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Discussed are the main technological approaches to composite scintillators comprising
grains of stilbene and p-terphenyl organic single crystals as the fast neutron detectors and
Ce:GSO and Ce:GPS inorganic single crystals as thermal neutron detectors. The scintilla-
tion characteristics of the composite materials obtained have been studied and compared to
those of reference single crystals. The proposed composite scintillation materials are non-hy-
groscopic efficient detectors of neutrons that, in contrast to the reference single crystal
detectors are free from technological restrictions on the input window shape and size.

OG6Cy K Iai0TCsI OCHOBHBIE TEXHOJIOTMYECKUE IPUEeMbl CO3JaHUf KOMIIOSUI[MOHHBIX CI[WH-
TUJJIATOPOB HA OCHOBE KPUCTAJINYECKUX 3€PeH OPraHNYEeCKUX MOHOKPUCTAJJIOB CTUJILOEHA
u n-repdeHUsa KaK AETEKTOPOB OLICTPHIX HENTPOHOB M HEOPTaHUYECKUX MOHOKPUCTAJIJIOB
Ce:GSO u Ce:GPS — [geTeKTOpPOB TeIIOBHIX HeATPOHOB. IIpoBeseHbl MCCIeLOBAHUSI U CPAB-
HUTEJbHBI aHAIN3 CHUHTUJISINVNOHHBIX XAPAKTEPUCTUK IOJYYEHHBIX KOMIIOSUI[MOHHBIX
MaTepuajoB U JTAJOHHBIX MOHOKDPHUCTAJJIOB. IIpenjosKeHHbIe KOMIIO3UIMOHHBIE CIIMHTUJIJISA-
IMOHHBIE MaTepuajbl — 9TO HETUIPOCKONUYHGBIE, 9((EKTUBHbIE JeTEeKTOPhl HEUTPOHOB, KO-
TOPBIM, B OTJIWYKE OT 9TAJOHHBIX MOHOKPHCTANJINUYECKUX AETEKTOPOB, He CBOUCTBEHHBI TeX-
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HOJIOTUYEeCKHNe OIrpaHNYeHUusd (1)0pMI)I 1 padMepoB BXOAHOI'O OKHAa.

1. Introduction

The problem of spectrometry of a low
intensity fluxes of fast neutrons and o-par-
ticles is of a great importance in modern
ecological, geological, biological, medical
fields, custom survey, etc. Such radiations
are among the most hazardous for human
organism. The hazard is characterized by
the radiation-weighting factor. The radia-
tion-weighting factor wp is the value ex-
pressing the long-term risk (primarily can-
cer, leukemia, heavy pulmonary allergies,
etc.) of a low-level chronic exposure. It de-
pends upon the radiation type and other
factors. For example, for y-radiation pho-
tons wp =1, while for fast neutrons with
energy E <2 MeV, the wp = 20. Similar
high wp values characterize alpha particles.
For thermal neutrons, wp =5 [1]. In natu-
ral conditions there are numerous hydrogen-
contain media where the fast neutrons are
slowed down and transformed into thermal
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neutrons, the detection of the latter allow-
ing to estimate the flux of primary neu-
trons. In detection of very low activity ion-
izing radiation, large size detectors are nec-
essary where an increased detection
efficiency is attained due to increased spa-
tial angle of detection. In addition, such
detectors should provide the spectral compo-
sition of luminescence making it possible to
use the commercial (and thus inexpensive)
photodetectors. The materials should pro-
vide the separate detection of neutrons and
background y-radiation, and show a suffi-
ciently high light yield.

In this work, described are two prepara-
tion procedures of composite scintillators
for (i) fast neutrons basing on grains of
stilbene and p-terphenyl crystals and (ii)
thermal neutrons basing on grains of gad-
olinium silicate Ce:Gd,Si05 (Ce:GSO) and
pyrosilicate Ce:Gd,Si,0; (Ce:GPS). This
work is actual, because the maximum size
of the above organic single crystals grown
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from the melt is 150 mm and that of gadolin-
ium pyrosilicate single crystals, ten millime-
ters. The Ce:GSO single crystals were first
proposed for detection thermal neutrons in
[2], and Ce:GPS single crystals, in [3].

