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INTRODUCTION
A discovery of increased radiation at high altitude revealed (in the first half

of the 20th century) that we are bombarded by ionising particles from outer space
[1]. Cosmic radiation has a galactic component, which normally is dominant, and a
component of solar radiation. Galactic radiation is modified during its passage
through space by interactions with interstellar matter, and in the environment of the
solar system, it consists of protons (88 %), alpha particles (11%), other heavier ions
up to iron (-1%) and electrons (2%). The energy of nuclei ranges up to over 1014

MeV [2].
Transient, unusually high levels of cosmic radiation can result from solar

particles, produced by sudden, sporadic releases of energy in the solar atmosphere
(solar flares), and by coronal mass ejections. Only a small fraction of solar
radiation, on average one per year, produce large numbers of high-energy protons,
which cause an observable increased intensity in cosmic radiation fields at aviation
altitudes. The maximum solar activity duration my be hours to several days.

When the primary particles from space, mainly protons, enter the
atmosphere, those with high energy interact with air nuclei to induce the cosmic-
ray shower [3]. Lower-energy particles are deflected back into space by earth's
magnetic field, that occurs more at the equator than near the poles. Neutrons are
produced via multi-step reactions; they lose energy by elastic collisions and, when
thermalized, are absorbed by 14N to form 14C. From a few hundred meters above
the earth to near the top of the atmosphere there is an approximate equilibrium
established between neutron production and absorption.

The high-energy particles incident on the atmosphere produce also neutral
pions (in proton - nucleon reaction), those decay into high-energy photons, which
produce electron-positron pairs leading to the production of annihilation photons
and so on - the electron-photon cascade. Pions charged decay into muons (+ and -)
and neutrinos.

The dose rate from the combination of attenuation and particle production
increases with depth in the atmosphere reaching a maximum at ~20 km, then
decreasing down to the Earth's surface. The contribution to dose from each particle
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type depends on altitude and also phase of solar cycle. At aircraft altitudes and
temperate latitudes, representative values of the main components of ambient dose
equivalent are neutrons 55%, electrons and positrons 20%, protons 15%, photons
5% and muons 5%. At see level, the dominant component of dose equivalent is the
muon component.

The radiation field in aircraft at altitude is complex, with many types of
radiation of large energy range. There is not a significant contribution to dose
equivalent from energetic primary heavy charged particles. For dosimetric purpose
the field can be divided into the non-neutron component (low Linear Energy
Transfer, LET) and the neutron one (high LET >10 keV/|im) which includes the
neutron-like dose equivalent contribution by strong interactions of high-energy
protons. The summed components give total dose equivalent.

At the aircraft altitude or flight level of 10 km, one can receive an equivalent
dose rate of about 10 uSv/h, where the photon and electron components due nearly
45 %, neutrons 40 % and protons 15 % of the total dose [2,4]. The dose rate of the
natural radiation (without a radon component) at the ground level in Croatia is
nearly 0.2

MATERIAL AND METHODS
The cosmic radiation dose for crews of the aircrafts A320 and ATR42 was

measured with the TLD-100 (LiF:Mg,Ti) detectors those eight members of the
aircrews carried as personal dosimeters. The reading of the TL signal was carried
out at the Rudjer Bošković Institute using a modified TOLEDO 654 reader which
enables the integration of the glow curves with variable integration limits.
Detectors were preheated at the temperature of 100 °C for 6 s and then heated to
the maximal temperature of 270 °C [5]. The calibration was performed with 137Cs
gamma rays by the dose rate of 0.62 mGy h"1. The dose at the lower detection limit,
defined as three times the standard deviation of the zero reading of unirradiated
dosemeter, was lOuGy.

Also the cosmic radiation dose was measured with the semiconductor
dosimeter Mini 6100 (Saint-Gobain Crystal & Detectors Ltd, England) that was
calibrated for the equivalent dose in mSv. The dosimeter Mini 6100 was fixed in
the pilot cabin during flights of the aircrafts A320 (Airbus) and ATR42, which had
the flight level up to 12 km and 8 km, respectively, in September and October
2003.

