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The results of characteristics optimization of composite scintillation panels and ele-
ments for various applications have been presented. The dependences of the relative light
yield intensity on particles size and thickness of the panel have been shown. The spatial
resolution of the panels made of various fractions of the powder scintillator has been
determined. The energy dependence on X-ray absorption efficiency of the scintillation
panel based on ZnSe and the correspondence of effective thickness of the dispersed and
single-crystal samples have been investigated. The results of the scintillation panels test-
ing in the regime of registration of shadow images of biological and non-biological test
objects under X-rays have been demonstrated. As a result of this work the composite
scintillation material with improved properties of scintillation parameters homogeneity
comparing with single-crystal ZnSe has been developed based on zinc selenide scintillator’s
powder. This material was used in production of the composite scintillation panels and
elements for X-ray detection by multichannel photodetectors.

B pabGoTe mpencTaBiaeHBl pes3yJbTATHI ONTUMHUSAIUYN XAPAKTEPUCTUK KOMITIOSBUTHBIX CI[WH-
TUJANAANMOHHBIX TaHeJell U 9JeMeHTOB MJs PasJUUYHBIX obyacTeli mpuMeHenusa. IlpuBegena
3aBUCUMOCTb WHTEHCUBHOCTH OTHOCHUTEJIbHOTO CBETOBOTO BBIXOJA OT pasMepa UaCTUI[ U TOJ-
muHbl maHenu. OmnpegesieHo TPOCTPAHCTBEHHOE paspellieHue TaHejeil, M3rOTOBJIEHHBIX U3
pPasauuHBIX (PPaKkIuil MOPOMIKA CHUHTHUJAATOpa. IloldydyeHa oHepreTHUecKas 3aBUCUMOCTb
9 PEeKTUBHOCTY IIOTJIONIEHUA PEHTTEeHOBCKOTO W3JIYUEHUA CIUHTUIAANMNOHHON MaHeldblo Ha
ocHOBe ZNS€e U YCTAHOBJIEHO COOTBETCTBHUE 3(MPEKTUBHBIX TOJIIUH JUCIEPCHOrO U MOHOKPHUC-
TAILINYECKOro o6pasnos. IIpuBeseHsl PeSyJIbTATHl TECTUPOBAHUSA CIHUHTHIIANNOHHBLIX IIaHE-
Jell IpHU PerucTpanri TEHeBOT0o M300pakeHnsi OMOJOTMYECKUX M HeOMOJIOTMUYECKUX TEeCT-00b-
€KTOB IIOJ] PEHTIeHOBCKUM M3JyYeHHeM. B pesysbraTe IIPOBEeIeHHBIX HCCJIeIOBAaHUI paspabo-
TaH KOMIIOBUTHBIM CIUHTUIJIAINOHHBIN MaTepuaJ Ha OCHOBE MEJIKOKPUCTALINIECKOTO
IIOPOIKA CeJeHUIA IIMHKA, 0OJAJaoIUi YIyYIMIeHHBIMH CBOMNCTBAMU PAaBHOMEPHOCTU CI[HH-
THILIALMOHHLIX IaPAMETPOB II0 CPABHEHMIO ¢ MOHOKpucTaiaMmu ZnSe. Marepuan npuMeHeH
IPXA WB3rOTOBJCHUM CIMHTUIISIMOHHLIX MIAHEJeH W DJIEMEHTOB IJIs PEerucTPanuy PeHTTeHOB-
CKOr'0 M3JIyUeHUs MHOIOKAHAJBLHBIMEH (DOTOAETEKTOPAMH.

© 20183 — STC "Institute for Single Crystals”

1. Introduction

In today’s digital semiconductor radiog-
raphy two major methods of scanning are
implemented, such as scanning with full-
length matrix of X-ray detectors and scan-
ning with use of one-dimension detector.
Full-length matrix digital radiography is
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based on the large solid-state converting
structure (matrix) with large enough area
that is capable to create the digital image of
scanning object with a high spatial resolu-
tion and good depth of contrast. This ma-
trix is a two-dimensional surface divided
into cells (pixels). Basically such X-ray de-
tector consists of a matrix made from amor-
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phous silicon and a scintillation panel which
is directly bonded to it. The X-ray detection
occurs due to conversion by the scintillation
panel of X-ray photon energy into the en-
ergy of radiation mainly from the visible
spectrum and the subsequent detection of
this light by semiconductor photodetectors.
The same principle implemented in the one-
dimension detector scanners, the only dif-
ference relates to the detection system de-
signed as line arrow of photodiodes which is
mechanically moved relative to the scanning
object. In both cases the quality of the images
of the scanning object is mainly determined
by parameters of the scintillation panel or
element applied in the X-ray detector.

