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Abstract. There is still need to develop upgrade, and test further methods able to characterise the external 

exposure to neutrons. This contribution presents further results obtained with the goal to enlarge and upgrade 

the possibility of neutron dosimetry and microdosimetry with a LET spectrometer based on the chemically 

etched track detectors (TED). As TED we have used several types of polyallyldiglycolcarbonates (PADC). The 

PADC detectors have been exposed in: high energy neutron beams at iThemba facility, Cape Town, South 

Africa, and in monoenergetic neutron beams at JRC Geel, Belgium. The studies have been performed in the 

frame of the ESA supported project DOBIES.  

 

I. INTRODUCTION 
The DOBIES (Dosimetry of biological experiments in space) project focusses on the use of a standard 

dosimetric method (as a combination of different passive techniques) to measure accurately the absorbed 

doses and equivalent doses in biological samples. Dose measurements on biological samples are of high 

interest in the fields of radiobiology and exobiology. Radiation doses absorbed by biological samples must 

be quantified to be able to determine the relationship between observed biological effects and the radiation 

dose. 

The radiation field in space is very complex, consisting of protons, neutrons, electrons and high-energy 

heavy charged particles. It is not straightforward to measure doses in this radiation field, certainly not with 

only small and light passive dosemeters. The properties of the passive detectors must be tested in radiation 

fields that are representative of the space radiation, among them to neutrons  

 

2. EXPERIMENTAL 
2.1 Track etch detectors (TED) used for LET spectrometry [1-3] 

The spectrometer of linear energy transfer is based on the chemically etched polyallyldiglycolcarbonate 

(PADC) track-etch detector. In these studies, two types of PADC, manufactured in UK (Page , Tastrak, 

both 0.5mm thick) have been used. Before etching, one corner of each sample used is irradiated with 252Cf 

fission fragments and another one with alpha particles from 241Am to check the exact etching conditions. 

After irradiation, the detectors are etched in 5 N NaOH at 70oC during 18 hours (bulk etch about 17 m). 

To determine the LET value of a particle, the etching rate ratio V (V=vT/vB; where vB is bulk etching rate 

and vT is track etching rate) is established through the determination of track parameters. They are 

measured by means of an automatic optical image analyzer LUCIA G. The obtained V-spectra are then 

corrected for the critical angle of detection and transformed into the LET spectra using the calibration 

curves. This LET spectrometer enables determining LET of particles approximately from 10 to 

700 keV/m. It is not able in a simple way to separate different particle species with the same LET. From 

the LET spectra, the absorbed dose and dose equivalent can be calculated according to: 

   DLET = ∫ (dN / dL) . L . dL ,     (1) 

   HLET = ∫ (dN / dL) . L . Q(L) . dL ,    (2) 

where dN/dL is the number of tracks in the interval dL, L is the LET of a particle, and Q(L) is the ICRP 60 

[4] quality factor. 

 



2.2. Detectors calibration 

The calibration of TED LET spectrometer is based on the irradiation in heavy charged particle beams with 

known values of LET in water. The calibration curves for both materials used have been obtained during 

several years through polynomial regressions of data obtained in ICCHIBAN and JINR experiments [5,6]; 

the previous ones was complemented with further data, especially in high LET region. The errors of 

determination of the LET value range between 2 and 13 percent (average 7 – 8%); the higher values are 

for lower LET region. The calibration curves slightly differ for each material of the detector. Threshold 

LET value for Page is about 10 keV/µm, for 0.5 mm Tastrak about 15 keV/µm. These threshold values 

correspond to the etching rate ratio V = 1.06 that has been chosen with respect to the practicability and 

automatization of detectors evaluation. Nevertheless, it is possible to determine the LET starting from 

V = 1.02.  

For TED LET spectrometer, the values of dose equivalent have been obtained using the equations 

mentioned above. Because of the limits imposed through a LET threshold, angular dependence of the 

registration efficiency, and also, because of some differences in the compositions of PADC material and 

that of tissue, we will expressed the dose equivalent obtained as HLET.  

All results presented are expressed with errors corresponding to 95% statistical reliability. 

