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Abstract — As a result of the recent recommendations of the ICRP 60, and in anticipation of possible regulation on occupational
exposure of Canadian-based aircrew, an extensive study was carried out by the Royal Military College of Canada over a one-
year period to measure the cosmic radiation at commercial jet altitudes. A tissue-equivalent proportional counter was used to
measure the ambient total dose equivalent rate on 62 flight routes, resulting in over 20,000 data points at one-minute intervals
at various altitudes and geomagnetic latitudes (i.e. which span the full cut-off rigidity of the Earth’s magnetic field). These data
were then compared to similar experimental work at the Physikalisch Technische Bundesanstalt, using a different suite of equip-
ment, to measure separately the low and high linear energy transfer components of the mixed radiation field, and to predictions
with the LUIN transport code. All experimental and theoretical results were in excellent agreement. From these data, a semi-
empirical model was developed to allow for the interpolation of the dose rate for any global position, altitude and date (i.e.
heliocentric potential). Through integration of the dose rate function over a great circle flight path, a computer code was developed
to provide an estimate of the total dose equivalent on any route worldwide at any period in the solar cycle.

INTRODUCTION States, the Federal Aviation Administration (FAA) has
?rmally recognised that aircrew members are occu-

Jet aircrew are routinely exposed to levels of natural_.. o .
background radiation from galactic cosmic rays whic ationally exppsgd to radla’glon anq §hou|d b‘? subject to
the same radiation protection policies practised by all

are significantly higher than those present at groun : .
level. In 1990, the International Commission on Radioz her federal agenci€és Consequently, in 1994, the

: . . FAA published an advisory document to the commercial
Ioglca_ll_Protectlon UCRP.) recommended that aircrew bgir cgrriers outlining an {educational programme that
classified as occupationally exposéd.They also

S . should be implemented to inform crew-members of the
r_ecommended a rEdUCt'?n in the occupational EXPOSUlE ure of their radiation exposures and the associated
(i.e. from 50 to 20 mSv.y* averaged over 5 years, with

L) - ) )
not more than 50 mSv in a single year) as well as health risk€. In Canada, an advisory circular by Trans

reduction in the general population exposure (i.e. frorﬁOrt Canada is being developed and will be issued

5 to 1 mSv.y)®. Recent studies of major Canadianshortlz\ﬂ)to recognise the occupational exposure of
jrerews.

airlines have determined that the exposure to mo Monitoring of the occupational exposure of aircrew

ﬁ:;irsr\:\;I'SDggg‘gg ai?t? t?#;;;g;?tggi 'Peg&let Cr:r?gr?d'%%uld take several forms, such as with personal passive
gistry : ’ y dosimetry (as in the nuclear industry) or by area moni-

countries around the world may have to develop regul oring with fixed instrumentation on board the aircraft.

ory policy in light of the ICRP recommendations reqUIr'AI'[ernativer, since the cosmic radiation exposure is

e e o) b fgllielyconsta, a- computer precicion program
pie, P ased on either theory or on an experimental database,

Standard Directive, published in May 1996 (BSS96) . . ;
. e : : uld be used to predict the aircrew exposure by using
requires that radiation protection measures for alrcra? estimate of the route dose and a knowledge of the

B et et f &g requency. I such  progra proved successt
the cost and infrastructure of utilising such a tool would
be considerably less than the other two options, i.e. the
code predictions could be assured by a much reduced
monitoring programme.
This paper describes the method of collecting and
Contact author E-mail: lewisd@rmc.ca analysing radiation data by the Royal Military College
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of Canada (RMC) from numerous worldwide flightsnetic field that is carried by the outward-flowing solar
using a tissue-equivalent proportional counter (TEPGyind due to the frozen-in condition from the high con-
and other active and passive instrumentation which @uctivity of the plasma, resulting in a deflection of these
able to characterise the complex cosmic radiatioparticles. A diffusion—convection model can be used to
field®. The current measurements are further supportekbscribe this solar modulation on the GCR spectrum,
and successfully compared to other results that avehich is equivalent to that produced by a heliocentric
derived from: (i) a similar measurement programmeotential, U'®. The time dependence of the heliocentric
conducted at the Physikalisch Technische Bundesanstadttential with the solar cycle can be determined from
(PTB) with different instrumentation to measure sepaparticle flux measurements on balloons and spacecraft,
ately the low and high linear energy transfer (LETs well as from ground-level measurements on Earth
components of the mixed-radiation field at altittff®,  with neutron monitoré®*”. For instance, the heliocen-
and (ii) a theoretical treatment with a transport céte tric potential as derived from monitoring is available
It is further shown how the RMC measurements can b@onthly onliné'®. When solar sunspot activity is at a
encapsulated into a semi-empirical model/computenaximum (approximately every eleven years), the
code to calculate the radiation dose for any flight in thencreased solar field acts to screen out low-energy
world at any period in the solar cycle. Thus, this expercCRs. Thus, cosmic ray intensities also vary in a cycli-
imentally based code could find application for aircreveal pattern, but in a manner anticoincident with the solar
monitoring in light of possible regulatory requirementsactivity (Figure 1).
in various countries around the world. The GCRs that are not deflected by the solar magnetic
field now encounter the magnetic field of the Earth,
which can provide an effective shield against lower
if.:?lll'_agllj(ég FIELD CHARACTERISTICS AT JET energy particles. These charged particles are deflected
by the Lorenz force in which their trajectories have a
The radiation that is found at jet aircraft altitudescurvature of radius = R,/B,**. Here B, is the compo-
(~6.1 to 18 km) is produced from the interaction ofnent of the Earth’s magnetic field perpendicular to the
primary galactic cosmic ray (GCR) particles with thedirection of the motion and Rs the so-called magnetic
Earth’s atmosphere. The GCRs consist~&0% pro- rigidity, which is related to the particle’s momentum (p)
tons, 9% alpha particles and 1% heavy nuclei typicallgnd charge (q),
ranging from carbon to ird®?. Most of these particles pc
have energies between 100 MeV and 10 GeV, which R, = 1)
can extend up to 20eV@?, The sun is also a sporadic 4 oy . .
source of X rays and charged particles (i.e. mainly prd?Nere ¢ is the speed of light. The penetrating ability
tons, some alpha particles and a few heavy nuclei) asoé these part_lc!e_s IS depen_dent on their angle of |n?|-
result of magnetic energy release in solar flares. Thedgnce and rigidity. A particle can enter the Earth's
solar particle events (SPE) are much more frequent d t_mosphere if its magnetic ”g'd'ty'PRj's greater th_an
ing the active phase of the solar cycle and can occiff€ Vertical cut-off rigidity of the Earth’s magnetic field,
over hours to days with maximum particle energies gfe @t its point of entry. The vertical cut-off rigidity (in
between 10 and 100 MeV, possibly reaching up to 1§Y) has been derived by Sheaal and is related to the
GeV once in a decad@. Although the effect of GCRs deomagnetic latitude,  (in radians). In particular, as
to aircrew exposure is generally much greater than tﬁgarlveq by Sheat ‘f"l azs) a slight adaptation of the orig-
occasional SPE, a rare solar event could lead to a sig@! Stamer equatiof?,

nificant dose at supersonic altitudes, e.g. it is estimatedRc = 16.23715%%% (2a)
that an event on 23 February 1956 yielded a dose equin- which the Mcllwain L-parameter is given by
alent rate of~10 mSv.h'* at 20 kni'®, r

The charged GCRs will interact with the solar mag- L = - =5 (2b)

Table 1. Average annual occupational exposures in Canada*.

Category Occupation Annual
exposure (mSv)

Nuclear power Nuclear fuel handler 4.73
Industry and Research Industrial radiographer 2.90
Uranium mining Underground uranium miner 2.04
Medicine Nuclear medicine technologist 1.44
Airline Aircrew (pilots and flight attendants) ~1to5

*Based on information in References 2 and 3 (preliminary analysis of 1998 occupational exposure).
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AIRCREW EXPOSURE FROM COSMIC RADIATION
Here ¢ is the distance from the Earth’s dipole centréearth’s atmosphere, where these particles interact with

