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1. INTRODUCTION

Ignoring electronic noise, the energy resolution of
an electromagnetic calorimeter is

 

(1)

 

where 

 

a

 

 is the sampling term and 

 

b

 

 is the constant term
in the calorimeter resolution; sign 

 

⊕

 

 denotes quadratic
addition. For sampling calorimeters with a sufficiently
high light yield, the sampling term is governed by the
thickness of the absorber plates. The Moliere radius
describing the transverse dimensions of an electromag-
netic shower is the other important parameter of an
electromagnetic calorimeter. In a calorimeter with a
small Moliere radius, the electron and photon energies
can be reconstructed by adding the signals from fewer
cells, which substantially improves the efficiency of
reconstruction at high occupancies.

To produce a calorimeter with a high energy resolu-
tion and a small Moliere radius (i.e., with a high ratio of
the absorber and scintillator thicknesses), one must use
thin lead plates and the thinnest possible scintillator
tiles. A decrease in the thickness of scintillator tiles,
along with a decrease in the light yield, leads to an
increase in the spatial nonuniformity of light collection
and thereby to degradation in the energy resolution,
caused by an increase in fixed term 

 

b

 

 in Eq. (1). There-
fore, for further progress in development of calorime-
ters with interleaved lead and scintillator layers, it is
necessary that

dE
E

-------
a

E
------- b,⊕=

 

—the ratio of thicknesses of the lead absorber and
scintillator plates be optimized in view of the physical
problems and conditions of a particular experiment;

—a technology for manufacturing thin (0.5 mm or
less) scintillator tiles be developed; and

—methods for improving the homogeneity of light
collection in thin scintillator tiles be devised.

To study light collection processes in scintillator
tiles, the nonuniformity of the responses of LHCb elec-
tromagnetic calorimeter modules [1] and an experi-
mental calorimeter module (hereinafter referred to as
the experimental module) with 0.5-mm-thick lead and
scintillator plates was measured with high-energy
muon and electron beams. The absolute light yields in
these modules were additionally measured. A program
for simulating light propagation processes in scintilla-
tor tiles was developed to interpret the whole set of
experimental data and determine the optical parameters
that were thought most critical for attaining uniform
light collection. The main optical parameters of the
module were found by comparing the measured non-
uniformity of the response to the simulation results.

When comparing the experimental and theoretical
data, the calculations additionally took into account the
variation of the scintillator tile thickness and the distri-
bution of the energy deposited by particles in the calo-
rimetric assembly, calculated with the aid of simulation
based on the GEANT code [2, 3]. The parameters of the
mathematical model obtained thereby were used to find
the relative values of the light yield in the inner, middle,
and outer modules of the LHCb calorimeter [1], as well
as in the experimental module. The results of simula-
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tion were compared to the results of measurements both
on the particle beams and on the test bench that
detected cosmic muons.

2. EXPERIMENT

 

2.1. Description of the Setup

 

The nonuniformity of the response of calorimeter
modules was measured on the SPS CERN accelerator
on the X7B secondary particle beam [4]. The measure-
ments were taken with 100-GeV muons and 50-GeV
electrons. The cross section of the secondary beams
was 

 

10 

 

×

 

 30

 

 mm

 

2

 

 for electrons and 

 

30 

 

×

 

 30

 

 mm

 

2

 

 for
muons.

The calorimetric assembly was composed of nine
modules that formed an array of 

 

3 

 

×

 

 3

 

. The module
being tested was placed at the center of the assembly,
while the peripheral modules were used to measure the
transverse energy leakage.

