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The purpose of this work was to determine the nature of the appearance of striae in the
volume of plastic scintillators obtained by bulk polymerization. A model was built and the
calculation of the expected character of the convective flow of the styrene reaction mass
at different widths of ampoules for block polymerization was carried out. The optimal size
of the ampoule width for block polymerization was determined. A comparison of the
characteristics of plastic scintillators with and without striae was made. For a scintillator
without striae, the TAL is 10-25 % better. The minimum detecting activity under irradia-
tion with an Am241 source is 2 times better than that of a scintillator with striae.
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BupoOGHMIITBO BEJIHKOrafapUTHUX ILIACTMACOBHX CIHHTHJAATOPIB HA OCHOBi moJicTupo-
ay 3 ogHOpigHuMu omruuHumu Baacrusoctamu. A.JO.Bospunyes, A.B.Roaecnixos, C.M.Ko-
saavuyr, I.C.Hesawdos

BuBueno xapakTep BUHNKHEHHA CBinmell B 06’e€Mi IIJIACTMACOBUX CLIMHTUJIATOPIB, oTpuMa-
Hux nonimMepusariiero y maci. [lo6ymoBano Mmogens i 3aificHeHo o6unicIeHHA IepefbauyBaHOTO
XapaxTepy KOHBEKTHBHOI'O IePebiry peakIlifiHol Macu CTHPOJY IPU PIBHUX IMUPUHAX aMIIYJ
Ina 6ioxoBol mosiMmepusartii. BusHnaueHo onTHMAaNBEHNE POSMIpP IMUPUHN aMIyau LA OJOKO-
Bol momimepusariii. IlpoBemeHo IOPiBEAHHA XapaKTEePUCTUK IIJIACTMACOBUX CIWHTUJIATOPIB 31
cBimsamMu Ta 6e3 cBimeii. Hua cuuaTunATopa 6es ceineii orpumano TAL xparire ma 10-25 %.
MinimManbHa geTeKTyiOUa aKTUBHIiCTL mpu ompominmenwHi mxepesom Am241 kparmte BpBiui y
nopiBHAHHI 31 criuHTHIATOPOM 3i cBimaMmI.

Hccnemorar xapakTep BOBHMKHOBEHUSA CBUJIEH B O0BEME IIJIACTMACCOBBIX CIIMHTUJIIATO-
POB, HOJYYeHHEBIX IoJuMepusanmeil B Macce. [locTpoeHa Mozens 1 mpousBefeH pacueT Ipen-
IIoJIaraeMoro XapakTepa KOHBEKTHUBHOTO TeUEeHNA PEaKIIMOHHOH MACCHI CTUPOJA IPU Pa3jud-
HBIX IMUPUHAX aMIyJa Iada O6JouHol noimuMepusaruu. OnpefelsieH ONTHMANBHBIN — pasMep
WIMPUHBI aMIyJbl AJAA OJ0UHOH moiuMepusarun. [IpoBemeHO cpaBHEHIE XapaKTePUCTUK
ILJIACTMACCOBBIX CHUHTHUJIATOPOB CO CBUAAMMU U 6e3 cBujeil. [na cumHTUAIATOpa 6€3 CBU-
neii monyuen TAL nyume ma 10-25 % . MuHumanbHAas AeTEKTHUPYIOIIAs AKTUBHOCTH IIPHU
obryuenun werouHuKOoM AM241 syumie B 2 pasa IO CPaBHEHUK) CO CLIMHTUILISATOPOM CO
CBUJIAMU.
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1. Introduction

Large-area plastic scintillators are used
to register gamma quantum in customs and
metallurgical portals, as well as in melt
level control systems. Plastic scintillators
have a low price and allow covering large
areas of registration where it is necessary
[1, 2]. The main and important requirement
for a plastic scintillator having large area
and linear dimensions (more than 500 mm),
is high transparency to its intrinsic emis-
sion. One of the problems that impair the
transparency of the scintillator is optical
inhomogeneity, i.e. the presence of optical
striae in the volume of the scintillator.
Such effects are observed in large-size poly-
styrene based plastic scintillators produced
by block polymerization from a styrene
monomer in an aluminum ampoule [1].

In this paper, we consider a method for
producing large-size polystyrene based plas-
tic scintillators with improved transpar-
ency. The nature of optical striae formation
during the block polymerization of polysty-
rene was studied.

The article discusses a method for reduc-
ing the striae when producing large-size plas-
tic scintillators in the process of thermally
initiated polymerization of styrene in bulk.

Comparative characteristics of plastic
scintillators with striae and without them
were obtained. As the results of this work
showed, the TAL (Technical Light Attenuation
Length) [3] of polystyrene scintillators with a
diameter of 50 mm and a length of 1000 mm
without striae is higher by 80-70 % if com-
pared with scintillators with optical striae.

