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The scintillation and optical characteristics of alpha and beta radiation detectors based
on organic crystalline scintillators are investigated after the treatment of their surfaces
with different compositions. The polishing composition has been matched, which ensures
an improvement in the quality of the polished surface and an improvement in the stated
characteristics of alpha and beta radiation detectors based on stilbene and activated
p-terphenyl single crystals by increasing the light collection coefficient. The parameters of
these detectors are retained after exposure to a temperature of +60°C for 12 h. It is also
shown that the use of a matched polishing compound makes it possible to obtain a detector
of high spectrometric quality based on an activated p-terphenyl single crystal 6x6x6 mm3
in coupling with a SiPM. The energy resolutions for this detector are 5.7, 7.9 and 11.9 %
when electrons of internal conversion with energies of 1048, 976 and 554 keV are being
registered.

Keywords: alpha and beta radiation detectors, organic crystalline scintillators, stil-
bene, p-terphenyl.

WccnemoBaHbl COVHTIIASIINOHEBIE U OINTHYECKNEe XaPAKTEPUCTUKN TeTEKTOPOB anbda- u
fera-M3JIyUYeHUs HA OCHOBE OPraHMYEeCKHX KPHUCTANINYECKUX CIUHTHUILIATOPOB Iocie obpa-
0OTKU MX IIOBEPXHOCTell pasjnmuHbIMH cocTaBamiu. IlomobpaH moampoBaJbHBIN cocTas, obec-
MIEeYNBAIOIINI [OBBIIIEHNE KAyeCTBA HOJWPOBAHHON IIOBEPXHOCTH M YJIYUIICHHE YKABAHHBIX
XapPaKTePUCTUK JeTEKTOPOB ajdbda- um OeTa HM3IydeHUsS HA OCHOBE MOHOKPHCTAJIOB CTUIbOE-
Ha 1 aKTHUBHPOBAHHOTO n-TepdeHmia 3a cueT HOBBIIIeHNA Koa(duiinerrTa cbopa cBeTa CIIUH-
Tuasanuii. [lapaMeTpsl 9THX [JeTEKTOPOB COXPAHSAIOTCA IIOCJIEe BO3LEMCTBHUS TeMIIEPATypPhI
+60°C B Teuenme 12 u. Hcmoan3oBaHue TMOLOOPAHHOTO TOJMPOBAILHOTO COCTABA TIO3BOJISAET
MOJIYUYUTEL AETEKTOP BLICOKOIO CIEKTPOMETPHUYECKOT0 KAuecTBA HA OCHOBE MOHOKPUCTAJJIA
AKTUBUPOBAHHOIO n-TepdeHMIa pasMepaMu 6x6x6 MM3 B coueranunm ¢ xpeMHMeBHIM DY,
Ilnss yKasaHHOTO AETEeKTOpPa JHePreTHYecKoe paspelleHre IPU PerucTPallud 9JIeKTPOHOB
BHYTpPeHHeH KouBepcuu ¢ sHepruamu 1048, 976 u 554 ksB cocrasuaser 5.7, 7.9 u 11.9 %,
COOTBETCTBEHHO.

144 Functional materials, 25, 1, 2018



V.O.Tarasov et al. / Influence of surface treatment ...

