.7: Flux for the whole measurement for short flight B.
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Figure 3.8: Flux for the whole measurement for long flight G.

As can be seen, photons are the type of particle with the highest incidence,




which is not surprising as we saw it in the previous section.

20

Label Protons flux | Photons and Electrons flux Ions flux Total particles flux
(#/min/cm?) (#/min/cm?) (#/min/cm?) | (#/min/cm?)
B 4.68 55 0.04 59.72
1.19 31.25 0.02 32.46

Table 3.4: Particle flux by class of flights B and G obtained from the Sampling
list in the post-processing stage.

For obtaining the particle fluxes showed in Table [3.4] the total number of

particles detected (by class) is divided by the sampling time in minutes of each

flight and for the sensor area.

3.4.2 All flights

The particle fluxes of all flights in Tabld2.1] were compared. Plots of the flux of all

particles detected and selected particles in short and long flights are presented in

Figure and [3.10]
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Flux Particle Total (Short Flights) Total Particle Flux (Long Flights)
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Figure 3.9: Flux for the whole measurement for all short and long flights described

in Table
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(a) Particle Flux, Photons and Electrons, (b) Particle Flux, Photons and Electrons,
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Figure 3.10: Photons and electrons flux for the whole measurement for all short
and long flights described in Table 2.1}

From Figure [3.9a] and [3.104] it can be concluded that the short flight with

the highest particle flux and, therefore, with the highest radiation was flight B;

from Figures [3.90] and [3.10D] it can be said that the long flights with the highest

radiation were flights E and F, which makes sense since both flights had the same

destination (see Tabld2.1)).
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3.5 Deposited Energy

The deposited energy (DE) is described as the amount of energy deposited by

ionizing radiation in a material per unit mass of the material [20].

3.5.1 Time distribution

Figure and show the deposited energy (measured in keV per time) of the
selected flights B and G described in Table 2.1 The DE of all particles detected
and then separated by particle class is shown.

Figure [3.13] [3.14] and [3.15] show the deposited energy of all particles, protons and

photons respectively of all short and long flights described in Table [2.1]

Selected Flights

In Figure and |3.12] the x-axis, which corresponds to the time in seconds, only
takes into account the live-time of the detector, it does not include the detector
readout dead-time which is negligible anyway (30 ms in comparison to 10 s which

is the frame acquisition time).
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Figure 3.11: Deposited energy for the whole measurement for short flight B, mea-
sured in keV per second.
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Figure 3.12: Deposited energy for the whole measurement for long flight G, mea-
sured in keV per second.

As it was seen in Sec. [3.3]and [3.4] photons and electrons contribute the highest

particle count.

However, the presence of protons and ions (HCPs) is notably

limited. In Figure[3.11b]and [3.12B] we can see the distribution of deposited energy

depending on the particle type and it can be noticed that, despite the relatively

low abundance of protons and ions, their cumulative deposited energy constitutes
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a substantial component of the overall deposited energy (DE). Table shows
the average of deposited energy by particle class (protons, photons/electrons and

ions).

Label | DE by protons (keV) | DE by photons and electrons (keV) | DE by ions (keV) | Average DE (keV)

B 6935.5 15322.2 1539.8 23797.5

G 2025.6 7069.3 310.56 9405.5

Table 3.5: Deposited energy average in keV by particle class during the sampling
time in minutes for measurements B and G described in Table

All Flights

Deposited energy plots were generated for all particles and the different particle

types as can be seen in Figure [3.13] [3.14] and [3.15] The measurements were cat-

egorized into short flights (SF) and long flights (LF), as detailed in Table for

an easier comparison.

Deposited Energy in Sample (Short Flights) Deposited Energy in Sample (Long Flights)
120000

- 20211110 PRG-MOSCOW . 120000 . - 20181110 PRG-DUB.02
- 20190626 WARTOK : | : - 201612.31 PARISTOKYO
- 2022-09.04 PRG-BRUSS : | - 20190616 WARTOK
100000 { -+ 201611110 PRG-DUB.1 s | - 20190630 TOKWAR
+ 20181110 PRG-DUB.2 i 100000 - 20181110 PRG-DUB3

80000
80000

60000
60000

Edep_Sum (kev)
Edep_Sum (kev)

40000 40000

20000 20000

0 o

(a) Deposited energy, all particles, short  (b) Deposited energy, all particles, long
flights: A,B,D,H.,I. flights: C,E,F,G,J.

