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ABSTRACT: The distribution of fluorescing dye solutes in
scintillating tiles for the Tilecal/Atlas project is assessed,
and a link between the homogeneity of the dopant distribu-
tion and the optical yield and nonuniformity is established.
The effect of the injection-molding parameters on the dye
distribution is also analyzed, as well as the actual dye incor-
poration into the scintillators. This incorporation has been
assessed with a set of experiments performed with labora-
tory samples with controlled amounts of additives and with

samples obtained from injection-molded scintillators. Differ-
ential scanning calorimetry has been used to characterize the
raw material and to establish a link between the thermo-
physical properties and the processing conditions, and it is
proven to be a quite appropriate technique. © 2003 Wiley
Periodicals, Inc. ] Appl Polym Sci 88: 27142718, 2003
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INTRODUCTION

In the first part of this series,' the effects of the pro-
cessing conditions on the optical properties of poly-
styrene (PS) scintillators are analyzed and discussed.
The light yield of the scintillators has been shown to
be dependent on the molecular orientation induced by
the processing conditions frozen-in upon cooling. This
frozen-in orientation was indirectly assessed by the
birefringence at different points in the scintillator. The
results from this part of the work suggested a possible
dependence of the scintillator performance on the mo-
lecular weight of the polymer and on the distribution
of the dopants in the moldings.

According to the Atlas Technical Design Report,?
the raw material of the scintillators must be PS. The
grade to be used must have suitable optical properties,
and the dopant solutes are p-terphenil (PTP) and 2,2'-
p-phenilene-bis(5-pheniloxazole) (POPOP). In normal
applications of the scintillating tiles, as detectors of
ionizing radiation,” an ionizing particle induces initial
radiation in the PS matrix at wavelengths of 240-300
nm. The radiation that is transmitted through the ma-
trix is absorbed by the PTP and re-emitted. This light,
coming from the PTP in the wavelength range of
320-400 nm, is absorbed by the POPOP and re-emit-
ted again in a longer blue wavelength.

A short description of the mechanism of the inter-
action between the radiation and the scintillator is
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useful for an understanding of the scintillating pro-
cess, that is, the role played by the processing condi-
tions and dopant distribution, and is included in the
appendix.

Because the absolute scintillation efficiency of a ter-
nary scintillator is directly proportional to the quan-
tum efficiencies of the energy transfer from the main
constituent to the most concentrated dopant and from
this to the less concentrated dopant, it is expected that
they are directly affected by an inhomogeneous distri-
bution of dopants. Therefore, the homogeneity of the
dopant distribution is a determining parameter for the
light output yield.

The nonuniformity of the optical properties of the
scintillators, together with other factors associated
with the assembly in the calorimeter and with the
reading of the signals from different tiles, contributes
to the actual readout. The nonuniformity inside a tile
should be below 5% to fulfil the specifications of the
Atlas project.”

The mold design solution and a nonhomogeneous
distribution of dopants are among the factors that may
contribute to a poor nonuniformity. In the mold de-
sign solution adopted for the production, the location
of the only welding line is not critical for the trans-
mission of light along the scintillator. Therefore, the
apparent nonuniformity can directly be associated
with a nonhomogeneous distribution of the dopants in
the moldings. To our knowledge, in the literature*~°
there is no reference to the influence of the mold
design and the processing conditions on the dopant
distribution or to how this distribution can be mea-
sured.
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TABLE I
Processing Conditions and Main Optical Properties of
the Scintillators Used in This Work

Tile 17 Tile 136
Injection temperature (°C) 185 175
Injection pressure (MPa) 14 15
Back-pressure (MPa) 2 3
Average light output (au) 612 250
Average attenuation length (mm) 578 299

Both scintillators were from the same material BASF 158K.

Results obtained by Swank and Buck in 19537
showed that the light output increases with the PTP
concentration, attaining a maximum at a concentration
between 1 and 2.2 wt %. For POPOP, it was reported
from experimental data that its optimal concentration
would be 0.05 wt %.° These conclusions were con-
firmed by recent work carried out by Senchishin et al.*
These investigators also analyzed the role of the solute
concentration on the radiation hardness and found
that an increase in the concentration of PIP did not
affect the radiation hardness, unlike an increase in the
POPOP concentration. The roles that different concen-
trations of dopants might have on the optical yield
was discussed,>* but the actual concentration in the
injection-molded tiles was not evaluated.