Brue yMoB 00pOOKM TIOBEPXHI OPraHivHMX KPUCTANIUHUX CIUHTUIAATOPIB Ha ixXHi crimH-
Tuaaniini xapaxkrepucturu. B.0.Tapacos, JI.A.Andpowenkxo, O.B.[Jydnux, €.0.Pubra
HocrifKeHo CHIMHTUAANINHI Ta ONTHMYHI XapakTepUCTUKM TeTeKToOpiB axbda- i Gera-
BUTIPOMIHIOBAaHHS Ha OCHOBI OPraHiyHWX KPUCTANIUYHUX CIMHTUIAATOPIB micasa oOpoOKU IxXHixX
BXiTHMX TOBepPXOHL pisHumMu cymimamu. Iligi6pano moaipyBadbHMil CKJIAMA, IO 3abesmeuye
OiABUIIEHHS SKOCTI MOMipoBaHOl MOBEPXHi i MOJIMINIeHHA BKa3aHMX XapaKTEPUCTUK HeTeK-
TopiB anb(da- i 6eTa- BUMPOMiHIOBAHHA Ha OCHOBI MOHOKPHWCTAJIB CTHUALOEHA T4 AKTWBOBAHO-
ro n-tepdenina 3a paxyHOK TiABUIeHHA KoedilieHTa cBiTios60py cumHTUAANIi. [lapamer-
PU IUX [IeTEeKTOPiB 3aJMMIAIOTLCA HEe3MIHHMMM Ticad Ail HA HUX TepMiUHUX HaBaHTAMKeHb
npu Ttemmneparypi +60°C mporarom 12 rox. BurxopucranHa nigiépaHoro IoJipyBajibHOIO
CKJIALYy MO3BOJISIE OTPUMATU AETEKTOP BHCOKOI CIIEKTPOMETPUUYHOI AKOCTI Ha OCHOBI 30ipKu 3
MOHOKPHCTAIA AKTHBOBAHOrO n-repdenina posmipamm 6x6x6 mm® ta kpemmiesoro OEIL.
s BKazsaHOTO JeTeKTopa eHepreTWUHa poO3AiJbHA 3A4THICTHL TpU peecTparlii eseKTPoHiB
BHYTpimHbOT KouBepeil 3 emepriamm 1048, 976 i 554 xeB ckaamae 5.7, 7.9 i 11.9 %,

BiAmmoBigHO.

1. Introduction

Organic scintillators are characterized by
high-speed performance and high transpar-
ency to their own fluorescence. Possessing a
property of a small effective atomic num-
ber, they have an advantage over inorganic
scintillators when registering short stop-
ping ranged radiations (o- and P-particles).
The most widely used effective organic scin-
tillators were stilbene and activated with
1,4-diphenylbutadiene-1,3 (DPB) p-ter-
phenyl single crystals [1, 2].

The use of organic crystalline scintilla-
tors for manufacturing of modern scintilla-
tion apparatus, in particular for space re-
search and extreme radiation monitoring,
imposes high demands on them: high optical
characteristics and high accuracy of shape;
compactness; high scintillation charac-
teristics for the registration of o- and p-
particles; operational stability [3-5].

The scintillation characteristics of detec-
tors and their stability during operation de-
pending on the properties of used scintilla-
tors, the design of the detectors, the condi-
tions of their manufacture, and used
photodetectors [6]. In the production of
scintillation detectors, vacuum photomulti-
plier tubes (PMTs) [6—9], photodiodes [10,
11] and recently new photoreceivers — sili-
con PMs (SiPMs) [3, 4, 12] are widely used
as a detectors for UV emission.

The solution of design tasks, when devel-
oping detectors based on organic crystals
using SiPM with maximal sensitivity the
smallest weight, is described in [4]. The ef-
fect of the scintillators surfaces state on
optical, scintillation characteristics and
their stability while the influence of ecli-
matie, mechanical and radiation factors is
considered in [6, 13].
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The main problems in the treatment of
organic crystals’ surfaces are the anisotropy
of their properties, great brashness, low
thermal conductivity [14]. The brashness of
crystals, in particular, stilbene, is associ-
ated with the properties of cleavage planes
and is the reason for the low yield of end
products during machining. Under the in-
fluence of thermal and mechanical factors,
stilbene single crystals are easily being
cracked, usually along the cleavage plane
(001). Therefore, the treatment of organic
crystals is carried out taking into account
their crystallographic orientation without
easily volatile organic solvents used.