Figure 3.13: Total deposited energy for the whole measurement for all short and
long flights described in Table , measured in keV per minute.
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Deposited Energy Protons (Short Flights)

Deposited Energy Protons (Long Flights)
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(a) Deposited energy, protons, short (b) Deposited energy, protons, long flights:
flights: A,B,D,H,L C,E,F,G,J.

Figure 3.14: Deposited energy of protons for the whole measurement for all short
and long flights described in Table 2.1}
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(a) Deposited energy, photons and elec-  (b) Deposited energy, photons and elec-
trons, short flights: A,B,D,H,I. trons, long flights: C,E,F,G,J.

Figure 3.15: Deposited energy of photons and electrons for the whole measurement
for all short and long flights described in Table

It can be observed, from Figure [3.14a] and [3.14D] that although the deposited

energy by protons has certain peaks that exceed the 30000 or 40000 keV per

minute, on average, photons and electrons are the particles that deposit the most

energy during the flight (See also Figure [3.15a) and [3.15b)). Likewise it can be

said, from Figure that the short flight with the highest deposited energy was

flight B, and the long flights with the highest DE were flights E and F. Same as




26

observed in the previous section.

3.5.2 Deposited Energy Spectra

The Timepix detector can measure the deposited energy by any particle.
In Figure the deposited energy spectra with all particles displayed can be
seen. At the top of the following images, a lineal axis is used while a logarithmic

axis is used at the bottom.

Histogram with deposited energy Histogram with deposited energy

i p=20139 2000 i  ji=14643
600 ! 0=84826 ! | o=41428

[=14189.00 | [=52441.00
max=106.68 1500 : I max=6877

1000

10? 10%
E [keV] E [keV]

102 10°

(a) Histogram, all particles, short flight (b) Histogram, all particles, long flight
B G

Figure 3.16: Deposited energy spectra of flights B and G described in Table

As can be seen, the deposited energy spectrum is wide, it cover ranges from a
few keV up to MeV level. The hard part of the spectrum is slightly above 100 keV,
which is deposited mostly by protons and HCPs. The soft part of the spectrum,
on the other hand, is below 100 keV; this part is produced by LCPs, electrons, X
rays and gamma rays. The energy distribution is quite similar between the two

figures with the difference that less particles were detected in the short flight B
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than in the long one G.

3.6 Dose rates

The absorbed dose is obtained as the ratio de/dm, where de is the average energy

deposited by radiation to a material of mass dm:

e

dm’

D

The absorbed dose rate (DR) is defined as the rate dD/dt where dD is the increase

in absorbed dose during the time interval dt:
dD
DR = —.
dt

Dose rate is often indicated in micro grays per hour [uGy/h].

3.6.1 Selected flights

Figure [3.17 and [3.18| show the resultant dose rate (uG/h) throughout flights B

and G, described in Tabld2.1] The dose rate obtained from all particles is shown
in Figure [3.17a] and [3.18a] and then separated by class in Figure and [3.18D),

where it can be seen that photons and electrons are the particles that deposit the

highest dose rate followed by protons.
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Figure 3.17: Dose rate for whole measurement for short flight B.
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Figure 3.18: Dose rate for whole measurement for long flight G.

Generally, the dose rate in the first and last seconds of flight is expected to be
low. In Figure |3.18 we can see a small variation in the last minutes of the flight,
which can reflect changes in the cosmic rays flux over long distances. Fluctuations
of small duration, which can significantly increase the dose rate in a short time

interval during the flight, also occur.
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3.6.2 All flights

Figure [3.19shows the dose rate of all particles for all flights described in Table

Dose Rate in Sample (Short Flights) Dose Rate in Sample Total (Long Flights)

cow

DR_Sum [uGy -1
m

(a) Dose Rate, all particles, short flights (b) Dose Rate, all particles, long flights
A,B,D,H,IL. C,E,F,G,J.

Figure 3.19: Dose rate for the whole measurement for (a) short and (b) long flight
described in Table

From the Figure [3.19it can be said that the short flight with the highest dose
rate was flight B, and the long flights with the highest DR were flights E and F.
Similar to what was observed in Sec. 3.4l and [3.5]

It also can be seen that, in general, the dose rate is low at ground level (at the
beginning of the measurement) up to a few km altitude (data taken a few minutes
after the plane took off) and then it increases above 3 to 4 km, usually. In long
flights, small variations (see blue data in Figure , which can be interpreted

as changes in the cosmic rays flux over long distances, can be seen.
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3.7 Dose

Given the dose rate and the sampling time of each measurement, the total detected
dose that the aircraft and passengers received during the measurement time can
be calculated.

