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The paper considers the influence of manufacturing technological features of composite
scintillators with optimal scintillation characteristics based on heavy-oxide crushed single
crystals for ZEBRA-detectors making for fast neutrons registration. It has been shown
that fast neutrons registration efficiency by multi-layered ZEBRA-detectors based on
crushed Bi,Ge;0,,, Gd,Si04:Ce and ZnWO, crystals achieved the value about 50 %. Sensi-
tivity of ZEBRA-detectors with size of 100x100x41 mm3 is comparable to sensitivity of
SHe counter with moderator. ZnWOQ, powder obtained by solid state synthesis is proposed
as an alternative filler to instead of crushed crystal powders for scintillation composite.
Results of technical detection efficiency and sensitivity measurements for fast neutrons
(sources Pu-Be and 252Cf) showed that detection efficiency of ZEBRA-detector based on
synthesized scintillation ZnWO, powder is comparable with detector based on crushed
ZnWO, single crystal of the same size. Qualitative explanations for abnormal high sensi-
tivity of multi-layered composite detectors are presented. ZEBRA-detector is promising for
application in the field of homeland security and nuclear safeguards.

Keywords: fast neutrons measurements, inelastic and resonant neutron scattering,
radiation detectors, multi-layered scintillation detectors, nuclear safeguard, 3He alternative.

PaccmorpeHo BIusaHWE TEXHOJIOTHMUECKUX OCOOEHHOCTEM WM3rOTOBJIEHUH KOMIIOSHUIIMOHHBIX
CIUHTHUIIATOPOB HA OCHOBE Pa3MOJIOTBIX THMKENBIX OKCHUIHBIX KPUCTAJJIOB AJIA VCIIOJHb30BAHUSI
B HelTpouHBIX mereKkTopax SEBPA. ITokazano, uro shpeKTUBHOCTD PErUCTPALIMN OLICTPBIX HEHTPO-
HOB MHOToCJIOMHEIMHE fAerekTopamu SEBPA ma ocHoBe pasmomorsrx MoHoKpucraiios Bi,GesO,,,
Gd,Si05:Ce n ZnWO, pocruraer 50 % . YyBCTBUTENBLHOCTh TAKUX JETEKTOPOB PasMepoOM
100x100x41 Mm3 cpaBHUMA ¢ UYBCTBHTENBHOCTLIO SHe cueTunkos ¢ samepnurensmu. IIoporiok
ZnWO,, moyueHHLIH MeTOIOM TBEPAO(DASHOTO CHHTE3a, IPEJIOMKEH B KAUeCTBe albTePHATHBHO-
T0 HATIOJHUTENA CIUHTUJLIAIIMOHHOTO KOMIIO3UTAa BMECTO PA3MOJIOTHIX KPUCTAJIOB. Pesyabrars
U3MepPeHNH TeXHUYeCKol >(P(eKTUBHOCTU PETHCTPAIINM W YYBCTBUTEIBLHOCTU K OBICTPHIM Hell-
tponam (ucrounukn Pu-Be u 252Cf) mokasanu, urto gerexrop SEBPA Ha 0CHOBe CHHTE3MpPOBAH-
HOTO CHUHTHILIANIOHHOrO mopomnka ZnWO, obnanaeT sG@eKTHBHOCTLI0 PErHCTPAIK HA YPOBHE
JeTeKTopa Ha OCHOBe pasMosororo moHokpucramta ZnWO,. IlpuBeneno KadecTBeHHOEe 06BACHE-
HI€ aHOMAJIPHO BBICOKOI UyBCTBUTEIbLHOCTH MHOIOCIOMHBIX KOMIIOSBUTHBIX AeTeKTopoB. Ilokasa-
HO, uTO geTeKTOopsl SEBPA mepcuexTuBHBI A5 NPpUMEHEHUA B 00JACTU AJepPHOU 6e30IacHOCTU.

BararomapoBi kommnosmuniiHi merekTopum aud peecrpanii HeurpoHis. B.J[.Puxuxos,
B.B.I'punvos, A.JO.Boapunues, B.C.Tinvrosa, B.B.Marxcumuyr, I .I.Arxyboscvra, I ATyniyuna.

