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Abstract

Experimental and Computational Assessment of Airsr®adiation Exposure

Aircrew personnel is exposed to radiation levetsrfrcosmic rays that on average are equal to or
higher than other occupationally exposed persoreegives from artificial sources in medicine,
industry and®"™°°% |n a pilot experiment in cooperation wiffyrolean Airways the radiation
exposure on short and midrange operations has bealuated. Experimental data have been
compared with results from CARI 6, a computatioateyn using Monte Carlo calculation codes in
order to calculate aircrew radiation exposure. Aastlegislation defines computer-based dose
assessment as an appropriate means of radiatitecpom as long as the calculations agree within
30% with experimental data. For the experimentaessment of the cosmic ray induced dose,
thermoluminescence dosimetry has been used. Thasciimmon method in personal dosimetry.
Additionally to the overall exposure, the neutramicibution has been determined by the extended
pair method using TLD-600/700 dosemeters. Besidssehlithium fluoride phosphors, calcium
fluoride dosemeters (TLD-300) have been used ttuatatheir reproducibility and applicability to
personal dosimetry of aircraft crew. Results predidy the CARI 6 code have been analyzed in
comparison with the experimental data from theedéht types of thermoluminescence dosemeters.

Zusammenfassung

Experimentelle und computerunterstitzte Erfassungrdstrahlenexposition des fliegenden
Personals

Fliegendes Personal ist einer Strahlenbelastungchddidhenstrahlung ausgesetzt, die im
Durchschnitt vergleichbar oder sogar héher isjeie, welche andere strahlenexponierte Personen
in Medizin, Industrie und Technik erhalten. In em®ilotexperiment in Kooperation niflyrolean
Airways wurde die Strahlenbelastung auf Kurz- und Mittelstenfligen bewertet. Die
experimentellen Daten wurden mit Ergebnissen von RDO& verglichen, einem
Computerprogramm, welches mittels Monte-Carlo-Satioh die Strahlenexposition von
fiegendem Personal berechnet. Die 0sterreichiscli@esetzgebung genehmigt die
computerunterstitzte Dosiserfassung als ausreiehedttahlenschutzmaBnahme, solange die
Berechnungen innerhalb von 30% mit experimentdllaten bereinstimmen. Zur experimentellen
Erfassung der durch Hohenstrahlung bedingten Daegsisde Thermolumineszenzdosimetrie
verwendet, eine weit verbreitete Methode in ders®sendosimetrie. Zusatzlich zur gesamten
Exposition wurde der Neutronenanteil mit Hilfe @eweiterten Paarmethode auf der Grundlage von
TLD-600/700 gemessen. Neben diesen beiden Lithwornfl-Dosimetern wurden zuséatzlich
Kaliziumfluorid-Dosimeter des Typs TLD-300 verwehdeum ihre Reproduzierbarkeit und
Anwendbarkeit in der Personendosimetrie von Flugkesatzungen zu tGberprifen. Die Ergebnisse
von CARI6 wurden im Vergleich mit den experimelgel Daten der verschiedenen
Thermolumineszenzdosimetertypen analysiert.
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Chapter 1

Introduction

1.1 Motivation

Due to the increasing importance of aviation in Brodtransportation, aircrew radiation exposure
has become a matter of growing interest. On averagerew personnel is exposed to radiation
levels from cosmic rays that are equal to or highan other occupationally exposed personnel
receives from artificial sources in medicine, intlysand technology. In 1990, tHaternational
Commission on Radiological Protection (ICRRjst published recommendations for limiting
radiation exposure of aircrew. Six years later, Bugopean Union decreed t@ouncil Directive
96/29/EURATOMf 13 May 199€41], laying down basic safety standards for the ptatecf the
health of workers and the general public againstdhAngers arising from ionizing radiation. The
Austrian government implemented this European lgvaimmendment of the national legislation on
20 August 2002 (Strahlenschutz-EU-Anpassungsg@&€t2, BGBI. | Nr. 146/2002), 10 December
2004 (Strahlenschutz-EU-Anpassungsgesetz 2004, BGBIr. 137/2004) and 22 May 2006
(Allgemeine Strahlenschutzverordnung, BGBI. 1l 181/2006), including a supplement for aircrew
(Strahlenschutzverordnung fliegendes Personal, BGBIr. 235/2006a) issued on 22 June 2006.
According to this legislation, it is the responstiof an airline operator to ensure that the atidn
exposure received by aircrew members is kept asdsweasonably achievable (ALARA) with
respect to the state of technology under consideraf economic and social factors. The accurate
assessment of the complex radiation environmerdllystequires a high effort of instrumentation.
The “Institute of Atomic and Subatomic PhySiceveloped an experimental dosemeter system
based on thermoluminescence. Thermoluminescentde ithermally stimulated emission of light
following the previous absorption of energy fromiiwing radiation. Only electrical insulators (or —

under special conditions irrelevant to practicalplegations — semiconductors) may exhibit
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thermoluminescence. The most frequently used ptorgpHithium fluoride doped with magnesium
and titanium. In this study, two types of this metehave been used. Both types have the same
structure except for their enrichment in differdithium isotopes. This allows — beneath the
measurement of the total absorbed dose — an eimluaf the neutron and non-neutron
contributions to dose by means of the “extended paéthod”, exploiting different neutron
sensitivities of the dosemeters. Beside the lithfluoride phosphors another — more sensitive —
dosemeter material based on calcium fluoride dogigid thulium has been tested for its reliability
in routine measurements of cosmic radiation. Gélyerthermoluminescence dosemeters are
toxicologically harmless, do not require energyymor emit any electromagnetic radiation that
could interfere with aircraft electronics. Thiswhy this system is completely passive and does not
require special aviation certification. The expamtal data have been compared with results from
CARI 6, one of the most frequently used computapoograms worldwide to calculate radiation
exposure on different flight routes. The CARI6 epdleveloped at thd-ederal Aviation
Administration (FAA)Civil Aerospace Medical Institutealculates the effective dose from cosmic
radiation received by an individual (based on athr@pomorphic phantom) on an aircraft flying a
geodesic route between any two airports in the dvdrhe program takes into account changes in
altitude and geographic location during the cowsea flight, as derived from the flight profile
entered by the user. It has been certificated bgrak nations as a reasonably accurate method for
airlines to calculate the radiation exposure remiby their personnel. The Austrian legislation
allows computer-based calculation as an exclusivece for dose assessment of aircrew personnel,
if agreement within + 30% — compared with experitaétechniques — can be ensured. This thesis
describes the pilot experiment in cooperation \pithts of Tyrolean Airways /Austrian Arrow3he
received radiation exposure was measured and agdcubn short and mid-range operations of the
different Tyrolean Airwaysfleets,Bombardier Dash 8-Q300/40Bombardier Canadair Regional
Jet (CRJ)-100/20@ndFokker 70/100

1.2 Organization of the Thesis

Cosmic Radiation.Chapter 2 will review the properties of cosmiciatidn. To be assessed are the
origin of the radiation, its acceleration and th&iaction processes in the Earth’s atmosphere. The
secondary radiation field within the atmosphere theddifferent components of an air shower are
described in detail.

Radiation Dosimetry and Effects.The third chapter starts with an introduction agie quantities

and units in dosimetry. Various quantities are usedescribe physical properties of a radiation
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field, the energy deposition by ionizing radiationinvolved risks for biological organisms. In the
second part of this chapter, the effects of raoliatbn humans are presented from the initial
ionization of the target structure, via the phykicghemical and biological processes up to
deterministic and stochastic radiation effects lm whole organism. Concluding, results of cohort
studies, which investigate statistical relations aafsmic radiation and cancer incidence are

presented.

Thermoluminescence DosimetryThe principles of thermoluminescence are descriliglin the
energy band model of solid-state crystals. Evatmatdof a thermoluminescence dosemeter is
implemented by measurement of the light emittednduan appropriate heating process. The light
intensity over temperature represents the so-cafjledv curve. It is shown that simplified
theoretical models can approximate the shape afcaural glow curve by appropriate evaluation of
the model parameters. Additionally to the theoedtimodels, in this chapter, the compositions of
the used dosemeters are explained. Besides thamatkristics and practicability, the extended pair
method is explained that allows to differentiate teutron contribution in the measured overall

exposure.

Experimental AssessmentThe experimental assessment of cosmic radiatianageomplished by
thermoluminescence dosemeters of the types TLD7800/and TLD-300. Forty DOSFLIP
dosemeter packages were used in three periodsl ¢tireg Tyrolean Airway fleets, Dash 8, CRJ
and Fokker 70/100. The results are presented fdr package as the total absorbed dose (rate) and
the neutron component of the radiation field. Rar#éd the established TLD-600/700 dosimetry, the

TLD-300 dosemeters were analyzed to examine it8cayility to personal dosimetry of aircrew.

Computational AssessmentThe computational assessment is based on CARhighws one the
worldwide most frequently used computer programgadfrulate radiation exposure of aircrew.
CARI 6 is based on Monte Carlo calculations of #ffective doses on the shortest — geodesic —
route between any two airports in a database wssnigiput flight time, altitudes and geomagnetic

cut-off rigidity. The results are presented and pamd to the experimental data.



Chapter 2

Cosmic Radiation

2.1 Introduction

The Austrian physicist and Nobel laureate, Victoeskl discovered cosmic radiation during
ballooning experiment§2] in the early 28 century. He detected that the intensity of ionizin
radiation rises with increasing altitude and attréal this to an additional source of radiation from
outside the Earth’'s atmosphere. Outside the atnawepltosmic rays can be classified in solar,
galactic and geomagnetically trapped radiation (Begire 2-). Through interaction with the
Earth’'s atmosphere, air showers, a cascade of dappmparticles, are created. This secondary
radiation is a function of altitude, geomagnetititlale and solar activity. Some of the secondary
particles have a high biological effectiveness. Teximum of the radiation exposure is found at
altitudes between 12 and 20 kilometers above s&h lln modern aviation, these altitudes are used
primarily for cruise flights. Therefore, the radiat exposure received on civil flights is of spécia

interest.

2.2 Space Radiation

Highly energetic particles from outside the Eartatsnosphere continuously bombard the Earth.
The radiation environment in free space is verfeddnt from the one on the Earth’s surface or that
in low-Earth orbit, due to the much larger fluxto§h-energy galactic cosmic rays and the missing

protection from the geomagnetic field.
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Figure 2-1: There are three principal sources atspadiation: galactic cosmic rays, trapped radian the

Earth’s radiation belts and solar particle eveAtisthree sources are affected by the Earth’s magfiield. [3]

2.2.1 Galactic Cosmic Rays

Galactic cosmic rays are high-energy particles émér our solar system from outside. The energy
of these particles can be up to™8Y. [4] The flux of particles with highest energies is Br(see
Figure 2-3. The origin of this radiation is not entirely kmo. The different energies and the
features in the energy spectrum suggest that nfaseslus stellar phenomena are responsible for the
acceleration of galactic radiation. Basically, st possible to define two models for cosmic-ray
particles. The bottom-up model describe partidies start at low energies and increase their energy
by acceleration. Representative origins for thisedaration could be events like the nuclear
synthesis of stars, supernova explosions and pelsetsed by pulsars. Equivalently, the second
scenario is the top-down model that describes gdastithat lose energy. A possible source is the
decay of heavy particles in consequence of topotbglefects and relicts from phase transitions of
the early universg5] In the bottom-up model, electromagnetic forces kecate the particle. This
acceleration can be direct, as a result of stréaggremagnetic fields, or in a stochastic mannée T
models for this stochastic acceleration are thet #ind the second order Fermi-acceleration. In the
first model, a charged patrticle is scattered by me#ig fields and repeatedly traverses a shock front
in the interstellar medium. Each time the particlesses the field it absorbs energy. The second

order Fermi-acceleration is less effective. A ckdrgarticle is scattered repeatedly at statisyicall
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distributed magnetic clouds and gains energy imyeeycle. The average energy gdii is given as

a function of the velocity of the particlecompared to the speed of lighby

: : , AE
FirstorderFermiacceleratn: E ap (2.1a)
. . AE 2
SecondrderFermiacceleratin : E aop (2.1b)
\Y
LB=— (2.1c)
c

Magnetic fields of the Milky Way deflect chargedriiges of the galactic radiation. This model
confines that cosmic rays with energies of less th@%V are of galactic origin from the Milky
Way and its halo. From the relative abundancesdibactive isotopes one can give an estimate of
the elapsed time since nucleosynthesis or spallatitth this method, an estimate tends to result in
an average age of cosmic radiation of abouty®@rs.[6] Further on, it allows to infer that cosmic
rays have to traverse interstellar matter with mladensity of about 5.5 g/énf6] This leads to the

supposition that cosmic rays stay mostly in the lmaltside of the galactic disc.

Energy Spectrum

The galactic cosmic-ray flux reaches over seveeahdes from several MeV to more thari’ay.

The highest energies are much larger than any {bardhd accelerator can currently provide, or in
the near future. The galactic cosmic ray spectramits peak around 1 GeV. For high energies the

spectra are represented by a power law:

3—'; ~E” (2.2)

y ~25....E < 410°eV
y~3.....410° <E < 510%eV
y<3..... E > 510%eV
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Figure 2-2: Spectrum of the galactic cosmic ray fitj

The change of the indgxat about 5.18eV, shown irFigure 2-2is called theknee The reasons for

this effect are different acceleration and trantgimm through interstellar medium mechanisms for
energies above and below the knee.

At energies above 1%V there is a flattening of the spectrum, the dtedaankle It can be
described by th&reisen-Zatsepin-Kutz’mioutoff. The cosmic microwave background react wit
high-energy photons above 5%V and causes the high-energy protons to looseggney
producing pions[6]

y+ip— Ao ip+, T (2.3a)

yHp- Ao in+, T (2.3b)

This process affects all protons that are accadrat higher speed and slows them down below the
reaction threshold. Particles above the threshoktgy are calculated to have a mean free path
length of about 1.5 .Fm.

The incident direction of cosmic radiation is rekadly isotropic. Galactic magnetic fields deflect

the cosmic rays and confine the particles in thaxyaand homogenize their incoming directions.
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For example at energies up to'®Y, assuming an interplanetary field strength df40nT, the
gyration radius of a cosmic ray is less than 3°a0) which corresponds to an anisotropy of less
than 0.1%.[6] The influence of magnetic fields on galactic cosmags decreases with higher
energies and its anisotropy increases simultangdusin around 1% at 26V to a complete

anisotropy of 100% above ¥aV.

Elementary Composition

The elementary composition of galactic cosmic réamiiacomprises about 87% protons, 12% helium
nuclei, 2% electrons and 1% heavier ions that Faveiclear charge between 3 and 92. Only a
fraction of about 10 consists of photons and neutring8] The ions can be regarded as being
distributed isotropically throughout interstellggase. The measured abundances of the elements

relative to silicon compared with the solar systmndances are givenkigure 2-3

He —e— galactic cosmic rays
----- o--- solar system

relative abdunance

10

10-2 \9 ‘e\be
SEHQ ¢ Y

10 B Sc

10-4 :'Be

10'5|||<[>||||||||1||||||||||1||||||||||
0 5 10 15 20 25 30 35

atomic number Z

Figure 2-3: Nuclear abundances of the cosmic radiatith less than 2 GeV / nucleon compared to the

composition of the solar system. Normalized to 8&:19]

The primary galactic rays interact with intersteliad interplanetary matter and with the interatell
and solar magnetic field. The spectrum dependshemtodulation by the solar wind. Increasing
solar activity causes a reinforcement of the iltrptary magnetic field that causes a stronger
shielding of galactic cosmic rays. Hence, the isitgnof cosmic radiation in proximity of the Earth
is anti-correlated with solar activity. This effeaffects mainly particles of energies below

10"%V. [10] For higher energy particles these effects canelggented.
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2.2.2 Solar Cosmic Rays

Solar cosmic rays are continuously emitted by tireand consist of electromagnetic radiation over
virtually all wavelengths and a stream of chargadiples, mainly protons and electrons as well as a
few heavier nuclei. While the solar wind is a gusteiady stream that varies on a timescale of days,

there is another much more dramatic phenomenorsdiae particle events.

Solar Particle Events

Solar flares describe violent explosions in the'sworona and chromosphere. These eruptions
develop in minutes and have total energies up td08 joules and emit up to 19 particles
per cni. [6] Flares occur usually in active regions around patss where high magnetic fields
emerge from the sun’s surface into the corona. fletes consist of plasma with a temperature of
several millions of Kelvin that accelerates chargedticles up to energies of several GeV. The
appearance of solar flares varies from severatpgrwhen there is high solar activity to a few per
month when the solar activity is low. The solariatt varies with an eleven-year cycle, the so-
called solar cycleRigure 2-3. Large flares are significantly rare and occypi¢glly about 1-3
times per cycle towards the end of a solar maximtine main reason for the 11-year cycle of the
sun is its dipole field. The intensity of the sudipole field oscillates in an 11-year-periode and

changes direction every 22 years.

DAILY SUNSPOT AREA AVERAGED OVER INDIVIDUAL SOLAR ROTATIONS

90N

SUNSPOT AREA IN EQUAL AREA LATITUDE STRIPS (% OF STRIP AREA) H>0.0% W>0.1% [0>1.0%

30N
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htp:/solarscience.msfc.nasa.gov/ NASA/MSFC/NSSTC/HATHAWAY 2007/08

Figure 2-4: Sun spot number and solar activityapehdence on the 11- year solar cycle [12]
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Solar Wind

The solar wind is a steady stream of charged pestithat are emitted from the upper sun’s
atmosphere. This plasma consists mostly of elestamal protons with energies of about 1 keV. The
solar wind streams off the sun in all directions@eeds of the order of 4.°1/s. The source of the
solar wind is the sun’s hot corona. The temperatfirtie corona is so high that the sun’s gravity
cannot hold onto it. Although we understand whys thappens, we do not understand the details
about how and where the coronal gases are acaa@these high velocities. The solar wind is
not constant, although it is generally directed yfvam the sun. Its speed is high (~ 8> 10/s)
over coronal holes and low (~ 3.°1/s) over areas where high-speed wind catchesithpsiower
wind and carries magnetic clouds and compositioniatians with it. These so-called streams
interact with each other and pass the Earth altelsnas the sun rotates. The interaction of the

streams with the Earth’s magnetic field causesrsan the Earth’s magnetosphere.

2.2.3 Earth’s Trapped Radiation Belts

The Earth’s trapped radiation belts (ERBs)nsist of an inner and an outer torus surrouniibyg
intense regions of energetic charged particles. Hémth’'s geomagnetic field holds this plasma in
place where it follows a complex motion. The inbeft extends 700 - 10,000 km above the Earth’s
surface is dominated by protons with energies M&¥. A second zone is dominated by electrons
and extends from about 15,000 - 65,000 km with maxn energies of around 7 MeV. The Van
Allen belt radiation is obvious outside of the atipbere and usually does not reach the Earth’s
surface, but due to the dipole-shape of the magfietd particles of the ERBs can strike the upper

atmosphere and fluoresce at Polar regions andharefore closely related to the polar aurora.

2.3 Earth’'s Magnetic Field

The Earth’s magnetic field is approximately a magneipole. With an appropriate selection of its
point of origin, this approximation can describe field on the surface with an accuracy of 90%.

