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INTRODUCTION 

Plastic scintillation counters are basic detectors of
particles. It is difficult to imagine an elementary parti�
cle or nuclear physics experiment without the use of
scintillation counters. New accelerators with their
increasing energy and luminosity require detectors
with better resolution in energy, space, and time, and
which are more reliable, easy to use, compact, inex�
pensive, easy to manufacture, while allowing high seg�
mentation and featuring long�term stability of charac�
teristics and radiation hardness. 

Scintillation counters meet these requirements to a
great extent. A well�developed modern technology
allows most needed long scintillator strips and tiles of
different shape to be produced in large amounts and at
relatively low cost. Strips are produced by extrusion,
and tiles are predominantly produced by injection
molding. During extrusion, a reflective TiO2 coating is
applied to a strip and a co�extruded hole in strip or a
groove on one of its wide side are made. In tiles the
groove is made when they are finished. 

Signals from strips and tiles are read out by a pho�
todetector (PD) through wavelength�shifting (WLS)
fibers inserted into the grooves or holes and connected
to the PD directly or through an optically clear fiber.
This fiber readout system is compact and efficient
because it collects more light than a system with tradi�
tional fish tail light guides. It also allows multianode
vacuum PMTs or multipixel silicon PMTs to be used as
PDs. With the latter PMTs, signals from each strip
(tile) can be fed through fibers to individual pixels,
which considerably decreases the number, size, and
eventually cost of PDs. In addition, if necessary, the
fiber system easily allows the PDs to be placed beyond
the magnetic field. 
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Operation of a scintillation counter is based on
emission of light as an ionizing particle passes through
the luminescent material of the counter, which is then
collected, converted, and guided to the PD. The most
important characteristics of a scintillation counter are
light yield, light collection, time resolution, attenuation
length, stability of characteristics, radiation hardness,
ability to adapt the emitted light to the spectral sensitiv�
ity of the PD, and transmission of light to the PD. 

Scintillation counters are reliable and efficient
instruments used in many experiments [1, 2], making
them deserving of their status among detectors. They
are simple to operate, can be easily calibrated and
monitored using LEDs and radioactive sources, take
little space in modern spectrometric facilities, and
meet to a large extent the requirements on stability of
characteristics and radiation hardness. They are mul�
tifunctional. Calorimeters, triggers, tracking, time�of�
flight, and veto systems are only few of their fields of
application. 

In the first section, various uses of scintillation
counters are comprehensively considered, the main
properties of inorganic and organic scintillators are
given, technology for production of organic plastic
scintillators (OPSs) by a number of the best known
manufacturers (ISMA, Kharkov, Ukraine; IHEP,
Protvino, Russia; FNAL/NIICAD, Chicago, United
States) is described, and the most important OPS
characteristics are considered. Much attention is
given to light collection using WLS fibers and fiber�
coupled PDs (multianode vacuum PMTs and semi�
conductor silicon PMTs). 

The second section deals with examples of using
scintillation counters in large modern detectors
intended for investigations in various fields of elemen�
tary particle physics like the search for quarks and new
particles, including the Higgs boson (D0, CDF,
ATLAS, CMS), superdense states of matter (ALICE),
CP violation (LHCb, KOPIO, KLOE), neutrino
oscillations (MINOS, OPERA), and cosmic particles
in a wide mass and energy interval, including antimat�
ter particles (AMS�02). 

Prospects for the use of particle detectors in current
and future high�energy physics (HEP) experiments are
closely related to development of PDs. Some of the
trends in the development of the particle identification
methods and the role of PDs were examined in [3].
Scintillation counters are best coupled with PDs of
multipixel structure like multianode vacuum PNTs,
semiconductor silicon avalanche photodiodes (APDs),
and limited Geiger mode avalanche photodiodes (G�
APDs), whose status and prospects for the development
and use are considered in the third section. 

The following abbreviations are most often used in
the text. 

PS and PVT: polystyrene ((C8H8)n) and polyvinyl
toluene ((C9H19)n), the most commonly used base
materials. 

FD: fluorescent dopant, PPO (2,5�diphenylox�
azole, C15H11NO), PTP (para�terphenyl, C18H14),
and POPOP (1,4�di�(5�phenyl�2�oxazolyl)�benzene,
C24H16N2O). 

HF (hydroxyflavone), Y11, Y(8), K27: wavelength
shifters. 

WLS fiber: wavelength�shifting fiber. 
S type/non�S type WLS fibers: fibers with ori�

ented/uniformly distributed molecules. 
APD: avalanche photodiode. 
HAPD: hybrid avalanche photodiode. 
G�APD: limited Geiger mode avalanche photo�

diode. 

SCINTILLATORS AND THEIR PROPERTIES 

Main Properties of Scintillators

There is a great variety of organic and inorganic
scintillators with their own advantages and disadvan�
tages. The choice is dictated first of all by the goals set
to be achieved in the experiment and by the properties
of the scintillator. Scintillators mainly differ by the
light yield and decay time. Inorganic scintillators fea�
ture high light yield and long decay time, and organic
scintillators feature low light yield and short time. The
main properties and uses of scintillators are reviewed
in many publications [1, 2]. 

Inorganic scintillators. The most commonly used
inorganic scintillators are NaI(Ti), CsI(Tl), BaF2,
BGO, PbWO4, and LSO:Ce. 

Sodium iodide NaI(Tl) has the highest light yield
(40000 photons per 1 MeV of energy loss), but it is very
hygroscopic (an air�tight enclosure is needed) and
requires careful handling. The spectral composition of
its light with a maximum at 415 nm well agrees with
the spectral sensitivity of bialkaline PMTs. 

Cesium iodide CsI(Tl) has high light yield, is easy
to process, and is not hygroscopic. Its radiation spec�
trum with a maximum at 550 nm well agrees with the
spectral sensitivity of silicon photodiodes. 

Barium fluoride BaF2 is the fastest among inor�
ganic scintillators and has two time components, one
with a decay time of 0.9 ns and the other with a decay
time of about 630 ns. The fast time component is
excited by gamma rays and the slow one by alpha par�
ticles, which generally allows identification of these
particles by the decay time of the PD signal. The BaF2
radiation spectrum is characterized by two maxima,
one in the ultraviolet region at about 200 nm and the
other at about 320 nm. 

Bismuth germanate BGO has high density and
accordingly a small radiation length X0 = 1.12 cm; it is
not hygroscopic and is easy to process. Its radiation
spectrum with a maximum at 480 nm corresponds to
the sensitivity spectrum of photodiodes. It is highly
transparent: the attenuation length is as large as 3.5 to
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4 m. The decay time is 300 ns, but it strongly depends
on temperature. 

Lead tungstate PbWO4 has the highest density, a
very short radiation length X0 = 0.89 cm, and very
short decay time of 5 to 15 ns. 

Lutetium silicate LCO:Ce has high density, high
light yield, and short decay time. 

High light yield is a feature of NaI(Tl), CsI(Tl),
and LSO:Ce, the shortest decay time is typical of BaF2
and PbWO4, and high density and accordingly a small
radiation length are characteristic of PbWO4, LSO:Ce,
and BGO. Light yield of a majority of inorganic scin�
tillators strongly depends on temperature. 

Organic scintillators (OSs). The OSs widely used in
particle physics and nuclear physics experiments are
mostly plastic and to a lesser extent liquid and crystal�
line. 

Organic plastic scintillators (OPSs) have a rela�
tively high light yield and short decay time (2 to 4 ns)
and are easy to manufacture and reliable, but their
obvious advantage is that they can come in almost any
shape. The most common OPS bases are aromatic
hydrocarbon compounds, such as polystyrene and
polyvinyl toluene. However, these bases themselves
have insignificant light yield and low transparency to
their own radiation. To obtain a scintillation detector
on their basis, it is necessary to absorb the primary
radiation, which is in the ultraviolet region, and re�
emit it into the region of wavelengths compatible with
the spectral sensitivity region of the PD. Organic scin�
tillators are usually two�component or three�compo�
nent mixtures of a base (polystyrene, polyvinyl tolu�
ene), an FD (p�terphenyl, PPO), and a wavelength
shifter (POPOP). 

Apart from aromatic hydrocarbons, another com�
monly used base material is polymethyl methacrylate
(PMMA), which has higher transparency for ultravio�
let and visible light as compared with other bases. 

Passing through the base, an ionizing particle loses
some energy to ionization and excitation of the base
molecules. This excitation is transferred rapidly to the
FD molecules by nonradiative Forster dipole–dipole
interactions. Molecules of the base return to the

ground state, and excited molecules of the FD emit
photons in the wavelength region of about 370 nm,
which falls within the absorption spectrum of the
wavelength shifters (fluorescence). The latter re�emit
photons into the region corresponding to the photode�
tector sensitivity with a maximum at about 470 nm. 

Excitation of molecules is sometimes accompanied
by production of a metastable state with a lifetime
much longer than that of an ordinary excited state.
Transition from the metastable to the ground state can
proceed stepwise via a transition to the allowed excited
state due to the additionally acquired energy, followed
by a transition to the ground state accompanied by
emission of light with a time delay as long as a few mil�
liseconds (phosphorescence). 

Figures 1a and 1b show schemes of photon produc�
tion due to excitation of molecules in a one�compo�
nent and a three�component OS [4]. 

Crystalline organic scintillators. Some of the
organic scintillators (anthracene, stilbene, naphtha�
lene) are pure crystals. Among all organic scintillators,
anthracene features the highest light yield with about
40000 photons per 1 MeV of energy lost by a minimum
ionizing particle. However, crystalline organic scintil�
lators are not commonly used because of difficulties in
processing and producing large�sized samples.
Anthracene is most often used as a reference: the light
yield of any other crystal is given in percent of the
anthracene light yield. 

Liquid organic scintillators (LOSs). The most often
used components of LOSs are solvents toluene,
xylene, and benzene, FDs p�terphenyl (C18H14), PBD
(C20H14N2O), butyl PBD (C24H22N2O), and PPO
(C15H11NO), and the wavelength shifter POPOP
(C24H16N2O). 

Liquid organic scintillators have a short decay time
(1 to 10 ns) and theoretically allow detectors of any
volume to be made. It is easy to introduce wavelength
shifters in a LOS, and addition of 10B increases ther�
mal neutron detection efficiency. During operation,
LOSs require protection against O2 (air). 
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Manufacture of Organic Plastic Scintillators 

Scintillators used in particle physics and nuclear
physics experiments are manufactured in many places.
The largest manufacturers are ISMA (Kharkov,
Ukraine), FNAL/NICADD (United States),
Bicron/Saint�Gobain (United States), Kuraray
(Japan), IHEP (Protvino, Russia), Uniplast
(Vladimir, Russia), Pol.Hi.Tech (Italy), and Chemo
Technique (France). 

The OPS production technology is quite well
developed and based on polymerization of initial
materials with subsequent bulk polymerization or
injection molding or extrusion. Production of scintil�
lators with high transparency and uniform FD distri�
bution over the entire volume requires fulfillment of
several production process conditions: 

⎯Performing deep purification and thorough mix�
ing of the initial materials. 

⎯Maintaining the necessary temperature regime. 
⎯Bubbling styrene with inert gas (argon) to avoid

access of oxygen to the reaction mixture. 
⎯Performing evacuation and microfiltration. 
⎯Annealing the item to remove remaining mono�

mer and relieve residual stresses. 
Plastic scintillators are manufactured using com�

mercially available pellets of base materials (styrene,
vinyl toluene), FDs (p�terphenyl, PPO), and wave�
length shifters (POPOP). Quantitative proportions of
these components are based on the required charac�
teristics of the scintillator, and for FDs and wavelength
shifters they vary within 1–3% and 0.01–0.044% by
weight of the base. 

Bulk polymerization method. It is a traditional
method widely used in both large and small laborato�
ries for producing and machining scintillators of vari�
ous shapes and sizes. The production process condi�
tions discussed above should be strictly fulfilled for the
method in question. Particular attention should also

be given to heat removal to avoid local overheating
during polymerization. The thus made scintillators
have the highest transparency and uniformity and a
higher light yield in comparison with scintillators
manufactured by other methods. 

ISMA in close cooperation with DLNP (JINR)
produced a large number of tiles for HEP experiments
with polystyrene as a base, 2% p�terphenyl, and 0.03%
POPOP—a scintillator known as UPS�923A [5].
Later the UPS�923A production process was modified
by decreasing the percentage of p�terphenyl to 1.5%
and POPOP to 0.02% and changing the surface
machining process. Instead of grinding and mechani�
cal polishing, the surface of the tiles was machined
using diamond turning with subsequent nonabrasive
turning. As a result, the surface reached the quality of
thermally processed glass, and the transparency of the
scintillator was considerably improved. This scintilla�
tor was branded UPS�923D [5]. About 600 rectangu�
lar (180 × 17 × 2 cm3, 300 × 30 × 2 cm3) and trapezoidal
(180 × 40(30) × 1.5 cm3) UPS�923A scintillation
counters were made for various CDF�II muon sub�
systems and 2800 UPS�923D scintillation counters
125 × 125 × 20 mm3 in size for the CDF�II preshower
system. Figure 2 shows the schematic view of the
ISMA block polymerization plant [5]. 

Injection molding (IHEP/JINR LHEP). The dry
mixture of commercial polystyrene pellets, PPO
(1.5%), and POPOP (0.05%) is loaded into the auto�
matic thermoplastic machine where the melt temper�
ature 170–210°C and pressure about 150 kg/cm2 are
maintained [7]. A large number of 142 × 146 × 5 mm3

tiles for the hadronic calorimeter of the Tagged Neu�
trinos Facility [8] were produced by this method. 

This method is highly productive: during mass pro�
duction it takes about 2 min to make a tile. About
460000 trapezoid polystyrene tiles of 11 various sizes
with a thickness of 3 mm for the Hadron Tile Calorim�
eter of the ATLAS spectrometer [9] and a large num�
ber of tiles for the LHCb calorimeters were made at
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Fig. 2. Schematic view of the bulk polymerization plant at ISMA [5]. 
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IHEP (Protvino, Russia). A mixture of polystyrene
with added p�terphenyl (1.5%) and POPOP (0.044%),
predried at 60–70°C and melted, was injected in a
special mold at 170–190°C at high pressure. It was
important to maintain the temperature at a level of not
higher than 190°C because at higher temperatures the
fluorescent dopants could be destroyed. 

The base was pellets of polystyrene PSM�115
(AKRO, Kazakhstan) and BASF�165H. In PSM�115
the monomer admixture was 0.1% and water admix�
ture was below 0.1%. The prescribed geometrical
parameters of the calorimeter set rigorous precision
requirements on the scintillator tile size and conse�
quently on the molds (<0.1 mm). Even more rigorous
requirements were imposed on the smoothness and
planarity of tile surfaces (better than 20 μm) because
this directly affected the quality of the tile surface and
ultimately the light yield and the attenuation length. 

The scintillator tiles produced by this method were
cheaper than those made by other methods, but their
light yield turned out to be 20% lower than the light
yield of the tiles produced by the bulk polymerization
method. Nevertheless, the result satisfied the require�
ments of the Tile Calorimeter. 

Molding method. Polystyrene pellets with FDs are
melted and polymerized in light metal molds with
mirror�polished walls and an open upper surface. This
method is used to produce scintillators of various sizes
that do not need machining (polishing) [9, 10]. Scin�
tillators produced by this method at IHEP were used
in the COMPASS experiments at CERN, KOPIO and
PHENIX experiments at Brookhaven, and ISKRA
and OKA experiments at IHEP. 

Scintillators with remarkably reflective surfaces
with roughness no higher than 0.001 μm were pro�
duced using the “glass” technique. Styrene was sub�
jected to an ordinary purification process in the inert
gas, and fluorescent dopants were dissolved in it. The
resulting solution was filtered in the microfiltration
setup to remove unsolved styrene and dopants from
the melt, and polymerization was carried out in a spe�
cial mold [6] that consisted of two plane�parallel pol�
ished silicate glasses mounted in a stainless steel frame

with gaskets. Before filling, the surfaces of the glasses
were thermally treated to reduce adhesion of the poly�
mer to the glass. After the polymerization is com�
pleted, annealing is performed to relieve residual
stresses. 

Extrusion method. The method of producing scin�
tillator strips (SSs) by extruding polymerized bulk
scintillator through special dies were first used on large
scale at Fermilab [11] and later found wide application
in high�energy physics experiments, especially neu�
trino experiments, due to the following factors: 

⎯A well�developed production process of this
method allows SSs to be produced in large amounts
(hundreds of tons) at a relatively low cost of $5 to
$8 per kg as compared with $40 per kg in the bulk pro�
duction process [11]. 

⎯It is possible to produce SSs as long as 10 m and
even longer, varying in shape and cross section (rect�
angular, triangular). 

⎯Simultaneously with extrusion of SSs, their sur�
faces are coated with a reflective TiO2 film (except the
groove area), and a hole in strip or a groove is made in
one of their wide surfaces for setting the WLS fiber. 

Extrusion of SSs at Fermilab. Scintillator strips for
the MINOS, D0, STAR, T2K, and K2K experiments
were produced at Fermilab’s Scintillation Detector
Development Technical Center [12]. Initially it was a
two�step process: at the first step polystyrene pellets
dried in a nitrogen medium to remove oxygen were
mixed with FDs (1% PPO and 0.03% POPOP), and at
the second step extrusion was performed simulta�
neously with injecting a mixture of polystyrene pellets
and TiO2 (about 15% by weight of in mixture) for
applying a reflective coating. For MINOS, about
100000 strips with a rectangular cross section of
10 mm by 14 mm, a length of up to 8 m, and a groove
for the WLS fiber in the wide side were produced. 

For MINERvA [14], SSs were produced using the
extrusion line recently installed at Fermilab in collab�
oration with NICADD (Northern Illinois Center for
Accelerator and Detector Development) (Fig. 3) [12].
The strips had a triangular cross section and a hole
with a diameter of 1.2 mm for the WLS fiber. Extrusion
was performed as a single process without the first
step, and the initial materials (polystyrene pellets, 1%
PPO, 0.03% POPOP) were mixed, melted, and injected
directly into the extruder. Before the extrusion, the ini�
tial materials underwent nitrogen purification and dry�
ing to avoid oxygen in the melting process because it
considerably deteriorates transparency of SSs. 

The extrusion technique was used to produce very
thin TiO2�coated strips of polystyrene with 1% PPO
and 0.1% POPOP with a 3 mm by 10 mm cross section
and a 1�mm hole for the WLS fiber [15]. 

The most expensive scintillator component is the
FD. The price of the traditionally used PPO and
POPOP is as high as $190–245/kg while the price of
polystyrene is $1.2–1.65/kg [11]. The upper limit of
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Fig. 3. Schematic diagram of the FermiLab/NICADD
extrusion line [12]. 
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the price depends on the quality of the material and
the volume of the order. 

Screwless SS extrusion at ISMA [16]. The initial
materials are commercially available polystyrene pel�
lets and FDs. After thorough purification of the base
material in the inert gas, removal of oxygen from it,
and dissolution of the FDs in it, the polystyrene melt
is bulk polymerized and extruded without using a
screw. The melt is forced through the die by the excess
pressure of the inert gas. This screwless extrusion tech�
nique was developed at ISMA. Not only was the extru�
sion process simplified, but transparency and light
yield of SSs was also increased by a factor of almost 1.5
in comparison with SSs produced by extrusion using a
screw. Over 3000 SSs with a rectangular cross section
of 10 mm by 26 mm, a length of 7 m, reflective coating,
and a groove for the WLS fiber were made for the
OPERA detector [17]. 

Light Yield of Scintillators and Long�Term Stability 
of Their Characteristics 

The most important characteristics of a scintillator
are light yield, transparency, radiation spectrum,
decay time, stability of characteristics, and radiation
hardness. Only a small fraction (about 4%) of energy
lost by a charged particle in the scintillator is trans�
formed to light energy. 

The light yield of a scintillator depends on many
factors, such as materials (base, dopant, wavelength
shifter), production technology, relationship of the
emission and absorption spectra of the base, dopant,
and wavelength shifter, and the sort of particles that
cause scintillation. A number of photons are lost due
to escape through the scintillator surface, and this
number depends on the surface machining quality. A
noticeable number of produced photons propagating
along the scintillator are lost due to absorption on the
organic and other impurities. Commercial�grade sty�
rene contains up to 0.05–0.2% by mass of organic
impurities, 0.06% by mass of water, and 0.01–
0.0001% by mass of iron ions [6]. Photons are also lost
due to scattering by these impurities, structural
defects, and cavities in the polymer. 