PosriAanyTo BILIMB TEXHOJOriYHMX OCOOJMBOCTEl BUI'OTOBJIEHHS KOMIIOSHI[IMHUX CI[MH-

TUJSATOPIB HA OCHOBiI pPO3MENEeHUX BAKKHUX OKCHUIHNX KPUCTAJIB OJA BUKOPHCTAHHHA y HEN-
Tpourux gerekropax SEBPA. Ilokasano, 1o edexTuBHicTh peecTparil IMBUAKUX HEUTPOHIB

172 Functional materials, 25, 1, 2018



V.D.Ryzhikov et al. / Multi-layered composite detector...

6araTomaposumu gerextopamu S3EBPA ma ocHoBi posmernenux monokpucranis Bi,Ge;O,,,
Gd,SiO45:Ce T2 ZnWO, carae 50 %. UYyrnamsicTes Takumx [JerekTopiB poamipom
100x100x41 mm3 mopisasHa 8 uyTnusicTio He niunnasHUKIE 81 cnoBinpHIOBauaMu. Banpomo-
HoBaHO mopomrok ZnWO,, orpuMaHuii MeTofoM TBePIO(Ga3HOTO CHHTE3y, B AKOCTi allbTepHAa-
TUBHOI'O HAIIOBHIOBAYA CIHUHTUJAAIIHOIO KOMIIOBUTY 3aMiCcTh pPO3MeJeHHX Kpucraiis. Pe-
3yJbTATU BUMIipIOBaHb TeXHiuHOI e)eKTHMBHOCTI peecTpalfii Ta UyTJAMBOCTI 10 HMIBUAKHX HEN-
rpouie (gxepena Pu-Be ra 252Cf) norasanu, mo nerexrop SEBPA Ha 0CHOBI CHHTE30BaHOIO
cruHETHAANI#THOTO TopomKy ZnWO, mae edexrTuBHicTs peecrpanii Ha piBHi geTexTopa Ha
ocHOBi posmenenoro mouHokpucraaa ZnWO,. HasereHo aKicHe IOACHEHHS aHOMAaJbHO BUCO-
KOl UyTJMBOCTI 6araronapoBux KOMTO3UTHUX AeTeKTopis. Ilorkasawmo, mo merekropu SEBPA

TMEPCHEKTUBHI A 3aCTOCYBAHHA B rajysi sgepHoi 0e3meKHu.

1. Introduction

The solution of nuclear terrorism prob-
lem requires special devices for detection of
nuclear materials, in particular, neutron
fluxes coming from radioactive substances.
Traditionally, 3He counters used for ther-
mal neutrons detection. Massive plastic
blocks usage for fast neutron detection is
necessary for fast neutrons moderation to
thermal energies. As a result, the mass of
such detector could reach up to 200 kg and
more, with height up to 3 meters, but here-
with the detection efficiency of fast neu-
trons does not exceed 10-15 % due to dou-
ble transformation of energy.

Therefore, today much attention is paid
to design large area portal monitors for fast
neutrons detection as an alternative detec-
tors to 3He technologies in security systems
application. At present time the majority of
developments such as detectors based on 1°B
[1, 2], counters with gas BF; or based on
carbide bore [3], the 4H-SIiC Schottky detec-
tors [4], detectors based on scintillation
plastic [5], fast neutron scintillation detec-
tors based on ZnS(AgQ)\LIF [6], hybrid detec-
tors consisting of BC501A liquid scintillator
and BC702 scintillator [7], detectors based
on scintillation granules surrounded by
plastic fibers [8] and etc., have detection
efficiency of fast neutron about 10 %.

For the first time, high efficiency of fast
neutron detection (up to 50 %) was demon-
strated in [9—-11] using the detectors based on
heavy-oxide Bi,Gez0¢, (BGO), Gd,SiO4 Ce
(GSO(Ce)), ZnWO, (ZWO) and CdWO,
(CWO) large (340x80 mm) single crystals.
The measured sensitivity of this detection
system is comparable with the sensitivity of
3He-counters. It has been shown in [11] that
the GSO(Ce) using with plastic moderator
allowed to achieve fast and thermal neu-
trons detection efficiency about 90 %.