2. Preparation of composite
scintillators

In general, the single crystals were
crushed. The grains of different size were
obtained by passing the crushed crystals
through sieves with different cell sizes. The
linear size L of organic grains varied from
0.5 up to 4.5 mm and inorganic grains,
from 0.06 up to 1.0 mm. The crystalline
grains were incorporated into a two-compo-
nent polymer matrix. The prepared compos-
ite material was placed into an optically
transparent organic glass container.

Composite scintillations for fast neutron
detection. At first, the size of crystalline
grains for composite scintillators intended
for the fast neutron detection was pre-esti-
mated. The fast neutrons generate in the
organic material the recoil protons with
maximum energy equal to that of neutrons.
The grain size should be at least equal to
the recoil proton path in our material.
Therefore, depending on the energy of neu-
trons to be detected, the scintillators are to
be prepared basing on fractions of various
sizes (from submillimeter range to several
millimeters) [4].

The technology proposed by us included
the following stages:

1. Growing of single crystals with high
structural perfection using the Bridgman-
Stokbarger technique.

2. Preparation of grains and separation
thereof into fractions of various sizes.

3. Preparation of organosilicon polymeric
matrix.

4. Introduction of the obtained grain
fractions into the matrix.

5. The matrix introduction into the shap-
ing container.

6. Evacuation and holding of the sample
during 48 h.

7. Application of the reflective coating
onto the container.

The crystalline grains of stilbene and p-ter-
phenyl were obtained by crushing of a strue-
turally perfect single crystal grown from
the melt by the technique described in [5].
The grown single crystals were crushed in
the liquid nitrogen medium. That crushing
technique reduces the loadings influencing
negatively the structural perfection of
grains and their scintillation properties.
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The grains so obtained were dried up in dark-
ness at a room temperature for at least 12 h.
Thereafter, the crushed material was sieved
through calibrated sieves separating the
grains into fractions of different size [6, 7].

During the researches [6, 7], the light
yield value of stilbene/p-terphenyl compos-
ite scintillators was established to increase
with the grain size L attaining a maximum
at L ~ 1.5 mm, and then remains unchanged
as L increases. Therefore, the grains of 1.0
to 2.0 linear dimension were used in the
further study of organic composite scintilla-
tors. This provided the optimum values of
the light yield and efficiency of fast neu-
tron detection. As the polymer matrix, the
two-component adhesive composition Syl-
gard-527 (Dow Corning Corporation [USA])
was used due to its inertness, non-hygro-
scopicity, and maximum transparency in
the stilbene luminescence range.

To determine the optimum ratio of stil-
bene grains and organosilicon matrix, a se-
ries of composite scintillators was prepared
and examined. The experimental data show
that the optimum amount of stilbene grains
in the immersion medium is at least 70 %
of the matrix mass [6, 7]. To shape the scin-
tillator, it is necessary to polymerize the
matrix in a shaping case. While preparing
the container, the following requirements
were taken into account. First, the scintilla-
tor height should provide an efficient detec-
tion of fast neutrons of several MeV energy
and the scintillator must remain suffi-
ciently transparent to its intrinsic emission.
The container was been made of organic
glass. The container surface (except a tar-
get window of scintillator detector) was
coated with the Tetratek diffuse reflector.
These processing methods have been used to
prepare large-diameter composite detectors,
(200 mmx20 mm) composite detector
based on stilbene grains and on activated
p-terphenyl grains. Those were used in par-
ticular to research the light signal inhomo-
geneity in various points of the scintillator
surface.

Composite scintillators for thermal neu-
tron detection. The free path of thermal
neutrons in a substance is much shorter
that of moderated energy y photons. There-
fore, on the one hand, the inorganic detec-
tor thickness should be sufficient to record
thermal neutrons and the secondary radia-
tions generated by those. On the other
hand, the same detector should be thin
enough to reduce probability of detecting
background y radiation. For such thin scin-

Functional materials, 17, 3, 2010



N.L.Karavaeva, O.A.Tarasenko / Large size composite ...

tillator (but not limited in diameter), the
efficiency of thermal neutron detection will
exceed that of background radiations.