The transverse dimensions of the LHCb calorimeter
module were 

 

121 

 

×

 

 121

 

 mm

 

2

 

. The module (Fig. 1) con-
sisted of alternating layers of 2-mm-thick lead and
4-mm-thick polystyrene-based scintillator. The lead
and scintillator layers were interleaved with thin sheets
of a special white paper—DuPont 

 

Tyvek®

 

—0.12 mm

thick to exclude optical contact between the lead and
the scintillator and maintain diffuse reflection of light
that leaves the scintillator. A stack of lead and scintilla-
tor layers was placed between two steel plates 1 mm
thick. Four 0.1-mm-thick steel straps were welded to
the ends of these plates. Such a design ensured mechan-
ical strength of the module. Scintillator tiles of the mid-
dle and inner modules of the LHCb calorimeter were
divided, respectively, into four and nine light-isolated
cells of uniform size. In the middle module, the dimen-
sions of the cell were 

 

60 

 

×

 

 60

 

 mm

 

2

 

; in the inner module,

 

40 

 

×

 

 40

 

 mm

 

2

 

. A 0.1-mm-thick white coating providing
diffuse reflection was formed at the end surfaces and a
thin border near the edges of each scintillator tile by
chemical etching of it.

Y11 wavelength-shifting fibers (Kuraray) were
inserted in holes drilled in the modules. Wavelength-
shifting (WLS) fibers were located at the nodes of a
grid with cells of 

 

15 

 

×

 

 15

 

 mm

 

2

 

 for the outer modules
and 

 

10 

 

×

 

 10

 

 mm

 

2

 

 for the inner and middle modules of
the LHCb calorimeter. The outer module was pierced
by 64 WLS fibers; the middle module, by 36 fibers per
each of the four light-isolated cells; the inner module,
by 16 fibers per each of the nine light-isolated cells. The
WLS fiber has a radius of 0.6 mm and consists of two
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Fig. 1.

 

 Inner module of the LHCb calorimeter.
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transparent claddings with refractive indices of 1.42
and 1.49 and a WLS core with a refractive index of
1.59, which reemits scintillation light and transmits the
major portion of it over the fiber by total internal reflec-
tion. The thickness of each transparent cladding is
0.036 mm.

At the center of each light-isolated cell, there were
holes for clear fibers used to transport light from the
optical fibers of the monitoring system to photomulti-
plier tubes (PMTs). On the rear side of the module,
fibers corresponding to each individual light-isolated
cell were joined in a bundle. The fiber tips in each bun-
dle were polished. Light from each fiber bundle was
transmitted to a rectangular polystyrene parallelepiped,
which uniformly distributed the light over the photo-
cathode surface to eliminate the effect of the photocath-
ode inhomogeneity.

The experimental module was composed of 280
0.5-mm-thick lead layers and 280 0.5-mm-thick scintil-
lator layers. The edges of the scintillator tiles used in
the module did not have a matte border. In all other
respects, the experimental module was similar in
design to the inner module of the LHCb calorimeter.
The geometrical parameters of all modules subjected to
tests are presented in Table 1.

The stability of the performance characteristics of
the test calorimetric assembly was monitored with the
aid of the monitoring system based on two LEDs, one
of which was used to illuminate the outer modules of
the assembly and the other illuminated the tested mod-
ule. The brightness of LED flashes was checked by
means of a high-stability PIN diode. The LEDs were
fired by an external pulser, which successively trig-

gered the LEDs and the system for reading out the setup
parameters in order to monitor the pedestal positions
and widths.

The entire calorimetric assembly was disposed on a
mobile platform capable of changing the position of the
assembly with respect to the beam. The accuracy in
positioning the calorimetric assembly was 

 

±

 

1

 

 mm.

 

2.2. Coordinate Measurements

 

Three delay wire chambers [5] were used to mea-
sure the coordinate of the point of particle incidence
onto the calorimeter module (Fig. 2). Each track was
approximated by a straight line:

Parameters 

 

α

 

 and 

 

β

 

 were obtained by minimizing 

 

χ

 

2

 

:

where 

 

z

 

i

 

 is the distance between the calorimetric assem-
bly and the 

 

i

 

th chamber, and 

 

δ

 

 = 0.2 mm [5]

 

.
A similar formula was also used to determine the

second coordinate. Tracks with 

 

χ

 

2

 

 > 4 were rejected.
The distribution of distances between the reconstructed
track and the measured coordinate in the final chamber
is shown in Fig. 3.