The scattering process is usually described by the
formula 

R = Axλ–4 + B, 

where λ is the photon wavelength, the first term arises
from the Rayleigh scattering by inhomogeneity <λ/20
in size, and the second term arises from the scattering
by inhomogeneity >λ in size (Mie scattering). The ini�
tial purification of materials and high�level polysty�
rene production technology allow the Mie scattering
to be avoided. Transparency and light yield of polysty�
rene can be increased by deep microfiltration, when
polystyrene initially purified by aluminum oxide is
vacuum distilled using track membranes. These
microfiltration membranes with 106 to 109 identical

pores per cm–2 produced at JINR (Dubna, Russia)
allow the initial material to be purified of impurities of
150 to 200 nm in size. With deep microfiltration, poly�
styrene transparency can be increased to 2.5 m. Pho�
ton loss to scattering by structural defects and cavities
in the matrix structure can be considerably decreased
by optimizing the annealing process through varying
the temperature, duration, and rate of annealing [18]. 

The choice of FDs and wavelength shifters is
largely dictated by their emission and absorption spec�
tra. FD absorption spectra should be close to the base
emission spectrum. The maxima of the wavelength
shifter absorption and emission spectra should be as far
away from one another (Stokes shift) as possible to
avoid self�absorption of emitted photons (Figs. 4a, 4b).
The commonly used wavelength shifters are Y11,
POPOP, and 3HF (3�hydroxyflavone) with the Stokes
shifts as large as 190 nm for 3HF [19] and 60 nm for
POPOP (Fig. 4a) [20] and Y11 (Fig. 4b). 
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Dependence of the scintillator light yield on the
nature of the ionizing particle is determined by the fact
that strongly ionizing particles produce local electric
fields along the track, which leads to quenching of
scintillations, i.e., to an increasing number of nonra�
diative transitions in excited molecules and, accord�
ingly, to a decrease in the light yield dN/dx. For exam�
ple, light yields from protons and α particles are
respectively about 1/2 and 1/10 of the light yield gen�
erated by electrons. This fact is used to separate parti�
cles on the basis of the emission spectrum shape. 

A decrease in the light yield as a function of the scin�
tillator material is described by the Birks formula [1] 

where dE/dx is the energy loss per unit path, A is a
constant, and kB is the Birks factor. 

Table 1 lists values of the kB factor for a number of
organic scintillators. 

The most commonly used scintillator based mate�
rials are polystyrene (PS) and polyvinyl toluene
(PVT). The quantitative characteristic of the scintilla�
tor light yield and transparency are the technical
attenuation length (TAL) and the bulk attenuation
length (BAL). 

The TAL of a scintillator tile is defined as a length
over which the light yield decreases by the factor e, and
it depends on the transparency and geometrical
parameters of the tile (thickness and shape) and also
on the surface machining quality. The BAL depends

dN/dx A dE/dx( )/ 1 kB dE/dx( )+[ ],=

on the scintillator material and production technology
and is defined as a length over which the intensity of
the initial light decreases by the factor e. The TAL of a
tile is determined by measuring its light yield from cos�
mic muons (or e from a radioactive source) at different
distances from the PD, and the BAL is found by mea�
suring the tile transmission for the monochromatic
light whose wavelength is close to the scintillator emis�
sion wavelength (e.g., by a cadmium laser) [21]. 

Light yield of scintillation counters is usually
expressed in a number of photoelectrons, which is
found using the spectrometric channel calibration
procedure based on weak�intensity LED measure�
ments [22]. This calibration is necessary for monitor�
ing the operation of the counters and is performed
before and after using the counters. Dependence of
the light yield of the scintillator on its production
technology and the number of FDs was investigated
with cosmic rays incident on UPS�923D and
UPS�923A tiles 2 × 45 × 180 cm in size (Fig. 5). The
mean TAL of the UPS�923D and UPS�923A scintilla�
tors proved to be 323 cm and 196 cm, respectively, and
the light yield from UPS�923D was about 1.7 times
higher than from UPS�923A. Note that the
UPS�923D scintillators were manufactured with fewer
FDs than UPS�923A, and the surface machining pro�
cedures were also different [6]. 

Figure 6 shows the results of measuring the light
yield of the UPS�923A and NE�114 scintillators (the
latter is equivalent in characteristics to BC�416) [22].
The measurements were performed with cosmic
muons incident on NE�114 tiles 2 × 30 × 200 cm3 in
size and two UPS�923A tiles 2 × 30 × 200 cm3 and 2 ×
30 × 300 cm3 in size. One end of the 2�m tiles was
blackened and the other was connected to the PD
through a fish tail light guide. Their attenuation
lengths turned out to be approximately identical,
115 cm in NE�114 and 130 cm in UPS�923A. The
light yield from UPS�923A was about 25% higher than
from NE�114, which was because UPS�923A scintil�
lators were manufactured with an emphasis on achiev�
ing the optimum structure of the polymer and FDs
during polymerization. The 3�m UPS�923A tile, in
which the reflected light from its far end was used,
showed more than 40 photoelectrons over the length
of 3 m. 

Long�term stability of scintillator characteristics.
An important feature of a scintillator is stability of its
characteristics, which is especially significant because
scintillation counters are widely used in collider
experiments, being exposed to high radiation doses for
a long time. 

Table 1. Factor kB × 102, g/cm2 MeV–1 for some of organic scintillators [1]

Type NE102 NE213 PilotB Stilbene Anthracene NE230 SCSN38

kB 1.31 1.26 1.59 0.86 1.46 1.10 0.86
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# M36�10
L = 196 cm
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Fig. 5. Dependence of the light yield on the distance to the
PMT for the UPS�923D (upper curve) and UPS�923A
(lower curve) tiles 2 × 45 × 180 cm in size. 
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The scintillator gradually loses its properties due to
natural aging and exposure to various adverse factors,
such as temperature, humidity, and radiation. The
polymeric base of the scintillator suffers degradation
of its chemical and physical structures, stresses, and
thermal oxidation caused by atmospheric oxygen,
which is manifested by formation of microcracks and
micropores on the surface and in the bulk of the scin�
tillator and by a change in its color. The aging process
also depends on the scintillator material and produc�
tion technique. 

In polystyrene�based scintillators the matrix begins
manifesting structural changes at T > 50°C. Scintilla�
tors produced by the injection molding technique are
more thermally stable than scintillators produced by
the bulk polymerization technique. Investigations of
long�term stability under natural storage conditions
were carried out for the Kuraray SCSN�81, Bicron
BC�408, and ISMA UPS�98RH and UPS�923A scin�
tillators. The samples used in the measurements were
4 × 125 × 125 mm tiles and 4 × 20 × 200 mm strips. The
results are presented in Table 2 [6], where columns 2
and 3 show the time in years, within which the light
yield and the mechanical strength of the samples
decreased by 20%. 

As is seen from the Table, UPS�923A loses 20% of
light yield for 10 years and 50% of mechanical strength
for 8.2 years, i.e., it, like SCSN�81, shows the best
long�term stability of the light yield and mechanical
strength. 

Aging of UPS�923A and NE�114 was investigated
in [23]. In four years of natural aging the light yield
decreased by 30% in UPS�923A and by 70% in
NE�114. 

Another factor affecting the long�term stability of
the scintillator characteristics is humidity. The surface
of the scintillators, especially those produced by the
bulk polymerization with subsequent machining, can
have microcracks, which will expand in the course of
time under the effect of O2 and water vapor. 

An important characteristic for the scintillators
used in high�energy experiments is their radiation
hardness. The State Scientific Institution “Institute
for Single Crystals” (Kharkov, Ukraine) developed a
radiation�hard scintillator UPS�98RH based on poly�
styrene with plasticizer that serves to intensify diffu�
sion of O2 and radiolysis products in the polymeric
matrix and shows the highest radiation hardness in
comparison with other radiation�hard scintillators like
SCSN�81T (Kuraray, Japan), BC�408 (Bicron,
United States), and UPS�09RH and UPS�923A
(Amcrys�H, Ukraine) [24]. 

Samples of these scintillators in the form of 9 × 20 ×
200 mm strips with surfaces polished to optical purity
and 4 × 125 × 125 mm tiles with a groove holding a
WLS fiber were exposed to a dose of 3 and 10 Mrad
from the Co60 source at a dose rate of 0.02 Mrad/h.
The strips were used to measure BALs and TALs as a

function of the exposure time, and the tiles were used
to measure light yield. During the measurements the
strip end farthest from the PD was blackened and the
WLS fibers were not mirrored. Immediately after the
exposure to the dose of 10 Mrad all samples except
UPS�98RH grew strongly colored yellow and their
subsurface area was bleached. Their BALs decreased
to 1–2 cm while the BAL of UPS�98RH was 17 cm
(Fig. 7). The TALs showed a similar behavior. At a
dose of 10 Mrad the TAL of UPS�98RH was larger
than the TALs of SCSN�81 and BC�408 by a factor of
1.5 and 3.0 respectively (Fig. 8). 

The light yield from the tile light guide assembly at
a dose of 10 Mrad decreased by a factor of almost 8.
However, in UPS�98RH it was 40% higher than in
BC�408. In addition, radiation hardness of this scintil�
lator turned out to be independent of the exposure
dose rate. For these advantages, the UPS�98RH scin�
tillator was chosen for use as the active absorber of the
forward hadronic calorimeter in the highest radiation

Table 2. Long�term stability of light yield and mechanical
strength

Scintillator τ20 (20% of light yield) τ20 (50% σp )

SCSN�81 10 6.2

BC�408 6 5.1

UPS�98RH 8 5.8

UPS�923A 10 8.2
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Y

UPS�923A PS based
(size: 200 × 30 × 2 cm2)
NE�114 PVT based
(size: 200 × 30 × 2 cm2)
UPS�923A PS based
(size: 300 × 30 × 2 cm2)

Type UPS�923A
A = 201.2 ± 3.3
λ = 129.3 ± 2.3
χ2 = 1.32

Type NE�114
A = 158.9 ± 3.1
λ = 114.0 ± 2.5
χ2 = 1.51

Fitting function
y(x) = Aexp(–x/λ)

Fig. 6. Dependence of the light yield (Y) on the distance to
the PMT for three tiles, two of which are produced from
UPS�923A (2 × 30 × 200 cm and 2 × 30 × 300 cm) and one
from NE�114 (2 × 30 × 200 cm). 
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area of the CMS. The total dose in this area for
10 years of operation was estimated at about 10 Mrad. 

To choose scintillators for the CDF electromag�
netic calorimeter, the light yields and attenuation
lengths were investigated in the SCSN�81,
SCSN�38D, and BC�408 scintillators exposed to a
dose of 0.5 and 1.0 Mrad from the Co60 source (the
expected irradiation dose of the calorimeter for
10 years of operation is 0.5 Mrad). According to the
requirements of the CDF experiment, the 10�year
decrease in the light yield and attenuation length
should not be larger than 15% and 30%, respectively.
The results of the investigations presented in Tables 3
and 4 show that the scintillator meeting both require�
ments of the experiment is SCSN�38 [25]. 

Light Collection, Strips, Tiles, 
and Reflective Materials 

Scintillator strips (SSs). Many high�energy exper�
iments need scintillation counters capable of covering
vast experimental areas (tens of thousands of square
meters), with high segmentation and a great number of
photodetectors. In this connection, the cost of the
scintillators and PDs becomes as important as their
quality. The quality of a scintillation counter depends
not only on its light yield but also on the efficiency of

the light collection system and on the characteristics
of the PDs. A decisive contribution to the solution of
this quality problem came from the extrusion and
injection molding techniques, which allowed produc�
tion of scintillator strips of various shapes and cross
sections and scintillator tiles with thicknesses of a few
millimeters to a few centimeters and areas up to a few
thousands of square meters. Light from strips and tiles
is collected using WLS fibers, which are inserted into
grooves and holes made in strips and tiles specially for
them and which guide the collected light to the multi�
channel PDs. 

Scintillator strips were first manufactured in a
large amount at Fermilab for the MINOS experiment
[11] aimed at studying neutrino oscillations. About
100000 SSs based on polystyrene with the dopants 1%
PPO and 0.03% POPOP were produced. The strips
had a rectangular cross section 4.1 cm wide and 1.0 cm
high and their length was 8 m (Fig. 9). The total area
covered by the strips was about 28000 m2. Each strip
was coextruded with the reflective material TiO2 and
had a groove in its wide side for the Kuraray Y11 non�
S type two�clad WLS fiber 1.2 mm in diameter. The
width and depth of the groove were 2.3 and 2.0 mm,
respectively. For efficient light collection, the fiber was
inserted into the groove deeply and glued to it, and the
groove with the fiber was covered with Mylar film. 

Scintillator strips for the MINERvA [14] experi�
ment on the study of neutrino–nucleus interactions
were produced from the same materials as the strips for
MINOS, but they were triangle shaped with a width of
33 ± 0.5 mm and a height of 17 ± 0.5 mm. Holes for
WLS fibers were made in the strips simultaneously
with their extrusion, and the reflective TiO2 coating
(15% by weight of PS in mixture) was applied
(Fig. 10). The hole was 2.6 ± 0.5 mm in diameter.
Both ends of the strip were painted by Elijen EJ�510
TiO2 paint. The total number of the strips was 32000.
An advantage of the triangular strips arranged as in
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Table 3. Light yield of the tile–fiber system as a function of
the exposure dose

PS sample

Light yield, 
p.e./MIP

Relative decrease 
in light yield, %

before 
exposure

after dose 
of 0.5 Mrad

after dose 
of 1.0 Mrad

SCSN�81 9.14 ± 0.14 2.2 ±0.1 8.0 ± 0.2

SCSN�38 10.46 ± 0.14 5.6 ± 0.1 13.6 ± 0.3

BC�408 8.95 ± 0.13 8.1 ± 0.2 14.6 ± 0.4
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Fig. 10b was better spatial accuracy of measurements
and absence of dead zones between the strips. 

Very thin 3 × 10 mm strips supposed to serve as
active absorber were produced by the extrusion tech�
nique for the International Linear Collider (ILC).
These strips, together with tungsten as passive
absorber, can ensure high segmentation with cells
about 1 × 1 cm in size. The light yield and attenuation
length of these strips turned out to be comparable with
the characteristics of the scintillators produced by the
molding technique. In addition, strips irradiated with
electrons at a dose of 100 krad, which is equivalent to
three�year radiation dose in the central regions of
modern colliders, lost about 20% of light yield but
completely restored the loss after annealing [15]. 

Light collection depends not only on the scintilla�
tor transparency but also on the quality of the scintil�
lator surface and reflective materials used. Various
materials with the reflection factor R > 90% are used
for reflective coating, e.g., aluminized Mylar, TYVEK,
TiO2, MgO, ZnO, BaSO4, various films, white paper,
and white paint. The first three materials are most
commonly used in physics experiments. 

To wrap up tiles for the CDF�II electromagnetic
calorimeter, various reflective materials were investi�
gated, among them white paper, E65 film, and Al
Mylar. The E65 film was chosen for the lowest light
collection nonuniformity of 2.05 ± 0.12% [28]. 

To wrap up long strips in TYVEK or Mylar is a
rather laborious process. The best practical method,
developed at MINOS, turned out to be application of
TiO2 coating simultaneously with the extrusion of the
scintillator [11]. Pellets of TiO2 were mixed with poly�
styrene pellets in an amount of about 15% by weight of
the polystyrene and fed into the extrusion line. The
thus obtained coating not only features remarkable
reflective power but also ensures good adhesion to the
base and protection of inner layers against mechanical
and potential chemical damage. 

The quantity R depends on many factors like the
material used, its concentration k, coating thickness,
and the technique of its application. In [26] TiO2 coat�

ing with its high refractive index was investigated for
light collection and reflection factor as a function of
TiO2 concentration in the mixture with polystyrene.
The results were compared with the figures obtained
by the world leaders MINOS, Pl.Hi.Tech., and
Chemo Technique. It was shown that R increases with
increasing TiO2 concentration, and at k = 18% it is
96% and the number of photoelectrons is 8.2, which is
almost 40% larger than in MINOS. As the TiO2 con�
centration continues increasing, the number of photo�
electrons increases insignificantly, but there arises a
problem of coating nonuniformity during extrusion.
The minimum coating thickness (or TiO2 concentra�
tion) is limited by a possibility of ultraviolet photons
leaving the coating. The purity of the material and the
size of the particles are the factors which are most
important for light collection and the reflecting power.
The best results were obtained with the strips made
from Du Pont materials with the purity of 96 to 97%
and the particle size of about 0.2 μm. 

Scintillator tiles based on polystyrene with the FDs
2% p�terphenyl and 0.01% POPOP produced by the
Uniplast Company (Vladimir, Russia) using the extru�
sion technique has a diffuse reflector applied by treat�
ing the polystyrene surface with a special chemical
solution [27]. 

Scintillator tiles. Tiles traditionally find wide use in
time�of�flight detectors, triggers, and hadronic and

Table 4. Attenuation length (L) of plastic scintillator sam�
ples as a function of the exposure dose

PS sample

Attenuation 
length (L), 

mm

Relative decrease 
in attenuation length, %

before 
exposure

after dose 
of 0.5 Mrad

after dose 
of 1.0 Mrad

SCSN�81 648 ± 43 32 ± 2 41 ± 3

SCSN�38 402 ± 20 16 ± 1 29 ± 2

BC�408 644 ± 12 31 ± 2 32 ± 2

Fig. 9. Strips used in the MINOS experiment [11]: cross
section 10 mm by 41 mm, length up to 8 m, groove depth
2.3 mm, and groove width 2.0 mm. 

(a) (b)

Fig. 10. (a) Cross section of a triangular strip: the wide side
length 33 ± 0.5 mm, height 17 ± 0.5 mm, and hole diam�
eter 2.6 ± 0.5 mm; (b) a view of the triangular strips with
inserted fibers for the MINERvA experiment [14]. 
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electromagnetic calorimeters. The size, shape, and
material of the tiles depend first of all on their destina�
tion. Linear dimensions of tiles can vary from a few to
ten centimeters. 

Tiles for the CDF�II preshower detector [28] and
the preshower detector (PD) and scintillation pad
detector (SPD) of the LHCb spectrometer [29] were
made by cutting them out from scintillator plates and
subsequently milling and polishing their sides. 

Tiles for the ATLAS hadronic calorimeter were
made at IHEP using the injection molding technique
[9] with a size tolerance no larger than ±0.1 mm preset
by the mold size precision. Light collection was per�
formed from two opposite sides of the tiles using WLS
fibers. The same technique was used at IHEP to pro�
duce tiles for the electromagnetic calorimeter (ECAL)
of the LHCb spectrometer. 

Light collection from the PD and SPD tiles was
performed using Y11(250) multiclad WLS fibers
1.2 mm in diameter placed in special grooves cut in the
wide side of a tile (Fig. 11). In [29] the dependence of
light collection on the shape and depth of the grooves,
optical adhesives and greases, number of WLS fiber
turns in a groove, scintillator material, and fiber mate�
rial was comprehensively analyzed. Light yields from
the tiles with a deep rectangular groove and a screw�
shaped groove (Fig. 11) were compared. It was shown
that light yields from both tiles differed insignificantly
but the light yield from the tile with the deep groove is
more homogeneous than from the tile with the helical
groove. Tiles of smaller size also feature more homoge�
neous light yield. In terms of groove�making simplic�
ity, a deep�groove tile was preferred. 

Dependence of the light yield and its uniformity on
the shape and depth of the grooves in the tiles and on the
groove curve radius was investigated in [29]. The tiles
measured 4 × 100 × 100 mm and 4 × 200 × 200 mm. It
was shown that smaller�sized tiles with a keyhole�
shaped groove 1.7 mm deep with a curve radius of
30 mm had the highest light yield (>3 photoelectrons)

and the lowest nonuniformity (~2%) and tile�to�tile
light crosstalk (<2%). 

The BC�408 scintillators based on PVT have light
yield higher by a factor of 1.6 than PS�based scintilla�
tors. However, the machining of BC�408, especially
groove making, and their use, meet with certain diffi�
culties. A lower light yield of the polystyrene tile can be
compensated by its larger thickness. For example, a
15�mm�thick PS tile yields as much light as a 10�mm�
thick PVT tile. Considering these points, PS was cho�
sen as a base of tiles for the LHCb spectrometer. 

Figure 12 shows a drawing of the tile used in the PD
and SPD of the LHCb spectrometer. In one of the tile
faces, a groove with a rectangular cross section of 4.1 ×
1.06 mm2 was cut to house three WLS fiber turns. The
modeled tiles of the detectors to be used in different
areas relative to the beam were different in size. For
example, the groove diameter D and the side L of the
tile in the inner, middle, and outer PD areas were D =
37, 56, and 110 mm and L = 39.5, 59.5, and 119.1 mm,
respectively. 