At the present time as a scintillation ma-
terial for the manufacture of the scintilla-
tion panels, X-ray intensifying screens and
other dispersed scintillators are widely used
scintillation materials such as Gd,O,S(Tb),
Csl:Na, Csl:Tl, Nal:Tl, ZnS:Cu, (Zn,Cd)S:Cu,
(Zn,Cd)S:Ag, CdWO,, Bi,GesO4, (BGO),
(Y,Gd),05:Eu*(Pr), Gd,0,S:Pr(Ce,F) and
others [1]. However, for the majority of the
phosphors used a set of scintillation pa-
rameters is quite limited and does not meet
all the requirements of modern detecting
systems. This is relates to the technique of
obtaining powdered phosphors and the
methods of manufacturing of the scintilla-
tion panels on their base. To solve this
problem we need to apply new scintillation
materials with parameters that satisfy the
requirements of the introscopic equipment.
One such scintillators is =zinc selenide
(ZnSe).

Scintillator ZnSe relates to semiconduc-
tor materials of class of Ay;Bg group. It is
widely used in scintillator-silicon photo-
diode systems for X-ray detectors of modern
multichannel low energy means of visualiza-
tion of hidden image (systems of non-de-
structive control, medical tomography, radi-
ography) [2]. Crystals of zinc selenide pos-
sess a high luminescent efficiency
(60 thousands photons/MeV) and short af-
terglow duration (<0.05 % after 6 ms),
which allows registration of the shadow
image of biological objects in real time.
Also an emission colour of this phosphor is
orange-red, which makes it perfectly suited
to detection by silicon semiconductor de-
vices (Fig. 1). However, the production of
scintillation panels from single-crystal zinc
selenide is facing a number of difficulties.
Firstly, ability of obtaining a large area
crystalline samples of ZnSe is technologi-
cally limited, because with increasing of the
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Fig. 1. Radioluminescence spectra of ZnSe
standard scintillator.

crystal’s size the homogeneity of lumines-
cence is decreasing due to segregation of
dopants in the crystal in the process of it
growth. Secondly, synthesis of the scintilla-
tion powder of ZnSe without crystal growth
step (various wet synthesis techniques,
solid-phase sintering, etc.), which is more
productive and efficient method for the
scintillation phosphor manufacturing for
the panels, does not show good results due
to the high level of contamination of raw
materials by different kinds of impurities.

The optimal solution of this problem is
the use of zinc selenide-based fine-grained
powders of crushed crystals. The starting
material for scintillation powder obtaining
passes a certain steps of selection and sort-
ing in terms of intensity of the relative
light output and duration of the afterglow.
This technological step allows us precise
control the functional properties of the ma-
terial for scintillation panels. In the process
of crystals crushing and the subsequent di-
vision by fractions we are performing a
thorough homogenization of the scintilla-
tion powder and producing scintillation pan-
els with high level of homogeneity (inhomo-
geneity of scintillation parameters does not
exceed 2 %) [3]. Also manufacturing of the
scintillation panels solves the problem of
limited linear dimensions of single crystals
because they have no such limitations.

For obtaining test object’s image in mod-
ern introscopic devices the multi-channel
photodetectors and large-format CCD are
commonly in use. Scintillation elements
based on single-crystals for these photode-
tectors must be separated into individual
elements (pixels) to avoid redistribution of
the intensity of light signals between the
neighbor channels of the photodetector. In
the case of composite scintillation panels
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Fig. 2. Image of the crystalline powder of
zinc selenide obtained by JSM-6390LV scan-
ning electron microscope.