The method of deep grinding-polishing
with successive reduction in the grain size
of the abrasive powder of electrocorundum
up to-M3 in the water-soap emulsion is used
for end treatment of organic crystalline
scintillators’ surfaces [6]. The disadvantage
of this method is the duration of the treat-
ment process. In addition, mechanical pol-
ishing of organic crystals’ surfaces can lead
to the formation of elastic stresses in the
near-surface layer. The relaxation of the
latter (owing to the low energy of the crys-
tal lattice) is accompanied even at room
temperature by the generation of secondary
defects-dislocations, microcracks (and the
formation of a polycrystalline layer). The
outerop of defects on the surface is accom-
panied by the formation of numerous cav-
erns. This leads to a drop of optical proper-
ties and a deterioration in the scintillation
characteristics of detectors.

A promising tool of crystal processing is
the diamond micro-turning method [13, 15].
The method eliminates abrasive grinding,
reducing by such a way the laboriousness of
the process in a whole. However, even after
diamond micro-turning, additional final
processing is being required, in particular,
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to remove the fine scratches (diamond back-
ground) grid and to reduce the surface
roughness. A promising area for final proc-
essing of scintillators surfaces is the
method of chemical-mechanical polishing
using nanosized powders [13], which is
widely used in micro- and nanotechnology.
For example, polishing of semiconductor
wafers in the electronics industry is carried
out using commercial (Degussa and Wacker
— Germany, Nalko — TUSA) dispersions
containing nano-sized particles of silicon di-
oxide. So, Aerosil 0X-50 (Degussa, Ger-
many), with a weak aggregation of primary
particles, in a liquid medium gives stable
suspensions whose dispersed phase consists
predominantly of individual primary parti-
cles (d ~ P40 nm) [16].

The analysis carried out in [17] shows
that polishing using suspensions containing
nanoscale particles leads to the formation of
scratches whose width, along with the
roughness, correlates with the particle size.
In some cases, the width exceeds the parti-
cle size. This indicates that the surface re-
lief is formed under the influence of both
primary particles and their aggregates. The
ratio of the participation of these two fac-
tors differs for different materials and com-
positions of polishing compositions [17].

The process of chemical-mechanical pol-
ishing means repetitive cycles of removal
from the crystal surface of a thin layer of a
substance having a lower strength than an
undamaged layer. Such a substance can be
reaction products or an initial material that
has experienced the diffusion effects of
working fluid components [18]. The nature
of the wetting liquid has a significant effect
on the characteristics of the polished sur-
face. Substantial difficulties arise when it is
selected for such brittle materials as organic
crystals. To increase the processing capacity,
on the one hand, it is necessary that it has a
great wedging effect. On the other hand, this
leads to the emergence of a large number of
microcracks, to decrease in the fineness and
perfection of the treated surface.

The possibility of improving the surface
quality of activated p-terphenyl crystals by
chemical-mechanical polishing using a pol-
ishing powder of aluminum oxide with a
particle size of 80-90 nm was demonstrated
in [19]. As a polishing liquid, a mixture of
ethanol and toluene was used. However, this
method does not provide high accuracy in
the shape of scintillator assembled with
SiPM, which in possession of the very small
photosensitive area. The use of a mixture of
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ethanol and toluene in the polishing com-
pound as a wetting liquid results in partial
dissolution of the scintillators and deviation
of the linear dimensions from the given ge-
ometry. The purpose of this work is to con-
tinue and extend research aimed at improving
the surface quality of organic crystalline
scintillators, on maintaining high precision
of shapes, on improving scintillation char-
acteristics and increasing their stability
during operation.

2. Experimental

As objects of research, scintillator sam-
ples based on stilbene single crystals and
activated p-terphenyl single crystals with
dimensions of @15X2 mm, 30x2 mm,
@80x5 mm, and also a single crystal of ac-
tivated p-terphenyl of 6x6x6 mm3 were se-
lected. The scintillator samples were ob-
tained by diamond microturning using a
natural diamond cutter on a special ma-
chine-tool such as MK 6205.

One of the main tasks of scintillator sur-
faces’ processing is to increase the portion
of light coming out toward the photodetec-
tor. In case of a flat scintillator, it is neces-
sary to ensure a good reflection of the scin-
tillation light from its input surface and to
increase the probability of light coming out
through output surface. The first one is
being achieved by polishing the input sur-
face, and the second one by making a rough
surface of the scintillator.