The light yield increased when the BC�600 adhe�
sive or the BC�630 grease was used to insert the fibers
into the groove instead of dry setting. The positive
effect was about 30% in both cases. 

The PD 4 × 4 × 1.5 cm3 tiles with a deep groove
housing 3.5 turns of the Kuraray Y11(250) S�type
1�mm�diameter multiclad WLS fiber glued into it
were irradiated by a 50 GeV electron beam. Photo�
multipliers with a quantum efficiency of 15% were
used. The light yield was obtained to be 30 photoelec�
trons (p.e.) [29]. 

In the extended 10 × 170 × 870 mm3 tiles for the
KLM detector of the Belle�II spectrometer a 3�mm�
deep S�shaped groove was milled to hold the Kuraray
Y11 WLS fiber glued into it (Fig. 13). The light collec�
tion from both fiber ends to the micropixel avalanche
photodetectors with quantum efficiency of 10 to 20%
in the green region was 26 photoelectrons [27]. 

1.1 mm

2.5 mm

1.5 mm

1 mm
PMT

Deep groove

Helical groove

Fig. 11. Drawing of the prototype tiles with different
grooves for the PD and SPD of the LHCb spectrometer. 

D

15

4

1.05

4.
1

L

Fig. 12. Drawing of the tile for the PD and SPD of the
LHCb spectrometer. All tiles have a square shape and iden�
tical thickness of 4.1 mm. 
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In the CDF�II PD 125 × 125 × 20 mm3 tiles, an
Ω�shaped groove (Fig. 14) was milled to hold two WLS
fiber turns from which light was transmitted through
an optically clear cable to the 16�channel R5900�16
PMT. This system provides more than 20 photoelec�
trons from minimum ionizing particles [28]. 

A special method employing a bundle of WLS
fibers was used to collect light from large extended tiles
in the CDF�II central muon scintillation detectors
[23]. This bundle of densely laid parallel 1�mm�diam�
eter Kuraray Y11(200) S�type multiclad fibers was
glued to one of the narrow sides of the long tiles and
was covered, like the opposite side, with an Al strip.
The wide sides of the scintillator were covered with dif�
fusely reflecting aluminized paper of the “orange skin”
type. All sides of the scintillator except the one with
the fibers glued to it were thoroughly polished. The
fiber ends farthest from the PMT were also polished
and an Al mirror was glued to them. The number of the
fibers in the bundle was 15 or 20 depending on the tile
thickness. Light from all WLS fibers in the bundle was
collected in a 2.2 × 2.2 × 6 cm H5783 photodetector
(with R5600 PMT) with a photocathode 0.8 cm in
diameter and a quantum efficiency of ~12% (Fig. 15). 

The cosmic�muon measurements performed with
counters 160 and 320 cm long showed the results much
higher than the CDF�II requirements: the attenuation
length and the number of photoelectrons at the WLS
fiber ends farthest from the PMT in different muon
subsystems were 290 cm and 37 and 470 cm and 25,
respectively [25]. 

These results were obtained even with WLS fibers
whose farthest ends from the PMT were treated using
a simplified technology without thorough polishing
and Al deposition, which resulted in a reflection factor
of about 60% instead of 80 to 90% obtained with the
improved technology. 

Light emitted by scintillators as charged particles
pass through them is predominantly in the ultraviolet
region. To transmit this light directly to the PMT is
rather difficult and ineffective for several reasons.
PMTs with the spectral sensitivity in the ultraviolet
region are very expensive, and transmission of ultravi�
olet light over some distance involves high losses.
Therefore, ultraviolet light is usually converted to
green light compatible with the sensitivity region of
cheaper standard PMTs. Light is converted by wave�
length�shifting light guides, or fibers, and further
transmitted to the PMT by total internal reflection
from thoroughly polished sides of the light guide and
surfaces of fibers. 

Light from extended scintillators was read out via
bar�shaped Plexiglas light guides placed at the light�
collecting faces of the scintillator tiles. For efficient
light transmission, the tile and light guide faces were
polished and separated from each other by a small air
gap. If there were no air gap, reemitted light would

scatter back to the scintillator. The light guide–scintil�
lation connection areas should be identical (Fig. 16a). 

Fish�tail light guides are also used. Their flat end is
connected to the scintillator end and the round end is
connected to the PMT (Fig. 16b). The dimensions of
the light guide ends should be identical to the corre�
sponding scintillator and PMT dimensions. Light
from large scintillators more than 10 cm wide is col�
lected via an adiabatic light guide assembled of identi�
cal Plexiglas strips twisted like a fan (Fig. 16c) [32].
This light guide allows more uniform light collection
and ensures identical time of arrival of photons from
different areas of the light�collecting scintillator face
at the PMT photocathode. Strips are twisted by heat�
ing at a temperature of about 150°C. 

However, there are difficulties in using these light
guides, especially in large spectrometers at modern
accelerators. They and PMTs with large�sized photo�
cathodes coupled to them occupy a large space, thus
increasing the dead areas. Scintillation counters and
PMTs can find themselves in stray magnetic fields, and
it is therefore necessary to protect PMTs against the
magnetic field. Light guides should be compact, sta�
ble, and economical and ensure efficient light collec�
tion and coupling to a PMT. 
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Fig. 14. CDF�II 125 × 125 × 20 mm2 tile. 
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Another method of light collection from strips
(tiles) that largely meets these requirements is to use
WLS fibers inserted into special grooves milled on the
surface of a strip (tile) or holes made in strips. With this
light collection method, the necessary area of the
PMT photocathode and the number of PMTs can be
decreased because light from each particular strip
(tile) can be transmitted to a particular pixel of the
multianode PMT. The use of WLS fibers allows PMTs
to be placed outside the spectrometer where the mag�
netic field effect is insignificant. In this case, light is
transmitted to the PMT through clear fibers (fibers
without scintillating dopants and wavelength shifters)
coupled to the WLS fibers. This method has found
wide application in particle physics and nuclear phys�
ics experiments where scintillator tiles and extended
scintillator strips are used. Their light yields are deter�
mined by the geometrical dimensions (length, cross
section shape) of the scintillator used, dimensions and
shape of grooves or holes, and also by the properties of
the WLS fibers and the way of their setting into the
grooves’ holes. 

Losses are lower when light is transmitted to the
PMT via the fibers rather than via a fish tail or an adi�
abatic light guide because in the latter case light travels
to the light guide through the bulk of the strip where it
is partially absorbed. 

Comprehensive study of light collection from a
strip using WLS fibers was performed for the MINOS

project [11]. One option was to insert fibers into a
groove and the other was to insert them into a hole. In
both options it was a dry setting. In the former case the
light collection was 10% lower than in the latter. Light
collection from the fiber glued into a groove was a fac�
tor 1.8 higher than from the dry�set fiber. Considering
the required effort, the strip with the groove for fiber
setting with glue was chosen as a working option. Two
samples with an identical thickness of 1 cm and a
width of 2 and 4 cm were used to investigate light col�
lection as a function of the strip thickness�to�width
ratio. Light collection from the 2�cm�wide strip
turned out to be only 1.3 times higher than from the
4�cm�wide strip. Since it is more economical to man�
ufacture a 4�cm strip than two 2�cm strips, the choice
was in favor of 4�cm strips. 

Wavelength�Shifting Fibers

Ultraviolet scintillation light produced in the strip
by a charged particle is partially absorbed and reemit�
ted in the WLS fiber and then transmitted to the PMT
by the total internal reflection from the surfaces of the
claddings. The main world manufacturers of WLS
fibers are Kuraray (Japan) [33] and Saint Gobain
Crystals (United States) [34]. 

Fibers can be single clad and multiclad (mainly
double clad), round�shaped with diameters of 0.2 to
2.0 mm, and square�shaped with dimensions of 0.3 to

(a) (b)

Scintillator 

WLS fiber 

to PMT 
Adapter DividerHolder PMT

R5600

Fig. 15. (a) CDF�II tile with WLS fibers forming a ribbon; (b) connection of the WLS fibers to the PMT [23]. 
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Fig. 16. Types of light guides: (a) wavelength�shifting light guide; (b) fish tail; (c) adiabatic light guide. 
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3.0 mm (Figs. 17a, 17b, and 17c respectively). Thick�
ness of claddings is about 2 to 3% of the fiber diameter
or square side. 

The fiber core is most often made from polysty�
rene, and PMMA is used for the cladding of a single�
clad fiber and for the inner cladding of the double�clad
fiber. The outer cladding of the double�clad fiber is
made from fluorinated polymer (FP) (Fig. 17b). 

The refractive index n of the core, inner cladding,
and outer cladding is 1.59, 1.49, and 1.42 respectively.
This ratio of n contributes to the efficient light collec�
tion in the fiber by the total internal reflection in the
cladding (claddings). The second cladding with
n smaller than n of PMMA provides additional gain in
light collection as compared with the single�clad fiber
because the light capture cone increases and, conse�
quently, so does the light capture efficiency (from
3.1% to 5.4%) (Figs. 18a, 18b). The outer surface of
the fibers is sometimes coated with another cladding,
white or black, with a thickness of 10 to 15 μm to elim�
inate light crosstalk of adjacent fibers [33]. 

WLS fibers are more transparent to their own emis�
sion than scintillators, and their constituent dopants
like Y have partially overlapping emission and absorp�
tion spectra (Fig. 4b), which leads to the absorption in
the short�wave region of the spectrum and reemission
in the longer�wave region, where absorption is less sig�
nificant. As a result, the effective attenuation length of

the fiber increases, entailing an increase in the attenu�
ation length of the scintillator with the fiber light
guide. 

Kuraray manufactures scintillating fibers SCSF�78
(blue) and SCSF�3HF (green, radiation hard) with
the attenuation length Latt > 4 and 4.5 m, respectively,
and wavelength�shifting fibers Y7(100) (green) and
Y11(K�27) (green) with Latt > 3 and 3.5 m, which can
also be of the non�S type and S type. The former have
a more uniform and transparent structure, and the lat�
ter are less transparent because of orientation of mol�
ecules along the fiber pulling line but more strong
mechanically and flexible (see Appendix B) [33]. 

In the MINOS experiment [11] light collection
from the strips was performed using standard (non�S
type) Kuraray Y11(175) double�clad WLS fibers
1.2 mm in diameter. This fiber is characterized by a
homogeneous structure, high transparency, high light
yield, and large attenuation length. The choice of the
fiber diameter was dictated by the close packing of
eight fibers of 4 × 4 mm2 pixels of the 16�anode
Hamamatsu PMT to be used in MINOS. WLS fibers
9 m long and clear fibers 3 m long were tested. Ultra�
violet light photons produced in the strip and multiply
scattered from its reflecting faces are partially
absorbed in the WLS fiber, reemitted into green light
photons, and then travel over the fiber due to total
internal reflection. Signals from long strips were col�
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Fig. 17. Schematic views of Kuraray WLS fibers: (a) round�shaped single�clad; (b) round�shaped double�clad; (c) square�shaped. 
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Fig. 18. Scheme of light propagation in a single�clad (a) and double�clad (b) fiber. 
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lected at both ends of the WLS fibers, and signals from
short strips were collected at one end while the other
was mirrored. The mirroring procedure involved ice�
polishing, deposition of 99.999% pure Al as the reflec�
tive coating, and application of the protective Red
Spot UV Epoxy layer. 

To reduce loss of light, it is transmitted from the
WLS fiber to the PMT through a clear fiber of
the same diameter as the WLS fiber. In the WLS fiber
the attenuation length is about 5 m, and in the clear
fiber it is about 10 m. For example, the clear fibers
used in the central tracker of the D0 spectrometer
were 800 km long while the WLS fibers were 200 km
long [35]. 

In the D0�II forward proton detector (FPD)
intended for measuring small�angle proton and anti�
proton scattering, BCF�10 double�clad fibers with a
square cross section of 0.8 mm were used [36]. The
fibers were arranged in groups (0.8 × 3.2 mm) of four
fibers placed in parallel. One end of each fiber was
coated with 3�μm�thick Al and the other end was con�
nected to the Bicron BCF98 double�clad clear fiber
with the same cross section as the WLS fiber. The clear
fibers arranged in groups of four were connected to a
channel of the 16�anode H6568 PMT. Their light yield
was 10 photoelectrons. Square fibers have an obvious
advantage over round fibers in terms of light collec�
tion, which amounts to 20% due to a possibility of
their closer packing. The spatial resolution of the FPD
was about 130 μm. 

High light collection (14 photoelectrons) was
obtained in [27] with Uniplast 7 × 40 × 2800 mm3

strips of polystyrene with 2% PTP and 0.01% POPOP.
The Kuraray Y11(MC) 1.2�mm�diameter WLS fiber
was inserted into the strip groove with optical gel. One
end of the fiber was mirrored and the other was con�
nected to the multipixel avalanche photodiode manu�
factured at the Center for Advanced Technologies and
Equipment (Moscow). The active area of the photo�
diode was 1.27 m2 and its quantum efficiency was 24%.
Figure 19 shows light yields from two WLS fibers as a
function of the distance to the photodetector. The
upper curve corresponds to the fiber with the mirrored
end and the lower to the fiber without mirroring. 

Fibers are most often glued into grooves using the
Bicron�600 epoxy. In MINOS, Shell Epon 815C
epoxy resin with TETA hardener almost identical to
Bicron�600 in characteristics was used. Tests of
epoxied fibers for mechanical and thermal load
revealed quite good strength and quality of the epoxied
joint. 

Kuraray Y11(200 ppm) WLS fibers have a 40%
higher light yield than Pol.Hi.Tech K27(200 ppm)
fibers (Fig. 20) [31]. 

In addition to the light yield, important character�
istics of WLS fibers are their mechanical properties,
radiation hardness, and time response. Kuraray Y11
and Bicron BCF�91A WLS fibers have approximately
identical light yield, but the former shows higher
mechanical flexibility at small bending radii, which is
particularly important with small�sized tiles. Kuraray
S type WLS fibers are used in this case. Time response
of the Kuraray Y11 WLS fiber is faster than that of
BCF�91A. 
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Fig. 19. Light yield of the 7 × 40 × 2800 mm3 strip as a
function of the distance to the PD [27]. Curve 1 is for the
fiber without mirroring (attenuation length 302 cm), and
curve 2 is for the fiber with mirroring (attenuation length
605 cm). 
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Light signals of scintillators are characterized by
fast rise time and slow (exponential) decay. Table 5
presents time parameters of light signals from the
UPS�923A scintillators and from the same scintilla�
tors with the K27 and Y11 WLS fibers used to collect
light [23]. It also presents time characteristics of Cher�
enkov light signals from Plexiglas. Apparently, light
signals from the scintillators with the WLS fibers have
a fast rise time (~2 ns), which makes them suitable for
the use in time�of�flight detectors and coincidence
systems.

SCINTILLATION COUNTERS 
IN HIGH�ENERGY PHYSICS EXPERIMENTS 

This section deals with the purpose of principle
requirements on the scintillation counters used in
detectors of large spectrometers both in operation and
out of service, such as D0, CDF, ATLAS, CMS,
LHCb, ALICE, KLOE, MINOS, OPERA, AMS�2,
and some others. Used in the investigations at these
spectrometers, scintillation counters made a consider�
able and sometimes decisive contribution to identifi�
cation of particles by detecting systems like calorime�

ters, triggers, trackers, time�of�flight detectors, and
veto systems. 

Detectors at the Tevatron (D0, CDF) 

D0 and CDF spectrometers at Fermilab’s Tevatron.
After the upgrading the Tevatron in 1996–2000, its
luminosity increased by an order of magnitude (L ~
3 × 1032 cm–2 s–1), the center�of�mass energy W grew
as high as 1.96 TeV, the time interval between bunches
changed from 3.5 μs to 132 ns, and requirements of
radiation hardness of detectors became more severe.
As a result, some of the detectors of two main Tevatron
spectrometers D0 and CDF used in Run I over the
period 1992–1996 had to be replaced or upgraded. 

D0 tracking system. The central tracking system of
the D0 spectrometer was entirely replaced. The new
Run II system consisted of the silicon microstrip and
scintillation fiber trackers located inside the 2�T
superconducting solenoid magnet (Fig. 21) [35]. The
central fiber tracker (CFT) consisted of eight cylindri�
cal fiber layers mounted 20 cm (innermost) to 52 cm
(outermost) from the beam in the radial direction,
covering the pseudorapidity region |η| < 1.7. Two�layer
bundles of WLS fibers were attached to both surfaces
of each cylindrical layer (Fig. 22). Kuraray double�
clad WLS fibers 835 μm in diameter and 1.66 m long
were used for two inner cylindrical layers, and those
2.52 m long for the other six cylindrical layers. The
fiber core was made of polystyrene, the inner cladding
was of the FD p�terphenyl (1% by weight), and the
outer cladding was of the wavelength shifter 3�hydrox�
yflavone (1500 ppm). In this fiber the excitation of

Table 5. Time parameters of light signals from scintillators and WLS fibers [23]

Material Rise time, ns 
(level 0.1–0.9)

Decay time, ns 
(level 0.9–0.1)

FWHM, ns 
(level 0.5–0.5)

Pulse duration, ns 
(level 0.1–0.1)

UPS�923A 0.8 5.3 3 7.2

UPS�923A + K27 1.7 17.3 7.8 19.1

UPS�923A + Y11 2.2 18 8.8 22.4

Plexiglas 0.23 0.23 0.33 0.65

1

23

4

5

6

7

Intercryostat detector

Solenoidal magnet

Fig. 21. Schematic view of the D0�II central tracking sys�
tem [35]: (1) central fiber tracker, (2) Si microstrip tracker,
(3) central preshower, (4) end calorimeter, (5) forward pre�
shower, (6) luminosity monitor, (7) beam. 

Acetate 

Tile

Fig. 22. Schematic view of a two�layer ribbon of WLS
fibers [35]. 
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core molecules caused by a charged particle is trans�
ferred to PTP molecules by nonradiative Forster
dipole–dipole interactions, and the PTP subsequently
emits photons with a wavelength of about 340 nm. The
wavelength HF absorbs these photons and reemits
photons with a wavelength of 530 nm. 

Two�layer bundles of 128 WLS fibers in each layer
were made with the fibers inserted into grooves and
glued to each other (Fig. 22). The grooves were
machined in acryl with high precision. The spacing
between the grooves ranged from 928 to 993 μm. The
fibers on the lower surfaces of the cylindrical layers
were mounted parallel to the beam and the fibers on
the upper surfaces were alternatively mounted at an
angle of +3° or –3° depending on the layer number.
The position of the fibers in the bundle was deter�
mined with an accuracy of 25 μm. Some WLS fiber
ends were connected to clear fibers that served as light
guides and the other ends were mirrored by applying
Al with a reflection factor of 90%. The optically clear
fibers were 7.8 to 11.9 m long. The light attenuation
lengths in the WLS fiber and the clear fiber we1re 5 m
and 8 m respectively. 

Two hundred fifty�six fibers from each cylindrical
layer were inserted in a light�proof box and connected
to visible light photon counters (VLPCs). They have
high quantum efficiency (higher than 75%), are capa�
ble of detecting single photons with a high resolution,
and are insensitive to the magnetic field. The VLPCs
are housed in a special cassette consisting of eight
modules, and a bundle of 128 WLS fibers from each
cylinder is routed to each module. Each cassette pro�
vides 1024 pixels, and a single VLPC chip consists of
eight pixels 1 mm in diameter [35]. 

Both central tracking detectors determine the pri�
mary interaction vertex with a resolution of about
35 μm along the beam. 

Preshower detectors. To cover different pseudora�
pidity (η) regions, the upgraded D0 comprised the
central preshower (CPS) detector (|η| < 1.3) and the
forward preshower (FPS) detector (1.5 < |η| < 2.5).
The CPS detector is located in a 5�cm gap between the
solenoid magnet and the central calorimeter, and the
FPS detector is located in front of the forward calo�
rimeter (Fig. 21). 

The preshower detectors fulfill important func�
tions: 

⎯Aiding in electron and photon identification. 
⎯Rejecting background events during triggering

and off�line reconstruction. 
⎯Correcting electromagnetic shower energy mea�

surement of the central and end calorimeters for losses
in the solenoid, cables, and supports. 

In addition, due to fast energy and position mea�
surements, the information from the preshower detec�
tors is included in the Level 1 trigger. 

Both preshower detectors are composed of triangu�
lar scintillator strips with holes in the central part to
insert fibers (Fig. 23a). 

The CPS detector is cylinder�shaped and consists
of three layers of scintillator strips and an absorber,
which is a lead plate (1X0) covered by stainless steel
skins (0.1X0). The total thickness of the absorber and
the solenoid (0.9X0) was about 2X0 for particles passing
through detector at an angle of 90°. Each layer con�
tained 1280 strips oriented along the beam in the inner
layer and at the angles of 23.774° and 24.016° in the
other two layers. 

