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Abstract In the present work the application of a PIN photodiode with 6LiF and polyethylene converters as a neutron dosimeter is investigated. The response of the photodiode with the 6LiF inside a 25 cm diameter parafﬁn sphere was measured at different distances from a bare Am–Be source. Similar measurements were performed with a 4 mm thick polyethylene converter. Then, a comparison was made with the dose equivalent calibration curve for this source and the sensitivities were derived for the two detector conﬁgurations. r 2004 Elsevier B.V. All rights reserved. Keywords: Neutron dosimetry; PIN photodiode



1. Introduction A silicon PIN photodiode (Positive-IntrinsicNegative diode; a photodiode with a large, neutrally doped intrinsic region sandwiched between p-doped and n-doped semi conducting regions) can be used to detect charged particles [1,2] like alphas, tritons and protons. The PIN photodiode has many advantages like low cost and good energy resolution. It is also fairly insensitive Corresponding author. Tel.: +34-983-423000X4197; fax:



+34-983-423013. E-mail address: [email protected] (G. Adamiec).



to gamma radiation. The PIN photodiode detects charged particles by registering electron-hole pairs produced in its depleted layer during the passage of the particle. In order to register neutrons it is necessary to apply a converter of the neutrons into charged particles [3–6]. The current work is a continuation of the work presented in Ref. [6], where the use of a PIN photodiode with a 6LiF converter was tested. Here we investigate the properties of the PIN as a dose equivalent meter. Two different set-ups were investigated. The ﬁrst one was a photodiode with a 6LiF converter placed inside a parafﬁn sphere of 25 cm diameter. The parafﬁn sphere moderates the
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fast neutrons and so thermal neutrons are detected. The thermal neutrons are captured by 6 Li in the reaction 6Li(n,a)3H. The a particle has an energy of 2.05 MeV and the triton 2.7 MeV.This triton is used for the detection of neutrons [6]. The second setup was the photodiode with a polyethylene converter. The fast neutrons produce recoil protons that are detected by the photodiode. The recoil protons have a random energy related to the scattering angle. Those protons reach the photodiode with some lower energy depending on the path length in the converter before reaching the surface of the photodiode. The usefulness of such a set-up as a neutron spectrometer is discussed in Ref. [7]. In both cases we compared the measurement results with calibration measurements for the source used in the experiment. The Berthold probe used was calibrated in the biological unit mSvh1 and consequently we also used the biological unit. The biological unit is more useful if the detector is to be used as a dose equivalent meter in radiation protection. For the photodiode with the 6LiF converter the parafﬁn sphere acts nearly as a remmeter so the biological unit seems natural. In the second setup, polyethylene reacts mainly to fast neutrons so re-calibration would be required depending on the neutron spectrum so it was decided also to use the biological unit Sv to be consistent.



2. Experimental conﬁguration A commercial windowless silicon photodiode Hamamatsu S3590-02, p–i–n junction type with an active area of 10 mm  10 mm was used. In this work no bias voltage was used. The depth of the depletion zone is about 200 mm (in Section 4.1 it is estimated that the thickness of the depleted zone was equal about 175 mm). This limits the maximum energy that can be deposited in the PIN by the particles emerging from the converter. The maximum energy possible to detect for 12 MeV neutrons incident perpendicularly to the surface of the converter is equal to 5.5 MeV (this is calculated taking into account the increase of path length arising from the recoil angle and the proton
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recoil energy–in very good agreement with Fig. 7). The signal from the photodiode was conducted to the charge sensitive preampliﬁer Hamamatsu H4083 and the energy spectrum was registered by the portable multi-channel analyser Alphatron 3C,1 speciﬁcally designed to analyse the signal from the described photodiode and pre-ampliﬁer. The photodiode, converter and preampliﬁer were placed in an aluminium box for light and electromagnetic shielding. The multi-channel analyser allows the registration of the spectrum in 255 channels and its transfer to a PC. The energy calibration was performed with a 241Am and with a 232U alpha sources (the peaks used were 5486 keV of 241Am and 5448, 5685, 6288 and 6778 keV of the 232U chain). The thermal neutrons converter consists of a 2 mm layer of 6LiF deposited on a 1 mm thick Al support and sealed with a 10 nm thick silver layer. The converter was attached at the front of the photodiode with the LiF layer facing the photodiode’s surface. The fast neutrons converter consisted of 4 mm thick square slab of polyethylene placed in front of the photodiode. The main variation between different specimens of the photodiode used could be the thickness of the depleted zone. For heavy charged particles, it can be safely assumed that the counting efﬁciency is 100%, i.e. each such particle entering the depleted zone (apart form the least energetic particles) will produce a pulse. Therefore, in the case of 6LiF it is not expected that different diodes should be giving signiﬁcantly different responses. In the case of polyethylene is could be that the registered energy spectrum might change slightly, yet it is not expected that the integrated count rate should be much affected. The irradiations were performed at the Neutron Dosimetry Laboratory of the Department of Nuclear Engineering of the Polytechnic University of Madrid. A bare Am–Be source was used. Its spectrum extends up to 12 MeV. The strength of 1