A film polymer material containing an
abrasive powder with a particle size of the
main fraction of 10 um was used to create a
diffusely reflecting output surface of scin-
tillators. The film polymer base does not
allow abrasive grains to crumble or be
pressed into the surface of the crystal to be
treated. It prevents significant disruption
of the crystal structure of the surface layer,
ensures a higher homogeneity of the scintil-
lator output surface [16].

Two possibilities of polishing compounds
have been used for final processing of the
scintillator’ input surface.

Composition No. 1, containing: 5 wt.
parts of aluminum oxide with particle sizes
of 80-90 nm, 86 wt. parts of ethanol and
9 wt. parts of toluene. This composition
contains low viscosity wetting liquids that
give a too thin layer between the last one
and the polisher; it poorly retains the abra-
sive in the polisher. The last circumstance
causes the appearance of individual
scratches on the surface of the material
being processed. The presence of toluene in

Functional materials, 25, 1, 2018
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Table 1. Optical and scintillation characteristics of single-crystalline organic scintillators when
their input surfaces are treated with different polishing compounds

No. Scintillator material, Polishing | Translucence, % Scintillation characteristics®
dimensions, mm compound | on W}Lavelength ADC channel Energy
> 1L number resolution R, %
1 |Stilbene single crystal @30x2 1 74.7 A = 890 705 14.6
2 "t 2 77.8 A = 390 820 13.4
3 | Stilbene single crystal @15x2 1 75.4 A = 390 720 14.9
4 "t 2 78.6 A = 390 850 13.6
5 Activated p-terphenyl single 1 64.3 L = 420 1015 11.9
crystal @30x5
6 T 2 68.1 A = 420 1130 10.4

— scintillation characteristics were obtained by excitation with o-particles with an energy

*
E, = 5.5 MeV of radionuclide 241Am.

this composition can lead to a partial disso-
lution of the scintillator material and to the
deviation of its size and shape from the
preset values. The latter is especially impor-
tant in case of scintillators with small di-
mensions assembled with SiPMs.

In this work, composition No. 1 is com-
pared with a new composition No. 2 con-
taining: 4 wt. parts of aluminum oxide with
particle sizes of 80-90 nm, 3 wt. parts of
silicon dioxide with particle sizes of 5—
20 nm (Aerosil A300), 18 wt. parts of etha-
nol, 26 wt. parts of ethylene glycol and
54 wt. parts of distilled water. Silicon diox-
ide, water and ethylene glycol provide a gel-
like consistency of the composition with a
high viscosity and do not dissolve organic
crystals.

We have polished scintillators on a glass
polisher covered with a soft cloth. The or-
ganosilicon compound “Sylgard-184" from
"Dow Corning” company (USA) was used in
order to couple optically the scintillators
with the input windows of the photodetec-
tors. This compound has been chosen be-
cause of its high optical, physicochemical
and mechanical properties [17, 18].

We’ve used the Tetratex polymer as a
reflector material when registering elec-
trons. Measurements of the translucence of
p-terphenyl crystals’ samples were carried
out on a SF-26 type spectrophotometer.

A study of the scintillation charac-
teristics of detectors based on stilbene sin-
gle crystal and activated p-terphenyl single
crystals with dimensions of @15x2 mm,
@80x2 mm, J30x5 mm was performed in a
pulsed mode. At these measurements, the
PMT R-18307 photoreceiver of "Hamamatsu
Photonics” production has been used. The
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radionuclide of 24'Am served as the source
of o-particles with an energy of E =
5.5 MeV. The time constant of the analog
signal shaper was set at the level of T=1 us.
Additionally, the radionuclide of '37Cs
served as the source of conversion electrons
with an energy E, = 624 keV. After meas-
uring the scintillation characteristics detec-
tors were exposed to heating at the tem-
perature T = +60°C for 12 h.