The FPS detector consists of two detectors (north
and south). Each of them is made of two pairs of strip
planes (layers) separated by an absorber (Pb–Fe, 2X0).
The strips are arranged at a stereo angle of 22.5°
(Fig. 24). Two upstream layers are called the MIP lay�
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Fig. 23. Cross section of the triangular strip (a) and the layout geometry of the strips in the CPS detector (b) and FPS detector (c). 
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ers, and two downstream layers behind the absorber
are called the shower layers. In the MIP layers elec�
trons, unlike γ rays, will produce signals corresponding
to MIPs, and in the shower layers electrons and γ rays
will generate showers while heavy charged particles do
not generate showers and produce signals similar to
those from MIPs. 

The triangular scintillator strips were made of poly�
styrene with 1% p�terphenyl and 150 ppm of diphenyl
stilbene produced by extrusion, and their light yield
was close to that of Bicron 404. Each scintillator strip
was machine wrapped in Al Mylar, and the ends were
painted white. After the extrusion and wrapping, the
scintillator strips tended to bend, which was elimi�
nated by heating them up to 48.9°C and then gradually
cooling down to room temperature for two hours. 

In both preshower detectors Kuraray double�clad
WLS fibers identical to those in the central fiber
tracker were used to collect and transmit the light to
the end of the scintillator strip. The WLS fibers were
inserted in the holes in the scintillator strips, and the
strips were arranged as shown in Fig. 23b (CPS detec�
tor) and Fig. 23c (FPS detector). Light was collected
from one of the fiber ends and transmitted via the opti�
cal switch to the clear fiber. The opposite ends of the
fibers were diamond polished and coated with silver.
The clear fibers were connected to the VLPCs as in the
CFT. A total of 86000 VLPCs were used in the CFT
and both preshower detectors of the D0 spectrometer. 

Run II muon trigger systems (MTSs) for D0. Capa�
bilities of the D0 MTSs in Run II were enhanced by
increasing the number of scintillation counters with
high segmentation and improved time resolution.
Muon counters were grouped into two systems, one
covering the central region of |η| < 1.0 and the other
covering the forward region of 1.0 < |η| < 2.0. The cen�
tral region was composed of two scintillator planes
located inside and outside the central toroidal magnet,
and the forward region was composed of three scintil�
lator planes, one inside and the other two outside the
end toroidal magnet. 

The forward muon trigger system (FMTS) was sub�
stantially modified to be capable of withstanding the
harsh radiation environment typical of this region.
The proportional drift chambers used in Run I were
replaced by mini drift tubes (MDTs) manufactured at
JINR, which featured high radiation hardness, good
coordinate resolution (<1 mm), and short drift time
(<60 s) [36]. 

About 5000 scintillation counters were produced for
the trigger system. They were made of the Bicron 404A
scintillator (emission spectrum maximum at 420 nm,
decay time 2.0 ns, attenuation length 1.7 m) by cutting
0.5�in�thick scintillator plates in a trapezoidal shape.
The counters were of three sizes: large 60 × 110 cm2,
typical 24 × 34 cm2, and small 18 × 24 cm2 [38, 39]. 

The light guides were Kumarin 30 WLS bars with a
cross section of 4.2 × 12.7 mm2, whose absorption

spectrum corresponded to the scintillator emission
spectrum. The counter plate sides were unpolished.
Light was collected from two sides of the plate using
two bars attached to the scintillator with a small air
gap, which allowed more light to be collected and the
light to be more uniform. In addition, the cost was
decreased. Figure 25a shows a typical FMTS counter. 

The bars were bent at 45° for connection to the
FEU–115M photomultiplier with a 25�mm�diameter
window manufactured at the MELZ factory (Moscow,
Russia). These photomultipliers had a quantum effi�
ciency of 15%, green�extended sensitivity spectrum,
high light collection of about 106, rise time of 2 ns, and
shielding against the magnetic field [40]. The scintilla�
tor and the light guide were wrapped up in Tyvek and
two layers of black paper and placed in an Al casing. 

Kumarin 30 bars had a decay time of 2.7 ns, emis�
sion wavelength maximum of 460 nm, and attenua�
tion length of 1.4 m; the respective characteristics of
the Bicron 404A scintillator are 2.0 ns, 408 nm, and
1.7 m [41]. 

Tests of the counters in the 127�GeV/c muon beam
with the appropriate selection of high voltage showed
their high efficiency (99.8%) and time resolution bet�
ter than 1 ns (Fig. 25b) [35]. The mean number of
photoelectrons was 60 and 184 for large and small
counters, respectively. Thus, this system of scintilla�
tion counters met the time resolution requirements
placed on them as D0 forward muon system triggers. 

Time�of�flight measurements at CDF�II. Time�of�
flight measurements require scintillation detectors
meeting high time resolution requirements on both
the scintillators themselves and photodetectors. 

To improve identification of low�energy π and K
mesons, the CDF�II time�of�flight system was made
up of scintillation counters based on 4 × 4 × 279 cm3

BC�408 scintillator strips [42]. Each of 216 strips was
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Fig. 24. Structure of the D0 FPS detector. 



696

PHYSICS OF PARTICLES AND NUCLEI  Vol. 46  No. 4  2015

KHARZHEEV

wrapped up in white paper. Light collection was per�
formed from both ends of the strips to the Hamamatsu
7761 PMT with fine meshes capable of operating in
the magnetic field of 1.6 T. The contact of the strip
ends with the PMT was through optical adhesive and
special powder; the PMT was spring loaded to ensure
good contact. The time resolution was about 100 ps,
which allowed K/π and P/π discrimination at a level of
2σ in the momentum region up to 1.6 GeV/c. 

The mass m of a particle is calculated using its
momentum p and free path L measured by the central
tracking drift chamber and its time of flight measured
by the time�of�flight system 

 and 

 

A good time resolution of the scintillation counter
was obtained in [43]. The scintillation counter was
made of polystyrene with 3% p�terphenyl and 0.04%
POPOP and used modified FEU�87 photomultiplier
tubes. Those PMTs were modified by selecting an
appropriate high voltage divider to ensure maximum
focusing of electrons near the optimum trajectory in
the PMT. Monoalkali cathodes (SbCs) were used.
With those PMTs, the time resolution of the detector
was about 70 ps, which improved P/K/π identification
using also ionization measurements of time�projec�
tion chambers in the momentum range of 3 to
8 GeV/c. 

m p/c c2t2
/L2 1–=

ωK tK( ) tK t0–( )/√σ
2

ik σto
2+ Δtk/σt.= =

Those counters were used in the 900�channel time�
of�flight systems of the facilities NA49 at CERN [44]
and SFERA at JINR [45]. 

Muon triggers of the CDF�II spectrometer. Identi�
fication of μ mesons is of major importance for select�
ing and searching for candidate events for production
of top quarks, W bosons, and H bosons because decays
of these particles involve μ mesons. Scintillation
counters are used in the on�line muon trigger system
for identifying μ mesons in combination with drift
chambers. They are located behind the central calo�
rimeter and a massive Fe wall 61 cm thick that almost
entirely absorbs particles leaving the target except
muons and neutrinos. The system of muon scintilla�
tion counters covers the pseudorapidity region –1.5 <
η < 1.5. Since the upgrading of the Tevatron in 1996–
2000 required muon detectors with high segmentation
and good time resolution, it was decided to use scintil�
lation counters made at JINR from polystyrene scin�
tillators with 2% PTP and 0.03% POPOP manufac�
tured by ISMA. The scintillators measured 160 × 16 ×
1.5 and 320 × 30 × 2 cm3 and were used in two CDF�II
subsystems, CSP (Central Scintillator uPgrade
counters) and BSU (Barrel Scintillator Upgrade
counters) (Fig. 26) [46]. About half of 1200 CDF�II
counters were substituted with the above counters. 

All surfaces of the scintillator were polished to
purity class 12 and wrapped in diffusely reflecting alu�
minized paper. Light was collected from one of the
scintillator sides and transmitted to the PD via
Kuraray Y11(200) S�type double�clad WLS fibers

Fig. 25. (a) Typical FMTS counter; (b) FMTS efficiency and time resolution. 
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assembled into a bundle (Fig. 15). There were 20 or
15 fibers in the bundle depending on the width of the
scintillator side. The fibers were 1 mm in diameter, and
their attenuation length was 250 cm [47]. The ends of
the fibers were bundled, polished, and connected
without grease to the compact Hamamatsu H5783
photodetector based on the 5600 PMT, for which a
special small cut was made. The opposite ends of the
fibers were treated by a simplified process (without
thorough polishing and Al deposition), which resulted
in a reflection factor of about 60%. 

These fibers also substituted for fish�tail Plexiglas
light guides in some of the old scintillation counters,
which appreciably increased light collection from
them. 

Measurements with cosmic muons yielded results
that met the CDF�II requirements. The number of
photoelectrons at the WLS fiber ends farthest from the
PMT in different subsystems was 37 (BSU), 25 (CSU),
and 21 (WSU). The effective attenuation lengths were
290 (BSU), 470 (CSU), and 350 cm (WSU). 

CDF�II preshower detector [28, 48]. The consid�
erably increased luminosity of the Tevatron in Run II,
~(2–5) × 1032 cm–2 s–1, imposed more severe require�
ments on the CDF�II preshower detector. In Run I the
PD consisted of slow proportional chambers with a
relatively weak signal and low operation speed, resolu�
tion, and segmentation. In Run II these chambers
were replaced by scintillation detectors, which
increased the operation speed and segmentation of the
detector and improved both identification of electrons
and single photons against the π meson background,
as well as energy resolution of jets. The background of
charged π mesons decreased by a factor of 2 to 3. The
η segmentation increased by almost an order of mag�
nitude [28, 48]. 

The detector was made from 125 × 125 × 20 mm3

tiles of the ISMA�manufactured scintillators with
Ω�shaped grooves milled on their surface (Fig. 13).
Light was collected from the tiles using WLS fibers

arranged in two rows laid in the grooves. The light col�
lection was at least 20 photoelectrons from a tile and
12 photoelectrons at the exit of the entire optical
channel according to the data averaged over all tiles of
one module. A detector module was assembled of
54 tiles, and the total number of modules was 48
(Fig. 27). The light collected from each tile by the
WLS fiber was transmitted via 5�m�long optically
clear fibers to one of the pixels of the 16�channel
Hamamatsu R5900�16 PMT. The optically clear fibers
from Pol.Hi.Tech. with the attenuation length of 7 m
were used. 

Detectors at the LHC (ATLAS, CMS, LHCb, ALICE)

After the Large Hadron Collider with its center�of�
mass energy of colliding particles up to 14 TeV, lumi�
nosity of 1034 cm–2 S–1, and the bunch�crossing rate of
40 MHz was commissioned at CERN, there arose a
need for detectors with high time, spatial, and energy
resolution capable of operating in a very harsh radia�
tion environment. Among the main objectives of LHC
experiments were the search for and discovery of new
particles, first of all H bosons (ATLAS, CMS) and rare
B meson decays (LHCb), and investigation of quark–
gluon plasma in interactions of heavy nuclei (ALICE).
Of particular aid in fulfilling those objectives were spe�
cific H boson and B meson decay modes, which
involved high�energy leptons and γ rays, and the major
tools for their identification were calorimeters with
scintillators extensively used as an active absorber. 

Calorimetry. Calorimeters are used to measure
energy depositions and coordinates of particles and
showers and also serve as triggers for selecting particu�
lar events. Calorimeters consist of a passive and an
active absorber (sampling calorimeters) or only one
absorber combining the functions of both (homoge�
neous calorimeters). Particle energy is predominantly
absorbed by the passive absorber, which must be large
enough to absorb as much particle energy as possible.
At energies in the region of 1 TeV, the absorber thick�
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ness must be about 30X0 (18 cm Pb) to ensure full con�
tainment of electromagnetic showers and about
11 nuclear lengths (2 m Fe) for full containment of
hadronic showers. Passive absorbers are usually sub�
stances with large Z (Cu, Fe, W, Pb, U) and active
absorbers are predominantly polystyrene scintillators
(tiles or WLS fibers) and liquid argon. Homogeneous
calorimeters use various inorganic crystals (PbWO4)
and liquefield noble gases (Ar, Kr, Xe). 

Calorimeters allow discriminating particles, e.g.,
distinguishing electrons and γ rays from hadrons and
muons, and are usually segmented into a lot of cells no
larger than characteristic transverse dimensions of
showers in a particular experiment. It is therefore pos�
sible to determine coordinates of the particle that
caused the shower with an accuracy better than the
size of the cell. For example, the azimuthal angle (π)
and pseudorapidity ( ) segmentation of the CMS
hadronic calorimeter and the internal segments of the
ATLAS hadronic tile calorimeter are respectively
ΔϕΔ  = 0.087 × 0.087 and 0.01 × 0.01, where Δϕ is in
radians. 

The calorimetric system of large spectrometers
usually consists of electromagnetic calorimeters
(ECALs) followed by hadronic calorimeters (HCALs)
and preceded by a preshower detector (PSD). 

The PSD consists of two layers of a highly seg�
mented active absorber with a layer of a passive
absorber (Fe, Pb) about 2X0 thick sandwiched between
them. The PSD allows separating of electrons and
γ rays before they hit the ECAL and distinguishing of
single γ rays from π0 from γ rays of meson decay, and
π mesons from electrons. 

The characteristic dimensions of the electromag�
netic and hadronic showers produced in calorimeters
by electrons/γ rays and hadrons respectively dictate (at
the given energy of the primary particles and calorim�
eter working material) the length (thickness) of the
calorimeter and the size of the calorimeter cells (seg�
ments). 

The length over which the electromagnetic shower
develops to its maximum is 

tmax ≈ ln(E0/Et) + ci, 

where E0 is the energy of the primary particle (e or γ),
Ec is the critical energy, and ci = –0.5 for electrons and
+0.5 for gammas. The transverse dimension of the
electromagnetic shower is mainly determined by mul�
tiple scattering of electrons and positrons and by

η�

η�

bremsstrahlung photons from those particles. It is usu�
ally specified by the Molière radius RM, a radius of an
infinitely long cylinder within which 95% of the
shower energy is concentrated, and calculated by the
formula [49] 

RM (g/cm2) ≈ 21 X0/Ec, where Ec is in MeV. 

The length of the calorimeter is dictated by the
requirement of absorbing a particular amount of the
shower energy. For example, to absorb 98% of
the shower energy, the ECAL length in units of X0
should be such as to obey the relation 

L(98%) ≈ 2.5tmax [49]. 

Table 6 presents densities ρ, radiation lengths X0,
and Molière radii RM for a number of the most com�
monly used materials. 

Development of hadronic showers has specific fea�
tures that substantially affect the HCAL design,
dimensions, segmentation, and energy and spatial res�
olution. 

Hadronic showers consist of (i) an electromagnetic
component, which involves decays of π0 and  mesons
into γ rays initiating electromagnetic showers, and (ii)
a nonelectromagnetic component, which involves all
the other hadrons, nuclear fragments, and also neutri�
nos and μ mesons leaving the calorimeter without pro�
ducing any signal. 

The electromagnetic component fem strongly fluc�
tuates from event to event and accounts for a consider�
able fraction of the primary hadron energy E0, which
increases with E0 to ≈30% at 10 GeV and ≈50% at
100 GeV. The rest of the shower energy is accounted
for by ionizing particles (56%, 2/3 by protons), 10% by
neutrons, and 34% by invisible energy (nucleon bind�
ing energy in a nucleus) [50]. Due to invisible energy,
hadron responses in the HCAL are lower than those
from electrons, which deteriorate the energy resolu�
tions and call for compensation. 

Compensation can be performed by (i) suppressing
the electromagnetic component response,
(ii) enhancing the hadronic component response, and
(iii) using off�line compensation. 

Suppression of the electromagnetic component
response is based on the fact that most of the electro�
magnetic shower photons have energy <1 MeV and
thus lose it mainly due to the photoeffect with a cross
section of ~Z 5. Heavy materials like U almost com�
pletely absorb these photons. The electromagnetic

η�

Table 6 [49]

Characteristics CsI BGO PbWO4 Liquid Ar  Liquid Kr

ρ, g/cm2 4.53 7.13 8.28 1.4 2.5

X0, cm 1.85 1.12 0.89 14 4.7

RM, cm 3.8 2.1 2.2 7.2 4.7
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component response can be additionally suppressed
by shielding the absorber with thin Fe foils. 

The hadronic component response can be
enhanced using 238U fission since γ rays and evapora�
tion neutrons resulting from the fission carry away the
energy that partially compensates for the invisible
energy. Soft neutrons elastically scattered from pro�
tons transfer part of their energy to the protons which
produce detectable signals in the active absorber. 

Compensation can be obtained by selecting the
optimum ratio between the thicknesses of the passive
and active absorbers. It is, for example, 4 : 1 for
Pb/scintillator and 1 : 1 for U/scintillator. 

The hadronic shower extension is characterized by
the nuclear interaction length λh ~ A1/3 g/cm2, which
is much larger than the radiation length X0. Table 7 lists
X0 and λh values for a number of the most often used
materials [49]. 

For 99% hadronic shower containment, calorimeters
should have the length (thickness) 3.5λh at the primary
pion energy 10 GeV and 7λh at 100 GeV. Figure 28a
shows energy dependences of the calorimeter thick�
ness for the pion shower containment at the 95% and
99% levels, and Fig. 28b presents dependences of the
shower containment in the Pb absorber on the radius
of an infinite cylinder at the pion energies 10, 40, and
150 GeV [51]. 

The most important characteristic of the calorime�
ter is its energy resolution. There are many factors that
affect it:

⎯Statistic fluctuations of the number of particles
in the shower.

⎯Fluctuations of shower leakage from the calo�
rimeter. 

⎯Electronic noise. 

⎯Sampling fluctuation. 

The energy resolution of a calorimeter is described
by the formula 

σE/E = a/  ⊕ b/E ⊕ c. 

Its first term is the stochastic term determined by
the fluctuations of the number of particles that pro�
duce signals in the active absorber (sampling fluctua�
tions), the second term is determined by the electronic
noise, and the third term is a constant depending on
many factors, including fluctuation of shower energy
losses in the longitudinal direction, nonuniform signal
collection, imperfect calorimeter design, fluctuation
of energy losses in the calorimeter itself and in inert
materials, and calorimeter calibration. 

The sign ⊕ hereafter means quadratic addition of
all terms. 

Below we consider calorimeters of the ATLAS,
CMS, and LHCb spectrometers which feature high
energy and spatial resolution obtained due to up�to�
date innovations. The emphasis will be placed on the
use of scintillators and light collection, and transmis�
sion of their signals via WLS fibers. 

ATLAS hadronic tile calorimeter [52]. It is a non�
compensating (e/h = 1.4) sandwich calorimeter made
of alternating steel plates (14 mm) and polystyrene
scintillator tiles (3 mm), which is designed for a preci�

E

Table 7

X0 λh

g/cm2 cm g/cm2 cm

Liquid Ar 30 14 119.7 83.7

Fe 13.8 1.76 132 16.8

Pb 6.3 0.56 193 17.1

U 6.1 0.32 199 10.5

10

2

0
10 10030 300

4

6

8

(a)

C
al

or
im

et
er

 d
ep

th
, λ

in
t

Energy, GeV

99%
95%

100

80
1.0

85

90

95

(b)

S
h

ow
er

 c
on

ta
in

m
en

t,
 %

Cylinder radius, nuclear lengths

10 GeV π
40 GeV π

0.5 1.5 2.0 2.5

150 GeV π

Fig. 28. (a) Depth of the calorimeter (Fe) as a function of the pion energy for two containment levels (95% and 99%); (b) depen�
dence of the shower containment in the Pb calorimeter on the radius of the infinitely long cylinder in units of nuclear lengths at
the pion energies of 10, 40, and 150 GeV. 



700

PHYSICS OF PARTICLES AND NUCLEI  Vol. 46  No. 4  2015

KHARZHEEV

sion determination of energies and coordinates of
hadrons and showers in a combined operation with
other ATLAS calorimeters. It is subdivided into three
barrels with an inner radius of 2.28 m and an outer
radius of 4.25 m, which cover the regions |η| < 1.0
(central barrel) and 0.8 < |η| < 1.7 (lateral barrels)
(Fig. 29a). The calorimeter is assembled from
64 wedge�shaped modules (Fig. 29b). Due to the liq�
uid argon + Cu sandwich calorimeter the hadronic tile
calorimeter was extended into the pseudorapidity
region 1.5 < |η| < 3.2. 

