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Abstract: A sandwich type track etch detector of CR-39 was developed utilizing neutron-proton recoil
and (n, a) reactions. Applying gold and Cd filters this system turns into a threshold detector and also it
combines the albedo and the direct detection methods thus it becomes possible to detect neutrons in
three or more energy ranges depending on the number of gold degraders of different thickness allowing
dose assessment with an uncertainty of about 20 % as blind tests have proved when a single gold foil
of 20 p.m thick was used.

1. Introduction

The neutron accident dosimeter, still in use at the AERI, was developed more than 20 years ago. It was
mainly based on activation detectors as gold and sulphur. Later on, fission and recoil nuclear track
detectors (NTD) were incorporated, in addition. Nowadays, the original materials are not available
anymore, this initiated the development of a more simple but reliable dosimeter. The personnel and
area dosimetry at the AERI has utilized a film dosimeter (as the official one), a 4-element thermolumi-
nescent dosimeter (TLD) in a separate holder but attached to the film holder and the accident dosimeter
in a separate holder (both latter ones for internal purposes only).

The following requirements had to be fulfilled: the accident dosimeter should be located in the same
holder as the TLD where a space of 20x15x5 mm3 was available; a quick separation of exposed people
must be possible based on some very simple measuring technique; it should be possible to distinguish
minimum 3 components of the neutron fluence (thermal, intermediate and fast); it should contain de-
tector elements as few as possible and all the elements must be commercially available. Also it was re-
quired that the existing measuring and evaluation techniques (and materials) are to be utilized.

2. Description of the detector

The requirements determined the selection of a special, sandwich NTD (see Fig. 1) where the fast and
intermediate neutron fluences can be obtained by proton recoil technique, applying a proton converter
made of polyethylene (PE) and a single energy degrader of pure gold [1,2], the thermal neutrons can be
measured by utilizing (n,a) interactions [3] in a L12B4O7 material (called BN1, made by Kodak-Pathe,
France). The detection of the albedo thermal neutrons allows to estimate the intermediate and fast neu-
trons in a second way which increases the accuracy. During an incident or accident the energy degrader
gold itself becomes radioactive and the beta activity can simply be measured by an end-window GM
counter (calibrated by beta-gamma coincidence method), indicating that neutron exposure occurred. To
obtain the incident thermal neutrons the thermal and epithermal neutron absorption of the gold foil was
determined by experimentally for different gold foil thickness.

The area of the single NTD was
selected to be 20x10 mm2. One
half of the outer surface of the
NTD below the 1 mm thick PE
radiator is covered by gold of 20
urn thick, the rest of the surface
left uncovered. This technique
allows to distinguish neutrons

Fig. 1. Schematical view of the sandwich detector
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half area protected against reflected thermal neutrons by Cd of 1 mm thick. The optimum thickness'
were determined by calculations and measurements as detailed in [4,5]. For the detector, a well-known
material, the poly-alyl-diglycol-carbonate (PADC) was selected, (type CR-39, called TASTRAK, made
in UK), which has been used by us for many years for radon detection. The neutron induced tracks are
visualized by a chemical etching in a 6N NaOH solution, at 70°C. As a first step, to investigate the a
tracks, the etching lasts two hours and then an automated image processor system performs the ana-
lyzes [6]. To reveal the proton tracks a 2nd etching of another 4 hours is applied followed by the ana-
lyzes.

The rough estimate of a neutron spectra can be established, from the track densities measured under the
different converters and filters. The densities on detector areas A, B, C and D, as marked in Fig. 1, can
be related to the neutron fluences as follows: A: fast neutrons above 2.5 MeV; B: neutrons between 0.2
and 2.5 MeV; C: incident + reflected thermal neutrons; D: incident thermal neutrons. Then the neutron
spectrum is composed from 3 parts by fitting Maxwellien spectra onto the fast and thermal neutron
fluences and an 1/E spectrum onto the intermediate one. Then using the fluence-to-dose conversion
factor averaged over the neutron spectrum the total dose can be calculated.

