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Abstract. Studied are the scintillation properties of a composite material ZnS(Ag)/6LiF, which is a mixture of fine-crystalline powders ZnS(Ag) and 6LiF with an optimized grain size in an epoxy matrix. The detector sensitive element measuring 4(25(3 mm3 and consisting of five ZnS(Ag)/6LiF layers divided by four organic glass plates is established to provide 75%  efficiency of thermal neutron registration.
1. Introduction
For registration of thermal neutrons there are widely used scintillation detectors based on the mixture which consists of dispersed crystalline powders of scintillator ZnS(Ag) and converter 6LiF or 10B2O3 [1-3]; the mixture of both scintillator and converter are dispersed into an optically transparent matrix. In most cases, such a matrix is made of polyethylene, polymethylmethacrylate, polystyrene, polyvinyltoluene and compositions based on epoxy resins.

The use of scintillators in the form of polymer film containing a mixture of fine-crystalline ZnS(Ag) powders and 6LiF for registration of thermal neutrons was reported as long ago as the 1960s. At present, interest in such scintillation systems has increased due to the necessity to replace expensive and short-lived 3Не-counters, which are used to monitor neutron flows at facilities using nuclear technologies, where the radiation safety measures must be properly ensured [4].

In terms of selectivity in the registration of thermal neutrons, the scintillation detector ZnS(Ag)/6LiF are not inferior to gas-discharge counters, and can be successfully used for registration of weak thermal neutron flows in counting regime. ZnS(Ag)/6LiF scintillation detector have a number of advantages over gas counters, such as faster response and lower cost.
In the powder mixture of ZnS(Ag) and LiF containing 6Li isotope, thermal neutrons give rise to the reaction:
6Li+n → 3H(2.72 MeV)+ 4He (2.06 MeV)+4.8 МэВ



(1)
Fig. 1 schematically shows that, 6Li nucleus in LiF converter absorb a neutron resulting in a nuclear fission to arise one (-patricle (3He) and one triton 3H, which share each other the released energy 4.78MeV and after that these low-path particles ionize ZnS(Ag) to give rise to scintillations. 
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	Fig. 1. Detection of thermal neutrons by composite material 6LiF-ZnS(Ag).


It should be noted, that the efficiency of the use of 10B  for registration of neutrons is 4 times as high as that of 6Li. However, the energy output in the reaction (1) with  6Li is twice as high. This reaction is not accompanied with emission of gamma-quanta. Enrichment of LiF with 6Li may exceed 90%. Due to high content of 6Li, the registration efficiency may be high enough, even in the case when scintillation screen thickness is very small (of shares of a millimetre). At the same time, low transparency of ZnS(Ag)/6LiF gives rise to losses of scintillation light and worsening of the resolution.
The decrease of the scintillation absorption and thereby the increase of light output of ZnS(Ag)/6LiF composite  is assumed to can be realized by reducing the size of the particles of 6LiF converter down to nanometric one.
The possibility to raise the sensitivity and to improve resolution of scintillation neutron detectors in such a way is discussed in [5,6]. One could expect that the presence of nanodimensional converter particles will increase the transparency of the system. However, the attempts to create scintillators using nanodimensional 6LiF particles have not yielded anticipated results so far. In particular, the assumption that the use of nanodimensional ZnS(Ag)/6LiF particles in polymer films will make it possible to increase their transparency to light with 420 nm wavelength has not been confirmed by the investigations reported in [2]. 
The aim of the present work consist in following: 
1) to determine optimal sizes of grains in the crystalline powders of 6LiF converter and ZnS(Ag) scintillator, as well as the ratio of their concentration in polymer matrix, 
2) to characterize the composed material of ZnS(Ag)/6LiF in polymer matrix, 
3) to propose design of sensitive element for the solid state detector of thermal neutrons
 2. Materials and experimental technique
For the manufacture of the composed material of ZnS(Ag)/6LiF, the dispersed crystalline powders of the LiF converter and the ZnS(Ag) scintillator of the light composites FS-4 were used. The separation of the crystalline powders depending on the grain size was carried out by the method of dynamic sedimentation in centrifuges with the addition of surfactants. The granulometric characteristics of the obtained powder fractions were determined by an LMS-30 laser microanalyzer. Table 1 lists the average size of grains in each fraction of 6LiF and ZnS(Ag).
The composite material ZnS(Ag)/6LiF was obtained by the well-known method dispersing the mixture of crystalline powders with given average grain size into the optical epoxy adhesive XTR-311 produced by His Glassworks, Inc (USA). The said adhesive is a two-component mixture which hardens at room temperature at the ratio of its components A:B=10:3. For the making of a composite there was used the compound containing 56.0 g of ZnS(Ag) + 14.0 g of 6LiF + 23.0 g of the component А and 6.9 g of the component B. The obtained composite was spread onto organic glass plates measuring 40х25х3 mm3, with subsequent formation of the layer with thickness of 200 μm, which was formed using a squeegee.
Table 1. Characteristics ZnS(Ag)/6LiF
	№ of the pow-der fraction