The calorimeter uses about 460000 trapezoidal
tiles of 11 standard sizes with a length ranging from
200 to 400 mm, width ranging from 97 to 187 mm, and
identical thickness of 3 mm within a size tolerance of
±0.1 mm. The tiles were made from polystyrene with
FDs using the injection molding technique [9]. Sig�
nals are collected from two opposite sides by WLS
fibers connected to the Hamamatsu 7877 PMT with
an active area of 26 × 26 mm2 and with the body and
dynodes made of metal. Each tile is calibrated and
monitored using a radioactive Cs137 source moved by a
liquid in a tube set in motion by a hydraulic drive. A
distinctive feature of the ATLAS tile calorimeter is that
the tiles are orientated orthogonally to the beam. 

Each module was radially segmented into three
sections measuring 1.5, 4.1, and 1.8 nuclear lengths in
the central section and 1.5, 2.6, and 3.3 nuclear
lengths in the lateral sections. The total nuclear length
with allowance for the module supports (1.3) was
about 11 nuclear units, enough for full containment of
hadronic jets. Segmentation of the calorimeter in Δη
(pseudorapidity) and Δϕ (azimuthal angle) was
ΔηΔϕ = 0.1 × 0.1 except for the last segments, where it
was 0.1 × 0.2, which is smaller than characteristic
transverse dimensions of showers and thus allows
coordinates of jets to be measured with good accuracy. 

The energy resolution of the tile calorimeter mea�
sured in the beam is described by the formula [51] 

σE/E = (52.9 ± 0.9)%/√E ⊕ (5.7 ± 0.2)%. 

ALFA detector of the ATLAS spectrometer [53].
This detector is intended for high�precision measure�
ments of the LHC luminosity using small�angle pro�
ton–proton scattering. It is located ±240 m away from
the interaction point in Roman Pots and is inserted in
the vacuum tube as close as 1 mm to the beam axis.
ALFA is a high�precision tracking detector made of
ten double�sided modules, each with 64 Kuraray
SCSF�78 S�type fibers with a square cross section of
0.5 × 0.5 mm2 arranged in the u–v geometry. Signals
from the fibers are read out by the 64�anode
Hamamatsu R7600�64 photomultipliers. Special
attention was given to suppressing crosstalk of the
fibers. To this end, fibers were subjected to vacuum Al
deposition and their claddings were painted black. The
spatial resolution of 25 μm was obtained, which met
the requirements on the detector. 

Hadronic calorimeter of the CMS spectrometer
[54]. The CMS spectrometer comprises a homoge�
neous electromagnetic calorimeter made of
~80000 PbWO4 crystal and a sandwich�type noncom�
pensating (e/h = 1.4) hadronic calorimeter made of
interleaving brass and polystyrene tiles. In front of the
end�cap ECAL there is a preshower detector (Fig. 30). 

Since the HCAL is in the magnetic field of the sole�
noid (3.8 T), a nonmagnetic material, brass (70% Cu +
30% Zn), was chosen to be the absorber, and Kuraray
SCSN81 with its long�term stability of characteristics
and moderate radiation hardness was chosen to be the
basic scintillator. For example, SCSN81 scintillators
3.7 mm thick were used in layers 1 to 15 of the HB cal�
orimeter and those 9 mm thick in layer 16. The so�
called layer 0 was made up of 9�mm�thick BC�408
scintillator. Brass plates were 50.5 and 56.5 mm thick
in the HB and 80 mm thick in the HE. 
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Thirty�six modules (towers) were assembled from
these tiles and plates for the barrel calorimeter (HB)
and two end�cap calorimeters (HE) (Fig. 30). The
total thickness of a module at η = 0 and 1.3 was 5.82
and 10.6 nuclear lengths, respectively. Due to the use
of PbWO4 in ECAL, the total nuclear length was
increased by 1.1 irrespective of η. In addition to the
HB, the Hadron Outer calorimeter (HO) is mounted
outside the magnet coil to increase the total nuclear
length thickness of the hadronic calorimeter and avoid
possible leakage. The HB and HE cover the region
|η| < 3. The pseudorapidity region of the hadronic cal�
orimeters was increased (3 < |η| < 5) by installing
quartz�fiber forward calorimeters. 

Signals from the tiles were collected and summed
using Kuraray Y11 WLS fibers 0.92 mm in diameter
inserted in grooves milled on the wide side of the tiles.
Fibers from all layers of a tower were arranged into bun�
dles 4.8 mm in diameter, making up one of 10000 read�
out channels. Since the HCALs (except the HO) were
located within the strong magnetic field, hybrid ava�
lanche photodiodes (HAPDs) were used as photode�
tectors. However, because of the inhomogeneity of the
magnetic field in which the HO HAPDs operate, they
are gradually replaced with micropixel avalanche pho�
todiodes (MAPDs). The high HCAL segmentation in
η and ϕ (Δη, Δϕ) = (0.087, 0.087) allowed responses
of various shower particles to be thoroughly investi�
gated at energy <10 GeV (Fig. 30b) [54]. This investi�
gation is of great interest in view of the experiments at
the projected ILC, in which detailed identification of
all shower particles is supposed. 

Calorimeters of the LHCb spectrometer [29, 55].
The main objective of the LHCb experiment is precise
measurement of B meson decays for CP asymmetry
investigations. The objectives to be solved by the

LHCb calorimeter system were (i) searching for rare B
meson decays like radiative decays Bd–Kγ, and Bs–ϕγ;
decays involving π0 and η Bd–π+π–π0, J/ψη, and
D0⎯K–π+π0; and decays involving e B – K*e+e–, and
(ii) detecting hadrons, e, γ, and π0 with high Pt. 

This required reliable identification of electrons,
gammas, and hadrons, measurement of their energies
and coordinates, and discrimination between single
γ rays and π0 decay γ rays. These requirements dictated
the structure and characteristics of the calorimetric
system to be used. 

The LHCb calorimeter system consists of an elec�
tromagnetic calorimeter (ECAL) and a hadronic cal�
orimeter (HCAL). A scintillating pad detector (SPD)
and a preshower detector (PSD) with a 2.5X0�thick Pb
absorber are mounted in front of the ECAL. 

The SPD and the PSD are two highly segmented
scintillation planes made up of tiles of three standard
sizes (cells) with an identical thickness of 15 mm. The
characteristics of the tiles are given in the first section,
subsection Scintillation tiles. The SPD determines
whether particles hitting the calorimeter system are
charged or neutral, and the PSD determines whether
the incident particle is an electron or a γ ray (which
initiate an electromagnetic shower) or it is a π meson
(there is no electromagnetic shower). The total num�
ber of the scintillating pads was about 12000. The PSD
in combination with the ECAL are used in the trigger
logic to indicate presence of e, γ rays, and π0 mesons. 

Segmentation of the SPD/PSD corresponds to
that of the ECAL: each SPD and PSD plane was
divided into three sections, inner (3072 4 × 4 cm2

cells), middle (3584 6 × 6 cm2 cells), and outer
(5376 12 × 12 cm2 cells). This segmentation of the cal�
orimeter system was dictated by the fact that the parti�
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cle flux density varies by almost two orders of magni�
tude over the surface of the calorimeters. 

Light from the tiles is collected using WLS fibers.
Three and a half coils of fiber are laid into the groove
made in the tile. Clear fibers are used to transmit light
from the WLS fibers to the photomultiplier. This sys�
tem allowed collection of 20 to 30 photoelectrons per
cell from minimum ionizing particles. Photomultipli�
ers with 64 channels and 2 × 2 mm2 pixels, each con�
nected to one WLS fiber, were used. The number of
photomultipliers needed for reading ~12000 pads was
thus reduced to ~200. 

The e/π discrimination of the prototype PSD was
tested in the SPS e and π beams at momenta of 10 to
50 GeV/c. The measurements showed that rejection of
π mesons at the cutoff threshold of five minimum ion�
izing particles was 99.6, 99.6, and 99.7% with e kept at
a level of 91, 92, and 97% at the momenta of 10, 20,
and 50 GeV/c, respectively [29]. 

LHCb hadronic calorimeter [29, 55]. The LHCb
HCAL is a sandwich calorimeter of Fe plates 16 mm
thick interspaced with scintillator tiles 4 mm thick
(Fig. 31). The plates are arranged parallel to the beam.
In the lateral direction tiles are interspaced with 1 cm of
iron (matching with one radiation length), while in the
longitudinal direction the total length of the alternating
Fe spacers and scintillator tiles corresponds to the
nuclear interaction length in iron. Light collected by
Kuraray Y11(250) MSJ 1.2�mm�diameter WLS fibers
running along the tiles is transmitted to the PMT. 

The transmitted light is attenuated, which results in
nonuniform light collection from the tiles located at
different distances from the PMT. To eliminate this
effect, the contact between the fiber and the tile was
adjusted. For example, the contact between the PMT
and the nearest tiles was made 22% weaker than that
between the PMT and the farthest tiles. This proce�

dure allowed the light collection uniformity at a level
of a few percent to be obtained. 

The LHCb HCAL segmentation is like that of the
ECAL, where cells of the inner section are 13 × 13 cm2

and those in the outer section are 26 × 26 cm2. 
The energy resolution of the HCAL is expressed by

the formula [29] 

σE/E = (69 ± 5)%/√E ⊕ (9 ± 2)%, where E is in GeV. 

Detectors of the Shashlik and Spaghetti Type 

LHCb electromagnetic calorimeter. The LHCb
ECAL is a shashlik�type calorimeter made of alternat�
ing lead plates and scintillator tiles with holes for set�
ting WLS fibers. A typical feature of such a calorimeter
is high homogeneity and time resolution, radiation
hardness, and reliable operation. 

The ECAL was assembled from individual modules
42 cm long with a cross section of 12.2 × 12.2 cm2,
each being a stack of 67 scintillator tiles (cells) 4 mm
thick and 66 lead plates 2 mm thick. Modules of three
types that differed by the size and number of cells were
used in accordance with the flux rate. Each layer of
modules consisted of nine in the inner, heaviest�flux
region, four 6 × 6 cm 2 cells in the middle region, and
one 12 × 12 cm2 cell in the outer region. The tiles and
lead plates had holes for setting WLS fibers 10.1 mm
distant from each in the inner and middle modules and
15.35 mm in the outer modules. The number of fibers
in the cells of the inner, middle, and outer modules
was 9, 36, and 64 respectively. Figure 32a shows the
inner module with nine tiles in a layer, and Fig. 32b
presents three types of modules used in different
ECAL regions. Light was collected using Kuraray
Y11(250)MSJ 1.2�mm�diameter WLS fibers. For bet�
ter light collection each fiber formed a loop traversing
the module twice. Light was detected by Hamamatsu
R7899�20 PMTs. 

The total radiation length of the module is 25X0,
and the Molière radius is 3.5 cm. The total number of
modules is 3312. The scintillator tiles were made using
the injection molding technique [9]. The edges of the
tiles were chemically treated to have a diffusely reflect�
ing surface, which allowed tile�to�tile crosstalk to be
eliminated and light collection from module edges of
inert materials ~0.2 mm thick to be improved. How�
ever, this treatment of tile edges resulted in a 30%
decrease in the light collection as compared with tiles
with polished edges. 

The energy resolution of the calorimeter strongly
depends on uniformity of light collection from tile to
tile. Measurements revealed a light collection spread
from tile to tile, but special treatment of the tile edges
reduced it to less than 2.5% of the root�mean�square
error. The ECAL energy resolution measured in the e
and π beams with the momenta of 10 and 50 GeV/c at
SPS channel X7 at CERN is expressed by the formula
σ/E ~ 9%/√E + 0.8% [29]. It is worse than that of the
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Fig. 31. Schematic view of the LHCb hadronic calorimeter. 



PHYSICS OF PARTICLES AND NUCLEI  Vol. 46  No. 4  2015

SCINTILLATION COUNTERS IN MODERN HIGH�ENERGY PHYSICS EXPERIMENTS 703

PbWO4 ECAL, where the stochastic term amounts to
a few percent, but its cost is considerably higher. 

Electromagnetic calorimeter of the KOPIO detec�
tor [56]. In the KOPIO detector intended for search�
ing for CP violation in very rare KL → π0νν decay pro�
cesses, very high requirements were imposed on detec�
tion of γ rays (>99.99%) because it was necessary to
distinguish those processes from KL → π0π0 decays. An
electromagnetic calorimeter of the shashlik type was
used. It consisted of modules that comprised 300 lay�
ers of Pb and scintillator tiles with a thickness of 0.275
and 1.5 mm respectively and a cross section of 109.7 ×
109.7 mm2. The total radiation length of the calorim�
eter was ~16X0. The tiles had 144 holes 1.3 mm in
diameter and 9.3 mm distant from each other in which
72 Kuraray Y11(200) multiclad WLS fibers were
inserted. Each fiber traversed the module twice, form�
ing a loop (Fig. 33). Signals were collected from both
ends of the fiber. 

A very good energy resolution 

σE/E = (1.96 ± 0.1)% ⊕ (2.74 ± 0.05)%/√E GeV.

was obtained for the KOPIO calorimeter by decreasing
dead zones, increasing light collection uniformity
(light collection nonuniformity <3%), using molded
BASF�143E scintillator with 1.5% PTP and 0.44%
POPOP, and employing API 630�70�74�510 shower
photodiodes (Advanced Photonix Inc.) with a large
active area (220 mm2) and a quantum efficiency of
94%. The time resolution of the calorimeter is
described by the formula 

σt = (72 ± 4)ps/√E GeV ⊕ (14 ± 2)ps/E (GeV).

ALICE electromagnetic calorimeter [57]. The cal�
orimeter is intended for measuring electromagnetic
showers produced by electrons and γ rays with
momenta up to ~250 GeV/c and serves as an efficient
trigger for high�energy showers from e/γ and for γ/π
and e/h discrimination. In view of these tasks, severe
energy and spatial resolution requirements are
imposed on the calorimeter. 

The shashlik�type spectrometer used for the
ALICE spectrometer was similar to that of the LHCb,
except that it operated in a strong magnetic field,
which ruled out the use of vacuum PMTs. 
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Fig. 32. (a) Schematic view of the LHCb ECAL; (b) three types of the LHCb ECAL modules. 

Fig. 33. KOPIO calorimeter modules at different manu�
facture stages. 
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The calorimeter was assembled from modules
comprising 76 Pb layers 1.44 mm thick and 77 scintil�
lator layers 1.77 mm thick. The total thickness of the
module was 24.6 cm (20.1X0, Molière radius 3.2 cm).
Each module consists of four independent towers 6 ×
6 cm2 in size (a total of 12 288 towers), which ensured
very high segmentation of the calorimeter (ΔηΔϕ =
0.014 × 0.014) at η = 0. Light from each tower was col�
lected by 36 Kuraray 1�mm�diameter WLS fibers
packed into an array 6.8 mm in diameter and transmit�
ted to the 5 × 5 mm2 Hamamatsu APD S8664�55
shower photodiode. About 12000 photodiodes of this
type were used in the calorimeter. 

To improve light collection, the fiber ends farthest
from the photodiode were aluminized while the other
ends, assembled into a bundle, were polished and con�
nected to the photodiode through a short light
guide/diffuser. Tile surfaces were covered with white
paper and the edges were coated with TiO2, which
allowed tiles to be light insulated from each other with
an efficiency of higher than 99%. 

Beam tests of the prototype at energies up to
100 GeV showed a high response uniformity of <1%
for all towers and good response linearity in the energy
region. The light output from the APD at the internal
gain M = 30 was 4.3 photoelectrons/MeV. The energy
and spatial resolution of the prototype met the
requirements imposed on the calorimeter and were
expressed by the formulas 

σE/E, % 
= (11.1 ± 0.4)/√E (GeV) ⊕ (5.1± 0.7)/E ⊕ (1.7 ± 0.3) 

and σx, mm = 5.3/√E (GeV) ⊕ 1.5.

Electromagnetic calorimeter ECAL0 [58]. Com�
pact highly segmented modules of the electromagnetic
calorimeter of the shashlik type were developed at
JINR for the COMPASS�II spectrometer. They con�
sist of alternating lead plates and scintillator tiles with
perforated holes for setting WLS fibers. The tiles are of
molded scintillator based on polystyrene with 2.0%
PTP and 0.05% POPOP. The total length of the calo�
rimeter is about 15X0. The design of a module is shown
in Fig. 34. A module consisted of 109 layers, each
comprising a 0.8 × 119.8 × 119.8 mm3 Pb plate and
nine 39.95 × 39.95 mm2 scintillator tiles 1.5 mm thick,
thus making up nine towers light insulated from each
other. Edges of the tiles and surfaces of the Pb plates
were painted white to improve uniformity and increase
light collection.

Each tile had 16 holes to accommodate WLS fibers
for light collection and one more hole for a wire used
to tighten up all the tiles. The WLS fibers were
BCF�91A fibers 1.2 mm in diameter. The ends of
16 fibers led out from each tower were cut, polished,
and arranged into a bundle 6 mm in diameter, and the
opposite ends of the fibers were also cut, polished, and
mirrored using a special paint. 

The selected photodetectors were 3 × 3 mm2

MAPD�3N micropixel avalanche photodiodes with a
superhigh pixel density of 1.5 × 104 mm–2, wide linear�
ity range, gain of 4 × 104, and photon detection effi�
ciency of about 25% in the blue region. Since the
diameter of the fiber bundle is larger than the sensitive
area of the photodiode, the Winston cone with a light
collection efficiency of about 95% was used for their
efficient coupling. The MAPD�3N gain and quantum
efficiency strongly depend on temperature. The work�
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Fig. 34. (a) Design of the shashlik�type calorimeter module; (b) tiles with perforated holes. 
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ing temperature was stabilized at T = 15°C with an
accuracy of 0.05°C by the Peltier elements. 

The energy resolution obtained in the tests of 3 × 3
calorimeter modules at e beam line T9 of the PS at
CERN is described by the formula σE/E% =
7.8/√E ⊕ 2.3 (tentative result). 

Note that similar modules are planned to be used in
the electromagnetic calorimeter of the multipurpose
detector MPD at the projected heavy�ion collider
NICA at JINR [59]. 

Spaghetti�type lead (tungsten)–fiber calorimeters.
Lead–fiber calorimeters are among the fastest, small�
est�sized, and radiation hardest electromagnetic calo�
rimeters to be in use since the 1980s [60]. In these cal�
orimeters the passive element is lead plates (foils) with
round grooves in which fibers serving as the active ele�
ment are laid. 

Figure 35 shows a set of plates 1.2 mm thick in
which round grooves with a radius of 0.45 to 0.5 mm
were made for laying WLS fibers [61]. The fibers were
epoxied to the plates and the plates were epoxied to
each other to make a rigid structure. These plates and
fibers were used to assemble the ECAL with dimen�
sions 10 × 10 × 30 cm3, an absorber�to�fiber volume
ratio of 1.17, and an effective radiation length of
1.05 cm. Fibers with the PMMA core and the cladding
of fluoroacrylate with FDs in various concentrations
were manufactured at the Engineering Center of Poly�
meric Optical Fibers (Tver, Russia). Their measured
attenuation length was about 80 cm. 

The prototype was tested in the 5 GeV π+ beam at
the U�70 accelerator of IHEP and X5 at energies 5 to
70 GeV at CERN. The measured energy resolution of
the prototype is expressed by the formula 

σE/E = (11.23 ± 0.40)%/√E ⊕ (0.96 ± 0.08). 

KLOE detector [62]. The KLOE detector is
intended for investigating CP violation in decays of K0
resulting from the decay ϕ → KL KS in e+e– collisions
at DAΦNE. The uncertainly in the discrimination
between the π+π– and π0π0 channels of the KL and KS
decays must be no higher than 3 × 10–4. 

The detector consisted of an electromagnetic calo�
rimeter ECAL and thin�wall cylindrical drift cham�
bers (diameter 4 m, length 3.3 m) located within the
magnetic field of 0.52 T. About 30% of KL decayed
within the chamber volume. The ECAL comprised of
Pb plates (foils) and WLS fibers was divided into two
sections, barrel and end�cap. The barrel section con�
sisted of 24 trapezoidal modules 4.3 m long and 23 cm
thick (~15X0), and the end�cap section consisted of
32 vertical modules 23 cm thick and 0.7 to 3.9 m long.
Each module was a stack of 200 lead foils 65 cm wide
and 0.5 mm thick with depressions for 1�mm�diame�
ter WLS fibers to be glued into them (Fig. 36). 

The SCFI�81 and Pol.Hi.Tech.0046 fibers were
selected. The SCFI�81 fibers with their higher light
yield, attenuation length, and radiation hardness were
used in the inner layers of the calorimeter where the
larger part of the shower is contained, and the
Pol.Hi.Tech.0046 fibers were used in the outer layers.
The foil thickness was maintained to an accuracy of a
few μm, and the straightness of the grooves was kept at
a level of 0.1 μm over a length of 1 m. A total of
15000 km of fiber and 75 km of foil were used. The
ECAL covered 90% of the total solid angle. 