To prepare the composite material, the
grains of Ce doped inorganic crystals
Gd,SiOg and Gd,Si,0; were introduced into
a polymer matrix [8]. To prepare the crystal
grains, Ce:GSO and Ce:GPS crystals were
mechanically ground. Thus, the Ce concen-
tration in the grains was the same as in the
reference single crystals. The obtained
grains were sieved through calibrated sieves
to obtain the grains with necessary size L.
The grains of the chosen fractions were in-
troduced into non-luminescent Sylgard-527
silicone material. Then the composition was
applied onto an optically transparent non-
luminescent organic glass plate. The polym-
erization process for Sylgard-527 takes
48 h [9].

To study further the single-layer compos-
ite scintillators on the base of Ce:GSO and
Ce:GPS grains, 5 grain size ranges with L
values, namely, <0.06 mm, 0.06-0.1,
0.1-0.3, 0.3-0.5, 0.5-1.0 mm. Addition-
ally, 0.5-1.0 mm grain fraction was used to
prepare multi-layer (3 or 5 layers) Ce:GSO
composite scintillators. To determine the op-
timum composition of the inorganic secintilla-
tor, samples of 514 mm?2 area were used. To
study the light signal inhomogeneity in vari-
ous points of the scintillator surface, large
diameter detectors (200 mm) were made.

3. Results

In what follows, presented are the ex-
perimental results showing scintillator
properties of composite detectors obtained
using the stilbene crystals grains as well as
Ce:GSO and Ce:GPS ones.

The stilbene based composite scintillators
as fast neutron detectors. To estimate the
relative recording efficiency of fast neu-
trons, the recoil proton spectra were ob-
tained for the stilbene based composite de-
tector (Z50mmx12 mm) and for a reference
stilbene single crystal (J50mmx9 mm). For
the chosen detectors, the scintillator volume
was essentially the same, taken into account
the container dimensions of the composite
detector. The technique of particle identifi-
cation basing on the scintillation pulse
shape [10] has allowed to discriminate the
fast neutron scintillations from a 23°Pu—Be
source against the background y radiation.
Fig. 1 shows the spectra of recoil protons
for a reference stilbene single crystal
(curve 1) and for stilbene composite scintil-
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Fig. 1. Spectra of recoil protons for a refer-
ence stilbene single crystal (I) and for stil-
bene composite scintillator (2) under irradia-
tion with a 23°Pu-Be source. Both spectra
collected for an identical time interval.

lator (curve 2) irradiated with a 239Pu-Be
source. Both spectra were collected for an
identical time interval. In this case, the
ratio of the collected pulse number in the
recoil proton spectrum for the composite
scintillator (curve 2) to the pulse number in
a similar spectrum for stilbene single crys-
tal (curve 1) characterizes the relative de-
tection efficiency of fast neutrons from the
239py—Be source for the composite scintilla-
tor. It has been found that for composite
stilbene scintillators it makes 50 to 55 % of
the fast neutron detection efficiency for or-
ganic single crystals of similar size.

The light yield inhomogeneity was esti-
mated for the obtained large diameter com-
posite scintillators. The light yield values
were measured according to the standard
procedure using a '37Cs source. To estimate
the light yield inhomogeneity, the ALY pa-
rameter was used:

1)

I, - I

ALY; = x 100%,

o+ 1;

where I; is the of light yield value in the
scintillator center; and I;, the values for
measuring point i at the scintillator surface
[7]. The analysis has shown that the maxi-
mum yield inhomogeneity calculated for dif-
ferent sites of the large-diameter organic
composite scintillators is considerably lower
than the light yield determination that
makes 5 %.

The Ce:GSO and Ce:GPS based composite
scintillators. As a result of a thermal neu-
tron capture, gadolinium radiates conver-

381



N.L.Karavaeva, O.A.Tarasenko / Large size composite ...