 
2.3 Irradiation conditions 

2.3.1. RC Geel irradiations 

Neutron fluences was characterised with the IRMM recoil proton telescopes (RPT) for the energies 1, 3.5, 

7, 16 and 19.5 MeV at a distance of 25 cm from the neutron producing target, and the Bonner sphere 3" 

for the energies 0.2 and 0.5 MeV at a distance of 50 cm from the target. Actual conditions of exposure of 

our detectors are specified in Table 1. They have been exposed in free-in-air geometry. 

Table 1: Actual reference data for the irradiation of PADC LET spectrometers 

En neutron  fluence H*(10), [mSv] 

[MeV] [n/cm²] free in air 

19.5 5.47E+07 32.44 

15.9 5.44E+07 30.14 

7 2.22E+08 89.91 

3.5 1.27E+08 52.07 

1 2.67E+08 111.2 

0.5 1.14E+08 36.71 

0.2 6.72E+07 11.42 

 

2.3.2. iThemba exposures 

Two exposures have been realised in iThemba radiation beams, one in the neutron beam with the 

characteristic energy 100 MeV, another one with characteristic energy of 200 MeV. Two positions have 

been chosen in both cases, one in the direction of beam, the second deviated by 16o from that. Our 

detectors packages have been in both cases irradiated to the level corresponding to H*(10) value equal to 

10 mSv. 

 

3. RESULTS 

3.1. JRC Geel irradiations 

The distributions in LET of dose equivalent H are for Page and Tastrak detectors shown in Figs. 1 and 2. 

They are presented in the way usual in the microdosimetry, i.e. as L*(H(L). In such case the area under the 

curve is proportional to the contribution of particles with a LET to the total value of a quantity. One can 

see in Figures that recoil protons with LET below 100 MeV.cm2.g-1 largely predominate in the 



contribution for neutron energies up to 3.5 MeV, at higher energies, the contribution of higher LET 

particles (helium nuclei, heavier recoils) becomes more and more important. 
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Fig. 1. Microdosimetry distributions of the dose 

equivalent for different neutron energies, Page 

Fig. 2. Microdosimetry distributions of the dose 

equivalent for different neutron energies, Tastrak 

Integral values of dose equivalent HLET measured with two PADC LET spectrometers and obtained from 

LET spectra through equations (1) and (2) are presented in Table 2. One can see there that the measured 

values of HLET differ from the reference values of H*n(10), the differences observed depend both on the 

neutron energy as on the type of PADC LET spectrometer considered. 

Table 2. Total values of dose equivalent measured with different PADC LET spectrometers, their 

comparison with reference values. 

 PAGE 0,5 mm T 

MeV HLET η**)   HLET η**)   

  [mSv]  [mSv]  

19.5 42.8±6.3*) 1.32±0.19 29.9±4.3 0.92±0.14 

15.9 26.2±3.5 0.87±0.12 17.8±2.8 0.59±0.09 

7 16.1±2.6 0.18±0.03 31.9±4.7 0.35±0.06 

3.5 35.7±5.2 0.69±0.11 25.8±3.8 0.50±0.07 

1 20.9±3.1 0.19±0.03 16.2±2.3 0.15±0.02 

0.5 8.8±1.3 0.24±0.04 13.4±1.9 0.36±0.05 

0.2 1.35±0.21 0.12±0.03 5.81±0.87 0.51±0.08 
  *)  1 σ,  both types of uncertainties considered; **)   relatively to the reference value of H*n(10), only 

uncertainties of HLET considered not those of reference values 

Some general conclusions can be drawn from the values of HLET presented in the Table: 

1. The values of HLET and H*n(10) agree quite well for the neutron energy 19.5 MeV. A general 

decrease of HLET in comparison to H*n(10) with decreasing neutron energy can be stated, more 

pronounced for Tastrak detector with lower LET threshold. 

2. It could be attributed to the registration efficiency of different secondary particles. As already 

mentioned, for the energies up to 3.5 MeV, recoiled protons dominate in the contribution to 

registered tracks (see Figs. 1 and 2). At low energies, their range is too low to be registered. With 

increasing neutron energy, energy (and range) of recoiled protons increases, nevertheless, some part 

of them is still contributing to H*n(10), not to HLET.  



3. Starting from 7 MeV heavier recoils start to dominate in the particles registered, deficiency in 

proton registrations starts to be less important.  