The concentration of radioactive gas radon (222Rn) in air of the aircraft was
measured with the Alpha Guard PQ2000 PRO detector (Genitron Instrument,
Germany), which also registered air temperature, barometric pressure and
humidity. This measuring system uses a principle of the ionisation chamber and
alpha-spectrometric technique for radon measurement.
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RESULTS AND DISCUSSION
The crew members of the aircrafts A320 and ATR40 carried the personal

dosimeter TLD-100 in September and October 2003 when the crew was working
513 h; nearly 84 % of this time or 429 h the crew was in the air and 40 % of the
time or 172 h at the flight level (12 or 8 km). However, the reading of the TL signal
for all the eight dosimeters didn't show any absorbed dose higher than the dose of
the lower detection limit (10 \xGy).

So we concluded that the exposure time for the TLD-100 dosimeters during
the flights was too short, or the sensitivity of the TL detector was too low for the
high-energy cosmic radiation at the flight level (about 10 km).

By using the dosimeter Mini 6100, the radiation dose measurement in the
aircraft gave the results presented in Table 1.

Table 1. The dose equivalent (H), exposure time (t) and dose rate (H* = H/t) for
the crew of the aircraft A 320

Datum of reading
16-30 Sept. 2003

30 Sept. - 8 Oct. 2003
8-24 Oct. 2003

24 - 31 Oct. 2003

H (mSv)
0.2742
0.1779
0.3356
0.158

t(h)
288.37
193.40
388.28
167.20

H*(nSv/h)
0.95
0.92
0.86
0.94

The average dose rate for the Airbus A320 was H*A = 0.917 |uSv/h and the
estimated standard deviation sA = 0.040 ; the relative error was H*A/sA = 4.3 %. The
dose rate of the natural radiation at the ground level was 0.2 (u.Sv/h (hereby a
natural radiation dose of the radon in air was not included). During the working
time of 513 h, the aircraft crew has received the equivalent dose of 0.917x513 |nSv
= 0.47 mSv. The above measurements were performed by the dosimeter Mini 6100
at the Zagreb Airport.

For an aircraft crew working 500 h per year (in reality: 300 - 400 h), the
dose equivalent per year under the mentioned conditions (working and natural
dose) is as follows: HAy = (0.917x500 + 0.2x(8767.2 - 500)) uSv = 2.1 mSv.

Of course, the dose rate at the flight level (12 km) was higher than the
average H*A value; because the average time at the flight level was 33 % of the
working time, we were able to estimate the dose rate at the flight level of 12 km as
H*FL=3xH*A = 2.S[xSv/h.

How to explain that the TLD-100 detector has not registered the above dose
of 470 u.Sv? The average dose rate measured in the aircraft was a 4.6 factor higher
than the natural dose rate and it was not unexpected that the TL detector had less
sensitivity by the same factor (4.6 or more) for the high-energy cosmic radiation at
the altitude of about 10 km (otherwise, a relative TL response of the TLD-100
decreases 30 % when photon energy increases from 40 to 120 keV [5]).
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The dose rate was also measured with the Mini 6100 dosimeter during the
flight of the aircraft ATR40 (flight level up to 8 km) and the obtained results are
presented in Table 2.

Table 2.- The dose equivalent (//), exposure time (t) and dose rate (//* = H/t) for
the crew of the aircraft ATR40

Datum of reading
18-30 Sept. 2003
3 0 - 8 Oct. 2003
8-24 Oct. 2003

24-31 Oct. 2003

H (mSv)
0.0545
0.0722
0.0963
0.0630

t(h)
238.24
289.12
387.23
166.21

H* (uSv/h)
0.229
0.250
0.249
0.379

The average dose rate for the aircraft ATR40 was H*ATR - 0.277 (aSv/h and
the estimated standard deviation SATR = 0.069; the relative error was: H*ATR/SATR

 =

27.7 %. Herby the high relative error came from the last measurement of the H (24
-31 Oct. 2003) when the dose equivalent rate (0.379 uSv) was a factor 1.56 higher
than the average of the other measurements; one could suppose that in this time
interval (the last week of the October 2003) the Sun had a high activity that
produced the enhanced dose equivalent (about 50 % of the average dose).

For the crew of the aircraft ATR40 working 500 h per year, the estimated
dose equivalent (working and natural annual dose) was: HATR), = (0.277x500 +
0.2x(8767.2 - 500)) ^Sv =1.8 mSv.

Comparing the dose rates for the aircrafts A320 and ATR40 (HA*/HATR* =
3.3) showed that increasing flight level from 8 km to 12 km increased 3.3 times
the respective dose equivalent.