(in units of Earth radii) defined by atmospheric nitrogen and oxygen nuclei. In each colli-
1 b sion, a proton loses on averag®&0% of its energy,

lo <7> {2— + A } (2c) which results in a production of secondary particles like
a) [ V(1 — € cos By) protons, neutrons, and and K mesoné%. The target

where b & 6357 km) is the minimum (polar) radius of nuclei can also produce protons, neutrons and alpha par-
the Earth,e (= 8.20 X 107?) is the eccentricity, a ticles by evaporation. Particles generated by successive
(= 6372 km) is the average radius of the Earth, and Ateractions with the primary and/or secondary particles
(= 11 km) is the typical altitude of the aircraft. Equationtherefore produce a cascade of hadrons in the atmos-
2 is a best-estimate composite expression for thrgdere. These secondary particles also decay radio-
epochs from 1955 to 1980. The geomagnetic latitudectively. The charged mesons form muons which are
B, in turn, can be calculated from the geographic latiable to reach the Earth’s surface where they provide the
tude and longitudeN$) according & greatest contribution to the ground cosmic exposure.
. . . The muons can also decay by the weak interaction into
sin By, = sin sin\, + cosh cos\, cosp — &) (3)  glectrons, while the neutral pions may decay into pho-

where\, = 79.¥N and ¢, = 289.89E (the position tons which, by pair production, can further result in a
of the geomagnetic north pole). A higher value of thdormation of electrons and positrd#s®>. The build-up
cut-off rigidity R, indicates a reduced penetration at th@f these secondary particles competes with their
given global position. The cut-off rigidity is highest atreduction through energy loss and further interactions
the equator where the magnetic field lines are parall@lith other atmospheric nuclei. This competition results
to the Earth’s surface, which reflect vertically incidenin dose rates which vary with altitude, reaching a
GCRs with a rigidity less than 16 GV. On the otheimaximum level at about 20 km above sea level, known
hand, at the poles, there is a maximum penetrati®s the Pfotzer maximum. Calculations of the propa-
where the field lines are almost vertical with a zero cugation of atmospheric cosmic rays can be evaluated with
off rigidity. At jet aircraft altitudes during a minimum the LUIN transport code which is based on an analytic
in the solar cycle (i.e. when the corresponding galactigolution of the Boltzmann transport equatfh This
radiation is at a maximum), the galactic radiation is 2.60de has now been extended to account for the hadron
to 5 times more intense at the poles than at the equeascade with energies down to 10 MeV/nucleon, and
torial region&?. The cut-off rigidity curve displays employs a neutron spectrum down to thermal energies
another interesting feature, the so called ‘geomagnetfas derived from a FLUKA code analysis). In addition,
knee’, which is a fairly large region above approxi-Monte Carlo methods are typically employed for the dif-
mately 50N in Canada or 7N in Siberia where the ferent radiation components at lower energies, although
radiation levels are constant with increasing latitude. the FLUKA code can account for particle energies up
The GCRs are subject to further shielding by théo 10 TeW?728) The relative abundance of different par-
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Figure 1. Plot of neutron count rate and sunspot number plotted again$t®@3teSunspot number per month (which is an
indication of the heliocentric potential); monthly average of the hourly neutron count from the Climax, Colorado ground-based
neutron monitor.
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ticles is calculated in Figure 2(a) with no geomagnetisimulation of a tissue-equivalent site with a diameter of
shielding during a solar minimum. This calculation show& wm), but also the microdosimetric distribution of the
the particle fluence rate as a function of atmospheric depthdiation as a function of the lineal energy. The lineal
as obtained with a FLUKA analysis and the environmentanergy can be used as a surrogate measurement of the
model of Badhwdf>2®) These calculations are also comdinear energy transfer (LET) for the cosmic radiation
pared with those derived from LUIN at the pole duringspectrunt®. The TEPC used in this study had 4 &ia-
solar minimum conditions. The FLUKA and LUIN calcu- meter detector built by Far West Technology, and was
lations are in reasonable agreement except for the protdasigned by Battelle Pacific Northwest National Labora-
contribution where FLUKA predicts a greater particle flutories to be an extremely portable instrument (Figure 3).
ence rate by a factor of 2. This instrument fits into any overhead bin and is pow-
As previously mentioned, the secondary particles aered by batteries which last up to five days of operation.
seen to reach a maximum in Figure 2(a) and then decredsés simple to operate (off/on switch only) and stores a
with absorption while, in the upper part of the atmospherepicrodosimetric spectrum every minute for up to thirty
the protons (which are mainly primary particles) show aays of operation.
continuously decreasing fluence rate. Although there is noThe TEPC was calibrated initially by the manufacturer
maximum for the primary protons at high latitudes, thisising *"Cs and 25°Cf sources. This calibration was
feature becomes more prominent at low latitudes wheshecked routinely with an interndf“Cm source, which,
the high cut-off rigidity of the Earth’s magnetic field in normal operation, is shielded from the detector cavity
removes a significant fraction of the low energy primarieby a magnetic shutter. Since the radiation field at

as predicted by LUIN in Figure 2(b). jet altitudes is so complex, the response of the TEPC was
verified in several types of terrestrial radiation fields prior
EXPERIMENTAL PROCEDURE to use at jet altitudes. For the majority of the in-flight

measurements, aircrew turned on the TEPC prior to takeoff
Since radiation effects vary with altitude, geomagand off after landing, and provided positional data con-
netic latitude and heliocentric potential, the primary goadisting of the flight course and altitude history. Since the
of this research was to obtain data covering these parB=PC has its own internal clock, the TEPC measurements
meters that were valid for the complex spectrum at aicould then be correlated to the aircraft position
craft altitudes. (geomagnetic latitude and altitude) at one-minute intervals.
The only single instrument for a complete measureFhe stored data were downloaded at the laboratory to pro-
ment of the cosmic mixed-radiation field is a tissuevide an output of absorbed dose rateadd dose equival-
equivalent proportional counter (TEPC). It provides noént rate, H In addition to these outputs, the raw spectral
only an indication of the total dose equivalent (with aTEPC data could also be output as a microdosimetric dose

102

107

"o N
o @
P o
5 £
= s
(0]
© - 2
s ~.°® e
8 ~N. °® g
g 10° 4 | @ Protons (FLUKA) SO N e <
= O Electrons (FLUKA) ~ RN g ~
= v Neutrons (FLUKA) \\ N i -
v Photons (FLUKA) ~ —— Photons N \
1041 ——Photons (LUIN) N 4 — — Neutrons ~
— —Neutrons (LUIN) 10t | Electrons NG
------- Electrons (LUIN) —-- Protons
—-Protons (LUIN) —+— Muons
-5 ——NMuons (LUIN) —— Pions
10 ——Pions (LUIN) 1051
1 0'6 T T T T 1 0-6
0 200 400 600 800 1000

0 200 400 600 800 1000

Atmospheric depth (g.cm™) Atmospheric depth (g.cm™2)

Figure 2. Integrated fluence rate plotted against atmospheric depth for different particles. (a) Comparison of the fluence rate as
calculated by FLUKA and LUIN during solar minimum with no geomagnetic shielding. (The FLUKA calculations are taken
from Reference 15.) (b) The fluence rate as calculated by LUIN during solar minimum at the equator.
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distribution to provide an estimate of the average qualitgmployed extensively in earlier studies to measure the
factor, Q, of the radiation fieltt*-32) neutron component of the cosmic field.

In addition to the portable TEPC, different types of The individual microdosimetric spectra recorded by
passive and active detectors were also used on sevedta TEPC in these various fields represent the differ-
scientific flights to measure the individual low-LETent constituents present in the radiation field at high
(ionising) and high-LET (neutron) components of thaltitudes (i.e. the gamma and neutron components of
mixed-radiation field in the RMC study (which can bethe field). The energy spectrum of the high LET (i.e.
appropriately summed for comparison to the TEP@eutron) component of the radiation field created by
results). The various portable instruments used in thesmic rays at jet altitudes can be simulated on the
study included: (i) temperature-compensated neutraground by the radiation field produced behind concrete
bubble detectors (BD-PND) from Bubble Technologyshielding at accelerator facilities (Figure 4). The CERN/
Industries (BTI); (ii) a battery-powered Eberline FHTEuropean Commission high energy reference field
191 N ionisation chamber (IC); (iii) aluminium oxide facility (CERF) has been used for this purpose since
(Al,O,) thermoluminescent detectors (TLDs); (iv) a Sie1993“®)., This facility is set up at one of the secondary
mens Electronic Personal Dosemeter (EPD); and (v)l@ams from the Super Proton Synchrotron at CERN.
passive dosemeter box assembled by the NationEhe particles (protons and pions) from a charged hadron
Radiological Protection Board (NRPB) in the Unitedoeam hit a copper target, 50 cm thick and 7 cm in diam-
Kingdom, which contained 30 TLDs and 24 polyallyldi-eter. The secondary particles resulting from this interac-

glycol carbonate (PADC) etched track detectors. tion are then filtered by an 80 cm thick concrete shield-
ing placed above the copper target. As a further
GROUND-BASED MEASUREMENTS measurement, the microdosimetric spectrum recorded

by the TEPC on top of this shielding is compared to an
In support of the in-flight study, the operation of thein-flight one in Figure 5. Although the shape of the high
TEPC was verified and calibrated using several commdrET (>10 keVpm™?) portion is similar in both spectra
radioisotopic sources, such &%Cs, 2°2Cf, 2"Am-°Be (as expected from the similarities in the neutron
andz*%Pu®Bet0. As detailed in Appendix 1, the TEPC spectra), the relative area represented by the high LET
response was also evaluated with a monoenergeportion of each spectrum is significantly different. This
neutron source from 0.144 to 14.8 MeV at the PTBfeature is a direct result of the difference in the relative
along with neutron bubble detectors that had begoroportion of neutrons in each field where the neutron

