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The method of producing an organic polycrystalline scintillator with two-stage sorbent
filled holes for detecting beta-emitting source of 90Sr in natural water is proposed. That
confirms that synthetic hydroxylapatite is the optimal sorbent to solving the problem. For
the polycrystalline scintillator of p-terphenyl doped by 1,4-diphenylbutadiene-1,3 which
has the holes filled with hydroxylapatite as a sorbent, the efficiency of detecting beta
particles of 90Sr isotope sorbed from the water sample reaches 90 %.

Keywords: organic polycrystalline scintillator, sorbent, hydroxylapatite.

IIpennoxen cmocod MBTOTOBJEHUA OPraHUYECKOTO MOJUKPUCTANINYECKOTO CIIMHTUAIIATO-
pa ¢ ABYXCTYIIEeHYATHLIMU OTBEPCTUAMU, 3aIIOJHEHHBIMU COpPOEHTOM, AJdA o0Hapy ;KeHUs Oera-
MBIIYUAIONIEr0 MCTOUHUKA °OSI B MIPHPOAHEIX BogZaX. ILOATBEPIKAEHO, UTO ONTHMAJIBHBIM
COpOEHTOM [JIs PeIleHMs TAKOU 3ajaumM SBAAETCA CUHTETUUECKUIl THUAPOKCHIATaTHUT. s
MOJUKPUCTANINUECKOTO CIIMHTUIAATOPA n-Tepdenuna, akTUBUpoBaHHoTo 1,4-audenundoyra-
aueHoM-1,3, MMEIONIMM OTBEPCTUS, 3ATOJHEHHBLIe COPOEHTOM TUAPOKCUJIATATHTOM, a(hder-
TUBHOCTE PerucTpanuu 0era-uyacTuil m30Tolla 90Sr, CcOpOUPOBAHHOIO C BOAHOII HPOOBI, TOCTU-
raer 90%.

Po3po6ka opraHiyHMX moJaikpHeTAdiYHNX CHMHTIJISATOPIB IJs 3aa4 BHABJICHHA panxio-
HYKJIIJHNX oiKepes Oera-4acTHHOK y npupomaux somax. A.JOAudprowenro, K.M.Beniros,
M.3.I'anynos, €.B.Mapmunenrxo, I.B.JIazapes, A.I.IToaynan, O.A.Tapacenro.

3aNpoIIOHOBAHO CIIOCI0 BUI'OTOBJEHHSA OPraHiUHOrO MHONIKPHCTAJIIUHOIO CIMHTUJIATOPA 3
OIBOCTYIIIHUATHUMH OTBOPaMU, SIKi 3alOBHIOIOTHCSI COPOEHTOM, A/ BUSBJIEHHS 0eTa-BHUIIPOMi-
miotodoro mkepena 20Sr y mpupogmux Bogax. IIifTBep/I/KeHO, IO ONTHMAILHUM COPOEHTOM
IS BUPiNIeHHA Takol 3ahadi € cUHTeTMUHUH rigpoxkcuaanatur. Huasa modikpuctanaivyzoro
CUMHTUAATOPA n-tepdeHiny, axrupoauoro 1,4-audeunindyragiemom-1,3, 1110 Mae OTBOPH,
3aToBHeHI copbeHTOM rifpokcumanaTuToM, eeKTUBHICTDL peectpallii 6eTa-yacTHHOK izoTomy
90Sr, copbosaroro 8 BogHoi mpobu, gocarae 90 %.
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1. Introduction

Previously, the porous organic polycrys-
talline sorption-scintillation material has
been designed to detect alpha and beta ra-
dionuclide sources of radiation in natural
waters [1-83]. Such the materials are the
most promising systems for detecting ex-
tremely low concentrations of radionuclides
in water. Such the approach combines the
properties of the sorbent of radionuclides
and the scintillator that detects the radia-
tion from the radionuclide. A sorption of a
radionuclide from the water sample takes
place and the accumulation radionuclide re-
sults in the scintillation signal generation.
This technique allows us to realize 47 detection
geometry for short-range radiations and pro-
vides a high accuracy of experimental results.