For more information about the analyser contact DTK Electronis, ATM Center, ofﬁce 207,Tzarigradsko Shosse Blvd., 7th km, 1784 Soﬁa, Bulgaria; [email protected]
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Fig. 2. An example spectrum obtained with the 6LiF converter. The shown spectrum was obtained at the distance of 17 cm from the source. The vertical lines indicate the integration area. Fig. 1. The conﬁguration of the system. The labels indicate: (1) the aluminium frame, (2) the source, (3) the transporting screw, (4) the platform on which the detector is placed. Its height can also be adjusted.



the source is about 6.6  106 neutrons per second. When not in use the source is stored inside a water and parafﬁn container. For the measurements the source is pneumatically transported to the irradiation position about 3 m above the ground. The detector2 was placed on a metal plate mounted to the rails of an Al platform (see Fig. 1). The distance between the source and the detector is adjusted by two screw transporters. This allowed precise positioning of the detector in relation to the source both in the horizontal and in the vertical directions.



3. Measurements with the 6LiF converter In this experiment the photodiode was placed in the centre of a parafﬁn sphere of 25 cm diameter. It is well known that this sphere size with a thermal neutron detector inside behaves nearly as a remmeter [8]. The sphere had a channel into which the box containing the photodiode was inserted. Here our interest is to determine the sensitivity of the dosimeter. The pulse spectrum was registered at different distances from the source. The distance from the source was measured as the 2 By the term detector the photodiode with the pre-ampliﬁer and the converter is understood.



distance between the centre of the sphere and the source axis; the accuracy was 73 mm.The measurement distances were chosen to ﬁt the reference distances at which the neutron ﬁeld was characterized [9] (plus an additional measurement at 22 cm). Fig. 2 shows an example spectrum, indicating the area of integration, which was chosen to be 2.3–3.0 MeV.The chosen integration interval corresponds to the peak of tritons produced in the reaction 6Li(n,a)3H [6]. Table 1 summarizes the obtained numerical results for various distances. The relationship between the counting rate and the distance detector-source is inversely square of the form C ¼ 114560r2 . The results were compared with the dose rates measured with a calibrated neutron ambient dose equivalent H*(10) probe Berthold LB 6411 [10]. The relationship between the counting rate and the ambient dose equivalent rate measurements is linear of the form count rate ½counts min1  ¼ ð0:1388  0:0004Þ H_ ð10Þ½mSvh1 :From the ﬁt it is calculated that the sensitivity of the detector is 60ð0:1388  0:0004Þ ¼ 8:4  0:1cmSv1 (counts per mSv) in the peak interval.