400 (=
0.35mm thick Ce:GPS single crystal
1- Thermal & Fast neutrons
300" "o 2- Fast neutrons (Cd-screen)
§ . 1 :..T..ﬂ:-\._
S : Rk
o . %
G200 - sl ot -
o oTaa
o et -
B ‘ - <
Z100} & 2 .
. . o .. T
R e R S
B L PSRy )
oL . e e s oo

50 100 150 200 Ey, keV
Fig. 2. Amplitude spectra of 0.35 mm thick
Cs:GPS single crystal irradiated with fast
and thermal neutrons (1) and with fast neu-
trons only (2).

sion electrons, characteristic X-ray and
y radiation. When the edge effect influence
is low, for the gadolinium based scintilla-
tors must show a characteristic peak with
33 keV energy and along with it, a 77 keV
peak being the sum of the conversion elec-
tron peak (33 keV) and X-ray radiation
(44 keV) [3]. The thickness of single-layer
composite scintillators was determined as
the average size of the corresponding frac-
tion of grains, and for three-layer and five-
layer Ce:GSO composite scintillators, as tri-
ple and fivefold value of the average frac-
tion size with L 0.5 to 1 mm, that is,
0.75 mm. Obtained were the thermal neu-
tron scintillation spectra for reference de-
tectors on the basis of Ce:GSO and Ce:GPS
single crystals and for composite detectors
containing the grains of Ce:GSO and
Ce:GPS crystals.

Figs. 2-3 demonstrate the measurement
procedure of the thermal neutron scintilla-
tion spectra for Gd-based detectors taking a
Cs:GPS single crystal as an example. Curve I
in Fig. 2 is the total scintillation spectrum
of a Cs:GPS single crystal irradiated simul-
taneously with thermal and fast neutrons
from a 239Pu-Be source placed inside a par-
affin sphere. Curve 2 represents the scintil-
lation spectrum measured for the same ex-
perimental geometry but with a cadmium
screen placed between the source and the
scintillator. The accumulation time was the
same for both spectra. The spectrum pre-
sented in Fig. 3 is obtained by subtraction
of the fast neutron scintillation spectrum
(curve 2 in Fig. 2) from the total scintilla-
tion spectrum (curve 1 in Fig. 2). Fig. 4
presents as an example the thermal neutron
peak amplitude spectrum for a single-layer
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Fig. 3. Amplitude spectrum of 0.35 mm thick
Ce:GPS single crystal excited by thermal
neutrons.
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Fig. 4. Amplitude spectrum of single-layer
Ce:GPS composite detector with grain size L
0.3-0.5 mm excited by thermal neutrons.

Ce:GPS composite detector with grain size
L 0.3-0.5 mm.

The obtained results hav shown that the
intensity ratio of 33 keV and 77 keV scin-
tillation peaks increases as the grain size of
a composite scintillator is diminished. The
best neutron-to-gamma ratio was obtained
for the single-layer composite scintillators.
For Ce:GSO composite scintillators with 3
or 5 layers of 0.5—1 mm grains, the peak of
33 keV was not observed. For composite
scintillators, the resolution of both lines is
worse than for the reference single crystal.
To characterize the properties of the scintil-
lators, we have introduced three arbitrary
energy ranges (see Fig. 4), namely, 20 to
55 keV (the amplitude range of the scintil-
lation peak generated by 33 keV conversion
electrons), 55 to 120 keV (the range of total
77 keV peak), and 20 to 120 keV (the whole
scintillation spectrum).

Figs. 5 and 6 present the calculation re-
sults of thermal neutron detection effi-
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Fig. 5. Thermal neutron detection efficiency
g,;, for a series of Ce:GPS composite scintilla-
tors calculated for different energy ranges of
thermal neutron detection. Horizontal solid
lines present the ¢,, values for 0.35 mm thick
Cs:GPS single crystal, the vertical line indi-

cates the thickness of the reference single
crystal.

ciency g, for a series of Ce:GSO composite
scintillators and for a series of Ce:GPS
ones. Direct horizontal solid lines are the
thermal neutron detection efficiency for
Cs:GPS single crystals (0.35 mm thick) and
0.39 mm thick Cs:GSO ones. Vertical lines
in Figs. 5 and 6 indicates the thickness of
the reference single crystals.