At last time the composite scintillation
materials provoke the scientists’ interest
[12]. Such materials allow to avoid size
limitation, to achieve the homogeneity of
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functional characteristics through the area
and to simplify manufacturing technology.

Thus, we designed an original multi-lay-
ered detector which consist of different
scintillation composite materials and plastic
layers and compared their parameters to
crystal detectors [13].

The goal of this work is optimization of
manufacturing process of detectors based
on heavy-oxide scintillators for neutrons
registration.

2. Experimental

The ZEBRA-detectors consist of alternat-
ing optically coupled layers of composite
scintillator and plastic plates used as a light
guide. The composite layer consists of a
binder (heat-resistant low molecular silicone
rubber) and dispersed scintillation filler.
Crushed oxide crystals powders (Bi;Ge;04,,
Gd,Si0g.Ce, ZNWO,) were used as a filler.
The grinding was carried out with labora-
tory mechanical mortar Retch RM 200, fol-
lowing fractionation was carried out with
vibratory sieve Retch AS 200. Sieves with
cell size of 80 um, 100 p, 140 pm, 200 um,
250 um were used. Besides, ZnWO, powder
obtained by solid state synthesis was used
as a filler. The ZnO and WO; were used as
a raw material, more details of synthesis
were described in [14].

The light output measurements of com-
posite samples (composite scintillation lay-
ers) were carried out in the current mode
with Si-photodiode, X-ray source was IRI
(Ua =100 keV, Ia =1 mA).

The measurements of obtained ZEBRA-
detectors sensitivity and registration effi-
ciency were carried out in the counting
mode with neutron sources 239Pu-Be with
neutron flux of 0.95-10% (flux density per S
=100 cm — 0.76 n/s-cm?2) and 2%2Cf source
with neutron flux 2.85-106 (flux density per
S =100 cm — 1.7 n/s-em?). The energy of
both sources does not exceed 1 MeV. The
measurement errors were about 8 %. The
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Fig. 1. Design and operation scheme of multi-layered composite detector (optional): I- active layer
of composite scintillator; 2 - passive layer of light-conducting plastic.

apparatus general design and additional de-
tails of experiment was described in [11,
16-18]. The sensitive areas of the detectors
under irradiation by neutron flux from the
side (i.e., normally to the plates) were
16 cm?, 40 cm? and 100 cm? (Fig. 1).

3. Results and discussion

The scintillation response of ZEBRA-de-
tector during neutron registration testing is
significantly depends of detector construc-
tion (in particular, of irradiated area) and
of light output value of composite layers.
For the making of composite scintillators
(active layers) with optimal scintillation pa-
rameters we considered the following tech-
nological features: the size of scintillators
granules and the filler-binder ratio. Scintilla-
tion characteristics of the samples were con-
trolled by measurement of technical light out-
put under X-ray excitation. The irradiated
area of tested detectors was 40x40 mm?2,
40x100 mm?2 and 100x100 mm?2.

3.1 ZEBRA-detectors based on heavy-
oxide crushed crystals

The crushed crystals (GSO(Ce) and ZWO)
were divided into several fractions with fol-
lowing granule sizes: 140-280 um, 100-
140 um, 80-100 um and less than 100 um.
Each of them was used as a filler for mak-
ing the composite samples with thickness of
1 mm. The quantity of filler in samples was
45-50 wt.% . The light output values of ob-
tained composites are presented in Table 1.
ZnWO, single crystal (10x10x1 mm3) was
chosen as a reference. Light output value
decrease with reducing of filler granules
size. The light output measurements used
X-ray irradiation with energy up to
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Table 1. Light output values of the com-
posites based on different fraction of
crushed ZnWO, and Gd,SiO5:Ce single

crystals
No. | Samples/fraction, um |Light output, %
ZnWQ,
1 ZnWO, crystal 100
2 <80 65
3 80-100 72
4 100-140 144
5 140-280 270
6 as-crushed 280
Gd,Si0::Ce
@<80 43
80-100 54
9 100-140 108
10 140-280 153

100 keV were carried out. Zinc tungstate
and gadolinium silicate are compounds with
high density (7.9 g/em3 and 6.7 g/cm3, re-
spectively). The layer thickness of these ma-
terials absorbing 95 % X-ray irradiation
with such energies is about 0.5-1.0 mm.
This explains the higher light output values
of samples based on large filler granules.
Besides, low light output value of sample
based on small sized granules can be ex-
plained by scattering on filler particles that
caused to low light collection factor.