the scattering properties of the dispersed
medium virtually eliminate redistribution
of the intensity of light signals between the
neighbor channels of the photodetector and
localize the scintillation flashes. This elimi-
nates the necessity of scintillation panel’s
separation into individual pixels. In some
cases a decrease of photodetector’s pixel
size makes the use of composite panels the
only available option, because the possibility
of single-crystal element separation into in-
dividual pixels is technologically limited.
The aim of this work was obtaining the
scintillation material in a form of composite
scintillation panels and elements for X-ray
registration on the base of ZnSe scintillator
with improved homogeneity of the scintilla-
tion parameters in comparison with the sin-
gle crystal ZnSe. The results of the charac-
teristics optimization of the composite scin-
tillation panels and elements for various
applications have been presented. The de-
pendences of the relative light yield inten-
sity on the particle size and thickness of the
panel have been shown. The spatial resolu-
tion of the panels made of various fractions
of the powder scintillator has been deter-
mined. The energy dependence on X-ray ab-
sorption efficiency of scintillation panel
based on ZnSe and the correspondence of an
effective thickness of dispersed and single-
crystal samples have been investigated. The
results of the scintillation panels testing in
the regime of registration of shadow images
of biological and non-biological test objects
under X-rays have been demonstrated.

2. Experimental
The objects of study were composite scin-

tillation panels made of inorganic scintilla-
tor. The panels were produced in the form
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Fig. 3. Dependences of the light yield on the
particle size and thickness of the polycrystal-
line dispersed samples of the scintillation
panels based on ZnSe(Te). Curve 1 corre-
sponds to the panel sample with a particles
size of 200—-600 pm, curve 2 — particles size
is 120-200 pm, curve 3 — particles size is
40-120 um, curve 4 — particles size is 25—
40 pm, curve b — particles size is 1-25 pum.

of a layer of polycrystalline particles of ir-
regular shape (Fig. 2) in the optical immer-
sion medium — silicone rubber. The average
degree of filling the composite elements by
scintillator’s powder was about 80 vol.%.
Thanks to the homogeneous distribution and
dense packing of the particles in the scintil-
lation element the homogeneity of their
scintillation parameters was at a level about
98 %. Samples of the panels are made by
pouring a mixture of powder scintillator
and immersion medium in the container
which covered with anti-adhesion material.

Measurements of X-ray light output
value of the samples was carried out at
140 kV, 30 mkA and 20 ecm distance from
anode by using an installation for measure-
ment of light yield and afterglow —
"Smiths Heimann AMS - 1".

Radioluminescence spectrum of the
standard single-crystal scintillator ZnSe
was obtained with use of a spectrometric
complex KSVU-23 and X-ray source at
REYES-I. X-ray tube voltage was 40 kV and
a current was 30 mA (Fig. 1). Scintillation
signal registration was carried out by using
a PMT-100 with the spectral sensitivity
range from 160 to 850 nm.

Determination of spatial resolution of
scintillation panels was carried out by a
known method with help of apparatus for
X-ray image registration (Fig. 5). As X-ray
source was used an apparatus ISOVOLT
Titan E X-ray Generator 160, and the spa-
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Fig. 4. Comparison of the light yield of the
dispersed and crystalline scintillators based
on ZnSe(Te) of identical dimension-type. 1 —
crystalline scintillator, 2 — dispersed scintil-
lator (particles size is 200-600 um), 3 — dis-
persed scintillator (particles size is 120-
200 um), 4 — dispersed scintillator (particles
size is 40-120 um), 5 — dispersed scintilla-
tor (particles size is 25-40 um), 6 — dis-
persed scintillator (particles size is 1-25 um).

tial resolution was determined by the stand-
ard test object EN 462-5 Duplex IQI.

X-ray spectra were measured by X-123
spectrometer on the base of CdTe using an
X-ray source ISOVOLT Titan E X-ray Gen-
erator 160.

ZnSe(Al) powder image was obtained by
usage of scanning electron microscope JSM-
6390LV (Fig. 2).

3. Results and discussion

For optimization of scintillation parame-
ters of the scintillation panels the depend-
ence of light output of the panels on the
particle size of ZnSe scintillator and the thick-
ness of the panel was determined (Fig. 3).