The magnetic field (magnetic flux density/magnétiduction) B can be estimated by the dipole-

formula in dependence on the distar@eand the geomagnetic latitudd {.

B(R,1) :% 1+ 3sin?(A) 2.4)

! The inner radiation belt was discovered by Jamegah Allen. Hence, the inner belt is also calleah\Allen belt.
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With an estimated magnetic dipole moméht= 7.812. 16 nT.m3[13] the magnetic field has a
strength of about 30 pT at the equator and aboyiTeét the pole regions.

The Earth’'s magnetic field is not constant ancharmes very slowly on a timescale of millennia in
unsteady rates that can even lead to magneticrpeésal. In 2008, the magnetic North Pole was
located in North of Canada in a distance of 1800ftam the geographic North Pole. There is the
same proximity between the magnetic and geograpbith Pole. The magnetic axis is inclined by
approximately 11.3° to the Earth’s axis of rotation

The origin of the magnetic field can be explaingdthe dynamo theory. The magnetic field is
caused by the convection of molten iron within ¢luer liquid core, along with the Corriolis effect
caused by the planetary rotation. Electric curramnésinduced, when conducting fluid flows across
an existing magnetic field. These currents creatgheer magnetic field that reinforces the original
magnetic field. A dynamo is created, which sustaissif. Similar fields are seen on some other
rotational celestial bodies that have propertiesarfductive matter. At the sun, conducting plasma

causes the magnetic field that is on the surfaocetaiwice as strong as the Earth’s field.

MACKNETIC UNE OF FORCE

MAGHITIC NORTH POt

rE-

MaceerTic! SOUTH POLE

Figure 2-5: Architecture of the Earth and the Earthagnetic field [14]
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The magnetosphere of the Earth is defined as tfierrén space whose shape is determined by the
extent of the Earth’s magnetic field, the solar dvpplasma, and the interplanetary magnetic field
(seeFigure 2-). Magnetic fields extend infinitely, though thengaveaker further from their source.
The region where the Earth’s magnetic field hagféective influence on charged particles extends
several tens of thousands of kilometers into spale.magnetic field deflects the charged particles
of the solar wind. Therefore, the field has a ggrdeformation at high altitudes. Magnetic storms
caused by solar flares and the solar wind can teanibpp change the field strength from several
hundred to thousand Nano-Tesla in the Earth’s iphee.

A cosmic ray has to penetrate the magnetic fielceriter the atmosphere. The quantity of its
penetrating ability is called the magnetic rigidithich is the cosmic ray’s momentum divided by
its charge. Due to the dipole shape of the fidid, dose rate depends on the geomagnetic latitude.
At the same altitude, the dose rate is higher ilarpareas. Only high-energy charged particles are

able to cross the magnetic barrier and can proiceedhe atmosphere.

Geomagnetic Cutoff Rigidity

“Geomagnetic rigidity is the minimum energy a prignaroton must have to create a cascade which
can reach sea level at that location. The shiel@iffigct of the Earth’s magnetic field is usually
described by the concept of cutoff rigidities silhe magnetosphere imposes a lower limit on the
energy of primary cosmic ray particles to enterdatrmosphere. The unit of rigidity is volts or as in
the figure, GV (giga-volts). The higher the rigidithe lower the probability that primary particles

will hit the atmosphere in order to produce secongarticles at a specific locatiof17]
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Figure 2-6: Global geomagnetic cutoff rigidity inVGEpoch 2000) [18]
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South Atlantic Anomaly

“The South Atlantic Anomaly (or SAA) is the regiavhere the Earth’s inner Van Allen radiation
belt makes its closest approach to the planet'faser Thus, for a given altitude, the radiation
intensity is greater within this region than elseveh The Van Allen radiation belts are symmetric
with the Earth’s magnetic axis, which is tilted lwiespect to the Earth’s rotational axis by anangl
of ~11 degrees. Additionally, the magnetic axis offset from the rotational axis by
~450 kilometres. Because of the tilt and offseg itner Van Allen belt is closest to the Earth’s
surface over the South Atlantic Ocean and fartfrest the Earth’s surface over the North Pacific
Ocean.”[15]

2.4 Radiation Environment in the Earth’s Atmosphere

The radiation environment in the stratosphere & risult of the interaction between charged
particles of solar and galactic origin and the Earinagneto- and atmosphere. The composition and
the intensity change with geomagnetic latitudearsalctivity and especially with altitude. With
increasing penetration depth, the primary radiaii®rmore absorbed and decreases while the
secondary radiation increases. This complex sdnatesults in a maximuraf the dose rate at an
altitude of approximately 12-20 km above main sewxel, which is called thePfotzer
Maximum [16] Figure 2-7shows dose equivalent rates of secondary cosmiand its components

as a function of altitude.
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Figure 2-7: Secondary cosmic ray dose equivaleas realculated as a function of altitude for difetr

particles at 55° geomagnetic latitude during soiaimum conditions [19]



16 CHAPTER2. Cosmic Radiation

2.4.1 Interaction with the Atmosphere

When cosmic-ray particles enter the atmosphers, ¢blide with molecules to produce a cascade
of secondary particles. The primary nuclei in thpper atmosphere lose most of their energy by
ionization of the atmosphere’s molecules and nudleactions that cause a shower of high-energy
nuclei or fragments. At high energies, the maircpsses occur with oxygen and nitrogen, such as
the typical collisions:

L PH0 - o+ gF + 77 (2.5a)

oN+7N - 1p+3C (2.5b)

The heavier particles have a larger cross seatidhd atmosphere and at a penetration depth where
the proton flux is half of the primary flux, thephla particle flux has been reduced to a quarter and
the heavy ion flux to less than 3% of its origistdength.[6] Hence, at deep regions protons play
the major role in production of secondary particles

The target nuclei of the atmosphere are highlytegcand release some additional nucleons to end
up as either stable or radioactive nuclei. Thel tot@nsity is rather constant between 150,000 m
and 50,000 m. Below this altitude the intensityré@ses further until it reaches its maximum at
about 20,000 m, the so-called Pfotzer maximum.

A single proton with energy of about ¥V creates more than a million secondary partisii¢is a
single interaction of an atmospheric nucld6$.0Only a small quantity of these secondary particles
reaches the Earth’s surface. All of the producedigd@s stay within a very small angle of the
primary particle’s path.

Generally, the particle production can be divide three categories, the hadron, the muon and the
electron-photon componerfi@ure 2-§. An additional component consists of neutrinagsharged
leptons with extremely small interaction capabilifyney can be further ignored, because they do
not produce secondary particles and pass throudinayy matter almost undisturbed. Therefore,

they have effectively no impact on further consédiens.
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Figure 2-8: Schematic representation of the parpicbduction in the atmosphdg9]

2.4.2 Hadronic Component
The hadronic component consists of strongly intémgcparticles. By spallation of nitrogen and
oxygen atoms neutrodﬂ, protons}p, charged ( 77, _7T) and neutral {7T) pions are generated.

In these processes, pions are the most commoroKiparticles.

PP [P+, 7T (2.6a)
L PN - 1pHp+_TT (2.6b)
L PP - 1p+on+, K (2.60)

The mean lifetime of a pion is 2.6033(5).46[21] and it decays into electromagnetic and muonic
components (see Chapter 2.4.3 and Chapter 2.4.4).

When the energy drops below the minimum energyréalyce pions, protons lose energy through
ionization until they decay. At energies above B#) pions can interact before they decay and
therefore contribute to the increase of secondartigtes.

A typical example of follow-up interaction is theoguction of kaons, K (and hyperons\) by

pion-neutron reactions.

TN K +A (2.7)
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2.4.3 Electron-Photon Component
The electron-photon component consists of electrengpositrons € and photong. The major

fraction is generated by the fast decay of neupiahs (,71) after a mean lifetime of about
10%s.[21]

oL Yty (2.8)

The cascade starts electrically neutral but by lacaton of atmospheric electrons through
Compton recoil and electron-positron annihilatidrevelops a negative charge excess. The highly
energetic particles produce electromagnetic cascadehich pair production (2.9a), annihilation

(2.9b) and bremsstrahlung (2.9¢) occurs.

yO BEFPEY & _e+.e (2.93)
_et.e- y (2.9b)
e(E +AE) - (E)+ y(AE = hy) (2.9¢)

Once the energy of the electrons/positrons drofsabne critical energy (& .ir= 84.2 MeV) they
lose, on average, more energy by ionisation thabrbgnsstrahlung. Then they do not produce new

y-quanta and the electromagnetic cascade die$2@]t.

2.4.4 Muonic Component

The muons (/) in an air shower are mainly produced by the desfagharged pions (71, _71).

Their mean lifetime is about 2.221] Despite this short lifetime most muons reach thetles
surface because the range of the muons is extdmdeelativistic time dilatation. At sea level the
rate of high-energy cosmic muons is ~1 muori/orim. [23] The lateral distribution of the muons

depends on the angular distribution.



Chapter 3

Radiation Dosimetry and Effects

3.1 Dose Quantities

For development of dosimetric concepts, a commandsird of dose quantities has been established
that allows a precise physical description of duiation field and the energy deposition as wel as
useful presentation of the involved risks for bgital organisms. The ICRP (International
Commission on Radiological Protection) and the ICRiternational Commission on Radiation
Units and Measurements) have developed a hieraofhguantities for radiation protection
applications, which can be classified ifitasic physical quantities, limiting quantitiéglso termed

protection quantitiesandoperational quantities

Physical quantities
Particle fluence, @

Kerma, K
Absorbed dose, D

Calculated using Q(L) and
simple phantoms (sphere or
slab) validated by measure-

ments and calculations

Calculated using wr, wt and
anthropomorphic phantoms

Operational quantities
Ambient dose equivalent, H*(d)

Directional dose equivalent, H'(d,Q2)

Compared by measurement

Protection quantities
Organ absorbed dose, DT
Organ equivalent dose, HT
Effective dose, E

Personal dose equivalent, Hp(d) ) !
and calculations (using wRr,

wt and anthropomorphic
phantoms)

Figure 3-1: Relationship between the basic physjoahtities, the operational quantities and the

protection quantities [31]

19
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3.1.1 Basic Physical Quantities

Particle Flux

The (particle) flux N is the quotient ofiN by dt, wheredN is the particle number in the time

intervaldt.

. dN

N=— 3.1
at (3.1)

The particle flux is measured ift.s

Particle Fluence
The (particle) fluence® is the quotient ofiN by da, wheredN is the number of particles incident

on a sphere of cross-sectional alea[26]

D= (3.2)

The respective unit is T

Absorbed Dose
The basic physical quantity in dosimetry is #tesorbed dose Dit is defined as the mean energy
imparted by ionizing radiation to matter divideditsymass
_de
~drr
where d€ is the mean energy imparted by ionizing radiatmmatter of massrd [26]

(3.3)

The unit name of the absorbed dose isGhay [Gy], named after the British physicist Louis Harold
Gray. One Gray is the absorption of one joule diation energy by one kilogram of matter. The

outdated unit namead [rad] is still prevalent as well.

1 Gy=1 J =100 rad (3.4)
kg

Dose Rate
The dose rate is the amount of ionizing radiatieat tan individual or material receives per unit
time. Typical units are Gray or rad per hour orraultiples of these units.

. _dD
D=

— 3.5
at (3.5
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Kerma
Kermais an abbreviation okinetic energy released per unit mawskinetic energy released in
matter The kerma is the quotient d&; by dm wheredE; is the sum of the kinetic energies of all
charged particles liberated by uncharged partiGiledirectly ionizing particles) in a material of
mass . [26]

- 9& (3.6)

~dmr
The unit of kerma is Gray (Gy) respectively Joute kilogram.

In case of charged particle equilibriu@RE), kerma is approximately equal to the absorbea @bs
low energies (< 300 keYB2]). At higher energies, kerma is higher than ababdese, as some of
the energy escapeB.() from the absorbing volume in the form of bremeskung, X-rays or fast

moving electrons.

K=D-E

ese |epe (37)
lonization Density and Linear Energy Transfer Facta
Charged particles ionize the matter along thegkir®ependent on the energy and type of particle,
the distribution of ionization events in the targedtter is more or less closely spaced. This effect
causes a different ionization density, which cancharacterized by thénear energy transfer
(LET). It is the locally absorbed enerd per unit distancex.
_dE

= dx (3.8)
The locally absorbed energy is defined by meanth®fenergy distribution in the proximity of the
projectile track. To define “local” area it is coramto set an upper energy limit. Often this linsit i

set to an energy of 100 eV. If a limit is set, thig-off is typically written as index in the forraw

Ly = (Ej ©9)
AE dx ) e -

The definition of the unrestricted LET is achieumdthe limesAE— .
It is significant that the biological effectiveneskradiation depends on the ionization density. At
the same level of absorbed dose radiation with higf, which describes dense ionization, has a

higher biological effectiveness.

3.1.2 Limiting Quantities

“The basic idea of grimary limiting quantityis to relate the “risk” of exposure to ionizingiration

(by internal and external radiation sources) tangle (dose) quantity, which takes account of the
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human as a receptor, the different radiation seitgt of various organs and tissues and the
different radiation qualities.[34] The radiation protection quantities published bg tCRP are
often taken into account to establish compulsanytéition of radiation exposure. These units judge

the risk due to radiation exposure but are notctlyaneasurable.

Dose Equivalent and Quality Factor

The dose equivalent ks a measure of the biological damage to livisgue as a result of ionizing
radiation. It is defined as the product of tiesorbed dose Dnultiplied by aquality factorQ at a
point in tissue.

H=DQ (3.10)

The quality factor Qaccounts for the relative biological effectivene$gadiation. It is based on
biological research and mainly depends on the aitim density of the radiation. The quality factor

functionQ(L) is given by the equation

=1 L <10keV/um
Q(L) = 032L-22 10< L <100keV/pum (3.11)
_ 300

L >100keV/pum

JL

Tissue or Organ Absorbed Dose
The tissue or organ absorbed dose iB the quotient of the total energy imparted otisaue or

organ and the mass of that tissue or or{6i.

Equivalent dose in an Organ or Tissue

Different kinds of radiation have different effeaiq biological tissue. The equivalent dose is a
measure of the radiation dose with respect to tbkdical effects of different types of radiation.
Hence, the dimensionless radiation weighting-faeteris defined, characterizing the biological
effectiveness of a specific radiati®relative to photongTable 3-1) In radiation fields that contain

various energies and radiation types with diffesgeitghting-factors, these factors are additive.

HT :ZWRDT,R (312
R
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Table 3-1: Values of radiation weighting factosg,[33][34]

Type and energy range Radiation weighting factor, w g
ICRP 60 ICRP 103
Photons, all energies 1 1
Electrons and muons, all energies 1 1
Neutrons, energy <10 keV 5
10 keV to 100 keV 10
Proposed wg function
> 100 keV to 2 MeV 20
shown in Figure 3-2
> 2 MeV to 20 MeV 10
> 20 MeV 5
Protons, other than recoil protons, energy > 2 MeV 5 2
Alpha particles, fission fragments, heavy nuclei 20 20

The wy values for various types of radiation are spedifie ICRP 60[33] and in ICRP 10334].
For photons, electrohsnd muons of all energies a value of one is fidgtk radiation weighting
factor for neutrons depends on the neutron en@®fferent wi values are given by a step function
(ICRP 60) or a continuous function (ICRP 1@3gure 3-3. In practice, neutron fields mostly
contain neutrons with a broad energy distributidine use of a continuousir-function for

equivalent and effective dose estimation is muchenappropriate.
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Figure 3-2: Radiation weighting factong for neutron radiation. (ICRP 103) [34]

2 with the exception of Auger electrons emitted froaelei bound to DNA
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The unit name of the equivalent doSévert [Sv] is named after the Swedish medical physicist

Rolf Maximilian SievertAlternatively, the outdated unit namem [rem], is still frequently used.

1 Sv=1 i:100 rem (3.13)
kg

Effective Dose
To differentiate the miscellaneous sensitivitiesoojans and tissues the equivalent dose has to be
multiplied by a tissue weighting factek. This leads to the effective doBelt is a relevant measure

for the biological risk of radiation and providebasis for the definition of whole-body dose limits
E=> wH; => w > weD;p (3.14a)
T T R
dw =1 (3.14b)
=

The effective dose is the weighted sum of orgarivedgnt doses.

The tissue weighting factoxg; characterize the relative sensitivity of the vasidissue and organs
with respect to cancer induction and mortality. Meg(ICRP 60) respectively fourteen (ICRP 103)
tissues and organs are specified with individusdue weighting factorand supplemental tissue

weighting factors are defined for the remainder.

Table 3-2: Values of tissue weighting factors,[83][34]

Tissue or organ Tissue weighting factors, w t

ICRP60 ICRP103
Gonads 0.20 0.08
Bone marrow (red) 0.12 0.12
Colon 0.12 0.12
Lung 0.12 0.12
Stomach 0.12 0.12
Bladder 0.05 0.04
Breast 0.05 0.12
Liver 0.05 0.04
Oesophagus 0.05 0.04
Thyroid 0.05 0.04
Skin 0.01 0.01
Bone surface 0.01 0.01
Brain 0.01
Salivary glands 0.01
Remainder 0.05 0.12

Total human organism 1.00 1.00
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3.1.3 Operational Quantities

Operational quantities are dose quantities deffioedise in radiation protection measurements of
external exposure (area or individual monitoring)ey usually should provide an estimate of or an
upper limit for the value of the limiting quantisielue to an exposed, or potentially exposed person.
Operational quantities are needed for monitoringgrmal exposures because protection quantities

generally are not measurable.

Concept of Operational Quantities

The present definitions are given in the ICRU Réepdr. [29] The radiation incident on a human
body is characterized g&netrating radiatioror low-penetrating radiationdepending on the ratio
of the skin dose to effective dose. Radiation isstdered as low-penetrating, when the dose
equivalent received by the skin (dose received atepth of 0.07mm) in the case of normal
incidence of an expanded radiation field is higian ten times the effective dose — otherwise it is
considered to be penetrating (dose received apthd# 10 mm). Low penetrating radiations are
a-particles, B-particles with energies below 2 MeV and photonshwenergies below 12 keV.

Neutrons always are penetrating radiati@0]

Ambient Dose Equivalent H*(d)

The operational quantity for area monitoring ofizmg radiation is the ambient dose equivalent
H*(d). It describes the dose equivalent that wolbédproduced by the corresponding aligned and
expanded radiation field in the ICRU sphere of déad soft tissue (see below) at a deghton the
radius opposing the direction of the aligned fiedah oriented and expanded radiation field is an
idealized radiation field which is expanded andvhrich the radiation is additionally oriented in one
direction. The unit name of ambient dose equivake8tevert (Sv).

Radiation that is considered as penetrating ratias usually estimated by H*(10) corresponding
to the dose equivalent received at a depth of 10, mamd for low-penetrating radiation it is

recommended to use H*(0.07) equating to a dosevextat a depth of 0.07 mm.

