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Introduction and motivation

Cosmic radiation from the Sun and outer space is part of our natural environment.
Until recent decades, cosmic radiation was considered of minor relevance however,
recent technological developments in aviation and space sectors awaken a concern
about possible effects of cosmic radiation on humans and technical infrastructure.

Already from 1990s, the European Commission supported several projects focused
on characterization of radiation exposure due to cosmic radiation. International
institutes worked on aircrew exposure assessment by characterizing instruments’
responses, performing in-flight measurements, developing and verifying codes
estimating radiation dose. In 1996, the European Community Council Directive
96/29/EURATOM laid down in its Article 42, a basic safety standard for the protection
of aircrew against cosmic radiation considered as a natural radiation source. Due
to an initiative by the European Radiation Dosimetry Group (EURADOS), a working
group on Aircraft Crew Dosimetry was established with the aim to perform
measurements of cosmic radiation exposure, and develop models and codes
estimating galactic cosmic ray exposure. Furthermore, on an international level, 1SO
standards were developed to set conceptual basis for cosmic radiation measurements
(ISO 20785-1:2006) and provide standards on characterization of instruments (ISO
20785-2:2011). In 2010, the International Commission on Radiological Protection
(ICRP) and International Commission on Radiation Units and Measurements (ICRU)
published a joint report with a set of reference data derived from measurements for the
purpose of validation and benchmarking of codes assessing galactic cosmic radiation
exposure in routine radiation protection practice. By now, the European Commission’s
directive is implemented in laws of most European countries. Recently published ICRP
Publication 132 strengths aspects of radiological protection from cosmic radiation for
pilots and additionally is dragging experts’ attention towards radiation exposure
of frequent flyers and pubic. ICRP notes that codes estimating radiation exposure due
to GCR in radiation protection service are generally accepted and widely used in
practice.

Solar phenomena, like solar flares or coronal mass ejections (CME) are sudden
ejections of solar mass into interplanetary space. Occurrence of solar energetic particle
(SEP) events is currently not predictable, and not all of them hit and reach the Earth’s
surface causing an increased and measured dose rate on the ground - so-called
ground level enhancements (GLE). While there are many measurements of radiation
exposure due to galactic cosmic radiation, measurements due to solar energetic
particle events are scarce. Some codes estimating radiation exposures due to SEP
were developed in the past, but comparison with measurements showed, that they still
need to be improved. Dose assessment due to SEP is a scientifically challenging,
laborious and a time-consuming task performed only by experts. First results usually
are published few weeks or months after the event. A system providing nowcasting
of GCR and SEP induced radiation environment in Earth’s atmosphere is of great
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importance for radiation protection institutions, aviation, governmental organizations,
research, and public.

My motivation for the work presented here were scientific investigations,
developments and justifications of a model that could be used in radiation protection
service in Austria fulfilling the basic safety standards of EC Directive 96/29/EURATOM
and Austrian governmental regulations on radiation protection of aircraft crew. | was
also motivated to increase public awareness on cosmic radiation at civil flight altitudes
and to develop an easy to use tool for self-assessment of radiation doses on-board
aircrafts, what stays in line with the recent ICRP recommendations on radiological
protection from cosmic radiation for pilots, frequent flyers and public.
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Abstract

The main goal of my work is to present scientific investigations, developments and
justifications of a semi-empirical model for real-time radiation dose assessment at civil
flight altitudes due to galactic cosmic radiation (GCR) and solar energetic particles
(SEP) events, that | have carried out as scientific employee at the Seibersdorf Labor
GmbH (former Austrian Research Center Seibersdorf) in Austria. All presented results
have been published in journals, conferences and scientific workshops.

In the chapter 1 of this work, | describe a brief introduction to the basics
of microdosimetry as one of methods that is used, and which | used, in measurements
of cosmic radiation.

In chapter 2, | present short description of cosmic radiation with the aim
to emphasize those aspects of this topic, which are important for the work that | present
here.

In the next chapter 3, | describe a summary of the usage of a tissue equivalent
proportional counter (TEPC) for measurements in various radiation fields. | performed
calibration of that instrument and practically used it to exercise measurements in
laboratory radiation fields (e.g. CERF at CERN).

In chapter 4, | am describing several cosmic radiation measurements carried out
on-board aircraft. | used the TEPC dosimeter system in the international campaign
CAATER (Co-ordinated Access to Aircraft for Transnational Environmental Research).
| participated in the preparation and the design of the campaign, and | analyzed the
measurements | have performed. | have summarized the results in a joint publication
with me as the first author. Taking advantage of my experience in information
technology, | designed and took care of a database for on-board measurements
of cosmic radiation performed by various institutes for EURADOS working group
on Aircraft Crew Dosimetry. The gathered data was published as a EURADOS report
as well as a report on Aircraft Crew Dosimetry by the European Commission.
Regarding on-board measurements during extraordinary solar conditions, as part
of a team at Seibersdorf Laboratories, | analyzed TEPC data measured during the so-
called Halloween Storms, a solar storm during October and November 2003.
The measurements and data analysis have been published with me as a co-author.

In chapter 5, | present investigations on radiation doses in atmosphere due
to cosmic radiation using numerical simulations. First, | simulated radiation exposure
in the atmosphere due to GCR. Further, | performed and analyzed numerical
simulations of three different solar energetic particle events that led to temporary
elevated radiation levels not only in the atmosphere but also on the Earth — so-called
ground level enhancements (GLE). Results of these investigations are published in
a report by the Seibersdorf Laboratories for the Austrian governmental office for
radiological protection.

Based on the experience that | got in practical measurements and numerical
simulations, | describe in chapter 6 the design of a semi-empirical model for the
assessment of radiation dose due to cosmic radiation at civil flight altitudes. Model that
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| propose consists of two parts. The first part models radiation doses only due
to galactic cosmic radiation (GCR). Second, also for additional doses due to SEP.

The first part is called AVIDOS-FDS (AVIDOS Flight Dosimetry Service),
and is integrated with the accredited flight-dosimetry-service of Seibersdorf
Laboratories. The flight-dosimetry-service is fully compliant with EN ISO/IEC 17025
standard and is offered to Seibersdorf Laboratories’ customers. The second part
is called AVIDOS 2.0 and is used by Seibersdorf Laboratories as its service federated
with Space Weather Service Network — an internet portal of the European Space
Agency, ESA (http://swe.ssa.esa.int/swe). Users registered at ESA Space Weather
portal, can access four different user-modes of AVIDOS 2.0. AVIDOS 2.0 at ESA’s
portal is the first Europe-wide publicly available software for real-time radiation dose
assessment at civil flight altitudes due to galactic cosmic radiation (GCR) and solar
energetic particle (SEP) events.

In chapter 7, | summarize the presented work. In chapter 8, | give an outlook
on planned further activities in the field of aircrew dosimetry.
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Streszczenie

Gtéwnym celem mojej pracy jest przedstawienie badan naukowych, opracowanie
oraz wdrozenie semi-empirycznego modelu do oszacowania w czasie rzeczywistym
dawek promieniowania kosmicznego na wysokosciach cywilnego ruchu lotniczego na
skutek galaktycznego promieniowania kosmicznego (galactic cosmic radiation - GCR)
oraz spontanicznych wybuchéw stonecznych (solar energetic particles - SEP), ktore
dokonatem jako pracownik naukowy w Seibersdorf Labor GmbH (dawniej Austrian
Research Center Seibersdorf) w Austrii. Wszystkie zaprezentowane wyniki zostaty
opublikowane w czasopismach, na konferencjach i warsztatach naukowych.

W rozdziale pierwszym mojej pracy zamieszczam krotki wstep do podstaw
mikrodozymetrii jako jednej z metod stosowanych, rowniez przeze mnie, w pomiarach
promieniowania kosmicznego.

W rodziale drugim zamieszczam zarys tematyki promieniowania kosmicznego
starajgc sie zaznaczy¢ podstawowe aspekty zagadnienia promieniowania
kosmicznego wazne z punktu widzenia ninejszej pracy.

W rozdziale nastepnym, trzecim, opisuje podsumowanie zastosowania
tkankopodobnego licznika proporcjonalnego (TEPC) do pomiaréw réznych pdl
promieniowania. Dokonatem kalibracji tego instrumentu oraz uzytem go w pomiarach
laboratoryjnych pél promieniowania (np. CERF w CERN).

W rozdziale czwartym opisuje kilka pomiaréw promieniowania kosmicznego jakie
dokonatem na pokitadzie samolotu. W miedzynarodowej kampanii pomiarowe;j
CAATER (Co-ordinated Access to Aircraft for Transnational Environmental Research)
do pomiaréw uzytem licznika TEPC. Uczestniczytem w przygotowaniach
i projektowaniu kampanii, wykonatem i zanalizowatem wiasne pomiary. Wyniki
podsumowatem, jako pierwszy autor, we wspolnej publikacji. Korzystajgc ze swojego
doswiadczenia informatycznego zaprojektowatem i opiekowatem sie bazg danych dla
wynikbw pomiardw promieniowania kosmicznego dokonanych na pokfadach
samolotéw przez rozne instytuty dla grupy roboczej EURADOS zajmujacej sie
zagadnieniem ekspozycji personelu lotniczego na promieniowanie kosmiczne.
Zebrane dane zostaty opublikowane jako raport EURADOS oraz jako raport Komisji
Europejskiej nt. ekspozycji personelu lotniczego na promieniowanie kosmiczne. Jako
cztonek grupy zajmujacej sie ekspozycjg personelu lotniczego na promieniowanie
kosmiczne w Seibersdorf Laboratories, analizowatem niezwykle ciekawe pomiary
dokonane przy uzyciu TEPC podczas spontanicznych wybuchéw na Stoncu w
pazdzierniku i listopadzie 2003 roku — tak zwanych Halloween Storms. Pomiary te
i analiza danych zostaty opisane w publikaciji, ktérej bytem wspdtautorem.

W rozdziale pigtym prezentuje badania nad dawkami promieniowania w atmosferze
na skutek promieniowania kosmicznego, przy uzyciu numerycznych symulacji
komputerowych. Najpierw wykonatem symulacje galaktycznego promieniowania
kosmicznego (GCR) w atmosferze. Nastepnie wykonatem i analizowatem symulacje
komputerowe trzech réznych spontanicznych wybuchéw stonecznych, ktére
spowodowaty tymczasowy wzrost pozioméw promieniowania nie tylko w atmosferze,
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lecz takze na Ziemi — tak zwane ground level enhancements (GLE). Wyniki tych badan
zostaty opublikowane w raporcie Seibersdorf Laboratories dla austriackiego
rzgdowego Urzedu Ochrony Radiologiczne;j.

Na podstawie doswiadczenia zdobytego podczas wykonywania praktycznych
pomiardéw jak i symulacjach komputerowych, w rodziale sz6stym, opisuje projekt semi-
empirycznego modelu do oszacowania dawek promieniowania kosmicznego
na poktadach samolotéw. Model, ktéry proponuje sktada sie z dwéch czesci. Pierwsza
oszacowuje dawki tylko dla galaktycznej czesci promieniowania kosmicznego (GCR).
Druga, oszacowuje dawki rowniez dla spontanicznych wybuchoéw stonecznych (SEP).

Pierwsza czes¢ modelu ma nazwe AVIDOS-FDS (AVIDOS Flight Dosimetry
Service) i jest zintegrowana z akredytowanym serwisem dozymetrycznym
prowadzonym przez Seibersdorf Laboratories dla personelu lotniczego. Serwis ten jest
w petni zgodny ze standardem EN ISO/IEC 17025 i jest oferowany przez Seibersdorf
Laboratories dla swoich klientéw. Druga czes¢ modelu ma nazwe AVIDOS 2.0 i jest
internetowym serwisem Seibersdorf Laboratories zintegrowanym z portalem
internetowym Europejskiej Agencji Kosmicznej (ESA) — Space Weather Service
Network (http://swe.ssa.esa.int/swe). Uzytkownicy zarejestrowani na portalu pogody
kosmicznej ESA majg dostep do czterech réznych modutéw AVIDOS 2.0. Program
AVIDOS 2.0 na portalu ESA jest pierwszym w Europie darmowym i ogélnodostepnym
programem komputerowym dziatgjgcym w czasie rzeczywistym stuzgcym do
oszacowania dawek promieniowania  pochodzgcych od  galaktycznego
promieniowania kosmicznego (GCR) i spontanicznych wybuchow stonecznych (SEP).

W rozdziale siocdmym podsumowuje zaprezentowang prace. W rozdziale 6smym
przedstawiam perspektywy planowanych dalszych dziatan dotyczacych zagadnienia
ekspozycji personelu lotniczego na promieniowanie kosmiczne.
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1. Introduction to microdosimetry

There is no sharp definition of microdosimetry. According to the International
Commission on Radiation Units and Measurements (ICRU), the main objective
of microdosimetry is to improve understanding of radiation effects and to develop
concepts to relate principal features of the absorption of ionizing radiation in matter
to the size (and nature) of affected structures [1].

Particles traversing a matter interact with its atoms and molecules losing their
energy. If in such interaction, one or more matter’s electrons are liberated, an ionization
process occurred. lonizing radiation are charged particles (e.g. protons, electrons)
or uncharged ones (e.g. photons, neutrons) that can produce ionizations (or nuclear
reactions leading to ionizations) in a medium. Microdosimetry studies the number,
magnitude, spatial and temporal distribution of energy deposits. It is a systematic study
with system of concepts, physical quantities and their measurements. Below author
reproduces a set of definitions of quantities defined ICRU that are used in this work.

1.1 Radiometric quantities

Radiometric quantities characterize the radiation field (e.g. photons, electrons,
protons, neutrons) at the point of interest. This characterization refers either to number
of particles or to their energy. Here, based on ICRU Report No. 85 [2], author presents
only those basic radiometric quantities that refer to the number of particles.

The particle number, N, is the number of the (emitted, transferred or received)
particles.

Flux, N, is the increment of particle number dN in the time interval dt, (unit: s2)

o N
T dt

The fluence, @, is the number of particles dN incident on a sphere of cross-sectional
area da, (unit: m?)

@—dN
" da

For practical applications, especially for numerical simulations, it is useful to note
that:
1. Since particle number N does not distinguishes a selected direction, then flux
describes patrticles emitted in (or transferred or received from) all directions.
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2. The use of sphere of cross-sectional area da in the definition of fluence means
that fluence considers that the area da is perpendicular to the direction of each
particle. Therefore, fluence does not distinguishes the direction. In a scenario
with selected direction, this selection must be taken into account. For example,
when a parallel beam is incident at an angle 6 (with respect to normal direction)
on a given surface then the fluence is @ cos(0).

3. Innumerical simulations, fluence @is often expressed as the sum of the lengths
of particles trajectories dl in the volume dV:

o= dl
S av
1.2. Quantities related to interactions

In previous chapter, author presented basic quantities to characterize radiation
field. Particles of a radiation filed interact with matter. Here, based on ICRU Report
No. 85 [2], author presents selected quantities that are related to interactions.

Mass stopping power of a material, for charged particles of a given type and
energy, is the mean energy lost, dE, by those particles when traversing a distance
dl in the material of density, p.

Unit of mas stopping power is: eV m? kg?! (or conveniently multiplied
e.g. MeV cm? g1)

Mass stopping power focuses on energy loss of the particle. It has three
components:

1. mass electronic stopping power (due to interactions with atomic electrons
leading ionizations or excitations),

2. mass radiation stopping power (due to emission of bremsstrahlung in the
electric field of atomic electrons or nuclei),

3. mass nuclear stopping power (due to elastic Coulomb interactions in which
recoil energy is imparted to atoms).

Linear Energy Transfer, LET, or restricted linear electronic stopping power,

La, of a material for charged particles of a given type and energy, is the mean energy
lost, dE, of those particles due to electronic interactions when traversing a distance
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dl, but without the mean sum of kinetic energies, greater than A, of all electrons
released when traversing a distance dl.
dE,

Ly, = ——
AT Al

In other words, LET considers “locally transferred” energy, that is, energy lost
by primary charged particles in interactions with electrons along the distance dl, but
without energies taken away by secondary electrons having initial kinetic energy
greater than A. The unit of LET is joule per meter (J m?) but also commonly used
is keV um-=,

L~ (often denoted as L or LET) is the (unrestricted) linear energy transfer where all
d-rays are taken into account. L is equal to the linear electronic stopping power. Lo
refers to the energy lost that does not reappear as kinetic energy of secondary
electrons.

LET is a measure of an average ionization density along the path of radiation.

1.3. Dosimetric quantities

Effects of radiation on matter depend on radiation field and on interactions between
radiation and matter (precisely, on interaction coefficients — cross-sections). Radiation
interacts with matter in a series of processes in which particle energy is converted and
finally deposited in the matter. Dosimetric quantities describe these processes and
provide physical measure to correlate with effects. Based on ICRU Report No. 85 [2],
author presents selected dosimetric quantities.

The energy deposit, &, is the elementary dosimetric quantity describing process
of deposition of energy. It is the energy deposited in a single interaction i:

& = En — Eour T 0
where:
ein — energy of the incident ionizing particle (without rest energy) interacting in the point
[
eout — sum of energies of all ionizing particles leaving the interaction (without rest

energy)
Qam — the change in rest energies of the nucleus and of the all particles involved in the
interaction.

The energy imparted, g, to matter in a volume is the sum of all energy deposits,
&, which took place in that volume.
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Energy imparted is due to one or more energy deposition events e.g. coming from
several independent particle trajectories but resulting in energy deposition events in
the considered volume.

Both, energy deposit and energy imparted are stochastic quantities. The unit
of energy deposit and energy imparted is joule (J) but in practice expressed also in eV.

The absorbed dose, D, is defined as the mean value of the energy imparted into
matter, ¢, per unit mass, m, at the point of interest.

_de

~dm

Absorbed dose is a non-stochastic quantity. The unit for absorbed dose is joule per
kilogram (J kg1). The special name for unit of absorbed dose is gray (Gy).

1.4. Microdosimetric quantities

While dosimetry investigates the mean imparted energy in a point of irradiated
volume, microdosimetry emphasizes stochastic nature of energy deposition events.
Microdosimetry studies the whole energy deposition process and results are
expressed as probability distributions of energy depositions in a volume that is crossed
by a single ionizing particle. In microdosimetry, new stochastic quantities have been
introduced to conceptually replace the old non-stochastic ones [1].

A random analogue of absorbed dose D is the quantity specific energy, z defined
as

where ¢ is the energy imparted by ionizing radiation to matter of mass m. Specific
energy and absorbed dose are defined as quotient of energy by mass and have similar
units — joule per kilogram (J kg?). The special name for unit of specific energy is gray
(Gy). Specific energy is a stochastic quantity and one can consider its probability
distribution function or its probability density function (see Appendix A). The analogy
between absorbed dose, D, and specific energy, z, is:

D=1limz
m-0
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Microdosimetric quantity analogous to linear energy transfer LET, is the lineal
energy, y, defined as

y:

~il M

where € is the energy imparted to the matter in a volume of interest by a single
energy deposition event and | is mean chord length of the volume.

Mean chord length of a volume is its geometrical property, and is the mean length
of randomly oriented chords in that volume. For a convex body of the volume V, and
the surface area S, the mean chord length is [ = 4V /S.

The difference between LET and y is that LET considers mean energy lost, dE,
in electronic collisions by a charged particle traversing a distance dx and includes
energy transferred to 6-rays while lineal energy is subject to geometric cutoff: ¢is only
the energy deposited in the volume V.

Both, linear energy transfer and lineal energy are defined as quotient of energy
by length and therefore have similar units — J/m, or e.g. keV/um. Lineal energy is
a stochastic quantity and one can consider its probability distribution function or its
probability density function (see Appendix A).

1.5. Quantities used in radiological protection

Dosimetric quantities have been developed to assess the dose from radiation

exposure. The purpose of protection quantities is to specify exposure limits to ensure
that the occurrence of stochastic health effects is kept below acceptable levels [3].
Quantities used in radiological protection base on measurements of energy deposited
in human tissues and organs, and aim at a relation between radiation dose to radiation
risk. For this, two facts must be taken into account. First: variations in the biological
effectiveness of radiations of different quality, and second: variations in the sensitivity
of organs and tissues to ionizing radiation.
In 1977, in its Publication 26, the International Commission on Radiological Protection
(ICRP) introduced two radiological protection quantities: dose equivalent and effective
dose equivalent [4]. In 1990, in its Publication 60 [5], the ICRP introduced conceptually
new protection quantities based on radiation weighting factors and tissue weighting
factors — the equivalent dose and effective dose. In 2007, in its Publication 103 [3], the
ICRP revised and updated the radiation weighting factors and tissue weighting factors.
In 2011, the OECD (Organisation for Economic Co-operation and Development)
Nuclear Energy Agency (NEA) released a publication [6] that presents the evolution of
the ICRP Recommendations identifying the major changes in the underlying science
and its understanding, as well as development and evolution of protection policy.
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Radiation weighting factors, wr, were introduced (ICRP-60 [5]) to weight the
absorbed dose with the type and energy of the radiation in order to assess radiation
effects. Comparing recommendations from ICRP-60 [5] and ICRP-103 [3] two
important changes have to be noted. For protons radiation weighting factor was
decreased from five to two. For neutrons, the step function was replaced by continuous
one with a decrease of wr in low energy range.

Table 1 Radiation weighting factors.

Radiation Radiation
" weighting factor weighting factor
Radiation type and energy (ICRP-60) (ICRP-103)
WR WR
Photons 1 1
Electrons, muons 1 1
Neutrons ,
<10 keV 5 25+18.2e "6 E < 1Mev
10 keV — 100 keV 10 ,
100 keV — 2 MeV 20 5.0+17.0e "%/ 1Mev < E. < 50MeV
2 MeV — 20 MeV 10 )
> 20 MeV. 5 2.5+3.25¢ NCUEF6 E - 5oMev
Protons 5 2
Alpha particles,
fission fragments, 20 20
heavy nuclei
25
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Figure 1 Radiation weighting factors, wr, for neutrons as recommended in ICRU-60 (black step function)
and ICRP-103 (continuous red curve).
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Different organs or tissues show different sensitivity due to stochastic radiation
damages caused by the same type of radiation [5]. This fact was reflected
by establishing tissue weighting factors, wr. Those factors were revised based
on epidemiological studies and risk assessment. A modified set was published in 2007
[3]. Table 2 presents tissue weighting factors as recommended in ICRU-60 [5] and
ICRU-103 [3].

