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Organic scintillation materials of the next generation have been designed and prepared,
namely, organic polycrystals obtained from finely ground perfect single crystals by press-
ing and organic composite scintillators obtained by immersing crystalline grains into an
optically transparent polymer matrix. The scintillation characteristics of proposed scintil-
lation materials as detectors for short-range ionizing radiation and fast neutrons are
discussed. This technology forms the base for production of large area detectors which can
be used in devices for environmental radiation control, for security purposes (i.e. at
customs to prevent the forbidden entry of fission materials), for various nuclear physical
experiments, and in other branches of science and technology.

PaspaGoranbl opraHnuecKre CIUHTUJISINOHHBIE MaTePUAIbLl HOBOI'O IIOKOJIEHUS — Opra-
HUYEeCKHe IMOJUKPUCTAJIIBI, [IOJYyUYEeHHbIe IIPECCOBAHNEM KPHUCTAJINYECKUX 3€PEeH CTPYKTYP-
HO-COBEPIIIEHHOI0 MOHOKPMCTAJJIA, & TaK:Ke OPraHnYeCKre KOMIIO3UIIMOHHBIE CIIMHTHUJIJISTO-
pPbI, MBrOTOBJIEHHBIE IIyTE€M BBEAEHHUS KPUCTAIIUUYECKUX 3€PeH B ONTUYECKU-IPO3PAUHYIO
nosuMepHyio marpuily. O0CyKIAIOTCS CIMHTUIISINNONHLIE XapPaKTePUCTUKU IIPEAJI0KEeHHBIX
CIIMHTUJJISITOPOB KaK [IEeTeKTOPOB KOPOTKOIIPOOEKHOI0 M3JIy4YeHHS U OBICTPBIX HEUTPOHOB.
IIpemmoxxenHass TEXHOJOTUsS SIBJSETCS OCHOBOM majbHelilneil paspaboTKU OpraHMyYecKHX [Ie-
TEeKTOPOB GOJBIIIOrO AUAMeTpPa JJIs PelIeHns aKTyaJbHBIX 3aJay MOHHTOPHHIA OKPYIKaoIeil
cpeabl, TAMOKEHHOTO JOCMOTPA, IIPOBENEHUS PASIUYHBIX SNEePHO-GU3NYECKUX 9KCIEePUMEH-
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Organic single crystals, liquids, and plas-
tics were investigated as scintillator materi-
als since 50ths or 60ths of the 20th century
due to good luminescent characteristics
thereof [1]. The materials included unitary,
binary, and ternary solutions (solid and lig-
uid) of organic luminescent molecules.
While these molecular scintillation materi-
als belong to different classes of organic
substances, all of them are aromatic hydro-
carbons consisting of condensed or bonded
systems of benzene rings [1]. In the 70ths
and 80ths it became clear that to obtain a
high quality scintillator, it is not sufficient
just to have some solution with good pho-
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toluminescence characteristic. Investigation
of the scintillation mechanism have shown
that in contrast to photoluminescence, the
first excitation step is characterized by ra-
dioluminescence. This step can be even more
important than the electron excitation en-
ergy transfer processes in the system [2-5].
In addition, for real practical applications,
cheap scintillators of large volume were
necessary which would allow the electronics
to separate signals out of detected and back-
ground radiation. Therefore, the number of
types of scintillators which have proven
practical applications is not so large. It
should be stated that plastic scintillators do
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not allow pulse shape discrimination, while
liquid scintillators are not always easy to
use in field measurements.

Organic single crystals have the best
spectrometry characteristics and light yield
as compared to plastics and liquids but are
more expensive and their diameters do not
exceed 60—80 mm. In the 90ths, it became
clear that for practical applications, the
only organic single crystals which could be
produced and used as scintillators were stil-
bene (Cq4H45) and p-terphenyl (C,gHq4) acti-
vated with diphenyl butadiene [5]. Never-
theless, even for these crystals, which show
superior properties than other organic crystals,
the physical processes defining their growth
still limited their structural perfection as well
as their diameter (which plays the role of
"input window” for thin crystals).