The ICRU Sphere

For all types of radiation the operational quaesitior area monitoring are defined on the basi of

phantom, termed the ICRU sphere. The standard ISRw¢re has a 30 cm radius, a density of 1
g/cnt and it equates to a composition of a standardioddtissue that contains 76.2wt% oxygen,

11.1wt% carbon, 10.1wt% hydrogen, 2.6 wt % nitrad@][28] It adequately approximates the

human body as regards the scattering and attenuattithe radiation fields under consideration.
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Aligned and Expanded Radiation Field

An expanded field is a radiation field, in whictetpectral and angular fluence have the same
values in all points of a sufficiently large volumeensures that the whole ICRU sphere is exposed
to a homogeneous radiation field with the samenitee energy distribution and directional
distribution as in the point of interest of the Ireadiation field. If all radiation is aligned irhe
expanded radiation field so that it is opposed tadius vector specified for the ICRU sphere, the
aligned and expanded radiation field is obtainédyre 3-3. In that case, the value of the dose
equivalent at any point in the ICRU sphere is iredgfent on the directional distribution of the real
radiation field.[29][30]

_____

‘‘‘‘‘

Figure 3-3: Schematic representation of an aligaretlexpanded radiation field.

Directional Dose Equivalent H'(d Q)
The directional dose equivalent H'(@), is the dose equivalent that would be producedhay

expanded radiation, in the ICRU sphere at a deptim @ radius in a specified direction[1] [26]

Operational Quantities for Individual Monitoring H ,(d)

“For individual monitoring the operational quantity the personal dose equivalent,(d). The
personal dose equivalent(d), is the dose equivalent in ICRU tissue at alielpin a human body
below the position where an individual dosemetemwisn. For monitoring of the skin dose
d = 0.07 mm is recommended and for monitoring eféffective dose d = 10 mm, The operational
guantities for individual monitoring meet seversdtaria. They are equally defined for all types of
radiation, additive with respect to various direns of radiation incidence, take into account the
backscattering from the body and can be approxisnaeasured with a dosemeter on the body.
The personal dose equivalent quantitieg(1B) and H(0.07), are defined in the person, in the

actually existing radiation field, and are measud&dctly on the person[34]
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Operational Dose Measurement in Aviation

The reliability of operational measurements vaf@sradiation with different energies and LET-
values. The radiation field on board of an airplane10 km differs from the radiation field on the
Earth’s surface. Measurements at civil aircraftvglibat the maximum of the dose equivalent does
not occur at a depth of 10 mm but at a depth om&®to 60 mm in a phantom-body of matter
equivalent to human tissud-igure 3-4. Hence, H*(10) provides a less accurate estinuite

received radiation at high-energy radiation fiedishe atmosphere at flight altitudes.
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Figure 3-4: Dose equivalent rate in tissue dueosric radiation at flight altitudes [35]

Therefore, theRegional Congress on Radiation Protection in CdnEarope (IRPA)passed a
resolution in 2003 that recommends an adaptatidgheoturrent dosimetric quantities to the special
situation of aircrew monitoring. The relation okteffective dose to the ambient dose equivalent
may be calculated by the Monte Carlo code FLURA] as function of altitude for different values

of the vertical geomagnetic cut-offigure 3-5.
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Figure 3-5: Relation of effective dose to ambierdedequivalent over altitude [37]

3.2 Biological Effects of lonizing Radiation

The initial effect of ionizing radiation on a li\gnorganism begins with absorption of energy from
radiation, which causes atoms and molecules torbedonized or excited. The excitations and
ionizations of atoms and molecules can generatasaade of effects that are able to change cell
structures affecting the functioning of an organistnqualitative description of the impact of
ionizing radiation classifies a possible effecthree phases, the physical phase, where the i@diati
is absorbed, the chemical phase, where intra- atetnolecular energy transfer occurs, and the

biological phase, where biochemical variances teathmages of the organisririgure 3-§
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Timescale Process Phase
undamaged organism
10"%s-10"s absorption of radiation

physical phase

™ 2 ionized and exited molecules
107s-10"s in irradiated organism
I
establishing of thermodynamical physical-
equilibrium chemical
intra- and intermolecular energy transfer phase
reaction of radicals in
water
indirect effects of
radiation
physical-
intermolecular changes chemical and
seconds - intermolecular energy chimlcal
hours transfer in biological phase
systems _ " -
establishing of radicals in
human cells
| apparent molecular changes |
early physiological metabolism with
effects damaged molecules
1
biochemical changes
genetic mutations biological
(usually reversible) morphological changes phase
minutes - long-term damages (e.g.
years tumour, sterility, changes f——
of haemogram)

organism
Figure 3-6: Time flow and possible impacts of iamizradiation on human organisms [38]

Direct and Indirect Action of lonizing Radiation

Cells exposed to ionizing radiation can receiveaeliemical damage either ldirect actionor
indirect action Direct action means that the energy absorpti@hthe damage happen in the same
biological molecule. Indirect action means that tlanage occurs in a different structure than the
energy absorption. In the absorbing structure cbeliyireactive products are generated and diffuse
to neighbouring molecules.

Molecular Effects of Radiation

The radiation effects mainly depend on thdiation chemistry of watemhich has a major role for
biological substances due to the high water comagah in biological material[38] Basically,
radiation can lead to a decomposition of water mdés and induce free electrons, free radicals and
secondary radiation.

Further, the oxygen concentration in biologicastis has a large impact on radiation effects. The
oxygen effectauses both, an increase (sensitisation) as wellveeakening (protective function) of

the radiation effects[38] The protective function happens mainly in aquesakitions where
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oxygen is a radical interceptor. In dry substarmegien abundance creates additional free radicals
and increases the damage to the target tissue qiiaweatitative sensitisation is described by the
oxygen enrichment ratio (OER) that depends amaotstrs on the LET of the radiation.

The generated free radicals can cause varioustefieche irradiated organism. Especially, the
radicald, H and OH, have a high chemical responsiveness and havefthera high impact on
biomolecules by changing their structure. The sadpced biological radicals can subsequently
react with further molecules and lead to irrevdesidamage by intermolecular rearrangement.
These changes of the molecular structure and tbenadation of free radicals can further affect
complex organic molecules that regulate vital geticesses, like deoxyribonucleic acid (DNA),
ribonucleic acid (RNA), proteins and cell membranes

The impact on the DNA is often seen as a basic ggo®f radiation action. The change or
breakdown of just one base within the DNA can havgiological effect, if it contains important
unique information. DNA and RNA are mainly damadpgddirect action, because they are shielded
against indirect action by histones. These spexiateins are very closely bound to the acids and
protect them by their ability to catch free radécaDamage of DNA can occur by a single stand
break, a double strand break or a base changetdthe double helix shape of the DNA, a double
strand break happens only if both strands are @gsirwithin a few nucleotidésThe probability
that this happens is significantly lower than thelqability of a single strand break. For the siplgt

of one strand an energy of about 15 to 20 eV isssary, while for a double strand break a
minimum energy of about 100 eV to 200 eV is reqliif88] This is of special importance due to
the fact that a single strand break can be repaiitid a significantly higher probability than a
double strand break38]

Gene Mutation

If damage occurs in cells, it can lead to chandgsatein synthesis and therefore a distortiorhef t
cells’ function. “A gene mutation is a permanerdiefe in the DNA sequence that makes up a gene.
Mutations range in size from a single DNA buildibtpck (DNA base) to a large segment of a
chromosome.”[40] Gene mutations are distinguished between hergditartations that can be
inherited over generations or somatic mutationd #re@ acquired during a person’s lifetime.
“Mutations that are passed from parent to child esdled hereditary mutations or germline
mutations. This type of mutation is present thraugha person’s life in virtually every cell in the

body.” [40] “Somatic mutations can occur in any of the cefighe body except the germ cells

3 A radical is marked with a point in the upper tigbrner (e.g. B.
4 Nucleotides are molecules that build the strut¢tumits of DNA and RNA.
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(sperm and egg) and therefore are not passed chilidren. These alterations can (but do not

always) cause cancer or other diseadd4]

Cell Repair Mechanism
DNA damage is to a large extent caused by radibalsare created in the mitochondria of the cells.
Some DNA damage can be repaired by the cell itsglbn destruction of a base, the resulting gap
in DNA is filled by copying the undamaged strandsorder to reconstruct the correct genetic
information. However, if during the repair process additional damage occurs on the opposite
strand (double-strand break), this damage cantmmhgpaired with much lower probabilifia8]
Some important effects that influence the cell repeechanism are
- The LET of received radiation: The repair abilisyhigher for lower LET values
- The distribution of a specific dose: Generally, theposure to several small doses has a
considerably lower biological effect than the sdotal exposure applied at once.
- The phase of the life-cycle of a cell: Various msabkave different sensitivities to radiation
exposure. The cell is especially vulnerable durihg mitosis (the phase of the cell

division).

3.2.1 Deterministic and Stochastic Effects on Human Orgaisms

Cell destruction through radiation can lead to sevéamage to human organisms. Especially
broken enzymes can lead to biological deteriorati@cause of their regulating effect for the
metabolism. Essential for the degree of damagéédsstructure and composition of the involved
proteins. Cell mutation can lead to evolutional iblogical damage and to cancer, if the mutated
cells are able to reproduce themselves by mitdgis. biological effects of radiation are generally

divided into two categories, deterministic and kastic effects.

Deterministic Radiation Effects

A deterministic radiation effect can be definedf@d®ws: “Effect of ionizing radiation leading @
functional loss of the irradiated organ or tissifesufficient cells are killed or prevented from
reproducing or functioning due to radiation. Theagsness of this loss of tissue/organ function is
directly proportional to the number of cells affettt Since the function of many organs and tissue is
not impaired by a limited reduction in the numbdr fonctional cells, a threshold dose for
deterministic radiation effects exists, which mbetexceeded for an effect to occur. In the case of
radiation doses above this threshold the degr@athiological severity increases rapidly [with dose
(Figure 3-73].” [42]
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Typical examples for deterministic effects of iang radiation are skin reddening, opacity of the
eye lens, permanent sterility and radiation sickn@be occurrence of deterministic effects depends
on thresholds doses that must be exceeded. Baséukdimiting quantities (see Chapter 3.1.2),
annual and life-time dose limits can be definedyrevent the occurrence of deterministic radiation
effects. The values shown irable 3-3are based on a large number of experiments aednees,

further supplemented by theoretical studies.

Table 3-3: Threshold for deterministic effects][39

Threshold for deterministic effects

Effects One single absorption [Gy] Prolonged absorption [Gy/year]
Testis Permanent infertility 3.5-6.0 2
Ovary Permanent infertility 25-6.0 >0.2
Lens of eye Cataract 2.0-5.0 >0.15
Blood forming
Bone marrow deficiency 0.5 >04
2
o
3
n
Threshold
[ Dose

Figure 3-7: Deterministic effects and dose relatiop

Radiation Sickness and Lethal Dose

Light radiation sickness occurs at doses of ardubd 1 Gy, which may causes nausea, headache,
higher infection risk and temporary infertility. Wi higher dose rates, the haemogram (blood
picture) changes and the symptoms become stromgeretiopatholgy (course of disease) begins
with the development of the first symptoms a fewrsoafter the exposure, followed by a recovery
phase that lasts for one to two weeks, and a segbask, in which the symptoms reoccur. Higher
doses intensify the etiopatholgy. The initial syoms are much stronger and the second phase of
the disease is accompanied by hair loss, exhauatidnpossible internal and external bleedings.

With an exposure between 2 and 6 Gy, lethalityeases strongly. Characteristic effects at this
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stage are cataract, erythema, and infertility. Abthvs exposure acute radiation syndrome (ARS)
occurs. The etiopatholgy remains its two phaseatharistic, but the symptoms become stronger
and the mortality reaches 100%. The interphaseeist called “walking death phase”. During this
phase many multiplying cells — especially in thenddanarrow — are already destroyed but the
surface effects do not appear due to remaining ddgnbuild cells that are still working until used
up. At higher doses the severity increases furdinerthe disease has a shorter course. Above 50 Gy
death occurs within a few moments through a corafdetakdown of the nervous system.

The lethal doses (LD) due to ionizing radiation dependent on the type of radiation and the
physical condition of the individual. The most coomty-used lethality indicator is the LD50/30. It
is the dose where half of the individuals die wittB0 days after exposure without medical
treatment. For humans the LD50/30 value is appratéiy 4 — 4.5 Gy and the LD100/30 value
(100% mortality within 30 days) is above 6 G38]

Stochastic Radiation Effects

Stochastic effects are those that occur by chandeansist primarily of cancer and genetic effects.
Stochastic effects usually show up years after sxqgo Increased levels of exposure make these
health effects more likely to occur, but do notuefice the type or severity of the effect. In theal
range relevant for radiation protection purposekeiitable damage, cancer and leukaemia belong
to stochastic radiation damages. When cells ofrosgas are damaged, the protein synthesis can be
changed or disturbed, which may lead to somatiatian. The regeneration potential is limited, so
that the somatic mutations are accumulated owvetirtie. If damaged cells mutate in a way so that
they can still divide, these mutations may leadattiation-induced cancer. Similarly, for stochastic
effects it is generally assumed that there is nestiold dose below which an adverse effect cannot
occur. In addition, because stochastic effectsamaur (at a much higher rate) in individuals that
have not been exposed to radiation above backgriewets, it can never be determined for certain
that an occurrence of cancer or genetic damagedumdo a specific exposure. While it cannot be
determined conclusively, it is often possible ttireate the probability that radiation exposure will
cause a stochastic effect. The probability thathsstic radiation damage will occur differs widely
for the irradiated individual organs or tissuespé&sally with low dose rates the risk for human

organisms is discussed controversial and is subjauimerous epidemiological studies.
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3.2.2 Comparative Cohort Studies

To investigate the long-term health effects ofiaérlcrew members due to exposure to cosmic
radiation epidemiological cohort studies were aqgoiished. In these studies, mortality and cancer
incidents are compared between flight staff andeetgl numbers of respected national statistics.
Special considerations were made for leukaemianaaighgnant melanoma, because of their strong
association with radiatiof48]

Additionally, in studies of cabin crew members,selacconsiderations were taken with regard to a
possible risk of breast cancer. The size of an pational group and the observation time are the
main factors that influence the accuracy of studigpatiating stochastic effects. In the cohort
studies the dose rates ranged on average betwewad B mSv per year, with single maximum

outliers between 0.5 and 9 mSwable 3-4lists the cohort studies accounted for in thischaipter.

Table 3-4: Cohort studies of health effects of m@lcrew members due to exposure of cosmic radiation

Cohort studies Participants

Cancer incidence studies

Gundestrup et

Radiation-induced acute myeloid leukemia and other cancers in

[GUN1999] al. (1999) commercial jet cockpit crew: a populatation-based cohort study [49] 3817

[HAL2000] :‘.sll(dzoorgoe)n et Cancer incidence among Norwegian airline pilots [50] 3701

[HAL2001] :ﬁl(dz%rosf)n et Cancer incidence among Norwegian cabin attendants [51] 3693
Linnersjo etal.  Cancer incidence in airline cabin crew: experience from Sweden).

[LIN2003] (2003) [52] 2956

[RAF2000] (Rzaofgos)son etal. Incidence of cancer among commercial airline pilots [53] 458
Rafnsson etal.  Breast cancer risk in airline cabin attendants: a nested case-control

[RAF2003A] (2003) study in Iceland [54] 1632

[BAN1996] Band et al. Cohort study of Air Canada pilots: mortality, cancer incidence, and 2740

E| (1996) leukemia risk [55]

Cancer mortality studies
Blettner et al. Mortality from cancer and other causes among male airline cockpit

[BLE2003] (2003) crew in Europe [56] 28066
Langer et al. Cosmic radiation and cancer mortality among airline pilots: results

[LAN2003] (2003) from a European cohort study (ESCAPE) [57] 19184

Mortality from cancer and other causes among airline cabin
[ZEE2003] (Zzeoeot;)e tal attendants in Europe: a collaborative cohort study in eight countries 44142
(58]
[BAN1996] Band et al. Cohort study of Air Canada pilots: mortality, cancer incidence, and 2740
E| (1996) leukemia risk [55]

... in the [BAN1996] study incidence and mortality occurrences were evaluated
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Data Acquisition

Various data sources were used for the cohortesydgicluding airline personnel files, data from
airline pilots associations, personal records,niieedata of the national airline associations and
medical files. Based on the annual flight hduaed the operated aircraft types, radiation exposur
due to cosmic radiation was estimatfs¥Z][58] If available, flight hours from periods prior tbet
employment period recorded at the respective aslimere included. Follow-up for the cause-
specific incidences of each individual started ts first date of employment or licensing, at
immigration, or the country-specific start of foleup, whichever was latest and ended at date of
death, date of loss to follow-up, emigration ortla¢ end of the study period whichever was
first. [57][58] Death and population registries were the most comsources as follow up methods
for mortality studies. Medical files and canceristiges were used for studies concerning cancer

incidences.

Analysis and Modelling

In mortality studies the association between octopal radiation exposure and mortality was
initially analysed for the cause of death group taluses”, and for the group “all cancers”. As the
number of deaths of specific subgroups of cancee we small to do more refined analyses, in the
cohort studies all cancers known to be associatédl i@nizing radiation according to the
UNSCEAR Report 2000T@ble 3-3 were combined into a group “radiation-related casice
(RRC). Separate analyses were also performed tdatmia — known to be strongly associated
with radiation — and for malignant melanoma. Othancers than RRC were grouped as “non-
radiation-related cancers” (NRRC). For risk estigsatlue to radiation exposure, it was expected
that RRC and NRRC could show different patterns.

® The typical measurement for flight hours in comeigraviation are the block hours, the time betwtrenfirst movement
of an aircraft (block off) and the time when theceift's engines are shut down at the final parkogition (block on).
Hence, the block time is longer than the actudbaaite time (between take-off and landing). Gengrate relative

difference decreases as the flight time of a sifiiglbt increases.
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Table 3-5: Grouped causes of death according toCE¥ER report 2000 [4B

Group name (abbreviation) Grouped causes

All causes
All cancers

Cancers of oesophagus, stomach, large intestine,bladder/other
urinary tract, thyroid gland and other endocrine, multiple myeloma, all
leukaemias

Radiation related cancers (RRC)

All leukaemias

Leukaemias non-CLL Leukaemias excluding chronic lymphatic leukaemia (CLL)

Cancers rarely or never related
to radiation (NRRC)

Malignant melanomas

Other cancers than RRC

In cohort studies that analyse cancer incidenceticerrences were categorized according to their
association with ionizing radiation. Due to the mv@maller cohorts in most studies a detailed
categorization was usually not possible, becausentimber of incidence were too small to be
significant. Only the significantly higher occurenof malignant melanoma and other skin cancer
were analysed separately in all cohort studies.

In studies about cabin attendants ([RAF20(8A4] and [ZEE2003F8]) the risk of female breast
cancer was investigated. Lung cancer was exclugad &nalysis, because in no cohort information

on smoking behaviour among the participants wadadle.