The design features of the calorimeter modules were
used to check the validity of reconstructed coordinates.
The detector response to muons with trajectories the
major portion of which passes either outside the scintil-

x αx βxz; y+ αy βyz.+= =

χx
2 αx βxzi+( ) xi–( )2

δ2
-------------------------------------------,

i 1=

3

∑=

 

Table 1.  Geometrical parameters of the modules

Parameters Outer module Middle module Inner module Experimental
module

Number of layers (lead/scintillator) 66/67 66/67 66/67 280/280

Layer thickness (lead/scintillator), mm 2/4 2/4 2/4 0.5/0.5

Dimensions of the cell, mm2 121 × 121 60 × 60 40 × 40 40 × 40

Cells per module 1 4 9 9

Number of WLS fibers in a cell 64 36 16 16

Separation between the WLS fibers, mm 15 10 10 10

25.11 m 10.97 m 2.934 m

CalorimeterVacuum pipe

Delay wire chambers

e, µ
From SPS

Fig. 2. Layout of the delay wire chambers and the test calorimetric assembly.
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lator tiles of a particular cell or inside the holes in these
tiles is substantially lower than the response to a muon
traveling through all scintillator layers. We selected
muons for which the response was 60–65% of the max-
imum value of the Landau function approximating the
muon signal in the entire calorimetric cell. For muons
selected thereby, the distribution of the coordinates of
their hit points was plotted. Clusters of points in this
distribution (Fig. 4) correspond to the boundaries
between adjacent light-isolated cells and the holes in
the calorimeter module.

2.3. Measuring the Nonuniformity 
of the Calorimeter Response

The transverse dimensions of cells in the calorime-
ter modules are substantially greater than the particle
beam size. To cover the whole area of the calorimeter
cell, measurements were taken for different positions of
the module relative to the beam. Distributions similar to
the map in Fig. 4 were plotted for each position of the
tested assembly with respect to the beam. A constant
coefficient was added to (or subtracted from) the coor-
dinate in each position, so that the central hole of the
cell under investigation had coordinates (0, 0) and the
coordinates of holes observed in several positions of the
assembly coincided. As a result, coordinates of the par-
ticle’s point of incidence onto the calorimeter module
were referred to a unified coordinate system (see

18
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Fig. 3. Difference between the coordinate measured by the closest to the calorimeter delay wire chamber and the reconstructed par-
ticle track.
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Fig. 4. Distribution of the coordinates of 100-GeV muon hit
points, provided that the energy deposited in the cell was
60–65% of the most probable value of the Landau function
approximating the energy deposited in the calorimeter. Dots
correspond to muons with trajectories crossing only a part
of the scintillator tiles in the cell selected.



INSTRUMENTS AND EXPERIMENTAL TECHNIQUES      Vol. 51      No. 4      2008

A STUDY OF LIGHT COLLECTION IN “SHASHLIK” CALORIMETERS 515

20

–20

Y, mm

X, mm

–20

15

10

5

0

–5

–10

–15

–15 –10 –5 0 5 10 15 20

Fig. 5. Distribution of the coordinates of muon hit points for different positions (different symbols of dots) of the calorimetric
assembly with respect to the beam, provided that the energy deposited in the cell was 60–65% of the most probable value of the
Landau function approximating the energy deposited in the calorimeter. Dots correspond to muons with trajectories crossing only
a part of the scintillator tiles in the cell selected.

Fig. 5). In this case, the accuracy in determining the
coordinates of hit points of particles incident on the cal-
orimeter module was 0.25 mm. A similar procedure
was used in measurements with the electron beam.