The modules were read out using light guides cou�
pled to the fine�mesh Hamamatsu R5946/01 photo�
detectors using BC�630 optical grease. 

The energy and time resolutions of the calorimeter
measured with γ rays from the radiative decays of ϕ
mesons were described by the formulas 

σE/E = 5.7%/  and σt = 54 ps/√E) ⊕ 140 ps, 
where E is in GeV. 

E

WLS

Pb

1.2 mm

1 mm0.4 mm

Fig. 35. Schematic view of Pb plates with perforated
grooves for laying optical fibers [61]. 

(a) (b) (c)

1 mm

Fig. 36. (a) Photo of the KLOE barrel section module with five rows of 12 light guides each; (b) machined end of the module;
(c) lead–fiber matrix [62]. 
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The effective mass distribution of γγ from the decays
η → ϕγ in Fig. 37a has a narrow peak at 547.853 ±
0.024 MeV, which indicates reliable operation of all
detector elements. The measured detection efficiency
for γ rays with energy >100 MeV was 98% and higher.
Figure 38 schematically shows the decay ϕ → KLKS
followed by the decays KS → π+π– and KL → 2π0(4γ). 

Prototype ECAL for the (g�2) experiment [63]. The
prototype tungsten–fiber electromagnetic spectrome�
ter for the (g�2) experiment is quite compact, super�
dense, and easy to manufacture. It consists of thin W
plates and BCF–10 WLS fibers arranged into a ribbon
(Fig. 38a). The plate and the ribbon are only 500 μm
thick. The plates and the fibers are epoxied together to
make a rigid calorimeter module with dimensions 4 ×
4 × 11 cm (Fig. 38b). 

Twenty modules make up an assembly (Fig. 38c).
The calorimeter uses 24 assemblies. Signals from each
module are supposed to be read out either by PMTs
installed beyond the magnetic field or by silicon

PM (SiPM). The calculated radiation length and
Molière radius were 0.69 cm and 1.73 cm respectively.
The measured value of the stochastic term in the
energy resolution was (11.8 ± 1.1)%/√E (GeV) in the
energy range of 1.5 to 3.5 GeV. 

Neutrino Detectors (MINOS, OPERA) 

Scintillation counters found wide use in neutrino
experiments (MINOS, OPERA, MINERvA, T2K)
due to their good optical characteristics, relatively low
cost, manufacturability, reliable operation, ability to
cover great experimental areas (e.g., 28000 m2 in
MINOS), high segmentation, long�term stability of
characteristics, and simple calibration and monitoring
procedures. 

MINOS detector [11]. The MINOS detector
(Main Injector Neutrino Oscillation Search) that con�
sisted of two similar detectors was developed for inves�
tigating oscillations of muon neutrinos νμ. The smaller
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of the two (near) is located at Fermilab, where neutri�
nos with an average energy of about 3 GeV were pro�
duced in the 120�GeV proton beam, and the larger
one (far) is located in the 750�m�deep Soudan mine in
Minnesota at a distance of 735 km from the near
detector. A comparison of the number, spectra, and
energies of the events in both detectors allowed oscil�
lation parameters to be calculated. The detectors are
sandwich�type calorimeters consisting of alternating
planes of magnetized steel plates 2.54 cm thick and
scintillator strips 1 cm thick. In the forward calorime�
ter section of the detector, each steel plane is followed
by a scintillator strip, while in the far spectrometer
sections every four steel planes are followed a scintilla�
tor strip. The detectors are hexagonal in cross section
(Fig. 39a). The overall dimensions of the larger detec�
tor are 8 × 8 × 31 m. There is also a third detector
located at CERN and used for calibration purposes. 

The sandwich version was chosen for the detector
after much research. The use of liquid scintillators,
Iarocci tubes, and a multigap chamber with resistive
plates was investigated [11]. The strip version was pre�
ferred for the above�mentioned numerous advantages. 

The strips made of polystyrene with 1% PPO and
0.03% POPOP had a rectangular cross section of 1.0 ×
4.1 cm, a length up to 8 m, and grooves for WLS fibers
(Fig. 11). Kuraray Y11(175) non�S type polystyrene�
based multiclad WLS fibers 1.2 mm in diameter were
chosen for their high structural uniformity, transpar�
ency, light yield, and large attenuation length. The
decisive factor was higher light yield from the farthest
end of the strip read out by a 9�m�long WLS fiber and
the 3�m�long clear fiber connected to it. 

Scintillator strips were assembled into planes of
192 strips grouped into eight modules of 20 strips in
modules 4–6 and 28 strips in the rest of the modules
(Fig. 39b). Both MINOS detectors had a total of
644 planes and about 105000 scintillator strips. The
strips were glued with each other and with one of the
Al covers, between which the plane is sandwiched,
which ensured quite good rigidity, light insulation, and
fire safety of the entire structure. 

The planes were arranged vertically, and the strips
in the adjacent planes were oriented pairwise orthogo�
nally. Light from the strips was collected by WLS fibers
connected through an optical coupler to clear fibers
that carried the light to the PMT (Fig. 39c). The clear
fibers were used because their attenuation length of
12 m is almost twice as large as that of the WLS fibers
[13]. The total number of photoelectrons collected by
two PMTs from each strip is characterized by the mean
value of about 5.5 (at a required minimum of 4.7 p.e.).
The photodetectors were multianode Hamamatsu
R5900�00 PMTs with 16 anodes and 4 × 4 mm2 pixels
for the far detector and 64 anodes and 2 × 2 mm2 pixels
for the near detector. 

The measured energy resolution for the electro�
magnetic and hadronic showers was 21.4%/√E ⊕
4%/√E and 56%/√E ⊕ 2%, respectively, and the time
resolution of the far and near detectors was 2.3 and
5 ns, respectively [13]. The results fully met the design
requirements. 

OPERA detector [17]. This detector is designed for
investigating neutrino oscillations νμ → ντ using the νμ

beam from CERN. It is located in the Gran Sasso
underground laboratory at a distance of 730 km from
CERN. The detector consists of two supermodules
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that comprise Pb/emulsion walls, scintillator walls,
and a magnetic spectrometer. 

Each scintillator wall is made up of two planes of
scintillator strips arranged in the transverse geometry
(Fig. 40a), which allows 2D (X and Y coordinates)
measurements to be performed and the place where
the event of interest occurred to be identified. The detec�
tor contains a total of 62 scintillator walls, 31 per super�
module. Each plane comprises four 6.7 × 1.66 mm2

modules consisting of 64 strips 1 × 2.6 × 670 cm3 in
size. The strips of polystyrene with 2% p�terphenyl
and 0.02% POPOP were extruded by ISMA [17]. Each
strip had a reflective TiO2 coating and a groove in the

middle of the wide side in which Kuraray Y11(175)MJ
non�S WLS fibers were glued. Signals from the strips at
the blue region wavelengths were read out, reemitted by
fiber at green region wavelengths, and transmitted by
the fibers to the 64�channel H7546 PMT (Fig. 40b).
The LED calibration of the strip signals allowed the
condition of all channels to be verified (Fig. 40b). 

Signals produced by MIPs in the strips were read
out from both ends of the fiber and were as high as
~8 photoelectrons at the center of a strip (Fig. 41).
One wall is equipped with 16 H7546 PMTs, and their
number in the detector totals 992. Each PMT pixel
(2.3 × 2.3 mm2) is read out independently, and the
individual pixel gains range between 3 × 105 and 106.
This large gain spread was corrected using the
32�channel ASIC readout electronics, which allowed
equalizing signals from different channels [64].

Space Experiment AMS�02

The AMS�02 spectrometer is intended for investigat�
ing the composition and energy spectrum of cosmic par�
ticles and searching for antimatter and dark matter [65]. 

The AMS�02 (Fig. 42) uses a spaghetti�type lead–
fiber electromagnetic calorimeter with an active area
of 648 × 648 mm2 and thickness of 166 mm. It consists
of nine superlayers, each made of lead plates with
grooves in which scintillating fibers 1 mm in diameter
were glued with epoxy resin. The arrangement of the
fibers in the adjacent layers was mutually orthogonal,
which allowed X and Y coordinates of the passing par�
ticles to be measured. 

To maximize light collection, fibers were con�
nected to the PMT through Plexiglas light guides of
truncated pyramid shape. Each light guide was
wrapped in an aluminum foil. The light guides were
connected to the fibers and PMTs with silicon optical
grease. Photodetectors were four�anode Hamamatsu
R7600�00�M4 PMTs, totaling 324 for the entire calo�
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rimeter. The total thickness of the calorimeter was
17 radiation units [65]. 

The energy resolution measured in electron and
proton beam tests at energies of 6 to 250 GeV at
CERN is expressed by the formula 

σE/E = (10.4 ± 0.2)%/√E ⊕ (1.4 ± 0.1)%. 

The AMS�02 spectrometer has a time�of�flight
(TOF) system consisting of two upper and two lower
scintillator planes spaced 1.2 m apart (Fig. 42). The
scintillators were polyvinyl bars read out by fine�mesh
R5948 PMTs through Plexiglas light guides. The
PMTs had a high gain (106), good time characteristics
(rise time 1.9 ns, transit time 7.7 ns), and the capability
of withstanding the magnetic field of the spectrometer.
The system is intended for measuring the time of flight
of particles with an accuracy of ~150 ps and also serves
as a trigger for discriminating between electrons
(positrons) and protons (antiprotons) up to momenta
of ~0.5 to 1.5 GeV/c with a proton velocity resolution
up to 4% [66]. 

The use of the combined results of the measure�
ments from the time�of flight system, tracking system
located in the magnetic field, and Cherenkov counter
allow determination of the mass of the particle that
traversed the magnetic spectrometer. The calorimeter
is capable of discriminating P from e+ and antiprotons
from e– at a level of about 106. 

PHOTODETECTORS CURRENTLY 
USED IN SCINTILLATION COUNTERS 

IN EXPERIMENTS 

A photodetector (PD) is a component of a scintil�
lation counter largely responsible for its most impor�
tant characteristics, such as light collection, time res�
olution, energy resolution, and spatial resolution.
Further development and use of scintillation counters
in current and future experiments will depend to a
large extent on the state and improvement of PDs. In
this connection, the following requirements are
imposed on PDs: 

⎯Higher sensitivity, because light yield of scintilla�
tors (long strips and small tiles) can be only few pho�
toelectrons. 

⎯Higher uniformity of light collection and stabil�
ity of characteristics. 

⎯Compactness (ratio between the useful area of
the cathode and its total area). 

⎯Higher pixelization, which is necessary for fiber
readout of signals from strips and tiles.

⎯Better ability to withstand strong magnetic fields
and radiation. 

⎯Lower cost and smaller size. 
The most widely used PDs are vacuum detectors,

like multianode PMTs (MA PMTS) and triodes, and
semiconductor detectors, like PIN photodiodes, hybrid
avalanche photodiodes (HAPDs), avalanche photo�

diodes (APDs), limited Geiger mode APDs (G�APDs),
and visible light photon counters (VLPCs). 

Multianode PMTs and Triodes

Multianode PMTs are widely used in modern scin�
tillation counters due to their high gain (106–107),
high resolution detection of single photons, and possi�
ble segmentation of their anodes. They are vacuum
photodetectors, usually with a bialkali photocathode
and a metal body and dynodes. The number of ampli�
fication cascades can be as large as ten and more. Their
quantum efficiency in the visible light region is no
higher than ~25%. Disadvantages of MA PMTs are
high voltage of power supply and inability to operate in
magnetic fields without special antimagnetic shield�
ing. Another factor to be taken into account is com�
pactness. For example, in previous MA PMT versions
the active area was about 40%. In modern flat�panel
PMTs like H8500 or H9500, it is as large as 89%
[67, 68]. The use of lenses can also make PMTs more
compact. 

The R7877 PMTs were used in the ATLAS calo�
rimeters, R7600 in the ALFA detector of ATLAS in
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AMS�02, R5900�16(64) in MINOS and R5900�16 in
the CDF�II preshower detector, R7546�64 in
OPERA, and R7899�20 in LHCb ECAL. 

Characteristics of MA PMTs can be demonstrated
with Hamamatsu R5900 as a typical example: the num�
ber of channels up to 8 × 8, dimensions 28 × 28 mm2,
active area 18 × 18 mm2 (41%), bialkali cathode QE =
20% at 400 nm, and gain ~106. Problems are sensitivity
to magnetic fields, gain uniformity, and channel�to�
channel crosstalk. 

Gain of MA PMT pixels can vary. For example, in
the 12�dynode H7546 PMT (improved version of
R5900) with 2.3 × 2.3 mm2 pixels the gain variations
were as large as a factor of 3 (Fig. 43). However, this
large difference was compensated for at a level of <1%
by an adjustable preamplifier [64]. 

Vacuum triodes are single�cascade PMTs with a
bialkali cathode, quantum efficiency of ~20% at λ =
425 nm, and outer diameter of 25 mm. The window is
made of radiation�hard ultraviolet glass, and the
anode is a fine (10 μm) copper mesh (Fig. 44) [69].
They were developed and manufactured at the
National Research Institute “Elektron” (St. Peters�
burg, Russia) and used in the CMS end�cap ECAL.
Unlike avalanche diodes used in the ECAL barrel sec�
tion, they proved to be radiation harder (5 kGy/yr); in
addition, their gain dependence on the magnetic field
(B) had a plateau in the interval B = 3–4 T, their cost
was lower, and the their operating voltage was <1000 V. 

PIN Photodiodes 
and Hybrid Avalanche Photodiodes

The use of semiconductor PDs in particle physics
experiments began with PIN photodiodes, simple and
reliable devices that found wide use in experiments in
the 1980–1990s. For example, Hamamatsu S2662
PIN photodiodes were used to read out BGO crystals

of the calorimeter in the L3 experiment [70]. They
were remarkably suitable for that task because they had
high quantum efficiency (67%) at λ = 480 nm, the
peak value of the BGO crystal emission spectrum,
while the light yield of BGO was as high as 8000 pho�
tons/MeV. 

However, PIN diodes do not have internal amplifi�
cation and thus a charge�sensitive amplifier is needed
for obtaining light signals from them. Since noise
pulses are about 200 electrons, the minimum detect�
able light flux should be more than a few hundred pho�
tons. Also, PIN diodes require high temperature stabi�
lization (–1.55%/°C). 

Hybrid avalanche photodiodes (HAPDs). HAPDs
combine advantages of vacuum PDs (high sensitivity)
and semiconductor PDs (high spatial and energy res�
olution, insensitivity to magnetic field). In addition,
they are simple to manufacture because they do not
use dynodes while a photodiode is easily segmented. 

The operation and design of an HAPD are sche�
matically shown in Fig. 45a [71]. Under the effect of a
high electric field (about 10 kV), a photoelectron
knocked out of the photocathode produces about
103 electron–hole pairs in the photodiode (APD), and
the shower that develops inside the APD increases the
number of those pairs by a factor of 50 to 200. How�
ever, an increase by a factor of 100 and more requires a
high temperature and voltage stabilization. At a gain of
1000, a change in temperature by 1°C leads to a
decrease in gain by 15%, and a change in voltage by
1 V leads to an even greater decrease in gain by 30%
[72]. Development of the avalanche is maintained first
of all by electrons, because multiplication of holes
would require higher fields. The total gain ultimately
amounts to ~104. Further increase in gain is limited by
the occurrence of breakdowns. 

HAPDs efficiently detect single photons as is evi�
dent from the single photon distribution in Fig. 45b.
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Discrimination of peaks up to three photons is clearly
seen. HAPDs use Super Bialkali (SBA) photocathodes
with quantum efficiency (QE) as high as 32% at the
wavelength 380 nm (Fig. 45c). With a GaAsP photo�
cathode, the QE increases to 40% in the wavelength
range of 400 to 600 nm [71]. 

A point to remember is that backscattering of pho�
tons and electrons occurs in the HAPD with a proba�
bility of about 20% and deteriorates the position reso�
lution. In an electric field of about 10 kV with no mag�
netic field, the coordinate spread is about 40 mm.
However, in a longitudinal magnetic field of ~1.5 T,
the spread decreases to 5 mm due to the Larmor pro�
cess [71]. In the HAPD used in the CMS HCAL under
~4 T this effect is even stronger. Another negative
point is surface currents which are eliminated by mak�
ing grooves on the photodiode face. 

HAPDs were first used in a large number at the
CMS HCAL. Signals from all 17 tiles of each HCAL
tower are read by WLS fibers connected to clear fibers.
These fibers arranged into a bundle 4.8 mm in diameter
are coupled to the HAPD consisting of 19 hexagonal pix�

els (2 mm2 each) and make up one of 10000 readout
channels. 

HAPDs are PDs with proximity focusing of electrons
accelerated in a strong electric field (~10 kV) in a narrow
gap (3.35 mm) along the magnetic field lines [72]. 

Avalanche photodiodes (APDs). APDs, like
HAPDs, have internal amplification (50 to 200), and
their quantum efficiency is higher than 70% in the vis�
ible region. They are insensitive to the magnetic field,
and their gain is no higher than 104 due to breakdowns.
APDs are capable of detecting low light fluxes: 20 pho�
tons are sufficient to trigger them. The APD output is
proportional to the intensity of the incident light. 

Figure 46a shows the structure of the Hamamatsu
S8141 avalanche photodiode used in the CMS ECAL
[73]. It is a reverse�type photodiode made by epitaxial
growth on low resistivity n�type silicon followed by ion
implantation and diffuse steps to produce a high resis�
tivity p–n junction near the outer surface. A very high
field of ~2 × 105 V/cm is generated in this junction,
where an electron–hole avalanche is initiated. The
upper p layer is only 7 μm thick in order to decrease
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the ionizing radiation effect, and grooves 30 μm deep
and wide help to reduce surface currents. An antire�
flective Si2N4 coating is applied to the p layer. 

The quantum efficiency of the S8141 photodiode
at the peak wavelength of the PbWO4 crystal radiation
λ = 420 nm is ~70%, and in the wavelength range of
500 to 850 nm it is more than 80% (Fig. 46b) [73]. 

Table 8 presents the main characteristics of the
Hamamatsu S8141 APDs used in the CMS [73] and,
for comparison, of the Advanced Photonics Inc. APD
630�70�74�510 used in KOPIO [56] and Hamamatsu
S8664�1010N APD, a version of which was used in
ALICE [57]. 

Limited Geiger Mode 
Avalanche Photodiodes (G�APDs) 

G�APDs were first created in Russia in the 1990s
[74, 75] and further developed in [76, 79–86]. Now
they are manufactured by CPTA and MEPhI/Pulsar
(Moscow, Russia), Hamamatsu (Japan), Zecotek

(Singapore, Canada), JINR (Dubna, Russia), FBK�
irst (ASD) (Trento, Italy), SPM (Sensl) (Cork, Ire�
land), KETEK (Munich, Germany), ST Microelec�
tronics (Catania, Italy), and others. 

A G�APD is a matrix of a lot of independent APDs
(pixels) with a size of 30 × 30 (50 × 50) μm2 connected
by a common bus to which a bias voltage 10 to 15%
higher than the breakdown voltage is applied. When a
photon hits a pixel, an avalanche develops in the pixel
due to impact ionization in the high electric field of
the p–n junction initiated not only by electrons but
also, unlike the case in APDs, by holes and secondary
photons. An analogue signal appears at the pixel out�
put; if several pixels are fired, their charges are
summed. G�APDs from different manufacturers differ
in structure, avalanche quenching methods, active
area size, number and size of pixels, operation mode,
and characteristics. Figure 47 shows pixel structures in
two G�APDs, an MRS (metal–resistor–semiconduc�
tor) [74], and an MAPD�3N (micropixel avalanche
photodiode with double n–p–n–p junctions) [84],
which employ different avalanche quenching methods. 

The MAPD�3N is a micropixel photodiode with
superhigh density of pixels (~4 × 104 mm–2) on an n�
type Si substrate on which two epitaxial p�type layers
are grown and highly doped pixels of n+ type conduc�
tivity are embedded with a spacing of 5 to 15 μm
(Fig. 47b). 

Development of an avalanche in the G�APD is
stopped automatically when the p–n junction voltage
drops below the breakdown voltage due to the quench�
ing resistor (<1 MΩ) that is part of each pixel or due to
directly biased p–n junctions occurring under each
micropixel (Fig. 47b). The pixel recovery time ranges
from a few tens of nanoseconds to a few microseconds. 