	The average size of grains in the powder fraction, (m
	The one-layer composite material ZnS(Ag)/6LiF

	
	
	The relative light output, number of channels, (241Am)
	The registration efficiency of thermal neutrons,
% (239Pu-Be)

	
	ZnS(Ag)
	6LiF
	
	

	1
	6.0
	0.8
	450
	20.1

	2
	8.0
	0.5
	490
	20.3

	3
	7.0
	0.6
	610
	28.8

	4
	8.0
	0.7
	630
	29.5

	5
	9.0
	0.7
	605
	29.0

	6
	7.0
	0.8
	625
	28.9

	7
	9.0
	0.8
	610
	28.3

	8
	10.0
	0.6
	460
	22.4

	9
	7.0
	0.9
	440
	23.3

	10
	4,5
	2.0
	430
	20.0


The influence of the grain size in the powders of 6LiF converter and ZnS(Ag) scintillator on the characteristics of the manufactured composites was evaluated from the amplitude spectra obtained on the measuring facility (Fig.2), consisting of a radiation source (1), a scintillator (2), a photomultiplier (3), a high voltage block (4), a charge-sensitive preamplifier (5), an amplitude analyzer (6). A light pulse arising in the scintillator (2) under radiation from the source (1) hits the photocathode of the photomultiplier (3), which converts the light pulse into an electric current pulse. This pulse from the photomultiplier anode enter into the preamplifier (5) and then into the amplifier (6), where it is amplified in amplitude and come in the pulse analyzer input (7).
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	Fig. 2. Scheme for measuring amplitude spectra


The preamplifier BUS2-94 and the spectrometric amplifier BUS2-95 were included into the measuring system for matching and amplification of the signals. The pulses were accumulated in the multi-channel pulse analyzer АМА03-F. As a photomultiplier, there used a R1307 Hamamatsu. For measurement of the scintillation characteristics, there used Am-241 radionuclide, which is a source of α-particles with 5.5 MeV energy.
The efficiency of registration of thermal neutrons was measured using a certified radionuclide neutron source 239Pu-Be (with a neutron yield of 1(105 n/sec) in polyethylene spherical moderator with certified thermalization coefficient (10%). Thermal neutrons were absorbed in the 1 mm thick shield made of metallic cadmium with natural isotope composition.

The measurements were performed according to the following technique. The counting rate was determined separately for the cases when the shield was used and was not used. The difference between the obtained counting rates (“cadmium difference”) corresponded to the counting rate of thermal neutrons. The ratio of this value to the calculated counting rate for thermal neutron flux passing through the input window of the detector was just the efficiency of thermal neutron registration. Fig. 3 shows the measurement scheme.
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	Fig.3. The registration scheme of thermal neutron.