4. Measurements with the polyethylene converter 4.1. Response of the detector For the measurements of the fast neutrons from the Am–Be source, a 4 mm thick polyethylene (PE)
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converter was placed in front of the photodiode. A 1.7 mm PE layer would have been sufﬁcient but only 4 mm thick sheet of PE was available so this one was used. A 1.7 mm or more PE layer ensures that all possible recoil protons are registered by the photodiode—1.7 mm corresponds to the range in polyethylene of the most energetic recoil protons3 of the energy of 12 MeV. Using a thin PE converter does not give any beneﬁt in terms of energy resolution of the neutrons since the proton recoil energies are random anyway. The detector was ﬁrst modelled to predict its response and to estimate its efﬁciency. The modelling is very similar to that one presented in Ref. [7], except that we allowed protons of ranges exceeding the thickness of the depleted layer. For neutrons whose range exceeded the thickness of the depleted layer (taking into account the proton incidence angle) it was calculated what portion of the energy will be deposited in the depleted zone. The range of protons in PE and Si were taken to be of the form R ¼ aE b , where the constants a and b were calculated using Ref. [11]. In our program it is possible to use neutron spectra as input and thus allowing the calculation of proton spectra for non mono-energetic neutron sources. Initially a thick3 The upper edge of the neutron energy spectrum of the Am–Be source is 12 MeV, and this is the highest possible proton energy, in the case when the total neutron energy is transferred to the recoil proton.
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Table 1 A summary of obtained measurement results for 6LiF. The errors represent counting error (square root of the number of counts, except for the ﬁrst measurement where two measurements were more spread and the error is half of the difference between them)
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Fig. 3. (a) measured energy spectrum of recoil protons, (b) simulated energy spectrum for a thickness of the depleted layer of 175 mm.



ness of the depleted layer was assumed to be 200 mm. In the experiment, the spectrum of the resulting recoil protons was measured. Fig. 3 shows a comparison between the measured proton energy spectrum and the modelled distribution. It can be seen that the measured and simulated spectra have shapes very close to each other. The main difference in the two spectra can be observed in the low energy region. The simulated spectrum decreases to zero for low energies. The low energy background in the measured spectrum extends in the energy region up to approximately 1.6 MeV.The low energy background is thought to originate from secondary electrons generated by photons interacting with the detector assembly [12]. In the measured and simulated spectra a shoulder around 4.5 MeV can be seen, above which the spectrum rapidly falls off. The position of the shoulder depends on the thickness of the depleted layer. This is related to the fact that the
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Spectrum shoulder position [MeV]



range of some of the protons exceeds the thickness of the depleted layer. The relationship between the shoulder position and the depleted layer thickness obtained from simulations is shown in Fig. 4. Using this relationship and by matching the experimental and simulated spectra it was estimated that the depleted layer thickness is about 175 mm. In Fig. 5, a spectrum with a PE converter and without any converter at all is shown. The measurement without the PE converter has been performed with the aluminium box only. It means that the spectrum contains counts from any neutron reactions within the aluminium and energy transfer within air and the photodiode itself. It can be seen that the background extends 5.5 5 4.5 4
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up to approx. 1.6 MeV. In Ref. [12] it was shown that by employing a pulse-shape discriminator this upper limit could be lowered to about 900 keV. The count rate as a function of distance from the source was found to be inversely square of the form C ¼ 1:15 þ 26639 . The relationship between r2 the count rate of the detector and the ambient dose equivalent rate was found to be linear of the form counts rate½min1  ¼ 0:0345H_ ð10Þ½mSvh1  þ 1:08 (for the numerical values see Table 2), which yields the sensitivity of the detector equal to 2.07cmSv1. 4.2. Theoretical efficiency of the detector
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Fig. 4. Dependence of the position of the shoulder in the spectrum on the thickness of the depleted layer. Above 240 mm the shoulder is less prominent.
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Table 2 A summary of obtained measurement results for polyethylene. The errors represent counting error (square root of the number of counts)
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Fig. 5. A comparison between the measurement at 17 cm from the source with a PE converter and without a converter (17 cm was chosen to obtain a higher count rate and thus shorter irradiation times).