The use of organic materials in such
sorption-scintillation detectors is due to a
number of advantages that characterize
these materials. First of all, this is a high
efficiency of detecting short-range radia-
tions caused by a low probability of a parti-
cle backscattering due to their small effec-
tive atomic number. In addition, organic
scintillators are non-hygroscopic. This al-
lows us to use these materials directly with
water samples.

The values of the light yield and optical
transparency directly determine the value
of the light output that is one of the main
characteristic of the sorption-scintillation
material. In [1-3] we obtained the polycrys-
talline material by the cold pressure using
relatively high pressures. This resulted in a
cracking of the single crystalline grains;
and as the result, the polycrystalline sam-
ples had a low optical transparency. This
reduced the possibility of wider application
of such materials. Another disadvantage of
such the method [1-83] is the lack of a me-
chanical strength of the obtained samples.
The destruction of polycrystals edges is
stronger than their central part; and as the
result, such the mechanical properties did
not allowed us to fix firmly them during
the filtration. Some water during the filtra-
tion did not pass through the pores contain-
ing the sorbent, but flowed through the
edges of the scintillator.

In recent years, we have significantly im-
proved the technology of obtaining organic
polycrystals. This allows us to obtain poly-
crystals with higher transparency, light
output, mechanical strength and lower cost
[4-12]. These polycrystals we obtain by hot
pressing of grains or plates, which improves
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the conditions for their sintering, at re-
duced values of pressure, which eliminates
their cracking. In addition, in some cases
we avoid the most expensive stage of a sin-
gle crystal growth. This approach greatly
expanded the possibilities of creating per-
spective sorption-scintillation materials
with improved characteristics. In this way,
we have proposed an organic polycrystalline
detector for the determination of radionu-
clides in water solutions with improved me-
chanical and scintillation characteristics,
and with a high efficiency of detection. The
paper tests such the detectors for example of
determination of 90Sr radionuclide as the
source of beta particles in the model solutions.

2. Technological approaches
2.1. Sorbent choice

Based on the experimental conditions of
the problem being solved, we determined
those main characteristics, which sorbents
should correspond for the identification of
strontium in water. Namely, it is selectivity
for a particular chemical element (stron-
tium in our case), a high exchange capacity,
and a mechanical strength. Also, sorbents
should be colorless, radiation-table, and do
not have their own luminescence. The most
consistent with this set of requirements are
high-silica zeolite and synthetic hydroxyla-
patite (SHA) [13]. It is why, we have chosen
these materials for 90Sr sorption. Some
characteristics of these sorbents are given
in the Table 1.

The disadvantage of Na-mordenit is both
the low selectivity of strontium sorption
and the appearance of some coloration. All
this leads to a decrease in the light yield of
the scintillators containing this sorbent.
SHA has a higher selective ability. It is
colorless, shows no luminescence under an ac-
tion of UV-radiation and is radiation-stable.

The amount of 90Sr in solutions before
and after sorption was measured using spec-
trometer with inductively coupled plasma ICP-
AES (Thermo Jarell Ash Company). It was
shown that SHA selectively absorbs up to
99.9 % of 99Sr in the range of pH from 7 to
11, and its capacity to strontium is
1.09 mmol/g. An absence of absorption of po-
tassium (i.e. including and 49K) and cesium (i.e.
including and 137Cs) significantly increases the
sensitivity of 90Sr determination in water.