To obtain the map of nonuniformities for muons, the
dependence of the calorimeter response on the coordi-
nate of the muon’s point of incidence on the central cell
of the central module in the calorimeter assembly was
investigated. The energy deposited in the cell under
investigation only was taken into account when deter-
mining the muon signal. The surface of this cell was
divided into squares of 1 × 1 mm2, and an individual
distribution over the muon signal energy was con-
structed for each square. The distributions obtained
thereby were fitted with the Landau function, as is
shown in Fig. 6a. The positions of the most probable
value in these distributions, plotted on a two-dimen-
sional histogram, provided a map of the nonuniformity
of the calorimeter response to muons. The nonunifor-
mity of the response was examined with the aid of
muons according to the described procedure for all

types of modules. For the outer module, the size of the
signal collection area was 1 × 2 mm2 due to statistical
limitation of the experimental data. (Some results will
be presented in Section 4.)

In measurements with the electron beam, the
response of each module in the assembly was prelimi-
narily calibrated using electron beams with energies of
100 and 20 GeV. The maps of the calorimeter response
nonuniformity were obtained for 50-GeV electrons.
The electron signal was determined as a sum of the
energies deposited in all cells of the central module of
the assembly and four outer modules, which were dis-
posed crosswise with respect to the central one and bor-
dered it on their sides. The leaks into the corner mod-
ules of the assembly were negligible and, hence, were
ignored when calculating the energy. The surface of the
cell under investigation was divided into squares of 1 ×
1 mm2, for each of which an individual distribution of
the electron signal was plotted. These distributions
were fitted with the Gaussian function, as is shown in
Fig. 6b. The positions of maxima in these distributions,
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plotted on a two-dimensional histogram, provided a
map of the calorimeter response nonuniformity for
electrons. (Some results will be presented in Section 4.)

2.4. Measuring Light Yield in the Calorimeter

The light yield was measured with the aid of the
monitoring system. For small signals (<500 photoelec-
trons), the width of the monitoring signal was deter-
mined by photoelectron statistics, i.e., by fluctuations
of photoelectrons produced at the PMT photocathode
by each light flash. In this case, the mean number of
photoelectrons can be calculated according to the for-
mula (with the dispersion of the dynode system gain
being ignored)

where ALED is the measured amplitude of the LED
signal and δLED is its Gaussian width.

The pedestal width was quadratically subtracted
from the width of the LED signal. Any systematic error
may cause only broadening of the signal, which will
result in underestimation of the light yield. Therefore, a

N ALED/δLED( )2,=

set of measurements with different amplitudes of the
LED firing signal was performed for each module. It
was shown that, in a certain range of amplitudes, the
ratio of the calculated number of photoelectrons to the
signal amplitude is independent of the LED signal
amplitude and has the maximum value. The data
obtained thereby, as well as the light yields in the outer,
middle, and inner modules, which were measured on
the test bench using cosmic rays, are presented in
Table 2.

3. SIMULATING THE NONUNIFORMITY
OF THE CALORIMETER RESPONSE

3.1. Program for Simulating Light Collection

Production of one photon in a polyvinyl toluene
scintillator requires ~100 eV [6]. (The brightness of a
polystyrene-based scintillator is ~30% lower.) Mathe-
matical simulation performed for the LHCb calorimeter
modules under investigation using the GEANT soft-
ware package showed that the incident electron depos-
its ~16% of its energy in the scintillator. Therefore,
1.1 × 106 photons are produced in the LHCb calorime-
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Fig. 6. Examples of the fitted distributions (a) for muons and (b) for electrons. Curves correspond to the fits by the Gaussian and
Landau curves for electrons and muons, respectively.

Table 2.  Results of simulation and measured light yields in the calorimeter modules

Method for investigating
the light yield

Inner LHCb
module

Middle LHCb
module

Outer LHCb
module

Experimental
module

Beam tests 3000 ± 150 3600 ± 180 2500 ± 130 700 ± 60

Test bench with cosmic rays 3100 ± 130 3500 ± 170 2600 ± 120 No measurements

Simulation 3000 3600 2570 600
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ter per 1 GeV of the incident electron energy. At the
same time, a PMT registers ~3000 photoelectrons. Tak-
ing onto account the quantum efficiency of the PMT
(~17% according to the Hamamatsu data), one can esti-
mate the probability of a photon being transported to
the PMT as ~1.0%. Available experimental data on the
nonuniformity of the response of the LHCb calorimeter
modules to high-energy muons have an accuracy of
~0.5%. For the accuracy of simulation comparable to
the experimental accuracy to be attained, the number of
simulated photons must be >4 × 106 for each square
region (with an area of 1 × 1 mm2) of a calorimetric
cell.