Battery
box
Notebook
Magnet tS)gectrometer
X
Allen key
for battery .
box

5” TEPC detector

Figure 3. Arrangement of TEPC components in the carry-on case.
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field in CERF contributes about 85% of the total dose The microdosimetric quantities of the frequency-
equivalent, compared to approximately 50% at jet altimean lineal energyyg, the dose-mean lineal energy,
tudes. As a result, the relative area under the curve foryy, and the average quality factd®, are defined in the

> 10 keVpm~t is much greater in the CERF spectrumAppendix of Reference 2. Values of these quantities for
(Figure 5(a)) than in the jet-altitude spectrum (Figur¢he various terrestrial sources and the CERF spectrum
5(b)). In addition, the low LET portion of the spectrumare given in Table 2. The quantifi gives the average
obtained at CERF is dominated by a background mudimeal energy per event, but the quantitigsandQ are
contribution which is not present at jet altitudes. more useful in radiation protection since they are more

1.0

""" FLUKA calculation (200 g.cm2)®

Goldhagen measurement (222 g.cm™)®" H ~ 03

0.8 4| —— CERF (measurement at top of concrete shield)“®
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10 10 102 10" 1 10
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Figure 4. Comparison of measured, calculated and simulated cosmic ray neutron spectra (see text in Appendix 1).
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Figure 5. Comparison of microdosimetric absorbed dose and dose equivalent distributions obtained: (a) on top of the concrete
shielding at CERF at a field intensity of 3500 Precision lon Chamber (PIC) counts per pulse (summed over 3 h), and (b) on a
7 h flight between Toronto and Zurich at an altitude of 11.1 km. (—) yd(y), (——-)yh(y).
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representative of the relative biological effectivenesg:, Y, and Q were obtained from TEPC spectral data
(RBE) of the measured radiation. In particul@should summed over an entire flight (Table 3). The values of
provide an approximation of the ICRP 60 radiatiorall three of these quantities are all very similar to those
weighting factor, w, as derived from a ratio of the doseobtained from the radiation field on top of the shielding
equivalent (H) to the absorbed dose (D) in the TEP@t CERF in Table 2. On all flights, th@ values are
analysis. For instance, the experimer@abalue of 1.1 greater than 1 and thg, values are greater than 10
obtained for gamma rays from &’Cs source agrees keV.um™?, which indicates a significant high LET
quite well with a vk value of 1 as recommended by(> 10 keVum™?1) contribution to the radiation field.
ICRP 60. As expected, fields with more biologically-Thus, as shown in Figure 6, the aircraft environment is
damaging particles (such as tf8Pu®Be neutron field) dominated by radiation with a higher Q value, for which
will have higher values of andy,. The values of these there is a greater uncertainty in the biological risk
quantities obtained from terrestrial sources can providmefficient*”. In contrast, most terrestrial occupational
a useful comparison to the values obtained from thexposures are dominated by radiation with a lower
radiation field at jet altitudes. deposition energy, for which @ 1, and the risk coef-
ficients are better known.

In addition to the TEPC, radiation levels were also
AT-ALTITUDE MEASUREMENTS monitored with various pieces of instrumentation that

The TEPC was used as the primary instrument to takee sensitive to different components of the mixed radi-
dosimetric measurements and microdosimetric spectation field on several representative flight routes (see
on board 62 worldwide flights flown at altitudesTable 4). The dose equivalent arising from the neutron
between 4.5 and 12.4 km from September 1998 ft@.e. high LET) component of this field was measured
October 1999. A typical dose distribution for a transusing BDs or the PADC detectors of the NRPB box. In
Atlantic flight is shown in Figure 5(b). For a portion of addition, on some flights, the dose equivalent arising from
these flights at altitudes greater than 8.5 km, values tife non-neutron (i.e. mainly low LET) component was

Table 2. Microdosimetric quantities obtained from ground-based sources.

Source Type of radiation Ve Yo Q
(keV.pm—1)* (keV.pm™1)

181Cs vy rays 0.36+0.13 7.2£0.8 1.1+0.2

CERF neutrons, muons, rays 0.50 33 3.8+x0.7

23%puBe neutronsy rays 1.39 56 9+ 2

24Cm a particles 14.0 15@ 20 24+ 4

*The maximum error oy is 35%, most of which is associated with the extrapolation to zero lineal energy; thus, this error will
be most significant for gamma ray spectra.

Table 3. Microdosimetric quantities measured on Canadian-based flights.

Global flight Routes covered* Ve Yo
region (keVpm™1) (keV.um™1)

YYZ-LHR (return)
YYZ-FRA (return)

Trans-Atlantic YYZ-ZRH (return) 0.358 14 2 2304
YUL-LHR
LHR-YVR

YYZ-YVR (2) 0.359 15+ 2 2.3+ 04
YVR-YYZ (3)

YYZ-BGI 0.340 13+
BGI-YYZ

YVR-KIX 0.334 152 2204
KIX-YVR

Trans-Canada

N

Caribbean 22+0.4

Trans-Pacific

*Airport codes are: YYZ-Toronto International; LHR-Heathrow, London, UK; FRA-Frankfurt, Germany; ZRH-Zurich, Switzer-
land; YUL-Dorval, Montreal; YVR-Vancouver; BGI-Bridgetown, Barbados; KIX-Osaka, Japan.
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measured independently using either an IC, TLDs or af the total dose equivalent. The data in Table 4 show
EPD. Both the TLDs and NRPB box correspond to intethat this procedure results in a value which~-&0% of
grated values over several flight legs. Table 4 also showsat measured by the TEPC. This slight discrepancy can
different methods for estimating the total dose equivalemie related to the fact that the IC and TLDs are refer-
with various combinations of instrumentation. The meagnced to a photon-equivalent field (i.e. with a mean
ured BD/TEPC ratio for the dose equivalents in Table quality factorQ = 1), and therefore do not take into
can also be used to convert the extensive BD data meascount an enhanced quality factor for those ionising
ured in an earlier study (Reference 2) to a total dose equiparticles actually present in the cosmic spectrum with
alent (for all particle types). Considering an average of tHaeal energies greater than 10 kevh~! (such as
flights in the given global flight regions of Table 4, thisprotons). As mentioned above, the data indicate that the
ratio (i.e. neutron fraction) ranges from 0.42 to 0.45, excep€ is indeed detecting such particles. In faef,8% of
for the equatorial region where a lower value of 0.33 ithe absorbed dose from the non-neutron component can
observed due to geomagnetic shielding effects (as albe attributed to protons, although this fraction is some-
revealed in transport calculations). what dependent on altitude and latit{@¢®. A mean

An estimate of the low LET dose equivalent can alsquality factor of 1.5 has been proposed to account for
be obtained from the TEPC by including only those datthe enhanced proton contribution such t##t
points at lineal energies less than 10 kew:. 1. The _
TEPC gamma measurements in Table 4 are aIwaysH'QTLD ={1 X (1~ 0.18)]+ [1.5% 0.18}Dicrip
~10-15% lower than that measured by the IC. This sys- ~ 1.1Dc11p 4)
tematic discrepancy suggests that the IC is respondin% . . .
to ionising particles with higher lineal energy values a¥/here H is the corrected ambient dose equivalent for
well. The EPD readings are also consistently lower tha#€ hon-neutron component and D is the absorbed dose
the IC measurements by at least 20%. This result sugs Mmeasured with either the IC or TLDs. Thus, the IC
gests that the EPD (as normally used in the nucle@hd TLD measurements should be multiplied by a cor-
industry for ionising dose assessment) cannot be direcfi§ction factor of 1.1 in order to account for the dose
used for aircrew exposure assessment unless the EP@Hivalent effect from protons. This proton component
measurements are suitably scaled to an instrument wigh already appropriately weighted with the use of the
an improved response for the more penetrating ionisifid(LET) relationship for the TEP@. If the IC and TLD
particles of higher energy and charge. The low LETN€asurements are multiplied by this correction factor,

dose equivalent (from the IC or TLDs) can be summeH1® BD and IC measurements will sum to be about 95%
to the high LET (neutron) value to obtain an estimat€f the TEPC one, which is well within the measurement

uncertainty. However, even this small discrepancy can

be somewhat attributed to the under-response of the
Q>1 Q=1 BDs to neutrons of very high energy where the micro-
62% 38% scopic cross sections of the superheated detector liquid

‘ are known to decrease with increasing energy (see
Sy
pendent equipments are self-consistent with the TEPC

Figure Al.2 in Appendix 1).
I WHW”H In conclusion, the summed results from the various inde-

results, providing further confidence in the use of the TEPC

(a) data for model development presented in the next section.