The efficiency of thermal neutron detec-
tion g, we estimated as follows:

N 2
£ = = 5 x 100%, )

t- Ffast " Mgy - 4nR2

where Ny is the number of thermal neutron
detection events; #, the accumulation time
of the events; Frysts the flux of fast neu-
trons from the source; 7, = 0.09, the num-
ber of thermal neutrons obtained due to de-
celeration of fast neutrons in the paraffin
sphere per one fast neutron; S, the detector
area; R, the source-to-detector distance.

It is seen from Figs. 5 and 6 that the
detection efficiency of 33 keV conversion
electrons depends weakly on the detector
thickness. The very thin scintillation layer
(L less than 0.06 mm) is enough to detect
this radiation effectively. Such a result be-
comes clear when taking into account that
the free path of 33 keV electrons in such
scintillation materials is about 0.002 mm
[10]. Therefore, a single layer of the Gd-
containing composite scintillator with

Functional materials, 17, 3, 2010

80
Ce:GSO composite detectors
70 | = 20-55keV 4 56-120keV - 20-120 keV
. : 20-120
L 60 - :
= | *
Y ' e .
>50_ | T -l e
o I
8 40 = 56-120
o :
E i | A
W30, L e-emmTTTTTTTTIITIITRE A
A—‘ﬁ—
= ‘ —— 20-55
20 ""._-‘"‘l'__-____ _____ ___“-i
10 ' : 1 1 1 1 1 1 1
00 05 10 15 20 25 30 35 40

Detector Thickness , mm

Fig. 6. Thermal neutron detection efficiency
g,, for a series of Ce:GSO composite scintilla-
tors calculated for different energy ranges of
thermal neutron detection. Horizontal solid
lines present the ¢,;, values for 0.39 mm thick
Cs:GSO single crystal, the vertical line indi-
cates the thickness of the reference single
crystal.

grains of the average size not exceeding
0.1 mm is sufficient for selective detection
of 33 keV conversion electrons. The detec-
tion efficiency of thermal neutrons in the
energy range 20-55 keV makes ~20 %. A
Ce:GPS containing composite scintillator
has a higher light yield than Ce:GSO one,
therefore, the former selects the scintilla-
tion signal from 33 keV conversion elec-
trons better than the latter. A single-layer
composite scintillator on the base of
Ce:GSO crystal grains (or on the base of
Ce:GPS grains of larger size) is good to
detect the total scintillation signal from
44 keV X-ray radiation and 33 keV conver-
sion electrons. The background signal in-
creases with increasing grain size L (see
Fig. 4). Therefore, the average size of the
grains has not to be large. Figs. 5 and 6
show that for the 20 to 120 keV energy
range, the thermal neutron detection effi-
ciency makes 40 to 50 % . Our researches
also have shown that detection efficiency of
background y radiation inreases sharply
with increasing grain size, or a thickness of
a Cd-containing inorganic scintillator. Note
that the detection efficiency of y photons
with energies EY > 120 keV for a scintilla-
tor containing grains with the average size
L<0.5 mm is negligibly small. Therefore, by
our estimations, the average grain size of
the single-layer Ce:GSO or Ce:GPS detector
should be no more than 0.5 mm.
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Let ¢,,% and ¢,,¢ denote the thermal neu-
tron detection efficiency values obtained for
a singe crystal and a composite scintillator
with the input window area Sg and S, re-
spectively. The ratio between the numbers
of thermal neutrons detected by the compos-
ite scintillator to those detected by the sin-
gle crystal, at the same neutron flux is
equal to:

., - S _ S ®)
" e5Ss  Ss

The o value in (3) is a constant defined
by the properties of the specific single crys-
tal sample and the composite scintillator
that is made from the grains of this crystal.
In contrast to Sg, the S, value has no tech-
nological limitations. Therefore, if Sg™%* is
the largest possible input window area for
the single crystal, then a composite scintil-
lator with SCO can be chosen for which

