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For radioecological tasks, we have developed a new type of scintillation materials — composite scintillators, consisting
of dielectric gel as a base into which granules of scintillating substances were introduced. It has been shown that such
material can be created both on the basis of organic and inorganic granules. In the first case, efficient fast neutron
detectors can be created, with neutron discrimination on the background of gamma-radiation close to organic single
crystals. In the second case, efficient detectors of thermal neutrons could be developed, with variation of the granule
size allowing substantial reduction of the effects of background radiation. Separate fragments of the scintillator can be
linked together, creating endless planes. A possibility of using bases with higher radiation hardness as compared with
standard scintillator bases, as well as using any scintillating substance for granules allows thinking about possible
application of such technological approach not only for radioecological tasks (ultra-low fluxes), but also in high energy

physics.
PACS: 29.40.Mc, 81.05.Zx

1. INTRODUCTION

Earlier, we proposed a technology for preparation of
new type of organic scintillation materials for efficient
detection of fast and thermal neutrons. This allowed
creation of detectors without limitations imposed on
area and shape of the input window [1, 2]. The ob-
tained scintillation materials and detectors on their
base are characterized by high universality, simplic-
ity of their use and possibility of their application for
wide spectrum of problems related to detection and
identification of ionizing radiations. However, not
all possibilities of this technological approach have
been used. Thus, with a new generation of acceler-
ators, irradiation of detectors in these installations
became much stronger. Unique possibilities of com-
posite scintillators make it promising to create scin-
tillation systems with high radiation stability. In this
paper, we present our analysis of possible applications
of composite scintillators.

2. APPLICATION OF COMPOSITE
SCINTILLATORS

2.1. Fast neutron detectors

In a hydrogen-containing organic material, fast neu-
trons generate recoil protons, with their maximum
energy equal the energy of neutrons. Thus, organic
scintillators and detectors on their base can be used
for spectroscopy of fast neutrons [3].

We have developed composite scintillators that,
like organic single crystals, were able to discern parti-
cles by the shape of scintillation pulse. The schemes

used for separation between the radiation to be de-
tected and the background were presented in our
previous works [4, 5, 6, 7]. These schemes allow de-
termining the spectra of recoil protons. Appropriate
processing by numerical differentiation allows obtain-
ing, after reconstruction, of the Pu-Be source neutron
spectrum. As an example, Fig.1 shows the obtained
neutron spectrum of Pu-Be source for a composite
scintillator based on stilbene granules with linear di-
mensions of granules L from 1.7 to 2.0 mm. The scin-
tillator dimensions: diameter 30 mm, height 20 mm.
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Fig.1. Reconstructed neutron spectrum of 3° Pu-Be
source for composite scintillator on the basis of stil-
bene granules with linear dimensions of granules L
from 1.7 to 2.0 mm

In Fig.1, peaks 1 — 9 correspond to energies 3.1; 4.2;
4.9; 6.4; 6.7; 7.3; 7.9; 8.6 and 9.7 MeV of neutrons
emitted by 23°Pu-Be source [8].
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When the granule size is optimal, we can obtain
spectra identical to those with a single crystal; with
grain size smaller than or comparable to the path of
recoil protons, the spectrum will be smeared.

One should note that detection selectivity with
our samples was confirmed by studies of our col-
leagues in Poland [9], as well as in China and South
Korea [10].

2.2. Thermal neutron detectors

The next step in the use of broad possibilities offered
by our technological approach is creation of compos-
ite scintillators for detection of thermal neutrons on
the basis of Ce:GSO and Ce:GPS.

These substances were chosen because of their
uniquely high cross-section of thermal neutron radi-
ation capture by gadolinium nuclides %°Gd, ¥7Gd,
alongside with high content of these nuclides in the
natural raw material. This allows using a natural
mixture of gadolinium nuclides without its additional
enrichment. As a result of thermal neutron capture,
gadolinium emits conversion electrons, as well as pho-
tons of characteristic X-ray and gamma radiation.
When the edge effect is small, gadolinium-based scin-
tillators should exhibit a characteristic peak of 33 keV
energy, alongside with another peak at 77 keV, which
is the sum of the 33 keV peak of conversion electrons
and 44 keV — of X-ray radiation [11].