Therefore, the need to establish a reliable and fast
method of characterizing the relevant thermophysical
properties of the raw material and the distribution of
the dopants in the processed tiles appears to be ap-
propriate at this stage. The use of the differential scan-
ning calorimetry (DSC) technique was considered for
assessing the relevant thermophysical properties of
the material that lead to the determination of the
molecular weight of the polymer and to the estimation
of the concentration of the dopants in the moldings.

EXPERIMENTAL
Materials

Experimental details concerning the moldings of the
PS materials used in this work are described in the
first part of this series.! For convenience, the most
relevant information is repeated in Table I, together
with some optical indicators determined therein for
the BASF grades.

Thermophysical characterization

The DSC experiments were performed with a
PerkinElmer DSC-7 (Norwalk, CT) calibrated with
standard metals (indium and lead) at each scanning
rate used in the experiments. The purge gas rate was
set to the standard value (20 cm®/min), and the tem-
perature of the cold block was 5°C. For the heat ca-
pacity measurements, the three-curve method was
used. Sapphire discs were used as reference materials.
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The measurements of the glass-transition tempera-
ture (T,) were performed at different heating rates that
are listed alongside the data. So that every sample had
a thermal history identical to that used in subsequent
scans for T, measurements, all specimens were heated
in the differential scanning calorimeter up to 180°C
and then cooled down to 30°C at the same scanning
rate. The measurements were performed on samples
of the original raw materials used in the production of
the scintillators, on selected scintillators with different
optical properties, and on samples with various but
controlled amounts of the dopants, as described next.

For the dependence of T, on the molecular weight to
be ascertained, several gel permeation chromatogra-
phy (GPC) PS standards, with molecular weights
ranging from 5050 to 370,000 g/mol, were analyzed.
With the correlation established from these PS stan-
dards, an approximate value for the molecular weight
of the other raw materials could be derived from the
corresponding values of T, obtained by DSC.

The T, data were also used to quantify the effective
amount of dopants incorporated into the raw material
and the homogeneity of their distribution in the scin-
tillators. The need for these data is justified by the fact
that, because of the electrostatic charges developed
during the mixing stage before the injection molding,
a fraction of the dopants adhered to the mixing barrel
walls, and they were not actually incorporated into the
mixture to be processed.

The preparation of laboratory samples with known
(and controlled) amounts of dopants was performed
by the dissolution of 10 g of PS pellets in chloroform
with the corresponding amounts of the two solutes.
The mixture was magnetically stirred at room temper-
ature until the complete dissolution of PS. The stirred
solution was then removed, and the solvent evapo-
rated. Samples with concentrations of PTP of 1.5-6%
(and the corresponding proportional amounts of
POPOP) were prepared and analyzed by DSC.

RESULTS AND DISCUSSION

Figure 1 shows the curves of the specific heat capacity
data for all the raw materials used in this work and for
two PS standards with molecular weights of 5050 and
370,000 g/mol. The values of Tg obtained for the PS
standards versus the respective molecular weights are
plotted in Figure 2. All scans corresponding to the
data in Figures 1 and 2 were performed at the same
scanning rate (10°C/min) after a controlled cooling
run at the same rate. From the data shown in these
figures, it is possible to infer that these four raw ma-
terials have different molecular weights. The poor op-
tical properties of the scintillators produced with the
Edistir and BASF 143E grades' are probably associ-
ated with the relatively lower molecular weights of
these grades. From Figure 2, approximate values for
the molecular weights of PSM 115 and BASF 158 K of



2716

2"1 T ! T T T v T T T ' T T ]
b~ — ~ Edistir

20 ----- 143E
—v— 158 K
[—e—PSM 115
—O—std. |

18l Mp = 5050 g/mol
| —— std. 1l

1.7 | Mp = 370000 g/mot

1.9

Specific Heat Capacity (J/g.°C)

i i n L 1 n 1 L i
60 70 80 90 100 110 120
Temperature (°C)

Figure 1 Measurements of the specific heat capacity with
respect to a sapphire standard. All scans were performed at
10°C/min after controlled cooling at the same scanning rate.
The plot also shows scans performed with two PS samples
(GPC standards) with controlled molecular weights.

20,000 and 380,000 g/mol, respectively, are also pre-
dictable. The melt-flow rates of these two materials are
13.4 g/600 s and 3 g/600 s, respectively.