The dependence of ZnSe light output on
the dispersion of the particles is determined
by the degree of absorption of X-rays by the
scintillator particles. The large particle ab-
sorbs the greater portion of X-rays, hence,
the luminescence intensity increases with
increasing the particle size. According to
Fig. 8 particles with dispersion of 200-
600 um have the highest intensity of lumi-
nescence. Thus, particles size reducing leads
to decreasing the luminescence intensity of
the particles and when you reach a certain
size (about 80 um) the luminescence be-
comes very low. This is due to the electron
capture length in this material, and if it
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Fig. 5. Scheme of the apparatus for X-ray
image registration and resolving power deter-
mination.

becomes longer than the size of the parti-
cles, then only a small fraction of X-ray
radiation is absorbed in the material and
induces the luminescence. Dissipative prop-
erties of the dispersed scintillator medium
such as scattering and reabsorption of emit-
ted luminescence photons also leads to re-
ducing the luminescence with decrease of
the particle size. The optimum thickness of
the scintillation panels for maximum quan-
tum yield for the samples with dispersion of
particles of 40-120 pum is 1-1.5 mm, for
dispersion 120-200 um is 1.8-1.8 mm and

for dispersion 200-600 um is 1.5-2 mm.
When the thickness of the panel more then
optimal the X-ray radiation is absorbed in
the upper layer of the sample and its inten-
sity in the lower layers of the sample isn’t
sufficient to excite the maximum lumines-
cence. Also scintillation photons from the
upper layers do not reach the photodetector
and released in the form of thermal energy.
When the thickness of the panel is less than
the optimal the maximum luminescence of
the panel also isn’t achieved because of lack
of the scintillation material in the sample.
For samples of the panels with smaller frac-
tions of the scintillation material the opti-
mal thickness of the screen becomes
smaller.

Light output of dispersed and crystalline
samples of scintillators based on ZnSe is
presented in Fig. 4. The light output of the
scintillation panels made of the coarse pow-
der of zinc selenide with particles size in
200-600 pm becomes close to the crystalline
sample (up to 95 % of the light output of
the crystal). With decreasing of particle
size the light output is also decreasing. And
for particles with a fineness of 120-200 um
reaches about 80 %, for particles with dis-
persion in 40-120 goes up to 55 % and for
dispersion in 25-40 pum goes up to 30 %

Functional materials, 20, 2, 2013
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Table. Resolving power of the scintillation

l,au. r
panels based on ZnSe
12000
Size of ZnSe |Thickness | Resolving | X-ray
10000 particles in of the power of image
the panel, um |[panel, mm| the panel,
8000 lp/mm |
B
6000 ———
40-60 0.1-0.3 6-7 ——
4000
2000 80-100 0.3-0.5 4-5
0 1 1 1 1 I
20 30 40 50 60 E, keV
. . 140-160 0.5-1.5 2-3
Fig. 6. X-ray spectra which were measured at

the tube voltage 70 kV and current 86 maA.
Curve I corresponds to the initial X-ray spec-
trum, curve 2 — spectrum after passing
through the composite scintillator ZnSe of
1 mm thickness.

relative to the crystalline sample. The parti-
cles with dispersion less than 25 pm are of
no practical interest, due to extremely low
light output which goes up to 10 %. Com-
parison of the light yield of the dispersed
samples and the crystalline samples were
made in the same conditions and with the
samples of the same dimension-type.

For successful application of the scintil-
lation panel in X-ray equipments it has to
possess the number of necessary features
such as satisfactory contrast sensitivity and
resolving power in a wide dynamic range.
Depending on the type of X-ray system the
resolving power can vary by up to 20 lp/mm
for the traditional film radiography, about
10 Ip/mm for combined systems of film and
intensifying screen and from 0.7 to
4-5 lp/mm for digital radiography [4, 5].

For spatial resolution dependences deter-
mination of the scintillation panels based on
ZnSe on the size of the powder particles the
measured sample panels were divided on
three ranges of dispersion: the first — 40—
60 um, the second — 80-100 um, the third
— 140-160 um (experimental setup is
shown in Fig. 5).