Improvement in the crystal growth tech-
nologies made it possible for us to produce
organic single crystals with a controlled
structural perfection, diameters up to
120 mm, and thickness of 100 mm; the
light vyields in these new crystals are
1.4 times higher than in similar organic
crystals produced by standard technology
[6, 7]. Nevertheless, crystalline organic
scintillators with a greater detection area
are still required for special applications.
Therefore, we designed and prepared or-
ganic scintillation materials of the next
generation, i.e. organic polycrystals ob-
tained from finely ground perfect single
crystals by pressing. The main idea of this
approach is the following. The size of grains
obtained by grinding a single crystal must
have dimensions large enough to detect
short-range particles or recoil nuclei. A set
of grading sieves provides the selection of
the grain fraction of necessary size L which
has to be comparable with, or be larger
than, the range of the ionizing particle.
Polycrystals obtained in this way should
provide a good light collection to obtain an
appreciable scintillation signal from a short-
range ionizing radiation under detection.

The organic composite scintillator is an-
other novel type of large area organic detec-
tor. Those are made by grinding a stilbene
crystal to different grain size fractions.
These fractions are added to an optically
transparent polymer base. Such a composite
scintillator is encapsulated in a housing
made from organic glass to improve the
light collection and to raise the efficiency of
fast neutron detection. This detector can be
used for the detection of fast neutrons in
devices for environmental radiation control,
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for security purposes (i.e. to prevent the
illegal transport of fission materials), for
physical experiments, and in other branches
of science and technology.

Organic single crystals. The main differ-
ences between our technique and traditional
ones are the following [8]. An organic single
crystal is grown from a melt that contains
electron-seeking addition agents (ESAA).
The charge-transfer complex-like structures
consisting of a melt molecule and an ESAA
molecule arise. The electrostatic field of
such a complex initiates polarization of ad-
jacent molecules, and forms oriented parts
in the melt. These oriented parts promote
the formation of crystallization centers in
the growing crystal layer, which predeter-
mines the crystal growth process [7]. Dop-
ing the melt with different amounts of
ESAA molecules makes it possible to control
the structural perfection of the grown sin-
gle crystals. This results in a change of
root-mean-square random orientation ¢ of
the single crystal mosaic structure, and
therefore, in a change in the concentration
of deep traps for charge carriers and exci-
tons [6]. It is assumed that the single crys-
tal with minimal value of ¢ has the highest
structure perfection. Annealing increases
the radioluminescence intensity only by
10 %, while the radioluminescence intensity
of a structurally perfect single crystals is
140-150 % as much as for ordinary organic
single crystal obtained using the same mate-
rial [5].

Organic polycrystal scintillators. A poly-
crystal scintillator is a cold-pressed or hot-
pressed polycrystal based on grains (with
grain size L) of stilbene or p-terphenyl.
Grinding of a single crystal with high struc-
tural perfection at a low temperature fol-
lowed by separation of the crystal grains
obtained through sieves provides the raw
material for such a polyecrystal. The cold-
pressed polycrystals were obtained by sin-
gle-axial pressing (100-800 MPa) of the
single crystal powder in a rigid mould at
room temperature. The hot-pressed poly-
crystals were obtained during the annealing
at the melting temperature and hydrostatic
compaction at about 150 MPa. Thus, in the
latter case, a solid-state recrystallization is
an additional step in the crystal preparation
[7, 8]. To consider in detail the correlation
between the L-value range and the scintilla-
tion characteristics of polycrystals, we have
used grains of a stilbene single crystal di-
vided into 7 size ranges. The hot-pressed
stilbene polycrystals had the following
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Table. Scintillation characteristics of stilbene and doped p-terphenyl single crystals

Scintillation Scintillator dimensions, mm Working Light yield, Energy
material Diameter Height tem%e[rl'alt]ure, photons/MeV | resolution, %
Doped p-terphenyl 10 to 120 1 to 100 160 to 385 2.8.104 <10
Stilbene 10 to 120 1 to 100 180 to 350 1.4-104 <10

ranges of L-values: 1.0 to 1.2 mm, 1.2 to
1.5 mm, 1.5 to 1.7 mm, 1.7 to 2.0 mm, 2.0
to 2.2 mm, 2.2 to 2.5 mm, and 2.5 to
3.0 mm.

