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The light collection process in a long polystyrene scintillator strip to a longitudinall y
placed wavelength shifting light guide is considered. By means of Monte Carlo method, the
dependence of light yield on strip parameters: dimensions, bulk attenuation length (BAL),
diffuse reflection coefficient have been calculated. The optimum number of light guides
and their dimensions are estimated. The results are compared to theoretical estimations
within the integrating sphere model. It is shown that in spite of the small strip transverse
dimensions, the light yield depends substantially on the material transparency and attains
its maximum value at BAL of about 1 m.

PaccmoTpeH mpoliecc cBeTOCOOMpPAHUSA B AJMHHOM ITOJHUCTUPOJBHOM CIUHTUJIIAIMOHHOM
cTpUIle Ha IPOJOJBHO pasdMellleHHbI# ceKTpocMelraiomuii ceeroson. Merogom Moute Kapio
paccumTaHa 3aBUCHUMOCTH CBETOBOTO BBIXOJa OT IIapaMEeTPOB CTPHIIA: €r0 PasMepoB, 00HeM-
HOW IJAuHBI ocnabneHus csera (BAL), xosdhdunuenta auddysnoro orpakenus. IlomyueHbr
OIleHKMW OITUMAaJLHOTO UHMCJIA CBETOBOJOB M UX pPasMepoB. PesyiabTaThl CPaBHUBAIOTCA C
TEOPeTUUYEeCKMMHU OIleHKaMU B MOJeJUu CBeToMepHOro Imapa. IlokasaHO, YTO HeCMOTPA Ha
MaJible TOIepedyHbIe PasdMephl CTPUIIA, CBETOBOH BBIXOJ CYIIIECTBEHHO 3aBUCUT OT IIPO3padu-
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HOCTHU MaTepuaJja U OOCTHUTraeT MaKCHUMAaJbHOI'O 3HAYEHUSA IIPU BAL ~ 1 m.

In modern high energy physics experi-
ments, in scintillator tracking detectors,
cell hadron and electromagnetic calorime -
ters, plastic scintillators are often used
where the light collection is provided by a
wavelength shifting optical fiber (WLS) [1, 2].
In such detectors, light collection has some
peculiarities [3, 4] even at a simplest ge-
ometry (cylinder, parallelepiped). This is es-
pecially pronounced when the light path
length is small as compared to the bulk at-
tenuation length (BAL) of the intrinsic lu-
minescence light.

As an example, let us look at detecting
device of the OPERA set [5]. Its main ele-
ment is a long strip of scintillating polysty -
rene of 10x26x7000 mm3 size, with a dif-
fusely reflecting coating. The light collec-
tion is provided by a WLS fiber placed in a
groove cut along the strip long side. Despite
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of the large strip length, the main transfer
of the light energy occurs in the plane per -
pendicular to the fiber, which is more char -
acteristic for short detectors. In this case,
the most efficient light collection takes
place with diffusely reflective surfaces, ma -
terial transparency not playing such a great
role. On this basis, it has been supposed [1]
that scintillators with satisfactory opera-
tional characteristics could be made of tech -
nical polystyrene with relatively small light
attenuation length (25 to 30 cm).

Since the information presented in litera-
ture is rather contradictory, it seems useful
to carry out a complex theoretical study of
light collection in detectors of such a type.
In particular, it is necessary to answer the
question whether is it necessary to increase
scintillator transparency, and if yes, than
to what extent.
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To answer this question, let us try to
apply the integrating sphere formula [3] to
describe such a strip. Taking the light at-
tenuation into account and neglecting the
direct illuminating, this formula can be
written as:

_ @ OR Cexp(-1/BAL) 1)

T= ’
1-(1-@Q) ORexp(-I/BAI)
Q=2,,/%,

where @ is the output port relative area
(Z,,; and Z being areas of the output port

(light guide) surfaces and scintillator total
reflecting surface, respectively); R, the
strip surface reflectance; I, the photon mean
path before registration; BAL, the bulk at-
tenuation length. It follows from considera -
tion of (1) that light collection tends to in-
crease with BAL, R and @ (Fig. 1).

It is known that, under some restric-
tions, equation (1) can be applied to scintil -
lators of any arbitrary shape if their all
three dimensions are of the same order of
magnitude [3]. Its applicability to long
strips is not evident. Therefore, theoretical
estimations have been compared with direct
Monte Carlo calculations. Having set the
above strip parameters, with R= 0.97 and
correction on difference in strip and fiber
refracting indexes, we obtain from (1) the
dependence presented by curve 1 (solid line)
in Fig. 2. The Monte Carlo results are pre-
sented by curve 2. The curves agreement
evidences the possibility to use the inte-
grated sphere formula to describe light col -
lection in the strip-fiber system. Equation
(1) also shows that at R close to unity in
the range of high transparency, the light
collection value depends heavily on the dif -
fuse reflection coefficient R. Indeed, with
BAL - o, T~ QR/(1 — R) and:

T _1-R (2
T2 1_R1.