To obtain thermal neutrons, we used a calibrated
paraffin sphere with a 239Pu-Be source inside. The
yield of thermal neutrons was 9% of the total fast neu-
tron flux (10° neutrons/s). The thermal neutron peak
was identified by the ”cadmium difference” method.
To reduce the number of gamma-radiation photon de-
tection events, a lead shield of 2.5 cm thickness was
used.

The efficiency of thermal neutron detection was
estimated as follows:
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where Ny is the number of events of thermal neutron
detection, ¢ is the time of accumulation of the events
(spectrum); F'tqs is the number of fast neutron emit-
ted by the source per second, n;,=0,09 is the number
of neutrons moderated in the paraffin sphere to ther-
mal energy per one fast neutron, S is the thermal
neutron detector area, R is the distance between the
source and the detector.
The value €., (Fig.6) was calculated as

(2)

where p, is the mass attenuation coeflicient of X-ray
radiation [12], p is the density, £ is the volume frac-
tion of crystalline granules for Ce:GSO and Ce:GPS
(see Chapter 3.3)), d is the scintillator thickness. It
was assumed that d was equal to the average grain
size in the given fraction. The coefficient £ accounted
for the fact that in the composite scintillator (as
distinct from single crystals) the space between the

£y = 1 — exp(—p,ptd),
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scintillating substance (granules) was filled by non-
scintillating gel. The calculations were carried out for
gamma-radiation energies of 30 keV, 60 keV, 80 keV,
150 keV, 600 keV, and 8 MeV.

Fig.2 shows, as an example, the calculation re-
sults for thermal neutron detection efficiency e, for
a set of composite scintillators Ce:GSO. Calculations
were carried out separately for each of three energy
ranges. Unfilled signs in Fig.3 show &;, values for
Ce:GSO single crystals of 0.39 mm thickness. Data
for the conversion electron detection range are noted
by squares, for the 77 keV peak — triangles, and for
their total signal — circles. The calculated curves
of gamma-radiation detection efficiency e, are pre-
sented as solid lines.

We have compared the values of thermal neutron
detection efficiency calculated by formula (1) using
the obtained experimental data (internal counting)
and detection efficiency of external gamma-radiation
photons e, which were calculated by formula (2).
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Fig.2. Thermal neutron detection efficiency ey, for
a set of composite scintillators Ce:GSO (signs) and
calculated detection efficiency €, of gamma-radiation
of energy E., (lines) as function of detector thickness

d

As it can be seen from Fig.2, the detection efficiency
of 33 keV conversion electrons (squares) is weakly de-
pendent upon the scintillator thickness. This results
becomes clear if we take into account that the free
path of 33 keV electrons in a given scintillation mate-
rial is approximately equal to 0.002 mm [13]. There-
fore, a single-layer composite gadolinium-containing
scintillator with average Ce:GSO or Ce:GPS granule
size above 0.002 mm is already an efficient selective
detector of conversion electrons of 33 keV energy.
The detection efficiency of external gamma-radiation
photons in this case becomes lower as compared with
detection efficiency of secondary radiations emerging
inside the granules, and substantial passive protec-
tion from external gamma-radiation photons becomes
redundant.

2.3. Combined neutron detectors

Using the broad possibilities of the proposed techno-
logical approach, we have developed new combined



composite detectors for separate detection of fast
and thermal neutrons on the background of gamma-
radiation. These detectors are composed of an or-
ganic composite scintillator that detects fast neu-
trons and a single-layer inorganic composite scintilla-
tor that detects thermal neutrons [5].