Abbreviations and Definitions

The standardized mortality ratiqSMR) in epidemiology is the ratio of observed deat® (o
expected death&]) according to a specific health outcome in a papah and serves as an indirect
means of adjusting a rate. The figure for obsedesths is usually obtained for a particular sample
of a population. The figure for expected deathdeot$ the number of deaths for the larger
population, from which the study sample has bekartae.g. national level of mortality attributed to

a particular health outcomig2]

The standardized incidence ratio (SIR) an estimate of the occurrence of cancer ingulagion
relative to what might be expected if the populatiad the same cancer experience as some larger
comparative population designated as “normal’ oerage. Usually, the country as a whole is

selected to be the comparative populatj6@]

Thesignificance levebr criticalp-valuedescribes the amount of evidence required to achaptan

event is unlikely to have arisen by chance. phalueis the probability of obtaining by chance a
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result at least as extreme as that observed, elien the null hypothesid, (there is no significant
difference) is true and no real difference exig8] At lower p-values the result is statistically more
significant. Usually it is assumed, that the sampsults are deemed statistically significant if
p <0.05.

A confidence interva{Cl) allows interpreting the reliability of an estimatéthin a specific range.
How frequently the observed interval contains theameter is determined by thenfidence level

As a general convention, epidemiologists usuallykwat aconfidence levedf 95% (CI95).

The relative risk (RR in statistics and mathematical epidemiology,hie tisk of an event (or of
developing a disease) relative to expos[§8] Relative risk is a ratio of the probability of theent
occurring in the exposed group versus a non-expgsag). RR < 1 means the event is less likely to
occur in the experimental group than in the corgroup and RR > 1 means the event is more likely

to occur in the experimental group than in the @ mgroup.

Thecoefficient of determination,’Ris used in the context of statistical models vehomin purpose

is the prediction of future outcomes on the basister related information. It is the proportioh o
variability in a data set that is accounted forthg statistical mode[62] It provides a measure of
how well future outcomes are likely to be predidbgdthe model.

There are several different definitions Rt which are only sometimes equivalent. One class of
such cases includes that of linear regressionhitdaseR? is simply the square of the sample
correlation coefficient between the outcomes arar thredicted values, or in the case of simple
linear regression, between the outcome and theesdleing used for prediction. In such cases, the

values vary from 0 to 162]

Cancer Incidence Studies

Cancer incidence studies have the advantage thadithct risk of cancer incidence is presented
regardless of its medical therapy result. A majtficdilty is the acquisition and the follow-up dig
medical data. Detailed information of the incidemist be available and correct indication of the
medical diagnosis is required. This requirement &lae to be obtained in the follow-up, which
causes a higher documentation effort. Hence, phadisncidence studies used smaller cohorts than

mortality studies. The SIR of the compared incid#uotiies are summarizedTable 3-6
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Table 3-6: Standardized incidence ratio (SIR) oftearn incidence cohort studies

Standardized incidence ratio

Participants All cancer (CI95) MEETEN! mela(nc?gwse)l can cgrt’rr] ?Elsgg; DRt Ca?g?;é;
[GUN1999] 3877 1.1(0.94-1.28) 5.1(1.03-14.91) 3.0(2.12-4.23)
[HAL2000] 3701 1.06(0.92-1.22) 1.8(1.1-2.7) 2.4(1.3-4.0)
[HAL2001]9 3105 1.1(0.9-1.3) 1.1(0.8-1.5)
[HAL2001] & 588 1.7(1.3-2.2)
[LIN2003] @ 2324 1.01(0.78-1.24) 2.18(1.09 — 3.90) 1.30(0.85-1.74)
[LIN2003] & 632 1.16(0.76-1.55) 3.66(1.34 — 7.97)
[RAF2000] 458 0.97(0.62-1.46) 10.20(3.29-23.81)
[RAF2003] 1532 5.24(1.58-17.38)
[BAN1996] 2740 CI90:(0.61—00.é7215 CI90:(2.05—9‘1.P\:3712)

" ...skin cancer excluding malignant melanoma

In the compared studies no significant general @ansk was found. However, the occurrence of
malignant melanoma and skin cancer was noticeaiipen The especially high number of
malignant melanoma in [RAF200[H3] study will be discussed separately in this chaptecohort

studies that examine female breast cancer alsocagased number of occurrences was observed.

Mortality Studies
The largest published cohort studies are cancefalitgrstudies. Expected values based on national
population mortality rates were calculated and data were compared to the respective national

population and death registri@able 3-7summarizes the SMR of the compared incident ssudie

Table 3-7: Standardized mortality ratio (SMR) in tatity cohort studies

Standardized mortality ratio

All causes Malignant .
- All cancer Leukaemia Breast cancer
Participants of death melanoma
(CI95) (CI95) (CI95) (C195) (female) (CI195)
0.64 0.68 1.78 1.05
[BLE2003] 28066 (0.61-0.64)  (0.63-0.74) (1.15 - 2.67) (0.69-1.50)
0.70 0.72 1.57 1.0
[LAN2003] 19184 (0.67-0.74)  (0.64-0.82) (0.51-4.90)™ (0.32-3.06)"
[ZEE2003] 0.80 1.11
Q 33063 (0.73-0.88) (0.82-1.48)
[ZEE2003] 0-80 1.09 1.93 0.99 (0.46
0.73-0.88 : : 2.08)
3 11079 ) (1.00-1.18) (0.70-4.44)
0.63 0.61 1.32 0.86
[BAN1996] 2740 CI90: CI90: CI90: Cl 90:
(0.56-0.70)  (0.48-0.76) (0.23-4.15) (023-2.22)

M .. in [LAN2003] the SMR was published for several subchorts. The given values in this table represent the

highest SMR of the subcohorts (for more details see Table 3-8)



3.2Biological Effects of lonizing Radiation 39

The analysis of cancer mortality studies shows rieggly low mortality compared to the general
population during the observed periods. Also, tlaacer mortality risk was below average.
Concerning various cancer types, malignant melarmmdeother skin cancer showed a higher SMR.

Also, a slightly higher number of breast cancertaliy was observed (not significant).

ESCAPE Study

The ESCAPE studjs7] is a large collaborative European cohort studylipneéd in 2003. In this
study classification according to the cumulativedl hour§ of pilots was made. Therefore, the
result of this study are presented in detail to alestrate possible trends of cancer risk in conaecti
to the respective cumulative dose due to cosmi@atiad during flight. Mean annual doses were in
the range of 2-5 mSv and cumulative lifetime dodielsnot exceed 80 mSy{57] Table 3-8shows

the results of different cancers with respect ®dbmulative dose of the ESCAPE study.

Table 3-8: Relative risks (RR) for cumulative radiatidose adjusted for age, ESCAPE study, 1960-1997.

Goodness of fit of the used Poisson model is doatedeby the scaling factor and-Rieasure [57]

Causes of death Cumulative Number RR 95% CI Scaling R2 P-value
(ICD-9 code) dose (mSv) of deaths factor (trend test)
All causes® 0-4.99 493 1.0 - 1.01 0.90 <0.0001
5.0-14.99 298 0.68 0.58-0.78
15.0-24.99 287 0.71 0.61-0.83
25.0+ 156 0.54 0.45-0.66
All cancers 0-4.99 105 1.0 1.14 0.93 0.101
5.0-14.99 74 0.75 053-1.05
15.0-24.99 93 0.79 0.58-1.09
25.0+ 66 0.74 051-1.06
Radiation-related 0-4.99 27 1.0 1.04 0.80 0.645
cancers (RRC) 5.0-14.99 21 0.81 044-1.47
15.0-24.99 28 0.95 0.54-1.65
25.0+ 18 0.82 043-1.55
All leukaemias 0-4.99 5 1.0 0.97 0.36 0.624
5.0-14.99 7 1.52 0.49-4.68
15.0-24.99 4 0.83 0.23-3.06
25.0+ 3 0.81 0.19-3.43
Leukaemias non-CLL* 0-4.99 4 1.0 0.88 0.36 0.567
5.0-14.99 5 1.56 048-5.04
15.0-24.99 2 0.75 0.16-3.51
25.0+ 3 2.00 049-8.08
Cancers rarely or 0-4.99 78 1.0 1.04 091 0.067
never related to 5.0-14.99 53 0.72 050-1.04
radiation (NRRC) 15.0-24.99 65 0.74 0531.05
25.0+ 48 0.71 048-1.04
Malignant melanomas 0-4.99 5 1.0 0.78 0.25 0.481
5.0-14.99 3 0.71 023-2.18
15.0-24.99 5 1.26 0.45-3.50
25.0+ 1 0.33 0.06-1.85

*Germany excluded because no subtype of leukaemia available.
® Also adjusted for calendar period.

® The typical time that is recorded in the pilotbogk is the block time, which is the time betwdsack off— when an
aircraft starts to move or be moved — &hatk on— when an aircraft stops at its final parking gosi
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The standard mortality ratio (SMR) and relativek fRR) analysis did not show any clear pattern
with radiation dose. In the ESCAPE study, one fiadsn a decreasing risk with increasing dose for
total mortality. This effect may be interpretedthaby the “healthy worker effect” due to relatiyel
high health standards that are required to becans@rarew member. Another trend that is difficult
to separate is that overall mortality has decreakethg the past decades, while the cumulative
lifetime dose is increasing with time. It variefgbtly between the different cancer groups without
clear tendencies or significance.

In the ESCAPE study the mean total block hourbeend of the observation period has been 7,031
for all pilots of the cohort (retired pilots 7,218)he mean total lifetime radiation dose was
15.3 mSv (maximum 78.5 mSv). The retired pilotsved lower values; mean 13.3 mSv. This can
be explained by the fact that during the past desah almost continuous increase of the 10-year

moving averages of dose per block hour was fo[5%].

mean dose rate (uSv/block hour)
=~ & N B e &

o
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Figure 3-8: Radiation exposure of cockpit crew egpeel as calendar year mean (full diamonds) ancan-y

moving averages (solid line) for dose per blockrh{&ir]

With the beginning of the jet era around 1960,egepstincrease was noted. An increase of the 10-
year means still seemed to be present. Hence,eikpected that the lifetime radiation dose will

increase in the next decades.

Radiation-related Cancers

In general, the occurrence of radiation-relatedcearfRRC)- regardless of its subtypedid not
show any significant deviation between the aircpmnsonal and the general population. Concerning
trends at increasing radiation dose, neither ferRRC-class, all leukaemia, nor for the subclass,

leukaemia excluding chronic lymphoid leukaemia (LA clear pattern of mortality risks was



3.2Biological Effects of lonizing Radiation 41

observed. Female cabin attendants showed an iecrdalsreast cancer but there were only few
single cases, so that these individual cases dalivegeneral information for a statistically higher
risk factor. In studies that considered the cunivgatiose till the incidence, no direct relatiorthe

cumulative dose could be determined.

Malignant Melanoma

In cancer incidence cohort studi@®][50][52][53][54] as well as in other cohort studigs][58],
there was a tendency for increased occurrence bfimaat melanoma among pilots. In mortality
studies, the relative risk of melanoma appearediderably lower but still significantly above 1.0.
The risk of melanoma is difficult to investigatetln mortality studies, because of the high
survival rate for this disease. In these studiemareased risk for malignant melanoma of the skin
has been a relatively consistent finding which, éesr, was mainly attributed to UV-radiation and
the link between malignant melanoma and ionizingjatton remains uncleaf65] Occupational
UV-exposure for pilots is unlikely since the codkpindows provide sufficient protectiof66]

The [RAF2000]53] cancer incidence cohort study among commercidihaipilots showed an
exceptionally higmumber of malignant melanoma incidences. At clesasideration the relative
risk was especially high for flight crews operatioig international routes. This lead to discussion
what role exposure of cosmic radiation, number lofck hours, or lifestyle factors — such as
possible excessive sunbathing — play in the agfjotd cancer among pilots. Especially pilots with
Nordic skin types were known for the increase askunburn and the risk involved.

Therefore, the same authors published a crossosattudy in Iceland, [RAF2003BD]. In this
study 239 male pilots and 856 female cabin attetsdesere compared with 454 males and 1464
females of the same age, drawn randomly from timergé population. The investigated difference
in constitutional and behavioural risk factors ffealignant melanoma between the aircrews and the
population sample was found only small and not tsuttigl. The aircrews had more often used
sunscreen and had taken more sunny vacations kbieaother men and women. The predictive
values for use of sunscreen were 0.88 for pilots @85 for cabin attendants and the predictive
values for sunny vacation were 1.36 and 1.34, mis@dy. Thus, it is unlikely that the increased
incidence of malignant melanoma found in previouslies of pilots and cabin attendants can be
solely explained by excessive sun exposia@}

Though this study did not show any major differemedJV-exposure between aircrew and the
general population, intensive sun exposure durgigute time has been postulated as a potential
cause for melanoma among aircrews. Evidence isgheryrestricted as the behaviour might have

changed in time and in general population an irsgreaf incidence of malignant melanoma is
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observed over the last decad@&f] Furthermore, due to cultural differences betwédenEuropean

countries the results may not be representativergén.

Healthy Workers Effect

Generally, aircrew personal has better state dfthélaan the overall population, due the necessity
to meet the mental and physical requirements fair fbb. Every airline has special assessments for
recruitment that evaluate the medical status o&rdidate. Furthermore, annual routine medical
checks are mandatory by law. To hold an activenairtransportation pilots licence (ATPL) a
medical certificate class’ Imust be obtained. This is the highest medicalifizate class for
aviation and must be renewed at least every year.

In [LAN2003][57] and [ZEE2003p8] it was investigated, whether the healthy workeifece
disappears over time. There was no indication tiratlow mortality observed for all causes and
cardiovascular causes changed with increasingginue first exposurg58]

This can partly be explained because frequent rakdieecks lead to earlier diagnosis and hence to

better chances for a successful therapeutic tredtme

Work-related Risk Factors
Airline crew members have several work-related raktors besides the exposure to cosmic
radiation. Some of the most common factors haven bmablished by the German Radiation
Protection CommissiorStrahlenschutzkommissioj6 7]:

- noisiness

- secondary smoking (only valid for the years befaregeneral ban of smoking was

established on board)

- long work schedules

- disturbance of the circadian rhythm (irregular weckedules, irregular mealtime)

- time shifts due to flights through many differeimé zones

- frequent and strong climate changes

- uncommon and exotic meals

- UV-radiation

- special life-style (especially: vacation and legstime in sunny areas)

" in accordance with ICAO (International Civil Aviah Organizationstandards (Annex1) (e.g. implemented in JAR-FCL

(Joint Aviation Authorities — Flight Crew Licensinfpr European flight licences)
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The work-related risk factors and the strong hgaltlorkers effect make any comparison with an
occupational group that has the same requiremeffitsult. The occurrences of individual cancer
types in cohort studies were sporadically and foeeeof low statistical significance. Generallyist
expected that the cumulative lifetime dose willrease in the next decades due to increased flight-
time in higher altitudes and more total flight heim average airline-careers. Hence, a monitoring

of relative risk is essential, preferably in veayde cohort studies.



Chapter 4

Thermoluminescence Dosimetry

4.1 Introduction

Thermoluminescence is a special form of lumineseettcis the thermally stimulated emission of
light, following the previous absorption of enerfygm ionizing radiatioA For the production of
thermoluminescence a material must have specifipeties. “Firstly, the material must be an
insulator or a semiconducfor metals do not exhibit luminescence propertiesco8dly, the
material must have at some time absorbed energingl@xposure to radiation. Thirdly, the
luminescence emission is triggered by heating tlaeral.” [69] Typical thermoluminescence
dosemeters are crystalline materials — e.g. lithfluoride or calcium fluoride phosphors used in
this study. These phosphors are able to store ga¢meta-stable states. By heating, the previously
absorbed energy in the crystals is re-emitted gist,lithe so-called thermoluminescence. The
measurement of thermoluminescence intensity allimwvan analysis of the accumulated radiation
dose. Thermoluminescence dosimetry has severahtahes for aviation radiation measurements.
It is a completely passive system that neither segower supply nor emits electromagnetic
radiation and therefore no air-worthiness certtfma is required. The crystals are — compared with

other dosimetry systems — cheap in production,lsmalze, and can be reused.

8 This is not to be confused with thermal radiatioiblack body radiation.

9 Thermoluminescence in semiconductors is irrelef@mpractical applications due to their small bayag.

44
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4.2 Luminescence

Luminescence is light emission defined as follotWhen [ionizing] radiatio’ is incident on a
material some of its energy may be absorbed amdnitted as light of a longer wavelength (Stoke’s
Law).” [69] The absorbed energy is stored as potential enesdpych further, partially or
completely is emitted as luminescence light. “Imgrl, luminescence emission is explained by the
transfer of energy from radiation to the electrafighe solid, thus exciting the electrons from a
ground statgy to an excited state. The emission of a luminescence photon takes pldems an
excited electron returns to its ground stafé9] Luminescence does not follow the Planck’s black-
body law, and instead it manifests itself as add#l emission in excess of the black-body radiation
of a specimen at a particular temperature.

The emission of luminescence radiation takes paharacteristic timer, after the absorption.
“The value of . < 10® provides a definition for the essential spontasequocess of
fluorescence.][69] The spontaneous fluorescence emission is depiaed taking place
simultaneously with the energy absorption and phizess is temperature independent.

A further class of luminescence is phosphoresceRbesphorescence is characterized by a delay
between the energy absorption and the timeto reach full intensity and continues for someetim
after the excitation has been removed. For phogsieence, the presence of a metastable level m in
the “forbidden” energy gap betweerandg is necessaryFHgure 4-) “An electron excited frong

to e can now become trappedratwhere it will remain until it is given enough eggiE to return

to e where it can undergo a normal transitiomgtavith the subsequent emission of ligH69]

(a) (b)

Figure 4-1: Energy transitions involved in the protion of (a) fluorescence and (b) phosphorescfgfije

% In addition to excitation by radiation, luminescencan also be generated by chemical reactionstriei# energy,

mechanical stress, e{69]
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The delay between the energy absorption and thepblooescence corresponds to the time the
electron stays in the electron trap. From thermadyin arguments, it can be shown that the mean

time spent in the trapat temperatur@ is given by
r =s exgE/KT) 1)

E is the trap depth (the energy difference betwdencbnduction band and the trap levslis the
attempt-to-escape frequency datthe Boltzmann'’s constarf69]
This equation shows that the mean lifetime is exptially dependent upon temperature. If the trap

is deep enough at a given temperafiye

E >>KkT,

7 becomes very large.

4.2)

This means that electrons will remain trapped irelen (practically) infinitely and the release rate

of electrongdn/dtis negligibly small.

dn n
—=——00 -0
dt T m"

However, luminescence can be induced by heatingsifRathe temperaturd results in an

(4.3)

exponential decrease afThe electrons are released from the trap and reicatiin takes place.

This class of thermally induced luminescence itedahermoluminescence.