Thus, for example, the change from
R=0.95 to R = 0.98 corresponds to light
collection increase by a factor of 2.5. A
similar behavior is observed in low-absorb -
ing diffuse light guides [3].

The Monte Carlo calculated light collec-
tion dependence on bulk transparency is
shown in Fig. 3. The calculation has been
made for the following initial conditions:
18000 photons/MIP; PMT cathode effi-
ciency 12 %; WLS fiber Y11 of Kuraray
Co., 1.1 mm diameter; the light conversion
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coefficient in WLS 0.95; the coefficient of
converted light capture in WLS fiber 0.063;
the WLS fiber transmission coefficient 0.4;
the reflection on the strip walls is diffuse
with cosine distribution like Trlcos®.

It is seen from the Figure that the light
yield dependences on bulk transparency
have a specific shape with saturation (pla-
teau). The value of this plateau, that is, the
maximum light yield value, is easy to ob-
tain from (1) letting BAL approach infinity,
that is, supposing the absence of bulk at-
tenuation. As a result, we obtain:

L. @m 3

*"1-1-@Q LR

because even for the large BAL, light collec-
tion is restricted by surface losses. As the
critical BAL value, which it is inexpedient
to exceed, one can take the one at which
light collection equals to a specified frac-
tion, D, of its possible maximum, that is,

1(BAL,,;)/ 1, < D. 4)
It follows from (1)—(4) that

- l (5)
crit 1 O D D
n O
H-R1-Q-D+DQp

Critical values of the bulk transparency
for different diffuse reflection coefficients
calculated according to (5) are presented in
Table.

The enhance of light collection seems to
be due to increase of distance <I> passed by
a photon before its absorption and, there-
fore, by increase of its capture probability
by the light guide. Monte Carlo calculated
results for <I> are presented in Fig. 4. The
number of reflections which photon under-

BAL

Table. Critical values of bulk transparency

R BAL,,;;, cm
D=0.9 D =0.8 D =10.75

1 271.5 121.0 90.9
0.98 194.2 86.7 65.2
0.97 170.0 75.9 57.1
0.95 136.1 60.9 45.8
0.85 68.4 30.8 23.2
0.83 62.3 28.0 21.4
0.8 54.9 24.8 18.7
0.6 30.8 14.0 10.7
0.5 25.0 11.6 8.9
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Fig. 1. Light yield theoretical dependence on diffusion reflection coefficient R, relative area of

output port @ and bulk transparency BAL.

Light yield, r.u.
o o
w al

o
-
T

1 1
0 100 200 BAL, cm

Fig. 2. Dependence of light yield dimensions
on bulk attenuation length for a
10x26x500 mm? strip. Solid line, calculations
by integration sphere formula (1); dashed
line, Monte Carlo calculations.
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Fig. 3. Monte Carlo calculations of light yield
dependence on bulk attenuation length for
different diffuse reflection coefficients R for
a 10x26x500 mm3 strip. Dashed line corre-
sponds to ideal mirror reflecting (Fresnel)
surface.

goes before detection is presented in Fig. 5.
It is seen in the Figure that the number of
reflections is increased with BAL and R and
also tends to a maximum value. It is to note
that mirror reflection gives nearly the same
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Fig. 4. The dependence of photon mean path
prior to registration on bulk attenuation
length for different R.
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Fig. 5. Dependence of reflections number on
bulk attenuation length and strip surface
quality. R=1 (1), 0.97 (2), 0.95 (5), 0.90
(6). Curves 3 and 4 correspond to mirror re-
flection from surface obtained by polymeriza-
tion between glasses and from polished sur-
face, respectively.

result as the diffusion one at high reflec-
tion coefficient R = 0.97.

It follows from Fig. 4 that at high sur-

face reflectance, the mean path exceeds sig -
nificantly the strip characteristic dimen -
sions (1 and 2.6 cm). But comparison with
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Fig. 6. The dependence of strip light yield on
WLS fiber diameter at its different locations, #A.
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Fig. 7. Dependence of light yield of long
strips on cross section area. Dots, experiment
(R = 0.96). Curves, Monte Carlo calculations.
R =0.96 (1), 0.95 (2), 0.90 (3).