The data for T, of the raw materials and the samples
taken from the scintillators are listed in Table II. These
samples have lower values of T,, which may be as-
cribed to the plasticizing effect of the dopants, as
suggested by the results shown in Figure 3(a,b). It
must be stressed that the samples of the scintillators
used for evaluating T, were collected from the tiles at
a central position near the gate. Because the effect of
the processing conditions on T, was erased by a pre-
vious heating at 180°C followed by controlled cooling
down to 30°C, in principle, T, should be nearly the
same for every sample of the same material. Therefore,
the differences shown in Table II are due to the effect
that the processing conditions have on the dispersion
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Figure 2 Variation of T, of PS (GPC standards) with the
molecular weight: (@) PSM 115, (W) BASF 158 K, and (O)
GPC standards.
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TABLE 1I
T,'s of the Raw Materials and Molded in Scintillators
Raw material T, (°O) Tile T, (°C)
173 90.430
PSM 115 96.943 178 90.138
16 98.666
17 95.560
BASF 158K 104.616 130 97292
136 96.532

The measurements were performed at a scanning rate of
8°C/min.

of the dopants, which end up with a heterogeneous
distribution.

In Figure 3(a,b), the variation of T, with the scan-
ning rate and concentration of the dopants is shown
for PSM 115 and BASF 158K, respectively. The plots
confirm the aforementioned evidence of a plasticizing
action of the dopants in the polymer used in the tiles.
The plasticization effect causes T, to decrease as the
dopant concentration increases.

It is mentioned in the first part of this series’ that the
average light yield and attenuation length of tiles pro-
duced under different processing conditions are very
different. Because the tiles showing poorer optical
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Figure 3 Effect of the dopant concentration and scanning
rate on for (a) PSM 115 and (b) BASF 158K: (O) raw
material, 50) material with 1.5% PTP and 0.05% POPOP, (A)
material with 3% PTP and 0.1% POPOP, and (4) material
with 6% PTP and 0.2% POPOP.
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Figure 4 Variation of T, with the scanning rate for samples
collected at different positions in the scintillators for (a) tile
136 and (b) tile 17: (OJ) raw material (BASF 158K), (®) ma-
terial with 1.5% PTP and 0.05% POPOP, (A) sample ex-
tracted from the side opposite to the gate, (¥) sample ex-
tracted from the side near the gate, (#) sample extracted
from the right-hand side, and (¥) sample extracted from the
left-hand side.

properties also have distinct values of T,, it appears
that not only the variation of birefringence but also the
dopant distribution affect the nonuniformity of the
light output.

The two top lines in Figure 3(a,b), which correspond
to the original material and to the material doped with
1.5% PTP and 0.05% POPOP, respectively, were used
as calibration lines to derive the effective incorpora-
tion of the dopants and to assess their distribution in
the tile. The result of this exercise is shown in Figure
4(a,b) for tiles 136 and 17, respectively, both molded in
BASF 158 K. The data obtained for tiles 173 and 178,
molded in PSM 115, suggest a behavior similar to that
of tile 136. As indicated in the caption of the figure, the
specimens were taken from different positions in the
tiles.

From the data points corresponding to the speci-
mens taken from the tiles, lying between the 0 and
1.5% PTP calibration lines [see Fig. 4(a,b)], it is possi-
ble to conclude that the additives are effectively incor-
porated in amounts lower than planned. This is
caused by the aforementioned adhesion of the dopant
particles to the barrel wall during the mixing stage.
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For tile 136, in Figure 4(a), the distribution of additives
is almost uniform, whereas for tile 17, in Figure 4(b),
there is a larger scatter in their distribution.

A quantification of the additives incorporated into
the tiles, as well as their distribution, may be esti-
mated from a plot of T, as a function of the true
amount of the additives (Fig. 5). With the data ob-
tained at a scanning rate of 8°C/min [Fig. 3(b)], an
exponential decay function may be used to describe
the observed variation of T,:

T, = 83.612 + 20.782 - exp(— x/3.480) (1)

where x is the concentration percentage of PTP. This
equation may be used with the values of T, shown in
Figure 4(a,b) to assess the distribution of the additives,
mainly PTP, the primary solute in the scintillator.