There is an intrinsic limit to the efﬁciency of the detector depending on the maximal density of protons in the converter material. As PE has a very high density of protons the photodiode cannot achieve much higher efﬁciency with other converting materials based on proton recoil. The counting efﬁciency could be increased by employing detectors with a larger active area or with an array of such detectors. The model allows to determine the efﬁciency of the detector for different energies of the incident neutrons. Here, the efﬁciency is understood as the ratio of integral of counts from the range of 1.6–4.8 MeV and the total number of incident mono-energetic neutrons. The range 1.6–4.8 MeV was chosen because it does not include background counts. Fig. 6 shows this dependency for a depleted layer of 175 mm. It can be seen that the detector is most sensitive to neutrons of nearly 14 MeV. Below 13.8 MeV, the efﬁciency increases with increasing energy because the recoil protons are increasingly energetic and a larger proportion of them reaches the photodiode. Above 13.8 MeV
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Fig. 6. Simulated efﬁciency of the detector as a function of the incident neutron energy. The graph represents a number of counts registered in the interval of 1.6–4.8 MeV (used above) as a fraction of the total number of incident monoenergetic neutrons as a function of their energy.



the decrease of the cross-section for collisions becomes more signiﬁcant than the increase in the proportion of recoil protons reaching the detector and the efﬁciency begins to decrease. If the current detector would be used as a dosimeter in a neutron ﬁeld different to that of the Am–Be source, then the spectrum of the new ﬁeld would have to be known. The spectrum should contain its larger part in the range above 2 MeV in order to produce recoil protons in the range 1.6-4.8 MeV.The task would be complicated since the quality factor of the neutrons has to be taken into account. 4.3. Angular dependence of the response The disadvantage of the photodiode with a PE converter is that the detector is sensitive to the direction from which the neutrons enter the converter. To assess the inﬂuence of the orientation of the detector on the counting rate, measurements at different neutron incidence angles were conducted. Two measurements were carried out, at 601 and 301 at 17 cm distance from the source. The relevant spectra are shown in Fig. 7a). The high energy end of the spectra are shown in Fig. 7b). The integrated count rates for the different incidence angles (in relation to the normal) are 93.371.2, 95.670.6, 49.370.9 c min1 for 01, 301 and 601, respectively. It can be seen that there is a small difference between the 01 and 301 measurements. The count rate for 601 is much lower. The
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Fig. 7. (a) A comparison between the detector response for different neutron incidence angles and (b) the high energy end of the spectra.



difference arises from the fact that with increasing incidence angle an increasing number of recoil protons is recoiled away from the photodiode (the proton recoil angles are 0–901 from the initial trajectory of the neutron) and the number of registered protons decreases. A systematic difference can be seen in the shape of the fall-off of the spectra (Fig. 7b)—with increasing incidence angle increases the cut-off energy of the spectra. The recoil protons enter the detector at greater angles and, as a result, the higher energy protons whose range exceeds the thickness of the depleted layer, have a longer path length in the detector. As a result, a larger proportion of energy of the high energy protons is deposited in the photodiode.



5. Conclusions It has been shown that the photodiode can be used as an ambient dose equivalent meter for an
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Am–Be source, either placed inside a parafﬁn sphere with a 6LiF converter or bare with a PE converter. The relationship between the counting rate and the ambient dose equivalent rate is linear in both cases. The sensitivity of the photodiode with the 6LiF converter was estimated to be equal 8.4 c mSv1 cm2 of active photodiode surface. The photodiode with the PE converter has a lower sensitivity of 2.1 c mSv1 cm2 (for the Am–Be source) of active photodiode surface. The two investigated set-ups have their advantages and disadvantages. In the case of the photodiode inside the parafﬁn sphere the main disadvantage is its size and weight. The main disadvantage of the photodiode with the PE converter is its directional sensitivity and the necessity to calibrate it for any speciﬁc neutron ﬁeld. The sensitivity is quite low, although this does depend more on the nature of neutron interaction with matter than on the properties of the photodiode itself. Acknowledgements This work has been partially supported by the Marie Curie Fellowship Program of the European Commission (G.A., ref. no. HPMD-GH-00-0003201) and by the Consejo de Seguridad Nuclear de Espan˜a.
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