Table 1 shows the registration efficiency of thermal neutrons registration by the one-layer composite material of ZnS(Ag)/6LiF made from the powder fractions of ZnS(Ag) and 6LiF.
For raising the registration efficiency there was proposed the detector design, which includes a sensitive element consisting of more than the one-layer composite material of "ZnS(Ag)/6LiF in epoxy matrix" with optimal average grain size characterizing each of the two fine-crystalline ZnS(Ag) and 6LiF powders. Fig. 3 presents the general view of packed multilayer sensitive element for the detector of thermal neutrons, which consists of four organic glass plates measuring 40х25х3 mm, used as light guides and neutron moderators, five ZnS(Ag)/6LiF layers and the reflector made of Tetratex.
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	Fig. 4. The design of multilayer sensitive element for the detector of thermal neutrons. 1 - the one-layer composite material "ZnS(Ag)/6LiF in epoxy matrix", 2 – organic glass plate, 3 – light-reflector (tetratex).



3. Results and discussion
As found while analyzing the data presented in the Table 1, the highest efficiency of the thermal neutron registration (28.3–29.6%) is achieved for the composite material which contains the mixture of crystalline powders ZnS(Ag) and 6LiF with a particle size 7-9 and 0.6-0.8 μm, respectively. The experimental data correlate with the results of computer simulation performed in [12]. 
The average grain size of 6LiF converter powder (0.6–0.8 μm) is sufficient to provide a high probability of neutron absorption and a high output of secondary radiation. Apparently, if the the grain size of converter is less than 0.6 μm, the probability of neutron absorption in the converter will diminish. In the case when the grain size of 6LiF is larger than 0.8 μm, the output of the secondary radiation (α-particles and tritons) and, consequently, the efficiency of neutron registration, will decrease.

According to results given in Table 1 the highest light output of ZnS(Ag) scintillator under (-radiation is observed for the average grain size (7-9 μm) of ZnS(Ag) powder, which is provides the large energy loss ( -particles in the scintillator and therefore high output. An increase in the scintillation yield causes a decrease in the signal amplitude spread, the formation of a thermal neutron peak in the pulse amplitude spectrum, and an increase in the registration efficiency of thermal neutrons.
The experiment with the determination of Cd - difference shows (Fig. 4) that when the sensitive element of the detector is a multilayer composite material based on ZnS(Ag)/6LiF, then the distribution of pulse amplitudes in the instrumentation spectrum relates mainly to the registration of thermal neutrons. In this case, tritons and alpha particles are registered, which are formed according to reaction (1). Non-total absorption of the energy of these particles in the scintillator causes the appearance of a rather broad distribution with a pronounced maximum.
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	Fig. 4. Pulse amplitude spectra of the multilayer composite based on ZnS(Ag)/6LiF, which are  recorded under irradiation by Pu-Be source: 1 - without Cd-screen, 3 - with Cd-screen, 2 - "Cd-difference".


The presence of this maximum makes it possible to establish the threshold of registration of thermal neutrons and to determine the registration efficiency. The performed measurements testify to 75% efficiency of registration of thermal neutrons. The spectral distribution of pulses from gamma-quanta is observed at high amplifications in the form of exponential noise distribution, and does not contribute to thermal neutron counting at the established registration threshold. Such a result is caused by high α/γ ratio for ZnS(Ag) scintillator and small (200 μm) effective thickness of this scintillator in the proposed design of the sensitive element for the detector of thermal neutron. 

5. Conclusion
1. The composite solid material ZnS(Ag)/6LiF with 29% registration efficiency is developed.

2. It is established that the detector sensitive element, consisting of the five layers of ZnS(Ag)/6LiF with separated by plates made of plexiglas as light-guides, provides the efficiency of the thermal neutron registration equal to 75%.
The obtained results indicate that expensive and short-lived He-3 counters can be successfully replaced by cheaper and easier-to-use solid-state scintillation counters.
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