MODEL DEVELOPMENT (FOR ROUTE-DOSE
PREDICTION)

The raw TEPC output from the flights (corresponding
to about 20,000 lineal energy spectra) can also be
processed to provide a dose equivalent rate (every
minute). However, it was decided that the spectral data
be summed over five-minute intervals and the data
smoothed using a least squares method developed by
Savitzky and Gola§® to reduce the relative error in the
data to approximately 18%. This method of data treat-
ment was applied to the TEPC spectral data obtained
Figure 6. Quality factor of radiation exposures for: (a) aircrewi’om 36 flights ("e'_"’,‘ sub-set of the original 62 fllghts
on board a trans-Atlantic flight at 11.2 km (based on the daffat was used specifically for model development). This
in Figure 5(b)), and (b) US atomic radiation workers (based ognalysis resulted in the dose equivalent rate data plotted

NCRP Report 9337. as a function of altitude and geomagnetic latitude as

Q=1
Lung
4%
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shown in Figure 7. This figure shows a consistent sym- p 1.02p(1 — 0.0227A¥26 A < 10.9
metry between altitude curves, which is due to th€ = ggg™~ | 297  01587(A— 10.94). A> 1
shielding effect of the atmosphere. The altitude A (in 0.2276pexp[~ 0.1587( 0-94), 09

km) can also be related to an atmospheric depth h (in (5)
g.cm?) (or atmospheric pressure p (in mbar)) in
accordance with the relatié®: where g = 1013.25 mbar. In fact, if the dose equivalent

Table 4. Summary of results from fully instrumented flights.

Flight Date Total  Neutron dose Non-neutron dose equivalent™ Total dose equivalent
route flight equivalenty(Sv) Sv) Sv)
time
(min)  pp» NRPB  TEPC IC TLD EPD NRPB TEPC BD+ (IC NRPB
PADC  Gamma (H TLD or TLD)  box

A. Domestic flights

YYZ-YVR Feb99 310 11+1 11+1 30+ 5

YVR-YYZ Feb99 229 152 10+1 29+ 4

YVR-YYZ Mar 99 235 9+ 1 8+ 1 19+ 3

YTR-YWG Oct99 128 5+ 2 48+05 5606 5 12+ 2 11+ 2
YOW-YVO  Jul 99 43 0.3+0.3 0.22+ 0.02 0.26+0.03 - - 0.8-0.1 0.6x03
YVO-YFB 140 5.4+0.9 3.7+04 44+04 - - 10+ 2 10+1
YFB-YSR 97 1.6=0.9 1602 18+0.2 - - 47+ 0.7 34=09
YSR-YFB 99 3.1+0.9 19+02 21+0.2 - - 5.1+ 0.8 5.2*+0.9
YFB-YOW 153 6+ 2 50+05 57+06 - - 14+ 2 12+ 2

Total trip 532 165 12+ 1 14+1 95 9 35+ 6 31x5

B. Trans-Atlantic flights

YYZ-LHR Oct98 395 13+2 - 12+1 — - 33+5 - -
LHR-YYZ 453 15+2 - 13+ 2 - - 37+ 6 - -
Round trip 848 28+ 4 28+13 25+3 26+ 2 282 70x11 54+ 4 56+ 13
YYZ-FRA Feb 99 414 16-2 17+ 2 43+ 6

FRA-YYZ Feb99 544 194 21+ 2 50+ 8

YUL-LHR Mar 99 380 15*+2 15+ 2 37+ 6

LHR-YVR Mar 99 560 22+2 23+ 3 57+ 8

YYZ-ZRH Jun99 436 19-2 17+ 2 20+ 2 45+ 6 39+ 3
ZRH-YYZ Jun99 487 20-3 19+ 2 23+ 2 50+ 7 43+ 4
YTR-RMI  Oct99 449 22+-2 -~24 17+ 2 19+ 2 14 ~13 43+ 6 41+ 3 ~37
RMI-EINN  Oct 99 154 - 40-04 46+05 - - 10+ 2 - -
EINN-YOW 382 - 13+ 1 15+15 - - 33+5 - -
YOW-YTR 35 - 0.07+ 0.01 0.10+ 0.01 - - 0.35+ 0.05 - -
Total trip 571 21x2 ~24 17+ 2 20+ 2 16 ~13 43+ 7 41+ 3 ~37
C. Trans-Pacific flights

YVR-KIX Mar99 611 20*+4 20+ 2 50+ 7

KIX-YVR  Mar 99 512 18+2 16+ 2 35+5

YVR-HNL  Oct 99 340 6+ 1 75+0.8 88*09 6 16+ 2 151
HNL-YWG Oct99 393 11+2 12+ 1 9 ~28+ 4

D. Caribbean flights

YYZ-BGI  Apr99 270 72 71 - 17+ 3 -

BGI-YYZ 330 11+2 10+1 - 23+ 4 -

Round trip 600 18+4 17+ 2 21+ 2 40+7 39+ 4

E. Equatorial region

HNL-NZAA Oct 99 512 72 10=1 11+1 8 21+ 3 18+ 2
NZAA-HNL Oct 99 476 6+ 1 9.4+ 0.9 8 18+ 3

*The error quoted on the bubble detector readings represents the standard dewjatinrtie reading of six different detectors.
**Based on a mean quality factor of 1.
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rate data are plotted in a semi-logarithmic fashiokm (i.e. h, = 243 g.cm?) can be derived from the dose
against the atmospheric depth, h, a linear relationshipriate at any atmospheric depth according to the scaling
expected (as suggested from Figure 2 for the giveanction:
range of atmospheric depth). The slope of the resulting H(h)
line corresponds to an effective relaxation length for the —— = exp [-& (h — h.)] (6)
given particles in the atmospheré,. This result is H,
indeed depicted in Figure 8, where the original data algormalising all data from various altitudes to 10.6 km
plotted for different geomagnetic positions of 830, in this manner yields Figure 9.
30, 45, 60, 75 and 90 degrees. An average slope of theynfortunately, Equation 6 cannot be extrapolated to
resulting lines yields a value af; = 0.0062 crd.g™*,  altitudes near or above20 km because of the effect of
which is in excellent agreement with other ||teratur%econdary particie buiid_up (See Figure 2) However, a
valueg®?s), ] ] more general function can be derived to account for
This relaxation length (valid over the altitudes 9.4 tayych effects. The incident cosmic radiation (i.e. protons)
11.8 km) can be used to normalise the data in Figureill be absorbed in the upper layer of the atmosphere.
to a SpelelC altitude. In parthUlar, the dose rate at 10:ﬁhUS, the rate of Change of the primary particie intensity
I, (particle.nT?.s™*) with respect to a penetration dis-

Rl tance z can be described by a simple (first-order)
< — absorption law:
an 20 : 10.0 km (+2 uSv.h")
> s D amiaromy dl,
T 4 o 1.2 km (+6 pSv. : -
5 16 oy dz = kel 0
©
= 4 where k (in nf.kg™?) is an absorption coefficient and
g 121 (in kg.m™3®) is the density of the atmosphere. The atmos-
El 10 pheric density decreases exponentially with altitude, or
o 8 in terms of the penetration distanc&%%
17 6
S 4 p(2) = pe™ ®)
;: 24 where p,, is the value ofp at some arbitrary level at
5 0 which z is taken to be zero. Here the quantity H is the
2 60 40 20 0 20 40 60 80 so called ‘scale height' as given B9:
< Geomagnetic latitude, Bm (deg) KT
Figure 7. Experimental dose rate data plotted against geo-'' mig ©)

magnetic latitude for various altitudes. (The curves are dis- )

placed for improved clarity by the values given in the figure.yvhere k is Boltzmann's constant(1.38<10722 J.K™),

T is the kinetic temperature (in K), m is the molecular
weight of air & 29.0 ux 1.66 X 10 ?"kg.u* = 4.81

X 10 26kg) and g is the acceleration due to gravity (
Bm =90 9.80 m.s?)®%, Assuming a typical atmospheric tem-
Bm = 60° perature 0of~220 KG9, H is evaluated as 6.4 km. Since
= 2
< Bm = 45° 10
&
2 ?
g Brm = 30° s>
o Bm = -30° 22 N
? S
o ops
S | =0 £s
£ SF 47
17 3= -
22 2
©
ET 29
o °
=z
160 180 200 220 240 260 280 300 60 -4 20 0 20 40 60 80
Atmospheric depth (g.cm™) Geomagnetic latitude, Bm (deg)

Figure 8. Plot of In(l—) against atmospheric depth at variousFigure 9. Dose rate (normalised to 10.6 km) relative to geo-
global positions. magnetic latitude.
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h andp are both functions which decrease exponentiallgtmosphere. Equations 6 and 14 are compared in Figure
with altitude, it is not surprising that there is roughly al0, which reveals that the term in large square brackets
linear relationship among them, i.e.=h kp, wherek in Equation 14 is equal to unity over the range of atmos-

corresponds to a slope of 7.1 KH. pheric depths in Figure 8. A more complete transport

. . dl, dl, dh dp calculation indicates that the Pfotzer maximum is some-

Thus, using the chain rule = - dp dz and calcu- \hat dependent on latitude and the type of particle

lating the derivative p/dz from Equation 8, involved. However, as a first approximation, Equation

with dh/cp = k, Equation 7 yields: 14 is able to account for the main features observed in

Figures 2 and 10 for the secondary particles including

dl, = —kJ (10) a maximum due to their build-up and an approximate
dh o exponential loss in the lower part of the atmosphere.

