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Abstract. The control of the radioecological situation around nuclear power
plants requires the detection of very low neutron fluxes. It makes necessary to
use the large area detection systems. The same task is topical for radiobiology,
radiomedicine, geological logging, and space applications. We proposed the
technology to obtain the new class of scintillation materials, namely organic
composite scintillators. It allows us to create the scintillation detectors of an
unlimited area. We consider the hydrogen-bearing composite scintillators as a
typical example of the detectors for fast neutrons and the composite scintillators
based on grains of the Gd-bearing materials as the thermal neutron detectors. We
discuss the combined detectors for selective detection of thermal and fast neu-
trons in the presence of background gamma radiation as well.

1 Introduction

The problem of detection of low intensity fluxes of neutrons is of a great importance in
modern ecological, geological, biological, medical applications, custom survey, etc.
Such a radiation is the most hazardous for human organism. The radiation-weighting
factor wR is the value expressing the long-term risk (primarily cancer, leukaemia, heavy
pulmonary allergies, etc.) of a low-level chronic exposure. It depends on a radiation
type and other factors. For example, for gamma radiation photons wR = 1, while for fast
neutrons with energies En < 2 meV, the wR = 20. For thermal neutrons, wR = 5 [1].

For fast neutron spectrometry of the low neutron fluxes, it is necessary to obtain a
large-area non-hygroscopic cheap detector, which has a detection high efficiency and is
able to effective pulse shape discrimination (PSD). The development of the effective
single crystals, plastics and liquid scintillators with high PSD capability is the subject
of research for more than 50 years. The PSD capability of organic single crystals, until
now, is significantly higher than for liquid and plastic scintillators [2–11]. Liquid
scintillators are toxic and often flammable. Thus, organic single crystals could be a very
good option for fast neutron detection with their favourable characteristics, i.e., their
high light yield and PSD. However, it is difficult to obtain a large area scintillator even
using the modern techniques of crystal growth and they are comparatively expensive
due to the stage of a crystal growth [12 (p. 25)].
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To resolve these conflicting requirements, we have recently proposed the composite
scintillator as a gel composition that contains the grains of scintillation material. We
obtain the organic molecular single crystal grains using grinding the boule under the
layer of liquid nitrogen when it cracks at the grain boundaries. We obtained the boule
in the process of purification of the raw material by orientated crystallization. It allows
us to avoid growing a single crystal. It appreciably cheapens production of obtaining
organic scintillation grains and the scintillator as well. We designed the technique of
joining the different composite scintillators in one area. It increases the detection
efficiency due to growing the detection spatial angle. A high temperature stability of the
light yield of organic scintillators increases their possible use for advanced applications
at high and low temperatures [13–18].

Figure 1 demonstrates the dependence of the total capture cross-section rtot of
neutrons as the function of their energy En. Two processes determine the value of rtot.
It is (i) elastic potential scattering on nuclear forces, or (ii) nuclear scattering. A dis-
tinctive feature of the first and the last of the processes is that: (i) a neutron does not
penetrates inside a nucleus (n, n)pot and (ii) a neutron penetrates inside a nucleus.
Nuclear reactions of the following types: (n, c), (n, p), (n, a), (n, f), inelastic neutron
scattering (n, n′), and elastic (resonance) neutron scattering (n, n)res may occur in the
latter case. The values of corresponding cross-section (consequently the type of a
material) determine the relative role of each the process. With the scattering
cross-section value (rs) increase the probability of the process (i) grows but it decreases
with absorption (ra) cross-section value increase. Therefore, the probability of the
process (i) is higher when rs > ra and the probability of the process (ii) is higher when
rs < ra. Reactions of neutron radiative capture (n, c) are effective for slow (epithermal
and thermal) neutrons with the energy En * 0.026 eV–500 keV [12, 19].