Table 2 Tissue weighting factors as recommended in ICRP-60 (left) and ICRP-103 (right)

Wt
(ICRU-60)

Wt

Olen (ICRU-103)

Organ

Bone marrow (red), Colon,
Gonads 0,20 Lung, Stomach, Breast, 0.12
Adrenals, remainder tissues

Bone marrow (red), Colon,

Lung, Stomach 0,12 Gonads 0.08

Bladder, Breast, Liver, 005 Bladder, Liver, Esophagus, 0.04

Esophagus, Thyroid gland ' Thyroid '

Skin, Bone surface 0,01 0l surche, BT, SAVEDS 0.01
glands, Skin

Bone surface 0,01

Adrenals, brain, small intestine,
kidney, muscle, pancreas,
spleen, thymus, uterus

(the weighting factor 0.05 is
applied to the average dose of
these organs)

0,05

The protection quantity equivalent dose, Hr (ICRP-60 [5]), is conceptually different
from the dose equivalent, H (ICRP-26 [4]). The dose equivalent, H, is based on the
absorbed dose at a “point” in tissue and weighted by quality factor Q (see chapter 1.6)
which is related to the LET. New quantity, the equivalent dose Hr, is based on average
absorbed dose in a tissue or an organ, Drr, and weighted by the radiation weighting
factors wr for the radiation(s) impinging on the body.

The equivalent dose Hr, in a tissue or organ is defined as

Hp = z WRDT,R
R

where Drr is the mean absorbed dose in considered tissue or organ T, produced
by radiation of type R, and wr is corresponding radiation weighting factor for radiation
of the type R. The sum goes over all types of radiation involved. Since wr are
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dimensionless, the Sl unit of equivalent dose is J kg, but to distinguish it from the unit
of absorbed dose (unit of special name: gray) its special name is sievert (Sv).

The effective dose, E, is intended to provide means for handling non-uniform
irradiation situations, when various tissues or organs are irradiated. Since different
tissues or organs show different sensitivity to the same type of radiation, equivalent
doses, Ht, must be weighted by tissue weighting factors.

The effective dose, E, is given as:

E = z wrHr :z WTZ WRDT,R
T T R

where Hr is the equivalent dose in the tissue or organ T, and wr is the corresponding
tissue weighting factor. The unit of effective dose is J kg with special name: sievert
(Sv).

The quantity Dtr cannot be experimentally measured; therefore both quantities
equivalent dose and effective dose are not measurable in practice. For measurement
purposes, operational quantities are used (see 1.6).

After the publication of the ICRP103 recommendations, questions have arisen
on practical applications of effective dose and confusion between equivalent dose and
effective dose. To address these issues, a Task Group 79 in the IRCP has been
created. The Task Group recommends [7] that equivalent dose is no longer used
as protection quantity but only as an intermediate steps in calculations of effective
dose. The Task Group 79 also recommends that effective dose (introduced for risk
management purposes for risk limitation and optimization) should not be used as
a measure of risk (particularly for low doses) but only as a rough indicator of possible
risk. Both recommendations are under ICRP considerations. Definitions of radiological
protection quantities have a dynamic history driven mostly by new findings and
experimental data. Author expects a publication of new ICRP’s recommendations
coming soon.

1.5.1. Dose limits

On the basis on the effective dose and the equivalent dose the ICRP in its
Publication 60 [5] established recommendations on dose limits. Dose limits are defined
separately for public and occupationally exposed workers, and additionally for
stochastic and deterministic effects — Table 3. The ICRP-103 recommendations [3] did
not change the limits.
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Table 3 Dose limits as recommended by ICRP.

Quantity Occupational dose limits Public dose limits
1 mSvly
Based on 50 mSvly . ¢
stochastic Effective dose, E But not more than 20 mSv/y ST, i TECEED, ey VEIlE,
. but the average over 5 years
effects: averaged over 5 years

should not exceed 1 mSv/y

Equivalent dose, H
to:

Based on
deterministic Lens of eye 150 mSvly 15 mSvly
efiects Skin 500 mSvly 50 mSvly
Hands and feet 500 mSvly -

1.5.2. Reference levels

Since chapters 4, 5 and 6 of this work discuss measurements and models for dose
assessment at aviation altitudes, author presents here few considerations on reference
levels for aircrew. A reference level is the dose above which it is judged that it is
inappropriate to allow such exposures to occur. It is a dose level at which protective
actions should be planned and optimized but taking into account ALARA principles.

In 1996, the European Community Council Directive 96/29/EURATOM [8] laid
down, in its Article 42, a basic safety standard for the protection of aircraft crew against
cosmic radiation considered as a natural radiation source. In 1997, European
Commission published a more technical interpretation of the Article 42 requirements
[9]. For the first time a conventional set of control limits appeared:

= no further control for aircrew with dose less than 1 mSv/year,

= for doses 1 mSv/year — 6 mSv/year: individual dose estimate is required,

= for doses greater than 6 mSv/year: record keeping, medical surveillance
(“highly exposed aircrew”)

The interpretation also says:
= although frequent flyers are not mentioned in the EC directive, they should have
dose determination similar to that of aircraft crew,
= computer programs may be used to determine doses below 6 mSv/year,
= forflights at altitudes higher than 15 km, an active dosemeters to detect variation
in dose levels (e.g. due to solar flares) should be on board.

In 2007, civil aviation organizations like Joint Aviation Authorities — JAA (JAA has
been disbanded in 2009, its functions overtook the European Aviation Safety Agency
— EASA) - released an operational standard [10] adopting the published
interpretations.

24



By 2009, the EC directive has been implemented into law in many European
countries [11]. In 2012, the European ALARA Network conducted a survey on how the
radiation protection requirements for aircraft crew have been implemented in selected
European countries [12]. Conclusion from these two surveys shows that in most
countries, individual doses are estimated using computational codes, and the
conventional limit of 6 mSv/year is set, however, in some countries there are lower
limits. Specific requirements (additional protection actions) are implemented if
exposure is higher than 6 mSv/year.

Recently, a new ICRP report has been published [13]. It focuses on radiological
protection from cosmic radiation in aviation. In its report, the ICRP recommends
a graded approach for the implementation of optimization principle of radiological
protection. Radiation exposure of occasional flyers due to cosmic radiation
is considered as negligible, but passengers should have access to general information
about cosmic radiation. The ICRP very clearly notes a group of public that travels by
air for private or duty reasons - frequent flyers. Commission recommends that this
group should not only have access to general information about cosmic radiation but
encourages self-assessment of their doses, and if necessary, to limit flight frequency.
For a fraction of frequent flyers which exposure is comparable to those of aircraft crew,
the commission recommends solutions on a case-by-case basis aiming at interactions
between employees and the employer. In commission’s recommendation, exposure
of both groups, occasional and frequent flyers, is public exposure. Finally, for the
aircraft crew, the commission sustains its recommendation from ICRP-60 [5]
to consider them as occupationally exposed group. For aircraft crew, the commission
recommends individual educational program about cosmic radiation, assessment
of dose by calculation programs, archive of the assessed dose for sufficient time, and,
when cumulative dose approaches selected levels, to respect those levels by adjusting
flight schedules. The commission recommends that for protection against cosmic
radiation in aviation, a reference level in the range of 5 — 10 mSv/year should be
selected.

1.6. Operational quantities

Based on unrestricted linear energy transfer, L, in water, the quality factor, Q(L),
has been defined in ICRP-26 [4]. It has been introduced in order to weight the absorbed
dose for the biological effectiveness of the charged particles since the effects caused
by radiation depend not only on absorbed dose but also on radiation type (i.e. ionization
density). The quality factor at a point in tissue is given by:
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where D is the absorbed dose at that point, D(L) is the distribution of absorbed dose,
D, in linear energy transfer, L, and Q(L) is the corresponding quality factor at the point

of interest. The relation between the quality factor and unrestricted linear energy
transfer was specified in ICRP-60 [5]:

Table 4 Q-L relationships according to ICRP-60 [5].

Unrestricted linear energy transfer, Lo, in water Quality factor, Q(L)

keV pm?
L. <10 1
10 < L» <100 0.32L-22
L. > 100 300/~/L

For protection quantities, the quality factor Q was replaced by radiation weighting
factors, wr, in ICRP-60 [5] but it is still used in calculating the operational dose
equivalent quantities used in area and individual monitoring.

To identify and quantify the effects of ionizing radiation on health (so including
biological effects) in routine radiation protection applications the quantity dose
equivalent, H, was introduced. The dose equivalent at a point is defined as

H=0D = me (L)D(L)dL
0

where Q(L) is the quality factor for particles with linear energy transfer L, D(L) is the
distribution of absorbed dose, D, in linear energy transfer, L, at the point of interest.
The unit for dose equivalent is joule per kilogram (J kg?) but there is also a special
name — sievert (Sv).

For practical measurements, ICRU has introduced an operational quantity based
upon dose equivalent — the ambient dose equivalent, H*(d). According to ICRU'’s
definition, the ambient dose equivalent, H*(d), at a point of interest in the actual
radiation field is the dose equivalent which would be produced by the corresponding
expanded and aligned field, in the ICRU sphere at a depth, d, on the radius opposing
the direction of the aligned field. The ambient dose equivalent should be a conservative
estimate the effective dose.

Terms: expanded and aligned field and ICRU sphere used in ambient dose
equivalent definition need further explanation. An expanded field is the field that is
at the point of reference but is expanded throughout the whole volume of interest in
this way, that fluence and its directional and energy distributions at every point
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of considered volume have the same values as in the reference point. An expanded
and aligned field is the expanded field but the fluence is unidirectional. It is an idealized
radiation field as showed in Figure 2.
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Figure 2 Schematic representation of expanded and aligned field.

The ICRU sphere [14] is a phantom approximating human body, and it is 30-cm
diameter tissue-equivalent sphere with a density of 1 g cm™ and a proper elemental
composition for tissue equivalence (mass composition: 76.2% oxygen, 11.1% carbon,
10.1% hydrogen, 2.6% nitrogen).

The unit of ambient dose equivalent is the same as for dose equivalent. It is
recommended that for strongly penetrating radiation a depth of 10 mm should be used
— H*(10).
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2. Introduction to cosmic radiation

At the beginning of the XX century, radiation observed in atmosphere was believed
to originate from radioactive elements of Earth’s crust [15]. Between 1911 and 1913,
an Austrian-American physicist, Victor Franz Hess, conducted a series of balloon
flights (up to 5300 meters of altitude) and showed that the radiation increased with
altitude [16]. He suggested also its extraterrestrial origin [17]. The studies of Hess were
rewarded in 1936 with the Nobel Prize.

In 1925, Robert Andrew Millikan confirmed Hess’s theory and gave ‘cosmic rays’
name to the newly discovered radiation [18, 19]. The term ‘cosmic rays’ is widely used
in literature but may be misleading since it's known today that this radiation are not
rays but high energy particles impinging the Earth (predominantly protons and helium
nuclei). Terms ‘cosmic radiation’ or ‘cosmic rays particles’ are often used to avoid this
misnomer.

Cosmic radiation is often distinguished between primary and secondary. As primary
cosmic radiation, one considers cosmic radiation of extraterrestrial origin coming
mainly from outside of the Solar system. When cosmic rays collide with nuclei
of Earth’s atmosphere (mainly nitrogen and oxygen), a cascade of lighter particles is
produced — these particles are referred to as secondary cosmic radiation. The
produced cascade has a form of a cone with a 1-2 degree of width around primary
particle’s path and the cascade is often described in literature as air shower.

Primary cosmic radiation is composed in about 98-99% of nuclei and about 1-2%
of electrons. Protons are strongly dominating fraction (about 89-90%) of the nuclei part,
alpha particles are about 9-10%, and the remaining 1% are nuclei of heavier elements
— so called HZE patrticles [20, 21]. Composition of secondary cosmic radiation is more
complex due to variety of nuclear reactions occurring in the Earth’s atmosphere.
Typical particles are neutrons, protons, electrons, but also mesons like positive or
negative kaons and pions — which then decay into muons. Gammas and X-rays are
also present in secondary cosmic radiation.

Another common way of how cosmic radiation can by divided depends on its origin:
e Solar Cosmic Radiation (SCR) also known as Solar Energetic Particles (SEP)
e Galactic Cosmic Radiation (GCR)

e Anomalous Cosmic Radiation (ACR)
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2.1. Solar Cosmic Radiation

Solar cosmic radiation (SCR) is often called solar energetic particles (SEP) since
this type of cosmic radiation are in fact particles released from the Sun through solar
phenomena like solar wind, solar flares and coronal mass ejections (CME).

Solar wind is a continuous stream of solar mass released from Sun’s corona into
interplanetary space. It is fully ionized, magnetized, hot plasma and consists mainly
of protons and electrons with a few heavier ions.

The main sources of solar wind are coronal holes, which are regions where the
magnetic field lines of the Sun are open, and Sun’s equatorial region — so called
“streamer belt”. Solar wind drags Sun’s magnetic field outwards the Sun and forms in
this way the heliospheric magnetic field (historically called interplanetary magnetic
field). Due to the rotation of the Sun, this field has spiral form (garden hose effect). The
simplest situation is when the Sun has a stable magnetic configuration (solar
minimum). At this time, the slow solar wind originates from streamer belt (region
of about 20 degree width around magnetic equator), and fast solar wind from polar
coronal holes. During solar maximum, the situation is much more complex and not fully
understood due to a more complex magnetic field configuration [22]. Physical
properties of solar wind like density, temperature and speed vary over time and the
place of origin — solar latitude and longitude. Generally, one distinguishes slow and
fast solar wind. Slow solar wind has a speed of about 300 - 400 km/s, fast solar wind
has a typical velocity of 750 km/s. Fluence rate varies between
1 — 100 particles/cm?/s, density varies between 0.4 — 100 part/cm?, and dragged-in
magnetic field varies in ranges 0.2 — 800 nT [23].

Several different periodicities are found in the temporal variation of solar wind —
from the shortest time scale as waves and turbulences, through ~25.4-day variation
related with solar rotating period, even up to century scale — evident from geomagnetic
records [22]. For this work however, the most important is the approximately 11-years
solar cycle. This cycle reflects variations in Sun’s activity that is variation of the Sun’s
internal magnetic field and the surface disturbance level. Solar activity is continuously
monitored by many scientific organizations [e.g. 24, 25, and 26]. A good indicator
of solar activity is the number of sunspots which can be observed [27] on the surface
of the Sun. Sunspot maxima correspond to periods of high solar activity. Equally,
sunspot minima indicate quiet periods of the Sun.

A correlation between observed number of sunspots and the frequency of solar
events is observed. On average, during maximum solar activity there are up to about
10 events occurring, while during solar minimum only one [20]. For this work, the most
important types of such phenomena are solar flares and coronal mass ejections (CME).
In both cases, magnificent visual effects are usually associated what can be observed
on the surface of the Sun.
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Solar flares develop in few minutes and are outbursts of y, X, radio waves and
energetic particles. Flares are related to magnetically disturbed conditions of Sun’s
surface observed as sunspots. During a flare, large currents and moving magnetic
field are generated which can accelerate released charged matter [e.g. 22, 23, and
28]. Flares are classified depending on their peak flux in soft X-rays [28] as measured
by GOES satellites [29]. Solar flares may affect high frequency radio communications
(1 — 30 MHz) even leading to a radio blackout especially on the dayside of the Earth
and when the Sun is directly overhead. National Oceanic and Atmospheric
Administration (NOAA) developed a scale of radio blackouts that is directly linked with
solar flare classes [30]. Massive solar flares are sometimes accompanied by coronal
mass ejections (CMES).

CMEs are ejections of massive bubbles of solar plasma into space. CMEs are very
often collocated with solar flares — as flares, CMEs originate from active regions
as group of sunspots, but are separate events, not triggered by flares. Ejected mass is
accelerated in CME driven shocks in the corona and interplanetary medium [e.g. 22,
23, and 31]. CMEs last from several hours up to days. The CMEs can travel with the
different speeds: from 100 — 3000 km/s. When CME speed is faster than the speed
of solar wind, a shock wave is generated — this manifests itself as sudden increase
of satellite measured plasma density. Fastest CMEs can reach the Earth in 14 - 17
hours, slowest need few days [31]. CMEs can disturb Earth’s magnetic field and create
geomagnetic storms especially, when the direction of the magnetic field inside CME is
opposite to the Earth’s one. Solar energetic particles can create aurorae, similarly like
flares, CME can disturb radio communication, and finally, can lead to an increased
radiation levels not only in atmosphere but also on the ground.

Typical occurrence of these events varies with Sun’s activity between several per
day in active Sun’s phase to about one per week in solar minimum [23, 31]. Only
a fraction of them is reaching the Earth.

Solar particles that are incoming to the Earth are mostly protons, about 10%
of alpha particles and less than 1% of heavier nuclei which composition varies from
solar event to event. Energies of these particles are usually lower than 100 MeV but
sometimes reach even 10 GeV [32]. Due to irregularities of magnetic field and shocks
in the interplanetary medium the usual spectrum of solar energetic particles varies from
event to event (see Figure 3) [20]. Additionally, spectra of solar energetic particles
change in time (see Figure 4) [33]. As depicted in Figure 4, the fluence rate of protons
for low energies is several orders of magnitude greater than that of galactic origin.
Rarely, during some events, even at several hundred MeV, fluence rate of solar
protons can be much higher than those of galactic origin.
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Figure 3 Usual spectra of solar particles for Figure 4 A comparison of proton fluence rate for

different solar flare events. Figure taken from galactic cosmic radiation and SEP. SEP shows

Reitz et al [20]. time dependent structure. Figure taken from
Heinrich et al [33].

2.1.1. Ground Level Enhancements

The intensity of cosmic radiation is in real time measured both in space and on the
surface of the Earth. In space, satellites (e.g. GOES Space Environment Monitor [34])
record proton, electron, X-ray fluence rates, and magnetic field as well. On the ground
level, many neutron monitors [35] placed at many locations all over the world measure
secondary neutrons produced by cosmic radiation in nuclear reactions with
atmosphere. Data from many neutron monitor stations are collected in a common
database — the Neutron Monitor Database [36]. Variations of cosmic radiation due
to the 11-years cycle are clearly visible in the neutron monitors data (Figure 5). Figure
5 shows correlation between observed sunspot number (lower diagram) and records
of two neutron monitors: Climax (has been closed in 2006), and Newark station
(located on similar magnetic latitude as Climax neutron monitor) — upper diagram.
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Figure 5 A correlation between sunspot number (lower diagram) and neutron monitor data (upper
diagram). Chart produced based on sunspot numbers from SILSO [27] and data from Climax and
Newark neutron monitor stations obtained from NMDB [36].

From many occurring solar flares and CMEs originating on the Sun, only some
of them affect the Earth. If an ejection of solar mass happens at solar longitudes, where
its magnetic field lines are well connected to the Earth, then satellite systems can
measure enhanced radiation fluxes at Earth orbit (e.g. GOES system [34]). Some
of these events are strong enough that can lead to effects observed on the ground -
so called Ground Level Enhancements (GLE). There is no strong definition of a GLE,
but it is commonly understood that a Ground Level Enhancement is a sudden increase
of cosmic radiation observed on the ground by a few (at least two) neutron monitor
stations recording at the same time increased count rate (by at least 1% in 5-min
averaged data) [37]. Since 1942, there have been about 71 GLEs observed [38].

After an increase of solar radiation due to solar event, a decrease of galactic cosmic
radiation can be observed that can last even for several days. This phenomenon is
known as Forbush decrease and is used to be defined as at least 10% decrease
of galactic cosmic radiation intensity. The observed decrease occurs owing to incoming
magnetic field (e.g. dragged by CME) that sweeps out less energetic part of galactic
cosmic radiation [39].
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Figure 6 An example of a classical Forbush Decrease. Figure shows percentage decrease for three
neutron monitor stations spaced about equally in longitude (Deep River, Mt.Wellington, and
Kerguelen). The heavy line indicates the average of the count rates [Picture taken from 39].

2.2. Galactic cosmic radiation

Galactic cosmic radiation are charged particles that are coming from far outside
of the solar system. The origin and acceleration mechanisms of GCRs are not fully
understood; however, it has been considered that GCR patrticles come from supernova
explosions and are accelerated by shock waves that are associated with those
explosions [40]. Recent experiments like Pierre Auger Project [41] or Cherenkov
Telescope Array [42] as well as recent studies on earlier data [43] support that.

GCR consists of 98% atomic nuclei and 2% of electrons. Nuclei fraction is
composed of about 85% protons, about 14% helium ions, and 1% heavier ions often
referred to as HZE (High-Z High-Energy) particles [20, 33, and 44]. HZE particles cover
the full range of elements. Some of them (Li, Be, B) are more abundant than others.
This abundance difference come from nuclear spallation and reactions of cosmic
particles with interstellar and interplanetary matter and magnetic fields [20].

The energies of GCRs extend from about 100 MeV to over 10%° eV. Astrophysical
theories and recent studies show that protons of ultra-high energies (greater than 10%°
eV) have extragalactic origin [32, 42], however it happens only few times a year that
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a particle of 10% eV will reach the ground, and once a century when it comes to 10%°
eV particles [41].

Energy spectrum of GCRs is usually given as kinetic energy per nucleon
(Figure 7). Above a few thousands MeV/nucleon energy spectrum follows a power
function

N(E) =E~

The spectrum has a maximum fluence rate at around few hundreds MeV/nucleon and
towards low energies the fluence rate decreases.
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Figure 7 Energy spectra of some cosmic ray particles. Figure taken from [33].