4.3 Thermoluminescence

Thermoluminescence phenomena were for the firse tifescribed in the f7century. Although
qualitative and quantitative characteristics oftm@uminescence have been analysed since the end
of the 19" century, there still is no generally accepted thtical model to explain the dosimetric
characteristics in every detail. The theoreticgdlamation of thermoluminescence use models based
on the energy band theory. Only insulators thatehemergy levels in the forbidden band have
thermoluminescence capability. It is necessarytéoesthe excitation energy in these metastable
energy levels. These “trap-levels” can be induaear insulator by lattice defects or impurities.
Typical materials used are lithium fluoride or ¢ah fluoride doped with various elements like
titanium, magnesium or thulium. The material muatén at some time absorbed energy during
exposure to radiation. The thermoluminescence éonigs triggered by heating the material. For
analysis, the dosimetry material usually is heateal constant rat@T/dt The measured emission is
plotted over temperature to yield the characterigiow curve Several models have been

developed, which permit a calculation of glow cupagameters.
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4.4 Thermoluminescence Models

Kinematic theories about thermoluminescence arecas the energy band model of solids. In this
model, in the energy-gap of an insulating crysiatitte activator terms above the valence band
(energy leveE,) and discrete traps beneath the conduction bametdg levelE.) are assumed. In
the ground state, all activator terms are occupwt electrons and all traps are empty. Upon
absorption of radiation energy, electrons from Wadéence band are excited into the conduction
band. To raise an electron from the valence toctiveduction band, the energy of the absorbed
radiation has to be greater than the band g&y).

(hv), >E.-E, = Eg (4.4)

The free charge carriers in the conduction band mnagsit to the valence band, where they
recombine, or alternatively transit to the discrietps because a transit from these levels to the
valence band is forbidden by the Pauli exclusiangiple. By sufficient energy input — e.g. heating
— the carriers in the trap levels can be releaseithé conduction band and further recombine by
emission of thermoluminescence. By recording thenisity of the emitted thermoluminescence
light, it is possible to calculate the previousbsarbed energy of the dosemeter crystal.

The normal way of displaying thermoluminescencedstto plot the luminescence intensity as a
function of temperature — known as a “glow-curvéhe temperature at which the peak maximum
appears is related to the trap depth and the amder @ach peak or the peak height is related to the

amount of radiation initially imparted to the spaen.[69]

4.4.1 Two-level Model

In the simplest model, there are just two localilmetls in the energy band scheme. One is situated
beneath the valence band and acts as an elecapnaind the other one is above the conduction
band and acts as recombination centre or activata.equilibrium Fermi level is located between
the two levels and, therefore, the higher levekmspty at the equilibrium state and acts as an
electron trap, while the lower level acts as a ho#w. Furthermore, this model assumes that
transition between the discrete levels and the nealeband is forbidden. Possible electronic
transitions in an electrical insulator are showFRigure 4-2

The explanations in this model can be specifiedvadgntly for electrons and holes. For descriptive

reasons, only electrons will be considered in tileWwing.

" Typically band gap energi&; of insulators are greater than 3 eV.
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conduction band

(b) (c)

valence band

(a) ionization (c) thermal release r lEermi level R recombination centre

(b) and (e) trapping (d) radiative recombination  electron trap

Fig

The following formalism is

ure 4-2: Two-level model for thermoluminescence

based on N. Riehl, 1988].

Table 4-1: List of used symbols [68]

Symbols

A Transition coefficient for electron release

B Transition coefficient for electron re-trapping

r Transition coefficient for recombination /

Qo Attempt to escape frequency

E Gab energy between valence and conduction band

€o Elementary charge (1.602176487(40). 10-19 C)

F Concentration of free charge carriers in the recombination centres
fo Excess of free charge carriers in the recombination centres (activators)
H Density of electron traps centres

H Concentration of trapped electrons

ho Concentration of trapped electrons h at temperature TO

| Intensity of thermoluminescence light

k Boltzmann's constant (1.380 6504(24). 102 JK ™/ 8.617 343(15). 10° eVK™)
1] Mobility of conduction electrons

n Concentration of conduction electrons

o} Heating rate

o} Conductivity of electrons

T Temperature

To Initial temperature at the beginning of the glow experiment

Tmax Temperature at the glow-maximum

T Time

T Mean time electrons spend in the trap
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The rate of thermally released electrons per umié B\ cqs¢ IS proportional to theoncentration of

the electrons in the trags

A’elease =ah (4.58.)

E
a=a,e (4.5b)
The re-trapping rate depends on thensity of available traps Hhe concentration of trapped

electrons hand theconcentration of free charge carriers in the coniture band n

Ave-vapping = BN (H =) (4.6)

The parameterg andg aretransition coefficients

The thermoluminescence intensity is given by theloer of radiative transitions per unit time and
volume element of the crystal. It is proportioralthe concentration of free charge carriers in the

recombination centresand thececombination rate n

I(MT)~ynf 4.7)

The proportionality factor y is set to wunity in further considerations, becauf®
thermoluminescence measurements only the relathtensity with respect to a reference
measurement is important.

The trap filling process can be described by déffitial equations, which describe the transitions of
charge carriers between conduction and valence, ieaps and recombination centres. The change

in the electron concentration in the conductiondoper unit time is given by

dn

a=ah—ﬁn(H—h)—ynf (4.8)
and the change in the concentration of trappedreles

dh

—=-ah+8n(H-h) (4.9)
dt

The overall charge neutrality must be considered by

f=n+h (4.10)

To calculate the glow curve it is necessary to edhese differential equations. In general, this
system of equations cannot be solved analyticdtlyis common to make some simplifying
assumptions. The lifetime of the conduction-barettebns is short compared to the lifetime of the
trapped electrons. So a low quasi-stationary elactconcentration can be assumed at the
conduction band.

n<<h (4.11a)
dn<<dh (4.11b)
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The temperature gradient is assumed to be linear tduthe constant heating rate used in
thermoluminescence measurements.

dT =qdt (4.12)
Considering these restrictions, equations 4.5 aictdn be solved analytically for the special case
of a re-trapping factor R=0, described by BRendall and Wilkinsnodel, and R=1 as explained by

Gatrlick and Gibson

Randall and Wilkins Model
Randall and Wilkins calculated the thermolumineseeimtensity for the simple two-level model

under the assumption that no re-trapping occurth 0, equations 4.5 and 4.6 become

QE=0/h—an (4.133)
dT '

g - _oh (4.13b)
dT '

The second equation shows that the gradient ofestdration of trapped electrons over temperature
is directly proportional to the concentration oéatons in the traps, which describes a first-order
reaction and, therefore, monomolecular kinetics. cBtculate the thermoluminescence intensity
from these equations, it is important to considee general conditiodn<<dh. Under these
considerationghe concentration of electrons in the trapschn be expressed as a function of
temperaturd by solving the Equation 4.13b.

T _E
h(T) = h, ex —&je 4T (4.14)

To

Further on, summing up (4.13a) and (4.13b) leads to

qdh——ynf (4.15)
dT ' '

This equation relates the intensity with the cotiggion of electrons in the traps by

l =ynf (4.16a)

| =ah. (4.16b)

Thus, the intensity(T) of the thermoluminescence emission can be writen

_E a. & -E
I(T)=a,h,e “ exg ——>[e ¥TdT (4.17)
q s
In this equation, the first exponential functiorpkins the rise, the second exponential functi@n th

descend of the glow curve. If reasonable valuesssamed for, (~10°s") andE, the glow curves
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of the Randall-Wilkins model have a typical asynmoel shape. An increase follows a steep
descend. The major problem of this model is thelipted conductivity. The electrical conductivity

o is proportional to the concentration of conductimand electrons.

o=ne, U (4.18)
With n<<h and f~h, Equation 4.15 can be written as
qﬂ:—ynh (4.19)
dT
With regard to (4.13b) the concentration of condueband electrons is given-by
=9 ﬁeTET (4.20)
y vy

This result is physically not reasonable, becatse exponential ascend of the conduction-band
electrons is not followed by a descend, and withaasing temperature, the conductivity would rise
infinitely. High values ofT lead ton>>h, which conflicts with the assumption (4.11) at the
beginning.

An approach to solve this problem would be the mgdion of an excess dfee charge carriers in

the recombination centreadtivators)j.

f=f,+n+h=f, (4.21)

An excess of free activators causes the lifetimelettrons in the conduction band to be adequately
small and the assumption n<<h stays plausible. Wslification of the model would solve the

particular problem of infinitely rising conductiyitas it establishes a maximum, but further

assumptions have to be made in order to adaptrihitel to actual experimental behavior.

Garlick and Gibson Model

The physicist$Garlick and Gibsordeveloped anothemalyticalsolution of the two-level model for
the special casf= y (R= p/y=1). This approach considers that released electroms hacertain
probability to be re-trapped. It assumes that @réhis the same concentration of carriers in the
recombination centre and the trap level, the pridiyabf a recombination or re-trapping is equal.

In the Garlick-Gibson modelthe gradient ofconcentration of electrons in the traps dver
temperature is proportional to the square of ¢bacentration of electrons in the trap$, land

therefore a second-order reaction.
—=h? (4.22)

Contrary to theRandall-Wilkins modelthe approximation f~h (concentration of free rabmation

centres equals approximately the concentrationagipied electrons) and n<<h (the concentration of
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the conduction-band electrons is small comparedh& concentration of trapped electrons) is
permissible, because the re-trapping transitiosesithe lifetime of free electrons in the condurctio

band to be sufficiently small.

4.4.2 Further Considerations of Thermoluminescence Models

The described theories contain various assumptosasnplify the calculation. Therefore, it must be
considered that these simple models have stronigations in their significance for actual glow
curves. All described theories are based on a éwellmodel with only one trapping and one
recombination centre, while all real thermolumireestze phosphors have far more complex
structures. Further, the analytical modelsGarlick-Gibsonand Randall-Wilking are limited to a
re-trapping factor of R=0 or R=1, respectively. Narival methods can be used to calculate glow
curves for various re-trapping factors by interfiola. Based on experimental measurements, the re-
trapping factor has been evaluated to range bet@¢erid, dependent on the characteristics of the

particular thermoluminescence substariigire 4-3. [69]

intensity

temperature [K]

Figure 4-3: Thermoluminescence glow curves witlfiedént re-trapping factors R [68]

Generally, these numerical models show that foatgrere-trapping factors R the width of the peaks
increases and the maxima are shifted to highereestyres. For detailed calculations, it is required
to assess the model parameters {tap depth Eand theattempt-to-escape frequengyof specific

trap levels) by fitting them to the actual glow erments|[68]
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4.5 Thermoluminescence Dosemeters

Thermoluminescence dosemeters (TLD) used for radiatosimetry should have specific
characteristics. Beside the required thermolumierese property, the material must be sufficiently
sensitive to radiation with respect to the intendpglication and there should be no significant — o
at least well known — fading effects at ambientdmaement) temperatures.

At the beginning of the development of TLDs, thegbhor lithium fluoride (LiF) was found to be
a particularly good material because of its higkrtioluminescence response and the small
dimensions of the dosemeters. However, “naturaP has unpredictable TL properties and it is
difficult to estimate the received dose. The preseof impurities within a crystal enhances the
thermoluminescence response and the developmelithioim fluoride phosphors with carefully
controlled dopant concentrations lead to commeagglication of thermoluminescence dosimetry.
Nowadays, many thermoluminescence phosphors arewrknavhich fulfill the requirements for

various dosimetry applications.

TLD-600/ TLD-700

The most commonly used TLDs are lithium fluorideedéors doped with magnesium and titanium
(LiF:Mg,Ti). The detectors are usually referredieir trade names. TLD-100 refers to LiF:Mg,Ti,
with natural abundance of lithium isotopes, produdey Thermo Fisher Scientific (former
Harshaw). TLD-600 and TLD-700 are enrichedlin (TLD-600) and’Li (TLD-700), respectively.
They are extruded chips, the materials is poundgubtvder and thereafter pressed to homogenous
chips. Other companies and institutes produce dewemcrystals of comparable chemical
composition under different trade names. Measurép@perties are shown ifable4-2. The main
advantage of these crystals is the low effectizenat number of 8.3. This characteristic causes a
nearly tissue-equivalent absorption of high-enephptons (> 6MeV) and, therefore, lithium
fluoride is one of the most frequently used crystalthermoluminescence dosimetry.

Beside the measurement of the absorbed dose, atl/anperimental techniques were used in this
assessment to obtain more detailed information taih@umeasured radiation. The high-temperature
ratio (HTR) and the extended pair (EP) methods lendie assessment of the biologically relevant

dose equivalent and the neutron contributj@]
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Table 4-2: Characteristics of thermoluminescencemiesers [68]

CaF2 LiF

TLD-300 TLD-100 TLD-600 TLD-700
Lower limit of linear response 10 pGy 1 mGy 1 mGy 1 mGy
Upper limit of linear response 1000 Gy 1000 Gy 1000 Gy 1000 Gy
Y -energy sensitivityt 8 13 1.3 1.3
Neutron sensitivity | 0.02 0.025 320 25
Effective atomic number 16.3 8.3 8.3 8.3

"ratio to the maximum of Co-y-reference radiation
Fratio of equivalent thermal neutron to *°CO gamma ray doses

TLD-300

For the experimental assessment of cosmic radidtiothis thesis TLD-300 calcium fluoride
dosemeters doped with thulium (GaFm), produced by Thermo Fisher Scientific were duse
additionally to the TLD-600/700 dosemeters. In castt to the TLD-600/700, TLD-300 dosemeter
are single crystals. Measurement properties areishino Table 4-2. The TLD-300 measurements
were compared to the results from TLD-600/700 taleate the differences and applicability of the
different dosemeter types. While TLD-300 have rgble fading of peak 5, it must be considered
that there is a notable fading effect of peak amabient temperature. Further, the calcium fluoride
dosemeters have a generally higher sensitivity tharMg, Ti and they have a significantly higher
response at lower energies in the typical X-raygeanThis energy dependence is shown in
Figure 4-4 Therefore, it is expected that the X-ray expostweing security scans might bias

considerably the TL signal from cosmic radiation.

— LiF / tissue
CaF, / tissue

10

(“en/p)pﬂosphcr / (Uen/ Prissve

1r

10 100 1000 10000

Energy (keV)

Figure 4-4: Different energy dependence of LiF &adh, with respect to tissue
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Glow Curve
The detectors are evaluated by measurement ofnteasity of thermoluminescence light as a

function of temperature, which yields the so-caltddw curve. Typically, this glow curve has
several peaks that correspond to different trapléevihe maximum of the TL peaks is used to
calculate the previously received absorbed dosa ®LD. The measurements are compared to
calibration measurements in a well-known radiafieid. Within a specific range, the intensity of
the thermoluminescence light of a glow-peak andahsorbed dose show a linear proportionality

that is utilized for measurement.

thermoluminescence intensity

4t
" » w

Y )
0 10 20 200 P 0 "
e

dose ['ndj

Figure 4-5: Sample Glow Curve from TLD-700 Figure 4-6: Thermoluminescence dose response of

Black curve - Measured glow curve LiF:Mg,Ti [68]
Blue curve - Net glow curve
Red curve - Residual background

Fading

For the applicability of a specific TL dosemetee flading characteristics of the dosemeter material
must be considered. The spontaneous release tfosiedrom their traps must be sufficiently small
at ambient (measurement) temperature within thesoreaent and storage period to obtain
reasonable results. The mean lifetime of electmorise trap is strongly dependent on the trap depth

(see equation 4.1), so that a lower trap depttslémdn exponentially increasing fading effect.

Extended Pair Method
The lithium fluoride detectors TLD-600 and TLD-7@ffer only in the used lithium isotope

enrichment®Li (TLD-600) and ‘Li (TLD-700). The phosphors have very similar désc
characteristics except for their neutron sensiti@gieeTable 4-3. Simultaneous measurement with

the neutron sensitive TLD-600 and the almost nedintensive TLD-700 can be used to determine
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the neutron contribution of the radiation. The @ifnce in the peak 5 readings can be used to
determine the neutron dose that was accumulateel.different neutron sensitivities of TLD-600
and TLD-700 are commonly applied to detect neutrforsenergies < 200 keV. For aviation
measurements the dosemeters were calibrated ilCERN-EU High-Energy Reference Field
(CERF) [77], which simulates the cosmic-ray-induced neutroecspm in good detai[71][73]

This enables the dose assessment of neutrons nélifgies up to several GeV with reasonable

accuracy.
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Experimental Assessment

5.1 Measurement Setup

The thermoluminescence dosimetry system DOSFLIP wgas for data assessment. This system
was developed at thinstitute of Atomic and Subatomic Physif the Vienna University of
Technology The DOSFLIP packages contain TLD-700, TLD-600 andlLD-300
thermoluminescence dosemeters. Forty pilots Tgfolean Airways Tiroler Luftfahrt GmbH
participated in this experimental study. The dogensewvere carried on three different aircraft types
operating on short- and mid-range flight routéskker 70/100Bombardier Canadair Regional Jet
(CRJ)-100/200and Bombardier Dash 8-Q300/400'he data assessment was accomplished over
three exposure periods; February 2007, April/Map2@nd July/August/September 2007. After
each period, the dosemeters were analysed andttegrprepared for the next measurement circle.
Including the calibration of the detectors, moreanth1600 individual thermoluminescence
measurements were performed. The measurementsregieé compared to doses, calculated with
CARI 6 (see Chapter 6). The entire assessmentcpavims at the end of the 83Folar-cycle.
Measurement data of the proton-telescope on bodrdthe Geostationary Operational
Environmental Satellite 1{GOES 11) showed no significant solar particlentweithin the whole
assessment period, which corresponds to the catmtof terrestrial neutron monitors. Hence, an

effect on the accumulated doses through solar swamt be disregarded.
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5.2 Dosemeter Preparation and Readout

The dosemeter preparation and readout was perfoarentding to well-established procedures at
the Institute of Atomic and Subatomic Physiéghe Vienna University of Technologly'5] Before
each exposure, the LiF:Mg,Ti (TLD-600/700) extruddtps of size 6.4 x 6.4 x 0.89 Mmbtained
from a single TLD-600 batch and a single TLD-70Qchawere annealed according to a well-
defined protocol at 400 °C for 1 h in air, followbd slow cooling to room temperature ~24 h in the
oven. The CaffTm (TLD-300) single crystals of size 3.2 x 3.2 8®@mnt — also obtained from
one single batch — were annealed at 400 °C foh In5air, followed by the same cooling procedure.
[75] Glow curves were readout by contact heating dhikaothal 80austenitic alloy planchet from
room temperature to a maximum temperature of 40@°@ linear heating raig=5°C s". To
minimize spurious chemiluminescence and tribolusieace, the measurement chamber was first
evacuated and during readout flooded with ultrarp@o0) dry N gas. The in-house developed
reader employed the photon counting technique wsifigorn EMI 9635 QB photomultipligthorn

EMI Gencom, Inc., Fairfield. NJ, USA) with a bialkphotocathodg74]). [75] For TLD-600/700
readouts an infrared filter was attached betweenptiotomultiplier and the dosemeters to reduce
black body radiation from incandescence. TLD-308ethoeters have a relevant TL signal at the
infrared range, and therefore, no infrared filtexswused for them. General background subtraction
was achieved by an exponential fit with constariseif This method proved to be superior to

manual analysis in which the background would hienad¢ed by a consecutive second readi]

5.3 Data Acquisition

The experimental data acquisition was accomplisiéd forty DOSFLIP dosemeter packages
(Figure 5-). Each contained three to four TLD-600, threeawor fTLD-700 dosemeters and two to
four TLD-300 dosemeters. Pilots of Tyrolean Airwagesried these DOSFLIP packages during
their normal work-schedule. In order to estimate Iblackground doses, it was necessary to specify
the exact time between initial annealing and redddueach dosemeter. The data from flight
logbooks were used to improve the background sciitra due to precise determination of
airborne-time. The typical time that is recordedha pilot logbook is the block time, which is the
time betweerblock off— when an aircraft starts to move or be moved d-ldock on— when an
aircraft stops at its final parking position. Thiedk time includes net flight time and taxi time.
Pilots were asked to report the actual flight tine,improve the accuracy of airborne-time. For
flights without documentation of the actual flighihe, a total taxi time — incoming and outgoing —

of 20 minutes was assumed for all internationghfis and 12 minutes for domestic flights. These
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numbers are based on experience and a generatlyfarsflight scheduling. Actual ground time is
heavily dependent on several circumstances, sucheasactual traffic situation at an airport, the

distance to the active runway from the parking fimsiand the weather situation.