As can be seen in Figure 4(a), for tile 136, T, of the
material is higher than that of the material with an
effective concentration of 1.5% PTP and 0.05%
POPOP. If such an increase is mainly due to PTP, the
average amount of PTP effectively added is about
1.45%. The amount of PTP added, as estimated from
eq. (1) and from the T, data in Figure 4(a), should
range between 1.42 and 1.48%.

An opposite behavior was verified for tile 17. In this
case, from the T, data, it is possible to conclude that
the incorporation of additives is heterogeneous, vary-
ing between 1.52 and 1.12% PTP with an average
value of 1.32%. This heterogeneous distribution may
be responsible for the poorer optical performance of
this tile. This evidence is better illustrated in Figure 6,
where the T, data for both tiles, obtained from scans at
8°C/min, are plotted against the concentration of PTP
estimated with eq. (1).

The main difference in the processing conditions of
these tiles (Table I) is the back-pressure, the processing
variable that influences the homogeneity of mixing,
which is 2 MPa for tile 17 and 3 MPa for tile 136. The
back-pressure effect, allowing for better homogeniza-
tion of the dopants in tile 136, results in lower non-
uniformity of the light output.
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Figure 5 Variation of T, as a function of the PTP concen-
tration at a scanning rate of 8°C/min.
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Figure 6 T, plotted against the percentage of additives
relative to PTP at a scanning rate of 8°C/min. The samples
were collected from tiles 136 and 17 at the gate, at the
opposite side to the gate (OG), at the left-hand side (LHS) of
the tile, and at the right-hand side (RHS) of the tile.

CONCLUSIONS

The additives are incorporated into scintillating tiles
in smaller amounts than intended. The actual amount
incorporated ranges from less than 1% to 9%. An
additional amount of the solutes should be added
during the mixing process to account for the loss of the
additives that adhere to the walls of the mixing barrel
when this method of mixing is used.

The heterogeneous distribution of the additives,
which may be estimated from the T, data of samples
taken from different parts of the tile, is strongly cor-
related with poorer optical performance of the tiles,
that is, the nonuniformity of the optical yield.

As mentioned elsewhere,! in cast-molded scintilla-
tors, minor changes in the relative light output have
been observed for molecular weights greater than 10°
g/mol. Apparently, changes by a factor of 100 in the
molecular weight do not affect the optical efficiency.

The Atlas project literature” states the need for fur-
ther research and development in the injection-mold-
ing processing route to promote the uniformity of the
light output and to improve the average light yield of
the scintillating tiles. A partial answer to this need is
given in this work, which shows that the control of the
back-pressure and the use of lower mold temperatures
help to promote a better optical performance. This
results from an improved homogenization of the mol-
ten polymer injected into the tile and from the lower
temperatures restraining the migration of the addi-
tives. Furthermore, an effective control of the amount
of the solutes actually incorporated into the polymer
matrix is desirable.

APPENDIX

A scintillation event in a ternary system, X + Y + Z, in
which X is the solvent (main constituent) and Y and Z
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are the primary and secondary solutes, respectively,
can be divided into primary and secondary processes.
Because the concentrations of the solutes (Y and Z) are
small, their direct excitation may be neglected in the
primary process. Therefore, at this stage, there is
mainly a transfer of energy from the ionizing radiation
to the excitation energy of X; the electronically excited
states may decay, emitting light. Among the second-
ary processes, those competing for the excitation en-
ergy of X are included: the energy transfer to the
molecules of Y and Z, the energy migration to other
molecules of X, and the emission as fluorescence.

The absolute scintillation efficiency of a ternary
scintillator is

5,=0.1-Q, (A1)

where Q, is the overall efficiency of the secondary
processes:

E.,
Elx fxyfyz qoz

Q.=C (A2)

C is the degree of internal conversion from the mean
excitation energy (E.,) of the m singlet states of the X
molecules due to the 0.1 fraction of the incident energy
into the energy of the first excited = singlet state of X
(E1,) with a quantum efficiency of g,. [C = (E1,./Ec )91
f«, and f,. are the quantum efficiencies of the energy
transfer from X to Y and from Y to Z, respectively; q,, is
the fluorescence quantum efficiency of Z; and E,,, is the
energy at which the fluorescent photons escape from the
sample. Because of the radiative migration, E,,. is lower
than the energy of emission of fluorescent photons from
the excited state to the ground state. A detailed analysis
of the de-excitation processes competing for energy E,,
can be found in ref. 3.
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