Fig. 1. Total cross-sections r tot of neutrons versus their energy En for some isotopes [12
(p. 401)]
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The problem of thermal neutron detection by organic and inorganic materials is the
subject for discussion since the late fifties and is relevant in the current investigations
[5, 20, 21]. For high ra—values the thermal neutron path in a scintillator is signifi-
cantly shorter than the penetration depth of photons of gamma radiation of middle and
high-energies. Table 1 shows the characteristics of the isotopes that have a high
cross-section ra of thermal neutron radiative capture [12 (p. 402)]. In contrast to fast
neutrons, for thermal neutrons, the spectrometry is not necessary and, therefore, the
resolution of the scintillation amplitude spectrum does not so important. For thermal
neutrons, the separation of the signals generated by thermal neutrons and the gamma
background radiations becomes the more important problem. It solution is not so
simple. In the case of the thermal neutron detection, it is not possible to use PSD [12,
19, 22, 23].

There is a rather effective way of solving this problem. A scintillation material,
which developed to detect thermal neutrons, has to have the very high efficiency of this
process. Table 1 demonstrates the thermal neutron capture cross-sections and natural
abundance of some the most promising isotopes for thermal neutrons detection. Thus,
the most promising are Gd-bearing materials because the cross-section of thermal
neutron detection and natural abundance of isotopes 155Gd and 157Gd are too high.
Below we focus on the results obtained for such the materials, because in that way we
obtained enough effective material, even if it is very thin. A thin sample has a low
efficiency of detection of photons of gamma radiation. This is the principle of selective
registration of thermal neutrons, which we will use below.

If gadolinium captures a thermal neutron it can leads to the emission of conversion
electrons (33 keV), characteristic X-rays (44 keV), and cascades of high-energy pho-
tons of gamma radiation (about 8 meV). The total effect of emission of conversion
electrons and Gd K X-rays may cause the total 77 keV scintillation peak formation [5,
24]. The probability of generation of the 33 keV conversion electrons per one captured
neutron is about 0.65 and the probability to observe 77 keV peak is about 0.39 [24].
Below we will analyse this idea on the example of the composite scintillators based on
the grains of cerium-doped gadolinium silicate Ce:Gd2SiO5 (Ce:GSO) and gadolinium
pyrosilicate Ce:Gd2Si2O7 (Ce:GPS) scintillation materials, which are sensitive to
background gamma radiation.

Table 1. The cross-section ra of thermal neutron radiative capture for some isotopes [12
(p. 402)]

Isotope Cross-section of thermal neutron absorption, Barn Natural abundance (%)
3He 5.4 � 103 0.000137
6Li 0.9 � 103 7.59
10B 3.8 � 103 19.9
113Cd 2 � 103 12.22
155Gd 6 � 104 14.8
157Gd 2.5 � 105 15.65
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The aim of this work is an overview of our achievements in the creation of new
scintillation materials, namely, composite scintillators and analysis of their potential as
detectors of neutron fluxes of low intensity.

2 Technologies

To grow the stilbene and p-terphenyl organic single crystals we use the
Bridgman-Stockbarger technique [12 (p. 25), 23]. According to [25], the light yield
(LY) of the single crystals of stilbene, undoped p-terphenyl, and doped by
1,4-diphenyl-1,3-butadiene p-terphenyl is about 14,700, 17,000, and 24,900 photons
per 1 meV, respectively.

The preparation technology of organic composite detectors includes the following
stages: (i) purification of the raw material (we used the method of oriented crystal-
lization, when randomly oriented crystalline grains arise inside a boule);
(ii) self-cracking of the boule under a layer of liquid nitrogen (the boule obtained on
step (i) cracks along the grains boundaries and the need in the stage of growth of the
single crystal disappears); (iii) to select the grain fractions of required sizes we sieve the
grains using the calibrated sieves; (iv) drying of the grains (during 24 h); (v) prepara-
tion of the two-component organosilicone dielectric gel; (vi) introduction of the grains
into the gel in the ratio 70 and 30 weight %, respectively; (vii) mixing the crystalline
grains and the gel; (viii) introduction the composition into a housing made from acrylic
plastic (light guide material); (ix) vacuum treatment of the scintillation composition
(during 30 min); (x) polymerization of the sealed scintillation composition (during
48 h); (xi) application a diffusive reflecting material [e.g. Tetratek (polyte-
trafluoroethylene)] on the housing (more detailed information can be found in our
works [13, 14, 26–29]).