2. Calculation part

The nature of convective flows is deter-
mined by thermo-gravitational convection.
This process is accompanied by a complex
current of descending and ascending flows
depending on the thermophysical charac-
teristics of the liquid, the temperature gra-
dient, the shape of the ampoule and its geo-
metric dimensions [4].

At the initial stage of polymerization,
the viscosity of styrene at the temperature
of 60 degrees is equal to p = 4.58-107% Pa-s
[5]. During the heating of styrene, as well as
over time, the viscosity of the reaction mass
changes. At the beginning of the process, as
the temperature grows, the viscosity de-
creases. The viscosity of the reaction mass
increases strongly with the conversion depth.
By the end of the polymerization process,
the viscosity can reach pu = 1-103-1.10% Pas
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[6, 7]. It is hard to describe mathematically
such a complex process due to the difficult
process of controlling the viscosity at each
stage of the polymerization process. In the
initial phase of polymerization, convection
does not work on the formation of striae.
At this stage, the styrene boils violently
and mixes with abundant heat release [1].
At the final stage of polymerization, the
formed polystyrene has a high viscosity and
does not cause convective flows. Thus, the
calculation was made for the intermediate
stage of the styrene polymerization process.

The following parameters were used to
calculate the reaction mass motion by the
finite volume method:

— reaction mass density pg=
1.05 kg/dm3;

— reaction mass temperature T, =
440 K;

— thermal expansion coefficient B =
6.2 - 107 1/K;

— styrene heat capacity C,=

1100 J/(kg-s);

— dynamic viscosity @ =1 Pa-s;

— Prandtl number Pr = 1- 103.

The calculation volume is divided into
cells by a uniform rectangular grid with
dimensions 500x50x30 mm3.

The calculation was made for an ampoule
with a length of 2000 mm, styrene height
of 400 mm and different width of 600 mm,
300 mm, 150 mm, 100 mm, and 60 mm.
The variation of the ampoule width was
made to determine the geometry at which
the convection would be suppressed.

The nonstationary solver buoyantPimple-
Foam from the open OpenFOAM CFD code
was used to calculate the fluid motion [8].
It implements the finite volume method. In
this paper, the polystyrene solution is con-
sidered to be an incompressible and homoge-
neous liquid. To model the melt convection,
the Boussinesq approximation is used,
where the melt density is a linear function
of temperature.

p = pol - BD). 1)

The PISO-SIMPLE algorithm is used to
solve the Navier-Stokes equations [9].

Due to low temperatures, radiation heat
transfer was not taken into account.

The calculation area is represented by
the actual volume of polystyrene without
the ampoule walls. Thermal boundary condi-
tions are represented as boundary condi-
tions "fixedValue™
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T(x) = F(x). (2)

Specific values of these boundary condi-
tions were obtained experimentally using
thermocouple and pyrometric measure-
ments.

For the velocity field at the boundary
with the ampoule walls, it is assumed

(3)

ux =uy = uz=0
boundary condition.

3. Experimental

To determine the nature of the convec-
tive flows movement and the formation of
optical striae during block polymerization, a
model experiment was carried out. For this
purpose, a block of styrene monomer with
dimensions of 600x400%x2000 mm was pro-
duced. To load styrene, an aluminum am-
poule for polymerization [1] with dimen-
sions of 600x2300x2000 mm was used.
After preheating to 80°C in the dissolution
units, the styrene was unloaded into an alu-
minum ampoule. After filling the ampoule,
the styrene was heated to 165°C at the rate
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Fig. 1. Scheme of the light output measure-
ments for the 501000 mm ecylinders.
Reflector is PTFE.

of 5°C/h. After boiling, the styrene was
kept at 165°C for 48 h. Next, the mass was
cooled to room temperature at the rate of
0.75°C/h [10, 11]. The temperature of the
reaction mass was controlled with two ther-
mocouples installed at the ends of the alu-
minum ampoule.

To visualize convective flows during po-
lymerization (boiling) at high temperatures,
the styrene was colored due to oxidative
processes [1].

To compare the characteristics of the
plastic scintillator, block polymerizations of
scintillation plastic equivalent to UPS-923A
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Fig. 2. Convective flows motion at different dimensions of the reaction mass. a) Convective flows
motion at dimensions of the reaction mass 2000x400x600 mm. b) Convective flows motion at
dimensions of the reaction mass 2000x400x60 mm.
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were carried out in a standard configuration
with the 600 mm and the 60 mm ampoule
width. The polymerization modes were the
same as described above.

Plastic scintillators with dimensions of
50x250x1000 mm and of @50x1000 mm
were made from the blocks produced in two
configurations. Further the striae testing
was made. The striae were controlled visu-
ally against the light, against the back-
ground of a black-and-white grid. A sheet
of white paper with a black grid printed on
it was used to find striae. The size of the
grid cell is approximately 10x10 mm, the
thickness of the grid line is 1 mm. To deter-
mine the presence of striae, the grid was
placed close to the polished surface of the
plastic scintillator. The inspection was car-
ried out on the side of the scintillator which
is opposite to the grid.