Since G�APDs are highly sensitive to single pho�
tons and have a gain of 106 to 107 comparable with that
of PMTs, they are often called silicon photomultipliers
(SiPMs). They are unaffected by the magnetic field

Table 8. Characteristics of APDs used in the CMS ECAL,
KOPI, and ALICE. The last two rows present relative vari�
ations in the gain M as a function of the voltage and temper�
ature variation (in percent)

APD 
characteristics CMS KOPIO ALICE

Active area, mm2 5 × 5 200 100

Capacitance, pf 75 130 270

Series resistance, Ω 3 15 <5

Dark current, nA <10 ~50 ~3

Quantum efficiency, % 
at  λ, nm

70% 
420

94 
500

80 
476

dM/dU × 1/M, %/U 3 1.4 3

dM/dT × 1/M, %/°C –2.2 –3 –4.5

(a) (b)
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Fig. 47. (a) MRS structure; (b) MAPD�3N structure: (1) photons, (2) highly doped p+ layer, (3) second epitaxial p+ layer, (4) first
epitaxial p+ layer, (5) n+ regions (micropixels), (6) highly doped n+ layer, (7) n�type Si wafer, (8) avalanche region, (9) charge
accumulated in the potential well form the n+ region. 
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(7 T and higher), have low power consumption
(<50 μW/mm2) and low bias voltage (<70 V), and are
compact and reliable. Unlike APDs, where avalanche
development fluctuates, G�APDs are characterized by
uniform pixel�to�pixel gain and low electronic noise. 

Figure 48 shows distributions of single�photon
spectra obtained at the G�APD (a) [76], VLPC (b)
[77], and HAPD (c) [78]. The distributions from the
G�APD and APD are obtained at room temperature
and from the VLPC at 6.5 K. Among these PDs, the
G�APD is seen to have the highest resolving power for
single photons. 

One of the main G�APD characteristics is the pho�
ton detection efficiency (PDE), defined as a product
of the p–n junction quantum efficiency QE, probabil�
ity for a photoelectron to initiate the Geiger discharge
QEg, and the geometrical efficiency ε (the fraction of
the sensitive area of the APD in its total area). The
PDE of the G�APD is much lower than the APD QE
because of its low geometrical efficiency, which was
about 25% in earlier G�APD versions. The QEg

depends on many parameters like bias voltage (U),
overvoltage, photon wavelength, temperature, and the
nature of charge carriers (electrons or holes). Never�
theless, the PDE is higher than the QE of vacuum
PMTs in the visible wavelength region (λ > 450 nm),
which is of great interest for scintillator + WLS fiber
systems (Fig. 49a) [79]. 

The PDE of the p�type CPTA (43 μm pixels) and
FBK�irst (50 μm pixels) G�APDs with an area of
1 mm2 and sensitivity to the blue/green region was
measured at the maximum bias voltage U and room
temperature and found to be 50% and 30% respec�
tively at a wavelength of 600 nm (Fig. 49b) [80]. The
geometrical factors also increased to 70% and 50%
respectively. 

The PDE of the n�type CPTA UV�sensitive
G�APD with the p+ layer <100 nm thick was measured
to be as high as 25% at λ = 450–550 nm, U = 36 V, and
room temperature (Fig. 49c). For comparison,
Fig. 49c also shows the PDE measured for the n�type
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HPK SSPM_0611B4MM and Dubna/Mikron MW�3
APD. 

Compared with APDs, G�APDs are less dependent
on variations in temperature T and bias voltage U
(Table 9) [76]. 

The problem points for G�APDs are optical
crosstalk, dark current, afterpulsing, recovery time,
small size, increase in photon detection efficiency, and
extension of the dynamic region. In the past years
extensive investigations have been carried out to solve
these problems. 

To decrease the effect of the optical crosstalk—
which is due to the fact that some avalanche photons
(1 per ~105 electrons) escape from a fired pixel to the
neighboring ones—grooves extended to the p�region
are made on the external surfaces of the pixels. The
grooves decrease optical crosstalk to 1–3%. The width
of grooves is about half their depth (Fig 47a) [27]. To
reduce absorption of photons in external layers, these
layers are made very thin. For example, in an n(p)�type
G�APD the external layer is fractions of a micrometer
(few μm) thick, and antireflective Si2N4 coating is
applied to decrease back reflection. 

The dark current is the main source of noise in a G�
APD and results from random thermally generated
free charge carriers capable of initiating Geiger dis�

charge, which undesirably affects the gain. The dark
current strongly depends on temperature and amounts
to 1–2 MHz/mm2 at room temperature and
~200 Hz/mm2 at T = 100 K [79]. The gain is also
increased by afterpulsing, which is due to the fact that
some free avalanche carriers are trapped in the struc�
ture detects and released with a delay as long as a few
μs [80] can initiate Geiger discharge. The dark current
also depends to a large extent on the purity of the
material used to manufacture G�APDs. 

A small size of the APD and a small number of its
pixels result in the loss of response proportionality in
multielectron events due to saturation of output sig�
nals (Fig. 50a). A wide photoresponse linearity range
at almost 100% geometrical efficiency was obtained in
the MAPD�3N with its superhigh pixel density of
(1⎯4) × 104 mm–2. As it is seen, the photoresponse
amplitude A remains linear up to 6 × 106 photons per
pulse (Fig. 50b) [84]. 

Most currently manufactured G�APDs have a size
of 1 × 1 mm2 and 3 × 3 mm2. There are also low�volume
manufactured pilot G�APDs with a size of 4 × 4 mm2

(FBK–AdvancedSid), 5 × 5 mm2 (MEPhI/Pulsar)
and 6 × 6 mm2 (Hamamatsu). Increasing the size to
100 mm2 leads to high power dissipation of about
10 mW, which can increase the temperature by ~10°C
and accordingly decrease the gain by a factor of 1.5–2,
enhance optical crosstalk, and increase the afterpuls�
ing and the noise pulse rate (105–106) mm–2 [81]. 

Visible Light Photon Counters (VLPCs) 

Visible light photon counters are silicon shower
PDs based on the impurity conduction, the width of
which under the conduction band is only 50 mV. They
have quantum efficiency in the visible region of the spec�
trum as high as ≥75% (Fig. 51), gain of (2.2–6.4) × 104,
and the ability to discriminate single photons with a

Table 9. ΔT and ΔU needed to change the gain by 1%

Photodetector ΔT,   °C ΔU/U

APD EG G C30626 
(M = 100)

0.1 0.4 V/400 V = 10–3

APD Hamamatsu 
S5345

0.30 0.04 V/300 V = 10–4

GAPD 
(N = 2 × 106 )

2.5 0.05 V/50 V = 10–3
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Fig. 50. (a) Response function (dependence of the number of fired pixels on the number of photoelectrons) of MEPhI/Pulsar
SiPMs with a different number of pixels; (b) dependence of the MAPD�3N photoresponse amplitude A on the number of pho�
tons N. Squares are experimental data, and the straight line is the linear extrapolation. 
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high resolution (Fig. 40c). VLPCs operate at a tem�
perature of 9 K and bias voltage of 6 to 8 V, their dark
noise is at a level of <5 × 104 Hz, they are weakly sen�
sitive to the magnetic field, and are capable of working
in a harsh radiation environment [77]. Highly stable
temperature and bias voltage are an important condi�
tion for their operation. The dark current increases by
a factor of 4 when temperature increases by 1 K. The
quantum efficiency and the gain also depend on the
temperature though to a lesser degree. The stability of
the temperature and bias voltage are maintained at a
level of ±0.05 K and ±30 mV respectively. 

About 86000 VLPCs successfully operated in the
D0 spectrometer. 

Comparative characteristics of different photode�
tectors widely used in high�energy physics experi�
ments are given in Appendix C. 

Prospects for Silicon Photodetectors 

Further development and use of scintillation
counters in current and future particle physics experi�
ments at the ILC, GSI, and NICA is impossible with�
out improving photodetectors, the most promising of
which are limited Geiger mode silicon avalanche pho�
todetectors (SiPMs). Over the past years, extensive
investigations have been carried out with a view to
increasing their photon detection efficiency and size,
reducing noise pulse rate and pixel�to�pixel optical
crosstalk, decreasing temperature dependence of the
gain, etc. These investigations are mainly performed
with small prototypes. 

MEPhI group, in cooperation with the Exelites
Company, developed 1 × 1 and 3 × 3 mm2 n�type
SiPMs with 50 × 50 μm2 (50 V) and 100 × 100 μm2

(100 V) pixels respectively. They were tested with a
weak source of light, their optical crosstalk (CT) prob�
ability and excess noise factor (ENF) were measured
as a function of overvoltage ΔU (Figs. 52a, 52b) and
compared with similar distributions measured under
identical conditions for the Hamamatsu 3 × 3 mm2

MPPC S 10362�33�100C N354 and 1 × 1 mm2 MPPC
S 10362�33�100U N50 [82]. 

It is seen that the MEPhI detectors have remark�
able characteristics concerning both optical cross talk
and excess noise factor, which are currently record
low. At ΔU = 4 V their CT and ENF are no higher than
3 to 5% and 1.02 respectively, while the Hamamatsu
detectors show 38 to 40% and 1.3 to 1.55 at ΔU = 1.6 V. 

No less remarkable are other features of the
MEPhI SiPMs: photon detection efficiency in the
near ultraviolet/blue region ~50–60%, time resolu�
tion ~200 ps (3 × 3 mm2 detector), dark current
80 kHz at room temperature, and extremely low tem�
perature dependence 0.5%/°C. 

A special scintillation detector START [83] was
developed for cosmic muon triggers in the TOF system
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of the ALICE spectrometer. It consisted of a 150 × 150 ×
10 mm3 BC�412 scintillator plate, two Kuraray Y11
1�mm�diameter WLS fibers, and two G�APDs with
the MRS (metal–resistor–semiconductor) structure.
Two or three fiber coils were laid into a deep circular
groove made as close to the tile edges as possible. One
end of the fiber was coated with a reflective material,
and the other end was pressed to the MRS (Fig. 53).
The achieved time resolution was ~1.2 ns. 

An important feature and advantage of using MRS
in START was that the PDs were mounted directly on
the plate, which considerably simplified construction
of larger�scale trigger systems. In addition, they were
connected in coincidence, which decreased noise
pulse rate by several orders of magnitude at a gate
width of 20 to 80 ns. 

A lot of SiPMs are supposed to be used in the pro�
totype of the hadronic calorimeter for the CALICE
detector of the ILC [86]. It is a 38�layer sandwich cal�
orimeter consisting of 7620 steel plates and scintillator
tiles with a thickness of 1.6 cm and 0.5 cm, respec�
tively. The area of each layer is 1 × 1 m2. 

The requirements imposed on the ILC detectors
are very stringent. Particles will be identified using a

new method, PFA (Particle Flow Algorithms), which
involves individual identification of all shower parti�
cles, both neutral and charged, with an energy resolu�
tion not worse than 30%/√E. This requires high seg�
mentation of the calorimeter. Monte Carlo calculations
show that the optimum size of the tiles in the highest�
intensity parts should be on the order of 3 × 3 cm2 and
smaller. The chosen tile sizes are 3 × 3 cm2 for the cen�
tral section of the calorimeter (30 layers), 6 × 6 cm2 for
the intermediate section, and 12 × 12 cm2 for the outer
section (8 layers) (Fig. 54a). 

Tiles will be read by Kuraray 1�mm�diameter WLS
fibers laid in the grooves 2 mm deep, which occupy a
quarter of a circle in the smallest tiles and a full circle
in the rest of the tiles. One fiber end was mirrored and
the other end was connected to the PMT through an
air gap. Signals from the WLS fibers will be read by more
than 10000 MEPhI/Pulsar 1.1 × 1.1 mm2 PMTs. The
number of pixels is 1156, and their size is 32 × 32 μm2.
The gain at a bias voltage of 50 V is ~106 [86]. 

A prototype of the hadronic calorimeter for the
CALICE detector was also developed. In this calorim�
eter tiles (3 × 3 × 0.3 cm3) were read through WLS
fibers by CPTA/Photonique silicon PMTs (796 pixels)
[87]. Figure 55a shows one of the tiles with a groove for
the WLS fiber with one end mirrored and the other con�
nected to the SiPM, and at the bottom of figure there is a
module of the prototype consisting of 36 × 36 tiles
mounted at the back side of the readout electronics,
which is a 36�channel ASIC system. The minimum
ionizing particle detection efficiency is 95%. 

To choose the optimum tile, another light collec�
tion method was tested, in which the tile is directly
coupled to the SiPM (Kuraray MPPC25�P mounted
in a special depression) without a WLS fiber (Fig. 55b,
left). This light collection method resulted in high uni�
form signal collection from the tile surface (Fig. 55b,
right) [87]. 

Tile

Fiber ring
WLS

MRS APDs

Fig. 53. START detector: a scintillator tile, WLS fibers,
and two MRS APDs put together [82]. 

(a) (b)

Fig. 54. (a) One of the layers (planes) of the CALICE HCAL; (b) a 3 × 3 cm2 tile with the built�in MRS [86]. 
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A prototype of the CALICE ECAl is developed,
which is a segmented sandwich calorimeter that con�
sists of 26 layers of 3�mm Kuraray SCSN38 scintillator
strips and a 3.5�mm absorber [88]. The scintillator
layer consisted of two 45 × 90 mm2 megastrips, each
made up of nine 45 × 10 mm2 strips (Fig. 56a), and the
absorber consisted of 82% W, 13% Co, and 5% C, with
a radiation length of 5.3 mm and a Molière radius of
22 mm.

The W absorber with this small RM allows spatial
discrimination of shower particles and identification
of the particles using the PFA method. Strips in the
neighboring layers were arranged orthogonally, thus
providing high segmentation (10 × 10 mm2) in mea�
surement of (X, Y) coordinates. A film of white poly�

ethylene terephthalate was used to reduce optical
crosstalk between strips, megastrips, and layers. To
increase the amount of light collected from the strips,
their ends farthest from PMTs were covered with a
mirror reflector film. 

Two readout methods, type�F and type�D, were
used (Fig. 56b). In type�F signals were transmitted to
the PD through the 1�mm�diameter Kuraray Y11
WLS fiber held in place without the use of any glue,
and in type�D signals were transmitted directly to the
PD (strips had no holes and WLS fiber was not used).
In both cases the PD was the 1 × 1 mm2 Kuraray
MPPC. A total of 468 MPPCs were used in the proto�
type. Tests of the prototype in positron beams with
momentum of 1 to 6 GeV/c revealed their good energy
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Fig. 55. (a) Single calorimeter tile (top) and a calorimeter module comprising 36 × 36 tiles mounted on the back side of the read�
out electronics (bottom); (b) a single tile with a special depression for mounting the Kuraray MPPC25�P (left) and the distribu�
tion of the signal amplitudes measured over the tile surface (right) [87]. 
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resolution: the stochastic term was between 13 and
14%, and the constant term between 3 and 4.5%,
which well meets the requirements for shower energy
reconstruction by the PFA method. 

A large detector that used a great number (60000)
of multipixel photon counters (MPPC, Hamamatsu)
[89] was the NS280 detector [90] of the T2K neutrino
spectrometer designed for investigating oscillations of
muon neutrinos. The ND280 electromagnetic calo�
rimeter used scintillator strips as an active material.
They were produced by the extrusion technique at
Fermilab from the same material and with the same
cross section as the strips of the MINOS detector with
a central hole in the strip for an optical fiber, and
Kuraray Y11(200) 1�mm�thick WLS fibers were used
to read out the strip signals. 

Vacuum multianode PMTs and Hamamatsu silicon
MPPCs were considered for the use in the ND280.
The latter were chosen because they were insensitive to
the magnetic field, more compact, stable, and eco�
nomical (in mass production), while their photon
detection efficiency (PDE) was higher than or identi�
cal to that of vacuum PMTs. With optical crosstalk,
afterpulsing, and dark current contributions excluded,
the measured PDE turned out to be 31% at a wave�
length of 440 nm. 

Table 10 presents the main characteristics of the
MPPC S10362�11�050C, CPTA/Photonics and
MEPhI SiPMs, and MAPD�3N. 

A large experiment with as many as 3120 scintilla�
tor strips in Mu2e to be performed at Fermilab for
investigating very rare processes of conversion of a μ
meson to an electron in the presence of a nucleus [91].
In this experiment it is necessary to eliminate back�
ground events with very high reliability. One such
event is cosmic μ mesons that can produce back�
ground electrons. It is planned to eliminate these

events using scintillation veto counters covering large
areas (about 500 m2). 

Scintillation counters made up of 1 × 10 × 460 cm3

strips will be used to assemble 3(4)�layer walls for the
veto systems. These multilayer walls are needed to
ensure the required 99.99% efficiency of the system.
Light will be collected by three 1.4�mm�diameter
WLS fibers inserted in the holes of the strips and trans�
mitted to 16�pixel PDs; each PD pixel will read signals
from all three WLS fibers of each strip. Now the Mu2e
Collaboration, in which JINR participates, performs
extensive investigations aimed at increasing light col�
lection by selecting WLS fibers and the shape and size
of strips and replacing vacuum PMTs with silicon
PMTs. 

The time resolution (TR) of SiPMs manufactured
by Hamamatsu (MPPC S10262�11�25, S10262�11�
50, S10262�11�100, 10�50S�BK�4S, 10�100�Fs),
AdvanSiD FBK (ASD), and Sensl (SPM) as a func�
tion of the overvoltage ΔU, temperature T, wave�
length, active area S, and pixel size was investigated in
[92]. Out of five above�mentioned Hamamatsu
SiPMs, the latter two were specially made with
improved time characteristics as compared with stan�
dard Hamamatsu MPPCs. Pixels were square shaped
with dimensions 25 × 25, 50 × 50, and 100 × 100 μm2,
and the active area of the PMTs was 1 and 9 mm2. 

Figure 57a shows the dependence of the full width
at half�maximum Γ on the overvoltage ΔU. It is seen
that the TR of all SiPMs improves with increasing ΔU.
These data were obtained at T = 20°C and λ = 467 nm
for the SiPM with S = 1 mm2. The upper ΔU values are
limited by breakdowns and an appreciable increase in
dark current. The best Γ was in the ASD (~120 ps).
The Hamamatsu MPPC 10�50S�BK�4S and 10�100�
F�Fs and the Sensl SPM showed approximately iden�
tical values of ~150 ps. The Hamamatsu SiPM shows

Table 10. Main characteristics of SiPMs from different manufacturers

 Characteristics

MPPC 
Hamamatsu 

PhotonicsKK 
[90]

CPTA 
Photonics [80]

SiPM 
MEPhI/Pulsar 

[86]

SiPM 
MEPhI 

[81]

SiPM 
MEPhI 

EXELITES 
[82]

MAPD�3N 
Zecotec

[58]

Active area, mm2 1.3 × 1.3 1.28 (diameter) 1.1 × 1.1 3 × 3 3 × 3, 1 × 1 3 × 3

Pixel size, μm2 50 × 50 43 × 43 32 × 32 30 × 30 100 × 100

Number of pixels 667 796 1156 5625 1.5 × 104/mm2

Working voltage, V 68–71 ~36 50 20–28 ~37.5 ~89

PDE, % 26–30 
λ = 550 nm

~25 
λ = 525 nm

<15 
λ = 550 nm 

T = 20°C

23 
λ = 470 nm 
T = –50°C

50–60 
λ ~ 400 nm 
T = 15°C

~25 
Green

T = 15°C

Dark current, 
MHz

<1.35 
(>0.5 Np.e.) 

T = 25°C

~2 
T room

~1 
T room

~20 
T room

0.8 
T room

9 × (0.1–1) 
T = 25°C

Gain ~106 106 106 (1–2) × 106 ~2 × 106 ~4 × 104
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dependence of the TR on the size of pixels (three
upper curves): Γ decreases with increasing pixel size.
In the Sensl SiPM, Γ does not depend on the size of
pixels. 

The temperature dependence of Γ for the
Hamamatsu SiPMs measured in the interval of 0 to
20°C turned out to be rather weak, but the TR tends to
be noticeably dependent on the active area of the PD.
For example, the PD with S = 9 mm2 shows the TR
about 50% worse than that of the PD with S = 1 mm2

(Fig. 56b). In the other PDs the temperature depen�
dence was not measured because their dark currents
turned out to be too high. 

Dependence of the TR on the wavelength and the
size of the pixels requires further detailed investiga�
tions. 

A very high single�photon TR σ (standard devia�

tion) of 18 ps/  MeV0.5 was obtained for small
counters (3 × 3 × 2 cm2) made of an ultrafast BC�422
scintillator and a SiPM like the Hamamatsu MPPC
S10362�33�050 [93], which are efficient in the near
ultraviolet region. In [93], the efficiency of the SiPMs
in high magnetic fields up to 9.5 T was also noted. 