The use of polishing compound No. 2 is
also possible with the processing of small-
sized organic crystals designed to joint
work with SiPM. This requires high accu-
racy of the adherence to required dimen-
sions. In this case we’ve investigated the
detector based on a single crystal of acti-
vated p-terphenyl of 6x6x6 mm3 dimensions
coupled by SiPM comprising 57,600 pixels
with common sensitive area of 6x6 mm?2.
Each pixel of referred above "Hamamatsu
Photonics™ SiPM type has a size of 25x25 pum.
To preserve the required dimensions and shape,
all the surfaces of the scintillator were polished
with Composition No. 2, which did not allow
excessive dissolution of the crystal sections.

Measurements of the scintillation charac-
teristics were being carried out at an over-
voltage value for the SiPM of U,,=3.5V,
and at its stabilized temperature T = 15°C.
As the source, we used the radionuclide of
207Bj (electrons with energies E, =482, 554,
976 and 1048 keV, and gamma quanta with
energies EY= 570, 1064, and 1770 keV).
During the experiment, the source was lo-
cated directly above the scintillator being
tested. The signal from the photodetector
was fed to a shaping amplifier, which forms
pseudo-Gaussian pulses at its output. The
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Table 2. Scintillation characteristics of single-crystalline organic scintillators when their input
surfaces are treated with different polishing compounds before and after exposure to a high

temperature
No. Scintillator material, Polishing Scintillation characteristics *
dimensions, mm compound Before tests After exposure to a
temperature of +60°C for
12 h
Channel R, % Channel R, %
number number
1 |Stilbene single crystal @30x2 1 1250 10,5 1246 10.6
2 o 2 1390 9.4 1395 9.4
3 |Stilbene single crystal @15x2 1 1040 9.8 1035 9.9
4 " 2 1170 8.6 1160 8.7
5 Activated p-terphenyl single 1 1260 8.2 1255 8.3
crystal @30x5
6 o 2 1420 7.6 1435 7.5

* _ geintillation characteristics were obtained by excitation with 13’Cs conversion electrons (E — 624 keV).

shaper consists of a single passive differen-
tiation circuit, of two active and one pas-
sive integration circuits. The common gain
measured via detector input by the circuit
comprising the charge-sensitive preampli-
fier and a shaper was equal to G = 7.4. The
shaping time was equal to T = 0.15 pus.

In order to convert the generated pulses
into a digital code, a high-speed spectromet-
ric amplitude-to-digital converter (ADC) of
B4K CACP-USB type was used. We have
supposed the exposure time ¢ = 30 min will
be enocugh to obtain correct energy spectra.
The scale division of the ADC was K =
1.8 mV/channel.

3. Results and discussion

Optical and scintillation characteristics
of organic scintillators single-crystal sam-
ples when their input surfaces have been
treated with different polishing composi-
tions are presented in Table 1. Above men-
tioned characteristics were obtained upon ex-
citation with o-particles. The analysis of the
data presented in Table 1 allows us to conclude
that usage of the polishing compound No. 2
provides an increase in the transparency of
scintillators as compared to the treatment op-
tions with composition No. 1. Accordingly, the
scintillation characteristics are also improved.

A soft chemical interaction with the sur-
face of the organic crystal is ensured when
we use the polishing composition No. 2. As
a result, microroughness and traces of the
previous treatment (abrasive grinding or
micro turning with a diamond cutter) are
removed. The use of ethanol in the buffing
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composition makes it possible to reduce the
elastic stresses during polishing. Incorpora-
tion of ethylene glycol, which is capable of
adsorbing on the surface of organic crys-
tals, slows down their dissolution process,
reduces the deviation of their linear dimen-
sions and shapes from the given geometry.

The incorporation of the fine-grained
silicon dioxide and the ethylene glycol onto
polishing composition creates a damper
layer, which has thixotropic properties. The
latter contributes to the uniform distribu-
tion of alumina particles therein. The pres-
ence of a damper layer provides gentle con-
tact of the alumina particles with the sur-
face being treated. This leads to a reduction
in the disrupted layer, and an improvement
in the quality of the polished surface.