2.4. Detectors of alpha particles

The proposed technological approach to prepara-
tion of composite scintillation materials can also be
used for those materials which cannot be grown from
the melt as bulky crystals. Fig.3 shows amplitude
scintillation spectra of a single-layer composite scin-
tillator on the basis of 1,4-diphenyl-1,3-butadiene
excited by alpha-particles of different energies.
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Fig.3. Amplitude scintillation spectra of single-layer
composite scintillator on the basis of 1,4-diphenyl-1,3-
butadiene in detection of alpha-particles of energies
0.65 MeV, 1.44 MeV, 2.16 MeV, 2.71 MeV, 3.29 MeV,
3.87 MeV and 4.43 MeV (**° Pu)

Alpha-particles of different energies were ob-
tained by their moderation in air. The energy
of alpha-particles passed through the air layer
of thickness h was determined in the following
way. Knowing the alpha-particle path in air
r, we find the residual path A = (r-h), and
then, wusing literature data [14], we determine
the energy corresponding to the residual path A.
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Amplitude scintillation spectra of scintillators
based on 0-POPOP, stilbene and 1,4-diphenyl-1,3-
butadiene obtained under irradiation by alpha-
particles of different energies were rather similar and
showed no peculiar features.

Figs.4 and 5 show scintillation signals from
composite scintillators based on o-POPOP and
1,4-diphenyl-1,3-butadien as function of excita-

tion energy for the case of alpha particles.
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3. SAMPLE PREPARATION
TECHNOLOGY FEATURES

3.1. Light transmission in the systems
studied

Composite scintillators are distinguished, as com-
pared to conventional systems, by their universality
and much broader application possibilities. Proper-
ties of known scintillators are generally characterized
by two main groups of parameters: l-volume (ac-
counting for shape); 2-chemical composition. In the
case of composite scintillators, the third group of pa-
rameters becomes important, related to the size of
scintillation granules. Therefore for short-range radi-
ations, accounting for transparence features of these
systems, thin-layered samples shouls be developed.
For penetrating radiations, such as fast neutrons, op-
timal number of layers should be determined. This
number should be sufficiently high to ensure efficient
interaction and sufficiently low to ensure light out-
put from the scintillator. Thus, for detection of fast
neutrons the optimum thickness was determined as
20 mm (see Chapter 2.1), while for thermal neu-
trons — single-layered systems with granule size of
30-100 microns. In this respect, it is important to
study the transparence characteristics of composite
scintillators as function of thickness.

Since light propagation in such systems is of
diffuse character, it is reasonable to study trans-
parence as function of average granule size at dif-
ferent wavelengths. This is very important for de-
velopment of layered systems, where radiation detec-
tion efficiency is directly dependent on light transmis-
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sion through the scintillator. Measurements of opti-
cal transmission for single-layered and multi-layered
stilbene-based samples were carried out using a Shi-
madzu 2450 spectrophotometer with an integrating
sphere. The spectral measurement range was from
300 to 700 nm. The results obtained show that
for composite scintillators based on crystalline gran-
ules of stilbene there is strong light absorption at
360 nm, while the material was practically trans-
parent at 700 nm. The intensity of light transmit-
ted through the composite scintillator is decreased
with higher thickness, which is related to an increase
in the number of layers of light-scattering granules.
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Fig.6. Number of light photons as function of the
average size of crystalline stilbene granules for multi-
layered composite scintillators @ 30 mm x 20 mm
(circles) and single-layered composite scintillators
@ 30 mm (squares)

The transparence dependence on the average
granule size is of the same character as the similar
dependence of the number of photons. For single-
layer systems practically no effect of the grain size
is observed, while for multi-layered systems smaller
granule size, which means larger contribution from
the scattering boundaries, both scintillation signal
and transmission are decreased, which should be
accounted for in development of multi-layered scin-
tillators [8, 15, 16].