2.2. Preparation of polycrystals

The production of polycrystalline scintil-
lators occurred in two stages. Namely, it
was: the hot pressure of a raw material ac-
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Table 1. Characteristics of sorbents

Sorbent Chemical composition Preparation |Capacity by Sr, | Soption degree
method mmol/g of Sr, %
Na-mordenit Na,0-Al,0,-3Si0,-2H,0 Nature 0.94 78-85
(three-dimensional alumosilicate
structures silica)
Hydroxylapatite Ca,y(PO,)g(OH), Inorganic 1.09 99.9
(inorganic anionite) anionite

Fig. 1. Schematic representation of a poly-
crystalline sample of p-terphenyl with two-
stage holes.

companied by a subsequent drilling of coax-
ial holes those has two different diameters
(see Fig. 1 and Fig. 2) direct introduction of
a sorbent in these holes from the side of
their larger diameter D (Fig. 1).

We introduced the sorbent (Na-mordenite
or SHA) in such the preliminary formed
holes evenly distributed through the whole
a sample when the minimal distance be-
tween such the hole and the edge a sample
was not less than 1.0 mm (see Fig. 1 and
Fig. 2). The formation of identical holes
(with the same D, d in depth) simplifies the
procedure for introducing the sorbent, in-
creases the efficiency of using the scintilla-
tor, and also prevents the leaching of the
sorbent from the scintillator. The choice of
a minimum distance between the holes and
the edge of the scintillator of at least
1.0 mm already ensures the integrity of the
edge of the scintillator, which leads to a
higher mechanical stability of the scintilla-
tor, significantly reducing the probability
of the water sample flowing out the edge of
the scintillator during its saturation with
0Sr by the water transmission method (for
more details see Section 3).

We have experimentally determined the
ranges of the technological parameters of
the scintillator design (see Fig. 1). The di-
ameter of the hole in it upper part D may
vary from 1.0 to 2.0 mm, and in it lower
part d it may vary from 0.3 to 0.5 mm. The
depth of the hole may vary from 0.5 to
1.0 mm. The ratio of the volume part of the
holes to the entire volume of the scintillator
should be from 12 to 50 % . If this value is
less than 12 %, then the detection effi-
ciency of the radionuclide emission is
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Fig. 2. Photography of a polycrystalline sam-
ple of p-terphenyl doped by 1,4-diphenylbu-
tadiene-1,3 with two-stage holes.

greatly reduced, and if this value is more
than 50 %, then the mechanical properties
of the polycrystal deteriorate. Reducing the
size of diameters D and d (see Fig. 1) to
values less than 1.0 and 0.3 mm, respec-
tively, leads to difficulties with the intro-
duction of the necessary amount of sorbent.
The increase in diameters to values exceed-
ing 2.0 and 0.5 mm, respectively, leads to a
decrease in the total contact area of the sor-
bent material with the scintillator. When the
depth of the lower part of the hole (Fig. 1) is
less than 0.5 mm, the polyerystalline sam-
ple may begin to break down, which will
result in the washing out of the sorbent
from it. An increase in the depth of the
lower part of the hole (Fig. 1) of more than
1.0 mm is not advisable, since in this case
the amount of sorbent in the whole scintil-
lator is unreasonably reduced.

For our investigations we have made the
polycrystalline samples of p-terphenyl doped
by 1,4-diphenyl-1,3-butadiene (0.3 wt.%)
[14] with the diameter of 32 mm and the
thickness of 4.5 mm. To obtain polycrystals
we have used p-terphenyl plates previously
obtained from a solution. These plates
charged into a metal mould with the diame-
ter of 32 mm.
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We prepared the polycrystals according
to the following procedure. Plates of p-ter-
phenyl were grown from solution. Then
these plates were poured into a metal mould
with a diameter of 32 mm. The mould was
placed in a heater and under a press. It was
kept during 3 h under a pressure of 50 MPa
and a temperature of 160°C. Then the tem-
perature decreased at a rate of 2°C/h to the
room temperature, and the pressure was re-
duced at a rate of 1 MPa/h to 0 MPa. After
that, the holes have been drilled in polyecrys-
talline samples (see Fig. 1). We prepared two
types of polycrystalline samples. For the
first type we done 63 holes with D =
1.5 mm, and the second type of the samples
has 140 holes with D = 1.8 mm. For all the
polycrystals, d = 0.4 mm, the depth of the
bottom part of the holes was equal to
0.5 mm. After this, the material which re-
mained in the holes we removed by a stream
of air and filled with sorbent. Before use,
the sorbent was ground in a porcelain mor-
tar and sieved through the calibration
sieves. To ensure maximum filling of the
holes, the sorbent was moistened with dis-
tilled water. To fill the holes we used a
water jet pump.