Composite organic scintillators. A com-
posite scintillator contains the grains (with
grain size L) of stilbene (or p-terphenyl) im-
mersed into an optically transparent poly-
mer. The current investigation includes
10 grain size ranges with L-values between
1 and 4.5 mm, namely, 1 to 1.3, 1.3 to 1.5,
1.5 to 1.7, 1.7 to 2.0, 2.0 to 2.2, 2.2 to 2.5,
2.5 to 8 mm, 3.0 to 3.5, 3.5 to 4.0, and 4.0
to 4.5 mm. It should be noted that the
grains in this system are separated by the
matrix. Therefore, the task of improvement
of the structure perfection of a composite
scintillator in contrast to the case of a poly-
crystal does not appear. For composite scin-
tillators, it is important to choose the cor-
rect matrix base and to understand the op-
timal concentration and dimensions of
crystal grains inside this matrix. Some as-
pects of the proposed technology has been
recently described [9, 10].

The demands for optimal thickness of a
neutron detector and the dimensions of
crystal grains have to base on the following.
Neutrons ionise indirectly the scintillator
molecules by producing the secondary parti-
cles (recoil protons) which, in turn, ionise
and excite the scintillator molecules. As to
the scintillator thickness sufficient to make
the generation process of recoil protons ef-
fective, it is necessary to take into account
that the efficiency increases with scintilla-
tor thickness, but the energy resolution is
worsening. To estimate the size of grains, it
is to note that to detect the recoil proton of
highest energy in the spectrum, it is neces-
sary to take the grains with L-values equal
to the path range of such a proton in the
medium. At the same time, the light collec-
tion processes may influence considerably
the scintillator light yield and the grain
size influence on the light collection is
rather significant. The only is clear that as
the L-value decreases the number of scatter-
ing surfaces for scintillation light in-
creases, therefore, light output of the scin-
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tillation detector becomes reduced. There-
fore, results can be obtained only in direct
experiments.

Table presents the main scintillation
characteristics of stilbene and p-terphenyl
(doped with 0.1 % 1,4-diphenyl-1,3-butadi-
ene) single crystals obtained by the technol-
ogy described above, and shows the aver-
aged values of light yield and energy reso-
lution. The spread in the values obtained
for different samples does not exceed 10 %.
The results of measurements obtained in
[11] allow us to extrapolate the average
light yield value obtained at room tempera-
ture to the temperature ranges presented in
Table.

For the light yield measurements in a
series of @30x5 mm3 hot-pressed stilbene
polycrystals, we used 0.622 MeV conversion
electrons from a 13’Cs source and 4.97 MeV
alpha particles from 239Pu placed in 2 mm
collimator. The light yield of the reference
stilbene single crystal @80x5 mm?® was
1.2x10%* photons per 1 MeV of gamma ra-
diation energy.

Figs. 1 and 2 demonstrate the amplitude
spectra of alpha- and beta-scintillations, re-
spectively, for samples from a series of
@80x5 mm3 hot-pressed stilbene polyerys-
tals. Using the results of those measure-
ments, we have calculated the relative light
yield J of stilbene composite scintillators.
Fig. 83 shows the calculated J values vs
grain size L of stilbene polycrystals. On the
abscissa, the average L values for specific
grain size ranges are presented. Both for
alpha particle excitation and for conversion
electron excitation, the light yield of the
reference @30x5 mm?3 stilbene single crystal
is taken as 100 %.

The hot-pressed polycrystal with L of 2.0
to 2.2 mm is seen to exhibit the optimal
relative light yield. Scintillators obtained
using the grains with L exceeding 1.5 mm
have the light yield values differing within
10 %. So, the hot-pressed polycrystals as
short-range detectors are close in the scin-
tillation efficiency the single crystal and
have to be more transparent for the emitted
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Fig. 1. Amplitude spectra of alpha scintilla-
tions for samples of a series of @30x5 mm?
hot-pressed stilbene polycrystals with grain

size L.

light. In contrast to single crystals, the
preparation method using the polycrystals
does not impose any physical limitations on
their diameter, but in practice, that will be
defined by the requirements to scintillation
light collection (including the light detec-
tion system size), and to the operation con-
ditions requirements (mechanical load, tem-
perature, etc.).