A ray tracing program was developed to simulate
light collection in scintillator tiles of the calorimeter.
This program was written in C++ language with mini-
mum dependence on external program libraries, which
allowed us to extensively use the GRID [7] in our com-
putations. To debug the software package, we took
advantage of the possibilities of transmitting intermedi-
ate data to the ROOT [8] and visualizing the photon tra-
jectory in a scintillation tile.

Refraction, diffuse and mirror reflection, and atten-
uation of light in the medium and at the surface were all
taken into account in the program.

Probability Pref of light being reflected from the
boundary between two media was determined using the
Fresnel formulas for nonpolarized light:

where θi and θr are the angles of incidence and refrac-
tion of light, respectively. Diffuse reflection was simu-
lated as a sum of two competitive processes, one of
which was mirror reflection with a probability depen-
dent on the photon’s angle of incidence onto the reflec-
tor material (see Fig. 7) and the other was isotropic
reflection. Attenuation in the medium was calculated
according to the exponential law. Scattering in the
medium was ignored. To simulate dispersion, the opti-
cal parameters of the media were assumed to be func-
tions of the photon wavelength. In addition, the optical
parameters of the surfaces were also dependent on the
local coordinates, which allowed us to simulate various
light masks applied to the scintillator tile surface, in
particular, a matte coating at the tile edges and local
shading near WLS fibers.

In the mathematical modeling program, the geome-
try of a scintillator tile with fibers and Tyvek sheets was
represented by simple geometrical shapes and Boolean
operations on them. For example, a scintillator tile with
holes was simulated by a rectangular parallelepiped
with cylinders subtracted from it. The tile surface was
divided into squares with dimensions of 0.5 × 0.5 mm2.
While initializing the program, it was established for
each square whether or not it intersected a hole, and all
other holes in the tile were sorted according to the dis-
tance to them and put on the list. This procedure

Pref
1
2
---

θi θr–( )sin
θi θr+( )sin

----------------------------⎝ ⎠
⎛ ⎞

2 θi θr–( )tan
θi θr+( )tan

----------------------------⎝ ⎠
⎛ ⎞

2

+⎝ ⎠
⎛ ⎞ ,=

allowed us to substantially (by 4–16 times) accelerate
the simulation process, thus reducing the number of
checked holes at each elementary step of the program.

3.2. Simulating the Scintillator Tile

The geometrical model of the scintillator tile fully
complies with its actual configuration. The behavior of
the light collection efficiency near the edges of the scin-
tillator tile is governed by the probability of diffuse
reflection from the matte coating at the end surfaces and
edges of the tile, which is one of the main parameters of
the program. This parameter is shown in Fig. 8 versus
the wavelength of incident light. In addition, the total
probability of diffuse reflection depends on the thick-
ness of the reflective layer. To simulate this depen-
dence, the probability of diffuse reflection was multi-
plied by a dimensionless coefficient, from now on
referred to as the matte coating quality.

The upper and lower surfaces of the tile, except for
the border, are transparent for photons with a low prob-
ability of diffuse reflection and absorption. Comple-
menting the optical model by processes of diffuse
reflection and absorption of a photon in its crossing the
transparent boundaries of the scintillator has made it
possible to efficiently simulate various defects at the
tile surface (scratches, tracks of a press mold, etc.). The
numerical value of the total probability of diffuse
reflection and absorption, hereinafter referred to as the
scintillator surface imperfection, is an important
parameter of the optical model. In this case, the ratio of
the diffuse reflection and absorption probabilities,
which is 2 : 3, is independent of the photon wavelength.