2.3. Saturation of sorbent-containing or-
ganic polycrystals with Dgy

The methods of the dynamic and static
sorption have been used for a saturation of
a sorbent with a radionuclide. Dynamic
sorption presupposes a free or water-jet
pump flow of a water sample through a
scintillator with holes (hereafter porous
scintillator). A sorption was carried out
using 100 ml 99Y+99Sr model solution con-
taining 25 Bk of 99Sr. The time of percola-
tion of the solution through a polycrystal
was equal to 1 h. The static sorption was an
immersion of a porous scintillator into
100 ml 90Y+90Sr model solution containing
25 Bk of 90Sr and its stirring by a magnetic
stirrer within 1 h. In both cases after the
sorption procedure all scintillators were
dried for 5 min and after that their scintil-
lation amplitude spectra were immediately
measured.

3. Experimental

3.1. Relative light output

The relative light output of polycrystal-
line scintillators we determined by the
standard method of scintillation amplitude
spectra measurements. We run the measure-
ments using the 9208A photomultiplier tube
(Electron Tubes Ltd). To obtain the ampli-
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tude distribution of pulses from a scintilla-
tor we used the multichannel amplitude
analyzer AI-1024-95.

The relative light output is equal to

L=(J/d,)  100%, (1)

where J is the amplitude that corresponds
to the centre of peak gravity in the spec-
trum of the scintillator under investigation,
J e is the value of the amplitude that cor-
responds to the centre of a peak gravity in
the spectrum of the reference scintillator.
The error of determining the L-value output
is equal to 5 % [15]. As the source of an
ionizing radiation we used 239Pu (alpha par-
ticles with the energy E, = 5.15 MeV).

3.2. Determination of Dgy activity intro-
duced into polycrystalline scintillators

In measurements of radiation emitted by
sources of low-activity ionizing radiations,
it is problematic to separate low-intensity
and weak useful signals from the signals of
background radiation, including the dark
noise of a photomultiplier. Therefore, in
our experiments we used 9208A photomulti-
plier tube (Electron Tubes Ltd) with the
value of a dark current equal to 6.8:10711 A
for anode sensitivity of 50 A/lm [16]. To
take into account the effect of dark current
pulses and background pulses we have meas-
ured the polycrystalline samples, which does
not contain 90Sr isotope. All samples were
placed on the surface of the input window
of the photomultiplier tube. The analysis of
amplitude spectra of the samples we run
using the multichannel amplitude analyzer
AI-1024-95 connected to the computer.

The isotope of 90Sr decays into the iso-
tope of 90Y [17]. A reduction of the time of
preparation of samples before the measure-
ments of their activity up to 1 h and carry-
ing out these measurements immediately
after the end of sorption process leads to
transformation only 2.7-1074rel.% of 90Sr
into 90Y. It allows us for such the condi-
tions to exclude the influence of daughter
90Y on the results of the analysis [2].

The area under the curve of an ampli-
tude distribution spectrum gives the total
number of detected pulses from the investi-
gated sample. Thus, the detected activity of
samples after their saturation we calculated
from amplitude scintillation spectra accord-
ing to the formula:

N-N 2
A=k be. (2)
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where N is the total number of the pulses
under the amplitude spectrum curve for the
sample saturated with 90Sr, Ny, is the total
number of the pulses under the amplitude
spectrum curve for the sample, which does
not contain 90Sr (background events), ¢ is
the measurement time (the time of each
measurement was equal to 40 minutes).