Scintillation panels made of the first
range of dispersion possess the best resolv-
ing power — approximately 6-—7 lp/mm.
Such resolving power is achieved due to the
small sample thickness (0.1-0.3 mm) and
relatively small particle size of the scintilla-
tor (40-60 um) which form a dense layer of
scintillation material and within this layer
the scattering of scintillation flashes is
minimal. The panels based on ZnSe powder
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with a particle size of 80-100 um have a
lower resolving power (4-5 lp/mm). The re-
solving power of scintillation panels with
powder dispersion in 140-160 pym is 2-
3 lp/mm (Table). The deterioration of the
resolving power of the scintillation panels
with increasing the particles size can be ex-
plained by increasing the panel’s transpar-
ency due to the enlargement of the particles
and thus reduction of the number of scat-
tering centers and light absorbing surface
in the scintillator/immersion medium sys-
tem. With increasing the panel’s transpar-
ency the scattering cone of scintillation
flashes also increases. The values of resolv-
ing power of the scintillation panels based
on ZnSe obtained according to the optimized
parameters of X-rays.

An important characteristic of the scin-
tillation material is energy efficiency of
X-ray absorption which determines the dy-
namic range of the scintillator. For determi-
nation of the X-rays energy absorption effi-
ciency of the scintillation element of 1 mm
thick with powder particle size in 180-
200 um two X-ray spectrum were taken: the
original spectrum and the spectrum after
passing the scintillation element (Fig. 6).
The original X-ray spectrum was measured
at X-ray tube voltage 70 kV and current
86 mA with a filter — aluminum plate of
6 mm in thickness (curve I in Fig. 6). The
calibration of spectrum was carried out by
the X-ray tube’s anode material (tungsten)
lines of the characteristic radiation (tube
voltage was 100 kV and a current was
0.18 mA, as the filter the copper plate of
2 mm thickness in was used). Curve 2 in
Fig. 6 corresponds to the spectrum of the
radiation transmitted through the composite
scintillation element.
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Fig. 7. Energy dependences of the X-ray ab-
sorption efficiency. Curve 1 corresponds to
the absorption of X-rays in the composite
scintillator ZnSe, curve 2 — calculated ab-
sorption efficiency of ZnSe single-crystal
plate of 0.33 mm thickness.

The X-ray spectra analysis gave us the
energy dependences of the X-ray absorption
efficiency of the composite scintillator ZnSe
(curve 1 in Fig. 7). The figure shows that
zinc selenide effectively absorbs low-energy
X-rays, while increasing of the X-ray en-
ergy leads to the reducing of absorption ef-
ficiency. The theoretical curve 2 in Fig. 7
corresponds to the X-ray absorption effi-
ciency of the single-crystal ZnSe plate
0.33 mm in thickness. It is in good agree-
ment with the experimental curve I for the
composite element ZnSe of 1 mm in thick-
ness. This coincidence allows us to establish
a correspondence between the X-ray absorp-
tion effective thicknesses of the single-crys-
tal and composite element. Such a great dif-
ference in X-ray absorption efficiency of
single-crystal sample and composite element
is due to the fact that despite the high
percentage of scintillator’s powder in the
immersion medium (about 80 vol. %), the
structure of composite element remains dis-
crete. And because the particle size is suffi-
ciently larger and has strongly irregular
geometric shape the effective thickness of
the composite element stands in the speci-
fied range. A good agreement between the
calculated and experimental data allows us
to compare the effective thicknesses of the
X-ray absorption efficiency of the single-
crystal and composite samples.

In order to test the shadow image regis-
tering capabilities of the scintillation panels
based on zinc selenide the X-rays images of
organic and inorganic test objects such as
piece of chicken wings and microchip were
taken (Fig. 8 and Fig. 9). From the figures
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Fig. 8. X-ray image of the biological test ob-
ject (chicken wing) obtained by using the
scintillation panel based on ZnSe with dis-
persion of the scintillation particles of 80—
100 um.

thcthoi0¢tao\0'igo
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Fig. 9. X-ray image of the non-biological test
object (microchip) obtained by using the scin-
tillation panel based on ZnSe with dispersion
of the scintillation particles of 80-100 um.

it is clear that due to the high homogeneity
of the scintillation parameters and high
contrast sensitivity of the composite scintil-
lation panels based on ZnSe the high level
of image’s sharpness and contrast depth was
achieved.