3.2. Detectors with unlimited size of the
input window

The main advantage of composite scintillators, as
compared with structurally perfect organic single
crystals, is the possibility to create radiation detec-
tors with no limitations on the input window size
and shape. For scintillators of large area, a problem
emerges due to possible non-uniformity of the light
signal obtained in irradiation of different points of
the scintillator surface. For our studies, we chose,
as an example, composition detectors of diameter
200 mm. This size was considered as sufficient for
check-up of uniformity of scintillation characteristics
[17]. The scatter of relative light output values mea-
sured in different regions of composite scintillator of
200 mm diameter did not exceed 1%, i.e., less than
the standard 5% error of light output measurements.
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Thus, it can be concluded that our proposed chain of
technological procedures allows preparation of uni-
form composite detectors with large output windows.
Technological preparation procedures of composite
scintillators impose no limitations on the area and
shape of the input window; however, such limita-
tions can be due to other factors, e.g., conditions
of transportation and assembling of the detector.

Connection
line

Fig.7. Connection of separate parts of the composite
scintillator

Fig.7 shows an approach to this problem. First, sam-
ples of smaller size are fabricated, which are then
glued together by a non-scintillating dielectric gel.
The connection line is indicated by arrow [16].

3.3. Technological features of preparation of
composite scintillators for different
applications.

Our technology allows introduction of granules of any
nature into a binding base. Thus, application pos-
sibilities of composite scintillators for different tasks
are probably the highest as compared with other scin-
tillation systems.

The technological chain for preparation of com-
posite scintillation materials on the basis of crys-
talline granules of stilbene and p-terphenyl (Fig.8,
path I) was the first step in creation of new scin-
tillation materials [1, 18, 19]. We have noticed that
properties of the obtained composite scintillators are
weakly dependent upon structural perfectness of the
initial organic crystals. We made an attempt to make
the fabrication process of organic scintillators cheaper
and simpler, taking stilbene single crystals as exam-
ple (see Fig.8, path II).

The most energy-consuming and expensive stage
of preparation of composite scintillators is the pro-
cess of growth of structurally perfect single crystals.
For single crystal growth, preliminary purification of
the raw material is carried out by method of direc-
tional crystallization. The primary crystal obtained
has rather large number of defects, and such sample
cannot be directly used as a bulky single crystalline
scintillator. In preparation of crystalline granules by
cryogenic fragmentation, the primary crystal is frag-
mented over the defects into many micro-single crys-
tals.



Calculated values of the local field strength Eioc created by the pair of polaron states M, and M}j‘ in
anthracene crystal

Technological Sample based on granules | Sample based on granules
operations of grown single crystal of primary crystal
Raw material purification by 168 168
directional crystallization, hours
Preparation of ampoule with 7 -
raw material for growth, hours
Single crystal growth*, hours 240 -
Fragmentation at low temperature, hours 1.5 1.5
Preparation of scintillator (selection
of fractions, introduction into binder 61 61
and binder polymerization), hours
Total, hours 477,5 230,5

* For single crystal sample of 20 mm diameter and 10 mm height. With larger volume of required raw material,
the difference between the required rime by two methods increases.

The obtained granules were separated into fractions
of different sizes, and composite scintillators were fabri-
cated using technological procedures worked out in our
studies. I.e., with our approach, we can obtain composite
scintillators omitting the stage of growing single crystals
of high structural perfectness. Duration of technological
operations in preparation of organic scintillators is shown
in Table.

Our studies have shown that composite scintil-
lators prepared from crystalline granules of stilbene
obtained from the primary crystal (after raw mate-
rial purification by directional crystallization) have as
good scintillation characteristics as composite scintil-
lators prepared from granules obtained from a pre-
grown single crystal of high structural perfection [18].

crystals by Bridgman-
Stockbarger method

Growth of inorganic single
crystals by Czochralski method

Purification of raw material [~
by directional crystallization [ II Synthesis of
l : raw materials