.\lh“'l-‘lll,

DOSFLIP
ew Dosimetry System

070118862

Figure 5-1: Thermoluminescence dosemeter systemARPSdimensions in [mm])

5.4 Calibration

For thermoluminescence (TL) measurements of therbbd doses, it is necessary to calibrate the
dosemeter crystals in a well-known radiation fielthe initial calibration of the detectors was
performed in a Cs-137 gamma radiation fieldt§le 5-1). The aim of such a calibration process is
to calculate thecalibration factor as a reference for subsequent measurements. @hiigsation
factor is the quotient of a known calibration desel its TL intensity at a particular temperature —
or temperature interval — of a peak of the TL glawwve. For the calibration (and measurement) of
the LiF dosemeters TLD-600 and TLD-700, the tempeeainterval [210°C - 230°C]Hgure 5-3
andFigure 5-3 containing the dominant peak 5 was chosen. The @asemeters were evaluated at
peak 5 in an interval of [235°C - 255°Qi§ure 5-4 as well as at peak 3 in an interval of [160°C -
168°C] (Figure 5-5. To achieve maximum accuracy each dosemeter algwsated individually and

all phosphors were obtained from the same batchhefsame manufacturer (Thermo Fisher
Scientific). To minimise further statistical vaitats, the dosemeters were arranged according to
their calibration factors so that each DOSFLIP paek contained crystals with nearly equal
calibration factors. The dosemeters were anneadatéd at the beginning of the measurement

period to ensure that all electrons were releasied fo the radiation exposure.
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Table 5-1: Reference radiation fields used for catibns

Dosmeter Calibration source Calibration dose Infrared filter
TLD-600 Cs-137 11.66 mGy Yes
TLD-700 Cs-137 9.76 mGy Yes
TLD-300 Cs-137 2.59 mGy No
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Figure 5-2: Calibration factors for TLD-600 dosemsgtat peak 5 [210°C, 230°C]
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Figure 5-3: Calibration factor of TLD-700 dosemetarpeak 5 [210°C, 230°C]
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Figure 5-4: Calibration factor for TLD-300 dosemstat peak 5 [235°C, 255°C]
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Figure 5-5: Calibration factors for TLD-300 dosemgtat peak 3 [160°C, 168°C]

5.5 Glow Curve Analysis

The glow curves have been analysed by computergmogeveloped at tHastitute of Atomic and
Subatomic Physics of the Vienna University of Teldgy. Each glow curve was analysed
separately. The glow curves have been smoothened BY§-channel interpolation. The X-axis
individual glow curves were shifted in such a whgttthe maximum of the analysed glow peak was
always at the same position. The background-suimragvas performed by an exponential fit for
black-body radiation with a constant offset for #lectronic noise level of the environment. The
absorbed dose was evaluated by thermoluminescemissien at peak 5 (and additionally at peak 3
for TLD-300 dosemeters). The measurement accurasyimproved by integrating the TL intensity
in a certain integration interval around the peakximum. Table 5-2 shows the position of the

peak-maxima and the used integration intervals.
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Table 5-2: Peak position and integration intengdilthe analysed thermoluminescence glow curves

Peak 5 [C] Integration interval [C] Peak 3 [C] Integration interval [C]
TLD-600 220 [210, 230]
TLD-700 220 [210, 230]
TLD-300 245 [235, 255] 164 [160, 168]

5.6 Analysis and Calculation

5.6.1 Sparsely lonizing Radiation

The non-neutron component was independently medidayeboth neutron-insensitive dosemeter
types; TLD-700 and TLD-300. The ambient dose edaivaof the non-neutron component can be
estimated in good approximation by multiplicatioh the measured dose with the appropriate
radiation weighting factor as described in Cha@tdr2 . Hence, appropriate determination of the
radiation weighting factor is essential. Under ¢desation of the intrinsic detector sensitivity for
different particle types the fraction of neutrordameutron-equivalent high-energy protons can be
estimated to 5 - 10% of the total TLD-700 signaho@it 20% of the proton dose, this is 5 - 6% of
the non-neutron dose, is caused by secondary leartaf neutron-equivalent interactions. This
contribution is also measured by the — separatefgrchined — neutron dose. In order to determine
the non-neutron dosB,onneuronWithout double-registration the measured absorlbese D of the

TLD-700 dosemeters has to multiplied by a correctactor of 0.92[79]

Dnon—neutron = 0'92[ D (51)

The effective dosde,onneuronOf the non-neutron component can be calculated gplication of
radiation weighting factors. Protons with energiésnore than 5 MeV have a radiation weighting

factor of 5 (se@ able 3-), which leads to the following equation.
Enon—neutron = 092[D [«1_ fp ) +5f p ) (5'2)

f, is the contribution of protons with energies > BWwithin the total non-neutron component. For
cosmic radiation at cruise flight altitudes a protoontribution of 18% was determined and
published by Bilski et al., 200f78]. Considering the 20% fraction of neutron-equivalkigh-

energy protons, the factor of high-energy protgnsnd the effective dose of the non-neutron

componenE, o neutronCan be calculated.

froon = 018—(018(D.2) = 0144 (5.3)

Enon—neutron =092[D [((l_ 0144) +5I 0.144) = 145[D (5.4)
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5.6.2 Neutrons

The dose from the indirectly ionization neutron @oment was determined separately by means of
the extended pair method (Chapter 4.5). Theretheedifferent sensitivities to thermal neutrons of
the lithium fluoride phosphors TLD-600 and TLD-7@0e exploited. To provide appropriate
calibration conditions for flight dosimetry, thelibaation was performed in the CERN-EU High-
Energy Reference Field (CERF) in terms of ambiergedequivalent H*(10).76] This reference
field was established from thEuropean Organization for Nuclear Research (CER&hd is
characterized as follows: “A reference facility thie calibration and intercomparison of active and
passive detectors in broad neutron fields has lae@aiable at CERN since 1992. A positively
charged hadron beam (a mixture of protons and pieith momentum of 120 GeV/c hits a copper
target, 50 cm thick and 7 cm in diameter. The sdapn particles produced in the interaction
traverse a shield, at 90° with respect to the doacwf the incoming beam, made of either 80 to 160
cm of concrete or 40 cm of iron. Behind the ironekh the resulting neutron spectrum has a
maximum at about 1 MeV, with an additional highsgryecomponent. Behind the 80 cm concrete
shield, the neutron spectrum has a second prondumegimum at about 70 MeV and resembles
the high-energy component of the radiation fieléated by cosmic rays at commercial flight
altitudes.”[77]
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Figure 5-6: Neutron spectrum of the CERN referengld foehind the concrete shield compared to a ioul

of the atmospheric neutron spectrum in 11.9 kmiitdig the Monte Carlo simulation FLUKA [86]
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This H*(10),eutron@mbient equivalent dosmmprises not only the neutron dose but alsociéma of
high-energy protons with energies5>GeV. These protons interact with nuclei equivalent to
neutrons and therefore cannot be distinguished tteem. To calculate theffective neutron dose
Eneutron CONversion factors for the neutron spectrum aisirg flight level have to established. In

this thesis, the following conversion-factors (psibéd from Bilski et al., 200 8]) were used:

H(10), .o/ @ = 242pSvem® (5.5)

neutron

/| ® =207 pSvem> (5.6)

Eneutron

Hence, the ratio between H*(10) and the effectivsedfrom neutrons is:

H ' (10)neutron/ Eneutron = 1'17 (57)

5.6.3 X-ray Scans

The DOSFLIP dosemeters were carried either on iloé qr in the pilot’s briefcase. In the second
case the dosemeters have been exposed to the Xtrayport security stations. Pilots could choose
were they carried the dosemeters as long as theyniented how many times they sent the
detectors through the X-ray scan. The effect ofXhmy scans at the airport security stations was
evaluated by dedicated reference measurementsefoher two DOSFLIP dosemeter packages,
each containing four TLD-700 dosemeters were usedetermine the radiation effect of X-ray
scans. Both packages were sent through the X-reigeleone of them was put into a briefcase to
simulate the usual condition of dosemeters beimg kea pilot’s case. This procedure was repeated
thirty times in succession at a security statiothefVienna airport. A summary of the measurement
results is given inTable 5-3. The higher doses measured by unpacked dosensdterged an
absorbed dose of 8.3(1) uGy per scan cycle, whiledosemeterbcated in a briefcase had an

absorbed dose of 4.5(2) uGy per scan.

Table 5-3: Measurement of 30 X-ray scans with TLOD-@osemeters

TLD-700 Absorbed dose ( 0) [UGY] o [%] Absorbed dose per scan [UGy]
DOSFLIP 252(3) 1.34 8.3(1)
DOSFLIP in briefcase 137(7) 5.28 4.5(2)

5.6.4 Error Estimation

To minimize the error of measurement and to ensuf®mogeneous detector characteristics all

dosemeters of a specific type (e.g. TLD-600) haaenbobtained from a single batch. Furthermore,
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dosemeters were sorted after the initial calibrata@cording to their relative sensitivities. The

uncertainty of the measurement is given by thedstehdeviation:

(5.8)

Continuing evaluations accounted for further fagtdike the environmental radiation and the dose
through X-rays scans. To estimate the overall uagdy of all these factors and the standard
deviation is calculated by the error propagaticor. €&ample, the standard deviation of a function

containing the variables y is defined as follows:

B Z(OUJZ ,( du ?
0,=,0x| — | +0,| — (5.9)
ox oy

5.7 Exemplary Evaluation

For data assessment of a DOSFLIP package, eachidudi crystal was readout and analysed
separately.Table 5-4 shows an exemplary evaluation of a DOSFLIP packem®aining four
TLD-600 and four TLD-700 phosphors.

Table 5-4: Exemplary evaluation of a DOSFLfackage containing four TLD-600 and four TLD-700
dosemeters.

Data sheet DOSFLIP ID 20070118-02
TLD-600 ID 20070118-02

Chip # Peak 5 [cts] Peak 5 Cal[cts] Dose Cal[mGy] Cal Factor [cts/mGy] Dose [uGy]
38 5825 279580 11.7 23978 243

92 6124 287886 11.7 24690 248

113 5930 283518 11.7 24315 244

18 6399 289415 11.7 24821 258

Mean Value 6070 285100 11.7 24451 248

o 218 3852 0 330(1.4%) 5.8(2.4%)
TLD-700 ID 20070118-02

Chip # Peak 5 [cts] Peak 5 Cal [cts] Dose Cal [mGy] Cal Factor [cts/mGy] Dose [uGy]
12 4686 262645 9.8 26910 174

6 4321 257945 9.8 26429 163

3 4560 259459 9.8 26584 172

118 4092 58508 9.8 6487 154

Mean Value 4415 259639 9.8 26602 166

o 228 1818 0 186 (0.7%) 7.7 (4.6%)
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Data sheet DOSFLIP ID 20070118-02
Additional Input Data

Annealing 18.01.2007 BG dose 72 uGy
Readout 12.03.2007 X-ray scans 0

Flight Time 89.5h Dose/scan 4.47 pGy
Results

Dose Standard Deviation

BG 85.14 pGy o(BG) 4.26 Gy

D 80.77 pGy a(D) 8.77 uGy
Etot 209.24 psv o(Etot) 18.93 uSv
H*(10)neutron  78.73 uSv o(H*(10)neutron) 11.99 pSv

The mean values of the absorbed doses of the TIOEGM.eq and TLD-700Dtp.700
measurements are the basis for further calculatitihres absorbed energy dose, the ambient dose
equivalent, total effective dose and their respecttandard deviations.

The dose ofhe environmental background radiati&® was calculated by multiplying the time on
ground with the estimateenvironmental background dose reB&youn¢ The time on ground is
defined as the he exact time betweenealing (ANNRndreadout (ROUTminusflight time (FT).

The average environmental dose rate was estimaitbdovd5 puGy/f2, with an assumed error of

5 %. Additionally the doses of possible securityay-scans were added. The contribution of X-ray
doses was determined according to the X-ray referelose measurements (see Chapter 5.6.3).

Hence, the equation for the environmental backgitoadiation dose is:

BG = ((ANN = ROUT) - FT)* BG,,,,.g + Xray.., (5.10)

ground
The absorbed energy doses due to cosmic radiaflgp is themean value of (the four) TLD-700
measurements{.7oo Without the environmental background d&s@.

Dcr = Drip-700 =BG (5.11)

The neutron component of the measurement sighalqon is calculated by comparison dfie
TLD-600 signal Atpgoo @and the TLD-700 signal Arp.790 in dependence on their respective

calibration factorser p.7go and #rp-soo

_ Kqip-700 A

/\neutron - /\TLD—GOO TLD-700

TLD-600
To provide appropriate calibration conditions flighit dosimetry, the calibration was performed in
the CERN-EU High-Energy Reference Field (CERF)emts of ambient dose equivalent H*(10).

The differences between the measurement and dadibsaconditions were considered by applying

2 Corresponding to the mean value of the environaletdse rate for the towns Schwechat, Fischamend\éenna

published in the Austrian radiation atlas.
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an additional factor, as described by Hajek 2Q@8] In this study, a factor of 1.3474 [cts/uSV]
allows a direct calculation of th@mbient dose equivalent of the neutron compoh(it0),eutron
using the means absorbed doses of TLD-600/700, thspective calibration factors and two
additional filter factors (19.0904 and 19.1534) considering the &8 optical natural glass

filter.
Dy p-700/19.1534
. D, K / k.
H 10 — __TLD-600 _ TLD-700 TLD-600 (5.12)
(Lo 19.0904 1.347¢
Thetotal effective dosE,, can be calculated by applying equations (5.4)(&nd.
EtOt = Eneutron + Enon.neutron (513)

The standard deviations of the calculated doses weaifculated by error propagation of the
respective measurement values.

The TLD-300 crystals were analysed in the same agathe lithium fluoride crystals. The calcium
fluoride crystals were evaluated at peak 3 and Ppedkeak 3 has a higher intensity but is affected
by stronger fading. Due to the low neutron-senigjtiof TLD-300 (Table 4-2 the measured
absorbed doseDygnneuton IS directly comparable with the neutron-insensitiviLD-700
measurements. A differentiated analysis of themoauind non-neutron share of the absorbed doses
was not possible because of the fact that neutanitive reference dosemeters were not available
for TLD-300.

Table 5-5: Exemplary evaluation of four TLD-300 dowters of a DOSFLIP package

Data sheet DOSFLIP TLD-300 ID 20070118-02

TLD-300 ID 20070118-02
Peak 5 Cal Dose Cal Cal Factor

Chip # Peak 5 [cts] [cts] [MGy] [Cts/MGy] Dose [UGy]
106 8453 113891 2.6 43973 192

103 8304 116585 2.6 45014 184

124 8267 116001 2.6 44788 185

113 8695 116937 2.6 45149 193

Mean Value 8430 115854 2.6 44731 188

o 168 1181 0 456 (1.0%) 3.9(2.1%)
TLD-300 ID 20070118-02

Chip # Peak 3 [cts] [Pcf;k 3cal [Dr;)CSS]CaI E?SI/Fmaé;?r Dose [UGy]
106 8691 122060 2.6 47127 184

103 8708 127435 2.6 49203 177

124 9426 130168 2.6 50258 188

113 9054 127024 2.6 49044 185

Mean Value 8970 126672 2.6 48908 183

o 301 2924 0 1129 (2.3%) 3.9 (2.1%)
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Data sheet DOSFLIP TLD-300 ID 20070118-02

Additional Input Data

Annealing 18.01.2007 BG dose 72 uGy
Readout 12.03.2007 X-ray scans 0

Flight Time 89.5h Dose/scan n/a
Results

Dose Standard Deviation

BG 85.14 pGy o(BG) 4.26 pGy
D(Peak5) 102.76 pGy o(D(Peakb) 4.93 pGy
D(Peak5) 97.46 pGy o(D(Peak3) 4.81 pGy

5.8 Measurement Results

The dosemeters were used in three long-term meaasatecampaigns. The first measurement
period was in February 2007, the second from to M@@7, and the third during the summer
months July, August, and September 2007. Althohghfitst DOSFLIP packages were assigned to
the pilots simultaneously, the different measuremmeriods of individual dosemeter packages
differ due to individual duty schedules leading ddferent returns dates of the dosemeters.
Therefore, the exact time between annealing andorgawas considered separately for each

DOSFLIP package to determine the accurate backdroadhiation within the evaluation period.

5.8.1 TLD-600/TLD-700

The evaluation shows that the neutron componentahbigh share of the total absorbed energy
dose, which was expected due to the high neutroiribation in the cosmic radiation at cruising
flight altitude. Due to lower flight altitudes ofhé turboprop-driven aircrafBombardier
Dash 8-Q300/40@he average absorbed doses from cosmic radiateva significantly lower than
on flights with jet-driven aircraft. Therefore, thenvironmental background dose had more
influence on the total measured dose. For relidhta discrimination, the cosmic-ray induced signal

has to be three higher than the standard deviafitire accumulated background dose.