2.2.1. Solar modulation

The 11-years solar cycle has a significant influence on GCR. At the beginning
of a cycle (solar activity minimum), the solar magnetic field resembles a dipole which
is aligned with Sun'’s rotation axis. In this phase, the intensity of solar wind is low. The
GCR incoming to the solar system experience weak deceleration and GCR fluence
rate is at maximum. The dipolar configuration of the solar magnetic field changes in
the next five, six years towards cycle’s maximum. During this phase, the solar wind
gains in intensity and transported frozen-in magnetic field is stronger. At the cycle’s
maximum, solar magnetic field is in disorganized state. The GCR entering heliosphere
interacts with intense solar wind what leads to a significant decrease of GCR intensity
[45, 46]. During the latter years of a cycle, the dipole shape is renewed (but with
opposite polarity) and then the whole cycle repeats. The modulation affects GCR
particles below some GeV/nucleon what is shown in Figure 8 for helium ions. The
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figure shows fluence rate for helium nuclei for solar minimum (1997) and two solar
maxima (1989 and 1986).
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Figure 8 Spectral fluence rate of helium nuclei without solar modulation — interstellar spectrum (upper
curve), for solar minimum (1997), strong (1989) and weak (1968) solar maximum. Figure taken from
[33].

2.3. Anomalous cosmic radiation

Anomalous Cosmic Radiation (ACR) is a low-energy component of cosmic rays
with kinetic energies ~ 10 — 100 MeV/nuc. Their spectra show different behavior than
normal CR. While flux of CR decreases with decreasing energy, flux of ACR increases.
ACR contain large amount of ions with high ionization potential, more helium than
protons and are less than fully ionized — primarily singly ionized. The mechanism of
ACR production and acceleration is uncertain and highly debated among cosmic rays
physicists especially after Voyager 1 crossed the termination shock in 2004
(a boundary of our Solar System, where solar wind slows down and is pressed together
by interstellar medium). ACR most probably are produced from neutral interstellar
atoms flowing into inner heliosphere where they are ionized and accelerated in solar
wind. Cosmic rays of even lower energies ~ 1 — 10 MeV/nuc are accelerated in
termination shock and are called Termination Shock Particles (TSP) [45]. ACRs and
TSPs are interesting for studying particle acceleration processes or particle transport
in heliosphere but are less important for the work presented here. More information
on ACR can be found elsewhere [e.g. 45, 47].
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2.4. Cosmic radiation at flight altitudes

Cosmic radiation exposure in Earth’s atmosphere depends mainly on altitude,
geographical position latitude and longitude, and the Sun’s activity. All these
parameters will be shortly described in the following chapters.

2.4.1. Solar activity

As described in earlier chapters, the Sun loses continuously mass from its corona

through an ejection of coronal gas into the space what is referred to as solar wind. The
solar wind drags the solar magnetic field outwards the Sun forming interplanetary
magnetic field. This magnetic field redirects charged particles, thus reducing galactic
component of the cosmic radiation reaching the Earth’s magnetosphere [33]. The Sun
shows an approximately 11 years cycle of its magnetic activity what is manifested
through a variation of observed sunspot number [27]. Changes in the solar magnetic
field carried by solar wind cause changes in the intensity of cosmic radiation what is
reflected in recorded values of neutron flux measured by ground level neutron monitors
[Figure 5, 36].
To determine the influence of the solar modulation on the intensity of the cosmic
radiation a diffusion—convection model has been developed by the National
Aeronautics and Space Administration (NASA) — Johnson Space Centre (JSC) [48]. In
this model, the strength of the solar modulation is described by a parameter called
solar deceleration potential (@, often denoted as SDP) which calculations are based
on ground level Climax neutron monitor records. This is then used to modify the
intensity and energy distribution of GCR at a distance of 60 to 100 AU (an AU is
astronomical unit, is the average Sun to Earth distance) with a time-lag of 95 days,
which is approximately the time needed for lower energy component of the GCR to
pass that distance [36].

The value of @ at a time T depends on Climax neutron monitor count rate averaged
over + 14 days around time T' = T — 95 days, and a polarity of sun’s magnetic field:

positive filed: ®(T) = 3957.89 — 0.8124 (C(T))+14 days
negative filed: ®(T) = 4202.76 — 0.8563 (C(T))+14 days
reversal filed: ®(T) = 4772.86 — 0.9528 (C(T))114 days

Values of @ are inversely proportional to the intensity of cosmic radiation measured
in the atmosphere. When the Sun is in a calm phase of its cycle, the low energy part
of GCR is less influenced by relatively weak solar wind and values of @ are low.
However, this means that GCR intensity measured in the atmosphere is at maximum.
Oppositely for high values of @, during solar maximum. Strong solar wind efficiently
dumps low energy part of GCR reducing its intensity in atmosphere and that measured
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by ground level neutron monitor stations. This dependence is more visible for high
altitudes and low vertical cut — off rigidity (Polar Regions). Under such conditions,
ambient dose equivalent due to GCR could vary even up to 50% throughout the full
range of solar cycle [Figure 70].

2.4.2. Earth’s magnetic field

Primary cosmic radiation approach the Earth’s magnetic field on their way towards
the Earth. Each charged particle that has not been deflected by solar wind in the
heliosphere interacts with the Earth’s magnetic field before it enters the atmosphere.
The penetrating ability of a charged particle is dependent on its angle of incidence,
momentum, geomagnetic latitude and altitude of the entry point [49, 33]. A particle can
enter the atmosphere if its magnetic rigidity, rp, is greater than so called vertical cut—
off rigidity, rc, of the Earth’s magnetic field at the point of entry. A particle with a rigidity
value below the vertical cut—off rigidity is deflected by the Lorenz force and cannot
penetrate deeper atmosphere. The particle’s rigidity, rp, depends on its momentum and
charge and is given by equation:

where p is particle’s momentum, q is particle’s charge and c is the speed of light [50].

The cut—off rigidities can be analytically calculated when the Earth’s magnetic field
is approximated by a simple dipole. Description that is more accurate is based on
measured magnetic field values and contains higher order poles like quadrupole. Such
fields are called International Geomagnetic Reference Field (IGRF) and for them, the
cut—off rigidity values have to be calculated by numerical procedures. The Earth’s
magnetic field changes with time and the reference field for different periods must be
newly calculated [49]. This is periodically done and the calculations are valid for a time
period called epoch (for example Epoch 1995.0, or Epoch 2000.0).

In this work a matrix of vertical cut—off rigidity values determined by Shea et al [51]
is used. These values have been determined for vertical direction of incidence at the
altitude of 20 km, for the magnetic field in the year 1990.

The parameter vertical cut—off rigidity is often used instead of geographical latitude
and longitude to describe geographical location e.g. for the location of cosmic radiation
measurements. Another approach is to use simplified dipole model for the Earth
magnetic field and calculate geomagnetic latitudes. Geomagnetic latitudes Bm for given
geographic latitude and longitude can be calculated using the formula [52]:

sin B,, = sinAsinA, cosAcos 4, COS((p — <pp)
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where A is geographic latitude, ¢ is geographic longitude Ap is geographical latitude
of geomagnetic North Pole (1990: 79.13°N) and ¢p is geographical longitude
of geomagnetic North Pole (1990: 288.88°E).

There is a general dependence between the shape of Earth’s magnetic field and
the values of cut—off rigidity. Over the equatorial region, where the lines of magnetic
field are parallel to the Earth’s surface the values of cut—off rigidities are the highest
reaching 17 GV. Oppositely, over the Polar Regions, the magnetic field lines are
approximately perpendicular to the Earth’s surface and therefore the cut—off values are
close to zero. As a result primary cosmic radiation are under little deflection only over
Polar Regions while over equatorial region particle with low rigidity values are efficiently
deflected [49]. Figure 9 shows vertical cut-off rigidities as calculated by Shea et al [51].

Earth’s magnetic field is very efficient in reduction of cosmic radiation exposure.
Ratio of measured ambient dose equivalent due to GCR at Polar Regions to that
measured over equatorial region can be from a factor of 2 (low altitudes, solar
maximum) to a factor of about 6 (solar minimum, high altitudes) [Figure 71].
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Figure 9 Vertical cut-off rigidities in GV based on data in 1990 at a 20 km altitude [51].
The background world map was taken from NASA's “Visible Earth” catalog
http://visibleearth.nasa.gov/view.php?id=57752

38


http://visibleearth.nasa.gov/view.php?id=57752

2.4.3. Altitude

The altitude influence on the intensity of cosmic radiation is related to the transport
of the cosmic particles through the atmosphere. Primary cosmic radiation particles
interact through nuclear reactions with elements of the top layer of atmosphere
producing as a result secondary particles of different types. These, having enough high
energy take part in further interactions. In this way, primary and secondary cosmic
radiation create whole cascades of particles that penetrate the atmosphere. The build-
up process of secondary particles competes with simultaneous processes that lead to
a reduction of particles fluence rate. As aresult, fluence rate is changing with the depth
of atmosphere. Starting with the top of atmosphere and going downwards the fluence
rate first increases up to around 20 km of altitude, then reaches maximum, what is
known as Regener—Pfotzer maximum (or, due to historical reasons misleadingly called
the Pfotzer maximum [53]), and afterwards decreases going down deep into the
atmosphere. The relative contribution of different type of particle types to the total dose
vary with altitude [e.g. Figure 44 - Figure 47], but particles fluence spectra at altitudes
relevant for civil flights (8 — 15 km) stay similar [37].

On-board aircraft measurements confirm that dose increases with altitude [54, 55].
Balloon measurements show that measured patrticle flux reaches maximum values at
altitudes of around 20 km and going higher decreases [56].

Ratio of measured ambient dose equivalent due to GCR high civil altitudes
(~ 15 km) to that measured at low altitudes (~ 8 km) can be from a factor of 2 (equatorial
region, solar maximum) to a factor of about 6 (solar minimum, Polar Regions) [Figure
69].
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3. Tissue Equivalent Proportional Counter (TEPC)

This chapter describes a tissue equivalent proportional counter (TEPC), its
calibrations, and investigations at CERF facility at CERN as performed by the author.

One of microdosimetric techniques used in practice bases on a study and
interpretation of single-event energy deposition spectra measured by proportional
counters. Proportional counters have three properties that make them useful in
microdosimetry:

- each individual charged particle interaction with counter gas triggers a signal,

- triggered signal is proportional to initial ionization generated by triggering event,

- each individual triggering event experiences the same gas multiplication.

Because of these three properties, proportional counters are able to determine
microdosimetric energy deposition spectra [57].

In this technique, in order to simulate microscopic sites of a tissue, proportional
counters have tissue-equivalent characteristics owing to used materials, design, and
operation under low gas pressure [Figure 10].

The tissue equivalence principle bases on a fact that the major parameter in
radiation energy transfer is the atomic composition of traversing material, while
chemical combination of material elements is not important. Therefore, human tissue
can be replaced with substance providing the same as tissue energy absorbing
properties. Such materials are usually a mixture of hydrogen, carbon, nitrogen and
oxygen. One of these mixtures is A-150 plastic commonly used for the wall of a tissue
equivalent proportional counter. Counter’'s chamber is filled with methane or propane
based tissue equivalent gas.

In order to study the distribution of radiation energy deposition in micrometer-size
volume of tissue, proportional counter should be operated under low gas pressure. The
pressure must be adjusted in such a way that a charged particle crossing the counter
volume with a size of a few centimeters deposits the same amount of energy, as that
particle would cross a tissue volume of micrometer dimensions. This can be written as:

(1dE) AY _(1dE> AX

t

where the left part of above equation is energy deposited in gas (“g” index), right part

is energy deposited in tissue (“t” index), (%‘di—i) is mass stopping power, p is density,

and AX is chord length of a target (Figure 11).
Applying now the tissue equivalence principle, mass stopping power is the same
for tissue and tissue-equivalent gas; therefore, gas pressure must fulfill equation [57]:
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pgldXy = pAX,

Tissue equivalent proportional counter measures lineal energy y, which is defined
as single energy deposition event in a defined volume per mean chord length in that
volume. Recorded frequency distribution of event sizes can be converted into dose
distribution spectra as a function of lineal energy. The lineal energy is an approximate
measure of the linear energy transfer (LET) L. Folding dose distribution with the
quality factor Q(L), with L ~ y, one obtain dose equivalent distribution as a function
of lineal energy. The quality factor is defined according to ICRU Report 51 [58].

o =%JQ<L)D(L)dLz%JQ(y)D(ymy: 1Q(y)d( y)dy
L y y

This microdosimetric technique became widely used to measure microdosimetric
spectra in complex mixed radiation fields. One of weaknesses of this technique are
wall-effects that may occur due to density differences at wall-gas border. There are
four types of wall effects: delta-ray effect, re-entry effect, V-effect and scattering effect.
All of them lead to a superposition of energy deposition events due to particles that
can be scattered at the wall-gas border and produce secondary and tertiary particles.
Such superposition would not occur in a homogeneous medium [59]. A large size
of proportional counters increases vulnerability to pile-up effects and give restrictions
on spatial resolution what can be another disadvantage in some applications [59].
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Figure 10 Typical walled proportional counter [59] Figure 11 Visualization of how to simulate a small
site (left) with a larger site of tissue-equivalent
gas.

41



3.1. Hawk Environmental Radiation Monitor

The TEPCs used for the work presented here have been developed by Far West
Technology. Technical parameters presented below were taken from the operation and
repair manual [60]. The detector is a tissue equivalent proportional counter of Rossi
type. It has a spherical chamber with inner diameter of 4.9 inch. The wall is made from
A-150 tissue equivalent plastic, is 0.084 inch thick, and is covered with stainless steel
container of 0.025-inch thickness. These geometrical dimensions give 1.4 um of mean
chord length. High voltage is applied to tissue equivalent plastic while anode is
electrically isolated and held at virtual ground by the charge sensitive preamplifier. The
sphere is filled with pure propane gas under 7 Torr (933.2 Pa) pressure and operated
between -600 V to -900 V what provides simulation of 2 um site size and a gas gain of
200 to 400 times.

As preamplifier, a charge sensitive resistive feedback preamplifier is used with
1 pF capacitor and 100 MQ resistor. Shaping of the signal is provided by a unipolar
CR-RC shaping circuit with 3 um time constant. This circuit has six stages of signal
shaping and enables to shape signal to approximately 15 us of rising time and 20 ps
of falling time. Noise is less than 0.2 keV/um FWHM.

The TEPC provides also micro-phonic reduction circuit since high gain TEPC
detectors respond to small vibrations and shocks. These fake pulses have different
rise and fall times than correctly shaped radiation pulses and therefore can be partially
removed.

Since the dynamic range of event sizes and therefore pulse height can cover
several orders of magnitude, the multichannel analyzer of the TEPC is divided into two
parts with different gains. The low-gain part is 10-bit (1024 channels) analogue/digital
converter with range 0 — 1024 keV/um and measures lineal energy spectra of radiation
fields with a resolution of 1 keV/um. The high-gain part is 8 bit (256 channels)
analogue/digital converter with range 0 — 25.6 keV/um and has a resolution
of 0.1keV/um. Due to electronic noise the TEPC has an instrumental threshold
at approximately 0.5 keV/um of lineal energy scale. A special treatment owing to the
threshold is usually applied in the data analyses process.

The dead time per event is 64 ps, which is negligible for typical measurements.
When the measured count rate exceeds 30000 counts per minute, additional
adjustments to recorded values have to necessarily be applied.

The gathered data is written to Compact-Flash card every minute. Serial RS232
link can be used for interactive mode to display data as it is taken, upload and
download data, reconfigure unit or communicate with internal operating system. The
instrument can be operated with internal batteries or external power supply. For
coordinates data an optional GPS antenna can be plugged.

The TEPC sphere is contained in an aluminum cylindrical structure together with
the required electronics. The complete assembly, cased inside a portable trolley with
dimensions of an aircraft hand-baggage is referred to as Hawk Environmental
Radiation Monitor (Figure 12).
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The TEPC has been investigated at AIT against emission of radio frequencies and
successfully passed the requirements of RTCA/DO-160D Section 21 document what
allow installing it on-board aircrafts [61].

TEPC

HV

MCA

N/

Figure 12 Hawk Environmental Radiation Monitor (left, middle). Right: typical arrangement for the
measurement of the pulse height spectrum with a TEPC (HV-high voltage, p — preamplifier with CR-
RC shaping circuit, A - main amplifier, MCA - multi-channel analyzer

3.1.1. Calibrations

The TEPC is calibrated usually in two steps. Initial calibration is for correct linearity
of the lineal energy scale. Since TEPC measures energy deposited in its gas,
an additional calibration is needed to express instrument response in terms of ICRU
operational quantity, the ambient dose equivalent, H*(10). The total ambient dose
equivalent is given by the sum of a low-LET and a high-LET component. These
components are defined as the contributions below and above 10 keV/um of the lineal
energy scale and are calibrated separately for Kiow and Knigh calibration factors.

H™(20)=H"(20)y, +H"(10)yyg0 = Kigy, [QY)D(Y)dy + Ky [QY)D(y)dy

3.1.2. Calibration for linearity of lineal energy scale

Initial calibration is for correct linearity of the lineal energy scale. An internal ?44Cm
source emits 5.8 MeV alpha particles that cross the cavity diameter. For proper gas
gain, the alpha peak should be located approximately between channels 145 and 150
(145 keV/pm — 155 keV/um) [60]. Figure 13 shows microdosimetric spectrum of such
internal 2**Cm source as measured by the author. An analysis done by the author,
shows that the alpha peak is located in a logarithmic interval (146.78 keV/um —
158.49 keV/um) which geometrical mean corresponds to 152.52 keV/pm. This assures
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correct linearity of lineal energy scale. The smaller peak in the low-LET region visible
around 1 keV/um arises from the background.

If the alpha peak is shifted, a correction has to be done in the high voltage applied
to detector’'s cathode, changing the gas gain. In the case of HAWK instrument, one
can do it by editing proper parameter in the HAWK configuration file.
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Figure 13 Microdosimetric spectrum of a pre-calibration with Cm-244 internal source. Alpha peak
is located between 146.78 keV/um — 158.49 keV/um. The smaller peak in the low-LET region visible
around 1 keV/um arises from the background.

3.1.3. Calibration at the photon radiation fields

An almost monoenergetic 4.4 MeV and 6-7 MeV photon fields were accessible at
the accelerator facility of the PTB, Germany. These fields can be used as reference
radiation fields for calibration purposes. According to the ISO 4037-3 standard
on calibration of area and personal dosemeters in photon fields [62], in the reference
photon radiation fields with energies exceeding 2 MeV, the true value of H*(10) is
determined by measuring air kerma at the point of interest. Results in terms of H*(10)
are obtained by engaging appropriate conversion coefficients. Instrument was also
investigated in standard °Co (662 keV) and *’Cs (1.17 MeV and 1.33 MeV) radiation
fields — results are reported elsewhere [63 and 64].
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3.1.3.1. Brief description of the 4.44 MeV photon radiation field

At PTB, a nearly monoenergetic 4.44 MeV gamma radiation is produced
by bombarding a carbon target of 2 mm thickness with 5.7 MeV protons which are
produced at the cyclotron. On the carbon target, a nuclear reaction *>C(p, p'y)*°C takes
place. Produced radiation consists in 97.4% of 4.44 MeV photons. Due to 3C(p, n)'N
reaction occurring on the target, produced radiation is contaminated by low energy
neutrons (En < 2.56 MeV). Further, 3N nuclides are not stable and subsequent B+
decay occurs — 13N(B+)'2C. As a result, a small amount of 511 MeV annihilations
photons additionally contribute to the radiation field [65].

Table 5 Photon energies, the relative fluence, and relative air collision kerma contributions for 4.44 MeV
photon radiation field [65].

: Ey Relative Fluence Relative Kerma
Nuclear reaction
MeV % %
13C(p, n) 0.511 1.7 0.3
BC(p, p'y) 3.111 0.9 0.7
2C(p, p'y) 4.443 97.4 99.0

For this radiation field, the fluence-weighted and air kerma-weighted mean photon
energies are:
= 4,36 MeV

E,
E.. =442MeV

3.1.3.2. Brief description of the 6-7 MeV photon radiation field

At PTB, the 6-7 MeV photon radiation is produced using a 3.5 MV Van-de-Graaf
accelerator. A 6-7 mg/cm? layer of CaFz is evaporated onto a 2 mm thick carbon
substrate. This layer is bombarded by 2.7 MeV protons. At such proton energy, the
photon spectrum has three high-energy components: 6.13 MeV, 6.92 MeV, and
7.12 MeV. Additionally, the °F(p, p'y)'°F reaction occurs and the photon field is
contaminated with low energy photons. There is also a high-energy electron
contamination coming from the decay of the first excited state of 6O from the air. This
decay leads to a production of electrons and positrons of 2.5 MeV. Both of these must
be eliminated with low-Z material filter placed in front of the target, but due
to annihilation processes, the 511 MeV photons play a role in the resulting photon
radiation field [65].
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Table 6 Photon energies, the relative fluence, and relative air collision kerma contributions for 6-7 MeV
photon radiation field [65].

; Ey Relative Fluence Relative Kerma
Nuclear reaction

MeV % %
0.110 12.0 0.4
0.197 21.3 1.6

“F(p. PY) 1.235 1.0 0.4
1.353 1.2 0.6
1.451 0.5 0.3
6.130 15.2 215

F(p, ay) 6.920 14.4 22.1
7.120 34.4 53.1

For this radiation field, the fluence-weighted and air kerma-weighted mean photon
energies are:
E, =4,49MeV
E«, =6,66MeV
The significant difference between the fluence-weighted and air kerma-weighted
mean energies comes from great contribution of low-energy photons into fluence-
weighted mean energy (33%) which however is a small contribution into total air
collision kerma — only 3.3% [65].