E

Large�sized counters are often needed in HEP
experiments. Counters made of ultrafast BC418,
BC420, BC422, and BC422Q with dimensions of 60 ×
30 × 5 mm3 and 120 × 40 × 5 mm3 were investigated in
[94]. The main characteristics of these scintillators are
presented in Appendix A. Hamamatsu, KETEK,
AdvanSiD, and Sensl 3 × 3 mm2 SiPMs with a high
photon detection efficiency in the near ultraviolet
region were used for readout. Three SiPMs placed in
series were connected with optical grease to each end
of the scintillator (Fig. 58). This connection increases
the active area of the PDs and at the same time
decreases their total capacitance, which considerably
narrows the time spectrum in comparison with the
results obtained with one SiPM or three SiPMs placed
in parallel. 

The time resolution of the counters was investi�
gated using electrons from 90Sr and a small reference
counter RC (5 × 5 × 5 mm3), which was located under
the investigated counter and determined the irradia�
tion region. The RC was made of the same material as
the investigated counter, and signals were read out by
the HPK S10362�33�050C. 
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4.03.52.51.50.5 2.01.0 3.0

(a)
Γ, ps

SiPM SPTR 1 mm2 20°C 467 nm

S10362�11�25
S10362�11�50
S10362�11�100
MPPC 10�50S
MPPC 10�100S
ASD�1S�M�50
SMP1020X13
SMP1035X13

Vbias�VBD, V

275
250
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200
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100

20100 155 25
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MPPC 1 mm2 (50 & 100 μm) & 9 mm2

25 μm⎯467 nm

Temperature, °C

175
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100 μm⎯467 nm

50 μm ⎯405 nm
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100 μm⎯467 nm
100 μm⎯405 nm
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(25–50–100 μm)

Fig. 57. (a) Dependence of Γ on overvoltage ΔU = Vbias – VBD measured at SiPMs of three manufacturers with different sizes of
pixels (their linear dimensions are given in μm on the right in the lines with the SiPM name, except for the SPM with pixels of
20 and 35 μm); (b) dependence of Γ on the temperature T for the Hamamatsu SiPMs with S = 1 mm2 and 9 mm2 at wavelengths
of 405, 476, and 635 nm and with pixels of 25, 50, and 100 μm. 
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+HV
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Fig. 58. Schematic view of a setup for measurements of the counter time resolution [94]. 
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The best single�photon TR (σ = 42 ± 2 ps per
1 MeV energy loss) was obtained for the scintillation
counters made up of the BC�422 scintillator and a
Hamamatsu SiPM (Fig. 59). 

Thus, SiPMs with a similar time resolution can well
be used in time�of�flight systems instead of micro�
channel plate PMTs with their time resolution of
~14 ps [95], the best among vacuum PMTs. However,

these PMTs have low radiation hardness and limited
service life and require very high working voltage
(>2 kV). In addition, they are more sensitive to the
magnetic field. 

Now many research centers carry out extensive
investigation into production and characteristics of sili�
con PMs with large active areas (Fig. 60) and those
assembled into linear arrays and matrices of 4 × 4
(Hamamatsu, FBK, Sensl) and 8 × 8 (Zecotek).
Table 11 presents characteristics of large�sized SiPMs
from different manufacturers [96]. 

Scintillation counters with SiPM readout are
planned to be used in many large detectors under con�
struction, such as the MPD (multipurpose detector)
for the heavy�ion collider NICA at JINR [59], Mu2e
for investigations of conversion of μ mesons to elec�
trons at FNAL [91], and PANDA at the accelerator for
investigations of antiproton–ion interactions (FAIR)
at GSI [97], and in currently operating detectors
(CMS hadronic calorimeter). 

CONCLUSIONS 

The highly developed technology for production of
plastic scintillators (injection molding, extrusion)
allows scintillator tiles and strips of any shape to be
produced in large amounts at a relatively low cost.
Their optical characteristics (light yield, long�term
stability, radiation hardness) meet the requirements on
modern scintillators. 

100

90
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70

60

50

40

30
84 62

TR, ps

Overvoltage, V

S10362�33�050C
S125722�025C(X)
PM3350 prototype�A
MicroFB�30050�SMT

S125722�050C(X)
3XMM50UMLCT�B
ASD�NUV3S�P�50

Fig. 59. TR of counters with different SiPMs as a function
of the overvoltage. Designations beginning with S and 3X
are for Hamamatsu, with PM for Ketek, with ASD for
AdvanSiD, and with Micro for Sensl. 

ZECOTEK MAPD�3N ASD�SiPM4S HAMAMATSU S10985 KETEK PM3350 STMicroelectronics

Fig. 60. Photos of large�sized SiPMs [96]. 

Table 11. Large�sized SiPMs

Manufacturer Designation Area, mm2
PDE, % 

at (λmax , nm), 
T = 25°C

Dark current ×106 , Hz, 
T = 25°C Gain × 106

ZECOTEC MAPD�3N 3 × 3 30 (480 nm) 9 × (0.1–1) 0.5

FBK�AdvanSiD ASD�SiPM4S 4 × 4 30 (480 nm) 55–95 4.8

HAMAMATSU S10985�50C 6 × 6 50* (440 nm) 6–10 0.75

KETEK                  PM3350  3 × 3 40 (420 nm) 4 2

ST Microelectronics SPM35A N 3.5 × 3.5 16 (420 nm) 7.5 3.2

* The Hamamatsu PDE involves optical crosstalk and afterpulsing contributions.
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The importance of scintillation counters for mod�
ern HEP experiments can hardly be overestimated.
They are widely used and will be used in calorimeters,
triggers, tracking, and TOF and veto systems. 

The prospects for the use of scintillators in future
experiments are closely connected with a possibility
for their high segmentation and the use of fibers for
collection and transmission of signals to be read out by
photodetectors with a multipixel structure similar to
multianode vacuum and silicon PMs. 

Compared with vacuum multianode PMTs, silicon
photomultipliers have a similar gain and higher pho�
ton detection efficiency. They are compact and capa�
ble of operating in high magnetic fields. In addition,
their cost will be lower during mass production. 

Compactness of silicon photomultipliers allows them
to be connected to the scintillator end for light collection
either directly or through WLS fibers and also to be inte�
grated into standard multichannel readout electronics. 

Scintillation counters with n�type silicon PMs sen�
sitive to near ultraviolet have a high time resolution
(<20 ps) and can compete with vacuum PMTs and
microchannel plate PMTs while having higher radia�
tion hardness and long�term stability. 

In the past years silicon photomultipliers have been
rapidly developing, which permits hope for solving
their current problems, namely, high dark currents and
small size. 

In conclusion, there are Appendices that present
the main properties of some organic plastic scintilla�
tors (Appendix A) [98], optical and time characteris�
tics of fibers manufactured by Kuraray [33] and Saint
Gobain Crystals [34] (Appendix B), comparative
characteristics of photodetectors widely used in high�
energy physics experiments (Appendix C) [98], char�
acteristics of scintillators used in the reviewed scintil�
lation counters (Appendix D), and detectors and
accelerators mentioned in this review (Appendix E). 

APPENDICES

Appendix A. Properties of Some Organic Scintillators 

The scintillation signal amplitude is given with
respect to the anthracene signal; H/C is the ratio
between the number of hydrogen atoms and the num�
ber of carbon atoms; NE stands for Nuclear Enter�
prises (UK) and BC stands for Bicron Corporation
(United States); the wavelength is given at the emis�
sion spectrum maximum [98]. 

 

Scintillator Density n Wavelength, 
nm

Decay time 
constant, ns

Scintillation 
signal 

amplitude
H/C

Light yield 
relative 
to NaI

Monocrystals
naphthalene 1.15 1.58 348 11 11 0.800
antracene 1.25 1.59 448 30–32 100 0.714 0.5

trans�aiilbene 1.16 1.58 384 3–8 46 0.857
p�terphenyl 1.23 391 6–12 30 0.778

Plastics3)

NE 102 A 1.032 1.58 425 2.5 65 1.105
NE 104 1.032 1.58 405 1.8 68 1.100
NE 110 1.032 1.58 437 3.3 60 1.105
NE 111 1.032 1.58 370 1.7 55 1.096

Plastics4)

BC�400 1.032 1.581 423 2.4 65 1.103
BC�404 1.032 1.58 408 1.8 68 1.107
BC�408 1.032 1.58 425 2.1 64 1.104
BC�412 1.032 1.58 434 3.3 60 1.104
BC�414 1.032 1.58 392 1.8 68 1.110
BC�416 1032 1.58 434 4.0 50 1.110
BC�418 1.032 1.58 391 1.4 67 1.100
BC�420 1.032 1.58 391 1.5 64 1.100
BC�422 1.032 1.58 370 1.6 55 1.102
BC�422Q 1.032 1.58 370 0.7 11 1.102
BC�428 1.032 1.58 480 12.5 50 1.103
BC�430 1.032 1.58 580 16.8 45 1.108
BC�434 1.049 1.58 425 2.2 60 0.995
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Appendix B. Optical, Time, and Mechanical Characteristics 
of Kuraray and Saint Gobain Crystals Fibers 

Optical characteristics of Kuraray scintillating fibers+ [33]

Fiber Colour Emission peak, 
nm

Decay time, 
ns

Attenuation 
length, m* Characteristics

SCSF�81(81M) Blue 437 2.4 >3.5  Long attenuation length

SCSF�78(78M) Blue 450 2.8 >4.0 Long attenuation length and 
high light yield

SCSF�3HF(1500) 
�3HF(1500)M

Green 530 7 >4.5 Higher radiation hardness

+ Measured using a bialkali PMT and ultraviolet light (λ = 254 nm).
* Fibers are non�S type, 1 mm in diameter. 

Optical and time characteristics of Kuraray WLS fibers [33]

Fiber Colour Emission peak, nm Attenuation length, m Characteristics

Y�7(100) and Y�7(100)M Green 490 >3.0 Green WLS fiber

Y�8(100) and Y�8(100)M Green 511 >2.8 Green WLS fiber

Y�11(200) Y�11(200)M Green 476 >3.5 Green WLS fiber

O�2(100) O�2(100)M Orange 538 >1.5 Green to orange shifter

Clear�PS fiber >10 Depends on wavelength

* Fibers are non�S type, 1 mm in diameter.
+ Measured using a bialkali PMT and a LED (437 nm). 

Optical and time characteristics of Saint Gobain Crystals WLS fibers [34]

Fiber Colour Emission peak, 
nm

Decay time, 
ns L, m* Number of pho�

tons per MeV** Characteristics

BCF�10 Blue 432 2.7 2.2 ~8000 General purpose+

BCF�12 Blue 435 3.2 2.7 ~8000 For use in long lengths

BCF�20 Green 492 2.7 >3.5 ~8000 Fast green scintillator

BCF�60 Green 530 7 3.5 ~7100 3HF formulation for increased 
radiation hardness

BCF�91A Green 494 12 >3.5 – Blue to green shifter

BCF�92 Green 492 2.7 >3.5 – Fast blue to green shifter

BSF�98 Clear light guide

  *  L is the attenuation length measured for a 1�mm�diameter fiber using a bialkali PMT. 
** For minimum ionizing particles. 
+ Optimized for fibers with a diameter >250 μm.

Minimum bending diameters for Kuraray fibers of different
type and diameter [33]

Fiber Minimum bending diameter, mm

Fiber diameter, mm ∅2.0 ∅1.0 ∅0.5

S 200 100 50

non�S 400 200 100
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Appendix C [99]

PMT is a vacuum PD, MCP is a PD with micro�
channel holes, HPD is a hybrid photodiode, GPM is
a gaseous PD, APD is an avalanche photodiode,

PPD is an avalanche photodiode operating in a lim�
ited Geiger mode, VLPC is a visible light photon
counter; εQ is the quantum efficiency, and εC is the
collection efficiency. 

Appendix D. Characteristics of Scintillation Counters Mentioned in the Review 

Representative characteristics of some photodetectors commonly used in particle physics. The time resolution of the
devices listed here varies in the 10–2000 ps range

Type λ, nm εQεC Gain Rise time, ns Area, mm2 1�p.e. noise, Hz  HV, V Cost, $

PMT* 115–1100 0.15–0.25 103–107 0.7–10 102–105      10–104 500–3000 100–5000
MCP* 100–650 0.01–0.10 103–107 0.15–0.3 102–104      0.1–200 500–3500 10–6000
HPD* 115–850 0.1–0.3 103–104 7 102–105      10–103 –2 × 104 ~600
GPM* 115–500 0.15–0.3 103–106 O(0.1) O(10)        10–103 300–2000 O(10)
APD 300–1700 ~0.7 10–108 O(1) 10–103        1–103 400–1400 O(100)
PPD 400–550 0.15–0.3 105–106 ~1 1–10        O(106) 30–60 O(10)
VLPC 500–600 ~0.9 ~5–104 ~10 1          O(104) ~7 ~1
* These devices often come in multianode configurations. In these cases, area, noise, and cost are to be considered on a “per readout

channel” basis.

Detector Scintillator Strip (tile), mm Light guide, 
∅ = diameter, mm PD (pixels, mm2) Np.e. 

(σt , ps)

MINOS [14] PS + 1%PPO +  
0.03%POPOP

10 × 41 × 8000 Kuraray non�S 
Y11(175), ∅1.2*

R5900�16 
(16.4 × 4)

5.5

MINERvA [15] PS + 1%PPO + 
0.03%POPOP

17 × 33 × 3000 Kuraray Y11, 
S�35, ∅1.2

H8801MOD�2 
(64.2 × 2)

5.2

OPERA[64] PS + 2%PTP + 
0.02%POPOP

10 × 26 × 6700 Kuraray non�S 
Y11(175)*

H7546 (2.3 × 2.3) 6

KLM Prototype [27] PS + 2%PTP + 
0.01%POPOP

7 × 40 × 2800 Kuraray Y11 ∅1.2* G�APD 14

D0 (CPreSwD, 
FPreSwD) [36]

PS + 1%PTP + 
DFS(150)

17 × 33 × 2412 CPS 
17 × 33 × 

(1040–2930) FPS

Kuraray Y11(250) 
∅0.835

VLPC (128) 12–14

CDF�II(TOF) [42] BICRON�408 
(PVT)

40 × 40 × 2790 Plexiglas H7761 (100)

CDF�II 
(μ�trigger.) [46]

PS + 2%PTP + 
0.03%POPOP

20 × 300 × 3200 Kuraray S�type 
Y11(200) ∅1.0*

H5783 25

CDF(PreSw) [47] PS + 1.5%PTP + 
0.02%POPOP

(20 × 125 × 125) Kuraray S�type 
Y11(200) ∅1.0

R5900�16 30

ATLAS 
(TileCal) [52]

PS + 1.5%PTP + 
0.044%POPOP

(200–400)  ×  
(97 × 187)

Kuraray Y11(200) R7877 1.2

AMS�02(TOF) [65] PVT 10 × 120 × (~1300) Plexiglas R5946 (150)
LHCb (PreSw) [29] PS + 2%PTP + 

0.02%POPOP
(15 × (40 × 40, 

60 × 60, 120 × 120))
Kuraray Y11(250) 
S�type, ∅1.0*

R5900 (64.2 × 2) 20–30

LHCb (ECAL) [29] PS + 2%PTP+ 
0.02%POPOP

(4 × (40 × 40, 60 × 
60, 120 × 120))

Kuraray Y11(250) 
∅1.2

R7899�20 3.1, 3.5, 2.6

ALICE ECAL [57] BASF143E + 
1.5%PTP + 
0.04%POPOP

1.76 × 60 × 60 Kuraray Y11(200)   
∅1.0

APD
(5 × 5 mm2) 
S 8664�55

4.3/MeV 
at M = 30

KOPIO [56] BASF143E + 
1.5%PTP + 
0.04%POPOP

(1.5 × 109.7 × 109.7) Kuraray Y11(200) 
∅1.0

APD (200 mm2) 
API 630�70�74�510

Nγ ~ 60 
at APD input

T2K [89] PS + 1%PPO + 
0.03%POPOP

10 × 41 × 3000 Kuraray Y11(200) 
CS�35J, ∅1.0

MPPC 
(1.3 × 1.3 mm2)

CALICE ECAL [88] SCSN38 10 × 45 × 90 Kuraray Y11 ∅1.0 MPPC (1 × 1 mm2)
ECAL0 
COMPASS�II [58]

PS + 2%PTP +  
0.05%POPOP

(1.5 × 39.95 × 39.95) BASF�91A ∅1.2 MAPD�3N 
(3 × 3 mm2)

Fibers have double clad structure.
* Fibers have optical contact with strip.
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Appendix E. Detectors and Accelerators Mentioned 
in the Review

CERN: European Organization for Nuclear
Research.

LHC: Large Hadron Collider at CERN, cms energy
of colliding PP beams 14 TeV, luminosity 1034 cm2 s–1,
crossing rate 40 MHz. 

ATLAS (A Toroidal Large ApparatuS) and CMS
(Compact Muon Solenoid): multipurpose detectors at
the LHC for the search for and investigation of Higgs
bosons and supersymmetric and other particles. 

ALFA: one of the ATLAS detectors for the high�
precision measurement of the LHC luminosity using
small�angle proton–proton scattering. 

LHCb (Large Hadron Collider beauty): the single�
arm spectrometer at the LHC for the investigation of
CP asymmetry and rare B meson decays. 

ALICE (A Large Ion Collider Experiment): the
spectrometer at the LHC for the investigation of new
states of matter, quark–gluon plasma, in heavy�ion
interactions. 

START detector of ALICE serves as a trigger of
cosmic muons in its time�of�flight system. 

ECAL is the shashlik�type electromagnetic calo�
rimeter serving as a trigger of high�energy e/γ showers. 

COMPASS (Common Muon and Proton Appara�
tus for Structure and Spectroscopy): the spectrometer
at the SPS for the investigation of the nucleon struc�
ture and hadron spectroscopy in interactions of 160�
GeV/c polarized muon and hadron beams with a
polarized deuteron target. 

ECAL0: a module of the highly segmented shashlik�
type electromagnetic calorimeter for COMPASS�II. 

OPERA: the neutrino detector for the investigation
of oscillations of neutrinos produced at CERN. It is
located in Gran Sasso (Italy) at a distance of 730 km
from CERN. 

FNAL: Fermi National Laboratory (Batavia, United
States) with the Tevatron proton–antiproton collider,
cms energy 1.96 TeV, luminosity ~3 × 1032 cm–2 s–1. 

D0 and CDF: two main spectrometers at the Teva�
tron for the investigation of heavy quark production
and search for new particles and phenomena. 

FPD: the forward proton detector of D0�II for the
measurement of small�angle (about 1 mrad) proton
and antiproton scattering. 

MINOS (Main Injector Neutrino OScillation
detector): the FNAL detector for the investigation of
muon neutrino oscillations; it consists of two similar
detectors located underground at a distance of 735 km
from each other. 

MINERvA: the detector for the investigation of
neutrino–nucleus interactions. 

Mu2e: an experiment at FNAL on the search for
conversion of μ mesons to electrons. 

KOPIO: a detector at the Brookhaven National
Laboratory (United States) for the investigation of CP
violations in very rare decays KL – π0 ν ν. 

KLOE (K�Long Experiment): the detector for the

investigation of CP violations in decays of  mesons
resulting from the decays ϕ → KLKS. 

KEKB (at the High Energy Accelerator Research
Organization, Japan): an electron–positron collider,
beam energies 8 and 3.5 GeV. 

Belle�2: the spectrometer at the KEKB for the
investigation of CP asymmetry in B meson decays. 

KLM: a detector of the Belle�2 spectrometer for
the detection of muons and K mesons. 

T2K (Tokai to Kamioka, Japan): the underground
detector for the investigation of ν oscillations; it con�
sists of two detectors located at a distance of 295 km
from each other. 

AMS�02 (Alpha Magnetic Spectrometer): the
spectrometer for the investigation of the composition
and energy spectrum of cosmic particles and search for
antimatter and dark matter in space. 

ILC (International Linear Collider): the projected
international linear electron–positron collider with
the energy of colliding particles up to 2 TeV and lumi�
nosity up to 1034 cm–2 s–1. 

CALICE: projected hadronic and electromagnetic
calorimeters at the ILC. 

NICA (Nuclotron�based heavy Ion Collider fAcility):
a heavy�ion collider under construction at JINR. 

MPD: the multipurpose detector at NICA. 
FAIR (Facility of Antiproton and Ion Research): a

30�GeV accelerator complex for the investigations
with antiprotons and ions under construction at GSI
(Darmstadt, Germany). 

PANDA (antiProton ANnihilation at Darmstadt):
the spectrometer at FAIR for the precision investiga�
tion of charmed quarks using beams of antiprotons
with momenta of 1 to 15 GeV/c and luminosity of 2 ×
1032 cm–2 s–1. 
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