Ce:GSO and Ce:GPS crystals were grown by the Czochralski technique. To pro-
duce a composite scintillator we crush the offal of the crystal growth and of the crystal
tooling. The concentration of Ce in Ce:GSO and Ce:GPS was about 0.5 mol. % and
7 mol. %, respectively. The LY of Ce:GSO crystals is 12,500 photons/MeV [28]. The
authors [30] have shown that this value changes appreciably with the cerium con-
centration in the crystals. The authors [31] obtained that the LY of Ce:GPS has to be
from 30,000 to 40,000 photons/MeV.

Thus, a composite scintillator consists of the grains the typical size L of which is
between di < L < dj, where di and dj is the mesh dimension of the calibrated sieves i and
j. Here and further, we will use such the values L, which are equal to the averaged
values of the grains Lav = (di + dj)/2.

3 Experimental

In our following experiments, we detected the scintillation pulses using a 9272B
photomultiplier tube (ET Enterprises [32]). We chose radionuclide sources of 239Pu–Be
and 252Cf as the sources of fast neutrons. In the same time, they are the sources of
gamma radiation. We obtained the recoil proton spectra not distorted by accompanying
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gamma radiation using PSD. As the source of alpha particles was selected a 239Pu
radionuclide source (5.15 meV) and the source of gamma radiation photons was a
137Cs radionuclide source (0.662 meV). We used them to study the LY of composite
scintillators. As the reference detector, we used the single crystals of the same chemical
composition.

To test Gd-bearing single crystals and composite scintillators based on their grains
as thermal neutron detectors we used a radionuclide 239Pu–Be source with neutron flux
1 � 105 neutrons per second. We placed it inside a calibrated paraffin sphere (15 cm in
diameter) to moderate fast neutrons. As the result, this paraffin sphere moderates the
part of fast neutrons ηth = 9% to the energy of thermal neutrons. The rest of the neutrons
of higher energies and photons of gamma radiation accompany these thermal neutrons
when they leave the paraffin sphere. The 239Pu–Be source emits about three gamma
radiation photons per one neutron. Therefore, to reduce direct irradiation of the samples
by low energy photons of gamma radiation we used the 25 mm thick lead. The dif-
ference in the number of scintillations measured during the same time interval with and
without the plate of cadmium 1.3 mm thick identifies the thermal neutron events.

The calibration procedure of the linearity of the set-up was done using the Compton
edge energies of the gamma lines Ec for the following radionuclide sources: 22Na,
60Co, 137Cs, 152Eu, 241Am as well from the 12C(n, c) reaction in a 239Pu–Be
radionuclide source. The light output of the scintillators relative to gamma energy Ec

was linear to within 5%.

3.1 Fast Neutron Detectors

Below we will demonstrate the possibilities of composite scintillators to detect fast
neutrons on example of a series of 10 composite detectors (diameter D = 30 mm and
high h = 20 mm) obtained from stilbene crystalline grains of different fractions, and
analogous series of 10 composite detectors based on p-terphenyl doped with
1,4-diphenyl-1,3-butadiene. The following linear sizes L of grains were used: 1.0–1.2,
1.2–1.5, 1.5–1.7, 1.7–2.0, 2.0–2.2, 2.2–2.5, 2.5–3.0, 3.0–3.5, 3.5–4.0, 4.0–4.5 mm.

In our investigations, we often use such the approach when the series of composite
detectors with different grain sizes L are studied. The reason is the following. Unlike
the single crystal of a given composition, the properties of a composite scintillator are
determined not only by it sizes, but by another independent parameter, namely, the size
of the grains inside the scintillator (see e.g. [13, 14, 17, 18, 21, 23, 26–28, 33]).

Figures 2 and 3 shows the LY and relative light output (LO), respectively, for each
fraction of the grains (different Lav) of the composite scintillators containing grains of
doped p-terphenyl [13]. Figure 2 represents the LY-values in absolute units for the case
of excitation by photons of gamma-radiation. Figure 3 demonstrates the relative values
of LO as a percentage for the excitation by short-range alpha particles. The LO of a
standard doped p-terphenyl single crystal we designate as 100%. Figure 3 shows that
the LO reaches the maximum at Lav * 2.5 mm and practically does not change with
further increase of the Lav value.
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To determine the heterogeneity of the composite scintillators we measured the
scintillation signal at different points of the samples of large diameter (d = 200 mm, h =
20 mm). The measurements show the spread of the LO-values for different parts of
these detectors does not exceed the standard error of the method of the LO measure-
ments (5%). Thus, the technique gives reproducible results and allows us to make the
homogeneous large-diameter composite detectors. For details, please turn to the quoted
works [13–15, 34].