SO
TR S
Sg

It means that all composite scintillators
having the same sthc and S, > SCO are more
effective detectors of thermal neutrons than
the single crystal used to prepare the com-
posites. Figs. 5 and 6 show that for single-
layer composite scintillators with grain size
L similar to the thickness of the single crys-
tal show in the 20-55 keV energy range the
sths and sthc values very close together
(i.e. o is about 0.7 and 0.8 for composite
scintillators based on the grains of a
Cs:GSO single crystal and a Cs:GPS single
crystal, respectively). For the energy range
20-120 keV, o is about 0.8 and 0.9 for
composite scintillators based on the grains
of a Cs:GSO single crystal and a Cs:GPS
single crystal, respectively. In accordance to
(1), the g;;, values are independent of S,/Sgq
ratio. So, even for composite scintillators
with Sy > 284™%% (where e.g. for Ce:GPS
crystals Sg™4* is about 1 cm?) the number
of detected events in time unit will be
larger than for single crystal. This value
grows with S, increase. The measurement
results for the composite detector of
200 mm diameter prepared on the basis of
Cs:GSO crystal grains have shown that the
maximum light yield inhomogeneity ALY (1)
calculated for different sites of such detec-
tor is comparable the light yield measure-
ment error (about 5 %).
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4. Conclusion

Considering the study results of scintilla-
tion characteristics for organic and inorganic
composite scintillators, the following conclu-
sions can be drawn. The preparation technol-
ogy of organic composite scintillators as fast
neutron detectors as well as of new inorganic
composite scintillators as detectors of thermal
neutrons. For stilbene composite scintillators,
the fast neutron detection efficiency makes
50 to 55 % with respect to organic single
crystals of the similar size. The single-layer
composite scintillators with the Ce:GSO or
Ce:GPS crystal grain size L<0.1 mm provides
detection of thermal neutrons by registration
of scintillation pulses of conversion electrons
with 33 keV energy (the energy range 20 to
55 keV) at efficiency g, ~ 20 %. At simulta-
neous registration of scintillation pulses of
conversion electrons (33 keV) and the total
signal (77 keV), the detection efficiency of
thermal neutrons g,;, makes 40 to 50 % in
the 20 to 120 keV energy range. The compos-
ite scintillations are non-hygroscopic efficient
detectors of neutrons free of technological re-
strictions for the input window shape and
area, that allows to obtain more effective
neutron detectors in comparison with single
crystals scintillators.

The authors are grateful to Drs.
S.V.Budakovsky and O.T.Sidletskiy who
have offered the samples of organic and in-
organic single crystals for this study.
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KoMnmo3umiiiHi CHUHTHIATOPH BEeJIMKHX PO3MipiB

H.JI.Rapaeaeéa, O.A.Tapacenko

OOroBOPOIOTHCSI OCHOBHI TE€XHOJIOIIYHI NPUIIOMU BUI'OTOBJIEHHS KOMIIOSHUIIMHMX CIIMHTH-
JISITOPiB HA OCHOBI KpHCTANiUHMX 3€peH OPraHiyHMX MOHOKPHCTAJIB CTHUJIBOEHY Ta 7n-Tep-
(eHiny SK OeTeKTOpPiB MBHUAKMX HeWTPoHIB 1 Heopramiuamx moHOKpucraaiB Ce:GSO Ta
Ce:GPS sk pmerexTopiB TemmoBux He#irponis. IlpoBemeHo OOCHifKeHHA Ta MOPIBHAJIBHUMN
aHAJI8 CHMHTUIALINHUX XapaKTepPUCTUK OTPUMAaHUX KOMIIOSHIIIMHMX MaTepiasiB Ta eTayloH-
HUX MOHOKPUCTAJIB. 3alpONOHOBAHI KOMITOSUIIIMHI CHMHTUIAIINHI MaTepiajim — 1e He-
rirpockoniuni edeKTUBHI JeTeKTOpM HeHTPOHIB, AKi, Ha BiAMiHYy BiJ eTaJOHHUX MOHOKPUC-
TAJIUHUX JEeTEeKTOPiB, He MAIOTh TEXHOJOTIUHUX O0MerKeHb I1omo (hopMU Ta Po3MipiB BXigHO-
ro BiKHa.
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