1

Growth of organic single : l

1

1

1

1

III

‘ ¥
I Preparation of single
crystalline granules

Preparation of composite
scintillators

Application of light-
reflecting cover

Fig.8. Flow chart of technological chain for prepa-
ration of composite scintillators: 1, II — on the basis
of crystalline granules of stilbene and p-terphenyl us-
ing traditional and modified (i.e., without stage of grow-
ing structurally perfect single crystal) technology, respec-
tively; III — on the basis of crystalline granules of gadolin-
wm silicate (Ce:GSO) or pyrosilicate (Ce:GPS) activated
by Ce

Path IIT in Fig.8 demonstrates technological opera-
tions of preparation of composite scintillators on the ba-
sis of crystalline granules of gadolinium silicate (Ce:GSO)
or pyrosilicate (Ce:GPS) activated by Ce [19]. Such scin-
tillators are efficient detectors of thermal neutrons (see
Chapter 2.2).

3.4. Possibility to use composite scintillators
under high radiation loads. Prospects of
increasing radiation stability of composite
scintillators.

With a new generation of accelerators, such as, e.g.,
LHC CERN (Switzerland), irradiation intensity of detec-
tors used in such installations has substantially increased.
Thus, for the end-cap hadronic calorimeter (Hadron End-
cap (He)) of CMS detector CMS (LHC CERN) they use
scintillation detecting plates (tiles), with some of them
located near the beam axis, where particle flux intensity
is high, and correspondingly high are the dose loads. Af-
ter 10 years of operation of CMS-detector, the total dose
reaches 10 Mrad at average dose rate 1 Mrad/year or
0.0001 Mrad/hour.

Therefore, there is a constantly growing interest in in-
creasing the radiation stability of scintillators. We have
made a first step in this direction. We obtained infor-
mation on radiation stability of materials that can be
used as a base for composite scintillators. These mate-
rials are industrially produced gels required for creation
of radiation-resistant detectors on their base [20]. This
justifies our search in this direction.

4. CONCLUSIONS

Analysis of the results obtained for scintillation charac-
teristics of composite scintillators allows us to make the
following conclusions:

1. We have developed composite scintillators com-
posed of crystalline granules introduced into an organo-
silicon base. The obtained scintillation materials are not
hygroscopic, non-combustible, have no technological limi-
tations on the size and shape of the input window. These
materials show selectivity to detected signals, good scin-
tillation characteristics, as well as high spatial uniformity
of the scintillation signal.

2. A procedure has been developed for connection
of separate parts of composite scintillators, which allows
fabrication of scintillators with really unlimited area of
the input window. This is achieved by connecting sepa-
rate parts in assembling the scintillator at location of its
application.

3. It has been shown that the developed technology
can be used not only for traditional organic scintillation
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materials, but also for materials which cannot be grown
from the melt as bulky crystals.

4. The obtained information on radiation stability of
gel dielectric bases allows us to state that the use of such
materials for preparation of composite scintillators is one
of the promising directions in improvement of character-
istics of detecting devices.
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KOMIIO3UIITMOHHBIE CIIMHTUJIJISITOPHI KAK HOBBIN B CIIMHTUJIJIAIIMOHHOT O
MATEPUAJIA