3.1.3.3. Calibration procedure for the operational quantity
ambient dose equivalent, H*(10)

The PTB determined the true value of H*(10) by measuring air kerma at the point
of interest and by engaging appropriate conversion coefficients. The coefficients are
calculated in the kerma approximation [62]. Because of kerma approximation, the
coefficients are valid only under the conditions of secondary electron equilibrium. This
influences calibration procedure. Instruments investigated in such radiation field must
be irradiated in the secondary electron equilibrium state. Author, during his
investigations, has established the secondary electron equilibrium by adding a PMMA
plate in front of the detector.
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Real time radiation dose assessment at civil flight altitudes
due to galactic cosmic rays and spontaneous solar particle events

3.1.3.4. Calculations of calibration factor

Author calibrated two TEPC systems (TEPC#4 and TEPC#10) in both reference
fields. Irradiations were done for different angles to reveal angle dependency
of calibration factor. The reference point is the center of detector, 0° defines irradiation
of a side of the instrument at the height of the center of detector, and 90° defines
irradiation of the front plate of the instrument as depicted in Figure 14.

|
51°

Figure 14 A sketch of TEPC with marked angles at which the TEPC was irradiated.

Figure 15 presents the microdosimetric spectrum as obtained with TEPC#4
oriented at 0 degree and exposed to 6.6 MeV photons.
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Figure 15 Microdosimetric spectrum obtained with TEPC#4 oriented at O degree and irradiated with
6.6 MeV photons.
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A spectrum corresponding to that showed in Figure 15 but obtained for 4.44 MeV
photons is presented below in Figure 16. Comparing Figure 15 with Figure 16, one can
see that in Figure 16 there is an additional high-LET component. This component
comes from low energetic neutrons as described above (see 3.1.3.1) and is not taken
into account in the process of low-LET calibration factor calculation. Spectra for other
angular arrangements are similar to the ones showed in Figure 15 and Figure 16.
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Figure 16 Microdosimetric spectrum obtained with TEPC#4 oriented at 0 degree and irradiated with
4.4 MeV photons.

Calibration factor is defined with the equation:

H *(lo)low,ref — H *(1O)Iow,ref

JQUD(Y)dy  [Hipe (y)dy

ph —

where H*(10)iow,ref are reference values provided by the PTB and the denominator is
low-LET part of measured dose equivalent. The low-LET part is defined as less than
10 keV/pm.

Calculated calibration factors for both TEPCs and for different angular orientation

are given in Table 7 and Table 8. Uncertainties are determined according to “GUM”
[66] and include uncertainty of measurements and uncertainty of reference values.
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Table 7 Calibration factors calculated for all instruments oriented at specific angle irradiated with
6.6 MeV photons.

Instrument a=0° a=51° a=90° a=251° a=270°
TEPC#04 1.16 + 4.09% - - - -

TEPC#10 1.21 £4.31% 1.31 £ 4.65% 1.36 £ 4.79% 1.65 £ 5.9% 1.76 £ 6.19%

Table 8 Calibration factors calculated for all instruments oriented at specific angle irradiated with
4.4 MeV photons.

Instrument a=0° a=51° a=90° a=251° a=270°
TEPC#04 1.17+3.60% 1.23+511% 1.33+4.99% = 1.69 + 4.25%

TEPC#10 1.19+ 4.21% = - - -

In Figure 17 and Figure 18, data from Table 7 and Table 8 are presented but as relative
responses with respect to reference values. In these figures, 100% denotes situation
when calibration factor would be one what means that TEPC would measure reference
value.
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Figure 17 Relative response of TEPC#10 exposed Figure 18 Relative response of TEPC#4 exposed

to 6.7 MeV photons. to 4.4 MeV photons.

Calculated mean calibration factors independent on energy, independent on angular
orientation is in Table 9.

Table 9 Calculated low-LET calibration factors with one standard uncertainty (coverage factor k = 1)
for 4.4 MeV and 6.7 MeV photons.

Instrument Kpn (k=1)
TEPC#04 1.26 + 7.9%
TEPC#10 1.36 + 7.5%
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3.1.4. Calibrations with neutrons

TEPC have been investigated also in neutron fields with different neutron energies.
Author contributed to the data analysis for the following calibrations:

= 05 MeV - 14.8 MeV at Physikalisch-Technische Bundesanstalt (PTB),
Braunschweig, Germany

= 61 MeV at Université Catholique de Louvain (UCL), Louvain, Belgium

= 100 MeV - 200 MeV at iThemba Labs (iTL) South Africa.

3.1.4.1. Brief description of low-energy neutron fields

The PTB ion accelerator facility (PIAF) provides quasi-monoenergetic low-energy
neutron reference fields with peak energies ranging from 24 keV up to 19 MeV. The
beam is produced by bombarding low-Z materials (D, T, ‘Li) with light ions (p, d)
accelerated by cyclotrons or van der Graaf accelerators. The resulting neutrons’
spectral fluence shows usually a “monoenergetic” peak produced by non-collided
neutrons and a low-energy continuum produced by neutrons scattered in the target
[63]. Some characteristics of the PTB quasi-monoenergetic ISO reference fields are
given in Table 10 — mean neutron energy: <E,>, width (FWHM) of the peak: AE, type
of target, neutron fluence rate d@/dt and ambient dose equivalent rate (dH*(10)/dt)
both at 1 meter distance and maximum proton or deuteron current, relative contribution
of neutrons scattered in the target @s/@.

Table 10. Characteristics of the PTB quasi-monoenergetic ISO reference neutron fields [63].

Reaction <En> AE Target d@/dt Dsc/P dH*(10)/dt
MeV MeV lcm? /s % mSv/h
Li(p,n)"Be 0.024 0.002 LiOH 1.7%10? 3.6 0.012
“Li(p,n)"Be 0.144 0.024 LiOH 5.0%102 2.0 0.23
“Li(p,n)’Be 0.25 0.019 LiOH 2.5%102 6.2 0.19
Li(p,n)’Be 0565 0.015 LiOH 1.2*103 1.8 15
3H(p,n)%He 1.2 0.091 Ti(T) 2.0*103 3.1 3.1
3H(p,n)3He 2.5 0.127 Ti(T) 4.9103 1.4 7.3
2H(d,n)3He 5.0 0.200 D2-gas 5.2*103 <1.0 7.5
2H(d,n)3He 8.0 0.200 D2-gas 1.9%104 <1.0 27.5
3H(d,n)*He 14.8 0.431 Ti(T) 1.3*104 3.0 24.3
3H(d,n)*He 19.0 0.300 Ti(T) 8.5*102 1.2 1.8
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3.1.4.2. Brief description of intermediate- and high-energy
neutron fields

Neutron beam facility of the Université Catholique de Louvain (UCL), Louvain-la-
Neuve, Belgium, provides neutrons of intermediate energies. The beams are produced
using ’Li(p,n)’Be reaction. Three peak energies are possible: 33 MeV, 45 MeV and 60
MeV. The same reaction is used at iThemba Lab (iTL) in Cape Town, South Africa, but
peak energies are higher — 99 MeV, 148 MeV, and 198 MeV. The ratio of the fluence
in the peak-energy to the total fluence, ®pea/®, ranges from 0.65 at 198 MeV (iTL)
to 0.40 at 33 MeV (UCL). The ambient dose equivalent, dH*(10)/dt, are given at about
9 meter distance — at this distance the beam at UCL has 8 cm diameter, and the beam
atiTL has area of 11 cm by 11 cm. The values of ambient dose equivalent rates range
from 2 mSv/h for 200 MeV beam to 120 mSv/h for 33 MeV beam. The ’Li(p,n)’Be
reaction shows angular dependency. The low-energy part is relatively isotropic, while
the high-energy peak is forward-directed. This can be used: iTL facility allows for
measurement at 0 and 16 degrees. At 0°, both low-energy continuum and high-energy
peak contribute to the field, while at 16° the peak is strongly suppressed [63].
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Figure 19 Schema of the iThemba Figure 20. Spectral fluence per unit proton for 100MeV protons
Labs facility. at the iThemba Labs for 0 and 16 degrees [63].

3.1.4.3. Calibration factor for neutrons

The microdosimetric spectra measured in neutron fields of different energies are
summarized in Figure 21. The spectra have been folded with ICRP-60 Q factor and
dose equivalent as measured by the TEPC - Hipc - was calculated by spectra
integration.
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Figure 21. Microdosimetric spectra obtained with TEPC irradiated with neutrons of energies 0.5 MeV
—14.8 MeV (at PTB), 61 MeV (at UCL) and 100 MeV — 200 MeV (at iThemba Labs). [based on 68]

Reference values (Table 11) for measurements as provided by the facilities (neutron
dosimetry for measurements at iThemba Labs was conducted by PTB and up to
100 MeV).

Table 11 Comparison of reference and measured ambient dose equivalent for neutrons of different
energies [67].

En dH*(10)er/dt dHiepc/dt
MeV uSv/h uSv/h
0.5 439 627
1.2 529 746
25 59 93
5.0 73 123
8.0 86 119
14.6 77 100
100 309 712

Calibration factor is defined as a ratio of reference ambient dose equivalent to the
measured dose equivalent:
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Uncertainties were taken into account according to “GUM” [66]. Calculated mean
calibration factors independent of energy, and angular orientation is given in Table 12.

Table 12. Calculated high-LET-calibration factor with one standard uncertainty (coverage factor k = 1)
[67].

Instrument Kn (k=1)
TEPC#004 0.70 + 10%
3.1.5. Investigations at CERF facility

3.1.5.1. Overview on the CERF facility

The CERN-EU High Energy Reference Field (CERF) facility is installed on the
secondary beam lines coming from the Super Proton Synchrotron (SPS) at CERN. The
beam consists of positive hadrons with momentum of 120 GeV/c and is stopped in
a copper cylinder with 7 cm diameter and 50 cm length. The particles produced in the
target traverse a roof—shielding what is either 80 cm concrete or 40 cm iron which
results in almost uniform radiation fields over areas of 2 x 2 m2. This area is divided
into 16 squares of 50 x 50 cm? which are called reference exposure locations [69].
It is also possible to use lateral shielding with eight additional exposure locations with
shielding of 80 cm or 160 cm of concrete. A sketch of the CERF facility is presented in
Figure 22 with marked reference exposure locations for the roof shielding.

Figure 22 View of the CERF facility [69].
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The intensity of primary beam is monitored by an air—filled Precision lonization
Chamber (PIC) operated at atmospheric pressure. One PIC-count corresponds to
2.2-10* (within £10%) particles imparting on the target. During measurements, one
burst took 5.1 seconds and interval between two adjacent bursts is 16.8 seconds [69].

Typically, values of dose equivalent rates are 1 — 2 nSv/PIC—counts on top of the
iron roof — shielding and 0.3 nSv/PIC—counts outside the 80 cm concrete shields. It is
possible to adjust the beam intensity and thus dose equivalent rates at the reference
locations in ranges 25 uSv/h — 1 mSv/h for the iron shielding and 5 — 600 uSv/h for
concrete shielding [69]. Reference total dose equivalent values (with usage of ICRP —
60 Q factor) on selected reference locations are presented in Table 13.

Table 13 Reference values of dose equivalent rate at specific reference locations as provided during
experiments.

x101° Sv/PIC-count.

Position

Total Low LET High LET
< 6 keV/um > 6 keV/um
Concrete Top 3.51+0.30 0.51 + 0.03 3.00+0.28
CT10
Concrete Side 4.47 £ 0.41 0.52 +0.03 3.95+0.39
CS3

The energy distributions of various particles at various reference locations have
been numerically calculated at CERN. An example of energy distributions for neutrons
is showed below in Figure 23. The Figure 24 shows neutron spectrum on the concrete
roof-shield (CT6) with the neutron spectrum at an altitude of 10.6 km (FL350).

Neutron energy distribution outside the concrete shield shows large relative
contribution of 10 — 100 MeV and thus it is somewhat similar to the neutron field
produced by cosmic radiation at flight altitudes. Relative high photon fluence on
concrete shielding is the consequence of high contribution of (n,y) reactions on the
target. The electron fluence is one order of magnitude less than that for neutrons.

The CERF reference field is suitable for comparisons of instruments, which are
intended to measure cosmic radiation exposure at flight altitudes.
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Figure 23 Neutron spectral fluencies on the iron and 80 cm concrete roof-shielding [69].
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Figure 24 Comparison of the CERF neutron spectrum on the concrete roof-shield (CT6 with the neutron
spectrum at an altitude of 10.6 km (FL350) as calculated by Heinrich et al [33]. Figure taken from [69].
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3.1.5.2. TEPC investigations

Two TEPC units (TEPC#4 and TEPC#10) have been studied at two different
reference positions behind concrete shielding. One was located at roof (CT10), second
at the side (SC3). Investigations included measurements of absorbed dose distribution,
dose equivalent distribution and background estimation. Additionally, the possibility to
change beam intensity gave opportunity to check the linearity of the TEPC responses
for absorbed dose, dose equivalent, ambient dose equivalent and their rates.

A correction for the dead time is not necessary for cosmic radiation measurements
at flight altitude, but during investigations with high intensity beams sometimes has to
be applied due to a high-count rate. The data has been corrected for dead time when
necessary; the correction was always less than 4% [70].

Normalized absorbed dose distributions for different beam intensities (41, 168 and
353 uSv/h) and for the background are shown in Figure 25. As seen in the figure, the
beam intensity influences the low-LET part of the spectrum while it does not the high-
LET part. The changes are caused by background (i.e. muons) which does not depend
on beam intensity but changes with other factors as neighboring beams thus is not
reproducible. Figure 25 presents also absorbed dose distribution as measured for CS3
position. Figure 26 shows that for CS3 position background does not influence the
measurements.

0.6
- - - CT10 Background
= CT10 406 ¢/b
0.5 A :': CT10 3865 c/b
- ——CT10 1920 ¢/b
CS3 3684 c/b
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Figure 25 Normalized absorbed dose distributions for background and different beam intensities
as a function of lineal energy measured with a TEPC at CT10 and CS3 positions [70].
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Figure 26 Normalized absorbed dose distributions for different beam intensities as a function of lineal
energy measured with a TEPC at CS3 position [70].

For further analyses, the data were corrected for the background since it would be
a source of detector response nonlinearity. To demonstrate it, ratios of low-LET and
high-LET before and after background subtraction were calculated for both reference
positions CT10 and CS3. Figure 27 presents the results as a function of measured
absorbed dose rate. For CT10 position, without background subtraction, the ratio R
of low-to-high LET decreases with beam intensity from about 11 down to three. After
subtraction, the ratio is constant and similarly like for CS3 position is about two.

After background subtraction, the linearity of absorbed dose rate, ambient dose
equivalent rate and their low-LET and high-LET components were checked as shown
in Figure 28 and Figure 29 Calculated correlation coefficient is greater than 0.99 in
every case what confirms very good linearity.
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Figure 28 Linearity of absorbed dose rate, with subtracted background at the CT10 reference location
[70].
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Figure 29 Linearity of ambient dose equivalent rate, with subtracted background at the CT10 reference
location [70].

Ambient dose equivalent values have been calculated by folding absorbed dose
distribution with ICRP-60 quality factor Q and then applying two calibration factors,
separately for low-LET and high-LET as obtained from calibrations: 1.03 = 4.6% and
0.70 = 10.4% respectively.

Complementary numerical simulations to these investigations were performed.
Resulting simulated absorbed dose distributions for neutrons and photons as well as
dose equivalent distribution were published [70]. A comparison of simulated and
measured dose equivalent distribution shows good agreement.

As a member of EURADOS Working Group 11 on “High Energy Radiation Field”,
author has co-organized a measurement campaign that took place in August 2017.
Several TEPC instruments have measured CERF field under very similar conditions
(beam intensity, shielding type, and reference position). A publication is planned that
shall aim at a comparison of results obtained by different TEPCs, as well as
comparison with measurements presented above.
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4. Cosmic radiation on-board aircraft measurements

A properly calibrated instrument allows for cosmic radiation measurements. This
chapter gives examples on the use of TEPC for measuring cosmic radiation. In this
chapter author describes his measurements during well-defined and stable flight and
solar conditions [71], and data analysis done for measurements conducted during
distorted Earth magnetic field when Ground Level Enhancements occurred due to solar
flares [72].

4.1. CAATER flight campaign

CAATER stands for “Co-ordinated Access to Aircraft for Transnational
Environmental Research”. The CAATER campaign consisted of several different
projects. One of them was a flight campaign arranged by the DOSMAX project group
[73] with the main objective to compare different cosmic radiation measurement
instruments under the same flight conditions. Six different European institutes
participated in common flights providing and operating instrumentations for different
measurement techniques. For the work presented here, AIT (formerly ARC Seibersdorf
research ARCS) contributed with TEPC measurements.

During a typical, commercial flight, the altitude of a flight can vary significantly.
Additionally, the flight route can cross a wide range of geomagnetic latitudes especially
for North — South routes. Both of these parameters have major impact on
measurements. The flights in CAATER campaign were non-commercial what provided
a unique opportunity to customize their altitude and route. For results reliability the
measurements were done at fixed geographical positions. In practice, the aircraft
circled above one location in a tight measuring pattern slightly stretched in an East —
West direction (Figure 31, Figure 32 and wavy pattern of vertical cut-off rigidity in
Figure 33). The variations of geographical latitude and longitude in every case were
less than 1 degree so the geographical position was taken as being constant.

As mentioned in chapter 2, cosmic radiation exposure depends on altitude,
geographical position and solar activity. To appreciate in fluence of atmospheric
shielding, two altitudes were chosen: one higher at FL 400 (12.2 km) and the second
lower at FL 320 (9.8 km) (Figure 33). To see the effect of Earth’s magnetic field, two
locations were chosen. One near and above Aalborg (57N, 10E), Denmark, for less
magnetic shielding (low value of vertical cut-off rigidity, rc = 1.8 GV) and one near and
above Rome (42N, 12E), Italy, for greater magnetic shielding (higher value of vertical
cut-off rigidity, rc = 6.4 GV) (see Figure 30). Finally, to improve statistical uncertainties,
measurements during each flight lasted at least two hours [71].

In summary, during the CAATER flight campaign four flights were performed, each
with measuring pattern lasting more than 2 hours. Two flights were over Aalborg, one
at FL 400, the second at FL 320 and two others over Rome at the same altitudes.
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Real time radiation dose assessment at civil flight altitudes
due to galactic cosmic rays and spontaneous solar particle events

Aalborg (57N,
| r.=18GV

|

s

he CAATER flights [71].

Figure 30 Geographical locations of

AP Gy T s -

Figure 31 Real measuring pattern trace over Rome, Figure 32 Real measuring pattern trace over

Italy Aalborg, Denmark
450 4.50
N
400 4.00 5
T 350 3.50 <
3 \ >
S 300 3.00 5
E AN /i e
S 250 250 =
: AN / 1 5
(8]
£ 200 N N . 2.00 =
<] o
£ 150 150 5
g -= Flight1-Aalborg; 400FL o
@ 100 -8 Flight2-Aalborg; 320FL 1.00 %
50 =—Flightl-Aalborg; rc=1.8GV 0.50 >
=——Flight2-Aalborg; rc=1.8GV
0% ; ; ; ; 0.00

00:00 00:30 01:00 01:30 02:00 02:30 03:00 03:30 04:00
Flight time / hh:mm

Figure 33 Flight profiles for flights performed over Aalborg. Altitudes are marked with squares, vertical
cut-off rigidities with solid lines. Flight-1 (400FL) is marked with blue, flight-2 (320FL) with red.

Six different institutes participated with different measuring techniques. Most of the
instrumentations were based on single-event technique (see Chapter 3) One of the

Marcin Latocha 61
Seibersdorf, Austria, October 2017



instruments used variance or the variance-covariance method [74]. For the full list
of instrumentations with detailed description and techniques they employ, see
reference [75].

The measurements gave results in terms of average quality factor, Qp, total and

low-LET ambient dose equivalent rates, H'(10), H"(10),, respectively, as well as

microdosimetric quantities obtained from microdosimetric spectra: total dose-mean
lineal energy, y,, and dose-mean lineal energy calculated for low-LET and high-LET

parts of the spectra yp 0., YD/igh-

Microdosimetric spectrum of absorbed dose shown in Figure 34 is normalized to
absorbed dose rate as calculated from appropriate measurements. Spectra show that
main contribution to absorbed dose rate comes from low-LET (below 10 keV/um) part.
In order to obtain dose equivalent distributions (Figure 35), absorbed dose spectra
were folded with the quality factor Q as defined in ICRP Publication 60 [5]. The quality
factor, Q, is equal to one in the low-LET part, but greater than one for high-LET
therefore these parts of dose equivalent distributions are enhanced and contribute to
the total dose equivalent rates approximately equally as low-LET part. Figure 35 shows
also that statistics of the low-LET part are much better than in high-LET.
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Figure 34 Measured absorbed dose distributions as function of lineal energy. The areas under
the curves give the respective values of the absorbed dose in one hour [71].
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Figure 35 Measured dose equivalent distributions as a function of lineal energy. The areas under
the curves give the respective values of the dose equivalent in one hour [71].

Table 14 Measurement results in terms of absorbed dose rate, ambient dose equivalent rate, mean
quality factor and dose-mean lineal energy [75].