The improvement of translucence with an
increase of the input surface’ quality can be
explained by reducing the average angle of
inclination of micro-surfaces with respect to
the orthogonally falling outward light flux.
This leads to a decrease of the light reflec-
tion coefficient for this flow at the entrance
surface as compared to the surface with
lower quality. At the same time, an increase
in the light yield (both for alpha-particles
and for conversion electrons) occurs for
scintillators with the input surface of
higher quality. This is also can be explained
by the decrease in the deviation of micro-
surfaces’ inclinations on the input surface
of the scintillator. In this case, the micro-
surfaces are situated mainly in the plane of
the entrance window. They are oriented at
large angles to the scintillation rays prefer-
ably, providing high light reflection coeffi-

Functional materials, 25, 1, 2018
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Table 8. Scintillation characteristics for
detector based on an activated p-terphenyl
single crystal 6x6x6 mm3 obtained using
SiPM as a photodetector when excitation
by 207Bi conversion electrons

The energy Scintillation characteristics

of elec-
trons, keV Light yeild, ADC
peak channel

The energy
resolution R, %

1048 2571 5.7
976 2390 7.9
554 1343 11.9

cients inside the crystal volume, and fur-
ther to the output window. An improvement
of the energy resolution can be related
either with the enhancement in the statis-
tics of photoelectrons (or electron-hole pairs
for SiPM) with an increase of light flux,
which does not fall onto photodetector, or
with a decrease in the radial irregularity of
light gathering for a planar detector when
surface quality improves.

The light yield of scintillators based on
stilbene single crystals and activated p-ter-
phenyl single crystals is 12—-15 % higher,
and the energy resolution is 10-12 % Dbet-
ter after polishing the input surface with
composition No. 2 than after polishing by
composition No. 1.

Scintillation characteristics of organic
scintillators single-crystal samples when
their input surfaces are treated with differ-
ent polishing compositions are presented in
Table 2. Results were obtained upon excita-
tion by conversion electrons (E, = 624 keV
of 137Cs radionuclide) before and after tests
on heat resistance. It can be seen from the
Table 2 the use of polishing compound No. 2
also improves the light yield and energy
resolution on 10-11 % for detectors based on
stilbene and activated p-terphenyl single crys-
tals, by registering conversion electrons with
an energy of E, = 624 keV as compared with
usage of the polishing composition No. 1. It
is seen also all the detectors with stood the
test at the temperature of T = +60°C for
12 h, as the scintillation characteristics of
the detectors remained practically unchanged.

The results of measurements of scintilla-
tion characteristics for detector based on a
p-terphenyl single crystal of small size
(6x6x6 mm3) by using the SiPM are shown
in Table 3, and in Figure. The results ob-
tained for this case show a sufficiently high
spectrometric quality of this sample of the
detector when processing surfaces of the
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scintillator with a selected polishing com-
pound.

4. Conclusions

In the course of research, an opportunity
has been found and realized for improving
the quality of the surface for organic crys-
talline scintillators, to improve the accuracy
of their shapes, to enhance scintillation
characteristics of detectors (when detecting
a-particles and conversion electrons), as
well to ensure their thermal resistance.

Improving scintillation characteristics
became possible as a result of choosing the
composition for chemical-mechanical polish-
ing of the organic scintillators’ surfaces.
The composition possesses thixotropic prop-
erties, provides a soft chemical interaction
with the scintillator surface, slows down
the dissolution of organic crystal segments,
and provides a soft contact of abrasive par-
ticles with the surface. All noted above re-
duces the amount of the disrupted layer and
improves the quality of the polished surface.

Correct proportioning of the mixture for
polishing compound also made it possible to
obtain a small-sized high-spectrometric de-
tector based on an activated p-terphenyl sin-
gle crystal assembled with the SiPM. The
design and technological features of manu-
facturing the detector meets the require-
ments for the development of scintillation
techniques, since they allow increasing the
accuracy of the scintillator shape, providing
a high light yield and energy resolution.
Obtained experimentally in this work en-
ergy resolution, when detecting P-particles
with energies of E,= 1048, 976 and
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554 keV by usage the radionuclide 297Bi,

was equal to R=5.7, 7.9 and 11.9 %, re-
spectively.
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