4. Results and discussion

We investigated 10 polycrystalline samples
obtained by the hot pressure from the plates
of p-terphenyl doped by 1,4-diphenyl-1,3-bu-
tadiene. For all these samples, we obtained
the value of the relative light output for
irradiation by alpha particles of 23%Pu. We
used the single crystal of p-terphenyl with
the diameter of 20 mm and the height of
5 mm as the reference scintillator. The scin-
tillation amplitude spectra measurements
(see Section 3.1) allow obtaining the relative
light output L (1).

Fig. 8 shows the L-values for polyecrys-
tals averaged over three independent meas-
urements those run for one the same sam-
ple. The samples numbered as 4, 9 and 10
fall out appreciably of the general trend.
The fact is that the technology that we have
developed allows pressing simultaneously
several samples in the middle of a metal
mould. Thus, samples 1 and 2 were simulta-
neously pressed in the first pressing, sam-
ples 8, 4 and 5 were pressed in the second
one, samples 6, 7 and 8 were pressed in the
third one, and samples 9 and 10 were sepa-
rately pressed in the fourth and fifth press-
ings, respectively. If the pressure technol-
ogy of only one sample (for example, sam-
ples 9 and 10) is sufficiently developed,
then the more economic technology when
several samples are pressed simultaneously
needs further improvement. Perhaps this is
due to the non-optimal conditions of heat
transfer during pressing that requires addi-
tional study. For example, for samples 6, 7
and 8 we see higher L-values than for sam-
ples 3, 4 and 5.

For further studies from the whole set of
the samples we selected those for which a
spread of the L-value did not exceed 5 %.
These are polycrystals numbered 1, 2, 3, 5,
6, 7 and 8 (see Fig. 3). This allows us to
avoid the significant effect of a spread of
the L-value on the measurements of the de-
tection efficiency of 90Sr.

Firstly, we chose the more effective
method of 90Sr introducing: i) the dynamic
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Fig. 3. Values of the relative light yield L (1)
for the polycrystalline samples of p-terphenyl
doped by 1,4-diphenylbutadiene-1,3 obtained
by the hot pressure technique.

method (a percolation of a solution through
a material) or ii) the static one (an immer-
sion of a material into a solution). Two
polycrystals we used for this purpose. In
both polycrystals we made the holes with D
= 1.5 mm that were filled with SHA sor-
bent. One of the polycrystals saturated with
90Sr by the method of percolation of
90Y1+903r radioactive water solution, and the
other sample saturated by the immersion
method. In 100 ml of an aqueous sample
that we used there was an amount of 90Sr
which had an activity of 256 Bq. We run the
measurements of amplitude scintillation
spectra of these polycrystals immediately
after their saturation with 90Sr. To deter-
mine the background events we used the
polycrystal with SHA non-saturated with
90Sr, After that we calculated the detected
activity A of the samples by Eq. (2) using
the measurements of the amplitude scintil-
lation spectra. Table 2 shows the results of
these calculations.

At the next stage of our research, we
chose the more efficient type of a sorbent
and tested the effect of the D-value and the
number of holes on the value of the de-
tected activity. Four polycrystals we used
for this purpose. In two polycrystals the
holes with D = 1.5 mm, and in the other
two the holes with D = 1.3 mm were made.
In two polycrystals (with D = 1.5 mm and D
= 1.8 mm) the holes were filled with SGA
sorbent, and in the other two polycrystals
the holes were filled with Na-mordenite sor-
bent. Then the polycrystals were saturated
with 90Sr by the percolation method. The
concentration of 90Sr in the solutions was
chosen that 100 ml water sample had 25 Bq
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Table 2. Values of the detected activity A measured by the polycrystalline samples of p-terphenyl

doped by 1,4-diphenylbutadiene-1,3

Sample D, mm Sorbent Method of saturation by %9Sr A

number
1 1.5 SHA Percolation 18.8
2 1.5 Na-mordenite Percolation 3.8
3 1.3 Na-mordenite Percolation 9.8
6 1.3 SHA Percolation 21.3
7 1.5 SHA Percolation 16.6
8 1.5 SHA Immersion 0.9

activity of 90S8r. To determine background
events we used the polycrystals containing
Na-mordenite or SGA, but without 9Sr. The
measurements of amplitude scintillation spec-
tra of polycrystals we run immediately after
the saturation procedure. As an example, Fig.
4 shows amplitude scintillation spectra for
the polycrystals containing SHA as a sorbent.
Using these spectra we calculated the de-
tected activity A of the samples by Eq. (2).
Table 2 also presents the results of these cal-
culations.