Absorbed Ambient Mean Total dose- Low-LET ngh-LET
dose rate, dose quality mean dose-mean dose-mean
Flight; dD/dt equivalent factor, lineal lineal lineal
Altitude; rate, ~ energy
energy energy
t-off; x Qp ¢ N g
Cut-off; dH*(10)/dt Yo Yo 1om Vb figh
LGy/h usvih keV/um keV/um keV/pum
Flight #1
400 FL 3.1+£0.3 6.0+£0.9 24+0.1 13 1.6 110
1.8 GV
Flight #2
320 FL 1.7+0.2 3405 24+0.1 13 1.6 103
1.8 GV
Flight #3
400 FL 23+0.2 43+0.7 23+0.1 18 1.6 172
6.4 GV
Flight #4
320 FL 13+0.1 24+04 22+0.1 9 15 89
6.4 GV

Table 14 above presents measurement results together with combined standard
uncertainties. Comparing two flights at the same altitude, greater doses are recorded
for northern flight performed at lower magnetic shielding. Similarly, comparing two
flights performed at the same position but different altitudes, greater doses are
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obtained for flights at higher altitude. The combined standard uncertainties for
absorbed dose are about 10%, and about 15% for ambient dose equivalent. Low-LET
dose-mean lineal energy is about 1.6 keV/um for all flights. Interestingly, flight #3 (400
FL, 6.4 GV) shows noticeably higher dose-mean lineal energy than any other flight.
The reason for this are events recorded in the last channel of the TEPC
(y 2 1024 keV/ ym in Figure 35). FLUKA Monte Carlo simulations of TEPC response
to cosmic radiation does not show similar effect [71]. Such effects could appear when
a fragmentation of heavy ion occurs on a steel plate of the instrument, but a technical
origin cannot be excluded.

Studies performed by different groups on the measured data showed good
agreement of ambient dose equivalent obtained with different measuring systems [71,
74, and 75], good agreement with simulations [71, and 76] and calculation codes [76].
Average standard deviation as obtained in measurements has been reported as
remarkably good and ranges from 6% to 21% [75].

As a member of EURADOS Working Group 11 on “High Energy Radiation Field”,
author has committed to take part in future on-board measurements of cosmic radiation
that in planned for Autumn/Winter 2017. It will be an activity that is complementary to
already performed investigations at CERF radiation field. The campaign aims at
a comparison of results obtained by various instruments. A publication is planned that
shall aim at a comparison of results obtained by different TEPCs, as well as
comparison with measurements presented above.

4.2. The EURADOS Aircraft Crew In-Flight Database

In 2000, the Working Group 5 on “Cosmic Radiation Exposure of Aircraft Crew”
of European Radiation Dosimetry Group, EURADOS, coordinated effort of about 24
international research institutes involved in aircraft crew dosimetry. The intention was
to provide public information of the assessment of individual doses in aircraft crew
workplaces, to assess the legitimacy of different approaches, and to provide an input
to technical recommendations. The EURADOS WGS5 final report [77] covers these
issues, gives a detailed summary on gathered experimental dataset, results
of calculations, and descriptions of applied measurements methods and simulations
techniques. A part of this report is the EURADOS Aircraft Crew In-Flight Database,
which was implemented by ARCS - ARC Seibersdorf research (today Seibersdorf
Laboratories). Author has established, organized, maintained the database and
conducted his first data analysis towards modelling of cosmic radiation at flight
altitudes.

The database collects in-flight data measured by various types of active and
passive instruments such as ionization chambers, Bonner spheres, REM counters,
Tissue Equivalent Proportional Counters (TEPC), Si-spectra dosemeters (Liulin-type),
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track detectors and thermo-luminescent detectors, or dedicated systems consisting
of combination of instruments and algorithms like for example ACREM system [78, 79].
A detailed description of these instruments, their calibration procedures and
measurement method employed are given in the EURADOS WGS5 final report [77].

The measurements collected in the database are arranged in a systematic way
according to the three main parameters: barometric altitude, geographical position and
solar activity. The database contains also additional information on measurements
such as integration time or uncertainty. The Table 15 below presents a short summary
of the final status of the database.

Table 15 Status of the EURADOS Aircraft Crew In-Flight Database

Description Data
Time period May 1992 — Nov 2007
Range of solar deceleration potential 471 MV — 1320 MV
Range of geographical longitude 180° West — 180° East
Range of geographical latitude 97° North — 62° South
Range of vertical cut-off rigidity 0-17.4 GV
Range of barometric altitude up to 16500 m
Number of datasets 16921
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Figure 36 Frequency distributions of in-flight measurements as a function of altitude (left) and vertical
cut-off rigidity (right) [79].

Author analyzed the collected data. The Figure 36 shows frequency distributions
of in-flight measurements as a function of altitude and as a function vertical cut-off
rigidity as present in the database at its stage in 2005 [79]. Other data visualizations
for selected conditions are published in the EURADOS WG5S final report [77]. Author
has also performed his first attempts of modelling of radiation exposure at flight
altitudes [79].
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4.3. Measurements during solar flares

During October and November 2003 an unusual extended solar storms, commonly
referred to as the Halloween Storms, have been observed. Geostationary Operational
Environment Satellites (GOES) operated by National Oceanic and Atmospheric
Administration (NOAA) recorded several orders of magnitude increase of fluence rates
of charged particles, electromagnetic waves (X-rays, radiofrequencies) and severe
distortions in Earth’s magnetic field.

Solar flares are commonly classified according to their X-rays peak fluence rate.
The largest increase of X-rays occurred during Halloween Storm, on 4™ of November,
and it was the most powerful solar flare ever recorded up to day. Associated Coronal
Mass Ejections (CME) led to significant increase of measured solar charged patrticles.
The largest increase of measured proton fluence rate, about four orders of magnitude,
occurred on 28" of October (Figure 37 b). When the Solar Energetic Particles (SEP)
reached the Earth, the shock wave disturbed Earth’s magnetic field causing
geomagnetic storms (Figure 37 d). On ground, neutron monitors installed at different
locations recorded sudden at least 5%-increase of continuously measured cosmic
radiation, noting therefore three Ground Level Enhancements (GLE65, GLE66 and
GLE67), and, recorded associated large 25%-decrease of measured intensities —
so called Forbush decrease (Figure 37 ¢ and Figure 38).

Between September and December 2003, the TEPC operated by Seibersdorf
Laboratories (formerly ARCS) was fix-installed on board an A340 Lufthansa Airbus.
Continuous, long-term cosmic radiation measurements of 220 flights were conducted
(Figure 37 a). A rich set of data was collected before, during and after the storm at
flight altitudes. For the analysis of the radiation exposure at flight altitudes, eight flights
performed on similar routes between Chicago and Munich were selected and analyzed
in details (Figure 38). The mean ambient dose equivalent rate during cruising phase
of those flights in September 2003 was 4.3+0.3 uSv/h. During flight 3 (Figure 39),
a 35% increase of ambient dose equivalent rate due to GLE65 was noted. During flight
5 (Figure 39), on the other hand, a 31% decrease was noted what is attributed to the
25% Forbush decrease (Figure 38). The overall variation of ambient dose equivalent
between these two flights that were conducted just one day one after each other was
70%. The exposure during flight 3 was 64 uSv of ambient dose equivalent, during flight
5 38 uSy; typically, in September 2003, during quiet solar conditions it was 48 uSv.
More detailed information on those measurements including seven stages analysis
and possible scenarios for flights at different altitude is published elsewhere [72].
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Figure 37 Measurements performed during September and December 2003 of the: a) radiation
exposure in terms of ambient dose equivalent rates measured by TEPC, b) cosmic proton fluence
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taken from [72].
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5. Monte Carlo simulations of radiation exposure due to
GCR and SEP events

There is arich set of GCR measurements published [e.g. 77, 78, and 79], but most
of them are done during normal civil flights under typical flight conditions. Only some
measurements are conducted under special conditions. For example, measurements
at very high altitudes were done during Concorde flights [77]; measurements carried
out at constant geomagnetic conditions needed a special flight campaign in which
author took part [71, 75, and 76]. Beck et. al [81] provide a compilation
of measurements done during extraordinary solar conditions, but one has to conclude
that such measurements are scarce. From this point of view, numerical simulations
of radiation transport is a great and indispensable tool for modelling of radiation
exposure at civil flight altitudes. The great advantage is that one can perform
simulations at any desired conditions, for example during strong GLEs. This chapter
presents Monte Carlo numerical simulations as performed by the author. Emphasis is
laid on simulation of Solar Energetic Particle events. Simulations of GCR were carried
out as a comparison between GCR and SEP results.

5.1. Overview on Geant4 toolkit

Geant4 [82, 83] is a software toolkit for simulating the passage of particles through

matter. It is developed and maintained by the Geant4 Collaboration, which is
a worldwide teamwork of physicists and software engineers.
The toolkit offers a large set of physical processes (e.g. electromagnetic, hadronic and
optical), different type of particles (leptons, bosons, mesons, baryons, etc.) and
databases with properties of matter and elements. Particle propagation in magnetic
and electric fields can be taken into account. Physics processes cover a wide range
of energy spanning from 250 eV (and even some eV in Geant4-DNA project
http://geant4-dna.org) up to TeV depending on the case. Geant4 is successfully used
for detector design, medical applications, space applications, high-energy physics
(accelerators), and radiation protection.

The toolkit is implemented in C++ programming language using object oriented
programming technigue. This approach allows users effectively to manage complexity
and limit dependencies by defining a uniform interfaces and common organizational
principles in order to create their own applications for solving a specific problem.

5.2. Overview on Geant4 application: PLANETOCOSMICS

PLANETOCOSMICS [84] is Geant4 application that allows computing the hadronic
and electromagnetic interactions of cosmic radiation with Earth, Mars, and Mercury
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environment. In the case of Earth, it is possible to take into account the presence
of Earth’s magnetic field, atmosphere and soil. The main purposes for the code are:
- Computation of fluxes of particles resulting from the interaction of cosmic
radiation the planet’'s atmosphere.
- Computation of the propagation of charged particles in the Earth magnetosphere.
- Computation of cut off rigidity at given position on the Earth and for different
direction of incidence.
- Visualization of magnetic field lines, and the trajectories of primary and
secondary particles in the Earth environment.
PLANETOCOSMICS is controlled by a set of input files that define necessary
parameters for simulations: geometry, atmosphere models, magnetic field models,
spectrum of primary particles impinging on the geometry, set of physical processes
that shall be simulated, and type of requested output. The application has open code,
so advanced users can influence even the set of interaction cross sections for
a selected model, or define ranges of energies in which the user-selected interaction
model shall be used instead of the default one. The author used the latest available
version of PLANETOCOSMICS [85] in this advanced mode for all simulations
presented in this work.

5.3. Monte Carlo simulations and results

Monte Carlo simulations of radiation transport in Earth atmosphere requires to
choose simulation geometry, atmospheric model, influence of Earth magnetic field,
selection of simulated physical interaction models, primary input spectra, and finally
scored quantities.

Figure 40 shows schematically selected geometry for simulations. A block
of atmosphere of defined dimensions (500 km x 500 km x 150 km) and centered at
a defined position (geographical latitude and longitude) is considered as a place where
interactions of cosmic radiation occur. The block is high enough (150 km of height) that
it contains full vertical atmospheric profile and additionally some layer of space above.
The parallelepiped is divided into several parallel layers, which define detection levels
i.e. altitudes at which results of simulations are recorded. Soil has 1 km of thickness to
count for backscattered radiation in lower detection layers. The input spectra is
considered as a one-point source of primaries located at the top of the atmosphere
(100 km), and the angular distribution is defined according to the cosine law in order
to reproduce isotropic fluence of cosmic radiation.
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Figure 40 Schema of the geometry used for describing the ionizing particle transport (radiation
shower) through the atmosphere.

To model atmosphere, author used the NRLMSISE2000 [86, 87] model. Density
profile of the atmosphere is dependent on several parameters like geographic latitude,
longitude, universal time (UT), the Fio0.7 index (10.7 cm solar radio flux used as solar
UV proxy) and the geomagnetic index Ap. The influence of the last two indices is
negligible below 80 km.
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Figure 41 Density of the atmosphere over altitude according the model NRLMSISE2000 [85].

To count for the influence of Earth magnetic field, author used the vertical cut-off
rigidity model as described in chapter 2.4.2. In practice, each primary particle which
rigidity (or equivalent kinetic energy) is lower than vertical cut-off rigidity is deflected by
Earth’s magnetic field and therefore rejected for simulations - primary particle spectra
is cut as schematically depicted in Figure 42.
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Figure 42 An example of GCR protons spectra for solar maximum (blue circles) and solar minimum
(blue squares), an example of SEP event that lead to GLE42 on 29.09.1989 (green triangles) as
simulated by the author. Vertical red lines show kinetic energies of a proton impinging in vertical
direction that is equivalent to vertical cut-off rigidity as described in chapter 2.4.2.

Monte Carlo simulations of radiation transport in Earth atmosphere requires
a selection of physical models to simulate hadronic and electromagnetic interactions.
For simulations presented here, author selected one predefined list of physical
processes among those available in Geant4: the QGSP_BERT_HP list. The QGSP list
bases on Quark Gluon String model for high-energy interactions of protons, neutrons,
pions and kaons, and nuclei. Such interactions usually result in an excited nucleus.
The precompound model handles the de-excitation of such nucleus. For hadronic
interactions below some 10 GeV, the Bertini cascade model is used. To transport
neutrons below 20 MeV, a high precision neutron package is used. The
QGSP_BERT_HP list contains a standard physics list for electromagnetic processes:
multiple scattering of electrons and muons, bremsstrahlung and the photoelectric
effect. To take care about other electromagnetic processes like Compton scattering,
Rayleigh scattering, gamma conversion, fluorescence and Auger electron emission,
author added the Livermore electromagnetic package.

Monte Carlo modelling of radiation exposure due to GCR and due SEP events differ
primarily in the primary radiation spectra. To model GCR conditions, author used the
default models [88, 89] implemented in PLANETOCOSMICS. In this model, the flux
of protons that arrives at 1 AU, jiau, is an effect of a modulation (modulation potential,
@) of an undisturbed GCR proton flux in the local interstellar medium, jus, according to
solar activity.
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The solar modulation parameter @ is a function of solar activity expressed in MV. The
E is the total energy, mo — rest mass, and Exin the kinetic energy of the considered
particle. The expression |z| e @ is the energy loss of a charged particle during its travel
through heliosphere until reaching 1 AU distance.

In PLANETOCOSMICS, the flux of protons in the local interstellar medium, jus, is
based on the Garcia-Munoz [89] model:

. _ —2.65
Jris(Exin) = 1.244 - 10°(Ejn + 780 - exp(—2.5 - 10™*Ey;))

The cosmic ray station in Oulu, Finland, provides reconstructed monthly modulation
potentials, back from 1936 (http://cosmicrays.oulu.fi/phi/phi.html), however, this
modulation potential, ®oun, is obtained for a different jus model as described above.
Therefore, owing this difference, the author applied a correction as described by
Usoskin et al. [90]:

b = mCDOulu + b
where m =1.04 and b = -76.

To simulate the selected SEP events for this work, author used spectra published in
literature [91, 92] - Figure 43.
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Figure 43 Comparison of GCR proton spectra with proton spectra of some historical SEP events [91].
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The next step in preparing a Mote Carlo simulation is to define the quantity to be
recorded. Author selected particle fluence as a function of energy scored at fixed,
defined altitudes separately for a defined set of particle types. Range of energy has
been appropriately chosen with a special attention to neutrons in order to have a good
resolution of the spectrum also in the thermal energy region.

For simulations, author chosen GCR (solar minimum) — as reference, GLE5 (23
Feb 1956) — often considered as the worst-case event, GLE42 (29 Sep 1989) —
considered as the second largest event, and GLE43 (19 Oct 1989) — as relatively weak
event. Simulations were performed on a 12-cores SGI ALTIX 450 mid-range server
that was maintained and configured by the author for FLUKA, and Geant4 Monte Carlo
simulations.

Figure 44 - Figure 47 present scored, energy-integrated fluence spectra as
a function of altitude for various particle types (protons, electrons, positrons, muons,
pions, photons and neutrons) as obtained from simulations performed for Polar
Regions (Rc < 0.1 GV) with GCR (solar minimum) GLE5, GLE42 and GLE43 proton
spectra, respectively. The altitude in the atmosphere at which the rate of production
of ionization becomes a maximum is called Regener—Pfotzer maximum. Such
maximum occurs due to two competing processes: decreasing of ionization rate
caused by primary radiation and increase of ionization rate caused by secondary
radiation. Figure 44 shows such maximum at ~15km of altitude for GCR over Polar
Regions. For GLEs (Figure 45 - Figure 47) the Regener—Pfotzer maximum over Polar
Regions is higher (at ca. 30 - 40 km) but is not that well distinguished.

Every single point in Figure 44 - Figure 47 is an integral of appropriate particle
fluence rate in energy. In Figure 48, an example of a non-normalized energy
distribution of neutron fluence rate is shown. For comparison, Figure 49 presents the
same energy distribution for neutron fluence rate simulated for different solar
conditions and published in the ISO standard [37]. Spectra are very similar — this
assures that the setup for all simulations has been selected correctly.
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Figure 44 Particle fluence rate as a function the altitude as simulated for GCR during solar minimum

at Polar Region [94].
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Figure 45 Particle fluence rate as a function the altitude as simulated for GLE5 (23 Feb 1956) at Polar

Region [94].
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Figure 46 Particle fluence rate as a function the altitude as simulated for GLE42 (29 Sep 1989)
at Polar Region [94].
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Figure 47 Particle fluence rate as a function the altitude as simulated for GLE43 (19 Oct 1989) at Polar
Region [94].
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Figure 48 Non-normalized neutron fluence rate energy distribution as simulated for GCR (solar
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Figure 49 Normalized neutron fluence rate energy distribution (Y axis) d?@/dt-dE (in /cm?/s/GeV)
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In order to obtain results in terms of effective dose, E, and ambient dose
equivalent, H*(10), author folded the obtained particle fluence spectra with fluence-to-
dose conversion coefficients for isotropic irradiation geometry as published by

Pelliccioni [93] (calculated for ICRP-60 radiation weighting factors) — see Figure 50.
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Figure 51 - Figure 54 show the result of such folding for ambient dose equivalent rate
dH*(10)/dt, separately for each considered particle type and the sum as simulated over
Polar Regions for GCR (solar minimum), GLES5, GLE42, and GLE43 proton spectra,
respectively. At civil aviation altitudes (10 km — 12 km) over Polar Regions and for
GCR, the greatest contribution to the total ambient dose equivalent comes in the first
line from neutrons, then roughly equally from protons and electrons. It holds for
simulated SEP events, but the importance of neutrons rises, and protons dominate
over electrons.
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Figure 51: Ambient dose equivalent rates, dH*(10)/dt, as a function of altitude as simulated for GCR
during solar minimum at Polar Region [94].
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Figure 52: Ambient dose equivalent rates, dH*(10)/dt, as a function of altitude as simulated for GLE5
(23 Feb 1956) at Polar Region [94].
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Figure 53: Ambient dose equivalent rates, dH*(10)/dt, as a function of altitude as simulated for GLE42
(29 Sep 1989) at Polar Region [94].
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Figure 54: Ambient dose equivalent rates, dH*(10)/dt, as a function of altitude as simulated for GLE43
(19 Oct 1989) at Polar Region [94].

Figure 55 - Figure 58 show the result of the folding for effective dose rate dE/dt,
separately for each considered particle type and the sum as simulated over Polar
Regions for GCR (solar minimum), GLE5, GLE42, and GLE43 proton spectra,
respectively. At civil aviation altitudes (10 km — 12 km) and for GCR, the greatest
contribution to the total effective dose comes in the first line from neutrons and protons
(neutrons contribute more for lower altitudes), then from photons and electrons. For
simulated SEP events, neutrons slightly dominate over protons and the altitude
at which neutrons and protons contribute equally is higher (~ 12 km) compared to that
for GCR (~ 7km). In addition, contribution from photons is greater than that from
electrons. This is different than it was for ambient dose equivalent and it is due to
electrons-over-photons ratio, which is larger for effective dose than for ambient dose
equivalent (see Figure 50).
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Figure 55: Effective dose rates, dE/dt, as a function of altitude as simulated for GCR during solar
minimum at Polar Region [94].

1.E+06
1.E+05
1.E+04
. - 1.E+03
1.E+02
~ 1.E+01
=
o 1.E+00
e
o 1.E-01
o
w 1.E-02

uSv/h

Effective dose rate

®
4 .O.Boipooo.oo 'O.o

© mu-
° mu+
° pi_

%00, e pi+
OOOOOO 00880 0o 0 p
°o O ° 8%0p0 © e gamma
o © '0.... 9¢ 00 ®®0 © 005 o8 ©°0

o e P ° npeutron

e® © O (0] Y
° --TOTAL

™ o o

0

5

1E-05 5L L L I O O |

10 15 20 25 30 35 40 45 50
Altitude, h (km)

Figure 56: Effective dose rates, dE/dt, as a function of altitude as simulated for GLES5 (23 Feb 1956)

at Polar Region [94].
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Figure 57: Effective dose rates, dE/dt, as a function of altitude as simulated for GLE42 (29 Sep 1989)

at Polar Region [94].
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Figure 58: Effective dose rates, dE/dt, as a function of altitude as simulated for GLE43 (19 Oct 1989)

at Polar Region [94].
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Real time radiation dose assessment at civil flight altitudes
due to galactic cosmic rays and spontaneous solar particle events

Figure 59 - Figure 62 show the results as world maps of effective dose rates at typical
civil flight altitude 10.86 km (= FL350) for simulated input proton spectra: GCR (solar
minimum), GLES5, GLE42 and GLE43. Figure 63 - Figure 66 show similar results but
for higher altitude: 15.31 km (= FL500). Comparing the figures one can notice that the
elevated radiation levels in atmosphere due to SEP events concern mainly Polar
Regions. This holds even for the strongest considered GLE5 and subsonic flight
altitudes (such high altitudes are not used in civil flights) - see Figure 64. Figure 68
clearly presents this feature. This is due to efficient shielding of Earth magnetic field
(see Figure 42) and the fact, that fluence of SEP protons at few tens of GeV have low
intensities. In fact, at these energies, SEP fluxes are lower than GCR flux (see Figure
43). Therefore, radiation exposure at flight altitudes above Equatorial Regions is
always shaped by GCR only. This feature is shown in Figure 68 for GLE42. Below 1.5
GV majority of effective dose comes from SEP event; above 1.5 GV majority
of effective dose is due to GCR; above ~ 5 GV contribution of SEP to the total effective
dose is negligible.
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Figure 59: World map of effective dose rate, dE/dt, at the altitude of 10,86 km (= FL350) as simulated
for GCR (solar minimum) [94].
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Real time radiation dose assessment at civil flight altitudes
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Figure 60: World map of effective dose rate, dE/dt, at the altitude of 10,86 km (= FL350) as simulated
for GLE5S (23 Feb1956) [94].
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Figure 61: World map of effective dose rate, dE/dt, at the altitude of 10,86 km (= FL350) as simulated
for GLE42 (29 Sep 1989) [94].
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Figure 62: World map of effective dose rate, dE/dt, at the altitude of 10,86 km (= FL350) as simulated
for GLE43 (19 Oct 1989) [94].
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Figure 63: World map of effective dose rate, dE/dt, at the altitude of 15,31 km (= FL500) as simulated
for GCR (solar minimum) [94].
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Figure 64: World map of effective dose rate, dE/dt, at the altitude of 15,31 km (= FL500) as simulated

for GLE5S (23 Feb1956) [94].
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Figure 65: World map of effective dose rate, dE/dt, at the altitude of 15,31 km (= FL500) as simulated

for GLE42 (29 Sep 1989) [94].
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Figure 66: World map of effective dose rate, dE/dt, at the altitude of 15,31 km (= FL500) as simulated
for GLE43 (19 Oct 1989) [94].
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Figure 67 Effective dose rate, dE/dt, as a function of vertical cut-off rigidity, rc, as simulated for GCR,
GLE5 (23 Feb 1956), GLE42 (29 Sep 1989), and GLE43 (19 Oct 1989) at the altitude of 10,86 km
(= FL350) [94].
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Figure 68 Effective dose rate dE/dt, as a function of vertical cut-off rigidity, c, at 10.86 km (= FL350)
of altitude caused by SPE on 19" October 1989 (red line), GCR during solar minimum (green triangles)
and the sum of GCR and SPE (blue line) [94].