For samples based on the as-crushed pow-
ders (without fractionation) we can observe
the highest light output value. Similar ef-
fect was described in [19-21]. Filler of such
samples has wide distribution of particle

Functional materials, 25, 1, 2018
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Table 2. The functional parameters of composite detectors based on different crushed crystals
comparable with CdWO, single crystal and 3He counter (radiative source — 252Cf)

Composite scintillator Size, mm3 Neutron flux, Sensitivity, n, Efficiency, €, %
nps-cm™2 cps/nps-cm 2
3He counter + moderator | S = 4000 cm? - 48 1.2
Crystal CdWO, @63x100 7.54 23 53
BGO-ZEBRA 40x40x41 3.85 6.4 40
ZWO-ZEBRA 40x40x41 3.85 8.8 55
GSO(Ce)-ZEBRA 40x40x41 3.85 7.8 49
BGO-ZEBRA 100x40x41 1.70 16 40
ZWO-ZEBRA 100x40x41 1.70 16.4 45
GSO(Ce)-ZEBRA 100x40x41 1.70 19.6 50
BGO-ZEBRA 100x100x41 1.08 40 40
ZWO-ZEBRA 100x100x41 1.08 41 45
GSO(Ce)-ZEBRA 100x100x41 1.08 51 61
sizes. During the polymerization, large rable to detection efficiency of detector

granules settle down due to gravitation.
There is still free space between the large
particles that is filled with polymer binder
that working as a light guide. The smallest
particles stay on the top of the sample and
forming dense layer that working as a dif-
fusion reflector. As a result light collecting
conditions are improved and the light out-
put value is increased.

ZEBRA-detectors based on different scin-
tillation crystals (BGO, GSO(Ce), ZWO)
were made. The sizes of ZEBRA-detectors
were 40x40x41 mm3, 100x40x41 mm3 and
100x100x41 mm3. General view of last one
is shown on Fig. 2. Total thickness of scin-
tillation composite layers for all detectors
was 6 mm (6 layers with thickness of
1 mm). Total thickness of plastic panels was
35 mm (7 layers with thickness of 5 mm).
The external surface of the detectors is cov-
ered by a diffuse light reflecting coating, ex-
cept for one facet connected to the photore-
ceiving device (photomultiplier (PMT)) in con-
ditions of optical contact and spectral
matching.

Measurement results of technical effi-
ciency and sensitivity of fast neutron detec-
tion by multi-layered composite ZEBRA-de-
tector based on the heavy-oxide crushed
crystals are shown in the Table 2.

Data of Table 2 show that within meas-
urement errors the fast neutron detection
efficiency independents on the area of the
plates. The detection efficiency of fast neu-
tron multi-layered composite ZEBRA-detec-
tors based on ZWO and GSO(Ce) is compa-
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based on CdWO, single crystal obtained by
Czochralski method [22]. Sensitivity of
ZWO-ZEBRA detector rises with increase of
detectors size from 40x40x41 mm3 to
100x100x41 mm3 and exceeds in two times
sensitivity of detector based on CdWO, sin-
gle crystal and comparable with sensitivity
of 3He counter + moderator.

3.2 ZEBRA-detector based on ZnWOy,
powders obtained by solid state synthesis

We propose to use ZnWO, powder obtained
without the single crystal growth stage in
order to reduce the cost of ZEBRA-detector
and to simplify manufacturing process. The
scintillation micro-sized ZWO powder was
obtained by solid state synthesis with addi-
tion of a mineralizer. The obtaining technol-
ogy and synthesis process were described in
[14]. Synthesized ZWO powder has not such
wide particle sizes distribution as crushed
crystal powder therefore it was divided into
two fractions 80—-140 um and 140-280 um.