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0 10 20 30 40 50 60 70 80 90
Angle of incidence, deg

Fraction of mirror reflection

Fig. 7. Fraction of mirror reflection in simulation of diffuse
reflection vs. the photon’s angle of incidence.
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The refractive index of the scintillator is 1.58. The
emission spectrum of the scintillator was simulated in
accordance with the data provided by the manufacturer
(Fig. 9).

A WLS fiber, the geometrical and optical parame-
ters of which complied with the actual values, was
inserted into each hole in the tile. The scintillator tile,
together with the WLS fibers, was placed between two
layers of Tyvek white paper, in which there were 2-mm-
diameter black inserts near each fiber.

To obtain the light collection nonuniformity map,
the tile surface was divided into squares of 0.5 ×
0.5 mm2. The location of the photon production point
was simulated uniformly over the area and along the
depth inside each square region. The initial directions
of photons had an isotropic distribution. Reemission of
light in WLS fibers was simulated by selecting a new
direction for each photon absorbed in the fiber core. If
the direction of a reemitted photon was such that the
photon could travel over the fiber suffering total inter-
nal reflection in it, this photon was considered to be
detected. Inside each square region, 107 events of pho-
ton production were simulated.

4. COMPARISON OF THE EXPERIMENTAL DATA 
AND THE RESULTS OF SIMULATION

When comparing the results of simulation to the
experimental data, one must take into account varia-
tions in the scintillator tile thickness due to the imper-
fection of the injection molding technology.

The spatial profile of the energy deposited by a par-
ticle was simulated using the GEANT3 transport code
[2]. At each step of the GEANT code, the local energy

deposition in the scintillator was multiplied by the pre-
liminarily calculated efficiency of light collection and
the relative tile thickness at this point. This procedure
allowed us to obtain only the relative changes in the
detector response instead of its absolute value, since it
took no account of absolute light yield in the plastic,
attenuation of light in the fiber, and PMT quantum effi-
ciency.

The distributions of electron and muon momenta in
the GEANT simulation coincided with the measured
distributions, while the coordinates of the particle’s
point of incidence onto the calorimeter were addition-
ally smeared according to the normal distribution with
a width of 0.25 mm in order to take into account the
spatial resolution of the system of delay wire chambers
and multiple scattering. The algorithms used for exper-
imental data processing (for detailed description, see
Subsection 2.3) were also employed to analyze the
results of GEANT simulation of the test calorimetric
assembly. The resulting model maps of the calorimeter
response nonuniformity were compared to the maps
obtained in the course of beam tests in order to deter-
mine the optimum optical parameters of the scintillator
tile. In this case, the model maps for the nonuniformity
of the response were multiplied by normalization factor
n, which was determined using the standard χ2 minimi-
zation procedure:

where the error is the quadratic sum of the experimental
and normalized model errors.

χ2 Experiment n Model×–( )2

Error2
-----------------------------------------------------------------,

regon

∑=
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Fig. 8. Probability of diffuse reflection from the matte coat-
ing as a function of the photon wavelength.
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Fig. 9. (1) Emission spectrum of the scintillator and
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Several slices of the two-dimensional normalized
model map of the nonuniformity in the inner module of
the LHCb calorimeter for high-energy muons and
5-GeV electrons are presented in Fig. 10; the experi-
mental data are also plotted in this figure. The histo-
grams in Figs. 10a and 10b correspond to slices
between the fibers; those in Fig. 10c and 10d corre-
spond to the regions near the fibers. It is apparent that
the model truly describes the experimental data. The
variation in the calorimeter response to electrons is
much smaller than that to muons. For electrons, the
nonuniformities of the colorimeter response are effec-
tively averaged over the surface of the sensitive cell in
accordance with the transverse profile of electromag-
netic shower development.

