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Introduction 

The radiation field at typical civil aviation altitudes of about 10 km above sea level 

involves a broad spectrum of particles and energies. Because of their high biological 

effectiveness, expressed by an energy-dependent quality or radiation weighting factor, 

neutrons play a dominant role in dose assessment. However, neutrons are effective not only in 

causing biological hazards, but may as well affect aircraft electronics containing several 

gigabytes of semiconductor memory by producing so-called single event effects (SEE), e.g. 

bit-flips. The precise determination of the spectral distribution of the neutron fluence rate – 

shortly termed the neutron energy spectrum – onboard aircraft contributes to a better 

understanding of the radiation load on aircrew personnel and frequent flyers and may as well 

stimulate the improvement of reliability and availability of both appropriate shielding 

materials and avionics hardware. Metrological difficulties concern chiefly the energy of the 

cosmic-ray induced neutrons extending from meV to some GeV and the discrimination of 

charged particles in the detector signal. 

 

Instrumentation and Methodology 

The Bonner Sphere Spectrometer (BSS) [1] is currently the only device providing a 

sufficient energy response over several orders of magnitude up to some hundred MeV. The 

system consists of a detector for thermal neutrons located in the centres of moderating spheres 

of different diameters. In successive elastic collisions neutrons loose kinetic energy. 

According to the diameter of a specific sphere, a fraction of neutrons with “appropriate” 

primary energies gets moderated until thermal equilibrium with the atoms of the surrounding 

medium is reached. The neutron energy spectrum needs to be unfolded from the count rates of 

the complete multisphere set by means of sophisticated mathematical techniques, e.g. the 



maximum entropy method or iterative recursion algorithms – in practice assisted by the 

computing power of modern microprocessors. 

The commonly employed thermal neutron sensors are active, i.e. power-consuming 

devices offering the advantage of a generally high counting efficiency and real-time neutron 

detection. However, the reading of active detectors, such as 3He, 6LiI(Eu) or BF3 counters, in 

a complexly mixed radiation environment is biased significantly by charged particle-induced 

reactions in the detector volume that cannot be rejected by simple amplitude discrimination. 

Figure 1 shows as an example the pulse height spectrum obtained from a 6LiI(Eu) scintillation 

counter in different radiation fields. The clearly visible full-energy peak of the 6Li(nth, α)3H 

reaction is overlapped by an exponentially decreasing proton signal. If the detector is operated 

in counting mode – as in most practical applications – the protons are falsely identified as 

neutrons and adulterate the unfolded spectrum. In contrast, the discrimination of gamma-rays, 

depositing their energy in the detector volume via secondary electrons, is unproblematic. 
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Figure 1. Pulse height spectrum obtained from a 6LiI(Eu) scintillation counter in different 

radiation fields. 

 

The limitation of active devices can be overcome by the so-called Pair Method with 

passive LiF: Mg, Ti thermoluminescent dosemeters (TLDs) of different types. TLD-600 

(6LiF) and TLD-700 (7LiF) detectors show almost identical responses to photons and charged 

particles, but very different thermal (and epithermal) neutron efficiencies. This property stems 

from the 6Li(nth, α)3H reaction dominating the TLD-600 neutron response. The reaction cross 

section is 943.2 barn for 0.0253 eV neutron energy, compared with a total neutron cross 



section value of 14.7 barn for 7Li and the same energy. The thermal neutron-induced TL 

signal may be ascertained by subtraction of the TLD-700 from the TLD-600 TL glow curve. 

By arranging TLD-600 and TLD-700 dosemeters in pair, the net thermal neutron dose may 

therefore be determined in mixed radiation fields without the influence of charged particles. 

 

Passive Bonner Sphere Spectrometer 

The passive Bonner sphere spectrometer of the Atomic Institute consists of seven 

high-density (0.953  g/cm3) polyethylene spheres with diameters of 2, 3½, 5, 6½, 8, 10 and 12 

inches and a bare detector. Six TLD-700 chips are arranged as a cube in the centre of the each 

sphere, surrounded by six TLD-600 chips. The TLDs are read out with the laboratory-made 

TL-DAT.II system. The neutron energy spectrum is unfolded from the count rates by means 

of the MAXED algorithm applying the maximum entropy principle [2]. The passive BSS was 

calibrated in the beams of PuBe and AmBe isotopic neutron sources, in the neutron beam of 

our TRIGA Mark-II research reactor as well as in the CERN-EU High-Energy Reference 

Field (CERF) [3] which closely resembles the cosmic-ray induced neutron environment in the 

high atmosphere. In Figure 2 the spectra recorded in the CERF are compared with a FLUKA 

Monte-Carlo simulation [4-5]. All spectra are presented as fluence per unit lethargy, meaning 

that the area under the curve in a certain energy interval is directly proportional to the neutron 

fluence in that interval. 
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Figure 2. Neutron energy spectrum measured in the CERF and compared with a FLUKA 

Monte-Carlo simulation. 

 



In-Flight Neutron Spectrometry 

The neutron energy spectrum was measured onboard a series of four return flights 

between Cologne (Germany) and Washington, DC (USA) during the solar minimum 

conditions of June/July 1996. This experiment was world-wide the first determination of the 

neutron spectrum by passive spectrometry methods onboard an aircraft. The project was 

conducted with the support of the German Airforce which reserved two seat rows in the front 

of an Airbus A 310-304 for the passive BSS. The count rates were computed according to the 

Pair Method and unfolded with MAXED. Figure 3 gives the resulting spectrum in comparison 

with a FLUKA simulation for 10.9 km altitude [6] which was the average altitude of the 

flights. The spectrum shows two relative maxima around 1 and 100 MeV, the second of 

which cannot be completely assessed by the applied BSS. The agreement between 

measurement and calculation proved to be excellent. 
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Figure 3. Neutron energy spectrum measured in-flight and compared with a FLUKA 

Monte-Carlo simulation. 
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