Effective dose values obtained by the author from presented simulations agree
with previous investigations. Author estimated maximum effective dose rate for worst-
case (GLES5S at subsonic flight altitudes) in the range of 4-6 mSv/h in the peak of the
event, and for typical flight altitude close to 1 mSv/h. For GLE42, author estimated
maximum effective dose rate for 140 puSv/h at typical flight altitudes. Author’'s
estimations are supported by similar figures reported in literature. Foelsche reports that
passing through the impact zone of GLE5 would result in 4.5 mSv [95]. Beck et. al note
that in literature it is reported that radiation exposure due to SEP during strong events
may reach 1 mSv/h at typical flight altitudes [81]. Finally, Dyer et. al estimates the peak
dose for GLE42 to be around 100 pSv/h, what supports author’s findings; Dyer et. al
additionally state that in the absence of measured data, calculations can be easily out
even by a factor of three [91].

Comparison that is more exact is very difficult due to complexity of the task, variety
of used methods (not always based on Monte Carlo simulations), discrepancies in the
description of SEP proton spectra, and finally scarce of measured data. The
EURADOS’ Working Group 11 on “high-energy radiation filed” is currently taking an
extended effort to compare codes estimating radiation exposure at flight altitudes due
to SEP. Author of this work is member of this group and actively contributes to that
effort.

Results presented in this chapter are published in a report [94] by the Seibersdorf
Laboratories for the Austrian governmental Office for Radiological Protection.
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6. AVIDOS model

After author gathered practical experience with measurements of cosmic radiation,
data analysis, and numerical simulations, a natural next step is a development of
a practical tool for quick assessments of radiation exposure in atmosphere.

This chapter presents the AVIDOS model developed by the author for routine dose
assessment in aircrafts during typical flights at commercially used altitudes.

6.1. Model development for Galactic Cosmic Rays

Model proposed by the author is based on existing results from Monte Carlo
simulations performed with the FLUKA code (version 2005) [96, 97] and a set of fitting
functions developed by the author. In the numerical calculations, several components
were considered: Earth’s atmosphere, Earth’s magnetic field, and primary cosmic
radiation with solar modulation. For the geometry used in simulations a three-
dimensional spherical representation of the Earth’s atmosphere including height-
density profile with a proper mixture of nitrogen, oxygen, and argon was organized in
100 concentric shells spanning over an altitude range from ground up to 70 km. The
description of galactic cosmic radiation was based on primary proton spectrum
published by Gaisser et al. [96] and modified by experimental data that included
satellite and balloon measurements [99]. Based on this spectrum, fluence rates for
galactic cosmic radiation of all elemental groups from Z=1 to Z=28 were obtained and
modulated using a solar deceleration potential model [48] which bases on neutron
monitors count rates. The influence of Earth’s magnetic field on penetration abilities
of charged patrticles in the atmosphere was considered by a vertical cut-off rigidity
model [51]. Primary spectra were propagated down the atmosphere at different
geographical locations and solar activities taking into account cross sections for
different nuclear reactions and finally resulting in particles fluence rates. Resulting
fluence rates were converted into ambient dose equivalent H*(10) and effective dose
E by employing appropriate conversion coefficients [93] calculated according to ICRP
60 recommendations [5]. Numerical simulations were performed for many different
combinations of solar deceleration potential and vertical cut-off rigidity along broad
altitude profile.

Based on the simulations, author developed a set of fitting functions to describe
the radiation dose depending on three parameters: solar deceleration potential, @, that
reflects influence of solar activity, vertical cut-off rigidity, rc, which is related to Earth’s
magnetic field and therefore geographical location, and barometric altitude, h, that
counts for atmospheric shielding. The three parameters were considered separately in
such a way that when analyzing one of them the two others were kept constant. For
each parameter a function fitting the simulations was found: fi(h), f2(®), and fa(rc).
Analytical expressions of the functions with graphical examples calculated for selected
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conditions are shown in Figure 69 to Figure 71. In these figures, black lines show
typical conditions, while gray lines are calculated for arbitrary chosen extreme
conditions: maximal shielding (gray dashed lines) and minimal shielding (gray solid
lines).
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Figure 69 Graphical representation of the function fi(h) describing the dependency of ambient dose
equivalent rate, dH*(10)/dt, with barometric altitude, h, at selected constant solar deceleration potential,
@, and vertical cut-off rigidity, rc. Right: fi(h) analytical expression [101].
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Figure 70 Graphical representation of the function f2(®) describing the dependency of ambient dose
equivalent rate, dH*(10)/dt, with solar deceleration potential, @, at selected constant barometric
altitude, h, and vertical cut-off rigidity, rc. Right: f2(®) analytical expression [101].
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Complete ranges of h, @ and rc were divided in several groups. For each group the
same approach was applied and fitting functions were found. A combination of the
three functions allows for assessing ambient dose equivalent rate at any geographical
location, over the whole range of solar activity and altitude up to 15km (= FL490).
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Figure 72 Effective dose rate as a function of ambient dose equivalent rate calculated with FLUKA2005
for 14 different solar deceleration potentials, vertical cut-off rigidities and for altitude between 7.9 km
(FL258) and 15.9 km (FL520) (black squares) together with fitted polynomial (red line). The blue line
represents the situation when effective dose would be equal to H*(10). [102, 79]

In the proposed model, the calculation of effective dose is based on the ratio
of H*(10)/E since both, ambient dose equivalent and effective dose were derived from
simulations. This approach is driven by practice — effective dose is not measurable,
while H*(10) is the appropriate quantity in which measurements shall be expressed.
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The same approach was used in the joint report of ICRU and ICRP for publishing
reference dose values for code validations [100]. The full set of fitting functions
including the radio H*(10)/E constitute the radiation dose assessment model AVIDOS
for GCR [101].

With the model described above it is possible to calculate the ambient dose
equivalent and effective dose at any geographical position during whole cycle of solar
activity and at commercially used flight altitudes. As an example, a matrix of the
dH*(10)/dt have been calculated. Calculations have been performed for full range
of vertical cut—off rigidity, one selected altitude of 11.9 km (~ FL390) and solar
deceleration potential SDP = 500 MV. In total almost 5500 calculated points were
smoothed in order to plot them as surfaces below in Figure 73. In the figure, as
expected, the dH*(10)/dt is significantly lower over equatorial region with regards
to Polar Regions due to shielding provided by Earth’s magnetic field.

Figure 73 Ambient dose equivalent rate calculated with the model AVIDOS for full range of vertical
cut—off rigidity at solar deceleration potential of 500 MV and at altitude of 11.9 km (=FL390). Figure
taken from scientific poster related to reference [79].

AVIDOS is also able to predict radiation dose assessment due to GCR up to one
year in advance. Such prediction is possible, since changes of solar activity are nearly
periodic and show approximately 11-years cycle. Variation in solar activity can be best
described by the number of sunspots due to the advantage of long-term records of
direct observations. Recently, the conventionally used Sunspot Number data were
revised [105] and after July 1, 2015, a new, entirely updated data series is available
[27]. Models forecasting monthly sunspot numbers already exist and stake out on the
fitting to the existing data by applying least-square method with a set of defined curves
and smoothing filters. Currently used techniques allow for 12-month ahead predictions
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of the monthly smoothed sunspot number. Recent developments improved the
prediction technique by 5 - 57% [107].

For its radiation dose predictions due to GCR, AVIDOS uses a revised monthly-
averaged sunspot numbers. The predicted monthly-smoothed sunspot number is
obtained from the World Data Center for the sunspot index [27], and then the number
is converted into the value of solar deceleration potential using a simple linear
regression. With this, AVIDOS can forecast radiation exposure at aviation altitudes due
to GCR for up to 12 months ahead. The quality of such prediction depends mainly on
the quality of the forecasted sunspot number. Uncertainties on the predicted sunspot
number as observed by the author since 2015 has always been better than 25%.
Sensitivity analysis show, that 25% uncertainty on the predicted monthly-smoothed
sunspot number results in about 15% variation of the assessed radiation exposure,
which is a reasonable figure [108].

In the current approach, where ICRP 60 recommendations are used for fluence-
to-dose conversion coefficients, H*(10) underestimates the effective dose up to 30%
[102, 103] at commercial flight altitudes. With publication of ICRP 103
recommendations [3] where radiation weighting factors for protons and neutrons were
lowered author expects, that H*(10) will be similar to effective dose. A similar
expectation was expressed in ICRP’s report on radiological protection from cosmic
radiation in aviation [13]. The Commission expects that application of new radiation
weighting factors will result in changing of doses even by 30%. Sato et. al. published
new fluence-to-dose conversion coefficients that are calculated with ICRP 103
recommendations [104]. G. Dietze reports [105] that changes of conversion
coefficients for neutrons lead to only few percent lower effective dose compared to that
calculated with ICRP 60 neutron weighting factors. For protons, the change is more
important. Lowering the radiation weighting factor from five to two, will reduce proton
contribution to the total effective dose in the range of 10%, and the effective dose for
radiation fields at aviation altitudes will be reduced by 13-16% depending on flight
route.

6.2. Model Validation for Galactic Cosmic Rays

The aim of this chapter is to present a validation of AVIDOS. Usually, calculation
codes are validated against measurements. However, when the measurements are
lacking or quantity to be compared is not measurable, often calculations performed
with one method are compared with others conducted in another way. Yet another way
of validation could be a direct comparison with reference values laid down by regulatory
bodies or given by law. In this chapter, AVIDOS calculations are compared with
measurements, with other codes, and with reference values.
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6.2.1. Comparison with measurements

Usually calculation codes are validated through comparison with measurements.
Here an example of comparison of AVIDOS calculations with measurements
conducted during the CAATER flight campaign [71] is presented. As described in
earlier chapter, CAATER measurements were undertaken at two fixed geographical
locations, over each at two constant altitudes: FL400 (= 12.19 km) and FL320
(= 9.75 km). One location was over Aalborg, Denmark (57N, 10E) for low magnetic
shielding (rc = 1.8 GV), the other over Rome, ltaly, (42N, 12E) for greater magnetic
shielding (rc = 6.4 GV). To decrease statistical uncertainties, each measurement lasted
at least 2 hours. In the Figure 74 below, model’s predictions are compared with two
TEPC systems. The figure shows that calculations agree with measurements within
the standard uncertainty. When the average over all instruments that participated in
the campaign is considered, calculated ambient dose equivalent rates deviate from
measured ones by less than 15% [101].

10
ol e TEPC (ARC)
. o TEPC (IRSN)
8 - - -~ AVIDOS (h=400 FL)
oL — AVIDOS (h=320 FL)

Ambient Dose Equivalent Rate,
dH*(10)/dt / (uSv h™)

o 2 4 6 8 10 12 11 16
Vertical Cut-off Rigidity, r_/ (GV)

Figure 74 A comparison between TEPC measured (13) ambient dose equivalent rates (circles) over
two locations (rc = 1.8 GV, rc = 6.4 GV) at two altitudes and values calculated with AVIDOS for
h = FL320 (= 9.75 km) — solid line, h = FL400 (= 12.19 km) — dashed line [101].
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In the next figure, a comparison of AVIDOS calculations with measurements taken
from the EURADOS Aircraft Crew Database is presented. In Figure 75 the dH*(10)/dt
is presented as a function of altitude. Measurements (color points — legend describes
type of instrument and institute that took the measurement; for details see reference
[77]) were conducted for vertical cut-off rigidity, rc, between 0 GV and 2 GV and solar
deceleration potential in the range of 470-490 MV. Calculations with AVIDOS (at the
time of publishing of the reference [79] called ARCS model - red line) and EPCARD in
version 3.2 (black line) were done for rc = 1 GV and solar deceleration potential
@ =475 MV. As the figure shows, AVIDOS predictions are satisfactory.
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Figure 75 Ambient dose equivalent rate as a function of altitude for measurements (color points),
EPCARDv3.2 calculation (black line) and the AVIDOS model (red line — at the time of publishing of
reference [79] ARCS model, later renamed to AVIDOS). Measurements are selected from the
EURADOS database for @ = [470 — 490] MV and r. = [0 — 2] GV. EPCARD and AVIDOS calculations
assumed @ =475 MV and rc =1 GV [79].
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Another comparison is showed in Figure 76 where dH*(10)/dt is plotted against
vertical cut — off rigidity. Rich set of experimental data (color points — legend describes
type of instrument and institute that took the measurement; for details see reference
[77]) for altitude between FL325 (= 9.9 km) and FL335 (= 10.2 km) and solar
deceleration potential range of 470 MV to 610 MV was selected from the EURADOS
Aircraft Crew Database. Calculations with AVIDOS (at the time of publishing of the
reference [79] called ARCS model - red line) and EPCARD in version 3.2 (black line)
were done for middle values of parameters: FL330 (= 10.06 km) and solar deceleration
potential @ = 475 MV. Calculations with AVIDOS fit well to measurements.
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Figure 76 Ambient dose equivalent rate as a function of vertical cut off rigidity for measurements (color
points), EPCARDvV3.2 calculations (black line) and AVIDOS model (red line — at the time of publishing
of reference [79] ARCS model, later renamed to AVIDOS). Measurements are selected from the
EURADOS database for @ =[470 — 610] MV and h =[9.9 — 10.2] km (FL325 — FL335). Calculations
assumed @ =550 MV and h = 10.06 km (FL330) [79].
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6.2.2. Comparison with other codes

The ambient dose equivalent, H*(10), is an operational quantity commonly used in
measurement practice, but finally one is interested in radiation protection quantity, the
effective dose, E, or its rate [58]. Since effective dose is not directly measurable
guantity, it is not possible to compare codes’ predictions with measurements. However,
one can compare different codes with each other. Such effort was taken within
EURADOS Working Group 5 [109] on Aircrew Dosimetry. AVIDOS was part of this
comparison. For the comparison, a set of 23 realistic flight profiles was selected. That
included transatlantic flights, flights over Polar Regions, flights over Equatorial Region,
and flights on southern hemisphere. In the comparison, 11 different codes using
different methods to evaluate effective doses took part. The members of EURADOS
Working Group 5 decided to publish obtained data in an anonymous way because
some codes were actively used in commercial radiation protection service. Figure 77
shows the comparison of the effective dose rate, dE/dt, due to GCR at those waypoints
of different flights that are at typical flight altitudes (FL370, =11.28 km), for solar
minimum and maximum. Figure 78 shows the comparison of the effective dose rate,
dE/dt, due to GCR during solar minimum and maximum as a function of altitude for
those waypoints that are over Polar Regions (rc < 0.25 GV) and Equatorial Region
(rc > 16.75 GV). Both figures show, that calculated effective doses by AVIDOS do not
differ much from other codes. Because the number of codes in the comparison was
small (less than 8 in every case), the members of EURADOS Working Group 5 decided
to present the data with median instead of average as reference level. Figure 79
summarizes discrepancies of AVIDOS results from the median. AVIDOS results vary
not more than 10% from the median. Authors of reference [109] report that, for all flights
and codes, calculated effective dose, E, differ by less than 30% from the median
(at 95% confidence level).
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Figure 77 Anonymous comparison of the effective dose rate, dE/dt, due to galactic cosmic radiation
during solar minimum (upper diagram) and solar maximum (lower diagram) for waypoints at FL370
(= 11.28 km). The median is marked with red symbols. AVIDOS data are marked with blue squares are
overlaid on other data reproduced from [109].
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Figure 79 Anonymous comparison of the deviation of the effective dose, E, relative to the median
at solar minimum (left) and solar maximum (right). AVIDOS data are marked with blue squares are
overlaid on other data reproduced from [109].
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6.2.3. Comparison with reference values

In 2010, the ICRU and ICRP jointly published the Report 84 [100] on Reference
Data for the Validation of Doses from Cosmic-Radiation Exposure of Aircraft Crew.
The core point of this report is to define a set of reference values of aircraft crew
exposure due to cosmic radiation. The reference values are given in terms of ambient
dose equivalent rates because they are based on measurements. The values are given
for three different periods of solar cycle 23 (January 1998, January 2000, and January
2002) and three different altitudes — FL310 (= 9.45 km), FL350 (= 10.67 km), FL390
(= 11.89 km) for the full range of vertical cut-off rigidity (from 0 GV to 17 GV with 1GV
step). Additionally, the report gives a set of coefficients allowing for conversion from
ambient dose equivalent into effective dose. The report states also that any code
predicting aircrew exposure should stay within £30% maximum accepted interval from
reference values. A short independent review on the report can be read in reference
[110].

In Figure 80, Figure 81 and in Figure 82 a comparison between AVIDOS
calculations and the ICRU/ICRP reference values is presented for January 1998,
January 2000 and January 2002, respectively. In all cases, AVIDOS data is within the
recommended +30% maximum accepted interval from reference values.
On average, AVIDOS calculations of ambient dose equivalent rates agree with
reference values within 10%. Maximum deviation from reference values is 20% and is
observed in few cases only.
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Figure 80 Comparison of ICRU/ICRP reference values of ambient dose equivalent rates, dH*(10)/dt, for
January 1998 for FL310 (= 9.45 km, gray triangles), FL350 (= 10.67 km, gray circles), and FL390
(= 11.89 km, gray squares) as a function of vertical cut-off rigidity, R¢, (as published in [100]),
and corresponding AVIDOS calculations for FL310 (= 9.45 km, blue triangles), FL350 (= 10.67 km, blue
circles), and FL390 (= 11.98 km, blue squares). In all cases, AVIDOS data is within the recommended
+30% maximum deviation (marked as error bars) from reference values. For visibility reasons, data
for FL350 (= 9.45 km, circles) and FL390 (= 10.67 km, squares) is shifted to the right.

103



12

11

10

Ambient dose equivalent rate
dH*(10)/dt in usv/h
[9)]
00
= a
O0—

2 i o ﬁ ; ﬁi ﬁ; ﬁi ;ii ;ii £

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Vertical cut-off rigidity, R, in GV

Figure 81 Comparison of ICRU/ICRP reference values of ambient dose equivalent rates, dH*(10)/dt, for
January 2000 for FL310 (= 9.45 km, gray triangles), FL350 (= 10.67 km, gray circles), and FL390
(= 11.89 km, gray squares) as a function of vertical cut-off rigidity, Rc (as published in [100]),
and corresponding AVIDOS calculations for FL310 (= 9.45 km, blue triangles), FL350 (= 10.67 km, blue
circles), and FL390 (= 11.89 km, blue squares). In all cases, AVIDOS data is within the recommended
+30% maximum deviation (marked as error bars) from reference values. For visibility reasons, data
for FL350 (= 9.45 km, circles) and FL390 (= 10.67 km, squares) is shifted to the right.
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Figure 82 Comparison of ICRU/ICRP reference values of ambient dose equivalent rates dH*(10)/dt for
January 2002 for FL310 (= 9.45 km, gray triangles), FL350 (= 10.67 km, gray circles), and FL390
(= 11.89 km, gray squares) as a function of vertical cut-off rigidity, Rc (as published in [100]),
and corresponding AVIDOS calculations for FL310 (= 9.45 km, blue triangles), FL350 (= 10.67 km, blue
circles), and FL390 (= 11.89 km, blue squares). In all cases, AVIDOS data is within the recommended
+30% maximum deviation (marked as error bars) from reference values. For visibility reasons, data
for FL350 (= 9.45 km, circles) and FL390 (= 10.67 km, squares) is shifted to the right.

6.3. Model development for solar energetic particle events

One of the most interesting, but also the most challenging, part of the work
presented here, is model development for the assessment of radiation exposure in
atmosphere during solar energetic particle (SEP) events. First models estimating the
exposures due to SPE were developed and first comparison with measurements have
been carried out within the European research project CONRAD [111]. However, those
models were still in development, the reported discrepancy between models’
predictions was in the order of ten, and the models were not publicly available [112].