We have studied a series of stilbene com-
posite scintillators and a series of doped
p-terphenyl composite scintillators as fast
neutron detectors using a 239Pu-Be source.
To separate neutron (recoil proton) scintilla-
tions from background signal from gamma
photons, we used a discrimination method
based on the difference in scintillation pulse
shapes obtained under different excitation
types [12]. The neutron spectrum recon-
struction procedure from the recoil proton
spectrum has been described in detail in
[18]. The neutron scintillation spectrum
¢(E,) (1) can be reconstructed from a recoil
proton spectrum u(Ep) that was measured

for EPSEn, i.e.
E du(E,) 1
(P(En):_S(En) x dEp » ( )
n P Ep: En

where &(E,) is the detection efficiency; E,
and Ep, the energies of neutrons and recoil
protons, respectively.

Fig. 4 presents an example of the recon-
structed neutron spectrum from a 23°Pu-Be
source for a composite scintillator. This re-
sult was obtained for the @80x20 mm3 com-
posite p-terphenyl binary scintillator with L
of 1.7 to 2.0 mm. Peaks 1 through 9 in Fig. 4
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Fig. 2. Amplitude spectra of beta scintilla-
tions for samples of a series of @80x5 mm3
hot-pressed stilbene polycrystals with grain
size L.
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Fig. 3. J value vs grain size L dependences
for hot-pressed stilbene polycrystals irradi-
ated with 4.97 MeV alpha particles (circles)
and 0.622 MeV conversion electrons (stars).

correspond to well-known neutron energies
(3.1, 4.2, 4.9, 6.4, 6.7, 7.3, 7.9, 8.6, and
9.7 MeV, respectively [14-16]) emitted by a
239py-Be source. It should be noted that
such a spectrum is typical of all stilbene
and p-terpenyl composite scintillators. The
considerations of the reconstructed neutron
spectra for a series of stilbene composite
scintillators and for a series of doped p-ter-
penyl composite scintillators has shown that
the energy resolution of peaks in neutron
spectra for composite scintillators is not
worse than for reference single crystals of
stilbene and doped p-terpenyl, respectively.
The dependence of the fast neutron de-
tection efficiency on neutron energy is
among main characteristics of a scintillator
as a neutron detector. The relative effi-
ciency of neutron detection ¢,,; as a func-
tion of neutron energy was calculated as
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Fig. 4. The reconstructed neutron spectrum
of a 2%°Pu-Be source for a p-terphenyl com-
posite scintillator with L wvalues of 1.7 to
2.0 mm.

N ;el(En) (2)
8rel(E n) =TH N
I rel(En)
where N,,/(E,) is the relative number of
pulses at the maximum of peak i of a recon-
structed neutron spectrum (see Fig. 4);
I.,/(E,), the relative number of neutrons of
energy E, generating the scintillation sig-
nal that corresponds to the peak i of recon-
structed neutron spectrum. The I,,/(E,)
values can be obtained from the calculated
energy spectrum of the neutron source. For
a 239Py—Be sources of fast neutrons, such
information is available only for neutron
energies E >3.1 MeV [14-16]. The values of
N, Y(E,) and I.,,Y(E,) for E, ~ 8.1 MeV was
taken as unity.

Fig. 5 summarizes the calculation results
of the relative fast neutron detection effi-
ciency ¢,,, vs neutron energy E, for a series
of @30x20 mm?3 doped p-terphenyl compos-
ite scintillators with different grain size
ranges L. No correlation between the rela-
tive efficiency g, and the grain size range
L was observed for composite scintillators
excited by neutrons of the same energy E,.
In addition, Fig. 5 shows ¢, values (2) for
@25x15 mm3 reference doped p-terphenyl
single crystal and for liquid scintilaltor on
the base of ditolyl methane and naphtha-
lene. The fast neutron detection efficiency
for composite p-terpenyl scintillators de-
creases more steeply with neutron energy
E, increase than for the reference p-ter-
penyl single crystals, but it is practically
the same as for standard effective liquid
scintillator. Such a result is also typical of
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Fig. 5. The lines of formal linear approxima-
tions for the relative efficiency ¢,, of fast
neutron detection vs neutron energy E, for a
series of @30x20 mm?3 doped p-terpenyl com-
posite detectors with different grain size
range L, for a J25x15 mm3 reference doped
p-terpenyl single crystal and for liquid scin-
tillator on the base of ditolyl methane and
naphthalene.

composite scintillators based on stilbene
grains.