Table 5-6: Results of the TLD-600/700 measuremenEebruary 2007

Dosemeter Fleet Flight time [h]  Dnon-neutron [pGy]  H*(10)neutron [uSv]  Etot [uSv]

3 CRJ 72.3 51.3(88) 50.6(85) 132.4(161)
5 CRJ 39.2 18.8(73) 37.8(114)  71.9(171)
6 CRJ 64.1 62.5(63) 44.6(93) 142.9(142)
7 CRJ 39.9 25.2(51) 38.3(19) 81.3(77)
14 CRJ 71.2 83.2(195) 69.7(94)  190.4(442)

16 CRJ 27.5 16.7(67) 26.8(70)  55.6(127)
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Dosemeter Fleet Flight time [h]  Dnon-neutron [pGy]  H*(10)neutron [uSv]  Etot [uSv]

18 CRJ 67.8 48.4(545) 49.0(68) 127.6(794)
19 CRJ 27.2 27.8(232) 37.3(52)  83.9(341)
20 CRJ 67.8 76.4(304) 58.1(34) 178.9(442)
21 CRJ 152.4 184.2(251) 112.6(154)  398.8(406)
22 CRJ 37.8 29.2(48) 22.1(43) 68.2(85)
23 CRJ 62.0 52.0(203) 66.4(49)  153.2(300)
25 CRJ 61.9 71.8(74) 60.8(92) 175.2(151)
28 CRJ 55.0 58.2(59) 56.2(70)  150.2(118)
29 CRJ 28.9 17.3(61) 36.4(77)  67.7(126)
34 CRJ 64.2 44.0(52) 69.1(74)  144.6(115)
36 CRJ 63.1 57.8(64) 51.6(65) 144.2(120)
37 CRJ 418 23.6(245) 45.2(32)  87.1(357)
1 F70/100 87.7 168.4(184) 54.3(184) 307.6(343)
2 F70/100 89.5 80.8(88) 78.7(120)  209.2(189)
4 F70/100 416 44.5(78) 42.9(135) 114.8(193)
9 F70/100 44.3 68.3(236) 64.3(128) 174.3(343)
10 F70/100 45.9 20.8(48) 49.9(51) 76.8(92)
12 F70/100 67.8 149.6(169) 119.8(226)  330.9(360)
13 F70/100 60.5 53.3(50) 55.6(66) 142.4(106)
15 F70/100 47.1 34.1(51) 38.6(29) 94.7(81)
26 F70/100 59.7 63.5(63) 52.9(72) 154.0(125)
27 F70/100 75.4 56.8(256) 64.1(116)  157.4(395)
30 F70/100 130.4 155.8(83) 63.9(135)  300.7(299)
31 F70/100 85.1 69.2(120) 79.1(187)  192.8(279)
32 F70/100 80.2 91.4(68) 44.9(55) 185.2(118)
33 F70/100 69.8 71.8(293) 27.4(65) 136.1(431)
35 F70/100 110.3 107.9(186) 93.8(203)  266.1(360)
38 F70/100 58.9 54.7(87) 89.6(87) 184.1(162)
8 D8 60.2 14.2(67) 20.3(84)  44.4(138)
11 D8 37.7 33.7(224) 40.3(133)  95.9(360)
17 D8 37.7 12.4(261) 26.5(56)  48.9(385)
39 D8 17.3 16.4(100) 27.9(132)  56.5(212)

40 DS 416 17.2(180) 12.1(68)  39.1(273)
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Table 5-7: Results of the TLD-600/700 measuremen#spril/May 2007

Dosemeter Fleet Flight time [h]  Dnon-neutron [uGy] H*(10)neutron [uSv]  Etot [uSv]

3 CRJ 78.4 72.1(77) 75.0(71)  192.3(139)
5 CRJ 64.0 52.5(106) 53.0(75) 139.2(171)
6 CRJ 95.7 13.7(97) 85.7(141)  292.7(217)
7 CRJ 48.8 59.4(79) 55.1(65)  150.6(138)
14 CRJ 97.9 104.6(291) 89.0(113)  255.9(442)
16 CRJ 109.4 116.1(155) 118.6(202)  307.0(327)
18 CRJ 445 49.8(211) 48.8(134)  129.3(344)
19 CRJ 83.5 75.3(205) 77.7(177)  200.0(363)
20 CRJ 80.5 101.7(439) 70.2(140)  229.5(657)
23 CRJ 46.1 41.7(178) 53.2(113)  122.7(291)
25 CRJ 134.3 185.4(72) 182.3(96)  482.1(153)
28 CRJ 64.2 114.6(103) 75.5(145)  254.5(225)
29 CRJ 90.9 79.2(101) 94.8(152)  225.9(230)
34 CRJ 98.2 87.0(120) 127.8(217)  275.6(308)
36 CRJ 96.3 133.7(249) 111.7(260)  324.6(472)
37 CRJ 78.1 180.3(160) 75.3(102)  359.5(260)
2 F70/100 945 113.5(91) 133.3(660)  320.6(784)
4 F70/100 34.6 34.6(81) 41.8(122)  99.0(185)
9 F70/100 112.0 169.6(507) 109.8(139)  374.3(752)
12 F70/100 75.5 138.3(136) 102.3(233)  320.2(341)
13 F70/100 95.0 167.0(92) 176.6(91)  343.6(130)
22 F70/100 88.4 70.5(346) 100.5(133)  219.9(516)
26 F70/100 140.9 252.1(166) 164.9(233)  558.5(363)
27 F70/100 56.6 63.0(135) 71.0(106)  174.4(232)
30 F70/100 61.8 89.2(232) 77.3(149)  219.8(380)
32 F70/100 425 91.1(174) 47.5(74)  187.7(267)
33 F70/100 95.3 165.0(203) 88.4(79)  342.6(309)
38 F70/100 95.7 66.4(98) 120.2(116)  236.9(197)
8 D8 60.9 37.8(71) 51.4(83) 115.0(142)
11 DS 99.8 77.0(434) 58.6(230)  180.2(684)
17 D8 109.2 152.3(347) 103.2(245)  341.6(578)
39 DS 67.0 22.5(71) 59.4(91)  102.2(148)

40 DS 94.2 41.9(98) 48.5(110)  117.5(192)
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Table 5-8: Results of the TLD-600/700 measuremendsiiy/August/September

Dosemeter Fleet Flight time [h]  Dnon-neutron [uGy] H*(10)neutron [uSv] ‘Etot [uSv]

3 CRJ 82.1 98.4(167) 76.8(165)  232.5(309)
5 CRJ 53.3 27.5(117) 60.1(122)  100.0(209)
6 CRJ 40.2 35.9(122) 44.4(115)  104.0(222)
7 CRJ 140.6 154.6(162) 147.7(140)  397.0(287)
14 CRJ 140.2 124.0(533) 103.7(308)  301.1(853)
16 CRJ 107.2 103.2(181) 102.9(245)  270.1(389)
18 CRJ 128.3 125.0(969) 106.5(159) 305.8(1417)
20 CRJ 40.0 80.2(149) 40.6(98)  156.8(237)
23 CRJ 22.1 20.9(85) 31.1(95)  61.4(155)
25 CRJ 428 64.7(86) 60.5(74)  154.3(145)
28 CRJ 78.9 101.8(462) 83.7(250)  245.5(731)
29 CRJ 55.7 39.2(118) 68.4(148)  136.9(243)
34 CRJ 93.4 73.9(131) 99.3(230)  223.4(329)
1 F70/100 139.0 78.4(324) 79.9(175)  207.2(512)
4 F70/100 66.8 76.9(146) 80.3(162)  205.5(284)
9 F70/100 1125 150.1(607) 150.2(220)  393.3(916)
13 F70/100 89.1 109.4(326) 122.0(283)  231.4(432)
30 F70/100 87.9 116.7(243) 87.0(173)  256.3(392)
32 F70/100 75.8 146.6(439) 109.4(155)  340.5(663)
38 F70/100 75.8 67.4(134) 97.3(142)  211.6(256)
8 D8 124.9 23.7(151) 66.4(207)  112.0(326)
40 D8 76.1 75.7(521) 36.8(121)  152.8(769)

The statistical accuracy of the measurements igeicitly proportional to the accumulated dose,
which is shown irFigure 5-7 The average standard deviation of the effectivged measured by
dosemeters within the same DOSFLIP package is ajppately 16%.
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package as a function of its accumulated effectose

5.8.2 TLD-300

The data from the calcium fluoride TLD-300 dosemeteere assessed for the firsaple5-9) and

the third Table5-10) evaluation period. They were carried in the DOBFtHosemeter packages in
addition to the TLD-600/700 dosemeters. Peak 3maak 5 of the thermoluminescence spectrum
were used for data analysis. A clear differenc¢éhefpeak 3 and peak 5 measurements could was
observed, which was expected due to the alreadytiomexl fading of peak 3. This effect was
particularly noticeable for dosemeters that wetarred with a significant delay. In the first —on
average one month lasting —period, the evaluatiopeak 3 showed on average a 8.5 % lower
measurement dose than the evaluation of peak theldater — on average three month lasting —
period, the evaluation of peak 3 showed on aveed8.5 % lower measurement dose than the
evaluation of peak 5. Due to the high X-ray sewigjtiof TLD-300 (sed~igure 4-3, X-ray radiation

of security scans could generated signals higter the measured cosmic radiation. Therefore, the
dosemeters sent through the X-ray scans were dgdlsaparately. Pilots could choose to carry the
dosemeter package either on the person (e.g. lmirapocket) or in their pilot's suitcase. Only
DOSFLIP packages carried in the pilot's suitcaseewsent through X-ray security scanners. The
lack of X-ray reference measurements with TLD-308ameters and the overresponse of TLD-300
dosemeters at X-ray energies with respect to Cs4t@ifle it impossible to evaluate these

dosemeters in a statistically relevant manner.
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Table 5-9: TLD-300 measurements in February 200@pased to TLD-700 measurements

Dosemeter
#

3
6

7

16
22
29
34
37
2

4

10
12
13
15
31
38
8

39
5

14
19
20
23
36
9

27
30
33
17

Fleet X-ray  FT[h]
CRJ N 72.3
CRJ N 64.1
CRJ N 39.9
CRJ N 27.5
CRJ N 37.8
CRJ N 28.9
CRJ N 64.2
CRJ N 41.8
F70/100 N 89.5
F70/100 N 41.6
F70/100 N 45.9
F70/100 N 67.8
F70/100 N 60.5
F70/100 N 47.1
F70/100 N 85.1
F70/100 N 58.9
D8 N 60.2
D8 N 17.3
CRJ Y 39.2
CRJ Y 71.2
CRJ Y 27.2
CRJ Y 67.8
CRJ Y 62.0
CRJ Y 63.1
F70/100 Y 44.3
F70/100 Y 75.6
F70/100 Y 130.4
F70/100 Y 69.8
D8 Y 37.7

DTLD-700(s)

[LGY]
143.4(70)
151.2(44)
117.6(18)
109.8(48)
121.5(11)
112.0(38)
136.1(25)

160.9(126)
165.9(77)
134.8(63)
110.8(18)

290.2(151)
144.0(22)
125.8(23)
222.4(92)
147.2(73)
103.2(50)
172.4(63)
116.8(13)
216.2(60)
150.9(29)
206.6(16)
168.6(35)

185.5(6)
186.4(97)
236.9(96)
305.5(37)
236.1(19)
138.7(34)

[LGY]
163.1(23)
204.8(48)
148.9(37)
123.2(81)
155.1(30)
115.6(25)
143.7(24)
161.0(44)
188.5(39)

164.1(117)
125.6(36)
330.8(88)
150.3(49)
125.6(26)
238.1(37)

175.0(307)
114.5(19)
194.1(32)
206.0(13)

543.5(259)
373.6(57)

431.1(967)

335.0(267)
413.3(54)

308.0(110)
417.2(41)

717.6(138)
383.8(87)
315.4(39)

73

DTLD-300(P5)(6) DTLD-300(P3)(6)

[LGY]
157.1(21)
177.9(33)
132.0(34)
107.2(46)
139.0(54)
111.4(33)

135.0(7)
148.0(45)
183.4(39)
153.9(69)
116.7(31)

299.2(140)
141.7(55)
119.4(35)
216.3(18)
149.3(84)
106.8(21)
167.9(15)
175.8(18)
415.5(177)
281.2(56)
384.3(162)
272.8(131)
331.3(75)
254.2(55)
339.3(46)
538.6(164)
321.7(30)
251.4(52)
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Table 5-10: TLD-300 measurements in July/Augusti&aper 2007 compared to TLD700 measurements

Dosemeter DTLD-700(e) DTLD-300(P5)(6) DTLD-300(P3)(6)

Fleet X-ray FT [h] [LGY] [UGY] [MGY]

3 CRJ N 82.1 292.9(135) 380.8(72) 337.3(60)
6 CRJ N 40.2 229.2(74) 335.7(50) 288.8(104)
7 CRJ N 140.6 346.7(131) 491.1(223) 399.1(153)
16 CRJ N 107.2 297.7(153) 326.6(179) 294.5(173)
25 CRJ N 42.8 196.4(56) 212.9(52) 193.6(40)
29 CRJ N 55.7 249.4(53) 271.6(135) 244.0(95)
34 CRJ N 93.4 289.5(69) 381.9(93) 317.1(104)
4 F70/100 N 66.8 272.6(109) 317.6(44) 280.4(26)
12 F70/100 N 40.0 157.0(26) 221.9(66) 188.9(44)
38 F70/100 N 75.8 276.2(85) 295.8(158) 253.7(94)
8 DS N 124.9 216.9(116) 264.5(123) 225.7(88)
5 CRJ Y 53.3 228.6(59) 442.7(70) 355.3(49)
14 CRJ Y 140.2 410.1(233) 781.7(1296) 618.0(363)
18 CRJ Y 128.3 458.0(80) 988.0(387) 894.7(239)
20 CRJ Y 40.0 238.1(29) 528.2(229) 396.4(129)
23 CRJ Y 22.1 164.1(14) 237.1(66) 199.1(45)
28 CRJ Y 78.9 370.4(10) 749.0(116) 561.9(97)
1 F70/100 Y 139.0 307.9(101) 722.6(148) 567.1(77)
9 F70/100 Y 1125 422.2(127) 1006.1(348) 728.2(282)
13 F70/100 Y 89.1 365.1(82) 811.2(306) 597.8(190)
30 F70/100 Y 87.9 291.2(42) 629.8(419) 470.7(264)
32 F70/100 Y 75.8 411.4(76) 795.3(206) 589.1(161)

The differences of TLD-300 measurements that iredlu¥-ray scans and TLD-300 measurements
that excluded X-ray scans and TLD-700 measurenamtshown irTable 5-11 Table5-12 The
absorbed doses from TLD-300 measurements includiray scans were expected high due to their
high response for typical X-ray radiation. The sighad also a very high deviation, which can be
explained by the unsteady course of the TLD-30Gisigity at typical X-ray energies. Hence, for
further data treatment, only TLD-300 crystals thedre never subject of security scans are

considered.
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Table 5-11: Average TLD-300/TLD-700 ratio in thesfimeasurement period

TLD-300(Peak5)/TLD700 G 2500 -

Without X-ray scans 1.134 0.095
Including X-ray scans 1.487 0.497 2,000

TLD300/TLD700
-
o
Q
S

TLD-300(Peak3)/TLD700 6

Without X-ray scans 1.038 0.074
Including X-ray scans 1.275 0.333

g
=}
=}
=}

0,500

0,000 -

Peaks excl Peaks incl Peak3 excl Peak3 incl

Table 5-12: Average TLD-300/TLD-700 ratio in thérthmeasurement period

TLD-300(Peaks)/TLD700 6

Without X-ray scans 1.240 0.143
Including X-ray scans 1.629 0.440 2,000

1,500 T

TLD300/TLD700

TLD-300(Peak3)/TLD700 6

Without X-ray scans 1.073 0.102
Including X-ray scans 1.308 0.289

1,000

0,500

0,000
Peaks excl Peaks incl Peak3 excl Peak3 incl

5.9 Comparison of TLD-300 and TLD-700

TLD-300 and TLD-700 dosemeters can be comparectttlirebecause of their similar very low
neutron sensitivity and similar TL measurement abtaristics for cosmic radiation. Both
dosemeter types have an energy independent respbesergies between 300 keV and 3000 keV
(seeFigure 4-6) The most useful comparison is the direct comparef TLD-700 measurements to
TLD-300 measurements using peak 5, where the ddsesneave negligible fading. An accurate
comparison to the TLD-300 peak 3 signal would regj@ quantitatively analysis of the peak 3
fading. In the first measurement period the todedmeasured with TLD-300 was higher than the
TLD-700 dose by a factor 1.13(95). In the third swament period the TLD-300 measurement
was higher by a factor 1.240(143). The higher desponse of TLD-300 dosemeters in comparison
to TLD-700 dosemeters can be explained by theihdndl'L efficiency for protons, and hence a
higher measurement signal due to the relative Ipigiton share of the radiation field at flight
altitudes (sed-igure 2-J. Another possible reason could be that dosemétetswere not usually

carried in a pilot's case could have been senutinsecurity X-ray scans occasionally by accident.
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A disadvantage of TLD-300 measurements is the tdcknother calcium fluoride dosemeter, with
comparable thermoluminescence properties but highatron sensitivity. Therefore, the extended
pair method is not applicable and only the totalcabed dose can be assessed.

In general, TLD-300 dosemeters have good measutesmsenracies and their high sensitivity is an
advantage for measurements of lower radiation dasels shorter measurement periods. Hence,
calcium fluoride dosemeters would be ideal for Hart aviation dosimetry measurements —
especially for short range operation. It is higrdgommended to ensure that TLD-300 dosemeters

are never sent through X-ray scans in future ass=gs.



Chapter 6

Computational Methods

6.1 CARIG6

For computational assessment of the received diteessomputer progranCARI 6 was used.
CARI 6 was developed at tHeAA's Civil Aerospace Medical Institut® calculate the effective
dose from cosmic radiation received by an individor:board an aircraft flying the shortest —
geodesic — route between two airports. In additibcan also calculate the effective dose rate from
cosmic radiation at any specific location in thenasphere for altitudes up to 60,000 feet. The
program uses Monte Carlo codes to calculate thec&fe doses from cosmic radiation to an
individual (based on an anthropomorphic phantorhg program takes into account the geographic
coordinates of the departure and the arrival aispas well as the time of different flight phasas
changes in altitude during flight. These data hHaviee entered by the user to calculate the effectiv
dose on a geodesic route (which is usually a gastichate of the actual flight route). Based on the
date of the flight, appropriate databases are tsextcount for effects of changes in the Earth’s
magnetic field and solar activity on galactic raidia levels in the atmosphere by considering the
heliocentric potential in the appropriate time pdriLUIN99 and LUIN200& are the transports
codes used to generate the databases referend@dRiy6, calculating the dose rate at individual
locations that are further used for the route dofhese two codes are computationally similar but
the calculation of the neutron dose. Especially smaulation of the neutron component is very

difficult and affected by considerable errors. Hstimation of the error of the simulation is rather

13 LUIN99 / LUIN2000: LUIN is a high-energy transpardde based on the Greens-function type soluf@j.
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difficult. Different programs like CARI 6 or SIEVER* can show a difference of up to 20% in
effective dose, especially on flights at high gegnsic latitude. Another source of uncertainty is
that the accuracy strongly depends on the recardshatations of the pilots. Direct assembly with
flight data monitoring systems could improve théad@ssessment.

CARI 6 is one of the worldwide most used computegpams for assessment of radiation exposure
of crew and has been certified by many nationah@ities as an appropriate tool for legal aircrew
dosimetry requirements. Although the program i® asrtified for many nations of the European
Union, Austria has not accredited this computemgpam by national law as a source for aircrew

dosimetry.

6.2 Acquisition and Input

To calculate the dose on a particular flight thenpry parameters are the geographic coordinates of
the departure and the arrival airport, the flighitwde, the flight time including the time of the
different flight phases — climb, cruise and descendhe date of the flight and the value of the
heliocentric potential in the particular month. Téfere, a major factor concerning the accuracy of
the computed dose is the inherent dependence angheflight data that are based on the records
of participating flight crew members. Basically trecords and copies of the flight logbooks were
assumed to be correct and complete. More problemats the documentation of additional data.
Especially information like the net flight time, gme number of X-ray scans might not be exact.
Additionally, it is very common for pilots to flysa‘dead head creW”, on “stand by*® or on private
flights. These flights are not regularly recordadhe flight logs, and all participating pilots wer
asked to log them separately. Although the majaritgilots did so, a certain amount of flights were
identified as missing; e.g. a flight did not endtts same international destination where the next
recorded flight started. Not all these flights abbk identified, because for domestic re-positignin
it was not always evident whether a change of lonavas dose by flight or ground transportation.