Table [3.6| shows the different flights with its detection time in hours, the average
dose rate in (uGy/h), the calculated dose given in (uGy) and the standard devi-
ation of each flight data. To compare the measurements as a function of altitude,
two new data (Y,Z) have been added. The Y label refers to the measurement on
ground (Prague) with the same detector as the previous flights, and the Z label is
the measurement in LEO orbit onboard Proba-V satellite [21], approximately at

830 km altitude. These data were obtained from Table 1 in [5] and Table 3 in [21],

respectively.

Label | Time (h) | Average Dose Rate (uGy/h) | Dose (uGy) | Standard Deviation
A 0.65 1.02 0.66 0.53
B 2 1.65 3.3 1.06
C 6.68 0.8 5.33 0.66
D 1.27 0.32 0.4 0.34
E 10.35 0.97 10.06 0.58
F 11.45 1.34 15.39 0.75
G 13.6 0.65 8.88 0.46
H 1.35 0.48 0.65 04
I 1.9 0.73 1.38 0.31
J 10.88 0.59 6.44 0.22
Y 2 0.06 0.12
Z 1 3360 3360

Table 3.6: Dose rate, Total Dose and Standard Deviation during each flight de-
scribed in Tab. 2.1} Y is the ground dose in 2 h at 200 m altitude in Prague. Z is
the dose given by the satellite (Proba-V) in 1 h at 820 km altitude.
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Figure 3.20: Average dose rate and total dose of all flights during the whole mea-
surement time, which was different for each flight.

We can observe how the ground values (Y) in a 2-hour interval is almost 4 times

lower than the lowest dose measured at flight altitudes. On the other hand, the

dose given by the satellite in one hour at approximately 820 km altitude is more

than 200 times higher than the highest dose measured in flight. It is also important

to note how the total dose varies with respect to the dose rate depending on the

exposure time. Although the Figure shows that B flight is the one with the

highest dose rate, as being a short flight, its total dose is not as significant as the

dose of flight F for example (see Fig. [3.20Db]).
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3.8 Linear-energy-transfer spectra

The Linear Energy Transfer (LET) is given by the ratio of the particle deposited

energy (E) along its trajectory to the cluster path length (L) [22].

&

LET = — 3.1
> (3.1)

The energy loss and particle LET were determined in the sensor material which in
this case is Silicon. According to their stopping power, particles can be grouped
into low LET events (muons, energetic electrons and X-rays) and high LET events
(protons and heavy charged particles, also, e.g. fragmentation nuclear reactions
with nuclei in the sensor volume). The event distributions, so called LET spectra

for all particles is shown in Figure 3.21]

Histogram with cluster LET Histogram with cluster LET

, u=086 . u=0.65

500 + 0=3.64 | | 0=183
[ =12950.00 1500 I [=46482.00

400 ; max =0.42 : | max=022

300 : 1000

500

N[-]

10° 10!
LET [keV/um] LET [keV/um]

10° 10t

(a) LET Histogram for all particles for (b) LET Histogram for all particles for
short flight B long flight G

Figure 3.21: Linear energy transfer distributions

The results show that most particles exhibit low-LET power, which is below

about 1 (keV/um), range that corresponds to LCPs (electrons, X and v rays).
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Chapter 4

Conclusions

The study and measuring of radiation fields at flight altitudes is important due to
the potential health and safety risks for aircrew and passengers, effects of radiation

on electronic components, space weather and avionics.

In this work, a total of 10 operational flight altitude data, measured in the air-
craft passenger section, were used. Precise characterization, quantum sensitivity
in terms of deposited energy and visualization of the charged particle radiation
and X-ray field was performed by the semiconductor pixel detector Timepix oper-
ated in a miniaturized radiation camera MiniPIX-Timepix. Data processing was
performed with an integrated SW tool (Data Processing Engine-DPE) provided
by Advacam.

From the processed data, information including particle flux, deposited energy,

dose rate and the equivalent deposited dose in the sampling time, field compo-
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sition into broad particle classes (protons, electrons, X rays) as well as detailed
visualization of the radiation field and quantum imaging registration of single par-
ticle tracks were obtained. To produce the graphs shown in Sec. [3] both python

scripts provided by C. Granja as well as original python scripts were used.