Thus, improvement in the crystal growth
technologies has formed a basis to develop a
new generation of effective organic scintil-
lators. The proposed preparation technology
of organic polycrystals and composite scin-
tillators imposes no physical limitations on
their diameter, but in practice, that will be
defined by the requirements to scintillation
light collection (including the light detec-
tion system size), and to operation condi-
tions (mechanical load, temperature, etc.).
The consideration of amplitude spectra of
alpha particles from a 239Pu isotope and
conversion electrons from a 13/Cs isotope
shows that the hot-pressed polycrystals with
the grain size range of 2.0 to 2.2 mm pro-
vide the optimal relative light yield. For
practical purposes, the optimal grain size is
between 1.5 mm and 3 mm. The scintilla-
tion characteristics for this region of grain
sizes do not change appreciably while the
amount of raw material (single crystals)
used decrease appreciably. The composite
scintillators can be used to discriminate the
scintillation signals from radiations with
different specific energy losses as well as
the organic single crystals (in contrast to
plastic scintillators). The composite organic
scintillators, like the ligquid scintillators,
can provide homogeneous isotropic large
area scintillators taking the shape of hous-
ing where they have been prepared. Organic
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composite scintillators on the base of stil-
bene and p-terphenyl doped with 4-diphenyl-
1,3-butadiene in the neutron energy range
of about few MeV provide high efficiency of
neutron detection comparable with the effi-
ciency for single crystals and effective lig-
uid scintillators.

The proposed scintillators can be used to
detect the fast neutrons and short-range
ionizing particles in environmental radia-
tion control, medical, and security applica-
tions (e.g. to prevent the forbidden entry of
fission materials), as well as in experimen-
tal nuclear physics.
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HoBe mokoJgiHHA
OPraHiYHUX CHUHTHJIAIIMHUX MaTepiajiB

C.B.Byaarcoecwculz, M.3.'anynoé, B.B.I'punvos,
HAowc.K.Kim, H.K.Kim, O.A.Tapacenko

Po3pobieno opra”iumi crnuHTHAANIRHI MaTepiasu HOBOro IIOKOJIHHS — opradiuHi mo-
JiKpHCTANN, OTPUMAHI IIJIAXOM IIPECYBAHHS 3€PEH CTPYKTYPHO-TOCKOHAJIOI0 MOHOKPHCTAJA,
a TAKOXK OpradiuHi KOMIIOBWHIIMHI CIMHTHUJIATOPH, BUIOTOBJEHI IIJIAXOM BBEIEeHHS KPUC-
TAJIIYHUX 3€PeH B ONTHUYHO-IPO30PYy IoJgiMepHy MaTpuiio. OOGroBOpoOIOTHCS CIMHTUIAIIAHL
XapaKTePUCTUKN BalPOIOHOBAHUX CIUHTHUJISTOPIB SIK AeTEKTOPiB KOPOTKONPOOi:KHMX BHII-
poMiHIOBaHL Ta MIBUAKMX HeHTPOHIiB. 3aIIpPOIIOHOBAHO TEXHOJIOTiS € HMiArPYHTSAM MIOZAJIbIIOL
PO3pPOOKK OpraHiuyHMX [geTeKTOPiB BeJIMKOl ILIOIl /s BUPINIeHHSA aKTyaJbHHX Ipodiem
MOHITOPHHI'Y HaBKOJHIIHLOI'O CEPEIOBUINA, MUTHOIO OIJSAY, IPOBENEHHS DPISHUX SIMEPHO-

GisuUHMX TOCTiIKeHb.
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