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Introduction 

With the steadily increasing human mobility and the development of improved high-

altitude jet aircraft, the problem of civil aircrew exposure to an elevated level of cosmic 

radiation becomes a key issue in the field of radiation protection and radiobiology. The 

accurate assessment of the biologically relevant dose provides the basis for the estimation of 

radiation risk factors. The experimental assessment of the radiation exposure in the complexly 

mixed radiation environment encountered at aviation altitudes is usually associated with 

extensive metrological expenditure in order to cover the entire particle spectrum and energy 

range. The exposure of aircrew personnel to cosmic radiation is considered to be occupational 

exposure and requirements for dose assessment are given in the European Council Directive 

96/29/Euratom. With the introduction of two categories of occupationally exposed workers it 

is important to check if the limit of 6 mSv for category B personnel is exceeded. 

 

Instrumentation and Methodology 

Thermoluminescent dosemeters (TLDs) are a perfect survey instrument for in-flight 

application. As passive detectors they do not require air-worthiness certification, as they need 

no power supply, contain no flammable gases and emit no electromagnetic radiation – and 

therefore cannot interfere with aircraft electronics. Their small size on the order of some mm3 

and low mass makes them ideal tools for routine usage. In standard dosimetry, TLDs are 

applied to measure the absorbed dose, but the development of sophisticated experimental 

techniques – the High-Temperature Ratio and the Pair Method – enables the assessment of the 

dose-average LET and from it the biologically relevant dose equivalent. 

 

 



High-Temperature Ratio Method 

The High-Temperature Ratio (HTR) Method for LiF: Mg, Ti TLDs utilizes the well-

investigated relative intensity of the combined high-temperature glow peaks 6 and 7 

compared with the dominant peak 5 (left-hand side of Figure 1) as an indication of the dose-

average LET of a mixed radiation field of unknown composition [1]. Extensive irradiation 

campaigns with high-energy ions of different Z ranging from hydrogen to iron established an 

HTR vs. LET calibration curve (right-hand side of Figure 1) [2]. The HTR Method has been 

applied previously with great success on several space missions (including measurements 

onboard Space Station Mir [1-3], space shuttles [4], bio-satellites [5] and the International 

Space Station [6]) as well as in radiotherapeutic dosimetry [7]. 
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Figure 1. Dependence of high-temperature thermoluminescence (peaks 6, 7) on LET (left); 

HTR vs. LET calibration curve, 60Co is shown for reference (right). 

 

Extended Pair Method 

The difference in the peak-5 readings of the neutron-sensitive TLD-600 (6LiF: Mg, Ti) 

and the neutron-insensitive TLD-700 (7LiF: Mg, Ti) can be utilized to assess the neutron dose 

equivalent accumulated in-flight. For this purpose, the dosemeter crystals were calibrated 

individually in the CERN-EU High Energy Reference Field (CERF) [8] which simulates the 

cosmic-ray induced neutron spectrum in good detail. 

 

Results and Discussion 

The experiments conducted onboard passenger aircraft on different north-bound and 

trans-equatorial flight routes were aimed at the following: to measure the total dose equivalent 



accumulated during the flight, to assess the contribution of neutrons, and to compare the 

results with calculations by means of the well-known CARI computer code. Measurements 

were performed on a series of eight north-bound flights between Cologne and Washington as 

well as on the routes Vienna-Atlanta, Vienna-Sydney and Vienna-Tokyo during different 

solar activity conditions. Precise altitude and route profiles were recorded by the pilots. For 

the Vienna-Sydney return flight, the flight log data file could be used by courtesy of Lauda 

Air. 

 

Table 1. Total dose equivalent rate, neutron dose equivalent rate and the CARI-6M-

caluculated total dose equivalent rate for different flight routes. 

Flight route  
and date 

totalH  
(µSv/h) 

neutronH  
(µSv/h) 

Neutron 
contribution (%) 

CARIH  
(µSv/h) 

CGN-IAD 
Jun./Jul. 1996 6.7 ± 0.4 3.9 ± 0.8 58.2 5.9 

VIE-ATL 
Nov. 2001 4.1 ± 0.4 1.7 ± 0.2 41.4 3.9 

VIE-SYD 
Oct./Nov. 2001 2.1 ± 0.1 0.7 ± 0.1 33.3 2.4 

VIE-NRT 
Jan. 2003 4.0 ± 0.3 2.7 ± 0.3 67.5 4.2 

 

The results of the dosimetric investigations are summarized in Table 1, containing the 

total dose equivalent rate, the contribution of the neutron component and the CARI-6M-

calculated dose for each air route. The highest dose equivalent rate of 6.7 ± 0.4 µSv/h with a 

58.2 % contribution of neutrons was found for the north-bound flight series Cologne-

Washington during the solar minimum conditions of June/July 1996. At minimum solar 

activity, the Earth is less shielded from cosmic-ray particles by the interplanetary magnetic 

field. The dose rate value of 6.7 µSv/h achieved for this trans-atlantic flight route may 

therefore be regarded as an upper limit for the radiation exposure of pilots and cabin crew. 

Measurements onboard a comparable return flight between Vienna and Atlanta around the 

maximum of the 23rd solar activity cycle revealed a dose rate of 4.1 ± 0.4 µSv/h and thereby 

confirmed the solar influence. The most pronounced contribution of neutrons in the dose 

equivalent (67.5 %) was found for the route Vienna-Tokyo which was operated at very high 

latitudes of up to 69 °N. The latitude-dependence of the radiation exposure was demonstrated 

by means of experiments onboard a return flight between Vienna and Sydney in November 

2001. The assessed dose equivalent rate was 2.1± 0.1 µSv/h with an only 33.3 % contribution 



of neutrons. Due to the shielding effect of the Earth’s magnetic field, only a relatively small 

part of cosmic radiation can penetrate the atmosphere in the equatorial region. 

The experimental results were compared with model calculations using the latest 

release 6M of the CARI code. Precise altitude and route data on a ten-minute to one-hour 

scale were taken as input. The calculated dose values indicate that the algorithms employed 

for the computational assessment of route doses have been significantly improved during the 

last decade. The CARI results generally tend to be in reasonable agreement with the measured 

values, although the doses for north-bound flights during solar minimum might still be 

underestimated by up to 15 %. The most important insufficiency in all computational 

approaches regards the effects of major solar particle events (SPEs) presenting a serious 

danger primarily for future high-altitude and polar-orbital flights in causing severe biological 

hazards. The frequency of these irregular events corresponds to the solar activity cycle. This 

fact is taken into account in the codes by semi-empirical models which certainly have to fail 

in forecasting accurate dose values for a specific flight. Therefore, dosimetric surveillance of 

aircrew members would be essential and cannot be completely replaced by calculations. 
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