We investigate the dependence of light
output on the filler-binder ratio in compos-
ites to estimate the best light collection con-
ditions. Samples with different consist of
the as-synthesized powder (from 5 wt.% to
60 wt.%) were made. Thickness of samples
was 1 mm. The results of light output
measurements are presented in Table 3.

The data of Table 3 shows that samples
light output value rises with increasing of
filler composition. Such trend observed up
to 50 wt.%. The light output value de-
creases with further increaseing of filler
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Table 3. Light output values of the com-
posites with different consist of as-synthe-
sized by solid state method ZnWO, powder

Table 4. Light output values of the com-
posites based on different fraction of syn-
thesized by solid state method ZnWO, pow-

concentrations. This is may be related to
light collection conditions degradation.
Moreover increase of filler consist leads to
technological difficulties of the samples
making process. Thus, the optimal filler
consist in the composite is 40-55 wt.%.

The light output values of composite
samples with thickness of 1 mm in compari-
son with ZWO single crystal (10x10x1 mm3)
and composite sample based on as-crushed
ZWO crystal (thickness of 1 mm) are shown
in Table 4.

The light output measurement results
showed that the best value demonstrated
the sample based on as-synthesized powder
— 272 % respectively to ZWO single crys-
tal. This value comparable to the light out-
put value of composite based on as-crushed
crystal. Dividing of obtained powder into
fraction is inexpedient.

ZEBRA-detector with composite based on
as-synthesized ZWQO powder was made. The
results of its testing are shown in Table 5.

ZEBRA-detector based on ZWO powders
obtained by solid state synthesis demon-
strates detection efficiency comparable with
efficiency of detectors based on ZWO as-

der
Sample/filler consist in Light output, % )
sample, wt. % No. | Samples/fraction, um |Light output, %
ZnWO, single crystal 100 ZnWO, single crystal 100
Pure rubber 8 (noize) 2 | As-crushed ZWO single 280
crystal
5 31 .
As-synthesized powder 272
10 71
140-280 173
20 136
30 171
40 232
50 272
60 261

Fig. 2. General view of fabricated ZEBRA-de-
tectors based on scintillators ZWO, GSO(Ce),
BGO of sizes 100x100x41 mm3.

crushed crystal and CdWO, single crystal.
In order to increase the ZEBRA-detector
sensitivity it’s necessary to increase the de-
tector’s size, in particular sensitivity area.
In general, the multi-layered detector can
comprise arbitrary number of plates with-
out area limitations.

3.3 Features of fast neutrons interaction
with ZEBRA-detector

It is known that in the energy range ~
0.1-20 MeW one of the most probable
mechanisms of neutron interaction with nu-
clei is reaction of inelastic scattering (n,
n’y) with formation of compound nuclei [22,
23]. In this reaction, the energy of incident

Table 5. The functional parameters of composite detectors based on dispersed ZnWO, powders
comparable with CdWO, single crystal (radiative source — 252¢f)

Composite scintillator Size, mm3 Neutron flux, Sensitivity, n, | Efficiency, ¢, %
nps-cm ™2 cps/nps-cm ™2
Crystal CdWO, 63x100 7.54 23 53
ZWO-ZEBRA 40x40x41 3.85 8.8 55
(as-crushed crystal)
ZWO-ZEBRA 40x40x41 3.85 9.8 61
(solid state synthesis)
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Fig. 3. Radiation capture cross-sections for the resonance effect and thermal neutrons (radiation

capture) [25].

neutron goes to excitation of the target nu-
cleus levels and escape of inelastically scat-
tered neutrons.

The angular distribution of inelastic
scattering cross section can be described as
a sum of isotropic and anisotropic parts,
and the anisotropic component represents
only about 30 %. For this reason, such
scattering allows significant change in the
direction of neutron travel [24].

As a result, neutrons can move in a di-
rection perpendicular to the incoming direc-
tion (with reduced energy) i.e., not along
the depth (thickness) of the scintillator, but
across the scintillator. For this reason,
after a critical thickness is reached, detec-
tor sensitivity depends only on its cross-sec-
tional area. Theoretical calculations pro-
duced according to [10] give us L ~ 4.2 cm
for CdWO,. This is in a good agreement
with experiment.