The analysis of the Table 2 data shows
that the immersion method is extremely inef-
fective for the preliminary sorption of 90Sr
from a water sample. A use of Na-mordenite
as a sorbent also does not provide satisfactory
results. A reduction of the diameter D of the
upper part of the holes from 1.5 to 1.3 mm
together with an increase in the number of
the holes (see Section 2.2) results in an in-
crease in the value of the detected activity A.
The most effective sorption and detection of
908r is obtained for the following combination
of technological parameters: i) D = 1.8 mm;
ii) SHA sorbent; iii) the percolation method
for the preliminary sorption of 90Sr (sample 6
in Table 2).

To verify a reliability of the results ob-
tained for sample 6, we have produced two
additional samples (numbered in Table 3 as
11 and 12) with the same design parameters
as for sample 6. Table 8 presents the A-val-
ues of samples 6, 11 and 12.

Not all sorbent can remain in the sample
during its saturation with 90Sr from a water
sample, and some of it can leak out from
polycrystalline samples. Therefore, for a
correct comparison of the results obtained
for samples 6, 11, and 12 we measured the
relative amount 2 of SHA that remained in
the samples of polycrystals after their satu-
ration. We calculated the k-value as the dif-
ference between the total mass of a scintil-
lator and a sorbent before and after sorption.
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Fig. 4. Scintillation amplitudes spectra for
the p-terphenyl polycrystals doped by 1,4-
diphenyl-1,3-butadiene containing SHA sor-
bent after theirs saturation by %0Sr: I is the
polycrystal without 99Sr (background pulses);
2 is the polycrystal with holes D = 1.5 mm; 3
is the polycrystal with holes D = 1.3 mm.

In addition, for these samples we -carried
out the measurements of the sorption de-

gree s of 99Sr with SHA sorbent (see Table 3).
This allowed us to calculate the detection

efficiency E (see Table 3) of 9Sr that was
sorbed from the water sample in accordance
with the formula

E=—2 100%, (3)
25-s5-k
Table 8. Efficiency of the detection of 90Sr
beta-particles by the p-terphenyl polycrys-
tals doped by 1,4-diphenyl-1,3-butadiene
(with D = 1.3 mm and SHA sorbent)

Sample A, s, % k, E, %
number | pulses/sec rel.units
6 21.3 99.3 0.95 90.3
11 19.0 99.0 0.92 83.4
12 20.3 99.1 0.94 87.2

Functional materials, 25, 4, 2018
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where the s-values are also calculated in
relative units. One can see that for the
studied samples of polycrystalline scintilla-
tors the E-value may reach about 90 %.

5. Conclusions

The method of producing organic polycrys-
talline scintillator with two-stage holes filled
with sorbent for detecting beta-emitting
source of 99Sr in natural waters is proposed.

The ranges of the technological parame-
ters of the design of the organic polyecrys-
talline scintillator with two-stage holes were
determined, namely: the diameters of the
upper and the bottom parts of the hole, the
depth of the lower part of the hole, the
minimal distance of the holes from the edge
of the polycrystal, the ratio of the volume
fraction of the holes to the total volume of
the polycrystal.

For the polycrystalline scintillator of
p-terphenyl doped by 1,4-diphenylbutadiene-
1,3 having holes filled with hydroxylapatite
as a sorbent, the efficiency of detection of
beta particles of 90Sr sorbed from the water
sample is in the range of 83-90 %.
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