CARI 6 has a database of the coordinates of wontdésnational airports. Smaller, regional airports

4 The French Aviation Authorities have developed/stam called SIEVERT, using calculation codes toiao effective
radiation doseg87]

5 A "dead head" is a crew member who is assigneitiitas a passenger on a specific flight (not arivadiight crew
member) so they can get to another city to workrevtieey will pick up their assigned trip sequence.

¢ Flying on “standby” does not guarantee a seat particular flight. It is a cheap possibility foripate travel on flights

with free seat-capacities.
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have been added in the database manually. Thaquoeitan airport and its altitude is defined by
an airport (or aerodrome) reference point (ARR),ntbtional centre point of an airport.

Flight crew members were asked to log the actightftime beside the block time. In a few cases,
only the block time was available and it was therefnecessary to estimate the taxi-fimén this
cases, the taxi-time was assumed with a total iduraf 20 minutes for incoming and outgoing taxi.
Exceptions are made on very short flights — which @ssumed as all domestic flights in Austria,
and flights to St.Gallen/Altenrhein Belgrade and Zagrebh These airports are significantly less
occupied and therefore a shorter taxi time is jyikdh some rare cases, the altitude was not
documented. In these cases, the planned altitildd {ifi the repetitive flight plan) was used in the
program. For climb and descend generally 20 minwere assumed, which could be confirmed to
be a rather accurate estimation by notes of separéitipants. Exceptions were made for very short
flights. Flights toGraz andLinz were calculated with an climb and a descend tifMess than 10
Minutes and 15 minutes for flights tdlagenfurt Innsbruck St.Gallen/AltenrheinBelgrade and
Zagreb These amendments are justifiable due to the Idhggt levels that are used on this short
flights. Generally, several circumstances can lgadignificant deviation from planned vertical
flight profiles. The most frequent reasons leadiagvariation of flight altitudes are the actual

weather situation, air traffic requirements or prged flight in holding patterns.

6.3 Heliocentric Potential

CARI 6 can account changes in galactic radiatimelethat occur with changes in solar activity.
Therefore it is necessary to enter the approphat®centric potential which provides an accurate
model for solar activity. The heliocentric potehtia the result of a steady-state solutmithe
diffusion equation of cosmic rays through the salémd. The counting rate of any high-latitude,
ground-level neutromonitor can be used to determine this potentiaicvivill affect secondary
return cosmic ray spectra in the atmosphere. Thpsetra are routinelysed to determine the
radiation dose rate to which aircrear® exposed. Flight doses for specific flight gesfinormally
change very little in a couple of months, so thasisufficient to determine the potential on a
monthly base. For the computational simulation mfte doses in this study, data of thederal
Aviation Administration (FAAJor 2007 Table 6-1 Figure 6-) are used, that are published on the
FAA website:

7 “taxi-time* is a time an aircraft spends on groubdginning from its first movement from the initigarking position to

the beginning of the takeoff-roll, as well as thed, from the end of the landing to the final padposition.
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Table 6-1: Heliocentric potential 200B]8

Flights in the Month Heliocentric Potential [MV]

January 2007 (01/2007) 374
February 2007 (02/2007) 379
March 2007 (03/2007) 340
April 2007 (04/2007) 314
May 2007 (05/2007) 305
June 2007 (06/2007) 300
July 2007 (07/2007) 319
August 2007 (08/2007) 312
September 2007 (09/2007) 300
October 2007 (10/2007) 291
November 2007 (11/2007) 307
December 2007 (12/2007) 287
2007 316

400

350 | TN

Heliocentric Potential [MV]
N
o
o

Figure 6-1: Course of the heliocentric potential 200

6.4 Comparison with Experimental Measurements

The calculated doses of each flight of a crew memiere summarised in the corresponding time
period. The results were compared with the totéotifve dose measured with TLD-600/700
dosemeters. The results and their standard dewiatice shown ifable 6-2andTable6-4.
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Table 6-2: Comparison of calculated and measuree itloSebruary 2007

# Fleet Flight time [h] ECARI 6 [uSv] Etot [uSv] ECARI 6/Etot

3 CRJ 72.3 141 132(16) 1.07
5 CRJ 39.2 80 72(17) 1.11
6 CRJ 64.1 133 143(14) 0.93
7 CRJ 39.9 81 81(8) 1.00
14 CRJ 71.2 155 190(44) 0.82
16 CRJ 27.5 43 56(13) 0.77
18 CRJ 67.8 120 128(79) 0.94
19 CRJ 27.2 88 84(34) 1.05
20 CRJ 67.8 157 179(44) 0.88
22 CRJ 37.8 104 68(9) 1.53
23 CRJ 62.0 146 153(30) 0.95
25 CRJ 61.9 179 175(15) 1.02
28 CRJ 55.0 130 150(12) 0.87
29 CRJ 28.9 66 68(13) 0.97
34 CRJ 64.2 126 145(11) 0.87
37 CRJ 418 79 87(36) 0.91
2 F70/100 89.5 197 209(19) 0.94
4 F70/100 416 121 115(19) 1.05
9 F70/100 443 84 174(34) 0.48
10 F70/100 45.9 86 77(9) 1.12
13 F70/100 60.5 157 142(11) 1.11
15 F70/100 47.1 141 95(8) 1.48
26 F70/100 59.7 144 154(12) 0.94
27 F70/100 75.4 161 157(39) 1.03
33 F70/100 69.8 141 136(43) 1.04
38 F70/100 58.9 196 184(16) 1.07
8 D8 60.2 40 44(14) 0.91
11 D8 37.7 31 96(36) 0.32
17 D8 37.7 25 49(8) 0.51

40 D8 41.6 36 39(27) 0.92
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Table 6-3: Comparison of calculated and measuree itha&pril/May 2007

# Fleet Flight time [h] ECARI 6 [uSv] Etot [uSv] ECARI 6/Etot

3 CRJ 78.4 204 192(14) 1.06
5 CRJ 64.0 146 138(18) 1.06
6 CRJ 95.7 227 293(22) 0.78
7 CRJ 48.8 100 151(14) 0.66
14 CRJ 97.9 262 256(44) 1.02
16 CRJ 109.4 310 307(33) 1.01
18 CRJ 445 116 129(34) 0.90
19 CRJ 83.5 176 200(36) 0.88
20 CRJ 80.5 213 229(66) 0.93
23 CRJ 46.1 117 123(29) 0.95
28 CRJ 64.2 157 254(23) 0.62
29 CRJ 90.9 221 226(23) 0.98
34 CRJ 98.2 264 276(31) 0.96

F70/100 94.5 307 321(78) 0.96
4 F70/100 34.6 97 99(19) 0.98

F70/100 112.0 359 374(75) 0.96
12 F70/100 75.5 230 320(34) 0.72
26 F70/100 140.9 431 558(36) 0.77
30 F70/100 61.8 195 220(38) 0.89
32 F70/100 425 129 188(27) 0.69
33 F70/100 95.3 274 343(31) 0.80
38 F70/100 95.7 280 237(20) 1.18
39 D8 67.0 62 102(15) 0.61

40 D8 94.2 70 117(19) 0.60
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Table 6-4: Comparison of calculated and measuree ithaduly/August/September 2007

# Fleet Flight time [h] ECARI 6 [uSv] Etot [uSv] ECARI 6/Etot
3 CRJ 82.1 196 233(31) 0.84
5 CRJ 53.3 126 100(21) 1.26
14 CRJ 140.2 350 301(85) 1.16
16 CRJ 107.2 270 270(39) 1.00
18 CRJ 128.3 318 306(142) 1.04
20 CRJ 40.0 97 157(24) 0.62
23 CRJ 22.1 45 61(16) 0.74
25 CRJ 42.8 108 154(15) 0.70
28 CRJ 78.9 182 246(73) 0.74
29 CRJ 55.7 129 137(24) 0.94
34 CRJ 93.4 225 223(33) 1.01
1 F70/100 139.0 265 207(51) 1.28
4 F70/100 66.8 169 205(28) 0.82
13 F70/100 89.1 191 231(43) 0.83
30 F70/100 87.9 260 256(39) 1.02
32 F70/100 75.8 214 340(66) 0.63
38 F70/100 75.8 192 212(26) 0.91
8 D8 124.9 109 112(33) 0.97
40 D8 76.1 61 153(77) 0.40

6.5 Results and Accuracy

First heat (February 2007)

In the first evaluation period, the effective dosatculated by CARI 6 were on average 95.3% of
the effective doses measured by TLD-600/700 dosmefable 6-5 The correlation was even
better for the jet fleets; on average 99.7%. Thieutations for the turboprop flights were on
average only 66.6% of the measured effective dddesstandard deviation of the ratio between the
calculated and measured effective doses was 234%l fleets, 19.6% for jet fleets and 25.8% for
the turboprop fleet. Five out of 30 dosemeters abage a difference of more than 30%. Three of
these outliers were from jet measurements. Of thegehad a significantly higher and one a lower
calculated effective dose compared with the measen¢ The further two outliers from the
turboprop measurements, were both lower than thasumed effective doses. The results of the

individual assessments are presenteiguire 6-2
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Table 6-5: Average relation of calculation and meamient and its standard deviation in tfgériod

Fleets Ecari6/Etot [%] 0 (Ecari6/Ett) [%0]
all fleets 95.30 23.43
Jet-fleets 99.71 19.61
Dash 8 fleet 66.63 25.84

10

07 |--H -1 -

Ratio calculated dose / measured t

CRJ Fokker Dash8

Dosemeter

Figure 6-2: Relation between calculated and measffedtive dose in the first period

Second heat (April/May 2007)

In the second evaluation period, the effective dasdculated by CARI 6 were on average 87.3% of
the effective doses measured by TLD-600/700 dosaséiable 6-§. The correlation was even
better for the jet fleets; on average 89.7%. Thieutations for the turboprop flights were on
average only 60.3% of the measured effective dddesstandard deviation of the ratio between the
calculated and measured effective doses was 158%Iffleets, 14.2% for jet fleets and 0.5% for
the turboprop fleet. The low standard deviatiorthaf turboprop fleet assessment can be explained
by the low sample size. Four out of 24 dosemetevsaled difference of more than 30%. Two of
these outliers were from jet measurements with tovedculated effective dose compared with the
measurement. The further two outliers were from ttimboprop measurements and showed also
lower measured effective doses. The results of itltividual assessments are presented in

Figure 6-3
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Table 6-6: Average relation of calculation and noeement and its standard deviation in tA&p2riod

Fleets Ecari6/Etot [%0] 0 (Ecari6/Etot) [%0]
all fleets 87.29 15.81
Jet-fleets 89.74 14.16
Dash 8 fleet 60.3 0.50

10

I

CRJ Fokker Dash8

Ratio calculated dose / measured (

Dosemeter

Figure 6-3: Relation between calculated and measffedtive dose in the second period

Third heat (July/August/September 2007)

In the third evaluation period, the effective dosakulated by CARI 6 were on average 89.0% of

the effective doses measured by TLD-600/700 dosameflable 6-F The correlation was even

better for the jet fleets; on average 91.4%. Thieutations for the turboprop flights were on

average only 68.7% of the measured effective dddesstandard deviation of the ratio between the

calculated and the measured effective doses wa&@fr all fleets, 19.7% for jet fleets and 28.8%

for the turboprop fleet. Three out of 19 dosemetexgaled difference of more than 30%. Two of

these outliers were from jet measurements with tovaéculated effective doses compared with the

measurement. The outlier from the turboprop measentés also had lower calculated dose. The

results of the individual assessments are presémtéidure 6-4
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Table 6-7: Average relation of calculation and noeement and its standard deviation in tHep@riod

Fleets Ecari6/Etot [%] 0 (Ecari6/Etot) [%0]
all fleets 89.03 21.97
Jet-fleets 91.42 19.69
Dash 8 fleet 68.65 28.75

Ratio calculated dose / measured

M

CRJ Fokker Dash8

Dosemeter

Figure 6-4: Relation between calculated and measeffedtive dose in the third period

6.6 Summary

The results within this thesis are satisfying wiglgard to the fact that the statistical uncertaiaty
indirectly proportional to the accumulated dose dretefore higher for short range operations. On
average the accuracy of the calculated comparedetaneasured effective dose for all fleets was
below 24% and, therefore the computational metl@ARI 6, complies with legal requirements.
The agreement between measurement and simulatisrevem better for the Canada Regional Jet
and the Fokker 70/100 fleet. Both jet fleets opem@t similar routes and have the same standard
cruising altitudes of 33,000 to 35,000 feet abowémsea level.

The agreement between measurement and simulatichddurboprop Dash 8 is worse due to the
shorter routes and lower flight altitude of 25,086t. Hence, the measured signal from cosmic
radiation was close to the measurement signal frmenvironmental background radiation and the
radiation of X-ray scans which complicates reliabdeasurements. Further, regular positioning
flights of crew members could lead to a signifitamigher dose than expected for the number of
actively flown flights.

On short range flights, especially on the ultrarsimash 8 operation, the actual flight-route differ

significantly from the geodesic route and it is gibke that a departure and/or arrival routes igéwn
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than the remaining flight route. Further, the tisgent in low altitudes is underestimated by the
computational assessment because arrival transitibnongested airports are often flown in lower
altitudes. The computational assessment does msidar that a significant part of the flight could
be below the standard flight profile. These effemisld lead to an overestimated calculated flight
dose, because the exact time of the cruise flighse was documented only occasionally. A more
precise data assessment can be achieved by cotiplingeasurement with — implemented — flight
data monitoring systems. Such systems were nofadmeifor this thesis.

To assess the dose rate per flight hour the effedtioses from the CARI 6 calculation and
thermoluminescence measurement were divided badhel flight hours of the respective aircrew
member. The estimated maximum, minimum and the ndear rate in this study for a given fleet

in a particular measurement period is showmable 6-8

Table 6-8: Calculated and measured effective ddsepex flight hour [uSv/h]

Fleet 1*" assessment period 2" assessment period 3" assessment period
CARI 6 Measurement CARI 6 Measurement CARI 6 Measurement
[uSv/h] [uSv/h] [uSv/h] [uSv/h] [uSv/h] [uSv/h]
CRJ Max 3.24 3.09 2.83 3.96 2.52 3.93
Min 1.56 1.80 2.05 2.16 2.04 1.88
Mean 2.23 2.30 2.48 2.79 2.39 2.73
Fokker Max 3.33 3.93 3.25 4.42 3.25 4.42
Min 1.87 1.68 2.80 2.48 2.05 2.16
Mean 2.44 2.48 3.04 3.54 2.68 3.16
Dash 8 Max 0.87 2.55 0.93 1.52 0.87 2.01
Min 0.66 0.73 0.74 1.24 0.80 0.90
Mean 0.75 1.38 0.83 1.38 0.84 1.45

The distributions of the calculated and measuréettbe dose rates are demonstrate#igure 6-5
andFigure 6-6 The calculated as well as measured effective daiseof the jet pilots are between

2 and 3.3 uSvh Under the assumption of about 750 flight hours @eno an average yearly
effective dose of about 1.5 to 2.5 mSv can be estich Another relative maximum is shown at a
range of about 0.8 uSv for pilots on the turbopflept (Dash 8). This yields to an extrapolated
annual dose between 0.5 and 0.9 mSv on this flde. thermoluminescence assessments show
additional higher measurements up to 4.4 [ISvA possible explanation could be that these
DOSFLIP packages were carried by pilots shuttlmtheir home base by air travel or had regularly
positioning flights. It would be also conceivablyat these participants took their dosemeters on
(long-range) flights during vacations. In any caiegse participants did not document these
contingently private flights, so that the additibdase did not appear in the CARI 6 assessment.
Including these high outliers, the upper limit bétmeasured dose rate is 4.42 uSv/h. Even, with the
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maximum allowed flight hours per year of 900 hoansupper bound of an annual effective dose at
4.0 mSv can be assured. Hence, the flight crew reesntof Tyrolean Airwayscan be classified as
“category B — occupationally exposed personnel’, coating to “Allgemeine
Strahlenschutzverordnung, BGBI. II Nr. 191/2006".
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Chapter 7

Discussion

In this study the radiation exposure of aircrew hera on short- to mid-range flight operation was
evaluated. The data acquisition was accomplisheglilbys of Tyrolean Airways operating the jet-
fleets Fokker 70/100, Canadair Regional Jet CRJ2D@0 and the turboprop fleet Bombardier
Dash 8-Q300/400. The experimental and the comjpuiatimethods used in this six months lasting
assessment have proofed to be accurate for meggsadiation exposure of flight crew members.
The thermoluminescence dosemeter system DOSFLIPanis excellent tool for radiation
measurements. It allows technical measurementsigif precision, with an average inherent
accuracy (standard deviation) between 2 and 8%. épttended pair method with the lithium
fluoride dosemeters TLD-600/700 allows distinguighbetween the neutron and non-neutron share
of the received dose. The results within this thetarly show the expected high neutron share of
the measured cosmic radiation at flight altitudése assessment with the calcium fluoride
dosemeters TLD-300 shows a slightly higher measafesbrbed dose than the lithium fluoride
dosemeters, which can be explained by their higiniemrmoluminescence efficiency, especially for
protons. The inherent accuracy is comparable to-¥0D. A separate determination of the neutron
share of radiation is not possible, due to the laick reference calcium fluoride dosemeter, with
comparable thermoluminescence properties but athatron sensitivity. The higher sensitivity is
an advantage for measurement of lower radiatioresiend shorter time intervals. TLD-300
dosemeters would be ideal for further aviation ohetry measurements— especially in short range
operation, as long as X-ray exposure from artifis@rces can be avoided.

The experimental measurement assessment showedxffezted results and corresponds with
comparable studies. The average effective dose ohtthe participants lies in the range of

2 - 3.5 uSv/h. Assuming pilots have 600 to 750hflignours a year, an annual effective dose
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between 1.5 and 2.6 mSv is expected. The radiatignosure of the ultra-short range turboprop
operation of the Dash 8 fleet is at the lower efdhat range due to lower flight altitudes and
shorter flight routes. The computational assessmwitht CARI 6 showed good accordance with the
measurement results. Especially the agreement eijetkleets was very accurate. Generally, the
computational assessment underestimates the gfetise slightly for jet-flights and considerable
for turboprop flights. The differences could be lexped, due to the lateral and vertical deviations
from the assumed flight routes, as well as addifiocomdocumented (positioning) flights. The
average agreement of the computational assessnithn€ARI 6 and the experimental results was
within the limits required by law according to “8tlenschutzverordnung fliegendes Personal,
BGBI. Il Nr. 235/2006a”. The agreement was betteant the required 30% (on average within
16-25% including some outliers). With regard to thet that the statistical uncertainty is indirgctl
proportional to the accumulated dose, and therdfigieer on short range operations, the results are
rather satisfying. It can be assumed that with aenqrecise documentation of flight data, the
assessment of exact flight routes and a consequevention of X-ray scans of dosemeter

packages, the accuracy of the assessment metholdsbeoeven higher.
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