Based on particle flux, particle classification and event count rates, the ob-
served incidence of events showed a sudden increase just after takeoff, probably
due to the aircraft ascending. On the other hand, the decrease in particle count,
in the final seconds of the flight, coincides with the descent to ground. For mea-
surement G, a clear increase in the detection of charged particles was observed
for a period of approximately 2 hours before landing, which may indicate different
flight altitudes or variations in the cosmic ray flux at long periods of flight.

In terms of deposited energy, the results confirmed that photons and electrons
made up the majority of the particle counts. Energy distribution graphs for var-
ious particle types corroborate this result by showing that although protons and
ions showed some sporadic energy peaks, they had a lower average energy deposi-
tion compared to photons and electrons. It is important to consider that, despite
its scarce presence, the cumulative deposited energy of protons and ions emerged

as a significant contributor to the total deposited energy.

The dose outcomes showed higher doses in the time interval after takeoff and
before landing. Small variations toward the end of flight G were also evident in the

corresponding analysis. We compared the in-flight measurements with those taken
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on the ground (i.e. C. Granja and S. Pospisil, 2014 [5]) and by Prova satellite (i.e.
C. Granja et al., 2016 [21]), from which it became evident that the dose rates dur-
ing flight altitudes are substantially higher than the corresponding ground values.
Furthermore, the satellite’s dose rate, measured at an altitude of approximately

820 km, is considerably greater than the maximum dose rate detected during flight.

It should be noted that the total dose fluctuates as a function of exposure time
relative to the dose rate. As an example of this, we can see that, although flight B
presented the highest dose rate among all measurements, having a relatively short
flight duration, it results in a less significant accumulated dose compared to flights
such as F or E, which despite having a lower dose rate, accumulate a substantial

total dose due to their long duration.

During this work, two principal measurements were analyzed in detail; results
of the rest of the flights are presented in the annexes (Sec. .
As future work, an analysis with directional fluxes using the directional information
from the detector as well as a future research article at a scientific journal will be

considered.
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Chapter 5

Annexes

5.1 Particle fluxes for remaining measurements

5.1.1 Total particle flux, all particles

Total graph of particles flux
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Figure 5.1: Total particle flux for the whole measurement A
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Figure 5.2: Total particle flux for the whole measurement C
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5.1.2 Particle flux, according to particle class
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5.2 Deposited energy for remaining measurements

5.2.1 Deposited energy, all particles
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Figure 5.18: Deposited energy for the whole measurement C



Total graph of particles deposited energy

.

20000 1 .

.

15000 1
— 4 *
= . o
2 10000 -
kel S, o
w

. % . [
® % . ®
5000 A K vt (Moo
. © ¢ .
Od R
o .o
04 o”.o.oo.u0....‘-0-0.‘-'.00-.“.
N \’@0 1009 o° o

TIs]

Figure 5.19: Deposited energy for the whole measurement D

Total graph of particles deposited energy

o
80000 -|
60000 -|
.
s> .
2 40000 1 o ot e, .
T . * . .
w . RS SN (E. . ? .
. s .o, oo ..‘... .,h % 1
ol b R SRR
b 2% e o
4 RSO
0
[\

Figure 5.20: Deposited energy for the whole measurement E



Total graph of particles deposited energy
120000 o

100000 A

80000 -

60000

Eaep LKev|

40000 1

20000 -

04

Figure 5.21: Deposited energy for the whole measurement F

Total graph of particles deposited energy

30000 A
.
25000 - *

20000 -

15000 1 . ° o o

Edep [keV]

10000 e e et
5000

0 -'0.“..--'..”'.-..."'.

N o 0 o0 o o°
TIs]

Figure 5.22: Deposited energy for the whole measurement H
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Figure 5.24: Deposited energy for the whole measurement J



5.2.2 Deposited energy according to particle class
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Figure 5.27: Deposited energy for the whole measurement D
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Figure 5.29: Deposited energy for the whole measurement F
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Figure 5.31: Deposited energy for the whole measurement I
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5.3 Dose rate for remaining measurements

5.3.1 Total dose rate, all particles
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Figure 5.37: Dose rate for the whole measurement F
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5.3.2 Dose rate according to particle class
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