where k = kH/x. Equation 10 can therefore be To account for solar cycle effects, a normalising func-

tion for the heliocentric potential was found using the
CARI 5E transport code. About 1350 CARI 5E runs
[o(h) = 1,0e7%" (11) were compiled for 23 flights worldwide at six-month
) ) ) intervals over a 28-year period at 10.6 km. The effective
where | is the intensity at the top of the atmosphergjose of each flight was normalised to a heliocentric
at h = 0. Analogous to Chapman layer theory in thgyotential of 650 MV. A correlation was developed to
formation of the ionosphere, the production ofyiow for interpolation of U for values from 400 to 1500
secondary particles can be assumed to be proportional/, where it is observed that there is also a slight
to the rate of absorption of the primary particles/dit, dependence on the geomagnetic latituge(id degrees)

with an effective proportionality constaft®®. Thus, (which is more pronounced at higher latitudes), such
accounting for this source, and a first-order loss due gzt

absorption in the atmosphere with a coefficigntthe

directly integrated,

conservation statement for the intensity, df the sec- f,-f
ondary particles is: freio(U,Bm) = 25 B + f,
I
e = Bol, - (12a) far Bl = 25
) 0=|By <25 (15a)

or equivalently where f and % are explicit linear functions of U (in

dlg :

% = Bkolp —&ds (12b) MV)

fi(U) = —1.494x 10 “U + 1.1026 and

whereg, = (w/p)(H/x) is an effective relaxation length y)y — —3.992x 10-“U + 1.2696. (15b)

as measured in Figure 8(0.0062 cm.g 1) and calcu-

lated in Figure 2. Thus, substituting Equation 11 intddere f (as well f and £) are normalised to a value of
Equation 12b and integrating (where it is assumed thanity at 650 MV.

there is no secondary particle intensity at the top of the On further examination of the symmetry around the

atmosphere, i.esl= 0 at h= 0), one obtains: equator in Figure 9 (with a mirroring of data), it was
| 1 —exp[-(ke—&)h
IS(h) - Bk0|poe §5h|: Ifo [_(Es 5) ]] (13) 10
Again, normalising Equation 13 to an atmospheric dept i
h, yields the following scaling function (for altitude): S
_Iqh) ek
fAIt(h) - Is(ho) - eXp [ gs(h hD)] ;-

F A

[1 ~ exp [-(ko—£] ] 1

1 — exp [~ (ko—&Jho]

The parameter kin Equation 14 is fitted to provide

a maximum value of the function at the Pfotzel
maximum, i.e. at an altitude of 20 km or atmospheri 10
depth of ~60g.cm?, yielding a value of k =

0.043 cmi.g . This result is consistent with the LUIN
calculations of Figure 2(a) which show a greater relaxsigure 10. Comparison of the altitude correction function given
ation length for the primary protons near the top of the in Equations 6 (——-) and 14 (—).

s —_—— .
0 100 200 300 400 500 600
Atmospheric depth, h (g.cm™)
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seen that the north to south symmetry was not exac@omparison to PTB measurements
This lack of symmetry is due in part to the 10dffset .
of the spin axis of the Earth with respect to the magnet'ﬁ At the PTB in Germany, concurrent measurements

dipole s, urich gues ie o devatons i he magi e beeh SIS I e PTE anale, messre
netic field (in particular, the South Atlantic Anomaly).

o were summed to produce a total dose equivalent rate

Ior} agg'rtr'}%n'ntgg ccgggrc(;?r?a?(:‘sfaver?igk? tlisrﬁ?sntti:l: ;Lgilli;anc? Similar to that performed with the bubble detectors and
9 gn o . Y Olonisation chamber in Table 4). The instrumentation was

the correlation to be a reliable method for interpolating '\~ " a0 flights worldwidé®. The PTB data taken

the dose rate for any flight worldwide. To allow for thefrom References 9 and 10 can be compared to the RMC

asymmetries of the Earth’s magnetic field, the data c?é S .
: : . ta set by similarly normalising the former data to
be plotted instead as a function of the vertical cut-o 0.6 km and 650 MV (using the previous methodology)

rigidity (Figure 11). . . .
Figure 11 shows that the experimental data from th ncli:ipIg:gngzth%gt%sztﬁg%\slaﬁgt irr?tgxi%i'gﬁ‘f ?ggrr:]ent
36 flights cover all possible values of vertical cut-off 9 ! 9

rigidity (R.) from 0 to 16 GV. A correlation of the mﬁ.rr? ggz best fit curves for each of the data sets agree
global dose rate as a function of R therefore possible )

for a given global position (i.e. geomagnetic latitude

B,). Symmetry was verified by differentiating dataComparison to LUIN transport code calculations

collected north of the equator with that south of the equ-
h The RMC and PTB data were also compared to calcu-
ator. The two sets of data overlapped, showing that trfgtions with the radiation transport code LUIN 2000.

relationship of dose rate and. Rwithin experimental LUIN is a deterministic code based on an analytical

uncertainties) is symmetrical around the equator and {Wo-component solution (i.e. longitudinal and transverse
in fact a better representation than a plot of dose equi P €. 'ong

alent rate against B The final step was the develop_Xomponents) of the Boltzmann transport equation that

- . P ses the primary nucleon flux at the top of the
ment of a best-fit polynomial to the data in Figure 1 . -
providing the normalised dose rate, in pSv.h3) (at Jgtmosphere as a boundary condition. The primary flux

. . is derived from the Garcia—Mdmoequation below 10
gfsforig/il?j/itsng 1(?n66k\r}1)) as a function of the vertical CUt'GeV<55>, and the Peters equation for higher ener§fés

] as normalised to the Gaisser—Stanev values at 10.6
H, = 3.474X 10°5RS — 1.599X 10 ° R? (16) GeV®?, The scientific basis of the code is detailed in
> 3 References 11, 58 and 59. In particular, the code pro-
+2.741x 107 R — 0.1956R + 0.1630R + 5.784 vides for a calculation of the atmospheric cosmic ray
Equation 16 is used for the code development to alloangular fluxes, spectra, scalar fluxes and ionisation, and
for dose rate prediction for any global position, withthese quantities are then used to calculate the absorbed
corrections for the effects of altitude and solar cycle vidose in a semi-infinite 30 cm slab phantom (which pro-
Equations 14 and 15, respectively, where it can generides a simplified representation of the human body in

ally be written: an aircraft). The absorbed dose data at each depth are
H(Rmhaura'n) = Ho fAlt fHeIio (17)
10

£ 10

g o 2o Do

E g | : South %i 81 R « LUIN 2000

$ 3 = Best fit :(_2,?1/

3T 2

o R _a_.)'I

>3 25

52 §8

5% 35

8 38

ET £5

° s

2 =

]

0 T

£ 0 0 10 20
=z

Effective cut-off rigidity, Rc (GV)

Effective cut-off rigidity, Rc (GV) . . .
Figure 12. Comparison of the experimental data at RMC and

Figure 11. Plot of dose rate Hnormalised to U= 650 MV  PTB (normalised to U= 640 MV and 10.6 km) with the LUIN

and 10.6 km) against effective vertical cut-off rigidity,. R 2000 code predictions. The vertical cut-off rigidity values are