H. JI. Kapasaesa

J1st pariodKOIOTNYeCKX 33429 HaM¥ ObLI pa3pab0TaH HOBBIA BU/I CITHTHJIISIIIHOHHOTO MaTEPHaIa — KOMITO3WIN-
OHHBIE CIUHTUIIATOPBI, COCTOAIINE U3 JAUIIEKTPUIECKOro rejid B KadeCTBe OCHOBBI, B KOTOPYIO BHEJIPEHBI I'DaHYJIbI
CHuHTH/UIIPYIomero Bemectsa. [loka3aHo, 9To JaHHBIN MaTepHaJs MOXKET CO3/4aBaThCd KaK HA OCHOBE OPraHUIeCKUX,
TaK W HeOpraHmdeckmx rpanys. IlepBole mo3BOMISIOT co3maBaTh M (EKTUBHBIE HETEKTOPHI OBICTPHIX HEHTPOHOB CO
CTEIIEHBIO PA3/IeJIeHNsI HEMTPOHOB Ha (OHEe raMMa-m3/IydeHns, OJIM3KOM K OpraHMYeCKUM MOHOKpuCTasiaM. Bropsie
ABHJIACH 3P HEKTUBHBIMU JeTEKTOPAMU TEILJIOBBIX HEHTPOHOB, a BapbUPOBAHUE Pa3MePOB UX IPAHYJ O3BOJIAJIO CY-
LIECTBEHHO YMEHBITUTDH BusHUE (HPOHOBBHIX n3aydennit. OraenpHble hparMeHThl CIUHTUIATOPA MOYKHO COEIUHSITH
BMeCTe, CO3/1aBasi OeCKOHedHbIE ILIOCKOCTH. B03MOXKHOCTH BbIOOpa 60jiee paIMAIOHHO-CTOMKNX OCHOB, €M CTaH-
JapTHbIE COUHTHU/IANAOHHBIE OCHOBBI, U JIIOOBIX CIUMHTU/IISIMOHHBIX BEIIECTB [Jis CO3JaHus IPAHYJ IIO3BOJILET 3a-
JAYyMaTbhCd O BO3MOXXHOCTUA MCHO/Ib30BAHUSA TAKOT'O TEXHOJIOTMYECKOT0 MOXO0/1a He TOJILKO A4 33434 PaIM0dKOJIOTHN
(cBepxMaJIble IOTOKM), HO W [JIA 33129 (PU3NKH BHICOKMX SHEPTHUIA.

KOMIIO3UIINHI CHUHTUJIATOPHU SIK HOBUI BU/J CIIMHTUJISIIIIHOT O
MATEPIAJTY

H. JI. Kapasaesa

JJ1st pa 1ioeKOTOTIYHIX 33/1a9 HaMu OyB pO3pOo0JIeHNMiT HOBHIT BU/I CITMHTU/IAIIHHOTO MaTepialy — KOMITO3UIIIHI CITHH-
THISTOPH, IO CKJIAJAIOTHCH 3 Ji€JeKTPUIHOIO TeII0 B AKOCTI OCHOBH, B 9Ky BBEEHI I'DAHYJIM CIUHTUIIOY0I peto-
BuHn. Iloka3zano, mo manwmit MaTepiaJ MoOXKe CTBOPIOBATHCH fK HA OCHOBI OPTaHIYHMX, TaK 1 HEOPTAHIYHUX TDAHYJIL.
Ilepuri no03BO/IATOTH CTBOpIOBATH €(EKTUBHI JeTEKTOPH IIBUIKUX HEHTPOHIB 3 CTyII€HEM IOy HeATpOHIB Ha (oHi
ramMMa- BUIIPOMIHIOBAHHs, OJIM3HKOIO /10 OPTaHIYHUX MOHOKPHCTAIIB. [Ipyri € epeKTUBHUMYU JeTEKTOPAMU TEIJI0BHX
HEHTPOHIB, & BAPIIOBAHHS PO3MIPIB IX IPAHYJI TO3BOJINJIO ICTOTHO 3MEHIINTH BILIUB (DOHOBUX BHUIIpOMiHIOBAHb. OKpe-
Mi JaCTHUHU CIMHTHISATOPA MOXHA 3’€IHYBAaTH PAa30M, CTBOPIOIOUN HECKiHYeHHI mromi. MoxJuBicTs BHOOpY OibIn
PamiamiiHOCTIIKUX OCHOB, HIXK CTAHIAPTHL CIMHTU/IANINHI OCHOBH, Ta Oy/Ib-IKUX COUHTUJIANINHUX PEIOBUH IS CTBO-
PEHHS TPAHYJI T03BOJILE 3AMUCTUTHUCS IIPO MOXKJIUBICTH BUKOPHUCTAHHS TAKOT'O TEXHOJIOTIYHOrO IiXOMY He TiIbKU IS
3a7a4 pasioexosorii (HaacmabKi moToKnM), a i i 3amad Gi3uKu BUCOKAX €HEepriil.
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