The relative efficiency e of 252Cf fast neutron detection by the composite scintil-
lators based on stilbene crystalline grains reports the paper [28]. According to [28], the
fraction of crystalline grains with sizes L from 1.7 to 2.2 mm is optimal to prepare the

Fig. 2. The light yield of composite scintillators containing grains of doped p-terphenyl of
various sizes (Lav) obtained when irradiated by 0.662 meV photons of gamma radiation [13]

Fig. 3. The relative light output of composite scintillators containing grains of doped p-
terphenyl of various sizes (Lav) obtained when irradiated by 5.15 meV alpha particles [13]
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composite scintillator that is effective to detect 252Cf fission neutrons. It agrees with the
results of studies of composite detectors irradiated by a 239Pu–Be source of fast neu-
trons (see e.g. [13, 14, 23, 26, 27]). The scintillation efficiency may strongly depend on
the grain size. This is because the charge states recombination results in the formation
of excited states and their subsequent luminescence. The sequence of these processes is
more effective when they take place in one the same grain. It is possible when the track
length of an ionizing particle (the track of a recoil proton in our case) does not exceed
the linear size of a single grain.

Table 2 demonstrates the relative efficiency of fast neutron detection e for a series
of stilbene composite detectors (D = 32 mm, L is from 1.7 to 2.2 mm) of different
height h irradiating by fast fission neutrons of 252Cf. For each of the composite detector
the organic single crystal of the identical size plays the role of a “reference” detector.
Table 2 shows that the e-value slightly decreases with the height h growth. The light
scattering in the multilayer scintillation material is the main cause of this effect. One
can see the difference between the experimental value of the relative efficiency of fast
neutron detection e * 0.5–0.6 and its theoretical value (*0.7) determined by the
concentration of the scintillating material (stilbene) in the gel base (Sylgard-527). It is
the result of the joint action of light scattering and the additional losses of the recoil
proton energy in the non-scintillating gel base.

In [15, 34, 35] it was shown that the composite detectors based on organic crys-
talline grains have high PSD capability so as the single crystals. In [35] for the case
when 239Pu–Be source irradiates the samples of organic detectors it was obtained that
the value of figure-of-merit (FOM) for the experimental set-up with the neutron energy
threshold of 1 meV is equal to 2.41 ± 0.21 for the reference stilbene single crystal
(D = 30 mm, h = 10 mm). For the stilbene composite detector with D = 50 mm and h =
25 mm FOM is 1.89 ± 0.13 and for stilbene composite detector with D = 50 mm and
h = 50 mm FOM is 1.38 ± 0.09. Thus, the values of FOM obtained for thin composite
scintillators are only slightly poorer than FOM for the stilbene single crystal. For
thicker composite scintillators FOM is lower, because of the lower light output caused
by stronger light absorption inside the scintillator. Additionally, we studied the values
of FOM for the case of irradiation by fast neutrons of 252Cf [15]. The FOM of the
composite stilbene scintillator (D = 50 mm and h = 10 mm) was evaluated as 80%

Table 2. The relative efficiency of fast neutron detection e of
252Cf for stilbene composite detectors versus their height h

Detector height h (mm) The relative efficiency e

2 0.569 (±0.085)
3 0.556 (±0.083)
5 0.450 (±0.067)
7 0.562 (±0.084)
10 0.611 (±0.092)
15 0.503 (±0.075)
20 0.435 (±0.065)
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against that of the stilbene single crystal scintillator (D = 25 mm and h = 20 mm).
The FOM of the large-area composite stilbene scintillator (D = 200 mm and h =
20 mm) was evaluated as about 75%, against that of the stilbene single crystal scin-
tillator (D = 50 mm and h = 40 mm).

3.2 Thermal Neutron Detectors

To obtain thermal neutron detectors we studied the single crystals of Ce:GSO and Ce:
GPS as well as composite scintillators based of their grains. For details, please turn to
the [17–19, 33].