Fig. 5 shows that the mean path between
reflections changes only slowly, approxi-
mately from 0.8 to 1.5 cm. This is essen-
tially the same as the mean path calculated
by standard expression:

1=4V/2, (6)
where V is the strip volume. It follows from
(6) that I = 1.49 cm, that agrees with Fig. 4.

It follows from (1) and Fig. 1 that the
light collection increases with @, that is,
with the output port area. To check to what
extent this conclusion is valid in the case of
a strip, the Monte Carlo light yield calcula -
tions have been made with light guides of
different diameters. The calculation results
are presented in Fig. 6. One can see in the
Figure that dependence on diameter is es-
sentially linear. The light guide diameter
being the same, the output port relative
area is changed with strip dimensions. In
Fig. 7, the calculated light collection values
are presented in strips of different dimen -
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Fig. 8. Dependence of light yield for on the
number of WLS fibers for 26x10x500 mm3
strip.
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Fig. 9. Dependence of light yield on the WLS
fiber depth for 26x10x500 mm3 strip.

050

0.40 -W

0.30F

Light yield, r.u.

020}

0.10F

0 5 10 15
Groove position, mm

Fig. 10. Dependence of light yield on WLS
fiber position (depth = 2 mm from surface)
for 26x10x500 mm3 strip.
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sions. It is seen in the Figure that the strip
cross section increase (which is equivalent
to output port area reduction) results in the
light yield decrease, as is predicted by inte -
grated sphere formula. Let us note a good
agreement between experimental and calcu -
lated results obtained for OPERA strip with
R = 0.96.

The output port area and thus the light
yield can be increased by means of adding
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additional light guides-collectors. In Fig. 8,
the light yield dependence of OPERA strip
on the number of light guides is presented.
It is supposed that light guides are uni-
formly distributed over the strip width at
2 mm depth. It is seen in the Figure that
the curve has a maximum at n=5. Further
increase of light guide number results in
their mutual shielding and therefore is not
advisable. However, it is to note that the
shielding effect could be reduced to some
extent by appropriate arrangement of light
guides (Shashlyk) [2]. The light yield de-
pendence on the output port position is not
included in the integrated sphere formula.
This dependence has been studied by means
of Monte Carlo calculations for different
positions of light guide. The calculation re-
sults are presented in Figs. 9 and 10. It is
seen in the Figures that the light guide
position does not affect essentially the light
yield value.

Thus, it is found in the study that the
maximum light yield in a strip - WLS fiber
system is attained with diffuse type of sur-
face reflection. The light yield is influenced

by the strip material transparency (up to
1 m), its dimensions, the diffuse reflection
coefficient, WLS diameter, and number of
these fibers. The mean number of reflec-
tions which photon undergoes before cap-
turing by WLS depends on transparency
and attains about 11 when BAL > 100 cm
and R = 0.97. An optimum number of WLS-
fibers exists (about 5 for the systems con-
sidered), which provides the maximum light
yield. The dynamics of light collection in
long strip - WLS fiber system can be satisfac-
tory described by integrated sphere formula.
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Tekhn.

JocaigsKkeHHs CBITI030UPAHHA Y CHUHTHIAIIMHUX
CTpUINAX 3i CHIEeKTPO3MIilllyIOUUM CBIiTJIOBOIOM

B.I'.Cenwuwun, O0.9.Adadypoé, C.B. Menvruuyk

PosrnguyTo mpomec cBiT/IOB0MPAHHA Y OOBrOMY IOJiCTUPOJHLHOMY CIUHTUJIAMIAHOMY
cTpumi Ha IO3J0BXXHBO DO3TAIIOBAHWUI CHIEKTpo3Mimyroounuii cBitaoBox. Metomom MoHTe
Kapiso o0umcieno saseXHiCTh CBiTJIOBOrO BUXOZLY Bif mapaMeTpiB cTpuIly: H0OTo pO3Mipis,
00’eMHOI fOBKUHU HocyaabieHHda cBiTia (BAL), koedinienta gudyssHoro Bigdurra. Orpumano
OIIiHKY ONTHMMAaJIbHOI KiJIBKOCTi cBiT/IOBOAIB Ta ixHiX posmipiB. Pesynmbprary mopiBHIOIOTHCA 3
TEOPETUUYHUMU OIliHKaMu y MozeJi cBiTimomipuoi kyui. ITokasaHo, 1o He3Bakaroum Ha Maji
HomepeYHi po3Mipu cTpumy, CBIiTJIOBUM BUXiJl CyTTEBO 3aJIeKUTh Bifi IPO30pOCTi MaTepiany i
IocArae MaKCUMaJIbHOI'O 3HaueHHs nmpu BAL ~ 1 wm.
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