For scintillators with dimensions of
@-1000 mm, the minimum detectable activ-
ity (MDA) [12] (testing was carried out
under irradiation with an Am241 source),
technical light attenuation length (TAL)
were compared. The TAL measurements
were carried out using a Sr-90 + Y-90 source
according to method 1 described in the
standard [13]. The light output was also
compared. The measurements were carried
out using a Cs137 source placed in a colli-
mator. The source was located at a distance
of 20 cm from the front and rear ends of
the cylindrical scintillator. A PMT R1306
was used as a photodetector. The measure-
ment scheme is shown in Fig. 1.

4. Results and discussion

4.1. Calculation

As a result of the calculations, visual pat-
terns of the flows in the polymerization proc-
ess were obtained for the ampoule with the
width of 600 mm and 60 mm (Fig. 2). The
cross sections are vertical, the view from the
end of the ampoule. The vectors show the di-
rection of the particles flow, and the velocity
magnitude is shown in color.

The maximum flow rate of the reaction
mass was also calculated for ampoules with
different width (Fig. 3).

As can be seen from the graph (Fig. 3), the
maximum velocities of the reaction mass fall
sharply when the ampoule width decreases to
60-100 mm. The calculation result showed
that with an ampoule width of 600 mm, the
main reaction mass has a flow rate close to
the maximum values and is approximately
1:107* mm/s (Fig. 2a). With an ampoule
width of 60 mm, the bulk of the reaction
mass has a flow rate close to zero. And only
in some places it can reach about 6-10~
8 mm/s (Fig. 2b).
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Fig. 3. Convective flows velocity at different
ampoule width.

a) visualization
of convective flows

b) block 600mm wide

c) blocks 60mm wide

Fig. 4. Obtained polystyrene blocks: a) visualization; b) block 600 mm wide; c) blocks 60 mm wide

of convective flows.
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a) scintillator with a striae
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b) scintillator without striae

Fig. 5. Control of optical striae against the background of a black-and-white grid. Inspection along

the length of a 50x250x1000 mm scintillation plate:

without striae.
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Fig. 6. Scintillation amplitude spectra of J50x1000 mm cylinders. Reflector is PTFE: a) the source
at 20 cm from the PMT; b) the source at 20 cm from the end opposite the PMT.

4.2. Experiment and measurement results

The result of block polymerization
showed visually the nature of the movement
of styrene during block polymerization. Fig-
ure 4a shows the obtained block.

As the analysis of the experiment results
showed, the optical striae in the polystyrene
block are due to the formation of convective
flows during polymerization.

Further experiments were carried out
under standard conditions. A standard block
600 mm wide and 2000 mm long was pro-
duced. The standard block is shown in Fig.
4b. Blocks in ampoules with the width of
60 mm were also produced. The blocks with
a reduced width are shown in Fig. 4ec.

The visual finding of striae against the
background of a black-and-white grid is
shown in Fig. 5.
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Comparative characteristics of plastic
scintillators with dimensions of
050-1000 mm are listed in Table.

As can be seen from the comparative
Table 1, the TAL of scintillators made of
scintillation polystyrene without striae is
better by 10-25 % . The minimum detection
activity during the irradiation with an
Am241 source is 2 times better.

The comparative spectrum of the light
output measurements of J50x1000 mm cyl-
inders at the irradiation with a Cs137

source is shown in Fig. 6.
As can be seen from the obtained spec-

tra, with the source located near the far end
from the PMT the light output is about
1.5 times better for a cylinder without
striae than for a cylinder with striae.
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Table 1. Comparative measurements of @50x1000 mm scintillation polystyrene cylinders with

and without striae

With striae Without striae
Scintillator dimensions @50x1000 @50x1000
TAL 175 192-235
MDA (Am241, 50 cm center), pps-kBqg 246 126
5. Conclusions 2. T.A.Nepokupnaya, A.A.Ananenko; A.Yu.Boya-

In this work, the characteristics of poly-
styrene plastic scintillators made of blocks
obtained by bulk polymerization in am-
poules of various widths were studied and
compared.

A model was constructed and the ex-
pected character of the convective flow of
the styrene reaction mass at different
widths of ampoules for block polymerization
was studied. The optimal size of the am-
poule width, which is 60-100 mm, is deter-
mined.

A method for the comparative visual
finding of optical striae in large-size scintil-
lators is proposed.

It was shown that the TAL of plastic
scintillators made of scintillation polysty-
rene with dimensions of @50x1000 mm
without striae is better by 10-25 %. The
minimum detection activity at the irradia-
tion with an Am241 source is 2 times bet-
ter. It was also shown that with the source
located near the far end from the PMT the
light output for a @50x1000 mm cylinder
without striae is about 1.5 times better
than for a cylinder with striae.
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