An experiment about radon concentration in the atmosphere was carried out
by the flight of the aircraft A320 from Zagreb to Paris (ZAG - CDG), and return,
in December 2003. The Alpha Guard radon detector traveled in the aircraft at the
same line, so the detector registered radon concentration in air of the airplane every
10 min, that was later observed considering the flight time and the altitude, as
presented in Figure 1.
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Figure 1. The radon concentration (c - •) in the aircraft A 320 during the flight
Zagreb - Paris, and return, and the altitude (h - •) versus the flight time (t)

Since the outdoor radon concentration was, on average, 10 Bq/m3 and 6.3
Bq/m3, at the ground level and at the flight level (12 km), respectively, the radon
didn't enlarge the total dose equivalent (radon concentration decreases
exponentially with altitude in the atmosphere, approximately).

Otherwise the average indoor radon concentration in Zagreb is nearly 40
Bq/m3 [6] and for the conversion factor of the dose equivalent rate of 3.2 nSv/h per
Bq/m3 [7], it gives the annual dose equivalent HRy = 1.1 mSv.

So the summed annual dose equivalent for the crew of the aircraft A320
(working 500 h and living in Zagreb) was nearly: Hsy = HAy + HRy = (2.1 + 1.1)
mSv = 3.2mSv.

The HSy dose was mainly estimated by using the experimental data.
Considering references and data from the above introduction [2], we may not omit
a neutron dose, which we were not able to measure by the Mini 6100
semiconductor detector during the aircraft flight (we plan to measure the neutron
dose equivalent by using alpha track etch detector with a radiator for (n, a)
reaction). Thus, a real dose equivalent of the aircrew was probably twice higher
than the HAy, or about 4.2 mSv, and the respective total annual dose would be
nearly: (4.2 +1.1) mSv = 5.3 mSv; this dose estimated is lower than the dose limit
of 6 mSv per year [7].
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CONCLUSION
The cosmic radiation dose for crews of the aircrafts A320 and ATR 42 was

measured with the TLD-100 (LiF:Mg,Ti) detectors during 45 days in September
•and October 2003. Although 40 % of the time the crew was at the flight level (up
tol2 km or 8 km), the reading of the TL signal for all the eight dosimeters didn't
show any absorbed dose higher than the dose of the lower detection limit (10 uGy).
We concluded that the exposure time for the TLD-100 dosimeters during the flights
was too short, or the sensitivity of the TL detector was too low for the high-energy
cosmic radiation at the flight level.

By using the dosimeter Mini 6100, the dose measurement gave the average
dose equilibrium of 0.917 uSv/h and 0.277 uSv/h in the aircrafts A320 and
ATR40, respectively. Since the average time at the flight level was 33 % of the
working time, we were able to estimate the dose rate for the aircraft crew (A320) at
the flight level of 12 km as 2.8 uSv/h.

Taking into account a dose rate of 0.20 uSv at the ground level, for an
aircraft crew (A320) working 500 h per year, the dose equivalent per year was 2.1
mSv. However it is to expect that a real dose at the flight level would be twice
higher than the dose measured with the Mini 6100 semiconductor dosimeter, which
doesn't register any neutron dose.

Radon concentration measurement in the atmosphere showed that the radon
level in aircraft decreased with altitude and it didn't enlarge the dose equivalent of
the aircrew. The estimation of the total annual dose equivalent (including natural
radon dose of 1.1 mSv) of the crew of the aircraft A320 gave the value of 5.3 mSv,
that was lower than the dose limit of 6 mSv per year.
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ABSTRACT
When the primary particles from space, mainly protons, enter the atmosphere,

they interact with the air nuclei and induce cosmic-ray shower. When an aircraft is
in the air, the radiation field within includes many types of radiation of large
energy range; the field comprises mainly photons, electrons, positrons and
neutrons. Cosmic radiation dose for crews of aircrafts A320 and ATR 42 was
measured using TLD-100 (LiF: Mg, Ti) detectors and the Mini 6100
semiconductor dosimeter; radon concentration in the atmosphere was measured
using the Alpha Guard radon detector. The total annual dose estimated for the
A320 aircraft crew, at altitudes up to 12000 meters, was 5.3 mSv (including natural
radon radiation dose of 1.1 mSv).
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