AVIDOS extension for SEP events consists of two main components: Monte Carlo
pre-calculated data of radiation transport through atmospheric density-height profile,
and a procedure for assessing primary protons spectrum during a GLE based
on neutron monitor data [108].
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6.3.1. Monte Carlo pre-calculated dose matrices

The Geant4 Monte Carlo calculations were performed with the same geometry,
atmosphere model, physics lists, and scorers as described in chapter 5 for simulating
GLE events. In this case, however, as input spectrum, a unitary flux of protons was
taken. The energy scale covered energy range from tenths’ of MeV and spanned over
several orders of magnitude up to some 107 MeV. As previously, simulations resulted
in fluence rates for secondary particles at all defined detection levels (altitudes) and for
scored secondary particles: {p,n,e”,e*,u,ut,n~, ",y }. Similarly as before, folding
in energy the particles’ fluencies with fluence-to-dose conversion coefficients [93]
resulted in matrices of effective dose rates dE/dt and ambient dose equivalent rates
dH*(10)/dt at all defined altitudes. The actual dose rates’ values for a given input
proton spectrum are calculated by weighting the dose-matrices that were pre-
calculated for the unitary flux of input protons with the given, actual proton input
spectrum. In this way, one can quickly assess radiation exposure at any desired
geographical location, at any desired altitude (resolution and range is determined by
scorers in simulations) for any given solar proton spectrum. A short summary of this
step is published in reference [108]. This solution can be also easily implemented
in a programming language resulting in a computer code.

6.3.2. Procedure for assessing primary protons spectrum

Second part of the proposed model is the construction of primary protons spectrum.
Construction of primary protons spectra for a given GLE is a laborious and
retrospective process performed typically, but not only, by teams operating Neutron
Monitor stations. Results for the same GLE provided by different authors usually differ
in a significant way. Figure 83 presents a relatively known and well described in the
literature GLE60 from 15™ of April 2001. As seen in Figure 83 the proton flux can easily
differ by an order of magnitude in the main GLE’s phase (left diagram in the figure).
If additionally a temporal evolution of a GLE is considered, additional uncertainties
occur (right diagram in the figure).
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flux at 1 GV, as calculated by different authors [119].

Model that is proposed here aims at a solution for providing radiation exposure in
a reasonable time. To achieve this aim, an isotropic scenario is considered for every
GLE. Analyzing different neutron monitor records and spectra reconstructions for
different GLEs, one can conclude that the initial phase of GLE events are often (but
not always) anisotropic. However, with time, after initial increase and maximum
phases, that is typically after about 30 minutes, the situation evolves towards isotropy
[e.g. 113, 114, 115, 116, 118]. The anisotropy effect induced on doses has been
studied in reference [116]. Authors report that deviation in dose due to SEP only and
caused by anisotropy can reach some 60% in extreme cases, but typically is up to 40%
(depending on the choice of GLE and flight route). Taking into account that to the total
radiation dose also isotropic GCR contribute (particularly in high energies) the figures
on anisotropy effect become up to 50% in extreme cases and up to 20% typically. The
main effect on accuracy of the assessment of radiation dose due to SEP is caused by
the quality of SEP proton spectrum used. Literature investigations conclude that
causes of discrepancies between different primary proton spectra obtained by different
groups are manifold, cannot be conclusively identified at present, and that resulting
deviation in the assessment of radiation dose can be easily a factor of two just for the
fact of using different primary proton spectrum [119]. A similar conclusion emerges
from EURADOS (http://eurados.org/) investigations on SEP code comparison
(Working Group 11, Task Group 3 report - in editorial phase): the biggest factor in the
discrepancy of calculated radiation dose during GLE is the input data. In the case
of Monte Carlo based codes this is the quality of primary proton spectrum.

Here, to conclude on primary solar proton spectra, author uses one selected neutron
monitor station — the Oulu station (http://cosmicrays.oulu.fi/). The location of the station
has several advantages:
= jtis in Europe, which is an advantage for assessing radiation levels for flights
from and towards Europe
» s located at high geomagnetic latitude i.e. low cut-off rigidity which in turn
makes it relatively sensitive to the changes of proton flux on top of the
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atmosphere (SEP events have usually a softer energy spectrum than the
galactic cosmic rays, i.e. the effect of SEP events is dominant at high
geomagnetic latitudes).

= data of good quality,

= data in reasonable time resolution (1-minute at best),

= the operation of the station is reliable,

» data are accessible through a programming interface (online query).

= characteristics of this neutron monitor were published (e.g. [120])

The spectrum of primary protons is often expressed in the domain of particle rigidity
(or equivalently particles’ energy) as a pure power law or modified power law. Two
important characteristics of pure power law function are: amplitude A(t) and
steepness y(t). The equation is:

Jser(R,8) = A(t) - R7®
where:
Jscr (R, t)- Solar cosmic ray proton flux at time t [#/(cm?s sr GV)] as a function of
particle rigidity R
A(t) - Amplitude at time t [#/(cm?s sr GV)]
R — particle rigidity [GV]
y(t) - steepness of SEP spectrum at time t

In modified power law y(t) is additionally modified by parameter 6y which is applied
after certain rigidityR, usually for R > 1GV or R > 2 GV so the exponent is e.g.
—(y + 8y (R—2)) for R >2GV. The effect on spectrum is that after R > 1 GV or
R > 2 GV the spectrum is additionally bended. Different groups assessing the primary
proton spectrum use different equations [e.g. 119]. Here, pure power law is used.

The steepness and anisotropy can be studied from past GLE events, for which spectra
have been a posteriori calculated with larger set of neutron monitor detectors [e.g. 116,
121, 122, 123, 124, and 125]. Both amplitude and steepness are time dependent,
constantly modifying the spectrum during a GLE. To cover the effect of steepness
variation when working with only one neutron monitor, the model considers two fixed
values for steepness: minimum y = 4 for hard spectrum and maximum y = 7 for soft
spectrum. The choice is based on literature review [e.g. 115, 116, 117, 118, 122, 125,
and 126].

The amplitude A(t)is derived from the increase of the count rate of Oulu neutron

monitor station and monitor’s yield function. The yield function for a standard 6-NM64
neutron monitor can be expressed by the following formula [e.g. 127]:

3
logS,(R,z) = Z Con - 2™ - (log R)™

m,n=0
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z - atmospheric depth of the NM [g/cm?]
cmn- COefficients for a standard 6-NM64 neutron monitor [127]
S -vyield function in [m?sr]

Count rates of the neutron monitor in Oulu are normalized to a pressure of 1000 mbar
corresponding to atmospheric depth of z = 1019 g/cm. Furthermore, a normalization
factor is introduced that considers that the monitor in Oulu is a 9-NM64 device with
nine tubes. The count rate increase of the neutron monitor in Oulu station during a GLE
is then given by:

20 GV
AN () = NOWR(£) — NOW(¢) = j SOU(R) - Jscr(R, t) - dR

RI=0.8 GV

NOU¥(t) — count rate during GLE event at time t [s™1]
NOu(t,)— baseline count rate, before the GLE [s™!]
SOoulu(R)— yield function for Oulu NM [cm?sr]

Jscr (R, t) — solar cosmic ray proton flux

RO - Vertical cutoff rigidity of the Oulu NM station

Finally, the above equation can be solved for the amplitude A(t). Having amplitude
derived from actual relative increase of Oulu neutron monitor count rate and two fixed
steepness values, one obtains temporal intensity of two primary spectra. With these,
the dose matrix can by appropriately weighted resulting in minimum and maximum
expected effective dose rates. This procedure can be done at any time t, for each
recorded increase of Oulu neutron monitor count rate. Proceeding in this way results
in a recipe that is suitable for real-time dose assessment of radiation exposure at
aviation altitudes due to spontaneous solar particle events.

In practice, real time dose assessment at civil flight altitudes due to SEP events has
three steps. In the first step, AVIDOS checks alert if a GLE is on-going. For this,
AVIDOS constantly probes a real-time GLE-alerting service. There are several such
services available, AVIDOS 2.0 uses ANeMoS service [127]. To issue a GLE alert,
ANeMoS relies on the real-time Neutron Monitor Database (NMDB [36]) and watches
every single minute whether a defined number of neutron monitor stations
simultaneously show increased records. If yes, and if such state keeps up for a certain
time, an alert is issued. When AVIDOS 2.0 receives GLE alert, the second step starts.
In this step, AVIDOS obtains records from Oulu neutron monitor station in a regular
time interval and two proton input spectra at the top of atmosphere are assessed as
described above — a soft spectrum with lower maximum proton energies and hard one
with higher maximum proton energies. Finally, in the third step, the spectra are used
to weight Mote Carlo simulations resulting in effective dose rates and ambient dose
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equivalent rates at any desired position of a flight. Based on those data AVIDOS 2.0
assess minimum and maximum expected increase of radiation doses due to SEP
events.

6.3.3. GLE42 from 29 September 1989 in AVIDOS 2.0

Solution implemented in AVIDOS 2.0 was tested on few realistic flight profiles and
GLE42 from 29t September 1989. Three flight profiles were selected from a rich set
of flight profiles used for EURADOS comparison of codes calculating radiation dose
exposure due to GCR [109]. Selected flights were: Sydney — Johannesburg on
Southern hemisphere (Figure 84 top), transatlantic flight San Francisco — Paris
(Figure 84 middle), and Chicago — Beijing flown over North Pole (Figure 84 bottom).
All flights were modified for departure date and time with respect to the original profiles
as used by EURADOS - here, all start on 29.09.1989 at 11:45, so that GLE could affect
all of them.

Figure 85 presents considered scenario at maximum increase of count rates
recorded by neutron monitor station in Oulu (upper diagram) — on 13:50 UTC. In the
lower diagram, color area marks average calculated ambient dose equivalent rates as
calculated from soft and hard spectra constructed for at maximum increase of count
rates recorded by neutron monitor station in Oulu. As seen in the figure, at 13:50 UTC,
the San Francisco — Paris and Sydney — Johannesburg flights have not yet reached
the area with elevated radiation doses due to GLE. Oppositely, the flight Chicago —
Beijing. This situation is reflected in Table 16 where accumulated (up to 13:50 UTC)
doses due to GCR and assessed minimum and maximum doses due to SCR (caused
by GLE42) are shown. Minimum assessed accumulated ambient dose equivalent for
San Francisco — Paris is comparable to the accumulated H*(10) due to GCR. Maximum
assessed value is about 2.5 times grated than that for GCR — the flight just enters the
area affected by the GLE. Accumulated ambient dose equivalent values (both
assessed minimum and maximum) for Sydney — Johannesburg are lower than that for
GCR - the flight have not entered the area affected by GLE. The route of Chicago-
Beijing flight is already in the area where elevated doses occur — maximum assessed
H*(10) is 220 puSv, the minimum assessed is almost twice the H*(10) for GCR. The
flights and the GLE takes about 10 hours. The considered scenario, when the flights
and GLE are over is presented in Table 17. Minimum assessed route H*(10) in all
cases is comparable to that of GCR. Maximum assessed route H*(10) is almost 1 mSv
for Sydney — Johannesburg, almost 1.5 mSv for Chicago-Beijing and almost 2 mSv for
San Francisco-Paris — this is due to the fact, that this flight is flown at highest altitudes
(FL370 and FL390). The conclusion is that for typical flights during GLE42, the
minimum, assessed by AVIDOS, ambient dose equivalent is roughly the same as for
GCR, while the maximum can reach even few mSv patrticularly for high altitude and
high latitude flights.
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Figure 84 Three selected and modified flight profiles: Sydney — Johannesburg (top), San Francisco —

Paris (middle), and Chicago — Beijing (bottom). Red dots mark values of vertical cut-off rigidity in GV

at flight's waypoints — left axis; blue dots mark values of altitudes in FL at flight's waypoints. Flight profiles

are based on EURADOS/EC report [109] but with modified departure date and time — all start

on 29.09.2989 at 11:45 UTC.
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Figure 85 Upper diagram: temporal evolution of the neutron monitor station in Oulu during the whole
GLE42. Red dot marks the maximum increase of count rates recorded by neutron monitor station in
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Table 16 Accumulated (up to 13:50 UTC) doses due to GCR and assessed minimum and maximum
doses due to SCR (caused by GLE42) for the three selected flights [128].

; H*(10) in pSv H*(10) in pSv
; H*(10) in pSv i
Flight — SCR min (hard SCR max (soft
spectrum) spectrum)
Sydney-Johanneshburg 5 1 3
San Francisco-Paris 7 5 18
Chicago-Beijing 6 11 220

Table 17 Accumulated total doses (whole flights) due to GCR and assessed minimum and maximum
doses due to SCR (caused by GLE42) for the three selected flights [128].

; H*(10) in uSv H*(10) in pSv
; H*(10) in pSv ;
Flight — SCR min (hard SCR max (soft
spectrum) spectrum)
Sydney-Johannesburg 45 32 895
San Francisco-Paris 39 54 1882
Chicago-Beijing 40 a7 1460
6.3.4. GLE72 from 10.09.2017 in AVIDOS 2.0

On September 10, 2017, the 72" Ground Level Enhancement occurred. It was
a long awaited GLE — the previous one, GLE71, happened in May 2012 [38]. Protons
measured by GOES satellites showed increased fluence rates in all energy channels
- Figure 86 — reaching S3 level (flux of >10 MeV protons greater than 103) in NOAA
Space Weather Scale [127]. Several neutron monitor stations located at high northern
or southern latitudes (low vertical rigidity cut-off values) showed increased count rates
— Figure 87. On 17:03 UTC, the ANEMOS has issued a GLE alert since four neutron
monitor stations (Inuvik, Kerguelen, South Pole and Thule) showed simultaneously
increased measured count rates. The GLE was very short; it lasted only few minutes
until 17:11 UTC. AVIDOS 2.0 has received the GLE alert and automatically
downloaded records of the neutron monitor station in Oulu. When the event was over,
AVIDOS generated its default-hard and default-soft spectra as described in chapter
6.3.2 and stored in its database. The generated spectra are available in AVIDOS’
Science Mode. In this mode, there are three pre-defined flights available. Modifying
the San Francisco — Paris flight in such a way, that it starts on 10™" of September 2017
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at 11:30 UTC, and increasing its altitude in the second phase of the flight from FL390
to FL490, the additional effective dose due to the GLE72 would be up to 10 uSv. This
increase is relatively small, and is about 10% of effective dose that would come from
GCR for such flight - Table 18. Results showed here were presented for the first time
during SEPRAD Workshop on Forecasting of Solar Energetic Particle Radiation
Effects on 18 - 19 September 2017 in Seibersdorf [129].
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Figure 86 Integrated proton flux (>10 MeV - red; >50 MeV - blue; >100 MeV green) as measured
by GOES 13 satellites (Source: http://www.swpc.noaa.gov/products/goes-proton-flux )
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Figure 87 Relative increases of neutron monitor count rates as measured by six neutron monitor stations
at Terre Adelie (Antarctica), South Pole (Antarctica), Thule (Greenland), Inuvik (Canada), Oulu
(Finland), Kerguelen (Indian Ocean). Data from Neutron Monitor Database [36].
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Table 18 Route effective doses due to GCR and GLE 72 from 10.09.2017 (soft and hard spectrum) as
calculated by AVIDOS 2.0 for a modified San Francisco — Paris flight. Presented at SEPRAD Workshop,
Seibersdorf, 2017 [129].

GLE at FL390
14:00 GLE at FL370
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6.4. Radiation protection service with AVIDOS-FDS

AVIDOS 2.0 provided via ESA SSA SWE portal is an informational and educational
tool to increase public awareness of space weather and its effects on radiation
environment in atmosphere and aviation. Calculations performed with this version of
AVIDOS 2.0 cannot be used for radiation protection service.

Based on the author’s investigations, Seibersdorf Laboratories has qualified an
offline copy of AVIDOS-FDS that fulfills all functional and non-functional requirements
defined in the Austrian Ordinance of Radiation Protection for Flying Staff [133]. This
enables AVIDOS-FDS usage for regular radiation protection purposes for routine dose
assessment due to galactic cosmic radiation. Author took also an active part in the
formulation of formal processes and instructions [135] for the assessment of radiation
exposure in aircrafts. The developed documentation has been adopted into
Seibersdorf Laboratories’ quality management system compliant with ISO 9001:2008
standard. The defined procedures embrace measurements of radiation exposure in
aircrafts, assessment of radiation exposure in aircrafts using model calculations, and
validations of model calculations for the assessment of radiation exposure in aircrafts.
A successful audit of the flight dosimetry processes based on AVIDOS resulted in an
accreditation compliant with EN ISO/IEC 17025 standard. It confirms technical
competences of Seibersdorf Laboratories’ team in the assessment of radiation
exposure in aircrafts by using AVIDOS as a dosimetry calculation method. Currently,
the author is head of the aviation dosimetry service group.
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7. Conclusions

In this dissertation, | presented my work as a scientific employee of Seibersdorf
Laboratories towards development and implementation of a semi-empirical model for
real-time radiation dose assessment at civil flight altitudes due to galactic cosmic rays
and spontaneous solar particle events.

| achieved this aim coming through several steps. | described calibration and use
of tissue equivalent proportional counter (TEPC) in measurements of laboratory
radiation fields as well as on-board aircraft. | performed complementary to
measurements numerical simulations of radiation exposure in atmosphere due to
galactic cosmic radiation (GCR) and solar energetic particle (SPE) events. Based on
the gathered knowledge and experience, | developed a model for real-time radiation
dose assessment at civil flight altitudes due to galactic cosmic rays and spontaneous
solar particle events. | implemented the proposed model into AVIDOS 2.0 code.

AVIDOS 2.0 is provided to public as a web service of the Seibersdorf Laboratories
federated with ESA’s Space Situational Awareness Space Weather portal (SSA SWE).
It serves as informational and educational online software for the assessment of
cosmic radiation exposure at flight altitudes. It is freely accessible. Regarding GCR,
AVIDOS 2.0 can forecast radiation dose up to 12 months in advance. As for SEP,
AVIDOS 2.0 provides real-time minimum and maximum expected dose. So far,
AVIDOS 2.0 is the only publicly available software in Europe that provides this kind of
real-time information.

AVIDOS 2.0 is also an active answer to the ICRP 132 [13] recommendations for
frequent flyers and public serving as a tool for self-assessment of radiation dose, as
well as providing general information of cosmic rays exposure at civil flight altitudes.

| developed also an offline version AVIDOS-FDS with formal procedures for routine
aviation dosimetry for radiation protection service. This fits well into implementation of
EC Directive [8]. Proposed solution is compliant with EN ISO/IEC 17025 standard for
testing laboratories. Seibersdorf Laboratories is using AVIDOS-FDS for routine
radiation protection purposes where | am the head of the aviation dosimetry service

group.
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8. Outlook

Concerning nowcasting and forecasting of radiation exposure due to GCR with
AVIDOS 2.0, the next version of AVIDOS will have implemented the new ICRP 103 [3]
recommendations regarding new radiation weighting factors for neutrons and protons.
Currently, ICRP 60 recommendations [5] are used since this is the legally valid basis.
Consequently, | expect that effective dose values calculated with new radiation
weighting factors will change compared to the current effective dose values. Motivation
for this work is the new EC Directive 2013/59/Euratom [136], which with 6™ of January
2018, repeals the EC Directive 96/29/Euratom [8], and which directly calls for the
implementation of the ICRP 103 [3] recommendations.

The most challenging part of AVIDOS 2.0 in the nowcasting of radiation exposure
due to SEP is the assessment of solar proton spectrum and its temporal evolution. The
current approach for the assessment of the spectrum uses data from a single neutron
monitor station. This approach has limitations, which results in a range of radiation
dose assessments. AVIDOS 2.0 gives expected minimum and maximum route dose
for a selected flight. In addition, because of using a single neutron monitor station, an
isotropic incidence of solar energetic particles is assumed in the current model, which
in the first 20-30 minutes of a GLE event is often not the case. However, for the
remaining part of GLE temporal evolution, the situation naturally falls into isotropic
scenario and nowcast by AVIDOS 2.0 is reasonable. Working with at least two neutron
monitor stations and using ratio of their measured count rates, one can improve the
assessment of spectrum’s steepness and therefore reduce uncertainty for the real-time
assessment of radiation doses. One can also take a more ambitious approach and
work not only with two neutron monitor stations but also with a network of
e.g. 10 neutron monitor stations located all over the world. To obtain results for a near
real-time solution, a parallel processing on a high performance computing cluster might
be necessary.
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12. Appendix A — Microdosimetric distributions and their
graphical representation

In this appendix, several technical aspects of microdosimetric distributions are
presented.

12.1. Microdosimetric distributions

In microdosimetry, results are expressed as probability distributions of energy
depositions in a volume that is crossed by a single ionizing patrticle.

The stochastic analog of the dosimetric quantity absorbed dose D

de

~dm

in a volume V surrounding the point where the absorbed dose is considered is the
specific energy, z
_ & _ &
Z= oV m
The specific energy, z, is a stochastic quantity. Its values occur randomly in the
considered volume, however, the probability of any particular value of z is determined

by its probability distribution function, F(z). The value of F(z) is the probability, that
specific energy is equal to or less than z. The derivative of F(z):

f(2)= dF(z)

oz

is the probability density, f(z). Probability, that specific energy produced by an event is
in the range [z, z+dz] is then f(z)dz.

The expectation value of f(z) is the first moment of f(2).It is called mean specific
energy, I and is non-stochastic quantity.

The mean specific energy z in a site is equal to the absorbed dose D when the site is
uniform and is exposed to a uniform radiation field. Otherwise, the mean specific
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energy is equal to the average absorbed dose in the site: Z = D. Under non-uniform
conditions absorbed dose must be give as

D=1limz
m-0

Unlike to the lineal energy that by definition is produced by a single energy
deposition event, the specific energy may be due to one or more energy deposition
events. Itis useful to consider situation when only one track overlaps some of the target
volumes - one (and only one) event occurs. In this situation, the distribution function of
the specific energy deposited in a single event, F1(z), is the probability that a specific
energy less than or equal to z is deposited under condition that one (and only one)
event occurred. The derivative of F1(z) is the probability density, f1(z):

and is called single-event frequency distribution of specific energy. Probability that
specific energy produced by single event is in the interval dz centered at z is then

fi(z)dz. The first moment of fi(z) is the expectation value of fi(z). It is denoted as Zf,
and called frequency-mean specific energy per event:

_[zfl(z)dz

I, =2——
I f,(2)dz
0

The denominator in the above equation is a normalization factor. By convention f1(z)

is normalized to one event and denominator is equal to unity.