4. There are two values which do not follow general rules mentioned, for 7 MeV neutrons and Page, 

resp. 0.2 MeV and Tastrak. We do not know at the moment exact reasons for these deviations. 

3.2. iThemba exposures 

Relative microdosimetry distributions of HLET  are for both PADC materials used and both energies for 

perpendicularly incident neutrons presented in Figs. 3 to 5. 
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iThemba distributions - 200 MeV
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Fig. 3. Microdosimetry distributions of HLET  for 

perpendicularly incident 100 MeV neutrons  

Fig. 4. Microdosimetry distributions of HLET  for 

perpendicularly incident 200 MeV neutrons  

iThemba, comparison 100 vs 200 MeV, Page
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Fig. 5. Comparison of relative microdosimetry distributions of HLET  for perpendicularly incident 100 and 200 MeV 

MeV neutrons – detector Page 
 

One can see there that: 

1. There are no distinct differences in relative microdosimetry distributions; 

2. Perhaps only: 

 the distribution is  for Page shifted to higher LET values, and 

 it is for 100 MeV neutrons slightly shifted to higher values of LET.  



Total dosimetry and microdosimetry characteristics are presented in Table 3. 

Table 3. Results of evaluation of PADC LET spectrometers exposed in iThemba neutron beams 

Neutron energy Angle Quantity, unit Page Tastrak 0.5 mm 

100 MeV 0 HLET,  mSv 7.82±0.45 6.29±0.38 

 16 HLET,  mSv 4.14±0.32 4.72±0.34 

200 MeV 0 HLET,  mSv 4.55±0.36 3.50±0.33 

 16 HLET,  mSv 3.56±0.36 3.56±0.36 

 

Several tendencies can be drawn from these values: 

1. The values of HLET for both 100 and 200 MeV are lower than reference value of H*(10), the 

differences are more important for 200 MeV neutrons, and for angle 16o. 

2. As could be expected from the higher LET threshold for Tastrak PADC, the differences between HLET 

and H*(10) are for that material more important than for Page.  

 

3. Discussion 

The results presented can be briefly summarised as follows: 

 HLET measured with PADC TED LET spectrometers varies with the PADC type, and with the neutron 

energy. Their values are generally comparable and/or lower than reference values of H*(10). 

 For the same neutron energy, the variations of HLET  do not always follow expectation based on the 

LET threshold values.  

 The ratio HLET/H*(10) depend on the neutron energy. General tendency shows the increase of the ratio 

mentioned with neutron energy from ~ 0,1 to about 20 MeV, followed by the constancy up to slight 

decrease starting a little below 100 MeV. The punctual excesses can be attributed to the fact that for 

monoenergetical neutrons the response can vary very rapidly even for close energies. 

 From the last point of view it could be of interest to compare these data with that we have 

accumulated in previous years for polyenergetic neutron sources. We have shown [2] that the ratio 

HLET/H*(10) varies: for AmF neutrons (EN(average) ~ 1.5 MeV) between 0.5 and 1.3 (under 

polyethylene); for AmBe neutrons (EN(average) ~  4.2 MeV) between 0.5 and 0.9 (under 

polyethylene); and for CERF reference field concrete shield (EN(average) ~  49.5 MeV) between 0.7 

and 1.0. In the last case, we have performed during 2006 – 2007 years four studies with the same lot 

of detectors as those used in JRC Geel and iThemba. The ratios of HLET/H*(10) have been much more 

consistent, they varied between 0.68 and 0.82 for Page PADC, between 0.72 and 0.82 for Tastrak 

PADC, 0.5mm thick. These values correspond well to tendencies mentioned above. 

 

3. Conclusions 

 A new set of data on the response of PADC TED LET spectrometer to neutrons with energies from 

0.2 to 200 MeV has been obtained. 

 The ratio of measured (HLET) and reference (H*(10) dose equivalent values depends on the neutron 

energy in quite complex way. The increase of this ratio is observed in few MeV region, followed by 

the region with more or less constant value of it, the results obtained agree with those obtained 

previously for polyenergetic neutron sources. 

 Nevertheless, even accelerator produced neutrons are not fully monoenergetic, particularly at higher 

energies. More detailed analysis of the effects which could be connected to that are in progress, we are 

also starting  to try to validate our experimental results through MC calculations 
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