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1. Introduction

Since several years the radiation exposure to air crews caused by cosmic rays is under discussion. The
ICRP proposed to consider air crews and other frequent flying individuals as occupationally workers.
To provide a reliable scientific basis for an overall risk assessment our in-flight measurements [1] are
compared with calculations by cosmic ray transport codes. The LUIN-Code [2,3,4] was developed by
Keran O'Brien in 1973. and continuously improved and evaluated with experimental results. The new-
est version LUIN97 describes the complex situation of the cosmic ray field in the atmosphere and uses
realistic phantom models for dose calculations.

2. LUIN-Code theory

The LUIN-Code flow chart is shown in Figure 1. LUIN needs the input data: geodetic location
(latitude, longitude), atmospheric depth (altitude), sea level barometric pressure, sea level temperature
and the heliocentric potential. Interface programs give the atmospheric depth from the geometric alti-
tude and the heliocentric potential from neutron monitor counting rates. For these conditions LUIN
outputs particle spectra, absorbed dose, dose equivalent and effective dose for all treated particles (p, n,
T T W " , u, e+, e',y).

Figure 1. LUIN Flow Chart
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Primary cosmic ray particle spectra modifications

Solar Modulation: The primary cosmic ray flux in the solar system at the earth's orbit is a mixture of
energetic protons, alpha particles and a small amount of heavier particles. The number of galactic ra-
diation particles entering the atmosphere varies inversely with the 11 year cycle of solar activity. The
period of maximum solar activity corresponds to the minimum in cosmic ray intensity and vice versa.
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It was shown theoretically that the effect on the cosmic ray spectrum of passage through the inter-
planetary medium is approximately the same as would be produced by an heliocentric potential with a
magnitude at the earth's orbit equal to the energy lost by interaction with the solar wind [7]. This 'force
field approximation' was shown to be a good one at cosmic ray energy above 50 MeV. Energies below
contribute a negligible amount to cosmic ray intensities. The force-field approximation gives the cos-
mic ray spectrum n(E) at the earth's orbit as: n(T)=no(E)[P(E)/P(T)J2, with T=E+ZU,
P(x)=(l/c).(x2+2Axmc2)1/2 where me2 is the nuclear mass(MeV), c is the velocity of light in vacuum,
no is the unmodulated galactic spectrum of atomic weight A and atomic number Z per (sr.cm2.MeV)
having an energy E MeV, and U is the modulating potential (MV). For no the unmodulated proton and
a particle spectra of Garcia-Munoz [8] et al. were used for energies below 10 GeV, above the spectra
of Peters and O'Brien [9] were used. The small galactic comic ray electron and photon fluxes are ex-
cluded from consideration. The major components of the cosmic rays have essentially energy spectra of
the same shape, i.e. with some exceptions, the proportions of the cosmic ray fluxes do not change with
energy. Hence, to simplify the computations, the small intensity of higher mass particles has been
lumped in with the a particles as the have about the same rigidity and, essentially the same energy
spectra.

Figure 2. Effective dose rate altitude profiles at Figure 3. Effective dose rate altitude profiles for
different geomagnetic latitudes different heliocentric potentials
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The geomagnetic field: The magnetic field of the earth deflects the incoming cosmic rays depending on
their rigidity*. For each angle of incidence there is a 'critical or cutoff rigidity below which the in-
coming particle cannot interact with the earth's atmosphere. In the vertical direction, this rigidity must
exceed approximately rc=15 cos4 A GV, were X is the geomagnetic latitude. The equation of motion of a
charged particle in magnetic field does not have a solution in a closed form. Reasonably accurate geo-
magnetic cutoff rigidities can be obtained by the numerical integration of cosmic-ray trajectories in
mathematical models of the geomagnetic field. Calculating these cutoff rigidities with this so called
'trajectory tracing' method is an separate task and involves a formidable amount of computer time. The

*The magnetic rigidity is defined as r=P.c/q, where P is the momentum and q the charge of the particle, c is the velocity of
light.
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values of the vertical cutoff rigidity as a function of geographic longitude and latitude were taken from
recent work by Shea and Smart [5]. Since a two dimensional cutoff distribution produces an incident
scalar spectrum quite different from either an azimuth averaged approach, or the use of the vertical
cutoff alone, 192 separate cutoffs are used as a function of both azimuth and zenith. The non vertical
cutoffs are obtained by mean of the method of Rosier, Heinrich and Spill [6] assuming that the cutoff
distribution is locally dipole in shape. The primary spectrum will be assumed unchanged in angle and
energy above the cut-off rigidity and to vanish F i g u r e 4. Effective Dose World Maps for different
below it. The determined cutoffs are acting as altitudes
high pass filters to the cosmic ray fluxes.