It is also useful to consider dose distribution of z per energy deposition event. Let
D1(z) be the fraction of absorbed dose, D, per event and delivered by energy deposition
events having specific energy less or equal to z. Similarly to f1(z), one can define di(z)
as derivative of D1(z)

It is the dose probability density called single-event dose distribution of specific
energy. Probability that a fraction of absorbed dose will be transferred to the targets
with the specific energy in the range [z, z+dz] is then d1(z)dz. First moment of d1(z) is
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the expectation value of di(z) called dose-mean specific energy per event and

denoted as .

The denominator in the above equation is again normalization factor. Dose-mean
specific energy is a non-stochastic quantity.

The relation between single-event frequency distribution of z, f1(z), and single-event
dose distribution of z, d1(z) is:

The relation between frequency-mean specific energy per event, Z;, and dose-

mean specific energy per event, Zp, is

= 17
Z, = ZE[ZZ f,(z)dz

Analogously to specific energy, similar quantities can be defined for lineal energy:
e f(y) — frequency distribution of lineal energy,

e Y - frequency-mean lineal energy,
e d(y) — dose distribution of lineal energy,

e Y - dose-mean lineal energy.

The relations between f(y) and d(y), and between Yz and Y, are analogous to
relations for specific energy.

12.2.  Graphical presentations of microdosimetric distributions

For better understanding of microdosimetric distributions, their graphical
representations are very helpful. Microdosimetric distributions can be presented either
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as a function of imparted energy, &, or specific energy, z, or as a function of lineal
energy, y. Microdosimetric distributions presented as a function of z or ¢ are rare. In
experimental practice, microdosimetric distributions are typically presented as
a function of lineal energy, y, especially when one is interested in radiation quality or
radiations. This way of presentations is also recommended by ICRU [1].

In microdosimetry, it is very characteristic that lineal energy, y, spans over even
several orders of magnitude, therefore a certain way of representation must be
employed. A simple linear representation f(y) vs. y is very rarely used because in most
cases it does not allow to appreciate all aspects of the distribution. Better
representation would be a spectrum displayed on double logarithmic scale but it does
not allow to directly estimating from the plot the fraction of events that have lineal
energy values in a certain range of interest. The best representation is yf(y) vs. log(y).
The mathematical explanation for this way of presentation is based on a fact that:

Y2 Y2
j FO)dy = f [yf )] d(log)
Y1 Y1

With this representation, the area enclosed between any two values of y is proportional
to the number of events that have lineal energy in the delimited range of y.

The problem of graphical representation of microdosimetric distribution in practice
calls for correct redistribution of events on a logarithmic scale of y and correct
normalization. Redistribution of events can be achieved by a division of logarithmic
scale into B increments per decade in such a way that the nth value of y is given by

Y = Y0105

where yo is the lowest considered value of y. The logarithmic increment of y is then
given by

1

Alogy) =&
The number B of increments per decade should be large enough, that the difference
between d(logy) and A(logy) can be neglected. Usually B is set between 10 and 50.
Normalization uses the fact that the probability density, f(y), is by definition

normalized to one energy deposition event. This should stay unchanged regardless
the type of the scale of y.
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ff(y)dy =1

In order to correctly normalize a spectrum on a logarithmic scale one needs to apply
mathematical relation between the linear, natural logarithmic and base-10 logarithmic
differentials given by equation:

fdy = yf(y)d(ny) = (In10)yf (y)d(logy)

Then, replace integration over d(log y) differentials with the sum of A(logy), which
is 1/B, as described above, therefore obtaining the correct normalization formula:

[oe)

In10 v«
[ yroraann =23 viron =1

0

In a numerical normalization, the discussed problem is much simpler. One needs
to apply n-th intervals of lineal energy yn into normalized probability density and define
Yi+1/2 as geometrical mean of y;,; —y; interval, and similarly y;_,,, as geometrical

mean of interval y; — y;_, in order to obtain the formula:

f fdQ@y) = Zf(}’i) (Vi+1/2 = Yie1/2) = (10872 — 10_3/2)2)’if(}’i) =1

In the case of dose distribution, d(y), a characteristics providing qualitatively the
same information as for frequency distribution, would be y2f(y) vs log(y). The
normalization procedure of the dose distribution is the same as it is for frequency
distribution. For the normalized dose distribution, the area between any two values of
y gives the fraction of absorbed dose transferred to the matter in the selected range of
y. This way of presentation of a microdosimetric spectrum is the standard one (Figure
88).

132



0.35

0.30 A

0.25

0.20

y*d(y)

0.15
0.10

0.05

0.00 ’j‘

T T T T T T T T TTTrT T T T T T T T T T T T T

0.01 0.1 1 10 100 1000

Lineal Energy / keVum”

Figure 88 Normalized microdosimetric spectrum of cosmic radiation measured with TEPC over Rome
at 9.8 km of altitude on 6t of May 2003.
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13. Appendix B — AVIDOS 2.0 online

In this appendix, several technical aspects of AVIDOS 2.0 software are presented.

AVIDOS 2.0 can be accessed only after registration to the ESA SSA SWE portal.

Models described above in Chapters 6.1 and 6.3 were implemented by author in a
computer program AVIDOS 2.0. Program AVIDOS 2.0 is provided to public as a web
service of the Seibersdorf Laboratories federated with ESA’s Space Situational
Awareness Space Weather portal (SSA SWE). It serves as informational and
educational online software for the assessment of cosmic radiation exposure at flight
altitudes. It is freely accessible — only a free of charge registration at ESA SSA SWE
portal is required. The user interface of AVIDOS 2.0 is designed in such a way, that it
can be used by everyone, from a public person, through aircraft crew, up to experts
and scientists.

13.1. Online access to AVIDOS 2.0

AVIDOS 2.0 is accessible only via ESA SSA SWE portal. ESA portal requires
a user registration. Registration is free of charge and is open to everyone: public
members and professionals. In order to access full AVIDOS 2.0 functionality one has
to register as professional user (e.g. scientist). AVIDOS 2.0 distinguishes public users
and professional users. Science mode is accessible only to professional users. In
addition, one has to request access to “Service to Airlines NSO/air” in the Non Space
System Operation section. The procedure of registration is described under the link:
http://swe.ssa.esa.int/web/quest/request-for-reqgistration (Figure 89). In case of
problems user can get help from ESA’s SSA Space Weather Coordination Centre
helpdesk (SSCC, http://swe.ssa.esa.int/contact, helpdesk.swe@ssa.esa.int). If after
registration access to “science mode” is denied, one shall ask SSCC helpdesk to
change user profile from regular one into professional.
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Figure 89 User registration on the ESA SSA SWE portal. Mandatory fields are marked with red boxes.
(source http://swe.ssa.esa.int/web/quest/request-for-registration )

After registration, AVIDOS 2.0 can be accessed via Service Domain “Airlines”
(Figure 90), or via Expert Service Center Space Radiation (Figure 91), or directly under
the link: http://swe.ssa.esa.int/web/quest/avidos-federated
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13.2. Running AVIDOS 2.0 on a PC

First version of AVIDOS 2.0 has been available online in 2012 and its Graphical
User Interface has been written in Java programming language using Java Plug-in
technology. Therefore, to run AVIDOS 2.0, the user must have installed Java Runtime
Environment (http://java.sun.com) with Java Plug-in on her/his PC. Nowadays, most
web browsers do not support Java plug-in anymore (Figure 92), and user must use
Internet Explorer web browser uder Windows operating system (up to Windows 7,
Windows 10 is excluded). This is certain disadvantage for users, and author is currently
taking best effort to change programming technology in order to overcome these
restrictions. A new version of AVIDOS with new Graphical User Interface is expected
with the end of 2017.

I e'ncr‘(-

e : q
esa ituational ‘
space situational awareness > E“'"Pff%

Federated tool from the Seibersdorf Laboratories
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SWE Portal [2.5.0], Copyright 2000 - 2017 @ European Space Agency. Al rights reserved.

Figure 92 Technical tips to run AVIDOS 2.0 on a PC (Java Runtime Environment http://java.sun.com

is necessary, Windows operating system and Internet Explorer web browser are recommended.)
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13.3. AVIDOS 2.0 - user interface

When started, AVIDOS 2.0 displays its welcome screen (Figure 93). The welcome
screen is divided in three parts. World map with current effective dose rates at FL350
(=10.67 km) due to GCR is in the center, a set of control buttons and alert icon
displaying current status of a GLE alert are on the right. GLE alert is reproduced after
GLE alerting service available via ESA portal. The lower part of the welcome screen
allows for accessing different user-modes.

Language of the user interface can be changed at any time. FAQ is structured in
few chapters. It introduces the program, offers user manual, provides basic information
on cosmic radiation and gives few references to scientific publications. Contact button
displays contact details to the developers. Feedback questionnaire (displayed in a
separate tab of the web browser) allows users to express their impressions and
comments on the software. Disclaimer informs, that this version of AVIDOS cannot be
used for radiation protection purposes (see Chapter 6.4). In acknowledgments author
expresses recognition to external organizations for using their data/resources.

Federated tool from the Seibersdorf Laboratories
What is Space Waather

SSA Space Weather Activities

Current Space Weather h SEIBERSDORF
o N/Dos . _ LABORATORIES
i i casa A bm@
— AVIATION DOSIMETRY L L RLL L Ll
AVIDOS 2.0
oo = =
T e
e an T ()N ==]=]
Power Systsms Operation
|We|come |V|
Exploitation System Operation
. FAQ |
Contact |
Feedback |
ESC Solar Weather
ESC Space Radiation Disclaimer |
ESC Ionospheri
Acknowledgements |

SWEN NewsLetter Welcome to AVIDOS

Upcoming Events

AVIDOS is an informational and educational software for the assessment of cosmic radiation exposure at flight altitudes.
You are not signed in.
Sign In
Request For Ragistration

Aircrew Waypoints Science

Agency. All rights

F|gure 93 Welcome screen of AVIDOS 2.0 as appearing on the ESA Space Situational Awareness
Space Weather portal (Source: http://swe.ssa.esa.int/web/quest/avidos-federated)
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13.3.1. Public mode

The less complex is “public mode” (Figure 94). Itis designed for a user that demands
guick assessment of cosmic radiation exposure for a selected flight without considering
all technicalities. To perform calculations in public mode, only the minimum set of
information is required: date and time of the flight, departure, and destination. Other
flight parameters are, for the sake of simplicity, fixed and hidden. Altitude is set
constant at FL350 (=10.67 km), flight route is always along Great Circle, and flight
duration is calculated with specially developed algorithm. For this, a large set of real
flights was analyzed. Flight duration is calculated based on the distance between
departure and destination and selected cruising altitude.

Results of calculations are displayed in form of a table. The table shows the date
and time of the flight, selected departure and destination, assessed effective dose, and
information whether the flight occurred during a GLE event. For the flight selected in
the output table, assessed effective dose is displayed graphically on the dial and on
the “time-bar”. The maximum value on the dial corresponds to 2.4 mSv — a worldwide
average of annual natural background radiation dose [130]. The “time-bar” shows
amount of days that must be spent on the ground to obtain the same dose as during
the selected flight.

AVIDOS 2.0

Disclaimer

| Acknowledgements

Date/Time | Fri, 22 Sep 1989 @ 12:00 | y ~\‘\I‘Il|2|olowrh"’ By
£ £ 1 e b
LV * % %%\ \natdoes 42 uSv mean to me?
! = HEw e - A\
VE s : 2 B
- Efecice dose = | | 6 days of natural background radiation
— LY =
Departure CHICAGO, IL, USA [=] | W) i a 6
[ 11 I |
'-._\ 42 T ;,-' 0 1 month 6 months 1 year
Destination |yiENNA (WIEN), AUSTRIA v b o
. -~
\h__“____\_ z ____/.»/
# Date/Time Departure Destination E (uSv) | GLE
2 29/09/89 12:00 | CHICAGO, IL, USA | VIENMNA (WIEN), A..| 74-440 GLE
1 22/09/89 12:00 | CHICAGO, IL, USA | VIENNA (WIEN), A... 42
| Calculate |

Figure 94 AVIDOS 2.0 online: public mode with examples of radiation exposure assessment for flight
during GLE event (Flight#2, top in the table) and during normal solar conditions (Fligth#1, bottom
in the table)
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13.3.2. Aircrew mode

For those who are more enquiring and like to explore, AVIDOS 2.0 offers “aircrew
mode”. In this mode user can easily appreciate influence of flight route, altitude, flight
duration and even flight date on the assessed radiation exposure by having the
possibility to change all those parameters. In this mode user can change date and time
of the flight, departure, destination, cruising altitude, and flight duration. Figure 95
below presents effective dose assessment for two flights that differ only in cruising
altitude. For Flight#1 (in the bottom of the table) performed on 16.06.2017 at 15:35
with cruising altitude at FL350 (=10.67 km) and duration of 10 hours, effective dose is
assessed to be 72 uSv. By changing the altitude to FL450 (=13.75 km), the assessed
effective dose rises to 112 pSv even though the flight was shorter: 8:15 hours. Similar
analysis can be performed changing duration of the flight, or departure date setting in
once in solar minimum (e.g. 1998) and once in solar maximum (e.g. 2002). Calculation
results are displayed in the same way as in “public mode” but in “aircrew mode” user
can download calculated flights for personal use. In addition, a total effective dose from
all calculated flights is displayed.

AVIDOS 2.0

|Ai rcrew | - |

T | FAQ

| Contact

Disclaimer

i | Feedback |

e | Acknowledgements

e T
Date/Time | Fri, 16 Jun 2017 @ 15:35 | T,
7 \\\\ i . ’ oy "
y ¥ 1200 g \
;/ iy 0 % % What does 112 pSv mean to me?
Departure [cHiICAGO, IL, USA ] | BVAF & o % Sl
/& Efieciue dose u = | | 17 days of natural background radiation
o | :M Y E | 17
Destination | \iENNA (WIEN), AUSTRIA |~] | PO | | |
. 11 D v , 0 1 month 6 months 1 year
Altitude |FL | - | |450 | - | [ ] Default N\
‘\\ g7 Total effective dose 184 pSv
d
bt t . i Calculated flights
f::,"r:::}“e | |~ | | - | [¥] Estimate e | =
' # DateMime Departure Destination E (uSv) i GLE
2 | 16/06M7 15:35 | CHICAGO, IL, USA | VIENNA (WIEN), A... 112 |
1 16/06/17 15:35 | CHICAGO, IL, USA | VIENNA (WIEN), A... [
| Calculate |

Figure 95 AVIDOS 2.0 online: aircrew mode with examples of radiation exposure assessment for flight
at default FL350 (=10.67 km) altitude and estimated 10 hours duration (Flight#1 bottom in the table),
and flight at higher FL450 (=13.75 km) altitude and estimated 8:15 hours duration (Flight#2 top
in the table).
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13.3.3. Waypoint mode

“Waypoint mode” (Figure 96) offers a maximum flexibility when entering flight data.
This mode allows for dose assessment for a waypoint-by-waypoint designed flight that
includes a complete set of parameters for each waypoint. Waypoints can be uploaded
as batch file. Each waypoint has information on flight-id, waypoint-id, current altitude,
date and time, and geographical position. The format of the input file is described in
FAQ. An example of the input file can be obtained directly from the user interface; it
can be modified and saved. User can load up to 10 different files at the same time. All
files are analyzed and if error is encountered, an error-message is displayed. The error
can be corrected from the user interface with “Edit” option. Calculations are performed
only for files without errors. Results are presented in a similar manner as previously.
In this mode user can obtain results not only in terms of effective dose, but also in
terms of ambient dose equivalent — an option that can be useful when comparing
calculated results with measurements on-board aircraft. User can download results for
personal use.

AVIDOS 2.0

- =
==

|Waypoims | - |

FAQ

Contact

Disclaimer

Acknowledgements

| Feedback |

,/’""' 3 -'-‘““-\.\ () Effective dose
Quen e SeLExampic P . N @ Ambient dose equivalent
yi \‘\‘ @ 1200 ”1-
| D | File name | Status | ;, W - s ‘o g \ What does 43 pSv mean to me?
= Hsw v A
| os74 AVIDOS_example bd oK e s o — 4
i g Lo dublics 3 = | | 7 days of natural background radiation
= ¥ =
AVIDOS_exampleErm2.bt Error | o saim | 7
\ EBR | |
35 o / 0 1 month 6 months 1year
- 7
‘\\ // Total ambient dose equivalent 35 pSv
Error line f4: g = | Calculated flights
RO Rl # | Datemime Departure Destination | H*(10) (uSv)|  GLE
0574| 18/04/16 01:00 LFPG KJFK 35 [

Figure 96 AVIDOS 2.0 online: waypoint mode with three input files: one correct, and 2 erroneous.
Results are presented in terms of effective dose or ambient dose equivalent.
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13.3.4. Science mode

“Science mode” is the most complex one. It allows for radiation dose assessment at
flight altitudes during extraordinary solar conditions. In this mode, users can analyze
dose dependency for different solar proton spectra or investigate different flight routes
flown during the same extraordinary solar condition. Science mode offers several
implemented solar proton spectra and a few representative flights. Currently, there are
two GLE events implemented in AVIDOS 2.0: GLE42 from 29.09.1989 and GLEG69 from
20.01.2005. It is planned to extend this set in future. For each GLE, AVIDOS offers its
default-soft and default-hard spectrum calculated with algorithm described in 6.3.2 and
at least one spectrum published in literature. AVIDOS 2.0 offers three representative
flights: a northern Chicago-Beijing flight, a Sydney-Johannesburg flight on the southern
hemisphere, and a San Francisco-Paris transatlantic flight. All parameters for the
selected spectrum (dates, amplitude, and steepness) and of the selected flight (dates,
altitude, and position) can be edited directly in the input tables. In this way, user can
enter own spectrum or own flight. Results are calculated in terms of effective dose and
ambient dose equivalent on the waypoint-by-waypoint basis separately for contribution
due to GCR and due to solar event. This gives user a unique opportunity to analyze
the temporal evolution of radiation exposure during the selected flight. As previously,
results can be downloaded for personal use (Figure 97).
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Figure 97 AVIDOS 2.0 online: science mode. All parameters of selected input spectrum and selected
flights can be modified in the tables. Results (effective dose or ambient dose equivalent) are displayed
on a waypoint-by-waypoint basis separately for contributions due to GCR and solar event.
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13.4. AVIDOS’ current cosmic radiation map

Algorithms developed for AVIDOS 2.0 were also used to build an automated
procedure that creates daily an animated world map of current effective dose rate due
to GCR at altitudes between 8 km and 15 km (Figure 98). The map is accessible via
ESA’s SSA SWE portal in the “Current Space Weather” section of the portal
(http://swe.ssa.esa.int/swe). The map is free to use by everyone, e.g. it can be
downloaded or linked to any web portal.
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\\&2__ esa space situational awareness

-
=S Europgan Spa

Welcome to the SSA Space Weather Service Network
Please note that all SSA-SWE Services are under review/ construction

What is Space Weather
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Current Spaca Weathar Geomagnetism: Active, : , Predicted 10CM Flux: 77,

Current cosmic radiation map

Spacecraft Design

Spacecraft Operation
Human Space Flight

Resource Exploitation System Operation

Pipeline Operation

Auroral Tourism Sector

Generzl Data Service

ion
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3!

Figure 98 Animated map of current effective dose rate due to GCR at flight altitudes from 8 km — 15 km.
(Source: http://swe.ssa.esa.int/swe).
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13.4.1. Linking AVIDOS’ current cosmic radiation map

The animated world map of current cosmic radiation exposure due to GCR (Figure
98) is free to use and can be linked into any internet web site. For example, author has
linked the map on Seibersdorf Laboratories’ web sites (Figure 99). The simplest HTML
code to link the map is:

<img alt="0 Seibersdorf Laboratories” title=”AVIDOS Current cosmic radiation map”
src=http://avidos.seibersdorf-laboratories.at/V2-0/CURRENT AVIDOS.eu c SeibersdorflLaborGmbH.gif>
</img>

If clicking on the picture should open ESA portal in a new tab, the HTML code is:

<a
href=http://swe.ssa.esa.int/web/guest/avidos-federated
target="_blank”>
<img alt="© Seibersdorf Laboratories” title="AVIDOS Current cosmic radiation map”
src=http://avidos.seibersdorf-laboratories.at/V2-0/CURRENT AVIDOS.eu c SeibersdorflLaborGmbH.gif>

</img>
</a>
SE| BERSDUR F Deutsche Version | aAA
LABORATORIES
L L RLL L Ll lonizing Radiation and Radioactivity
Home Products Company Info Academy Search Login

Home = Products = lonizing Radiation > Dosimetry = AVIDOS > Current Exposure

AVIDOS Go

Current exposure in different altitudes
Current Exposure

Public Mode e BVIDb

Aircrew Mode

Waypoinis Mode LABU RATUR ‘ ES OS
L)

TIL L AVIATION DOSIMETRY

Science Mode
What is AVIDDS?

Contact

Radiation Protection Dosimetry
T: +43 50550-2545

F. +43 50550-2544
radiation{atiseibersdoii-
Isboratories. at

by AVIDOS € Seibersdorf Labor GmbH, map: esa’

Effective dose rate in uSv/h VIDb
Altitude: 11.00 km A OS

Date: 17.06.2017 AVIATION DOSIMETRY

£ forward article

Figure 99 An Example of linking AVIDOS'’ current radiation exposure map on external web sites (source:
https://www.seibersdorf-laboratories.at/en/products/ionizing-radiation/dosimetry/avidos/current-
exposure )
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