(GV). The R values were calculated from the Smart-Shedased on the IGRF 1995 table values for a five degree by five
model of Equation 2. degree world grid.
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obtained by integrating the scalar energy spectrui®). The LUIN 2000 curve is practically identical to the
multiplied by the flux-to-dose conversion factors at thabest-fit polynomial for the proposed curve in Figure 11.
depth. Absorbed dose data at various depths are then
used to cg)nstruct ab_sorbed doses for bhilateral isotrop, DE DEVELOPMENT AND VALIDATION
exposuré®, The equivalent dose to bone marrow an
skeletal tissue is also calculated at a depth of 5cm in A Predictive Code for Aircrew Radiation Exposure
ICRU tissue. The effective dose calculations are bas€BC-AIRE) was developed, in a VisuaHCt platform,
on flux-to-effective dose conversion coefficients irfrom the data analysis and the equations produced
References 45 and 61 to 65. In addition, LUIN is abl¢hereirf®®. This code was written to be user-friendly and
to provide an output in terms of an ambient dose equivequires minimal time for data input, calculation and
alent (H*(10)), using conversion coefficients from ICRRlata storage. The code requires the user to input the
74. Due to the penetrating nature of the radiation in aidate of the flight, the origin and destination airports, the
line exposure, LUIN 2000 predicts that the total ambieraltitudes and times flown at those altitudes. Look-up
dose equivalent is very close to the effective dose. Hovtables produce the latitude and longitudes of origin and
ever, this result is somewhat different from that sugdestination, as well as the heliocentric potential. A great
gested in Reference 49 where there is a greater diffagircle route is produced between the two airports, and
ence between the ambient dose equivalent and effectitre latitude and longitude are calculated for every
dose. This latter result primarily arises as a consequengenute of the flight (see Appendix 9. The vertical
of the two-fold increase in the proton fluence rate irtut-off rigidity is calculated from either Equations 2 and
Figure 2(a) with FLUKA compared to that of LUIN. 3 (which provide for a 3-epoch average), or interpolated
The LUIN code has in fact been successfully validateftom IGRF-1995 tabulated data for the given geographi-
against measured spectral data for the vertical protmal coordinates along the flight path. The dose rate is
flux between 700 g.cn? and sea levél®. Hence, this then integrated along the great circle path at one minute
discrepancy in the proton fluence will be exacerbated intervals using the model of Equation 17, which is based
the calculation of the effective dose as a consequenoa the normalised correlation in Equation 16 (Figure
of a significant radiation weighting factor of 5 for thell), and unfolded to the actual altitude flown (Equation
protons. 14) and the heliocentric potential for the date of the
In the present analysis, the RMC flights in the experiflight (Equation 15). The code outputs the total ambient
mental database were first simulated for a constant aldese equivalent for the total flight route. The PC-AIRE
tude of 10.6 km and 650 MV providing an ambient doseode was validated against the remaining 26 flights from
equivalent rate along the entire flight path of each flighthe original data set collected with the RMC TEPC (i.e.
(Figure 12). In addition, the actual flight paths wereghese validation data were independent of the 36-flight
simulated with LUIN and the correlations of Equationglata used for model development). As shown in Figure
14 and 15 for altitude and heliocentric potential effectd3, the PC-AIRE predictions of the validation flights are
were subsequently applied in order to test the given nar very good agreement with the TEPC measurements
malisation procedure, which yielded similar results tdor those flights. Here the measured TEPC data have a
that shown in Figure 12. For these comparisons, the datlative error of~18%, while the code, based on a sensi-
are plotted against the latest vertical cut-off rigidity caltivity analysis, has a predictive error of about 20%
culations for the International Geomagnetic Referendgvhich accounts for the uncertainty due to deviations
Field (IGRF) of 1995. There is again excellent agreein the flight path from a great circle route as well as
ment between the experimentally based model and th@acertainties in the scaling functions for the altitude and
theoretical (H*10) LUIN code predictions (i.e. within heliocentric potential).

Table 5. Comparison of route doses from previous database (derived from BD measurements) with PC-AIRE predictions.

Grouped global Sample Scheduled Route dgssv(per flight)
flight region route flight time
Database PC-AIRE

Trans-Pacific PEK-CYVR 10h 40min 5014 55
Trans-Atlantic CYVR-LHR 9h 6min 4319 52
Trans-Canada CYYZ-CYVR 4h 26min 236 24
Caribbean CUN-CYYZ 3h 37min 224 15
Northwest/Yukon Territories CYOW-CYFB 2h 50min 4 15
Pacific MNL-HKG 1h 43min 32 3.3
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A PC-AIRE prediction of route doses (in units of theAIRCREW ANNUAL EXPOSURE PREDICTION
ambient total dose equivalent) is shown in Table 5 for . . . .
representative flights which cover various global flight An extensive study was previously carried out with .
regions, assuming an altitude of 10.6 km (i.e atmos?—nly bubble detectors to measure the neutron dose equi

glons, 9 = L . valent on over 385 different Canadian-based flight
ppggg ('jvel\p;t? 0}:2;11.3 g.i:rﬁ) and a heliocentric pOthtlﬁ| route$?. These measurements were then scaled to a
0 which is close to a recent minimum in the : . X .
solar cycle or a maximum galactic situation). For th%c;tal dose equivalent for the given route with the use of

non-equatorial regions, these calculations yield a typic neutron fraction. The neutron fraction was derived
dose equivalent rate of5.4 LSv.h-%. The ability of the om equivalent dose calculations with CARI-LF, which

code to extrapolate to supersonic altitudes can yuere further supported by a single scientific flight using

) h ) . a’variety of active (i.e. TEPC, extended range neutron
_determln_ed with the use of the proposed scaling iunctlor?ém me%/er and ioni(sation chamber) and pass?ve (i.e.BD
Ilg Egﬁgﬁoq 414('0';0{:;”3:2”2%’) aitn%j?éztzr; g:afsc.tib? 0ﬁnd TLDs) instrumentation. From this analysis, a data-

q - . 9 . - base was constructed under a Microsoft Access platform
far = 2.7, y'eld'n}:{ an gugmented dose rate \(la_Equatlog’ provide a look-up of the total dose equivalent for a
17 of ~15 tMSYt.E t'hTh'S Fxtlratpolatedf Vgl,lée.;tml(%g()dgiven flight route. Using this extensive database pro-
agreement wi € caiculations o rieet a ram, with the actual flight schedules of several aircrew

which 'gd'lfaltet allr; equw:fllegt dSosr?ﬂrate éO tZe bane m pilots and flight attendants) supplied by the various air
r0\1v atn f egfg 'Sguirl PV 'tag ba Rois&)?qw carriers, an estimate of the annual exposure of the indi-
valent raté o9 p.Sv.i = as suggested Dy REHZTIOT 4,141 aircrew was obtained.

data collected at 55geomagnetic latitude (during solar The PC-AIRE code was further used to simulate these

minimum C()tndltlons). In addO:tlotn,k an .eXt‘;?S'Veﬂi hts to provide a prediction of the annual aircrew
measurement campaign was unaertaken using the paggsqosyre. Unfortunately, the previously developed data-

ive dosimetry boxes of the NRPB on 96 return flight§,aqe goes not correlate the route flight parameters (i.e.
(London to New York) on the British Airways Con- altitude) to a specific flight dose. As such, an average

corde, which yielded an average H*(10) total dosggequéiltitude of 10.6 km and a heliocentric potential of 500
valent rate of-11 p.Sv.h* at 16.1 km (102 9.cm)®. 1y (corresponding to the previous study period) were
This latter value is also in good agff’emem with a presssymed for the simulation. A comparison of six selec-
dicted PC-AIRE value of-12 pSv.h'* at this slightly o4 flights, which cover different global regions, is
lower altitude. Thus, there is some confidence in thgnown in Table 5. In general, PC-AIRE is typically
ability of the model to extrapolate to supersonic altiz_j 5, higher than that derived from the database pro-
tudes. This capability is expected considering the weljram This result is principally attributed to the use of
characterised relaxation length in Figure 8, and thgn older calibration factor for the bubble detectors (see
essentlally_5|mple exponentl_al behawoqrofthe dose ra@ction on bubble detector calibration) and a slight
as a function of atmospheric depth (Figures 2 and 1@jtference in the neutron fraction between the theoreti-
over the given range of altitude for these various typega| CARI-LF predictions and that obtained from the
of commercial flights. measured BD/TEPC ratio in Table 4. As such, the PC-
AIRE predictions of the annual aircrew exposure (as
shown in Figure 14) are15% higher than that reported
in Reference 2. As expected, all but one aircrew mem-
ber surpassed the proposed ICRP 60 public limit of 1

S mSv.y 1, whereas all crew members are well below the
2
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Figure 13. Plot of measured TEPC results versus PC-AIRE
Code predictions of flight dose. Figure 14. PC-AIRE prediction of aircrew annual exposure.
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proposed occupational limit of 20 mSvy; These data, ratio of effective dose (E) to ambient dose equivalent
in conjunction with Table 1, demonstrate that there is @H*(10)) is greater than unity based on the FLUKA
valid requirement to monitor the radiation exposure adnalysis in References 49 and 70. On the other hand,
aircrew, perhaps using such predictive tools as thétte current LUIN calculations in Figure 15(b) suggest
developed in this work. that E/H*(10) is typically closer to unity as a conse-
It is important to recall that the quantity beingquence of the lower proton fluence rate in Figure 2(a).
determined in the proposed PC-AIRE code is the ambEonsequently, in the PC-AIRE code, an effective dose
ent dose equivalent, whereas legal regulation limits aralculation is performed where the user has a choice of
in terms of effective dose. For typical terrestrial situscaling function as depicted in Figures 15(a) and (b),
ations, the ambient dose equivalent is a reasonable sguch that
rogate for the effective dose since it is a more conserva-

tive quantity. However, as suggested in Reference 49, (f, — fp) _
the ambient dose equivalent may no longer be a CON- ¢ FLUKA (AR) = 12 Re+f, 0=R <12
servative estimate of the effective dose for the complex = =/ ¥ %7 e
high energy cosmic spectrum, primarily due to the fa Re=12
enhanced weighting factor of 5 for the protons. This (18a)
result can be clearly seen in Figure 15(a), where the
where
22 @ f, = 0.9797+ 9.427<10 3A + 1.3635<10 °AZ
] a
2.0 and
s 184 f, = 0.9973+ 8.6025<10 3A + 7.2967 X 10 “A2,
:—‘o, 1 fi(A)=0.9797 + 9.4270x 10°A + 1.3635x 104A2 ‘,/
S 161 N and
L] FLUIN, o (ARY) = 9.901X 10° A + f4(R)) (18b)
1_2: where
; 04 f2(A) = 0.9973 + 8.6025x 10°A + 7.2967x 10*A? f3 = —4.170x10 4 R% + 1.188x10°2 Rc + 0.8816.
T4 6 8 10 12 14 16 18 20 22 24
Altitude, A (km) In I_Equations _18a and 18p, A is _the altitude in km and
R. is the vertical cut-off rigidity in GV. These corre-
lations are derived with the use of Lagrange interp-
olation polynomials and correspond to conditions near
12 a solar minimum. Thus, the ambient dose equivalent rate
‘ (b) in Equation 17 is multiplied by the chosen conversion
—oaov function in Equations 18a or 18b to yield an effective
ety dose, where Equation 18a will yield the more conserva-