3. Brief summary of the theory of recoil track detectors

For CR-39, the proton detection energy window falls into the range from 100 keV to 2.2 MeV, ap-
proximately, with a peak in the sensitivity in between of 0.5 - 0.8 MeV. The role of the degrader is to
shift the proton energy being above 2.2 MeV into the detection window. A degrader of a given thick-
ness (together with the chosen proton radiator) determines the minimum and maximum detectable
proton energy, and consequently, also the detectable neutron energy range. Within this range the shape
of the response function -number of tracks/incident neutrons- is energy dependent and to be determined
for each degrader thickness by calculations and measurements.

In a reactor environment the leakage neutron spectrum is quite soft, the fraction of neutrons above 6
MeV is only a few percent. In a converter media of high hydrogen content, the dominant neutron inter-
action is the elastic scattering on the hydrogen nucleus. Below 100 eV neutron energy, its cross section
is constant about 20 barn, then it is slowly increasing up to 30 barn, following by a decrease down to 1
bam at 10 MeV. The angular distribution of the scattered protons at their origin is isotropic and the
proton energy (Ep) distribution (dN/dEp) is uniform below the maximum energy which is equal to the
incident neutron energy, since Ep=Encos2(a). However, the spectrum of protons emerging from the
converter, depends on the converter
thickness and the incident neutron energy, Fig 2. Proton ranges in the converter, degrader and detector
and generally has a well defined peak. materials
The most important quantity, the proton
ranges (R, in urn) in the gold, CR-39 and
in the PE radiator (0.88 g/cm3) were cal-
culated by the code TRIM [7]. To the in-
dividual points between 0.1 and 6 MeV,
the following curves were fitted by the
least square method (see Fig. 2):
RAU=0.00012*E1 5 9 , RCR=21.0*E'-6 and

RpE=25.5*E18. From these, the maximum
proton ranges for 6 MeV neutrons are
63, 370 and 640 \xm, respectively, so a 1
mm thickness of PE is already the satura-
tion thickness and it is enough to use gold
degraders of less than 50 |am thick (96.6
mg/cm2).
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Fig. 3. The lower and upper detection limits of
protons vs. gold degrader thickness
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The lateral straggling of the proton is not significant in the converter and detector materials, however,
it can reach the 25% of the range in the gold degrader, lowering down the detection efficiency, since
more protons impinge the detector surface below the critical angle. The calculated lower and upper
detection limits of protons vs. the gold degrader thickness is presented on Fig. 3. Other interaction with
hydrogen is the H(n,y)D absorption reaction. The cross section at the thermal region is about 50 mbarn
and decreasing by the 1/v law. This means that the
neutron absorption above 100 keV can be neglected
when calculating the total neutron fluence during the
spectrum unfolding procedure. As for the carbon in
PE, this recoil particle has a very short range below 6
MeV and only few of them can reach the degrader at
all, where they are fully absorbed. High energy neu-
trons penetrate the radiator and the degrader practi-
cally without disturbance and interact with the nuclei
of the detector material inducing intrinsic latent
tracks which then would be developed together with
the externally incident proton tracks if their origin or
rest points are within the removed layer of the detec-
tor. Here, the 16O(n,a)13C threshold reaction (2.2
MeV) is significant and also the recoil C and O tracks
appear on the etched surface with shorter length but

larger diameter than the proton tracks. Scattered neutrons may come from the back side, as well, caus-
ing tracks on the front of the detector. All these can be followed by TRIM and MCNP calculation and
such tracks can be separated by image analyzers.

4. Results
Detectors with PE radiator and gold foils of different thickness' were irradiated by neutrons of moder-
ated Cf and Pu-Be sources with well know spectra and dose rates. It was found that the optimum gold
thickness is 20 |im for these spectra which quite well represent the neutron spectra at reactor areas.
When the 20 p.m thick gold degrader was applied using the evaluation process outlined above the dose
fractions were reconstructed with an averaged error of less than 20% in both spectra. The errors were
higher below 200 keV energy (around 26%), while it remained below 15% in the higher energy range,
above 2.5 MeV, where the contribution to the dose is more significant. This detector system was used
to establish the dose rate in our Biological Irradiation Facility, too. The results were satisfactory com-
pared to those obtained by pure activation technique.
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