A large width of electromagnetic showers is also the
cause of the differences in behavior of the calorimeter
response curves at the edges of the light-isolated cell.
For electrons, some energy of an electromagnetic
shower is lost in the dead material between light-iso-
lated cells of the module. These losses are compensated
for by an increase in the light collection efficiency near
the edges of the tile owing to diffuse reflection of light
from the matte coating of the border and end surfaces
of the tile (see Section 5). In histograms presented in
Figs. 10c and 10d, one can easily discern maxima of the
detector response near the WLS fibers. For verification,
the nonuniformity maps of the inner module response
to 100-GeV muons were also simulated using the
Geant4 transport code [3]. The nonuniformity maps
obtained thereby coincided with the results of simula-
tion based on the GEANT3 code.

The homogeneity of light collection in the middle
modules of the LHCb calorimeter did not virtually dif-
fer from the homogeneity measured in the inner mod-
ules, since the distance between the WLS fibers in these
modules was the same. The results of simulation and
the experimental data for the muon scan of the outer
module of the LHCb calorimeter are presented in
Fig. 11. Two delay wire chambers only were used to
acquire these data, thus making it impossible to reject
inaccurately reconstructed tracks. Therefore, the light
collection uniformity curve measured with the outer
module was additionally smeared, since the accuracy in
determining the coordinates of the point of incidence
on the calorimeter module was significantly worse
(0.5 mm). This smearing was also taken into account in
the GEANT simulation of the detector response. The
histogram in Fig. 11a corresponds to the slice of the his-
togram between the fibers, while the histogram in
Fig. 11b corresponds to the slice near the fibers. The
higher nonuniformity of the outer module’s response as
compared to that of the inner module is explained by
the larger spacing between the fibers of the outer mod-
ule (15 mm).

Several slices of the two-dimensional normalized
model map of the nonuniformity in the experimental
module are shown in Fig. 12; the experimental data are
also plotted in this figure. A sharp increase in the non-
uniformity of the experimental module’s response in
comparison with the inner module of the LHCb calo-
rimeter was caused by the small thickness of the scin-
tillator tiles. The effect that the tile thickness has on the
homogeneity of light collection is described in detail in
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Fig. 10. Nonuniformity of the response of the LHCb inner module (a, c) to electrons and (b, d) to muons, measured (dots) and
simulated (a histogram) (a, b) between fibers and (c, d) near the fibers.
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Section 5. The edges of the scintillator tiles used in the
experimental module did not have a border of matte
coating; this fact provides an explanation for the behav-
ior of the detector response at the edges. For all distri-
butions presented, the χ2 value (per degree of freedom)
is in the range of 2–4, which is explained by the indi-
vidual features of the measured modules, taking
account of which in our simulation is extremely diffi-
cult and falls beyond the scope of our study.

The dependence of the calorimeter response nonuni-
formity on the quality of matte coating, the surface con-
dition of the scintillator, its refractive index, the attenu-
ation length in the tiles, and other factors was investi-
gated. The first two parameters were found to exert the
strongest effect on the results of simulation. The values
of these parameters, determined from comparison with
the experimental data, are summarized in Table 3. Vari-
ations within reasonable limits (e.g., for the refractive
index of the scintillator, we analyzed the values of

1.52–1.62; for the decay length in a tile, 100–400 mm)
of the other parameters affect the homogeneity of light
collection only slightly.

The developed model of the scintillator tile with
parameters determined from the experimental data was
used to predict the relative light yield in all tested mod-
ules. The results obtained were normalized to the num-
ber of photoelectrons per 1 GeV of the bombarding
electron energy, measured during the beam tests of the
inner LHCb module. The results of simulation are pre-
sented in Table 2 in comparison with the experimental
data obtained in the course of beam tests and measure-
ments on the test bench with the use of cosmic rays.

5. DISCUSSION OF RESULTS

The nonuniformity of light collection can be divided
into local and global nonuniformities. The global non-
uniformity results from the nonzero probability of light
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Fig. 11. Nonuniformity of the response of the LHCb outer module to muons: (a) slices of the histograms with averaging over a width
of 2 mm between fibers and (b) a similar slices near fibers; dots correspond to the experimental data, and a histogram presents the
simulation results.