14| e w1610y tive estimate (i.e. by-20% at subsonic altitudes). As a
caveat, the LUIN predictions of ambient dose equivalent
have been validated against two independent data sets
in Figure 12 based on an extensive series of in-flight
measurements. However, as mentioned in the derivation
of Equation 4, the proton contribution will result in only
a small (i.e. approximately 10%) enhancement of the
dose equivalent from the absorbed dose value if one
. . . . employs a standard Q(LET) relationship in such calcu-
6 7 8 9 1 mn 2 Jations. As such, the ambient dose equivalent estimates
Altitude, A (km) of FLUKA and LUIN should not vary significantly,
) ) . ) although further investigation is clearly warranted to
Figure 15. Conversion factor from ambient dose equivalent tl?nprove upon the effective dose calculation in order to

effective dose as derived from (a) FLUKA at solar minimum . -
and (b) LUIN calculations at 650 MV. The lines in (b) arereduce the observed discrepancy in Figure 15 between

derived from Equation 18b. In (ap(17.8 GV (LON-9°E), the two codes. This further investigation is important

Reference 49, Table 70 12.0 GV (33N-137E), Reference since an overly conservative estimate of effective dose
49, Table 3. (—) Best fit polynomial (12.0 to 17.6 GV)A) could result in undue restrictions if such theoretically
0.4 GV, Reference 70. (——-) Best fit polynomial (0.4 GV). based tools are used to manage the aircrew exposure.

E/H*(10) (total)
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CONCLUSIONS

@

@)

©)

(4)

A tissue-equivalent proportional counter (TEPC)
was utilised to conduct an extensive in-flight
measurement programme to investigate aircrew
radiation exposure at jet aircraft altitudes over a
one-year period. Over 20,000 total (ambient) dose
equivalent rate results were collected on 62 world-

of the effective dose to ambient dose equivalent as
obtained between the two transport codes.

An assessment of the annual exposure of Canadian-
based aircrew was performed with the PC-AIRE
code using actual flight frequency information.
From this analysis, most aircrew will exceed the
annual ICRP 60 public limit (1 mSv.y), but are
well below the proposed ICRP 60 occupational limit
(20 mSv.y'h).
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tainty (~18% relative error) without an undue loss

of data. Physically based functions were developed

to scale the dose rate data as a function of altitud®PPENDIX 1

(using a measured relaxation length of 0.0062

g.cm?) and heliocentric potential (based on anstrument calibration

theoretical analysis with CARI 5E). The current

model therefore provides for an estimate of the total

(ambient) QOsg equivalent rate for any global flighfepc (external source calibration)

path and time in the solar cycle.

The model was developed into a computer code, Before using the TEPC to monitor radiation at
PC-AIRE, for global dose prediction using a greaét altitudes, it is necessary to know the response of the
circle route calculation (e.g. between various wayTEPC relative to the ambient dose equivalent, H*(10).
points or the departure and arrival airport locations other words, the TEPC must be calibrated in a known
by summing the dose rates over the given flighield of interest in order to obtain a multiplication factor,
path. The code methodology was directly validatefi which can be applied to Hpc such thaf®
against an independent set of TEPC route—dose . _

measurements on 26 flights. An effective dose cal- H*(10) = Hrepc (ALL)
culation is also possible with PC-AIRE using con-The response of the TEPC was compared to H*(10) in
version functions developed from an analysis witlpolyenergetic neutron reference field¥*Cf and AmBe)
LUIN and FLUKA, but further work is needed to and in monoenergetic neutron beams at the PTB. The
improve upon the discrepancy e20% for the ratio results from the polyenergetic neutron fields are given in
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Table A1.1, while the results from the mono-energetic It is possible to determine the amount of energy
neutron beam measurements are shown in Figure Alifnparted to the counter gas using the relation

These measurements show thatzk is systemati- _
cally higher than H*(10) by an average 0f15% € = (Sh)pd, (AL5)
(excluding the measurement at a neutron energy bfence, with an ($) ~ 856 MeV.cnt.g 2, a tissue site
0.144 keV, where the TEPC is known to under-respondensityp, = 1 g.cn® and tissue sphere diametey,=d
since the range of the recoil proton is less than th2um, the energy imparted by the 5.8 MeV alpha par-
TEPC diametef§**%. In addition, comparison to a cali- ticle in the current detector cavity is= 171 keV. This
brated*®*’Cs gamma source shows that the TEPC overalue is in excellent agreement with that reported in the
responds to gamma rays by approximately 10%. Bastiterature (i.e. 170 keV for a Zum site size$”. From
on these various results, f in Equation Al.1 is taken ake definition of the lineal energy y

1/1.15= 0.87. y = el (A1.6)

where, for the simulated tissue site, the mean chord
length? = (2/3) d it follows that
The TEPC also contains an internal alpha source (i.e.
244Cm) which can be used for calibration since the cos- ¥ ~ 1.5/d) (ALT)
mic ray spectrum also contains particles of higher LETA lineal energy peak is therefore predicted to occur with
Thus, the value of f in Equation Al.1 can also be conEquation A1.7 at a value of 128 keMn™. The actual
firmed by examining the position of the peak generateshbectrum measured by the TEPC consists of a single
by the internal source. This source emits 5.8 MeV alphgeak with a maximum near 148 kgMn~* (consistent
particles with virtually no gamma ra§®. The stopping with an original calibration by the manufacturer to a
power (Sp) of these particles in the detector can beeak position of 150 ke\wum~1). Thus, this actual peak
evaluated with a Monte Carlo analysis using the SRIMeccurs at a lineal energy which, again,~i$5% higher
2000 code, assuming an atomic composition of: H (10fan that predicted by theory (128 kewn~%). The
wt%), C (56.9 wt%), N (3.5 wt%) and O (29.3 wt%) absorbed dose calculation will be directly affected by
for the muscle-equivalent (propane) gas of dengity  this same factor, which further supports the use of the
1.68 X 10°° g.cmv ® (at 20°C and 933 Pa (7 torr§y.  proposed value of f in Equation Al.1.
The SRIM calculation indicates a very large range of
~2.5m in the low density g&¥. As such, the high .
energy alpha particle should not slow down very mucfromparison to the HANDI TEPC at CERN
as it passes through the detector sphere (of diamgter d The TEPC was also compared to a HANDI TEPC
= 12.7 cm). This can be further demonstrated with @ith a cross comparison measurement of the integral
simple energy-range calculation. The energy loss of thield at CERN (which simulates a high energy cosmic
particle as it traverses through the gas is given by: neutron spectrum as depicted in Figure 4). The
_ _ HANDI TEPC typically yielded a total ambient dose
dE/dx=S (AL2) equivalent which was-20% higher as compared to
From the SRIM analysis, it can be seen that the stoppinge TEPC measurement after using the correction
power is relatively constant for a high energy alpha pafactor derived in the external and internal calibration
ticle (i.e. until it has slowed down and is near the endtudies. However, the use of independent combined
of its range), where () ~ 856 MeV.cm2.g%, or instrumentation suites in both the RMC and PTB
S = 0.0146 MeV.cm*®®, Equation A1.2 can therefore investigations (see for example the section on at-alti-
be directly integrated to yield: tude measurements) further support the current TEPC
E(X) = —Sx+ E, (A1.3) calibration and its ability to measure both the low and

high LET components of the complex cosmic ray field
where E (= 5.8 MeV) is the initial energy of the alpha gt altitude.

particle. The average energy of the particle must be
evaluated over a mean chord length of the spherical
detector,¢ = (2/3)d, where on use of Equation A1.3; Bubble detectors

TEPC (internal alpha source calibration)