Radiation capture cross-sections for the
resonance effect and thermal neutrons (ra-
diation capture) were given in [16]. It is
very important to put attention, that if for
inelastic scattering (main mechanism for in-
teraction fast neutron with single crystal
scintillators) capture cross-section not more
2-3 B, for multi-layered composite struc-
ture include, due to moderate flux for layer
organic plastic this parameter about 400 B
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(resonance effect for nucleus W, Gd) and
nearly 2500—-48000 B (radiation capture for
these nucleus) [25].

For this reason at multi-layered struc-
ture realize cascade multi-layered process
which leads to contributes to much more
high efficiency registration fast neutrons
(Fig. 1, Table 2).

From the data on parameters of the reso-
nance scattering effect (Fig. 3), it follows
that both radiation capture cross-section
and its energy are significantly different
for different nuclei. Thus, for ZWO the
resonance scattering energy for zinc is in
the region of 100 keV, and for tungsten it
is by two orders lower.

Therefore, the probability for a neutron
to be decelerated to the energy of radiation
scattering on Zn atoms is much higher than
to thermal neutron energies (W). Though
the radiation capture cross-section in reso-
nance scattering is much larger for W nu-
clei, the contribution from Zn atoms can be
significant in this effect. This can explain
the deviations from linearity of the depend-
ence of fast neutron detection efficiency on
the atomic number of the nucleus, which is
noted for zinc tungstate.

Due to the effects of resonance scatter-
ing and radiation capture in multi-layered
composite detectors, the fast neutron detec-
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Recording of (n’y) + (n),,4-
tion efficiency is significantly increases
with a relatively small composite thickness.
As a result, the sensitivity of such detectors
is comparable to detection efficiency and
sensitivity of single crystal detectors of
much larger thickness (Fig. 4).

The optimum combination of inelastic
and elastic scattering mechanisms, as well
of radiation capture (in presence of such
nuclei as Gd) is possible in the multi-lay-
ered ZEBRA-detectors of our development
based on heavy-oxide composite scintilla-
tors. Despite of much less volume of the
active substance (heavy-oxide composite)
that records neutrons in such detectors, the
efficiency of fast neutron detection reaches
40-50 %, which is practically comparable
to detection efficiency of expensive large-
sized heavy-oxide single crystals. At the
same time, detection sensitivity and detec-
tion thresholds of hidden special nuclear
materials will be substantially better with
ZEBRA-detectors. With their sensitivity to
fast neutrons 50 cps/(neutron-s !-cm~2) and
higher, they are comparable or superior to
3He counters, but their size and weight are
smaller by tens of times.

4. Conclusions

It has been shown that registration effi-
ciency of fast neutrons by multi-layered
composite ZEBRA-detectors based on heavy-
oxide scintillators achieved the value about
50 % that is close to this of CdWQ, single
crystal detector with the same size. Sensi-
tivity of ZWO-ZEBRA-detector with size of
100x100x41 mm3 is comparable to sensitiv-
ity of 3He counter with moderator. ZEBRA-
detector based on ZnWO, crushed crystal is
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promising for application in the field of
homeland security and nuclear safeguards.
ZnWO, powder obtained by solid state
synthesis was proposed as a filler for com-
posite scintillator (detector active layer)
making. ZEBRA-detector based on such com-
posite has the values of technical sensitivity
and detection efficiency of fast neutrons not
lower than those for ZEBRA-detectors based
on as-crushed ZWO ecrystal. Manufacturing
process of ZEBRA-detectors with optimal pa-
rameters was simplified since this allows to
bypassing the single erystal growth stage.
An important feature of the proposed
ZEBRA-detector as compared with all the
existing ways of replacement of 3He count-
ers by solid-state or gas discharge detectors
that can efficiently detect only thermal neu-
trons (bLi and 9B technologies) is possibility
of its using without the massive plastic
moderators. In our approach, fast neutrons
are detected directly by a heavy-oxide scin-
tillator as single crystal or in multi-layered
composite detector, which ensures much
higher detection efficiency — up to 50 %
and higher sensitivity per unit volume of
the detector. As a consequence, the per-
formance of such fast neutron detectors in
detection of special nuclear materials, in-
cluding those hidden inside protecting con-
tainers, will be substantially higher.
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