INSTRUMENTS AND EXPERIMENTAL TECHNIQUES      Vol. 51      No. 4      2008

A STUDY OF LIGHT COLLECTION IN “SHASHLIK” CALORIMETERS 521

being absorbed at the end surfaces of the tile and an
increase in the light collection efficiency at the tile
edges. The latter is caused by the diffuse character of
reflection from the matte coating of the end surfaces
and the border. In fact, if we assume that there is a per-
fectly reflecting mirror at the end surfaces of the scin-
tillator tile, the difference between its edges and center
disappears (curve 1 in Fig. 13). In a qualitative sense,
diffuse reflection from the end surfaces and the border
means that a photon produced near the tile edge directly
under the white border and moving along a vertical line
will change its direction and, possibly, fly inside the
tile, suffering a sequence of total internal reflections.
Should the matte coating be absent, there is a high prob-
ability that such a photon will escape from the tile and
be absorbed. An increase in the light collection effi-
ciency at the edges of tiles must compensate for the
presence of a dead material between them. Exact com-
pensation may be achieved by changing both the qual-

ity of the matte coating at the end surfaces and border
of the tile and the width of the border itself.

The local (i.e., interfibrillar) nonuniformity can be
explained based on the following considerations.
A major portion of photons is captured by fibers sur-
rounding photon production points. The number of
directly captured photons is highly dependent on the
distance to the nearest fiber. It is this dependence that
determines the interfibrillar nonuniformity (Fig. 14).
The other photons propagate in the tile by total internal
reflections and may cross the tile several times before
being captured by any WLS fiber. The probability of
such indirect capture is independent of the distance
between the photon production point and the nearest
fiber and slightly declines only in the vicinity of the
fibers due to the screening effect (the nearest hole
screens most of the other fibers from this photon). In
thinner tiles, a photon must suffer more reflections from
the upper and lower surfaces of the tile in order to travel
the same distance in a horizontal plane. Since there is a
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Table 3.  Main optical parameters of the scintillator tile model

Optical parameters
Inner module Outer module. 

Muons
Experimental module. 

Muonsmuons electrons

Quality of the matte coating 1.13 ± 0.02 1.14 ± 0.02 1.12 ± 0.02 1.13 ± 0.02

Surface imperfection 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.004
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Fig. 13. Results of simulation of the light collection effi-
ciency between fibers for a tile (1) with end surfaces provid-
ing perfect mirror reflection, (2) end surfaces providing dif-
fuse reflection, and (3) transparent end surfaces.
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nonzero probability that a photon will be absorbed after
being reflected, a fraction of indirect photon capture
decreases with a decrease in the tile thickness, while the
local nonuniformity increases.

6. CONCLUSIONS

In the course of beam tests of the LHCb calorimeter
modules and the experimental module having 0.5-mm-
thick lead and scintillator plates, the nonuniformity of
their responses to 50-GeV electrons and 100-GeV
muons was measured. The light yield in these modules
was determined. A program simulating light collection
inside scintillator tiles of the calorimeter was devel-
oped. Optical models of the scintillator tiles of the
outer, middle, and inner modules of the LHCb calorim-

eter and the experimental module with 0.5-mm-thick
lead and scintillator plates were constructed. The
parameters of the optical model were determined by
comparing the results of simulation to the experimental
data. The simulation results are seen to adequately
describe the data obtained. The model data on the light
yield are shown to coincide with the experimental
results.

The measured nonuniformity of the response of the
electromagnetic calorimeter modules are necessary for
correct simulation of the detector response and must be
taken into account in particle reconstruction algorithms
in the LHCb experiment.

To reduce the nonuniformities (but not to com-
pletely eliminate them!) in thin scintillator tiles, first
and foremost, the surface conditions of the scintillator
must be improved, which will result in additional
increase in the light yield, particularly in very thin tiles.
Further increase in the homogeneity of the calorimeter
response can be attained only by using additional meth-
ods, such as a method for forming light masks by apply-
ing paint to the surfaces of a scintillator tile and a Tyvek
sheet.
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