7 In an earlier study, BDs were used to measure the
j E(x)dx dose equivalent of cosmic neutréfisThese measure-
() =20 - E@12) (AL.4) ments were subsequently scaled to a total dose equival-
7 ent (i.e. for all particle types) using an estimate of the
dx neutron fraction based on CARI-LF equivalent dose cal-

o culations. The present study, however, also provided a
Equations A1.3 and Al.4, with the above parametrianique opportunity to determine experimentally the
values, yield an average energy in the detector spheresafale factor from the ratio of the BD/TEPC measure-
(E) = 5.7 MeV, which is close to the initial energy,E ment. This type of evaluation is particularly important
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since simple passive, direct-reading BDs can alterndepth of 222 g.cm? with a multisphere neutron
tively be used to measure the high LET component afpectrometéf#%); (i) a Monte Carlo calculation with
the at-altitude field, which can be easily scaled to yield the FLUKA code by Roesler (atmospheric depth of
total dose equivalent without the need for sophisticate2D0 g.cnm?)@®; and (iii) a simulated spectrum meas-
instrumentation. Therefore, for this analysis, the BDared on top of the concrete accelerator shielding at
were also calibrated in ground-based accelerator studi@ERF*24%), For neutron energies less than 1 eV, the
using the monoenergetic neutron source at the PTB atiteoretical calculations of Armstrong have been
subsequently validated in an integral reference field at

the CERF facility that simulates the cosmic neutrol 800 x = ” .
. o ®  PTB data from 1/2" TEP i :
spectrum (Figure 4). I e PTB data from 2" TEPC i P
For the bubble detectors, a response-to-dose equiv 3 600 4! __'__E‘}g%)d:;amffﬁ:"; el phpg g
ent calibration factor, R[Q,, can be determined exper- 2 —T 7T ; | i
imentally by taking the ratio of the integral response 0 < Dolle ie %i
the detector (i.e. the number of bubbles, M) to the dos & 400 o i ~ /
equivalent produced in a known reference field, H: i / :1 X ' i
Pl i ;
RD,ms = MIH (A18 2 a0l LA L mEii
] S ) S /’ P P
This calibration factor (once determined) can be used = Pl Pl
convert the number of bubbles produced by an unknow 0 Ll R
radiation field, M, into a measured (ambient) neutror 0.1 1 10
dose equivalent, DE Neutron energy (MeV)
DE, M, (A1.9) Figure Al.1 Response of RMC TEPC compared to H*(40)

RDamp at selected neutron energies. The response of the RMC TEPC,

Alternativel heoretical R n lcul for Hrerd®, is compared to H*(103 values given in ICRP 74
ar]tﬁdeztl r?e)lljltr?)rg ggtee(t:t%? By can be calculated fo (solid line). Responses of PTB-owned TEPCs are also shown

for comparison.
_ JRy(E)(E)dE .

which requires a knowledge of the energy respons [ X
function of the detector, {E); the shape of the cos- 10751
mic neutron energy spectrunb(E); and the conver-
sion factor, h(E}H*(10)/®, between the ambient
dose equivalent H*(10) and neutron fluende The
energy response function of the detector, includin
the more recent PTB data, is shown in Figure Al.Z
For this analysis, the combined H*(1@®/operational
coefficients of Siebertetal (for neutron energies
below 200 MeV) and Sannikoet al (for neutron
energies above 200 MeV) shown in Figure A1.3 ca 0905 107 105 10°  10° 10 10°
be employeé®—° Thus, an ideal calibration factor
can be evaluated from Equation A1.10 with a furthe Neutron energy (MeV)
knowledge of the neutron spectrum. The results Qfig,re A1.2. Bubble detector response-to-fluence function (for
this calculation are shown in Table Al.2 using the “detector with unit sensitivity of 0.1 bubblpSv-3).
various spectra in Figure 4, which include: (i) ane) Noulty™, (O)Noulty™, (A)Tume etal”, (H)PTB
actual measurement by Goldhagen (atmospheric measurements (2000), (—) proposed functions.

101

107

Rs (E) (bubbles.cm®.n™)

Table A1.1. Response of RMC TEPC to polyenergetic neutron reference fields.

Source Reference (H*(10)) Measured dose ®éte Relative difference
dose rate (Sv.h?) (nSv.hr?) (%)

252Cf 996 + 24 1165 16.9

Am(Be) 11.8+ 0.6 14.2 20.6

@ For y > 10 kevum™? (neutrons only).
® Corrected for backscattering (using shadow cone).
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pinned to the measured spectrum of Goldhagen aibn coefficients.) With a knowledge of this factor,
the calculated one with FLUKA in Figure®. As the neutron dose equivalent can be easily evaluated
expected, the calculated value of RRin Table A1.2 with Equation A1.9 by simply counting the number
does not vary much with these comparable spectraf bubbles (M) on a given flight. No correction has

A response-to-effective dose calibration factor,/gD been considered for the interaction of high energy
can also be similarly obtained in Table Al1.2 for theprotons with the neutron bubble detectors since this
BD by replacing the quantity H*(10J/ in Equation effect is well within the measurement uncertainty of
A1.10 with the neutron fluence-to-effective dose conthe detector. In particular, the particle fluence rate is
version coefficients B of Figure A1.3. Hence, an order of magnitude less for protons compared to
the ambient dose equivalent, as measured with tmeutrons at typical aircraft altitudes (see for example
bubble detector for a cosmic neutron spectrum, wilFigure 2), and the response of the bubble detectors to
provide a somewhat conservative estimate of thleigh energy protons is somewhat reduced from that
effective dose (as seen by replacing RPby RD. for neutrons, as observed in accelerator experiments
in Equation A1.9). at TRIUMF.

Thus, in the current study, the calibration factor In order to confirm experimentally this calculated
RD,.is evaluated from Equation A1.10 for the cosvalue of RO, for an ideal detector, an experimental
mic neutron spectrum of Goldhagen (Table Al.2)calibration was made on top of the concrete shielding
yielding a value of RQ,,, = 3.8 bubblenSv 1. (This at CERF. As mentioned previously, the neutron spec-
calibration factor specifically corresponds to a detedrum generated behind the accelerator shielding pro-
tor with a sensitivity of 5.6 bubblegSv?* for an vides a reasonable simulation of the neutron spectrum
AmBe neutron spectrum and ICRP H*(1®ktonver- at aircraft altitudes (Figure 4). A measured experi-
mental response, M, was made with the bubble detec-
tors for the integral field and compared to the actual
neutron dose equivalent, H, as measured with an in-
house LINUS (Long Interval NeUtron Survey meter)
extended range counter. Thus, using Equation A1.8,
an experimental ratio of M/H yielded a value of
RD.m, = 3.8 = 0.8 bubblewSv~2. This value is in
excellent agreement with the corresponding value of
3.7 = 0.8 bubblenSv* reported in Table A1.2 for
the CERF spectrum.

1000

1001

104

H*(10)/¢ & E/$ (pSv.cm?)

APPENDIX 2

10"° 108 10® 10* 102 1 102 Great circle calculation

Neutron energy (MeV) An aircraft normally flies a great circle arc (or route),
Figure AL.3. H*(10b and effective dose B/ conversion which is the shortest distance between tht_e two points
coefficients for neutrons &) E, (Ferrari 1097, (o) H*(10)  ON the surface of a sphere. The total great circle distance
(Siebert 19989, Sannikov 19975 (D) between the point of origin, a, and the final desti-
nation, b, i§°":
Table A1.2. Calculated response-to-dose (RD) conversion  ¢os(D)= Sin[A,]SiN[B)ad
factors for BDs at 20°C®,

+ €0S[A.]cos[B.]cos[Aon — Biorl (A2.1)
Spectrum Goldhagéh FLUKA®  CERF  \here D is in radians, and the parameters A lat(a)
and B, = lat(b) correspond to the latitude, ang,A=
RD,m, (bubblepSv ) 338 37 3.7  lon(a) and B,, = lon(b) correspond to the longitude, of
RDerr (bubblepSv)© 5.9 4.9 4.6 points a and b, respectively. The distance D (rad) can

be converted to nautical miles (nmi) where D(nrsi)
@Calibration factor for a detector with a nominal sensitivity ofD(rad)(180*60)fr.

6 bubbles.Sv™* as calibrated by the manufacturer using an |n order to determine the coordinates of the flight path
AmBe neutron spectrum and NCRP 38 units (i.e. théBRin o 5 great circle arc at a given distance D (rad) (for a

Figure A1.2 has been multiplied by a factor of 60 since the . . : : :
latter curve pertains to a detector with a 0.1 buhbBy * %Iven_alrcraﬁ speed ar.1d time on this path), the following
equation is employed:

sensitivity).
®Includes the theoretical spectrum of Armstrong in Referengg; — asirfsiniA.1cos(D) + cos[A. Isin(D)cos A2.2a
44 for thermal neutrons. IrsinA]cos(D) [Adlsin(D)eos®)} - (A2.2a)
©For isotropic (ISO) geometry. lon = modA,, — don + m2m} — (A2.2b)
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where languages, and mod(y,x) is the modular function. These

do, = atanZsin(t)sin(D)cos[A.], cos(D) — sin[AJsin(lat) eguations can thqefore be used to calculatg the path,
distance and position along the path at a given time

t. = mod(atangsin[Ag, — Bion|COS[Ba, throughout the flight (with a knowledge of the total

cos[ALISINB] flight time and great circle distance D or alternatively

) the aircraft velocity). This positional latitude and longi-
—SiN[A]coS[BalcoS[Aon — Biorl}, 2m) tude information can then be used to calculate a corre-

The atan2(y,x) function is the arc tangent of y/x, whictsponding geomagnetic latitude (Band, hence, a cut-
is a standard function used in most programmingff rigidity using Equations (2) and (3).
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