4. Conclusions

Composite scintillation material based on
zinc selenide powder that possesses im-
proved homogeneity of scintillation parame-
ters and has no limitations of linear dimen-
sions in compare with single-crystal ZnSe
has been developed. The interdependence of
the relative light output on the thickness
and particles size of the fine-grained scintil-
lator’s powders in scintillation panels has
been defined. The dependencies of spatial
resolution of the scintillation panels based
on ZnSe on the thickness and particles size

Functional materials, 20, 2, 2013
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have been determined. The correspondence
of spatial resolution values of the scintilla-
tion panels to the requirements and stand-
ards of the modern digital radiography has
been demonstrated. It has been determined
that the scintillation panel based on ZnSe
scintillator’s powder with a particle size of
25-100 ym and 0.1-0.83 mm in thickness
are optimal for use in detectors for medical
X-ray imaging and tomography. Panels with
a greater particles size (greater than
100 um and 0.5-1.5 mm in thickness) are
perfectly suited for industrial flaw detec-
tion and security systems detectors. The ba-
sics of technology for composite scintilla-
tion panels and elements for X-ray detection
based on fine-grained powders obtained by
crushing the chalcogenide and oxide scintil-
lators single-crystals has been developed.
Thanks to plasticity of the immersion
medium around the scintillator’s powder
our composite scintillation panels and ele-
ments have increased resistance to mechani-

cal stress, vibration and temperature
changes in the range from —50°C to 100°C.

The developed composite scintillation ma-
terial was applied in the experimental sam-
ples of scintillation panels and elements for
multichannel X-ray detectors.
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KoMmo3uTHi cHMHTHIAIINHI maHeJ i i eJeMeHTH
Ha OCHOBI JPiOHOKPHCTANIYHMX TPaHYJ
MOAPiOHEHUX KPHCTAJIB

B.O.JIimiueacvkuii

Y poboTi mpegcTaBIeHo pe3yabTATH OMTHUMizallii XapakTepUCTUK KOMIIO3UTHUX CIIUHTU-
AANiAHNX naHeyell 1 eneMeHTIB aJs pisHMX ranyseil 3actocyBamHs. HaBeneHno sajieskHicTb
iHTeHCMBHOCTI BiIHOCHOT'O CBIiT/JIOBOTO BUXOAY BiJi PO3Mipy YACTHMHOK 1 TOBIIMHM TaHemi.
Busnaueno npocTopoBy po3AiNbHY B3A4THICTHL TaHesdeil, BUTOTOBJIEHUX 3 pisHMX Gpariii
MOPOIIKY CHUHTUIATOPa. OTpUMAaHO eHepreTHUHY S3aleyKHicTh e(PeKTUBHOCTI MHOTIMHAHHSI
PCHTTEHIBCHKOr0 BUIIPOMIHIOBAHHSA CUMHTUJIANINHOI IIAHENI0 HA 0CHOBLI ZNSe, BCTAHOBJICHO
BigmoBizHicTs eeKTHBHHX TOBIIMH IHCIEPCHOro i MoHOKpucTaiuHoro spaskis. Hasemeno
pesyJabTaTU TeCTYBAHHS CHUHTUIAIINHUX IIaHeJell IIpU peecTpallii TiHbOBOro 300pakeHHS
Gionoriuamx i Hebiosoriuamx TecT-06’€KTiB IiJ PEeHTreHiBCHbKMM BHUIPOMIHIOBAHHAM. ¥ pe-
3yJAbTATi IPOBEJEHNX MOCJLIKEeHb PO3POOJIEHO KOMIOSUTHHI CHMHTHUAAMilHMIT Marepiaa Ha
OCHOBi APiOHOKPHCTANIYHOrO MOPOIIKY CEJEHiTy IHMHKY, II0 MAa€ MIOJIIIIeH] BJIACTUBOCTL
piBHOMIpHOCTI CHMHTHIANIMHNX napaMeTpiB y HopiBHAHHI 3 MoHOKpucramamu ZnSe. Mare-
piax BacrocoBaHMii IIPM BUIOTOBJAEHHI CHUMHTHUAANINHNX IIaHeJeld Ta eJeMEeHTIB [IJda
peecrparllii peHTreHiBCLKOI0 BUIIPOMiHIOBAHHS OaraToKaHaJbHUMI (POTOAETEKTOPAMU.
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