Figure 4 demonstrates typical thermal neutron scintillation spectra of the Ce:GPS
single crystal. Curve 1 in Fig. 4 is the scintillation spectrum of the Ce:GPS single
crystal obtained during the irradiation by neutrons and photons of gamma-radiation
those leave the paraffin sphere with the 239Pu–Be source inside it. Subtraction of curve
2 from curve 1 gives a curve with two distinct maxima in the region of 33 and 77 keV.
Such a curve will be given later (see Fig. 6), when discussing the properties of the
combined detector of fast and thermal neutrons. Note that these resulting curves are
similar and differ only in the contribution of the peaks at 33 and 77 keV. Let us take the
contribution the value of the maximum of the peak with the energy of 77 keV as 100%.
In such the case one can obtain that the contribution of the 33 keV peak decreases from
226 to 102% and from 220 to 104% when the grain size increases from L < 0.06 mm
up to L = 0.3–0.5 mm for the composite scintillators containing the grains of Ce:GSO
and Ce:GPS, respectively. For higher values of L these peaks are not separated and
appear as one peak. In the same time for single crystals of the same thickness, this
value is less than 100%. The single-layer composite scintillators have the best
neutron-to-gamma ratio.

Fig. 4. The amplitude spectra of the Ce:GPS single crystal were obtained without (curve1) and
with (curve 2) the Cd-screen
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3.3 Combined Detector for Separate Detection of Fast and Thermal
Neutrons in the Presence of Background Gamma Radiation

In [17] we showed the possibility to use composite scintillators to create a combined
scintillator for separate detection of thermal and fast neutrons in the presence of
gamma-background. In the works [18, 29, 33] we returned to this idea.

The scintillator, which detect fast neutrons, contains crystalline grains of stilbene
with size LS from 2.5 to 3.0 mm. The other part of the combined scintillator that detects
thermal neutrons is a single-layer composite scintillator containing Ce:GPS or Ce:GSO
crystalline grains. This composite scintillator is thin enough to reduce appreciably a
gamma background of high and medium energies. We run the measurements for the
cases when this single-layer composite scintillator contained one of three types of
grains, namely, grains with average sizes from 0.06 to 0.1, from 0.1 to 0.3 and from 0.3
to 0.5 mm (see Table 3). Both the scintillators were inside a cylindrical plastic housing.
An additional plastic plate 2 mm thick separates the scintillators. The combined
detectors are 30 mm in diameter D and 20 mm in high h. In a real experiment, the
combined detector must have the additional shielding, witness detector or their com-
bination [17]. Figure 5 shows the schematic diagram of such the combined detector
(the plastic plate is not shown).

Table 3. The eth-value of the combined detectors consisting of
Ce:GPS scintillator with different LGPS and the composite
scintillator on the base of stilbene grains with LS from 2.5 to
3.0 mm

Energy range (keV) LGPS (mm)
0.06–0.1 0.1–0.3 0.3–0.5

20–55 0.182 0.122 0.175
56–120 0.291 0.342 0.348
20–120 0.473 0.464 0.523

Fig. 5. Schematic diagram of a combined detector: 1 is a fast neutron detector, 2 is a detector of
thermal neutrons, 3 is a shielding material
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Figure 6 demonstrates the spectrum of thermal neutrons which we obtain using the
combined detector that consists of two composite scintillators including the grains of
(i) stilbene (LS = 2.5–3.0 mm) and (ii) Ce:GPS (LGPS = 0.1–0.3 mm). The bottom
X-axis is calibrated in terms of scintillation amplitudes of the Ce:GPS composite
scintillator that was excited by photons of gamma radiation with energies Ec

GPS. The top
X-axis we calibrated in the number of scintillation photons. The solid line 1, 2 and 3
shows the bounders of the energy ranges, in which we analyse the signal (see Fig. 6)
[13, 17]. Note that the end of the scintillation signal corresponds to 7 � 102 photons.