Cosmic-ray propagation in the atmosphere

The geomagnetic field and the solar wind alter
the shape and the time-dependence of incident
cosmic rays, but the interactions with the earth's
atmosphere are considerably more drastic. The
atmosphere provides considerable shielding, the
lower the altitude the thicker the atmospheric
layer, and therefore the higher the protection
against the radiation exposure.

The atmosphere is modeled as a spherical shell
with an inner radius of 6371 km, and a thickness
of about 34 km, with the density and tempera-
ture distribution of the standard atmosphere. It is
assumed to be composed of a single nuclear
species with an atomic weight of 14.48, atomic
number of 7.22 and an ionization potential of
98.8 V. Because oxygen and nitrogen are so
close in the periodic table, this simple assump-
tion yield the correct nuclear data.

The behavior of cosmic rays in the atmosphere
is described by the stationary form of Boltz-
mann's equation. This equation is solved using a
code based on the work of Passow [10]. This
program transports neutrons, protons and pions.
Kaon production is taken into account, but kaon
transport is ignored. To account for leakage out
of the atmosphere, an approximate two dimen-
sional treatment was applied [11]. Protons and
neutrons in the incident primary a particle flux
are treated as unbound after entering the earth's
atmosphere, (while they are interacting with the
solar wind and the earth's geomagnetic field
particles are treated as bound). The code yields
results are in good agreement with cosmic ray
pion, proton, neutron and muon spectra
[4,9,12,13].

The dosimetry of cosmic rays

The slab phantom was replaced in LUIN97 by an realistic anthropomorphic phantom. Since the effec-
tive dose is not a measurable quantity, it is determined by conversion coefficients from Ferrari, Pellic-
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cioni and Pillon [14,15,16,17]., derived in standard conditions of exposure. Since official conversion
coefficients in terms of effective dose are still completely lacking this work is very important. The
conversion factors were calculated with the FLUKA Monte Carlo code for a phantom called ADAMO.
ADAMO is an hermaphrodite phantom and is derived from ADAM, which was prepared by the GSF-
Forschungszentrum fur Umwelt und Gesundheit. The female organs were added and some other modi-
fications relevant for the evaluation of effective dose have been included. According to the ICRP 69
the higher value of doses to ovaries and to testes is applied to the gonad weighting factor for the cal-
culation of effective dose. Calculations were performed for whole-body irradiation of the phantom
placed in vacuum and various directions of radiation incidence. In LUIN the conversion factors for
isotropic exposure are used, since isotropic exposure geometry corresponds most closely to the vari-
able exposure geometry of a human moving around in an aircraft.

3. Numerical results

The effective dose rate altitude dependence at various geomagnetic latitudes is shown in Figure 2. The
current heliocentric potential of about 500 MV was used for these calculations. For this modulating
potential the latitude effect at normal jet aircraft altitudes (ca. 11 km) is about 30% percent between
43° and 55° geomagnetic latitude and about a factor of 2 between the geomagnetic poles and the
equator. The effect of the 11-year modulation cycle is similar (see Figure 3). The effective dose rates
differences between extreme solar conditions - maximum 1600 MV and minimum 200 MV - at 55°
geomagnetic latitude could be from 20 percent at sea level to 50 percent at 11 km. At 43° geomagnetic
latitude, the difference increases from 15 percent at sea level to 20 percent at 11 km. As Figure 3
shows, the solar activity dependence of the effective dose rate decreases at positions near to the geo-
magnetic equator.

To get a guess of effective dose rates magnitudes in flight altitudes Figure 4 provides 3 dose world
maps. Effective dose rates between 1 and 10 uSv/h could be observed in usual flight altitudes (for the
current solar activity). As could be seen the most important parameters are the altitude - effective dose
rates vary in usual flight altitudes by a factor of more than 2 - and the flight route with dose rate varia-
tions up to a factor 3.
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