Figure 7 shows the reconstructed neutron spectrum of the 239Pu–Be source which
we obtain using the combined detector that consists of two composite scintillators
including grains of stilbene (LS = 2.5–3.0 mm) and Ce:GPS (LGPS = 0.1–0.3 mm [13,
17]. Figure 7 represents known quantities of fast neutron energies which are reported in
theoretical and experimental papers (see e.g. [12 (pp. 386–387), 13]), namely, 3.1, 4.2,
4.9, 6.4, 6.7, 7.3, 7.9, 8.6 and 9.7 meV. The numbers 1–9, respectively, denote these
energies.

On the top X-axis one can see the number of scintillation photons match the
scintillation signal. We calibrated the energy scale (X-axis) in scintillation photons, i.e.
in terms of the LY of the reference stilbene single crystal. The neutron measurements
we run after the calibration and for the same measuring conditions. The beginning of
the neutron signal corresponds to (1.3–1.4) � 104 photons. Thus, the magnitude of the
maximum signal in the scintillation spectrum obtained from thermal neutrons (102

photons) and minimal signal obtained from fast neutrons after PSD (104 photons). It

Fig. 6. Scintillation amplitude spectrum obtained at excitation by thermal neutrons of the
combined detector consisting of two composite scintillators: based on grains of stilbene (LS =
2.5–3.0 mm) and the grains of the Ce:GPS (LGPS = 0.1–0.3 mm)
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lays the physical basis for the separate registration of thermal and fast neutrons by such
the combined scintillator. These signals can be recorded in different energy windows.

As it was noted above, for a good separation of the signals from thermal neutrons
and gamma background, it is necessary that the composite detector of thermal neutrons
was thin. Reducing the thickness of the detector can lead to loss of effectiveness of the
registration. The following is the assessment of the efficiency of registration of the
composite scintillator containing grains of Ce:GPS or Ce:GSO working together with
the composite scintillator on the base of stilbene grains.

Let NR denotes the number of events of thermal neutron detection. Then in the
general case, the efficiency of thermal neutron detection eth is

eth ¼ NR

t � Ffast � gth � S
4pR2

;

were t is the time of accumulation of these events, Ffast is the fast neutron flux (in our
case it is 1 � 105 neutrons per second), ηth is the fraction of thermal neutrons obtained
by the moderation of fast neutrons per one fast neutron (0.09), S is the thermal neutron
detector area, R is the distance between the source and the detector.

Table 3 shows the eth-value for the combined detectors consisting of Ce:GPS
scintillator with different LGPS and the composite scintillator on the base of stilbene
grains with LS from 2.5 to 3.0 mm for the three energy ranges of scintillation spectra.

Fig. 7. The reconstructed neutron spectrum of 239Pu–Be source for the combined detector
consisting of two composite scintillators: based on grains of stilbene (LS = 2.5–3.0 mm) and the
grains of the Ce:GPS (LGPS = 0.1–0.3 mm)
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4 Conclusions

Above we discuss the scintillation characteristics of the composite scintillators as fast
and thermal neutrons detectors. The proposed technologies create the new opportunities
to obtain large-diameter composite scintillators for detection of short-range ionizing
radiation, thermal neutrons, and spectrometry of fast neutrons.

For composite scintillators those include the stilbene grains the fast neutron
detection efficiency is about 50–55% with respect to organic single crystals of the same
size. The single-layer composite scintillators with the Ce:GSO or Ce:GPS crystalline
grains less than 0.1 mm provides detection of thermal neutrons by registration of
scintillation pulses of 33 keV conversion electrons (the energy range 20–55 keV) with
efficiency eth * 20%. The simultaneous detection of scintillation pulses from the
conversion electrons (33 keV) and the conversion electrons accompanied by Gd K
X-rays (77 keV) enables to obtain the eth-values 40–50% in the range from 20 to
120 keV. The combined composite detector can separately detect thermal and fast
neutrons in the presence of gamma background in different ranges of light intensities
(up to 102 photons and from 104 photons, respectively). If the electronics is linear over
a wide dynamic range then it becomes possible to analyse separately the signals from
fast and thermal neutrons in two different amplitude bands.

The composite and combined composite scintillation detectors are
non-hygroscopic, effective scintillation materials of thermal and fast neutrons as well as
for detection such short-range radiations as alpha particles. They have no technological
limitation on theirs shape and on the area of theirs input window.
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